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ABSTRACT 

New e x t r a - t e r r e s t r i a l  t e c l ~ n i q u c s  f o r  geodesy  and 
geod~nami . c s  i.nc.lude laser r a n g e  measurenlents t o  
t h e  moon o r  t o  a r t i f i c i a l  s a t e l l i t e s ,  n o p p l e r  
measurements  w i t h  t h e  T r a n s i t  s a t e - l l i t e  sys t em,  
and b o t h  independent -c- lock  and ] . inked-ante~lna 
microwave i n t e r f e r o m e t r y .  'The ways i n  which 
PTTI measurements  a.re used i n  t h e s e  tec .hniques  
w i l l  b e  r ev iewed ,  and t h e  a c c u r a c i e s  e x p e c t e d  
d u r i n g  t h e  l a t t e r  hal..f of t h e  1 9 7 0 ' s  w i l l  b e  
d i s c u s s e d .  A t  least  3 o f  t h e  t e c h n i q u e s  a p p e a r  
c a p a b l e  o f  g i v i n g  a c c u r a c i e s  of  5 cm o r  b e t t e r  
i n  e a c h  c o o r d i n a t e  f o r  many p o i n t s  on t h e  E a r t h ' s  
surf  ace, and comparable  a c c u r a c i e s  f o r  t h e  E a r t h ' s  
r o t a t i o n  and p o l a r  mot ion .  For f i x e d  s t a t i o n s  o r  
f o r  s i t e s  a few hundred km a p a r t ,  b a s e l i n e  l e n g t h s  
a c c u r a t e  t o  1 cm may b e  a c h i e v e d .  Ways i n  which  
t h e  cornplenlentary a s p e c t s  o f  t h e  d i f f e r e n t  t e c h n i q u e s  
can b e  e x p l o i t e d  w i l l  b e  d i s c u s s e d ,  a s  w e l l  a s  how 
t h e y  t i e  i n  w i t h  improved ground teclln-iques f o r  
d e t e r m i n i n g  c r u s t a l  moveme.nts. Some r e c e n t  r e s u l t s  
f rom the e x t r a - t e r r e s t r i a l  metho(1s w i l l  b e  men t ioned .  

INTRODUCTION 

S i n c e  t h e  mid-1950's  a t r u e  r e v o l u t i o n  i n  o u r  u n d e r s t a n d i n g  of t l ie  
E a r t h  h a s  t a k e n  p l a c e .  J7rorn t h e  mid-1960's  t h e  m a j o r i t y  of  e a r t h  
s c i e n t i s t s  have  come t o  rcgarci  t l ie  p l a t e  t e c t o n i c s  t h e o r y  as a major 
u n i f y i n g  c o n c e p t  i n  d e s c r i b i n g  t h e  dynanl ica l  f o r c c s  which have  shaped  
t h e  E a r t h  as w e  know i t  t o d a y .  I t h i n k  t h a t  yocl a r e  a l l  aware of t h e  
g e n e r a l  o u t l i n e  o f  t h i s  t h e o r y :  t e c t o n i c  p l a t e s  r o u g h l y  100  bm t h i c k  
make up t h e  s u r f a c e ,  and t h e y  move a b o u t  on a  l o w - v i s c o s i t y  l a y e r  
p e r h a p s  200 k~n t h i c k  c a l l e d  t h e  ae t l i enosphe re .  The p l a t e s  move away 
f rom t h e  " r i d g e s "  o r  ' ' r i s e s " ,  u s u a l l y  i n  t h e  o c e a n s ,  where new material  
coming up f rom t h e  m a n t l e  i s  added o n t o  t h e  p l a t e s .  Wliere two p l a t e s  
approach  e a c h  o t h e r ,  one  n o r m a l l y  i s  pushed o r  p u l l e d  down and pene- 
t rates  t o  d e p t h s  of  r o u g h l y  700 km i n  t h e  m a n t l e  b e f o r e  e v i d e n c e  of 
i t s  e x i s t a n c e  f a d e s  o u t .  The g e o l o g i c a l  and g e o p h y s i c a l  r e c o r d  of t1:c 



p a s t  motions i s  w r i t t e n  i n  t h e  p r e s e n t  m a t e r i a l s  and p r o p e r t i e s  o i  
t h e  p l a t e s ,  t h e  aes thenosphere ,  and t h e  upper mant le .  

We now know a  g r e a t  d e a l  about  the average  motions i n  t h e  p a s t ,  b u t  
u n f o r t u n a t e l y  t h i s  i s  l i k e  having watched cakes  of i c e  f l o a t i n g  on a  
s w i r l i n g  body of w a t e r ,  and t r y i n g  t o  unders tand  what i s  happening 
from t h e  g r i n d i n g s ,  d i s t o r t i o n s ,  and r e l a t i v e  motions of t h e  semi-r ig id  
cakes .  If w e  a r e  reduced t o  on ly  knowing t h e  long  term average  mot ions ,  
t h e  problem i s  even more d i f f i c u l t .  B e t t e r  measurement methods a r e  
j u s t  what i s  needed t o  de te rmine  t h e  p r e s e n t  motions and d i s t o r t i o n s  of 
the p l a t e s ,  and t h e s e  methods a l l  i n v o l v e  P r e c i s e  Time and Time I n t e r -  
v a l  t e c h n i q u e s .  

The new e x t r a - t e r r e s t r i a l  t echn iques  a r e  Doppler measurements w i t h  t h e  
T r a n s i t  s a t e l l i t e  system, b o t h  l inked-antenna and indepetident c l o c k  
microwave i n t e r f e r o m e t r y ,  and l a s e r  d i s t a n c e  measurements t o  t h e  moon 
and t o  a r t i f i c i a l  s a t e l l i t e s .  However, i t  a p p e a r s  t h a t  t h e s e  tech-  
n iques  w i l l  be  v e r y  much complemented by new developments i n  ground 
measurement methods. Tliese a r e  t h e  u s e  of 2-wavelength microwave 
modulated l a s e r  d e v i c e s  f o r  measuring po in t - to -po in t  d i s t a n c e s  on the  
e a r t h ' s  s u r f a c e  and of p o r t a h l e  h i g h - p r e c i s i o n  g r a v i m e t e r s  f o r  measur- 
i n g  changes i n  g r a v i t y  w i t h  t ime a t  a  g iven p a i n t .  The I u t u r e s  of b o t h  
types  of  ground measurements look v e r y  b r i g h t .  The f i r s t  h a s  an  ex- 
pected d i s t a n c e  accuracy  of b e t t e r  t h a n  1 ~ 1 0 - ~  over  d i s t a n c e s  of rough- 
l y  30 km, and t h e  o t h e r  enough expected accuracy  t o  d e t e c t  g r a v i t y  
changes due t o  1 crn v e r t i c a l  motions.  

MICROWAVE INTERFEROMETRY AND DOPPLER TECIINI@UES 

One of t h e  impor tan t  developments i n  geodesy r e c e n t l y  has  becn t h e  use  
of Doppler f requency s h i f t  measurements w i t h  s i g n a l s  r e c e i v e d  from 
T r a n s i t  s a t e l l i t e s  t o  de te rmine  t h e  l o c a t i o n  of over 200 p o i n t s  on t h e  
E a r t h ' s  s u r f a c e .  These p o i n t s  now can b e  used as a world-wide network 
of c o n t r o l  p o i n t s ,  which appear  t o  have an accuracy of about  2 mete r s .  
The N a t i o n a l  Geodet ic  Survey now p l a n s  t o  make use  of about  130 Doppler- 
determined p o i n t s  i n  Nortli Atnerica a s  t h e  b a s i s  f o r  i t s  work on read-  
jus tment  of t h e  North American Geodet ic  Network. The Doppler s a t e l l i t e  
method h a s  been d e s c r i b e d  i n  a  number of and w i l l  n o t  be  
d e s c r i b e d  f u r t h e r  h e r e .  The main e x p e r i m e n t a l  l i m i t a t i o n s  on accuracy 
come from inosp l ie r i c  e f f e c t s ,  because  of t h e  r e l a t i v e l y  low t r a n s m i t t e d  
f r e q u e n c i e s  which a r e  used,  and o r b i t  d e t e r m i n a t i o n  problems due t o  the 
f a i r l y  low a l t i t u d e s  of t h e  s a t e l l i t e s .  F u t u r e  developments expected 
w i t h  t h e  Globa l  P o s i t i o n i n g  System a r e  d i s c u s s e d  l a t e r  i n  t h i s  Meeting. 

Microwave i n t e r f e r o m e t r y  promises  t o  be  a  major s o u r c e  of i n f o r m a t i o n  
on geodynamics. B a s i c a l l y ,  a comparison of t h e  a r r i v a l  t i m e s  of r a d i o  
s i g n a l s  from a  v e r y  d i s t a n t  s o u r c e  a t  two an tennas  g i v e s  t h e  component 
of t h e  b a s e l i n e  v e c t o r  between t h e  two s i t e s  p r o j e c t e d  o n t o  t h e  d i r e c -  
t i o n  toward t h e  s o u r c e .  E x t r a - g x l a c t i c  microwave s o u r c e s  f u r n i s h  t h e  
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s i g n a l s  f o r  most  l o n g - h a s e l i n e  work ,  w i  th f l ~ ~ c t u a t i o n s  i n  Lhc- 
e m i s s i o n  i n  e f f e c t  p r o v i d i n g  t h e  e v e n t s  whosc d i f f e r e n c e s  i n  a r r i v a l  
t ime are measured .  8 e a s u r e m e n t s  w i t h  a number o f  s o u r c e s  i n  d i f f e r e n t  
d i r e c t i o n s  g i v e  t h e  v e c t o r  b a s e l i n e  hetween the s i t e s .  I f  t h e  two 
a n t e n n a s  a r e  l i n k e d  hy c a b l e s  o r  f n i  c rowave t r ansmi : i s ion  1,etwccn t h c ~ n ,  
t h e n  t h e  t ime d i f f e r e n c e  can  b e  d e t e r m i n e d  d i r e c t l y .  lf v e r y  l o n g  
b a s e l i n e s  a r e  u s e d ,  t h e n  u l t r a - s t a l l l e  indeperzderlt c l o c k s  a t  t h e  two 
s i tes  sre eniployed, w i t h  t l i f f e r e n c e s  i n  t h e  c l o c k  epochs  ant1 rates 
b e i n g  s o l v e d  f o r  f rom the d a t a .  

h major  p o i n t  t o  be  made i s  t h a t  a tmosp l i e r i c  c o r r e c t i o n s  t o  t h e  micro-  
wave p a t h  l e n g t h s  t h r o u g h  the  tropospl- ierc a r e  I.ilcely t o  b e  t h e  l a r g e s t  
s o u r c e  o f  e r r o r  i n  f u t u r e  geodynamics measurements .  T f  t h i s  i s  s o ,  
e x t e n d i n g  t h e  b a s e l i n e  l e n g t h s  d o c - s n ' t  h c l p  v e r y  niuch o v e r  some r a n g e  
of d i s t a n c e s  b e c a u s e  t h e  e r r o r s  i n  t h e  c o r r e c t i o n s  l>ccoine l e s s  wel.1 
c o r r e l a t e d .  However, when t h e  s e p a r a t i o n  i s  l a r g e  enough s o  t h a t  
l i t t l e  c o r r e l a t i o n  i s  l e f t .  anyway, o r  so t h a t  one  can  o b t a i n  a c c u r a t e  
enough measurements  o f  t h e  a tmospher ic .  c o r r e c t i o n s  a t  t h e  s i t e s  i n d c -  
p e n d e n t l y ,  t h e n  t h e  r e s u l t i n g  l i m i t a t i o n  on f r a c t i o n a l .  b a s e l i n e  
a c c u r a c y  goes  down ~ ~ ~ i - t h  i n c r e a s e d  b a s e l i n e  1.ength. For  t h i s  r e a s o n ,  
a l t h o u g h  v e r y  u s e f u l  r e s u l  .ts have  been  o b t a i n e d  w i  t l i  l i n k e d  a n t e n n a s ,  
t h e  i n d e p e n d e n t  c l o c k  v a r i e t y  are  l i k e l y  t o  h e  more i m p o r t a n t  f o r  
geodynamics.  

Independen t  c l o c k  microwave i n t e r f e r o m e t r y ,  o r  very l o n g  b a s e l i n e  
i n t e r f e r o m e t r y  (VLBI)  as i t  i s  ~ ~ s u a l l y  c a l l e d ,  i s  d i s c t . ~ s s e d  i n  d e p t h  
l a t e r  i n  t h e  Mee t ing .  I w i l l  o n l y  s a y  a few words a b o u t  i t s  a c c u r a c y  
h e r e .  The most  s t a b l e  frequericy s tax tdards  iivai.lcible a r e  needed f o r  
geodynarnics work,  a s  w e l l  as t h e  u s e  of  two o1.1serving f r e q u e n c i e s  t o  
remove i o n o s p I i e r i c  e f f e c t s ,  ca rc . fu1  a n t e n n a  c a l i b r a t i o n  p r o c e d u r e s ,  and 
t h e  u s e  o f  e x t r a - g a l a c t i c  s o u r c e s  which  show a s  I . i t t . l e  s t r u c t u r e  as 
p o s s i b l e  o v e r  l.ong b a s e l i r i e s .  l iowever, t h e s e  considerations a r e  r e a l l y  
f a c t o r s  i n  t h e  ease of making t h e  o l , s e r v a t i o n s ,  and h o p e f u l l y  w i l l  n o t  
a f f e c t  t h e  f i n a l  accurac-y .  

The one  a c c u r a c y  l i m i t a t i o n  w'rlicli i s  n o t  s h a r e d  wit11 l a s e r  r a n g e  
measurement t e c h n i q u e s  i s  t h e  s e n s i t i v i t y  of  t h e  microwave p r o p a g a t i o n  
v e l o c i t y  t o  w a t e r  v a p o r  i n  tllc at tnospilerc.  This a p p e a r s  t o  r e q u i r e  t h e  
u s e  of  w a t e r  vapor  m o n i t o r i n g  a t  e a c h  a n t e n n a  by rneans n f  inicrowave 
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r a d i o m e t e r s  l o o k i n g  a l o n g  t h e  l i n e  of  s i g h t .  ', ' 9 ' I d i t 1 1  t h i s  app roach ,  
a n  a c c u r a c y  o f  a t  l e a s t  1 t o  2 cm i n  t h e  water vapor  c o r r e c t i o n  a t  any 
t i m e  f o r  v e r t i c a l  p r o p a g a t i o n  througt l  t h e  a tmosphe re  a p p e a r s  t o  be  
a c h i e v a b l e ,  and some e x p e r i m e n t a l  d a t a  on t h i s  q u e s t i o n  i s  now a v a i l -  
a b l e  .? Thi.s l i m i t a t i o n  may b e  w o r s e  f o r  p r o p a g a t i o n  a t  lowel: e l e v a t i o n  
ariglca, but :it, s l ~ o u l d  r:r: rc.c3@nised , h a t  ; ;~ ibnt ,ar :~i ia l  ~.)enr:ij.ts fr.::,!r, avcra6;- 

- ,  jng can he oblaincd i ' o ~  :nan) np3llcations of '~ilc-: cs~s. i,la-l,er. vap:.jr [.ends 
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t r ibut ,  j c )n ,  SL) , h a t  ~,V(-:I~:~C:~.II!; is ;3r ( ->-~2-~l ly  J. -\l'.'' . _ L ~ , ~ - , : ! . ~ ~  - ;.,i~;!ri i l l : \ ~  ~ j j k :  (tiry 
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extent that the water vapor dTstributlon is horizontally stratified, it 
car1 be taken out a-t least par t ia l ly  from the observations t,hemselves. 

A major advantage of the VLBI  approach compared w i t h  laser range  
t echn iques  is t h e  a l l - w e a t h e r  c a p a b i l i t y  of t h e  method, which means 
t h a t  o b s e r v a t i o n s  can h e  made a c o n s i d e r a b l y  l a r g e r  f r a c t i o n  of t h e  
t ime than  w i t h  t h e  laser techn iques .  A number of pa  ers are now a v a i l -  
a b l e  which d i s c u s s  geodynemlcs applications of VLBI.'O-'~ in a d d i t i o n  
t o  a c c u r a t e  d e t e r m i n a t t o n s  o f  UT2, p o l a r  mot ion,  and p l a t e  t e c t o n i c s  
measurements w i t h  f i x e d  s t a t i o n s ,  t he  d e s i r a b i l l t y  of u s i n g  mobi le  VLBI 
s t a t i o n s  t o  measure c r u s t a l  movements a t  a large number of p o i n t s  on 
t h e  E a r t h ' s  s u r f a c e  has been  emphasized. 

LASER DISTANCE MEASUREMENTS TO A R T I F I C I A L  SATELLITES AND THE MOON 

'l'he beg inn ings  of a new e r a  i n  worldwide geodesy can b e  t i e d  t o  t h e  
i n t r o d u c t i o n  of s a t e l l i t e  geodesy and, w i t h i n  t h e  U.S., t o  t he  s t a r t  of 
t h e  N a t i o n a l  Geodet ic  S a t e l l i t e  Program. This program, which i s  now 
completed,  1Y-24 succeeded i n  t y i n g  t o g e t h e r  many p o i n t s  th roughout  t h e  
world  w i t h  an accuracy  of roughly  5 mete r s .  The r e s u l t s  were hased 
mainly on a n g u l a r  p o s i t i o n  measurements of a r t i f i c i a l  s a t e l l i t e s  
a g a i n s t  t h e  s t a r s ,  a l t h o u g h  some Doppler measurements and l a s e r  d i s -  
t a n c e  d a t a  were i n c l u d e d  a l s o .  

It can b e  shown t h a t  o p t i c a l  o r  e l e c t r o m a g n e t i c  d i s t a n c e  measurements 
a r e  much l e s s  a f f e c t e d  by a tmospher ic  r e f r a c t i o n  u n c e r t a i n t i e s  t h a n  a r e  
a n g l e  measurements. For t h l s  r e a s o n ,  l a s e r  d i s t a n c e  measurements t o  
s a t c l l i t 2 s  a f f e r  g r e a t  improvements i n  g e o d e t i c  accuracy over  photo- 
g r a p h i c  methods. However, i n  o r d e r  t o  t ake  advantage of t h e  improved 
measurement accuracy  f o r  de te rmin ing  a worldwide network of fundamental  
r e f e r e n c e  p o i n t s ,  i t  Is n e c e s s a r y  t o  i n c r e a s e  t h e  s a t e l l i t e  a l t i t u d e  
g r e a t l y .  Th i s  i s  r e q u i r e d  i n  o r d e r  t o  s t r i n g e n t l y  d e c r e a s e  t h e  p e r t u r -  
b a t i o n s  on t h e  o r b i t ,  s o  that observations from d i f f e r e n t  ground s i r e s  
a t  d i f f e r e n t  t imes  can be t i e d  t o g e t h e r  v i a  a c c u r a t e  dynarnical ca lcu-  
l a t i o n s  of the o r b i t .  Even I f  n e a r l y  s imul taneous  o b s e r v a t i o n s  from a  
number of ground s t a t i o n s  a r e  used i n  o r d e r  t o  reduce  dependence on t h e  
o r b i t  computat ions ,  a h i g h  a l t i t u d e  still i s  n e c e s s a r y  i n  o r d e r  t o  
pe rmi t  mutual  v i s a b l l i t y  from wlde ly  s e p a r a t e d  s i t e s .  

The Laser  Geode t ic  (LAGEOS), which i s  scheduled f o r  launch 
hy NASA i n  1976,  is i n t e n d e d  t o  f i l l  t h e  need f o r  a s t a b l e ,  high a l t i -  
tude r e t r o r e f l e c t o r  s a t e l l i t e .  The c u r r e n t l y  planned o r b i t  i s  n e a r l y  
c i r c u l a r ,  w i t h  an a l t i t u d e  of about  6000 km and an  i n c l i n a t i o n  of 70 
d e g r e e s .  The s a t e l l i t e  i s  as dense  a s  p o s s i b l e ,  s u b j e c t  t o  t h e  l aunch  
v e h l c l e  weight  l i m i t a t i o n s  and t h e  s u r f a c e  a r e a  needed f o r  t h e  d e s i r e d  
number of r e t r o r e f l e c t o r s .  It Is complete ly  p a s s i v e  and h i g h l y  sym- 
m e t r i c a l ,  and t h e  r e t r o r e f l e c t o r  arrangement i s  such t h a t  t h e  geo- 
m e t r i c a l  o f f s e t  between t h e  c e n t e r  of mass o f  the  s a t e l l i t e  and t h e  
average  o p t i c a l  r e f l e c t i o n  point i s  a c c u r a t e l y  known. 



AltIlough a s a t e l l i t e  l i k e  LAGEOS i s  needed i n  o r d e r  t o  o b t a i n  v e r y  h i g h  
accuracy  gcodynamics r e s u l t s ,  a large  amount of work based on laser 
d i s t a n c e  m e a s u r e m n t s  t o  o t h e r  a r t i f i c i a l  s a t e l l i t e e  already has been 
r e p o r  t e a .  b3 When IAGEOS i s  a v a i l a b l e ,  t h e  main l l m i  t a t i o n s  on 
de te rmin ing  c r u s r a l  movements and p o l a r  motlon probably  w i l l  be: 
1) u n c e r t a i n t i e s  i n  t h e  o r b i t  a t  t h e  t ime  of t h e  measurements; 
2) u n c e r t a i n t i e s  i n  the  a tmospher ic  c o r r e c t i o n  t o  the measured round- 
t r i p  laser travel tlme; and 3 )  s y s t e m a t i c  and s t a t i s t i c a l  e r r o r s  i n  t h e  
t r a v e l  t i m e  measurement. The second l i m i t a t i o n  h a s  heen c o n s i d e r e d  by 
s e v e r a l  a u t h o r s ,  37-39  and a  correction procedure  based  on t h e  assump- 
t i o n  of h y d r o s t a t i c  e q u i l i b r i u m  seems very puwerful .  The wate r  vapor 
e f f e c t  Is about  100 t imes  l e s s  than  f o r  microwave measurements, and 
h o r i z o n t a l  g r a d i e n t s  I n  t h e  a tmospher ic  c o n d i t i o n s  a r e  l i k e l y  t o  con- 
t r i h u t e  l e s s  than  0.5 cm t o  t h e  u n c e r t a i n t y .  L j e v i a ~ i o n s  from hydro- 
s t a t i c  e q u i l i b r i u m  a r e  s m a l l  under almost a l l  c o n d i t i o n s  when l a s e r  
measurements are likely t o  h e  made, and t h e  o v e r a l l  a tmospher ic  
c o r r e c t i o n  error  a t  e l e v a t i o n  a n g l e s  of down t o  20 degrees  t h u s  i s  
l i k e l y  t o  be 1 crn o r  l e s s .  The t h i r d  l i m i t a t i o n - t r a v e l  t i m e  measure- 
ment uncer ta lmty  - a l r e a d y  i s  10 cm o r  l e s s  even w i t h  l a s e r  p u l s e  
l e n g t h s  of s e v e r a l  nanosec.  Tt seems l i k e l y  t o  be  improved t o  0 . 1  
nanosec ( 1 . e .  1.5 cm) o r  b e t t e r  when sub-nanosec p u l s e  l e n g t h  l a s e r s  
a r e  used.  The t iming  accuracy r e f e r r e d  t o  h e r e  i s  t h a t  of a  "normal 
po in t "  c o n s t r u c t e d  from s e v e r a l  m i n u t e s  of  d a t a .  

For t h e  o r b i t  u n c e r t a i n t y  Z i m i t a t l o n ,  a s imple  numer ica l  v a l u e  i s  
d i f f i c u l t  t o  o b t a i n .  S imula t ions  of  g e o d e t i c  measurements u s i n g  LAGEOS 
are b e i n g  c a r r i e d  o u t  a t  t h e  Smithsonlan A s t r o p h y s i c a l  Observa to ry  and 
t h e  Goddard Space F l i g h t  Cen te r .  Once w e  have improved our  knowledge 
concern ing  t h e  lower harmonics of t h e  E a r t h ' s  g r a v i t a t i o n a l  f i e l d  from 
s t u d i e s  of LAGEOS o r b i t  p e r t u r b a t i o n s  o r  from o t h e r  s a t e l l i t e s  t o  a 
s u f f i c i e n t  e x t e n t ,  t h e  main o r b i t  p e r t u r b a t i o n  which i s  l i k e l y  t o  
cause  t r o u b l e  i s  t h a t  due t o  inaccuracy  i n  modeling v a r i a t i o n s  i n  t h e  
E a r t h ' s  a lbedo  r a d i a t i o n  p r e s s u r e  on t h e  s a t e l l t t e .  However, t h e  
e x t e n t  of t h e  build-up i n  o r b i t  u n c e r t a i n t y  depends  on t h e  d i s t r i b u t i o n  
i n  l o c a t i o n  and tin= of range o b s e r v a t i o n s  from a l l  of  t h e  s t a t i o n s  
p a r t i c i p a t i n g  i n  t h e  program. Also,  t h e  e f f e c t  of a c e r t a i n  amount of 
o r b i t  u n c e r t a i n t y  w i l l  be  l e s s  i f  t h e  r e l a t i v e  l o c a t i o n s  of several .  
s t a t i o n s  w i t h i n  a l i m i t e d  g e o g r a p h i c a l  a r e a  arc  be ing  determined r a t h e r  
t h a n  s t a t i o n  l o c a t l o n s  a l l  over  the Earth. I n  any c a s e ,  w i t h  a 
s u f f i c i e n t  number of  w e l l - d i s t r i b u t e d  high-accuracy ground s t a t i o n s ,  
t h e  o r b i t  u n c e r t a i n t y  l i m i t a t i o n  i s  n o t  expected t o  be s u b s t a n t i a l l y  
worse than t h e  o t h e r  two l i m i t a t i o n s .  

For l a s e r  range  measurements t o  o p t i c a l  r e t r o r e f l e c t o r s  on t h e  
moon, 40-4 t h e  a tmospher ic  and t iming  l i m i t a t i o n s  a r e  q u i t e  s i m i l a r  t o  
t h o s e  f o r  r a n g i n g  t o  a r t i f i c i a l  s a t e l l i t e s .  The o r b i t  s t a b i l i t y  i s  
much higher, which i s  c e r t a i n l y  an advantage.  The l i b r a t i o n s  of t h e  
moon about  i t s  c e n t e r  of m a s s  appear  t o  be modelable down t o  below t h e  
u s u a l  s y s t e n i a t i c  measurement e r r o r  l i m i t s  hy  f i t t i n g  data from 



d i f f e r e n t i a l  measurements t o  t h e  d i f f e r e n t  r e f l e c t o r s .  

However, even i f  t h e  lunar: o r b i t  and l i b r a t i o n  u n c e r t a i n t i e s  a r e  n e g l i -  
g i b l e ,  and even i f  t h e  on ly  o b j e c t  were t o  de te rmine  c r u s t a l  movements, 
i t  would s t i l l  b e  n e c e s s a r y  t o  make freque.nt  measurements from a  number 
of f i x e d  s t a t i o n s  i n  o r d e r  t o  moni tor  v a r i a t i o n s  i n  t h e  E a r t h ' s  r o t a -  
t i o n  and p o l a r  motion.  P r e s e n t  i n f o r m a t i o n  i n d i c a t e s  t h a t  p o l a r  motion 
f l u c t u a t i o n s  a r e  s lower  t h a n  t h o s e  i n  r ~ t a t i o n . ~ ' ?  Thus how much l e s s  
moni to r ing  from f i x e d  s t a t i o n s  i s  needed f o r  l u n a r  r a n g i n g  t h a n  f o r  
LACEOS may depend on how l a r g e  t h e  power spectrum of  f l u c t u a t i o n s  i n  
t h e  E a r t h ' s  r o t a t i o n  i s  a t  s h o r t  p e r i o d s ,  compared w i t h  t h e  f l u c t u a -  
t i o n s  i n  t h e  unmodelable o r b i t  p e r t u r b a t i o n s  f o r  LAGEOS. 

The main d i sadvan tage  of l u n a r  rang ing  f o r  de te rmin ing  c r u s t a l  mot ions ,  
compared w i t h  t h e  a r t i f i c i a l  s a t e l l i t e  method o r  VT,BI, i s  connected 
w i t h  t h e  slow r a t e  of d e c l i n a t i o n  change f o r  t h e  moon, S i n c e  t h e  
p e r i o d  f o r  d e c l i n a t i o n  change i s  2 7  d a y s ,  a mobi le  l u n a r  rang ing  
s t a t i o n  h a s  t o  s t a y  a t  one s i t e  f o r  perhaps  3 weeks, a l l o w i n g  f o r  
wea ther ,  i n  o r d e r  t o  make measurements over  t h e  whole range  of d e c l i n a -  
t i o n s .  Measurements a t  d i f f e r e n t  d e c l i n a t i o n s  a r e  n e c e s s a r y  i n  o r d e r  
t o  de te rmine  a l l  3 components of t h e  s t a t i o n  l o c a t i o n  a c c u r a t e l y .  
Assuming t h a t  t h e  u l t i m a t e  measurement accuracy of t h e  o t h e r  t echn iques  
is  h i g h  enough s o  t h a t  t h e  same s i t e  c o o r d i n a t e  accuracy can b e  d e t e r -  
mined i n  a  s h o r t e r  t i m e ,  l u n a r  r a n g i n g  would b e  a t  a  d i s a d v a n t a g e  i n  
terms of t h e  number of s i t e s  covered p e r  y e a r  p e r  mobi le  s t a t i o n .  On 
t h e  o t h e r  hand, i f  fewer f i x e d  s t a t i o n s  a r e  needed t h a n  f o r  s a t e l l i t e  
r a n g i n g ,  i t  i s  n o t  c l e a r  how the t r a d e - o f f s  would work o u t .  A r e l a t e d  
d i s a d v a n t a g e  of l u n a r  r a n g i n g  i s  t h a t  one cannot  o b t a i n  a l l  3 coord i -  
n a t e s  of the s i t e  w i t h  good accuracy  f o r  s t a t i o n  l o c a t i o n s  above 45 t a  
50 degrees  i n  l a t i t u d e .  The range  of d e c l i n a t i o n s  a v a i l a b l e  w i t h  t h e  
moon a t  e l e v a t i o n  a n g l e s  of 20 d e g r e e s  o r  h igl ler  becomes too  l i m i t e d ,  
and t h e  Z-axis c o o r d i n a t e  accuracy  i s  reduced. 

GROUND MEASUREMENT TECHNIQUES 

A t  p r e s e n t  t h e  main ground survey  methods used i n  geodynamics s t u d i e s  
a r e  a c c u r a t e  p o i n t - t o - p o i n t  d i s t a n c e  rneasurements w i t h  modulatecl l a s e r  
hcams ( l a s e r  geodimeters)  and c l a s s i c a l  l e v e l i n g  f o r  v e r t i c a l  mot ions .  
The accuracy  r e p o r t e d  by t h e  N a t t o n a l  Geode t ic  Survey f o r  t h e i r  high- 
p r e c i s i o n  t r a v e r s e s ,  which c r o s s  t h e  U.S. b o t h  nor th - sou th  and easr- 
west  a t  roughly  1000 km i n t e r v a l s  t o  p rov ide  o v e r a l l  h o r i z o n t a l  c o n t r o l ,  
i s  1 ~ 1 0 - ~ ,  These t r a v e r s e s  have been c a r r i e d  o u t  w i t h  l a s e r  geodi-  
mete r s ,  and t h e  main accuracy  l i m i t a t i o n  i s  Irom u n c e r f a i n t y  i n  the 
a tmospher ic  c o r r e c t i o n  t o  t he  measured d i s t a n c e s .  For a number of  
b a s e l i n e s  r a n g i n g  up t o  35 km i n  l e n g t h  i n  t h e  wes te rn  I:. S . ,  
J .  C.  Savage and W. B. P r e s c o t t  of t h e  U . S .  Geo log ica l  Survey have 
r e p o r t e d  measurement p r e c i s i o n s  e q u a l  t o  t h e  root-sun-square of 
2 x l 0 - ~  of t h e  l e n g t h  and a 3 mm c o n t r i b u t i o n  independent  of l e n g t h . ' ' 4  
This  i s  ach ieved  by f l y i n g  a i r c r a f t  a long  t h e  l i n e  of s i g h t  t o  measure 



t h e  atrnosplieric c h a r a c t e r i s t i c s .  However, Savage and P r e s c o t t  s t a r e :  
" ~ v e n  a t  t h i s  l e v e l  of p r e c i s i o n ,  d e t e r m i n a t i o n  of t h e  s t r a i n  accurnu- 
l a t i o n  a t  s i t e s  a long  t h e  San Andreas f a u l t  system w i l l  r e q u i r e  annua l  
o b s e r v a t i o n  of many l i n e  lengt l ls  o v e r  a  p e r i o d  of a t  l e a s t  5 y e a r s . "  
The need f o r  i n c r e a s e d  ground measurement accuracy i s  a l s o  s t a t e d  
s t r o n g l y  by t h e  U. S. Geodynamics Commit t e e .  l t 5  

A t  tempts t o  a c h i e v e  h i g h e r  accuracy hy us-i.ng two la . se r  w a v e l e n g t l ~ s ,  
one i n  t h e  r e d  and t h e  o t h e r  i.n t h e  b l u e ,  have been made a t  s e v e r a l  
l a b o r a t o r i e s .  Mf.crowave modul.ation i s  used i n  o r d e r  t o  acl i ieve  t h e  
Eiigliest p o s s i b l e  accuracy i n  de te rmin ing  rhe  red-b lue  pa th  d i f f e r e n c e .  
A c o r r e c t i o n  p r o p o r t i o n a l  t o  t h e  measured pat11 cli . fferencc i s  t h e n  
app l ie t l  i n  o r d e r  t o  remove t h e  e f f e c t  of t h e  atmosphere.  Work a t  NOAA 
wi th  t h i s  t y p e  of d e v i c e  has  been r e p o r ~ e d , 4 c F 4 9  and more e x t e n s i v e  
measurements have been obtai .ned w i t h  an improved i n s t r u m e n t  developed 
by I-Tuggett and S l a t e r  a t  t h e  Appl.ied P h y s i c s  T,aboratory, U n i v e r s i t y  of 
Washington. 50 '51 '  73 Work i s  a l s o  under way a t  t h e  N a t i o n a l  P11ysica:l. 
Laboratory  i n  England. Tlie measurements h~ l iugget t  and S l a t e r  c u r r e n t -  
l y  a r e  over  f i xed  b a s e l i n e s  of up t o  10 k m  n e a r  S e a t t l e ,  and a micro- 
wave d i s t a n c e  sys tem h a s  been added i n  o r d e r  t o  c o r r e c t  f o r  w a t e r  
vapor .  The p r e s e n t  measurements usc  r e t r o r e f l e c t o r s  a t  t h e  f a r  end of 
t h e  p a t h ,  s o  t h a t  t h e  l i g h t  beams have t o  t r a v e l  b o t ! ~  ways over  t h e  
pa th .  I f  improved s i g n a l - t o - n o i s e  r a t i o s  a r e  needed in o r d e r  t o  
a c h i e v e  t h e  geodynamically d e s i r a b l e  g o a l  of 1 ~ 1 0 - ~  o r  b e t t e r  accuracy 
over p a t h s  of roughly 30 km l e n g t h ,  an approach i n  wl-licli on ly  one-way 
l a s e r  p ropaga t ion  i s  used may b e  needed. Th is  would c.orrespond t o  
having t h e  microwave modulator and demodulator a t  o ~ p o s i t e  ends of t h e  
pa th ,  with synchronizat i .on provided by a round- t r ip  microwave l ink . i i2  

It would be v e r y  d e s i r a b l e  i t  g r a v i t y  measurements could b e  used i n  
p l a c e  of l e v e l i n g  a s  a  moni to r ing  t echn ique  f o r  v e r t i c a l  mot ions .  Th is  
i s  because  the  c o s t  p e r  l c m  of l e v e l i n g  i s  h igh .  I t  now appears  that 
r e l a t i v e  g r a v i t y  measurements w i t 1 1  a c c u r a c i e s  of 3 ~ n i c r o g a l  o r  b e t t e r  
a r e  a c h i e v a b l e  w i t h  e x i s t i n g  i n s t r u m e n t a t i o n . "  T h i s  means t h a t  t h e  
s e n s i t i v i t y  i s  s u f f i c i e n t  t o  d e t e c t  r e l a t i v e  v e r t i c a l  tnotions of 
rouglily a cm i f  o t h e r  p r o c e s s e s  a r e  n o t  going on.  Such v e r t i c a l  
motions a r e  expec ted  i n  s e i s m i c  zones from t h e  theory of d i l a t c n c y .  
In a d d i t i o n ,  i n  connec t ion  w i t h  t h e  i n t e r i o r s  of t e c t o n i c  p l a t e s ,  t h e  
U .  S . Ceodynamics Committee r e  Fers t o  evidence f o r  w i d e s p r e a d  v c r  t i c a l  
motions a t  r a t e s  as high a s  a crn p e r  y e a r ,  and s t a t e s : ? ' '  "The r a t e s  of 
v e r t i c a l  motion determined by l e v e l i n g  s u r v e y s  a r c  so h i g h  t h a t  such 
motions cannot  c o n t i n u e  f o r  ve ry  long i n t e r v a l s  of tirnc. Perhaps  
o s c i l l a t o r y  o r  e p i s o d i c  rr~ovements o c c u r . "  Itnpraved methods f o r  look- 
i n g  a t  such mot ions ,  b o t h  l o c a l l y  and r e g i o n a l l y ,  c e r t a i n l y  a r e  cle- 
s i r a b l e .  

The main l i m i t a t i o n  in i n t e r p r e t i n g  g r a v i t y  changes probably  w i l l  come 
from compl ica t ing  mass motions which can occur .  Iior izon t a l  nlo t i o n s  of 
m a t e r i a l  w i t h i n  t h e  aesti lenospllere can occur over  long p e r i o d s  of t ime,  



w h i l e  chan.ges i n  t h e  l o c a l  wa te r  t a b l e  can o f f s e t  g r a v i t y  on a s h o r t  
t ime s c a l e .  Thus, t h e  i n t e r p r e t a t i o n  i s  n o t  unique.  However, s t a b l e  
g r a v i t y  measurements s t i l l  g i v e  ev idence  a g a i n s t  v e r t i c a l  motion,  
and l e v e l i n g  o r  o t h e r  t echn iques  t h e n  can c o n c e n t r a t e  on making 
measurements where g r a v i t y  i s  changing.  

There a l s o  i s  a need f o r  p o r t a b l e  a b s o l u t e  g r a v i m e t e r s  w i t h  roughly  3 
microga l  accuracy .  They a r e  n e c e s s a r y  b o t h  t o  d e t e c t  r e g i o n a l  g r a v i t y  
v a r i a t i o n s  over  l a r g e  a r e a s  and t o  p r o v i d e  s c a l e  c a l i b r a t i o n s  f o r  r e l a -  
t i v e  g r a v i m e t e r s .  A p o r t a b l e  a b s o l u t e  g rav imete r  w i t h  roughly 50 
microga l  accuracy was developed by Hammond and F a l l e r ,  and measurements 
were made w-ith i t  a t  8 s i t e s  i n  North  America, Europe, and South 
America. y 5  A f i x e d - s t a t i o n  g rav imete r  of accuracy approaching one 
mic roga l  h a s  been d e s c r i b e d  by ~ a k u m a , ~  7*5 s o  t h a t  a c c u r a t e  checks  on 
p o r t a b l e  i n s t r u m e n t s  can h e  made. Recen t ly  j o i n t  F r e n c h - I t a l i a n  e f f o r t s  
have r e s u l t e d  i n  a  p o r t a b l e  a b s o l u t e  g rav imete r  w i t h  20 mic roga l  
accuracy .59  F u r t h e r  improvements t o  a c h i e v e  t h e  d e s i r e d  accuracy of 
about  3 microga l  appear  t o  b e  f e a s i b l e .  I n  r e g i o n s  of l o n g  term e l e v a -  
t i o n  changes ,  i t  c l e a r l y  i s  i m p o r t a n t  t o  unders tand  how g r a v i t y  i s  
changing a l s o  i n  o r d e r  t o  J e t e r m i n e  what i s  going on. 

GEODYNAMIC APPLICATIONS OF THE NEW TECHNIQUES 

I n  h i g h  accuracy  geodynamics s t u d i e s ,  one of t h e  problems w i l l  b e  how t o  
s e p a r a t e  p o l a r  motion and e a r t h  r o t a t i o n  v a r i a t i o n s  from motions of t h e  
observ ing  s t a t i o n s .  The g e n e r a l  q u e s t i o n  of c o o r d i n a t e  sys tems f o r  
geodyl~an~ics  wzs d i s c u s s e d  a t  I A U  Colloquium No. 26 i n  Torun, Poland.  
A g e n e r a l  vlew expressed  was t h a t  t h e r e  is  a s t r o n g  need f o r  a world- 
wide geophys ica l  c o o r d i n a t e  sys tem which approximates  t h e  motion of t h e  
s o l i d  p a r t  of t h e  E a r t h  as w e l l  as p o s s i b l e .  The r o t a t i o n  and 
t i p p i n g  of t h i s  frame a g a i n s t  an e x t e r n a l  r e f e r e n c e  frame, such a s  t h e  
p lane ta ry-p lus - lunar  dynamical  f rameF5,  FF, o r  t h e  e x t r a - g a l a c t i c  
frame, 65 would de te rmine  what w e  mean by UT1, p o l a r  motion,  and nuta-  
t i o n .  General  agreement seems t o  be  deve lop ing  t h a t  the geophys ica l  
sys tem sflould h e  d e f i n e d  i n  terms of a l a r g e  number of p o i n t s  through- 
o u t  t h e  world  f o r  which g e o c e n t r i c  c o o r d i n a t e s  are a s s i g n e d ,  a s  w e l l  a s  
a s s i g n e d  l i n e a r  d r i f t  r a t e s  f o r  t h e  p o i n t s  based  on t h e  b e s t  a v a i l a b l e  
geodynamic models,  It h a s  been sugges ted  t h a t  upda t ing  of t h e  models 
used would be needed a t  a p p r o p r i a t e  i n t e r v a l s  of pe rhaps  s e v e r a l  y e a r s ,  
as our  unders tand ing  of c r u s t a l  movements improves. 6 3  

With a t  l e a s t  3 of t h e  new techn iques ,  i t  appears f e a s i b l e  t o  de te rmine  
t h e  l o c a t i o n s  of p o i n t s  o v e r  most of t h e  E a r t h ' s  s u r f a c e  w i t h  an 
accuracy  of 5 cm o r  b e t t e r .  P r o g r e s s  i n  t h i s  d i r e c t i o n  a l r e a d y  i s  very 
impress tve .  For  exaniple, a s a t e l l i t e  r a n g i n g  exper iment  i n  1971 u s i n g  
long  l a s e r  p u l s e  l e n g t h s  gave agreement f o r  trnro s t a t i o n s  2 5 m  a p a r t  t o  
abou t  4 cm i n  each c o o r d i n a t e .  A 1972  exper iment  w i t h  s i m i l a r  appar- 
a t u s  on a 900 km b a s e l i n e  a c r o s s  t h e  San Andreas f a u l t  i n  C a l i f o r n i a  
gave a  s c a t t e r  of 30 cm i n  the b a s e l i n e  l e n g t h  measurements, w i t h  much 



of  t h i s  presumably  due  t o  u n c e r t a i n t i e s  i n  the s a t e l l i t e  o r b i t .  With 
sub-nanosecond p u l s e  l e n g t h  lasers and much b e t t e r  knowledge of  s a t e l -  
l i t e  o r b i t s  rin t h e  f u t u r e ,  t h e  same b a s e l i n e  i.s e x p e c t e d  t o  be  rec-over-  
a b l e  i n  d i f f e r e n t  y e a r s  w i t h  a n  a c c u r a c y  of  1 . 5  cm. 36 S a t e l l i t e  l a s e r  
r a n g i n g  s y s t e m s  w i t h  1 0  cm o r  b e t t e r  acc.uracy and 6 o r  7 cm r m s  
s i n g l e - p u l s e  j i t t e r  a l r e a d y  a r e  a v a i l a b l e ,  and t h e  s c a t t e r  ob ta.i.ned on 
a t r a n s c o n t i n e n t a l  b a s e l i n e  even  wit11 e x i s t i n g  s a t e l l i t e s  seems encour-  
a g i n g .  67 F o r  l u n a r  r a n g i n g ,  s t u d i e s  i n d i c a t e  a n  expec- ted  acc-uracy  o f  
3 c m  o r  b e t t e r  i n  e a c h  coord i -na t e  f o r  d e t e r m i n i n g  t h e  l o c a t i o n  of  a  
mob i l e  stati .011 i n  nlost p a r t s  of  t h e  w 0 r l d . ~ ' ) 9  L8 However, 1)ase l in .e  
measurements  must a w a i t  t h e  a v a i l a b i l i t y  of  d a t a  from a second s t a t i o n  
b e s i d e s  YcUonald. 

For  VJ,BI ,  a one  m e t e r  s c a t t e r  i n  b a s e l i n e  l e n g t h  was o b s e r v e d  o v e r  a 
845 lrn! b a s e l i n e  from H a y s t a c k  t o  Greenbank w i t h  d a t a  fro111 a s  e a r l y  a s  
1969.1° F o r  a 1 6  k m  h a s e l i n e  i n  C a l i f o r n i a ,  a 5 cnl o r  l e s s  s c a t t e r  i n  
e a c h  c o o r d i n a t e  w a s  obta i -ne t i  f o r  3 r u n s  made i n  1972.'~ Measurements  
on t h e  3 ,900 krn l iaystack-(:ol.dstone h a s e l i n e  gave an r m s  v a r i a t i o n  of  
less th.an 20 cm f o r  t h e  b a s e l i n e  l e n g t h  f o r  9  s e p a r a t e  exper ime-nts  
c a r r i e d  o u t  i n  1972 and 1973 .13  F o r  v e r y  s h o r t  b a s e l i n e s ,  a r e c e n t  
compar ison  w i t h  s u r v e y  r e s u l t s  Tor a 300 rn b a s e l . i ~ l e  be tween a p o r t a b l e  
9 m a n t e n n a  and a  f i xed  a n t e n n a  i n  C a l i f o r n i a  has g i v c n  ag reemen t  i n  
e a c h  c o o r d i n a t e  t o  w i t h i n  t h e  t- 3 cm measurement u n c e r t a i n t y .  I- An -- 
even  more r e c e n t  r e s u l t  f o r  t h e  1 . 2  km Haystack-Wcstford b a s e l i n e  
1engt.h g i v e s  a n  0.6 cm rms s c a t t e r  f o r  5 measureinents  made. ove r  a 3  
month p e r i o d ,  and a n  ag reemen t  w i t h  s u r v e y  r e s u l t s  t o  0 .5  cm. (" Lt i s  
i m p r e s s i v e  t h a t  a l l  01 t i l e se  r e s u l t s  have  been  o b t a i n c d  even  w i t h o u t  
t h e  use  o f  d u a l  f requer icy  c . apa ! , i l i t y  and o f  w a t e r  v a p o r  r a d i o m e t e r s ,  
which w i l l  be  added t o  t h e  e x i s t i n g  systetrls soon .  

The m a j o r  r o n t r i k u t o r  t o  p o l a r  n ~ o t i o n  d e t e r m i n a t i o n s  s o  f a r  among t h e  
new techniques i s  t l ic  Doppler  s a t e l l i t e  networlr.  ?40rmal v a r i a t i o n s  i n  
t h e  p o l a r  p o s i t i o n  a r e  determined r e g u l a r l v  c v c r v  2 d a y s  w i t h  a n  
a c c u r a c y  whicll i s  b e l i e v e d  t o  be a b o u t  '30 c ~ n  i n  each  c o ~ r d i n a t e . ~  The 
r e s u l t s  arc now h e i n g  i n c o r p o r a t e d  a l o n g  w i t h  d a t a  f rom tllc: c l a s s i c a l  
t e c h n i q u e s  i n  t h e  I3IH a d j u s  tmcn t s .  Laser r a n g e  measurements  t o  s a t e l -  
l i t e s  have  been  used  t o  d e t e r m i n e  p o l a r  mot ion  t o  r o u g h l y  one m e t e r  
a c c u r a c y , ' ) 7 9 3 1 y  14 w h i l e  V L B I  measurements  have  g i v e n  comparable  a c c u r -  
acy f o r  p o l a r  mot ion  and f o r  UT1.l- 

R e c e n t l y  l u n a r  rangi .ng d a t a  h a s  been  used  t o  o b t a i n  p r e l i m i n a r y  
ind iv i . dua l -day  checks  on t h e  I3111 v a l u e s  of U%'O (a combina t ion  o f  U'I'Z 
and one  component o f  p o l a r  m o ~ i o n )  f o r  t h e  McDonald O b s e r v a t o r y  on 1.53 
days.40 'The median a c c u r a c y  o f  2 2  cm w h i c h  was a c h i e v e d  i s  encourag-  
i n g ,  but: i t  s h o u l d  b e  remembered t h a t  t h e  f r a c t - i  on of days or1 which 
s u f f i c i e n t  d a t a  was a v a i l a b l e  from t h e  s i n g l e  s t a t i o n  i s  f a i r l y  s m a l l .  
A ne twork  o f  6 f i x e d  l u n a r  r a n g i n g  s t a t i o n s  i s  e x p e c t e d  t o  b e  i n  ope r -  
a t i o n  by l a t e  1.976, and h o p e f u l l y  d a t a  f rom a s i m i l a r  VLBI neCwork a l s o  
w i l l .  b e  a v a i l a b l e  by t h e n .  A d d i t i o n a l  h igh -accu racy  i r l ior rna t i  on on 
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p o l a r  motion and on s h o r t  p e r i o d  f l u c t u a t i o n s  i n  t h e  E a r t h ' s  r o t a t i o n  
r a t e  a r e  expected from s a t e l l i t e  r a n g e  measurements soon a f t e r  LAGEOS 
i s  launched.  klowever, tile c o n t i n u a t i o n  oE c l a s s i c a l  o b s e r v a t i o n s  f o r  a 
decade l o n g e r  i s  needed i n  o r d e r  t o  complete a c a r e f u l  comparison of 
t h e  methods. 

With t h e  achievement of 5 cm o r  b e t t e r  accuracy on a worldwide b a s i s  
l- i igl~ly p robab le ,  i t  i s  c l e a r  t h a t  a new e r a  i n  g e ~ d y n a m i c / ~ e o d e t i c  
measurement accuracy  i s  approaching.  The i n i t i a l  g o a l  w i l l  be t o  
measure t h e  p o s i t i o n s  of hundreds of c o n t r o l  p o i n t s  throughout  the 
world w i t h  as h i g h  accuracy  a s  p o s s i b l e .  Froni our p r e s e n t  van tage  po in t  
i t  i s  d i f f i c u l t  t o  t e l l  j u s t  flow low t h e  c o s t s  of u s i n g  t h e  e x t r a -  
t e r r e s t r i a l  methods can b e  made, h u t  i t  seems c l e a r  t h a t  t h e  separa -  
t i o n s  between t h e  fundamental  geadynaniic/geodetic c o n t r o l  p o i n t s  should  
be 300 km w r  l e s s  i n  most a r e a s .  The f requency w i t h  which p o i n t s  should  
h e  redetermined w i l l  depend on t h e  l o c a l  c o n d i t i o n s ,  b u t  w i l l  be  chosen 
so  t h a t  t h e  p r o b a b i l i t y  of d e v i a t i o n s  from l i n e a r  motion between 
measurements F.7 more t h a n  t h e  measurernent: accuracy  i s  smal l .  Improved 
ground techn iques  a l s o  w i l l  be  used t o  keep t r a c k  of more l o c a l  mot ions  
w i t h i n  geodynamically i n t e r e s t i n g  a r e a s  such as  s e i s m i c  zones o r  
r e g i o n s  of unusua l  v e r t i c a l  mot ions .  When unexpected motions o r  g r a v i t y  
changes are d e t e c t e d  i n  a p a r t i c u l a r  a r e a ,  b o t h  t h e  e x t r a - t e r r e s t r i a l  
methods and improved ground techn iques  can be used on a f a s t - r e s p o n s e  
b a s i s  t o  f i n d  o u t  what i s  going on. 

It shou ld  be  emphasized that a combinat ion of t h e  new techn iques  may be  
more e f f i c i e n t  f o r  r a p i d  e s t a b l i s h m e n t  of Lhe d e s i r e d  worldwide geo- 
dynamic/georletic c o n t r o l  network t h a n  any one of Lhe t echn iques  a lone.7o 
For example, one can t h i n k  of f i r s t  u s i n g  one tecllrlique t o  e s t a b l i s h  
and m a i n t a i n  3 t o  6 fundamental  r e f e r e n c e  p o i n t s  on each major p l a t e ,  
and t h e n  u s i n g  a n o t h e r  t echn ique  t o  e s t a b l i s h  t h e  much l a r g e r  a d d i t i o n a l  
?urrLber of r e f e r e n c e  p o i n t s  w i t h i n  a g iven  p l a t e  which a r e  needed. Fo r  
t h e  f i r s t  parll of t h e  j o b ,  t h e  most impor tan t  f a c t o r  would be  accuracy 
and r e l i a b i l i t y  over  l o n g  d i s t a n c e s .  An independent  rheck by u s i n g  a t  
l e a s t  2 of t h e  methods would b e  d c s i r a b l e  f o r  t h i s  phase  of t h e  work. 
For t h e  second phase ,  a r e g i o n a l  a ~ p r o a c h  i n  which most of t h e  e f f o r t  
i s  c o n c e n t r a t e d  on a p a r t i c u l a r  c o n t i n e n t  o r  a r e a  f o r  a c e r t a i n  p e r i o d  
of t ime seems d e s i r a b l e .  For example, p u t t i n g  perhaps  6 mobi le  s a t e l -  
l i t e  r a n g i n g  s t a t i o n s  i n  one a r e a ,  w i t h  some of them a t  t h e  p re -de te r -  
mined fundamental p o i n t s ,  would g i v e  minimum dependence oL tlie r e s u l t s  
on u n c e r t a i n t i e s  i n  t h e  s a t e l l i t e  o r b i t .  Al t l~ough s imul taneous  4- 
s t a t i o n  measurements would no t  be  required,  t h e  i n t e n s i v e  t r a c k i n g  over  
a l i m i t e d  r e g i o n  would g i v e  excellent knowledge of t h e  o r b i t  i n  t h a t  
r e g i o n .  I n  t h i s  way, t h e  d e s i r a b l e  f e a t u r e s  of two o r  more t echn iques  
could  bc u t i l i z e d  i n  a complementary way. 

Tluring t h e  1 9 7 4  I n t e r n a t i o n a l  Symposium on Recent C r u s t a l  Movements, 
t h e  fo l lowing  r e s o l u t i o n  was sponsored j o i n t l y  by the  Inter-Union Com- 
miss ion  on Geodynamics and t h e  Commission on Recent C r u s t a l  Movements, 
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and was adopted:  71 " ~ ~ ~ s t r u m e : ~ t ~ i l  s y s t e m  capai3le o f  p r e c i s e  geocletic 
measurements such  as Geodet ic  S a t e l l i t e s ,  Lunar g a n g i n g ,  and VLBI  a r e  
of t h e  greates t :  v a l u e  t o  t h e  sturly of recent  c r u s t a l  movements a:ld 
geodynamic~ .  The Cornrnlssioll on Recent C r ~ i s t a l  Movements ancl t h e  l n t c r -  
union Cornmissioll on (:eodynamics t c g e t h e r  .;tror,gly rcco~nrncnd t h a t  
e a r n e s t  a t t e n t i o n  b e  g iven  t o  the  f u r t l l e r  developmcllt of riles? systems 
s o  t h a t  such basic q u e s t i o n s  as tlle i n s t a b i l i t y  of the e a r t h  and tllc 
c a u s e s  of movements can be  i n v e s  Ligatecl .  'Tile Cotwili s s i o n  on Recent 
C r u s t a l  Wovements and t ! i e  I n t e r u n i o n  (:ommissinIi 011 Ceo(1y1lnmics p a r t i c u -  
larly emphasi.ze t h a t  n o t  only i q  doing  t h e  rnedsureme~~ts  i tnpor tan t ,  b u t  
i C  i s  a l s o  i tnpor tant  t h a t  t h e  mensurements b e  madc i n  tlie optimum 
p l a c e s  i n  tlie l i g h t  of grodyndrnics." E s s e n t i a l l y  a l l  of t h e  new tech-  
n i q u e s  make heavy use o r  P r e c i q r  Tine and  lime I n t e r v a l  measurements to 
ach ieve  t h e i r  lligli a c c u r a c i e s .  ISiiether t h e  need i s  f o r  Lhe h i g h e s t  
p o s s i b l e  s t a b i l i t y  i n  f requency s t a n d a r d s  s u i t a b l e  f o r  use i n  r a p i d l y  
moving mabi le  V L B I  s t a t i o n s ,  o r  f o r  r e l a t i v e l y  cheap and r e l i a b l e  l a s e r  
f requency s t a n d a r d s  w i t h  1 ~ 1 0 - "  accuracy  f o r  use  i n  p o r t a b l e  a b s o l u t e  
g r a v i m e t e r s ,  t h e  needs  from geodynamics f o r  cont inued improvements i n  
PTTI  t e c h n i q u e s  are l i k e l y  t o  b e  s t r o n g .  



S t a f f  Member, J o i n t  I n s t i t u t e  f o r  Labora to ry  As t rophys ics ,  
Boulder ,  Colorado 80302 

I. R. .T. Ander le ,  "Accuracy of Doppler De te rmina t ions  of S t a t i o n  
P o s i t i o n s , "  I A U  Symposium No. 48  - R o t a t i o n  of t h e  Ea r th ,  
P .  Melchoir  and S. Yumi, Eds. ,  D. R e i d e l  Pub. Co., Dordrecht-  
I io l land (1972);  p .  101. 

2. L. K .  Beuglass  and K. J. Anderle ,  "Refined Doppler S a t e l l i t e  Deter-  
mina t ions  of t h e  ~ a r t h ' s  P o l a r  Motion," Geophys. Monograph No. 15 - 
The Use of A r t i f i c i a l  S a t e l l i t e s  f o r  Geodesy, S. W. Henr iksen,  
A. Mancini ,  and B.  11. Chovi tz ,  Eds. ,  Amer. Geophys. Union, 
Wash., D .C .  (1972) ;  p .  181. 

3. R. .T. Ander le ,  " l )e terminat ion of P o l a r  Motion from S a t e l l i t e  Obser- 
v a t i o n s ,  " Geophysical  Surveys 1, 147 (1973).  

4.  R. J ,  Ander le ,  "Reference System f o r  E a r t h  Dynamics by S a t e l l i t e  
Methods," Proc.  I A U  Co11oq. No. 26 - Reference  Coord ina te  Systems 
f o r  E a r t h  Dynamics, Torun, Aug. 26-31, 1974. 

5. R. J .  Ander le ,  "Simultaneous Adjustment of T e r r e s t r i a l  Geodimeter 
and S a t e l l i t e  Doppler Observa t ions  f o r  Geode,t ic Datum D e f i n i t i o n , "  
NW1, Tech. Report  TR-3129 (1974).  

6. L. W. Schaper ,  Jr., D. H. S t a c l i n ,  and .J. W .  Waters,  "The Estima- 
t i o n  of Tropospher ic  E l e c t r i c a l  P a t h  Length by Microwave Radio- 
metry," P r o c .  IEEE - 58, 272 (1970).  

7. E .  S. Westwater, "An Ana lys i s  of t h e  C o r r e c t i o n  of Range E r r o r s  Due 
t o  At"mospheric R e f r a c t i o n  by Microwave Radiometr ic  Techniques ,"  
ESSA Tech, Report  IER 30-ITSA30 (1967).  

8. F. 0. Guiraud,  M. T. Decker,  and E. R. Westwater,  "Experimental  In -  
v e s t i g a t i o n  of t h e  C o r r e c t i o n  of E l e c t r i c a l  Range E r r o r s  by P a s s i v e  
Microwave Radiometry," N O M  Tech. Report  ERL 221-WPLlg (1971).  

9. 5 .  W. Waters ,  "Atmospheric E l e c t r i c a l  Phasc  Measurement by Micro- 
wave Radiometry," A b s t r a c t s  f o r  1974 URSI Annual Meet ing,  Boulder ,  
Colo.;  USNC/URSI, N a t .  Acad. S c i . ,  Wash., D . C . ;  p .  130. 

10.  H. F. H i n t e r e g g e r ,  I. I. Shap i ro ,  D.  S.  Rober tson,  C .  A. Knight ,  
R. A .  E rgas ,  A. R. Whitney, A.E.E. Rogers,  J. M. Moran, T. A .  C la rk ,  
and B.  F. Burke, " P r e c i s i o n  Geodesy v i a  Radio I n t e r f e r o m e t r y , "  
Sc ience  - 178, 396 (1972). 

11. C. C.  Counselman, 111, "Very-Long-Baseline I n t e r f e r o m e t r y  Techniques 
App1i.ed t o  Problems of Geodesy, Geophysics,  P l a n e t a r y  Sc ience ,  
Astronomy, and General  R e l a t i v i t y ,  Proc.  IEEE -9 6 1  1225 (1973). 

12. P. F. MacDoran, "Radio I n t e r f e r o m e t r y  f o r  Study af t h e  Ear thquake 
~ e c h a n i s m , "  Proc .  Conf. on T e c t o n i c  Problems of t h e  San Andreas 
F a u l t  System; S t a n f o r d  Univ. Publ .  Geol. S c i .  - 13,  104 (1973);  
R. L. Kovach and A .  Nur, Eds.  



T .  I. S h a p i r o ,  D. S .  Rober t son ,  C. A. K n i g h t ,  C. C .  Counselman, 111, 
A.E.E. Roger s ,  H. F. H i n t e r e g g e r ,  S .  L i p p i n c o t t ,  A. R .  Whitney,  
T. A.  C l a r k ,  A.  E .  N i e l l ,  and D. J. S p i t z m e s s e r ,  " T r a n s c o n t i n e n t a l  
Y a s e l i n e s  and t h e  R o t a t i o n  o f  t h e  E a r t h  Measured by Radio  l n t e r f  e ro -  

11 rnetry,  S c i e n c e  186, 920 (1974) .  

B .  G .  C l a r k ,  1C. I. Ke l l e rman ,  PI. 11. Cohen, and G. W. Swenson, "A17 

T n t e r c o n t i n e n t a l  Radio  T e l e s c o p e  Ar ray , "  A b s t r a c t s  f o r  1974 URSI 
Annual  Mee t ing ,  B o u l d e r ,  Co la .  ; USIJC/URSI,  Nat .  Acad. S c i . ,  
Wash. , D. C .  ; p.  102.  

J .  B. Thomas, J .  T,. Fanse low,  P .  P. MacDoran, D. J. S p i t z m e s s e r ,  
L.  S k j e r v e ,  and H.  F. F l i e g e l ,  " O b s e r v a t i o n a l  Geodynamics and 
Geodesy: A Demons t r a t ion  o f  an Independent -S  t a r i o n  Radio  L n t e r f  e ro -  
me t ry  Sys tem w i t h  a 4 cm Prec i s j . on , "  J o u r .  (:eopllys. k e s .  (to b e  
p u b l i s h e d ) .  

J .  M. Moran, "Geode t i c  ar~tl. A s t r o m e t r i c  IXesults or- Very T,ong B a s e l i n e  
I n t e r f e r o m e t r i c  Measurements  of N a t u r a l  Radio Sources , "  Space 
R e s e a r c h  XV, Akadetnie-Verlag, B e r l i n  (1975) ;  ( t o  h e  p u b l i s h e d ) ,  

R. J. C o a t e s ,  T .  A. Clark, C. C .  Counselman, 111, J .  I. S h a p i r o ,  
H. F. H i n t e r e g g e r ,  A .  E. Roger s ,  and A. R, Whitney,  "Very Long 
Ba . se l ine  I n t e r f e r o m e t r y  f o r  Centimeter-Act-uracy G e o d e t i c  Measure- 
ments ,"  P r o c .  I n t .  Symp. on Recen t  C r u s t a l  Movements, Z u r i c h  (1974) ;  
( t o  b e  p u b l i s h e d ) .  

K. M. Ong, P .  F. Macnoran, .J. fl, Thomas, l!. F. F l i e g e l . ,  T2. .J. 
S k j e r v e ,  D.  J. S p i t z m e s s e r ,  P. D. B a t e l a a n ,  S .  K. P a i n e ,  and 
11. G .  Newsted, "A Demons t r a t ion  of  Radio L n t e r f e r o m e t r i c  S u r v e y i n g  
Using DSS 1 4  and t h e  P r o j e c t  A r i e s  T r a n s p o r t a b l e  Antenna ,"  (1975) ; 
( t o  be  p u b l i s h e d ) .  

S. W. H e n r i k s e n  and I. I. M u e l l e r ,  "Major R e s u l t s  of t h e  N a t i o n a l  
G e o d e t i c  S a t e l l i t e  Program,"  J o u r .  Geophys. Res.  - 79 ,  5 3 1 7  (1974) .  

K. J .  A n d e r l e ,  "Trans fo rma t ion  o f  T e r r e s t r i a l  Su rvey  Da ta  t o  
Doppler  S a t e l l i - t e  Datum, " i d i d ,  p .  5319. 

I. I. M u e l l e r ,  "Globa l  S a t e l l i t e  T r i a n g u l a t i o n  and T r i l a t e r a t i o n  
R e s u l t s , "  i b i d ,  p .  5333. 

H. FI. Schinid, "Worldwide Geomet r i c  S a t e l l i t e  T r i a n g u l a t i o n , "  
i b i d ,  p .  5349. 

E. If. Gaposchkin ,  " E a r t h ' s  G r a v i t y  F i e l d  t o  t h e  E i g h t e e n t h  Degree 
and G e o c e n t r i c  C o o r d i n a t e s  f o r  104  S t a t i o n s  f rom S a t e l l i t e  and 
T e r r e s t r i a l  Data," i b i d ,  p .  5377.  

D .  E .  Smi th ,  F.  J. TAerch, J .  G. Marsh, C. A. Wagner, R .  Ko lenk iewicz  
and M. A. Khan, " ~ o n t r i b u t i o n s  t o  t h e  ~ a t i o n a l  G e o d e t i c  S a t e l l i t e  
Program by Goddard Space  F l i g h t  C e n t e r , "  J o u r .  Geophys. Res. - 80 
(1975) ,  ( t o  be p u b l i s h e d ) ,  



See Appendix L C 1 ,  "I,AGEOS," i n  E a r t h  and Ocean P h y s i c s  A p p l i c a t i o n s  
Program: Vol. I1 - R a t i o n a l e  and Program Plans ,  NASA, Wash., D.C.  
(1972);  pp. 1.35-1.65, 

D. E. Smith, R .  Kolenkiewicz,  and P. J. Dunn, "Geodetic S t u d i e s  by 
Laser  Ranging t o  S a t e l l i t e s , "  Geophys. Monograph No. 15 - The U s e  
of A r t i f i c i a l  S a t e l l i t e s  f o r  Geodesy, S .  W. Henrtksen,  A. Mancini ,  
and B .  H. Chovi tz ,  Eds. ,  A m e r .  Geophys. Union, Wash., D . C .  (1972);  
p. 187.  

D. E. Smith, R .  Kolenkiewicz,  P .  J. Dunn, H.  B. P l o t k i n ,  and 
T. S.  Johnson, " p o l a r  Motion from Laser  Tracking of A r t i f i c i a l  
S a t e l l i t e s , "  Sc ience  - 178, 405 (1972).  

P.  J. Dunn, R. Kolenkiewicz,  and D. E .  Smith,  "An Experiment t o  
Determine t h e  R e l a t i v e  P o s i t i o n s  of Two Col loca ted  Laser  Tracking 
S t a t i o n s , "  NASA Report  X-553-72-497, Gaddard Space F l i g h t  Cen te r ,  
G r e e n b e l t ,  Maryland (1972) . 
D. E. Smith,  R. Kolenkiewicz ,  and P. J. Dunn, "Ear th  T i d a l  A m p l i -  
t u d e  and Phase ,"  Na ture  - 244,  498 (1973).  

P. J .  Dunn, 0 .  E. Smith, and R .  Kolenkiewicz,  "Techniques f o r  the  
A n a l y s i s  of Geodynamics E f f e c t s  Using Laser  Data," Proc.  F i r s t  I n t .  
Symp. on U s e  of A r t i f i c i a l  S a t e l l i t e s  f o r  Geodesy and Geodynarnics, 
IUGG/COSPAK, Athens (1973).  

K. Kolenkiewicz,  D ,  E .  Smith,  and P. J. Dunn, " ~ o l a r  Motion and 
E a r t h  T ides  f r o m  Beacon Explore r  C," i b i d .  

H.  11. P l o t k i n ,  T. S. .Tohnson, and P. 0 .  Mino t t ,  "Progress  i n  Laser  
Ranging t o  S a t e l l i t e s :  Achievements and P l a n s , "  i b i d .  

I). E. Smith and F. 0. Vonbun, "The San Andreas F a u l t  ~ x p e r i m e n t , "  
Proc.  2 4 t h  Congress of t h e  Tnt .  A s t r o n a u t i c a l  F e d e r a t i o n ,  Baku, 
USSR (1973) . 
I). E .  Smith, R.  Kolenkiewicz,  R .  W. Agreen, and P. .T. Dunn, "Dyna- 
mic Techniques f o r  S t u d i e s  of S e c u l a r  V a r i a t i o n s  i n  P o s i t i o n  from 
Ranging t a  S a t e l l i t e s , "  Proc.  Symp, on E a r t h ' s  G r a v i t a t i o n a l  F i e l d  
and S e c u l a r  V a r i a t i o n s  i n  P o s i t i o n ,  Sydney (1973),  p. 291. 

11. H.  P l o t k i n ,  "Laser Teclmiq,ues f o r  H i g h  P r e c i s i o n  S a t e l l i t e  
Tracking,"  i b i d .  

R. W. Agreen and D.  E. Smith,  "A Simula t ion  of t h e  San Andreas Fault :  
Experimen t," .Tour. Geophys . R e s  . -- 79, 4413 (1974) . 
II. S.  H o p f i e l d ,  "Tropospher ic  Effect :  on E l e c t r o m a g n e t i c a l l y  Measured 
Range: P r e d i c t i o n  from S u r f a c e  Weather Data," Radio S c i .  - 6 ,  357(1971). 

J.  Saastamoinen,  "Atmospheric C o r r e c t i o n  f o r  the  Troposphere and 
S t r a t o s p h e r e  i n  Radio Ranging of S a t e l l i t e s , "  Geophys, Monograph 
No. 1 5  - The Use of A r t i f i c i a l  S a t e l l i t e s  f a r  Geodesy, S. W. Hen- 
r i k s e n ,  A. Mancini ,  and B.  H .  Chovi tz ,  Eds . ,  Amer. Geophys. Union, 
Wash., D .C .  (1972);  p.  247. 



39 .  P .  L .  Render and A. W. K i r k p a t r i c k ,  "Accuracy of  A tmosphe r i c  (:or- 
r e c t i o n s  t o  Lunar  L a s e r  Kange Measurements ,"  A b s t r a c t ,  T rans .  
AGU 53, 347 (1972) .  

40 .  F o r  g e n e r a l  i n f o r m a t i o n  and r e f e r e n c e s  t o  work b e f o r e  1973,  s e e  the 
f o l l o w i n g :  El. L. Bender ,  D. G. Czlrrie, R. if. D i  clr.e, D. H. E c k h a r d t ,  
.J. E. F a l l e r ,  TJ. M. Kaula ,  > T .  9. Mul l lo l l a r~d ,  Fi. E. P l o t k i l l ,  
S .  K. P o u l t n e y ,  E, C.  S i l v e r h e r g ,  D.  T. Wilk inson ,  J .  G .  W i l l i a m s ,  
and C .  0. A l l e y ,  "The Lunar L a s e r  Ranging Experirncnt ,"  S c i e n c e  -- 182,  
229 (1973) .  

41. For a d d i t i o n a l  r e f e r e n c e s ,  s e e :  "Lase r  Pleasurcments of t l ie  Lunar 
D i s t a n c e , "  i n  IAC Sect ior l  of U. S .  R e p o r t  t o  t h e  l!JC:C, T r a n s .  AC:U 
(1975) , ( t o  b e  p u b l i s h e d )  . 

4 2 .  P. L. Bender and E .  C .  S i l v e r h e r g ,  " P r e s e n t  T e c t o n i c  P l a t e  Ma t ions  
f rom Lunar Karzging," P r o c .  I n t .  Symp. on Recen t  C r u s t a l  I\Iovements, 
Z u r i c h  (1974) .  

4 3 .  P .  L. Bender,  D.  (:. C u r r i e ,  J .  D. Mulho l l and ,  and  J.  C:. Will.iams, 
" P r e l i m i n a r y  D e t e r m i n a t i o n  of t h e  E a r t h ' s  R o t a t i  011 f rorn Lunar  TAaser 
Range Measurements ,"  A b s t r a c t ,  T rans .  A(:U - 56 ,  1105 ( 1 9 7 4 ) .  

J. C. Savage and  W. TI. P r c s c o t r ,  " P r e c i s i o n  of GeodolkLe 1 ) i s r a n c e  
Measurements  f o r  D e t e r m i n i n g  F a u l t  Movemcn t s ,  " Inu r .  Geopliys. Res.  
78, 6001 (1973) .  - 
U. S . C:eodynamics Coinmit tee, i n  U. S, Program f o r  tlie Gcodynanlics 
P r o j e c t ,  N a t i o n a l  Acad. of  S r i . ,  Wash., D.C. (1973) ;  s e e  p a r t i c u -  
l a r l y  pp.  84 and 173 ,  

J. C.  h e n s ,  "T,aser A p p l i r a t i o n s  i n  Meteorology and Geology,"  i n  
L a s e r  A p p l i c a t i o n s ,  M. Ross ,  E d . ,  Academic P r e s s ,  New York (1971) ;  
p. 61. 

K. B. Earnshaw and E.  N .  Hernandez ,  "'L'wo-Laser O p t i c a l  D i s t a n c e -  
Measur ing  I n s t r u m e n t  that  C o r r e c t s  f o r  t l ie  At i r~ospl le r ic  I n d e x  of  
R e f r a c t i o n , "  Appl. O p t i c s  -7 11 749 (197%) .  

E. N. Hernandez and K .  X. Rarnshzw, " F i e l d  T e s t s  o f  a Two-Laser 
(4416A and 6 3 2 8 8 )  O p t i c a l  : ) is tancc-Measur ing Lnst rument C o r r e c t i n g  
f o r  t h e  Atmosphe r i c  I n d e x  of  R ~ f r a c t i o n , "  J o u r .  Ccophys.  1Rc.s. -- 7 7 ,  
6994 (1972) .  

C.M.B. B o u r i c i u s  and K. 6 .  Earnshaw, "Results of F i e l d  T e s t i n g  a 
Two-Wavelength O p t i c a l  Dis tance-Measur ing  l n s  t rurnent  ," .Tour. 
Ceophys. R e s .  - 79 ,  3015 (1974) .  

G .  R .  Huggett and L .  E. S l a t e r ,  "A 'Three-Wavclcngtli D i s t ance -  
Measur ing  I n s t r u m e n t :  Theory  and I n s t r u m e n t  O p e r a t i o n , "  ( A b s t r a c t ) ,  
T r a n s .  ACU 56,  1104 (1974) . - 
L. F,. Slater and G. R .  l l u g g c t t ,  "A Three-\ \ lavelength D i s t a ~ l c c  - 
Measur ing  Ins tumen t :  F i c l d  T e s t s , "  ( A b s t r a c t ) ,  T rans .  h(.:U . 5 6 ,  -- 
1104 (1974) .  



52.  M.  C .  Thompson, J r . ,  L. E .  Wood, and J. Levine;  P r i v a t e  communica- 
t l o n  . 

53. T. Honkasalo,  "Report of I A G  Special Study Group No. 3.37 on S p e c i a l  
Techniques of Grav i ty  ~ b a s u r e m e n t s ,  " I n t e r n a t i o n a l  G r a v i t y  
Commission, P a r i s  (1974);  s e e  S e c t l o n s  2 and 3.1. 

54.  U.S.  Geodynamics C o d t t e e ,  l oc .  c i t . ,  p .  152 .  

55. J .  A. Hammond and J .  E, F a l l e r ,  " R e s u l t s  of Absolute  G r a v i t y  Deter- 
mina t ions  a t  a Number of D i f f e r e n t  S i t e s , "  Jour .  Geophys. Res. 76, 
7850 (1971).  

56. J. A. Hammond and J .  E .  Fa l le r ,  "A L a s e r - I n t e r f e r o m e t e r  System f o r  
the  Absolute  Determinat ion of t h e  A c c e l e r a t i o n  due t o  G r a v i t y , "  
i n  Proc.  I n t .  Conf. on P r e c i s i o n  Measurement and Fundamental Con- 
s t a n t s ,  Nat. Bur. Stand.  Spec. Publ .  343, D. N. Langenberg and 
B.  N. Taylor ,  E d s . ,  U.S. Gov. P r i n t i n g  O f f i c e ,  Wash., D.C.  (1971);  
p.  457.  

57. A, Sakuma, " ~ e c e n t  Developments i n  t h e  Absolute  Measurement of 
G r a v i t a t i o n a l  A c c e l e r a t i o n , "  i b i d ,  p. 447. 

58, A. Sakuma, "A Permanent S t a t i o n  f o r  t h e  Absolute  De te rmina t ion  of g 
Approaching 1 Microgal  Accuracy," Proc.  Symp. on E a r t h ' s  Grav i ta -  
t i o n a l  F i e l d  and S e c u l a r  V a r i a t i o n s  i n  P o s i t i o n ,  Sydney (1973).  

59. T. Honkasalo,  l a c .  c i t . ;  s e e  S e c t .  3.4. 

60, C .  A. Lundquis t ,  "Nature of the Requirements f o r  Refe rence  Coordi- 
nare Systems," Proc .  Tnt .  Col loq.  on Refe rence  Coord ina te  Systems 
f o r  Ear th  Dynamics-TAU Colloq . No. 26 ,  Torun, Poland, hug. 26-31, 1974. 

61. G. Vcls,  "General  P r i n c i p l e s  f o r  t h e  R e a l i z a t i o n  of Refe rence  
Systems f o r  E a r t h  Dynamics," i b i d .  

6 2 .  P .  Melchoir ,  " R e l a t i o n s h i p s  Between D i f f e r e n t  Systems," i b i d .  

63. P .  L. Bender, "Reference Coord ina te  System Requirements f o r  Geo- 
p h y s i c s ,  " i b i d .  

64 .  I .  I. Muel le r ,  "Review of Problems Assoc ia ted  w i t h  Convent ional  
Geodet ic  Datums , I 1  i h i d .  

65. J .  Kovalcvsky, "Some Problems Re la ted  t o  t h e  O e f i n i t i o n  of Refer-  
ence Systems," i b i d .  Lunar rang ing  can h e  thought  of as g i v i n g  l n -  
fo rmat ion  on UT1, p o l a r  motion,  and n u t a t i o n  w i t h  r e s p e c t  t o  t h e  
p lane ta ry-p lus - lunar  dynamical  system, r a t h e r  than  w i t h  r e s p e c t  t o  
t h e  Ear th-Moon s y s  tem as d e f i n e d  by Kovalevsky . 

66. J .  D.  Yu lho l land ,  "Coordi.nate Systems I n  Lunar Ranging," i b i d .  The  
"equinox problem" r e f e r r e d  t o  a p p a r e n t l y  can be  removed, excep t  f o r  
comparisons wit11 c l a s s i c a l  o b s e r v a t i o n s ,  by u s i n g  t h e  mean l o n g i t u d e  
of t h e  sun a t  a p a r t i c u l a r  epoch a s  t h e  o r i g i n  f o r  one c o o r d i n a t e .  

67 .  D .  E ,  Smith,  p r i v a t e  communica~tion. 



68. .f. D. Muli-lolland, P .  3.  %elus ,  arid E. C. Si lverqerg ,  p r iva ' t e  
communication. 

70, 2 ,  L. &ndr:r, l l f ios;)ec,Ls f o r  Rapid Reali.eat,ion of' a Quasi-Earth- 
Fixed Courdina t ,~  Syst,crn, I '  Proc, IAU Colloq. No. 26 - Reference 
Cnordi~late Sys'Lems -for Earth Wla;ni.cs, ' I ' D I . ~ ~ ,  Polariii, h.ug. 26-31 
(1974 ) . 

72. Arirlual Report of t,hr Birrcau In t e r r l a t i ona l  t i ?  l lHel l re ,  Bureau Int,er- 
nat ional  dc l l H c u r c ,  l 'aris (1960-1371). 

r/-3. G ,  R, Eluggett and L. 3 .  S l a t e r ,  "Prec-i:; ion Elect,rnrnagne'tic Distance- 
measuri.ng Tnstru.119cnt for k t e r m i n i n g  S e c ~ l l a ~ .  ,:,train and F a u l t  Move- 
rncnt,, " Proceedings Ini; '1. ,Ty:nposium or1 Recent C ~ u s t a l .  Mover:ier-its, 
Z~ir-ich (19'74). 



QUESTION A N D  ANSWER PERIOD 

MR. KEArl'ING: 

Mr. Keating, Naval Observatory. 

I hcurd a lot about accuracy here, one centimeter, five centimeters. Yet, I 
heard nothing about the systematic e r r o r s  you rnjght have. In particular, the 
velocity of light. 

Recently, I ran across two radio astronomers. One was using n velocity of 
light which was recently obtained by the NBS, and the other one was using an- 
other one which was almost one kilometer different from the recent NBS value. 
I don't quite understand how onc can speak of accuracy undcr such circumstnnces. 
Really, you mean differential precisjon, cion'l you'? 

DR. BENDER: 

No, I don't. In talking about accuracy for distance measurements, one has to 
specify what the standard is for the meter,  for the length. Actually, the Inter- 
national Astronomical Unjon a yea r ago recomrnendetl tlln t in all  a s  tronornical 
measurements of very high precision, a particular new value thnt had been 
rccoimmended for such use by tlic consultntivc commiltcc on the definition of the 
meter bc used s o  thnt there wozlld be no problem whatsoever i n  the comparisons 
of results obitlined by different investigators because of the uncertainty in the 
speed of light. 

It is also recommended that when a new definition of the meter  is adopted, which 
hopefully will be within a few ycars,  this value of the speed of light will be r c -  
tained exactly. 

Now, whatthis amounts to is a rel'inementof the definition of the meter  so that it 
agrees within the precision with which the krypton meter  can be realized with the 
old defihitjon. However, it is in effect an auxiliary way of realizing the unit to 
better accuracy than the roughly 4 in  l o 9  that the krypton lamp is capable of 
giving. 

So I tlzink until rcccntly, there may havc k~cen such problems, but I believe thesc 
new measurements of the specd of light and the recommendations by the CCDM 
and the IAU really will remove this problem. It rcally is not a basic problcrn 
anyway except one of confusion because it is rcally the changes in djstance in 
whjch everyone is interested. The present n~casurements a r c  good to 4 in 109 
lo r  the speed of light, I don't Irnow of any mcasurcrnent where onc wants to use 
clistancc rneasurenlerits with higher accuracy than that other than just in a rela-  
tive sense. 



So I think tllcre a r e  really two answers. One is there is now a better spccd of 
light which is likely to survivc. And the sccond is the rnc:isurements a r e  
basically relative anyway. 

DR. REJ1E:R: 

Rccler, Fort  Monmouth. 

If thc mcasurernex~ls a r c  relative, 1 don't understanrl why you said whcn you 
showed the sljrle showing the Gnltlstoae and H:~ystacli rcsults with the trax~srwlittcu' 
on the moon ant4 you mentioned that some of the cleviations may have been due to 
a morlulntion of the transmitter,  ~ 1 1 y  ~ v o u l d  that come ina? 

I axn sorry.  Let nlc say I dirln't mean that tllc gcoclctic rnetlsurements point to 
point on the earth's surktce wcrc relative. 1 only mcant, for cxample, that i f  
you arc looking* a t  the distai~cc lo thc moon o r  to :I satellite where the basic 
quantity i s  the length to the moon, lt is really differbences in that distance to the 
moon which come into determining tllc distances betwccn stations on the earth's 
surface. Thc same is true for the satellite gcodesy. 

So that it is only relative j n  the sense that until we get the 4 111 10') for the ac- 
curacy of baseline determinatiorls on tile earth we wouldn't hxve lo worry cvcn 
if wc didn't know what the speed of light was, even i f  we clicln'l havc a better 
definition of the mctcr.  

nn. REnErr: 

Ilow does the mociulation ol thc transmitter come in that:' 

It is nothing fundamental a t  all; it i s  just a noise source that is present i n  the 
data that makes i t  look more noisy than it really is. 




