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FEASIBILITY OF MULTI-SATELLITE OCC 

(REFRACTION) MEASUREMENTS FOR METEOROLOGY 

SUMMARY 

This  s tudy  cons ide r s  t h e  f e a s i b i l i t y  o f  t h e  m u l t i - s a t e l l i t e  

bJC@d!t& i o h )  technique f o r  o b t a i n i n g  g l o b a l  p r o f i l e s  

of atmospheric d e n s i t y  and p res su re .  Two concepts  are d iscussed  
3 

i n  d e t a i l ;  one was developed by P ro fes so r  Bo Lusignan of  Stanford 

U n i v e r s i t y  ( r e f ,  l> and t h e  o t h e r  by P ro fes so r  J , V .  Har r ington  

o f  MIT and D r .  MOD.  Gross i  of t h e  Raytheon Company Qref ,2>,  The 

s t e l l a r  o c c u l t a t i o n  technique and a microwave cross-beam correla- 

t i o n  concept a l s o  were i n v e s t i g a t e d  b r i e f l y .  

The:. concept advanced by P ro fes so r  Eusignan has a s a t e l l i t e  

c o n f i g u r a t i o n  c o n s i s t i n g  of  a mother s a t e l l i t e  and s ix  daughter  

s a t e l l i t e s ,  a l l  i n  t h e  same polar  c i r c u l a r  o r b i t ,  The s a t e l l i t e s  

are spaced so tha  r a d i o  waves from t h e  mother t o  each daught 

pass through t h  atmosphere, w i th  t h e  pa th  t o  each succeeding 

daughter  corning closer t o  t h e  s u r f a c e  o f  t h e  e a r t h .  The p a t h  R 

l e n g t h ,  as measured by phase and Doppler frequen@y"measurements 

on each mother-daughter p a i r ,  i s  an i n d i c a t i o n  o f  t h e  P e f r a c t i v i t y  

6.- 

of  t h e  atmosphere a long  t h e  r a d i o  pa th ,  Any d i f f e r e n c e  between 

t h e  s t r a i g h t  Line s e p a r a t i o n  and t h e  measured r a d i o  pa th  l e n g t h  

s e p a r a t i o n ,  is  caused by bending o f  t h e  r a d i o  s i g n a l  and retarda- 

t i o n  o f  t h e  v e l o c i t y  o f  t ransmiss ion  of t h e  s i g n a l .  

f r a c t i v i t y  of t h e  atmosphere i s  p ropor t iona l  t o  i t s  d e n s i t y  and 

The re- 
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t h e  d e n s i t y  a long  t h e  pa th  is  g r e a t e s t  a t  t h e  p o i n t  c l o s e s t  t o  

t h e  e a r t h ' s  s u r f a c e ,  Thus t h e  measurement can be considered t o  

be r e p r e s e n t a t i v e  o f  condiGFons a t  o r  nea r  t h e  p o i n t  of minimum 

a l t i t u d e ,  

This  c o n f i g u r a t i o n  g ives  measurements atq, f ive a l t i t u d e s  on 
4% 

a cont inuous,  p e r i o d i c ,  g l o b a l  b a s i s ,  as t h e  s a t e l l i t e s  o r b i t  

t h e  e a r t h ,  

used f o r  d e t e c t i o n  of o r b i t a l  p e r t u r b a t i o n s  and o t h e r  effects 

The l i n k  between t h e  mother and c l o s e s t  daughter  i s  

t h a t  may produce re la t ive motion betwaen t h e  s a t e l l i t e s ,  

The Raytheon Company technique % t i l i z e s  only two s a t e l l i t e s ,  

However, t h e s e  are  i n  d i f f e r e n t  o r b i t s ,  and t h e  s a t e l l i t e s  con- 

t i n u o u s l y  approach and move away f r o m  each  o t h e r .  When t h e  r a d i o  

pa th  between t h e  s a t e l l i t e s  passes  through t h e  atmosphere, atmos- 

p h e r i c  r e f r a c t i o n  measurements may be made i n  a f a sh ion  sfrnf lar  

t o  t h e  Mariner Mars experiment,  measuring only  the  Doppler s h i f t .  

The reason t h a t  a b s o l u t e  path l e n g t h  need no t  be known is  t h a t  

measurementzw&Zl begin above the  atmosphere, whi le  all measure- 

ments u s ing  t h e  S tanford  technique w i l l  be inf luenced  by t h e  

1 

atmosphere, The Raytheon conf igu ra t ion  provides  cont inuous ver- 

t i c a l  coverage from t h e  t o p  of  t h e  atmosphere t o  t h e  e a r % h ' s  

s u r f a c e ,  as opposed t o  having measurements a t  a d i s t i n c t  number 

o f  levels. During t h e  t i m e  when t h e  p a t h  is above t h e  atmosphere, 

ionospher ic  e l e c t r o n  d e n s i t y  measurements can be made us ing  t h e  

same technique  o f  measuring r e f r a c t i o n  if a frequency s e n s i t i v e  

t o  ionospher ic  i n f luences  is used. The areal  coverage i s  i r r e g u -  
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l a r ,  depending on t h e  l o c a t i o n  of t h e  o c c u l t a t i o n s .  Seve ra l  such 

s a t e l l i t e  p a k s  would be requi red  i n  an o p e r a t i o n a l  system t o  

provide t h e  requi red  d e n s i t y  of sample p o i n t s .  

The o c c u l t a t f o n - r e f r a c t i o n  techniques  face many problems 

be fo re  they  can be s u c c e s s f u l l y  implemented. To o b t a i n  t h e  re- 

-quired accuracy i n  d e n s i t y  and p res su re ,  o r b i t a l  p a t h  a c c u r a c i e s  

of f i f t y  meters o r  b e t t e r  are needed. This  is  s l i g h t l y  pushing 

t h e  s t a t e - o f - t h e - a r t 7  

U n i v e r s i t y ,   in^ a d d i t i o n ,  r e q u i r e s  a l a r g e  amount o f  s t a t i o n -  

The m u l t i - s a t e l l i t e  technique  of  S tanford  

keeping a b i l i t y  ohi,rboard each s a t e l l i t e  s i n c e  t h e  r e l a t i v e  sa te l -  

l i t e  p o s i t i o n s  are h igh ly  c r i t i ca l .  A t  low a l t i t u d e s ,  below 

about 10 Km, water vapor  i n  t h e  atmosphere c o n t r i b u t e s  s i g n i f i c a n t -  

l y  t o  t h e  r e f r a c t i v i t y .  Water vapor  must be measured t o  1% t o  

provide a c c u r a t e  d e n s i t y  measurements a t  t h e  800 mb level ,  

f o r  measuring t h e  water vapor have been proposed, bu t  t hey  are 

s t i l l  under development and i t  is unknown whether any w i l l  be 

Schemes 

success fu l .  Mul t i -pa th ,  duc t ing ,  and s c i n t i l l a t i o n  effects may 

a l s o  prove t o  be severe problems i n  t h e  o p e r a t i o n  of t h i s  type  of 

s y s  t e m .  

The da ta  invers ion  technique a l so  r e q u i r e s  f u r t h e r  study,, 

There i s  a unique r a d i o  pa th  l e n g t h  f o r  each s a t e l l i t e  s e p a r a t i o n  

and i n t e r v e n i n g  atmosphere combination, but  t h e r e  are many atmos- 

pheres t h a t  could produce a measured p a t h  l eng th .  P ro fes so r  

Lusignan and D r .  Gross i  have each adopted an i t e r a t i v e  approach 

t o  t h e  problem o f  deducing t h e  d e n s i t y  from phase p a t h  measure- 
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ments. I n  both  cases, a m o d e l  atmosphere i s  assumed and t h e  

corresponding r a d i o  p a t h  c a l c u l a t e d .  The assumptions are based 

on independent measurements, p rev ious  o c c u l t a t i o n  measurements, 

and g e n e r a l  knowledge of t h e  area being measured. The model  

atmosphere is  changed u n t i l  t h e  c a l c u l a t e d  p a t h  l e n g t h  agrees w i t h  

t h e  measured pa th  l eng th .  Thus, a g l o b a l  v e r t i c a l  d e n s i t y  pro- 

f i l e  i s  de r ived .  

An o c c u l t a t i o n  system employing one s a t e l l i t e  whose i n s t r u -  

ments l o c k  on to  'a s t a r  and t r a c k ,  

t h e  e a r t h  was one o f  t h e  first: proposa ls  t o  provide g l o b a l  d e n s i t y  

p r o f i l e s ,  I n  1962, F.F. Fischbach of t h e  U n i v e r s i t y  o f  Michigan 

proposed a ve ry  harrow-beam t e l e scope  on board a s a t e l l i t e  f o r  

t h i s  purpose. The m u l t i - s a t e l l i t e  techniques  now hold g r e a t e r  

promise than  t h i s  s t a r  t r a c k i n g  scheme becaube of i t s  many i n h e r e n t  

l i m i t a t i o n s .  The star t r a c k e r  can o p e r a t e  on ly  a t  n i g h t ,  only 

above clouds,  and on ly  when a s t a r  of s u f f i c i e n t :  b r i g h t n e s s  is  

a r  as i t  i s  occul ted  by 

i n  view. 

Another proposa l  t o  use two s a t e l l i t e s  @as i n v e s t i g a t e d  by 

IITRP. It ca l led  f o r  on-board microwave rad iometers  t o  look a t  

t h e  same volume i n  t h e  atmosphere, o r  area on t h e  ground, t o  

determine tempera ture ,  wind v e l o c i t y ,  and water  vapor  concen t r a t ion .  

According t o  t h i s  proposa l ,  by observing t h e  microwave emission 

c h a r a c t e r i s t i c s  o f  t h e  volume a t  warious a b s o r p t i o n  l i n e s  and by 

c o r r e l a t i n g  t h e  received s i g n a l s  a t  both sa%el l i tes ,  informat ion  

from t h e  common viewing volume could be extracted, and t h e  assump- 
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t i o n s  p r e s e n t l y  used t o  d e r i v e  weight ing  f u n c t i o n s  and t h e i r  

a t t e n d a n t  e r r o r s  could be e l i m i n a t e d .  It was dec ided ,  however, 

t h a t  many of t h e  t h e o r e t i c a l  premises  on which t h i s  proposa l  

was based were i n  e r r o r  and t h e  concept  would no t  produce t h e  

d e s i r e d  r e s u l t s  e I ITRI t h e r e f o r e  recommerided Chat f u r t h e r  

e f f o r t  n o t  be  expended i n  t h i s  area. 
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I. INTRODUCTION 

Atmospneric p r e s s u r e  and d e n s i t y  d a t a  are primary i n p u t s  

t o  weather f o r e c a s t i n g  models .  Proposals  have been made t o  

use  c s - o r b i t i n g  mother/daughter sa te l l i t es  i n  t h e  measurement 

of t h e s e  parameters .  

rad io  t r ansmiss ion  between tnem w i l l  pass  through t h e  atmosphere. 

It is a phys ica l  p r i n c i p l e  t h a t  t h e  refractive index o f  t h e  

atmosphere is  d i r e c t l y  p r o p o r t i o n a l  t o  i t s  mass d e n s i t y .  

Therefore ,  by measuring t h e  effect  of a changing refract ive 

index on t r ansmiss ions  between mother/daughter sa te l l i t es ,  

it is  p o s s i b l e  t o  determine t h e  corresponding change i n  mass 

d e n s i t y  

If t h e  sa te l l i t es  are  p rope r ly  spaced, 

The ear l ies t  o c c u l t a t i o n  s t u d i e s  were performed by o b s e m e r s  

on t h e  e a r t h ' s  s u r f a c e  as means of s tudying  t h e  atmospheres o f  

o t h e r  bodies ,  I n  t h e s e  cases, t h e  effects  of a p l a n e t a r y  atmos- 

phere or ionosphere on e lec t romagnet ic  r a d i a t i o n  from a s t a r  were 

measured, The measurements included tne  o c c u l t a t i o n s  of Ar ie t i s  

by J u p i t e r ,  of t h e  Crab Nebula by t h e  moon, and of  Regulus by 

Venus. With t h e  advent  o f  t h e  space age,  t h e  o c c u l t a t i o n  technique  
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was app l i ed  t o  t h e  Mariner I V  Mars f lyby  and Mariner V Venus 

f lyby  and s i g n i f i c a n t  d a t a  concerning t h e  Venusian and Mart ian 

atmosphere and ionosphere were obta ined .  

i n  deducing from t h e  Mart ian measurement t h e  scale he igh t  

and p r e s s u r e  v a r i a t i o n )  of t h e  Mart ian atmosphere was i n  t h e  

c o n s t i t u e n t  make-up o f  t h e  atmospheric atomic weight,  

The major u n c e r t a i n l y  

For t h e  

e a r t h  measurements t h e  a t o a i c  weight i s  known t o  a ve ry  good 

accuracy. 

An e a r l y  sugges t ion  t o  u s e  a s a t e l l i t e  fo r  measurement o f  

r e f r a c t i o n  on a cont inuous b a s i s  t o  detenmine atmospheric  d e n s i t y  

and p r e s s u r e  appeared i n  1962 i n  a r e p o r t  of  t h e  U n i v e r s i t y  o f  

Michigan (ref. 3 ) .  I n  t h i s  and subsequent papers i t  was suggested 

t h a t  a s a t e l l i t e  con%aining a t e l e s c o p e  t r a c k  a s ta r  as t h e  s ta r  

i s  occul ted  by t h e  e a r t h .  Measurement o f  t h e  apparent  angu la r  

change i n  t h e  p o s i t i o n  o f  the s ta r  would g ive  an  i n d i c a t i o n  of 

t h e  r e f r a c t i o n  of  t he  p o r t l o n  o f  t h e  atmosphere through which 

t h e  s t a r l i g h t  had passed,  

I n  1966, a l e t te r  by A ,  Werbowetzki (ref.  4 )  of  ESSA modified 

t h e  U n i v e r s i t y  o f  Michigan concept by c a l l i n g  for  a mother and 

many daughter  sa te l l i t es ,  The waves from t h e  mother t o  each 

daughter  would c u t  t h e  atmosphere a t  a d i f f e r e n t  bu t  known minimum 

a l t i t u d e .  Changes i n  atmospheric d e n s i t y  a long  t h e  pa th  would 

appear  as changes i n  t h e  pa th  l e n g t h  between s a t e l l i t e s .  Such 

an  o r b i t  would provide g l o b a l  coverage; a l l  l a t i t u d e s  would be 

sampled twice each  o r b i t  whi le  l o n g i t u d i n a l  v a r i a t i o n  would be 
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achieved by t h e  p recess ion  o f  t h e  e a r t h  beneath t h e  sa te l l i t es .  

A t  about t h e  same t i m e  an  i n t e r d i s c i p l i n a r y  engineer ing  

cour se  i n  Space Systems Engineer ing a t  S tanford  U n i v e r s i t y  was 

i n v e s t i g a t i n g  t h e  meteoro logica l  needs of t h e  wor ld  and p o t e n t i a l  

methods of f u l f i l l i n g  t h e s e  needs. The r e s u l t  o f  t h i s  i n v e s t i g a -  

t i o n  was t h e  SPINMAP-Stanford Proposal  f o r  an  I n t e r n a t i o n a l  N e t -  

work fo r  Meteorological  Analyses and P r e d i c t i o n  ( r e f .  5)  * This  

r e p o r t  included a s e c t i o n  c a l l i n g  for  and ana lyz ing  a r e f r a c t i o n -  

o c c u l t a t i o n  s a t e l l i t e  scheme s imilar  t o  t h a t  o f  Werbowetzki. 

Th i s  has formed t h e  b a s i s  for  t h e  work of P ro fes so r  B. Lusignan 

o f  Stanford U n i v e r s i t y  i n  t h i s  f i e l d .  H i s  concept i s  d iscussed  

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

Also a t  about t h i s  t i m e ,  D r .  Gross i  o f  t h e  Raytheon Company, 

Space and Information Sc iences  Div i s ion ,  became i n t e r e s t e d  i n  

t h e  p o s s i b i l i t y  o f  employing e o - o r b i t i n g  sa te l l i t es  around Mars 

o r  Venus t o  sample t h e  atmosphere and ionosphere o f  t h e s e  p l a n e t s ,  

Buoyed by t h e  success  o f  t h e  Mariner HV o c c u l t a t i o n  f lyby ,  Raytheon 

undertook a s tudy  of t h e  f e a s i b i l i t y  o f  p u t t i n g  two sa t e l l i t e s  

i n t o  o r b i t  around a p l a n e t  t o  o b t a i n  infoamation r ega rd ing  i t s  

atmosphere, ionosphere,  and s u r f a c e  c h a r a c t e r i s t i c s  over  a l l  

l ong i tudes  and l a t i t u d e s  and over  v a r i o u s  sun cond i t ions  (day 

and n i g h t ,  q u i e t  and act ive sun) .  I n  performing t h e i r  s tudy ,  

Raytheon not iced  t h a t  many of  t h e  same techniques  could be app l i ed  

t o  an e a r t h - o r b i t i n g  system. Thus, they  included i n  t h e i r  s t u d i e s  

t h e  p o s s i b i l i t y  of o b t a i n i n g  measurements of t h e  e a r t h  atmosphere 

? 
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and ionosphere.  The concept subsequent ly  developed is  a l s o  

descr ibed  and eva lua ted  i n  t h i s  r e p o r t .  

C h a r a c t e r i s t i c s  of t h e  o c c u l t a t i o n - r e f r a c t i o n  concepts  are 

presented i n  F igu re .1 .  F igu re  2a shows t h e  c o n f i g u r a t i o n  of 

t h e  S tanford  system, whi le  F igu re  2b is t h e  Raytheon conf igura-  

t i o n .  

I1 METEOROLOGICAL REQUIREMENTS 

There i s  no one set  of  requirements  f o r  meteoro logica l  d a t a  

i n  terms of  accuracy and g r i d  s i z e .  A number of mathematical  

numerical  f o r e c a s t i n g  models a r e  c u r r e n t l y  under development and 

t h e  requirements  o f  each are  somewhat d i f f e r e n t .  A l s o ,  a t  t h e  

moment, da ta  are  l i m i t e d  t o  those  which are a v a i l a b l e  from 

radiosonde ba l loons  or o t h e r  sparse ly-concent ra ted  measurement 

devices. The parameters o f  in terest  t o  me teo ro log i s t s  are  

u s u a l l y  wind v e l o c i t y ;  temperature  d i s t r i b u t i o n  (ver t ica l  and 

h o r i z o n t a l ) ;  humidity nea r  t h e  ground, i n  t h e  t roposphere ,  and 

i n  t h e  s t r a t o s p h e r e ;  and the  he igh t  o f  i s o b a r i c  s u r f a c e s  ( p r e s s u r e  

levels) 

A number o f  a t t empt s  have been made t o  d e f i n e  numerical  

accu rac i e s  f o r  meteoro logica l  measurements. The WMO r e p o r t  by 

J . A .  Sawyer (ref.  6) is  only one such r e p o r t .  AGSTOMS (ref.  7) 

i n  1965 developed t h e  fol lowing set  o f  requirements  f o r  ba l loon  

and o t h e r  l o c a l i z e d  measurements 

I I T  RESEARCH INSTITUTE 
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( b )  
a )  
b)  Raytheon Company Conf igura t ion  (no t  t o  s c a l e )  

Stanford. U n i v e r s i t y  Conf igura t ion  , (no t  t o  s c a l e )  
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Hor izon ta l :  Measurements every  125 NM 

V e r t i c a l  : Measurements a t  t h e  fo l lowing  levels: 

From t h e  s u r f a c e  t o  500 mb, every 100 mb 

From 500 mb t o  100 mb, every  50 mb 

From 100 mb, every 30 mb 

r - r  

Observat ions were requested every 6 hours .  P re s su re  

a c c u r a c i e s  were t o  be t o  wi th in  1 mb, o r  a l t e r n a t i v e l y ,  h e i g h t s  

t o  w i t h i n  (+) 30 meters. - 
A t  p re sen t  t h e r e  seems t o  be no economical way t o  achieve  

t h i s  g l o b a l  coverage without  u s ing  satel l i tes .  It has been 

est imated t h a t  less than  20 percent  o f  t h e  e a r t h ' s  s u r f a c e  i s  

adequate ly  covered by upper -a i r  observing s t a t i o n s  ( ref .  8 ) .  

Numerical f o r e c a s t s ,  t r e a t i n g  t h e  e a r t h ' s  atmosphere a s  a s i n g l e  

dynamic system, are  prepared r o u t i n e l y  f o r  pe r iods  of 3 t o  4 days ,  

and f o r  areas covering about one- th i rd  of t h e  e a r t h .  To extend 

f o r e c a s t s  t o  longer  per iods  or t o  l a r g e r  areas r e q u i r e s  knowledge 

o f  t h e  i n i t i a l  s t a t e  o f  t h e  atmosphere on a g l o b a l  o r  a t  l ea s t  

hemispheric s c a l e .  Otherwise,  unknown d i s tu rbances  w i l l  migra te  

i n t o  t h e  p r e d i c t i o n  areas and contaminate t h e  f o r e c a s t .  

Most p r e d i c t i o n  models r e q u i r e  knowledge o f  t h e  i n i t i a l  

flow and mass d i s t r i b u t i o n  ( d e n s i t y  p r o f i l e )  of t h e  atmosphere, 

and u s e  p r i m a r i l y  t h e  he igh t  f i e l d  o f  s tandard  p r e s s u r e  s u r f a c e s .  

The customary way t o  o b t a i n  t h e  mass d i s t r i b u t i o n  of t h e  atmos- 

phere i s  t o  measure, i n  s i t u ,  by radiosonde ba l loons ,  temperature  

as a funcEion of p r e s s u r e  and t o  i n t e g r a t e  upward from t h e  su r -  

face t o  o b t a i n  p re s su re  
.- , 

8% 
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I n  planning a d e n s i t y  o r  p r e s s u r e  measuring system, one 

must know t h e  expected v a r i a t i o n s  encountered i n  t h e  course  of 

an o r b i t  and from o r b i t  t o  o r b i t .  The U.S. Standard Atmosphere, 

1962 (ref. 9)  and U,S.  Standard Atmosphere Supplements, 1966 

( ref .  10) have a l a r g e  amount of  in format ion ,  con ta in ing  d e t a i l e d  

d e n s i t y ,  temperature  and p r e s s u r e  d a t a  for t h e  U.S. from t h e  s u r -  

face t o  w e l l  above a l t i t u d e s  of d i r e c t  i n t e r e s t  t o  me teo ro log i s t s .  

111. SPECIFIC OCCULTATION-REFRACTION TECHNIQUES 

It has long been known t h a t  e lec t romagnet ic  waves are re- 

f r a c t e d  when pass ing  through a medium of changing refract ive 

index. One is familiar wi th  t h e  appearance o f  a spoon i n  a g l a s s  

of water  o r  t h e  sun a t  s u n r i s e  and sunse t  as examples of  t h i s  

phenomenon. Radio waves e x h i b i t  t h e  same ef fec t .  Thus, t r a n s -  

mission beyond t h e  l i n e  o f  s i g h t  (geometr ica l  s t r a i g h t  l i n e  pa th )  

i s  p o s s i b l e  as t h e  rays  fol low t o  some e x t e n t  t h e  c u r v a t u r e  o f  

t h e  e a r t h .  

Transmissions a t  f r equenc ie s  i n  t h e  VHF and UHF ranges are 

affected by t h e  ionosphere.  Ionospheric  bending i s  u s u a l l y  

oppos i t e  t o  a tmospheric  bending, however. Thus, r a y s  s u b j e c t  t o  

ionospher ic  r e f r a c t i o n  w i l l  bend away from t h e  e a r t h .  The e f f ec t  

o f  t h e  ionosphere decreases  w i t h  i n c r e a s i n g  frequency, c o n t r i b u t -  

i n g  2 . 3  m t o  t h e  p a t h  l e n g t h  o f  a g raz ing  r a y  a t  5 GHz. 

easy  t o  s e p a r a t e  t h e  ionospher ic  and atmospheric effects  i f  t h e  

frequency chosen i s  t o o  low; a t  too high a frequency equipment 

and s i g n a l  i n t e n s i t y  problems are p resen t  Higher f r equenc ie s  

It i s  no t  

are a l s o  s u b j e c t  t o  g r e a t e r  a t t e n u a t i o n  by r a i n  and clouds.  The 
I I T  RESEARCH INSTITUTE 
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cho ice  of frequency f o r  a tmospheric  measurements is thus  l i m i t e d  

t o  nea r  5 GHz. 

atmosphere &self is  only  v e r y  s l i g h t l y  a func t ion  of frequency. 

Therefore ,  the  s e l e c t i o n  of frequency is  not  governed by re- 

f rac  t i v i t y  c o n s i d e r a t i o n s  o 

It may be noted t h a t  t h e  r e f r a c t i v i t y  o f  the 

The o r b i t a l  con f igu ra t ion  proposed by Stanford  U n i v e r s i t y  

for  an o p e r a t i o n a l  system is shown i n  F igu re  2a. It c o n s i s t s  of 

a mother and 6 daughter  sa te l l i t es  i n  t h e  same c i r c u l a r  p o l a r  

o r b i t  of approximately 1000 km a l t i t u d e .  The spac ing  between t h e  

sa te l l i t es  w i l l  be f i x e d .  The p a t h  between t h e  mother and 

c l o s e s t  daughter  s a t e l l i t e  w i l l  always be above t h e  atmosphere, 

p rovid ing  a measure of t h e  g r a v i t a t i o n a l  effects  on t h e  o r b i t s  

while  t h e  o t h e r  pa ths  w i l l  c u t  through t h e  atmosphere a t  v a r i o u s  

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

I n  ope ra t ion ,  t h e  mother would t r a n s m i t  a 5 GHz wave, phase 

modulated a t  3 MHz, t o  each daughter .  The daughter  would receive 

the s i g n a l ,  shif t  frequency s l i g h t l y ,  and r e t r a n s m i t  it phase 

cohe ren t ly  back t o  the mother. A t  t h e  mother, t h e  received s i g n a l  

from the  daughter  is  compared wi th  t h e  t r ansmi t t ed  s i g n a l  t o  

determine r a d i o  p a t h  l e n g t h  and ra te  of  change between the satel-  

lites,, The carr ier  comparison would be i n  terms o f  frequency 

(Doppler) s h i f t  caused by changes i n  t h e  r a d i o  p a t h  l eng th ,  g i v i n g  

range ra te ,  wh i l e  t h e  modulated s i g n a l  comparison would be i n  

terms o f  t h e  d i f f e r e n c e  i n  phase of t h e  received and t r ansmi t t ed  

s i g n a l s  g i v i n g  r a d i o  d i s t a n c e .  A t  a frequency o f  5 GHz, each 
IIT RESEARCH INSTITUTE 
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wave-length is  6 c m  long;  measuring range  ra te  on t h e  two way 

pa th  t o  one Hertz  provides  a minimum s e n s i t i v i t y  of 3 cm/sec, 

The a b s o l u t e  v a l u e  of pa th  l eng th ,  if t h e  phase of t h e  modulated 

s i g n a l  can be measured t o  4 " ,  w i l l  be known t o  l / 2  meter on t h e  

one-way pa th ,  w i t h  an ambiguity o r  u n c e r t a i n t y  of a hundred 

meters (one wavelength of t h e  modulating wave). 

The l i n k  between t h e  mother and closest  daughter  i n  t h e  

Stanford system w i l l  be used t o  measure t h e  o r b i t a l  p e r t u r b a t i o n s  

s i n c e  t h e  r a y s  on t h i s  l i n k  w i l l  no t  pas s  through t h e  atmosphere, 

The s a t e l l i t e s  w i l l  have a relative motion due t o  t h r e e  causes:  

(1)  o r b i t a l  e c c e n t r i c i t y ,  (2)  t h e  ob la t eness  o f  t h e  e a r t h ,  and 

( 3 )  small d i f f e r e n c e s  i n  t h e  o r b i t a l  per iod .  Stanford is o p t i -  

mi s t i c  t h a t  c o r r e c t i o n s  for t h e  re la t ive  v e l o c i t y  can be made 

from long-term t r a c k i n g  a n a l y s i s  and use  o f  measurements on t h e  

mother- f i r s t  dau,ghter l i n k ,  

A s  t h e  r a y s  from t h e  mother t o  t h e  2nd through 6 t h  d m g h t e r  

pass  through t h e  atmosphere, t hey  are  sub jec t ed  t o  an i n c r e a s i n g  

index of  r e f r a c t i o n  u n t i l  reachfng t h e  p o i n t  a t  which they  are 

a t  t h e i r  minimum a l t i t u d e  above $he e a r t h ' s  s u r f a c e ,  T h i s  p o i n t ,  

the  o f f s e t  p o i n t ,  i s  taken  t o  be t h e  po in t  a t  which t h e  refrac- 

t i o n  is being measured, S t a n f o r d ' s  computer c a l c u l a t i o n s  have 

shown t h a t  75 percen t  of  t h e  bending and r e t a r d a t i o n  occurs  over 

a h o r i z o n t a l  d i s t a n c e  o f  500 Km, o r  between t h e  e a r t h ' s  s u r f a c e  

and 10 Km a l t i t u d e  f o r  a r a y  tangent  $0 t h e  s u r f a c e  a t  i ts  o f f s e t  

p o i n t .  Thus, for each measurement, the Stanford  U n i v e r s i t y  

technique y i e l d s  an average of  t h e  atmospheric  r e f r a c t i v i t y  

over  a h o r j z o n t a l  l e n g t h  of 500 Km. F r e s n e l  zone c a l c u l a t i o n s  

$-IT Fd3S3UWCH INSTITUTE 



i n d i c a t e  a h o r i z o n t a l  dimension of about 1.3 Kin and a v e r t i c a l  

dimension of  about l meter. Rays reaching  t h e  receiver from pa ths  

o u t s i d e  t h i s  zone w i l l  be o u t  of phase w i t h  t he  d i r ec t  r a y  and 

w i l l  no t  c o n t r i b u t e  t o  t h e  measurement. 

The experimental. concept developed by t h e  Raythesn Company 

for  sens ing  t h e  atmosphere and ionosphere employs on ly  two 

sa t e l l i t e s .  However, t h e s e  sa te l l i t es  are  placed i n  d i f f e r e n t  

o r b i t s ;  t h e  o r b i t  of  t h e  mother i s  e l l i p t i c a l  and t h e  o r b i t  o f  

t h e  daughter  is c i r c u l a r ,  I n  t h i s  conf igu ra t ion  t h e  sa te l l i t es  

w i l l  cont inuods ly  approach and s e p a r a t e  from each o t h e r ,  The 

o f f s e t  p o i n t ,  which i s  t h e  p o i n t  o f  minimum a l t i t u d e  of t h e  r a y  

between t h e  sa te l l i t es ,  w i l l  thus  va ry  cont inuous ly ,  moving 

from about  1000 Km t o  the  e a r t h ' s  su r f ace .  This  i s  shown i n  

F igu re  %bo 

Raytheon's a n a l y s i s  concluded t h e  proper  o r b i t s  t o  be such 

t h a t  t h e  s a t e l l i t e s  w i l l  s e p a r a t e  o r  approach each s t h e r  a t  a 

ra te  which moves t h e  o f f s e t  po in t  v e r t i c a l l y  a t  1 K m / s e c .  The 

atmosphere from t h e  e a r t h ' s  s u r f a c e  t o  30 Km w i l l  t h e r e f o r e  be 

sampled i n  30 seconds and, i f  each sampling per iod is  1 second, 

averaging i s  over a v e r t i c a l  g r i d  s i z e  o f  l Km. I n  30 seconds,  

t h e  satel l i tes  w i l l  t ravel  about 150 miles a long  t h e  s u r f a c e  of 

t h e  e a r t h ,  assuming a v e l o c i t y  o f  5 mi/sec. 

The measurement technique for  t h i s  conf igu ra t ion  is  i d e n t i c a l  

t o  t h e  one used on t h e  Mariner IV and V probes. Doppler s h i f t  o f  

%IT RESEARCH INSTITUTE 
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s i g n a l s  between t h e  sa te l l i t es  is  t h e  parameter o f  i n t e r e s t ,  

While t h e  o f f s e t  p o i n t  is above t h e  atmosphere,  a l l  Doppler is  

geometr ica l ,  caused by t h e  re la t ive v e l o c i t y  o f  t h e  satell i tes, ,  

When t h e  r a y  e n t e r s  t h e  atmosphere, a d d i t i o n a l  phase s h i f t  w i l l  

be registered. 

t o  t h e  atmosphere is t h e  f i r s t  s t e p  i n  determining t h e  p r o f i l e .  

Measurement of t h i s  a d d i t i o n a l  phase s h i f t  due 

The geometr ica l  Doppler must be a c c u r a t e l y  determined t o  

avoid contaminat ion of t h e  r e s u l t s .  A t  p r e s e n t ,  Raytheon a s s e r t s  

t h a t  range rate can be determined t o  wi th in  1.5 cm/sec. but  t h e i r  

goa l  i s  0 .1  - 0.2 em/sec. 

geometr ica l  range r a t e  i s  t o  e x t r a p o l a t e  t h e  a c c u r a t e  e x t r a -  

atmospheric r ange - ra t e  d a t a ,  which was taken when t h e  r a y  was 

above t h e  atmosphere, t o  t h e  per iod of  measurement. 

The method suggested t o  determine t h e  

To provide r e g u l a r ,  g l o b a l  coverage many such s a t e l l i t e  

p a i r s  would be r equ i r ed .  The coverage from one p a i r  would be 

s p o t t y  and i r r e g u l a r .  Raytheon has computed t h e  coverage p a t t e r n  

f o r  Mart ian c o - o r b i t e r s .  F igu re  3 shows t h e  l o c a t i o n  o f  oecu l t a -  

t i o n s  on Mars over  a 20 day per iod ( r e f ,  11). 

Other o r b i t s  may prove t o  be more advantageous t o  an opera- 

t i o n a l  system. One p o s s i b i l f c y  mentioned pu t s  t h e  mother satel -  

l i t e  i n t o  an i n c l i n e d  synchronous o r b i t  w i th  a number of daughters  

f l y i n g  i n  lower c i r c u l a r  o r b i t s ,  This  a s p e c t  o f  t h e  proposa l  

r e q u i r e s  f u r t h e r  s tudy .  The p a r t i c u l a r  o r b i t s  themselves however, 

are random i n  n a t u r e  and t h e  coverage of t h e  system would not  

be s e v e r e l y  imparied i f  a s l i g h t  amount of d r i f t  should occur  

i n  one o r  both o f  t h e  s a t e l l i t e s .  This reduces o r  poss ib ly  

e l i m i n a t e s  t h e  need f o r  s t a t ion -keep ing  on board t h e  s a t e l l i t e s ,  
11%' W S a R C H  INSTITUTE 
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V I ,  ANALYSIS 

A. Water Vapor Problem 

. 
The Stanford  and Raytheon concepts  s h a r e  many f e a t u r e s .  

The b a s i c  measurement techniques  are  q u i t e  s imi la r ,  and t h e  

in f luence  of  anomolies i n  t h e  atmospheric  s t r u c t u r e  is t h e  same. 

~n performing an a n a l y s i s  o f  t h e  concepts ,  c e r t a i n  areas of 

d i f f i c u l t y  appear  common to both,  whi le  o t h e r s  a f f e c t  one more 

than  the o t h e r .  

Accounting for  water vapor i n  t h e  lower atmosphere i s  

one o f  t h e  most s e r i o u s  d i f f i c u l t i e s  encountered by t h e  re f rackion-  

o c c u l t a t i o n  technique.  A t  t h e  e a r t h ' s  s u r f a c e ,  t h e  refract ive 

index i s  on t h e  o r d e r  of 300 N u n i t s  w i t h  perhaps 60 N u n i t s  

con t r ibu ted  by t h e  water vapor.  Accord-fqg $8 Profes so r  Lusignan, 

knowledge of water vapor to 1 percent  i s  necessary  t o  determine 

atmospheric d e n s i t y  a t  t h e  800 mb 'Bevel. Above t h i s  level ,  less 

accuracy is  needed s i n c e  water vapor dec reases  exponen t i a l ly  

wi th  he igh t .  Above about  BO Km, water vapor is no longer  a prob- 

l e m ,  F i g u r e  4 shows Phe d i f f e r e n t i a l  p a t h  l e n g t h  i n c r e a s e ,  w i t h  

and wi thout  water vapor  as a func t ion  of a l t i t u d e .  

A number o f  methods were i n v e s t i g a t e d  by IITRI for  

measuring water vapor .  These inc lude  carr ier  ampli tude,  I-IQ and 

microwave radiometry,  l o w - a l t i t u d e  r e f r a c t i o n  measurements, and 

d i s p e r s i o n .  Measurement of car r ie r  ampli tude as t h e  primary tech-  

nique i s  ve ry  del icate .  Carrier ampli tude measurements may be 

u s e f u l  s i n c e  water vapor has  a g r e a t e r  a t t e n u a t i o n  on t h e  s i g n a l s  

a t  5 GHz t han  t h e  d r y  atmosphere does. However, t h e  s e n s i t i v i t y  
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i s  even g r e a t e r  a t  h ighe r  f requencies .  A more reasonab le  

sugges t ion ,  it seems, i s  t o  measure t h e  s i g n a l  ampli tude a t  a 

frequency closer t o  t h e  22 GHz a b s o r p t i o n  l i n e .  

frequency i s  y e t  t o  be determined. One t o o  c l o s e  t o  t h e  absorp- 

t i o n  l i n e  w i l l  o v e r - a t t e n u a t e  t h e  s i g n a l  and one too  f a r  removed 

w i l l  n o t  have t h e  requi red  s e n s i t i v i t y .  

The optimum 

Radiometry i s  now becoming a u s e f u l  tool t o  meteorolo- 

g i s t s .  

measurements close t o  t h e  s u r f a c e  are requi red  and I R  s enso r s  

cannot p e n e t r a t e  c louds.  A t  p r e s e n t ,  cons ide rab le  e f fo r t  i n  

microwave radiometry is being given t o  temperature  measurement 

u t i l i z i n g  t h e  60 GHz O2 l i n e .  

I I T R I  feels t h a t ,  i n  t h e  near  f u t u r e ,  given proper  encourage- 

ment, water vapor measuring microwave radiometers  could be per-  

fected and could prove t o  be q u i t e  h e l p f u l  i n  a c q u i r i n g  t h e  

needed data.  

Microwave radiometers  would be p re fe r r ed  s i n c e  water vapor 

Some successes  have been r epor t ed .  

S ince  t h e  r e f r a c t i o n  measurements a t  a l t i t u d e s  below 

800 mb a re  more s e n s i t i v e  t o  changes i n  water vapor than  d e n s i t y ,  

i t  has been proposed t h a t  t h e s e  low a l t i t u d e  measurements be used 

t o  c o n s t r u c t  a water vapor model. It i s  t h e  opin ion  of  I I T R I  

t h a t  t h i s  i s  a roundabout way of g e t t i n g  t h e  d e s i r e d  in format ion  

and t h a t  any errors i n  t h e  water vapor p r o f i l e  der ived  i n  t h i s  

way would be magnified when t h e  d e n s i t y  p r o f i l e  is  computed. 

The d i s p e r s i o n  technique  uses  t h e  phys ica l  c h a r a c t e r -  

i s t i c  t h a t  t h e  r e f r a c t i o n  due t o  water vapor  i s  a s l i g h t  f u n c t i o n  

of  frequency. The Mitre Corporat ion,  (refs. 12 ,  13)  i n  1965, 
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experimented w i t h  measuring t h e  magnitude of t h e  d i s p e r s i o n  and 

concluded that by making measurements a t  two f a i r l y  s e p a r a t e  fre- 

quencies  (15 and 30 GHz) s imul taneous ly  and monitor ing t h e  d i f -  

requency s h i f t  between t h e  s i g n a l s ,  it was p o s s i b l e  

t o  determine t h e  average humidity a long  t h e  pa th ,  This  technique  

needs more t e s t i n g  but  ho lds  promise i f  it can be demonstrated 

t o  work s u c c e s s f u l l y  i n  space  and i f  t h e  h igh  f r equenc ie s  re- 

qui red  can be used without  r e q u i r i n g  excessive s a t e l l i t e  power, 

B. O r b i t a l  P r e d i c t i o n  Probiem 

Another v i t a l  area f o r  t h e  r e f r a c t i o n - o c c u l t a t i o n  opera- 

t i o n  i s  i n  t h e  o r b i t a l  p r e d i c t i o n  accuracy needed, The Stanford 

experiment ca l l s  f o r  t h e  a c c u r a t e  measurement o f  i n t e r - s a t e l l i t e  

d i s t a n c e  by r a d i o  mearis and the c a l c u l a t i o n  of  t h e  d i f f e r e n c e  

va lue  and t h e  t r u e  va lue ,  Both techniques  r e q u i r e  

I f  bending is king  f o r  o f f s e t - p o i n t  de te rmina t ion .  

not cons idered ,  a f i f t y  meter e r r o r  i n  t h e  a l t i t u d e  o f  one 

s a t e l l i t e  o f  a s a t e l l i t e  p a i r  w i l l  cause  about an 18 meter e r r o r  

i n  t h e  a l t i t u d e  o f  t h e  o f f s e t  po in t .  A f i f t y  meter e r r o r  i n  t h e  

a l t i t u d e  o f  bo th  sa te l l i t es  i n  t h e  same d i r e c t i o n  causes  an 

error i n  t h e  o f f s e t  po in t  a l t i t u d e  of about  43 meters. 

3 mb p r e s s u r e  a c c u r a c i e s ,  he igh t  accu rac i e s  of: 10 m and 40 m are 

requi red  a t  t h e  800 mb level. Consequently, o f f s e t - p o i n t  

a c c u r a c i e s  t o  30-50 meters will be r equ i r ed  i n  t h e  o p e r a t i o n a l  

system. 

A t  p r e s e n t ,  s a t e l l i t e  o r b i t s  can be p red ic t ed  t o  wi th in  

about 100 meters w i t h  a f a i r  amount o f  p s s t - t r a c k i n g  a n a l y s i s .  

On t h e  b a s i s  of  conversa t ions  w i t h  s c i e n t i s t s  i n  t h e  f i e l d ,  such 
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as D r o  Joseph S i r y  of Goddard Space F l i g h t  Center  (ref-., 14) and 

M r .  Roger Easton of t h e  Naval Research Labora tory  (ref. 151, t h e  

necessary  improvements w i l l  r e q u i r e  a s i g n i f i c a n t  expendi ture  i n  

funds f o r  a d d i t i o n a l  t r a c k i n g  s t a t i o n s  as w e l l  as f u r t h e r  develop- 

ment of a n a l y s i s  techniques ,  Hence, o r b i t a l  p r e d i c t i o n ,  par- 

t i c u l a r l y  i n  a r e l a t i v e l y  real-time mode, may prove t o  be a 

l i m i t i n g  cons ide ra t ion .  S ta t ion-keeping  w i l l  be r equ i r ed  f o r  

t h e  Stanford c o n f i g u r a t i o n ,  bu t  no t  for  Raytheon. 

C. Atmospheric Anomaly Probleh 

Another d i f f i c u l t y  a s s o c i a t e d  w i t h  t h e  c a l c u l a t i o n  of  

t h e  o f f s e t  po in t  a l t i t u d e  i s  t h e  u n c e r t a i n t y  of  t h e  phys ica l  

atmosphere being sampled. A s  s ta ted  above, t h e  r e f r a c t i o n  is an 

average over  about  500 Km. 

t h i s  average w i l l  i n f luence  t h e  measurement but may not  be de -  

tected as sha rp  d i s c o n t i n u i t i e s .  However, i t  may t u r n  o u t  t h a t  

f r o n t s  w i l l  become d e t e c t a b l e  s i n c e  they  may show up g radua l ly  

i n  t h e  measurements, having a d i f f e r e n t  i n f l u e n c e  on each suc- 

c e s s i v e  measurement depending on t h e  n a t u r e  o f  t h e  f r o n t ,  This  

ques t ion  may only  be answerable af ter  exper ience  has been obta ined  

w i t h  s a t e l l i t e  measurements and t h e s e  measurements have been re- 

l a t e d  t o  o t h e r  r ead ings  taken convent iona l ly .  

Any f r o n t s  o r  severe g r a d i e n t s  w i t h i n  

The presence o f  d u c t s  i n  t h e  atmosphere may a l s o  l e a d  

t o  e r r o r s ,  both i n  t h e  phase p a t h  l e n g t h  being measured and i n  

t h e  l o c a t i o n  of  t h e  o f f s e t  po in t .  I f  t h e  r ay  is t rapped by a 

duc t ,  i t s  pa th  i s  no longer  t h e  s h o r t e s t  i n  t i m e  through t h e  

atmosphere, bu t  may be cons iderably  longer .  The e x i s t e n c e  of 
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d u c t i n g  o f  5 GHz s i g n a l s  has  been confirmed, bu t  t h e  s t a t i s t i c s  

of  occurrence  are not  w e l l  known. 

t h e  frequency i s  r a i s e d  t h e  amount of  d u c t i n g  is  less, e s p e c i a l l y  

i n  t h e  microwave reg ion .  

terms of frequency o f  occurrence and radio-frequency dependence 

o f  duc t s .  Perhaps by choosing t h e  frequency c a r e f u l l y ,  o r  even 

us ing  two f r equenc ie s  sepa ra t ed  by a s i g n i f i c a n t  amount, t h e  

e f f e c t s  of  duc t ing  can be made n e g l i g i b l e .  Other d i f f i c u l t i e s  

may occur  i n  t h e  areas of  mul t i -pa th  and s c i n t i l l a t i o n .  

Experience h;is shown that  as 

F u r t h e r  i n v e s t i g a t i o n  ss needed i n  

Reception o f  two r ays  a t  t h e  daughter  s a t e l l i t e ,  one 

d i r e c t l y  from t h e  mother s a t e l l i t e  and t h e  o t h e r  reflected from 

t h e  e a r t h ' s  s u r f a c e ,  can cause errars i n  t h e  phase s h i f t  measured 

by t h e  daughter .  The magnitude of t h i s  e f f e c t  was c a l c u l a t e d  f o r  

t h e  cases  of  d i r e c t  r a y s  1 Km and 10 Km above t h e  ear th 's  s u r f a c e  

a t  t h e  minimum a l t i t u d e  po in t  o f  t h e  r ay .  

t h e  f i rs t  c a s e  was 2,7" and i n  t h e  second was 2 7 0 0  

t h e  e r r o r  i s  wi th in  experimental  accuracy,  whi le  a t  10 Km, t h e  

ampli tude o f  t h e  r e f l e c t e d  r a y  may be reduced and i t s  e f fec ts  

are  o f  less concern. 

e 
The phase e r r o r  i n  

A t  1 Km h e i g h t  

S c i n t i l l a t i o n  is t h e  r ap id  i n c r e a s e  o r  decrease i n  

s i g n a l  i n t e n s i t y  due t o  a tmospheric  s t r a t i f i c a t i o n  o r  duc t ing .  

It probably w i l l  no t  be a severe problem f o r  o p e r a t i o n  a t  t h e s e  

f r equenc ie s  : 

" A t  some f r equenc ie s ,  t h e  i n t e n s i t y  of s i g n a l s  received 

from discrete sources  i s  not  s t eady  but  e x h i b i t s  f l u c t u a t i o n s  or  
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s c i n t i l l a t i o n s .  F l u c t u a t i o n s  i n  t h e  microwave r eg ion  are o f  long  

pe r iods  and seem t o  o r i g i n a t e  i n  t h e  t roposphere.  

t h e  number and ampli tude of t h e  s c i n t i l l a t i o n s  v a r y  i n v e r s e l y  

w i t h  some power of t h e  frequency; s c i n t i l l a t i o n s  a t  h igh  fre- 

quencies  are much less n o t i c e a b l e  than a t  lower frequencies': 

(ref,  1 6 )  I 

I n  g e n e r a l ,  

D. I n v e r s i o n  Computation Problem 

The gene ra l  t echnique  for  determining atmospheric 

d e n s i t y  and p r e s s u r e  from p a t h  l e n g t h  and phase s h i f t  measurements 

as developed by P ro fes so r  Lusignan i s  shown i n  F igu re  5. D r .  

G r o s s i ' s  method i s  q u i t e  similar.  I n  b r i e f ,  a model atmosphere, 

inc luding  p res su re ,  d e n s i t y ,  water vapor  and temperature ,  is 

assumed, extending from t h e  e a r t h ' s  s u r f a c e  t o  t h e  maximum he igh t  

, about 30 Km. The r e f r a c t i o n  da ta  from the l i n k  con- 

t a i n i n g  t h e  h i g h e s t  o f f s e t  po in t  i s  considered f i rs t .  This  

v a l u e  of  d i f f e r e n t i a l  p a t h  l e n g t h  is  compared wi th  t h e  t h e o r e t i -  

c a l  v a l u e  t h a t  i s  c a l c u l a t e d  from t h e  assumed atmosphere. The 

model i s  changed u n t i l  agreement wi th  t h e  measured v a l u e  i s  

reached. Thus, t h e  d e n s i t y  from t h e  o f f se t  p o i n t  t o  the effective 

t o p  of t h e  atmosphere is determined. 

The da ta  from t n e  next  l i n k ,  i n  P ro fes so r  Lusignan 's  

conf igu ra t ion ,  o r  from t h e  next  reading ,  i n  D r .  Grossi 's  config-  

u r a t i o n ,  is  cons idered .  The assumptions comprising t h e  model 

are a g a i n  modified u n t i l  t h e  c a l c u l a t e d  and measured v a l u e s  o f  

d i f f e r e n t i a l  p a t h  l e n g t h  agree, 

from t h i s  o f f se t  p o i n t  t o  t h e  prev ious  one i s  thus  determined. 

After  modi f ica t ion  t h e  d e n s i t y  
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Each lower l i n k  is considered i n  sequence, i n  t h e  same manner, 

u n t i l  t h e  d e n s i t y  t o  t h e  e a r t h ' s  surface is  determined. 

T h e o r e t i c a l  c a l c u l a t i o n s  of d i f f e r e n t i a l  pa th  l e n g t h  

by P ro fes so r  Lusignan and D r .  Grossi e x h i b i t  a d iscrepancy  of  a 

f a c t o r  o f  about 2 o r  3. Professor  Lusignan computes a max- 

imum p a t h  l e n g t h  i n c r e a s e  f o r  a tangent  r ay  of  approximately 

530 m, w h i l e  D r ,  Grossi computes one of approximately 170 rn 

for  t h e  same ray.  The reasons  fo r  t h e  d iscrepancy  are not  c lear ,  

but  may be due t o  d i f f e r e n t  atmospheric assumpt ions . ,  F u r t h e r  

numerical  s e n s i t i v i t y  c a l c u l a t i o n s  should be made by both  

Lusignan and Gross i  t o  improve t h e i r  computer programs and t o  

e s t a b l i s h  more p r e c i s e l y  the impact of t h e o r e t i c a l  and experimental  

i naccurac i e s  

A s  mentioned above, t h e r e  are many i n p u t s  t o  t h e  da t a  

inve r s ion  and process ing .  The exact s a t e l l i t e  l o c a t i o n s  and 

t h e  water vapor and temperature  p r o f i l e s  are t h e  most important  

i t e m s  t h a t  must be obta ined  independent ly  o f  t h e  Dopp le r - sh i f t  

data.  By inc lud ing  a d d i t i o n a l  i n s t rumen ta t ion  t h e  l a t t e r  two 

problems may be so lved ,  Mul t ip l e  frequency sensors may provide 

t h e  requi red  water vapor  measurement and i n f r a r e d  ve r t i ca l  

sounding senso r s  may provide t h e  requi red  temperature  measure- 

ments, 

It should be recognized t h a t  t h e  r e f r a c t i o n - o c c u l t a t i o n  

scheme w i l l  be b u t  one c o n t r i b u t o r  t o  t n e  m e t e o r o l o g i s t s ' s  i npu t  

da ta ,  By i t s e l f  it w i l l  n o t  provide a l l  the meteorological 

informat ion  requi red  but by providing g l o b a l  d e n s i t y  p r o f i l e s  
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it w i l l  b r idge  a l a r g e  gap. 

shown promise of doing t h i s ,  Consquently, i t  i s  recommended t h a t  

a d d i t i o n a l  funding be provided for  both  t h e o r e t i c a l  r e s e a r c h  

and f i e l d  measurements, 

N o  o t h e r  technique  t o  d a t e  has 

V I 1  MICROWAVE CORRELATION CONCEPT 

A sugges t ion  was made a t  t h e  Nat iona l  Academy o f  Sc iences  

1967 Space App l i ca t ions  Summer Study t o  u s e  c o - o r b i t i n g  satel-  

l i t es  t o  measure atmospheric temperature ,  wind v e l o c i t y ,  and 

water vapor.  Microwave radiometers ,  o p e r a t i n g  a t  t h e  oxygen and 

water vapor abso rp t ion  l i n e s ,  would be placed aboard two s a t e l l i t e s ,  

The sa te l l i t es  were t o  be separa ted  by about  t h e i r  a l t i t u d e  but  

i n  t h e  same c i r c u l a r  o r b i t .  Both radiometers  would view t h e  

same volume i n  t h e  atmosphere, o r  area on t h e  ground, but  from 

d i f f e r e n t  a n g l e s ,  It was hoped t h a t  by c o r r e l a t i n g  t h e  ou tpu t  

from t h e  rad iometers ,  t h e  n o i s e  from t h e  common volume could be i 

e x t r a c t e d  from t h e  t o t a l  n o i s e  rece ived  and informat ion  about  

t h i s  volume could be i n f e r r e d ,  

On t h e  b a s i s  of a t h e o r e t i c a l  a n a l y s i s ,  IITRI concluded 

t h a t  t h i s  p a r t i c u l a r  concept was not  f e a s i b l e  for  a number of 

reasons .  F i r s t ,  t h e  level  of s i g n a l  emanating from t h e  common 

volume compared to  t h e  rece ived  n o i s e  level i s  n o t  l a r g e  enough 

t o  permit c o r r e l a t i o n  d e t e c t i o n .  Second, t h e  spontaneous 

emission from t h e  common volume is  h igh ly  d i r e c t i o n a l ;  t h u s ,  

t h e  n o i s e  emanating from t h e  common volume w i l l  n o t  c o r r e l a t e ,  

even w i t h  an  adequate  level. Th i rd ,  t h e  s t a t ion -keep ing  and 
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a t t i t u d e  c o n t r o l  requirements  are beyond t h e  s t a t e - o f - t h e - a r t ,  

Therefore ,  IITRI recommended t h a t  no f u r t h e r  e f fo r t  be expended 

on t h i s  s p e c i f i c  a p p l i c a t i o n .  
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