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ABSTRACT. The u s e f u l n e s s  of e x t r a t e r r e s t r i a l  t echn iques  and i n  
p a r t i c u l a r  l u n a r  laser r ang ing  i n  o b t a i n i n g  t h e  p o s i t i o n  of 
p o i n t s  on t h e  e a r t h ' s  s u r f a c e  w i t h  an  accuracy  of several 
c e n t i m e t e r s  is  now recognized .  The p o s i t i o n a l  i n fo rma t ion  
ob ta ined  i n  t h i s  way cannot  be unambiguously i n t e r p r e t e d  wi thou t  
a n c i l l a r y  s u r f a c e  measurements. The use  of a geodimeter w i t h  an  
accuracy  of 5 p a r t s  i n  l o 8  (over  a 50 km b a s e l i n e )  would permi t  
a l l  of  t h e  p o i n t s  w i t h i n  a r a d i u s  of  s e v e r a l  hundred k i l o m e t e r s  
around a r a n g i n g  s t a t i o n  t o  be  t i e d  t o g e t h e r  w i t h  c e n t i m e t e r  
level  accuracy ,  t he reby  e l i m i n a t i n g  any  l o c a l  phenomena t h a t  
could  b e  a s s o c i a t e d  w i t h  s i n g l e - p o i n t  s i tes and a t  t h e  same t i m e  
ex t end ing  t h e  coverage of e x t r a t e r r e s t r i a l l y  determined measure- 
ments. The u s e  of an a h s o l u t e  grav imeter  w i t h  a n  accuracy  of 
3 p a r t s  i n  l o 9  (which cor responds  t o  a h e i g h t  s e n s i t i v i t y  of 
about  1 cm) would serve as a check on v e r t i c a l  mot ions  and,  i n  
combination w i t h  e x t r a t e r r e s t r i a l l y  determined h e i g h t  d a t a ,  y i e l d  
in fo rma t ion  on i n t e r n a l  mass mot ions ,  The i m p l i c a t i o n s  of t h e s e  
ground-based measurement c a p a b i l i t i e s  f o r  e x t r a t e r r e s t r i a l l y  
determined p o s i t i o n  measurements are d i scussed .  
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The interpretation of extraterrestrially determined position 
measurements will require local measurements that tie the 
particular (single-point) site to the general surrounding region 
in order to separate region-wide effects from local phenomena. 
Accordingly, realization of a terrestrially determined local 
control for both vertical and horizontal movements is necessary 
for the understanding and interpretation of the extraterrestrial 
measurements. 
determining techniques are discussed here -- the use of a multi- 
wavelength geodimeter for horizontal control and the application 
of absolute gravity for vertical. Both can serve to complement 
as well as extend the coverage of extraterrestrially determined 
position measurements. 

Two different precision measurement position- 

The concept of measuring distances on the surface of the earth, 
using the time of flight of electromagnetic signals is not new. 
Indeed Galileo's two-lantern method for measuring the speed of 
light contained the germ of the idea that was basic to the 
subsequent development of many different geodimeters (or earth- 
measuring instruments) with widely varying accuracy and range 
capabilities. The instruments currently used by the Geological 
Survey (Savage and Prescott 1973) for example, have a range of 
about 35 km and an accuracy of a few parts in l o 7 .  The instru- 
ments use only a single optical wavelength so that ancillary 
measurements are required to determine the index of refraction. 
These measurements are made using an aircraft that flies along 
the path while the optical measurement is in progress. 

In an attempt to directly measure the index of refraction along 
the path, various multiple wavelength systems have been pro- 
posed (Wood 1971) .  All of these systems determine the index by 
measuring its dispersion, i.e., by measuring the difference in 
the optical paths at several wavelengths. The most sophisti- 
cated multiple wavelength system to date has been constructed by 
Huggett and Slater (1975). They report a standard deviation of 
about 5 x for short-term measurements and 1.3 x for 
long-term measurements over a 10 km path. The system required 
here would be an extension and improvement of this multi- 
wavelength idea. With it, ranges on the order of 50 km or more 
could be measured with an accuracy of a few parts in l o 8 .  This 
would represent a substantial improvement both in range and in 
accuracy over any currently available instrument, and, what is 
more important, would provide the type of horizontal measure- 
ment capability that will be required to understand and inter- 
pret measurements obtained using extraterrestrial techniques. 

The instrument would utilize three wavelengths (two one-way 
optical and one round-trip microwave) to measure directly the 
integrated index of refraction along the path due to dry air 
and water vapor, thus providing a determination of the physical 



MrASURLMl  NTS Ob TII€ POSITIONS 0 1  POINTS ON T H t  LARTH’S S U R r A C l  279 

d i s t a n c e  w i t h  no a n c i l l a r y  p a t h  measurements o t h e r  t han  t h e  
t empera tu re  a t  t h e  end p o i n t s .  Such a sys tem would en joy  
s e v e r a l  advantages  ove r  e x i s t i n g  s i n g l e  and m u l t i p l e  wave- 
l e n g t h  i n s t r u m e n t s  (Huggett and S l a t e r  1975, Earnshaw and 
Hernandez 1972 ,  Bour i c ius  and Earnshaw 1 9 7 4 ) .  Most of t h e  
advantages  are a r e s u l t  of t h e  one-way ( f o r  t h e  two v i s i b l e  
wavelengths) n a t u r e  of t h e  system. P r i m a r i l y ,  t h e  e f f e c t s  of 
atmosphere beam sp read ing  on s i g n a l  s t r e n g t h  f o r  a g iven  p a t h  
l e n g t h  would b e  reduced by a f a c t o r  of a t  least 1 6  and p o s s i b l y  
much more, depending on t h e  d e t a i l e d  c h a r a c t e r  of t h e  tu rbu lence .  
Thus a one-way sys tem w i l l  have a t  l eas t  a f a c t o r  4 g r e a t e r  
range  ( t o  t h e  e x t e n t  t h a t  two-way systems are l i m i t e d  by t h e  
number of photons r e c e i v e d  back  a t  t h e  t r a n s m i t t e r  -- a l i m i t a -  
t i o n  which i s  ext remely  impor tan t  i n  any two-way sys tem) .  

The main d i sadvan tage  of t h e  one-way system is  t h a t  t h e  re- 
c e i v i n g  end i s  n o t  as  e a s i l y  t r a n s p o r t e d  as i t  would b e  i n  a 
two-way system, and because  of t h i s  i t  is  probably  u n r e a l i s t i c  
t o  employ m u l t i p l e  r e c e i v e r s  as can  be  e a s i l y  done w i t h  two-way 
sys tems.  Synchron iza t ion  of t h e  modula tors  a t  t h e  two ends is 
a n  a d d i t i o n a l  compl i ca t ion ,  b u t  p r e s e n t s  no real  t e c h n i c a l  
p r  ob 1 em. 

An ins t rumen t  w i t h  t h i s  r ange  and accu racy  c a p a b i l i t y  ( i - e . ,  
b e t t e r  t h a n  50 km range  w i t h  an  accu racy  of a few p a r t s  i n  l o8>  
would be u s e f u l  f o r  s e v e r a l  d i f f e r e n t  i n v e s t i g a t i o n s .  Of par -  
t i c u l a r  concern  h e r e ,  t h e  in s t rumen t  would b e  most u s e f u l  as an 
a d j u n c t  t o  t h e  extraterrestrial  g e o d e t i c  t echn iques .  For 
example, a d e t e r m i n a t i o n  of t h e  motion of t h e  P a c i f i c  p l a t e  w i l l  
s h o r t l y  beg in  u s i n g  t h e  l u n a r  r ang ing  s t a t i o n s  a t  Haleaka la  and 
at  McDonald Observa tory  i n  Texas. A necessa ry  p a r t  of t h i s  
program w i l l  b e  t h e  measurement of any p o s s i b l e  motions of t h e  
Haleaka la  s i t e  w i t h  r e s p e c t  t o  t h e  o l d e r  i s l a n d s  t o  t h e  n o r t h -  
w e s t .  A series of l i n e s  from Haleaka la  to Oahu, f o r  example, 
would span a d i s t a n c e  of  o r d e r  170  km which must be  measured t o  
about  1 c m  (cor responding  t o  a n  accuracy  of 6 p a r t s  i n  l o 8 >  i n  
o r d e r  f o r  t h e  f u l l  c a p a b i l i t y  of t h e  l u n a r  r ang ing  sys tem t o  be 
r e a l i z e d .  Furthermore,  t h e  measurement would have t o  c o n s i s t  of 
s e v e r a l  l i n e s ,  t h e  l o n g e s t  of which might have t o  be as long  a t  
70 km (from Nuuanu P a l i  on Oahu t o  Puu Nana on Molokai).  Thus 
b o t h  t h e  f u l l  accuracy  c a p a b i l i t y  and t h e  f u l l  range  c a p a b i l i t y  
of t h e  in s t rumen t  be ing  d i s c u s s e d  would be necessa ry .  The in -  
s t rument  would a l s o  be u s e f u l  t o  t i e  McDonald Observa tory  and 
t h e  o t h e r  s i tes involved  i n  t h e  NASA v a l i d a t i o n  program 
(Goldstone o r  Haystack, f o r  example) t o  r e f e r e n c e  p o i n t s  which 
may be  from 100 t o  200 km away. 
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A second major area i n  which t h e  proposed measurements would 
complement e x t r a t e r r e s t r i a l  g e o d e t i c  t echn iques  is  i n  t h e  g e n e r a l  
f i e l d  of geodynamics. Within t h e  nex t  f i v e  y e a r s  o r  so a read- 
ju s tmen t  of t h e  North American Geodet ic  Network w i l l  be made. I n  
t h e  c o n t i n e n t a l  U.S. t h e r e  w i l l  be  about  100 fundamental  c o n t r o l  
p o i n t s  spaced roughly  300 km a p a r t .  These p o i n t s  are c u r r e n t l y  
be ing  determined w i t h  a c c u r a c i e s  of 1 t o  2 m e t e r s  u s i n g  t h e  
Doppler s a t e l l i t e  t echn ique .  However, an  accu racy  of 3 cm 
appea r s  t o  b e  a c h i e v a b l e  u s i n g  a combination of l u n a r  r ang ing ,  
sa te l l i t e  r a n g i n g  and v e r y  l o n g  b a s e l i n e  r a d i o  i n t e r f e r o m e t r y .  
Many geodynamically s i g n i f i c a n t  measurements can  be made w i t h  
r e s p e c t  t o  t h e s e  p o i n t s .  Impor tan t  q u e s t i o n s  t h a t  need t o  be 
addressed  i n c l u d e  t h e  o v e r a l l  rates of  t e c t o n i c  movements i n  t h e  
i n t e r i o r  of l i t h o s p h e r i c  p l a t e s ,  i n c l u d i n g  p a r t i c u l a r l y  t h e  
s t r a i n  rate i n  t h e  Bas in  and Range p rov ince ,  and whether improved 
g e o d e t i c  measurements w i l l  show s t r a i n  accumula t ion  n e a r  t h e  
si tes of p rev ious  l a r g e  ea r thquakes  i n  t h e  e a s t e r n  U.S. and 
M i s s i s s i p p i  Va l l ey  (NAS 1973) .  A r eason  f o r  i n c r e a s e d  emphasis 
on  c r u s t a l  movements i n  p l a t e  i n t e r i o r s  comes from r e c e n t  ev i -  
dence based on l e v e l i n g  d a t a  f o r  r e l a t i v e  v e r t i c a l  movements of 
up t o  1 . 5  cm/yr between t h e  A t l a n t i c  Coast and areas w e s t  of t h e  
Appalachians (Brown and O l i v e r  1976).  I f  there are v e r t i c a l  move- 
ments of t h i s  magnitude, i t s e e m s u s e f u l t o d e t e r m i n e w h e t h e r  a s so -  
c i a t e d  h o r i z o n t a l  movements are a l s o  p r e s e n t .  Th i s  w a s  n o t  pos- 
s i b l e  earl ier because  of t h e  r e l a t i v e l y  low accuracy  of hor izon-  
t a l  measurements compared w i t h  v e r t i c a l  measurements as  d e t e r -  
mined by l e v e l i n g ,  bu t  t h e  e x i s t e n c e  of such  a geodimeter would 
make h o r i z o n t a l  measurements much more r e l i a b l e .  

Although much work i n  s e i s m i c  zones can  be done u s i n g  e x i s t i n g  
t e c h n i q u e s ,  d e t e r m i n a t i o n  o f  t h e  s t r a i n  accumula t ion  a t  sites 
a l o n g  t h e  San Andreas f a u l t  sys tem u s i n g  e x i s t i n g  g e o d e t i c  in- 
s t rumen ta t ion  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  
l e n g t h s  o v e r  a pe r iod  of a t  l eas t  5 y e a r s  (Savage and P r e s c o t t  
1973) .  T h i s  t i m e  could  be sho r t ened  by a f a c t o r  of about  5 if 
t h e  measurements are made a c c u r a t e  t o  5 p a r t s  i n  l o 8 .  I n  addi -  
t i o n ,  h igh  accuracy  measurements ove r  a zone ex tend ing  a t  l eas t  
100 km from t h e  f a u l t  zone a t  v a r i o u s  t i m e s  a f t e r  a major e a r t h -  
quake would b e  v a l u a b l e  i n  de t e rmin ing  t h e  f a u l t  p l a n e  motion 
v e r s u s  t i m e .  I f  post-quake c r e e p  occur s  a t  d e p t h ,  q u a n t i t a t i v e  
in fo rma t ion  on i t  should  be o b t a i n a b l e  from t h e  t i m e  h i s t o r y  of 
t h e  c r u s t a l  d i sp l acemen t s .  

F i n a l l y ,  t h e  e x i s t e n c e  of such  a n  in s t rumen t  would make i n t e r -  
media te  d i s t a n c e  geodesy ( l i n e s  less than  a few hundred k i l o -  
meters long)  f a s t e r  and cheape r  s imply  because fewer measurements 
would be r e q u i r e d .  
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V i r t u a l l y  a l l  ou r  p r e s e n t  unde r s t and ing  of v e r t i c a l  c r u s t a l  move- 
ments rests on long-term g e o l o g i c a l  ev idence  o r  on inc remen ta l  
ev idence  developed from l e v e l i n g .  
b i l i t i e s ,  however, now e x i s t  t h a t  would pe rmi t  "real-time" obser -  
v a t i o n  of v e r t i c a l  d i sp l acemen t s  a t  t h e  1 cmlyr l e v e l  a t  wide ly  
s e p a r a t e d  l o c a t i o n s  wi thou t  t h e  need f o r  measurements a t  i n t e r -  
media te  p o i n t s .  

S i g n i f i c a n t  measurement capa- 

The extraterrestrial  t echn iques  w i l l  on ly  y i e l d  ver t ica l  h e i g h t  
i n fo rma t ion .  The measurement of g r a v i t y  p rov ides  a cor responding  
mon i to r ing  t echn ique  t h a t  is s e n s i t i v e  t o  a combination of ve r -  
t i c a l  motion and m a s s  r e d i s t r i b u t i o n s  i n s i d e  t h e  e a r t h .  I n  e f -  
f e c t  g r a v i t y  p rov ides  a v e r t i c a l  r e f e r e n c e  t i e d  t o  t h e  c e n t e r  of 
m a s s  of t h e  e a r t h  which can t e l l  u s  i f  t h e  combination of ele- 
v a t i o n  and l o c a l  m a s s  d i s t r i b u t i o n  is  s t a b l e .  

A s  a r e s u l t ,  t h e  combination of g r a v i t y  measurements and e x t r a -  
t e r r e s t r i a l l y  determined h e i g h t  i n fo rma t ion  shou ld ,  over  a pe r iod  
of y e a r s ,  p rov ide  in fo rma t ion  on t h e  rates of v e r t i c a l  t e c t o n i c s  
and i s o s t a t i c  ad jus tmen t s  w i t h i n  t h e  l i t h o s p h e r e  and upon t h e  
magnitude of mass changes t h a t  may accompany s e c u l a r  changes i n  
t h e  g r a v i t y  f i e l d .  The e s t a b l i s h m e n t  and use  of t h e s e  t echn iques  
t o  i d e n t i f y  and i n t e r p r e t  s t r u c t u r a l  models of t h e  o u t e r  l e v e l s  
of t h e  e a r t h  would be impor tan t  t o  ou r  unde r s t and ing  of t h e  
mechanisms by which s u r f a c e  f e a t u r e s  of t h e  e a r t h  are formed. 
The succeeding  measurements of v e r t i c a l  dynamics and i s o s t a s y  
should p rov ide  t es t s  of v a r i o u s  i n t e r p r e t a t i o n s  ob ta ined  from 
s t r u c t u r e  models and a n a l y t i c a l  s t u d i e s  of t h e  g r a v i t y  f i e l d .  

The main l i m i t a t i o n  on t h e  i n t e r p r e t a t i o n  of g r a v i t y  changes 
probably  w i l l  come from t h e  compl i ca t ing  m a s s  motions t h a t  can 
occur .  
o r  d i s c h a r g e s  o f  deep a q u i f e r s  can occur  over  long  p e r i o d s  of 
t i m e ,  w h i l e  changes i n  t h e  l o c a l  w a t e 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 i m e  scale.  Thus, t h e  u s e  of g r a v i t y  v a r i a t i o n s  would 
r e q u i r e  t h a t  s u p e r f i c i a l  g e o l o g i c a l  e f f e c t s  such  a s  changing 
water t a b l e s  be s u b t r a c t e d  on t h e  b a s i s  of d i r e c t  measurement, 
d i f f e r e n t i a l  g r a v i t a t i o n a l  measurements, o r  d i f f e r i n g  charac-  
t e r i s t i c  f r e q u e n c i e s .  

Hor i zon ta l  motions of mater ia l  w i t h i n  t h e  aes thenosphe re  

To check on t h e  e x t r a t e r r e s t r i a l l y  determined v e r t i c a l  h e i g h t  
changes ,  g iven  t h a t  t h e  rate i s  of o r d e r  1 cm/yr, r e q u i r e s  i n  
e f f e c t  a dc  gravimet ry  c a p a b i l i t y  w i t h  p a r t s  i n  lo9 l ong  t e r m  
measurement s t a b i l i t y  -- i n  e f f e c t  a requi rement  f o r  accu racy  as 
w e l l  as p r e c i s i o n .  With r e s p e c t  t o  t h i s  las t  r equ i r emen t ,  t h e  
f i e l d  of g r a v i t y  is  perhaps  unique  i n  t h a t  one h a s  t h e  c a p a b i l i t y  
f o r  a b s o l u t e  i n s t r u m e n t s  w i t h  a c c u r a c i e s  equa l  t o  t h e  p r e c i s i o n  
of t h e  b e s t  re la t ive i n s t r u m e n t s  (g rav ime te r s ) .  
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The t e c h n i c a l  b a s i s  f o r  t h i s  rests on t h e  methods of Sakuma 
(1971,1973,1974), F a l l e r  (1965,1967),  Hammond and F a l l e r  (1971a, 
1971b) and F a l l e r  and Hammond (1974) f o r  t h e  f r e e - f a l l  d e t e r -  
mina t ion  of g. I n  b r i e f ,  s i n c e  "g" -- t h e  a c c e l e r a t i o n  of 
g r a v i t y  -- i n v o l v e s  t h e  dimensions of l e n g t h  and t i m e  (LT-2), an 
a b s o l u t e  d e t e r m i n a t i o n  n e c e s s a r i l y  r e q u i r e s  t h a t  b o t h  l e n g t h  and 
t i m e  be measured on a n  a b s o l u t e  b a s i s .  An i n t e r f e r o m e t e r  con- 
v e n i e n t l y  l e n d s  i t s e l f  t o  a l e n g t h  measurement i n  terms of t h e  
wavelength of l i g h t ,  and,  a t  t h e  same t i m e ,  pe rmi t s  an e f f e c t i v e  
u t i l i z a t i o n  of present -day  technology i n  t h e  measurement of t i m e .  

These f r e e - f a l l  methods u s e  one element of an  o p t i c a l  i n t e r -  
fe rometer  as t h e  dropped o b j e c t .  S t a b i l i z e d  lasers p rov ide  t h e  
r e q u i r e d  b r i g h t n e s s  and coherence  t o  ach ieve  h i g h - q u a l i t y  
f r i n g e s  ove r  t h e  r e q u i r e d  ha l f -meter  o r  so dropping  d i s t a n c e .  
The problem a s s o c i a t e d  w i t h  t h e  u s e  of an  i n t e r f e r o m e t e r ,  t h e  
extreme s e n s i t i v i t y  of t h e  p a t t e r n  t o  t h e  p a r a l l e l i s m  of t h e  
p l a t e s ,  i s  circumvented by u s i n g  c o r n e r  cubes  r a t h e r  t han  p l ane  
m i r r o r s  f o r  r e f l e c t o r s .  The s igna l - to -no i se  r a t i o  is  such  t h a t  
i t  pe rmi t s  t h e  dynamic l e n g t h  measurement t o  be  made t o  b e t t e r  
t h a n  A/100. The t i m e  base  i s  ob ta ined  from h i g h l y  s t a b l e  c r y s t a l  
o s c i l l a t o r s .  U t i l i z a t i o n  of high-speed e l e c t r o n i c s  r e s u l t s  i n  
t iming  a c c u r a c i e s  of b e t t e r  t han  a nanosecond. 

F i n a l l y ,  r e c e n t  work by a g radua te  s t u d e n t  a t  J I L A ,  Robert  
R inke r ,  h a s  r e s u l t e d  i n  s u b s t a n t i a l  p r o g r e s s  toward t h e  develop- 
ment of a new t y p e  of l ong  pe r iod  (T> 40 s e c )  suspens ion  f o r  
i s o l a t i n g  t h e  r e f e r e n c e  m i r r o r  ( co rne r  cube) i n  t h e  i n t e r f e r o -  
meter from a l l  background d i s t u r b a n c e s .  Improvements h e r e  over  
t h e  i s o l a t i o n  methods a v a i l a b l e  i n  t h e  p a s t  should  make i t  pos- 
s i b l e  t o  a c h i e v e  a few p a r t s  i n  l o 9  accuracy  l e v e l  i n  a f i e l d -  
t y p e  in s t rumen t .  

Such a b s o l u t e  i n s t r u m e n t s  could  be  used f o r  d r i f t  c o n t r o l  on t h e  
less expens ive  La  Coste-type r e l a t i v e  in s t rumen t s  as  w e l l  as a 
d i r e c t  monitor a t  some c r u c i a l  l o c a t i o n s .  The e x i s t e n c e  of t h i s  
t ype  of g r a v i t y  c a p a b i l i t y  would, i n  a d d i t i o n  t o  complementing 
t h e  e x t r a t e r r e s t r i a l  methods i n  t h e  s t u d y  of t e c t o n i c  deformat ion ,  
prove  v a l u a b l e  i n  t h e  areas of ea r thquake  p r e d i c t i o n ,  geothermal 
e x p l o r a t i o n ,  vo lcano  s u r v e i l l a n c e ,  and s t u d i e s  of subs idence  
d e t e c t i o n  ove r  geopressured  areas. 

Though i n  t h e  p a s t  v e r t i c a l  h e i g h t  i n fo rma t ion  w a s  c h i e f l y  de- 
r i v e d  from l e v e l i n g  d a t a ,  t h e  c o s t  pe r  k i lome te r  of l e v e l i n g  i s  
h igh  ( C a s t l e ,  Church and E l l i o t t  1976) .  Thus, g r a v i t y  o f f e r s  an 
economical t o o l  f o r  i n i t i a l  r econna i s sance  as w e l l  as t h e  h igh  
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(centimeter-level) sensitivity required to complement that of 
the extraterrestrial techniques. 

In conclusion, the extraterrestrial methods that yield horizontal 
position information, as well as vertical height information, are 
seen to be complemented by geodimeter horizontal distance measure- 
ments and gravity-determined vertical height data. As measure- 
ment c a p a b i l i t i e s  now equal the l e v e l  a t  which geophysical t h i n g s  
are happening, the utilization of these new methods and tech- 
niques (both extraterrestrial and terrestrial) to study, under- 
stand, and disentangle the variety of effects should make for an 
exciting next decade of study of the earth on which we live -- 
an era in which direct crustal movement measurements in geo- 
physics should come of age. 
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