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L TECHNICAL MEMORANDUM X-53538 

ON CROSSED-BEAM MONITORING OF ATMOSPHERIC WINDS AND 

TURBULENCE W I T H  TWO ORBITING TELESCOPES 

F. R. Krause, S. S. Hu, and A .  J. Montgomery 

George C. Marshall Space F l i g h t  Center 

Hun t sv i l l e  , Alabama 

ABS TRACT 

This r e p o r t  documents the phase A f e a s i b i l i t y  s tudy  on the MSFC 
i n f l i g h t  experiment No. 23, e n t i t l e d  "Crossed-Beam Arrangements f o r  
Remote Sensing Missions ." The crossed-beam t e s t  arrangement employs 
t r i a n g u l a t i o n  of two col l imated beams of r a d i a t i o n  f o r  t he  remote sens-  
ing of t he  space and time v a r i a t i o n s  of thermodynamic s t a t e  v a r i a b l e s  
such  as t r a c e r  concen t r a t ions .  The gene ra t ion ,  convection and decay of 
t r a c e  c o n s t i t u e n t s  ( a e r o s o l s ,  ozone, and water vapor)  w i l l  modulate the  
mean r a d i a t i v e  power, which is p u t  i n t o  the  t e l e s c o p e ' s  f i e l d  of view by 
an  extended r a d i a t i o n  background such as s c a t t e r e d  s u n l i g h t  o r  thermal 
emission. The a s s o c i a t e d  f l u c t u a t i o n s  of r a d i a t i v e  power a r e  then cor- 
r e l a t e d  t o  r e t r i e v e  l o c a l  information a t  the beam i n t e r s e c t i o n  from the  
i n t e g r a t e d  o p t i c a l  s i g n a l s .  The p o t e n t i a l  o f  crossed-beam t e s t  arrange-  
ment is i l l u s t r a t e d  by d i scuss ing  a n a l y t i c a l l y  the  measurement of 
h o r i z o n t a l  wind p r o f i l e s .  It is  conceivable t o  conduct crossed-beam 
missions w i t h  two astronomical  te lescopes (ATM) which a r e  mounted on a 
s i n g l e  s p a c e c r a f t  i n  such a way t h a t  t hey  p o i n t  towards t h e  e a r t h .  
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TECHNICAL MEMORANDUM X-53538 

ON CROSSED-BEAM MONITORING OF ATMOSPHERIC WINDS AND 

TURBULENCE WITH IWO ORBITING TELESCOPES 

SUMMARY 

This r e p o r t  documents the phase A f e a s i b i l i t y  s tudy on the MSFC 
i n f l i g h t  experiment No. 23, e n t i t l e d  "Crossed-Beam Arrangements f o r  
Remote Sensing Missions .I1 The crossed-beam t e s t  arrangement employs 
t r i a n g u l a t i o n  of two col l imated beams of r a d i a t i o n  f o r  the remote sens- 
ing of the space and t i m e  v a r i a t i o n s  of thermodynamic s t a t e  v a r i a b l e s  
such as t r a c e r  concen t r a t ions .  The gene ra t ion ,  convection and decay of 
t r a c e  c o n s t i t u e n t s  ( a e r o s o l s ,  ozone, and water vapor)  w i l l  modulate the  
mean r a d i a t i v e  power, which i s  put i n t o  the t e l e s c o p e ' s  f i e l d  of view by 
a n  extended r a d i a t i o n  background such as s c a t t e r e d  s u n l i g h t  or  thermal 
emission. The a s s o c i a t e d  f l u c t u a t i o n s  of r a d i a t i v e  power a r e  then cor- 
r e l a t e d  t o  r e t r i e v e  l o c a l  information a t  t he  beam i n t e r s e c t i o n  from the  
i n t e g r a t e d  o p t i c a l  s i g n a l s .  The p o t e n t i a l  of crossed-beam t e s t  arrange-  
ment is  i l l u s t r a t e d  by d i scuss ing  a n a l y t i c a l l y  the measurement of 
h o r i z o n t a l  wind p r o f i l e s .  

I. INTRODUCTION 

Crossed-beam t e s t  arrangements of ground and o r b i t i n g  d e t e c t o r s  
have been s t u d i e d  t o  determine whether the remote sensing of h o r i z o n t a l  
wind p r o f i l e s  and turbulence parameters i s  f e a s i b l e .  Two remote sensing 
devices  a r e  used t o  measure the space and time v a r i a t i o n s  of l o c a l  emis- 
s i o n  and e x t i n c t i o n  processes .  The f l u c t u a t i o n s  of the two o p t i c a l  
s i g n a l s  a re  combined i n  a c r o s s - c o r r e l a t i o n  a n a l y s i s  t o  r e t r i e v e  the 
s i g n a l s  which a r e  common t o  both beams ou t  of atmospheric and instrument 
no i se  i n  a way known from s i g n a l  processing and random v i b r a t i o n  a n a l y s i s .  
This combination of remote sensing and c r o s s - c o r r e l a t i o n  a n a l y s i s  has been 
c a l l e d  the  "crossed-beam concept . ' I  Ear ly  ve r s ions  were proposed inde- 
pendently by M. J. F i she r  [ l ]  f o r  j e t  no i se  s t u d i e s  and M. Wolf [ 2 ]  f o r  
a i rg low s t u d i e s .  These r e s u l t s  showed t h a t  c o r r e l a t i o n s  from h o t  w i re  
and crossed-beam observat ions i n  subsonic j e t s  y i e l d  i d e n t i c a l  r e s u l t s  
f o r  convection speeds [ l ]  and t h a t  crossed-beam observat ions of the a i r -  
g low a l t i t u d e  a r e  i n  agreement with r o c k e t  observat ions [ 2 ] .  Thus, t he  
crossed-beam c o r r e l a t i o n  method i s  t h e o r e t i c a l l y  sound, and i t  has been 
shown experimental ly  t o  provide r e s u l t s  i n  agreement wi th  more accepted 
methods . 



. 
I n  most remote sens ing  methods, t he  a t t e n u a t i o n  o r  emission of 

e lectromagnet ic  r a d i a t i o n  i s  measured along t h e  e n t i r e  p a t h  from the  
sou rce  t o  the d e t e c t o r .  To i n t e r p r e t  t he  r e s u l t s  of such an  observa- 
t i o n ,  some assumption i s  g e n e r a l l y  r equ i r ed .  For example, i n  atmos- 
p h e r i c  s t u d i e s ,  one might use the  a d i a b a t i c  o r  isothermal  model 
atmosphere. Assumptions f o r  dynamic s t u d i e s  a r e  made concerning sym- 
metry,  expansion p r o p e r t i e s ,  and temperature.  The important p o i n t  i s  
tha t ,  w i t h  s i n g l e  pa th  obse rva t ions ,  i t  is  no t  g e n e r a l l y  p o s s i b l e  t o  
o b t a i n  s p a t i a l l y  resolved measurements of t h e  thermodynamic o r  flow 
p r o p e r t i e s  without  invoking such models. 

I n  crossed-beam experiments,  t h e o r e t i c a l  models need n o t  be invoked. 
The s p a t i a l  and temporal v a r i a t i o n  of turbulence and, hope fu l ly ,  thermo- 
dynamic p r o p e r t i e s  would be measured i n  sometimes i n a c c e s s i b l e  r eg ions  , 
where o t h e r  methods a r e  r e s t r i c t e d  t o  a mean value over t he  e n t i r e  
o p t i c a l  path o r  t o  a d i r e c t  measurement i n  a s i n g l e  p o i n t .  The poten- 
t i a l  a p p l i c a t i o n s  of crossed-beam experiments , t h e r e f o r e ,  i nc lude  almost  
every conceivable experiment i n  which the b a s i c  measurement r e q u i r e s  
monitoring space and t i m e  v a r i a t i o n s  of atmospheric s p e c i e s  and con- 
taminants.  This could inc lude  observat ions of low l e v e l  and c l e a r  a i r  
tu rbu lence ,  motion and d i s t r i b u t i o n  of a i r  p o l l u t i o n  from i n d u s t r i a l  
wastes and rocke t  t e s t s ,  evaporat ion over oceans,  and ozone motion and 
d i s t r i b u t i o n  (which bea r s  some r e l a t i o n  t o  g l o b a l  weather p a t t e r n s ) .  
It  might a l s o  be poss ib l e  t o  s tudy  the  n a t u r e  and motion of t a r g e t s  of  
oppor tun i ty  such as s torms,  h u r r i c a n e s ,  meteors ,  cometary d u s t ,  and 
n o c t i l u c e n t  c louds.  

The f e a s i b i l i t y  and p o t e n t i a l  of crossed-beam experiments i n  t h e  
lower atmosphere a r e  i l l u s t r a t e d  by consider ing t h e  o p e r a t i o n  which 
would be necessary t o  measure a h o r i z o n t a l  wind p r o f i l e  up t o  a l t i t u d e s  
of 30 km. In chapter  111, the  theory of space-f ixed beam c ross ings  i s  
reviewed t o  i n d i c a t e  how repeated experiments w i t h  d i f f e r e n t  beam sepa ra -  
t i o n  d i s t a n c e s  provide f o r  a n  a c c u r a t e  s t a t i s t i c a l  d e s c r i p t i o n  of the  
space and time v a r i a t i o n s  i n  any random f i e l d  which produces d e t e c t a b l e  
f l u c t u a t i o n s  of r a d i a t i v e  power. Chapter I V  g ives  t h e  u l t i m a t e  o b j e c t i v e  
of i n - f l i g h t  experiments w i t h  crossed beams. I n  chapter  V s c a t t e r i n g  
and r e f l e c t i o n  o f  s u n l i g h t ,  thermal r a d i a t i o n  from the atmosphere o r  the 
e a r t h  and nonthermal emission i n  the atmosphere a r e  introduced as extended 
n a t u r a l  sources  of r a d i a t i v e  power that need n o t  be t racked.  Measured 
modulations of l a s e r  l i g h t  i n d i c a t e  tha t  a tmospheric  f l u c t u a t i o n s  do pro- 
duce d e t e c t a b l e  f l u c t u a t i o n s ,  even under a c l e a r  sky, which a r e  n o t  
obscured by r e c e i v e r  no ise .  The use of t hese  n a t u r a l  sources  then pro- 
v i d e s  f o r  extremely f l e x i b l e  t e s t  arrangements,  which could sweep t h e  
e n t i r e  a l t i t u d e  p r o f i l e  of  h o r i z o n t a l  winds w i t h  a s i n g l e  f ly-by using 
o r b i t a l  d e t e c t o r s  or  w i t h  a r epea ted  scan ,  using ground d e t e c t o r s .  A 
g l o b a l  sweep r e q u i r e s  crossed-beam scanning,  t he  theory of which i s  
given i n  chapter V I .  I n  chapter  V I 1  a s e r i e s  of  fundamental ground 

t 

2 

\ 



i 
I f  

experiments is  ou t l ined  which would u l t i m a t e l y  s i m u l a t e  the  sweep with 
o r b i t i n g  d e t e c t o r s .  Prel iminary s p e c i f i c a t i o n s  a r e  given f o r  bo th  
ground and o r b i t a l  d e t e c t o r s .  

11. D E F I N I T I O N  O F  SYMBOLS 

Symbol 

a 

B 

D e f i n i t i o n  

beam i n c l i n a t i o n  r e l a t i v e  t o  the  plane of the  sweeping 
beam normal 

i n c l i n a t i o n  of i n t e r s e c t i o n  paths  r e l a t i v e  t o  beam 
f r o n t  

b b a s e l i n e  o r  d i s t ance  between t e l e scopes  

B bandwidths of da ta  a c q u i s i t i o n  chain i n  cps 

D eddy d i f f u s i o n  c o e f f i c i e n t  f o r  mass t r a n s p o r t  

E eddy d i f f u s i o n  c o e f f i c i e n t  f o r  momentum t r a n s p o r t  

e charge of one e l e c t r o n  

f turbulence frequency 

I de tec t ed  r a d i a t i v e  power 

i = I - I  
- 

d e t e c t a b l e  power f l u c t u a t i o n  o r  o p t i c a l  s i g n a l  

e x t i n c t i o n  or emission c o e f f i c i e n t s  (simultaneous 
emission and e x t i n c t i o n  are  t o  be excluded) 

1 a1 
I ax K = - -  

- 
k = K - K  f l u c t u a t i o n s  of e x t i n c t i o n  c o e f f i c i e n t  

L 
XYYYZ 

N 

P 

P 

i n t e g r a l  scale of t u rbu lence  i n  x , y , z  d i r e c t i o n ,  
1: es  p e c t i v e  1 y 

number of des i r ed  a l t i t u d e  p o i n t s  

l e n g t h  coordinate  a long beam t r a j e c t o r y  

pa th  l eng th  considered i n  t h e  averaging procedure 

Q quantum e f f i c i e n c y  [ e l ec t rons /pho ton]  
4 

R k ( t ,  “)?,A = k ( 2 ,  t ,  A) k(;;f -t T, t + a, A) two p o i n t  product mean v a l u e  

3 
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x 

Super sc r ip t s  

4 

- 
< >  
-P 

4 

D e f i n i t i o n  

d e n s i t y  of a i r  

= i ( t )  i z ( t  + T) c o r r e l a t i o n  of d e t e c t e d  f l u c t u a t i o n s  
("two beam product mean value") Y 

time 

s t a t i c  temperature or  i n t e g r a t i o n  time 

v e l o c i t y  components i n  space-f ixed frame 

v e r t i c a l  v e l o c i t y  component 

h o r i z o n t a l  l eng th  coordinate  normal t o  bo th  beams 

h o r i z o n t a l  l eng th  coordinate  p a r a l l e l  t o  beam f r o n t  

v e r t i c a l  coordinate  

po in t  v e c t o r  i n  space-f ixed Car t e s i an  frame 

beam-f ixed coordinates  r e l a t i v e  t o  the  l i n e  of minimum 
beam s e p a r a t i o n  

o p t i c a l  wave l e n g t h  

wave l e n g t h  i n t e r v a l  s e t  by the o p t i c a l  f i l t e r  

spec t r o s  copic  r e s o l u t i o n  

minimum beam s e p a r a t i o n  de f in ing  wave normal 

po in t  v e c t o r  i n  coordinate  system occupied by beam s t r u c t u r e  
a t  time zero 

space time c o r r e l a t i o n  c o e f f i c i e n t  

time l a g  

vec to r  

ensemble, space and /o r  time average 

time average f o r  moving observer 

l eng th  average over i n t e r s e c t i o n  pa th  



t 

Subs c r  i p  ts 

z , y  o r  1 , 2  l i n e  of s i g h t  i n  z ,y  d i r e c t i o n  

moving frame a u t o c o r r e l a t i o n  -1. 

C group v e l o c i t y  component (convection of d i s tu rbances  
normal t o  beam f r o n t )  

A , B  p o i n t s  of minimum beam s e p a r a t i o n  

111. REVIEW OF THE CROSSED-BEAM METHOD 

1. O p t i c a l  S igna l s  from A Single  Beam 

I n  a crossed-beam arrangement the  l o c a l  f low reg ion  of i n t e r e s t  
may be chosen by t r i a n g u l a t i o n  between two col l imated beams and extends 
between t h e  two p o i n t s  ?and  ? +  ( k , O , O )  of minimum beam s e p a r a t i o n .  A 
t y p i c a l  t e s t  arrangement f o r  j e t  noise  s t u d i e s  i s  shown i n  f i g u r e  1. The 
beam diameters  (viewing ang le )  and o r i e n t a t i o n  (azimuth and e l e v a t i o n )  
a r e  s e t  by a remote te lescope.  The c o l l e c t e d  r a d i a t i v e  power is  then 
f i l t e r e d  by a monochromator, which i s  s e t  a t  t he  wave l e n g t h  A and the  
r e s o l u t i o n  A as i l l u s t r a t e d  i n  f i g u r e  2.  The remaining s i g n a l ,  I d ,  is 
then  monitored by a photodetector  w i t h  a f a s t  response such t h a t  t h e  time 
h i s t o r y  is  n o t  l o s t .  

The remote sens ing  device w i l l  s e e  any l o c a l  emission o r  e x t i n c -  
t i o n  process i n s i d e  the  beam. We choose t o  express  t h e  c o n t r i b u t i o n s  t o  
the  r a d i a t i v e  power AI, which o r i g i n a t e  i n  a beam element,  Ax, by a 
gene ra l t zed  s p e c t r a l  e x t i n c t i o n  c o e f f i c i e n t  

4 1 a1 K(x,t ,A) = - -  I ax 

The word "generalized" i n d i c a t e s  t h a t  emission processes  a r e  included.  
A s  long as e i t h e r  emission or  e x t i n c t i o n  i s  l o c a l l y  dominant, the equa- 
t i o n s  of r a d i a t i v e  t r a n s f e r  show that the  t o t a l  s i g n a l ,  I, may be expres-  
sed i n  terms of  a l i n e  i n t e g r a l  over t he  e x t i n c t i o n  c o e f f i c i e n t .  

d e t e c t o r  

sou rce  
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. 
The f l u c t u a t i o n  of t h i s  s i g n a l ,  

- 
i = I - Id, d (3)  

can be ca l cu la t ed  by s u b t r a c t i n g  a mean v a l u e  T, which may be e s t a b l i s h e d  
by averaging over time andfo r  over repeated experiments.  
i d e a l  d e t e c t o r s ,  th i s  f l u c t u a t i o n  is r e l a t e d  t o  the  f l u c t u a t i o n s  of t he  
e x t i n c t i o n  c o e f f i c i e n t  

I n  case  of 

- 
k = K - K  ( 4 )  

through the  l i n e  i n t e g r a l  of equat ion ( 2 ) .  

d e  t e c  t o r  
n 

source e - 
Id  - 'source 

d e t e c t o r  

= (Is + i S ) exp (- 1 k dx) { - 1 k  dx + - 2 ( s k  d x r  + ...}. 
source  

( 5 )  

It is now assumed t h a t  the  i n t e g r a t e d  k f l u c t u a t i o n s  of the  medium can 
be t r e a t e d  as  small p e r t u r b a t i o n s .  

~ d ~ c t o r k ( ~ , t , A )  dxl << 1. 

source 

I n  t h i s  case the l a s t  equa t ion  can be rearranged t o  g i v e  the  des i r ed  
f l u c t u a t i o n  : 

- d e t e c t o r  
- 

i = I d - I d - -  - Id  i k($,t,A) dx. sou rce  (7) 

* 

-t 

L 
S s our  ce  
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The f i r s t  term gives  the con t r ibu t ion  of the l r g h t  s eu rce  n o i s e ,  and the 
second accounts f o r  the f l u c t u a t i o n s  of the medium. Detector no i se  has 
t o  b e  added f o r  nonideal d e t e c t i o n  device:. 

The small p e r t u r b a t i o n  assumption is no t  very r e s t r i c t i v e .  The 
transmis s ion 

as w e l l  as the  l o c a l  values  of the f l u c t u a t i o n  k could be l a r g e .  Only 
the  f l u c t u a t i o n  i n t e g r a l  over s e v e r a l  s t a t i s t i c a l l y  independent par ts  
has t o  be small enough t o  permit l i n e a r i z a t i o n .  

2.  R e t r i e v a l  of Local Information 

The way the  beam c o r r e l a t i o n  works t o  r e t r i e v e  the l o c a l  informa- 
t i o n  a t  the r eg ion  of minimum beam s e p a r a t i o n  becomes c l e a r  by indtroduc- 
ing the  concept of a " c o r r e l a t i o n  volume." This volume is def ined i n  
turbulence theory by an  imaginary experiment w i th  two-point obse rve r s ,  
as i l l u s t r a t e d  i n  f i g u r e  3 .  We consider a s p e c i a l  arrangement where the 
beams a r e  a l igned  p a r a l l e l  t o  t h e  y and x axis and c ross  i n  the space- 
f i x e d  p o s i t i o n  ?. 
p o s i t i o n .  The+ second observer monitors the k f l u c t u a t i o n s  a t  the v a r i a b l e  
p o s i t i o n  %'+ 5 ,  and the imaginary experiment now c a l l s  f o r  mul t ip ly ing  and 
averaging the observed f l u c t u a t i o n s .  This gives  a "two-point product mean 
va l u e  , 

The f i r s t  imaginary observer  s h a l l  be a t t ached  t o  t h i s  

which is  the b a s i s  of a l l  a n a l y t i c a l  d e s c r i p t i o n s  of random f i e l d s  [5] .  
The random n a t u r e  of a f l u c t u a t i o n  f i e l d  such as k(Z, t ,A) i s  recognized 
by t h e  f a c t  t h a t  the two-point product mean va lue  drops t o  zero over 
f i n i t e  d i s t a n c e s  121. 
t i o n  volume. 
which the two-point product mean value Rk remains f i n i t e .  
r a d i u s  of t h i s  volume i n  the x -d i r ec t ion  is used t o  de f ine  the  i n t e g r a l  
l eng th  s c a l e :  

This leads t o  the d e f i n i t i o n  of the c o r r e l a -  
It i s  t h a t  volume surrounding a c e r t a i n  p o i n t  2, w i t h i n  

The average 

+oo 

L x = 3  -a) 1 dE. 
k (x  + E,  y ,  z, t )  k(?,t)  

k2 (2, t)  
( 9 )  
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S i m i l a r  expressions hold f o r  t he  extensions 2Ly and 2Lz of  t he  c o r r e l a -  
t i o n  volume i n  the y and z d i r e c t i o n s .  I n  wind tunne l s  t y p i c a l  L va lues  

and 1 km. 
~ a r e  between 1 mm and 10  cm. I n  t h e  atmosphere they v a r y  between 10 m 

A crossed-beam experiment resembles t h e  above imaginary expe r i -  
ments by performing e x a c t l y  t h e  same c a l c u l a t i o n s .  Only t h e  l o c a l  f l u c -  

s i g n a l ,  I. This leads t o  the  "two-beam product  mean value ' '  
I t u a t i o n s  of  k a r e  replaced w i t h  the f l u c t u a t i o n s  i of t h e  de t ec t ed  

The r e l a t i o n  between two-beam product and two-point product mean va lues  

i, i n t o  th ree  d i f f e r e n t  components, as shown i n  f i g u r e  3 .  
, i s  now derived by s p l i t t i n g  t h e  d e t e c t a b l e  o p t i c a l  f l u c t u a t i o n s  i and Y 

i = i  + i  + i  
Y Y l  Y 2  Y3. 

The f i r s t  component desc r ibes  the  c o n t r i b u t i o n  of t h e  c o r r e l a t i o n  volume 

The second con t r ibu t ion  accounts f o r  the  medium f l u c t u a t i o n s  o u t s i d e  
the c o r r e l a t i o n  volume; that  i s ,  f o r  the  flow no i se ,  

d e t e c t o r  
P 

i =  k d v - i  
Y 2  Y1' 

source 

The t h i r d  con t r ibu t ion  summarizes l i g h t  sou rce  n o i s e  and d e t e c t o r  no i se .  
- r 

i = i - - + d e t e c t o r  no i se .  
y 3  s - 

I S  

i 
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The 
as 

The 

ins tan taneous  
.he sum of n i n  

i i  
Y Z  

product  of t he  two o p t i c a l  s i g n a l s  may thus be w r i t t e n  
o the r  products  , 

= i  i + i  i f . . .  
y 1  7 .1  y 2  7.2 

i i  
y 3  23 '  

l a s t  e i g h t  of these  products  have one no i se  component as a f a c t o r .  
Thei r  ins tan taneous  v a l u e  w i l l  thus a s s u m e  p o s i t i v e  and negat ive  va lues .  
I f  we average these  products ,  t h e i r  sum w i l l  decrease  t o  zero  w i t h  a t  
l eas t  the  inve r se  square  r o o t  of i n t e g r a t i o n  t i m e  and/or  number of exper i -  
ments. The f i r s t  product  contains  t h e  f l u c t u a t i o n s  i n s i d e  the  c o r r e l a t i o n  
volume which are common t o  both  l i n e s  of s i g h t .  The ins tan taneous  product  
of t hese  f l u c t u a t i o n s  i s  a l w a y s  p o s i t i v e ,  and i t s  average va lue  w i l l  thus  
approach a cons t an t  v a l u e  wi th  increas ing  i n t e g r a t i o n  time and/or  number 
of experiments.  This product  w i l l  outweigh a l l  o the r s  i f  we a d d  long 
enough. I n  the  l i m i t  of i n f i n i t e l y  long summation, one should be a b l e  
t o  r e t r i e v e  almost  i n f i n i t e s i m a l  con t r ibu t ions  iyl and izl. 

-+ 
R = i , ( t )  i ( t  + T) = i i = R(E,s,h);: Y y 1  z 1  

Accordingly,  t he  c ros s -co r re l a t ion  has pu l l ed  the c o r r e l a t e d  s i g n a l s  from 
t h e  c o r r e l a t i o n  volume o u t  of t h e  flow no i se  ( i  iz2! and ins t rument  
no i se  ( iy3 , iz3) .  S u b s t i t u t i n g  the l i n e  in t eg rayz ' fo r  1 and izl, equa- 
t i o n  (ll),  i n v e r t i n g  the  order  of i n t e g r a t i o n  and averaging ,  g ives  the  
fol lowing a l t e r n a t e  form of the  l a s t  equat ion:  

y 1  

c o r r e l a t i o n  
volume 

The crossed-beam method can do b e t t e r  than r e s o l v i n g  only the  c o r r e l a -  
t i o n  volume. This fol lows from a more d e t a i l e d  cons ide ra t ion  of t h e  
o p t i c a l  i n t e g r a t i o n .  The above product of two l i n e  i n t e g r a l s  can be  
transformed t o  a n  a r e a  i n t e g r a l  , 

c o r r e l a t i o n  
I'd is  c" 

i f  t he  f l u c t u a t i o n s  a r e  l o c a l l y  homogeneous a long  one beam. The t ransform- 
a t i o n  is  i d e n t i c a l  w i t h  the  condi t ion  of s t a t i s t i c a l  homogeneity, and i t s  
a p p l i c a t i o n  l eads  t o  an  in tegrand ,  where only  t h e  second p o i n t  is v a r i a b l e .  
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The a r e a  i n t e g r a t i o n  i s  i l l u s t r a t e d  i n  f i g u r e  4.  The integrand i s  equal  
t o  the two-point product mean value between two obse rve r s .  The f i r s t  
observer  i s  f ixed t o  the upstream po in t  ? o f  minimum beam s e p a r a t i o n .  
The second observer may be anywhere i n  a plane which is p a r a l l e l  t o  both 
beams and contains the second p o i n t  (x + 5 ,  y , z )  of minimum beam sepa ra -  
t i o n .  This plane w i l l  be c a l l e d  the beam f r o n t .  The two-beam product 
mean va lue  i s  thus i d e n t i c a l  w i th  an o p t i c a l  i n t e g r a t i o n  over t he  beam 
f r o n t .  Since along the  beam normal no i n t e g r a t i o n  takes  p l ace ,  i t  i s  
p o s s i b l e  t o  r e so lve  two-point product mean va lues  i n s i d e  the  c o r r e l a t i o n  
volume by repeat ing the  experiment f o r  s e v e r a l  beam s e p a r a t i o n s ,  E;. 

The following a n a l y t i c a l  cons ide ra t ions ,  as w e l l  as M. J. F i s h e r ' s  
experiments [6 ] ,  lead us  t o  the conclusion t h a t  t he  a r e a  i n t e g r a t i o n s  a r e  
weighing the p o i n t s  c lose  t o  the beam normal such t h a t  t he  normalized two- 
beam product mean va lue  @ c l o s e l y  approximates a two-point product mean 
va lue  between the two points  ?and  ;;Tf+ ( t , O , O )  of minimum beam s e p a r a t i o n :  

(19) 

The e r r o r s  of t h i s  approximation a r e  small i n  the  two extreme cases  of 
ve ry  small and ve ry  l a r g e  l a t e r a l  s c a l e s  Ly and Lz. 
l a t e r a l  s c a l e s  the weighting of p o i n t s  c l o s e  t o  the wave normal is s e l f -  
explanatory.  I n  case of a l a r g e  l a t e r a l  s c a l e ,  t he  f l u c t u a t i o n s  w i l l  be 
provided by an almost p e r i o d i c  wave of i n f i n i t e  e x t e n t ,  that i s ,  i n  t h e  
l i m i t  by a plane a c o u s t i c  wave. This follows from the w e l l  known p rope r ty  
of Four i e r  transform p a i r s ,  which states that i f  t h e  c o r r e l a t i o n  i s  broad 
( l a r g e  turbulence s c a l e )  then the spectrum (extens ion  i n  wave numbers) 

w i l l  be narrow. However, i n  case of a c o u s t i c a l  waves, a sepa ra t ion -o f -  
v a r i a b l e s  assumption holds f o r  s e p a r a t i o n s  i n  time and along the  wave 
normal. 

I n  case of ve ry  small 
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Subst i tut img the sepa ra t ion  of v a r i a b l e s  i n t o  both (18) and 
(19) ,  we f ind  that these  condi t ions a r e  met i d e n t i c a l l y .  

For in t e rmed ia t e ly  s i z e d  c o r r e l a t i o n  volumes, tb.e two-beam 
approximation of two-point product mean v a l u e s ,  equa. (19),  is no t  
always v a l i d .  For l o c a l l y  i s o t r o p i c  turbulence which is  c l o s e l y  
approximated by atmospheric turbulence a t  the  ground, t he  d e r i v a t i o n s  
g iven  i n  the  appendix show t h a t  the two-point product mean va lue  should 
be d i r e c t l y  p ropor t iona l  t o  the second d e r i v a t i v e  of the two-beam pro- 
duc t  mean v a l u e  w i t h  r e s p e c t  t o  the s e p a r a t i o n  d i s t a n c e :  

i s o t r o p i c  Rk(6; 

For small s e p a r a t i o n  d i s t a n c e s ,  the f u n c t i o n  R ( 5 ,  ...) can be approxi- 
mated by a cosine curve,  s i n c e  R ( 6 ,  ...) is  a n  even f u n c t i o n  of 6 
because of t he  *isotropy.  
curve is  d i r e c t l y  p ropor t iona l  t o  the cosine curve i t s e l f  and the  pro- 
p o r t i o n a l i t y  f a c t o r  drops ou t  when normalizing as r equ i r ed  by equat ion 
(19). For small s e p a r a t i o n  d i s t ances  and l o c a l l y  i s o t r o p i c  f i e l d s ,  
equa t ion  (19) should thus be v a l i d  f o r  c o r r e l a t i o n  volumes of any s i z e .  
For l a r g e  s e p a r a t i o n s ,  and a n i s o t r o p i c ,  inhomogeneous turbulence e r r o r s  
a r e  t o  be expected. Fo r tuna te ly ,  the experiments discussed i n  s e c t i o n  
III,4 i n d i c a t e  t h a t  t he  approximation of p o i n t  measurements may s t i l l  be 
good i n  many a n i s o t r o p i c  and inhomogeneous f i e l d s  of p r a c t i c a l  i n t e r e s t  
such as j e t  s t reams.  

However, the second d e r i v a t i v e  of a cosine 

3 .  Measurable Turbulence Parameters 

The crossed-beam method approximates two-point product mean 
v a l u e s ,  and the two-beam product mean va lues  can t h e r e f o r e  be used t o  
approximate a l l  turbulence parameters which a r e  commonly der ived from 
two-point product mean values  [ 8 ] .  

The l o c a l  i n t e g r a l  s c a l e  of turbulence i s  def ined by averaging 
the  a r e a  under the space c o r r e l a t i o n ,  R ( 6 ,  T = 0 ) ,  and i t s  g r a p h i c a l  
e v a l u a t i o n  is  i l l u s t r a t e d  on f igu re  5. This s c a l e  Lx is  a measure f o r  
t he  e x t e n t  of c o r r e l a t i o n  volume along the beam normal. For mean v a l u e  
e s t ima tes  as w e l l  as e r r o r  d i scuss ions ,  we would a l s o  l i k e  t o  know the  
l a t e r a l  i n t e g r a l  s c a l e s  Ly and Lz. These could be measured by r o t a t i n g  
the  l i n e s  of s i g h t  s o  that they can be sepa ra t ed  p a r a l l e l  t o  t h e  y and 
z d i r e c t i o n s .  
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P l o t t i n g  the  beam c o r r e l a t i o n  c o e f f i c i e n t  a g a i n s t  t he  time 
s e p a r a t i o n  in s t ead  of the space s e p a r a t i o n  ( f i g u r e  6 )  a l lows group 
v e l o c i t i e s  t o  be read. For a g iven  space s e p a r a t i o n ,  t h e  c o r r e l a t i o n  
w i l l  reach a maximum a t  the time t h a t  the t u r b u l e n t  eddies  need t o  
t r a v e l  from the upstream t o  the  downstream beam. The time l a g ,  , 
which i s  indicated by the maximum is t h e r e f o r e  a d i r e c t  measure o ?! group 
v e l o c i t i e s .  A crossed-beam experiment is thus capable of measuring the  
component of the group v e l o c i t y ,  which is  normal t o  the  beam f r o n t .  I n  
atmospheric a p p l i c a t i o n s  , t hese  components w i l l  be h o r i z o n t a l ,  s i n c e  the  
beams a r e  mostly p a r a l l e l  t o  a v e r t i c a l  plane.  

A group v e l o c i t y  r e p r e s e n t s  an average v e l o c i t y  of a d i s t u r b -  
a n c e [ l l ] .  It w i l l  i n  gene ra l  d i f f e r  from a mass average v e l o c i t y .  I n  
s p i t e  of t h i s  f a c t ,  the name "bulk convection speed" is  o f t e n  used i n  
turbulence i n v e s t i g a t i o n s  [8] .  La te r  s e c t i o n s  of t h i s  r e p o r t  w i l l  use 
the  assumption t h a t  the group v e l o c i t y  of a crossed-beam experiment 
c l o s e l y  approximates a mass average v e l o c i t y ,  i . e . ,  a h o r i z o n t a l  wind. 
The two v e l o c i t i e s  w i l l  be equa l ,  i f  p o s i t i v e  and negat ive amplitudes of 
the c o r r e l a t e d  s i g n a l s  iyl, izl a r e  equa l ly  l i k e l y ,  t h a t  i s ,  i f  the f i r s t  
o rde r  p r o b a b i l i t y  d e n s i t y  is  symmetrical .  Extreme cases of unsymmetrical 
o r  skewed f i r s t  order  p r o b a b i l i t y  d e n s i t i e s  occur i n  shea r  l a y e r s .  For- 
t u n a t e l y ,  t he  experiments shown i n  f i g u r e  8 i n d i c a t e  t h a t  the d i f f e r e n c e  
between group v e l o c i t i e s  and mass average v e l o c i t i e s  i s  no t  too g r e a t  
even i n  such extreme cond i t ions .  We t h e r e f o r e  b e l i e v e ,  t h a t  a crossed-  
beam system gives  h o r i z o n t a l  winds wi th  s u f f i c i e n t  accuracy t o  be of 
p r a c t i c a l  i n t e r e s t .  I n  case of e x c i t a t i o n  problems, such as a r o c k e t  
going through c l e a r  a i r  turbulence,  one needs t o  know the  group veloc-  
i t i e s  and no t  t he  mass average v e l o c i t i e s .  

The envelope t o  the  i n d i v i d u a l  temporal c o r r e l a t i o n s  ( f i g u r e  6 )  
is ca- led t h e  moving a x i s  a u t o c o r r e l a t i o n ,  s i n c e  the a s s o c i a t e d  two- 
p o i n t  product mean values  a r e  those which would be seen by two observers  
moving with the group v e l o c i t y  [ 9 ] .  The s tudy  of t he  envelope enables  
us thus t o  s tudy the gene ra t ion  and decay of t a r g e t s  of oppor tun i ty  such 
as shock waves and weather f r o n t s  independent from the convection proces- 
s e s .  The decay of t h i s  c o r r e l a t i o n  curve of l / e  of i t s  o r i g i n a l  va lue  is  
used t o  de f ine  the average "eddy" l i f e t i m e .  The Fourier  t ransform of t h i s  
envelope would i n d i c a t e  the dominant f requencies  which a r e  f e l t  by t h e  
moving observer , t r a v e l i n g  wi th  the  t a r g e t .  

An observer t r a v e l i n g  w i t h  the bulk convection speed w i l l  record 
almost  the same t r a n s p o r t  phenomena [8]  as the observer  who t r a v e l s  a long 
i n  a s i n g l e  f l u i d  p a r t i c l e .  The moving a x i s  a u t o c o r r e l a t i o n  o r  envelope, 
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i s  t h e  c l o s e s t  approximation of the Lagrangian a u t o c o r r e l a t i o n  func t ions  
which i s  a c c e s s i b l e  t o  d i r e c t  o r  remote senso r s .  
s c a l e ,  

The moving a x i s  time 

CO 
n 

0 

t h e r e f o r e  c l o s e l y  approximates the Lagrangian time s c a l e .  This a l lows 
a n  important  c o n t r i b u t i o n  t o  the  experimental  a n a l y s i s  of  t u r b u l e n t  
t r a n s p o r t  phenomena. 
k, a re  v e r y  o f t e n  d i r e c t l y  p ropor t iona l  t o  t h e  f l u c t u a t i o n s  ptr i n  t he  

The observed e x t i n c t i o n  c o e f f i c i e n t  f l u f t u a t i o n s ,  

t r a c e r  concen t r a t ion  which i n  t u r n  i n d i c a t e  a t u r b u l e n t  mass f l u x ,  pLrw 
a c r o s s  h o r i z o n t a l  p lanes .  
t h i s  mass f l u x  should be d i r e c t l y  p ropor t iona l  t o  the  v e r t i c a l  g r a d i e n t  
of t h e  mean t r a c e r  concentrat ion:  

From the p o i n t  of view of " t u r b u l e n t  d i f f u s i o n , "  

abtr = D -- 
a2 e space - fixed 

However, d e s c r i b i n g  the  d i f f u s i o n  process through the  random walk of a 
s i n g l e  p a r t i c l e ,  we f i nd  t h a t  the eddy d i f f u s i o n  c o e f f i c i e n t ,  D ,  i s  
equal  t o  t h e  product between the  mean square va lue  of t he  v e r t i c a l  
v e l o c i t y  f l u c t u a t i o n s  and the  Lagrangian time s c a l e  [ l o ] .  

* L,. D = F I  moving a x i s  

Combining the  l a s t  t w o  eqciatlons leads t o  a d i r e c t  r e l a t i o i i  betweei; the  
moving axis  time s c a l e ,  L,, and the d e n s i t y  g r a d i e n t :  

-I 
pkr w 1 

"tr space- f ixed 

w2 I mov ing ax i s  

The concept of t u r b u l e n t  d i f f u s i o n  can be app l i ed  t o  momentum d i f f u s i o n  
in s t ead  of  mass d i f f u s i o n .  I n  this  c a s e ,  t he  t u r b u l e n t  f l u x  i s  given by 
t h e  appa ren t  t u r b u l e n t  shea r  s t r e s s ,  p ,and the d r i v i n g  mean v e l o c i t y  
g r a d i e n t  &/az: 

. 
~ 

f 
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I f  t he  eddy d i f f u s i v i t y ,  E ,  is approximately equal  t o  the  mass 
d i f f u s i o n  c o e f f i c i e n t ,  D ( t u r b u l e n t  Lewis number E / D  = l ) ,  equa t ion  (25)  
can s t i l l  be used. I t s  s u b s t i t u t i o n  l eads  t o  a n  expres s ion  f o r  the  
s h e a r  : 

- 
1 space - f ixed 

- au = - 
3 Z  LT * 

moving a x i s  

Experimental evidence suggests  t h a t  one-point c o r r e l a t i o n  c o e f f i c i e n t s  
between v e l o c i t y  components l i k e  t h e  one shown on t h e  r ight-hand s i d e  
a r e  r a t h e r  i n s e n s i t i v e  t o  p o s i t i o n  on the  t u r b u l e n t  f i e l d  [ S I .  We might 
t h e r e f o r e  expect t h a t  t he  shea r  i s  a lmost  i n v e r s e l y  p ropor t iona l  t o  t h e  
moving a x i s  time s c a l e .  I n  subsonic  j e t  s h e a r  l a y e r s ,  t h i s  has  been 
demonstrated a l r e a d y  through the  hot-wire experiments of Davies and 
F i she r  [71. 

4 .  Experimental S t a t u s  

The f i r s t  crossed-beam experiments were designed t o  v e r i f y  t h e  
approximation of two-point product mean va lues  i n  v e r y  gene ra l  f i e l d s  of 
turbulence.  The "imaginary" p o i n t  probes were approximated by hot-wire  
probes.  Although a small ho t  w i re  g ives  v e l o c i t y  f l u c t u a t i o n s  r a t h e r  
than e x t i n c t i o n  c o e f f i c i e n t  f l u c t u a t i o n s ,  a comparison between h o t  w i r e s  
and crossed-beam c o r r e l a t i o n  c o e f f i c i e n t s  should g i v e  i d e n t i c a l  r e s u l t s  
as long as we a re  i n t e r e s t e d  only i n  the  dynamical d e s c r i p t i o n  of turbu-  
l ence  i n  terms of  scales,  the group v e l o c i t i e s ,  and the s p e c t r a .  The 
i n i t i a l  p o r t i o n  of a n  axisymmetric, f r e e  shear l a y e r  w a s  chosen f o r  the 
experiments s i n c e  t h e  turbulence is a n i s o t r o p i c  and inhomogeneous and 
s i n c e  group v e l o c i t i e s ,  turbulence s c a l e s ,  and eddy l i f e t i m e s  are w e l l  
documented i n  the  l i t e r a t u r e .  

A l l  measurements were taken i n  a subsonic  (M = 0 . 2 )  a i r  j e t  
exhaust ing through a one-inch diameter  nozzle  i n t o  the  atmosphere. 
L igh t  e x t i n c t i o n  w a s  achieved by sp ray ing  a s m a l l  amount of l i q u i d  
n i t r o g e n  i n t o  the  s e t t l i n g  chamber. This produces small water  d r o p l e t s  
i n  t h e  exhaust flow which a t t e n u a t e  the crossed beams by s c a t t e r i n g .  
L a t e r ,  t h e  n i t rogen  i n j e c t i o n  w a s  replaced w i t h  water  sp ray ,  which 
o f f e r s  a b e t t e r  c o n t r o l  of t he  t r a c e r  concen t r a t ion .  

J 
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A t y p i c a l  sample of o p t i c a l l y  measured two-beam product mean 
v a l u e s  i s  shown i n  f i g u r e  7 .  The beam i n t e r s e c t i o n  w a s  ad jus t ed  t o  
the  c e n t e r  of the f r e e  shear  l a y e r  t h r e e  e x i t  diameters downstream of 
the nozzle l i p .  The tu rbu len t  convection process is  c l e a r l y  ind ica t ed  
by the  d i sp laced  maxima f o r  f i n i t e  beam s e p a r a t i o n .  The envelope t o  
these  maxima f a l l s  t o  l / e  of i t s  i n i t i a l  va lue  f o r  a time l ag  of 
880 microseconds. This is i n  e x c e l l e n t  agreement wi th  t h e  hot-wire 
d a t a  from which we est imate  t h a t  the va lue  of the eddy l i f e t i m e  f o r  
our experimental  condi t ions should be 920 microseconds. 

Figure 8 shows the same experiment under d i f f e r e n t  cond i t ions .  
The i n i t i a l  i n t e r s e c t i o n  p o i n t  of the beams w a s  s i x  diameters from the 
j e t  e x i t ,  ( i . e . ,  a t  x/D = 6.0) instead of a t  x/D = 3.0) .  Instead of 
using l i q u i d  n i t rogen  t o  gene ra t e  a water d r o p l e t  fog t r a c e r ,  a small 
nozzle  was  mounted i n  the j e t  s e t t l i n g  tank which sprayed water d r o p l e t s  
i n t o  the flow t o  form the t r a c e r  fog. The curves appear t o  f a l l  onto 
or  c l o s e  t o  an  envelope a s  required.  The moving a x i s  a u t o c o r r e l a t i o n  
curve has been obtained from the hot-wire data  of Davies, e t  a l . ,  171 
and i s  shown as the  do t t ed  l i n e  superimposed on the measured c ross  cor- 
r e l a t i o n  curve.  

The spa t ia l  r e s o l u t i o n  of the crossed-beam method seems ve ry  
encouraging, consider ing t h a t  the envelope from the hot-wire  data  
e x a c t l y  matches t h e  ind iv idua l  curves from the crossed-beam method. 
For t h e  moving frame, the o p t i c a l l y  measured a u t o c o r r e l a t i o n  agreed 
w i t h  the  hot-wire curves ,  r ega rd le s s  of whether n i t rogen  or  water sp ray  
w a s  used as a t r a c e r .  

The o p t i c a l l y  measured r e s u l t s  i n  f i g u r e  8 were only 0.2 inch 
a p a r t .  This is much smaller  than the geometr ical  shea r  l a y e r  thickness  
(= .8 i n )  which is  ind ica t ed  by the hot-wire  r e s u l t s .  Thus,  space-time 
c o r r e l a t i o n s  have been resolved in s ide  a c o r r e l a t e d  volume by moving 
the i n t e r s e c t i o n  po in t .  

The spa t i a l  r e s o l u t i o n  ob ta inab le  wi th  crossed-beam t e s t  
arrangements becomes more apparent by comparing o p t i c a l l y  measured 
group v e l o c i t i e s  w i th  hot-wire group v e l o c i t i e s .  Our main r e s u l t s  a r e  
summarized i n  f i g u r e  9.  I n  the c e n t r a l  and low speed po r t ions  of the 
shea r  l a y e r  ( 7  > 0 ) ,  the convection v e l o c i t y  determinat ions ag ree  w i t h i n  
experimental  accuracy. For '1 < 0,  however, the crossed-beam r e s u l t s  
tend t o  fol low the  mean v e l o c i t y  p r o f i l e  (U/U,) r a t h e r  than a t t a i n  t h e  
cons t an t  maximum va lue  observed for  hot-wire d a t a .  The experiments of 
Davies [12]  i n d i c a t e  t h a t  ho t  wires a t  the h igh  v e l o c i t y  edge of a s h e a r  
l a y e r  r e a c t  t o  sound r a d i a t i o n  from t h e  shea r  l a y e r  c e n t e r  as w e l l  as t o  
the  convection of upstream turbulence.  
v e l o c i t y  is  t h e r e f o r e  t o  be expected because of the convection of the sound 
sources  which t r a v e l  i n  the  middle of the s h e a r  l a y e r  w i th  lower v e l o c i t y  
than the  edge p a r t i c l e s .  Instruments o t h e r  than the h o t  w i r e  should g i v e  
h ighe r  group v e l o c i t i e s ,  as ind ica t ed  by t h e  crossed-beam method. 

A low va lue  of the hot-wire group 
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The o p t i c a l  group v e l o c i t y  measurements used t r a c e r s .  Since 
then, we have succeeded i n  measuring convection speeds i n  supe r son ic  
j e t s  without  t r a c e r s .  These t e s t s  used the d e n s i t y  f l u c t u a t i o n  of a i r  
t o  produce changes of r a d i a t i v e  power i n  the u l t r a v i o l e t  abso rp t ion  
bands of oxygen (Schumann-Runge bands).  Since the  method worked on 
both s c a t t e r i n g  and gaseous abso rp t ion ,  two-phase flow a p p l i c a t i o n  
became conceivable such as condensation and evaporat ion of water  vapor,  
o r  the spreading of r o c k e t  exhaust products ,  and unburnt f u e l s .  

U l t r a v i o l e t  abso rp t ion  measurements w i t h  col l imated beams 
proved t o  be extremely d i f f i c u l t  because of t he  comparatively low l e v e l s  
of the mean r a d i a t i v e  power. The commercially a v a i l a b l e  Hannovia l a m p s  
and McPherson lamps a r e  much l e s s  b r i g h t  than sources  emi t t i ng  v i s i b l e  
l i g h t .  Also, the small beam diameter ( 2 m )  s e v e r e l y  reduces the  s o l i d  
ang le  t h a t  can be used t o  c o l l e c t  r a d i a t i o n  from the source.  There- 
f o r e ,  we had unusual low power l e v e l s ,  t h a t  i s ,  high shot-noise  l e v e l s .  
The usual  method of reducing s h o t  no i se ,  using e l e c t r o n i c  f i l t e r i n g ,  
could be employed only t o  a l imi t ed  e x t e n t  s i n c e  the bandwidth of the 
f i l t e r  must be such t h a t  the complete t u r b u l e n t  spectrum is accepted.  
Thus, t he  sho t  noise  was one o rde r  of magnitude h ighe r  than the  
RMS l e v e l  of the in t eg ra t ed  o p t i c a l  s i g n a l .  I n  s p i t e  of t hese  l i m i t a -  
t i o n s ,  nine ou t  of twelve runs showed the c o r r e c t  convection speed. 
La te r  t e s t s  used a focused beam system r a t h e r  than a col l imated beam 
system [13]. This increased the s i g n a l  t o  no i se  r a t i o  by a f a c t o r  of 
200. 

Iv. CONCEIVABLE I N -  FLIGHT EXPERIMENTS 

We propose t h a t  crossed-beam t e s t  arrangements a r e  used i n  remote 
sens ing  missions t o  monitor h o r i z o n t a l  winds, humidity and thermodynamic 
p r o p e r t i e s  of the e a r t h ' s  atmosphere [14].  Two t y p i c a l  t e s t  arrange-  
ments a r e  shown i n  f i g u r e  10. One i l l u s t r a t e s  t he  l o c a l  use of ground 
d e t e c t o r s  and  the o the r  one a g l o b a l  coverage w i t h  o r b i t i n g  d e t e c t o r s .  

I 

Presen t  meteorological  s enso r s  a r e  mounted on meteorological  towers, 
ba l loons ,  a i r c r a f t ,  and rocke t s .  These monitoring systems have the 
fol lowing inherent  l i m i t a t i o n s :  

(1) S ing le  path experiments,  

(2)  R e s t r i c t e d  a l t i t u d e  ranges,  

(3)  N o  c o n t r o l  over h o r i z o n t a l  t r a v e r s e ,  

(4) I n t e r f e r e n c e  wi th  t h e  phenomena of i n t e r e s t ,  

(5) Large-s c a l e  averaging. 
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Because of t hese  l i m i t a t i o n s ,  some meteorological  problems p a r t i a l l y  
defy t h e  use of e x i s t i n g  instrumentat ion [15]. Meteorologis ts  have 
a l r e a d y  turned t o  remote sensing devices t o  overcome p a r t  of t hese  
in s t rumen ta t ion  problems. It i s  hoped t h a t  remote sensing devices  
accomplish the following t h r e e  ob jec t ives  [ 1 6 ] .  

(1) E s t a b l i s h  g loba l  observat ion of t he  e n t i r e  e a r t h ' s  
atmosphere on a regular  b a s i s .  

(2)  Provide observat ions for  d i r e c t  use i n  mathematical 
p r e d i c t i o n  models. 

(3) Follow the f u l l  l i f e  cycle  of weather systems such as 
hu r r i canes  . 

I n  meeting these  o b j e c t i v e s ,  one could overcome the two main problems 
which a t  p re sen t  plague numerical weather p r e d i c t i o n  [16]: (1) i n su f -  
f i c i e n t  g r i d  po in t s  and (2)  unknown e f f e c t  of small s c a l e  d i s tu rbances  
on t h e  nonl inear  behavior of l a r g e r  s c a l e  motions. 

A t  p r e s e n t  a g r i d  of observat ion s t a t i o n s  i s  a v a i l a b l e  only i n  
North America, Europe, and the northern p a r t  of Asia. Except f o r  
A u s t r a l i a  and ve ry  few obse rva t ion  s t a t i o n s  i n  A f r i c a ,  South America, 
and A n t a r c t i c a ,  the Southern Hemisphere i s  void of data .  Attempts a r e  
now being made t o  measure winds with long-l ived cons t an t -p re s su re  
ba l loons ,  tracked e i t h e r  from the ground or  by s a t e l l i t e .  The s p a t i a l  
p o s i t i o n s  of t hese  bal loons depend on the c i r c u l a t i o n  p a t t e r n  and not 
on the  d e s i r e s  of the me teo ro log i s t , '  Any improvement i n  providing 
meteorological  information a t  d i s c r e t e  l e v e l s  i n  the atmosphere (= 50 
t o  100 mb p res su re  l e v e l ) ,  a t  d i s c r e t e  time i n t e r v a l s  (= 4 times a day),  
and w i t h  d i s c r e t e  spacing (E 200 miles)  would be g r e a t l y  welcomed and 
would be considered a b ig  leap forward i n  improving f o r e c a s t i n g  condi- 
t i o n s .  The remainder of t h i s  paper i n d i c a t e s  how crossed-beam t e s t  
arrangements may be used i n  remote sensing missions t o  supply the m i s -  
s i n g  information a t  the des i r ed  loca t ion .  

The second problem w a s  t o  e s t ima te  the e f f e c t  of small s c a l e  d i s t u r b -  
ances ,  such as convective cloud p a t t e r n s ,  small v o r t i c e s ,  t u rbu lence ,  
e t c . ,  on t h e  nonl inear  behavior of l a r g e r  s c a l e  motions. Attempts a r e  
now being made t o  e s t ima te  such small s c a l e  systems from a s t a t i o n a r y  
s a t e l l i t e  which takes cloud p i c tu re s  over the P a c i f i c  Ocean. However, 
commensurate information on winds, temperature,  e t c . ,  is s t i l l  l ack ing .  
This means t h a t ,  i n  a d d i t i o n  t o  the l a r g e  s c a l e  information mentioned 
p rev ious ly ,  small s c a l e  measurements should be a v a i l a b l e  f o r  c e r t a i n  time 
i n t e r v a l s  and c e r t a i n  c r i t i c a l  r eg ions ,  which may be s p e c i f i e d  on s h o r t  
n o t i c e  by weather p r e d i c t i o n  cen te r s .  Here aga in ,  a crossed-beam moni- 
t o r i n g  system might be the  answer. On the following pages we w i l l  
i n d i c a t e  t h a t  scanning crossed-beam sys tems g i v e  turbulence l e n g t h  
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s c a l e s  and wave number components as wel l  as wind information.  These 
r e s u l t s  a r e  necessary t o  s tudy  the t r a n s f e r  of k i n e t i c  energy between 
atmospheric motions, which a r e  cha rac t e r i zed  i n  terms of macroscales ,  
mesoscales and microscales .  S ing le -po in t  probings such as balloon-borne 
beam instruments cannot provide t h i s  information. 

One other  important a p p l i c a t i o n  would be an  e a r l y  warning system 
f o r  c l e a r - a i r  turbulence.  A crossed-beam arrangement w i t h  o p t i c a l  de t ec -  
t i o n  devices should be a b l e  t o  d e t e c t  turbulence i n  atmospheric regions 
which a r e  "clear" t o  radar r e c e i v e r s .  
used t o  monitor c l e a r - a i r  turbulence above t r a f f i c  c e n t e r s ,  whereas an  
o r b i t i n g  system could be used t o  sweep d e s i r e d  f l i g h t  pa ths .  

A space-f ixed system might be 

V. EXPECTED OPTICAL SIGNALS 

The f e a s i b i l i t y  and p o t e n t i a l  of crossed-beam experiments i n  the  
lower atmosphere a r e  i l l u s t r a t e d  i n  t h i s  paper by consider ing the opera- 
t i o n  which would be necessary t o  measure a h o r i z o n t a l  wind p r o f i l e  up t o  
a l t i t u d e s  of 30 km. Such crossed-beam arrangements,  f i g u r e  10,  would 
work whenever d e t e c t a b l e  space and time v a r i a t i o n s  of emission o r  ex t inc -  
t i o n  processes a r e  common t o  both beams. This r e q u i r e s  l o c a l  changes i n  
r a d i a t i v e  power of s u f f i c i e n t  i n t e n s i t y  that the  change may s t i l l  be 
resolved a f t e r  being t r ansmi t t ed  t o  the d i s t a n t  spectrophotometer.  
Furthermore, the r a d i a t i o n  source should be extended r a t h e r  than a 
p o i n t  source t o  avoid f l u c t u a t i o n s  caused by r e f r a c t i v e  index v a r i a t i o n s  , 
such as the  s c i n t i l l a t i o n  of s t a r  images. We have t h e r e f o r e  t r i e d  t o  
answer t h e  following ques t ions :  

(1) What is the mean r a d i a t i v e  power of s u i t a b l e  extended 
r a d i a t i o n  sources?  

(2)  What modulations of t h i s  r a d i a t i v e  power can one expect 
due t o  atmospheric inhomogeneities which move broadside 
r e l a t i v e  t o  s i n g l e  beam? 

(3 )  Are these  meteorological  modulations above the  d e t e c t o r  
no i se  l e v e l s ?  

I-. Mean Radiance of Extended N a t u r a l  Sources 

Consider a photometer coupled t o  an  astronomical  t e l e scope .  
The d e t e c t a b l e  r a d i a t i v e  power i s  con t r ibu ted  by a l l  r a d i a t i v e  phenomena 
i n s i d e  t h e  coll imated f i e l d  of view of t he  t e l e scope  (see f i g u r e  11). 
I n  atmospheric a p p l i c a t i o n s ,  the d e t e c t o r  is  placed on e i t h e r  the ground 
o r  t he  o r b i t i n g  s p a c e c r a f t  as shown i n  f i g u r e  10. Because of l i g h t  
a b s o r p t i o n  i n  the  atmosphere, remote sensing of me teo ro log ica l  phenomena 
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i n s i d e  the atnosphere r e q u i r e s  work i n  regions of the e l e c t r o m g n e t i c  
spectrum, where the atmosphere is  a t  l e a s t  p a r t i a l l y  t r a n s p a r e n t .  
These " o p t i c a l  windows" may be found from t y p i c a l  transmiss ion s p e c t r a  
l i k e  the  one shown i n  f i g u r e  13. The bottom p a r t  of t h i s  f i g u r e  shows 
the  s p e c t r a l  r eg ion  where s u i t a b l e  windows e x i s t .  

Remote sensing w i t h i n  the " o p t i c a l  windows'' r e q u i r e s  t he  e x i s t -  
ence of e i t h e r  man-made o r  n a t u r a l  r a d i a t i o n  sources .  The use of man- 
made sources  would s e v e r e l y  l i m i t  the  a p p l i c a t i o n  of the technique, and 
p o i n t  sources  such as stars m u s t  a l s o  be discarded because of s c i n t i l -  
l a t i o n  e f f e c t s .  Na tu ra l ,  extended background sources  which r e q u i r e  no 
t r ack ing  and s u f f e r  no s c i n t i l l a t i o n  a r e  t h e r e f o r e  i d e a l  sources  f o r  
use i n  the  crossed-beam technique. 

The following sources a r e  conceivable:  

(1) S c a t t e r e d  s o l a r  r a d i a t i o n  

(2)  Emission from the atmosphere 
ground d e t e c t o r  

(3) Sola r  r a d i a t i o n  r e f l e c t e d  and 
s c a t t e r e d  by the e a r t h ' s  s u r -  
f a c e  

o r b i t a l  d e t e c t o r  
( 4 )  Thermal r a d i a t i o n  from the  

e a r t h  and the atmosphere 

A l l  t hese  sources  c o n s t i t u t e  an extended background of r a d i a t i o n .  We 
w i l l  d i s cuss  the  c h a r a c t e r i s  t ics  of t h e s e  sources  t h a t  a r e  p o t e n t i a l l y  
u s e f u i  as p a r t  of a weather monitoring system. 
summarized i n  t a b l e  I. 

The main r e s u l t s  a r e  

Ground-based d e t e c t o r s  ( f i g u r e  10) can use s c a t t e r e d  s u n l i g h t  
and i n f r a r e d  emission from the atmosphere as r a d i a t i o n  sources  t o  
monitor atmospheric phenomena. 

S c a t t e r e d  Sun l igh t .  Solar r a d i a t i o n  is bo th  absorbed and 
s c a t t e r e d  i n  passing through the e a r t h ' s  atmosphere t o  a n  e x t e n t  which - 

v a r i e s  w i th  the wave l eng th .  
bo th  i n  the  form of a p a r a l l e l  beam of r a y s  from the  sun and s c a t t e r e d  
r a d i a t i o n  i n c i d e n t  from a l l  points  o f  the sky. The t o t a l  f l u x  of 
s c a t t e r e d  r a d i a t i o n  reaching a n  ob jec t  depends on the  sun ang le ,  the 
cloud cover,  t he  t e r r a i n  r e f l e c t a n c e ,  and the  concen t r a t ion  of t r a c e r s  
i n  t h e  atmosphere. 
dependent upon e a r t h  l a t i t u d e  and more s t r o n g l y  dependent upon sun 
e l e v a t i o n  ang le ,  as shown i n  f i g u r e  12 .  

The e a r t h ' s  s u r f a c e  r ece ives  r a d i a t i o n  

The f l u x  of the s c a t t e r e d  r a d i a t i o n  is  weakly 
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Ground O r b i t  

Table 1. Est imat ion of Radiance Ava i l ab le  t o  
Ground and O r b i t a l  Detectors  

O r b i t  
Detector  
Locat ion 

Ozone 
E m i s  s i on  

Extended 
Source 

Reflected and 
S c a t t e r e d  Sun Thermal E m i s -  

Light  s i o n  of E a r t h  

Mono chroma t or  
Bandpass ah 9p t o  l o p  

Estimated 
Mean 
Radiance ? 

E s t i m a  t e d 
Modulation 
i n  Spec t r a l  
Radiance i RMS 

0 . 3 8 ~  t o  0.721-1 8 p  t o  12y 

Modulation 
Bandwidth B 

7.8 10-5 
watts/cm2s t e r  

Ground 

4.2 10-3 4 10-3 
wat ts /cm2ster  watts/cm2s t e r  

S c a t t e r e d  
Sun1 i g h t  

7.8 
watts / cm2s t e r  

300 cps 

0.381-1 t o  0.721~ 

4.2 4 - 
w a t t s  / cm2s t e r  w a t t s  / cm2s t e r  

1000 cps 1000 cps 

4.5 10-3 
wat ts  / cm2s t e r  

4.5 
watts  / cm2s t e r  

300 cps 

I I 

I I t 

Influenced by the va r ious  parameters mentioned above, s c a t t e r e d  
s o l a r  r a d i a t i o n  f luxes  have been measured ranging from 0.35 t o  2.80 x 
watts/cm2 [ 1 7 ] .  The same r e f e r e n c e  r e p o r t s  i n d i v i d u a l  cases where the 
values  of the f l u x  of the s c a t t e r e d  r a d i a t i o n  exceeds 7 x watts/cm2. 
A conservat ive f i g u r e  f o r  t he  f l u x  from a c loud les s  sky wi th  a s o l a r  a l t i -  
tude of 45" would be about  1.4 x watts/cm2. 

I n  crossed-beam experiments we a r e  no t  i n t e r e s t e d  i n  the t o t a l  
f l u x  received from the  e n t i r e  sky (hemisphere = 2.rr s t e r a d i a n ) ,  b u t  only 
i n  the  sky radiance which i s  a v a i l a b l e  t o  t h e  s m a l l  ang le  of view LQ of 
a t e l e scope  [ 4 ~ t  sin2(&/4) s t e r a d i a n ] .  

Assuming t h a t  Lambert's l a w  g ives  a reasonable  approximation of 
t he  angu la r  d i s t r i b u t i o n  of s c a t t e r e d  s u n l i g h t ,  t h e  r ad iance  measured by 
a v e r t i c a l  l y  point ing t e l  es  cope becomes 

1.4 10'2/.rc = 4.5 - watts/cm2 s t e r a d i a n .  
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Of prime importance i n  our s t u d y  of the s c a t t e r e d  r a d i a t i o n  i s  
the  radiance a v a i l a b l e  i n  an emission bandwidth, nh. The s p e c t r a l  
r ad iance  of s c a t t e r e d  r a d i a t i o n  i s  shown i n  f i g u r e  13 f o r  a c loud les s  
sky w i t h  the sun a t  a z e n i t h  angle  of 45" f o r  an observer l oca t ed  on 
the  e a r t h ' s  s u r f a c e  and a t  a n  a l t i t u d e  of 30 km [15]. Taking account 
of d e t e c t o r  response,  a u s e f u l  bandwidth of emission f o r  s c a t t e r e d  
s o l a r  r a d i a t i o n  i s  from 0.38 t o  0 . 7 2 ~  wi th  a maximum i n t e n s i t y  between 
0.4 and 0 . 5 ~ .  
2 - 3p is  no t  due t o  s c a t t e r i n g  of s o l a r  r a d i a t i o n ,  but  t o  thermal 
emission i n  the atmosphere. 

Radiat ion de tec t ed  a t  wave lengths  g r e a t e r  than about 

The f l u x  of s c a t t e r e d  s u n l i g h t  i s ,  i n  f i r s t  approximation, 
roughly p ropor t iona l  t o  the dens i ty  of the s c a t t e r i n g  molecules above 
the  d e t e c t o r .  A t  30 km the atmospheric d e n s i t y  i s  lo-', t h a t  of s ea  
l e v e l .  Hence, we may expect the l o c a l  source s t r e n g t h  of s c a t t e r e d  
s o l a r  r a d i a t i o n  a t  these a l t i t u d e s  t o  be of the order  of lo2 times 
sma l l e r  than a t  s ea  l e v e l .  This is found t o  be so,  as r epor t ed  i n  [15] 
and shown i n  f i g u r e  13. 

Ozone Emis  s ion.  Bes ides  s c a t  t e r e d  s unl i g h t  , the  ground 
d e t e c t o r  could a l s o  d e t e c t  the thermal emission from the atmosphere. 
For crossed-beam experiments we need an  atmospheric window t o  "see" 
through t h e  troposphere.  However, t h e r e  has t o  be some emission, 
a b s o r p t i o n ,  o r  s c a t t e r i n g  of r a d i a t i o n  p resen t  f o r  a p p l i c a t i o n  of the 
crossed-beam technique. I n  t h i s  study t h e r e f o r e ,  the f e a s i b i l i t y  of 
a p p l i c a t i o n  of the technique using the  9.6 thermal emission band of 
ozone as the source of r a d i a t i o n  was considered. Since t h i s  r a d i a t i o n  
band f a l l s  w i t h i n  the  81.1. - 12p atmospheric window, measurements through- 
o u t  t he  troposphere a r e  poss ib l e .  This band i s  c l e a r l y  ind ica t ed  by the 
"dip" i n  the atmospheric transmission ( f i g u r e  13) .  For ground d e c t e c t o r s  
t h i s  band i s  important because: 

(1) It is i n  a s p e c t r a l  r eg ion  where i t  i s  the  only 
a c t i v e  t r a c e r ;  there  e x i s t s  no water vapor o r  
s t r o n g  C 0 2  bands t o  i n t e r f e r e .  

(2) Contr ibut ions t o  t h e  s i g n a l  a t  9 . 6 ~  received by a 
ground d e t e c t o r  from a l t i t u d e  ranges 0-10 km, 10-24 km, 
and above 24 km a r e  a t  t h e  same o rde r ,  and thus ozone 
emission may be used i n  crossed-beam experiments.  

The following t a b l e  shows t h e  s p e c t r a l  radiance of ozone emission i n  the  
9 . 6 ~  band as a func t ion  of z e n i t h  a n g l e ,  w i t h  the background continuum 
s u b t r a c t e d  [18]. 

me atmosphere was a r b i t r a r i l y  divided i n t o  t h r e e  l a y e r s ,  and 
the c o n t r i b u t i o n  from each i s  given. 
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Table 2 

9.6p Ozone Emission I n t e n s i t y  (watts cm-2 s t e r - l  p- l )  

Zenith Angle Ground t o  Tropopause 
(0-10 km) 

0 1.6 1 0 ' ~  

60' 3.0 

Tropopause t o  30 MB Above 30 MB 
(10-24 km) (above 24 km) 

2.7 1 0 ' ~  3.5 10-5 

3.8 4.0 

I 5.2 -I 3.5 75'32' I 5.2 

80'24' 7 . 2  5.9 2.8 

82'48' I 8.7 6.0 I r 2 . 6  

The f i r s t  l i n e  of Table 2 provides an  e s t i m a t e  of t he  t o t a l  
radiance which was measured by a ground d e t e c t o r  looking v e r t i c a l l y  
upward through the atmosphere a t  a wave l e n g t h  of 9.6 microns. I f  t h i s  
ozone emission band is taken t o  be one micron wide, i . e . ,  ni\ = l p ,  then 
the  t o t a l  detected i n t e n s i t y  w i l l  be 

7.8 x l o m 5  w a t t s  cm-' s t e r - l  ~ ' l .  

More r e c e n t  measurements by Be l l  e t  a l .  (1960) reproduced i n  
the  "Handbook of Geophysics and Space Environments" AFCRL, g i v e  higher  
f i g u r e s  f o r  the s p e c t r a l  radiance of t he  ozone emission. For the 
z e n i t h  d i r e c t i o n ,  the radiance a t  the middle of t he  ozone band w a s  
measured as 2.5 x wa t t s  
of 60', 4.5 x wat ts  cm'l s t e r ' 2  p - l  was  recorded. 
have chosen t o  use the more conservat ive number above. 

s t e r - l  p- l ,  and f o r  a zenigh ang le  
However, we 

O r b i t a l  d e t e c t o r s  may a l s o  d e t e c t  s c a t t e r e d  s u n l i g h t  and 
ozone emission. Addit ional  extended r a d i a t i o n  sources  are provided by 
r e f l e c t e d  s u n l i g h t  and by the e a r t h ' s  thermal emission. The following 
d i scuss ions  a r e  r e s t r i c t e d  t o  the same atmospheric windows chosen f o r  
d i s c u s s i o n  of ground d e t e c t o r s ,  a l though a p p l i c a t i o n  of t h e  crossed- 
beam technique t o  o the r  wave lengths  a r e  i n  no way ru l ed  ou t .  

2 2  



? 

Sca t t e red  and Reflected Sunl ight .  
A r ece ived  by a d e t e c t o r  looking toward the e q r t h  from an o r b i t i n g  s a t e l -  
l i t e  depends on a l a r g e  number of f a c t o r s :  

The r a d i a t i o n  of wavelength 

(1) I n t e n s i t y  of s u n ' s  r a d i a t i o n  i n c i d e n t  a t  edge of 
atmosphere a t  wave l eng th  A. 

(2 )  Transmiss ion of atmosphere. 

( 3 )  Zenith angle .  

(4) Contr ibut ion by s c a t t e r i n g  from molecules and a e r o s o l s .  

(5) Diffuse r e f l e c t a n c e  of t e r r a i n .  

( 6 )  Emission of e a r t h  and atmosphere. 

(7) Presence o r  absence of clouds.  

(8) S p e c t r a l  bandwidth of d e t e c t i n g  system. 

(9) Co l l ec to r  op t i c s .  

(10) Detector  s e n s i t i v i t y .  

The i n t e n s i t y  of t he  sun ' s  r a d i a t i o n  a t  t he  edge of the atmos- 
phere and a t  ground l e v e l  and d i f f u s e  r e f l e c t a n c e s  of d i f f e r e n t  types of 
e a r t h  t e r r a i n  a r e  given i n  t a b l e  3 .  

Table 3 

Spec t r a l  Radiance of Sun a t  Normal Incidence 

O u t s i d e  Atmosphere 

Wave l e n g t h  (p) I n t  ens i t y  wat ts  I cm2/ IJ- 

0.4 
0.5 
0.6 
0.7 

1.74 x 10-1 
1.96 
1.8 
1.5 

A t  Sea Level-Zenith AnEle 60" 

Wave l eng th  (p) In t ens  i t y  w a t t s  / cm'/ p 

0.4 0.47 x 10-1 
0.5 1 . 2  
0.6 1 . 1 7  
0.7 1.11 23 



Table 3 (Continued) 

Typical Values of Te r ra in  Reflectance ( 0 . 4 - 0 . 7 ~ )  

Ter ra in  Ref 1 e c tance 

Snow 0.8 
Water 0.05 
Fores t s  0.03 

Open grassland 0.06 
Dark brown s o i l  0.11 

On t h e  b a s i s  of t hese  f i g u r e s ,  t he  r ad iance  a v a i l a b l e  t o  o r b i t a l  
d e t e c t o r s  from the s u n l i t  po r t ions  of the e a r t h ' s  s u r f a c e  may be est imated.  
Taking a t e r r a i n  r e f l e c t a n c e  of 0.25 ,  the  c o n t r i b u t i o n  by r e f l e c t i o n  from 
the  s u r f a c e  w i l l  be of t he  order  of 

x ( 0 . 7 ) z  x 0.25 = 7 x w a t t s  cm'2 s t e r ' l  micron-' 1.8 x 10-1 
rl 

= 2.11 x 10-3 w a t t s  cm-z s t e r - 1  

t 

f o r  the s p e c t r a l  bandpass 0.4 - 0 . 7 ~ .  A mean atmospheric t ransmission 
of 0.7 is  assumed he re ,  corresponding t o  a z e n i t h  ang le  of t he  order  of 
30". 

I n  a d d i t i o n ,  t h e r e  w i l l  be a c o n t r i b u t i o n  due t o  s c a t t e r i n g  by 
molecules and a e r o s o l s  i n  the  atmosphere which w i l l  be s t r o n g l y  dependent 
upon the d i r e c t i o n  of obse rva t ion ,  d i r e c t i o n  of t he  sun, and a l s o  the  
ground r e f l e c t i v i t y .  Ca lcu la t ions  have been made f o r  a plane p a r a l l e l  
Rayleigh atmosphere by Coulson, Dave and Sekera [19] f o r  a l a r g e  v a r i e t y  
of condi t ions.  Assuming a z e n i t h  ang le  of 3 0 " ,  a ground r e f l e c t i v i t y  
of 0.25 then from t a b l e s  the radiance seen  by a d e t e c t o r  looking v e r t i -  
c a l l y  downward through the  atmosphere i n  the wave l e n g t h  band 0.4  - 0.7 
microns w i l l  be 4 . 2  x w a t t s  cm" s t e r - l .  This is a lower l i m i t  and 
w a s  used i n  t a b l e  1. The presence of a e r o s o l s  w i l l  i n c r e a s e  the s c a t t e r -  
ing c o n t r i b u t i o n  and decrease the  c o n t r i b u t i o n  of r e f l e c t i o n  of the e a r t h ' s  
s u r f a c e .  An upper l i m i t  i s  obtained by assuming a d i f f u s e  r e f l e c t a n c e  of 
u n i t y ,  which g ives  1.7 x w a t t s  cm" s t e r ' l  f o r  t he  same s p e c t r a l  
bandwidth. 
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Thermal Emission from the Earth.  Besides r e f l e c t e d  and s c a t t e r e d  
s u n l i g h t ,  the o r b i t a l  d e t e c t o r  could u s e  the thermal emission from the 
e a r t h  as an  extended r a d i a t i o n  background. Most substances on the e a r t h ' s  
s u r f a c e  have n e a r l y  u n i t  i n f r a red  e m i s s i v i t y .  
p a r e n t  i n f r a r e d  regions of t he  atmosphere and on c l e a r  days,  t h i s  radia- 
t i o n  is n e a r l y  f r e e  t o  escape unal tered i n t o  space.  The main v a r i a t i o n s  
observed a r e  from equator  t o  pole as the  e a r t h ' s  s u r f a c e  temperature 
changes. The radiance of the s u n  s i d e  of t he  e a r t h  observed o u t s i d e  t h e  
e a r t h ' s  atmosphere by a s a t e l l i t e  is shown i n  f i g u r e  14. I n  the t r ans -  
p a r e n t  r eg ions ,  the r ad iance  corresponds t o  a b l ack  body a t  the s u r f a c e  
temperature of t he  e a r t h ,  while  i n  t h e  s t r o n g l y  absorbing r eg ions ,  i t  
corresponds t o  the  black-body radiance a t  s t r a t o s p h e r i c  temperatures.  
Between 8 and 12 microns,  a s a t e l l i t e - b o r n e  d e t e c t o r  w i l l  t h e r e f o r e  s e e  
the  same rad iance  both on the night  and on the  day s i d e  of t he  e a r t h .  
Since the 8 t o  12 micron band of emission is  near the peak of the 
black-body r a d i a t i o n ,  t he  thermal emission, which i s  picked up by an  
o r b i t i n g  t e l e scope ,  can be ca l cu la t ed  from the  black-body curve. The 
a s s o c i a t e d  r ad iance  is 

I n  the r e l a t i v e l y  t r a n s -  

4 wattslcm' s t e r .  

2. Meteorological  Power Modulations 

Meteorological  modulations of t h e  mean r a d i a t i v e  power a r e  pro- 
duced by the gene ra t ion ,  convection and decay of e m i t t i n g ,  s c a t t e r i n g  
and absorbing p a r t i c l e s  which follow the atmospheric motions. The follow- 
ing d i s c u s s i o n  i s  r e s t r i c t e d  t o  s c a t t e r i n g .  The only d i r e c t  measurements 
of such e x t i n c t i o n  modulations c u r r e n t l y  known t o  us have been made i n  
conjunct ion w i t h  o p t i c a l  communication s t u d i e s .  

Meteorological  modulations of a He-Ne l a s e r  have been measured 
over o p t i c a l  paths  up t o  6.8 km long (mountain range) [20] .  The l a s e r  
ou tpu t  of 0.8 m i l l i w a t t  w a s  co l l ec t ed  by a 24-inch r e f l e c t i n g  t e l e scope .  
By using the  f u l l  a p e r t u r e  of the t e l e s c o p e ,  no " sp i l l -ove r "  of the l a s e r  
l i g h t  occurred and the a t t e n u a t i o n  measured by the d e t e c t o r  was  due t o  
atmospheric a t t e n u a t i o n  and not to r e f r a c t i v e  index v a r i a t i o n s  which 
would cause t h e  bending of the l i g h t  beam away from the  senso r .  Figures  
15a and 15b g i v e  the  power spectrum of t h e  i n t e n s i t y  f l u c t u a t i o n s .  The 
i n t e g r a t i o n ,  which is  o u t l i n e d  i n  f i g u r e  15a, i n d i c a t e s  t h a t  the r a t i o  of 
the  root-mean-square va lue  t o  the mean (d.c . )  l e v e l  of t h e  f l u c t u a t i n g  
s i g n a l s  a re  on the o r d e r  of one percent.  This one-percent f l u c t u a t i o n  
i s  taken as r e p r e s e n t a t i v e  of the i n t e n s i t y  f l u c t u a t i o n s  occurr ing over 
l a r g e  atmospheric d i s t a n c e s .  Over s h o r t e r  ranges and along paths  c l o s e  
t o  the  ground, t he  f l u c t u a t i o n s  were of the o rde r  of 0.1 pe rcen t  t o  10 
pe rcen t .  
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The frequency of t hese  f l u c t u a t i o n s  should be roughly propor- 
t i oned  t o  the speed wi th  which atmospheric inhomogeneities a r e  pu l l ed  
broadside through the  l a s e r  beam or  through the  f i e l d  of view of the 
d e t e c t i n g  system. The range of energy-bearing frequencies  f o r  the l a s e r  
experiments extends from approximately 2 cps t o  300 cps f o r  a wind speed 
of 2 t o  4 m/sec ( f i g u r e  15).  For given atmospheric cond i t ions ,  the upper 
frequency l i m i t  w i l l  depend on the beam diameter o r  on the  f i e l d  of view 
of t he  d e t e c t i n g  system i n  a gene ra l  case.  I f  we take on o r b i t a l  scan- 
ning speed of 8000 m/sec and a f i e l d  of view equ iva len t  t o  50 me te r s ,  
then frequencies  up t o  160 cycles  per second a r e  t o  be expected. I n  
the  computations of d e t e c t o r  n o i s e ,  a f i g u r e  of 1000 cps w a s  taken as 
t h e  upper frequency l i m i t  f o r  the o r b i t a l  case.  

Other evidence of f l u c t u a t i o n  l e v e l s  t o  be expected i n  atmos- 
p h e r i c  crossed-beam experiments i s  a v a i l a b l e  from measured temperature 
f l u c t u a t i o n s .  Since i n  the atmosphere v e l o c i t i e s  va ry  much l e s s  than 

Typ ica l ly ,  v a r i a t i o n s  of t he  o rde r  of a few t e n t h s  t o  over one degree 
cen t ig rade  a r e  observed; t h e r e f  o r e  , t hese  v a r i a t i o n s  correspond t o  
d e n s i t y  v a r i a t i o n s  of up t o  1 percent .  The number d e n s i t y  of a e r o s o l  
p a r t i c l e s  might be expected t o  show s i m i l a r  f l u c t u a t i o n s .  

I t he  speed of sound, d e n s i t y  v a r i a t i o n s  a r i s e  from temperature v a r i a t i o n s .  

I n  f a c t ,  as noted above, t h e r e  is p r a c t i c a l l y  no information 
a v a i l a b l e  on t h e  f l u c t u a t i o n s  i n  s c a t t e r e d  s u n l i g h t  recorded by a de tec -  
t o r  on the ground o r  i n  a s a t e l l i t e ;  i t  is f o r  t h i s  reason t h a t  we a r e  
now conducting such experiments. The information obtained w i l l  s e r v e  
as inpu t  t o  determine the  optimum design f o r  t he  experiments descr ibed 
i n  l a t e r  s e c t i o n s  of t h i s  paper. 

The modulations of r a d i a t e d  power which a r e  produced a t  higher  
a l t i t u d e s  a r e  equa l ly  d i f f i c u l t  t o  e s t ima te .  For s c a t t e r e d  s u n l i g h t ,  
v a r i a t i o n s  i n  a e r o s o l  concen t r a t ions  a r e  l i k e l y  t o  be the main source of 
f l u c t u a t i o n s  a t  low a l t i t u d e s .  A t  h ighe r  a l t i t u d e s ,  f l u c t u a t i o n s  i n  a i r  
d e n s i t y  a r e  more important.  This is  because above 5 km, the  a e r o s o l  
concen t r a t ion  decreases  much more r a p i d l y  w i t h  a l t i t u d e  than does the 
a i r  d e n s i t y  ( f i g u r e  16). The c o n t r i b u t i o n  t o  the f l u c t u a t i n g  s i g n a l ,  
f o r  s c a t t e r e d  s u n l i g h t ,  is t h e r e f o r e  expected t o  decrease q u i t e  r a p i d l y  
w i t h  a l t i t u d e ;  t h i s  w i l l  l i m i t  t he  maximum a l t i t u d e  f o r  which t h e  c ros s -  
c o r r e l a t i o n  technique w i l l  permit t he  s i g n a l  t o  be e x t r a c t e d  from the  
no i se  i n  reasonable  i n t e g r a t i o n  t imes.  

I 

t 

I This d i f f i c u l t y  is  no t  p r e s e n t  i n  the  case of ozone emission 
because of the d i s t r i b u t i o n  of ozone i n  the  atmosphere. The a l t i t u d e  
o f  maximum ozone concen t r a t ion  v a r i e s  from about 1 0  t o  30 ki lometers  
depending on l a t i t u d e ,  time of yea r ,  e t c .  Thus, ozone is  l i k e l y  t o  be 
u s e f u l  i n  t r ac ing  atmospheric motions a t  h ighe r  a l t i t u d e s .  For the  ca l -  
c u l a t i o n s  i n  t h i s  paper,  f l u c t u a t i o n s  i n  ozone concen t r a t ion  a r e  assumed 
t o  be s i m i l a r  t o  those i n  a i r  d e n s i t y ,  that i s ,  of t he  o r d e r  of 1 percent .  
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I n  ou r  e s t i m a t e  of t he  expected modulation amplitude ims, we t r i e d  t o  
account  f o r  t he  decrease of t r a c e r  concen t r a t ion  wi th  a l t i t u d e  by choos- 
ing ims/I = lom3 as a r e fe rence  value.  The a s s o c i a t e d  meteorological  
modulations of t he  mean r a d i a t i v e  power a r e  summarized i n  t a b l e  1. 

3. Detector  Noise 

Although the n a t u r e  of the c r o s s - c o r r e l a t i o n  technique permits 
s i g n a l s  that a r e  bu r i ed  i n  the  noise t o  be measured, it is ve ry  d e s i r a b l e  
t h a t  the above meteorological  modulations of t he  i n c i d e n t  r a d i a t i v e  power 
produce output  s i g n a l  f l u c t u a t i o n s ,  ims, l a r g e r  than the d e t e c t o r  no i se ,  

id .  I n  t h i s  case,  t he  f e a s i b i l i t y  of t he  crossed-beam technique, as 
a p p l i e d  t o  the  s tudy  of atmospheric problems, w i l l  be determined by t h e  
magnitude of the background f l u c t u a t i o n s  and t h e  turbulence l e n g t h  s c a l e s  
a long each of the crossed beams. The space-time v a r i a t i o n s  of s c a t t e r e d  
s u n l i g h t  and thermal r a d i a t i o n  r e p r e s e n t  a n  ou tpu t  from i n t e g r a t e d  l i g h t  
sou rces  and should no t  va ry  as much as the  l o c a l  emission and e x t i n c t i o n  
processes  of i n t e r e s t .  
o p t i c a l  pa th  should be small enough t o  avoid c a n c e l l a t i o n  due t o  i n t e -  
g r a t i n g .  over too many s t a t i s t i c a l l y  independent pa r t s .  Since turbulence 
i s  most ly  r e s t r i c t e d  t o  a few l aye r s ,  c a n c e l l a t i o n  should be no problem. 
Even i f  c a n c e l l a t i o n  occurs ,  i t  can be p a r t i a l l y  e l iminated by a c t i n g  on 
the  o p t i c a l  p a t h  length.  Therefore,  the main l i m i t i n g  f a c t o r  appears t o  
be t h e  d e t e c t o r  noise .  

The number of c o r r e l a t i o n  volumes along the 

The d e t e c t o r  no i se  has been c a l c u l a t e d  f o r  d e t e c t o r s  ope ra t ing  
i n  t h e  v i s i b l e  (A = 0.551.1) and i n f r a r e d  (A = 9 . 6 ~ ) ;  the r e s u l t s  a r e  sum.- 
marized i n  t a b l e  4 .  

The s i z e s  of t he  c o l l e c t i n g  m i r r o r s  a r e  chosen wi th  regard t o  
the  f i n a l  s i g n a l / n o i s e  r a t i o s  and a r e  no l a r g e r  t k n  t h e  iiiirror systems 
i n  t h e  OAO s e r i e s  of o r b i t i n g  astronomical o b s e r v a t o r i e s .  The choice 
of f i e l d  of view of the o p t i c a l  systems is  based on assumed average 
i n t e g r a l  l eng th  s c a l e  of 300 meters.  This l a t t e r  f i g u r e  ag rees  ve ry  
w e l l  w i th  the s c a l e s  of c l e a r - a i r  turbulence measured by Burns and 
Rider [21].  To r e s o l v e  300-meter s c a l e s ,  a f i e l d  of view corresponding 
t o  approximately 50 meters is d e s i r a b l e ;  t h i s  f i g u r e  a t  the tropopause 
g ives  the f i e l d  of view f i g u r e s  given i n  the  t a b l e .  

The va lues  of mean radiance used i n  the  t a b l e  and discussed i n  
previous s e c t i o n s  of t h i s  paper,  together  w i th  the  f i e l d  of view and the  
s i z e  of the c o l l e c t i n g  m i r r o r ,  permit the r a d i a t i o n  received by the  
d e t e c t o r  t o  be cal .culated.  

I n  the v i s i b l e  r eg ion  of the spectrum, phototubes o r  photo- 
m u l t i p l i e r s  a r e  the a p p r o p r i a t e  d e t e c t o r s  t o  use,  and f o r  the l i g h t  
l e v e l s  i n  ques t ion ,  the main source of no i se  i n  the  output s i g n a l  w i l l  
r e s u l t  from the  randomness of the emission of e l e c t r o n s  from the  photo- 
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Table 4 

Detector  Operation and Noise 

V i s  i b l e  L igh t  
(A  = 0 . 5 5 ~ )  

I n f r a r e d  
(A = 9 . 6 ~ )  

Power Ground 500km O r b i t  Ground IOOkm Orbi t  

Mirror  Cross- 
s e c t i o n  [cm'] 1 o2 104 104 i o 4  

F i e l d  of View 
Minutes of  a r c  (La) 

41t s i n 2 ( ~ / 4 )  s t e r .  

15' 
..5 - 10-5 

0.34' 
' . 8  l o m 9  

15' 
1.3 . 10-5 

0.34' 
7 . 8  . 

Mean Radiance 
[wat ts /  cm2ster] &.5 . 10-3 l.2 . 10-3 7 . 8  . 10-5  4 . 10-3 
Minimum of  Mean 
Rad ia t ive  
Power I [ w a t t s ]  

Photon Current 
I - [Photons/sec] hv 

- 

5.3 . 10-7 1 0 - ~  3 . 1  . 10-7 5.8 

16 - 1 0 l 2  4 .8  . 1014 1.9 - 1011 1.5 . 1013 

Modulation Band- 
wid th  B [cps] 300 1000 300 1000 

Detector  
Mean S igna l  

I d  

ou tpu t  
..4 10-8 

Ampere 

Input  

Watt 
1 0 - ~  

Inpu t  

Watt 
3 . 1  

ou tpu t  
2.6 - 
Ampere 

ou tpu t  
j . 10-12 
Ampere 

ou tpu t  

Ampere 
2.6 10-l" 

Noise equiva- 
l e n t  power 
1 . 7  * 10-l' 

Watt 

Noise equiva- 
l e n t  power 

Watt 
3.2 10-l' 

Detector  Noise 

d i 
ou tpu t  

2.1 10-1; 
Ampere 

ou tpu t  
1.4 - 10-l :  

Ampere 

Inpu t  

Watt 

Inpu t  
3.1 - 10-l' 

Watt 

Atmospheric 
Modulation 

iRMS 

S i g  na 1 /No i s  e 
ims / id 5 2  6 59 1 

2 8  
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cathode,  o r  "shot-noise." The number of photons i n c i d e n t  on the  photo- 
cathode may be s i m p l y  ca l cu la t ed  by d iv id ing  the energy per photon i n t o  
the  i n c i d e n t  r a d i a n t  f l u x .  A t  0 . 5 5 ~  t h e  energy per photon i s  given by 

hv = 3.9 x 1 O - l '  watt-seconds. 

I f  photocathodes of t he  t r i - a l k a l i  type a r e  used, t he  average quantum 
e f f i c i e n c y  Q over the v i s i b l e  s p e c t r a l  region w i l l  be of the o rde r  of 
10 pe rcen t .  That i s ,  f o r  each t en  i n c i d e n t  photons, one pho toe lec t ron  
w i l l ,  on the  average, be emit ted.  The cathode c u r r e n t  i s  t h e r e f o r e  
g iven  by 

where Q i s  the quantum e f f i c i e n c y ,  Ne is  the number of photons i n c i d e n t  
per  second, and e is the e l e c t r o n i c  charge. The mean square no i se  
a s s o c i a t e d  wi th  t h i s  cathode current  is  

i2 = 2e B = 32 x lo-'' i d B ,  
d d 

where B (cps)  is  the e l e c t r o n i c  bandwidth of t he  d e t e c t i n g  system. 

For i n f r a r e d  d e t e c t o r s ,  the no i se  i s  l i s t e d  i n  terms of the 
equ iva len t  r a d i a t i v e  inpu t  power i d ,  which would produce the  same RMS 
v a l u e  of t he  d e t e c t o r  ou tpu t  i n  an imaginary experiment,  conducted wi th  
a "pe r fec t "  no i se - f r ee  d e t e c t o r .  The b e s t  d e t e c t o r  t o  use i n  the wave 
l e n g t h  range 8 - 1 2 ~  is a mercury-doped germanium-type of photoconduc- 
t i v e  d e t e c t o r  [22 ] , 'wh ich  f o r  a de tec to r  0.1 cm' w i l l  have a no i se  
e q u i v a l e n t  i npu t  equal t o  

The bo t ton  l i n e  of t a b l e  4. g ives  the r e s u l t i n g  s i g n a l - t o - n o i s e  
r a t i o  ( i m s / i d )  f o r  the four  systems, where the  modulation i n  the 
i n c i d e n t  i n t e n s i t y  a t  t he  d e t e c t o r  due t o  the atmosphere i s  assumed t o  
be 0.1 pe rcen t  i n  each case.  It appears that the f e a s i b i l i t y  of the 
a p p l i c a t i o n  of t he  crossed-beam technique t o  t h e  atmosphere w i l l  not  
be l i m i t e d  by d e t e c t o r  no i se  unless t he  s i g n a l  f l u c t u a t i o n s  caused by 
atmospheric e f f e c t s  a r e  much smaller  than presupposed he re .  

V I .  THEORY OF CROSSED-BEAM SCANNING 

I n  the g l o b a l  coverage of v a s t  and s p a r s e l y  instrumented a r e a s ,  
environmental monitor ing systems would have t o  g a t h e r  information 
qu ick ly  enough t h a t  the r e s u l t s  can be used f o r  t he  p r e d i c t i o n  of 
weather and the p r e d i c t i o n  of navigat ional  and communication hazards 
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such as c l e a r - a i r  turbulence.  This cons ide ra t ion  leads t o  t h e  exten- 
s i o n  of the crossed-beam concept from space-fixed beams t o  scanning o r  
sweeping beams. M. Wolf [ 2 ]  has a l r e a d y  s u c c e s s f u l l y  operated a scan- 
ning crossed-beam system. He r o t a t e d  two ground d e t e c t o r s  i n  such a 
way that the beam i n t e r s e c t i o n  p o i n t  moved along a h o r i z o n t a l  p a t h  a t  
approximately 100 km a l t i t u d e .  A c ross  c o r r e l a t i o n  of t he  o p t i c a l  
f l u c t u a t i o n s  from the night-glow emission gave the h e i g h t  of the a i r -  
glow phenomenon w i t h  g r e a t  accuracy. We now extend the  idea of crossed- 
beam scanning t o  include sys t ema t i c  beam s e p a r a t i o n s  i n  space and time 
and the measurement of turbulence parameters.  We w i l l  i n d i c a t e  how 
the two-beam product mean values  from moving beams a r e  t o  be i n t e r -  
p re t ed  i n  terms of convection speeds,  turbulence l e n g t h  s c a l e s ,  and 
space c o r r e l a t i o n s  (wave number components). The t h e o r e t i c a l  t r ea tmen t  
i s  k e p t  general  and could be app l i ed  t o  o r b i t a l  as w e l l  as ground 
d e t e c t o r s .  

1. Geometry of Scanning Beams 

We de f ine  the scanning o r  sweeping motion of crossed beams by 
the motion of t he  p o i n t s  of minimum beam s e p a r a t i o n  A and B. The 
s t r a i g h t  l i n e  which goes through these  two po in t s  h a d  been introduced 
as the beam normal. I n  case of crossed-beam scanning,  t h i s  normal 
moves broadside and sweeps ou t  a c e r t a i n  s u r f a c e .  We have chosen t o  
c l a s s i f y  crossed-beam systems i n  terms of the motion of the beam normal 
and through t h e  o r i e n t a t i o n  of t he  beams r e l a t i v e  t o  t h e  s u r f a c e  of t he  
sweeping normal. This g ives  a u n i f i e d  t r ea tmen t  which can be app l i ed  
t o  both o r b i t a l  and ground d e t e c t o r s .  The fol lowing d i scuss ions  a r e  
r e s t r i c t e d  to  a crossed-beam system where both the  speed of t h e  normal 
and the o r i e n t a t i o n  of t he  beams r e l a t i v e  t o  t h e  s u r f a c e  of the normal 
a r e  time i n v a r i a n t .  Such crossed-beam systems, shown i n  f i g u r e  1 7 ,  may 
be compared t o  the t r a n s l a t i o n  of a r i g i d  mechanical s t r u c t u r e .  The 
beam arrangement is  thus uniquely c l a s s i f i e d  i n  terms of the fol lowing 
i n v a r i a n t  parameters : 

(a )  The scanning speed UB d e s c r i b i n g  t h e  speed of the 
p o i n t  B of minimum beam s e p a r a t i o n  i n s i d e  the  s u r -  
f a c e  of t he  sweeping normal. 

(b) The i n c l i n a t i o n  p of the pa th  of B r e l a t i v e  t o  the 
beam f r o n t ,  that i s ,  r e l a t i v e  t o  a plane which is  
paral le l  t o  b o t h  beams. The p a t h  of p o i n t  B w i l l  
be c a l l e d  the " i n t e r s e c t i o n  path." 

(c )  The i n c l i n a t i o n s  aA and aB of the  two beams r e l a t i v e  
t o  the s u r f a c e  of the sweeping normal. 
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The motion of the ind iv idua l  beam is now descr ibed i n  two d i f -  
f e r e n t  space-f ixed coordinate  systems, a l s o  shown i n  f i g u r e  1 7 .  The 
f i r s t  system is needed t o  d e s c r i b e  the  p o s i t i o n  of a beam po in t  r e l a -  
t i v e  t o  the  e a r t h ' s  su r f ace .  The z-axis po in t s  v e r t i c a l l y  upward and 
the x-axis  follows the l i n e  of minimum beam s e p a r a t i o n .  The y-axis 
fol lows from the cond i t ion  t h a t  the x , y , z  system should be an  or tho-  
gonal system. 
i n  terms of t he  p o s i t i o n  which the  sweeping beams occupied a t  the 
i n s t a n t  t = 0, t h a t  i s ,  a t  the s ta r t  of the experiment. The E-axis 
fol lows the beam normal, the 7-axis t he  leading beam, and the (-axis  
t he  t r a i l i n g  beam. This system i s  not  n e c e s s a r i l y  or thogonal ,  s i n c e  
the ang le  

The coordinates  E,?,( of the second system a r e  def ined 

a =31-aA-ag  AB 

between the  beams is  no t  n e c e s s a r i l y  a r i g h t  angle .  The r e l a t i o n  
between t h e  two coordinate  systems follows from geometr ical  considera-  
t i o n s  and may be given as follows: 

+ 
y(E) = yo + Tl cos a, - 5 cos a 

A 

A' 
+ ( s i n  a + 

z(5)  = zo + 7 s i n  

(33)  

4 Here xo denotes the o r i g i n  of t he  s ,q , (  system, that i s ,  the p o s i t i o n  
of t h e  iiioving p o h t  B a t  t h e  z e m .  
the " i n t e r s e c t i o n  path." Each point  on t h i s  pa th  s h a l l  be denoted by 
the  p a t h  l eng th  p r e l a t i v e  t o  t h e  po in t  ?o. 

The t r a j e c t o r y  nf po in t  B follows 

The scanning speed UB desc r ibes  a v e l o c i t y  v e c t o r  which follows the  
i n t e r s e c t i o n  path.  This v e c t o r  may thus be denoted by 

(35) 
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Simi la r  t r a j e c t o r i e s  can be w r i t t e n  f o r  any o t h e r  p o i n t  of t he  t r a i l i n g  
beam "1" . 
thus be found a t  p o s i t i o n  x(O,O,(). 
then given by 

A t  time zero t h i s  beam coincides  wi th  the  (-axis  and may 
The t r a j e c t o r y  of t h i s  p o i n t  is 

( 3 6 )  
The f l u c t u a t i o n s  i l ( t ) ,  which a r e  recorded f o r  t he  t r a i l i n g  beam, fo l low 
from the o p t i c a l  i n t e g r a t i o n  along t h i s  beam.;: 

S i m i l a r l y ,  an a r b i t r a r y  p o i n t  on t h e  l ead ing  beam "2" is denoted by 
the  beam l eng th  7 and moves along the  t r a j e c t o r y .  
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The o p t i c a l  i n t e g r a t i o n  along the leading beam can thus be expressed by 

-1, 

"Light source f l u c t u a t i o n s  a r e  neglected s i n c e  they a r e  mostly uncorre- 
l a t e d ;  i .e . ,  a f u r t h e r  no i se  con t r ibu t ion ,  which is suppressed by cor- 
r e l a t i o n  techniques. The ope ra to r  < > is  used f o r  t he  time average of 
moving beams. 
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The two-beam product mean va lue  of a sweeping crossed-beam sys tem follows 
from the  time average of the instantaneous product 

co 
n n  

-co 

One f i n d s  t h a t  the two-beam product mean va lue  is  an a r e a  i n t e g r a l  over 
a g r e a t  number of observer  p a i r s  each of which t r a v e l s  p a r a l l e l  t o  the 
i n t e r s e c t i o n  pa th  . 

2. Length Averages of Frozen P a t t e r n s  

The ind iv idua l  observer averages over t he  f l u c t u a t i o n s  which he 
encountered along h i s  t r a j e c t o r y .  The f l u c t u a t i o n s  a r e  produced by scan- 
ning inhomogeneous s p a t i a l  d i s t r i b u t i o n  of r a d i a t i v e  power and by t r u e  
temporal v a r i a t i o n s  as communicated by a space-f ixed observer .  We have 
thus a mixed space and time average. This averaging process i s  analogous 
t o  t h e  way the human eye eva lua te s  a TV p i c t u r e .  Each frame of t h e  
t e l e v i s i o n  i s  displayed on t h e  screen by a r a p i d l y  moving e l e c t r o n  beam. 
To the viewer the modulations of the e l e c t r o n  beam a r e  displayed s o  
r a p i d l y  that the  r e s u l t i n g  image appears as a "frozen pa t t e rn" ;  that i s ,  
l i k e  a f l a s h l i g h t  image. Although the  information which i s  displayed by 
the scanning beam was recorded as a time f u n c t i o n ,  i t s  i n t e r p r e t a t i o n  
assumes a space h i s t o r y .  Only by comparing s e v e r a l  frames is  i t  p o s s i b l e  
tc! d e t e c t  gene ra t ion ,  convection, and decay of new p a t t e r n s .  

We now assume t h a t  an  observer p a i r  scans s o  r a p i d l y  t h a t  t he  
a s s o c i a t e d  two-point product mean value Rk c l o s e l y  approximates a l e n g t h  
average ip along the observer  t r a j e c t o r y .  This means r ep lac ing  the time 
h i s t o r y  ok a moving beam p o i n t  w i t h  the f l a s h l i g h t  image ( t  = 0) a t  a l l  
p o i n t s  P a long i t s  t r a j e c t o r y .  

p=P 

For convenience, t h i s  l eng th  average w i l l  be denoted by the ope ra to r  
"-p", i . e . ,  Q RE. The l a s t  approximation is v a l i d  whenever the  spa t ia l  
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d i s t r i b u t i o n  or  "pa t t e rn"  of k is  f rozen  [k(f;) , t)  = k(?,O)] over t he  time 
per iod of the scan. It is  a l s o  v a l i d  i f  a f rozen  p a t t e r n  is convected 
a t  a constant  speed Uc, s i n c e  t h i s  would a l t e r  only the  e f f e c t i v e  scan- 
ning speed of t he  moving observer  p a i r .  The l a s t  equat ion is  t h e r e f o r e  
v a l i d  f o r  a l l  convected f rozen  p a t t e r n s ;  t h a t  i s ,  f o r  a l l  p o s s i b l e  d i r e c -  
t i o n s  of the convection speed. Furthermore, i t  can be shown t h a t  t he  
p a t t e r n  does no t  have t o  be e n t i r e l y  f rozen.  The approximation of l e n g t h  
averages is  s t i l l  good as long as the  temporal v a r i a t i o n s  which a r e  
experienced by a t h i r d  observer  t r a v e l l i n g  w i t h  the  convection speed can 
be t r e a t e d  as small pe r tu rba t ions  and a r e  s t a t i s t i c a l l y  s t a t i o n a r y .  

Replacing the time average of scanning observers  w i th  a l e n g t h  
average over t he  obse rve r ' s  t r a j e c t o r y  l eads  t o  the fol lowing expres s ion  
f o r  the two-beam product mean va lue  of a r a p i d l y  scanning system: 

M 

< i l ( t )  i 2 ( t ) > [  = <11><12> IJq(<) dq dl; = 

I n  t he  above averaging procedure,  it was  always assumed that no 
time l a g  was introduced i n  the  d a t a  r educ t ion .  However, i n  space-f ixed 
crossed-beam arrangement, t he  sys t ema t i c  v a r i a t i o n  of time l a g s  was  
r equ i r ed  t o  s e p a r a t e  convection and gene ra t ion  and decay processes and 
t o  measure t h e  convection speed. S imi l a r  i n t e r p r e t a t i o n s  of temporal 
c o r r e l a t i o n ,  which hold f o r  moving beams, w i l l  now be discussed.  

The f l u c t u a t i o n s  of r a d i a t i v e  power which produce the  s i g n a l  
i 2 ( t )  along the leading beam have been on ano the r  p o s i t i o n  ?,,imag 
the  time t - T. I n  case of a convected f rozen  p a t t e r n ,  t h i s  e a r l d r  
p o s i t i o n  is p a r a l l e l  t o  the leading beam and may be found by t r a c i n g  
back the scanning motion & and the convect ive motion $c E (UC, VC, Wc). 
The s i g n a l  of the delayed beam i,(t - 7) i s  thus i d e n t i c a l  w i t h  the  
s i g n a l  from a n  imaginary undelayed beam, each p o i n t  of which could be 
found by the t r a n s  la t i o n  

a t  

1 
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It follows t h a t  the above o p t i c a l  i n t e g r a t i o n  of two-beam product mean 
v a l u e s ,  equation+(42) can+be extended t o  the a n a l y s i s  of a delayed beam, 
i f  one r ep laces  xz wi th  x2,imag. 

The i n t e r p r e t a t i o n  of t h i s  two-beam product mean va lue  follows i n  analogy 
t o  the  d i s c u s s i o n  of space-f ixed beam by consider ing the two-point product 
mean va lue  between the  two points  A i  and B i ,  which a r e  def ined through 
t h e  minimum s e p a r a t i o n  e ( ~ )  between the t r a i l i n g  beam and the imaginary 
beam. The p o s i t i o n  of t hese  two po in t s  is ind ica t ed  on f i g u r e  18 by the  
p r o j e c t i o n s  of t he  imaginary beam i n t o  the  s i d e  view and top view of t he  
plane of the  sweeping normal. The f i g u r e  shows t h a t  the two pa i r s  of 
p o i n t s  A i ,  B i  and A, B d i f f e r  by a t r a n s l a t i o n  and a change of s e p a r a t i o n  
d i s t a n c e .  The t r a n s l a t i o n  occurs i n s i d e  the  beam f r o n t  and may be charac- 
t e r i z e d  by i t s  2 and Y components. 

The change i n  s e p a r a t i o n  d i s t ance  i s  g iven  by 

As  long as the frozen p a t t e r n  of k is s t a t i s t i c a l l y  homogeneous over the 
beam f r o n t ,  a t r a n s l a t i o n  by -by -Ay would not  a f f e c t  the two-point 
product mean value.  However, t h i s  t r a n s l a t i o n  b r ings  the p a i r  AiBi  back 
t o  the  o r i g i n a l  normal ( i . e . ,  q = 5 = 0) .  I n  f a c t ,  the  t r a n s l a t e d  p o i n t  
Bi coincides  wi th  B. 
u r e  18 by C y  def ines  the  new beam s e p a r a t i o n  

The t r a n s l a t e d  p o i n t  A i ,  which is denoted i n  f i g -  
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where the constant  CAB abbrev ia t e s  the cotangent  f a c t o r  

The only e f f e c t  o f  a time delay is  thus t o  change the  a c t u a l  beam 
s e p a r a t i o n ,  6 ,  t o  t he  e f f e c t i v e ,  C"(T) .  The approximation of two-point 
product mean va lues  may t h e r e f o r e  be extended from space-f ixed t o  moving 
beams i n  the fol lowing way: 

I n  a phys i ca l  sense the time l a g  T~ is  needed f o r  the combined 
motions Us + U c  to  cover the o r i g i n a l  beam s e p a r a t i o n ,  5 .  The delayed 
leading beam then i n t e r s e c t s  the undelayed t r a i l i n g  beam and the co r re -  
l a t i o n  becomes a maximum, s i n c e  the two p o i n t s  of minimum s e p a r a t i o n  
sweeps the same eddies .  The convection speed i s  thus measured by 
averaging over a row of eddies  along the i n t e r s e c t i o n  pa th  whereas 
space-f ixed beams average over a s i n g l e  row of moving edd ie s ,  which 
pass a f ixed obse rva t ion  p o i n t  a t  d i f f e r e n t  times. 

. 

3 .  I n t e r p r e t a t i o n  of Two-Beam Product Mean Values 

The above approximation of space c o r r e l a t i o n  curves,  equat ion 
( 5 0 ) ,  al lows s e v e r a l  important a p p l i c a t i o n s .  The f i r s t  a p p l i c a t i o n  is  
the measurement of convection speeds.  It follows from the  f a c t  t h a t  
space c o r r e l a t i o n  curves have a maximum a t  zero space l a g .  Therefore ,  
t he  time l a g  T M ( ~ ) ,  which is ind ica t ed  by the  maximum of the temporal 
beam c o r r e l a t i o n  cu rve<  i l ( t )  i , ( t  + T) 3, should correspond t o  5" = 0. 

~ " ( 7 ~ )  = o = + c (U + u s i n  p) -rM. AB C B 
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This i s  an  equat ion which may b e  solved f o r  t he  group v e l o c i t y  component: 

The a s s o c i a t e d  e s t ima tes  of group v e l o c i t i e s  a r e  g r a p h i c a l l y  i l l u s t r a t e d  
i n  f i g u r e  19.  I n  equat ion (52), the second term, UB s i n  p, c o r r e c t s  f o r  
the beam motion. I f  th i s  term is l a r g e  compared t o  the  group v e l o c i t y ,  

then the measurement of UC becomes d i f f i c u l t  s i n c e  i t  involves  the  sub- 
t r a c t i o n  of two l a r g e  q u a n t i t i e s  of about  equal  magnitude. The scanning 
speed UB must be much l a r g e r  than the convection speed U c  t o  j u s t i f y  the 
assumption of a f rozen  p a t t e r n .  Therefore,  the  l a s t  i n e q u a l i t y  implies  
that p must always be a s m a l l  angle.  I n   other words, the  beam f r o n t  
has t o  move almost  p a r a l l e l  t o  i t s e l f .  

The second a p p l i c a t i o n  i s  the e s t ima te  of  t h e  i n t e g r a l  l e n g t h  
sca le  L,. Since the  two-beam product mean v a l u e  is p ropor t iona l  t o  the 
space  c o r r e l a t i o n s  curve k/?( 5"') the  normalized space c o r r e l a t i o n  curve 
can be approximated by normalizing t h e  two-beam product mean va lues  w i t h  
t h e i r  maximum 

and by p l o t t i n g  t h i s  c o e f f i c i e n t  as  a f u n c t i o n  of the  e f f e c t i v e  space 
l a g  E'?. Once the convection speed U c  is known, t h i s  l a g  may be calcu-  
l a t e d  without  using the  scanning speed, UB. 
i n t o  equa t ion  (48) shows 

S u b s t i t u t i n g  equa t ion  (51) 

t 
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The p l o t  of space c o r r e l a t i o n  func t ions  is  i l l u s t r a t e d  i n  f i g u r e  20. 
The i n t e g r a l  l eng th  s c a l e ,  L,, i n  the d i r e c t i o n  of t he  beam normal 
follows from i n t e g r a t i o n  

.I . 

-ca 

The t h i r d  a p p l i c a t i o n  is the  e s t ima te  of three-dimensional wave 
number components. The components r e s u l t ,  i f  one wants t o  d e s c r i b e  the  
space h i s t o r y  of a frozen p a t t e r n  of e x t i n c t i o n  c o e f f i c i e n t s  k(x ,  t = 0) 
through a supe rpos i t i on  of harmonic waves. Each of t hese  waves i s  
cha rac t e r i zed  by the number of cycles  per u n i t  l e n g t h  ql, q2, q3 which 
may be o r i en ted  i n  e i t h e r  t he  E;, ri, o r  ( d i r e c t i o n .  The i n d i v i d u a l  
wave number component, Sk, denotes the  mean square amplitude of such an  
ind iv idua l  wave and follows from a three-dimensional Four i e r  t ransform 
of the two point product mean value.  

+ 

-ca 

For wave f r o n t s  which a r e  p a r a l l e l  t o  the plane of the beams, we g e t  
q2 = $3 = 0, and the inner  two i n t e g r a l s  d e s c r i b e  nothing bu t  an i n t e -  
g r a t i o n  over the beam f r o n t  which is  au tomat i ca l ly  performed. 

- 0 0  

. 

S u b s t i t u t i n g  i n t o  the  previous equat ion gives  the three-dimensional wave 
number component by a one-dimensional i n t e g r a t i o n  



A11 p r o p e r t i e s  of t h e  integrand a r e  experimental ly  a c c e s s i b l e  
t o  a moving crossed-beam system. 

The f o u r t h  a p p l i c a t i o n  is  an e s t ima te  of t h e  normalized power 
spectrum. Consider s e v e r a l  crossed-beam systems w i t h  d i f f e r e n t  beam 
s e p a r a t i o n s ,  6 = Eo, El, 52, ... , which scan the same i n t e g r a t i o n  path 
s imultaneously.  According t o  equation (54), t he  a s s o c i a t e d  temporal 
c o r r e l a t i o n  curves R,(T) 

i n t o  a s i n g l e  curve i f  they a r e  t r a n s l a t e d  along the  time-lag axis u n t i l  
t he  maximum coincides  w i t h  the  o rd ina te .  
i n d i v i d u a l  space- time c o r r e l a t i o n s  Rs ( T) 6 
l a t i n g  the  a u t o c o r r e l a t i o n  RS(.r) by the amount ~ ~ ( 5 ) .  This i s  

i n d i c a t e d  i n  f i g u r e  19 by the dashed curves and follows from t h e  assump- 
t i o n s  of a f rozen  p a t t e r n .  Therefore,  by r e p l o t t i n g  the normalized two- 
beam product mean va lue  of a s i n g l e  run 5 = Ei  as a f u n c t i o n  of the 
" r e t a rded  time lag,"  

= < i l ( t )  i 2 ( t  + T) > E ; ~  should a l l  co l l apse  s i  
I n  o t h e r  words, each of t he  

could be generated by t r a n s -  
i 

E;=O 

should g i v e  a curve @(?') which c lose ly  resembles the  normalized auto-  
c o r r e l a t i o n  func t ion .  The Fourier  t r ans fo rma t ion  of t h i s  curve should 
then g i v e  a n  estimate of the normalized power spectrum 

The cons i d e r a  t ion  of s evera  1 s i m u l  taneous 1 y es t ima t ed  time c o r r e l a t i o n s  
curves R , ( T ) ~  a l s o  implies a lower l i m i t  on the  scanning speed. 

assumption of a f rozen  p a t t e r n  i s  obviously wrong i f  t he  i n d i v i d u a l  
curves R, (T)  6 d e p a r t  considerably from the t r a n s l a t e d  a u t o c o r r e l a t i o n  

% ( 7 )  E=()' This case is  i l l u s t r a t e d  i n  f i g u r e  19 f o r  5 = &. The con- 

cep t  of a f rozen  p a t t e r n  t h e r e f o r e  seems j u s t i f i e d  only as long as the 
range of time l a g s  used is  small compared t o  t h e  eddy l i f e t i m e .  
atmosphere, eddy l i f e t i m e s  a r e  usua l ly  i n  excess of 5 minutes,  except 
f o r  l a y e r s  ve ry  c l o s e  t o  the  ground. On the o t h e r  hand, our wind tunnel 
t e s t s  sugges t  t h a t  one would probably have t o  scan over 50 s t a t i s t i c a l l y  
independent r eg ions  t o  r e t r i e v e  the l o c a l  information. An average 
i n t e g r a l  l e n g t h  s c a l e  of %=30Om E211 gives  a r e g i o n  of L = 50Ly = 15 km 
length.  
needs a scanning speed i n  excess of 15 km/0.5 min = 0.5 km/sec. 

The i 

i 

I n  the 

To scan  t h i s  r eg ion  i n  a t e n t h  of t he  average l i f e t i m e ,  one 

. 
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4 .  Measurement of A l t i t u d e  P r o f i l e s  

It remains t o  consider  t he  a l t i t u d e  v a r i a t i o n  that is introduced 
w h e n , s e t t i n g  a time l ag .  The convection speed is determined from a 
s i n g l e  time lag TM, and i t s  va lue  belongs t o  the  a l t i t u d e  t h a t  is i n d i -  
cated by T ~ ,  

I f  one wants t o  measure an  a l t i t u d e  p r o f i l e  of convection speeds 
i n  a s i n g l e  sweep, one needs s e v e r a l  independent d e t e c t o r s  which view t h e  
a l t i t u d e  range simultaneously.  Each of these  d e t e c t o r s  should i n d i c a t e  
a c o r r e l a t i o n  maximum a t  a d i f f e r e n t  zM. One easy s o l u t i o n  i s  suggested 
by equat ion (51). A l l  i t  takes  is t o  s e t  t he  photodetectors  a t  d i f f e r e n t  
i n c l i n a t i o n s  p a g a i n s t  t he  f l i g h t  path.  Since a l l  of t hese  i n c l i n a t i o n s  
a r e  small, as discussed p rev ious ly ,  t h i s  can be accomplished using only 
one te lescope.  One simply c o l l e c t s  the r a d i a t i v e  power from s e v e r a l  
o f f - ax i s  pin-holes i n  the f o c a l  plane of t he  c o l l e c t i n g  m i r r o r ,  as shown 
i n  f i g u r e  21. 

Mult iple  r eco rde r s  a r e  mandatory when measuring the space cor- 
r e l a t i o n  Rs (?'). The c a l c u l a t i o n  of i n t e g r a l  l e n g t h  s c a l e s  , equa t ion  
(51), and wave number components, equat ion (59),  r e q u i r e s  a knowledge 
of the s p a t i a l  beam c o r r e l a t i o n  Rs(E9') over the e n t i r e  range of space 
l ags  , 

, 

where ,@(E") is n o t  zero.  
t he  convection speed and cannot be shortened by s p e c i a l  t e s t  arrangements.  

The a s s o c i a t e d  range of time l a g s  is f i x e d  by 

a - z  max min = 1 _ _  . 

Typical time l a g  i n t e r v a l s  may be der ived s e t t i n g  Emax - €&,in < 3& 5 1 o O o M  
and Uc 5 100M/sec. They a r e  of the o r d e r  of 10 seconds,  which is much too  
long when considering the  a1 t i t u d e s  t h a t  a r e  covered meanwhile by scanning 
speeds i n  excess of 0.5 km/sec ( o r b i t a l  speed 8 km/sec). I n s t e a d ,  one 
has t o  break up t he  r equ i r ed  time l a g  i n t e r v a l  i n t o  s u b i n t e r v a l s  of 

. 
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l e n g t h  AT, which a r e  derived from the pe rmis s ib l e  a l t i t u d e  e r r o r  nh as 
g iven  by equat ion (45). 

nh. % c o t  a + co t  A AT = 
vs + vc 

One independent photodetector  R = 1, 2, 3,  ..., i s  r equ i r ed  t o  cover the 
l a g  i n t e r v a l  ( R  - 1) 0 7  S T 5 RAT. The i n c l i n a t i o n  pR of the ind iv idua l  
d e t e c t o r  has t o  be chosen such t h a t  a maximum of the  time c o r r e l a t i o n  
R,(T) is f a l l i n g  i n t o  the  i n t e r v a l .  This l eads  t o  the  cond i t ion  

which is s u f f i c i e n t  t o  c a l c u l a t e  pR. S u b s t i t u t i n g  equat ion (65) i n t o  
equa t ion  (51),  s o l v i n g  f o r  pR and using the  expressions f o r  CAB, equa- 
t i o n  ( 4 9 ) ,  and a5 equat ion (64),  g ives  t h e  expression 

uB -+I ( a  - 1 1 
s i n  B = - - bC + <vs + vc> t g  % R 

Choosing the i n c l i n a t i o n s  of t h e  ind iv idua l  photodetectors  according t o  
equa t ion  (66) guarantees  t h a t  a maximum T~(pa) w i l l  be found ( t h a t  i s ,  
a group v e l o c i t y  measurement) i n  atmospheric l a y e r s  of thickness  nh. 
Furthermore, t he  a s s o c i a t e d  retarded space l a g s  
sp read  throughout the d e s i r e d  range of r e t a r d e d  space l a g s .  This pro- 
cedure a l s o  reduces the requirement of homogeneity i n s i d e  the wave f r o n t .  
Homogeneous behavior is demanded only on the  now small t r a n s l a t i o n s  
Az (AT) and Ay(Aa) . 

= 5(7x(pa)) zre 

V I I .  STEP-BY-STEP SIMSJLATION OF IN-FLIGHT EXPERIMENTS 

Having developed the  i n t e r p r e t a t i o n  of scanning beams , i t  remains 
t o  i n d i c a t e  how the underlying motion of a r i g i d  beam s t r u c t u r e  can be 
a c t i v a t e d  i n  p r a c t i c e .  The measurement of convection speeds,  turbulence 
l e n g t h  s c a l e s ,  and wave number components r e q u i r e s  a beam normal which 
moves broadside through the atmosphere a t  a scanning speed i n  excess of 
0.5 km/sec. Furthermore, the te lescope which d e f i n e s  t h i s  normal was  
r e s t r i c t e d  t o  a t r a n s l a t i o n .  However, a r o t a t i o n  of the beam s t r u c t u r e  
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around the normal w i l l  no t  change the  o p t i c a l  i n t e g r a t i o n  Over the beam 
f r o n t .  Therefore,  the t e l e scope  motion may be cha rac t e r i zed  by the  con- 
d i t i o n s  QB, and p m u s t  be i n v a r i a n t .  Such motion can be achieved w i t h  
bo th  o r b i t i n g  and ground d e t e c t o r s .  The a s s o c i a t e d  t e s t  arrangements 
a r e  i l l u s t r a t e d  i n  f i g u r e  22.  Using such arrangements has the  g r e a t  
advantage t h a t  o r b i t a l  experiments can be s imulated and checked ou t  i n  
ground experiments. 

1. Test  Arrangements 

For o r b i t i n g  t e l e scopes ,  the beam s e p a r a t i o n  d i s t a n c e ,  5 ,  can 
be kep t  constant  i f  the two d e t e c t o r s  o r b i t  a t  the same speed, t h a t  i s ,  
a t  the same height .  The pa th  of the normal is then h o r i z o n t a l  and the  
s u r f a c e  of r e fe rence  coincides  wi th  s u r f a c e s  of cons t an t  a l t i t u d e .  For 
ground d e t e c t o r s ,  a very s imi l a r  sweep can be arranged by s e p a r a t i n g  the  
two te lescoees by a b a s e l i n e  b and by r o t a t i n g  both beams a t  t he  same 
r a t e  (& = Q = 8 = c o n s t ) .  I n  t h i s  case,  t he  normal is  a l s o  h o r i z o n t a l  
and sweeps along a c i r c u l a r  a r c  such t h a t  t h e  s u r f a c e  of r e fe rence  almost  
coincides  with a h o r i z o n t a l  plane.  The main d i f f e r e n c e  between o r b i t i n g  
and ground d e t e c t o r s  is no t  i n  the ind iv idua l  sweep b u t  i n  the way i n  
which the  l eng th  averages of the two-beam product  mean va lue  a r e  e s t ab -  
l i s h e d .  
of i n f i n i t e  length.  Ground d e t e c t o r s  average over a f i n i t e  p o r t i o n  of a 
c i r c u l a r  a r c ,  t h e  l e n g t h  of which i s  determined p r i m a r i l y  by the  t e l e scope  
b a s e l i n e  b.  However, i n f i n i t e  s t a t i s t i c a l  information can s t i l l  be co l -  
l e c t e d  i f  one sweeps r epea ted ly  and includes these  repeated runs i n  t h e  
averaging procedure. 
i f  t he  p a t t e r n  of turbulence is  s p a t i a l l y  homogeneous over the i n t e r v a l  
of the o r b i t a l  sweep o r  i f  i t  can be made homogeneous by s u b t r a c t i n g  
l a r g e  s c a l e ,  inhomogeneous "means . I '  

Orbit ing d e t e c t o r s  a l low averaging over a s i n g l e  h o r i z o n t a l  p a t h  

Both averaging procedures g i v e  i d e n t i c a l  r e s u l t s  

2. Preliminary S p e c i f i c a t i o n s  

We have t r i e d  t o  s p e c i f y  the  crossed-beam t e s t  arrangements,  
shown i n  f i g u r e  22 ,  i n  terms of the independent v a r i a b l e s  which d e s c r i b e  
the  te lescope o p e r a t i o n  and/or  adjustment.  These v a r i a b l e s  a r e  as 
fol lows : 

A o p t i c a l  wavelength s e t  by monochromator 

b b a s e l i n e  o r  d i s t a n c e  between t e l e scopes  

a beam i n t e r s e c t i o n  ang le  
AB 

scanning speed t h a t  is the  speed of the moving 
norma 1 uB 

5 beam s e p a r a t i o n  along beam normal def ined by p o i n t s  
of minimum beam s e p a r a t i o n  
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Var i a b  1 e -~ 
E n t i r e  window 
f o r  p a r t i c u l a t e  
t r a c e r s  0.3611 1 0.721.1 

~~~ 

Optical  
Wave lcne th  

e l e c t r o n i c a l l y  introduced time l a g  between beams 

Vis ib le  window 

i n c l i n a t i o n  between the  plane of the beams and the 
path,  which i s  followed by the  p o i n t  of minimum 
s e p a r a t i o n  

a, 

number of d e s i r e d  a l t i t u d e  p o s i t i o n s ,  de f in ing  number 
of photodetectors  i n  l o c a l  plane of t e l e scope  

I n f r a r e d  window For gaseous 
12P t r a c e r s  

i n t e r v a l  of i n t e r s e c t i o n  p a t h  used i n  averaging 
procedures 

Table 5 

Telescope 
Separat ion 

F. 

Comnent I Maximum or ' Tolerance 
Upper L i m i t  Given by 

~~ ~ 

Minimum o r  
Lower Limit  

h is the d i s t a n c e  

i n t e r s e c t i o n  pa th  
2 c o t  a hmin 2 c o t  0: h,, P o s i t i o n  e r r o r  between the beam 

Beam Lntersec t i o n  
Angl e CYAB 1 15"  1 75" 

A l t i t u d e  e r r o r  Depends on point-  
i"h ing accuracy 
b 

,?.I= 2 cos% - 

Beam Separat ion 

f0 

and the base l ine .  
I I I 1 

is  the length  
s c a l e .  The beam 

"5, < &/5 diameter  f a c t o r  
(beam diamecerj i t 5  i s  obcained - 2  L, 21,, 

from wind tunnel  
experiments. 

Time lag  
I J I  

I n c l i n a t i o n  of 
i n t e r s e c t  ion 
pa th  wi th  beam 
plane / B /  

L, and UB depend 
0 on a p p l i c a t i o n s .  

"C 
2 171 

hor izonta l  point-  
ing accuracy. 

B 

Number of  
photodetectors  

_ -  

depends on A t  l e a s t  f i v e  
hardware and poin ts  on a curve 

t o  f i n d  a maximum rece iver  
5 

Not known - Length of Not k n a m  
i n t e r s e c t  ion depends on 
pa th  P of homoseneous Correlat ion 

trend >'& maximum and 

length  s c a l e  oz. = Lx 

rece iver  no ise  

One sweep from 
o r b i t  o r  p ieces  
of repea ted  sweep 
from ground 

Tolerance depends 8 h t s e c  1 
0.5 km/sec (Orbi ta l  speed) 7 "B on a p p l i c a t i o n  

Scanning 
speed 
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The des i r ed  t e s t  arrangement can now be s p e c i f i e d  i n  terms of 
the lower l i m i t  (minimum), upper l i m i t  (maximum), and t o l e r a n c e  (A) 
which a r e  required f o r  each of the independent v a r i a b l e s .  These l i m i t s  
and to l e rances  depend on the des i r ed  a p p l i c a t i o n s .  The cons ide ra t ions  
of the previous s e c t i o n s  a l low us t o  e s t a b l i s h  rough e s t i m a t e s ,  t he  
expressions of which a r e  l i s t e d  i n  t a b l e  5 .  

The minimum spacing of space l a g s ,  AEO, has been determined i n  
our wind tunnel t e s t s ,  which seem t o  i n d i c a t e  that Ato = 115 Lx g ives  
s a t i s f a c t o r y  space c o r r e l a t i o n  curves.  The t o l e r a n c e  on time l a g ,  AT, 
is i d e n t i c a l  w i t h  the sampling period of t he  AID conver t e r .  It has been 
approximated by the  time the beams would need t o  scan over a space l a g  
i n t e r v a l .  

Some s p e c i f i c a t i o n s  f o r  the c o l l e c t o r  o p t i c s  ( t e l e scope )  fol low 
from the to l e rance  column. The angle  of view o r  po in t ing  accuracy i s  
given by the s m a l l e s t  va lue  of LQ o r  @@. The r o t a t i o n  r a t e s  r equ i r ed  
f o r  s t a b i l i z a t i o n  of the t e l e scope  platform fo l low from the  cond i t ion  
that the  beam o s c i l l a t i o n  should be kep t  s o  small that i t  takes  more 
than the sampling per iod,  AT, t o  produce an  angu la r  e r r o r  of s i z e  

0 @h 'B 
10 AT Lx 

& y s - -  z c o s ~ a - - -  . 

Typical po in t ing  and t r ack ing  accu rac i e s  have been c a l c u l a t e d  
f o r  o r b i t a l  and ground-based d e t e c t i o n  (see t a b l e  6 ). 

The above cons ide ra t ions  a r e  s u f f i c i e n t  t o  o u t l i n e  t e l e scope  
arrangements needed t o  scan  a c e r t a i n  a l t i t u d e  from e i t h e r  t he  ground 
o r  o r b i t .  However, the c h a r a c t e r i s t i c s  of the crossed-beam system i n  
terms of the l eng th ,  P ,  of the scanned p o r t i o n ,  t he  number of photo- 
d e t e c t o r s ,  N ,  and the  s p a t i a l  and temporal r e s o l u t i o n s  of convection 
speeds,  l eng th  s c a l e s ,  and wave number components cannot be determined 
without  conducting s e v e r a l  experiments.  

. 
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Table 6 

Poin t ing  Accuracies and S t a b i l i c a t i o n  of Telescope P la t fo rm 

P o i n t  i n& 

L 2 x  rigs--* 
5 b '  

@h pa 5 2 cos'% - b . 

Stab il i z a  t ion 

* 'B ng 5 -* 2u13 .& 5 cos2a- . 
lob '  Lx 

Detector 
Pos i t  ion  

ground 

(UB = 500 
m/sec) 

500 lan 
o r b i t  

(UB = 8000 
m/sec) 

Base- 
1 ine 
[kms 1 

10 

1000 

Comment: 

Turbulence 
Length 
Sca le  
L, [ml  

100 

250 

A 1  t i t u d e  
Tolerance 

[ml 

50 

100 

Accuracy 

pa = ag = 10-4 = 0.34 
a r c  min 

p& = & = 1 .6  sec': 
0.5 a r c  min/sec 

= 45" .  1 
a = a  A - - 5 = 2  a~~ 
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We p lan  t o  conduct s e v e r a l  experiments i n  which the  t r u e  range 
and r e s o l u t i o n  of scanning crossed-beam systems a r e  e s t a b l i s h e d  by com- 
par ing the o p t i c a l l y  measured convection speeds wi th  h o r i z o n t a l  wind 
measurements from meteorological  towers and radiosondes.  These expe r i -  
ments r ep resen t  a s tep-by-step approach from simple space-f ixed beams t o  
r a p i d l y  scanning beams. 

3 .  F i r s t  Generation Experiments 

The two sensors  of the crossed-beam arrangement a r e  placed on 
a s h o r t  b a s e l i n e  wi th  t h e i r  i n t e r s e c t i o n  p o i n t  s e t  a t  a moderate h e i g h t  
(about 25 m) above ground s o  that the  r e s u l t s  of the experiments can be 
compared to tower-mounted anemometers. The i n t e r s e c t i o n  p o i n t s  a r e  f ixed  
i n  h e i g h t ,  b u t  t he  beam s e p a r a t i o n  d i s t a n c e  i s  v a r i e d  from 0 t o  200 meters 
i n  a number of d i s c r e t e  s t e p s .  A t  each s t e p  t h e  following r e s u l t s  a r e  
obtained : 

(1) The rms i n t e n s i t y  of t he  r e g i s t e r e d  f l u c t u a t i o n s .  

(2 )  The d e t e c t o r  s i g n a l - t o - n o i s e  r a t i o .  

( 3 )  The h o r i z o n t a l  wind speed, t u r b u l e n t  l e n g t h s ,  and 
wave l e n g t h  spectrum of t h e  phenomena occur r ing  i n  
the  r eg ion  of beam c ross ing .  

( 4 )  The s p a t i a l  and temporal r e s o l u t i o n  of t he  system. 

(5) The e f f e c t ,  i f  any, of t he  beam diameter on the  
r e s o l u t i o n  of the sys  tem. 

The f i r s t  s e r i e s  of t e s t s  should s e r v e  t o  e s t a b l i s h  the  sound- 
ness  of the apparatus  design.  Once s a t i s f a c t o r y  r e s u l t s  a r e  obtained 
w i t h  t h i s  s h o r t  range arrangement, the b a s e l i n e  of the d e t e c t o r s  w i l l  
be increased t o  approximately 20 km t o  produce i n t e r s e c t i o n  h e i g h t s  of 
up t o  1 0  km. The beam i n t e r s e c t i o n  p o i n t  w i l l  be ad jus t ed  t o  d i s c r e t e  
a l t i t u d e s  above tower he igh t s  t o  a s s e s s  (1) rms l e v e l s  and frequency 
range of f l u c t u a t i o n s ,  which o r i g i n a t e  a t  h ighe r  a l t i t u d e s ,  (2 )  the  
in f luence  of t he  v a r i a t i o n  of t he  beam i n t e r s e c t i o n  ang le  on t h e  meas- 
ured c o r r e l a t i o n  v a l u e s ,  and ( 3 )  t he  s c a l e  of s t a t i s t i c a l l y  inhomogeneous 
f l u c t u a t i o n s .  

These experiments w i l l  sense phenomena over longer  ranges and 
under condi t ions of reduced l i g h t  i n t e n s i t y  and t r a c e r  concen t r a t ion  and 
w i l l  t h e r e f o r e  be a more seve re  t e s t  of t he  f e a s i b i l i t y  of t he  technique 
as app l i ed  t o  atmospheric phenomena. The beam s e p a r a t i o n  d i s t a n c e ,  E ,  
should be v a r i e d  t o  approximately 600 meters (approximately twice the 
mean eddy s i z e s  a t  a n  a l t i t u d e  of 10 km) and d a t a  w i l l  be obtained on 
the  f i v e  parameters l i s t e d  a t  the beginning of s e c t i o n  V I I . 2 .  
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The cons ide ra t ions  of s e c t i o n  V a n t i c i p a t e  no s i g n a l  d e t e c t i o n  
problems up t o  about 15 lan. I f  t he  measurements a r e  t o  be extended t o  
a n  a l t i t u d e  of. 30 km, a po in t  might be reached where e i t h e r  the t r a c e r s  
o r  t he  l i g h t  i n t e n s i t y  o r  both f a l l  below the  minimum va lue  necessary 
f o r  producing a d e t e c t a b l e  s i g n a l .  Since the  ozone concen t r a t ion  a t  
a given h e i g h t  v a r i e s  w i th  weather condi t ions,  only a c t u a l  f i e l d  expe r i -  
ments w i l l  d e f i n e  t h e  h e i g h t  l i m i t a t i o n s  of t he  system. 

4. Second Generation Experiments 

Once the  f e a s i b i l i t y  of applying the  crossed-beam technique t o  
the  measurement of atmospheric turbulence phenomena has been e s t a b l i s h e d  
by the  s e r i e s  of tests using f i x e d  beams, an  a t t empt  w i l l  be made t o  
o b t a i n  continuous coverage of turbulence phenomena by scanning the beams 
over the r eg ion  of i n t e r e s t .  

The two beams w i l l  be scanned i n  e l e v a t i o n  s o  t h a t  t h e i r  i n t e r -  
s e c t i o n  p o i n t  w i l l  d e s c r i b e  ho r i zon ta l  t r a c e s  i n  the r eg ion  of i n t e r e s t .  
The scanning should r e q u i r e  l e s s  than 1.5 minutes s o  t h a t  t he  turbulence 
phenomena can b e  considered as frozen during t h e  per iod of one scan.  

The main p o i n t  of i n t e r e s t  i n  t h i s  s e r i e s  of t e s t s  w i l l  be t o  
determine t h e  e f f e c t  of t h e  scanning speed of t he  beams on the  measured 
q u a n t i t i e s .  I n  p a r t i c u l a r ,  t he  replacement of time averages i n  a f i x e d  
s p o t  w i t h  l e n g t h  average over the i n t e r s e c t i o n  p a t h  has t o  be t e s t e d .  
C e r t a i n  types of inhomogeneous atmospheric turbulence a r e  conceivable,  
where t h e  average over one long path i n t e r v a l  may have t o  be r ep laced  
w i t h  a n  ensemble average over many repeated sweeps of s h o r t  l eng th .  
The occurrence of such t u r b u l e n t  f i e l d s  and the d i f f e r e n c e  between a 
s i n g l e  sweep and m u l t i p l e  sweeps can be explored wi th  r a p i d l y  scanning 
ground d e t e c t m s .  E d t i p l e  sweeps v i th  o r b i t i n g  d e t e c t o r s  w i l l  n o t  be 
p o s s i b l e .  

A s i n g l e  sweep wi th  two o r b i t i n g  d e t e c t o r s  w i l l  be s u f f i c i e n t ,  
as long as t h e  inhomogeneity is r e s t r i c t e d  t o  l a r g e  s c a l e  phenomena. 
The inhomogeneity can then be removed as a nons ta t iona ry  mean [ 2 3 ]  o r  
by employing s t r u c t u r e  funct ions [ 2 4 ] .  Avai l ab le  experimental  evidence 
[24]  sugges t s  t h a t  the suppression of nons t a t iona ry  t r ends  w i l l  be pos- 
s i b l e  f o r  most atmospheric a p p l i c a t i o n s  of p r a c t i c a l  i n t e r e s t .  

A second p o i n t  of utmost p r a c t i c a l  importance is a d e c i s i o n  
whether an  o r b i t a l  sweep w i t h  two s a t e l l i t e s  could be replaced wi th  
the  f l i g h t  of a s i n g l e  s a t e l l i t e  carrying two t e l e scopes ,  A and B. 
The p o s s i b i l i t y  of f i nd ing  a crossing h e i g h t  by t r i a n g u l a t i o n  between 
the t e l e scopes  of a s i n g l e  s a t e l l i t e  is provided by a time l a g  T i n  t he  
d a t a  r educ t ion .  This t r i a n g u l a t i o n  is i l l u s t r a t e d  i n  f i g u r e  22.  The 
r a d i a t i o n  sources  which c o n s t i t u t e  the leading beam B = A i  a t  time t - T 
could be r ep resen ted  by a n  undelayed, imaginary s a t e l l i t e  which is 
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t r a i l i n g  on the same o r b i t  and possesses  one t e l e scope  A i  = B. 
The l i n e  of s i g h t  of t h i s  delayed o r  imaginary beam Ai = B i n t e r s e c t s  
the undelayed beam A a t  a n  a l t i t u d e  which is given e n t i r e l y  by the  time 
l a g  T and the s u p e r p o s i t i o n  of scanning and convective motions. Thus, 
a l t i t u d e  p r o f i l e s  can be measured by s e t t i n g  d i f f e r e n t  time l a g s  as 
discussed i n  s e c t i o n  VI,4. 

The sweep wi th  a s i n g l e  s a t e l l i t e  is  p o s s i b l e  whenever the  
atmospheric p a t t e r n  remains f rozen  over the e n t i r e  range of time l ags .  
For = odg = 1 / 2  %B = 4 5 " ,  the  maximum time l a g  i s  i d e n t i c a l  t o  the 
time, 2b/Ug, t he  s a t e l l i t e  needs t o  t r a v e l  twice the  a l t i t u d e .  This 
l a g  is equal t o  
be frozen over t h i s  time per iod.  Therefore,  a crossed-beam mission wi th  
two te lescopes mounted on the same s p a c e c r a f t  appears f e a s i b l e .  The 
astronomical  t e l e scope  (ATM), which is b u i l t  by MSFC, would meet a l l  t h e  
requirements o u t l i n e d  i n  t h i s  r e p o r t  and could thus be used f o r  crossed-  
beam missions.  The d i f f e r e n c e  between astronomical  observat ions and a 
crossed-beam experiment is t h a t  two t e l e scopes  a r e  needed in s t ead  of 
one, and t h a t  a new mount is needed t o  p o i n t  the t e l e scopes  downward 
i n s t e a d  of upward.  

1000/8 = 125 seconds. Many atmospheric p a t t e r n s  w i l l  

CONCLUSIONS 

The u l t ima te  o b j e c t i v e  of the f l i g h t  experiment is t o  improve 
numerical methods f o r  the p r e d i c t i o n  of weather,  nav iga t ion  and communi- 
c a t i o n  hazards ,  and p o l l u t i o n  by providing the following data:  (a) 
h o r i z o n t a l  winds a t  g loba l  p o s i t i o n s  and a l t i t u d e s  which a r e  requested 
by weather p r e d i c t i o n  cen te r s  and (b) turbulence s p e c t r a  and s c a l e s  
showing the  exchange of k i n e t i c  energy between l a r g e  s c a l e  and small 
s c a l e  atmospheric motions. Other conceivable o b j e c t i v e s ,  which a r e  no t  
t r e a t e d  i n  t h i s  r e p o r t ,  would be (a)  the e a r l y  warning of c l e a r - a i r  
turbulence by sweeping s e l e c t e d  f l i g h t  pa ths ,  and (b) waterbudget  s u r -  
veys employing a crossed-beam arrangement of m i l l i m e t e r  wave d e t e c t o r s  
i n  t h i s  s p e c t r a l  r eg ion .  A l l  of t hese  o b j e c t i v e s  may be met on e a r t h  
o r b i t a l  missions.  I f  these missions should be s u c c e s s f u l ,  s e v e r a l  
gene ra t ions  of f u t u r e  missions become conceivable ,  which would monitor 
t he  ionosphere, the e a r t h ' s  magnetosphere, p l a n e t a r y  atmospheres and t h e  
o u t e r  l a y e r s  of the sun. 

. 

* 

The crossed-beam method is a new t e s t  arrangement of two con- 
v e n t i o n a l  remote sensing devices .  T r i angu la t ion  between the  l i n e s  of 
s i g h t  of two r a d i a t i o n  d e t e c t o r s  is  employed t o  s e l e c t  a l o c a l  f low 
reg ion  which is centered around t h e  l i n e  of minimum beam s e p a r a t i o n .  
Each of t h e  two d e t e c t o r s  w i l l  r e a c t  t o  a l l  emission, s c a t t e r i n g ,  o r  
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a b s o r p t i o n  processes  i n s i d e  i t s  e n t i r e  narrow f i e l d  of view and the 
problem is thus t o  r e t r i e v e  the  loca l  information from the r eg ion  where 
the  two beams c ross .  To do t h i s  the time h i s t o r y  of t he  received r a d i a -  
t i v e  power of each beam is recorded and used as an  inpu t  f o r  s t a t i s t i c a l  
d a t a  r e d u c t i o n  programs, which a r e  comonly  used i n  random v i b r a t i o n  
a n a l y s i s  and communication s t u d i e s .  The r e s u l t i n g  time c o r r e l a t i o n  
between the two s i g n a l s  p a r t i a l l y  e l imina te s  the  i n t e g r a t i o n  over the 
o p t i c a l  pa th  and r e t r i e v e s  the l o c a l  information.  The crossed-beam 
method works whenever d e t e c t a b l e  modif icat ions of r a d i a t i v e  power occur 
which a r e  comon t o  both l i n e s  of s i g h t .  

The crossed-beam concept has the fol lowing p o t e n t i a l :  (1) The 
a r t  o f  remote sensing is  extended t o  cover dynamic e f f e c t s  such as 
d i s t u r b a n c e s ,  turbulence,  and wave-front phenomena i n  s i t u a t i o n s  where 
o t h e r  methods a r e  r e s t r i c t e d  t o  s i n g l e - p o i n t  o r  s i n g l e - p a t h  experiments 
and average over t he  o p t i c a l  path.  ( 2 )  The method compares the  f l u c t u a -  
t i o n s  a t  the two po in t s  of minimum beam s e p a r a t i o n  i n  a way r equ i r ed  i n  
the a n a l y t i c a l  d e s c r i p t i o n  of random f i e l d s .  ( 3 )  Crossed-beam s p e c t r o s -  
copy should g i v e  the mean values  of thermodynamic p r o p e r t i e s  i n  inhomo- 
geneous, t u r b u l e n t ,  or  uns t ab le  media which a r e  n o t  a c c e s s i b l e  t o  d i r e c t  
s enso r s .  ( 4 )  A s i n g l e  sweep of frozen atmospheric p a t t e r n s  may e s t a b -  
l i s h  t h e  complete a l t i t u d e  p r o f i l e s  of t u r b u l e n t  i n t e n s i t y ,  turbulence 
l e n g t h  s c a l e s  and wave member components. (5) The method is extremely 
v e r s a t i l e ,  s i n c e  the  t r ack ing  of man-made r a d i a t i o n  sources  i s  n o t  
necessary.  A pass ive  ope ra t ion  i s  p o s s i b l e  using a n a t u r a l  r a d i a t i o n  
background. Furthermore, the e n t i r e  e l ec t romagne t i c  spectrum from gamma 
r a y s  t o  microwaves could be used. 

The crossed-beam method has been experimental ly  v e r i f i e d  i n  sub- 
s o n i c  j e t s  by comparing o p t i c a l l y  measured p r o f i l e s  of convection speeds,  
turhiulence s c a l e s ,  space-time c o r r e l a t i o n s  and s p e c t r a  wi th  conventional 
hot-wire r e s u l t s  [ 6 ] .  Crossed-beam scanning over atmospheric d i s t a n c e s  
has a l r e a d y  been s u c c e s s f u l l y  demonstrated by measuring the  h e i g h t  of 
the a i r g l o w  phenomenon [ 2 ] .  The crossed-beam method w i l l  work only i f  
t he  fol lowing requirements a r e  met: 

(1) The atmospheric components of t r a c e r s  must produce l o c a l  
changes i n  r a d i a t i v e  power which a r e  not  l o s t  during t ransmission t o  
d e t e c t o r .  I n  the atmosphere the mean r a d i a t i v e  power i s  supp l i ed  by 
extended n a t u r a l  sources  such as  s c a t t e r e d  s u n l i g h t  and thermal emission. 
I n s i d e  the  atmospheric window meteorological modulations occur , whenever 
a s i n g l e  beam sweeps over an inhomogeneous d i s t r i b u t i o n  of emission o r  
e x t i n c t i o n  c e n t e r s  such as a e r o s o l s ,  ozone o r  water vapor.  
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( 2 )  Light  source f l u c t u a t i o n s ,  s h o t  no i se ,  and instrument  n o i s e  
must be reduced t o  mean square l e v e l s  which a r e  not  s e v e r a l  o rde r s  of 
magnitude g r e a t e r  than the i n t e g r a t e d  s i g n a l .  This is  a f a r  l e s s  r e s t r i c -  
t i v e  requirement than the normal, which i s  t h a t  t he  erroneous no i se  should 
be a t  l e a s t  one, and p r e f e r a b l y  two o r  t h r e e ,  o rde r s  of magnitude l e s s  
than t h e  genuine s i g n a l .  The r o o t  mean square l e v e l s  of the above mete- 
o r o l o g i c a l  f l u c t u a t i o n s  have been est imated and appear t o  be always 
l a r g e r  than the noise  l e v e l s  of a l r e a d y  a v a i l a b l e  d e t e c t o r s  such as t h e  
astronomical  t e l e scope  (ATM) . 

( 3 )  The l i n e s  of s i g h t  m u s t  i n t e r s e c t  a t  o r  s can  over a 
s e l e c t e d  p o s i t i o n  f o r  a s u f f i c i e n t l y  long i n t e g r a t i o n  per iod t o  p u l l  
the c o r r e l a t e d  s i g n a l s  ou t  of the l i g h t  source f l u c t u a t i o n s ,  f low f l u c -  
t u a t i o n ,  sho t  no i se ,  and instrument noise .  The necessary pa th  l e n g t h  
is in t ima te ly  r e l a t e d  t o  the magnitudes of the va r ious  no i se  con t r ibu -  
t i o n s  t o  the  de t ec t ed  s i g n a l s .  Although, i n  p r i n c i p l e ,  any degree of 
no i se  can be el iminated wi th  s u i t a b l e  i n t e g r a t i o n  pe r iods ,  t he  f i n i t e  
record lengths and the dynamic in t e rchanne l  displacement s e t  p r a c t i c a l  
l i m i t a t i o n s  to  r e t r i e v i n g  the l o c a l  s i g n a l  from the i n t e g r a t e d  s i g n a l  
and the combined l i g h t  source n o i s e ,  s h o t  no i se ,  and instrument  noise .  
I n  a ve ry  rough e s t ima te ,  a f l i g h t  pa th  i n t e r v a l  of 15 km l e n g t h  has t o  
be scanned with speeds i n  excess of 0.5 km/sec t o  measure h o r i z o n t a l  
wind and length s c a l e  p r o f i l e s .  Ground experiments a r e  u r g e n t l y  needed 
t o  determine s i g n a l s  and no i se  f o r  va r ious  "c ross ing  heights ."  . 

On occasions the problems on meeting the above requirements w i l l  be 
formidable a n d  may p r o h i b i t  some of the d e s i r e d  a p p l i c a t i o n s .  However, 
s i n c e  we can pick t h e  de t ec t ed  r a d i a t i o n  from any r eg ion  of the e l e c t r o -  
magnetic spectrum and s i n c e  atmospheric a p p l i c a t i o n s  a l low l a r g e  beam 
diameters and a r b i t r a r y  o r i e n t a t i o n s  of t he  two l i n e s  of s i g h t ,  we 
b e l i e v e  t h a t  t h e r e  are many experiments where t h e  above problems may be 
overcome, and u s e f u l ,  h i t h e r t o  unava i l ab le ,  d a t a  obtained.  

The i n t e r p r e t a t i o n  of the beam c o r r e l a t i o n  (two-beam product  mean 
v a l u e )  is s u b j e c t  t o  the following theore t i c a l  r e s t r i c t i o n s .  

(1) The number of s t a t i s t i c a l l y  independent r eg ions  and gas 
dynamic phenomena is small enough t o  avoid c a n c e l l a t i o n  of l o c a l  f l u c t u a -  
t i o n s  which would occur when i n t e g r a t i n g  over t oo  many s t a t i s t i c a l l y  
independent p a r t s .  

( 2 )  E i t h e r  emission or  e x t i n c t i o n  dominates the l o c a l  change 
of r a d i a t i v e  power i n s i d e  the c o r r e l a t i o n  volume. 
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(3) The i n t e g r a t e d  f l u c t u a t i o n  of t h e  gene ra l i zed  e x t i n c t i o n  
c o e f f i c i e n t  is s u f f i c i e n t l y  small to  permit l i n e a r i z a t i o n .  However, 
l a r g e  changes i n  the  mean va lue  of t h e  t r ansmi t t ed  r a d i a t i v e  power a r e  
pe rmis s ib l e .  Also,  l a r g e  l o c a l  f l u c t u a t i o n s  a r e  t o l e r a b l e  i f  one i n t e -  
g r a t e s  over s e v e r a l  s t a t i s t i c a l l y  independent regions.  

( 4 )  The i n t e r p r e t a t i o n  of a sweeping crossed-beam system is 
p o s s i b l e ,  i f  the r eg ion  of i n t e r e s t  is scanned r a p i d l y  enough t o  assume 
a f rozen  p a t t e r n  and i f  the emission and/or  e x t i n c t i o n  f l u c t u a t i o n s  a r e  
s t a t i s t i c a l l y  homogeneous over t h e  a l t i t u d e  to l e rance  o r  s t e p  which is 
des i r e d  i n  the  a1 t i t u d e  p r o f i l e .  

(5) The f l u c t u a t i o n s  of r a d i a t i v e  power a r e  l o c a l l y  i s o t r o p i c  
over a " c o r r e l a t i o n  disc ."  This assumption is  s u f f i c i e n t ,  b u t  v i o l a t i o n s  
a r e  o f t e n  t o l e r a b l e .  Crossed-beam experiments i n  a n i s o t r o p i c  and inhomo- 
geneous j e t  shea r  l a y e r s  he re  a l r eady  y i e lded  a good approximation of 
two-point product mean va lues .  

A step-by-step s imula t ion  of an i n - f l i g h t  experiment is o u t l i n e d ,  
which would al-low one t o  a s s e s s  the e f f e c t  of the above p r a c t i c a l  l i m i t a -  
t i o n s  and t h e o r e t i c a l  r e s t r i c t i o n s .  This is s imulated by r o t a t i n g  two 
ground d e t e c t o r s  i n  such a way t h a t  t h e i r  i n t e r s e c t i o n  sweeps along a 
h o r i z o n t a l  a r c  wi th  o r b i t a l  speed. Prel iminary s p e c i f i c a t i o n s  f o r  bo th  
ground and o r b i t a l  d e t e c t o r s  are given by r e l a t i o n s ,  covering the  lower 
l i m i t ,  t h e  upper l i m i t  and the to l e rance  of a l l  independent t e s t  v a r i a b l e s .  
It appears  t h a t  crossed-beam missions could be accomplished wi th  a s i n g l e  
s a t e l l i t e ,  which c a r r i e s  two modified astronomical  t e l e scopes  (ATM) , which 
p o i n t  toward the e a r t h  i n s t e a d  of away from the  e a r t h .  

! 
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BACKGROUND RADIANCE, ( r o t t / c m 2  micron s t a r )  
CONDITIONS: ZENITH ANGLE = 4 5 O  

10-2 
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F I G .  13. E M I S S I O N  S P E C T R U M  
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64 



n 
v) 
c 
0 

0 
L 

.- 
E 
Y 

I *  

I 

I 

I 

n 
L 
Q) 
e 
v) 

c 
0 

0 
L 

.- 
E 

E 
w 

0 
i 
v) 

0 

c 
e 

1 

I 
c 
oc 
4 
Y 

LL 

0 

(0 z' 
Y 
e 
I/) 

d 
c 

a 

4 
a 
L 

v o  
w o  e o  a -  

0 
0 
rc) 

0 

. 
a 
I 

LL 

45 



x 
3 

I- 
0 
W 
LL 
v, 

a 

a 
W z 
0. 

I 
I - 

W 
m 

W 
v) 

4 
4 

4 

m 
0 

U 

a 
I 
CL 
v) 

0 

I 

W 

* 
4 

66 

. 
m 
c 

c3 
II 

m 

I- 

- 



0 o a  E cuw 

i U > +  

c 
X 

z 
0 
I 

c 

m 
a 
c 
VI 

n 

* 
c 
VI 
z 
m 

a 
I 

I 

I 

n 

a 
I 

a 
Y 
U 
4 
m 
c 

v 

c3 
m 
I 

67 



z ( V E R T I C A L )  

~ T H E  N O R M A L  ( S W E E P S  O U T  T H E  H O R I Z O N T A L  x , y  P L A N E  

SURFACE 
(HO R I  ZON TAL) 

\ O F  P O I N T  B 
T R A J E C T O R Y  
O F  P O I N T  A 

x y t  z t  A T M O S P H E R E  F I X E D  C O O R D I N A T E S  

( ,  q t [  B E A M  F I X E D  C O O R D I N A T E S  

F I G .  17. T R A N S L A T I O N  O F  A R I G I D  C R O S S E D  

B E A M  A R R A N G E M E N T  



t 

I 

IMAGINARY BEAM, 3 

' I' 
CtAu 4 

SIDE V IEW 

3 

T O P  V IEW 

b F I G .  18. P O I N T S  O F  M I N I M U M  S E P A R A T I O N  A i  A N D  B i  

B E T W E E N  I M A G I N A R Y  A N D  U N D E L A Y E D  B E A M  

69 



t 
(i, ( t l i ,  ( t  t T I )  = R ( T )  E 

I 
I 

I 
I 
I 
I I 

ACTUAL CORRE L A T l O N  

---- EXPECTED FOR FROZEN PATTERNS 

GROUP V E L O C I T Y  FOLLOWS FROM POSITION OF MAXIMUM : 
C 

. 

I F I G .  1 9 .  G R O U P  V E L O C I T Y  M E A S U R E M E N T  
W I T H  S C A N N I N G  B E A M S  

70 



c 

h 

I 
-8. 
II 

I .  

I 
b 
I 
b 
II 

c. * 

t 

z 
0 

4 

a 
a 
o w  
w z  
0 0  

4 W  a 

- 
c 
d 
W 

c -  

w 
z 
4 

0 
cy 

7 1  



s 
W 
> - 
e 
0 c 

7 2  

c3 
z 
e 
I 

W 
w 

. 



. 

L 

IMAGINARY BEAM SATELLITE 

A 
-. ’ .. 

8 % ‘ *  :+- ( V ,  + V , ) 7  - 
8 . ;  8’ . ‘  

\ \  
\ ’  - ’ ‘\ ’ ,.7 

/ *  B ‘.(y v s  + v c  
A i  \ 

\ / 

/ PATH OF SWEEPING PATH OF SWEEPING 
MEASURED BY 

ORBITAL DETECTORS\ Y“Y GROUND DETECTORS 

\ MEASURED BY / 
\ 

/ 
\ 
\ 

1 7  ,,j3 
/ 

GROUND DETECTOR 

IMAGINARY BEAM 

FIG. 22. TELESCOPE M O T I O N S  
FOR CROSSED B E A M  S C A N N I N G  

7 3  



REFERENCES . 
1. 

2. 

3 .  

4. 

5. 

6. 

7. 

8. 

9 .  

10. 

11. 

12. 

13. 

74 

F i s h e r ,  M.  J. and F. Krause,  "Local Measurements i n  Turbulent  Flows 
Through Cross-Corre la t ion  o f  Op t i ca l  S i g n a l s , "  NASA TM X-53295, 
A p r i l  1965, pp. 66-75. 

Wolff, M. M . ,  "A New Attack on Height Measurement o f  t h e  Nightglow 
by Ground Tr i angu la t ion , "  Jou rna l  Geoph. Res., Vol. 71 (1966),  
pp. 2743-2748. 

Krause,  F. R. and M.  J. F i s h e r ,  "Remote Sensing o f  Local Flow i n  
S t a b i l i t i e s  and Turbulence," ASME Flow Measurement Symposium, 
P i t sburg ,  September 26-28, 1966, pp. 171-194. 

R. W. Pohl, Standard Text on  Equations o f  Radia t ive  Trans fe r ,  
Springer  (1963),  B e r l i n ,  ed.  11. 

Batche lor ,  K. G . ,  The Theory of  Homogeneous Turbulence,  S tudents  
ed. ,  Cambridge Univ. P res s ,  1960. 

F i s h e r ,  M.  J. and F. Krause, "The Crossed-Beam C o r r e l a t i o n  Method, I' 
J. Fluid Mech., accepted f o r  p u b l i c a t i o n  i n  1967. 

Davies,  P. 0. A. L. ,  M. J. F isher  and M. 0. Bor ra t ,  "The Charac te r -  
i s t i c s  of Turbulence i n  t h e  Mixing Region o f  a Round J e t , "  J. Flu id  
Mech., Vol. 15 (1962),  pp. 337-367. 

Hinze,  J. O . ,  Turbulence,  McGraw-Hill Book Co., New York, 1959. 

F i s h e r ,  M. J. and P. 0. A. L. Davies,  "Corre la t ion  Measurements i n  
a Non-Proven P a t t e r n  o f  Turbulence,"  F lu id  Mechanics, Vol. 18, 
pp. 97-116, 1964. 

Lin ,  C. C . ,  " S t a t i s t i c a l  Theories  of Turbulence,"  P r ince ton  Univ. 
P r e s s ,  1961. 

W i l l s ,  J. A. A . ,  "On Convection V e l o c i t i e s  i n  Turbulent  Shear Flows," 
NPL-Aero Report 1050 (1963). 

Davies, P. 0. A. L . ,  "The Near F i e l d  Generated by In t ense  Turbulence," 
Paper L53, Proc. 5 t h  I n t e r n a t i o n a l  Congress on  Acous t ics ,  Liege,  
Belgium, September 1965. 

F i s h e r ,  M. J . ,  "Optical  Measurements w i t h  a High Temporal and S p a t i a l  
Resolu t ion ,"  I I T R I  Progress  Report M6114-23, Cont rac t  NAS-11258, 
May 9 ,  1966. 

. 



REFERENCES (Continued) 

14. Krause, F. R . ,  J. G .  La France, S. V. Paranjape,  and J. B.  Stephens,  
F e a s i b i l i t y  and P o t e n t i a l  of Atmospheric Crossed-Beam Experiments," 

NASA-MSFC, Aero-Astrodynamics Research Review No. 5 ,  t o  be  publ ished.  

I t  

15. P r o j e c t  Mesa, "Present and Future A i r  Force Needs f o r  Environmental 
Measurements , 'I Geophysics Corporation of America, January 1962. 

16. Johnson, D. S., Statement before  t h e  Senate Aeronaut ical  and Space 
Science Committee, March 1 2 ,  1965. Bu l l .  Am. Meteorol. SOC.,  Vol. 46, 
1965, pp .  200-202. 

1 7 .  Kondrat'yev, K. Y . ,  "Actinometry," NASA TT F-9712. 

18. Goody, R. M . ,  W. T. Roach, "Determination of the V e r t i c a l  D i s t r i b u -  
t i o n  of Ozone from Emission Spectra ,"  Quar t e r ly  J o u r n a l  of t h e  Royal 
Meteorological  Society (1956) - 82-217-221. 

19. Coulson, K. L . ,  J. V. Dave, and Z.  Sekera, "Tables Re la t ing  t o  
Radiat ion Emerging from a Planetary Atmosphere wi th  Rayleigh S c a t t e r -  
i n g , "  Univ. of  C a l i f .  P re s s  (1960). 

20. I I T  S t a f f  , "Coherent O p t i c a l  Propagation Study," RADC-TR-65313 , 
November 1965. 

21 .  Burns, A. and C.  K. Rider ,  "Project Topcat,  Power S p e c t r a l  Measure- 
ments o f  Clear  A i r  Turbulence Associated w i t h  J e t  Streams," Royal 
A i r c r a f t  Establishment Technical Memo , 1965. 

22. Montgomery, A. J . ,  e t  a l . ,  I I T  Research I n s t i t u t e  Supplementary 
Reports under Contract  No. NAS8-20107. 

23. Krause F. R., J. A. Jones,  M. J. F i she r ,  "Dig i t a l  Analysis  of Random 
Processes  by Piecewise Estimated C o r r e l a t i o n  Functions ," Prel iminary 
Repor t ,  R-AERO-AM, J u l y  1966, t o  be published as NASA-TN. 

24. T a t a r s k i ,  V. I., Wave Propagation i n  a Turbulent Medium, McGraw-Hill, 
1961. 

25. Bendat, J. S. and A. G. P i e r s o l ,  Measurement and Analysis  of Random - Data, John Wiley & Sons, I n c . ,  New York, 1966. 

75  



APPENDIX A 

Approximation of P o i n t  Cor re l a t ions  i n  Loca l ly  I s o t r o p i c  F i e l d s  

The th ree  dimensional wave number components sk of the scalar k 
f i e l d  [8] can be expressed by the experimental ly  a c c e s s i b l e  two-beam 
product mean va lue  R by using equat ion (17) .  

-cn 

-co -00 

Sk is a l s o  i n d i r e c t l y  r e l a t e d  t o  the  d e s i r e d  two-point product mean va lue  
by an  inverse Fourier  t r ans fo rma t ion  

For i s o t r o p i c  turbulence,  t he  wave number components Sk a r e  cons t an t  
i n s i d e  a s p h e r i c a l  s h e l l  i n  the  wave number space $ = (ql, q2, q3) where 
the  volume of the s h e l l  is  4fi q2 dq1 and the  v a l u e  of Sk i n s i d e  the  s h e l l  
is Sk($1, 0, 0 ,  'G). Thus, t he  inve r se  Four i e r  t ransform may be expressed 
i n  the  form 

F 

J 

0 

76 . 



. 

I 
I 

I A  
I 
I '  
i 

I 
I 

l -  

Subs t i  
t i o n  g 
Rk and 

t u t i n g  equat ion (A2) i n t o  (A3) and i n v e r t i n g  the o rde r  of i n t e g r a -  
i ves  the des i r ed  r e l a t i o n  between the two p o i n t  product mean values  

the two beam product mean value R. 

M a2 

c o c o  

This equat ion can be s i m p l i f i e d  by not ing t h a t  t he  i n t e g r a l  can be 
expressed by the d e r i v a t i v e  of another  double i n t e g r a l ,  

the  inne r  i n t e g r a l  of which is  p ropor t iona l  t o  the Dirac Del ta  Function 
[251 .  

J 
- O J  

n co 

S u b s t i t u t i n g  (A6) 
quoted i n  s e c t i o n  

i n t o  (A5) gives the f i n a l  and simple r e s u l t ,  which w a s  
III,2. 
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