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ABSTRACT. Atomic clock accurac ies  continue t o  improve rap id ly ,  requi r -  
i ng  the  inc lus ion  of genera l  r e l a t i v i t y  f o r  unambiguous time and f r e -  
quency clock comparisons. Atomic clocks a r e  now placed on space vehi- 
cles and t h e r e  a r e  many new app l i ca t ions  of t i m e  and frequency 
metrology. This paper addresses  t h e o r e t i c a l  and p r a c t i c a l  l i m i t a t i o n s  
i n  t h e  accuracy of atomic clock comparisons a r i s i n g  from r e l a t i v i t y ,  
and demonstrates t h a t  accurac ies  of t i m e  and frequency comparison can 
approach a few picoseconds and a few p a r t s  i n  respec t ive ly .  

1. INTRODUCTION 

Recent experience has shown t h a t  t he  accuracy of atomic clocks has 
improved by about an order  of magnitude every seven years .  It has 
the re fo re  been necessary t o  include r e l a t i v i s t i c  e f f e c t s  i n  the  reali- 
za t ion  of s ta te-of- the-ar t  t i m e  and frequency comparisons f o r  a t  l e a s t  
t h e  last decade. There is a growing need f o r  agreement about proce- 
dures  f o r  incorpora t ing  r e l a t i v i s t i c  e f f e c t s  i n  a l l  d i s c i p l i n e s  which 
use  modern t i m e  and frequency metrology techniques.  The a reas  of need 
inc lude  s o p h i s t i c a t e d  communication and naviga t ion  systems and funda- 
mental  areas of research  such as  geodesy and rad io  astrometry.  

S i g n i f i c a n t  progress  has r ecen t ly  been made i n  a r r i v i n g  a t  de f in i -  
t i o n s  €or coordinate  t i m e  t h a t  are p r a c t i c a l ,  and i n  experimental  ver i -  
f i c a t i o n  of the  se l f -cons is tency  of these  procedures.  I n t e r n a t i o n a l  
Atomic T ime  (TAI) and Universal  Coordinated T ime  (UTC) have been def in-  
ed as  coordinate  time s c a l e s  t o  a s s i s t  i n  t he  unambiguous comparison of 
t i m e  and frequency i n  the  v i c i n i t y  of t he  Earth.  This paper summarizes 
the  procedures f o r  t i m e  and frequency comparisons which have been 
adopted by the  Consul ta t ive  Committee f o r  t he  Def in i t i on  of the Second 
(CCDS) and the  I n t e r n a t i o n a l  Radio Consul ta t ive  Committee (CCIR), and 
addresses  f u t u r e  t h e o r e t i c a l  and p r a c t i c a l  l i m i t a t i o n s  i n  the  accuracy 
of coordinate  t i m e  and frequency comparisons. T i m e  and frequency mea- 
surements a r e  a l s o  given showing the  need f o r  the  cons t ruc t ion  of an 
unambiguous coord ina te  t i m e  and frequency network near  t he  Ear th ,  t he  
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consis tency of t he  proposed comparison methods, and the l e v e l  of accur- 
acy a t  which such comparisons break down. Considerat ion i s  given t o  
r e l a t i v i s t i c  e f f e c t s  a r i s i n g  from the  s ta t ics  and dynamics of the  
shape of t h e  e a r t h  and i t s  sp in  i n s t a b i l i t i e s  a s  w e l l  a s  from the  
g r a v i t a t i o n a l  in f luence  of o ther  s o l a r  system bodies. 

Three of t he  S I  u n i t s  may now be determined from frequency mea- 
surements. It is q u i t e  common t o  compare primary frequency s tandards  
s i t u a t e d  at  g r e a t  d i s t ances  from each o the r  on t h e  Ea r th ’ s  sur face .  
Using s i g n a l s  from atomic clocks on Earth-orbi t ing sa te l l i t es  as t rans-  
f e r  s tandards ,  t he  comparison measurement u n c e r t a i n t i e s  a r e  found t o  be 
less than t h e  accurac ies ,  of a few p a r t s  i n  1014, of these  primary 
s tandards.  R e l a t i v i s t i c  co r rec t ions  needed t o  accomplish such f r e -  
quency comparisons a r e  s i g n i f i c a n t l y  l a r g e r  than the  accurac ies  of the  
primary s tandards ;  ye t  i n  the  measurements repor ted  here  the  s tandards  
agreed t o  w e l l  w i th in  t h e i r  accuracies .  Fu r the r ,  plans a r e  now under 
way t o  genera te  an improved coordinate  clock on the  e a r t h  t o  measure 
the  mil l isecond pulsar .  This pu l sa r  has a t h e o r e t i c a l  Q = lo1’ and may 
be more p red ic t ab le  over the  long term than the  bes t  atomic clock. An 
important ques t ion  the  I n t e r n a t i o n a l  Astronomical Union (IAU) should 
address  is the  unambiguous t ransformation from Ear th  coord ina te  t i m e  t o  
ba rycen t r i c  dynamical t i m e  o r  t o  another  appropr i a t e  t i m e  scale f o r  
celest ia l  measurements, so t h a t  s c i e n t i s t s  may communicate the  r e s u l t s  
of t h e i r  s t u d i e s  without  confusion. The f u t u r e  holds  some s i g n i f i c a n t  
chal lenges a s  c lock accurac ies  increase .  The work addressed here  w i l l  
he lp  t o  provide t r a c t a b l e  clock comparisons f o r  some decades. 

2 .  PROCEDURES FOR CLOCK SYNCHRONIZATION NEAR THE EARTH 

I n  an i n e r t i a l  frame clocks can be synchronized by the  E ins t e in  
procedure,  which i s  based on the  constancy of t he  speed of l i g h t .  A 
l i g h t  pu lse  emit ted from a re ference  clock,  w i l l  a r r i v e  at a t i m e  L / c  
l a t e r  at  the  p o s i t i o n  of a second clock,  i f  t he  l a t t e r  clock is  a prop- 
er d i s t ance  L away from the  re ference  clock. Since the  Earth sp ins ,  a 
network of c locks d i s t r i b u t e d  on the  Ear th’s  su r face  cannot be s e l f -  
c o n s i s t e n t l y  synchronized by means of t h i s  procedure. Also, clocks 
c a r r i e d  i n  j e t  a i r c r a f t  o r  s a t e l l i t e s  are sub jec t  t o  g r a v i t a t i o n a l  f r e -  
quency s h i f t s  and t i m e  d i l a t i o n  e f f e c t s  (second-order Doppler s h i f t s )  
which are pa th  dependent. 

from r e l a t i v i s t i c  e f f e c t s ,  one may in t roduce  a “coord ina te  t i m e “  g r i d  
i n  t h e  fol lowing way (Ashby and Allan,  1979). Imagine an underlying 
nonro ta t ing  frame, or  l o c a l  i n e r t i a l  frame unat tached t o  the  sp inning  , 

Ear th ,  but wi th  i ts  o r i g i n  a t  the  cen te r  of the  ea r th .  I n  t h i s  frame, 
in t roduce  a f i c t i t i o u s  set of s tandard clocks a v a i l a b l e  anywhere, a l l  
synchronized v i a  t h e  E ins t e in  procedure,  and l e t  them run a t  agreed 
upon r a t e s  such t h a t  synchronizat ion i s  maintained. C a l l  t he  r e s u l t i n g  
t i m e  s c a l e  “coordinate  t i m e . “  Now in t roduce  a set of s tandard clocks 
d i s t r i b u t e d  around the  su r face  of t he  r o t a t i n g  Earth.  To each one of 
t hese  s tandard  clocks a set of sys temat ic  co r rec t ions  may be appl ied ,  
so  t h a t  a t  each i n s t a n t  i t  agrees  wi th  the  t i m e  on a f i c t i t i o u s  

To ob ta in  a coordinate  t i m e  system without i ncons i s t enc ie s  a r i s i n g  . 
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standard clock,  a t  rest i n  the  l o c a l  i n e r t i a l  frame, wi th  which it in- 
s tan taneous ly  coincides .  This set of c locks w i l l  t he re fo re  a l l  be 
keeping coord ina te  t i m e .  I n  o the r  words, coordinate  t i m e  is equivalent  
t o  t i m e  measured by s tandard  clocks i n  the  l o c a l  i n e r t i a l  frame. 

I n  the  l o c a l  i n e r t i a l  frame, t i d a l  p o t e n t i a l  e f f e c t s  due t o  o the r  
s o l a r  system bodies ,  can be shown (Ashby, 1975) t o  have e f f e c t s  on 
clocks r a t e s  which a r e  neg l ig ib l e  at  the  present ;  only the  Ear th ' s  
gravitational potential V needs t o  be e x p l i c i t l y  considered. Kee ing  
f i r s t - o r d e r  co r rec t ions ,  and transforming the  inva r i an t  i n t e r v a l  dsq t o  
t h e  Ea r th ' s  frame r o t a t i n g  with angular  ve loc i ty  w ,  the  metric may be 
w r i t t e n  (Ashby and Allan,  1979): 

ds2  = [ l  + 2($ - $0) / c2 ] (c  d t ' ) 2  - 2: r' x d r '  d t '  

- [1 - 2V/c2]6ij dx'i dx ' j  , 

where c is the  speed of l i g h t ,  the  g r a v i t a t i o n a l  p o t e n t i a l  $ inc ludes  
c e n t r i f u g a l  e f f e c t s ,  $0 i s  the value of I+ on the  geoid,  primes denote 
q u a n t i t i e s  measured i n  the  r o t a t i n g  frame, and t '  = ( 1  + $ O / c 2 ) t  is a 
t i m e  s c a l e  which takes  advantage of the  combination of e f f e c t s  causing 
s tandard  clocks on the  geoid t o  beat at e u a l  r a t e s .  

For por tab le  c locks with ve loc i ty  v' r e l a t i v e  t o  the  ground, Eq. 
(1 )  may be solved f o r  d t '  and in t eg ra t ed  along the  c lock ' s  pa th  giving:  

( 2 )  

For synchronizat ion along a pa th  by means of e lectromagnet ic  (em) s ig -  
n a l s ,  ds vanishes.  Solving Eq. (1)  f o r  t he  elapsed coordinate  t i m e  i n  
t h i s  case g ives  

1 + +  + - I d a '  [ l  - ( $ - I + ~ ) / C ~  + w r '  x c ' / c 2 ]  . 

A t '  = I ds [ l  - ($-$0)/c2 + vV2/2c2  + w' g' x $' /c2] .  

(3)  A t '  = 
C 

wher$ d a '  is the  increment of proper d i s t ance  along the  s i g n a l  pa th ,  
and c '  i s  the  v e l o c i t y  of the  e m  s i g n a l  pulse  observed i n  the  r o t a t i n g  
frame. The right-hand s i d e s  of Eqs. (2 )  and (3)  a r e  expressed i n  terms 
of measurable or  ca l cu lab le  q u a n t i t i e s .  Using these  co r rec t ions ,  t h e  
coord ina te  c locks which read t '  may be cons i s t en t ly  synchronized by ei- 
t h e r  po r t ab le  c locks or  e m  s igna l s .  Second-order terms which have been 

- neglec ted  i n  Eqs. (1)-(3) would give a d d i t i o n a l  co r rec t ions  of order  
( v ' / c ) ~  and ( $ / c ~ ) ~  ; these  cont r ibu te  less than one p a r t  i n  

I n  the  fol lowing sec t ions  we s h a l l  d i scuss  why the above equat ions 
. a r e  use fu l ,  and the  l i m i t s  of a p p l i c a b i l i t y  of these  equat ions near t he  

Earth.  Geocentr ic  coordinate  t i m e  w i l l  c l e a r l y  be seen t o  be a u se fu l  
t i m e  and frequency metrology t o o l  i n  the  v i c i n i t y  of t he  Earth.  

2.1. The CCDS and C C I R  Resolut ions 

A t  the  n i n t h  se s s ion  of t he  CCDS (CCDS, 1980), a r epor t  was pre- 
pared on the  above top ic .  This committee, on consider ing among o t h e r  
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th ings  t h a t  the  14th General Conference of Weights and Measures es tab-  
l i s h e d  T A I  as the  I n t e r n a t i o n a l  Time Standard Reference,  recognized 
t h a t  i t  i s  necessary t o  consider  r e l a t i v i s t i c  e f f e c t s  when comparing 
t i m e  s tandards  on the  Ear th ,  and t h a t  i t  is necessary t o  adopt a model 
t h a t  c l e a r l y  def ines  how the  comparisons are t o  be made. The committee 
dec lared  t h a t  TAI should be e s t ab l i shed  a s  the  Coordinate T ime  Standard 
def ined  i n  a geocent r ic  coordinate  frame with the  SI second as  r e a l i z e d  
on t h e  r o t a t i n g  geoid as t h e  u n i t  of t i m e ,  and t h a t  i n  comparing clocks 
i n  the  v i c i n i t y  of t he  Earth i t  is  necessary t o  incorpora te  genera l  
r e l a t i v i s t i c  co r rec t ions  which inc lude  the  v e l o c i t i e s  of po r t ab le  
c locks ,  t he  g r a v i t a t i o n a l  p o t e n t i a l s  involved and the  e f f e c t s  of the  
r o t a t i n g  e a r t h  i n  order  t o  e s t a b l i s h  a se l f - cons i s t en t  coordinate  time 
frame i n  which t o  measure s ta te-of- the-ar t  clocks.  

The equat ions adopted by t h e  CCDS and quoted below a r e  spec ia l i za -  
t i o n s  of Eqs.  ( 2 )  and ( 3 )  appropr ia te  f o r  clocks near the  Ea r th ' s  sur- 
f ace ,  and are v a l i d  f o r  t he  es t imat ion  of r e l a t i v i s t i c  e f f e c t s  on clock 
rates t o  b e t t e r  than one p a r t  i n  

When t r a n s f e r r i n g  t i m e  from poin t  P t o  another  po in t  Q by means of 
a po r t ab le  c lock,  the  coordinate  t i m e  accumulated during t r anspor t  as  
der ived from Eq. ( 2 1 ,  becomes 

where ;' i s  a vec tor  whose o r i g i n  is a t  the  cen te r  of the  Ear th  and 
whose terminus moves wi th  the  clock+from P t o  Q; ds i s  the  increment of 
proper t i m e  given by the  clock,  A$(r ' )  i s  the  g r a v i t a t i o n a l  p o t e n t i a l  
d i f f e rence  between the  loca t ion  of the  clock and the  geoid (A$ is posi-  
t i v e  above t h e  gso id) ;  and AE i s  the  e q u a t o r i a l  p ro j ec t ion  of the  
a rea  swept out by r i n  an Earth-fixed coordinate  system. I n  computing 
$;, i t s  increment i s  taken p o s i t i v e  when the  e q u a t o r i a l  p ro j ec t ion  of 
r moves eastward. The co r rec t ion  t e r m  a r i s i n g  from AE i n  Eq. (4)  i s  
the  Sagnac e f f e c t ,  which i s  the  e f f e c t  on the  apparent ve loc i ty  of 
l i g h t  due t o  the  r o t a t i n g ,  n o n i n e r t i a l  re fe rence  frame (Pos t ,  1967). 
I f  t he  he ight  of clock above the  geoid i s  less than 24 km one may 
t ake  Ag(r) = gh and s t i l l  r e t a i n  an accuracy of a p a r t  i n  where h 
i s  the  a l t i t u d e  of the  clock above the  geoid and g the acce le ra t ion  of 

g r a v i t y  ( inc luding  r o t a t i o n a l  e f f e c t s )  at the  i n t e r s e c t i o n  o f+r  wi th  
the  geoid. For an accuracy of a p a r t  i n  the  approximation A$ = - 
gh can be used i f  h is  less than about 2.4 km. 

When t r a n s f e r r i n g  t i m e  from one poin t  t o  another  by means of an 
e m  s i g n a l ,  the  coordinate  t i m e  e lapsed between t ransmission and recep- 
t i o n ,  Eq. ( 3 ) ,  i s  given by: 

where do i s  the  increment of proper length  along the  t ransmission 
p d  the  o the r  no ta t ions  are the  same as f o r  t he  f i r s t  case,  except 
r '  r e f e r s  t o  poin ts  on the  t ransmission path. 

( 5 )  

path  
t h a t  
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In 1982 the  CCIR (CCIR, 1982), adopted conventions cons i s t en t  wi th  
the  CCDS r e p o r t ,  but extending the  range of a p p l i c a b i l i t y  of the  r e l a -  
t i v i s t i c  co r rec t ions  t o  include geos ta t ionary  s a t e l l i t e  o r b i t s .  A 
second set  of equat ions adopted by t h e  CCIR allowed f o r  the  considera- 
t i o n  of comparisons f o r  two cases; f i r s t  a s  viewed from an ear th-f ixed 
( r o t a t i n g )  frame and second, from a geocent r ic ,  non-rotat ing,  l o c a l  
i n e r t i a l  frame as is  appropr ia te  f o r  clocks i n  o r b i t .  

In  the f i r s t  case, when transferring time by means of a po r t ab le  
c lock o r  e m  s i g n a l s ,  the  coordinate  t i m e  accumulated during t r anspor t  
is as given by Eqs. (4)  or (5), respec t ive ly .  

When h is g r e a t e r  than about 24 km, f o r  one pa r t  i n  1014 accuracy, 
o r  g r e a t e r  than 2.4 km f o r  one p a r t  i n  lo1' accuracy, the  p o t e n t i a l  
d i f f e rence  A +  must be ca l cu la t ed  t o  g r e a t e r  accuracy as follows: 

where a l  $s t he  e q u a t o r i a l  rad ius  of the  Earth;  r is the  magnitude of 
t h e  vec tor  r ' ;  8 is the  co la t i t ude ;  GMe is the  product of t he  Ea r th ' s  
mass and the  g r a v i t a t i o n a l  cons tan t ;  and J2 = + 1.082 x loe3 is  the  
quadrupole moment c o e f f i c i e n t  of t he  Earth.  Accuracy of a p a r t  i n  10 l6  
can be achieved by inc luding  add i t iona l  known terms i n  t h e  mult ipole  
expansion of t he  Ea r th ' s  p o t e n t i a l .  

The second t e r m  i n  Eq. ( 5 )  amounts t o  about a nanosecond f o r  an 
Earth-to-geostationary sa t e l l i t e - to -Ear th  t r a j e c t o r y .  The t h i r d  term 
can con t r ibu te  hundreds of nanoseconds f o r  p r a c t i c a l  values  of AE. 
The increment of proper length ,  du, can be taken a s  the  length  measured 
using s tandard rods at rest i n  the  r o t a t i n g  system; t h i s  i s  equiva len t  
t o  measurement of length  by taking c / 2  t i m e s  t he  proper t i m e  (normal- 
ized  t o  vacuum) of a two-way em s i g n a l  s en t  from P t o  Q and back along 
the  t ransmiss ion  path. I n  p r a c t i c e  u n c e r t a i n t i e s  i n  the  proper dis-  
tances  du play a s i g n i f i c a n t  r o l e  i n  l i m i t i n g  the  accuracy wi th  which 
t h e  elapsed coordinate  t i m e  can be determined. 

In t he  second case, a s  viewed ins t ead  from a geocent r ic ,  non-ro- 
t a t i n g ,  l o c a l  i n e r t i a l  frame, when t r a n s f e r r i n g  t i m e  with a por tab le  
clock the  coordinate  t i m e  e lapsed during the  motion of the  clock is :  

-+ 
where V(r )  i s  the  Ea r th ' s  p o t e n t i a l  +at the  l o c a t i o n  of the  clock ex- 
c luding r o t a t i o n a l  con t r ibu t ions  and v i s  the  ve loc i ty  of the  c lock ,  
both a s  viewed from a geocent r ic  non-rotat ing re ference  frame. The 
p o t e n t i a l  $g a t  t he  geoid s t i l l  includes $he e f f f c t  on the  PotenSial  
of the  Ear th ' s  r o t a t i o n a l  motion. 
does not include the  e f f e c t  of the Ea r th ' s  ro t a t ion .  Eq. ( 7 )  a l s o  ap- 
p l i e s  t o  c locks i n  geos ta t ionary  o r b i t s  but should not be used be ond a 
d i s t ance  of about 50,000 km from the  center  of the Ear th  f o r  ac- 

Note A+(r)  f V(r)  - I + I ~ ,  s i nce  V(r> 
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curacy, because a t  g r e a t e r  d i s t ances  from the  cen te r  of the  Ear th ,  
Lunar and So la r  t i d a l  p o t e n t i a l s  have a nonnegl ig ib le  e f f e c t s .  

From t h e  viewpoint of a geocen t r i c ,  non-rotat ing,  l o c a l  i n e r t i a l  
frame, t he  coordinate  time e lapsed  between emission and recept ion  of an 
e lec t romagnet ic  s i g n a l  is: 

C P  2 C 

where V(;) and + 
ment of proper fength along the  t ransmission path. The q u a n t i t i e s  do 
appearing i n  equat ion ( 5 )  and (8) d i f f e r  s l i g h t l y  because the  re ference  
frames i n  which they are measured are r o t a t i n g  wi th  respec t  t o  each 
o the r ;  Lorentz con t r ac t ion  could cause the  d i f f e rence  i n  A t  t o  15 ps a t  
most for .  t ransmission t o  a s a t e l l i t e  i n  geos ta t ionary  o r b i t .  

are def ined as i n  Eq. ( 7 ) ,  and do is the  incre- 

3.  SOME LIMITATIONS ON THE DETERMINATION OF COORDINATE TIME 

For the  Ear th  considered i n  i s o l a t i o n  from o t h e r  s o l a r  system 
bodies ,  then one can th ink  of t he  Ear th ' s  cen te r  of mass as a t  rest i n  
an i n e r t i a l  frame wi th  the  Earth i t s e l f  i n  uniform r o t a t i o n  r e l a t i v e  t o  
t h i s  frame. Es t ab l i sh ing  a network of synchronized clocks on the  sur-  
f a c e  of the  Ear th  i s  then s impl i f i ed  by seve ra l  s i g n i f i c a n t  cancel la-  
t i o n s  among r e l a t i v i s t i c  e f f e c t s .  

I n  the  r o t a t i n g  frame, t h e r e  is a p a i r  of e f f e c t s  which cancel  t o  
a high degree because t h e  Ea r th ' s  su r f ace  is nea r ly  i n  h y d r o s t a t i c  
equi l ibr ium. Comparing two clocks a t  rest on the  same meridian,  one 
which i s  f a r t h e r  from the  r o t a t i o n  a x i s  w i l l  move f a s t e r  and w i l l  
t he re fo re  beat more slowly, a consequence of t i m e  d i l a t i o n .  However, 
because of t he  Ea r th ' s  e q u a t o r i a l  bulge the  clock f a r t h e r  from the  ro- 
t a t i o n  a x i s  is a l s o  h igher  i n  the  Ea r th ' s  g r a v i t a t i o n a l  f i e l d  and bea ts  
more r ap id ly  due t o  a g r a v i t a t i o n a l  frequency s h i f t .  I f  the  Ear th  were 
a p e r f e c t  e l l i p s o i d  of revolu t ion ,  then i n  the  r o t a t i n g  frame the  
Ea r th ' s  su r f ace  -- o r  so? o the r  equ ipo ten t i a l  -- could be taken a s  a 
r e fe rence  su r face  on which, t o  a high degree of accuracy, a l l  i d e n t i c a l  
s tandard  c locks  would beat  a t  t h e  same r a t e .  It i s  conventional t o  
choose the  geoid of the  Earth i n  r o t a t i o n  a s  the  re ference  sur face  f o r  
i n t e r n a t i o n a l  clock comparisons. 

I f  t he  Sun's g r a v i t a t i o n a l  p o t e n t i a l  i s  expanded i n  a Taylor ser- 
ies about t h e  Ea r th ' s  cen te r  of mass, the  lead ing  term w i l l  con t r ibu te  
t o  a constant  frequency s h i f t  which is the  same f o r  a l l  c locks near t he  
Ear th ,  and so  w i l l  not a f f e c t  comparisons between such clocks.  Consid- 
er next t he  terms i n  t h i s  expansion which are l i n e a r  i n  the  d is tance  
from the  Ea r th ' s  cen ter .  Of two clocks a t  d i f f e r e n t  d i s t ances  from the  
sun, t h e  c l o s e r  one should beat a t  a slower r a t e  due t o  the  g rav i t a -  
t i o n a l  red s h i f t .  There must e x i s t  ye t  another  e f f e c t  because, accord- 
i ng  t o  the  p r i n c i p l e  of equivalence,  g r a v i t a t i o n a l  f i e l d s  can be t rans-  
formed away l o c a l l y  by in t roducing  an appropr ia te  f r e e l y  f a l l i n g  l o c a l  
i n e r t i a l  frame. This second e f f e c t  i s  the  r e l a t i v i t y  of s imul tane i ty ,  
according t o  which clocks synchronized i n  one i n e r t i a l  frame by 
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E i n s t e i n ' s  procedure w i l l  not appear synchronous when viewed from a 
second frame moving wi th  respec t  t o  the  f i r s t .  I n  the  present  case the  
t e r m s  a r i s i n g  from breakdown of s imul tane i ty  have an annual per iod be- 
cause the  v e l o c i t y  of t he  Ear th  changes a s  t he  Ear th  revolves  around 
t h e  sun. This e f f e c t  gives  rise t o  a con t r ibu t ion  which causes ne t  
cance l l a t ion  of a l l  l i n e a r  terms i n  d i s t ance ,  i n  the  clock comparisons 
between clocks i n  the  Ea r th ' s  l o c a l  i n e r t i a l  frame, due t o  the  sun. 
This has been proven elsewhere by e x p l i c i t  c a l c u l a t i o n  even f o r  a model 
of t he  Ea r th ' s  motion which includes the  o r b i t a l  e c c e n t r i c i t y  (Ashby, 
1980). The r e s u l t  i s  t h a t  t o  a high degree of approximation, t he  
r e s i d u a l  e f f e c t  of the  sun, on clocks synchronized i n  the  l o c a l  iner -  
t i a l  frame near  t he  Ear th ,  i s  due t o  Newtonian t i d a l  p o t e n t i a l s .  A 
s i m i l a r  argument app l i e s  t o  the  lunar  p o t e n t i a l  and t o  p o t e n t i a l s  a r i s -  
i ng  from o the r  s o l a r  system bodies.  

S tudies  of t he  geoid show t h a t  t he  geoid i t s e l f  may dev ia t e  by up 
t o  105 meters from the  re ference  e l l i p s o i d .  This i s  i l l u s t r a t e d  in 
Fig. 1, (Lerch et a l . ,  1979). A height  d i f f e rence  of 105 meters be- 
tween two clocks could cause a d i f f e rence  of gh/c2 - 1 . l ~ l O - l ~  i n  t he  
f r a c t i o n a l  frequency d i f f e rence  between two clocks,  i f  not accounted 
f o r .  However the  geoid (not  the  re ference  e l l i p s o i d )  i s  the  sur face  of 
re ference  f o r  comparison of clock r a t e s ;  the  sys temat ic  devia t ion  of 
the  geoid from the  re ference  e l l i p s o i d  i s  well-modelled and can be ac- 
counted f o r  t o  wi th in  a few percent .  

Longitude (Degrees) 

Figure 1. Geoid su r face  computed from GEM 10 model, wi th  he ight  con- 
tou r s  a t  10 m i n t e r v a l s  above the  mean e l l i p s i o d  (Lerch et  a l . ,  1979) 

Mean sea  l e v e l  can be a f f ec t ed  by Cor io l i s  fo rces  a c t i n g  on l a rge  
s c a l e  ocean cur ren ts .  For example a t  45" l a t i t u d e  a p e r s i s t e n t  nor- 
t h e r l y  cu r ren t  170 km wide flowing a t  2 m/sec would r equ i r e  the  eas t e rn  
edge t o  be about 3 meters above the  western edge. It is  thus important 
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t o  note  t h a t  mean sea l e v e l  may d i f f e r  by some meters from the  geoid. 
More s e r i o u s  l i m i t a t i o n s  a r i s e  from u n c e r t a i n t i e s  i n  knowledge of 

h igher  harmonics of t he  g r a v i t a t i o n a l  p o t e n t i a l  due t o  t h e  Ear th  it- 
self. Goddard Ear th  Models 9 and 10 (Lerch e t  a l .  1979), r e s u l t  from 
extens ive  ana lys i s  of ranging from s t a t i o n s  on the  e a r t h  t o  s a t e l l i t e s  
such as GEOS 3. The r e s u l t i n g  g r a v i t a t i o n a l  p o t e n t i a l  can be expressed 
a s  an expansion i n  a series of s p h e r i c a l  harmonics wi th  c o e f f i c i e n t s  
determined by f i t t i n g  t h e  da ta .  The determinat ion of the  geoida l  sur -  
f a c e  is a f f ec t ed  by u n c e r t a i n t i e s  i n  the  knowledge of GM,, a l ,  and i n  - 
t h e  p o t e n t i a l  c o e f f i c i e n t s .  It has been est imated (Lerch e t  a l . ,  1979) 
t h a t  u n c e r t a i n t i e s  i n  these  p o t e n t i a l  c o e f f i c i e n t s  r e s u l t  i n  uncer ta in-  
t ies i n  the  he ight  of t he  geoid of about 1.5 meters. This is a g loba l  
r m s  value,  and leads  t o  an unce r t a in ty  i n  f r a c t i o n a l  frequency compari- 
sons less than 2 p a r t s  i n  As knowledge of the  Ea r th ' s  g rav i t a -  
t i o n a l  f i e l d  cont inues t o  improve, one may expect  t h i s  unce r t a in ty  i n  
t h e  determinat ion of the  geoid t o  be reduced t o  half  o r  a t h i r d  of i t s  
cur ren t  value.  

Other p o t e n t i a l  e f f e c t s  may cause small time-varying f l u c t u a t i o n s  
i n  t h e  g r a v i t a t i o n a l  equ ipo ten t i a l  sur face .  For example, r e l a t i v e  t o  
t h e  spinning Ear th ,  the  Newtonian t i d a l  p o t e n t i a l  has a per iod of one 
luna r  day which i s  long compared t o  the  per iod of the  normal modes of 
o s c i l l a t i o n  of the  Earth.  The Ea r th ' s  response t o  such t i d a l  fo rces  
is approximately s t a t i c .  The r e s u l t i n g  devia t ion  of the  equ ipo ten t i a l  
su r f ace  of the  e a r t h  inc luding  luna r  t i d a l  p o t e n t i a l s  may then be esti- 
mated from modern theo r i e s  of Ear th  t i d e s  (Baker 1984). I f  W repre-  
s e n t s  the  t i d a l  p o t e n t i a l ,  then the  v e r t i c a l  displacement of t he  equi- 
p o t e n t i a l  su r f ace  r e l a t i v e  t o  the  cen te r  of t he  Ear th  is (l+k2)W/g, 
while  r e l a t i v e  t o  the  deformed Earth sur face  the  displacement is (l+k2- 
hp)W/g. The terms W/g i n  these  expressions a r i s e  from consider ing t h e  
Ear th  t o  be und i s to r t ed ,  and may be obtained us ing  Brun's equat ion 
(Heiskanen and Mori tz ,  1967) while  t he  Love numbers k 2  and h2 arise 
from the  d i s t o r t i o n  of the  Ear th ' s  mass on the  t o t a l  po ten t i a l .  For a 
v a r i e t y  of layered  Ear th  models, 0.604Ch2<0.630,, and 0.299(k2<0.310. 

One f i n d s  t h a t  the  peak t o  peak range of t he  displacement of the  
geoid r e l a t i v e  t o  t h e  deformed su r face  i s  0.37 meters, wi th  an uncer- 
t a i n t y  of about 0.009 meters. This could produce an e r r o r  i n  the  com- 
par i son  of f r a c t i o n a l  frequency d i f f e rences  of c locks  of a t  most 4 
p a r t s  i n  A similar 
computation f o r  t he  e f f e c t  of s o l a r  t i d e s  y i e l d s  e f f e c t s  of approxi- 
mately ha l f  t h i s  s i z e .  These a r e  f o r  t he  most p a r t  sys temat ic  f a i r l y  
well-understood e f f e c t s  which can be cor rec ted  f o r  t o  wi th in  about 
2.5%. T ida l  e f f e c t s  due t o  o t h e r  bodies--such as J u p i t e r  and 
Saturn--are much smal le r  and can be neglected.  

with an uncer ta in ty  of about a p a r t  i n  lo1*. 

3.1. E r ro r s  i n  computation of the  Sagnac e f f e c t  

The Sagnac co r rec t ion  is of t he  form A t  = (2w/c2)A~ where AE 
i s  the  a rea  of the pa th  of the  po r t ab le  clock o r  l i g h t  ray a s  pro jec ted  
on the  e q u a t o r i a l  plane.  Consider a synchronizat ion process  i n  which 
two s t a t i o n s  a r e  involved with the  a rea  t o  be pro jec ted  being that of 



COORDINATE TIME IN THE VICINITY OF THE EARTH 307 

t he  t r i a n g l e  consi_sting of the Ear th’s  center  and the  ground s t a t i o n s  
a s  v e r t i c e s .  I f  due t o  po la r  wander the  d i r e c t i o n  of t he  Ear th’s  a x i s  
should change by an angle  6 0 ,  the  change i n  the  Sagnac co r rec t ion  i n  
the  worst  poss ib l e  case would be less than approximately 2wA60/c2. For 
a t y p i c a l  experiment 2wA/c2 = l ~ s  while the  polar  wander i s  no more 
than about 30 meters, so 6 0  < 5 x lov6 g iv ing  an e r r o r  A t  ~ 1 1  6 pico- 
seconds. Such e f f e c t s  a r e  neg l ig ib l e  f o r  t he  t i m e  being, as a r e  uncer- 
t a i n t i e s  i n  the  value of w. It i s  more l i k e l y  t h a t  poorly known posi-  
t i o n s  w i l l  l ead  t o  s i g n i f i c a n t  u n c e r t a i n t i e s  i n  the  area.  

4. EXPERIMENTAL REVIEW 

I n  t h i s  s ec t ion  we treat some of the  experimental  measurements of 
r e l a t i v i s t i c  co r rec t ions  as w e l l  as some of t he  ope ra t iona l  systems 
which depend on the  use of r e l a t i v i s t i c  e f f e c t s  i n  the  measurement of 
coordinate  t i m e  and frequency. 

A c l a s s i c  experiment which demonstrated the  need f o r  a l l  t h r e e  
r e l a t i v i s t i c  co r rec t ion  terms i n  Eq. ( 4 )  was conducted during October 
1971 (Hafele,  1971; Hafele and Keating 1972). I n  t h i s  experiment four  
cesium clocks were c a r r i e d  eastward and then westward, circumnavigating 
t h e  globe gene ra l ly  a t  a northern l a t i t u d e  and r e tu rn ing  a f t e r  each 
t r i p  t o  the  U. S. Naval Observatory f o r  comparison wi th  UTC(USN0). The 
d i f f e rence  i n  the  average of the  po r t ab le  c locks’  readings ,  due t o  a l l  
t h ree  r e l a t i v i s t i c  terms i n  Eq. ( 4 ) ,  upon r e t u r n  of the  clock from the  
westward t r i p ,  minus t h a t  upon r e t u r n  from t h e  eastward t r i p  was pre- 
d i c t ed  t o  be 315 ns. The measured value was 332 ns ,  a d i f f e rence  of 17 
ns. The u n c e r t a i n t i e s  involved i n  the  experiment made t h i s  a b e t t e r  
than 5% v a l i d a t i o n  of t he  theory f o r  t he  composite of a l l  t h ree  terms. 
For purposes of comparison, the  Sagnac e f f e c t  f o r  a g loba l  circumnavi- 
ga t ion  of t he  Ear th  on the  geoid a t  t he  equator  i s  207.4 ns. The oper- 
a t i o n  of t he  Global Pos i t ion ing  System (GPS) c r i t i c a l l y  depends upon 
a l l  t h r e e  terms i n  the  coordinate  t i m e  Eq. (4 ) .  H i s t o r i c a l l y ,  t he  GPS 
is  of i n t e r e s t  because a t  the  t i m e  of launch (23 June 1977) of t he  
NTS-2 S a t e l l i t e ,  which contained the  f i r s t  cesium atomic clock t o  be 
placed i n  o r b i t ,  t he re  were some who doubted t h a t  r e l a t i v i s t i c  e f f e c t s  
were t r u t h s  t h a t  would need t o  be incorporated!  A frequency synthe- 
s i z e r  w a s  b u i l t  i n  t h e  s a t e l l i t e  clock system so t h a t  a f t e r  launch, i f  
i n  f a c t  the  r a t e  of the  clock i n  i t s  f i n a l  o r b i t  w a s  t h a t  p red ic ted  by 
genera l  r e l a t i v i t y ,  then the  synthes izer  could be turned on br inging  
t h e  clock t o  the  coordinate  r a t e  necessary f o r  operat ion.  Af t e r  t he  
cesium atomic clock was turned on i n  NTS-2, it was operated f o r  about 
20 days t o  measure i t s  clock r a t e  before  turn ing  on the  syn thes i ze r  
(Buisson, e t  a l . ,  1977)1i The frequency measured during t h a t  i n t e r v a l  
w a s  + 442.5 p a r t s  i n  10 compared t o  c locks on the  ground while gener- 
a l  r e l a t i v i t y  pred ic ted  446.47 p a r t s  i n  The t h e o r e t i c a l  value 
minus the  measured value was only 3.97 p a r t s  i n  w e l l  wi th in  t h e  
accuracy c a p a b i l i t i e s  of t he  o r b i t i n g  clock. This then gave about a 1% 
v a l i d a t i o n  of t he  combined second order  doppler and g r a v i t a t i o n a l  red 
s h i f t  e f f e c t s  f o r  a clock a t  4.2 e a r t h  r a d i i .  

In us ing  t h e  GPS f o r  naviga t ion ,  an observer’s  pos i t i on  and t i m e  
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are ca l cu la t ed  from simultaneous observat ions of s i g n a l s  from four  
s a t e l l i t e s  whose coordinate  pos i t i ons  and times are known. The v e r i f i -  
ca t ion  of the  Sagnac co r rec t ion  term has become apparent  i n  these  cal-  
cu la t ions  by v i r t u e  of t he  se l f cons i s t ency  of such naviga t ion  solu-  
t i ons .  The s i z e  of t h i s  e f f e c t  f o r  the  GPS depends upon the  r e l a t i v e  
pos i t i ons  of t h e  satel l i tes  and of t he  naviga t ion  rece iver .  I n  the  
worst  case these  co r rec t ions  can be equiva len t  t o  seve ra l  t ens  of 
meters. On the  Yuma T e s t  Range the  naviga t ion  s o l u t i o n  was v e r i f i e d  a t  
o r  below the  6 meter l e v e l  of accuracy, inc luding  r e l a t i v i s t i c  correc- 
t i ons .  Another experiment was r ecen t ly  conducted (Allan,  Weiss and 
Ashby, 1985; Allan,  Davis, et  a l .  1985) using photons from the  GPS t o  
compare primary s tandards  around the  globe and t o  do an around-the- 
world check on the  Sagnac co r rec t ion  term. The p red ic t ion  was  v e r i f i e d  
at  the  5 nanosecond l e v e l  of accuracy. The s i z e  of the  Sagnac term f o r  
t h i s  l a t t e r  experiment was i n  the  v i c i n i t y  of 300 nanoseconds making 
t h i s  about a 2% v a l i d a t i o n  of t he  theory.  

I n  the  f a l l  of 1984 Buisson and Oaks of the  Naval Research Labora- 
t o ry  c a r r i e d  a GPS rece ive r  t o  Europe and compared i t  t o  several o the r  
r ece ive r s  there .  This experiment r a i s e d  some ques t ions  regarding t h e  
above-mentioned Sagnac experiment i n  which GPS photons were used t o  
circumnavigate the  globe. 

The experiment w a s  repeated wi th  the  fol lowing r e s u l t s .  A weight- 
ed average of t he  common-view s i g n a l s  from SV 88, 9 ,  11, 12 and 13 be- 
tween Boulder, Colorado and Braunschweig, Federal  Republic of Germany 
were used t o  compute t h e  t i m e  d i f f e rence  UTC(PTB) - UTC(NBS). Similar-  
l y ,  t h e  s i g n a l s  from SV 86, 8, 11 and 13 were used t o  compute the  
common-view t i m e  d i f f e rence  UTC(TA0) - UTC(PTB) between the  primary 
s tandards  a t  the  Tokyo Astronomical Observatory (TAO) and PTB. Las t ly ,  
t he  s i g n a l s  from SV C6, 8 and 9 were used t o  compute the  common-view 
time d i f f e rence  UTC(NBS) - UTC(TA0). Since the  Sagnac e f f e c t  is incor-  
porated i n  t h e  sof tware of each of t he  GPS rece ive r s  involved,  t he  
above t h r e e  coordinate  t i m e  d i f f e rences  should add t o  zero. The exper- 
iment was c a r r i e d  out from 15 February through 30 Apr i l ,  1985 (74 
days).  The l i n e a r  l e a s t  s ua res  t o  the  t i m e  d i f f e rence  r e s i d u a l s  
y ie lded  a s lope  of -5 x lo-”, a mean t i m e  r e s i d u a l  of +6 ns and a 
s tandard dev ia t ion  t o  the  f i t  of 10 ns. This i s  comparable t o  the  pre- 
vious experiment,  and g ives  about a 2% va l ida t ion  of the  Sagnac e f f e c t .  

On 18 June 1976 a Scott-D rocket  ca r r i ed  an atomic hydrogen maser 
o s c i l l a t o r  t o  an a l t i t u d e  of 10,000 km as  a tes t  of the  equivalence 
p r i n c i p l e  (Vessot e t  a l . ,  1976). Exp l i c i t  w i th in  the  experiment was 
a l s o  a tes t  of t he  second order  doppler e f f e c t ,  and a test of the  
Sagnac e f f e c t ,  as the  re ference  frame used i n  the  experiment w a s  a non- 
r o t a t i n g  geocent r ic  re ference  frame which is e s s e n t i a l l y  the  coordinate  
t i m e  re fe rence  frame discussed i n  t h i s  paper. Confirmation of t he  
equivalence p r i n c i p l e  i n  t h i s  experiment was a t  t he  2 x l e v e l  of 
accuracy. The h igh  accuracy achieved i n  t h i s  experiment w a s  because of 
a three-frequency Doppler cance l l a t ion ,  an ionospheric  delay cancel- 
l a t i o n  technique,  and because of the  exce l l en t  c locks involved. 

During August 25-29, 1977 a c a r e f u l  po r t ab le  clock t r i p  w a s  car- 
r i e d  t o  measure the  t i m e  d i f f e rence  between UTC(USN0) and UTC(NBS) 
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(Ashby and Allan 1979). The uncer ta in ty  i n  t h i s  measurement was about 
2 ns and t h e  s i z e  of the  t h r e e  r e l a t i v i s t i c  coordinate  t i m e  co r rec t ion  
t e r m s  w e r e :  - 12.4 ns f o r  g r a v i t a t i o n a l  frequency s h i f t ,  + 4.4 ns f o r  
second-order Doppler s h i f t ,  and - 9.6 ns  f o r  the  Sagnac e f f e c t ,  accumu- 
l a t i n g  t o  - 17.6 ns. Hence the  experiment was a va l ida t ion  of t he  
theory at  about t he  10% l e v e l  of accuracy. Por tab le  clock technology 
has not improved s i g n i f i c a n t l y  since the  t i m e  of t h i s  experiment and 
the  coordinate  t i m e  co r rec t ion  terms s t i l l  only marginal ly  impact t he  
coordinate  t i m e  r e s u l t i n g  from a por tab le  clock t r i p .  

Addit ional  experiments have been conducted i n  which t i m e  d i f f e r -  
ences a s  measured by po r t ab le  clock versus  the  t i m e  d i f f e rences  measur- 
ed by e m  s i g n a l s  were compared showing the  consis tency of t he  two tech- 
niques (Buisson et a l . ,  1977; Allan,  Davis, e t . a l . ,  1985). Measured 
t i m e  d i f f e rences  have agreed t o  w e l l  wi th in  the  measurement uncer ta in-  
t i e s  which were l imi t ed  pr imar i ly  by the  po r t ab le  clock unce r t a in t i e s .  
It seems apparent  t h a t  i n  the  f u t u r e  t h e r e  w i l l  be oppor tun i t i e s  t o  
supplant  po r t ab le  clock t r i p s  by car ry ing  GPS rece ive r s  t o  var ious  
sites. The r ece ive r s  can be c a r r i e d  "cold",  can be taken t o  remote 
l o c a t i o n s ,  and can perform higher  accuracy absolu te  t i m e  and frequency 
t r a n s f e r s  than wi th  s ta te-of- the-ar t  po r t ab le  c locks.  

I n  November 1975, Alley and coworkers flew an ensemble of clocks 
over t h e  Washington, D.C. a rea  (Alley,  1983), t o  tes t  the  equivalence 
p r i n c i p l e  as  w e l l  a s  t o  measure the  second order  Doppler e f f e c t .  The 
combination of t hese  two terms was measured and agreed with theory a t  
t h e  1.5% l e v e l  of accuracy. This experiment was not s e n s i t i v e  t o  the  
Sagnac e f f e c t .  

I n  August 1975 the  Radio Research Laborator ies  (RRL) i n  Japan i n  
c lose  cooperat ion wi th  NASA Goddard Space F l igh t  Center and the  U. S. 
Naval Observatory (USNO) i n  Washington, D.C. conducted t i m e  comparisons 
between the  RRL clock and the  USNO clock using the  ATS-1 Geostat ionary 
S a t e l l i t e  (Sabur i ,  1976). A s  pa r t  of the  experiment a po r t ab le  clock 
w a s  c a r r i e d  between USNO and RRL and coordinate  t i m e  co r rec t ions  w e r e  
appl ied  t o  both the  e m  s i g n a l s  and t o  the  po r t ab le  clock t ranspor t .  
The s i z e  of t he  Sagnac e f f e c t  f o r  the  geos ta t ionary  s a t e l l i t e  was 333 
ns and the  sum of the  r e l a t i v i s t i c  e f f e c t s  f o r  the  po r t ab le  clock were 
87  ns gained f o r  t he  westward t r i p  and 4 ns l o s t  f o r  t he  eastward 
t r i p .  The main uncer ta in ty  i n  the  experiment was est imated a t  200 ns 
and w a s  due t o  the  po r t ab le  clock. The measurement of the  t i m e  d i f f e r -  
ence between the  USNO clock and the RRL clock agreed by the  two tech- 
niques t o  1 ns ,  w e l l  w i th in  the  200 ns por t ab le  clock uncer ta in ty .  

The four  primary frequency s tandards ( a t  NBS, NRC, PTB, and RRL) 
used i n  determining the  SI second f o r  TAI have been compared employing 
Eq. (5)  v i a  GPS s a t e l l i t e s  i n  common-view. The l a r g e s t  r e l a t i v i s t i c  
e f f e c t  which a r i s e s  i n  t h i s  comparison i s  due t o  the  he ight  above the  
geoid (approximately 1.6 km) of NBS-6, the  NBS primary frequency s tan-  
dard.  Theore t i ca l ly  i t  should be high i n  frequency by 18 p a r t s  i n  
wi th  respec t  t o  an i d e a l  e a r t h  coordinate  clock on the  geoid. Compari- 
son with the o the r  t h ree  s tandards  gave frequency d i f f e rences  i n  agree- 
ment with the  t h e o r e t i c a l  value and w e l l  wi th in  the  u n c e r t a i n t i e s  of 
the  s tandards  themselves of a few p a r t s  i n  (Allan,  Davis, e t  a l . ,  
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(1985), Yoshimura (1985) ; Douglas ( 1985)) The uncertainties 
contributed by the GPS common view frequency comparison method were 
less than 1 part in loL4.  

5. FUTURE EXPERIMENTS 

With atomic clocks improving about an order of magnitude every 
seven years, (and currently there appear to be no reasons for this 
trend not to continue for the next few decades), the need for incorpor- 
ation of relativity effects in operational time and frequency compari- 
sons will only increase. It seems prudent to agree on a coordinate time 
system so that any state-of-the-art experiments, terrestrial or celes- 
tial, can be consistently described and compared. 

Future techniques are anticipated in the GPS which, given access 
to the signals, should provide a nanosecond timing system on a world- 
wide basis. In addition the geodesy community is working on techniques 
for using GPS that will allow differential position determination of 
the order of 1 cm accuracy (Bilham, 1985). Explicit within these ex- 
periments are the determination of the satellite ephemerides to about 
25 cm. The first German spacelab mission experiment is planned this 
year (Starker et al., 1982). Cesium and rubidium clocks will be used 
on the Space Shuttle in which it will be essential to include coordin- 
ate time relativistic effects in order to reach the goals of 10 ns syn- 
chronization of ground clocks and 30 meter position determination. 

Another Space Shuttle experiment has been proposed in which a hy- 
drogen maser would be flown on board (Allen, Alley, et al., 1981). 
Using a 3-f requency Doppler cancellation technique as in Vessot ’s 
rocket experiment, one can even hope for the removal of the cycle 
ambiguity at L-band to carry the time information. This would imply 1 
part in 10l6 syntonization capability over 1 day as the phase 
resolution in this system would be of the order of 10 picoseconds. One 
of the basic limitations in this experiment are the uncertainties in 
the relativistic effects in the hydrogen maser clock resulting from the 
uncertainties in its position and velocity as it orbits the earth. 

It is anticipated that starting this year, time comparisons be- 
tween some of the principal Earth timing centers will be set up using 
two-way communication with geostationary satellites with time stabili- 
ties in the vicinity of 100 picoseconds. The accuracies of this inter- 
national time comparison technique are expected to reach a nanosecond. 

There are both theoretical and experimental indications that atom- 
ic clocks with absolute accuracy of a part in 1015 are realizable in 
the not too distant future (Wineland, 1984). Dehmelt has shown that a 
one part in lo’* single ion storage standard may theoretically be pos- 
sible (Dehmelt, 1981). If that were realized the gravitational red 
shift alone would allow such a clock to be sensitive to elevation 
changes of one centimeter! The implications this has for studies of 
the dynamics of the earth’s crust, of geodesy, of planetary effects, of 
movement of the geoid, and of the use of coordinate time are incredibly 
interesting and complex. There are several gravitational wave experi- 
ments which could use ultra accurate clocks and which would be highly 

~ 
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(1985), Yoshimura (1985); Douglas (1985)). The u n c e r t a i n t i e s  dependent 
on the  r e l a t i v i s t i c  e f f e c t s  we have discussed. Some of these  w i l l  need 
coord ina te  t i m e  and/or t ransformations t o  ba rycen t r i c  dynamical t i m e  i n  
order  t o  be usefu l .  

A development t h a t  is i n  process is the  cons t ruc t ion  of the  "best"  
atomic clock on the  e a r t h  t o  look a t  t he  mil l isecond pu l sa r  s i g n a l  a s  
received a t  the  Arecibo Observatory (Backer, 1982). This clock would 
be cons t ruc ted  by using coordinate  t i m e  and frequency comparisons be- 
tween the  clock ensembles and the  primary frequency s tandards  at the  
p r i n c i p a l  t iming cen te r s ,  then combining these  coordinate  t i m e  readings 
i n  an optimum a lgor i thm t o  obta in  the  "best"  clock s t a b i l i t y  and rate 
accuracy. This experiment is pushing the  s ta te-of- the-ar t  about a s  
hard a s  any o the r  a t  the  present .  

6. CONCLUSIONS 

Trac tab le  equat ions f o r  r e l a t i v i s t i c  co r rec t ions  have been devel- 
oped which al low the  cons i s t en t  genera t ion  of coordinate  t i m e  and f req-  
uency a t  l e v e l s  of less than 10 ps and a few p a r t s  i n  10l6 ,  respec t ive-  
l y ,  i f  l una r  and s o l a r  t i d a l  p o t e n t i a l s  are a l s o  accounted f o r .  These 
equat ions  provide a bas i s  f o r  i n t e r n a t i o n a l  t i m e  and frequency compari- 
sons adequate f o r  s ta te-of- the-ar t  c locks and they probably w i l l  be 
adequate f o r  some decades t o  come. These equat ions a l s o  f u l f i l l  a t i m e  
and frequency metrology need because they provide a b a s i s  f o r  s e l f -  
cons i s t en t  t i m e  and frequency comparisons between sites which are i n  
the  v i c i n i t y  of t he  ea r th .  This f a c t  has been recognized, and t h e  
equat ions  have been adopted, by the  CCDS i n  the  d e f i n i t i o n  of and i n  
the  genera t ion  of TAI and UTC. The CCIR has a l s o  adapted them f o r  
t h e i r  needs. S I  u n i t s ,  which are based on t h e  u n i t  of t i m e  i n t e r v a l ,  
may a l s o  be communicated through coordinate  f requencies  t o  y i e l d  
cons i s t en t  t i m e  and frequency comparisons wi th in  the  l i m i t a t i o n s  of 
t h e i r  d e f i n i t i o n s .  

The IAU t y p i c a l l y  needs barycent r ic  coordinates .  Fur ther ,  the I A U  
has agreed t h a t :  " the t ime-scales f o r  equat ions of motion r e f e r r e d  t o  
the  barycentre  of t he  s o l a r  system be such t h a t  t he re  be only pe r iod ic  
v a r i a t i o n s  between these  t ime-scales and t h a t  of t he  apparent  geocen- 
t r i c  ephermerides. " Since the  coordinate  t i m e  equat ions f o r  t he  gener- 
a t i o n  of TAI  s a t i s f y  the  condi t ions  f o r  these  l a t t e r  t ime-scales,  i t  
seems important t o  develop a ba rycen t r i c  dynamical t i m e  s c a l e  r e l a t e d  
at  some l e v e l  of accuracy t o  Ear th  based coordinate  t i m e  through a con- 
s t a n t  frequency o f f s e t  and some add i t iona l  pe r iod ic  terms. This needs 
t o  be inves t iga t ed  f u r t h e r  t o  determine the  l e v e l  of accuracy wi th  
which the  t ransformation between TAI and ba rycen t r i c  dynamical t i m e  can 
be determined. 
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D I S C U S S I O N  

Grishchuk : w h a t  i s  the  s i g n i f i c a n c e  of observing a pu l sa r  with a s t a b i -  
l i t y  of by means of less s t a b l e  c locks  ? 

Allan : a t  p re sen t  t h e  per iod of t h i s  n u l s a r  i s  s t a b l e ,  bu t  we know t h a t  
s tarquakes may occur .  Then a change o f  per iod may be observed. 

Cannon : you s a i d  t h a t  synchronizing c lock  w i l l  improve t h e i r  accuracy. 
But t he  accuracy i s  an i n t e r n a l  property of c locks .  How can i t  in- 
c r ease  i f  w e  simply synchronize them ? 

Allan : when we synchronize c locks ,  w e  can use s tandard s t a t i s t a l  pro- 
cedures f o r  improving t h e  g loba l  accuracy. For in s t ance ,  using a r i t h -  
m e t i c  mean va lues ,  w e  w i l l  improve the  accuracy by a factor\rN i f  w e  
have N c locks .  




