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ABSTRACT 

This paperm i s  organized i n t o  two rrlajor d iv i s ions  
according t o  the  top ics :  polar  motion and IJT1 . 
Each div is ion  i s  introduced with a b r i e f  review 
t o  provide a  min.ima1 perspective f o r  readers u n -  
farrlil i a r  with the  subjec t  a r e a .  The appl i ca t ions  
of Doppler sate1 1 i  t e  observat ions ,  1 a s e r  ranging 
t o  a r t i f i c i a l  s a t e l l i t e s  and the  Moon, and a s t r o -  
nomic radio interferonietry t o  nloni t o r i n g  polar  
motion and UT1 a re  discussed.  Emphasis i s  placed 
on d e t a i l i n g  how and what each method i s  capable 
of measuring, fundamental l in i i t a t ions  a r e  noted, 
and the  present  s t a t u s  of the  development o f  each 
method i s  reviewed. 

The paper concludes with a  sumniary of the  a u t h o r ' s  
evaluat ions  of the  various methods a s  candidates 
f o r  the  next generation in te rna t iona l  polar  riiotion 
and UT1 monitoring se rv ice .  

INTRODUCTION 

The " c l a s s i c a l "  methods of monitoring polar  niotion and UT1 have been 
based on visual , photographic, and pho toe lec t r i c  observations of op t i ca l  
s t a r s .  The temporal and s p a t i a l  resolu t ions  a n d  accuracies of these  
methods have been l imited by such f a c t o r s  a s ;  an i n a b i l i t y  t o  f u l l y  
c o r r e c t  the  observations f o r  the  e f f e c t s  o f  the  Cart t i ' s  atniosphere, i n -  
accuracies in the r e l a t i v e  pos i t ions  and proper motions o f  the  s t a r s ,  
the  1 iniited number and poor di s t r i b u t i o r ~  of obse rva to r i e s ,  and instv,u- 
mental imperfect ions.  Further. refineriletits of t h e  cl dss ica l  nlethods, 
sorrie of which involve the  appl i catioti of niodern technology, a re  contiriu- 
ing and a r e  expected t o  y i e l d  s i  gni f i  c a n t  i~nproven- en-ts . However, pro- 
foundly d i f f e r e n t  n-~ethods, w h i c h  have developed as outqrowths of space 
explorat ion a c t i v i t i e s ,  prorrlisc an order  of ~r~ayni tude irnprovernent in our 
a b i l i t y  t o  monitor polar  motion a n d  UT1.  I t  i s  these  space-age methods, 
i  . e . ,  Doppler sate1 1 i t e  observat ions ,  l a s e r  ranging to  a r t i f i c i a l  s a t e l -  
1 i t e s  and the  Moon, and astrononiical radio interfero1netr.y t h a t  a re  



discussed i n  t h i s  paper. 

POLAR MOTION 

Revi ew 

P o l a r  mot ion  i s  t h e  mot ion  o f  t h e  E a r t h ' s  ins tan taneous  p o l e  ( a x i s  o f  
r o t a t i o n )  w i t h  r espec t  t o  a  re ference p o i n t  f i x e d  t o  t h e  c r u s t  o f  t h e  
Ea r th .  

The t h e o r e t i c a l  b a s i s  f o r  t h e  ex i s tence  o f  p o l a r  mot ion  was presented 
by E u l e r  i n  1765, b u t  t h e  mot ion was n o t  de tec ted  o b s e r v a t i o n a l l y  u n t i l  
t h e  l a t e  1800 's .  S. C. Chandler d iscovered  t h a t  t h e  observed mot ion was 
a c t u a l l y  t h e  r e s u l t  of  two p r ima ry  components: a  r e v o l u t i o n  o f  t h e  t r u e  
p o l e  around t h e  p r i n c i p a l  moment o f  i n e r t i a  a x i s  coun te rc lockwise  when 
viewed from t h e  no r th ,  w i t h  a p e r i o d  o f  1 .2  years;  and an annual r e v o l u -  
t i o n ,  a1 so coun te rc lockwise  (Chandler,  1891 ) . The 1 .2  y e a r  p e r i o d  o f  
t h e  f i r s t  component (now commonly r e f e r r e d  t o  as Chandler ian mot ion)  d i d  
n o t  agree w e l l  w i t h  t h e  much s h o r t e r  p e r i o d  p r e d i c t e d  by E u l e r ' s  work. 
The d isc repancy  was q u i c k l y  exp la i ned  by S.  Newcomb as b e i n g  due t o  t h e  
e l a s t i c i t y  o f  t h e  E a r t h  (Newcomb, 1891 ) .  The annual t e rm  i s  produced 
by t h e  cont inuous r e d i s t r i b u t i o n  o f  mass i n  me teo ro log i ca l  and geo- 
p h y s i c a l  processes. 

The mot ion  o f  t h e  p o l e  i s  n o t  t o t a l l y  p r e d i c t a b l e  f rom a s imp le  two-, 
component model. Unexpected changes i n  t h e  magnitude and d i r e c t i o n  o f  
t h e  mot ion  occur ,  t h a t  r e s u l t  i n  a requ i rement  t o  mon i t o r  t h e  mot ion  on 
a  c o n t i n u i n g  bas i s .  

Regular  m o n i t o r i n g  o f  p o l a r  mot ion  was under taken by t h e  I n t e r n a t i o n a l  
L a t i t u d e  Se rv i ce  ( I LS )  i n  1899, and has con t i nued  w i t h o u t  i n t e r r u p t i o n  
u n t i l  today. The I L S  system uses t h e  d i f f e r e n t i a l  z e n i t h  d i s t ance  
method (Hoskinson and Duerksen, 1947) o f  de te rm in ing  1 a t i  tude  w i t h  
v i s u a l  z e n i t h  te lescopes  (VZT). The s t a t i o n s  a r e  a l l  l o c a t e d  very  near  
t h e  same p a r a l l e l  o f  l a t i t u d e  (39" 08 '  N )  so t h a t  t h e  same s t a r  p a i r s  
can be observed f rom a l l  obse rva to r i es .  The mean p o l e  p o s i t i o n  d e f i n e d  
by t h e  ILS obse rva to r i es  f o r  t h e  p e r i o d  1900-1905 has been adapted as 
t h e  Convent ional  I n t e r n a t i o n a l  O r i g i n  (CIO) . 
I n  1962 t h e  ILS was reorganized,  accord ing  t o  r e s o l u t i o n s  o f  t h e  1nt.er- 
n a t i o n a l  Ast ronomica l  Union, and t h e  I n t e r n a t i o n a l  Pol a r  Mot ion  Se rv i ce  
(IPMS) was founded (Yumi, 1964). The IPMS con t inues  t o  p u b l i s h  po1a.r 
p o s i t i o n s  based o n l y  on t h e  ILS  obse rva to r i es ,  b u t  i t  a l s o  pub l i shes  
va lues  d e r i v e d  f rom a  combinat ion o f  VZT, Photographic  Z e n i t h  Tube (PzT), 
as t ro l abe ,  and t r a n s i t  c i r c l e  observa t ions  f rom approx imate ly  75 
obse rva to r i es .  



I n  i 9 5 5 ,  the  Rapid Latittide S e r v i r , ~  ( R L S )  was es tab l i shed ,  by act ion o f  
the  I A U ,  under the di rect ion of t h e  Bureau International  de 1'Heure 
( B I H ) ,  t o  predic t  the coordinates o f  the  pole and provide time correc- 
t ions  with very shor t  delays. The ind iv idua l i ty  of the RLS has s ince  
been abandoned and  the  rapid service  i s  now provided as a routine 
function of the B I H .  

In 1968, the RIH a d j u s t e d  the posit ions o f  t n ? i r  contributing observa- 
t o r i e s ,  predominately t h e  sane observatories t h a t  a r e  included i n  the 
IPMS systern, t o  insure ,the coincidence o f  the E I H  p o l e  with the C I O .  
Since t h a t  t i m e ,  the H I H  reference system has beer1 rrlaintalned indepen- 
dently frarri t h e  ILS systeir:. i n  1 9 7 2 ,  the  BIH hegari to  include pole 
posit ion information obtained hy Doppler s a t e l l i t e  observations in t h e i r  
solut ions .  The Doppler, v a i u e s  used a re  the  two-day sc lut ions  o f  the 
'Transit navigational syster?~ observations,  present1,y pub1 i shed by t h e  
Defense Magping Agency. The methods used t o  conibine the Doppler d a t a  
witti the opt ica l  data a re  d e t a i l e d  in the ----- B I H  Annual . Report - for 1976. 

Pole posit ions derived from Coppler observat iors  o f  d r t i f i c i a i  s a t e l -  
l i t e s  a re  ava i l ab le  -frorn as ea r ly  as 1'367, h i l t  the e a r l i e s t  d a t a  a r e  o f  
lower qua1 i t y  t h a n  the  post 1 9 7 2  i a t a .  The developlnerltal work of the  
L lopp ler  Polar Motion Service ( D P M S )  was zccotnpl ishcd a t  the  Naval 
Weapons Laboratory (Anderl e ,  1 9 7 3 ) .  The Defense Mapping Agericy ( D M A )  
t o o k  over operational responsibil i t y  in April 1975 ((!esterwinter, 1 9 7 8 ) .  
The Doppler polar p o s i t i ~ n s  are  avai labie  d i r e c t . 1 ~  froni D N A ,  and a re  
a1 so p a b l  ishcd in U,  S .  Naval 0br ;ervatog -. T'irrie -. -- S e r v i c e  - Pub1 ica t inn .- 

Ser ies  7 .  --- 

To b r i e f l y  summarize, polar notion val ues a r e  determined and di st:ri buted 
today oy the IPMts, BIH and DMA. The IPMS u i . i l  i z e s  only opricdl da t a ,  
the BIH u t i l i z e s  a combination o t  opt ica l  and Doppler s a t e l l i t e  d a t a ,  
and  DMA u t i l i z e s  on:y Doppler d a t a .  Monthly means are  usually quoted as 
havinq uncer ta int ies  in t h e  20 t o  40 cm range, h u t  the  posit ions pub-  
l i shed by the d i f f e r en t  services  c f t en  differq by 1 t o  2 meters. 

Many questions s t i l i  remain unanswered even a f t e r ,  almost 80 years of 
continually nonitorir,~g p o l a r  motion. Some o f  these  questions cannot be 
anshered unless s ign ;  f i c a n t  improvements dre r;!ade i n  t he  spa t i a l  a n d  
temporal resol ut i  ons ~;rf the observations.  An  improved lnoni t o r i  ng system, 
based on more modern methods, i s  badly needed. Candidate methods are:  
Doppler s a t e l l i t e  observations,  { a s e r  ranging t o  the  Moon and a r t i f i c i a l  
sa te l  1 i t e s ,  and astronor~ii c radi o  i nterfcrometry . 

Pola r  Motion Determi t i a t i o n s  by Ljoppl e r  Satel 1 i t e  Obser'vc?'tions 

The material presen-ted i n  t h i s  section has been extracted primari l ,y  from 
papers by Andeu'le ( 1 9 7 3 )  a n d  Oesterwinter (1978).  



Radio signals sui table  for  Doppler observations are  transmitted by U .  S .  
Navy Navigation System s a t e l l i t e s .  The s a t e l l i t e s  are in nearly circu- 
l a r  polar orb i t s  a t  heights of about 1,000 km. They continuously trans- 
mi t a t  two car r ie r  frequencies, 399.968 MHz and 149.988 MHz (nominal 
values),  The osc i l la tors  t.ypically d r i f t  a  few parts in 10" per da,y. 
Both frequencies are generated from the same osc i l l a to r  t o  f a c i l i t a t e  
the determination o f  ionospheric refraction ef fec ts .  

Pole positions are  obtained as part of the bi-daily updating of the or- 
b i t  o f  each s a t e l l i t e .  The gravity f i e l d  model and the positions of 
the base s tat ions are held fixed in a  l eas t  squares solution which e s t i -  
mates the x and y coordinates of the pole, s ix  constants of orbi ta l  
integration, one drag scaling factor ,  a frequency and tropospheric 
scaling factor for  each s a t e l l i t e  pass, and the coordinates of any new 
points being surveyed. The bi-daily solutions from as many as f ive  
different  s a t e l l i t e s  are combined to derive 5-day mean positions of the 
pol e .  

The Doppler pole positions are determined in the "Doppler network" 
coordinate system. I n  1970, an attempt was made t o  make the origin of 
the Doppler coordinate systern close t o  the C I O  by estimating the coordi- 
nates of the base s tat ions in a  solution in which the gravity f i e ld  co- 
e f f ic ien ts  and t he  BIH pale positions were held fixed. T h e  network does 
var-y with time due to  s ta t ion fa i lures ,  modifications and upgrades, and 
t h e  augmentation of the 1 7  t o  20 base s tat ions by one to  ten,  o r  more, 
temporary s tat ions during various operational campaigns. 

The  standard er ror  o f  the pole positions vary considerably depending 
upon the dis t r ibut ion and number of observations combined in each solu- 
t ion,  Oesterwinter (1978) concludes tha t  the standard deviation of a 
two-day polar coordinate solution i s  now bet ter  than 40 cm, and for (3 
five-day mean, under 20 cm. The dominant source of error  i s  believed 
to  be residual errors in t h e  gravity f i e l d  model . 

Polar Motion Determinations by S a t e l l i t e  Laser Ranging 

The material presented in th i s  section has been extracted primarily 
from papers by Kolenkiewicz e t  a l .  (1977) and Smith e t  a l .  (1978). 

Many a r t i f i c i a l  Earth s a t e l l i t e s  have been equipped with retroreflecihrrs 
t o  f a c i l i t a t e  tracking by laser  ranging systems. Polar motion can be 
determined from s a t e l l i t e  laser  ranging from a single s ta t ion ,  i f  an 
accurate s a t e l l i t e  ephemeris i s  available,  or  a  network of s ta t ions .  

I n  the case when only a s ingle  tracking s ta t ion  i s  i n  operation, only 
one component of polar motion, i  . e . ,  the component along the s tat ion 
meridian, can be monitored. The procedure i s  t o  establish a  precise 



r e f e r e n c e  o r b i t  by t r a c k i n g  t h e  s a t e l l i t e  f o r  a  r e a s o n a b l e  period o f  
t i m e ,  say a month o r  so, and t h e n  compare subsequent o b s e r v a t i o n s  made 
over  p e r i o d s  o f  perhaps G t o  12  h o u r s ,  t o  t h i s  r e f e r e n c e  o r b i t .  O f  
p a r t i c u l a r  i n t e r e s t  i s  t h e  a p p a r e n t  change i n  i n c l i n a t i o n  o f  t h e  o r b i t ,  
s i n c e  changes i n  t h e  l a t i t u d e  o f  t h e  t r a c k i n g  s t a t i o n  a r e  r e f l e c t e d  as 
a p p a r e n t  changes i n  t h a t  pa ramete r .  O f  cout-se, i n  o r d e r  t o  e x t r a c t  t h e  
changes i n  l a t i t u d e ,  any r e a l  changes i n  t h e  i n c l i n a t i o n  o f  t h e  s a t e l -  
l i t e  must  be t a k e n  i n t o  a c c o u n t .  

The s t r o n g e s t  d e t e r m i n a t i o n  o f  t h e  i n c l i n a t i o n  o f  t h e  o r t i t  i s  o b t a i n e d  
when t h e  t r a c k i n g  s t a t i c n  i s  l o c a t e d  n e a r  t h e  n o r t h e r n  or  s o u t h e r n  apex 
o f  t h e  o r b i t .  The s a t e l l i t e  i s  t h e n  moving a l o n g  an e a s t  t o  west  (or  
w e s t  t o  e a s t )  t r a c k  t o  t h e  n o r c h  ( o r  s o u t h )  o f  t h e  t r a c k i n y  s t a t i o n  
when i t  i s  observed.  

I n i t i a l  exper i r r lents t o  d e t e r m i n e  p o l a r  m o t i o n  by s a t e l l i t e  l a s e r  t r a c k -  
i n g  were conducted b y  t h e  NASA Goddard Space F l i g h t  Cen te r  d u r i n g  a  
5-month p e r i o d  i n  1970. The exper imen t  used ranges t o  t h e  Beacon 
E x p l o r e r  C s a t e l l i t e .  The p o l e  p o s i t i o n s  showed r e s i d u a l s ,  w i t h  r e s p e c t  
t o  B I H  va lues ,  h a v i n g  an rnis d e v j a t i o n  o f  abou t  1 me te r .  A v e r y  funda-  
menta l  d i f f i c u l t y  w i t h  t h e  s i n g l e  s t a t i o n  niethod j u s t  d e s c r i b e d  i s  t h e  
r e q u i r e m e n t  f o r  a re fere17ce o r b i t  t h a t  remains very p r e c i s e  o v e r  p e r i o d s  
o f  months t o  y e a r s .  

I f  a " n e t w o r k "  o f  g round s t a t i o n s  i s  o p e r a t e d ,  f o r  wh ich  a  c o n s i s t e n t  
s e t  o f  c o o r d i n a t e s  i s  known, t h e  r e q u i r e m e n t  f o r  t h e  r e f e r e n c e  o r b i t  i s  
e l i m i n a t e d  and b o t h  t h e  x and y components o f  t h e  p o l e  p o s i t i o n  can be 
de te rm ined  i n  t h e  "ne twork  f rame o f  r e f e r e n c e . "  T h i s  n i u l t i s t a t i o n  case 
co r responds  t o  t h e  Dapp le r  methods p r e v i o u s l y  d e s c r i b e d .  

Sni i th e t a l .  (1978) p r e s e n t e d  t h e  f i r s t  r e s u l t s  o f  t h e  r letwork approach 
u s i n g  t h e  Lase r  Geodynaniics S a t 2 1  1  i t e  ( L A G E O S )  wh ich  was 1 aunched on 
May 4, 1976 ,  The LAGEOS s a t e l l i t e  was s p e c i f i c a l l y  des igned  t o  have a 
v e r y  s t a b l e  o r b i t .  The s a t e l  1  i t e  i s  i n  a  h i g h  o r b i t  ( 1 2 , 2 6 5  km) and 
has a h i g h  mass t o  s u r f a c e  a r e a  r a t i o ,  wh ich  g r e a t l y  reduces t h e  e f f e c t s  
o f  such p e r t u r b i n g  f o r c e s  as s o l a r  r a d i a t i o n ,  E a r t h  a lbedo ,  a i r  d rag ,  
and t h e  h i g h  f r e q u e n c y  components o f  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 .  

Smi th  and K o l e n k i e w i c z  ana lyzed  LAGEOS d a t a  c o l l e c t e d  by a ne twork  o f  
seven s t a t i o n s  d u r i n g  t h e  p e r i o d  o f  May t h r o u g h  December 1976 and 
d e r i v e d  5-day mean va lues  o f  x and y w i t h  mast o f  t h e  e s t i m a t e d  s t a n d a r d  
d e v i a t i o n s  r a n g i n g  fro111 0 .01 t o  0 .02  arcsecond ( r J 3 0  t o  60 cni). These 
r e s u l t s  a r e  a v a i l a b l e  i n  t a b u l a r  f o r n ~  (Smi th ,  1978) .  



Polar  Mot ion Determinat ions by Lunar Laser Ranging 

The m a t e r i a l  presented i n  t h i s  s e c t i o n  has been e x t r a c t e d  p r i m a r i l y  
f rom H a r r i s  and Wi l l iams (1977).  

An e r r o r  i n  t h e  l a t i t u d e  o f  a l u n a r  l a s e r  rang ing  observatory r e s u l t s  
i n  a  range e r r o r  which i s  r e l a t i v e l y  constant  near zero hour angle,  b u t  
does depend on t h e  l u n a r  d e c l i n a t i o n ,  approx imate ly  as t h e  s ine  of t h e  
d i f f e r e n c e  between t h e  l a t i t u d e  o f  t h e  observatory and the  l u n a r  
decl  i n a t i o n .  

A r  = rA$ s i n  ($-6) 

where r i s  t he  range from t h e  observa tory  t o  t h e  
l u n a r  r e f l e c t o r ;  6 i s  t h e  d e c l i n a t i o n  o f  t h e  l u n a r  
r e f l e c t o r ;  $ i s  t he  geocent r i c  l a t i t u d e  of t h e  
observatory;  A$ i s  t h e  change i n  t h e  geocen t r i c  
l a t i t u d e  o f  t h e  observa tory  due t o  a change i n  
t h e  p o s i t i o n  o f  t h e  pole; and A r  i s  t h e  change i n  
range. 

When t h e  Moon's d e c l i n a t i o n  i s  n e a r l y  equal t o  t h e  l a t i t u d e  o f  t h e  ob- 
serva tory ,  t h e  e r r o r  i n  l a t i t u d e  c o n t r i b u t e s  1  i t t l e  t o  t he  range e r r o r ,  
b u t  as t h e  Moon's d e c l i n a t i o n  moves away f rom t h e  obse rva to ry ' s  l a t i -  
tude, t h e  e r r o r  i n  l a t i t u d e  does c o n t r i b u t e  t o  t h e  range e r r o r .  The 
s igna tu re  has a p e r i o d  equal t o  t h e  1 unar cyc le .  H a r r i s  and W i l l  iams 
analyzed t h e  McDonald l u n a r  l a s e r  rang ing  data t o  determine i f  t h e r e  
was a  reasonable chance o f  e x t r a c t i n g  d a i l y  p o l a r  mot ion values from 
t h a t  s i n g l e  observatory da ta  s e t .  They concluded t h a t  t he re  was no t .  
Po la r  mot ion values based on l u n a r  l a s e r  rang ing  apparent ly  w i l l  have 
t o  awa i t  mu1 t i o b s e r v a t o r y  opera t ions .  

Po la r  Motion Determinat ion by Radio I n t e r f e r o m e t r y  

I n  r a d i o  i n t e r f e r o m e t r y  t h e  range-d i f fe rence and t h e  t ime  r a t e  o f  change 
o f  t h e  range-d i f fe rence f rom the  r a d i o  sources t o  two ( o r  more) obser- 
v a t o r i e s  are determined. When e x t r a - g a l a c t i c  sources, such as quasars, 
a re  observed t h e  sources a re  a t  such g rea t  d is tances t h a t  t h e  r a d i o  
wave f r o n t s  a r r i v i n g  a t  t h e  i n t e r f e r o m e t e r  a re  e s s e n t i a l l y  p lanar ,  Any 
p u r e l y  t r a n s l a t i o n a l  motions o f  t h e  i n t e r f e r o m e t e r  o r  r o t a t i o n s  about 
an a x i s  p a r a l l e l  t o  t h e  i n t e r f e r o m e t r i c  base l i ne  are  n o t  de tec tab le .  
For a s i n g l e  base l ine ,  i t  i s  p o s s i b l e  t o  determine two o f  t h e  t h r e e  
angles necessary t o  express t h e  o r i e n t a t i o n  o f  t h e  Ea r th  i n  t h e  frame 
o f  re fe rence de f i ned  by t h e  r a d i o  sources. To determine a l l  t h r e e  
angles , two nonparal 1  e l  base1 i nes a re  requ i red .  



The s e n s i t i v i t y  of radio interferometry t o  var ia t ions  i n  the  o r ien ta t ion  
of  the Earth can be estimated from the  following equations: 

AX = - ( A B )  Y - x z 

r d  = (no) x + y z 

112 = X X - y Y  

x and y are  the components of the  pole p o s i t i o n ,  i n  radians,  r e l a t , i v ~  to 
the C I O ;  na represents (UT1-UTC), a lso  in radians;  1 ,  Y ,  Z a re  ttie Earth 
f i x e d  coordinates of the basel ine ;  and  A X ,  13.Y , AZ are  t h e  changes in the 
baseline v e c t o r  components caused by x ,  y and A0. 

I f  the baseiine has a  substant ia l  7. component, changes in the posit inn 
o f  the pole wil l  cause s i gn i f i c an t  changes i n  the  equatori a1 components 
o f  the baseline (X,Y) which wil l  be ref lec ted in the sinusoidal signa- 
tu res  of the delay and de lay  r a t e s .  

I f  t h e  baseline i s  nearly para! l e l  t o  the equatorial  plane, i . e . ,  Z- 0 ,  
s e n s i t i v i t y  t o  polar motion comes so le ly  from the LZ term. A sma'li 
var ia t ion i n  Z causes a change i n  the delay t h a t  varies w i t h  the d e c l i -  
nations o f  the sources. I t  i s  therefore qu i te  ? e a s i l ~ ? e  t o  determine one 
component of polar rriotion fror~i an  equatorial  b a s e l  ine .  In f a c t ,  excel -  
l e n t  determinations of  t h e  i: component o f  polar  motion have beer1 
obtained from t h e  nearly equatorial  Hsystack-Owens Valley radio i n t e r -  
ferorneter. These resul t s  a r e  part,? cul a r l  y noteworthy because they agree 
c losely  with Doppler derived values, the  rills o,f the d i  ffei-ences beinc; 
~ 3 0  cm, and display obvious systen:,3tic trends r e l a t i ve  t o  the  BIH values 
(Robertson e t  a1 . 1978) .  

There are  two approaches t o  implementing a s t r o n o r ~ ~ i c  radio interferometry; 
connected element i nterferornetry (LEI ) , a n d  very 1 c n g  base1 i ne i nter-, 
ferometry ( V L B I )  . The underlying pr inciples  a re  n~?t d i f f e r en t  , b u t  t h e  
technological rr~ethods used t o  bririg the s ignals  detected a t  the t w o  
t.elescopes together  for- processing cause s i  g n i  f i  c a n t  differences in the  
operational cha r ac t e r i s t i c s  of the interferometers and i n  the dominant 
e r r o r  sources. 

CEI baselines a re  presently l imited i n  length t o  a few tens o f  k i l o -  
meters by the a b i l i t y  t o  r~laintain the phase s t a b i l i t y  o f  the connecting 
data l ink.  V L B I  baselines a re  1 i11:ited in length t o  a few thousdnd 
kilometers by t h e  s i ze  and shape of the Earth. The inherent angular 
resolut ion of an interferometer i s  d i r ec t l y  proportional t o  the base l ine  



l e n g t h  - i . e . ,  t h e  l o n g e r  t h e  b a s e l i n e  t h e  b e t t e r  t h e  angu la r  r e s o l u -  
t i o n .  

However, t h e  t h e o r e t i c a l  r e s o l u t i o n  o f  t h e  i n t e r f e r o m e t e r  i s  n o t  p res -  
e n t l y  t h e  l i m i t i n g  c o n s t r a i n t  on t h e  accuracy t o  which t h e  p o l a r  mot ion  
can be determined. S ince p o l a r  mot ion  i s  an angu la r  measurement, any 
i n s t a b i l i t i e s  o f  t h e  two te lescopes  f o rm ing  t h e  i n t e r f e r o m e t e r  degrade 
t h e  de te rm ina t i on  as t h e  r a t i o  o f  t h e  r a d i u s  o f  t h e  Ea r th  t o  t h e  l e n g t h  
o f  t h e  base l i ne .  For  base l i nes  of a  few k i l o m e t e r s  t o  a  few tens  o f  
k i l ome te rs ,  f o r  which C E I  i s  p r e s e n t l y  f e a s i b l e ,  t h i s  mu1 t i p 1  i c a t i v e  
f a c t o r  i s  o f  magnitude l o 2  t o  l o 3 ,  and antenna d i s t o r t i o n s  due t o  g r a v i -  
t a t i o n a l  and w ind  l o a d i n g  and temperature v a r i a t i o n s ,  and l o c a l  c r u s t a l  
deformat ions become c r i t i c a l .  Atmospheric "see ing"  a l s o  appears t o  be 
a  se r i ous  problem (Hargrave and Shaw, 1978). For t h e  much l onge r  base- 
l i n e s  used i n  VLBI these f a c t o r s  decrease i n  s i g n i f i c a n c e  and l o c a l  
o s c i l l a t o r  i n s t a b i l i t i e s  a r e  p r e s e n t l y  t h e  l i m i t i n g  c o n s t r a i n t .  As 
h i g h e r  performance o s c i  11 a t o r s  a r e  developed, t h e  u l  t i m a t e  1  i m i  t i  ng con- 
s t r a i n t s  a r e  l i k e l y  t o  become atmospher ic  e f f e c t s ,  p o s s i b l e  v a r i a t i o n s  
i n  t h e  s t r u c t u r e  o f  t h e  r a d i o  sources and t e c t o n i c  mot ions.  

I n  October 1978, t h e  U. S. Naval Observatory  (USNO) i n i t i a t e d  a program 
t o  use t h e  37 k i l o m e t e r  LEI l o c a t e d  a t  t h e  Na t i ona l  Radio Astronomy 
Observatory  (NRAO) a t  Greenbank, West V i r g i n i a .  NRAO personnel pe r f o rm  
t h e  observa t ions  s p e c i f i e d  by  USNO, and t h e  da ta  r e d u c t i o n  and disserni-  
n a t i o n  a r e  done by Washington based USNO and Naval Research Labora to ry  
(NRL) personnel .  The USNO/NRL group es t imates  t h a t  t h e  NRAO i n t e r f e r -  
ometer may e v e n t u a l l y  be capable o f  de te rm in ing  p o l a r  mot ion  t o  0.101 
arcsecond (30)  cm ove r  an averag ing  p e r i o d  o f  a  day o r  so. 

The Na t i ona l  Ocean Survey o f  t h e  Na t i ona l  Oceanic and Atmospheric Ad- 
m i n i s t r a t i o n  has begun a p r o j e c t  t o  e s t a b l i s h  and opera te  a  t h ree -  
s t a t i o n  network o f  perrrlanent obse rva to r i es  t o  m o n i t o r  p o l a r  mot ion  (and 
UT1) by VLBI . The p r o j e c t  d e s i g n a t i o n  i s  POLARIS ( POLar-motion A n a l y s i s  
by Radio I n t e r f e r o m e t r i c  Survey ing) .  P r o j e c t  P O L A R r i s  descr ibed  i n  
some de taT l  i n  C a r t e r  e t  Ti. (1978) .  Computer s i m u l a t i o n s  i n d i c a t e  
t h a t  t h e  POLARIS system w i l l  be capable o f  de te rm in ing  t h e  x and y 
components o f  p o l a r  mot ion  t o  b e t t e r  than  10 cm ove r  an averag ing  
p e r i o d  o f  8 hours.  



Revi ew 

The Bureau International  de 1 'Heure ( B 1 H )  h;ls monitored the  imotatiun o t  
the  Earth s ince  1912, u t i l i z i n g  observations fron-I a l a r g e  number of  
s t a t i ons  (present ly  about 80) d i s t r ibu ted  around the world. The BIIi i s  
present1.y the only i  titernatlonal s e i v i c e  wh ich  provides U1-1 data.  Irt-- 
dependen-tly determi ned va l  ues a r 2  a1 S O  pub1 i  shed in t!-~e USNO T-ir-,!e 
Service Series 6 .  

----- 

The Earth does not r o t a t e  a t  a constant r a t e ,  b u t  exhibi ts  ~;erioclic,  
secul a r ,  and  i r r egu l a r  var ia t ions .  The prirnary pie:-l:3lic t e r ~ i ~ s  h a v e  
annual, semi-annual, 27 .55  day and  13.66 day periods.  Srrdden v3riat ions 
i n  the  length of day o f  several mill i seconds  over a period of a few 461:s 
have been observed (Srriyl i e  and Mansinha, 1 9 6 8 ) "  

Jus t  as  w i t h  polar motion, "the present r e t h o d s  o f  monitoring ilTl do  n o t  
have s ~ f f i  c i en t  angul at- ni- teinporal resoi u i io r~s  t o  sat!  s fy  rnoderrl sc ien-  
t i f i c  requirements. ! n t h e  f o 1  lowing sec t ions ,  c a n a i d a t e  met.hods f o i -  
iillproved U T I  determinations a r e  exa!i;i ned. 

LIT; Determinations by Artificial Sc-:e.! 1 i t e  O h ~ e r % ~ ~ - > t  ion:; 

In order f o r  the rota t ionai  or ienta t ion o f  t h e  E a r t h  t o  be deter:rined 
in an  i n e r t i a i  fran:e [jf referenc,e by art,if! 'ci;ii  sa te l  i i t e  obsej-vatiotls, 
i t  i s  necessary t h a t  any pertuu,batSons of -the s a t e i  1 l ' t e s  ' orb i ta l  p7ane 
be predictable over the time s p a n  of -inl-erest,  Over tirne spans s-f 
several months t o  years ,  the  ~ i r ~ c e r t a l ' n t i e s  icrr even -the most s t a b l e  
sate! 1 i t e s ,  such as L.AGEOY, ~ d i !  I qrcw tcs unacceptable 1 eve1 s .  For t1t-i 5 
reason i t  i s  widely a g r e ~ r ;  .ti-,?? art-! f ' i c i a i  s a t e l  ? i t e  observatioris by 
Doppler, laser  ranging, '$LEI.: ::,., my other meti7od a re  n o t  sui t a b ; ?  for' 
long terrn Earth rota t ion s t i i i i e ~ .  However, s a t e , ;  i t e  o b s e r v a t i o ~ s  
could be used t o  n-~orritoi. r:1-il;rt,.-terri! v a r i a t i o ~ s  - i ~  the Earth r , ~ t a t l o r ~  
wh-ich could then be c3ir;bit lsd w i t h  obser\/atlor'is ,L!- a differenl: typ?  
having the desired long-ter; ;~ s tak i  1 i  ty . ,  

Sniith e,:; a ? ,  (1978) 3ave i r ?ves -L iga ted  thi-. use of LAGEOS l a s e r  ranging 
obser-vatictis f o r  the dete.t-ini nation of Ili! . Tile l imi t i  n y  pertur-bations 
appear t o  be Earth albedo and  ccean t i de s .  They est imate t h a t  by the  
ea r ly  1980's the modeling c a p a b i l i t i e s  will l i k e ly  he such t h a t  i t  wil l  
be possible t o  derive UT! w i t k t  uncer ta int ies  of a f e w  tenths of m i l l i -  
second over ~ e r - i o d s  of' t / ? r ~ ~  ! .~ i~n th s .  S i  1 vcrherg ( 1 9 7 8 )  has s~rgqested 
t h a t  the pair ing of LAGEOS and lunar l a s e r  :-ar,gil!g data would be a 
reasatlab1 e marriage o f  converii er:ce. 'The LAGE3S d a t a  woul d pro\!ide a n -  
broken short-term coveraqe, i ~ l ; ? l e  t D e  l u n z r  d a t ~  w o u l d  provide the 



long-term frame of reference. I t  would be desirable i f  the par t ic ipat-  
ing observatories c o u l d  do both types of range measurements. 

Another combination tha t  has been suggested i s  V L B I  observations o f  
a r t i f i c i a l  s a t e l l i t e s ,  such as the NAVSTAR constellation, and extra- 
galact ic  sources. The s a t e l l i t e  signals could be made of suff ic ient  
strength that  re lat ively simple and inexpensive ground s tat ions and data 
processing systems could be used. The more expensive observations o f  
the extragalactic sources would be minimized, and yet s t i l l  provide the 
long-term stable  frame of reference. 

U T I  Determinations by Lunar Laser Ranging 

A constant e r ror  in the assumed longitude of a lunar laser  ranging s ta -  
tion will produce a range residual,  with respect t o  t he  lunar ephemeris, 
which varies as the sine of the lunar hour ang l e .  

Ar 2 AUTO cos 6 sin H 

Ar i s  the change in range from the observatory to  
1 unar re f lec tor  due t o  an er ror  in longitude (AUTO) ; 
6 i s  the declination of the lunar re f lec tor ,  H i s  
the hour angle of the lunar ref lector .  

I f  l m a r  laser  ranging data are available over a large enough span o f  
hour angle to  allow the sinusoidal signature to  be well estimated, UTO 
can be determined for  the observatory. Using polar motion informati on 
from another source, such as the IPMS o r  BIH, or observations from two 
or more properly located lunar laser  ranging observatories, i t  i s  
possible to  obtain UT1. Just  as in the case of a r t i f i c i a l  s a t e l l i t e s ,  
the lunar ephemeris must not d r i f t ,  re la t ive  t o  an iner t ia l  frame of 
reference, i f  the UT1 determinations are  to  remain accurate over long 
periods of time. 

A signif icant  number of lunar l a se r  range measurements have to  date 
been made from only one observatory - t h e  University of Texas McDonald 
Observatory. These data have been analyzed by several investigators to  
extract  Earth rotation information (Stolz e t  a l .  1976; Harris and 
Williams 1977; King e t  a l .  1978). 

King e t  a l .  compared UT1 determinations by lunar laser  ranging t o  
smoothed BIH values, to  which fortnightly and monthly corrections had 
been added to  account for  t idal  e f fec ts  largely removed by the BIH 



smoothing procedure. After  removal o f  t h e  mean dif ferences ,  t h e  rms o f  
t h t l  rernairling differences was 2 . 1  msec. I t  should be no ted  t h a t  the 
lJT1 val~ies der ived  from the 1 unar : ase r  r a n g i n g  d a t a  by d lfferent i n -  
ves t iga to rs ,  di f f ~ r  s ign4f icant ly .  For example, the  King e t  a l .  vs. 
Stolz  e t  a l .  UT1 values have an rrns di f ference of  0,% msec. The sources 
o f  these differerrces a r e  being investigat.et1. 

UT1 Determi nations b y  Radio Interferometry 

E l  smore (1373)  points o u t  t h a t  an equatoria i i l ? t e r i e ro i ,~e te r  ( .  -0, ,an 
rrleasure UT1 d i r ec t l y  - uncorruptea, t o  f i r s t - o r d e r ,  !,y polar riiotion, 
Eqcrations 2 make t h i s  qu i te  apparent. For 2-8, the  terrr~s coi;cainivy 
x and  y ( t h e  cornponents of  the  pole posi t ion)  vanish fron; t f i e  equatinn? 
f o r  ax and AY. For t h i s  reasr?rl, i t  ~ ~ o u l d  be desi rakl!~ I n  desigr~j!jc a 
UTI monitoring network t o  u t  i l i ze equat,or i  a7 Sasel i nes . 
Elsmore (1973)  reported the res l t s  o f  UT1 d e t e r m i n a t i ~ r ~ s  w i t h  the  1 krr~ 
equatoriiii CEI a t  Cambridge between August 1972 and Yay 1973.  The rrns 
s c a t t e r  r e l a t i ve  to B I H  values wa: approxitnateiy S nsec .  The averaging 
time fo r  each determinatior; was generallj) 1 2  hours. 

USNO est imates t ha t  i t  w i l l  be dhle  t o  determine UTfi ~ ~ s i n q  the NRAO 7Ei 
w i t h  an dccuracy of 1 msec on a d z i 1  y b d s i s  during 1979, d n d  hol~es t c  
s ubs t an t i a l l y  improve t h a t  aLcuracy over t h e  next  few years .  

2obertson e t  a1 . ( 1978) reported the rcsul t s  of 14  ViE i experjments con- 
ducted between September 1976 2 n d  May 1 9 7 8  using '  t h e  H?yst.ack-Owerrs 
Val 7 ey interferometer , i n  which UT1 val ues were detern-ii ned.  The rms 
dif ference with respect t o  the E I k I  values  ( w i t h  3deed f n r t n i g h t , l  y and 
morlthly terms) was 1 . 6  msec, a f t e r  rerrloval the niedn d i f k e r e n c e .  Cot?-I-, 
para t ive  s tudies  o f  the \ / L E I  a v d  '1 hi ia r  i ~ s e r  ranginill i_iT1 \>2l  ues a re  4n 
progress. 

NOS computer simulatiorrs f a r  the POLARIS  petwork ; n d i c d t e  tha+ i :  w i l l  
be capable o f  cietermining U T i  t o  - to , ]  m i  !?iseconc; i n  a r  avcray-iny 
period of e i g h t  hours or l e s s .  The experirrlental r e su l t s  ~f the  Hdystack- 
Owens Valley interferometer, r epo r t e (~  by Robertson e t  a l .  r 1 9 7 8 ) ,  add  
c r e d i b i l i t y  t o  the simulations.  

SUMMARY 

The only t r u l y  operational usage o-f an,y o f  the rnodern technique? f o r  t h e  
determination of polar motion or t'T1 has been the Doppler sa te l  1 i  t e  de,- 
terminations o f  polar motion. Even in t h i s  case ,  t h e  go'iar motion in-  
fornlatian has been a by-product of  a program h a v i n g  o ther  primary goais,  
and very l i t t l e  e f f o r t  has been ~nade  t o  optirliize the network configura- 
t i o n ,  observing schedules, or  instrumentation fo r  determining polar 



motion. The Doppler sate1 1 i t e  method suffers  the disadvantages that  i t  
r e l i e s  on the ava i lab i l i ty  of functional s a t e l l i t e s ,  which have limiited 
l ifetimes and must be replaced from time to  time, and tha t  i t  would n o t  
be an adequate method for  the long-term determination of UT1. The 
author believes that  t h i s  l imits  the Doppler s a t e l l i t e  method to  a 
t ransi t ional  role tha t  will prove very useful in verifying the i n i t i a l  
resul ts  of  methods be t te r  suited to  long-term usage. 

Viewed independently, laser  ranging to  a r t i f i c i a l  s a t e l l i t e s  and the 
Moon, each have serious deficiencies.  Even using very special s a t e l -  
l i t e s  such as LAGEOS, i t  appears tha t  s a t e l l i t e  methods will only be 
able to  provide measurements of UT1 over periods of a few months before 
errors  due to  rotation of the orbi ta l  plane become excessive. Lunar 
laser  ranging suffers  from techno1 ogi cal complexities (only one observa- 
tory has been made to  operate rel iably a f t e r  the f i r s t  fu l l  decade o f  
experiments) and d i f f i cu l t i e s  in obtaining measurements within a few 
days before o r  a f t e r  a new Moon. The combined usage of s a t e l l i t e  and 
lunar laser  ranging data, as suggested by Silverberg, certainly offers 
some promise b u t  the cost of operating enough s tat ions to  ensure re- 
l i a b i l i t y  during periods of poor weather may s t i l l  disqualify these 
methods. 

Astronomic radio interferometry has several very desirable a t t r ibutes :  
a three-station network ( the  minimum number of s ta t ions required to  
form two baselines) can determine both components of polar motion and 
UT1; spat ia l  resolutions of 10 cm can be achieved in averaging periods 
of eight hours or  l e s s ;  observations can be made during inclement 
weather; the radio sources form the most nearly ine r t i a l  frame of ref- 
erence presently known;  the radio sources have unlimited l i fe t imes,  
and are equally available to  a l l  users. The choice between CEI and 
VLBI techniques depends very heavily on the maximum length of the base- 
l ine  tha t  can be operated in the C E I  mode. For baselines of less  than 
several hundred kilometers the task of cleansing the CEI data of purely 
local e f fec ts  appears, in the author 's  opinion, t o  be insurmountable. 

Of the presently available methods, VLBI observations of extragalactic 
radio sources appear to  be the best choice for  use in the next gene,ra- 
tion international polar motion and UT1 service. 



REFERENCES 

A n d e r l e ,  R. J., 1973: " D e t e r m i n a t i o n  o f  P o l a r  M o t i o n  f r o m  S a t e l l i t e  
Observa t i ons , "  Geophys ica l  Surveys 1,  pp. 147-161, D. R e i d e l  Pub-  
l i s h i n g  Company. 

Bureau I n t e r n a t i o n a l  de 1  'Heure  1977, Annual R e p o r t  f o r  1976.  

C a r t e r ,  W.  E . ,  Rober tson,  D. S., A b e l l  , M. D., 1978:  "An Improved P o l a r  
M o t i o n  and E a r t h  R o t a t i o n  M o n i t o r i n g  S e r v i c e  U s i n g  Rad io  I n t e r f e r -  
omet ry , "  Proceed ings o f  I n t e r n a t i o n a l  A s t r o n o m i c a l  Un ion Symposium 
No. 82, Time and t h e  E a r t h ' s  R o t a t i o n ,  Cad iz ,  Spa in ,  May 1978. 

Chand le r ,  S .  C. ,  1891 : "On t h e  V a r i a t i o n  o f  L a t i t u d e , "  The A s t r o n o m i c a l  
J o u r n a l  No. 249, pp. 66-70.  

Elsmore,  B . ,  1973: "New Method f o r  D i r e c t  D e t e r m i n a t i o n  o f  UTl ," N a t u r e  
V O ~  . 244, pp. 423-424. 

Hargrave,  P.  J . ,  Shaw, L.  J . ,  1977: "La rge -Sca le  T r o p o s p h e r i c  I r r e g u -  
l a r i t i e s  and t h e i r  E f f e c t  on Radio A s t r o n o m i c a l  Seeing,"  M o n t h l y  -..- 
N o t i c e s  Royal A s t r o n o m i c a l  S o c i e t y  182, pp. 233-239. 

H a r r i s ,  A. W. ,  W i l l i a m s ,  J. G . ,  1977:  " E a r t h  R o t a t i o n  Study U s i n g  Lunar  
L a s e r  Rang ing Data,"  i n  S c i e n t i f i c  Appl  i c a t i o n s  o f  ~ u n a r  Lase r  - 
Ranging,  E d i t e d  b y  3.  D. M u l h o l l a n d ,  pp. 179-190,  D. R i e d e l ,  
Kingman, Mass. 

Hosk inson,  A .  J . ,  Duerksen,  J. A,, 1947: Manual o f  Geode t i c  Astronomy, 
S p e c i a l  Pub1 i c a t i o n  No. 237, U. S. Coast  and Geode t i c  Survey (now 
N a t i o n a l  Ocean Survey,  NOAA), Dept ,  o f  Commerce, Washington,  D. C . ,  
206 pp (NTIS Access ion  No. PB 2 6 7 4 6 5 ) .  

K inq ,  R. G . ,  Counselman, C .  C . ,  Shap i ro ,  I .  I., 1978: " U n i v e r s a l  Time: 
R e s u l t s  f ro ln  Lunar  Lase r  ~ a n ~ i n ~ , "  J o u r n a l  o f  G e o p h m c a l  - - Research,  
Val . 83, NO. 37, pp.  3377-3381 . 

I K o l e n k i e w i c z ,  R., Smi th ,  D. E .  Rubincam, D. P., Dunn, P. J . ,  To r rence ,  
i M. H., 1977: " P o l a r  M o t i o n  and E a r t h  T ides  f r o m  Laser  T r a c k i n g , "  

P h i l o s o p h i c a l  T r a n s a c t i o n s  Royal S o c i e t y  o f  London - 284, pp. 485-494. 

1 Newcomb, S. ,  1891: "On t h e  P e r i o d i c  V a r i a t i o n  o f  L a t i t u d e ,  and t h e  ~ 
i O b s e r v a t i o n s  w i t h  t h e  Washington P r i m e - V e r t i c a l  T r a n s i t , "  The 

A s t r o n o m i c a l  J o u r n a l  No. 251 , p p .  81 -83. 
I 

1 O e s t e r w i n t e r ,  C . ,  1978: " P o l a r  M o t i o n  t h r o u g h  1977 f r o m  Dopp le r  S a t e l -  
l i t e  O b s e r v a t i o n s , "  Proceed inqs o f  I n t e r n a t i o n a l  A s t r o n o m i c a l  Un ion  

I 
I Symposium No. 82, "Time and t h e  E a r t h ' s  R o t a t i o n , "  -- Cadiz ,  Spa in ,  

I May 1978. 



Robertson, D. S . ,  Carter, W .  E . ,  Corey, B.  E . ,  Cotton, W .  D . ,  
Counselman, C .  C . ,  Shapi ro ,  I .  I . ,  Wi t t e l s ,  J .  J . ,  Hin teregger ,  
H.  F . ,  Knight, C.  A . ,  Rogers, A .  E .  E., Whitney, A.  R . ,  Ryan, J .  W., 
C la rk ,  T.  A . ,  Coates,  R .  J . ,  Ma, C . ,  Moran, J .  M . ,  1978: "Recent 
Resul t s  of  Radio I n t e r f e r o m e t r i c  Determinations of a Transcont i -  
nental  Base l ine ,  Polar  Motion and Earth Ro ta t ion , "  Proceedings o f  
I n t e r n a t i o n a l  Astronomical Union Symposium No. 82, Time and t h e  
E a r t h ' s  Rota t ion ,"  Cadiz,  Spa in ,  May 1978. - 

Si lve rbe rg ,  E . ,  1978: "On t h e  E f f e c t i v e  Usage o f  Lunar Ranging f o r  t h e  
Determination o f  t h e  E a r t h ' s  O r i e n t a t i o n , "  Proceedings IAU Sympo- 
sium No. 82,  Time and t h e  E a r t h ' s  Rota t ion ,  Cadiz,  Spa in ,  May 1978. 

Smith, D.  E., 1978: "Polar  Motion from Laser Tracking Data,"  Goddard 
Space Fl i g h t  Center .  

Smith, D.  E . ,  Kolenkiewicz, R . ,  Dunn, P .  J . ,  Terrence, M . ,  1978: "De- 
t e rmina t ion  of  Polar  Motion and Earth Rotat ion from Laser  Tracking 
of  S a t e l l i t e s , " P r o c e e d i n g s  IAU Symposium No. 82 ,  Time and the  - 
E a r t h ' s  Rota t ion ,  Cadiz,  Spain,  May 1978. 

Smylie,  D. E .  and Mansinha, L . ,  1968: "Earthquakes and t h e  Observed 
Motion o f  t h e  Rotat ion Pole ,"  Journal  ~ e o p h ~ s i c a l  Research 73, 
pp. 7661 -7673. 

S t o l z ,  A. , Bender, P. L . ,  Fa1 l e r ,  J .  E .  , S i l v e r b e r g ,  E. C . ,  Mu1 hol l and ,  
J .  D . ,  She lus ,  P. J . ,  Williams, J .  G . ,  C a r t e r ,  W .  E., Curr-ie, D. G . ,  
Kaula, W .  M., 1976: "Earth Rotat ion Measured by Lunar Laser 
Ranging," Science Vol, 193, pp .  997-999. 

Y u m i  , S. , 1964: Annual Report o f  t h e  In t e rna t iona l  Polar  Motion S'ervice 
f o r  t h e  Year 1962. 



Oues t i  ons and Answers 

DR. TOM CLARK,  NASA Goddard Space F l i g h t  C e n t e r :  

\ lo we have any q u e s t i o n s  o r  cornr;ients? I m i g h t  rr~ake one corr~rnent 
r e g a r d i n g  B i l l ' s  l a s t  p i c t u r e .  I n  d d d i t i o n  t,o t h e  t h r e e  s t a t i o n s  he 
showed t h e r e ,  t h e  sal;le grout) i s  d l s o  c o n d u c t i n g  even e a r l i e r  p r o t o -  
t y p e  o b s e r v a t i o n s  u s i n g  d Mark 111 sys tem p e r s o n a l l y  f unded  b y  DMA 
t h a t  w i l l  be g o i n g  i n t o  Sweden, and sorne hardware  p e r s o n a l l y  f unded  
by NASA wh ich  w i l l  he g o i n g  i n t o  a s t a t i o n  i n  C a l i f o r n i a ,  so  t h e r e  
w i l l  a c t u a l l y  be some FY' 79 o b s e r v a t i o n s  g o i n g  on a t  t h o s e  s t a t i o n s .  




