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ABSTRACT 

New extra-terrestrial techniques f o r  geodesy and 
geodynamics inc lude  laser range measurements t o  
the  moon or  t o  a r t i f i c i a l  satell i tes,  Doppler 
measurements with the  Trans i t  sa te l l i te  system, 
and both independent-clock and linked-antenna 
microwave interferometry.  The ways i n  which 
PTTI measurements are used i n  these techniques 
w i l l  be reviewed, and t h e  accurac ies  expected 
during the  lat ter half of t he  1970's w i l l  be 
discussed. A t  least 3 of the  techniques appear 
capable of giving accuracies of 5 cm o r  b e t t e r  
i n  each coordinate f o r  many po in t s  on the  Earth 's  
surface,  and comparable accuracies f o r  t he  Earth 's  
r o t a t i o n  and polar  motion. For f ixed  s t a t i o n s  o r  
f o r  sites a few hundred km apa r t ,  base l ine  lengths 
accurate t o  1 cm may be achieved. Ways i n  which 
the complementary aspects of t h e  d i f f e r e n t  techniques 
can be explo i ted  w i l l  be discussed, as w e l l  as how 
they t i e  i n  with improved ground techniques f o r  
determining c r u s t a l  movements. Some recent  r e s u l t s  
from the  e x t r a - t e r r e s t r i a l  methods w i l l  be mentioned. 

INTRODUCTION 

Since t h e  mid-1950's a t r u e  revolution i n  our understanding of the  
Earth has taken place. 
s c i e n t i s t s  have come t o  regard t h e  p l a t e  tec tonics  theory as a major 
unifying concept i n  descr ib ing  t h e  dynamical fo rces  which have shaped 
t h e  Earth as w e  know it today. I th ink  that you are a l l  aware of the  
general  o u t l i n e  of t h i s  theory: t ec ton ic  p l a t e s  roughly 100 km th ick  
make up t h e  surface,  and they move about on a low-viscosity l a y e r  
perhaps 200 km th i ck  ca l l ed  t h e  aethenosphere. 
from the  "ridges" o r  "rises", usua l ly  i n  the  oceans, where new material 
coming up from the  mantle is  added onto t h e  p l a t e s .  Where two p l a t e s  
approach each o ther ,  one normally is pushed or  pulled down and pene- 
trates t o  depths of roughly 700 km i n  t h e  mantle before evidence of 
i t s  existance fades out. 

From the mid-1960's t h e  majority of e a r t h  

The plates move away 

The geological and geophysical record of the 
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p a s t  motions is  w r i t t e n  in  t h e  present  materials and p rope r t i e s  of 
the  p l a t e s ,  t h e  aesthenosphere, and the  upper mantle. 

W e  now know a g r e a t  d e a l  about the  average motions i n  the  p a s t ,  bu t  
unfortunately t h i s  i s  l i k e  having watched cakes of ice f l o a t i n g  on a 
swir l ing  body of water, and t ry ing  t o  understand what i s  happening 
from the  grindings,  d i s t o r t i o n s ,  and r e l a t i v e  motions of the  semi-rigid 
cakes. 
the  problem is  even more d i f f i c u l t .  
j u s t  what is  needed t o  determine t h e  present  motions and d i s t o r t i o n s  of 
the p l a t e s ,  and these methods a l l  involve Precise T i m e  and T i m e  Inter-  
v a l  techniques. 

I f  w e  are reduced t o  only knowing the  long term average motions, 
Better measurement methods are 

The new extra-terrestrial techniques are Doppler measurements wi th  the  
Trans i t  satell i te system, both linked-antenna and independent clock 
microwave interferometry,  and laser d is tance  measurements t o  the  moon 
and t o  a r t i f i c i a l  satellites. However, i t  appears t h a t  these  tech- 
niques w i l l  be very much complemented by new developments i n  ground 
measurement methods. 
modulated laser devices f o r  measuring point-to-point d i s tances  on the  
ea r th ' s  sur face  and of por tab le  high-precision gravimeters f o r  measur- 
ing  changes i n  g rav i ty  with t i m e  a t  a given point.  The fu tu res  of both 
types of ground measurements look very b r igh t .  
pected d i s t ance  accuracy of b e t t e r  than 1~10'~ over d is tances  of rough- 
l y  30 km, and the  o ther  enough expected accuracy t o  d e t e c t  g rav i ty  
changes due t o  1 c m  vertical motions. 

These are the  use of 2-wavelength microwave 

The f i r s t  has an ex- 

MICROWAVE INTERFEROMETRY AND DOPPLER TECHNIQUES 

One of t h e  important developments i n  geodesy recent ly  has been t h e  use 
of Doppler frequency s h i f t  measurements wi th  s igna l s  received from 
Trans i t  satellites t o  determine t h e  loca t ion  of over 200 po in t s  on the  
Earth's sur face .  These po in t s  now can be  used as a world-wide network 
of con t ro l  po in ts ,  which appear t o  have an accuracy of about 2 meters. 
The National Geodetic Survey now plans t o  make use of about 130 Doppler- 
determined po in t s  i n  North America as the  b a s i s  f o r  i ts  work on read- 
justment of t h e  North American Geodetic Network. The Doppler sa te l l i t e  
method has  been described i n  a number of and w i l l  no t  be 
described f u r t h e r  here. The main experimental l imi t a t ions  on accuracy 
come from inospheric e f f e c t s ,  because of the  r e l a t i v e l y  low transmitted 
frequencies which are used, and o r b i t  determination problems due t o  t h e  
f a i r l y  low a l t i t u d e s  of t he  satellites. Future developments expected 
with the  Global Pos i t ion ing  System are discussed later i n  t h i s  Meeting. 

I 
. .. 

Microwave interferometry promises t o  be a major source of information 
on geodynamics. Basically,  a comparison of t he  arrival t i m e s  of r ad io  
s igna l s  from a very d i s t a n t  source a t  two antennas gives the  component 
of t he  base l ine  vector between the two sites projected onto the  d i rec-  
t i on  toward the  source. Extra-galactic microwave sources fu rn i sh  the  
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s igna ls  f o r  most long-baseline work, with f luc tua t ions  i n  the  
emission i n  e f f e c t  providing the  events whose d i f fe rences  i n  a r r i v a l  
t i m e  are measured. Measurements w i th  a number of sources i n  d i f f e r e n t  
d i r ec t ions  g ive  the  vec tor  base l ine  between the sites. I f  the  two 
antennas are linked by cables o r  microwave transmission between them, 
then the  t i m e  d i f f e rence  can be determined d i r e c t l y .  I f  very long 
base l ines  are used, then u l t r a - s t ab le  independent clocks a t  the  two 
sites are employed, with d i f fe rences  i n  t h e  clock epochs and rates 
being solved f o r  from the  da ta .  

A major po in t  t o  be made i s  t h a t  atmospheric cor rec t ions  t o  the  micro- 
wave pa th  lengths  through the  troposphere are l i k e l y  t o  be the  l a r g e s t  
source of e r r o r  i n  f u t u r e  geodynamics measurements. I f  t h i s  i s  so, 
extending the  base l ine  lengths doesn't help very much over some range 
of d i s tances  because the  e r r o r s  i n  the  co r rec t ions  become less w e l l  
cor re la ted .  However, when the  separation i s  l a r g e  enough s o  t h a t  
l i t t l e  co r re l a t ion  is l e f t  anyway, o r  so  t h a t  one can obta in  accurate 
enough measurements of t he  atmospheric cor rec t ions  a t  the  sites inde- 
pendently, then the  r e s u l t i n g  l imi t a t ion  on f r a c t i o n a l  base l ine  
accuracy goes down wi th  increased base l ine  length.  For t h i s  reason, 
although very usefu l  r e s u l t s  have been obtained with l inked antennas, 
the  independent clock v a r i e t y  are l i k e l y  t o  be more important fo r  
geodynamics . 
Independent clock microwave interferometry,  o r  very long base l ine  
interferometry (VLBI) as i t  i s  usually ca l l ed ,  i s  discussed i n  depth 
later i n  the  Meeting. I w i l l  only say a few words about i t s  accuracy 
here. The most s t a b l e  frequency standards ava i l ab le  are needed f o r  
geodynamics work, as w e l l  as the use of two observing frequencies t o  
remove ionospheric e f f e c t s ,  ca re fu l  antenna c a l i b r a t i o n  procedures, and 
the  use of ex t ra -ga lac t ic  sources which show as l i t t l e  s t r u c t u r e  as 
poss ib le  mer long base l ines .  However, these considerations are r e a l l y  
f a c t o r s  i n  t h e  ease of making the  observations,  and hopefully w i l l  not 
a f f e c t  t h e  f i n a l  accuracy. 

The one accuracy l i m i t a t i o n  which i s  no t  shared with laser range 
measurement techniques i s  the  s e n s i t i v i t y  of t he  microwave propagation 
ve loc i ty  t o  w a t e r  vapor i n  the  atmosphere. This appears t o  requi re  the  
use of w a t e r  vapor monitoring a t  each antenna by means of microwave 
radiometers looking along t h e  l i n e  of s i g h t .  6 s 7 * 8  With t h i s  approach, 
an accuracy of a t  least 1 t o  2 cm i n  the  water vapor cor rec t ion  a t  any 
t i m e  f o r  v e r t i c a l  propagation through t h e  atmosphere appears t o  be 
achievable, and some experimental d a t a  on t h i s  question is  now avai l -  
able.' This l i m i t a t i o n  may be worse f o r  propagation a t  lower e leva t ion  
arigles, b u t  it should be recognized tha t  substant ia l  benefits  from averag- 
ing can be obtained f o r  many applications of the data. 
t o  l i e  mostly below 3 km i n  the atmosphere and t o  be rather  patchy i n  d i s -  
tr ibution, so tha t  averaging is probably more effect ive than f o r  the dry 
par t  of the atroosphere which affects  opt ical  observations. Also, t o  the 

Water vapor tends 
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extent that the water vapor distribution is horizontally stratified, it 
can be taken out at least partially from the observations themselves. 

A major advantage of t h e  VLBI approach compared wi th  laser range 
techniques i s  t h e  all-weather capab i l i t y  of t he  method, which means 
t h a t  observations can be  made a considerably l a r g e r  f r a c t i o n  of t h e  
t i m e  than with the  laser techniques. 

t o  accura te  determinations of UTI, polar  motion, and plate tec tonics  
measurements with f ixed  s t a t i o n s ,  t he  d e s i r a b i l i t y  of using mobile VLBI 
s t a t i o n s  t o  measure c r u s t a l  movements a t  a l a r g e  number of po in t s  on 
the Earth 's  sur face  has  been emphasized. 

A number of pa ers are now avail- 
. a b l e  which d iscuss  geodynamics appl ica t ions  of VLBX. I n  addi t ion  

LASER DISTANCE MEASUREMEXTS TO ARTIFICIAL SATELLITES AND THE MOON 

The beginnings of a new era i n  worldwide geodesy can be t i e d  t o  t h e  
in t roduct ion  of satell i te geodesy and, wi th in  the  U.S., t o  t he  s tar t  of 
t he  National Geodetic Satel l i te  Program. This program, which i s  now 
completed, 9-24 succeeded i n  ty ing  together many po in t s  throughout t h e  
world wi th  an accuracy of roughly 5 meters. 
mainly on angular pos i t ion  measurements of a r t i f i c i a l  satellites 
aga ins t  t h e  stars, although some Doppler measurements and laser d i s -  
tance d a t a  w e r e  included also. 

The r e s u l t s  w e r e  based 

It can be  shown t h a t  o p t i c a l  o r  electromagnetic d i s t ance  measurements 
are much less af fec ted  by atmospheric r e f r a c t i o n  unce r t a in t i e s  than are 
angle measurements. For t h i s  reason, laser d is tance  measurements t o  
s a t e l l i t e s  o f f e r  g rea t  improvements i n  geodetic accuracy over photo- 
graphic methods. However, i n  order t o  take advantage of t h e  improved 
measurement accuracy f o r  determining a worldwide network of fundamental 
reference poin ts ,  i t  i s  necessary t o  increase  t h e  sa te l l i t e  a l t i t u d e  
grea t ly .  This is  required i n  order t o  s t r i n g e n t l y  decrease the  per tur -  
bations on the  o r b i t ,  so t h a t  observations from d i f f e r e n t  ground sites 
a t  d i f f e r e n t  times can be tied together via accurate dynamical calcu- 
l a t i o n s  of t h e  o rb i t .  Even i f  nearly simultaneous observations from a 
number of ground s t a t i o n s  are used i n  order t o  reduce dependence on t h e  
o r b i t  computations, a high a l t i t u d e  s t i l l  is  necessary i n  order t o  
permit mutual v i s a b i l i t y  from widely separated sites. 

The Laser Geodetic Satellf te25 
by NASA i n  1976, is  intended t o  f i l l  the  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  satellite. 
c i r cu la r ,  wi th  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 
degrees. The satell i te is  as dense as poss ib le ,  subject t o  the  launch 
vehic le  weight l imi t a t ions  and the  sur face  area needed f o r  t he  des i red  
number of r e t r o r e f l e c t o r s .  It i s  completely passive and highly sym- 
metrical, and the  r e t r o r e f l e c t o r  arrangement i s  such t h a t  t he  geo- 
metrical o f f s e t  between the  center  of mass of t h e  satel l i te  and the  
average o p t i c a l  r e f l e c t i o n  poin t  is  accurately known. 

(LAGEOS) , which is scheduled f o r  launch 

The cur ren t ly  planned o r b i t  i s  near ly  
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Although a satel l i te  l i k e  LAGEOS i s  needed i n  order to  obta in  very high 
accuracy geodynamics r e s u l t s ,  a l a r g e  amount of work based on laser 
d i s t a n c e  measurements to  o ther  a r t i f i c i a l  sstell i tee a l ready  has been 
reported. G 3  When UGEOS is  available, the  d n  l i m i t a t i o n s  on 
determining c r u s r a l  movements and polar  motion probably w i l l  be: 
1) unce r t a in t i e s  i n  the  o r b i t  a t  t h e  t i m e  of t h e  measurements; 
2) u n c e r t a i n t i e s  in  the  atmospheric cor rec t ion  t o  the  measured round- 
t r i p  laser travel t i m e ;  and 3) systematic and statisrfcal e r r o r s  in  the 
t r a v e l  t i m e  measurement. The second l i m i t a t i o n  has  been considered by 
seve ra l  and a cor rec t ion  procedure based on t he  assump- 
t i o n  of hydros t a t i c  equilibrium seems very powerful. The water vapor 
e f f e c t  is  about 100 t i m e s  less than f o r  microwave measurements, and 
hor izonta l  g rad ien ts  i n  t h e  atmospheric conditions are l i k e l y  t o  con- 
t r i b u t e  less than 0.5 cm t o  the  uncertainty.  Deviations from hydro- 
s ta t ic  equilibrium are small under alinost a l l  condi t ions  when laser 
measurements are l i k e l y  t o  be made, and the o v e r a l l  atmospheric 
cor rec t ion  e r r o r  a t  e l eva t ion  angles of down to 20 degrees thus is 
l i k e l y  t o  be 1 cm or  less. The t h i r d  l imi t a t ion - t r ave l  t i m e  measure- 
ment uncertainty - already i s  10 cm or less even with laser pulse 
lengths of s eve ra l  nanosec. It seems l i k e l y  t o  be improved t o  0.1 
nanosec (i.e. 1.5 cm) or b e t t e r  when sub-nanosec pulse length lasers 
are used. The timing accuracy r e f e r r e d  t o  here i s  t h a t  of a 'hormal 
point" constructed from several minutes of data. 

For the  o r b i t  uncertainty l imi t a t ion ,  a s i m p l e  numerical value is 
d i f f i c u l t  t o  obtain. Simulations of geodetic measurements using LAGEOS 
are being ca r r i ed  out  a t  t h e  Smithsonian Astrophysical Observatory and 
the  Goddard Space F l i g h t  Center. 
concerning the  lower harmonics of t h e  Ear th ' s  g r a v i t a t i o n a l  f i e l d  from 
s tud ie s  of LAGEOS o r b i t  per turba t ions  o r  from o the r  satellites t o  a 
s u f f i c i e n t  ex ten t ,  t h e  main o r b i t  per turba t ion  which is l i k e l y  t o  
cause t roub le  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  the  
Earth's albedo r a d i a t i o n  pressure  on the  satellite. However, t he  
ex ten t  of the  build-up t n  o r b i t  uncer ta in ty  depends on the  d i s t r i b u t i o a  
i n  loca t ion  and t i m e  of range observations from a l l  of t he  s t a t i o n s  
p a r t i c i p a t i n g  i n  the  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  uncer ta in ty  w i l l  be less if t he  relative loca t ions  of several 
s t a t i o n s  wi th in  a l imi ted  geographical area are being determined r a t h e r  
than s t a t i o n  loca t ions  a l l  over t he  Earth. I n  any case, wi th  a 
s u f f i c i e n t  number of wel l -d is t r ibu ted  high-accuracy ground s t a t i o n s ,  
the  o r b i t  uncer ta in ty  l i m i t a t i o n  is no t  expected t o  be s u b s t a n t i a l l y  
worse than the  o ther  two l imi t a t ions .  

Once w e  have improved our knowledge 

For laser 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 the 
moon, 40-43 t h e  atmospheric and timing l imi t a t ions  are q u i t e  similar t o  
those f o r  ranging t o  a r t i f ic ia l  satellites. 
much higher, which is  c e r t a i n l y  an advantage. The l i b r a t i o n s  of t he  
moon about i t s  center  of mass appear t o  be modelable down t o  below the 
usual systematic measurement e r r o r  limits by f i t t i n g  d a t a  from 

The o r b i t  s t a b i l i t y  is 
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d i f f e r e n t i a l  measurements t o  the  d i f f e r e n t  r e f l e c t o r s .  

However, even i f  t he  lunar o r b i t  and l i b r a t i o n  unce r t a in t i e s  are negli-  
g ib le ,  and even i f  t h e  only objec t  w e r e  t o  determine c r u s t a l  movements, 
i t  would s t i l l  be  necessary t o  make frequent measurements from a number 
of f ixed  s t a t i o n s  i n  order t o  monitor v a r i a t i o n s  i n  the  Ear th ' s  rota- 
t i o n  and polar  motion. Present information ind ica t e s  t h a t  po lar  motion 
f l u c t u a t i o n s  are slower than those i n  ro ta t ion .  72 Thus how much less 
monitoring from f ixed  s t a t i o n s  is needed f o r  lunar  ranging than f o r  
TAGEOS may depend on haw l a rge  t h e  power spectrum of f luc tua t ions  i n  
the  Earth 's  r o t a t i o n  i s  a t  s h o r t  periods, compared with the  fluctua- 
t i ons  i n  the  unmodelable o r b i t  per turba t ions  f o r  LAGEOS. 

The main disadvantage of lunar  ranging for determining c r u s t a l m o t i o n s ,  
compared wi th  the  a r t i f i c i a l  satell i te method o r  VLBI, i s  connected 
with the  slow rate of dec l ina t ion  change f o r  t he  moon. Since the  
period f o r  dec l ina t ion  change is  27 days, a mobile lunar ranging 
s t a t i o n  has t o  s t a y  a t  one s i t e  f o r  perhaps 3 weeks, allowing f o r  
weather, i n  order t o  make measurements over t he  whole range of declina- 
t ions.  Measurements a t  d i f f e r e n t  dec l ina t ions  are necessary in order 
t o  determine a l l  3 components of t h e  s t a t i o n  loca t ion  accurately.  
Assuming t h a t  t he  u l t imate  measurement accuracy of the other techniques 
is  high enough s o  t h a t  the s a m e  s i te  coordinate accuracy can be deter-  
mined i n  a shor t e r  t i m e ,  lunar  ranging would be a t  a disadvantage i n  
terms of the  number of sites covered per  year per  mobile s t a t ion .  O n  
the  o ther  hand, i f  fewer f ixed  s t a t i o n s  are needed than f o r  satell i te 
ranging, i t  is  no t  c l e a r  how the  trade-offs would work out. A r e l a t e d  
disadvantage of lunar ranging i s  t h a t  one cannot ob ta in  a l l  3 coordi- 
na t e s  of t h e  s i te  with good accuracy f o r  s t a t i o n  loca t ions  above 45 t o  
50 degrees i n  l a t i t u d e .  The range of dec l ina t ions  ava i l ab le  with the  
moon a t  e l eva t ion  angles of 20 degrees o r  higher becomes too l imi ted ,  
and the  Z-axis coordinate accuracy i s  reduced. 

GROUND MEASUREMENT TECHNIQUES 

A t  p resent  t h e  main ground survey methods used i n  geodynamics s t u d i e s  
are accura te  point-to-point d i s tance  measurements wi th  modulated laser 
beams ( l a s e r  geodimeters) and classical leve l ing  f o r  vertical motions. 
The accuracy reported by the  National Geodetic Survey f o r  t h e i r  high- 
prec is ion  traverses, which cross the  U.S .  both north-south and east- 
w e s t  a t  roughly 1000 km i n t e r v a l s  t o  provide ove ra l l  hor izonta l  control,  
i s  1~10-~. These t r ave r ses  have been ca r r i ed  out  with laser geodi- 
meters, and t h e  main accuracy l i m i t a t i o n  i s  from uncer ta in ty  in t he  
atmospheric cor rec t ion  to t he  measured distances.  For a number of 
base l ines  ranging up t o  35 km i n  length i n  the western U.S., 
J. C. Savage and W. H. P re sco t t  of the  U.S .  Geological Survey have 
reported measurement prec is ions  equal t o  the  root-sum-square of 
2 ~ 1 0 ' ~  of the  length and a 3 mm cont r ibu t ion  independent of length.44 
This i s  achieved by f l y i n g  a i r c r a f t  along t h e  l i n e  of s i g h t  t o  measure 
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the atmospheric c h a r a c t e r i s t i c s .  However, Savage and P resco t t  state: 
"Even a t  t h i s  level of prec is ion ,  determination of t h e  s t r a i n  accumu- 
l a t i o n  a t  sites along the  San Andreas f a u l t  system w i l l  r equ i r e  annual 
observation of many l i n e  lengths  over a period of a t  least 5 years." 
The need f o r  increased ground measurement accuracy i s  a l s o  s t a t e d  
strongly by t h e  U.S. Geodynamics Committee.45 

Attempts t o  achieve higher accuracy by using two laser wavelengths, 
one i n  the  red and the  o the r  i n  the blue,  have been made a t  several 
labora tor ies .  Microwave modulation i s  used i n  order t o  achieve t h e  
h ighes t  poss ib le  accuracy i n  determining the  red-blue path difference.  
A cor rec t ion  propor t iona l  t o  the  measured path d i f fe rence  is  then 
applied i n  order t o  remove the e f f e c t  of t he  atmosphere. Work a t  NOAA 
with t h i s  type of device has been reported,  46-49 and more ex tens ive  
measurements have been obtained with an improved instrument developed 
by Huggett and Slater a t  t h e  Applied Physics Laboratory, University of 
Washington . Work is a l s o  under way a t  the  National Physical 
Laboratory i n  England. 
l y  are over fixed base l ines  of up t o  10 km near Seattle, and a micro- 
wave d i s t ance  system has been added i n  order t o  co r rec t  f o r  w a t e r  
vapor. 
the path, so t h a t  the  l i g h t  beams have t o  t r a v e l  bo th  ways over t he  
path. I f  improved signal-to-noise r a t i o s  are needed i n  order t o  
achieve the  geodynamically des i r ab le  goal of lx10m7 o r  b e t t e r  accuracy 
over pa ths  of roughly 30 km length,  an approach i n  which only one-way 
laser propagation i s  used may be needed. This would correspond t o  
having the  microwave modulator and demodulator a t  opposite ends of t he  
path, wi th  synchronization provided by a round-trip microwave l ink .  52 

The measurements by Huggett and Slater current- 

The present measurements use r e t r o r e f l e c t o r s  a t  the  f a r  end of 

It would be very des i r ab le  i f  g rav i ty  measurements could be used i n  
place of l eve l ing  as a monitoring technique f o r  v e r t i c a l  motions. 
i s  because t h e  c o s t  per km of l eve l ing  i s  high. It now appears t h a t  
r e l a t i v e  grav i ty  measurements with accuracies of 3 microgal or  b e t t e r  
are achievable wi th  e x i s t i n g  instrumentation. This means t h a t  t he  
s e n s i t i v i t y  is  s u f f i c i e n t  t o  de t ec t  relative v e r t i c a l  motions of 
roughly a cm i f  o ther  processes are not  going on. Such v e r t i c a l  
motions are expected i n  seismic zones from the  theory of dilatency. 
In  addi t ion ,  i n  connection wi th  the  i n t e r i o r s  of t ec ton ic  p l a t e s ,  the  
U . S .  Geodynamics Committee r e f e r s  t o  evidence f o r  widespread vertical  
motions a t  rates as high as a cm p e r  year,  and states:54 "The rates of 
v e r t i c a l  motion determined by leve l ing  surveys are so high t h a t  such 
motions cannot continue f o r  very long i n t e r v a l s  of t i m e .  
o s c i l l a t o r y  o r  ep isodic  movements occur." 
ing  a t  such motions, both l o c a l l y  and reg iona l ly ,  c e r t a i n l y  are de- 
sir able.  

This 

Perhaps 
Improved methods f o r  look- 

The main l i m i t a t i o n  i n  i n t e r p r e t i n g  g rav i ty  changes probably wil l  come 
from complicating mass motions which can occur. Horizontal motions of 
material within the  aesthenosphere can occur over long periods of t i m e ,  
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while changes i n  the  l o c a l  w a t e r  t a b l e  can o f f s e t  g rav i ty  on a s h o r t  
t i m e  scale. Thus, t h e  i n t e r p r e t a t i o n  is not  unique. However, s t a b l e  
grav i ty  measurements still  give evidence aga ins t  vertical motion, 
and l eve l ing  or other  techniques then can concentrate on making 
measurements where g rav i ty  is  changing. 

There a l s o  is a need f o r  po r t ab le  absolu te  gravimeters w i th  roughly 3 
microgal accuracy. 
v a r i a t i o n s  over l a r g e  areas and t o  provide scale c a l i b r a t i o n s  f o r  rela- 
t i v e  gravimeters. 
microgal accuracy w a s  developed by Hammond and F a l l e r ,  and measurements 
w e r e  made with i t  a t  8 sites i n  North America, Europe, and South 
America. s 5 9 5  A fixed-station gravimeter of accuracy approaching one 
microgal has been described by S a k ~ m a , ~ ~ , ~ *  so t h a t  accura te  checks on 
por tab le  instruments can be made. Recently j o i n t  French-Italian e f f o r t s  
have re su l t ed  i n  a por tab le  absolu te  gravimeter with 20 microgal 
accuracy. Further improvements t o  achieve the des i red  accuracy of 
about 3 microgal appear t o  be f eas ib l e .  I n  regions of long term eleva- 
t i o n  changes, i t  c l e a r l y  i s  important t o  understand how g rav i ty  is 
changing a l s o  i n  order t o  determine what is  going on. 

They are necessary both t o  d e t e c t  r eg iona l  g rav i ty  

A por tab le  absolu te  gravimeter with roughly 50 

G E O D Y N M C  aPPLICATIONS OF THE NEW TECHNIQUES 

I n  high accuracy geodynamics s tud ie s ,  one of the  problems w i l l  be how t o  
separa te  polar  morion 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  
observing s t a t i o n s .  The general  question of coordinate systems f o r  
geodynamics w a s  discussed a t  IAU Colloquium No. 26 i n  Torun, Poland. 
A general  view expressed w a s  t h a t  t he re  is a s t rong  need for a world- 
wide geophysical coordinate system which approximates t h e  motion of the  
s o l i d  p a r t  of t he  Earth as w e l l  as possible.60-64 
t ipp ing  of t h i s  frame aga ins t  an external reference frame, such as the  
planetary-plus-lunar dynamical frame 65 9 

frame,65 would determine what w e  mean by UT1, polar motion, and nuta- 
tion. General agreement seems t o  be developing t h a t  the  geophysical 
system should be defined i n  terms of a l a r g e  number of po in t s  through- 
out  the  world f o r  which geocentric coordinates are assigned, as w e l l  as 
assigned linear d r i f t  rates f o r  t h e  po in t s  based on the  b e s t  ava i l ab le  
geodynamic models. It has been suggested t h a t  updating of t he  models 
used would be needed a t  appropriate i n t e r v a l s  of perhaps several years ,  
as our understanding of c r u s t a l  movements improves. 6 3  

The r o t a t i o n  and 

o r  the  ex t ra -ga lac t ic  

With a t  least 3 of t he  new techniques, i t  appears f e a s i b l e  t o  determine 
the  loca t ions  of po in ts  over most of t h e  Ear th ' s  surface with an 
accuracy of 5 cm or b e t t e r .  Progress i n  this d i r e c t i o n  already is very 
impressive. For example, a satellite ranging experiment i n  1971 using 
long laser pulse lengths gave agreement f o r  two s t a t i o n s  25m a p a r t  t o  
about 4 c m  i n  each coordinate. A 1972 experiment with similar appar- 
a t u s  on a 900 km base l ine  across  t h e  S a n  Andreas f a u l t  i n  Ca l i fo rn ia  
gave a scatter of 30 cm i n  t h e  baseline length measurements, w i t h  much 
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of t h i s  presumably due t o  unce r t a in t i e s  i n  t h e  satell i te o r b i t .  
sub-nanosecond pulse  length  lasers and much b e t t e r  knowledge of satel- 
l i t e  o r b i t s  i n  the fu tu re ,  t h e  same base l ine  i s  expected t o  be recover- 
ab le  i n  d i f f e r e n t  years wi th  an accuracy of 1.5 S a t e l l i t e  laser 
ranging systems with 10 cm o r  b e t t e r  accuracy and 6 o r  f c m  rms 
single-pulse j i t ter  a l ready  are ava i lab le ,  and the scatter obtained on 
a t ranscont inenta l  base l ine  even with e x i s t i n g  satellites seems encour- 
aging.67 
3 cm o r  b e t t e r  i n  each coordinate f o r  determining the  loca t ion  of a 
mobile s t a t i o n  i n  most p a r t s  of t he  world. 42, 68 
measurements must a w a i t  t h e  a v a i l a b i l i t y  of da ta  from a second s t a t i o n  
besides McDonald. 

With 

For lunar ranging, s tud ie s  i n d i c a t e  an expected accuracy of 

However, base l ine  

For VLBI, a one meter scatter i n  base l ine  length  w a s  observed over a 
845 km base l ine  from Haystack t o  Greenbank wi th  da ta  from as ea r ly  as 
1969.1° 
each coordinate w a s  obtained f o r  3 runs made i n  1972.15 Measurements 
on the  3,900 km Haystack-Goldstone base l ine  gave an r m s  va r i a t ion  of 
less than 20 cm f o r  t he  base l ine  length f o r  9 separa te  experiments 
car r ied  out i n  1972 and 1973.13 
comparison wi th  survey r e s u l t s  f o r  a 300 m base l ine  between a por tab le  
9 m antenna and a fixed antenna i n  Ca l i fo rn ia  has given agreement i n  
each coordinate t o  wi th in  the  + 3 cm measurement uncer ta in ty . l8  An 
even more r ecen t  r e s u l t  f o r  t h e  1 . 2  km Haystack-Westford base l ine  
length gives an 0.6 cm r m s  s c a t t e r  f o r  5 measurements made over a 3 
month period, and an  agreement wi th  survey r e s u l t s  t o  0.5 cm. 69 
impressive t h a t  a l l  of these  r e s u l t s  have been obtained even without 
the  use of dua l  frequency capab i l i t y  and of water vapor radiometers, 
which w i l l  be added t o  the  e x i s t i n g  systems soon. 

For a 16  km base l ine  i n  Cal i forn ia ,  a 5 cm o r  less s c a t t e r  i n  

For very s h o r t  base l ines ,  a recent 

It i s  

The major cont r ibu tor  t o  polar motion determinations so f a r  among t h e  
new techniques i s  t h e  Doppler sa te l l i te  network. Normal v a r i a t i o n s  i n  
the polar  pos i t i on  are determined regular ly  every 2 days with an 
accuracy which i s  believed t o  be about 30 cm i n  each ~ o o r d i n a t e . ~  The 
r e s u l t s  are now being incorporated along with da t a  from the c l a s s i c a l  
techniques i n  the  BIH adjustments. Laser range measurements t o  satel- 
l i tes have been used to determine polar  motion t o  roughly one m e t e r  
accuracy , 27*  3 1 ,  34 while VLBI measurements have given comparable accur- 
acy f o r  po lar  motion and f o r  

Recently lunar  ranging d a t a  has been used to obtain preliminary 
individual-day checks on t he  B I H  values of UT0 (a combination of UT1 
and one component of po la r  motion) f o r  the McDonald Observatory on 153 
days.43 
ing, bu t  i t  should be remembered t h a t  t he  f r a c t i o n  of days on which 
s u f f i c i e n t  d a t a  w a s  a v a i l a b l e  from the  s i n g l e  s t a t i o n  is f a i r l y  small. 
A network of 6 fixed lunar  ranging s t a t i o n s  is expected to  be i n  oper- 
a t ion  by la te  1976, and hopefully da t a  from a similar VLBI network a l s o  
w i l l  be a v a i l a b l e  by then. 

The median accuracy of 22 c m  which w a s  achieved i s  encourag- 

Additional high-accuracy information on 
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polar motion and on shor t  period f luc tua t ions  i n  the  Earth 's  r o t a t i o n  
rate are expected from satell i te range measurements soon a f t e r  LAGEOS 
i s  launched. However, the  continuation of classical observations f o r  a 
decade longer is  needed i n  order t o  complete a ca re fu l  comparison of 
t he  methods. 

With the achievement of 5 c m  o r  b e t t e r  accuracy on a worldwide bas i s  
highly probable, i t  is  clear t h a t  a new era i n  geodynamidgeodetic 
measurement accuracy is  approaching. 
measure the pos i t i ons  of hundreds of con t ro l  po in ts  throughout the  
world wi th  as high accuracy as possible.  
i t  i s  d i f f i c u l t  t o  t e l l  j u s t  how l o w  the  cos t s  of using the  extra- 
terrestrial methods can be made, bu t  i t  seems c l ea r  t h a t  t he  separa- 
t i o n s  between the  fundamental geodynamic/geodetic con t ro l  po in t s  should 
be 300 km o r  less i n  most areas. 
be redetermined w i l l  depend on the l o c a l  conditions,  bu t  w i l l  be chosen 
so t h a t  t he  p robab i l i t y  of devia t ions  from l i n e a r  motion between 
measurements E*? more than t h e  measurement accuracy is small. Improved 
ground techniques a l s o  w i l l  be used t o  keep t rack  of more l o c a l  motions 
within geodynamically i n t e r e s t i n g  areas such as seismic zones o r  
regions of unusual v e r t i c a l  motions. 
changes are detected i n  a p a r t i c u l a r  area, both the  e x t r a - t e r r e s t r i a l  
methods and improved ground techniques can be used on a fast-response 
b a s i s  t o  f ind  out what i s  going on. 

The i n i t i a l  goal w i l l  be t o  

From our present vantage poin t  

The frequency with which po in t s  should 

When unexpected motions o r  g rav i ty  

It should be emphasized t h a t  a combination of t he  new techniques may be 
more e f f i c i e n t  f o r  rapid establishment of the des i red  worldwide geo- 
dynamiclgeodetic con t ro l  network than any one of the  techniques alone .70 
For example, one can think of f i r s t  using one technique t o  e s t a b l i s h  
and maintain 3 t o  6 fundamental re ference  po in t s  on each major p l a t e ,  
and then using another technique t o  e s t a b l i s h  the much l a rge r  additional 
n w l t e r  of reference poin ts  wi th in  a given p l a t e  which are needed. For 
the  f i r s t  p a r t  of t he  job ,  t he  most important f a c t o r  would be accuracy 
and r e l i a b i l i t y  over long d is tances .  An independent check by using a t  
least 2 of the  methods would be des i r ab le  f o r  t h i s  phase of t he  work. 
For the  second phase, a reg iona l  approach i n  which most of t h e  e f f o r t  
is  concentrated on a p a r t i c u l a r  continent or area for a certain period 
of t i m e  seems desirable.  For example, pu t t i ng  perhaps 6 mobile satel- 
l i t e  ranging s t a t i o n s  i n  one area, wi th  some of them a t  the  pre-deter- 
mined fundamental po in ts ,  would give minimum dependence of t he  r e s u l t s  
on unce r t a in t i e s  i n  the  satel l i te  o r b i t .  Although simultaneous 4- 
s t a t i o n  measurements would n o t  be  required, t he  in t ens ive  tracking over 
a l imi ted  region would give exce l l en t  knowledge of the  o r b i t  i n  t h a t  
region. I n  t h i s  way, the  des i r ab le  f ea tu res  of two or  more techniques 
could be u t i l i z e d  i n  a complementary way. 

During t h e  1974 I n t e r n a t i o n a l  Symposium on Recent Crus ta l  Movements, 
t he  following r e so lu t ion  w a s  sponsored j o i n t l y  by the  Inter-Union Com- 
mission on Geodynamics and t h e  Commission on Recent Crus t a l  Movements, 
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and w a s  adopted: 71 "Instrumented systems capable of p rec i se  geodetic 
measurements such as Geodetic Satellites, Lunar Ranging, and VLBI are 
of the g r e a t e s t  value t o  the study of recent  c r u s t a l  movements and 
geodynamics. The Commission on Recent Crus ta l  Movements and the  In te r -  
union Commission on Geodynamics together s t rongly  recommend t h a t  
earnes t  a t t e n t i o n  be  given t o  the  f u r t h e r  development of these  systems 
so t h a t  such bas i c  questions as t h e  i n s t a b i l i t y  of the  e a r t h  and the  
causes of movements can be investigated.  The Commission on Recent 
Crus ta l  Movements and the  Interunion Commission on Geodynamics particu- 
l a r l y  emphasize t h a t  not only is  doing the  measurements important, bu t  
i t  is  a l s o  important t h a t  t he  measurements be made i n  t h e  optimum 
places i n  the l i g h t  of geodynamics." Essen t i a l ly  all of t h e  new tech- 
niques make heavy use of Prec ise  T ime  and Time I n t e r v a l  measurements t o  
achieve t h e i r  high accuracies.  Whether t h e  need is f o r  the  h ighes t  
poss ib le  s t a b i l i t y  i n  frequency standards s u i t a b l e  f o r  use i n  r ap id ly  
moving mobile VLBI  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  laser 
frequency standards wi th  1 ~ 1 0 ' ~  accuracy f o r  use i n  por tab le  absolu te  
gravimeters, t he  needs from geodynamics f o r  continued improvements in  
PTTI techniques are l i k e l y  t o  be strong. 
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