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STUDY OF PASSIVE OPTICAL TECHNIQUES 

F OR DETECTING CLEAR AIR TURBULENCE 

By A. J. Montgomery and A. Weigandt 
IIT Research Institute 

SUMMARY 

Passive optical techniques that could be utilized to pro- 
vide an aircraft pilot with advanced warning of Clear Air Turbu- 
lence (CAT) andinform the pilot of the direction, the distance, 
the size, and shape of the turbulence region were studied. 

The techniques evaluated include: 

0 Detection of spatial nonuniformities in 
scattered sunlight 

8 Relative movement of stellar images 
0 Stellar scintillation 
0 Detection of thermal emission to determine 

temperature variations , gradients, and ozone 
conc en t r a t ion s 
Schlieren-type system using the earth's 
horizon as a source. 

0 

The lack of detailed information concerning the optical 
characteristics of CAT prevented complete evaluation of these 
techniques. Estimates of refractive index, temperature, and 
density fluctuations associated with CAT are made on the basis 
of available information and additional calculations. 

Two techniques, detection of nonuniformities in scattered 
sunlight and stellar scintillation, are sufficiently promising 
for CAT detection to warrant further investigation. Although 
these techniques may be capable of providing limited angular 
size and direction information, the capability to provide use- 
ful range information is still subject to question. 

An airborne program of CAT investigation is described 
which should provide the information that is required for 
a decision on the feasibility of these two approaches. 
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1. INTRODUCTION 

Turbulence in  clear areas of the sky a s  a problem t o  aircraft 
has been under i n v e s t i g a t i o n  f o r  a number of yea r s .  
tudes  a twh ich  d i r e c t  measurement of v e r t i c a l  and h o r i z o n t a l  
gus t  ve loc i t ies  have been made have increased  wi th  t h e  a l t i t u d e  
performance of aircraft  and show t h a t ,  con t r a ry  t o  t h e  pre-  
d i c t i o n s  of some e a r l y  i n v e s t i g a t o r s ,  reg ions  of tu rbulence  
are found a t  a l t i t u d e s  above 12 k m  (40,000 f t ) .  A i r c r a f t  
o p e r a t i n g  a t  t h e s e  a l t i t u d e s  can expect t o  encounter  clear 
a i r  turbulence* some s i g n i f i c a n t  f r a c t i o n  of t h e  t i m e .  The 
s e v e r i t y  of a CAT encounter  i s  determined by t h e  magnitude 
and d i r e c t i o n  of t h e  wind g u s t s  we w e l l  as by t h e  charac- 
t e r i s t ics  of t h e  a i r c r a f t  i .e., a i r speed ,  geometry, loading.  
The b u f f e t i n g  t h a t  a n  a i r c r a f t  i s  subjec ted  t o  i n  f l y i n g  
through a CAT r e g i o n  g e n e r a l l y  r e s u l t s  i n  discomfort  t o  t h e  
occupants ,  b u t ,  a t  times, c o n t r o l  of t h e  a i r c r a f t  may be a f -  
f e c t e d  s e r i o u s l y  and i n j u r i e s  can r e s u l t .  Aside from t hese  
e f f e c t s  w e  must a l s o  cons ider  t h e  s t r u c t u r a l  e f f e c t s .  Re-  
peated gus t  loads can f a t i g u e  p a r t s  and su r faces  thus  speed- 
ing  f a i l u r e  o r  n e a r - f a i l u r e ,  making more f r equen t  i n spec t ion  
and replacement necessary .  

The a l t i -  

Previous i n v e s t i g a t i o n s ,  as summarized by Vinnichenko, 
e t  a l . ,  1966, of t h e  frequency of occurrence of tu rbulence  
wi th  a l t i t u d e  are summarized i n  Figure 1. A dependence on 
geographic  l o c a t i o n  a l s o  i s  c l e a r l y  demonstrated. Addi- 
t i o n a l l y ,  t h e  frequency of occurrence depends on t h e  t i m e  
of t h e  year  f o r  each l o c a t i o n .  

Atmospheric tu rbulence  has  a complex, i r r e g u l a r  s t r u c -  
t u r e ,  m a k i n g  experimental  i n v e s t i g a t i o n  a n d  t h e o r e t i c a l  
p r e d i c t i o n  d i f f i c u l t .  S u f f i c i e n t  measurements of s e v e r a l  
important  c h a r a c t e r i s t i c s  of CAT have been made pe rmi t t i ng  
s ta t i s t ica l  d e s c r i p t i o n s  t o  be used.  The cumulative f r e -  
quency of t h e  v e r t i c a l  s i z e  of t u r b u l e n t  r e g i o n s  is shown 
i n  F igu re  2. W e  can see t h a t ,  g e n e r a l l y ,  we must d e a l  w i th  
th i cknesses  of less than  1 km. This  i s  i n  c o n t r a s t  t o  t h e  
d i s t r i b u t i o n s  of h o r i z o n t a l  s ize  shown i n  F igure  3 ,  which 
shows t h a t  we can expect  reg ions  of approximately 100 km 
i n  h o r i z o n t a l  e x t e n t  w i th  a t  least i n t e r m i t t e n t  t u rbu lence .  
The thermal  s t r a t i f i c a t i o n  and s t a t e  of t h e  atmosphere i s ,  
of cour se  r e spons ib l e  f o r  t h e s e  c h a r a c t e r i s t i c s .  Thus, c 
x 
The 

d e f  i n  
(u. s 
"a l l  

phrase c l e a r  a i r  turbulence ,  o r  i t s  acronym, CAT, was 
.ed by t h e  Nat iona l  Committee f o r  Clear  A i r  Turbulence . Dept. of Commerce, 1966) as follows: CAT comprises 
turbulence  i n  t h e  f r e e  atmosphere of  i n t e r e s t  i n  aero- 

space ope ra t ions  t h a t  i s  not i n ,  o r  ad jacent  t o ,  v i s i b l e  con- 
v e c t i v e  a c t i v i t y .  T h i s  inc ludes  turbulence  found i n  c i r r u s  
c louds no t  i n  o r  ad jacen t  t o  v i s i b l e  convect ive a c t i v i t y .  

2 
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an important func t ion  of a CAT warning system must be t h e  
a b i l i t y  t o  determine t h e  v e r t i c a l  e x t e n t  of t h e  turbulence  
region,  s i n c e  evasion by an a l t i t u d e  change w i l l  be s impler  
than a h o r i z o n t a l  maneuver. A p o i n t  t o  be emphasized i s  
t h a t ,  whi le  t h e  h o r i z o n t a l  e x t e n t  of t h e  d i s t u r b e d  volume i s  
of t he  order  of  100 km, t u r b u l e n t  i n t e n s i t i e s  w i t h i n  t h i s  
volume w i l l  vary,  and reg ions  of s eve re  turbulences  w i l l  be 
of much s m a l l  h o r i z o n t a l  e x t e n t .  This  p o i n t s  o u t  t h e  gen- 
eral weakness of d e t e c t i o n  methods based on l a r g e  scale non- 
u n i f o r m i t i e s  o r  g r a d i e n t s .  

The f o r e c a s t i n g  of CAT w i l l  come about when atmos- 
phe r i c  parameters can be measured i n  d e t a i l  i n  t i m e  and 
space, a t  which time t h e  var ious  mechanisms and c h a r a c t e r -  
i s t i c s  of atmospheric behavior w i l l  a l s o  be e s t a b l i s h e d .  
Whether t h i s  w i l l  eve r  be achieved i s  a matter f o r  conjec-  
t u r e ;  it i s  q u i t e  clear t h a t  g l o b a l  coverage of t h e  atmos- 
phere wi th  the  s p a t i a l  and temporal r e s o l u t i o n  needed f o r  
accura te  f o r e c a s t i n g  must be r e l e g a t e d  t o  t h e  f u t u r e .  The 
present  p r a c t i c e  of l a r g e  a r e a  CAT f o r e c a s t s  coupled w i t h  
i n - f l i g h t  r e p o r t s  and p a s t  experience demonstrates there la -  
t i v e l y  p r i m i t i v e  s ta te  of p r e d i c t i o n .  I n  a d d i t i o n ,  t h e  
present  e f f o r t s  are mainly d i r e c t e d  toward d e f i n i n g  areas 
of p o s s i b l e  CAT genera t ion  r a t h e r  t han  areas of CAT exis t -  
ence. 

The d i f f e r e n t  methods of CAT d e t e c t i o n  may be d iv ided  
i n t o  t h r e e  groups.  The f i r s t ,  and t h e  most d i r e c t  method, 
i s  actual remote  measurement o f v e l o c i t y  d i f f e r e n c e s .  Op- 
t i ca l  heterodyning methods us ing  a pulsed  laser have been 
s tud ied  (Breece, e t  a l . ,  1966), b u t  implementation must 
await improvements i n  laser technology. Doppler r a d a r  
f a l l s  i n t o  t h i s  category,  but  an a i r b o r n e  system i s  i m -  
p r a c t i c a l  (Atlas, e t  a l . ,  1966a). N o  pas s ive  methods are 
i n  t h i s  group. 

The second group c o n s i s t s  of d e t e c t i o n  of parameters 
known t o  be very c l o s e l y  connected t o  CAT. This  group i n -  
c ludes r e f r a c t i v e  index, dens i ty ,  and temperature v a r i a -  
t i o n s  which have s p e c t r a ,  s c a l e s ,  and o t h e r  p r o p e r t i e s  etc., 
s i m i l a r  t o  t h e  v e l o c i t y  f l u c t u a t i o n s  themselves.  The re- 
l a t i o n s h i p  between t h e  magnitude of t h e  v e l o c i t y  f l uc tua -  
t i o n s  o r  t h e  mechanical tu rbulence  and t h e  magnitudes of 
t he  f l u c t u a t i o n s  i n  r e f r a c t i v e  index, dens i ty ,  o r  tempera- 
t u r e  i s  less c l e a r .  I f  t h e r e  are l a r g e  v e r t i c a l  r e f r a c t i v e  
index g r a d i e n t s ,  then very l i g h t  mechanical tu rbulence  can 
produce l a r g e  r e f r a c t i v e  index f l u c t u r a t i o n s  Radar r e f l e c -  
t i o n s  from the  so-called echo layers associated with sharp 

v e r t i c a l  r e f r a c t i v e  index g r a d i e n t s  e x i s t ,  have been ob- 
s e r v e d  f o r  a l t i t u d e s  of up t o  5 km by Hardy, e t  a1 . , (1966) .  

. invers ions  of g r e a t  thermal  s t a b i l i t y ,  where such l a r g e  

5 



I n  t h e  r e g i o n  of t h e  tropopause and lower s t r a t o s p h e r e ,  t h e  
r e f r a c t i v e  index g r a d i e n t s  a r e  u s u a l l y  q u i t e  s m a l l ,  t h e r e -  
f o r e ,  l a r g e  r e f r a c t i v e  index f l u c t u a t i o n s  are a s s o c i a t e d  
wi th  i n t e n s e  mechanical t u rbu lence .  

The t h i r d  group inc ludes  methods of d e t e c t i o n  of CAT 
based on measurements of some q u a n t i t y  t h a t  may o f t e n  be 
very i n d i r e c t l y  a s s o c i a t e d  with CAT. This  group inc ludes  
measurement of g ross  temperature changes, a s  d i s t i n c t  from 
temperature  f l u c t u a t i o n s ,  ozone concen t r a t ions ,  e lec t r ic  
f i e l d s ,  p a r t i c u l a t e  matter, and o t h e r  p o s s i b l e  p h y s i c a l  
p r o p e r t i e s  of CAT. 

This  grouping i s  considered t o  emphasize t h e  d i s t i n c -  
t i o n  between t h e  second and t h i r d  groups.  Frequent ly  t h i s  
d i s t i n c t i o n  i s  n o t  made, a l though it i s  an important  one, 
because u l t i m a t e l y  one would l i k e  t o  know the  i n t e n s i t i e s  
of t u r b u l e n t  f l u c t u a t i o n s  as a func t ion  of wave number, or 
simply t h e  t u r b u l e n t  spectrum, so  t h a t  t h e  e f f e c t  of t h e  
t u r b u l e n t  r eg ion  on t h e  a i r c r a f t  i t s e l f  may be determined 
from the  known a i r c r a f t  response and a i r  speed. The i n -  
d i r e c t  methods of group t h r e e  are u n l i k l y  t o  y i e l d  t h i s  
in format ion .  

The o b j e c t i v e s  of t h i s  s tudy  were t o  analyze t h e  op- 
t i c a l  c h a r a c t e r i s t i c s  of t h e  atmosphere i n  t h e  l i g h t  of 
t h e  c a p a b i l i t i e s  of o p t i c a l  d e t e c t i o n  and imaging i n s t r u -  
ments, and propose and e v a l u a t e  pass ive  o p t i c a l  t echniques  
of forming an image of t h e  turbulence ,  o r  of providing 
o t h e r  v i s u a l  i n d i c a t i o n s  of t h e  presence of tu rbulence .  
From t h e s e  ana lyses ,  a d e t e c t i o n  and imaging system w a s  t o  
be devised .  Although a technique t h a t  would work both  day 
and n i g h t ,  is c l e a r l y  p r e f e r a b l e ,  techniques wi th  work 
only dur ing  t h e  day w e r e  also  t o  be considered.  A number 
of p o s s i b l e  remote d e t e c t i o n  techniques were t o  be eva lu-  
a t e d  which w e r e  : 

0 Rayle igh - sca t t e red  s u n l i g h t  i s  r e f r a c t e d  
i n  t h e  r e g i o n  of tu rbulence .  Rays t h a t  
come from above t h e  horizon and then are 
r e f r a c t e d  toward t h e  observer  w i l l  have 
n a r r o w e r . s p e c t r a 1  l i n e s  than r a y s  o r i g i -  
n a t i n g  nea r  o r  below the  hor izon .  By 
us ing  a f i l t e r  which passes  a very  narrow 
s p e c t r a l  r eg ion  on the  edge of an absorp- 
t i o n  l i n e ,  r a y s  which t r a v e l  s t r a i g h t  w i l l  
be made i n v i s i b l e ,  while those  which a r e  
r e f r a c t e d  rays might be used t o  form an 
image. 
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0 I f  t h e  stars can be made v i s i b l e  day o r  
n i g h t  ( f o r  example, by t h e  use of an ap-  
p r o p r i a t e  s p e c t r a l  f i l t e r ) ,  movement of 
t h e  images r e l a t i v e  t o  each o t h e r  might 
be used as an i n d i c a t o r  of tu rbulence .  

0 The atmospheric thermal  emission i n  par -  
t icular s p e c t r a l  r eg ions  might be u t i l i z e d  
t o  provide a temperature "map" of t h e  a t -  
mosphere, 

e I f  an i n f r a r e d  scanning and imaging i n -  
strument t h a t  d e t e c t s  t h e  i n f r a r e d  e m i s -  
s i o n  of t h e  atmosphere i s  aimed a t  calm 
a i r  ahead of an  a i r c r a f t ,  i t  w i l l  show i n -  
t e n s i t y  g r a d i e n t s  from t o p  t o  bottom, but  
no g r a d i e n t s  from r i g h t  t o  l e f t .  I f  t h e  
proper s p e c t r a l  r eg ion  i s  u t i l i z e d  ( f o r  
example, a reg ion  which inc ludes  emission 
l i n e s  of'  water vapor) ,  it might be d i s -  
covered t h a t  t h e r e  i s  a c e r t a i n  e l e v a t i o n  
angle  a t  which i n f r a r e d  emission decreases  
sha rp ly ,  and a d e f i n i t e  i n f r a r e d  "horizon" 
appears  i n  t h e  p i c t u r e .  I f  a r eg ion  of 
t u rbu lence  were t o  come i n t o  t h e  f i e l d  of 
view, one should expect  t h e  r e f r a c t i o n  t o  
cause a d i s t o r t i o n  of t h e  p a t t e r n  seen i n  
c a l m  a i r .  I n  p a r t i c u l a r ,  t h e  "horizon" 
might appear t o  become less sharp  wi th  an 
apprec i ab le  amount of r a d i a t i o n  now ap- 
pea r ing  t o  come from above t h e  "horizon." 

e A '  technique of s p e c t r a l  - ana lys i s  might be 
u t i l i z e d  t o  make a comparison between the  
r a d i a t i o n  which has  been t r ansmi t t ed  
through t h e  d i s tu rbance  and t h e  r a d i a t i o n  
which has  passed through calm a i r .  This 
is  s i m i l a r  t o  t h e  f i r s t  p o s s i b i l i t y  except 
t h a t  whole s p e c t r a l  bands might be used 
i n s t e a d  of t h e  edge of a s i n g l e  l i n e .  
There might be s e v e r a l  a spec t s  of t h i s ;  
f o r  example, one could search  f o r  absorp- 
t i o n  bands of ozone which might be super- 
imposed on t h e  thermal  emission of t h e  a t -  
mosphere beyond t h e  turbulence ,  one might 
compare t h e  emission i n t e n s i t y  of water 
bands i n  d i f f e r e n t  p a r t s  of t h e  f i e l d  of 
view, o r  one might compare t h e  carbon d i -  
oxide atmospheric bands which a r e  super-  
imposed on s c a t t e r e d  s u n l i g h t .  
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Other techniques,  i n  a d d i t i o n  t o  those suggested i n  t h e  
c o n t r a c t  scope of work, which were eva lua ted  were: 

0 Detec t ion  of s p a t i a l  'nonuniformit ies  i n  
s c a t t e r e d  s u n l i g h t  produced by atmospheric 
dens i ty  and temperature v a r i a t i o n s .  

0 Appl ica t ion  of two d e t e c t o r  systems w i t h  
crossed f i e l d s  of view t o  t h e  d e t e c t i o n  
of s c a t t e r e d  s u n l i g h t .  
would permit d i s t a n c e  information t o  be 
obtained.  

Such a system 

0 Stel lar  s c i n t i l l a t i o n .  

. I n  t h i s  s tudy  i n s u f f i c i e n t  information w a s  a v a i l a b l e  
t o  completely eva lua te  s e v e r a l  of t h e  pass ive  o p t i c a l  t ech-  
n iques  t h a t  were cons idered .  I n  t h e  case of t h e  methods 
based on t u r b u l e n t  f l u c t u a t i o n s ,  t h e  only  r e l i a b l e  d a t a  
a v a i l a b l e  are from g u s t  v e l o c i t y  measurements. Soine i n -  
formation about temperature  f l u c t u a t i o n s  has been publ i shed ,  
(Glagolev 1964) bu t  t h e r e  are g e n e r a l l y  no complementary g u s t  
d a t a .  The measured g u s t  s p e c t r a  have ind ica t ed  t h a t  w i t h i n  
c e r t a i n  wavelength l i m i t s  i s o t r o p i c  turbulence  theo ry  a p p l i e s  , 
and t h i s  has ,  t h e r e f o r e ,  been used i n  some of t h e  c a l c u l a -  
t i o n s .  However, i t  is  only an approximation of t h e  real  
case. 

Measurement of a parameter having some a s s o c i a t i o n  o r  
c o r r e l a t i o n  wi th  CAT poses a d i f f e r e n t  problem. Aside from 
e s t a b l i s h i n g  d e t e c t a b i l i t y ,  i t  is  also necessary t o  d e l i n e -  
a t e  t h e  c o r r e l a t i o n  w i t h  CAT. Pas t  measurements have n o t  
shown an adequate c o r r e l a t i o n  between any measured'parameter 
and occurrence of CAT; on t h e  con t r a ry ,  they tend t o  i n d i c a t e  
a l a c k  of t h e  c o r r e l a t i o n  which would be r equ i r ed  f o r  con- 
s i s t e n t  and r e l i a b l e  .remote warning systems. 

Since adequate assessment of s e v e r a l  oE t h e  techniques  
considered r equ i r ed  a knowledge of d e n s i t y  and temperature  
v a r i a t i o n s  a s s o c i a t e d  wi th  c l e a r  a i r  turbulence ,  an important  
phase of t h i s  s tudy  w a s  t o  a t tempt  t o  p r e d i c t  such v a r i a t i o n s  
on t h e  b a s i s  of t h e  experimental  and t h e o r e t i c a l  work t h a t  
has  been done i n  t h e  f i e l d  of atmospheric tu rbulence .  
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2 .  REFRACTIVE INDEX AND DENSITY FLUCTUATIONS 

2 . 1  Ref rac t ive  Index S t r u c t u r e  Constant 

I n  s tudy ing  d i f f e r e n t  pas s ive  o p t i c a l  methods of  d e t e c t -  
i n g  CAT, bo th  t h e  t ransmission of r a d i a t i o n  through clear a i r  
tu rbulence  r eg ions  and r a d i a t i o n  d i r e c t l y  o r i g i n a t i n g  i n  t h e  
CAT r eg ion  e i t h e r  by s c a t t e r i n g  o r  thermal emission must be 
considered.  The la t ter  case r e q u i r e s  a knowledge of  t h e  a c t u a l  
d e n s i t y  o r  temperature v a r i a t i o n s  a s s o c i a t e d  wi th  CAT. These 
var ia t ions may be c a l c u l a t e d  d i r e c t l y  from t h e  refractive index 
s t r u c t u r e  cons t an t  C, (Ta ta r sk i ,  1961). Before proceeding t o  
d i scuss  actual d e n s i t y  and temperature v a r i a t i o n s ,  t h e  va lues  
of Cn a p p r o p r i a t e  t o  CAT w i l l  be explored.  

The s t r u c t u r e  cons tan t  has been used by numerous inves-  
t i g a t o r s  i n  cons ide r ing  t h e  propagation of e lec t romagnet ic  
waves through l o c a l l y  i s o t r o p i c  t u r b u l e n t  flows , which may be 
descr ibed  i n  terms of t h e  s t r u c t u r e  func t ion  of t h e  form: 

where Lo i s  t h e  l i m i t i n g  microscale  o r  i nne r  s c a l e  of t h e  
turbulence  and Lo i s  the  outer scale. The gene ra l  shape of 
t h e  s t r u c t u r e  f u n c t i o n  i s  shown i n  Figure 4 .  The s t r u c t u r e  
f u n c t i o n  f o r  v e l o c i t y  f l u c t u a t i o n s  has t h e  s a m e  form and, f o r  
r (< to, i s  c o n t r o l l e d  by viscous d i s s i p a t i o n  of energy i n t o  
h e a t .  Over t h e  reg ion  of eddy s c a l e s  for which t h e  two- th i rds  
l a w  a p p l i e s ,  t u r b u l e n t  energy i s  t r a n s f e r r e d  down a cascade of 
dec reas ing  eddy s i z e s .  Energy inplLzt a t  l a r g e  eddy scales, 
which no longer  can be regarded as i s o t r o p i c  and homogeneous, 
may be caused by t h e  "breaking" of g r a v i t a t i o n a l  shea r ing  
waves. 

The l i m i t i n g  microscale ,  %o,. i s  no t  f i x e d  bu t  depends 
on t h e  q u a n t i t y  E , t h e  ra te  of d i s s ipa t ion  of t u r b u l e n  t 
energy p e r  u n i t  mass. Megaw (1957) de f ines  a0 as 

3 114 %, = 5.9 (v  /E)  

2 where v i s  t h e  c o e f f i c i e n t  of; kinematic v i s c o s i t y .  Since 
v v a r i e s  only slowly with a l t i t u d e ,  i f  we t ake  v = 0 . 3 3 5  ern 
sec -1  corresponding t o  an a l t i t u d e  of -9 k m  and a temperature  
of -35 "C ,  t hen  
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Figure 4 General Shape of t h e  S t r u c t u r e  Funct ion Dn 

0 -1/4 
Jo- 2.6 E 

Thus, t h e  g r e a t e r  t h e  degree of tu rbulence ,  t h e  smaller t h e  
inne r  scale and, as noted by A t l a s ,  e t  a1 (1966), i f  t h i s  
i n n e r  scale could be measured, we would have an approximate 
measure of t h e  i n t e n s i t y  of t h e  turbulence .  For a t y p i c a l  
q u i e t  atmosphere a t  an a t i t u d e  of 9 km, Wilkins (1963) 

sults on p r o j e c t  TOPCAT ( R e i t e r  and Burns 1961) gave 
E = 131 cm2sec-3, while  Panofsky (1965) suggest  t h a t  E may 
be as l a r g e  as 1000 cm2sec-3, 
t o  t h e s e  values of E are: 

g ives  E = 0.035 c m  2 sec-). Ext rapo la t ion  of measured re- 

The inne r  scales corresponding 

E: (cm2seco3) .eo (em> 

0.035 6.5 
13 1 0.77 

1000 0.56 
The ou te r  scale, Lo, i s  i n d i c a t e d  i n  F igure  4 with  

r e s p e c t  t o  t h e  s t r u c t u r e  func t ion ,  and s p e c t r a  measured by 
Rei ter  and Burns (1966) are shown i n  Figure 5. R e i t e r  and 
Burns found outer scales from approximately 100 t o  600 m. 
T a t a r s k i  (1961) d e f i n e s  Lo by 
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du where K i s  t h e  c o e f f i c i e n t  of eddy d i f f u s i v i t y  and 8 = =, 
t h e  v e r t i c a l  g r a d i e n t  of t h e  mean h o r i z o n t a l  wind. 
Since E i s  given by 

we have f o r  t h e  o u t e r  s c a l e  

which i s  thus  r e l a t e d  t o  t h e  v e r t i c a l  g r a d i e n t  of  t h e  wind 
and t h e  rate of energy d i s s i p a t i o n .  

For one p a r t i c u l a r  case  of p r o j e c t  TOPCAT (Figure 5 ) ,  
E i s  es t imated ,  from the  l i m i t i n g  micro cale by e x t r a p o l a -  
t i o n  of t h e  spectrum, t o  be 131 cm2sec-3; Lo i s  known from 
t h e  po in t  a t  which t h e  spectrum begins  t o  dev ia t e  from the  
minus- f ive- th i rds  power l a w  t o  be  100 t o  600 m;  t h e r e f o r e ,  

&om Eq. (1) f o r  Lo = 325 my corresponds t o  t h e  average rate 
of change of h o r i z o n t a l  wind v e l o c i t y  wi th  a l t i t u d e ,  f o r  an  
a l t i t u d e  of 9 km. It i s  of i n t e r e s t  t o  note  t h a t ,  f o r  a 
nominally "quiet"  atmosphere wi th  E = 0.035, t h e  o u t e r  s c a l e  
of t h e  turbulence  Lo - 4 rn. 

t u r e  cons t an t  of r e f r a c t i v e  index f l u c t u a t i o n s  i s  g iven  by 

can be c a l c u l a t e d .  The value of fj = 0.005 sec-1, obtained 

Now it  has been shown by T a t a r s k i  (1961) t h a t  t h e  s t r u c -  

Cn 2 = a 2 Lb 4/3M2 

where a' i s  a nondimensional p r o p o r t i o n a l i t y  parameter of 
o rde r  u n i t y  and M = (w). This  equat ion  can very e a s i l y  
by shown t o  p h y s i c a l l y  p l a u s i b l e .  The o u t e r  scale of t h e  t u r -  
bulence,  Lo, i s  t h e  maximum v e r t i c a l  d i s t a n c e  between two 
p o i n t s  f o r  which t h e  two-thirds  power l a w  f o r  t h e  s t r u c t u r e  
func t ion  and, synonymously, t h e  minus- f ive- th i rds  power l a w  
f o r  s p e c t r a l  d e n s i t y  are obeyed. I f  t h e r e  i s  a r e f r a c t i v e  
index g r a d i e n t  between t h e s e  two p o i n t s ,  then  t h e r e  w i l l  be 
a s y s t e m a t i c  d i f f e r e n c e  i n  va lues  of n equal  t o  (an /az)  z .  
There w i l l ,  t h e r e f o r e ,  be a c o n t r i b u t i o n  t o  t h e  s t r u c t u r e  
func t ion  , 

2 
Dn = (n(zl)  - n(z2 ) )  

which i n c r e a s e s  as t h e  square of t h e  v e r t i c a l  s e p a r a t i o n  of 
the two p o i n t s .  This  c o n t r i b u t i o n  t o  t h e  s t r u c t u r e  f u n c t i o n  
w i l l  be  equal  t o  t h e  c o n t r i b u t i o n  caused by f l u c t u a t i o n s  
v i o l a t i n g  t h e  cond i t ion  f o r  i s o t r o p y  when 
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The cons t an t  a i n  Eq. (2)  has  been determined by T a t a r s k i  (1960) 
to be a f u n c t i o n  of Richardson's number, as shown i n  F igure  6 .  
Atlas, e t  a l .  (1966) have used Eq. (2) with t he  f o y o w i n g  
values  f o r  t h e  parameters t o  determine values  of Cn appropr i -  
a te  t o  CAT: 

a2 = 2,  corresponding t o  a Richardson 
number of 0.05 

Lo = 100 - 600 m, based 03 t h e  CAT s p e c t r a  

M = 4.4 x 10-l' cm'l ob ta ined  from t h e  

of Reiter and Burns (1965) 

e quat  i on ,  

-2 de M = -79 x l o m 6  pT 

. .  
.. . :. 

I I I I L 

-0.5 
L 

- 
R; 0.5 

2 Figure  6 Dependence of a on Ri 
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where p and T .  r e s p e c t i v e l y ,  are the  mean p res su re  ( i n  mb) 
and a b s o l u t e  temperature and 8 i s  the  p o t e n t i a l  temperature ,  
Again, following A t l a s ,  e t  a l .  (1966), w e  w i l l  t ake  p - 300 mb 
and T - 233"K, corresponding t o  an a l t i t u d e  of 9 km. Assum- 
i n g  t h a t  CAT occurs p r e f e r e n t i a l l y  i n  thermal1 stable l a y e r s  

f o r e  have t h e  fol lowing values f o r  
(Panofsky, 1965), d0/dz i s  taken as l3-4OK cm' P . W e  t h e r e -  

Cn : 

100 
300 
600 

8.25 x 
3 . 5  x 10 - 15 

8.95 

Stephens and Reiter (1966) have cast doubt on t h e  v a l i d -  
The v e r t i c a l  wind shear fj = ( au laz )  may i t y  of t hese  r e s u l t s .  

be obta ined  f r o m  Eq. (1) and a l s o  from t h e  Richardson numSer 

S u b s t i t u t i n g  t h e  values  of t h e  parameters used by Atlas,  e t  a l .  
(1966) i n  these  equat ions ,  we ob ta in  c o n f l i c t i n g  r e s u l t s  t h a t  
d i f f e r  by a f a c t o r  of f i v e  f o r  t h e  wind shea r .  

From Eq. ( 3 )  we ob ta in  

8 - 8  x sec-l;  

2 -3 and from Eq. (l), t ak ing  a h igh  value f o r  E of 400 c m  s e c  
and t h e  m i n i m u m  Lo = 100 m, we a r r i v e  a t  

Stephens and R e i t e r  no te  t h a t  this  value of f3 gives a Richardson's 
number o f  21.2; and they s t a t e  t h a t  A t l a s ,  e t2a l . ,  should have 
evaluated a t o  be 1 / 1 2 y  leading  t o  va luesof  Cn t h a t  are ap- 

2 
proximately 25 t imes smaller than those obta ined  by A t l a s .  
Stephens and R e i t e r  a l s o  conclude t h a t  t h e i r  v a l u e s  of Cn 
a r e  obta ined  on t h e  t a c i t  assumption t h a t  moderate CAT i s  
occur r ing  everywhere and t h a t ,  hen the  energy l e v e l s  are r e -  

smaller than even t h e i r  r e s u l t s  i n d i c a t e .  The r e s o l u t i o n  of 
t h i s - d i s c r e p a n c y  i s  v i t a l l y  important i n  determining the f e a -  
s i b i l i t y  of t h e  pas s ive  o p t i c a l  technique f o r  d e t e c t i n g  CAT, 
making use of Rayleigh s c a t t e r e d  s u n l i g h t .  

duced t o  nonturbulent  l e v e l s ,  Cn Y w i l l  be o rde r s  of magnitude 

14 



Having examined these  papers i n  d e t a i l  and t a k i n g  i n t o  
account experimental  r e s u l t s  , we f i n d  t h a t  t h e  r e s u l t s  ob- 
t a i n e d  by A t l a s  appear more n e a r l y  correct. The cause of t h e  
discrepancy i s  ha rde r  t o  i d e n t i f y  because many of t h e  equa- 
t i o n s  used i n  turbulence  work and i n  atmospheric tu rbulence  
work, i n  p a r t i c u l a r ,  a r e  based on dimensional arguments and 
inc lude  i l l - d e f i n e d  cons tan ts  known only through a very  l i m -  
i t e d  number of experimental  measurements. The c o e f f i c i e n t  
a i s  a prime example. This a n a l y s i s  a l s o  assumes t h a t  bo th  
d e n s i t y  and temperature e f f e c t s  may be t r e a t e d  as pass ive  ad- 
d i t i v e s .  Obukhov (1959) has i n v e s t i g a t e d  depa r tu re s  from t h e  
two- th i rds  law for a temperature f i e l d ,  which are connected 
w i t h  i t s  lack  of p a s s i v i t y .  He concludes t h a t  i n  r eg ions  
s m a l l  compared wi th  a c h a r a c t e r i s t i c  dimension, LK depends on 
meteoro logica l  condi t ions  being r e l a t e d  t o  t h e  o u t e r  scale of 
v e l o c i t y  f l u c t u a t i o n s  or  f l u c t u a t i o n s  of a pass ive  a d d i t i v e  
by t h e  equat ion  

- -  LO - ( R i ) 3 f 2  
LK 

This lack of p a s s i v i t y  has not  been t a k e n  d i r e c t l y  i n t o  ac-  
couht by $tlas o r  by Stephens and R e i t e r .  
garding a 
equa l ly  appropr i a t e  t o  w r i t e  

Rather  than re- 
as a func t ion  of t h e  Richardson number, i t  may be 

where t h i s  func t ion  of R i  has  t o  be determined. 

2 Experimental Evidence f o r  Values of Cn 2.2 

Direct2experimental  evidence of t h e  c o r r e c t n e s s  of t h e  
values  of Cn deduced by At l a s ,  e t  a l .  (1966) w a s  03 ta ined  by 
A t l a s ,  e t  a l .  (1966) by r a d a r  b a c k s c a t t e r  measurements. Using 
t h e  measured r e f l e c t i v i t y  of 10.7-cm wavelength r a d a r  waves, 
they  deduced a value of t he  s t r u c t u r e  cons t an t  of r e f r a c t i v e  
index a s  

-16 - 2 / 3  = 4 . 4  x 10 cm ‘n 
-14 - 2 f 3  This  r e s u l t  f a l l s  w e l l  w i th in  t h e  range of t o  10 Cm 

es t imated  t h e o r e t i c a l l y .  
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Fur the r  evidence of t h e  o rde r  of f l u c t u a t i o n s  i n  t h e  
case  of a nominally q u i e t  atmosphere has  been deduced by 
T a t a r s k i  (1961) from measurements by Kolchinski (1957) of s t e l -  
lar s c i n t i l l a t i o n .  S t e l l a r  s c i n t i l l a t i o n  e f f e c t s  have been 
shown by var ious  au tho r s  t o  be a r e s u l t  of r e f r a c t i v e  index 
f l u c t u a t i o n s  a t  a l t i t u d e s  of t h e  o rde r  of 19 km as d i s t i n c t  
from poor "seeing,"  which i s  produced by f l u c t u a t i o n $  i n  t h e  
immediate v i c i n i t y  of t h e  t e l e s c o p e .  Depending on p r e c i s e l y  
how t h e  y o f i l e  Cn2 (2) i s  s p e c i f i e d ,  Ta ta r sk '  obtained v a l -  

u r e s  exceed those  obta ined  by Stephens and Reiter f o r  CAT 
r e g i o n s .  

ues  of Cn from 1 . 3  x 10-17 to 5 x 10-17 cm-2 ?l 3 .  These f i g -  

On t h e  b a s i s  of t h e s e  experiments,  we are t a k i n g  t h e  
r e s u l t s  of Atlas, e t  a l .  (1966) t o  be c o r r e c t ,  and we w i l l  
now de r ive  t h e  d e n s i t y  and temperature  f l u c t u a t i o n s  d i r e c t l y  
from t h e  s t r u c t u r e  c o n s t a n t .  

2 . 3  Magnitudes of Re f rac t ive  Index, Density 
and Temperature F luc tua t ions  

Hardy, e t  a l .  (1966) have shown t h a t  

2 / 3  2 
'n (an>2 = 0.19 Lo 

Approximately t h e  same r e s u l t s  may be obtained from t h e  s t r u c -  
t u r e  func t ion  from g e n e r a l  c o n s i d e r a t i o n s .  The s t r u c t u r e  
func t ion  i s  given by 

-+ 
Now w r i t i n g  n(;1) and n(r , )  i n  terms of a mean and a f l u c -  
t u a t i n g  p a r t ,  we have: 

3 - 
n ( r l )  = nl + Anl 

n ( r 2 )  = n2 + An2. 
-+ - 

For i s o t r o p i c  homogeneogs tu rbu lence ,  we may w r i t e  
- - 
n1 = n2 

and 

1 6  



Therefore:  

[(F + Anl) - (?+ An2)]’ 

L - 

+ an22 - 2AnlAn2. 

I f  we assume t h a t  t h e  s t r u c t u r e  func t ion  f l a t t e n s  out f o r  
some length  scale Lo, t hen  f l u c t u a t i o n s  between two p o i n t s  
separa ted  by 

Theref o re  : 

AnlAn2 

and D, 

Thus, 

-2 2An - 

a d i s t a n c e  g r e a t e r  than  Lo are uncor re l a t ed .  

= o  

- 2An . 2 

2 213 
‘n Lo 

or - n 2 213  
Lo AnL - 0.5  Cn 

This  equat ion  d i f f e r s  from E q .  (5) by a f a c t o r  of 2.5.  T o  
avoid any poss ib l e  overes t imat ion  of t h e  f l u c t u a t i o n  l e v e l s ,  
t h e  Table I w a s  der ived  from Eq. (5) .  

2.4 Ref rac t ive  Index F luc tua t ions  as a Function 
of Bandwidth of Observations 

The magnitude of t h e  r m s  r e f r a c t i v e  index f l u c t u a t i o n s  

(Z) 1’2 . 

w i l l  depend on t h e  wave number components of t h e  CAT t h a t  we 
are a b l e  t o  measure. Because of t h e  f i n i t e  f i e l d  of view, 
t h e r e  may be a large nunher of smal l  eddies ,  o r  high-wave- 
number components, i n  t h e  f i e l d  of view a t  one i n s t a n t  of 
t i m e .  There w i l l ,  t h e r e f o r e ,  be an average e f f e c t  t h a t  w i l l  
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TABLE I 

REFRACTIVE INDEX, DENSITY, AND TEMPERATURE FLUCTUATIONS 

Lo 
(m> 

4 

100 

600 

100 

600 

100 

600 

100 

600 

100 

600 

3.2 

9.3 

1 . 7  x lom8 
2.9 x loe8 

5 x 

9.3 x 

1 . 7  

2.9 

5 

9.3 l o o 7  
1 . 7  x 

0.003 

0.009 

0.016 

0.027 

0 047 

0.089 

0.16 

0.27 

0.47 

0.89 

0.60 

(Z) 
(OK) 

0.007 

0.021 

0.037 

0.063 

0.11 

0.21 

0.37 

0.63 

1.1 

2 . 1  

3 . 7  

A l t i t u d e :  9 km 
Standard U.S. atmospheric temperature and d e n s i t y .  

2 reduce t h e  measured An . With a photometer which scans  i n  
a h o r i z o n t a l  plane,  t h e r e  w i l l  be  a l i m i t  t o  t h e  low-wave- 
number turbulence  components t h a t  are de tec t ed ,  which w i l l  
depend on the  amplitude of t he  angular  scan, t h e  d i s t a n c e  to 
t h e  turbulence  r eg ion ,  the rate of scan, and t h e  low-frequency 
c h a r a c t e r i s t i c s  of t h e  d e t e c t o r  system. I t  i s  important t o  
determine how t h e  measured f l u c t u a t i o n  power w i l l  vary as a 
f u n c t i o n  of d e t e c t o r  f ie ld-of-view,  and t h e  d i s t a n c e  t o  t h e  
CAT r e g i o n .  

To i n v e s t i g a t e  t h i s  problem, i t  2) necessary t o  assume 
some form of tu rbulence  spectrum. ThtP , h e o r e t i c a l l y  der ived  
expres s ion  f o r  t h e  case of l o c a l l y  homogeneous i s o t r o p i c  t u r -  - * -  

bulence w i l l  be used: 
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@(K)  = 0.033 C 2 K- ( K ~ <  K <  K,) n 
1 where Cn i s  t h e  r e f r a c t i v e  index s t r u c t u r e  cons tan t  KO-- 

one l i n e  i n  space,  we need t o  know t h e  one-dimensional wave- 
number spectrum V(K)  which i s  r e l a t e d  t o  t h e  th ree -  
dimensional spectrum by t h e  express ion  

and Km = l/lo. Considering t h e  turbulence f i e l d  a long LO , 

@(K) = - Ad*,. 
Thus , 

V(K) = 0.124 C, 2 K- 5 / 3 *  

This  spectrum i s  shown i n  F igure  7 .  The power i n  t h e  re- 
f r a c t i v e  index f l u c t u a t i o n s  f o r  t h e  i n e r t i a l  subrange of 
t u r b u l e n t  f l u c t u a t i o n s  from KO t o  Km w i l l  be given by 

- 2 / 3  2 2 / 3  
‘n Lo z= V(K)dK = 0.19 (271.) 

This  express ion  d i f f e r s  f r o  t h a t  der ived by Hardy e t  al. 
(1966) by  the  f a c t o r  (2a)-273 and t h e  source of t h i s  d i s -  
crepancy i s  unknown a t  the  p re sen t  t i m e .  

I r r e s p e c t i v e  of t h e  value of t h i s  cons t an t ,  t h e  pro- 
p o r t i o n a l  decrease i n  

nn2 
may s t i l l  be u s e f u l l y  s tud ied  i n  t e r m s  of wave-number com- 
ponents t h a t  would be de tec t ed  by a scanning system wi th  a 
f i n i t e  f i e l d  of view. 

. I n  c a l c u l a t i o n s  made i n  Sec t ion  3.1,  where d e t e c t i o n  of 
r e f r a c t i v e  index v a r i a t i o n s  us ing  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  i s  discussed,  t h e  f i e l d  of view of t h e  d e t e c t i n g  sys-  
t e m  i s  taken t o  be 2 x 10-3 r a d i a n .  A t  a d i s t a n c e  of 20 km 
an  eddy 40 m i n  diameter w i l l  j u s t  f i l l  t h e  f i e l d  of view of 
t h e  d e t e c t i n g  system. The response t o  wave-numler components 
80 m i n  wavelength w i l l ,  t h e r e f o r e ,  be down by approximately 
35 percent ,  and t h i s  w i l l  be taken as the  maximum wave numSer 
component t h a t  w i l l  con t r ibu te  t o  

2 An 
Thus, 
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LO8 

l o6  

lo4 

lo2 

1 

lo-* 

. - I - -  

- 
Wave Number K = 2n/4 (cm-') 

Figure 7 Typical CAT One-Dimensional Refractive 
Index Spectrum 
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and t h e  f r a c t i o n a l  change i n  2 w i l l  be given by 

For  Lo - 600 m and Lmin - 80 m, we have F = 0 . 9  and t h e r e  
w i l l  be a 10 percent  reduct ion  i n  

2 over t h e  

t h a t  would be measured i f  the  complete i n e r t i a l  subrange 
could be  de t ec t ed .  

No account has been taken h e r e  of t h e  l o w  wave number 
compments;  i . e . ,  K< KO. The shape of t h e  spectrum i n  t h i s  
reg ion  w i l l  depend on t h e  mesoscale s t r u c t u r e  of t h e  atmos- 
phere;  f o r  t h e  purpose of d i scuss ion ,  however, we w i l l  assume 
a f l a t  spectrum from K = KO t o  K = 0. 
d e t e c t i n g  s y s t e m  scans through an angle  of 30" i n  t h e  ho r i -  
z o n t a l  plane,  t h e  length of scan  a t  a d i s t a n c e  of 20 krn i s  
10 km. I f  t h i s  i s  taken t o  be t h e  maximum eddy s i z e ,  t h e  a d -  
d i t i o n a l  c o n t r i b u t i o n  t o  

I f  we  assume t h a t  t h e  

an2 
b y  this  low-wave-number reg ion  may be c a l c u l a t e d :  

- 2 / 3  2 213 
'n Lo 2 = 0.124 Cn KO -'j3= 0.124 (ZIT) 

The t o t a l  level  of r e f r a c t i v e  index f l u c t u a t i o n s  w i l l ,  t he re -  
f o r e ,  be given by 

- 2 / 3  2 213 2 = 0.314 ( 2 ~ )  'n Lo 

of which 40 percent  r e s i d e s  i n  eddies  larger than 
t h e  assumed f l a t  spectrum. 

1 t ; t he re fo re  has been shown t h a t  t h e  l e v e l  of f l u c t u a -  
t i o n s  w i l l  not be apprec iab ly  a f f e c t e d  by t h e  omiSsion of 
small  s c a l e  eddies  caused by averaging over the f i e l d  of v i e w  
of t h e  d e t e c t i n g  s y s t e m .  On t h e  o t h e r  hand, t h e  shapz of t he  
s p e c t r a l  d i s t r i b u t i o n  curve f o r  wave numbers less than KO 
can apprec iab ly  change t h e  measured f l u c t u a t i o n  l e v e l s .  

Lo, with 
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3 .  ANALYSIS OF PASSIVE DETECTION METHODS 

3 . 1  Rayleigh S c a t t e r i n g  

3 . 1 . 1  Detec t ion  S e n s i t i v i t y .  I f  t h e  t u r b u l e n t  r eg ion  i s  
c h a r a c t e r i z e d  by an average dens i ty  d i f f e r e n t  f r o m t h a t  of t h e  
und i s tu rbed  surrounding a i r  o r  by dens i ty  v a r i a t i o n s  w i t h i n  
t h e  t u r b u l e n t  v o l u m e ,  t h e  information c o n t a i n e d  i n  t h e  
s c a t t e r e d  s u n l i g h t  can be u t i l i z e d  t o  d e t e c t  i t .  I n  view of 
e x i s t i n g  knowledge on temperature g r a d i e n t s  connected w i t h  
t u rbu lence  (e.g., Endlich and Mancusco ( 1 9 6 4 ) ,  and Fusca (1964) ) ,  
r a t h e r  than  those  a s s o c i a t e d  with t h e  gene ra l  meteorology of 
CAT-prone s i t u a t i o n s  ( e . g . ,  McLean (1965)), we can reasonably 
expect  d e n s i t y  d i f f e r e n c e s  a r i s i n g  from temperature d i f f e r -  
ences .  The d e t e c t i o n  of such dens i ty  d i f f e rences  by s c a t t e r e d  
r a d i a t i o n  measurements may be considered,  u s i n g  e i t h e r  a 
s i n g l e  d e t e c t o r  o r  two d e t e c t o r s  w i th  c rossed  f ie lds-of -v iew.  
The s ing le  d e t e c t o r  geometry is  shown i n  Figure 8 ,  and t h e  exten-  
sion t o  a two-detector  c o r r e l a t i o n  method i s  s t r a igh t fo rward .  

Detector 
S y s  tern F i e l d  of V i e w  

of De tec to r  

-r .-. 
\- 
d r  

F igu re  8 S ing le  Detector  Geometry 

The d e t e c t o r  f ie ld-of -v iew scans i n  e i t h e r  a h o r i z o n t a l  
o r  v e r t i c a l  p l ane  (or both)  wi th  some t o t a l  angular  coverage. 
T h e  i n t e n s i t y  o f  t h e  r a d i a t i o n  seen by t h e  d e t e c t o r  a t 
one i n s t a n t  i n  t i m e  i s  given by 

where 

Ho i s  the  f l  x d e n s i t y  a t  t h e  s c a t t e r i n g  volume (watts/cm Y ) 
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(A,@) i s  t h e  Rayleigh s c a t t e r i n g  func t ion  f o r  a s i n g l e  
molecclle f o r  wavelength h and s c a t t e r i n g  angle 8 

2 A i s  t h e  a r e a  of t h e  c o l l e c t o r ,  (cm ) 

r i s  t h e  d i s t a n c e  from t h e  detector , (cm) 

y i s  t h e  angular  f ie ld-of-view,  ( r a d i a n s ) ,  and 

N(r) i s  number dens i ty  a t  d i s t a n c e  r ( ~ r n - ~ ) .  

The s c a t t e r i n g  f u n c t i o n  f o r  unpolar ized l i g h t  can be expressed 
as 

4 

where a i s  the  p o l a r i z a b i l i t y  of a i r .  I f  t h e  c o l l e c t o r  diam- 
e t e r  i s  d ,  t hen  

00 
2 

I =  .rr6 (‘Os “ I 2  Ho N(r)dr  ( w a t t s ) .  
2 A  

i f  
of 
Ch 

A t  a time t l a t e r ,  N ( r )  will have changed t o  N ’ ( r ) ,  
tu rbulence  i s  p resen t ,  owing t o  t h e  change i n  the  number 
s c a t t e r i n g  c e n t e r s  along t h e  f ie ld-of -v iew of the  d e t e c t o r .  

anges i n  e l e v a t i o n  angle  of t h e  f ie ld-of -v iew would a l s o  
a l t e r  N ( r ) ,  and t h i s  po in t  i s  d iscussed  when s t a b i l i t y  r e -  
quirements a r e  cons idered .  The new rece ived  i n t e n s i t y  w i l l  
be w r i t t e n  as 1’. We can r ep resen t  N ’ ( r )  by 

N ’ ( r )  = N(r) - + AN(r) 

i . e . ,  t h e  number dens i ty  ‘ d i s t r i b u t i o n  with no turbulence  p lus  
a tu rbulence  compment ( e i t h e r  p o s i t i v e  o r  nega t ive ) .  W e  con- 
s i d e r  AN(r) t o  be zero  ol l ts ide the  t u r b u l e n t  reg ion .  Tur- 
bulence d e t e c t i o n ,  t h e r e f o r e ,  means measuring AN(r) o r ,  r a t h -  
er ,  t h e  change i n  t h e  i n t e n s i t y  of t h e  s c a t t e r e d  r a d i a t i o n  
r e s u l t i n g  from AN(r). This could be accomplished i n  t h e  f o l -  
lowing way. I f  a s i n g l e  d e t e c t o r  on board an a i r c r a f t  scans 
a p o r t i o n  of t h e  sky ahead of t h e  a i r c r a f t ,  then s p a t i a l  v a r i -  
a t i o n s  i n  s c a t t e r e d  i n t e n s i t y  could, i n  theory,  be measured. 
To assess the  magnitude of t he  f l u c t u a t i o n s ,  we w i l l  cons ider  
t h e  d i f f e r e n c e  s i g n a l  

S = K II’-II a t  h = 0 . 5 ~  
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where K i s  t h e  r a d i a n t  s e n s i t i v i t y  of t he  photocathode i n  
amps/watt. The abso lu te  va lue  of t h e  d i f f e r e n c e  i s  used, 
s i n c e  we cannot say  a p r i o r i  what the s i g n  of t h e  tempera- 
t u r e  f l u c t u a t i o n  w i l l  be .  

Since we are us ing  s c a t t e r e d  s u n l i g h t  f o r  d e t e c t i o n  
of tu rbulence ,  photomul t ip l ie rs  are t h e  l o g i c a l  choice  f o r  
d e t e c t o r s ,  i n  view of the  predominant s c a t t e r i n g  i n  t h e  s h o r t  
wavelength p o r t i o n  of t h e  v i s i b l e  spectrum. For such a photo- 
emissive device,  t h e  noise  w i l l  be t h a t  due t o  I ( i , e . ,  t h e  
background-induced sho t  no i se  w i l l  be  much g r e a t e r  than t h e  
d e t e c t o r  dark n o i s e ) .  The r m s  va lue  of t h e  s h o t  no i se  i s  
given b y  

N = (2eKIAf) 112 . 

The r e s u l t i n g  s igna l - to-noise  r a t i o  (at  t h e  cathode)  i s  then  

S -  K]I 1-11 
N (2eKIAf) 112 
- -  

S u b s t i t u t i n g  f o r  I and I t ,  we f i n d  t h a t  

LJo 
where 

and t h e  l i m i t s  on t h e  i n t e g r a l  i n  t h e  numerator are from 
R -(Lr/2) t o  Ro+(Lr/2) with 
o!! t h e  tu rbu len t  volume and 
volume along r .  

Ro 
L, 

t he  d i s t a n c e  t o  t h e  c e n t e r  
t h e  e x t e n t  of t h e  tu rbu len t  

I f  we c h a r a c t e r i z e  AN(r) and N(r) by some s u i t a b l e  
space-averaged values and i n t e g r a t e  over  appropr i a t e  l i m i t s ,  
we  can eva lua te  t h i s  express ion  f o r  sorne reasonable  i n s t r u -  
mental  parameters,  We w i l l  u se  

AN(r)dr = (m)L, 
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and Lrn N(r)dr  - ~ 2 0 ~ : ~ r  = 2 x 10 7 No c m  

- with No t h e  d e n s i t y  a t  10 km and AN t h e  space average of 
A N ( r )  over  t h e  t u r b u l e n t  volume viewed a t  any i n s t a n t  of t i m e .  
Then, 

7 1 / 2  (2  x 10 No) 

I f  we assume t h a t  

e = 90" 

d = 15 c m  

y = 2 x r ad ian  

a = 3 x 1 0  c m  

h = 0 . 5 ~  

-24  3 

2 = 5 x w a t t s / c m  (AA = 0.1l.L) HO 

K = 5 x amps/watt 

e = 1 . 6  x 10 -I9 coulombs 

= 8 . 6  x cm-3 
NO 

nf = 100 cps, 

then  

We can re la te  nN t o  temperature v a r i a t i o n s  s i n c e  

7 From d a t a  obtained by P r o j e c t  J e t  S t r e a m  F l i g h t s ,  a 
AT of t w o  t o  t h r e e  degrees i s  many t i m e s  found t o  extend 
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over 10 t o  40 m i l e s  i n  t h e  h o r i z o n t a l  d i r e c t i o n  (Endlick and 
Mancrlsco 1964).  While not  a l l  such temperature  changes can 
be obviously r e l a t e d  t o  t h e  recorded turbulence ,  t h e  c lear  
c o r r e l a t i o n s  between turbulence and s t r e t c h e s  of pronounced 
temperature v a r i a t i o n s  are s u f f i c i e n t  t o  warrant  us ing  t h e  
value 

Glagolev (1964) has published d a t a  on v e r t i c a l  temperature 
g r a d i e n t s  of s imi la r  magnitude. The ve r t i ca l  scales are 
q u i t e  d i f f e r e n t  thoiJgh, as i s  t o  be expected from considera-  
t i o n s  of t h e  rea l  atmosphere (Reiter 1966). 

r a t i o  of 

- 
With t h i s  value f o r  AN/No,  we have a s igna l - to-noise  

1’2 x IO-* c m  Lr(No) 
13 - S = 5 x 10- 

N 

S 5 - = 1.45 x 10- N Lr 

where L r  i s  t h e  s i z e  of a tu rbu len t  module measured i n  
cen t ime te r s .  When t h i s  express ion  i s  r e v e r s e d  a n d  t h e  
u n i t s  of Lr changed, 

S 
N Lr = 0 .7  - ki lometers  

Thus, i f  we take  t h e  minimsm u s e f u l  S / N  r a t i o  t o  be two, a 
turbulence module 1.4 km i n  diameter  may j u s t  be de t ec t ed .  

I n  p r a c t i c e ,  of course, t h e r e  w i l l  be a CAT rag ion ,  prob- 
ab ly  10 t o  60 km i n  e x t e n t ,  involving a wide spectrum of eddy 
s i z e s .  Although t h e  r e l a t i v e  importance of eddy s i z e  has no t  
been c l e a r l y  e s t a b l i s h e d ,  it has been suggested t h a t  t h e  range 
30 t o  600 m i n  t h e  h o r i z o n t a l  p lane  i s  most s i g n i f i c a n t  f o r  
subsonic  a i r c r a f t  (Cobson 1966). For supersonic  a i r c r a f t  we 
may expect  an appropr ia te  i n c r e a s e  i n  t h e  s i z e  of eddies  t h a t  
are s i g n i f i c a n t .  The s i g n a l  rece ived  by t h e  d e t e c t o r  i s  t h e  
i n t e g r a t i o n  alo2g t h e  l i n e - o f - s i g h t  of  t h e  d e t e c t o r  and w i l l  
inc lude  a l a r g e  num5er of eddies .  I f  a mean s i z e  i n  t h e  mid- 
d l e  of t h e  range of i n t e r e s t  e.g., 300 m i s  used, t h e r e  w i l l  be 
of t h e  order  of 120 eddies  i n  t h e  f ie ld-of -v iew of t h e  de tec-  
t o r .  Cont r ibu t ions  from each of t h e s e  edd ie s  w i l l  add up i n  a 
random fash ion;  t h e r e f o r e ,  t h e  f l u c t u a t i n g  s i g n a l  produced 
when t h e  d e t e c t o r  i s  scanning w i l l  be approximately an order  
of magnitude g r e a t e r  than  the  s i g n a l  produced by movemsnt o f a  
s i n g l e  eddy i n  or o-it of t h e  d e t e c t o r  f ie ld-of -v iew.  
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When a 300-m eddy s i z e  i s  used, t h e  S / N ' r a t i o  obtained 
with a s i n g l e  eddy i s  -0.5. Thus, cons ider ing  t h e  i n t e g r a t e d  
e f f e c t  throligh t h e  CAT reg ion ,  the s i g n a l  f l u c t u a t i o n s  due t o  
the presence of CAT should be f i v e  t i m e s  g r e a t e r  than t h e  r m s  
n o i s e  f l u c t u a t i o n s .  

Considering t h e  c o n t r i b u t i o n  of l a r g e r  edd ie s ,  t h e  S / N  
r a t i o  for  a s i n g l e  eddy i s  d i r e c t l y  p r o p m t i o n a l  t o  eddy s i z e ,  
whereas t h e  f l u c t u a t i n g  s i g n a l i s  increased  as t h e  square r o o t  
of the n u d e r  of eddies  along the  d e t e c t o r  l i n e - o f - s i g h t .  Thus, 
doubling t h e  eddy s i z e  increases t h e  r e l a t i v e  value of t h e  
f l u c t u a t i o n s  b y L 4 ,  r e l a t i v e  t o  t h e  r m s  no i se  which w i l l  re- 
main cons t an t .  I n  t h e  o t h e r  d i r e c t i o n ,  i t  should be p o s s i b l e  
t o  d e t e c t  eddies  do-m t o  s i z e s  of 60 m v i t h  a S/N r a t i o  of 2 .  

rad ian ,  a 60-rn eddy w i l l  not  f i l l  t h e  f ie ld-of -v iew a t  60 km. 
This w i l l  a l s o  decrease t h e  c o n t r i b u t i o n  of t h e  smal le r  eddy 
s i z e s  t o  t h e  f l u c t u a t i n g  s i g n a l  measured by the d e t e c t o r .  
The s i z e  of the  turbulence module measured f o r  a given S/N 
is. then 

It shoiJld be noted t h a t  wi th  a f ie ld-of -v iew of 2 x  

= 0.7 S (km). 
Lr 

The minimum value of L r  can be decreased ( f o r  a f i x e d  
S/N) by changing some ins t rumen ta l  and geometr ical  parameters .  
Since t h e  s c a t t e r i n g  angle  w i l l  vary,  a decrease i n  L r  of 
&?-is poss ib l e  f o r  cer ta in  f l i g h t s .  The a p e r t u r e  of 15 c m  
could, of course,  be inc reased ,  bu t  i t  i s  doub t fu l  i f  i t  i s  
p r a c t i c a l  t o  make i t  mich l a r g e r .  This  leaves  only t h e  f i e l d -  
of-view as a v a r i a b l e .  The f i e l d  angle  can c e r t a i n l y  be i n -  
creased over t h e  2 x 10-3 r a d i a n  used i n  t h e  c a l c u l a t i o n .  
Such an i n c r e a s e ,  however, w i l l  r e s u l t  i n  a decrease of t h e  
s i g n a l  c o n t r i b u t i o n  from t h e  sma l l e r  eddies  ((60 m) s i n c e  they 
w i l l  not  f i l l  t h e  f ie ld-of -v iew.  

I n  e s t a b l i s h i n g  the  eddy s i z e  t o  be avoided o r  f o r  which, 
at  l e a s t ,  p recaut ions  a r e  t o  be taken  p r i o r  t o  p e n e t r a t i o n ,  
one must condider passenger comfort and s t r u c t u r a l  f a t i g u e ,  
as we l l  as a i r c r a f t  c o n t r o l  and s a f e t y .  On the  b a s i s  of p i l o t  
r e p o r t s  of CAT p e n e t r a t i o n s  (Ragland, e t  a l . ,  1964) a t  t y p i c a l  
subsonic j e t  speeds,  eddy s c a l e s  i n  t h e  range 30 t o  600 m 
caused t h e  m m t  discomfort  t o  passengers ,  and l e d  t o  t h e  
g r e a t e s t  a i r c r a f t  c o n t r o l  problems. It i s  no t  a t  a l l  c l e a r  
a t  t h i s  po in t  what e f f e c t  eddy s i z e  has  on s t r u c t u r a l  f a t i g u e  
caused by repeated turbulence  encounters  (MacReady, e t  a l . ,  
1965, Hardrath 1955) .  

3 . 1 . 2  Atmos h e r i c  S c a t t e r i n g .  The preceding c a l c u l a t i o n s  have 
shown x g t  +- t e u s e  of s p a t i a l  inhomogeneities i n  s c a t t e r e d  
sun l igh t  i s  a p o s s i b l e  method f o r  CAT d e t e c t i o n  i n  t h e  daytime. 
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I n  ana lyz ing  t h i s  approach, we have been concerned only with 
an i d e a l i z e d  s i t u a t i o n  f o r  which turbulence  d e t e c t a b i l i t y  was 
computed. We have used t h e  concept of molecular s c a t t e r i n g  
only ,  s i n c e  i n c l u s i o n  of M i e  s c a t t e r i n g  makes t h e  mathemati- 
c a l  treatmmt much more d i f f i c u l t .  A more r e a l i s t i c  atmos- 
phere i s  now examined t o  determine t h e  v a l i d i t y  of t h e  model 
used .  

The r ad iance  of a u n i t  volume of t h e  atmosphere i s  de- 
termined bythe angular  volume-scat ter ing c o e f f i c i e n t  t o  which 
bo th  molecular and p a r t i c u l a t e  mat te r  c o n t r i b u t e .  A t  a l t i -  
t udes  of -10 km, t h e  i n t e g r a t e d  c o e f f i c i e n t s  a r e  roughly the  
Sam? so t h a t  we must cons ider  both types  of processes .  Mo- 
l e c u l a r  s c a t t e r i n g  can be t r e a t e d  i n  a s t r a i g h t f o r w a r d  fashion 
i n  i t s  angular  and a l t i t u d e  dependencies.  Mie s c a t t e r i n g  by 
a e r o s o l s  i s  q u i t e  coinplicated; t h e r e f o r e ,  we have used mea- 
su red  va lues  of s k y  r ad iance .  

The degree of depar ture  from a molecular atmosphere de- 
pends on a l t i t u d e .  From t h e  work of Volz and Goody (1962) , 
i t  appears  tha t ,  at a l t i t u d e s  of -10 km, t h e  volume c ross  sec-  
t i o n s  f o r  molecular and a e r o s o l  t o t a l  s c a t t e r i n g  are about 
e q u a l .  Doubling t h e  i n t e n s i t y  computed from molecular scat- 
t e r i n g  w o ~ ~ l d ,  t h e r e f o r e ,  appear t o  be s u f f i c i e n t  for t ak ing  
a e r o s o l  s c a t t e r i n g  i n t o  account.  An examination of s c a t t e r -  
i n g  theory ,  however, shows t h a t  t h i s  equat ion  must be used 
wi th  c a u t i o n .  The reason f o r  t h i s  can be seen from Figures9 
and 10, which d e p i c t  t h e  s c a t t e r e d  i n t e n s i t y  as a func t ion  of 
s c a t t e r i n g  angle  f o r  t h e  two types of s c a t t e r i n g .  Since we 
are d e a l i n g  with unpolar ized  inc iden t  l i g h t ,  t h e  curves  f o r  
t h e  two p o l a r i z a t i o n s  are no t  shown. Rayleigh s c a t t e r i n g  
l eads  t o  an angular  dependence w i t h  minima a t  90" ang le s ,  
b u t  w i t h  symmetry about bo th  the 90 t o  290" and 0 t o  180' 
a x e s .  Aerosol s c a t t e r i n g ,  on t h e  o t h e r  hand, e x h i b i t s  a 
very  s t r o n g  forward lobe wi th  a r a t i o  of 100 p o s s i b l e  f a r  
forward-to back-sca t te red  l i g h t .  

3 .1 .3  Molecular S c a t t e r i n  y .  For a volume of atmos- 
p h e r i c  molecules,  T-+ t e s o  u t i o n  Theor t o  t h e  gene ra l i zed  s c a t t e r i n g  - 
equa t ions  a r e  size-independent ( see ,  e .g . ,  Van de Hu l s t ,  1957). 
This  r eg ion ,  where t h e  diameter of t h e  s c a t t e r e r  i s  much less 
than  t h e  wavelength, i s  connnonly c a l l e d  t h e  Rayleigh r eg ion .  
For  i n c i d e n t  unpolar ized  l i g h t ,  t h e  b r i g h t n e s s  of a scatter-  
i n g  volume i s  given by 
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90" 

270" 

Figure  9 Rayleigh Angular Funct ion 

0" 

Figure  10 Typica l  Mie Angular Function 
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Here , 
a i s  t h e  

e i s  t h e  

h i s  t h e  

N i s  t h e  

Io i s  t h e  

d-l, i s  the  
(cm) 

3 molecular p o l a r i z a b i l i t i e s  (cm ) , 
s c a t t e r i n g  angle  (deg) , 
wave length (cm) , 
number dens i ty  i n  t h e  volume ( ~ m - ~ ) ,  

i n c i d e n t  f l u x  d e n s i t y  ( w a t t s / c m  ), and 

length  of t h e  volume along t h e  l i n e - o f - s i g h t ,  

2 

The pa th  b r i g h t n e s s  i s  simply 

where t h e  i n t e g r a l  i s  over t h e  pa th .  The r e s u l t i n g  i r r a d i a n c e  
a t  t h e  c o l l e c t i n g  su r face  of an o p t i c a l  s y s t e m  is ,  thus ,  

I = L u  

where LU i s  t h e  s o l i d  angle  of c o l l e c t i o n .  The number den- 
s i t y  w i l l  be a func t ion  of t h e  pa th  al though,  excluding CAT 
e f f e c t s ,  w e  can assume t h a t  i t  depends only t h e  e l e v a t i o n  
angle  and, because of s p h e r i c a l  symmetry, no t  on azimuth. 

The number dens i ty ,  as a func t ion  of a l t i t u d e ,  can be  
approximated by an exponent ia l  dependence of t h e  form (Valley 
1965). 

-h/H N ( h )  = Noe Y 

where No i s  t h e  s e a - l e v e l  dens i ty  and H i s  t h e  s c a l e  h e i g h t .  
I n  t e r m s  of the  num5er dens i ty  a t  sone a l t i t u d e  
be w r i t t e n  ho t h i s  can 

N(h) = N(ho) exp -(h-ho/H). 

I n  gene ra l ,  t h e  r e l a t i o n  between h and 4 involves  t h e  path-  
e l e v a t i o n  angle ,  and t h e  path i n t e g r a l  may be d i f f i c a l t  t o  
e v a l u a t e .  The d e t e c t i o n  of CAT w i l l  have t o  be accomplished 
w i t h  a nea r -ho r i zon ta l  pa th .  F igure  11 i l l u s t r a t e s  t h e  geom- 
e t r y  of a h o r i z o n t a l  pa th  f o r  which 
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. . . - 

a 
-7 

-e2 = (h - ho)(2R + h + ho) 
where R i s  t he  r ad ius  of t h e  e a r t h  ( -6370 km) . Neglect ing 
h + ho r e l a t i v e  t o  2R and r ewr i t i ng ,  we have 

h - h o - - -  - .e2 
2R 

S u b s t i t u t i o n  i n t o  t h e  dens i ty  equat ion  then  gives  

N(h) = N (ho) exp (-t2/2RH) 

The i r r a d i a n c e  then becomes 

I = A (1 + cos N(ho) exp (-.?/2RH) d & .  
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A f t e r  a simple i n t e g r a t i o n ,  we  o b t a i n  

I = A (1 + cos 2 e )  N(ho)(rRH/2) 1 / 2  . 

For  viewing along t h e  l o c a l  h o r i z o n t a l ,  t h e  s c a t t e r i n g  
angle  9 i s  r e l a t e d  t o  t h e  azimuth angle 3 r e l a t i v e  t o  t h e  
sun and t h e  s o l a r  e l e v a t i o n  angle  cp by 

COS e = COS 9, COS q .  

The s p a t i a l  b r i g h t n e s s  d i s t r i b u t i o n  i n  t h e  h o r i z o n t a l  plane 
i s  thus  determined by t h e  i n t e r s e c t i o n  of t h e  plane and t h e  
s u r f a c e  of r evo lu t ion  generated by r o t a t i o n  of t h e  c r o s s  
s e c t i o n  i n  F igure  9 about i t s  long a x i s .  

3 . 1 . 4  Aerosol S c a t t e r i n g .  
-0.03 =an be t r e a t e d  according t o  t h e  theory of molecillar 
s c a t t e r i n g .  D i f f r a c t i o n  e f f e c t s  become impartant f o r  l a r g e r  
p a r t i c l e s ,  and Maxwell's equa t ions  then need t o  be solved f o r  
t h e  i n d i v i d u a l  ca se .  Exact s o l u t i o n s  can be f o m d  only f o r  
simple g e o n e t r i c  su r faces  : Approximate s o l u t i o n s  must be ac- 
cepted f o r  more conp l i ca t ed  boundaries of d i s c o n t i n u i t y .  A 
number of e x c e l l e n t  r e v i e w s  a r e  a v a i l a b l e  so  t h a t  we w i l l  
i n d i c a t e  only b r i e f l y  the  formula t ion  and the  d i f f i c d l t i e s  
i n  applying even approximations t o  atmospheric a e r o s o l  s c a t -  
t e r i n g .  We w i l l  then desc r ibe  sone of t he  experimental  re- 
s u l t s  t h a t  a r e  a v a i l a b l e .  

Small p a r t i c l e s  up t o  s i z e s  of 

The case  of i s o t r o p i c  spheres  of r a d i u s  r i s  the  
s imples t  and was solved by Mie (1908). An inc ident -p lane  
monochromatic wave f a l l s  on the  sphere .  A t  a d i s t a n c e  l a r g e  
coinpared t o  t h e  p a r t i c l e  r a d i u s  ( f a r  f i e l d )  t he  i n t e n s i t y  i s  
given as 

I = Io f ( A , r , n , e ) ,  

where 

Io i s  the  i n c i d e n t  i n t e n s i t y ,  

h i s  the  wavelength, 

r i s  t h e  sphere r a d i u s ,  

n i s  t h e  index of r e f r a c t i o n  r e l a t i v e  
t o  t h e  d i s p e r s i o n  medium, and 

8 i s  the  s c a t t e r i n g  ang le .  
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For i n c i d e n t  unpolar ized l i g h t ,  t h e  i n t e n s i t y  a t  a n  angle 8 
and a d i s t a n c e  d froin t h e  p a r t i c l e  can be w r i t t e n  as 

I (8 ,n )  = IlZk2d2 [il(a,n,O) + i2 (a ,n ,6 i .  

Here, a = 2nr/h,  k = 2n/h. 
The angular  s c a t t e r i n g  c o e f f i c i e n t  i s  

Alpha i s  called t h e  s ize  parameter.  

ig = (2ak2)-k (il + i2), 

where t h e  paramet r ic  dependencies have been dropped. We can 
i n t e r p r e t  
s o l i d  ang le  i n  t h e  d i r e c t i o n  8 f o r  u n i t  f l u x  inc iden t  on 
t h e  geometric p a r t i c l e  c r o s s  s e c t i o n .  For  computations of a t -  
mospheric s c a t t e r i n g ,  t he  angular-volume s c a t t e r i n g  c o e f f i c i e n t  
given by 

i e  as t h e  f l u x  s c a t t e r e d  by one p a r t i c l e  pe r  u n i t  

i s  more h e l p f u l .  Here, i s  t h e  r a t i o  of t h e  f l u x  s c a t t e r e d  
by a u n i t  volume of homogeneous ae roso l ,  with namber d e n s i t y  
N i n t o  u n i t  s o l i d  angle  i n  d i r e c t i o n  8, t o  t h e  f l u x  i n c i -  
dent on t h e  u n i t  c r o s s  s e c t i o n  of t h i s  volume. 

The atmosphere con ta ins  d i f f e r e n t  s i z e  p a r t i c l e s  so  t h a t  
must be expressed as an i n t e g r a l  over t h e  s i z e  d i s t r i b u t i o n .  ie 

I n  a d d i t i o n ,  t h e  p a r t i c l e s  are not  a l l  s p h e r i c a l ,  thus  neces- 
s i t a t i n g  f u r t h e r  approximations and complex numerical  evalua- 
t i o n s .  The complexity of t h i s  procedure can be seen i n  t h e  
review by B u l l r i c h  (1964). 

p a r t i a l  wave s o l u t i o n s  from t h e  a i f f r a c t i o n  theory  and have 
t h e  form 

The i n t e n s i t y  func t ions  i and i 2  are t h e  sums of t h e  

The c o e f f i c i e n t s  an and b, depend on t h e  size parameter 
and t h e  r e f r a c t i v e  index n,  and can be  obtained i n  terms of 
s p h e r i c a l  Bessel func t ions .  The angle-dependent func t ions  rn 

33 



and -rn are f i r s t  a n d  s e c o n d  d e r i v a t i v e s  of Legendre 
polynomials of  order  n and argumentcos 8. The d e t a i l e d  
r e l a t i o n s  are discussed by Van de Huls t  (1957) and B u l l r i c h  
(1964), among o the r s .  

It i s  c lear  t h a t  any a t tempt  t o  inc lude  a reasonably 
a c c u r a t e  d e s c r i p t i o n  of p a r t i c u l a t e  s c a t t e r i n g  a t  a i r c r a f t  
a l t i t u d e s  would involve a l a r g e  computational e f f o r t .  I n  
a d d i t i o n ,  i t  i s  unce r t a in  t h a t  t h e  r e s u l t s  would be s u f f i -  
c i e n t l y  meaningful when atmospheric v a r i a b i l i t y  i s  cons idered .  
W e  w i l l ,  t he re fo re ,  use experimental  r e s u l t s  t o  develop a de- 
s c r i p t i o n  of expected s c a t t e r e d  i n t e n s i t i e s .  

3.1.5 Measurements on S c a t t e r i n g .  
a b l e  d e t e c t i o n  system it i s  necessary  t o  know t h e  mean s i g n a l  
expected,  as w e l l  as the  v a r i a t i o n s  of  the mean s i g n a l  w i t h  
t i m e .  W e  have pointed ou t  t h a t  t h e  t o t a l  c o e f f i c i e n t s  f o r  
molecular  and a e r o s o l  s c a t t e r i n g  are roughly t h e  same a t  a l -  
t i t u d e s  o f -10  km. The angular  s c a t t e r i n g  f u n c t i o n  f o r  par-  
t i c l e  s c a t t e r i n g  i s ,  however, heavi ly  peaked i n  the  forward 
lobe so t h a t  a e r o s o l  s c a t t e r i n g  must c e r t a i n l y  be cons idered  
i n  t h e  a n a l y s i s  f o r  c e r t a i n  cases. The d i f f i c u l t i e s  encoun- 
t e r e d  i n  applying the  theory o f  l a r g e - p a r t i c l e  s c a t t e r i n g  can 
be seen  from t h e  preceding b r i e f  d i scuss ion .  W e  can  b e n e f i t  
much more by cons ider ing  some of t h e  d a t a  obta ined  from air-  
borne measurements. 

I n  the  s e l e c t i o n  o f  a s u i t -  

A comprehensive series o f  measurements w a s  made by 
Clark (1964). I n  these  f l i g h t s ,  sky b r i g h t n e s s  and p o l a r i -  
z a t i o n  were measured a t  a l t i t u d e s  from 6 t o  21  km. Clark  
a l so  measured the  s p e c t r a l  d i s t r i b u t i o n  bu t  t h e  d a t a  w e r e  n o t  
reduced. The b r igh tness  i s  given i n  photometric u n i t s  s o  t h a t  
i t  cannot be used i n  a b s o l u t e  t e r m s .  The s p a t i a l  d i s t r i b u t i o n  
i s  q u i t e  important,  however, and t h e  graphs given by Clark  are 
q u i t e  i l l u s t r a t i v e .  Figure 11 i s  a t y p i c a l  isolume presenta-  
t i o n  i n  a n  almucantor coord ina te  system. Any two-dimensional 
r e p r e s e n t a t i o n  of  t he  s p h e r i c a l  coord ina te  system raises prob- 
l e m s  o f  i n t e r p r e t a t i o n .  In  t h e  chosen g r a p h i c a l  approach, t h e  
isolume curves have t o  be compared t o  curves  r e p r e s e n t i n g  t h e  
i n t e r s e c t i o n  of a su r face  def ined  by t h e  s c a t t e r i n g  ang le s ,  
and t h e  su r face  descr ibed by the  angular  s c a t t e r i n g  func t ions .  
I n  a molecular atmos here ,  t he  observed s c a t t e r i n g  w i l l  be 
symmetrical about 90 and 180" s c a t t e r i n g  angles .  That  rea- 
sonable  symmetry around the  180' d i r e c t i o n  ex is t s  can be seen. 
Symmetry around 90" i s  a l s o  p re sen t ,  b u t  t h e  in f luence  of  f o r -  
ward s c a t t e r i n g  from p a r t i c l e s  becomes large i n  t h e  quadrant  
cen te red  on the sun. Figure 1 2  i l l u s t r a t e s  t h i s  behavior  
q u i t e  w e l l .  With the  sun a t  the  hor izon ,  t h e  shape of the 
isolume curves i s  t h a t  expected f o r  a molecular  atmosphere 
w i t h  t h e  M i e  forward lobe added t o  i n c r e a s e  t h e  forward- t o  
back-sca t te red  t a t i o  t o  1O:l. Figure 13 i s  f o r  50,000 f t .  

t 
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Isolumes i n  f t - l amber t s  
Albedo = 26% 

Reference t o  Data Sheet 
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Figure 12 Isolume P l o t  Showing Br ightness  of Sky 
at 30,000-ft Altitude' (F l igh t  Number 1-23-6401} 
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Figure 13 Isolume Plot Showing Brightness of Sky 
at 50,000-ft Altitude ( F l i g h t  Number 1-23-64) 
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A t  30,000 f t  t h e  e f fec t  of  a e r o s o l  s c a t t e r i n g  appears  t o  be 
somewhat s t r o n g e r  and the  depa r tu re s  from Rayleigh symmetry 
are more pronounced. F igure  14 i l l u s t r a t e s  t h i s  po in t .  

We are concerned mainly w i t h  the  b r igh tness  nea r  t h e  
horizon. On the  b a s i s  of C l a r k ' s  measurements, w e  can ex- 
pec t  a v a r i a t i o n  of  two t o  t h r e e  i n  going from a 180" a z i -  
muth re la t ive t o  t h e  sun, t o  a z e r o  relative azimuth i n  most 
cases. Only when the  sun i s  near  the  horizon i s  t h e  r a t i o  
of forward- t o  back-sca t te red  r a d i a t i o n  larger ,  reaching  
va lues  near  10. I n  t h i s  low-sun-angle s i t u a t i o n ,  t he  g l a r e  
c o r r e c t i o n  f o r  C la rk ' s  instrument  becomes very  l a r g e ,  ap- 
proaching the  measured b r i g h t n e s s  a t  t i m e s .  A ques t ion ,  
t h e r e f o r e ,  exis ts  about  t h e  r e l i a b i l i t y  of the  d a t a  a t  low- 
s c a t t e r i n g  angles .  R e s t r i c t i n g  t h e  l i ne -o f - s igh t  t o  ang le s  
of more than  -15" from the  sun w i l l  keep the  b r i g h t n e s s  
changes t o  no more than  a f a c t o r  of five. 

3.1.6 S igna l  F l u c t u a t i o n s  Due t o  Angular Changes. The mea- 
surement o t  t1 u c t u a t i o n s  i n  s c a t t e r e d  l i g h t  can be i n f l u -  
enced by, among o t h e r  t h i n g s ,  changes i n  the  l i n e - o f - s i g h t  
of t he  photometer. Because of t h e  p r o p o r t i o n a l i t y  o f  t h e  
measured i n t e n s i t y  and t h e  t o t a l  number of sca t te rs  i n  the  
f i e l d ,  t i l t i n g  the  o p t i c a l  axis from the  h o r i z o n t a l  w i l l  i n -  
troduce changes i n  t h e  de t ec t ed  s i g n a l  a t  the  frequency of 
t he  angular  changes. The reasonable  assumption t h a t  any 
p i t ch ing  of  t h e  a i rcraf t  gives rise t o  much lower frequen- 
c i e s  i n  t h e  s i g n a l  than  are achieved by scanning the  volume 
ahead of t h e  a i r c r a f t  a l lows  e l e c t r o n i c  s u p p r e s s i o n  of 
a i r c ra f t - induced  f l u c t u a t i o n s .  

Consider t he  geometry of Figure 11. The normal l i n e -  
o f - s igh t  i s  taken a long  t h e  l o c a l  ho r i zon ta l  and the  l i ne -o f -  
s i g h t  a f t e r  an angu la r  change i s  shown, a t  some angle  A a  
t o  t h e  ho r i zon ta l .  Admittedly, one should cons ide r  bo th  
Rayleigh and M i e  s c a t t e r i n g ;  a t  t h e  a l t i t u d e s  w e  are con- 
s i d e r i n g ,  however, molecular s c a t t e r i n g  normally precomi- 
na t e s  (except  a t  s m a l l  s c a t t e r i n g  ang le s ) ,  and t h e  mathe- 
matical t rea tment  u s ing  only molecular s c a t t e r i n g  i s  q u i t e  
simple. 

The range 4, t o  any elemental  volume a t  a l t i t u d e  h 
i s  given by 

aL = (h  - ho)(2R + h + ho) ,  

i s  the  a l t i t u d e  of 
Since R where r ad ius  o hi! the  e a r t h .  

t h e  a i rcraf t  and R i s  the  
= 6370 km >> h o r  ho, we  have 

n n 

LL = (113)L(h - ho) km. 
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Figure 14 Isolume Plot Showing Brightness of Sky 
at 30,000-ft Alt i tude  (F l igh t  Number 1-23-64-1) 
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For small angular  change A a ,  w e  have 

Ah = k A a .  

This  approximation i s  good t o  0.5 percent  a t  A a  = 1 degree.  
We w i l l  assume t h e  same d e n s i t y  d i s t r i b u t i o n ,  

N(h) = Noexp(-h/H), 

f o r  t h e  atmosphere used previous ly  (Valley,  1965), where No 
i s  the  number d e n s i t y  a t  sea level and H i s  the  scale he igh t  
a t  a l t i t u d e  h. Because of t h e  angular  change, each e lementa l  
volume w i l l  have a number d e n s i t y  d i f f e r i n g  from the  horizon-  
t a l  path.  The d i f f e r e n c e  i s  given by 

Ah AN(h) = -N IT- 

AN(&) = -N 4.. E A a  

The d i f f e r e n c e  i n  t h e  s i g n a l  w i l l ,  t h e r e f o r e ,  be p ropor t iona l  
t o  

I w A N ( & ) d &  - Acid& 

I n  t e r m s  of t he  number d e n s i t y  a t  a l t i t u d e  ho(L = 0) ,  w e  have 

The f r a c t i o n a l  change i n  s i g n a l ,  a f t e r  s u b s t i t u t i o n  f o r  
( h  - ho) ,  i s  lm AN(&)d& H Lm&exp(-aa2)d.f, 

- - 
9 

N(&)d& 

where a = (2RH)". 
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A f t e r  i n t e g r a t i o n ,  w e  have 

With R = 6370 km and H = 8 km, w e  have 

= -22.6 A a .  

For a one-degree angle  change (Aa = 1.745 x r a d ) ,  

$$ = 0.39. 

T h i s  r e s u l t  i s  c o n s i s t e n t  w i t h  F igures  12, 13,and 14. There- 
f o r e ,  i f  w e  r e q u i r e  f l u c t u a t i o n s  because of changes i n  the  
l i n e - o f - s i g h t  of t h e  photometer t o  be less than 1/10 percent ,  
it would be necessary t o  mount t h e  photometer on a s t a b i l i z e d  
p la t form good t o  10 arc-seconds.  I n  f a c t ,  i f ,  as mentioned, 
a h o r i z o n t a l  scan i s  used, t hen  w i t h  e l e c t r o n i c  d iscr imina-  
t i o n  a g a i n s t  t h e  low f requencies  a s s o c i a t e d  w i t h  t h e  p i l o t i n g  
of t h e  a i r c r a f t ,  the  p la t form s t a b i l i t y  requirements may be 
reduced cons iderably  . 
3.1.7 Absolute I n t e n s i t y  Levels. Only molecular s c a t t e r i n g  
has  been considered i n  t h e  S/N c a l c u l a t i o n s  given i n  previous 
s e c t i o n s  of t h i s  r e p o r t .  From t h i s  t rea tment  we ob ta in ,  f o r  
sky b r i g h t n e s s ,  

Evalua t ion  of t h i s  equat ion  f o r  

h = 5000A 

a ~ 3 x 1 0  c m  -24 3 

e = 90" 
2 I, = 5 x w a t t s l c m  

V 
18 -3 N(ho) = 8 . 6  x 10 c m  

R = 6370 km 

H = 8 k m  
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gives 

B = 1.5 x I O m 6  w a t t  
cm2 s t e r a d  A 

Ext rapola t ion  of  Lloyd's d a t a  (Lloyd, e t  a l . ,  1965) from a 
rocke t  f l i g h t  g ives ,  f o r  t h e  z e n i t h  b r igh tness  a t  the  same 
a l t i t u d e ,  

w a t t  
anz s t e r a d  A 

B = 5 x . 

For a molecular atmosphere, t h e  r a t i o  of  horizon t o  z e n i t h  
b r igh tness  i s  about 70, s o  t h a t  

-6 w a t t  B = 3.5 x 10 
c m L  s t e r a d  A 

I n  view of t he  in f luence  of  p a r t i c u l a t e  s c a t t e r i n g ,  t h e  
areeement i s  q u i t e  good. 

Sandomirskii ,  e t  a l . ,  (1964) have repor ted  on t h e i r  
h igh -a l t i t ude  measurements i n  some d e t a i l .  Even though t h e i r  
repor ted  work w a s  performed a t  on ly  one z e n i t h  angle  ( 6 0 ° ) ,  
comparison of t h e i r  abso lu t e  b r igh tness  va lues  wi th  t h e  given 
va lues  i s  a good check. A t  an a l t i t u d e  of  10 km they f i n d  a 
b r igh tness  

-8 w a t t  B z 8 ~ 1 0  
cmz s t e r a d  A 

f o r  a z e n i t h  angle  of 60" and a s c a t t e r i n g  angle  of 90'. 
From Clark (1964), the  r a t i o  o f  horizon t o  30" e l e v a t i o n  i s  
-10 s o  t h a t  a horizon b r igh tness  of 

-6 w a t t  Bh 1 x 10 
cm2 s t e r a d  A 

can be i n f e r r e d  from the  r e s u l t s  of Sandomirskii .  A number of 
o t h e r  measurements e x i s t .  Hughes (1964) has shown t h a t  t h e r e  
i s  q u i t e  reasonable  agreement among t h e  va r ious  measurements. 

Var i a t ions  i n  the  mean sky b r igh tness  due t o  s c a t t e r i n g  
angle  and aerosol  con ten t  have been d iscussed  qualitatively. 
Sandomirskii ,  e t  a l . ,  (1964) measured t h e  seasonal  v a r i a t i o n  
o f  t he  sky b r igh tness  a t  a z e n i t h  angle  of 60' and a scat ter-  
i n g  angle  of 90". Some o f  t h e i r  curves  are reproduced as 
Figure 15. 
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Figure 15 Seasonal Variat ion of Sky Brightness 
in 1961 
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The b r igh tness  v a r i e d  by a factor o f  1.5 i n  the  b lue  
and t h e  green,  and by up t o  2 .5  i n  t h e  red end of t h e  v i s i b l e .  
They a lso found t h a t  similar v a r i a t i o n s  occurred from year  t o  
y e a r .  A t  10 km, t h e  decrease i n  the  summer i s  a l s o  found. 
These au tho r s  computed the  r m s  day-to-day v a r i a t i o n  as +14.5 
percent  a f te r  t a k i n g  t h e  measurement e r r o r  i n t o  accounf. 
the  b a s i s  of t h e s e  va r ious  measurements, an  a s  s u m e d  s k y  
b r igh tness  a t  t h e  horizon and a l t i t u d e  of 10km of -2 x 10'6 
w a t t s / c m Z A  should be o f  t h e  c o r r e c t  o rde r  of  magnitude. 
Viewing ang le s  c l o s e  t o  t h e  sun can give much higher  va lues .  

On 

3 . 1 . 8  Implementation. From t h e  preceding d i scuss ion  i t  i s 
clear t h a t  v a r i a t i o n s  of the  s c a t t e r e d  l i g h t  i n t e n s i t y  c o n t a i n  
information about t u r b u l e n t  r eg ions  ahead of the  a i r c r a f t .  
The next  s t e p  i s  t o  determine how t h i s  information can be 
processed and u t i l i z e d .  H e r e ,  w e  can cons ide r  a system us ing  
a s i n g l e  d e t e c t o r  o r  one us ing  two d e t e c t o r s .  

A s i n g l e  d e t e c t o r  combined w i t h  a two-dimensional scan  
w i l l  provide information o n  t h e  a n g u l a r  e x t e n t  of the  d i s -  
turbed volume. I f  w e  now u t i l i z e  t h e  v e l o c i t y  of t h e  a i r -  
craf t ,  i n  t h a t  we compare t h e  angu la r  e x t e n t  a t  two t i m e s ,  
w e  can use  the  r e l a t i o n  between range and angle  subtended by 
the  t u r b u l e n t  area, a = L / r .  The change i n  t h e  angular  ex- 
t e n t  i s ,  t h e r e f o r e ,  given by Aa/a = - A r / r .  S ince a l l  var i -  
a b l e s  b u t  
where V a t  i s  t h e  d i s t a n c e  t r a v e r s e d  by t h e  aircraft  toward 
the  t u r b u l e n t  area. 

r are known, we  can o b t a i n  range from r= VAt(a/Aa), 

It i s  apparent ,  however, t h a t  t h e  u n c e r t a i n t y  i n  t h e  
d i s t a n c e  t o  t h e  t u r b u l e n t  reg ion  i s  l a r g e ,  s i n c e  r i s  t h e  
d i s t ance  t o  the  l a r g e s t  c r o s s  s e c t i o n  or thogonal  t o  t h e  f l i g h t  
d i r e c t i o n .  Because of  t h e  large h o r i z o n t a l  e x t e n t  ( s c a l e )  of 
t h e  t u r b u l e n t  reg ion  (Endlich and Mancusco 1964),  a large un- 
c e r t a i n t y  about t h e  d i s t a n c e  t o  the  onse t  of  turbulence w i l l  
exist .  The approach would, t h e r e f o r e ,  seem inappropr i a t e  a t  
c l o s e  range ( e sg . ,  20 m i l e s ) ,  b u t  looks promising a t  l a r g e  
d i s t a n c e s  (e.g., 100 m i l e s ) .  I n  such a long-range d e t e c t i o n  
scheme, i t w i l l  be important  t o  ensure  t h a t  t h e  turbulence i s  
loca ted  a long  t h e  intended f l i g h t  path.  This  need arises be- 
cause of t he  g e n e r a l l y  s m a l l  v e r t i c a l  e x t e n t  of atmospheric 
turbulence.  

In s t ead  of r e l y i n g  on angular  changes i n  c r o s s  s e c t i o n  
as a means of i d e n t i f i c a t i o n ,  we  can t ake  advantage of one 
p a r t i c u l a r  c h a r a c t e r i s t i c  of CAT, i.e. , CAT gene ra l ly  extends 
over 1 0 -  60 km h o r i z o n t a l l y .  A t  large d i s t ances ,  i n d i v i d u a l  
small eddies will not be reso lved  since they are smaller than 
t h e  ins tan taneous  field-of-view. A s  t h e  a i rcraf t  approaches 
the  t u r b u l e n t  volume, success ive ly  smaller edd ie s  w i l l  be re- 
solved. Since edd ie s  of all sizes are p resen t  ( B u r n s  a n d  
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Rider  1965), the  angular  subtense of  t h e  smallest r e so lved  
d e t a i l  w i l l  no t  change i n  t i m e .  Another way of  looking a t  
t h i s  i s  i n  terms of  s p a t i a l  frequency. Because o f  t he  con- 
t i n u i t y  i n  eddy s i z e ,  t h e  h ighes t  frequency c o n  t a i n  e d 
i s  determined by the angular  f i e l d  of the  d e t e c t o r  o p t i c s  
system and w i l l ,  t h e r e f o r e ,  be f ixed  ( t h i s  assumes t h a t  t h e  
t i m e  scale of  changes i n  t h e  turbulence i s  much g r e a t e r  
than  those  of t h e  d e t e c t o r  scan) .  Nonturbulent r eg ions  
having d e n s i t y  g r a d i e n t s  ( a s soc ia t ed  wi th  j e t  streams o r  
f r o n t ,  f o r  example) w i l l  n o t  have t h i s  c o n t i n u i t y  o f  scales 
and t h e  s i g n a l  f requencies  w i l l  n o t  have t h i s  behavior.  

The two d e t e c t o r  c o r r e l a t i o n  techniques are i l l u s t r a t e d  
i n  F igure  16. One d e t e c t i n g  system i s  mounted i n  each  wing 
t i p  of  t h e  a i rc raf t ,  t h e  wing span of which has been taken 
t o  be 30 m. I f  t he  f ie lds-of-view of these  d e t e c t i n g  s y s -  
t e m s  are approximately 2 m i l l i r a d i a n s  and are o r i e n t a t e d  as 
shown, then  a p o r t i o n  of t h e  atmosphere ahead of t h e  a i r -  
c ra f t  w i l l  be common t o  both  beams. I f  the  covariance i s  
measured between t h e  two d e t e c t o r  s i g n a l s ,  then f l u c t u a -  
t i o n s  which are uncor re l a t ed  between the  t w o  s i g n a l s  can be 
e l imina ted .  The c o r r e l a t e d  f l u c t u a t i o n s  must come from a 
reg ion  surrounding the  volume of i n t e r s e c t i o n  of t h e  two 
d e t e c t o r  f ie lds-of-view.  Expressing t h i s  mathematically;  
i f  t h e  two d e t e c t o r  s i g n a l s  are given by 
then  each can be considered t o  be made up o f  a mean level  
and f l u c t u a t i n g  component. Hence, 

I l( t)  and I2(t), 

Common Volume Defined 
by F i e l d s -  of-View of Detectors 

1.7 mrad 

Detec to r  F i e l d s  4 

of -View 

F igure  16 I l l u s t r a t i o n  of  Cross-Correlat ion Technique 
Applied t o  Detec tor  of  CAT 
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I l ( t )  = Il(t)+ i l ( t ) .  

Then t h e  c r o s s - c o r r e l a t i o n  between t h e  two s i g n a l s  w i l l  be 
given by 

G =  

I f  t h e  s i g n a l s  rece ived  by t h e  two d e t e c t o r s  are uncor re l a t ed ,  
then  G w i l l  be zero.  Any f i n i t e  va lue  of G w i l l  be re- 
l a t e d  t o  both t h e  magnitude and scale of t h e  f l u c t u a t i o n s  com- 
mon t o  bo th  d e t e c t o r s .  

be of 
overc 
plane 

A s  t h e  system h a s  been descr ibed ,  the  f l u c t u a t i o n s  would 
' inconvenient ly  low frequency. This  d e f i c i e n c y  can  be 
ome by having t h e  d e t e c t o r s  scan toge the r  i n  a h o r i z o n t a l  
, as i l l u s t r a t e d  i n  Figure 1 7 .  I f  the  o s c i l l a t i n g  scan  

/ c 
/ 

/ 
/ 

Microsca le  of  CAT 

-- 
\ 
1 1 

Cross c o r r e l a t i o n  of 
d e t e c t o r  s i g n a l s  w i th  
v a r i a b l e  t i m e  de lay  al lows \ 
8 t o  be va r i ed .  Hence, \ 
common volume moves toward \ -. 
o r  away from a i rc raf t .  \ 

Figure  1 7  Horizontal  Scanning of Detec tors  (not t o  scale) 

\ 
\ 
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ra te  i s  high r e l a t i v e  t o  changes i n  turbulence  p a t t e r n ,  then, 
by in t roduc ing  a t i m e  de l ay  between t h e  two d e t e c t o r  s i g n a l s  
before  c r o s s - c o r r e l a t i n g ,  t h e  p o r t i o n  of the  atmosphere seen 
by both  d e t e c t o r s  can e f f e c t i v e l y  be made t o  move toward o r  
away from the  a i rc raf t  (Figure 16) .  Successfu l  a p p l i c a t i o n  
of  t h i s  technique assumes t h a t  t h e  angular  f l e x i n g  o f  t h e  
wings of t h e  a i rc raf t  w i l l  n o t  "uncross" the  f ie lds-of -v iew 
of t h e  two d e t e c t o r  systems, and e l i m i n a t i o n  by e l e c t r o n i c  
f i l t e r i n g  of  f requencies  a s s o c i a t e d  wi th  t h e  scanning would 
be necessary.  

Letters r eques t ing  informat ion  o n  t h e  d i f f e r e n t i a l  
angular  f l e x i n g  o f  a i rc raf t  wings w e r e  written t o  Boeing 
a n d  Douglas Aircraft  Companies, b u t apparent ly  t h i s  i n - 
formation i s  n o t a v a i l a b l e .  B o  t h companies w e r e  a b l e  
t o  g ive  us information about  t h e  change i n  angle-of -a t tack  
of t h e  wing t i p s  re la t ive t o  the  rest of  t he  wing f o r  d i f -  
f e r e n t  f l i g h t  and f u e l  cond i t ions ,  b u t  only d i f f e r e n t i a l  
t w i s t s  between t h e  two wing t i p s  w i l l  a f f e c t  t he  ope ra t ion  
of t he  crossed-beam system. However, s i n c e  t h e  wing- t ip  
t w i s t s  range over several degrees ,  i t  i s  highly probable 
t h a t  d i f f e r e n t i a l  wing t w i s t s  w i l l  be produced, w h i c h  ex- 
ceed t h e  f ie ld-of-view of t h e  d e t e c t o r  systems t h a  t i s  
l i m i t e d ,  f o r  t h e  crossed-beam system, t o  -7 arc-minutes.  
I n  fact ,  w e  would r e q u i r e  t h e  d i f f e r e n t i a l  t w i s t i n g  no t  t o  
exceed -1 arc-minute f o r  s a t i s f a c t o r y  a p p l i c a t i o n  o f  t h e  
technique. 

The a l t e r n a t i v e  i s ,  of  cour se ,  t o  mount t he  two de tec -  
t o r  systems on  i n e r t i a l  p l a t f o r m s .  A comparatively low- 
frequency response,  -10 cps ,  i s  r e q u i r e d ,  and such platforms 
are a v a i l a b l e .  This  would, of cour se ,  very  much complicate 
the  system, and before  f u r t h e r  cons ide r ing  t h e  crossed-beam 
system, it i s  d e s i r a b l e  t o  see exper imenta l ly  what a s i n g l e  
system w i l l  accomplish, 

.Al though n o t  d i r e c t l y  r e l a t e d  t o  CAT, I I T R I  has a 
c o n t r a c t  w i th  NASA-Marshall Space F l i g h t  Center t o  measure 
wind shea r s  above rocket  launch si tes.  A c r o s s - c o r r e l a t i o n  
technique i s  t o  be employed and 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  w i l l  be measured. This  c o n t r a c t  w i l l  g ive some 
information as t o  the g e n e r a l  f e a s i b i l i t y  of  applying such 
techniques t o  the  measurement o f  atmospheric turbulence.  
Considerat ion should be given t o  t h e  a p p l i c a t i o n  o f  t h i s  
same technique a t  some h i g h - a l t i t u d e  s i te  near  t o  reg ions  
where CAT i s  known t o  be a f requent  occurrence.  
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A l t e r n a t i v e l y ,  much information could be gained by 
instrumenting an a i rc raf t  wi th  a s i n g l e  d e t e c t o r  system and 
measuring both mean levels and f l u c t u a t i o n s .  A poss ib l e  
problem would be f l u c t u a t i o n s  introduced by o s c i l l a t i o n  of 
f ie ld-of-view i n  a ver t ical  plane,  b u t  h o r i z o n t a l  scanning 
of t he  system could be used t o  i n c r e a s e  t h e  f requencies  o f  
t he  f l u c t u a t i o n s  caused by CAT, and thereby  d i sc r imina te  
a g a i n s t  t h e s e  o t h e r  effects. 

3 . 1 . 9  Evaluat ion.  The most obvious drawback of t he  scat ter-  
i n g  technique i s  t h a t  i t s  use  i s  r e s t r i c t e d  t o  the  daytime. 
Nighttime i l l umina t ion ,  even w i t h  a f u l l  moon, i n  imprac t i -  
ca l .  This  can be seen  i n  t h e  equat ion  f o r  S/N r a t i o ;  de- 
c r eas ing  t h e  i r r a d i a n c e  Ho by fou r  o rde r s  magnitude r e s u l t s  
i n  a r a t i o  s u b s t a n t i a l l y  less than  one. To improve t h i s ,  a 
r a d i c a l  change i n  t h e  c o l l e c t i o n  system parameters would be 
necessary.  I n t e g r a t i o n  over  longer  pe r iods  could a l s o  be 
employed, bu t  a t  t h e  c o s t  o f  much slower response of t h e  
system ( s i n c e  the  improvement i s  p ropor t iona l  t o  the  square 
r o o t  o f  i n t e g r a t i o n  t i m e ) .  It i s  appropr i a t e  t o  po in t  o u t  
t h a t  t he  pho tomul t ip l i e r s  a v a i l a b l e  have such low dark-noise  
f i g u r e s  t h a t ,  even i n  t h i s  case, t h e  l i m i t i n g  noise  i s  s h o t  
no ise  due t o  t h e  s c a t t e r e d - l i g h t  i n t e n s i t y .  

expected t o  render  t h e  s i n g l e  d e t e c t o r  method u s e l e s s  while  
r e s t r i c t i n g  the  informat ion  ob ta inab le  w i t h  t h e  c o r r e l a t i o n  
system. The e x t e n t  of t h i s  r e s t r i c t i o n  w i l l ,  of  course,  de- 
pend on t h e  amount of c loud coverage, t h e  loca t ion ,  and the  
effect of  l a rge  uncor re l a t ed  f l u c t u a t i o n s  on measuring 
smaller c o r r e l a t e d  f l u c t u a t i o n s .  Above 20,000 f t ,  c louds 
are encountered approximately 13 percen t  of  t h e  t i m e ;  above 
25,000 f t ,  7 percent ;  and above 30,000 f t  on ly  2 percent  of 
the time (Handbook of  Geophysics, 1961). I s o l a t e d  clouds 
are much less of a problem than  ex tens ive  cloud cover.  
though a cloud may be i n d i c a t e d  as turbulence ,  t he  p i l o t  
should,  i n  most cases, be a b l e  t o  i d e n t i f y  t h e  presence of  
t he  cloud. 

Extensive cloud cover  a long  the  l i ne -o f - s igh t  can be 

Even 

I n  any turbulence-de tec t ion  scheme, one would l i k e  t o  
ob ta in  n o t  only t h e  l o c a t i o n  b u t  a l s o  t h e  i n t e n s i t y  o f  t h e  
turbulence.  I f  we  make t h e  assumption t h a t  t h e  i n t e n s i t y  of 
tu rbulence  i s  r e f l e c t e d  i n  t h e  magnitude of t h e  temperature 
f l u c t u a t i o n s ,  then  t h e  d e s i r e d  information i s  contained i n  
t h e  s i g n a l  f l u c t u a t i o n s .  Th i s  information cannot be ex- 
t r a c t e d  d i r e c t l y ,  however, un le s s  bo th  t h e  length  of t h e  
tu rbu len t  reg ion  a long  t h e  l i ne -o f - s igh t  of t h e  d e t e c t o r  and 
the spectrum of eddy sizes  i s  known. I f  f u t u r e  extensive 
experimental  measurements of  CAT (such as P r o j e c t  HICAT) i n -  
d i c a t e  t h a t  t h e  turbulence  spectrum does n o t  vary  widely,  
then some estimate o f  t he  i n t e n s i t y  o f  t h e  turbulence can be 
made. Since t h e r e  i s  a square-root  r e l a t i o n s h i p  between the  
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ampli tude of  t h e  f l u c t u a t i o n s  and t h e  e x t e n t  of  t h e  t u r b u l e n t  
r eg ion ,  t ak ing  a f i g u r e  o f ,  f o r  example, 20 m i l e s  f o r  t h e  l a t -  
ter would n o t  l e a d  t o  very l a r g e  e r r o r s .  

t i o n s  i n  t h e  e l e c t r o n i c s ,  and any contemplated instrument  would 
have t o  b e  designed wi th  t h i s  i n  mind. Since uncor re l a t ed  
f l u c t u a t i o n s  of t h i s  n a t u r e  w i l l  not: a f f e c t  t h e  c o r r e l a t i o n  
technique ,  i t  would only be necessary  t o  ensure i s o l a t i o n  of  
t h e  two systems. 

The s i n g l e - d e t e c t o r  system w i l l  be  a f f e c t e d  by f l u c t u a -  

The c o r r e l a t i o n  technique i s  based on t h e  assumption t h a t  
only t h e  portion of  t h e  s i g n a l s  o r i g i n a t i n g  i n  t h e  common volume 
i s  c o r r e l a t e d  and t h a t  a l l o t h e r  s i g n a l  components a r e  uncorre-  
l a t e d .  
t o  be a f f e c t e d  by a l a r g e  eddy, which i s  n o t  i n  t h e  common vol -  
ume. This can g i v e  r ise t o  a c o r r e l a t i o n  f o r  t h e  common volume, 
t hus ,  i n d i c a t i n g  turbulence a t  a d i s t a n c e  where turbulence  does 
n o t  n e c e s s a r i l y  e x i s t .  
t h e  a i rcraf t ,  tu rbulence  could be i n d i c a t e d  f o r  t he  e n t i r e  re- 
gion behind t h e  eddy. 
from t h e  a i r c ra f t  than t h e  common volume, then turbulencewould 
be i n d i c a t e d  f o r  some ranges,  depending on t h e  scale of co r re -  
l a t i o n .  These scales i n  the  l a t te r  case  would have t o  be very 
l a r g e  t o  g i v e  a s i g n i f i c a n t  c o r r e l a t i o n ,  s i n c e  t h e  included 
volume would be very  l a r g e  a t  d i s t a n c e s  beyond the common volume. 

One can easily see t h a t  i t  i s  p o s s i b l e  f o r  bo th  beams 

I f  t h i s  "d is turb ing"  eddy i s  c l o s e  t o  

I f  t h i s  "d is turb ing"  eddy i s  f a r t h e r  

The b a s i c  soundness of tu rbulence  de tec t ion  us ing  the  
f l u c t u a t i o n s  i n  Rayleigh s c a t t e r e d  s u n l i g h t  has  been e s t a b -  
l i s h e d  (Montgomery, 1968). The p o s s i b l e  problems a s s o c i a t e d  
w i t h  e x t r a c t i n g  usab le  information are descr ibed wi th  t h e  re- 
s u l t  t h a t  we  can see t h a t . t h e  technique appears  f e a s i b l e  ex- 
c e p t ,  of course ,  a t  n i g h t  o r  wi th  ex tens ive  c loudiness  a long 

d i scussed ,  s i n c e  t h i s  could be t h e  l i m i t i n g  f a c t o r  i n  us ing  
any c o r r e l a t i o n  method. 

t h e  l i n e - o f - s i g h t .  The concept of  1 1  obscuring eddy'' has been 

The e f f e c t i v e n e s s  of c o r r e l a t i o n  i n  ex tens ive  volumes o f  
very l a r g e  edd ie s  cannot be determined, s i n c e  a v a i l a b l e  d a t a  
are r a t h e r  s ca rce .  Hopefully, t h i s  l a c k  w i l l  be e l imina ted  
w i t h  f u t u r e  measurements. 

3 . 2  Absorption-Line Shape Method 

A f i l t e r  t h a t  passes  a v e r y  narrow s p e c t r a l  r e g i o n  
o n  t h e  e d g e  of an absorp t ion  l i n e  may be used t o d i s t i n -  
g u i s h  between r a d i a t i o n  o r i g i n a t i n g  above t h e  horizon a n d  
t h a t  o r i g i n a t i n g  a t  o r  below t h e  horizon i n  d e n s e r  a i r .  
T h i s  method suggested i n  t h e Cont rac t  Work  Statement 
i s  i l l u s t r a t e d  i n  Figure 18. Since t h  e absorp t ion  l i n e  i s  
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Figure 18 Near-Infrared Line-Shape Modification 
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r equ i r ed ,  the  wavelength would probably be i n  theanear - inf ra red ,  
and one of  t h e  l i n e s  i n  carbon d ioxide  o r  water vapor bands 
might be considered.  Radiat ion s c a t t e r e d  o u t  of  r eg ion  R 
could r each  t h e  d e t e c t o r  bo th  d i r e c t l y  and a f te r  r e f r a c t i o n  
i n  t h e  CAT region.  The r a d i a t i o n  o r i g i n a t i n g  near  o r  below 
t h e  horizon would have been p a r t i a l l y  absorbed i n  t h e  a i r  i n  
t h e  denser  reg ions  of t he  atmosphere and t h e  shape of  t h e  
abso rp t ion  l i n e  might be as shown on Curve A of  F igure  18. 
Light  o r i g i n a t i n g  from B would have been p a r t i a l l y  absorbed 
i n  a i r  a t  low p res su res  and temperatures  (smaller o p t i c a l  
depth)  and the  absorp t ion  l i n e  would be narrower f o r  scat- 
t e r i n g  and absorp t ion .  I n  a d d i t i o n ,  r a d i a t i o n  from reg ion  A 
would have t o  pass  through t h e  denser  r eg ions  (relative t o  
reg ion  B r a d i a t i o n )  of the  atmosphere, t o  reach  t h e  d e t e c t o r .  
T h i s  would f u r t h e r  broaden t h e  abso rp t ion  l i n e  f o r  r a d i a t i o n  
from A as compared wi th  B. The source A and B a t  s h o r t  i n -  
f r a r e d  wavelengths i s  assumed t o  be a r e s u l t  o f  s c a t t e r i n g  
o r  f luorescence .  

These effects  i n  absorp t ion ,  t o g e t h e r  w i th  r e f r a c t i o n  
i n  t h e  r eg ion  of c l e a r  a i r  turbulence ,  do no t  appear  t o  per-  
m i t  a n  image of t h e  CAT reg ion  t o  be obta ined ,  however. With 
t h e  f i l t e r  bandpass as shown, r e l a t i v e l y  less l i g h t  f r o m  t h e  
reg ion  A w i l l  r each  t h e  d e t e c t i n g  system than i f  the absorption- 
l i n e  e f f e c t s  were absent .  The arrangement would appear t o  be 
more appropr i a t e  i f  app l i ed  t o  broad- and narrow-emission 
l i n e s  i n s t e a d  of absorp t ion  l i n e s .  I n  t h i s  case, t h e r e  would 
be no r a d i a t i o n  from high a l t i t u d e s  t h a t  would be d e t e c t e d  
w i t h  t h e  f i l t e r  bandpass s e t t i n g  as shown, and t h e  r a d i a t i o n  
de tec t ed  would have t o  o r i g i n a t e  from A and be s c a t t e r e d  i n -  
t o  t h e  f ie ld-of -v iew of t he  d e t e c t o r  by r e f r a c t i o n  o r  scat- 
t e r i n g  e f f e c t s .  

Using the  formulation of  Munick (1965), we f i n d  t h e  r a t i o  
of t u r b u l e n t  t o  Rayleigh (molecular) s c a t t e r i n g  t o  be 

and w e  can  o b t a i n  an  estimate of t h e  range of  angles  f o r  which 
t u r b u l e n t  and Rayleigh s c a t t e r i n g  are of t h e  same o rde r .  Here 

A i s  a cons t an t ,  

N is  the  molecular number d e n s i t y ,  

CT i s  the  temperature s t r u c t u r e  c o n s t a n t  
a s s o c i a t e d  wi th  t h e  turbulence ,  and 

T i s  t h e  temperature.  
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With t h e  va lues  

A = 2 . 6 ~  

N = 8.6 x 1OI8 ~ m ' ~  (10-km a l t i t u d e )  
-2 -2/3 deg2 CT = 4 x 10 

T = 220'K 

c m  

h = l y ,  

w e  get  R of the order of one f o r  8 = 5'. Thus, f o r  ang le s  less 
than 5", s c a t t e r i n g  due t o  r e f r a c t i v e - i n d e x  inhomogenities w i l l  
exceed Rayleigh s c a t t e r i n g .  The r m s  angle  through which l i g h t  
rays  pass ing  through t h e  t u r b u l e n t  reg ion  are r e f r a c t e d  w i l l ,  
on the  b a s i s  of work r epor t ed  by T a t a r s k i ,  be less than a few 
minutes of  arc, however. Therefore ,  r a d i a t i o n  r each ing  t h e  
d e t e c t o r  a f t e r  r e f r a c t i o n  i n  the  CAT reg ion  cannot o r i g i n a t e  
from nea r  o r  below t h e  horizon un le s s  t he  CAT r eg ion  i s  below 
the  a i r c r a f t  a l t i t u d e  and t h e  d e t e c t o r  sys t em p o i n t s  j u s t  
above t h e  horizon. A t  t h e  horizon,  an ang le  of 5 arc-minutes 
corresponds t o  a v e r t i c a l  he igh t  d i f f e r e n c e  o f  520 m, over 
which t h e r e  w i l l  be a very small  change i n  abso rp t ion  l i n e  
shape. A s  pointed o u t ,  t h e  a p p l i c a t i o n  of t h e  suggested tech-  
nique us ing  absorp t ion  l i n e s  i s  i m p r a c t i c a l  because of t h e  
background r a d i a t i o n  l e v e l  and s u i t a b l e  emission l i n e s  are n o t  
a v a i l a b l e .  I n  f a c t ,  i f  such l i n e s  w e r e  a v a i l a b l e  t h e  approach 
would s t i l l  be very ques t ionable  and would depend on how rap-  
i d l y  t h e  shape of t h e  emission l i n e  changed w i t h  a l t i t u d e .  A 
very r a p i d  rate of change would be necessary  f o r  t h e  technique 
t o  have any p o t e n t i a l  a p p l i c a t i o n .  

There i s  a degree of s i m i l a r i t y  between t h e  emission l i n e  
approach and another  technique us ing  t h e  i n f r a r e d  s c h l i e r e n -  
type system which i s  a l s o  d iscussed  i n  t h i s  r e p o r t .  I n  t h e  
f i r s t ,  a f i l t e r  i s  used t o  l i m i t  t he  r a d i a t i o n  d e t e c t e d  t o  
t h a t  o r i g i n a t i n g  i n  t h e  denser r eg ions  of t h e  atmosphere, and 
i n  t h e  second, t h e  r a d i a t i o n  source i s  thermal emission of 
t h e  e a r t h  i t s e l f .  I n  both cases t h e  s e n s i t i v i t y  of t h e  tech- 
nique depends on t h e  r a t e  of change of r ad iance  w i t h  a l t i t u d e .  
The abso rp t ion - l ine  technique i s  so unpromising t h a t  i t  i s  n o t  
f u r t h e r  considered.  

3.3 S t e l l a r  S c i n t i l l a t i o n  

The inhomogeneities of t h e  r e f r a c t i v e  index t h a t  are due t o  
atmospheric motions g ive  r ise t o  t h e  phenomenon of  s c i n t i l l a -  
t i o n .  This  i s  manifested i n  t h e  twinkl ing of  p o i n t  sources ,  
such a s  stars,  when viewed through t h e  i n t e r v e n i n g  atmosphere. 
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The refract ive index inhomogeneities scat ter  some o f  t h e 
r a d i a t i o n  o u t  of t h e  i n c i d e n t  beam and thus gives  r ise  t o  
the  "shadowbands'' of K e l l e r  (1955). Since atmospheric t u r -  
bulence can lead  t o  r e f r a c t i v e - i n d e x  v a r i a t i o n s  w e  can l o g i -  
c a l l y  cons ide r  s te l la r  s c i n t i l l a t i o n  as a method f o r  d e t e c t -  
i n g  CAT. 

3 . 3 . 1  S c i n t i l l a t i o n  Theory. A large n u m b e r  of  papers  have 
been publ i shed  on experimental  and t h e o r e t i c a l  s t u d i e s  on 
s c i n t i l l a t i o n  phenomena. It i s  important  t o  d i s t i n g u i s h  be- 
tween "seeing" and s c i n t i l l a t i o n  effects .  Poor s e e i n g  i s  
a s s o c i a t e d  w i t h  d i s t o r t i o n  of t h e  wavefront accepted by a 
t e l e scope  system o r  wi th  v a r i a t i o n s  i n  angle  of  t h e  wave- 
f r o n t .  To a f irst  approximation, i t  does not  matter whether 
t he  t u r b u l e n t  r eg ion  i s  n e a r  o r  d i s t a n t  from t h e  d e t e c t i n g  
system. S c i n t i l l a t i o n ,  on the  o t h e r  hand, i s  caused by t h e  
v a r i a t i o n  i n  i n t e n s i t y  over the  wave and i s  analogous t o  the  
so -ca l l ed  shadowgraph method of flow v i s u a l i z a t i o n  used i n  
f l u i d  dynamics. The i n t e n s i t y  v a r i a t i o n  over t h e  shadow pa t -  
tern, i n c r e a s e s  wi th  d i s t a n c e  from t h e  tu rbu len t  zone u n t i l  
t he  p o i n t  i s  reached when t h e  average la te ra l  displacement of 
a l i g h t  r a y ,  as a result of i t s  passage through t h e  t u r b u l e n t  
reg ion ,  i s  comparable wi th  t h e  scale of  t h e  turbulence i t s e l f .  

I n  ground-based measurements , s c i n t i l l a t i o n  effects  
have been shown by Protheroe (1955) and o t h e r s  t o  r e s u l t f r o m  
turbulence  i n  t h e  r eg ion  of  t he  tropopause.  The s c i n t i l l a -  
t i o n  f requencies  observed can be a sc r ibed  i n  l a r g e  p a r t  t o  
t r a n s l a t i o n  of  a f i x e d  shadow p a t t e r n  a c r o s s  t h e  t e l e scope  
a p e r t u r e .  This  motion can be c o r r e l a t e d  wi th  wind speeds 
a l o f t ,  a t  a l t i t u d e s  of 10 t o  1 2  km i n  t h e  case of  Pro theroe ' s  
measurements. 

Seeing i n  ground-based measurements i s  l a r g e l y  depend- 
e n t  upon r e f r a c t i v e - i n d e x  f l u c t u a t i o n s  i n  t h e  a i r  w i t h i n  a 
few hundred feet of  t h e  r e c e i v i n g  te lescope .  Th i s  i s  due 
t o  t h e  a i r  d e n s i t y  near  t he  ground. 

For s c i n t i l l a t i o n  measurements t o  be e f f e c t i v e  i n  CAT 
d e t e c t i o n ,  t h e  presence of  a CAT reg ion  i n  t h e  f ie ld-of-view 
of t h e  d e t e c t i o n  system has t o  r e s u l t  i n  a n  inc rease  i n  the  
f l u c t u a t i o n  level  o r  change i n  frequency spectrum over t h a t  
normally p re sen t .  Figure 19 i l l u s t r a t e s  t h i s  problem. 
T a t a r s k i  (1961) has shown t h a t  the l o g  amplitude f l u c t u a t i o n  
i s  , 

r m  
o2 = 2.24 k7'6 / Cn 2 (x) x5 '6dx , 



/ 

. .. . 
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Stat is  t i c a  1 
P r o p e r t i e s  
Spec i f  i ed  

F igure  1 9  I l l u s t r a t i o n  of  S c i n t i l l a t i o n  Problem 

where the  i n t e g r a t i o n  i s  c a r r i e d  out  a long a l i n e  d i r e c t e d  
toward t h e  l i g h t  source,  i n  t h i s  case a star. This  equat ion  
g ives  t h e  mean-square f l u c t u a t i o n  i n  l i g h t  i n t e n s i t y  s i n c e  

- 
The i n t e n s i t y  Io may be set equa l  t o  I, t h e  mean i n t e n s i t y  
a t  t h e  po in t  considered;  k i s  27r/h. To ob ta in  the  mean- 
square f l u c t u a t i o n  of  t h e  l i g h t  f l u x  P received by a tele- 
scope of  diameter  D, t h e  averaging effect  of  t he  a p e r t u r e  
has t o  be taken i n t o  account.  This  r e q u i r e s  a knowledge of 
t he  c o r r e l a t i o n  func t ion  i n  t h e  plane of t h e  ape r tu re .  Be-  
f o r e  cons ide r ing  the  f l u c t u a t i o n s  i n  power, however, l e t  us 
cons ide r  t h e  f l u c t u a t i o n s  i n  amplitude f o r  t w o  d i f f e r e n t  
cases. F i r s t ,  we w i l l  compute t h e  value of ~2 which would 
be measured i n  t h e  case of an a i r c r a f t  a t  10-km a l t i t u d e  ob- 
s e r v i n g  a star looking h o r i z o n t a l l y  through a nominally q u i e t  
atmosphere. Second, t h e  va lue  of 02 w i l l  be computed as- 
suming a reg ion  of CAT i s  ahead of t h e  a i r c r a f t  extending 
from a d i s t a n c e  of 5 t o  100 km. 
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To compute o2 f o r  t h e  q u i e t  atmosphere, t h e  r e s u l t s  2 of Cn 
These r e s u l t s  are shown i n  F igure  20. To e v a l u a t e  the  i n -  
t e g r a l  

obtained by Hufnagel and S tan ley  (1964) w i l l  be used. 

P W  

Quiet Atmosphere 

~ i ( ~ ) ~ ~ / ~  = 3 . 3  

/ C 2  n (x)  x5’6 dx, 

CAT 

1.3 x 10” c m  7/6 . 

5/6  has been p l o t t e d  i n  F igure  22,  and 2 the  product Cn(X)*X 
the  area under t h i s  curve measured. The Ycrease f o r  long 
ranges i s  due t o  t h e  r ap id  decrease  i n  
t h e  l i n e - o f - s i g h t  t o  a s ta r  direct ly  ahead o f  t h e  a i rc raf t  
passes through higher  a l t i t u d e  reg ions .  No allowance has 
been made for t h e  refractive bending of l i g h t  r a y s  pass ing  
through the atmosphere, bu t ,  f o r  t h e  p r e s e n t  purpose,  such 
e f f e c t s  may be ignored. 

Cn w i t h  a l t i t u d e  as 

To compare the  magnitude of t he  f l u c t u a t i o n s  f o r  the  
q u i e t  atmosphere and CAT case, w e  w i l l  assume t h a t  a r eg ion  
of CAT e x i s t s ,  beginning 50 km ahead of t he  a i rcraf t  and ex end- 
i n g  f o r  50 km. It is  assumed t h a  t C z  - 5 x 10-15 cm-273 
throughout t h i s  CAT region. Evalua t ing  t h e  i n t e g r a l ,  w e  have: 

The c o n t r i b u t i o n  t o  the  i n t e g r a l  by a r e  g i o  n o f  CAT w i l l ,  
t h e r e f o r e ,  be large, and a correspondingly large inc rease  i n  
t h e  f l u c t u a t ’ n g  levels observed would be expected. However, 
computing 03, we have f o r  

k = - -  5 
’.lr - 1,26 x 10 h (A  = 5000A), 

o2 = 6.6 x 10 Quiet  Atmosphere 

= 2.5 x 10 CAT. 

These levels are impossibly high a l t h o u g h ,  a p p a r e n t l y ,  
T a t a r s k i  (1961) no te s  no r e s t r i c t i o n  t h a t  i s  i m p l i c i t  i n  t h e  
method of s o l u t i o n  of  t he  wave equa t ion ,  which i s  n o t  sa t is-  
f i e d  f o r  t hese  cases. The method o f  s o l u t i o n  of t h e  w a v e  
equat ion  used t o  g ive  t h e  above express ion  f o r  
n a l l y  due t o  Rytov (1937) and, thus ,  t akes  account  o f  both 
s c i n t i l l a t i o n  and d i f f r a c t i o n  effects .  It i s  n o t  r e s t r i c t e d  
t o  s m a l l  f l u c t u a t i o n s ;  however, Hufnagel and S tan ley  (1964) 

02 w a s  o r i g i -  
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have noted a s e r i o u s  drawback t o  t h i s  approach, which was n o t  
discussed by Rytov o r  by subsequent au tho r s  who used t h e  same 
method. I n  T a t a r s k i ' s  no ta t ion ,  t h e  wave equat ion  may be 
w r i t t e n  

2 2  Au + k n (?)u = 0 

where u = Aeis, A being the  amplitude and S t h e  phase of  
t he  wave. By d i v i d i n g  through by u,  w e  c a n  rewrite t h i s  
equat ion i n  the form 

A$ + ( V 3 ) 2  + k 2 2  n (?I = 0 

where 3 = l og  u. 
i n  the  absence of  refract ive index v a r i a t i o n s ,  i .e. ,  n (r)- 1) 
w e  see  t h a t  t h i s  equat ion  reduces t o  

S u b s t i t u t i n g  $ =  q0 + $1 ($o being  t e have 9 3  

Here, nl(?) i s  the  f l u c t u a t i n g  p a r t  o f  t h e  r e f r a c t i v e  index, 
n(2)  = 1 + nl(?) ;  and s i n c e  nl(If) i s  ve ry  small, the  l as t  
t e r m  of t he  equat ion may be omit ted,  leaving,  

2 I n  Rytov's s o l u t i o n  of t h i s  equa t ion  t h e  t e r m  ( ~ 3 ~ )  is omit- 
t e d  s i n c e  it w i l l  be small re la t ive t o  t h e  t e r m  2v$, = v $ ~ .  
However, as pointed ou t  by Hufnagel and S tan ley  may 
t y p i c a l l y  be of the  same o rde r  as 
more reason for  dropping one than  t h e  o the r .  Dropping both  
r e s u l t s  i n  the  geometr ical  o p t i c s  s o l u t i o n  w i t h  no account 
taken of  d i f f r a c t i o n .  

A?l / l ,  t hus  t h e r e  IS RO 

For  Rytov's method of  s o l u t i o n  t o  be v a l i d ,  w e  must i m -  
pose the  cond i t ion  t h a t  

This  cond i t ion  i s  s l i g h t l y  less res t r ic t ive than  the  assump- 
t i o n  u l / u o < <  1 used i n  t h e  method o f  s o l u t i o n  of the  wave 
equat ion,  which assumes small p e r t u r b a t i o n s .  
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I n  t h e  p a r t i c u l a r  case w e  are cons ider ing ,  looking ho r i -  
z o n t a l l y  through t h e  atmosphere a t  an  a l t i t u d e  of  10 km, t h e  
r e s u l t s  obtained u s i n g  Rytov's s o l u t i o n  both  f o r  t h e  q u i e t  
atmosphere and w i t h  CAT p re sen t  are 

Thus, l o g  A/Ao cannot be much smaller than 1 and the  method 
of s o l u t i o n  of t h e  wave s o l u t i o n  w a s  no t  app l i cab le ,  

Th i s  is  an unfor tuna te  conclusion s i n c e  no r igo rous  so- 
l u t i o n  o f  t h e  complete wave equat ion  e x i s t s  and it po in t s  t o  
t h e  need o f  f u r t h e r  experimental  work on s c i n t i l l a t i o n  effects 
over ve ry  long pa ths .  

I n t u i t i v e l y ,  it i s t o b e  expected t h a t  a l though,  for  s a l l  
f l u c t u a t i o n s ,  t h e i r  level i s  d i r e c t l y  p ropor t iona l  t o  C< i f  
t h e  amplitude f l u c t u a t i o n s  are a l r e a d y  l a r g e  (20 t o  30 percent  
of  t h e  mean leve l )  an  inc rease  i n  C z  by an o rde r  of magnitude 
w i l l  n o t  produce a similar i n c r e a s e  i n  the  f l u c t u a t i o n  level. 
Therefore ,  a l though t h e  c o n t r i b u t i o n  t o  the  i n t e g r a l  

/ C 2  n (x)x5l6dx 
J o  

i s  more than  an  o rde r  of magnitude larger when a r eg ion  of  
moderate CAT i s  p r e s e n t ,  as compared wi th  the  q u i e t  atmosphere 
case, t h i s  does n o t  n e c e s s a r i l y  mean t h a t  t h e r e  w i l l  be a mea- 
s u r a b l e  inc rease  i n  t h e  s c i n t i l l a t i o n  over t h e  a l r e a d y  high 
f l u c t u a t i o n  levels expected fo r  t h e  q u i e t  atmosphere. 

T a t a r s k i  (1966) examined t h e  l i m i t a t i o n s  of t h e  Rytov 
method of s o l u t i o n  and demonstrated t h e o r e t i c a l l y  how a s a t u -  
r a t i q n  e f fec t  occurs.  Experimental work by Gracheva and 
Gurvich ( s e e  T a t a r s k i  1966) showed t h a t ,  f o r  measurements of  
i n t e n s i t y  f l u c t u a t i o n s  over h o r i z o n t a l  pa ths  through t h e  a t -  
mosphere, s a t i s f a c t o r y  agreement w a s  obtained w i t h  c a l c u l a -  
t i o n s  u s i n g  the  Rytov approximation provided the  rms f l u c t u a -  
t i o n s  of t h e  logari thm of t h e  amplitude d i e  n o t  exceed 0.8. 

The method of s o l u t i o n  of t h e  wave equat ion  used by 
T a t a r s k i  is  b r i e f l y  as follows. Again, we may a r r i v e ,  by 
simple manipulat ion,  a t  t h e  form of the  wave equat ion  given,  
which has *to be so lved  t o  give t h e  complete answer t o  the  
problem: 
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2 2 
A@ + (Vq) + 2ikQ$ + 2k n,(r) = 0. 

We assume an inhomogeneous medium i n  t h e  reg ion  x>O w i t h  an  
i n c i d e n t  plane wave given by A exp(ikx) .  
may be w r i t t e n  as 

The wave f o r  x > 0 
0 

U ( r )  = Aoexp(ikr) + $(r) 

where $ ( r )  i s  t h e  s o l u t i o n  t o  t h e  wave equat ion  whose real 
and imaginary p a r t s  g ive ,  r e s p e c t i v e l y ,  t h e  f l u c t u a t i o n s  i n  
the  log amplitude and the  phase f l u c t u a t i o n s .  Thus, 

11/ = I n & +  i (S - - k - r ) .  

I n  t h e  Rytov approximation, f h e  wave equat ion  i s  made l i n e a r  
by d r o p p i n g  t h e  t e r m  (Vq), which permits  a s o l u t i o n  of t he  
equat ion  t o  be w r i t t e n  d i r e c t l y .  However ,  i f  t h i s  t e r m  i s 
not  omit ted t h e r e  i s  no d i r e c t  method of s o l u t i o  . T a t a r s k i  
uses  t h e  r e s u l t  obtained omi t t ing  t h e  t e r m  (V$)? as a f i rs t -  
o rde r  solut ion,  t h e n  performs success ive  i t e r a t ions  by reduction 
t o  a non l inea r  i n t e g r a l  equat ion  t h a t  i s  solved numerically.  
Because of o t h e r  approximations made i n  t h i s  method of solu- 
t i o n ,  i t  i s  n o t  poss ib l e  t o  determine the  s a t u r a t i o n  level ,  
a l though t h e  s o l u t i o n  does p r e d i c t  t h e  s a t u r a t i o n  e f f e c t .  
The s a t u r a t i o n  level i s ,  t he re fo re ,  p red ic t ed  from the  ex- 
per imenta l  r e s u l t s  of Gracheva and Gurvich t o  occur f o r  l og  
amplitude f l u c t u a t i o n s  given by 

2 = 0.8 . 2 
*a 

Figure  22 shows t h e  way i n  which the  log-amplitude f l u c t u a -  
t i o n s  s a t u r a t e  where the  form of  t h e  curve i s  determined from 
t h e  theo ry  and t h e  s a t u r a t i o n  level, from experimental  r e s u l t s .  

Th i s  d i scuss ion  bears  ou t  the  previous conclusion bu t  i s  
on a s t r o n g e r  t h e o r e t i c a l  bas i s .  I f  w e  are a l r eady  ope ra t ing  
i n  a cond i t ion  i n  w h i c h  t h e  log  amplitude f l u c t u a t i o n s  have 
reached t h e i r  m a x i m u m  value, then the  presence of  a reg ion  of 
CAT of  much h ighe r  C z  ahead of  t he  a i rc raf t  w i l l  n o t  change 
t h e  f l u c t u a t i o n  level. 

I n  c o n t r a s t  t o  t h i s  t h e o r e t i c a l  r e s u l t ,  Mikesel l  ( p r i v a t e  
communication, April 1967) o f  the  United S t a t e s  Naval Observatory 
r e p o r t s  t h a t  in-flight tes ts  of a po r t ab le  s c i n t i l l o m e t e r ,  t y p i -  
ca l  s c i n t i l l a t i o n  levels w e r e  -10 percent  of t h e  mean i n t e n s i t y .  
A number of  measurements have been made, under d i f f e r e n t  f l i g h t  
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cond i t ions ,  with the scint i l lometer ,  which has a 2- in .  -diameter 
ape r tu re .  There w i l l ,  of  course,  be some a p e r t u r e  averaging,  
bu t  no t  s u f f i c i e n t  t o  exp la in  (o r  r e so lve )  t h e  discrepancy 
between t h e  t h e o r e t i c a l  and experimental  r e s u l t s .  We may es- 
timate t h e  degree of a p e r t u r e  averaging from t h e  t h e o r e t i c a l  
work of T a t a r s k i ,  who introduces the  q u a n t i t y  t o  c h a r a c t e r i z e  
the  decrease  i n  s c i n t i l l a t i o n  due t o  t h e  averaging  a c t i o n  of 

Figure 2 3 ,  where This?- D/ hL i s  a nondimensional r e l a t i v e  a p e r t u r e  
s ize .  Thus, when t h e  diameter of t h e  c o l l e c t i n g  a p e r t u r e  ex- 
ceeds t h e  c o r r e l a t i o n  d i s t ance ,  a, t h e r e  w i l l  be a marked 
reduct ion  i n  t h e  recorded f l u c t u a t i o n  levels. 

u a n t i t y  G has the  f o r m  s h o w n  i n  * t he  ob jec t ive .  

With r e fe rence  t o  t h e  Figure 21,  we  can see t h a t  t he  
major c o n t r i b u t i o n  t o  the  fluctua-tion level i s  produced by 
t h a t  reg ion  of t h e  atmosphere more than 50 km from t h e  re- 
c e i v e r ;  m w i l l ,  t he re fo re ,  exceed 1 6  cm.  I n  the  case o f  
s te l lar  s c i n t i l l a t i o n  looking v e r t i c a l l y  upward from t h e  
ground, t h e  t u r b u l e n t  reg ion  producing the  s c i n t i l l a t i o n  e f -  
f e c t s  i s  loca ted  a t  a n  a l t i t u d e  of  t h e  order  o f  10 km a n d  
the  experimental  results of Keller (1955) gave fl- 8 c m .  
Discussions wi th  Mikese l l  d i d  not  r e so lve  t h e  discrepancy be- 
tween t h e  t h e o r e t i c a l  and measured va lues  of t h e  s c i n t i l l a -  
t i o n  levels. 

G 
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Figure 23 T h e o r e t i c a l  Dependence of  t he  Relative Decrease 
i n  F luc tua t ions  Due t o  Aperture  Averaging 
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It should be noted t h  t ,  i n  t h e  t h e o r e t i c a l  approach, 
w e  used the  v a r i a t i o n  of C> 
Hufnagel and S tan ley  from experimental  d a t a  on the  rate of 
energy pe r  u n i t  mass d i s s i p a t e d  by v iscous  f r i c t i o n ,  and 
average wind shear, both  as a func t ion  of a l t i t u d e .  The 
va lues  of C$ obtained do not  d i s a g r e e  wi th  t h e  levels ex- 
pected from ground-based measurements of s te l la r  s c i n t i l l a -  
t i o n .  

w i t h  a l t i t u d e  deduced by 

Ucinsky ( p r i v a t e  communication, J u 1 1 9  6 7 )  has 
developed a theory  f o r  large f l u c t u a t i o n s ,  &en h i s  r e s u l t s  
are publ ished,  i t  may be poss ib l e  t o  come t o  a conclus ion  
about t h e  use fu lness  of  s te l la r  s c i n t i l l a t i o n  as a method o f  
CAT d e t e c t  ion.  

3.3.2 S t a r  Avai lab i l i ty  and Detec t ion  S e n s i t i v i t y ,  An i n -  
strument t o r  t h e  remote d e t e c t i o n  of  CAT by s te l lar  s c i n t i l -  
l a t i o n  measurements would func t ion  approximately as follows. 
A star i s  acqui red  by a n  on-board t r a c k e r  w i th  the  star es- 
s e n t i a l l y  a long  t h e  f l i g h t  d i r e c t i o n .  I f  turbulence exists 
along t h i s  viewing pa th ,  t he  l i g h t  i n t e n s i t y  w i l l  f l u c t u a t e  
i n  a manner r e l a t e d  t o  refractive index v a r i a t i o n s  a s s o c i -  
a t e d  wi th  t h e  t u r b u l e n t  reg ion ,  t h e  t u r b u l e n t  scales, and 
the  d i s t a n c e  of  t h e  reg ion  from t h e  d e t e c t i n g  system. Analy- 
s i s  of  t h e  f l u c t u a t i n g  s i g n a l  i n  t e r m s  o f  i t s  frequency and 
amplitude con ten t  should then reveal t h e  c h a r a c t e r i s t i c s  o f  
the turbulence.  

To e v a l u a t e  t h i s  method, t h r e e  a s p e c t s  must be examined: 
(1) t h e  a v a i l a b i l i t y  and d e t e c t a b i l i t y  of s tars ;  ( 2 )  t h e  ex- 
i s t e n c e  of p e r t u r b a t i o n s  due t o  turbulence  and the  magnitude 
of t h e s e  p e r t u r b a t i o n s  re la t ive t o  t h e  noise  f l u c t u a t i o n s  and 
( 3 )  t h e  information t h a t  can be obtained from the  f l u c t u a -  
t i o n s .  

The d e n s i t y  of  stars b r i g h t e r  than  seventh magnitude 
(photographic) varies from 0.36  per  square degree a t  t h e  
g a l a c t i c  equator  t o  0.10 a t  t h e  galactic poles .  For s i x t h  
magnitude, t h e  corresponding v a l u e s  are 0.13 and 0.04 (Duncan, 
1930). A tu rbulence  c r o s s  s e c t i o n  of 40 miles  by 1 m i l e  sub- 
tends about 15 square degrees  a t  100 m i l e s .  Tracking stars 
b r i g h t e r  than  seventh magnitude w i l l ,  t h e r e f o r e ,  ensure  s tar  
a v a i l a b i l i t y  e s s e n t i a l l y  a l l  t he  t i m e .  Since i t  is  d e s i r a b l e  
t o  have the  turbulence d e t e c t i o n  system i n  ope ra t ion  bo th  day 
and n i g h t ,  we have t o  cons ider  t h e  d e t e c t i o n  of  t he  r a d i a t i o n  
from s i x t h  t o  seventh  magnitude stars i n  high backgrounds. 
Operat ion of  such a device a t  n i g h t  p re sen t s  fewer problems, 
s ince  no apprec iab le  background w i l l  be present. 
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On the  b a s i s  o f  ground-based s c i n t i l l a t i o n  measurements, 
the presence o f  turbulence along t h e  opt ical  pa th  g ives  rise t o  
f l u c t u a t i o n s  i n  t h e  index o f  r e f r a c t i o n  which, i n  t u r n ,  cause 
f l u c t u a t i o n s  i n  t h e  i n t e n s i t y  measured i n  t h e  d e t e c t o r  plane.  
The frequency behavior  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  is  d e t e r -  
mined by t h e  eddy spectrum and by the  eddy motion or thogonal  
t o  the  viewing axis. The high-frequency c u t o f f  w i l l  u sua l ly  
be determined by t h e  t e l e scope  a p e r t u r e  s i z e .  The mean-square- 
i n t e n s i t y  f l u c t u a t i o n  depends on both refractive index f luc tua -  
t i o n  scales (eddy s izes)  and te lescope  ape r tu re .  These re la-  
t i onsh ips  were w e l l  summarized by Reiger (1963) ,  who compared 
these  conclusions w i t h  ground-based experiments. He found 
good agreement, p a r t i c u l a r l y  w i t h  the  r e s u l t s  o f  Keller (1955) 
and Protheroe (1955). The p red ic t ed  temperature f l u c t i a t i o n s  
are compatible w i t h  t h e  d a t a  of  Glagolev (1964) as w e l l  as 
wi th  P r o j e c t  Je t  Stream as given by Endl ich and Mancuso ( 1 9 6 4 ) .  

Although, t h e  s p e c t r a l  composition of  r a d i a t i o n  from 
d i f f e r e n t  stars varies cons iderably ,  i n  t h i s  s tudy,  w e  w i l l  
assume a s p e c t r a l  d i s t r i b u t i o n  similar t o  t h a t  of t h e  sun. 
For t h i s  case, Gebel (1962) has der ived  an equat ion  f o r  the  
f l u x  gathered by a t e l e scope  w i t h  diameter d. I n  terms of 
a v a i l a b l e  power, t h e  equat ion  i s  

0.68 Chvd'T (watts) P =  
2.512' 

where P i s  

d i s  

T i s  

h is  

v i s  

M i s  

C is  

the  power ( w a t t s ) ,  

t he  diameter  of t h e  ob jec t ive  ( c m )  

the  t ransmiss ion  of t h e  o p t i c a l  system, 

P lanck ' s  cons t an t  (6.626 x 10 -27 e rg - sec ) ,  

some mean frequency of t h e  r a d i a t i o n  (cps)  

the  s tar  magnitude, and 

the  f r a c t i o n  o f  t h e  t o t a l  number of photons 
c o l l e c t e d  by t h e  o p t i c a l  system which f i l l  
w i t h i n  t h e  s p e c t r a l  bandpass of  t he  d e t e c t o r .  

The background r a d i a t i o n ,  which i n  daytime w i l l  be predomi- 
n a n t l y  s c a t t e r e d  s u n l i g h t ,  w i l l  be about a factor of 1 0  less 
i n  t h e  6000 - 9OOOA s p e c t r a l  reg ion  compared t o  t h e  4000 - 
7000A region.  A factor of f i v e  i s  a t t r i b u t a b l e  t o  t h e  scat- 
t e r i n g  func t ion  wh i l e  t h e  a d d i t i o n a l  f a c t o r  of  two comes from 
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the greater solar f l u x  dens i ty  i n  t h e  s h o r t e r  wavelength band. 
However, photomul t ip l ie rs  are of  t h e  o rde r  of  ten t i m e s  
more s e n s i t i v e  i n  the  s h o r t e r  wavelength reg ion  and hence 
t h e  s i g n a l / n o i s e  performance w i l l  be unchanged. A g a i n  i n  
us ing  the  longer  wavelength reg ion  of  t h e  two w i l l  be ob- 
t a i n e d  only  f o r  stars wi th  temperatures below t h a t  o f  t h e  
sun. Except f o r  these  r ed  stars, the  star energy a v a i l a b l e  
w i l l  be about  t h e  same f o r  both reg ions .  The reasons  f o r  
choosing these  two regions are high d e t e c t o r  s e n s i t i v i t y  
and favorable  s p e c t r a l  d i s t r i b u t i o n  of r a d i a t i o n ,  W e  can ,  
t h e r e f o r e ,  choose 4000 t o  7000A f o r  d e t e c t i o n ,  s i n c e  t h e  
d e t e c t o r  no ise  f o r  uncooled t r i a l k a l i  m u l t i p l e r s  i s  much 
lower than  f o r  e i t h e r  uncooled S-1 tubes o r  s i l i c o n  photo- 
diodes.  Detec tor  no ise  is  important a t  n igh t .  

y i e l d  a va lue  of C = 0.38. 
Ca lcu la t ions  based on a s o l a r  s p e c t r a l  d i s t r i b u t i o n  

Using v = 5.5 x 10 - I4  (5500A) 

M - 7  

T = 1, 

w e  o b t a i n  

P = 1.5 x LOe5 d2 wat ts .  

Using W i l l s t r o p ' s  (1960) va lue  of approximately w a t t s  
cm-2 (100A)-1 fo r  the  i r r a d i a n c e  o u t s i d e  t h e  e a r t h ' s  a t -  
mosphere fr0m.a zero-magnitude s tar  i n  t h e  v i s i b l e ,  w e  ob- 
t a i n  t he  power o l l e c t e d  from a seventh magnitude s tar  as 
P z 2 x 10-15 d2 watts i n  a 3000A band. 

Since t h e  r a d i a t i o n  received by t h e  d e t e c t o r  w i l l  be 
prodominantly s c a t t e r e d  s u n l i g h t ,  then,  assuming t h e  de t ec -  
t o r  no ise  may be neglec ted ,  the  no i se  f l u c t u a t i o n s  w i l l  be 
r m s  s h o t  no i se  given by the  usua l  equat ion ,  

N = [ Z ~ I K A ~ ]  I/ 2 , 

where  N i s  the  rms f l u c t u a t i o n s  i n  t h e  cathode c u r r e n t ,  

K is  t h e  cathode r a d i a n t  s e n s i t i v i t y  (amps/watt), 

A f  i s  the  e l e c t r o n i c  bandwidth ( cps ) ,  

e i s  t h e  e l e c t r o n i c  charge,  
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With 

h = 5500A 
2 

y = 3 x r ad  (I minute of a r c )  

cos 8 = 1 (worst case) 

2 = 1.5 x w a t t / c m  (Ah = 3 0 0 0 A )  .HO 
-24 cm3 a = 3 x 1 0  

N(r)dr  = 1 . 7  x loz6 
Jo  

we ob ta in  

I = 2.2 x 10'10d2 (wat ts) .  

If w e  now take 
from the  shot-noise  formula, the r m s  no i se  i s  given by 

K = 2 x lom2 amp/watt and Af = 100 c p s ,  then 

- 14 N = 1.2 x 10 d (amp). 

To s u c c e s s f u l l y  t r a c k  a s t a r ,  t h e  d i f f e r e n c e  between 
t h e  mean-signal level when t h e  star i s  i n  the  f ie ld-of -v iew 
of t h e  d e t e c t i n g  system and the  mean-signal level when t h e  
star i s  n o t  p re sen t  has  t o  exceed the  r m s  no i se  f l u c t u a t i o n s .  
For the  assumed cond i t ions  def ined,  t h e  ra t io  between t h i s  
d i f f e r e n c e  s i g n a l  and t h e  rms noise  i s  given by 

- PK = 2.5 x 10 -3 d. N 

I f  d = 40 c m  i s  taken as a p r a c t i c a l  upper l i m i t  f o r  
an a i rbo rne  te lescope ,  we  w i l l  need t o  ga in  a f a c t o r  of  20 
o r  more t o  t r a c k  a seventh magnitude star. A f a c t o r  of 2.5 
i s  obtained f o r  each decrease of  one u n i t  i n  magnitude. It  
may be poss ib l e  t o  ga in  i n  t h e  f r a c t i o n  o f  s t a r  energy ( f o r  
a given magnitude) between 4000 and 7000 A s i n c e  many stars 
are h o t t e r  than the  sun. Any such g a i n  w i l l  be small, how- 
ever as can be seen immediately on a r a d i a t i o n  s l i d e  r u l e .  
S o m e  improvement i n  t h e  S / N  r a t i o  o f  t h e  system 
may be obtained by reducing t h e  f i e l d  angle .  A f a c t o r  of  
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two decrease t o  30 arc-seconds seems t o  be a l l  t h a t i s  prac-  
t i ca l .  
r a t h e r  w e l l  s t a b i l i z e d  mounts, and 30 seconds i s  t h e  b e s t  
one might expec t  (Greene, e t  a l , ,  1966) .  

3 . 3 . 3  Evaluat ion.  W e  have shown t h a t  t r a c k i n g  s i x t h  and 
seventh magnitude stars from an a i r c r a f t  i s ,  a t  b e s t ,  a m a r -  
g i n a l  p ropos i t i on  i n  t h e  daytime. Even i f  w e  assume t h a t  a 
S/N r a t i o  of f i v e  can b e  achieved (i.e., 4 0 - c m  t e l e s c o p e ,  
1 cps bandwidth and a f i e l d  angle  of 30 arc-seconds) ,  we  are 
s t i l l  l e f t  wi th  d e t e c t i n g  t h e  s c i n t i l l a t i o n s  t h a t  may be a 
few percent  of t h e  s tar  i n t e n s i t y  (Reiger 1963) .  C l e a r l y  
d e t e c t i n g  i s  n o t  even marginal.  

A t  n i g h t ,  t h e  s i t u a t i o n  i s  q u i t e  d i f f e r e n t .  With t h e  
d r a s t i c a l l y  reduced background, t h e  no i se  equ iva len t  i n p u t  
o f  t he  d e t e c t o r  can  be used t o  estimate f e a s i b i l i t y .  For a 
100-cps bandwidth, a t y p i c a l  f i g u r e  f o r  t r i a l k a l i  cathode 
tubes i s  1-5 x 10-15 w a t t .  Comparing t h i s  wi th  the  power 
a v a i l a b l e  from a seventh  magnitude star,  we see t h a t  w i t h  a 
15-cm a p e r t u r e  d iameter ,  t h e  S/N r a t i o  i s  of t he  o rde r  of 
100 f o r  t r a c k i n g ,  and f l u c t u a t i o n s  i n  s i g n a l  of a f e w  per -  
c e n t  can be d e t e c t e d  w i t h  confidence.  

Tracking w i t h  narrow f i e l d  on an a i r c r a f t  r e q u i r e s  

Turbulence d e t e c t i o n  us ing  a s t a r - t r a c k i n g  system ap- 
pears f e a s i b l e  on ly  a t  n igh t .  Daytime t r ack ing ,  even wi th  
a l a r g e - a p e r t u r e  na r row- f i e ld  t e l e scope  and slow t i m e  re- 
sponse, i s ,  a t  b e s t ,  marginal ,  wh i l e  d e t e c t i o n  of f l u c t u a -  
t i o n s  i s  a t  least  one magnitude removed from t racking .  

3 . 4  Relative Movements of S t e l l a r  Images 

This  technique,  whereby t h e  movement of s te l lar  images 
re la t ive t o  one ano the r  would be measured, has been considered 
but  i t  possesses  s o  many p r a c t i c a l  disadvantages t h a t  i t  has 
been e l imina ted  from f u r t h e r  cons ide ra t ion .  The reasons are 
as follows: 

0 It would be necessary  t o  acqu i r e  t h e  "track" a t  
least two stars s imultaneously w i t h  accu rac i e s  
of t h e  o r d e r  of  a f e w  arc-seconds.  

0 An extremely accu ra t e  and fas t - responding  i n e r t i a l  
p la t form would be r equ i r ed  t o  take  account of a i r -  
c r a f t  motions; r o l l i n g ,  p i t c h i n g ,  o r  yawing. This  
would have t o  ope ra t e  w i t h  an accuracy of a few 
arc-seconds.  

0 T o  ensure  star a v a i l a b i l i t y ,  s tars down t o  t h e  
seventh magnitude would have t o  be used, 
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n e c e s s i t a t i n g  t e l e scope  ape r tu re s  o f  t h e  o r d e r  
of  6 i n .  There would, t h e r e f o r e ,  be some 
averaging  over t h e  a p e r t u r e  t h a t  would reduce 
t h e  dancing of a s tar ,  but i nc rease  t h e  image 
b l u r .  . From ground-based s e e i n g  observa t ions ,  t h e  
image i s  no t  of uniform shape and changes 
cont inuous ly  w i t h  t i m e .  

o Because o f  s c i n t i l l a t i o n ,  t h e  amount of energy 
i n  t h e  image would vary  i n  a random fashion.  
T h i s  would make ins tan taneous  ( t i m e s  2: 1/300 
s e c )  de te rmina t ion  of t h e  p o s i t i o n  of t h e  s tar  
extremely d i f f i c u l t .  

These reasons are considered t o  be s u f f i c i e n t l y  
discouraging to  prec lude  f u r t h e r  s tudy  of t h i s  technique. 

3.5 Detec t ion  of Temperature C h a r a c t e r i s t i c s  

Evidence from as e a r l y  as t h e  P ro jec t  Je t  S t ream 
F l i g h t s  (Endlich & Mancuso 1964) has shown t h a t  many 
turbulence  encounters  a r e  a s s o c i a t e d  w i t h  ho r i zon ta l  t e m -  
pe ra tu re  g r a d i e n t s  and f l u c t u a t i o n s .  T h i s  information has 
r e s u l t e d  i n  a number of sugges t ions  f o r  d e t e c t i o n  o r  
warning of imminent tu rbulence  encounters.  Kadlec (1965) 
inves t iga t ed  a d i r e c t  temperature-sensing technique t h a t  
involves  measuring t h e  temperature  a t  t h e  a i r c r a f t  and then ,  
using e s t a b l i s h e d  but  questionabTe g rad ien t  c r i t e r i a ,  
determining when an  encounter  i s  probable.  While ex tens ive  
t e s t s  a r e  s t i l l  being made, it seems t h a t  t h e  ob jec t ions  
r a i s e d  by McLean (1965) are v a l i d  and t h e  approach i s  
s u s c e p t i b l e  not  on ly  t o  a high fa l se-a la rm r a t e  but a l s o  
t o  a low p r e d i c t i o n  accuracy. 

u t t e r l y  dependent on t h e  geometr ica l  r e l a t i o n  of a i r c r a f t  
pthh t o  turbulence .  It would appear ,  t h a t  an equal ly  s t r o n g  
c r i t i c i s m  is t h a t  on ly  tu rbu lence  i n  t h e  f r o n t  between two 
a i r  masses of d i f f e r e n t  temperatures  can be pred ic ted  a t  all. 
T h i s  is much too  r e s t r i c t i v e  s i n c e  turbulence  i s  found 
elsewhere,  p a r t i c u l a r l y  i n  reg ions  of mountain wave a c t i v i t y .  

R e m o t e  s ens ing  of  atmospheric temperature has been 
suggested and examined by s e v e r a l  i n v e s t i g a t o r s  a l though,  as 
a method of  CAT d e t e c t i o n ,  t h i s  technique s t i l l  r e q u i r e s  t h e  
a s s o c i a t i o n  of l a r g e  h o r i z o n t a l  temperature g r a d i e n t s  w i t h  
occurrence of CAT. Radiometric d e t e c t i o n  was analyzed by 
Merrit and Wexler (1964), who concluded t h a t  t h e  6.3-p+ wate r  

McLean's major o b j e c t i o n  i s  t h a t  such a method is  
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vaporband is t h e  b e s t  a v a i l a b l e  cho ice  f o r  making such 
remote temperature measurements and t h a t  t h e  d e t e c t i o n  of 
a 2°C sp ike  w i t h  a 3-km depth is  margina,l ly f e a s i b l e .  The 
s i n g l e  radiometer i s  no t  capable  of providing range i n f o r -  
mat ion,  but  t h e  e f f e c t  of temperature v a r i a t i o n s  beyond 
30-km w i l l  be much less than t h a t  of  v a r i a t i o n s  c l o s e r  than 
30-km. One can ,  t h e r e f o r e ,  env i s ion  an  alarm system of 
some s o r t .  A t  b e s t ,  however, a l l  t h e  p i l o t  w i l l  know is  
t h a t  some form of temperature v a r i a t i o n  is  ahead but  t h e  
system cannot provide more than t h a t  s i n c e  range and 
magnitude of t h e  v a r i a t i o n  are complementary. 

(1964) and o t h e r s  suggested a technique i n  which t h e  s h o r t  
wavelength wing of  t h e  15-1.1 carbon d ioxide  band i s  scanned 
s p e c t r a l l y .  The i r  c a l c u l a t i o n s  showed t h a t  d e t e c t i o n  of 
l a r g e  s c a l e  temperature d i s c o n t i n u i t i e s  i s  f e a s i b l e  on t h e  
b a s i s  of t h e  S/N r a t i o ,  a l though t h e  assumption t h a t  t h e  
tu rbu lence  reg ion  has dimensions of t h e  o r d e r  of  80 t o  
160 kmwas made. 

To inc rease  t h e  amount of in format ion ,  Astheimer 

3.5.1 S e n s i t i v i t y .  
po in t ing  approximately ahead of t h e  a i r c r a f t  and o p e r a t i n g  
a t  a f ixed  wavelength w i l l  be considered f i r s t .  

The case  of a s i n g l e  d e t e c t i n g  system 

The s e n s i t i v i t y  w i t h  which h o r i z o n t a l  temperature  
g r a d i e n t s  ahead o f  t h e  a i r c r a f t  may be de t ec t ed  w i l l  depend 
on t h e  design of t h e  radiometer ,  t h e  s e n s i t i v i t y  of  t h e  
d e t e c t o r  and t h e  s t a b i l i t y  of t h e  radiometer  mounting 
p la t form.  Qu i t e  c l ea r ly ,  f o r  a radiometer  looking ahead of 
t h e  a i r c r a f t ,  changes i n  t h e  po in t ing  d i r e c t i o n  i n  a v e r t i c a l  
p l ane  w i l l  cause pronounced changes i n  t h e  temperature 
a long  t h e  radiometer  l i n e  of s i g h t  because of normal temper- 
a t u r e  s t r u c t u r e  of t h e  atmosphere. The magnitude of t h i s  
effect  would depend on the v e r t i c a l  temperature g r a d i e n t  
ahead of t h e  a i r c r a f t .  

A radiometer  c o n t r o l l e d  t o  p o i n t  h o r i z o n t a l l y  ahead 
of  t h e  a i r c r a f t  would be a b l e  t o  d e t e c t  ho r i zon ta l  temper- 
a t u r e  g r a d i e n t s  by v i r t u e  of  t h e  motion of t h e  a i r c r a f t .  
I f  t h e  a i rcraf t  i s  approaching a reg ion  of warmer a i r  then 
t h e  s i g n a l  r e l a t i v e  t o  some a b s o l u t e  v a l u e  w i l l  i n c r e a s e .  
S p a t i a l  scanning can a l s o  be u t i l i z e d .  The radiometer  
ou tpu t  s i g n a l  would normally be cons t an t  f o r  an angular  
scan  i n  t h e  h o r i z o n t a l  p lane ,  but would inc rease  a s  t h e  
p o i n t  down ang le  increased f o r  scans i n  a v e r t i c a l  plane.  
Deviat ions from t h i s  behavior could be used t o  i n f e r  t h e  
atmospheric temperature s t r u c t u r e  ahead of t h e  a i r c r a f t  
which might then be related t o  occurrence of CAT. 
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To t r e a t  t h i s  problem a n a l y t i c a l l y  t h e  f i e l d  of v i e w  
is divided i n t o  elements a long r;he l i n e  of s i g h t .  The 
radiometer s i g n a l  may then be considered t o  be t h e  sum of t h e  
rad iance  of a l l  t he  elements mul t ip l i ed  by t h e  t ransmiss ion  
of tKe atmosphere between t h e  d e t e c t o r  and t h e  i n d i v i d u a l  
element. This  t o t a l  rad iance  can be w r i t t e n  as 

n 
R =c t iRi. 

A number of wavelength reg ions ,  p a r t i c u l a r l y  t h e  1 5 ~  carbon 
d ioxide ,  9 . 6 ~  ozone and 6 . 3 ~  water absorp t ion  bands are 
s u i t a b l e .  The carbon d ioxide  band appears t o  be the  m o s t  
advantageous because i t  is  broad enough t o  al low spectral .  
scanning of the short-wave wing without  us ing  a ve ry  high 
s p e c t r a l  r e so lu t ion ,  s o  t h a t  both radiometr ic  and spec t ro-  
rad iometr ic  approaches can be evaluated and compared. The 
carbon d ioxide  mixing ra t io  is  e s s e n t i a l l y  cons tan t  through- 
o u t  t h e  atmosphere i n  c o n t r a s t  t o  t h e  water vapor v a r i a b i l i t y  
and t h e  complex behavior of t h e  ozone mixing r a t i o s .  

t h e  rad iance  of any element i s  given by t h e  Wien 
approximation t o  Planck's l a w ,  mu l t ip l i ed  by t h e  t h i n  
gas  approximation 

For t h e  va lues  of AT w i t h  which w e  are concerned, 

2 where c1 = 3 . 7 4  x 10- l2 w a t t s  c m  
4 

h is the  wavelength (microns), 

= 1.443 x 10 p deg c2 

Ti i s  t h e  temperature of t h e  element (KO), 

ei is t h e  molecular e x t i n c t i o n  c o e f f i c i e n t  ( c m  >, 
Ni is t h e  molecular number d e n s i t y  ( ~ m ' ~ ) ,  and 

R i  is  t h e  length  of t h e  element. 

2 
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To determine t h e  s e n s i t i v i t y  of d e t e c t i o n  of temperature 
c h a r a c t e r i s t i c s  w e  have t o  be a b l e  t o  calculate t h e  e f f e c t  
on t h e  radiometer  s i g n a l  of d i f f e r e n t  forms of atmospheric 
temperature  d i s t r i b u t i o n  ahead of t h e  a i r c r a f t .  Since w e  
a r e  concerned w i t h  temperature d i f f e r e n c e s  t h e  d i f f e r e n c e  
k~n radiance of any element i f  t h e  temperature  of t h a t  
element changes from Ti t o  Ti' i s  given by 

A R ~  = c l ~ - 5 e i ~ i  N .  exp OC2 - ~ i  exq 'hli;TT -c2 , 
h l  1 

1 

Now assuming t h a t  t h e  mixing r a t i o  of  CO is  c o n s t a n t  and 
t h a t  t h e  d e n s i t y  w i l l  vary  i n v e r s e l y  w i t 6  t h e  temperature  then  

N i  = Ni Ti 9 

1 

-c2 Ti OC2 
exp hT. - 9? exp 'h7pTT . ARi = clh-5ei,6iNi 

1 1 1 

For t h e  wavelength 
t h e  s p e c t r a l  rad iance  d i f f e r e n c e  i s  a l i n e a r  func t ion  o f  
temperature  d i f f e r e n c e ;  i . e . ,  

1 5 ~  and the. temperature  v a l u e  =230"K, 

Upon s u b s t i t u t i o n  and rearrangement,  

5 ah 
AFti = e . l .N. (Ti  1 1 1  - TI) - c1 - 

Since w e  a r e  cons ider ing  an a l t i t u d e  of  10 km, Ti will be 
230°K and t h e  q u a n t i t y  i n  t h e  square  bracke ts  is  then 

7" ah 5 1  exp - -c2 2 x 10 - 4  deg'l.  h T i  cl T 
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The d i f f e r e n t i a l  radiance i s ,  t h e r e f o r e ,  given by 
ARi = 1 x lo" ATeiRiNi watt/cm 2 p "K s t e r a d .  

The d i f f e r e n c e  i n  t h e  de tec ted  s i g n a l  between t h e  
case  i n  which a uniform temperature d i s t r i b u t i o n  e x i s t s  
haead of  t h e  a i r c r a f t  and t h a t  i n  which a temperature 
grad ien t  is  present  is  t h e r e f o r e  given by 

AR = XtiARi 

where t is  again t h e  t ransmission of  t h e  po r t ion  of t h e  
atmosphere between t h e  i t h  reg ion  and t h e  radiometer. 

To ob ta in  an estimate of t h e  a b i l i t y  of t h e  radio-  
meter t o  sense temperature g rad ien t s  o r  o t h e r  nonuniformit ies  
ahead of t h e  a i r c r a f t  it is necessary t o  f irst  s u b s t i t u t e  
i n t o  t h e  equat ion f o r  ARi t h e  appropr i a t e  va lues  of e i ,  Ni, 
1 0 ,  and AT. The combination of e i ,  N i ,  and R i  w i l l  be 
tke emiss iv i ty  of  t h e  s l a b  of atmosphere being considered 
and w e  w i l l  assume t h a t  t h e  wavelength is chosen so t h a t  
t h e  a i  = 30 km, t h e  s l a b  emis s iv i ty  is 0.5. Although 
a c t u a l  temperature records are considered la te r ,  w e  w i l l  
assume here  a temperature w e l l  ahead of t h e  a i r c r a f t  as 
shown i n  Figure 26 wi th  a depth of  AT = 5' extending 
over t h e  d i s t ance  Ri. The d i f f e r e n t i a l  radiance for t h e  
s l a b  will t he re fo re  be given by 

2 watts/cm c~ s t e r a d .  ARi = 2.5 x 

I f  a uniform temperature is assumed along t h e  l i n e  of s i g h t  
of t he  radiometer wi th  t h e  exception of t h e  temperature 
w e l l  then t h e  change i n  radiometer output  due t o  t h e  
presence of t h e  w e l l  w i l l  b.e given by 

AR = tARi . 
For t h i s  prel iminary es t imate ,  we w i l l  t ake  

t 1 

This choice of t 
determines t h e  range of  t h e  temperature w e l l  from t h e  
a i r c r a f t  s i n c e  t h e  wavelength was f ixed  when t h e  s l a b  
emis s iv i ty  was chosen t o  be 0.5. A s p e c t r a l  bandpass 
of 0 . 5 ~  w i l l ,  t he re fo re ,  g ive  rise t o  a d i f f e r e n t i a l  
radiance of AR = 5 x 10-6 watt/cm2 s t e r a d .  
c h a r a c t e r i s t i c s  of t h e  radiometer w i l l  determine the  
S/N r a t i o  wi th  which t h i s  d i f f e r e n t i a l  radiance may 

0 .6  which g'ves an e fective d i f f e r e n t i a l  radiance 
of AR = 1 x loo$ w a t t / c m  h IJ. s t e r a d .  

The 
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be d e t e c t e d .  I f  we t a k e  t h e  fol lowing f i g u r e s ,  which would 
be a p p r o p r i a t e  f o r  an a i r b o r n e  radiometer ,  

Area of  C o l l e c t o r  300 cm2 

F i e l d  o f  V i e w  1" = 2.4 x 10- 4 ster. 

2 Detector S i z e  1ntm 

Transmission Fac to r  0.3 

E l e c t r o n i c  Bandwidth 1 cps  

t h e  S/N r a t i o  w i t h  the rmis to r  b lometer d e t e c t o r  having a 
d e t e c t i v i t y  of 5 x 108 cm (Hz)lYz/watt would be 500. 

It may be deduced from Figures  24 and 25  t h a t  f o r  
t h e  slab of  atmosphere 30 kms th ick  t h e  t ransmission 
would be equal  t o  0.5 f o r  a wavelength o f  13.2 microns. 
At t h i s  wavelength t h e  emis s iv i ty  of t h e  s l a b  would 
a l s o  be equal  t o  0.5. 
s l a b  t o  t h e  d e t e c t i n g  system of 0.6 would t h e r e f o r e  
correspond from Figure  25  t o  t h e  s l a b  being centered  a 
d i s t a n c e  of 30 k i lome te r s  from t h e  radiometer .  

The assumed t ransmiss ion  from t h e  

It is  clear from t h e  way i n  which t h e  t ransmiss ion  
curves change w i t h  wavelength t h a t  t h e  s p e c t r a l  bandpass 
of t h e  radiometer  should be made as narrow as p o s s i b l e ,  
p r e f e r a b l y  less than 0 .1  micron, t o  avoid t h e  s i g n a l  
being smoothed o u t .  A narrow s p e c t r a l  bandpass w i l l  
reduce t h e  S/N r a t i o ,  and so  a compromise w i l l  u s u a l l y  
be necessary .  

The approximate d i f f e r e n c e  i n  rad iance  between 
a n  undis turbed  f i e l d  and one which inc ludes  a temperature ~ 

w e l l  30 kms long,  5" i n  depth,  cen tered  3 km from t h e  
de e c t i n g  system has been found t o  be 5 x 10-6 watts/  
an5 - s t e r a d .  i f  t h e  s p e c t r a l  bandpass is a r e l a t i v e l y  
l a r g e  0.5 micron. This  agrees  wi th  t h e  r e s u l t s  of 
Norman and Macoy f o r  a 5" temperature d i s c o n t i n u i t y  
s t a r t i n g  a t  20 km. Since i n  our case t h e  d i f f e r e n t i a l  
r ad iance  is def ined  a s  t h e  d i f f e r e n c e  i n  s i g n a l  between 
t h e  ambient cond i t ion  and t h e  cond i t ion  i n  which temperature 
g r a d i e n t s  occur  i n  t h e  f l i g h t  path of t h e  a i rcraf t ,  then 
t h e  comparison w i t h  t h e  Norman and Macoy r e s u l t  from 
Figure  26 has t o  be made by tak ing  t h e  d i f f e r e n c e  between 
curves  A and B20 krn a 13.2 microns. This  d i f f e r e n c e  
is  equa l  t o  9.5 x 1 W g  watts/cm2-ster-micron and w i t h  
an 0 . 5 ~  bandpass t h e  d i f f e r e n t i a l  r ad iance  would be 
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4.8 x loo6  wat t s /cm2-s te r .  
temperature w e l l  t o  100 km, whereas w e  have cons idered  t h e  
w e l l  t o  be between 15 and 45 km, no s u b s t a n t i a l  d i f f e r e n c e  
i n  rad iance  between t h e  two s i t u a t i o n s  should be expected 
s i n c e  t h e  15- t o  20-km por t ion  c o n t r i b u t e s  heavi ly  and 
w i l l  s u b s t a n t i a l l y  balance t h e  45- t o  100-km region .  

According t o  t h e  r e s u l t s  of Norman and Macoy shown 
i n  F igure  26,  a rad iometr ic  system ( i . e . ,  ope ra t ing  a t  
a f i x e d  wavelength) would g ive  t h e  largest change w i t h  
t h e  c e n t e r  wavelength nea r  13.2 microns i r r e s p e c t i v e  of  
t h e  range of  t h e  temperature w e l l .  I n  c a s e  A t h e  ambient 
temperature ,  assumed t o  be uniform, is  d i f f e r e n t  t o  t h e  
r e fe rence  temperature  and the  d i f f e r e n t i a l  rad iance  
t h e r e f o r e  r e p r e s e n t s  t h e  d i f f e r e n c e  between t h e  blackbody 
rad iances  a t  t h e  two temperatures.  There i s  no peak i n  
t h e  s ectral  d i s t r i b u t i o n  curve.  I n  case  B a temperature  
" w e l l R  is assumed t o  be loca ted  ahead of t h e  a i r c r a f t  and 
extending o u t  t o  100 k i lometers .  The two curves correspond 
as marked t o  t h e  temperature w e l l  a t  a range of 5 km 
and 20 km r e s p e c t i v e l y .  The peak i n  t h e s e  curves a t  
13 .2  microns r e s u l t s  f r o m  t h e  way i n  which t h e  t r a n s -  
mission and t h e  emission are combined. A t  wavelengths 
s h o r t e r  than 13.2 microns t h e  emission from t h e  s l a b  
of atmosphere co inc iden t  wi th  t h e  temperature w e l l  
w i l l  be l e s s  but t h e  t ransmission through t h e  i n t e r v e n i n g  
atmosphere t o  the  radiometer  w i l l  be g r e a t e r .  A t  
l a r g e r  wavelengths a l though t h e  emission is g r e a t e r ,  
t h e  t ransmiss ion  i s  less i n  such a way t h a t  a peak i s  
obta ined  i n  t h e  spectrum funct ion .  

Although they extend t h e  

A m a j o r  problem i n  t h e  case  of  a radiometer 
o p e r a t i n g  a t  a s i n g l e  wavelength is  t h a t  t h e r e  i s  no 
d i r e c t  way of  d i s t i n g u i s h i n g  between a h o r i z o n t a l  
temperature g r a d i e n t  ahead of  t h e  a i r c r a f t  and a change 
i n  ambient temperature.  
a t  t h e  aircraft t h e s e  cases could poss ib ly  be d i s t i n g u i s h e d  
o r  a l t e r n a t i v e l y  s p a t i a l  scanning could be employed. 

By monitoring t h e  air  temperature  

However, an  a l t e r n a t i v e  approach is t o  use a 
spectro-radiometer  and t o  measure t h e  r a d i a t i v e  i n p u t  
as a func t ion  of wavelength. On t h e  b a s i s  of t h e  
c a l c u l a t e d  s p e c t r a l  rad iance  curves of  Norman and Macoy 
such a technique would appear  t o  be very  promising. 
However, i n  a p r a c t i c a l  case t h e  temperature d i s t r i b u t i o n s  
w i l l  be cons iderably  d i f f e r e n t  t o  t h e  i d e a l i z e d  
temperature w e l l s  considered above and t h e r e f o r e  , t o  
determine how w e l l  t h i s  technique w i l l  work i n  p r a c t i c e ,  
a c t u a l  measured temperatures w i l l  be used. 
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It should again be noted that this discussion relates 
to the remote dectection of temperature gradients ahead of 
the aircraft. As we pointed out initially, the correlation 
between CAT and such temperature gradients is far from 
clearly established. In fact the evidence indicates that 
the technique would be susceptible to a high false alarm 
rate and an inability to give information of turbulent 
intensities. 

3.5.2 Case Analysis. Endlich and McLean (1964) have 
provided graphs of temperature and espected signal functions 
from several Project Jet Stream flights, 
involve only temperature changes of fairly large spatial 
extent and do not include the type of singular temperature 
spike shown by Merritt and Wexler (1964) and by Fusco 
(1964). 
appear feasible may be detected. 

from actual temperature records the atmosphere was 
divided into 10-km-thick slabs perpendicular to the 
line-of-sight and the irradiance at the aircraft computed 

These records 

Radiometric detection of such spikes does not 

To calculate the form of the radiometer signals 

'(for each wavelength) from the expression: 

where is the transmission of the atmosphere 
ti between the aircraft and slab i, 

is the slab emissivity (assumed to be constant 
ei over the temperature involved and identical 

for all slabs), 

ABi is the difference in the Planck function for 
turbulent and ambient volumes and is propor- 
tional to the temperature difference, 

w is the field of view ( so l id  angle), 

A is the collector optics area, and 

Ahh is the spectral bandwidth used. 

In terms of the temperature difference, 

A I  = LOo5 WhetiATi. 

The summation is only over those slabs which have a 
temperature different from the ambient. Since the graphs 
do not specify the ambient temperature, we made a 
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reasonable estimate of this quantity. We have made no 
substitution for M A ;  therefore, the A I  values thus 
obtained should not be considered absolute, but only 
indicative of the form of the signal. The Project Jet 
Stream records include vertical gust velocities and the 
turbulent intensities (following Endlich and McLean) 
may be interpreted as follows: 

1. Gusts less than 5 fps; nonturbulent 

2. Gusts between 5 and 9 fps; light turbulence 

3 .  Gusts between 10 and 19 fps; moderate turbulence 

4 .  Gusts greater than 20 fps; severe turbulence. 

These values are intended only as guides and not as 
precise definitions. In fact, Colson (1966) notes that 
derived gust velocities of 5 to 20 fps are (frequently) 
defined as light turbulence, 20 to 35 fps as moderate, 
and 35 to 50 fps as severe. 

We can examine one case as an example. The records 
of Figure 27 show a rapid decrease of the temperature 
from -59" to -62°C just after the onset of turbulence. 
Since 10 minutes represents about 50 to 60 miles, we see 
that the temperature drop occurs about 20 miles after 
turbulence onset and that light-to-moderate turbulence 
is found for the rest of the record. The signal 
reflects this temperature step in that the signal becomes 
more negative as the wavelength decreases and the radiation 
from larger distances ahead of the aircraft becomes 
important. Because the temperature record does not 
indicate the behavior beyond 130 miles, two signal curves 
were calculated, one for a temperature of -62°C throughout 
the atmosphere and the other for a -62°C temperature 
extending over 60 miles (1940 GMT). The signal function 
clearly depends on the temperature structure at large 
distances; the imminent turbulence tends to be masked 
by this. 

Figures 27 - 31 represent situations ranging from 
no turbulence to severe turbulence and should, therefore, 
be indicative of the interpretability of the signal 
functions. Examination of the individual graphs and 
particularly the comparison curves in Figure 31 leads 
to the conclusion that the spectral scanning of the wing 
of the carbon dioxide 1511 band does not provide signals 
that can be used to reliably predict either turbulence or 
its severity ahead of an aircraft. The signals in Figure 
28 and 29 show no significant and useful differences, 
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yet Figure 28 is the c a s e of no turbulence ahead while 
Figure 29 represents a situation in which gusts up to 35 fps 
will be encountered along the flight path. 

3.5.3 Evaluation. Although large scale temperature structure 
can be qualitatively inferred from the signal behavior the 
lack of correlation of that structure with turbulence is evi- 
dent from the analysis of Project Jet Stream records. This 
was the contention of McLean (1965) in his analysis of the 
direct temperature-sensing technique used by Kadlec (1965) 
and we have here that the criticism applies to remote sensing 
as well. An examination of the data shown here does indicate 
a correlation between small-scale temperature structure 
(spikes), but no specific conclusions are possible because of 
the lack of information on the temperature structure in the 
adjacent nonturbu.lent air. 

A recent series of flight tests conducted by t h e  
Canadian National Aeronautical establishment supports these 
reservations. A Fabry-Perot system similar to that described 
by Astheimar was flown on a T-33 aircraft. To ensure turbu- 
lence encounters, the flights were in areas of mountain wave 
activity. A number of problems with the airborne operation 
(lack of stabilization, radio frequency, interference) make 
it difficult to evaluate the results. The data presented by 
Mather (1967) are sufficient, however, to show that turbu- 
lence detection is sporadic. In addition, we must point out 
that our own examination of Mather's figures leads us to the 
conclusion that the instrument did not provide warning in 
several cases where detection was claimed by Mather. Pos- 
sibly, this difference of opinion is due to our use of the 
figures in this report rather than the original data. 

3.6 Infrared Schlieren System 

Flow visualization techniques such as schlieren may be 
used to observe turbulence in fluid flows or over limited 
paths in the atmosphere. In a standard schlieren system the 
light from a smalr pinhole source is collimated by lens or 
mir ro r optics an d t hi s collimated beam passes through 
the flow region o f in t er e s t .  A s e c on d lens or mir- 
ror is then used to re-image the pinhole source in the plane 
of a knife edge, placed so as to block a large portion of the 
direct light from the source. Density gradients in the flow 
will produce ray deviations that will influence whether a par- 
ticular ray passes or is blocked by t h e  knife edge. An 
ancillary lens is usually used behind the knife edge to image 
a particular plane in the flow field. In m a n y  wind tunnel 
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p i c t u r e s  i t  i s  poss ib l e  t o  observe t h e  presence of  t u r b u l e n t  
boundary l a y e r s  a long  t h e  walls of  t h e  tunnel .  Many o t h e r  
such sch l ie ren- type  systems have been u s e d ,  and t h e  b r i e f  
d e s c r i p t i o n  i s  given here t o  c l a r i f y  t h e  d i f f e r e n c e s  between 
s tandard  s c h l i e r e n  techniques and t h e  one w e  w i l l  now d i scuss .  

The condi t ions  of a convent ional  s c h l i e r e n  system can- 
no t  be found or generated i n  the  con tex t  of  CAT d e t e c t i o n  from 
a i r c r a f t  bu t  a r e l a t e d  approach u s i n g  a n  extended g r a d i e n t  
source merits cons ide ra t ion  (Figure 32) .  Because t h i s  has 
been r e f e r r e d  t o  as a sch l ie ren- type  system, t h e  d i f f e r e n c e s  
between t h e  two should be pointed out t o  avoid confusion.  The 
source i n  t h e  poss ib l e  system i s  t h e  e a r t h ' s  horizon,  I n  
s p e c t r a l  reg ions  wi th  s m a l l  atmospheric abso rp t ion  the  r a d i -  
ance near  t h e  horizon w i l l  decrease r a p i d l y  w i t h  i n c r e a s i n g  
angle  from the  tangent  l i n e  t o  the  e a r t h ,  I f  t h i s  rad iance  
g r a d i e n t  were s u f f i c i e n t l y  large, a k n i f e  edge could be used 
i n  t h e  image plane of an a i rborne  system t o  block d i r e c t  ra- 
d i a t i o n  from the e a r t h  and the  r a d i a t i o n  reaching  t h e  de t ec -  
t o r  after r e f r a c t i o n  by turbulence could  then  be de t ec t ed .  
The most promising s p e c t r a l  reg ion  fo r  such a n  approach i s  
nea r  l l p  where only weak continuum a b s o r p t i o n  by water vapor 
i s  p resen t ;  t h i s  i s  also favorable  on t h e  b a s i s  of  t h e  e a r t h ' s  
rad iance .  Working a g a i n s t  t hese  advantages i s  t h e  s m a l l ,  bu t  
f i n i t e ,  rad iance  of t h e  water vapor and the  r a t h e r  gradual  
f a l l - o f f  i n  horizon radiance.  
Brooks (Duncan, e t  a l e ,  1965), we can see t h a t  an  angle  of 
several degrees from the  horizon i s  r e q u i r e d  t o  r each  t h e  
minimum background level (Figure 33) .  

From t h e  d a t a  of Murcray and 

To be a b l e  t o  d e t e c t  and measure small ang le s  (-10 arc- 
seconds) ,  a poss ib l e  approach i s  t o  image t h e  rad iance  g rad i -  
e n t  (o r  a po r t ion  t h e r e o f )  and measure t h e  r e d i s t r i b u t i o n  o f  
energy i n  the  image due t o  turbulence.  

To permit a q u a l i t a t i v e  assessment of t h i s  r e d i s t r i b u -  
t i o n ,  a r a t h e r  s impl i f i ed  horizon rad iance  func t ion  w i l l  be 
assumed i n i t i a l l y  and the  conclusions from t h i s  a n a l y s i s  used 
t o  eva lua te  the  more real is t ic  case. The r ad iance  n e a r  t h e  
horizon w i l l  be assumed t o  be of  t h e  form shown i n  F igure  34 
w i t h  x t h e  coord ina te  along the e a r t h ' s  r a d i u s  perpendicular  
t o  t h e  tangent  and no v a r i a t i o n  along t h e  y - d i r e c t i o n  perpen- 
d i c u l a r  t o  both x and t h i s  tangent  l i n e .  

We can see t h a t  a change i n  t h e  rad iance  func t ion  w i l l  
occur only f o r  those reg ions  where t h e  rad iance  func t ion  i s  
assymetrical over the  effective angular  wid th  o f  t h e  po in t -  
spread  func t ion  ( i . e . ,  t he  second d e r i v a t i v e  of t he  rad iance  
func t ion  must be d i f f e r e n t  from zero) .  From t h e  diagrams, w e  
can see t h a t  only the  earth-to-atmosphere and t h e  tropopause 
t r a n s i t i o n  reg ions  have t h i s  requi red  behavior ,  The horizon 
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Figure  33 F i l t e r  Transmission Functions f o r  the Radiometer 
of Murcray and Brooks (Duncan, e t  a l . ,  1965) 
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r a d i a n c e  c a l c u l a t e d  by Wark, e t  a l .  (1964), s h o w n  i n  
F igure  35 (a ) ,  has b e e n  p a r t i a l l y  r e p l o t t e d  on an  en larged  
scale i n  Figure 35(b).  From t h i s  w e  can see t h a t ,  f o r  
angu la r  reg ions  exceeding the  width of t he  turbulence  p o i n t -  
spread  func t ion  by a f a c t o r  of t h r e e  or more, t h e  r ad iance  
func t ion  i s  so n e a r l y  l inear  t h a t  observable  angu la r  r e d i s -  
t r i b u t i o n  w i l l  n o t  occur. The mean angular  d e v i a t i o n  due t o  
turbulence  would have t o  b e  about  10 t o  20 arc-minutes f o r  
apprec i ab le  n o n l i n e a r i t i e s  t o  exis t .  While t h e  r e s u 1 t s 
f o r  Murcray and Brooks were obtained a t  a h igher  a l t i t u d e  
and w i t h  a broader  spectral  response than i s  t h e  case f o r  
our  approach, t h e i r  curves  a l s o  i n d i c a t e  the  n o n l i n e a r i t i e s  
of  t h e  rad iance  func t ion  exis t  e s s e n t i a l l y  only on a large 
angu la r  s c a l e .  The rms dev ia t ion  angle  f o r  a r ay  pass ing  
through a t u r b u l e n t  reg ion  can be es t imated  from t h e  equa- 
t i o n  - -.I r I 

1 J O  J 
given by T a t a r s k i  (1960). Here, b i s  t h e  o b j e c t i v e  diam- 
eter and Cn i s  t h e  r e f r a c t i v e  index s t r u c t u r e  c o n s t a n t .  
For a t u r b u l e n t  volume of  l eng th  L and w i t h  c o n s t a n t  Cn, 
the  express ion  s i m p l i f i e s  t o  

r -1/3 2 1112 [d1/2 = - 3b Cn L. 
-16 -2/3 Taking L equal  t o  50 km and C z  e q u a l  t o  10 c m  

g ives  a value f o r  t h e  d e v i a t i o n  angle  of ( f o r  15-cm-diameter 
co 1 l e c t o r  ) 

[z] = 2.5 x 10’’ r ad ian ,  

o r  -5 arc-second . According t o  A t l a s  (1966), Cn r a n  g e s  
f rom 10-7 t o  10-8 f o r  CAT and the  r m s  d e v i a t i o n  should ,  t he re -  
f o r e ,  f a l l  i n  t h e  range of 5 t o  50 arc-seconds. 
f o r  t h e  normal atmosphere, no apprec i ab le  c o n t r i b u t i o n  t o  t h i s  
angle  w i l l  come from the  p a r t  of t h e  pa th  w i t h  no CAT. The 
t o t a l  c o n t r i b u t i o n  should be of t he  same orde r  as t h a t  from 
t h e  CAT reg ion  and t h e  r m s  angular  d e v i a t i o n  should,  t h u s ,  be 
of t h e  order  of 5 t o  50 arc-seconds. 

With Cn = 10-9 

To ob ta in  an  order  of magnitude estimate of  t h e  r e d i s -  
t r i b u t i o n ,  we can approximate the curve of Figure 35(b) by a 
gaussian.  I f  we  res t r ic t  ourse lves  t o  t h e  po r t ion  between 
2400 and 3600 arc-seconds,  a reasonable  f i t  i s  obta ined  w i t h  
t h e  equat ion  
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-8 2 F(8)  = 2790 exp(-0.834 x 10 8 ). 

W e  are i n t e r e s t e d  i n  the  r e d i s t r i b u t i o n  due t o  an  r m s  angu- 
l a r  dev ia t ion  of 100 arc-seconds. Since no d i s t r i b u t i o n  oc- 
c u r s  f o r  a l i n e a r  rad iance  func t ion ,  w e  can estimate the  
observed change i n  the  rad iance  func t ion  by c a l c u l a t i n g  the  
depar ture  of  t he  func t ion  from a l i n e a r  one over a n  angular  
d i s t a n c e  of 200 arc-seconds. I f  va lues  of 3000, 3100, and 
3200 are used f o r  e,  the  c a l c u l a t e d  depar ture  from l i n e a r -  
i t y  i s  about 0 .1  percent ;  thus ,  w e  estimate t h e  rad iance  
change t o  be about 

3 x w a t t / c r n 2  s t e r a d  

f o r  t h e  example ,used. The curves f o r  the  o t h e r  models used 
by Wark, e t  al . ,  (1964) give a t en fo ld  decrease i n  t h i s  and 
the  atmosphere-space t r a n s i t i o n  w i l l  give a va lue  lower by 
two o rde r s  of magnitude. 

From t h e  po in t  of  view of t h e  d e t e c t a b l e  power i n -  
volved, w e  can use a c o l l e c t i n g  o p t i c s  area of  200 cm2 (15- 
c m  c o l l e c t o r )  and a s o l i d  angle  of 1 x 10-7 ( t o  avoid s p a t i a l  
averagin  ) g iv ing  a change i n  t h e  de t ec t ed  power of about 

t h e  maximum change w e  can expec t ,  po in t ing  ou t  t h e  imprac t i -  
c a l i t y  of t h i s  technique i n  an  ope ra t iona l  system. 

6 x 10-1 5 w a t t .  A s  we have i n d i c a t e d ,  t h i s  value i s  about  

3.7 Measurement of Ozone Concentrat ion 

Red i s t r ibu t ion  of  ozone by turbulence has been suggested 
as an i n d i c a t o r  of CAT. Since ozone concent ra t ion  does-ex-  
h i b i t  pronounced v a r i a t i o n  wi th  a l t i t u d e ,  such r e d i s t r i b u t i o n  
may w e l l  occur. A r e l a t i o n s h i p  between increased  ozone con- 
c e n t r a t i o n  and i s  by no means c l e a r l y  e s t a b l i s h e d ,  however. 
Some i n d i c a t i o n s  of a c o r r e l a t i o n  have been found (Rosenberg, 
1966) and we w i l l ,  t h e r e f o r e ,  d i scuss  the  p o s s i b i l i t i e s  of 
us ing  measurement's of ozone concent ra t ion  f o r  CAT de tec t ion .  
Ozone has an  abso rp t ion  band a t - 9 . 6 p J  making thermal  de tec-  
t i o n  poss ib l e  i n  view of  t h e  favorable  Planck func t ion  for  
temperatures near  230'K. Before d i scuss ing  t h e  meteorologi-  
cal  impl ica t ions  of ozone, i t  is  i n s t r u c t i v e  t o  estimate the  
kind of v a r i a t i o n  one might be a b l e  t o  d e t e c t .  

The choice  of system i s  between a radiometer  respond- 
i n g  t o  wavelengths i n  the  e n t i r e  absorp t ion  band and a narrow 
(0.1~) band device e i t h e r  scanning the band o r  f ixed  a t  some 
po in t  i n  the  wings. This  i s  a choice only i n  p r i n c i p l e  
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because of t h e  l a r g e  amount of ozone a long  t h e  path.  This  
can be seen r e a d i l y  i f  we cons ider  an  aircraft  a l t i t u d e  o f  
10 km; then the  t o t a l  pa th  length  through ozone i s  about  
500 km. W i t h  a mean ozone mass of 0.01 c m  NTP/km (Craig,  
1965), t h i s  means t h a t  t he  absorp t ion  i n  a l l  b u t  t h e  wings 
of  the  band i s  t o t a l .  From t h e  curves of P la s s  (1960), we 
can see t h a t ,  f o r  a t o t a l  amount of ozone of 60 c m  NTP and 
pressures  of  t h e  o rde r  of L O O m m H g  any  change i n  t o t a l  
ozone does n o t  a f f e c t  t h e  band absorp t ion  no t i ceab ly  un le s s  
t he  ozone change i s  very  l a rge .  In otherwords, a radiometric 
system us ing  t h e  e n t i r e  band w i l l  be completely i n s e n s i t i v e  
t o  small changes occurr ing  i n  a 30-km long volume. W e  can, 
t he re fo re ,  use only wavelengths d i s t a n t  from t h e  band c e n t e r  
f o r  our measurements. 

L e t  us take  a system wi th  a 0 . 1 ~  bandpass, a c o l l e c -  
t i o n  angle  of  LU s t e r a d i a n s ,  and a l s o  a volume o f  30 km ex- 
t e n t  a t  30-km range. We select  a wavelength i n  t h e  b a n d  
such t h a t  t h e  t o t a l  abso rp t ion  a l o n g  the  e n t i r e  pa th  is  
50 percent .  This  i s  high enough t o  provide r a d i a t i o n ,  whi le  
s t i l l  a l lowing us  t o  approximate the  atmosphere as o p t i c a l l y  
t h i n  i n  order  t o  s i m p l i f y  c a l c u l a t i o n .  If a n  apprec i ab ly  
greater absorp t ion  i s  chosen, t h e n  w e  are faced w i t h  the  
problem of i n s e n s i t i v i t y  t o  ozone changes, ( i .e . ,  we  can  no 
longer use an average absorp t ion  c o e f f i c i e n t  even over t h e  
narrow reg ion  we are cons ider ing) .  I f  w e  choose a lower 
absorp t ion  then the  rad iance  w i l l  be too s m a l l  f o r  d e t e c t i o n .  
An assumption inhe ren t  i n  t h i s  approach i s  t h a t  a s u i t a b l e  
averaged absorp t ion  c o e f f i c i e n t  can be used fo r  t h e  s p e c t r a l  
bandwidth considered. W e  cons ider  an  i so thermal  pa th  and 
neg lec t  r e f r a c t i o n .  
a b s o r p t i v i t y  of  0.5 gives a t o t a l  radiance of 
watt/cm2& sterad near  9 . 6 ~ .  With a s p e c t r a l  bandpass of 
0.111. and wi th  o = 2.5 x 10-3 s t e r a d i a n s ,  t h e  i r r a d i a n c e  a t  
the  d e t e c t o r  w i l l  be 
t i c a l l y  t h i n  case we  have assumed t h e  30-km long volume con- 
t r i b u t e s  6 percent  of t h e  t o t a l  i r r ad iance .  Ca lcu la t ions  
us ing  Lambert's l a w  y i e l d  a va lue  of -8 percent .  The change 
i n  i r r a d i a n c e  i n  response t o  a change i n  ozone concen t r a t ion  
i n  t h e  t u r b u l e n t  volume i s  thus  given by AH = 0.06 (An/n) H. 
S u b s t i t u t i n g  f o r  t h e  t o t a l  i r r a d i a n c e ,  w e  get a n  i r r a d i a n c e  
c h a n g e  o f  AH = 1.5 x 10-9 6n/n watt/cm2. T h e  n o i s e -  
equiva len t  power d e n s i t  f o r  a n  immersed the rmis to r  bolometer 
can be taken as 1 x 10-8 w a t t l c m 2  f o r  a 1-cps bandwidth. The 
minimum d e t e c t a b l e  ozone change t h a t  can b e  d e t e c  t e d  wi th  a 
given S/N r a t i o  i s ,  t h e r e f o r e ,  

Assuming a temperature of 230°K and a n  
R = 1 x 10-4 

H = 2.5 x 10-8 w a t t / c m 2 .  For t h e  op- 

- =  An 0.67 0). 
n 
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With a cooled s o l i d - s t a t e  d e t e c t o r ,  a n  improvement o f  -20 
c a n  poss ib l e  b e  obtained,  i n  which case An/n = 0.03 S/N.  
I f  a temperature d i f f e r e n c e  i s  a l s o  a s soc ia t ed  w i t h  t h e  
turbulence  volume, then t h e  change i n  radiance due t o  a AT 
w i l l  be AHT = (0.06 Acuh)(5.5R)(dT/T). With t h e  prev ious ly  
used va lues  f o r  t h e  in s t rumen ta l  c o n s t a n t s ,  we ob ta in  

-9 dT w a t t  A H z 8 ~ 1 0  ~'7. 
an 

Since temperature f l u c t u a t i o n s  can be expected f o r  t u r b u l e n t  
volumes, t h e  d i f f i c u l t y  i n  making concen t r a t ion  measurements 
i s  apparent .  This i s  one of  t h e  problems a s soc ia t ed  w i t h  
a l l  techniques u s i n  g thermal r a d i a t i o n  t o  measure g a s  con- 
c e n t r a t i o n  i n  t h e  atmosphere. 

The r e s u l t s  of t h e  c a l c u l a t i o n s  show t h a t  concentra-  
t i o n  d i f f e r e n c e s  would have t o  be of  t h e  order  of 15 p e r c e n t  
f o r  d e t e c t i o n  w i t h  an accep tab le  S/N r a t i o .  Any temperature 
changes occurr ing  a t  t h e  same t i m e  would e i t h e r  accen tua te  
o r  mask t h i s  s i g n a l ,  depending on t h e  s i g n  of the  tempera- 
t u r e  d i f f e r e n c e .  I t  i s  thus  apparent  t h a t  measurement i n  
t h e  ozone band i s  no t  b e t t e r  than t h e  thermal  mapping ap- 
proach. We must a l s o  cons ide r  t h a t  temperature g r a d i e n t s  
no t  a s s o c i a t e d  w i t h  t h e  turbulence  are found m a n y  t i m e s  
(Endl ich and Mancuso, 1964). I n  such cases, t h e  p o s s i b i l i t y  
of ob ta in ing  ozone-concentration d i f f e r e n c e s  would be non- 
exis t e n t .  

The use of ozone as a tracer of atmosphericmotions has 
been advocated f o r  some t i m e  and c o r r e l a t i o n s  of v e r t i c a l  
ozone d i s t r i b u t i o n ,  total ozone, and l a r g e  scale atmospheric 
motions h a v e  b e e n  e s t a b l i s h e d ,  a t  lea s t  q u a l i t a t i v e l y  
(Paetzold,  1953; 1955). The d e p o s i t i o n  of ozone i n  troughs 
of atmospheric waves has  been p r e d i c t e d  t h e o r e t i c a l l y  a n d  
agreement w i t h  measurements has  been e s t a b l i s h e d  (Bekoryukov 
1965). 
cal  ozone d i s t r i b u t i o n  has been under i n t e n s i v e  i n v e s t i g a t i o n ,  
w i th  t h e  r e s u l t s  o f  Bre i land  (1964)  b e i n g  a good example. 
Brei land analyzed t h e  soundings from 11 North American s ta-  
t i o n s  and obtained an e x c e l l e n t  d e s c r i p t i o n  of the  behavior  
of ozone i n  r e l a t i o n  t o  t h e  temperature  s t r u c t u r e  of t h e  a t -  
mosphere. The r e s u l t s  c l e a r l y  show t h e  in f luence  of s i n g l e  
and double tropopause on t h e  ver t ical  d i s t r i b u t i o n  of  ozone. 

Since t h e  a l t i t u d e  of  t h e  tropopause depends on^ l a t i -  
tude and season, rather l a r g e  v a r i a t i o n s  of ozone can be ex- 
pected f o r  any f i x e d  geometric a l t i t u d e  a n d  g e o g r a p h i c  
loca t ion .  From t h e  e x t e n s i v e  measurements of v e r t i c a l  ozone, 

The r e l a t i o n s h i p  between tropopause he ight  and ver t i -  
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w e  conclude t h a t  r e l a t i v e l y  small d i f f e r e n c e s  i n  a l t i t u d e  
can give r ise t o  r e l a t i v e l y  l a r g e  d i f f e r e n c e s  i n  ozone ccx- 
c e n t r a t i o n s .  O n  t h e  b a s i s  of  B r e i l a n d ' s  r e s u l t s ,  f o r  
example, t h e  ozone c o n c e n t r a t i o n  can i n c r e a s e  by a f a c t o r  
or t h r e e  o r  more i n  going from o n e  k i lometer  below t o  one 
k i lometer  above t h e  t ropopause . From t h e  ex tens ive  ozone- 
sonde measurements we conclude t h a t ?  a t  j e t  c r u i s i c g  a l -  
t i t u d e ,  small changes i n  r e l a t i o n  t o  t he  t ropopause can 
g ive  r ise  t o  re la t ively l a r g e  changes i n  ozone c o n c e n t r s t -  
t i o n .  This  i s  shown c l e a r l y  i n  F igure  36, which i s  based 
on r e s u l t s  presented  by Brabets ,  e t  a l . ,  (1963) ,  who mea- 
sured  t h e  ozone c o n c e n t r a t i o n  i n  t h e  cab in  of  a commercial 
j e t  a t  c r u i s i n g  a l t i t u d e  of 35,000 f t .  The cab in  'oncentra-  
t i o n  has  b e e n  shown t o  r e f l e c t  t he  external ozone, a n d  
changes i n  a matter of  10 minutes can be r a t h e r  l a r g e .  We, 
t h e r e f o r e ,  conclude t h a t  the measurement of ozone varia- 
t i o n s  i s  n o t  a t t rac t ive  f o r  CAT d e t e c t i o n .  Even i f  i t  can  
be demonstrated t h a t  t h e r e  i s  a high  c o r r e l a t i o n  between 
increaged ozone c o n c e n t r a t i o n  and CAT, t oo  rnany compl ica t -  
i n g  phc 3mena w i l l  s t i l l  e x i s t  for remote r ad iomet r i c  de- 
t e c t i o n  t o  comprise an  o p e r a t i o n a l  system. 
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4. CONCLUSIONS 

The o b j e c t i v e  of t h i s  program w a s  t o  f i n d  a way f o r  
providing an a i r c r a f t  w i t h  advanced warning of  CAT, u s i n g  
pass ive  o p t i c a l - d e t e c t i o n  techniques.  These techniques  
were requ i r ed  t o  provided information t o  t h e  d i r e c t i o n ,  
d i s t a n c e ,  s i z e ,  and shape of  t h e  t u r b u l e n t  region.  

Prepara tory  t o  t h e  s tudy  of s p e c i f i c  techniques it 
w a s  necessary t o  analyze t h e  o p t i c a l  c h a r a c t e r i s t i c s  o f  
CAT, i n s o f a r  as these  could be determined, and t h e  o p t i c a l  
c h a r a c t e r i s t i c s  of t h e  atmosphere i t s e l f .  The o p t i c a l  
c h a r a c t e r i s t i c s  of  CAT are not  w e l l  known, and exper imenta l  
measurements and f u r t h e r  t h e o r e t i c a l  work are u r g e n t l y  
needed. A survey of t h e  l i t e r a t u r e  was conducted and 
c a l c u l a t i o n s  w e r e  made t o  determine t h e  d e n s i t y ,  temperature ,  
and r e f r a c t i v e - i n d e x  f l u c t u a t i o n s  t h a t  a r e  a s s o c i a t e d  w i t h  
CAT. 
rests heav i ly  on t h e s e  e s t ima tes ,  

The eva lua t ion  o f  some of  t h e  d e t e c t i o n  techniques  

The techniques o f  pass ive  o p t i c a l  d e t e c t i o n  t h a t  
were eva lua ted  were: 

a Detect ion of s p a t i a l  nonuniformit ies  i n  Rayleigh 
s c a t t e r e d  sunl ight . .  

a Appl ica t ion  of  two d e t e c t o r  systems w i t h  c ros sed  
f ie lds-of-view t o  t h e  d e t e c t i o n  o f  s c a t t e r e d  
s u n l i g h t .  This system would permit d i s t a n c e  
information t o  be obtained.  

8 R e l a t i v e  movement of s t e l l a r  images. 

0 Ste l l a r  s c i n t i l l a t i o n .  

a Detect ion of thermal emission from t h e  atmosphere,  
I n d u d e d  here  are cons ide ra t ion  both of a temperature  
d i f f e r e n c e  a s s o c i a t e d  w i t h  a CAT reg ion ,  temperature  
g r a d i e n t s ,  and/or  increased  ozone concen t r a t ions .  

0 Schl ie ren- type  system us ing  t h e  earth 's  i n f r a r e d  
horizon a s  t h e  source.  

Two of  t h e s e  techniques,  t he  d e t e c t i o n  of d e n s i t y  
f l u c t u a t i o n s  by measurements o f  s c a t t e r e d  s u n l i g h t  and 
s t a r l i g h t  s c i n t i l l a t i o n ,  are s u f f i c i e n t l y  promising t o  
warran t  f u r t h e r  experimental  i n v e s t i g a t i o n .  Although 
n e i t h e r  technique has 24-hour, a l l -wea the r  c a p a b i l i t y ,  
they  are complementary i n  t h a t  measurements of scattered 
s u n l i g h t  can obviously be made only  dur ing  t h e  day, wh i l e  
s i g n a l / n o i s e  requirements w i l l ,  i n  gene ra l ,  l i m i t  t h e  s t e l l a r  
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s c i n t i l l a t i o n  method t o  n ight t ime use.  S i m i l a r  c o l l e c t i n g  
o p t i c s  could be used f o r  both systems as descr ibed  i n  
Appendix B ,  a l though d i f f e r e n t  d e t e c t o r s  are r equ i r ed  
because of  t h e  widely d i f f e r e n t  s i g n a l  l e v e l s  involved. 

A major problem i n  t h e  a p p l i c a t i o n  of t h e  crossed-  
beam technique a l s o  using s c a t t e r e d  s u n l i g h t  is  t h e  s h o r t -  
ness  o f  t h e  base l ine  that can be u t i l i z e d .  The maximum 
l e n g t h  of base l ine  f o r  forward remote d e t e c t i o n ,  necessary  
i n  a remote warning system, w i l l  be t h e  wingspan of t h e  
a i r c r a f t .  
c r a f t  would a l s o  cause d i f f i c u l t i e s ,  which are d i f f i c u l t  
t o  estimate s i n c e  information on t h i s  type of  e f f e c t  is  
not a v a i l a b l e .  The crossed-beam technique cou ld ,  however, 
be u t i l i z e d  t o  measure t h e  o p t i c a l  c h a r a c t e r i s t i c s  of  CAT. 

D i f f e r e n t i a l  t w i s t i n g  of t h e  wings of  t h e  air-  

Measurement of t h e  r e l a t i v e  motions o f  s t e l l a r  
images, discussed i n  Sec t ion  3 . 4 ,  w a s  e l imina ted  from 
cons ide ra t ion  because of t h e  severe p r a c t i c a l  d i f f i c u l t i e s  
involved i n  acqu i r ing  and t r a c k i n g  a t  least  two stars 
simultaneously w i t h  accurac ies  o f  a few seconds o f  a r c .  

The i n f r a r e d  Sch l i e ren  method u t i l i z i n g  t h e  e a r t h ' s  
horizon as a source ,  was found too  i n s e n s i t i v e  t o  be prac- 
t i c a l .  The second d e r i v a t i v e  of t h e  func t ion  g iv ing  t h e  
horizon rad iance  as a func t ion  of a l t i t u d e  is too  s m a l l  for  
measureable changes i n  s i g n a l  t o  be produced by r e f r a c t i o n  
of r a d i a t i o n  i n  t u r b u l e n t  reg ions .  

Remote sens ing  of  temperature ahead o f  an a i r c r a f t  
w i t h  an i n f r a r e d  radiometer o r  scanning spectrophotometer  
w a s  eva lua ted  i n  d e t a i l  on t h e  b a s i s  of temperature  records  
obta ined  i n  P r o j e c t  Je t  Stream F l i g h t s .  This  technique  
looks r a t h e r  unpromising as does t h e  remote d e t e c t i o n  of 
inc reased  ozone concent ra t ions  which may be a s s o c i a t e d  w i t h  
CAT. 

With regard t o  these  last two techniques i n  p a r t i -  
c u l a r ,  i t  i s  extremely doubt fu l  t h a t  adequate c o r r e l a t i o n  
e x i s t s  f o r  r e l i a b l e  CAT d e t e c t i o n .  McLean (1965) has shown 
very  c l e a r l y  t h a t  temperature v a r i a t i o n s  of  t h e  r e l a t i v e l y  
l a r g e  s c a l e  na tu re  required f o r  remote measurements t o  be 
p o s s i b l e  are a s soc ia t ed  wi th  j e t  f r o n t s  o r  o t h e r  types  of  
weather  f r o n t  r a t h e r  than wi th  clear a i r  turbulence  p e r  se. 
This would lead t o  unaccept ibly high false-alarm rates.  
Inc rease  i n  ozone concent ra t ion  has been f r e q u e n t l y  asso- 
c i a t e d  w i t h  changes i n  a l t i t u d e  of t h e  tropopause r a t h e r  
than  w i t h  CAT. 

It has not  been p o s s i b l e  on t h i s  s tudy  c o n t r a c t  t o  
determine a pas s ive  o p t i c a l  technique f o r  remote d e t e c t i o n  
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o f  CAT, t h a t  needs on ly  t o  be instrumented and i n s t a l l e d  on 
commercial a i r c r a f t  as " the CAT de tec to r . "  

We recommend t h a t  an a i r b o r n e  program be conducted 
t o  o b t a i n  more information on t h e  c h a r a c t e r i s t i c s  of CAT 
as they relate t o  t h e  techniques  we have examined. T h i s  
i n v e s t i g a t i o n  should concern i t s e l f  p r imar i ly  w i t h  measure- 
ments r e l a t i n g  t o  t h e  most promising approaches : f luc tua -  
t i o n s  i n  s c a t t e r e d  s u n l i g h t  and s t e l l a r  s c i n t i l l a t i o n .  The 
pre l iminary  design of an instrument  t o  make such measure- 
ments i s  given i n  Appendix B. Remote d e t e c t i o n  of temperature  
g r a d i e n t s  ahead of  an a i r c r a f t  by i n f r a r e d  radiometry should 
a l s o  be a c t i v e l y  persued. Although it has  been shown i n  t h i s  
r e p o r t  t h a t  t h i s  techniques has many d i f f i c u l t i e s  and un- 
c e r t a i n t i e s  a s s o c i a t e d  w i t h  both  t h e  measurements and i n  t h e  
i n t e r p r e t a t i o n  of  t h e  r e s u l t s ,  i t  could ,  a l l i e d  wi th  o t h e r  
d e t e c t i o n  dev ices ,  become a p a r t  o f  a CAT warning system of 
t h e  f u t u r e .  

The d a t a  needed t o  adequate ly  eva lua te  t h e s e  tech-  
niques would b e s t  be ga thered  i n  an experimental  program. 
It has been e s t a b l i s h e d  i n  experiments conducted by I I T  
Research I n s t i t u t e  on NASA c o n t r a c t  NAS8-20107 t h a t  f l uc -  
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  can  be measured. Appendix A 
d i s c u s s e s  these  measurements and desc r ibes  t h e  way i n  which 
t h e  c r o s s - c o r r e l a t i o n  of t h e s e  f l u c t u a t i o n s  could be used 
t o  measure t h e  c h a r a c t e r i s t i c s  of c l e a r  a i r  turbulence  which 
are p r e s e n t l y  rather badly def ined .  

Ground-based measurements o f  stellar s c i n t i l l a t i o n  
are no t  adequate  t o  determine t h e  r e s u l t s  t h a t  would be 
obta ined  i n  s c i n t i l l a t i o n  measurements from a i r c r a f t  f l y i n g  
a t  high a l t i t u d e s .  Although s a t u r a t i o n  effects may occur  
which would l i m i t  t h e  a b i l i t y  of t h e  measurements t o  d e t e c t  
t h e  presence of  a reg ion  of CAT i n  t h e  l i n e  of s i g h t ,  t h i s  
u n c e r t a i n t y  can  only be s a t i s f a c t o r i l y  resolved by experi-  
mental  measurements. 

I n  conclusion it is ve ry  important t o  r e a l i z e  t h a t  
t h e  techniques descr ibed  i n  t h i s  r e p o r t  are no t  capable  of 
d e t e c t i n g  CAT p e r  se,  but  of d e t e c t i n g  assumed c h a r a c t e r i s -  
tics of CAT. The r e l a t i o n s h i p  between t h e s e  assumed chara-  
c t e r i s t i c s  and CAT as i t  i n t e r a c t s  w i t h  an a i r c r a f t  is  no t  
c lear ly  determined. It i s  not  s u f f i c i e n t  i n  a CAT p i l o t  
warning system t o  have a device  which i n d i c a t e s  t h a t  a CAT 
reg ion  may be present  i n  t h e  v i c i n i t y  of  t h e  a i r c r a f t  f l i g h t  
pa th .  To d i v e r t  an a i r c r a f t  from i ts  planned f l i g h t  p a t h  
on t h e  b a s i s  of remote CAT d e t e c t i o n ,  t h e  d e t e c t o r  must be 
a b l e  t o  determine t h e  i n t e n s i t y  o f  t h e  turbulence  as i t  w i l l  
a f f e c t  t h e  a i r c r a f t  and, i t  must have a l o w  f a l s e  alarm rate. 
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Qui te  c l e a r l y  t h e  r e l a t i o n s h i p s  between CAT and 
a s soc ia t ed  c h a r a c t e r i s t i c s  has t o  be f u r t h e r  explored,  
but t h e  cause is  no t  advanced by t h e  p u b l i c i t y  r e l e a s e s  
t h a t  have occurred r e c e n t l y  t h a t  implied t h a t  a i n f r a r e d  
CAT p i l o t  warning system i s  just around t h e  corner .  

98 



REFERENCES 

Astheimer, R.  W. (1964), "An I R  Technique for t h e  R e m o t e  
Detec t ion  of CAT,' Proceeding Third Symposium on Remote 
Sensing of Environment, p .  105, U .  Michigan Report #4864-9-X 
February 1965. 

Atlas ,  D . ,  Hardy, R . ,  and Naito,  K . ,  (1966a), "Optimizing 
t h e  Radar Detec t ion  of Clear A i r  Turbulence," J .  App. M e t .  - 5, 450-460. 

Atlas,  D . ,  Hardy, K. R . ,  Glover, K.  M . ,  Katz, I., and 
Konrad, T.  G . ,  (1966b) , "Tropopause Detected by Radar," 
Sc ience  - 153, Sept .  1966. 

Bekoryukov, V .  I . ,  "Theory of Transport  of Atmospheric 
Ozone i n  t h e  Presence of Long Waves," Atmospheric and 
Oceanic Physics ,"  ( I z v e s t i a  Acad. Science USSR) - 1, 521 
(1965). 

Brabets ,  R I. e t  a1 (1963), "Ozone Measurements i n  Curren t  
Jet Aircraf t ,"  Paper No. 63-235 presented  a t  t h e  AIAA 
Summer Meeting 1963. 

Bre i land ,  J G . ,  "Vertical D i s t r i b u t i o n  of Atmospheric Ozone 
and i t s  Re la t ion  t o  Synoptic Meteorological  Conditions," 
J1. Geophys. R e s .  - 69, 3801 (1964). 

B u l l r i c h ,  K . ,  i n  Advances i n  Geophysics V o l .  10, New York; 
Academic P res s ,  1964, p.  99. 

Burns, A . ,  and Rider,  C . ,  Power S p e c t r a l  Measurements of 
CAT Associated w i t h  Jet  Streams, P r o j e c t  TOPCAT, Royal 
A i r c r a f t  Establishment,  TR 65210, September 1965. 

Clark,  W .  M . ,  "High A l t i t u d e  Daytime Sky Background Measure- 
ments Program," 1964, AFAL TDR 64-134, P a r t  I. 

Colson, D e  Ver (1966), "Nature and I n t e n s i t y  of Clear A i r  
Turbulence," Proceeding ION/SAE Clear A i r  Turbulence 
Meeting 1966, p .  1. 

Cra ig ,  R. A . ,  The Upper Atmosphere: Meteorology and Physics ,  
Academic P r e s s ,  N e w  York 1965, p. 187. 

Duncan, J .  C . ,  Astronomy, (Harper ti Bros. 1930), p .  412. 

Duncan, J.  e t  a 1  (1965), " Inf ra red  Horizon Sensors," U .  of 
Michigan Report No. 2389-80-T, A p r i l  1965. 

99 



Endlich,  R. M.  and McLean, G. S .  (1964), "Studies of t h e  
Climatology of Winds, Temperature and Turbulence i n  Je t  
Streams , I '  AFCRL 64-834. 

F i s h e r ,  M. J . ,  and Krause, F. R. ,  "The Crossed-Beam 
C o r r e l a t i o n  Technique," J .  F lu id  Mechanics, 1967, - 28, 705. 

Fusca, J .  A. (1964), "Clear A i r  Turbulence," Space/Aeronautics 
August 1964, p.  60. 

Gebel, R.  K. H . ,  i n  Advances i n  E lec t ron ic s  and Elec t ron  
Physics ,  V o l .  XVI (Academic Press 1962) P *  459. 

Glagolev, Yu. A. , "Experimental Data on the  Mic ros t ruc tu re  
of t h e  Temperature F i e l d  a t  Heights of 20-30 Km" 
Academy of  Sciences USSR, Geophysics S e r i e s  N o .  k ,  1964, 
p .  579. 

Bull. 

Gracheva, M, E., and Gurvich, A.  S . ,  Radiof iz ika ( i n  p r e s s ) .  

Greene, J . ,  e t  al., "Early Warning of Clear  A i r  Turbulence 
by Photometric Measurements", Nat iona l  A i r  Meeting on Clear 
A i r  Turbulence, p .  163. 

Hardrath,  H. F . ,  "Some Fac tors  Af fec t ing  Fa t igue  of A i r c r a f t  
S t ruc tu res" ,  Proceedings of Conference on A i r c r a f t  
Operat ing Problems, May 10-12, 1965, NASA SP-83, p. 37. 

Hardy, K .  R. , At las ,  D.  and Glover, K. M. ,  (1966) , 
"Multiwavelength Backscat ter  from t h e  Clear Atmosphere, ' I  

J .  Geophys. R e s .  7 l ,  1537-1552. 

Hufnagel, R. E. and Stan ley ,  N. R. (1964), "Modulation 
Transfer  Function Associated w i t h  Image Transmission through 
Turbulent  Media," J. Opt. Soe. Am. 54, 52-61. 

Hughes, J. V . ,  "Sky Brightness  as  a Function of A l t i t u d e , "  
Applied Opt ics ,  2, 1964, 1135. 

Johnson, G . ,  and Montgomery, A. J . ,  Survey of  Detec tors  and 
Dynamic C a l i b r a t i o n  Methods f o r  Remote Sensing Systems 
NASA Contractor  Report ,  1967 , NASA CR-751. 

Kadlec, P. W .  (1965), "F l ight  Data Analysis  of t h e  Rela t ion-  
s h i p  Between Atmospheric Temperature Change and CAT, '' 
Eas te rn  A i r l i n e s ,  F i n a l  Report Cont rac t  Cwb-10888, June 1965. 

Keller. G . .  "Relation Between the S t r u c t u r e  of Ste l la r  
Shadow-Band P a t t e r n s  and S t e l l a r  S c i n t i l l a t i o n , "  J.  Opt .  
SOC. Am. , 1955- 45, 845. 

100 



Lloyd, J. W .  F . ,  e t  a l . ,  "Day Sky I n t e n s i t y  from 20 Km t o  
90 Km a t  5500 A , "  Applied Optics ,  1965, - 4, 1602. 

MacCready, Jr.,  P B . ,  e t  a l .  , "Operat ional  Appl ica t ion  of 
a Universa l  Turbulence Measuring System," NASA CR-62025, 
November 1965, p. 10. 

Mather, G K . ,  F l i g h t  Evaluation of an I R  Spectrometer a s  a 
CAT Detec tor ,  Aeronaut ica l  Rpt .  No. LR-477, Nat iona l  
Aeronaut ica l  Establishment (Canada), May 1967, AD 819 533. 

McLean, G S (1965), "An I n v e s t i g a t i o n  i n t o  t h e  U s e  of 
Temperature Gradients  as an  In -F l igh t  Warning of Impending 
CAT," AFCRL 65-117. 

Megaw, E.  C .  S . ,  (1957), "Fundamental Radio S c a t t e r  Propa- 
ga t ion  Theory , I' Proc . IEE  - 104C , 441-455. 

Merritttl E. S. and Wexler, R. (1964), "Radiometric Detec t ion  
of CAT, 
Environment, p .  125, U. Michigan Report N o .  4863-9-X, 
February 1965. 

Mie, G . ,  Ann d e r  Physik, (4 ) ,  1908, 25, 377. 

Montgomery, A.  J . ,  "Remote Sensing of Winds and Atmospheric 
Turbulence by Cross-Correlat ion of Pass ive  O p t i c a l  S igna l s , "  
Proceedings of t h e  Panel on Remote Atmospheric Probing of 
t h e  Nat iona l  Academy of Sciences,  Washington, D.  C .  ( i n  p r e s s ) .  

Proceedings Third Symposium on Remote Sensing of 

Munick, R. J. (1965), "Turbulent Backsca t te r  of Light , "  
J.  Opt. SOC. Am. - 55, 893 (1965).  

Norman, S M. and Macoy, N.  H . ,  "Remote Detec t ion  of CAT by 
means of  an Airborne I n f r a r e d  System," AIAA Pape r  #65-459, 
presented a t  AIAA Meeting i n  San Franc isco ,  J u l y  1965. 

Obukhov, A .  M. (1959), "On t h e  In f luence  of Buoyancy Forces 
on t h e  S t r u c t u r e  of t h e  Temperature F i e l d  i n  a Turbulent  
Flow," Doklady Akad. Nauk, SSSR, - 125, 1246. 

Pae tzo ld ,  H. K . ,  "The Mean Vertical Ozone D i s t r i b u t i o n  
Resu l t ing  f r o m  t h e  Photochemical Equi l ibr ium, Turbulence and 
Curren ts  of A i r , "  J1. A t m .  and T e r r .  Physics  2, 125 (1953). 

Pae tzo ld ,  H .  K.  "New Experimental and T h e o r e t i c a l  I n v e s t i g a t i o n s  
on t h e  Atmospheric Ozone Layer," J1. A t m .  and Terr. Physics - 7 ,  128 (1955). 

101 



Panofsky, H .  A .  (1965), "The Fine Sca le  S t r u c t u r e  of t h e  
Atmosphere Above t h e  Surface  Layer i n  Clear A i r , "  Paper 
presented  a t  t h e  URSI-UGGI Colloquium, Moscos 1965. 

Plass, G. N . ,  "Useful P resen ta t ions  f o r  Measurements of 
S p e c t r a l  Band Absorption, ' '  J1. Opt. SOC. Am. 50, 868 (1960). 

Protheroe,  W. M. (1955), " S t e l l a r  Shadow P a t t e r n s  and 
S c i n t i l l a t i o n , "  J .  Opt .  SOC. Am. - 45, 851-855. 

Quasius, G. and McConless, F. (1966), "Star Trackers  and 
Systems Design,'' Washington: Spartan Books. 

Ragland, S. e t  a l . ,  "Simulation and Effects of Severe 
Turbulence on Jet  A i r l i n e  P i l o t s " ,  NADCL-ML-6411, 
August 1964, p .  8. 

Reiger,  S. H . ,  " S t a r l i g h t  S c i n t i l l a t i o n  and Atmospheric 
Turbulence, 'I Astron. J1. - 68, 395 (1963) . 
Reiter, E .  R . ,  "Clear A i r  Turbulence: Problems and Solutions',' 
Proceedings Nat ional  A i r  Meeting on Clear A i r  Turbulence, 
February 1966, (Society of Automotive Engineers,  p u b l . )  p. 5 .  

Reiter, E .  R. and Burns, A .  (1966), "The S t r u c t u r e  of Clear 
A i r  Turbulence Derived from TOPCAT" Aircraft Measurements',' 
J.  Atmos. Sc i .  - 23 (2) 206-212. 

Rosenberg, P., "CAT Detect ion and Warning", Proceedings 
Nationa1.Ai.r Meeting on CAT, February 1966 (SOC. of 
Automotive Engineers,  publ . )  p .  40.  

Rytov, S.  M .  (1937), "Di f f r ac t ion  of L igh t  by U l t r a s o n i c  
Waves," I zv .  Akad. Nauk SSSR, S e r .  F i z . ,  No. 2 ,  223. 

Sandomirskii .  A B . .  e t  a l . .  "Seasoned Br ightness  Var i a t ions  
a t  A l t i t udes ' up  t o  17.5 Km,(' Bul l .  Acad. SEiences USSR 
Geophysics Ser. No. 7, 1964, p .  679. 

Stephens,  J .  J and Reiter, E. R. (1966), "Estimating 
Ref rac t ive  Index Spec t ra  i n  Regions of Clear A i r  Turbulence, I t  

U .  of Texas Report No. P-12, NASA Grant NGR 44-012-048. 

T a t a r s k i ,  V .  I. (1960), "Radiophysical Methods f o r  t h e  
I n v e s t i g a t i o n  of Atmospheric Turbulence, I '  Radiof iz ika  - 3 (4), 551-583. 
T a t a r s k i ,  V .  I .  (1961), "Wave Propagation i n  a Turbulent  
Medium, " New York, McGraw-Hill Book Company. 

102 



T a t a r s k i ,  V. I., "On Strong F luc tua t ions  of Light  Wave 
Parameters i n  a Turbulent  Medium," Sovie t  Physics  JETP, 
1966, 22, 5.  

Val ley,  S . ,  ed . ,  Handbook of Geophysics and Space 
Environments, New York: M c G r a w - H i 1 1  C 0 . 9  1965 , p .  7-1. 

Van de  Hu l s t ,  H .  C . ,  L ight  S c a t t e r i n g  by Small P a r t i c l e s ,  
New York: Wiley & Sons, 1957 , Chpt. 6 .  

Vinnichenko, N. K.  e t  a l . ,  Some Data on Turbulence i n  t h e  
Upper Troposphere and S t r a tosphe re  Causing Airp lane  
Buf fe t ing ,  Meteorology and Hydrology, No. 11, November 1966, 
p .  35.  

Volz, F .  E . ,  and Goody, R. M . ,  J. A t m .  Sciences,  1962, - 19, 385. 

Wark, D Q. e t  a 1  (1964), "Variat ion of t h e  I R  S p e c t r a l  
Radiance Near t h e  Limb of t h e  Ear th ,"  Applied Optics  3, 
221. 

Wilkins ,  E .  (1963), "Decay Rates f o r  Turbulent Energy 
Through the Atmosphere J. Atmos. S c i .  - 20, 473-476. 

Wi l l s t rop ,  R. V . ,  Absolute Measures of S t e l l a r  Radiat ion,  
Monthly Not ices  Royal Astronomical SOC. - 1 2 1 ,  17 (1960). 

103 



APPENDIX A 

Crossed-Beam Technique as a General Method of CAT S t u d i e s .  
The crossed-beam technique, which has been developed by 
I I T  Research I n s t i t u t e  and NASA Marshall  Space F l i g h t  Center 
f o r  t h e  measurement of turbulence p r o p e r t i e s  of a i r  j e t s ,  
rocke t  exhausts ,  and for atmospheric s t u d i e s ,  has p o s s i b l e  
a p p l i c a t i o n  t o  t h e  d e t e c t i o n  of CAT. Mounting o p t i c a l  
systems on the  wing t i p  of an a i r c r a f t  and c r o s s i n g  t h e  
f ie lds-of -v iew some d i s t a n c e  ahead of the  a i r c r a f t  has  
been previous ly  considered i n  t h i s  r e p o r t ,  bu t  t h e  s h o r t  
b a s e l i n e  and wing-t ip  t o r s i o n a l  f l e x i n g  pose some severe  
problems. Since,  a t  t h e  p re sen t  t i m e ,  d i r e c t  measurements 
of CAT a r e  lacking,  a p p l i c a t i o n  of t he  crossed-beam 
technique t o  s tudy c l e a r  a i r  turbulence genera l ly  would 
provide u s e f u l  d a t a .  Such da ta  would then p e r m i t  b e t t e r  
eva lua t ions  of proposed techniques f o r  a CAT a i r c r a f t  
warning system. For t h i s  reason,  w e  w i l l  cons ider  how 
t h e  crossed-beam technique could be used t o  measure t h e  
c h a r a c t e r i s t i c s  of  clear a i r  turbulence  reg ions .  

The v a l i d i t y  of t h e  crossed-beam techniques has been 
v e r i f i e d  experimental ly  by measurements of turbulence 
p r o p e r t i e s  of subsonic  je ts  and by comparison of t h e s e  
r e s u l t s  w i t h  hot-wire measurements. It  i s  a powerful, 
remote sens ing  method provided t h a t  t h e  experiment can be  
arranged i n  such a way t h a t  t h e  f l u c t u a t i o n s  t h a t  a r e  
c o r r e l a t e d  between t h e  two beams can be ex t r ac t ed  from t h e  
uncor re l a t ed  p o r t i o n  of the  s i g n a l s  w i t h i n  reasonable  
i n t e g r a t i o n  t i m e s .  The a b i l i t y  t o  do t h i s  depends on t h e  
number of eddies  a long the  f ie lds-of-view,  and a l s o  on t h e  
way i n  which t h e  f l u c t u a t i o n s  along t h e  f ie lds-of-view 
c o n t r i b u t e  t o  t h e  i n t e g r a t e d  s i g n a l .  For example, wi th  a 
ground-based s y s t e m  measuring s c a t t e r e d  s u n l i g h t ,  t he  
r a d i a t i o n  s c a t t e r e d  i n t o  t h e  f ie ld-of-view of the  d e t e c t o r  
w i l l  be weighted heavi ly  toward t h e  lower p a r t  of the  
t roposphere because of t h e  l a r g e r  concent ra t ions  of bo th  
a i r  molecules and aerosol p a r t i c l e s .  S imi l a r ly ,  f o r  
t h e  same degree of turbulence t h e  f l u c t u a t i o n s  would be 
g r e a t e r  a t  l o w  a l t i t u d e s  i n  the  same proport ion a s  t h e  
mean s i g n a l  c o n t r i b u t i o n .  

Before proceeding t o  d i s c u s s  more d e t a i l s  of methods 
s u i t a b l e  f o r  CAT d e t e c t i o n ,  w e  w i l l  d e f i n e  t h e  turbulence 
p r o p e r t i e s  of i n t e r e s t  t h a t  may be measured us ing  t h e  
crossed-beam technique.  The mathematical b a s i s  of t h e  
method i s  given by Fisher and Krause (1967), who a l s o  
desc r ibe  some experimental  r e s u l t s  f o r  t h e  shear  l a y e r  of 
a subsonic  j e t .  The t u r b u l e n t  p r o p e r t i e s  t h a t  can be 
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measured may be divided i n t o  two c a t e g o r i e s  -- k i n e t i c  and 
dynamic p r o p e r t i e s .  The k i n e t i c  p r o p e r t i e s  a r e  t h e  con- 
v e c t i o n  speeds,  eddy scales, eddy l i f e t i m e s ,  t u r b u l e n t  
s p e c t r a ,  and so  on. The dynamic p r o p e r t i e s  r e l a t e  t o  the  
magnitudes of t h e  d e n s i t y ,  temperature ,  o r  p r e s s u r e  
f l u c t u a t i o n s  i n  the  f ie lds-of -v iew of t h e  d e t e c t o r s  which 
produce t h e  f l u c t u a t i n g  s i g n a l .  I n  t h e  f i r s t  c a s e ,  i t  i s  
l a r g e l y  immater ia l  what produces t h e  f l u c t u a t i o n s  provided 
only t h a t  movements of t he  t r a c e r  fol low t h e  gene ra l  move- 
ments of a i r  t h a t  w e  are  t r y i n g  t o  measure. I f ,  f o r  
example, a l a r g e  c o n t r i b u t i o n  t o  t h e  de t ec t ed  f l u c t u a t i o n s  
i s  made by a e r o s o l  p a r t i c l e s ,  then t h e  d i s t r i b u t i o n  of 
eddy s i z e s  w i l l  be d i f f e r e n t  from t h a t  measured i f  t h e  a i r  
molecules themselves were t h e  major c o n t r i b u t o r s .  Owing 
t o  t h e i r  mass and i n e r t i a ,  l a r g e r  a e r o s o l  p a r t i c l e s  w i l l  
be a b l e  t o  follow t h e  movements a s s o c i a t e d  wi th  t h e  l a r g e r  
edd ie s  b u t  n o t  those of smaller edd ie s .  

In  t h e  c a s e  of t h e  atmosphere i n  gene ra l ,  and clear 
a i r  tu rbulence  i n  p a r t i c u l a r ,  t h e r e  are  no p r e s s u r e  
v a r i a t i o n s  a s soc ia t ed  wi th  a i r  tu rbulence .  A i r  flow i n  t h e  
atmosphere i s  always h ighly  subsonic ,  which means t h a t  
d e n s i t y  v a r i a t i o n s  a s s o c i a t e d  wi th  turbulence  a r e  d i r e c t l y  
r e l a t e d  t o  temperature v a r i a t i o n s .  To measure d i r e c t l y  t h e  
s t r e n g t h  of t h e  turbulence w e  need t o  b e  a b l e  t o  measure 
dens i ty  v a r i a t i o n s  d i r e c t l y  o r ,  i f  a tracer i s  used,  t h e  
t r a c e r  concent ra t ion  v a r i a t i o n s  must be  s i m i l a r  t o  t h e  air 
dens i ty  v a r i a t i o n s .  V e r t i c a l  winds could a l s o  be measured. 

Experimental Measurements. The experimental  conf igu ra t ion  
i n  t h e  atmospheric crossed-beam experiments c a r r i e d  o u t  t o  
d a t e  i s  shown i n  Figure Al. The two photometers d e t e d t -  
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  caused by f l u c t u a t i o n s  
i n  concen t r a t ions  of a e r o s o l s  and a i r  molecules.  Direct 
s u n l i g h t  w i l l  be  s c a t t e r e d  by molecules and a e r o s o l s  i n  
t h e  field-of-view of t h e  d e t e c t o r  so  i f  t h e r e  i s  a dens i ty  
i n c r e a s e  o r  i n c r e a s e  i n  concen t r a t ion  of a e r o s o l s  i n  a 
volume element of t h e  f ie ld-of-view,  t h e r e  w i l l  be an 
incremental  i nc rease  i n  t h e  d i r e c t  s c a t t e r e d  s i g n a l .  
However, l i g h t  s c a t t e r e d  i n t o  t h e  f ie ld-of-view a t  h igher  
a l t i t u d e s  may be  s c a t t e r e d  out of t h e  beam and an i n c r e a s e  
i n  dens i ty  o r  a e r o s o l  concen t r a t ion  i n  a volume element 
would t h e r e f o r e  cause a decrease i n  d e t e c t o r  s i g n a l .  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  from m u l t i p l e  
s c a t t e r i n g  i n t o  t h e  'beam'. The r e l a t i v e  va lues  of t h e s e  
d i f f e r e n t  c o n t r i b u t i o n s  w i l l  depend s t r o n g l y  on t h e  
atmospheric cond i t ions  and t h e  ang le  of t h e  sun w i t h  respect 
t o  t h e  d i r e c t i o n  of view of t h e  photometers.  
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SEPARPiTON OF BEAMS OUT= 
PLANE OF PAPER PERMITS NORMAL 
WIND COMPONENT TO BE 
DETERMINED 

DIRECT SUNLIGHT / I  

SCATTERED INTO 
FIELD OF VIEW 

BY AEROSOLS 
AND AIR 
MOLECULES 

PHOTOMETER # I PHOTOMETER # 2 

Figure  A 1  Appl ica t ion  of Crossed Beam Technique t o  
Measurement of Atmospheric Winds and Turbulence 

- _ _  - . 
I f  t he  d i r e c t  s c a t t e r e d  s u n l i g h t  predominates i t  

would be p o s s i b l e  t o  ob ta in  a p o s i t i v e  c o r r e l a t i o n  even 
i n  t h e  complete absence of f l u c t u a t i o n s  i n  s c a t t e r e r  con-c . - '  
c e n t r a t i o n  i n  t h e  reg ion  of t h e  beam i n t e r s e c t i o n  point. 
The s u n l i g h t  reaching  t h i s  reg ion  has  t r ave r sed  a long p a t h  
through t h e  atmosphere and t h e r e f o r e  there will be i n t e n s i t y  
f l u c t u a t i o n s .  S i m i l a r  f l u c t u a t i o n s  w i l l  be  p re sen t  i n  t h e  
scattered s u n l i g h t  which could r e s u l t  i n  a s i g n i f i c a n t  
c o r r e l a t i o n  between t h e  two de tec ted  s i g n a l s .  However, 
when t h e r e  i s  a la teral  s e p a r a t i o n  between t h e  two beams 
a s  i s  necessary  i n  wind measurement, t h i s  e f f e c t  i s  
minimized. 

4, 

I 

.. ., . . The photometer systems used i n  the  atmospheric 
' +  * . * _  J -  : measurements of s c a t t e r e d  s u n l i g h t  have t h e  fol lowing 
* $ *  . I  s p e c i f i c a t i o n s :  
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._ . . .  

Frequency Response 
' .  

Mean Signal/Rms Noise 

F ie ld  of V i e w  

Spectral Response 

S p e c t r a l  Bandpass 

Var i ab le  w i t h i n  range 
0.01 - 300 HZ 
lo4  

5-30 minutes of arc 

0 .7 -1  micron 

Var iab le  (minimum 500 A) 

measurements of the  f l u c t u a t i o n s  z 
I .  Power s p e c t r a l  dens i ty  ~, . 

under clear sky cond i t ions  a r e  shown i n  F igu res  A2,and i n  
F igure  A 3  t hese  r e s u l t s  a r e  r e p l o t t e d  wi th  t h e  o rd ina te  - 
power s p e c t r a l  dens i ty  x frequency. I n  t h i s  second p l o t  
t h e  area underneath the curve i n  a p a r t i c u l a r  frequency 
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i. Figure A 2  Sing le  Beam Power Spectrum - v~ f 4f  
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i n t e r v a l ,  f ,  i s  d i r e c t l y  p ropor t iona l  t o  t h e  energy i n  

p lay ing  back t h e  recorded signals through a v a r i a b l e  
bandpass f i l t e r  and measuring t h e  butput  l e v e l  w i t h  a RMS 
vo l tme te r .  It can be seen t h a t  t h e  f l u c t u a t i o n s  follow 
q u i t e  c l o s e l y  a -6.5 power law down t o  f r equenc ie s  less 
than 0 . 1  cyc le s  per  second. The r o l l  off  beyond 0 .01  
c y c l e s  per  second i s  due i n  p a r t  t o  t h e  h igh  pass  f i l t e r  
which reduces t h e  amplitude of t h e  s i g n a l  3db a t  0.01 
cyc le s  pe r  second and winds down a t  t h e  ra te  of 6db pe r  
octave.  

F t h i s  frequency i n t e r v a l .  These r e s u l t s  w e r e  obtained by 
* 

g 3'' 

Pl. 

ifi 
f 

I .  

- 
___. j& 

A l i n e  of s l o p e  -5/3 is  a l s o  shown i n  F igure  A2 and 
i t  is ev iden t  t h a t  t h e  r e s u l t s  d i f f e r  s i g n i f i c a n t l y  from 
the  - 5 / 3  dependence t h a t  would be  expected i n  p o i n t  

.-i? 

0 

I Figure A 3  Single-Beam Power Spectrum, f o  - vs f 4f 

108 



APPENDIX A 

measurements. Th i s  i s  n o t  an  unexpected r e s u l t  because 
of t h e  i n t e g r a t i o n  along t h e  l i n e  of s i g h t .  The c o n t r i -  
b u t i o n  of an eddy, be ing  convected through t h e  f i e l d - o f -  
view of t h e  photometer system, t o  t h e  f l u c t u a t i n g  s i g n a l  
w i l l  be  p r o p o r t i o n a l  t o  both  t h e  v a r i a t i o n  i n  t h e  number 
of scatterers a s s o c i a t e d  wi th  t h e  eddy, and t h e  s i z e  of 
t h e  eddy measured along t h e  f ie ld-of-view of t h e  d e t e c t i n g  
system. Because t h e  c o n t r i b u t i o n s  from d i g f e r e n t  eddies  
are u n c o r r e l a t e d  then t h e  r e s u l t i n g  rms f l u c t u a t i o n  from 
n edd ie s  a long  t h e  l i n e  of s i g h t  w i l l  only be n t imes 
t h e  c o n t r i b u t i o n  of a s i n g l e  eddy. This  i n t u i t i v e  argument 
would i n d i c a t e  t h a t  a -8/3 power law might be  expected.  
A t  t h i s  t i m e  t h e r e  i s  no proven explana t ion  of t h e  - 6 . 5 / 3  
power law t h a t  i s  a c t u a l l y  measured, however, i f  t h e  t u r -  
b u l e n t  e d d i e s  were elongated i n  t h e  flow d i r e c t i o n ,  such a 
r educ t ion  i n  t h e  power dependence could be observed. The 
e f f e c t  of t h e  i n c r e a s e  i n  eddy scales and t h e  decrease i n  
t h e  magnitude of t h e  f l u c t u a t i o n s  w i t h  a l t i t u d e  would a l s o  
be expected t o  change t h e  power spectrum, b u t  no attempt7 
has  y e t  been made t o  study the  way i n  which these  v a r i a b l e s  
would e f f e c t  i t .  

Crossed-Beam Measurements of Winds. Since atmospheric 
crossed-beam measurements d e t e c t i n n  s c a t t e r e d  s u n l i g h t  a r e ’  
con t inu ing  a t  t h e  p r e s e n t  t i m e  t h i g  d i s c u s s i o n  i s  a - s t a t u s  
r e p o r t  of t h e  r e s u l t s  obtained t o  da t e .  Successfu l  wind 
measurements have been made, and t h i s  success  has  gone 
hand i n  hand w i t h  t h e  development of s u i t a b l e  s t a t i s t i c a l  
methods t o  reduce t h e  e f f e c t s  of n o n - s t a t i o n a r i t y  i n  t h e  
d a t a .  

The geometry of the  crossed-beam arrangement used i n  
t h e  atmospheric tests i s  shown i n  F igure  A 4 .  The l o c a t i o n  
and viewing d i r e c t i o n  of t h e  photometers a r e  u s u a l l y  made 
t o  l i e  i n  two p a r a l l e l  v e r t i c a l  p lanes  which are chosen t o  
be approximately perpendicular  t o  t h e  wind d i r e c t i o n .  Most 
of t h e  measurements t o  d a t e  have been made wi th  t h e  two 
beams crossed  a t  an a l t i t u d e  corresponding t o  t h e  top of 
t h e  meteoro logica l  tower. Thus a d i rec t  comparison between 
t h e  wind measured wi th  an  anemometer on top of t h e  tower 
and t h a t  ob ta ined  from t h e  crossed-beam measurements i s  
p o s s i b l e .  It should be  noted t h a t  t h e  a l t i t u d e  a t  which 
t h e  wind i s  i n  f a c t  measured depends on the  wind d i r e c t i o n .  
I f  t h e  wind d i r e c t i o n  i s  perpendicular  t o  t h e  p a r a l l e l  
v e r t i c a l  p l anes  conta in ing  the l i n e s  of s i g h t  of t h e  d e t e c t o r  
s y s t e m s ,  t hen  t h e  a l t i t u d e  of measurement w i l l  be  t h e  he igh t  
a t  which t h e  beams would i n t e r s e c t  i f  t h e  two v e r t i c a l  
p l anes  were co inc iden t .  For a l l  o t h e r  wind d i r e c t i o n s  an 
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P ANEMOMETER 
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PHOTOMETER # I 

PHOTOMETER # 2 i4 
Figure  A 4  Geometry a t  Atmospheric Crossed Beam Arrangement 

eddy can only t r a v e r s e  both  'beams' a t  a d i f f e r e n t  a l t i t u d e  
determined by t h e  ang le  between t h e  beams and t h e  wind 
d i r e c t i o n .  Since i n  a p r a c t i c a l  case both  t h e  wind speed 
and t h e  wind d i r e c t i o n  w i l l  be  varying,  t h e  r e s u l t  obtained 
w i t h  t h e  crossed-beam s y s t e m  r e p r e s e n t s  a complex type  of 
averaging over both a l t i t u d e  and t i m e .  I f  t h e  wind d i r e c t i o n  
i s  f a i r l y  cons t an t  w i t h i n  + 20" of t h e  p l ane  of t h e  beams 
then t h e  a l t i t u d e  r eg ion  oyer which t h e  averaging  w i l l  t ake  
p l ace  w i l l  be  s m a l l ,  and t h e  crossed-beam measurement can 
be considered t o  y i e l d  an average wind v e l o c i t y  a t  t h e  
c r o s s i n g  a l t i t u d e .  

t h a t  have been obtained some comments about  t h e  f l u c t u a t i o n  
r eco rds ,  and t h e  d a t a  processing are i n  o r d e r .  Under c l e a r  
s k i e s  t h e  s i g n a l  f l u c t u a t i o n s  wi th  a bandpass from 0.01 - 
10 Hz are t y p i c a l l y  of t h e  order  of 1% of t h e  mean signal 
l e v e l .  Although t h i s  f a c t  i s  n o t  completely e s t a b l i s h e d ,  
t h e  f l u c t u a t i o n  l e v e l s  appear t o  be less a f t e r  a r a i n  when 
t h e  ground i s  s t i l l  damp. This  i s  n o t  a t  all un l ike ly  s i n c e  
t h e  a e r o s o l  concen t r a t ions  near  t h e  ground would be lower 
under t h e s e  circumstances.  In  a 45 minute r eco rd  i t  i s  

Before desc r ib ing  some of t he  experimental  r e s u l t s  
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u s u a l l y  found t h a t  t h e r e  a r e  po r t ions  of  t h e  r eco rd  i n  which 
the  f l u c t u a t i o n  l e v e l  i s  considerably h igher  than t h e  average.  
Sometimes t h e r e  i s  an obvious cause f o r  t h i s ,  such as a car 
going by on a nearby d i r t  road r a i s i n g  a cons ide rab le  d u s t  
cloud which d r i f t s  through the  d e t e c t o r  field-of-view. A t  
o t h e r  t i m e s  t h e r e  i s  no apparent  reason  f o r  t h e  inc reased  
a c t i v i t y .  I n  any case, i f  a s t r a i g h t  averaging procedure 
were used i n  the  da t a  processing,  t h e  p o r t i o n s  of t h e  
record  i n  which t h e  f l u c t u a t i o n s  a re  l a r g e  tend t o  dominate 
t h e  c o r r e l a t i o n  r e s u l t s .  

To avoid t h i s  problem the d a t a  a r e  processed i n  t h e  
computer i n  6 minute segments, and t h e  t i m e  averaged cross 
product i s  normalized wi th  respect t o  t h e  rms l e v e l s  i n  
t h a t  segment of t h e  record before  t h e  p i eces  are averaged 
through t h e  e n t i r e  record .  I n  o t h e r  words, t h e  c o r r e l a t i o n  
func t ion  i s  found f o r  each segment and t h i s  procedure 
s u c c e s s f u l l y  prevents  any p a r t i c u l a r  p i e c e  from dominating 
t h e  e n t i r e  r eco rd .  

Despi te  t h e s e  precaut ions ,  spu r ious  c o r r e l a t i o n s  are  
s t i l l  sometimes obtained which make i d e n t i f i c a t i o n  of t h e  
peak i n  t h e  c o r r e l a t i o n  func t ion  corfespondingeto t h e  wind 
speed ambiguous. The so -ca l l ed  s t a t i s t i c a l  e r r o r  i s  
u t i l i z e d  t o  he lp  so lve  t h i s  problem. I n  s i m p l e  terms a 
c o r r e l a t i o n  func t ion  i s  found f o r  e a c h - s i x  minute piece of 
da t a  throughout t h e  record .  These c o r r e l a t i o n  f u n c t i o n s  
a r e  averaged and the  r m s  . va r i a t ion  i n  t h e  va lue  of t h e  
c o r r e l a t i o n  func t ion  i s  found f o r  each t i m e  de lay .  I t  i s  
t h i s  r m s  v a r i a t i o n s ,  s u i t a b l y  weighted t o  o b t a i n  the 
d e s i r e d  s t a t i s t i c a l  c e r t a i n t y  i n  t h e  r e s u l t ,  which i s  
c a l l e d  t h e  s ta t i s t ica l .  e r r o r .  

I d e a l l y ,  i f  a s t a t i o n a r y  s i t u a t i o n  e x i s t e d ,  t h e  
s t a t i s t i c a l  e r r o r  would decrease as t h e  square r o o t  of 
t h e  number of pieces included;  however, it i s  found i n  
t h e  atmospheric da t a  t h a t  t h e  e r r o r  begins  t o  decrease ,  
bu t  after some t i m e  per iod  (usua l ly  between 30 minutes  and 
one hour) t h e  e r r o r  e i t h e r  o s c i l l a t e s  o r  starts t o  i n c r e a s e  
aga in .  The i n t e g r a t i o n  t i m e  i s  t h e r e f o r e  chosen as t h e  
t i m e  i n  which t h e  s ta t i s t ica l  e r r o r  reaches  i t s  minimum 
value .  

F igure  (A5-A8) shows some of t h e  r e s u l t s  ob ta ined .  
F igure  A5 i s  t h e  r e s u l t  f o r  a ze ro  s e p a r a t i o n  case w i t h  
t h e  f ie lds-of -v iew of t h e  two d e t e c t o r s  i n t e r s e c t i n g  a t  
an a l t i t u d e  corresponding t o  the  top  of t h e  meteoro logica l  
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Figure A5 Cross C o r r e l a t i o n  Function - Zero Beam Sepa ra t ion  

tower aTM-SFC. No wind information i s  of course  a v a i l a b l e  
from t h i s  measurement. The c o r r e l a t i o n  c o e f f i c i e n t  i s  
q u i t e  smal l  0.05 and t h e  peak only s l i g h t l y  exceeds t h e  
s t a t i s t i ca l  e r r o r .  However, t h e  peak does occur a c c u r a t e l y  
a t  t = 0 a s  would be expected i n  t h i s  measurement. The 
s t a t i s t i c a l  e r r o r  i s  a s s o c i a t e d ,  of course,  w i th  t h e  v a l u e  
of t h e  c o r r e l a t i o n  func t ion ;  hence w i t h  a 90% p r o b a b i l i t y ,  
t h e  c o r r e l a t i o n  func t ion  a t  zero  t i m e  delay i s  0.05 + 0.03. 
This  s t a t i s t i c a l  p r o b a b i l i t y  r e s u l t s  from t h e  choice-of 
weighing f a c t o r  app l i ed  t o  t h e  nns v a r i a t i o n s  i n  t h e  
cor r ,e la t ion  func t ion .  P l o t t i n g  the  r e s u l t s  i h  t h i s  manner 
i s  used f o r  ease of p r e s e n t a t i o n .  

Colorado S t a t e  Univers i ty  meteorological  test s i t e  i n  t h e  
North P l a t t e . R i v e r  Valley,  loca ted  i n  n o r t h e a s t e r n  Colorado, 
approximately f i f t e e n  m i l e s  east of t h e  first major p r e s s u r e  
r ise of t h e  Rocky Mountains. 

The remaining wind measurements were made a t  t h e  

F igure  A6 shows t h e  anemometer data p l o t t e d  as a 
first o rde r  p r o b a b i l i t y  d e n s i t y  of v e l o c i t y ,  and t h e  
c o r r e l a t i o n  func t ion  p l o t t e d  i n  terms of a wind v e l o c i t y .  
Since t h e  beam'separat ion was 30 meters t h e  long t a i l  of 
t h e  c r o s s - c o r r e l a t i o n  curve  r e p r e s e n t s  delay t i m e s  from 2.5 
t o  5 seconds a s  compared with  t h e  5-30 second t i m e  de l ay  
range covered by t h e  peak. Thus t h i s  t a i l  r e s u l t s  from t h e  
method of p r e s e n t a t i o n  and i s  n o t  s i g n i f i c a n t .  There i s  
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Higher wind cases are shown i n  Figure A7 and A 8  i n  
which, once aga in ,  good agreement i s  shown between t h e  
anemometer and t h e  crossed-beam r e s u l t s .  In Figure A7 t he  
s t a t i s t i c a l  e r r o r  i s  r e l a t i v e l y  s m a l l  and t h e  c o r r e l a t i o n  
c o e f f i c i e n t  a t  t h e  peak i s  l a r g e .  Under t h e s e  windy con- 
d i t i o n s  a g r e a t e r  concen t r a t ion  of a e r o s o l s  might be 
expected t o  be p r e s e n t  c l o s e  t o  t h e  ground, and t h i s  could 
weight t h e  r e s u l t s  by i n c r e a s i n g  t h e  c o n t r i b u t i o n  t o  t h e  
f l u c t u a t i n g  s ignal  from low a l t i t u d e s .  T h i s  would have 
t h e  e f f e c t  of dec reas ing  t h e  number of eddies  a long t h e  
f i e l d - o f  -view of t h e  photometers which c o n t r i b u t e  
s i g n i f i c a n t l y  t o  t h e  f l u c t u a t i o n  level, and t h e r e f o r e  
increase t h e  c o r r e l a t i o n  c o e f f i c i e n t .  

- -. 
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Figure  A8 Low Wind - Large Beam Separa t ion  Case. 
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The r e s u l t s  descr ibed  above are summarized i n  t h e  
fol lowing t a b l e .  There i s  encouragingly good agreement 
between t h e  crossed-beam and t h e  anemometer r e s u l t s .  ‘The 
f i e l d  tests a r e  cont inuing  and i t  is  hoped t h a t  r e s u l t s  
p r e s e n t l y  be ing  analyzed w i l l  show t h e  same promise of t h e  
r e s u l t s  descr ibed here .  

Future  Development of t h e  Crossed-Beam Technique. The 
immediate f u t u r e  developments of t h e  crossed-beam technique 
have t o  be d i r e c t e d  towards explor ing  t h e  p o t e n t i a l  and t h e  
l i m i t a t i o n s  of t h e  method. For example, i n  o r d e r  t o  remove 
some of t h e  ambigui t ies  which sometimes a r i s e  i n  determining 
t h e  peak i n  t h e  c o r r e l a t i o n  func t ion  which corresponds t o  
t h e  wind speed, a m u l t i p l e  beam system i s  be ing  developed. 
This  w i l l  permit  r e s u l t s  f o r  s e v e r a l  beam s e p a r a t i o n s  t o  b e  
obtained s imultaneously,  and i n  a d d i t i o n ,  because t h e  beam 
w i l l  p e r f o r c e - b e  i n  a f a n  conf igu ra t ion ,  t h e  wind d i r e c t i o n  
can a l s o  be  found i f  t h e  c o r r e l a t i o n  maxima are s u f f i c i e n t l y  
w e l l ’  def ined .  

To avoid t h e  l i m i t a t i o n s  imposed on t h e  p r e s e n t  
s y s t e m  under cloudy s k i e s  t h e  p o t e n t i a l  of i n f r a r e d  measure- 
ments has  t o  be  explored.  The phys ics  of t h e  problem i n  
t e r m s  of t r y i n g  t o  d e f i n e  the  a l t i t u d e  c o n t r i b u t i o n s  t o  t h e  
f l u c t u a t i n g  s i g n a l s  i n  bo th  the  s c a t t e r e d  suzi l ight  and 
i n f r a r e d  cases has  t o  be s tud ied .  Th i s  would permi t  es’timates 
t o  be made of t h e  a l t i t u d e  r e s o l u t i o n  and maximum a l t i t u d e s  
f o r  which u s e f u l  wind d a t a  may be obtained.  

Some new approaches i n  terms of t h e  d a t a  r e d u c t i o n  
methods have t o  be developed. - . - -- - - 

t h e  s i g n a l s  t o  e f f e c t i v e l y  f l a t t e n  t h e  frequency spectra 
and narrow t h e  c o r r e l a t i o n  peak i s  p r e s e n t l y  be ing  t r i e d .  
Fu r the r  examination of  t he  s t a t i s t i c a l  e r r o r ,  and t h e  
r e l a t i v e  e r r o r s  between c o r r e l a t i o n s  f o r  d i f f e r e n t  t i m e  
de l ays  obtained from t h e  same data record have t o  b e  
examined. 

The use  of t h e  d e r i v a t i v e s  of _ _  

Conclusions. The p o t e n t i a l  f u t u r e  development of t h e  
crossed-beam technique once t h e  f e a s i b i l i t y  of i t s  a p p l i -  
c a t i o n  t o  atmospheric measurements has  been demonstrated 
i s  very  g r e a t .  
of measurements, some of which have been d i scussed  above, 
t h a t  can u s e f u l l y  be made which w i l l  c o n t r i b u t e  t o  t h e  
understanding of atmospheric phenomena, and t o  improve- 
ment i n  weather f o r e c a s t i n g .  

There a r e  a l a r g e  number of d i f f e r e n t  types  
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Success fu l  ground tests should be followed by 
measurements from a i r c r a f t .  Clear a i r  tu rbulence  i s  of 
g r e a t  importance as far as i ts  e f f e c t  on a i r c r a f t  ope ra t ions  
i s  concerned, and much could be learned  of t h i s  phenomena 
by crossed-beam measurements from an a i rc raf t .  O f  course  
i n  t h e  a i r c r a f t  case, i n s t e a d  of t h e  f l u c t u a t i o n s  be ing  
produced by tu rbu lence  edd ie s  be ing  convected through 
s t a t i o n a r y  beams, t h e  f l u c t u a t i o n s  w i l l  be l a r g e l y  pro- 
duced by t h e  movement of t h e  "beams" o r  photometer f ie lds-  
of-view through r eg ions  of atmospheric tu rbulence .  The 
f l u c t u a t i o n  f r equenc ie s  w i l l  be cons iderably  d i f f e r e n t .  
Also i n  t h e  a i rc raf t  case, t i m e  de lay  t r i c k s  as i l l u s t r a t e d  
i n  F igure  A9 may remove t h e  necess i ty  of having two 
photometers s epa ra t ed  i n  space.  

.REAM NO. I 

Figure  

CIRCLES INWCdirE "BEAM" (FEU) OF VIEW) 
CROSS-SECTIONS AT 4TITUoE h 

Scanning System Cuncept - For Particular Wind Speed u 
aiid Hc:nirr S c p s r a C ~ c x ~  W e  have  tirrtc 3, f o r  L i n e  of Eddies ' 
O r i g j m a l l y  i n  Ecam #1 to Reach Bern 82. At .  height, h , 
Beam D e l a y  i s  ?' , s o  a F4aximum Corrca3.ation is Recorded 
f o r  t:hi..c, Ti.inc D c l n y .  With a 'Fan of Ream g i v i n g  Number 
of J)iffei-cnt: 8 ' s  t l i e  Wiz-icl Coniporicmt as a Funct ion  of 
Alt: : i .L~dc may hci Efc;1::ur-ecl. 
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The two photometers a r e  mounted on a s t a b i l i z e d  
platform and have an a n g l e  8 between t h e i r  r e s p e c t i v e  
f ie lds-of-view.  I f  t h e  turbulence  s t r u c t u r e  i s  assumed 
to be f rozen ,  t hen  t h e  f l u c t u a t i o n s  de t ec t ed  by photometer 
#l o r i g i n a t i n g  from a h e i g h t  h above t h e  a i rcraf t  w i l l  b e  
repea ted  i n  s i g n a l  from photometer #Z a t i m e  
where i s  t h e  d i s t a n c e  d d iv ided  by t h e  v e l o c i t y  of t h e  
a i rcraf t .  

To o b t a i n  wind speeds i t  is  necessary t o  s e p a r a t e  t h e  
photometer f i e l d s  of view i n  a d i r e c t i o n  perpendicular  t o  
t h e  p l ane  of t h e  paper .  An ambiguity i s  introduced h e r e  
which can  only b e  r e s o l v e d  by use  of a f an  of "beams" from 
one of t h e  photometer systems. This problem has been 
discussed by Krause e t  a 1  (1966) and b y  Krause (1967) and 
w i l l  n o t  t h e r e f o r e  be  considered f u r t h e r  here .  

la ter ,  

The a l t i t u d e  r eg ion  of i n t e r e s t  can t h e r e f o r e  
be s t u d i e d  by s e l e c t i n g  t h e  a p p r o p r i a t e  t i m e  i n t e r v a l  .* , ,< . 

The l o g i c a l  development of the  technique through 
an a i r c r a f t  o p e r a t i o n  phase toge the r  w i t h  t h e  study of 
s p e c t r a l  r eg ions  i n  which s i g n a l s  are de tec t ed  and which 
could b e  u t i l i z e d  by downward looking systems, would then  
enable t h e  p o t e n t i a l  of s a t e l l i t e  experiments t o  be 
a c c u r a t e l y  assessed ,  
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Prel iminary Design Considerat ions.  
instrument ,  design i s  p o s s i b l e ,  i t  t h e  o b j e c t i v e  i s  t o  
measure 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  du r ing  t h e  day 
and s t a r l i g h t  s c i n t i l l a t i o n  a t  n i g h t .  To u t i l i z e  t h e  s h o r t  
wavelength reg ion  below 4000 A i n  t h e  s c a t t e r e d  s u n l i g h t  
measurements, i t  i s  d e s i r a b l e  t o  use  mir ror  r a t h e r  than  
lens c o l l e c t i n g  o p t i c s .  A p a r t  of any experimental  s tudy  
of t h e s e  techniques would determine t h e  optimum wavelength 
range of opera t ion ,  and a mi r ro r  system would permit  con- 
s i d e r a b l e  f l e x i b i l i t y  i n  t h i s  r ega rd .  

A r e l a t i v e l y  s imple 

A schematic diagram of a p o s s i b l e  system des ign  i s  
shown i n  Figure B1. It should be emphasized t h a t  t h i s  i s  
n o t  a CAT d e t e c t o r  per=, b u t  i s  an instrument  by which 
t h e  p o t e n t i a l i t y  of two p o s s i b l e  pas s ive  o p t i c a l  CAT 
d e t e c t i o n  techniques may b e  explored.  The c o l l e c t i n g  
system shown i s  of t h e  Cassegrainian type w i t h  a 6- in .  
diameter  primary mir ror .  Aperture  A i s  t h e  f i e l d  s t o p  and 
should be  v a r i a b l e ’ i n  s i z e  t o  cover  a range of f i e l d  ang le s  
from approximately 5 arc minutes t o  one degree.  Typ ica l ly ,  
w i t h  a 6-in.  primary m i r r o r  and an  f/12 system t h i s  range  
of f i e l d  ang le s  would r e q u i r e  f i e l d  s t o p  diameters  from 
0.05 t o  1 i n .  

I n  t h e  case of t h e  measurements of s c a t t e r e d  s u n l i g h t ,  
. t h e  s i z e  of the f i e l d  s t o p  would a f f e c t  r e s o l u t i o n  of eddy 
scales a t  d i f f e r e n t  d i s t a n c e s  ahead of t he  a i rcraf t .  For 
s t e l l a r  s c i n t i l l a t i o n ,  it i s  necessary t o  l i m i t  t h e  f i e l d -  
of-view so t h a t  t h e r e  i s  only a s i n g l e  s t a r  i n  t h e  f i e l d - o f -  
view a t  one t i m e .  The measured f l u c t u a t i o n s  are then due 
s o l e l y  t o  l i g h t  from t h i s  one s ta r .  I n  f a c t ,  t h i s  i s  an 
ideal is t ic  s i t u a t i o n  s i n c e  there w i l l  always be more than 
one s t a r  i n  t h e  f ie ld-of-view so t h a t  w e  have t h e  experimental  
requirement t h a t  t h e  energy r ece ived  from t h e  star being 
observed has  t o  be  about an  order  of magnitude g r e a t e r  than 
t h e  l i g h t  from background stars. Since t h e  average 
magnitude of background stars v a r i e s  wi th  p o s i t i o n  over t h e  
c e l e s t i a l  sphere,  t h e  s i z e  of t h e  f i e l d  w i l l  depend on 
both  t h e  magnitude of t h e  t a r g e t  star and i t s  p o s i t i o n  i n  
t h e  celestial  sphere.  To study whether stellar s c i n t i l l a t i o n  
measurements can provide a method of d e t e c t i n g  CAT very 
b r i g h t  stars can be  used; however, an o p e r a t i o n a l  system 
w i l l  have t o  be  a b l e  t o  o p e r a t e  w i t h  stars of t h e  7 t h  

given by Quasius and McConless (1965) i’iS approximately 
700, 10 th  magnitude ( v i s u a l )  stars per  square degree,  and, 
t h e r e f o r e ,  f o r  a 7 th  magnitude t a r g e t  s tar  t h e  f i e l d - o f -  
view of t h e  system would have t o  be less than 2 . 6  arc minutes 

.magni tude.  The maximum b r i g h t n e s s  of’background stars i s  
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f o r  t h e  r a d i a t i o n  from background stars t o . b e  one t e n t h  
of t h e  r a d i a t i o n  from t h e  t a r g e t  s ta r .  With t h i s  small 
f ie ld-of -v iew an o p e r a t i o n a l  s y s t e m  woultd c l e a r l y  have 
t o  be  mounted on a s t a b i l i z e d  p la t form;  however, f o r  
i n i t i a l  experiments t o  check o u t  t h e  method, very b r i g h t  
stars could be  used, and hence a much l a r g e r  f i e l d ,  which 
would r e l a x  t h e  po in t ing  accuracy requirement .  

bandpass of t h e  sys tem.  This  i s  another  v a r i a b l e  which 
should be explored both  f o r  t h e  s c a t t e r e d  s u n l i g h t  and 
s te l la r  s c i n t i l l a t i o n  techniques .  F i e l d  l e n s  LL images 
t h e  en t r ance  a p e r t u r e  of t h e  system on t o  t h e  d e t e c t o r .  
I n  t h i s  way any movement of a s tar  image w i t h i n  t h e  f i e l d  
s t o p  w i l l  n o t  cause  a v a r i a t i o n  i n  t h e  l i g h t  d i s t r i b u t i o n  
over t h e  d e t e c t o r .  Photodetec tors  do n o t  have uniform 
response over t h e  s e n s i t i v e  areas and, t h e r e f o r e ,  i f  t h e  
d e t e c t o r  was phased d i r e c t l y  behind t h e  f i e l d  s t o p ,  any 
movement of t h e  star image w i t h i n  t h e  f i e l d  s t o p  could 
produce q u i t e  l a r g e  f l u c t u a t i o n s .  

The f i l t e r ,  F, would be used t o  l i m i t  t h e  s p e c t r a l  

Two d e t e c t o r s  are shown wi th  a m i r r o r  t h a t  can be 
r o t a t e d  through 90' t o  d i r e c t  t h e  i n p u t  r a d i a t i o n  t o  e i t h e r  
t h e  pho tomul t ip l i e r  tube  o r  t o  t h e  photodiode. The s i g n a l  
levels w i l l  be such t h a t  t h e  pho tomul t ip l i e r  would be much 
too  s e n s i t i v e  f o r  d e t e c t i o n  of s c a t t e r e d  s u n l i g h t .  F i n a l l y ,  
f o r  i n i t i a l  a c q u i s i t i o n  of a s ta r ,  i t  should be  p o s s i b l e  t o  
move t h e  mi r ro r  o u t  of t h e  way and view by eye. 

S igna l s  would be recorded on magnetic tape through 
an a m p l i f i e r  and f i l t e r .  Mean l e v e l s  should also be 
recorded and an rms meter w i t h  v a r i a b l e  t i m e  cons t an t  
inc luded  f o r  real  t i m e  monitor ing of t h e  s i g n a l  levels. 

f o r  measurement of t h e  c o r r e l a t i o n  f u n c t i o n  f o r  stellar 
. s c i n t % l l a t i o n  i n  t h e  p l ane  of t h e  en t r ance  a p e r t u r e .  
Aperture  p l a t e s  con ta in ing  two small c i r c u l a r  h o l e s  of 
v a r i o u s  spacings could be  p l a c e d  i n  t h e  p o s i t i o n  shown 
and a second pho tomul t ip l i e r  included t o  enable  t h e  l i g h t  
coming through t h e  two a p e r t u r e s  t o  be measured a t  t h e  
same t i m e .  The c o r r e l a t i o n  func t ion  d iscussed  i n  s e c t i o n  
3 . 1  i s  r e l a t e d  t o  t h e  c h a r a c t e r i s t i c s  of t h e ' t u r b u l e n t  
r eg ion  through which t h e  l i g h t  has  passed.  T a t a r s k i  (1961) 
has shown t h a t  t h e  c o r r e l a t i o n  goes t o  ze ro  f o r  two p o i n t s  
s epa ra t ed  by a d i s t a n c e  where i s  of t h e  o rde r  of 

L. W e  may treat  L, here ,  as t h e  range  t o  t h e  CAT zone; 
however, t h i s  technique rests on t h e  presence  of a CAT 

Provis ion  could very  e a s i l y  be  made i n  t h i s  design 
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reg ion  producing a s i g n i f i c a n t  increase i n  t h e  s c i n t i l l a -  
t i o n  l e v e l s .  Since t h e  t h e o r e t i c a l  approach has n o t  lead 
to reliable r e s u l t s  t h i s  w i l l  have t o  be proven exper i -  
menta l ly .  
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