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ABSTRACT 

Thc basic t ime scalcs  :ire preserlted: International 
Atomic Time,  Universal Time,  tint1 Universal Time 
(Coordinatcd). These scales  rnust bc maintained In 
ordcr  to sxtisty spccific requirements.  It is shown 
how they a r c  oljtained and nlatlc nvailnblc nt t l  very 
hlgh lavcl ol' precision. 

Until l!f56, the unit ot t lme ,  the sec.onc1, ~ 7 a s  clefincd a s  :I fraction of the mean 
so lar  dtty. Hvwcvcu., the duration of the rrlean sol:lr d:iy w a s  found to  bc vari-  
able, and a better tielinitlon, made posslble by thc progrcss  of physics, was 
givcn in 19(i7, whcn thc secontl w:ts delineci to l ~ c  :t ccrtaln numl)cr of periods 
corresponcling to a trnnsitiorl oi the ccsiurn atom. The relative accuracy of the 
rcaliz:~tion of the secoild was thus improved l ' ~ ~ o m  1 x to 1 x 1 0 . ~ 3  (1974). In 
the meantime, from 1956 to  1967, t l ~ c  secolld W:LS dclined to be 11 certain fr:tc- 
tron of the yea r ,  rnorc stnblc t h a ~ l  the dny; but this  second w a s  so difficult to 
implement, that i ts  quasi-uniquc usc was to ctilibrate the atomlc second. 

The situation ol' the unit ol t ime i s  c lear :  only the last  dcflncd unit i s  uscd by 
the physicists.  Nevertheless, ilorlc of Ihc tirnc scttlcs :~ssociated with the thrcc  
definitions of the unit could be abancloned, Ijecause they satisl'y specific require- 
ments . We thus hnvc threc  hasr c Iinw sc:tlcs jn si rnultnneous existence: Uni- 
versal Time , U T 1  (ol'tcn callcd GI-ccnwl ch &le;ln TIIYIC) , 1111scd on thc rotation o f  
the Earth;  thc Epherncris Tirne E T ,  btzsed on the motion of the Earth :trouncl the 
Sun; :tnd the Internationnl Atorr~ic 'Simc 'i'X1 (l'lg . 1). Ln thc lollowing , we TV 111 
not discuss  the problems of Ephelncl-js Tixnc:, bcc.:~usc. E7' 1s 111 limited use 2nd 
is being redefined; we  wlll concentrbate on L T l  :tnd TAI. 

The o r ~ g i n  of 'l'A1 w a s  ar1jitr:trily chosen sn thttt the T11I ancl IJTI readings on 
January 1s t  1958 were  the same.  But they do not run nt the :,tune r:tte, :tnd 
now, in Dcccml~e r  1974, they diffcr  lzlv more than 13s ; even less  sophisticatccl 
u s e r s  cannot ignore this  diffcrcncc. As wc shall  s e e ,  sonlc u s e r s  neccl [:TI, 
o t l ~ c r s  TAI. In o rde r  to :ivold the l-lsk of confusion \\ hich would w i h e  f~-o~xl thc 
dissemi11:ttion of two t ime sca les ,  it was agreed th:tl. the t ~ m e  s~gn:t ls  wlll follow 



:t unique compromise time scale , designated Universal Tirno (Coordjnated) , 
UTC. The dcl'inition of UTC is  vcry simple: it differs from TAI by an integral 
number ol' seconds, this intcgral ntnmber bcing changed by one unit, when nec- 
e s sa ry ,  in order  to  maintain lIJl'1-UTCIX 0.9  s. The International Radio Con- 
sultativc Committee gave precisc rules for the implementation of UTC,  :~nd also 
delined a simple code used in time signal crnissions which enables the ficld user  
to obtain UT1 immediately to *0. 1 s (1). 

The problems of the determination arid ol  the dissemination of IJTC a r c  the same 
as for TAI and will be discussed together in what follows. 

Figure 2 shows the relative behaviour of UTl ,  TAI and UTC . 
INTERNATIONAL ATOMIC TIME AND UNIVERSAL TIME (COORDINATED) 

Their formation 

As soon as the frequency of crystal clocks could be calibrated In r ea l  time by a 
cesium frequency standard, at the National Physical Laboratory in 1355 (2) as- 
tronomers begnn to form a t ime reference suitable for thc study of the rotation 
of the Earth. When othcr cesium standards appeared, data were combined in 
order  to increase the stability. Several atomic time scales were thus developed 
in national and international institutions , differing slightly in ra te  and phase. 
As the use of atomic time extended to many other fields ol' activity, it was desir-  
able to agrcc on a unique time reference. This was  done in October 1971, by a 
decision of the 14th General Conference of Weights and Measures, which defined 
International Atomic Time TAI us  the time rclercnce maintained by the Bureau 
International d e  llHeure (BII-I) from the readings of atomic clocks. 

TAI i s  presently based on the data of about 60 commercial cesium clocks, lo- 
cated in 15 laboratories and observatories of North America and Europe. These 
clocks a r e  daily intercompared by the use of LORAN-C pulses, with an accuracy 
of a few 0 . 1  ps .  Their data a r e  combined by tu7 algorithm which intends to 1) 
minimize the noise due to introductions and removals of clocks, 2) ensure the 
long t e r m  stability (over years)  by an appropriate weighting procedure ( 3 ) .  The 
random noise in TAI for a sampling time T over 2 months is  a flicker frequency 
modulation (4) with u (2,  T = 1 year) ol the order  of 0 .5  x 10-l3 . For  smaller 
values ol 7 the main source of uncertainty is the LORAN-C: link across the At- 
lantic Ocean, which introduces fluctuations extending over :I few weeks, with an 
:~mplitudc reaching 1 p s  (5). Some small non-random e r r o r s  of TAI were re-  
vealed by referencc to the recently developed primary lrequency standards; the 
frequency of TAI should be corrccted by about - 1 x 10-12 + 1 x 10.' "t - 1973), 
t in yea r s ,  the amount ol  the frequency drift being very uncertain. In the near 
future, these non-random e r r o r s  will bc rcduced and thc long t e r m  stability 



will be  improved by the use  of the data of primtry s tandards,  af ter  convcnienl: 
fi l tering (6). Other i~nprovements  a r e  cxpecteci f rom thc elimination of some 
systematic e r r o r s  in the LORAN-C tirnc t r ans fe r s  anct from the e,Ytension of the 
coverage of precisely synchronized chnins . With tlic prcscnt  coverngc , sc t s  of 
good clocks, especially in Japan atid Austral ia ,  a r e  not iiicluded. 

TAl i s  the best  measure of t ime for  long t e rm stutlies ancl therefore is to be 
used in dynamical studies ol  the nlotions of celeslial  bodies, 110th natural :tnd 
artificial .  It also s c t s  as a I'requency memory which cnablcs onc to rompare 
tho lrcquencies ol o s c ~ l l a t o r s  separ:tted in s l ~ a c c  and t ime,  mcl it provides u s e r s  
with a means o f  re fe r r ing  I'requcncics to any ol thc prirn:t~-y frequency stanclarcls, 

As previously sa id ,  TAI i s  not disseminated; the t ime signttls and the mas ter  
clocks of ltiboratories I'ollow UTC , which i s  therelore the common worldwicle 
reference by which a l l  events rnusl be dated. 01 ooursc,  :tccording to i ts defi- 
nition, UTC is  produced by the l31H silnult~tneously with 'l'hl. 

D ~ ~ t i n g  of events in UTC 

IJTC (and TAI) i s  established in retrospect  as the resul t  nf colnputations, and no 
r e a l  clock runs exnclly on UTC.  

The f i r s t  s tep fo r  datlng an event in 1J'l'C i s  to lind sornc rca l  reference clocks 
giving acces s  to UTC. For. those laboratories o l  w11ic.h the clocks enter  into llic 
determination o l  UTC and TM, tllc outputs of the BIH :xlgorithm a r c  corrections 
lo  bc added to the readings of these oloclcs to get UTC :~nd TAI. Any such clorlc 

~t lon one i s  therefore a local tirnc rcIcrexlce, but f o r  the purposes 01 simplific4 t' 
pe r  laboratory i s  gener:tlly sclected which produces the local approximation to 
UTC, designated UTC(i) I'or laboratory (0. The tables published rnolitlzly by the 
l3IH give the values o l  UTC-UTC(1) cvcry 10  d:~ys, wxth uncertainties o l  a Sew 
0 . 1  ,US, hut in arre:trs by 1 to 2 months ( f ~ g .  3 ) .  Tt i s ,  howcvcr, possible! in 
well equipped lalnoratorics to c\+r:q)olatc UTC-UTC(i)  up to thc prcsexit with cr- 
r o r s  less  than &I ys and even, ix~ sorxlc cases, to stccr n cloclr so that it remains 
close to  UTC. F o r  instance, tllc USNO master  clock did not cleviute by more 
than 1 ps l rom UTC h-orn 1 Jni1u:try 197:: to 2 1  July 1974. TV~thln thesc lirrlils ol  
*I p s ,  IJTC i s  therefore immediately available. 

F o r  llic obscrvcr ,  the prohlcm now Is to f ~ n d  :L t ime link w ~ t h  one 01 the stand- 
a r d s  UTC(i). It i s  bcyonrl the scope of this  paper to  presenl. the various tech- 
niques which are available. B i t  it 1s worthwhile to note that i'or the 1:trgcr par t  
of the globc , microsecond acru1,ncy can  bc re:~ched l ~ y  clocl; tr:tnsportutlon only. 

1 When nlillisecond accur~zcy i s  sulficient, 1iTC 1s d ~ r c c t l y  :~v;tilithle l)y stancl:tr.d 
t ime sigr1:ll emissions. 



It must bc crnphasized that,  at the present level oC precision, international co- 
operation in of atomic ti me scale depends cntirely on the LORAN-C 
time t ransfers  with the help of occasional clock transportations. Long distance 
time intercomparisons a r e  lcs s amenable to future improvements than the clocks 
themselves. Any improvement of the LORAN-C time transfers  o r  the devclop-- 
mcnt of more precise methods will have a direct impact on the quality of TAI 
and UTC and on their dissemination. 

UNIVERSAI, TIME 

Under the general designation "Universal Tirne , " there a r e  several t ime scales,  
close to each other ,and related to the rotation of the Earth. Only the IJTl scale 
i s  important for the general use r ;  it expresses a measurc of the angull-tr position 
of the Earth around i ts  in~tzult~uncous axis of rotation. 

Although it is  questionable to a logical mind to consider U T 1  as tt t ime scale,  it 
i s  practical and convenient to do so. Since the rotation of the Earth i s  not uni- 
form,  the difference of tirncs assigned to the same event in the UT1 and TAl 
scales will vary with the calendar date. But a s  this difference, expressed by 
UT1-TAI, i s  slowly varying (by about 3 ms  per  day, presently), i t  is  sufficient 
to have h b l e s  giving UT1-TAI and UT1-UTC. The rcception of time signals in 
the UTC system and the usc 01 these tables give easy access to UT1, but not in 
r ea l  t ime; and for UT1, no good extrapolation i s  possible. 

There are two main reasons why UTI-TAI must be known a s  precisely us pos- 
sible, simultaneously with the two coordinates ol' the te r res t r ia l  poles, which 
a r e  moving on the Earth's surface: the geophysical applications, and the geo- 
metrical ones. 

The geophysical processes which give r i se  to the irregularities of the Earth's 
rotation and therefore of UT1-TAI a r e  not yet fully known. The motion of the 
atmosphere plays an important ro le ,  especially for short-term irregularities,  
but contributions a r e  also due to tidal fiction, motions in the oceans and in the 
fluid core of the Earth. UT1-TAI cannot bc predicted, and precise experimen-, 
tal  mcasurcments a r e  needed for a better knowledge 01 the perturbing forces. 

The geometrical applications a r e  relatcd to the tracking of celestial bodies. 
Most of the observations a r c  made from the rotating. Earth and a r e  referred to 
a ter res t r ia l  frame of reference. It i s  therefore necessary to know all  the pa- 
rameters  of the Earth's rotation in space. One of them is  UTI. For  instance, 
UTl is needed for reducing meridian observations of stars and some radiointer- 
feromctric measurements. But the most striking application is to thc navigation 
01 interplanetary space probes. At a distance equal to that of the Sun f rom the 
Earth, I ms e r r o r  in U T 1  (which is the present level of uncertainty) corresponds 
to about a 1Okm e r r o r  in position, which is  f a r  f rom being negligible. 



The only tcchnlque presently used for  determining UT1 on a routine basis  is the 
observation of st:tr t rans i t s  ac ros s  n relcrence circle  by about 60 astronomical 
~ns t rumen t s  : p11otogr:tphic zenith tubes,  astrolnbes , and meridian t rans i t  in- 
s t ruments .  The data of these instruments are combineti by the BIB, which pub- 
l ishes monthly tablcs givmg Url'l-UTC and UT1-TAI every live days. The short 
t e r m  stability of these resu l t s  i s  given by the squrtre root o l  the Allan variance o 
( 2 ,  T = 5 d;tys) = 1 . 5  nis. nut  the errors ztre not white noise; bcsides periodic 
annual e r r o r s  wit11 n possible ~nlp l i tude  of 2 to 3 m s ,  the nolse seems to lie he- 
tween white and flicker. phnsc modulation (fig. 4).  

I r r~prover~~cnts  in the nlcasure oS l 'T1 czul be cxl~ected f rom ncw astronomical in- 
struments such as the large P Z  T ol thc  U .  S. Naval Observatory and the photo- 
e lectr ic  astrolabe developed in France.  However, classical methods a r e  lirn- 
itod by the tilrbulencc of the ntniospherc. New techniques such as satell i te 
observations tmcl lunar lascr  rtulging ei ther  alone o r  in ;tssociation with classi-  
cal astrometry a r e  promising. Long 11:iseline rnclioirlterferonlctry could reduce 
the e r r o r s  by a factor 10 01- evcn more .  But it lnust be lccpt in rnind that the 
Earth 's  rotntlon must be monitored coxltl~~uously. Tllc r lass ica l  methods, which 
a r c  not so  expcnslvc a s  the ilesv oncs ,  wlll linvc to he usecl until it is  proved that 
the new ones provide better resu l t s  on :I continuous 1)nsis. 

Another improvement Croxn :m operational point of view would 73e to reduce thc 
delay in providing 1 J T l  to  n give11 level of unc:c-rtitinty. 

In some cases  UT 1 should bc available immediately, as, for  instance , for  the 
nab-iga t ~ o n  of space probes. Present ly ,  the dclay of' 1 to 2 months necessary to 
reach 1 nl:; accuracy is due to thc need of 11:tving a two-sidcct srnoothirig for  re- 
ducing the effect of accidental e r r o r s ;  the shortening of this dclay also requlres  
more  prec ise  observ:ttions . 
CONCLUSION 

1x1 matters  o l  t ime sca les ,  iiitcrnc2tion;tl ctooy)er:ztio~l is important both Tor n k t -  
t e r  evaluation of the scalcs  :uld for  ensu1,ing- their  worlrlv7ide zcceptance. I will 
not enter into the political intricncics of the oSl*ici;tl org:xnizntions dealing with 
t ime. It: i s  often difficult to say  ~vtlicli orgai~izatiox~ i s  respoiisible Sor what .  
Hut the intcrn:itional nrrxlgcrnents worl; surprisingly well. The EIII, which i s  
the cxccutive bocty ncting unde~. the sponsorship o f  Lhcsc organizxtions , does nol 
receive contradictory instructions. 

The HJH, I'orrnerly in charegc ol' puhlishlng the tirrlcs uS emission oS signa1.s in 
' C J r l ' l t  exten~lccl its :tctivities to atornic tirnc :uld to Ulc ccjol-dination ol cloclis ill 
the Url*C system in rccent years .  Well auton1;tted data hunrlling has enabled us 



to cope with an illcrease of worls in spite of reductions in tllc numbcr 01 our st:11T 
:md in our grants.  

IIowever , nothing could have bcen accomplished without the constant support of 
a l l  the laboratories and ok~scrvalories which concur to produce the final data. 
Here i s  the appropriate place to thank the U.  S. organizations which a r e  espe- 
cially helpful: the National Bureau of Standards, the lJ. S . Coast Guard,  and the 
I J .  S . Naval Observatory. 
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QUESTION A K u  ANSWER PEKJOL) 

DR. KLEPCZYNSKI: 

Klepczynski, Naval Observatory. 

Of tlic G O  cesiums which go into forming TAI, how m;lny :Ire the high perform- 
ance standards'? 

I)K. GIJINOT: 

Thc numbcr of hjgh pcrform:~nce st:indards must now bc about tcn. I remind you 
that for TAI, wc a r e  intcrcsterl in the very long-tcrm stabrlity (ovcr months). 
I n  this respect  the Iljgh performance cesiums do not  appear better than Ihc 
standard ones. In sevcra l  cases ,  we observed largc Ircclucxicy dril'ts. 

MK. CHI: 

My name i s  Andy Chi from Gorldard Space I'ligjlt Ccnlcr. 

I would like to ask you a question o n  the weighting laclor for  Ihc clctcrmimtion 
of the li'l'C. Basetl on :In ea r l i e r  talk by Dr. Winklcr, there might bc an im-  
prcssion that thc memt-,crsl~i~) of tlic weightjng factor i s  tleterminecl by the past 
perl'ormance which might be several  votes. 

On the other hand, i t  souuds to me  3s if the pcrforxi~ance i s  the cr i ter ia ,  i t ' s  
prohablv more exclusive club membership. What happens if the new mclmbcrs 
a r c  not known well exiougll'? This mnkes the sca lc  c:ontinuous in the  t ruc scnse? 
Or  is average of the membership voting proccss  give thc apparent c:ontinnity of 
the scale? 

I Illink that there :ire several  points to answcr to your qucslion. F i r s t  of all ,  
the weighting procerlure which is used by thc HIH i s  :I mixed procedure. Of 
coursc,  i t  looks a t  the past of Ihc clock. There a r e  really some Lad clocks. 
And wc know them; tllcy a r c  bad niaybc bcc:luse there i s  some poor environment, 
for instance. They can't be detected by the algoritlirn. Wc clo not rcly on this 
clock. That i s  the meaning of the wej ghting proccclurc. 

Hut tllc irlorc important point i s  th:~l. :I weighting proctvlui-c climjnate thc clor:k 
which suddenly rleviatcs in frequcncy from its p :~s t  Ireyurncy. 'l'hat is an elim - 
1n:tIion proceclure. Even the laboratories where no weighting procedure i s  ap- 
plied, in fact, tlicy do :~pply :I procedure. W1ier-i the clvclr stops, i t  reccrvcs thc 



wcigllt zero. And all  the laboratories who do not zipply weighting procedure re-  
move what thcy call  thc bad contributors. And that is partly what we a r e  doing 
a t  the BIH. 

I axn afraid that I missed the second par t  of your question. 

MR. CHI: 

By thc introducing of the new clocks and removing the old clocks, thc average 
is no longer thc same kjnd of averagc. In other words, I was wondering whethcr 
you have n true reference with thc ins and outs of different clocks. 

The questions really is that do we havc a truc contjnuity of the time scale by 
introducing and removing cloclcs? 

DR. GUINOT: 

The answer is yes. When we introduce a new clock, we f i rs t  determine its ratc: 
correction so that i t  agrees with ihe ra te  of TAI. So that the true continuity is 
preserved. 

But we a r e  aware that with such a procedure, we can deviate progressively 
from the true realization of the second. That is thc rcason why it  is necessary 
to refer  to the primary frcqucncy of ceisum standards. It was not clone before 
now bccausc the primary cesium standards wcrc not available to G O  percent 
accuracy. 13ut now, several  of them a r e  available o r  will bc available s o  that 
we will in the future s teer  the TAI s o  that it remain in accordance with the de- 
termination of the second made by this frequency standard. 

This can be done without deteriorating the stability. 'The problem is to select 
the appropriate filter in order  to introduce thc absolute measurement of thc 
second. When the appropriate filtcr is selected, we can observe that not only 
the accuracy of thc time scale is preserved, but also the stability is improved, 
especially in  the long term. 

MR. CIII: 

What a r e  the true primary standards to which you a r e  rcfcrring? 

DH. GUINOT: 

One is a t  the National Bureau of Standards; onc i s  a t  the Natjonzl Research 
Council; one js a t  the National Physical hbora to ry ;  one is a t  the Physikalisch- 
Tcchnische Hundesanstalt; another one i s  now in Japan. It  i s  not operational 
now, but i t  will be soon. 




