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ASSTRACT 

The clocks which are entered in the computation of 
TAI, are supposed to be statistically independent. The 
fact that some may not be independent could lead to a 
degradation of the stability and accuracy of the time 
scale. The llth session of the CCDS explicitly asked the 
BIPM to examine frequency data of the clocks to see if 
correlations may be observed. The answer is positive: it 
does happen that the frequencies of several clocks, in 
particular ones kept in the same laboratory, show a 
common pattern of variation. This may occur because the 
clocks react globally to an external event such as a 
change in environmental conditions. Two other effects may 
also provide a partial explanation of the observed 
correlations. These are that frequency data are 
necessarily expressed relative to TAI and that aIl clocks 
are seen through time comparisons which may be noisy. 

RESUME 

Les horloges qui sont utilisées pour le calcul du 
TAI, sont supposées être statistiquement indépendantes. 
Le fait que certaines d'entre elles ne le soient pas peut 
entraîner une dégradation de la stabilité et de 
l'exactitude de l'échelle de temps. La lle session du 
CCDS demanda explicitement au BIPM d'étudier les données 
de fréquence des horloges pour savoir si l'on peut y 
détecter des corrélations. La réponse est posi ti ve: il 
s'avère que les fréquences de plusieurs horloges, en 
particulier appartenant à un même laboratoire, présentent 
des variations similaires. L'une des raisons en est que 
les horloges réagissent de la même manière à un phénomène 
extérieur tel qU'une modification de leur environnement. 
Deux autres effets peuvent aussi expliquer partiellement 
les corrélations observées. Il s'agit du fait que l'on ne 
dispose que de fréquences calculées par rapport à TAI et 
aussi du fait que les horloges sont observées par 
l'intermédiaire d'un moyen de comparaison horaire qui 
peut être bruité. 
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INTRODUCTION 

International Atomic Time (TAI) is a coordinate time 
scale used as the world reference. It is a software clock 
obtained through the combination of the readings of a 
number of atomic clocks of different types, located in 
different parts of the world and connected in a network 
which allows the precise exchange of time data. 

The algorithm which produces TAI operates in two 
steps: first, the computation of a free atomic time scale 
EAL (échelle atomique libre) optimized for long-term 
stability, second a steering of the EAL frequency by 
comparison with primary frequency standards, to ensure 
accuracy. Basically EAL is a weighted average of the 
readings of its contributing clocks which are supposed to 
run freely and to be statistically independent. The 
weight of each clock is assigned according to its long
term stability [1] [2] and is evaluated from the 
variations of its frequency relative to EAL, averaged 
over two-month intervals. 

At present, the EAL relies on approximately 200 
atomic clocks, commercial caesium clocks, primary 
frequency standards operating continuously as clocks and 
hydrogen masers which are maintained by about fifty 
national time laboratories or observatories. If an 
external event simultaneously influences the behaviour of 
a set of clocks, for example clocks belonging to one 
laboratory or belonging to different laboratories 
situated in the same area, it can create correlated 
variations in the clock frequencies. If such correlations 
are not recognized and treated in the weighted average, 
the stability and accuracy of both EAL and TAI are 
degraded. 

Aware of this problem, the Comi té Consultatif pour 
la Définition de la Seconde (19-20 April 1989) made the 
following Declaration: 

"The Comité Consultatif pour la Definition de la 
Seconde, 

considering that correlation among the frequency 
changes between contributing clocks can degrade the long
term stability and accuracy of TAI, 

recommends 
- that the BIPM studies and reports on correlation 

in frequency changes among the clocks contr ibuting to 
TAI, 

and 
- that the BIPM acts with contributing laboratories 

towards improving statistical independence of the 
clocks." 

The present report, already partly published in [3], 
refers to the first part of this declaration. The 
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variations of the frequencies, relative to TAI, of the 
clocks maintained in continuous operation for a long 
enough period, have been systematically analysed for 
evidence of correlation by methods described in the first 
section. The analyses show strong and persistent 
correlations both in the data from clocks in individual 
laboratories and from clocks belonging to different 
laboratories. In the second section we give four typical 
examples of correlations arising from: 

- seasonal variation of TAI, 
- changes in the environmental conditions of the 

clocks, for example variations of temperature 
or humidity, 

- the time links through which the clocks are 
observed, 

- frequency drifts. 
The third section is a systematic review of correlations 
appearing in the laboratories contributing to TAI and 
keeping at least 2 clocks for the period January 1987-
June 1990. Detailed interpretation of the detected 
correlations often depends on more than one of the four 
different effects listed in section II. 

1. Methods used to detect correlations amonq the 
clock freguencies 

The frequency of clock Hi relative to TAI is written 
as: 

Bdt) = [B(t) - Bdt) ]jB(t) (1) 

where B(t) and Bi(t) are the mean frequencies of TAI and 
of clock Hi over the interval of basic duration T = 60 
days ending at date t. Since the quantities B(t) and 
Bi (t) are individually inaccessible, only the normalized 
frequency departure Bi (t) of clock Hi from TAI can be 
estimated. The variations of the quantity Bi(t) thus 
include any frequency variations of TAI itself. 

Correlations among the variations of the clock 
frequencies can be shown in different ways. 
As a first approach, one can graph the frequencies Bi(t) 
versus time for a given set of clocks Hi (i=1,2, ... , n) 
and compare their variations. In a statistical and more 
quantitative approach the quantities Bi(t), obtained for 
clock Hi over a long period of continuous operation, are 
expressed as a time series Bi. Correlation between clock 
Hi and clock Hj frequency variations is then given by the 
cross-correlatlon function ~ij(k), at lag k, of the 
bivariate process (Bi' Bj) [4], defined as: 

~ij (k) = 
[(Bdt) - Bi). (Bj (t+kT) - Bj)] 

(2) 
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where Bi and C7 i are the mean value and the standard 
deviation computed over the frequencies contained in the 
time series Bi' 

In the following, values J.l.ij (k) are estimated from 
series containing 10 to 20 values. A variation of 1 unit 
for k c orre sponds to a shift of two rnonths for s e rie s Bj ' 
If the resul ting J.l.ij (k) are close to +1 or -1, the two 
clocks Hi and Hj are highly correlated or ant i correlated 
at lag k. If !J.l. i j(k)! is close to zero, the two clocks Hi 
and Hj are uncorrelated. In most of the cases, kwas 
chosen to be zero. 
An al ternati ve way to vizualise correlation between the 
frequencies of Hi and H . r elat ive to TAI consists in 
graphing Bj (t) versus Bi (~). The points obtained are no 
longer ordered in time sequence. The least squares 
regression line of Bj on Bi is written as: 

(3) 

where Cj is a constant, and the least squares regression 
line of Bi on Bj is given by: 

Bi r.l. = si·Bj + ci' (4) 

where ci is another constant. 
It is easily shown [5] that si' Sj and J.l.ij (0) have the 
same sign and are linked by the relation: 

[J.l.ij(0)]2 = si.Sj' (5) 

On the graph of Bj versus Bil the regression lines defined 
by (3) and (4) have slopes :5 j a nd l/Si and if J.l. i· (0) is 
close to ±1, these lines are nearly superposed. If J.l.ij(O) 
is close to zero, the regression lines lie close to, 
respectively, the horizontal and vertical axes. 

AlI the above methods are used in the sections which 
follow. 

Note: The weighting procedure used in EAL computation is 
optimized for long-term stability. The weight of clock Hi 
is computed as the inverse of the classical variance of 
its six last two-month frequencies relative to EAL. Very 
stable clocks then receive high weights which, 
nevertheless, cannot exceed an absolute upper limite This 
upper limit corresponds to a maximum contribution of 
about 2%. The use of classical variance helps to the 
deweighting of clocks with high seasonal fluctuations or 
frequency drifts and then protects the resulting time 
scale against such systematic variations. In this report 
the relative weight of the clocks shown as example will 
be systematically indicated. 
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II. Typical exarnples of correlation 

We present here sorne typical examples of correlation 
found in the frequency data of clocks contributing to 
TAI. They correspond to cases which are easily 
interpreted because a principal cause is evident. 

II.1. Correlation due to TAI itself 

Variations with time of the clock frequencies 
implicitly include the variations with time of the TAI 
frequency itself, especially its seasonal fluctuation. 
This seasonal fluctuation can then create an artificial 
correlation among clocks designed for very good long-term 
stability and particularly protected from environmental 
changes. This is the case for primary frequency standards 
and also sorne of the H-masers which contribute to TAI. 

Figure 1.1 shows the frequencies of the two primary 
standards PTB CS1 and PTB CS2 relative to TAI since the 
beginning of PTB CS2 operation. Annual variations can be 
seen. They have cornmon phase and amplitude, the peak-to
peak amplitude being about 4 nsjday (4,6 10-14). As 
already pointed out [9], it is likely that this seasonal 
variation is due to TAI itself. The strong correlation 
observed between these two clocks, illustrated by ~ii(O) = 
0,72 and by the least squares regression lines of f'igure 
1.2, is therefore more apparent than actual. 

The sarne pattern rnay be seen in data of two APL 
hydrogen-masers 42 13 and 42 14: Figure 2 shows that they 
are correlated by a drift and a seasonal variation with 
~ij(O) = 0,81. Taking into account the value of the peak
to-peak amplitude (4,7 10-14 ) and the phase of the 
apparent seasonal variation, one rnay deduce that TAI is 
mainly responsible for the apparent correlation. 

More striking is the case presented in Figure 3 
which concerns three different clocks chosen from those 
with the best long-term stability. They are located in 
different parts of the world, in laboratories 
experiencing very different climatic conditions: 

- PTB primary standard CS2, for Europe 
- APL H-maser 42 13, for north America, 
- AUS H-maser 44 2, for Australia. 

These three clocks exhibit seasonal variations of almost 
the sarne amplitude and phase even although one is located 
in the southern hemisphere. We interpret this by 
supposing that what we see is mainly the seasonal 
variation of TAI itself. The cross-correlation 
coefficients obtained are: 

- i=PTB CS2 j=AUS 44 2 ~ij(0)=0,80 
- i=PTB CS2 j=APL 42 13 ~ .. (0)=0,77 

• . l.J 
- 1=AUS 44 2 ]=APL 42 13 ~i·(0)=0,70, 

so the correlation between these clockJdata is high. This 
is confirmed by Figure 4 which shows the regression lines 
of the AUS 44 2 and PTB CS2 frequencies against the APL 
42 13 frequency. These straight lines, close to each 



~ 
~ 
«J 
"0 ....... 
en 
c: 

'--" 

N 
en 
() 
lm 

1 
N 
en 
() 
m 

3 

-5 

3 

2 

1 

0 

-1 

-2 

-3 

11 

6750 6900 7050 7200 7350 7500 7650 7800 7950 
MJD - 40000 

1 1 1 1 1 
~ 

~ 
~ 

~ 

t- 0 ~ 
~ 

~ 
// ~ 

~ / 0 
~ 0 / 

0 0 ~ / / 

1- ~ // 
~ / / 

~ ~ //"() 
0 o~ //0 

~/ 
P ~ 

/~~ 
/~O o // ~ 

/ / ~ 
96 ~ 0 0 

t- // ~ 

.9---// 0 ~ ~ ~ 
~ 

~ 

t- )Y~ 
~ 

~ 

1 1 1 1 1 

-3 -2 - 1 0 1 2 3 

BCs 1 - BCs 1 (ns/day) 

Csl 

Cs2 

-

-

-

-

4 

Fig. 1: Frequencies relative to TAI of the two prirnary standards PTB CSl and 
PTB CS2 since October 1986: 

1.1: variations with tirne, 
1.2: frequency of PTB CS2 versus frequency of PTB CSl 

(the frequency values are reduced to their averages) 
------- regression line with slope l/si = 1/1,07 = 0,94 
------regression line with slope sj = 0,49. 
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other and close to the straight line of slope +1, attest 
to this high correlation. 

Because of their excellent long-term stability, the 
clocks mentioned in this section have maximum relative 
weight (about 2%) in the TAI computation, even although 
their frequency data show correlations. 

To conclude, the frequency variations observed here 
mainly represent the seasonal variation of TAI itself. 
Its peak-to-peak amplitude is of the order of 5 10-14 with 
a maximum at the end of the winter. In what follows, a 
larger amplitude or a different phase in the annual 
fluctuation of a clock frequency relative to TAI will be 
attributed to the clock itself rather than to TAI. 
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14 

due to changes in clocks 

commercial caesium clocks are more or less sensitive 
to changes of their environment, in particular to 
variations of temperature or humidity. Most timing 
centres keep their clocks in temperature-controlled rooms 
but relatively few use humidity-controlled rooms. 
Recently means have been found [6] to make clocks less 
sensitive to changes in their environment, but the 
application of such techniques had not been developed at 
the time of this study. 

A typical example of frequency variations due to 
humidity changes is presented in Fig. 5. It concerns two 
commercial caesium clocks kept by the NAOM in Mizusawa 
(Japan). These clocks nearly present the same seasonal 
variation

f 
with peak-to-peak amplitude of about 15ns/day 

(1,7 10- 3), which leads to a correlation in their 
frequency data (J.l.i' (0) = 0,80). This amplitude is much 
bigger than that 06served for TAI. The relative humidity 
variation was recorded in this laboratory and reported to 
the BIPM for 1988 and 1989. It varied from 35% in winter 
to more than 70% at the end of summer, the temperature 
meanwhile being constant within 1°C. Figure 5 shows that 
the frequencies of these two clocks are highly correlated 
to the humidi ty conditions and then appear to be highly 
correlated among them. These clocks were entered in TAI 
computation for 1989 with relative weights of about 0,7%. 

Another case is shown in Fig. 6. This concerns two 
commercial caesium clocks kept by the IEN in Turin 
(Italy). They present high seasonal variations with 
different peak-to-peak amplitudes (30ns/day and 45ns/day) 
and different phases: the humidity changes are thus 
experienced differently. The values of the cross
correlation function J.l.ij(k) at different lags k are given 
in Fig. 7: a high correlation coefficient (negative in 
this case) appears when one B series is shifted by two 
months (k=l) showing a difference of about two months 
between the time constants of response of the two clocks. 
Between the maximum of anticorrelation (k=l or k=7) and 
the maximum of correlation (k=4) there is an interval of 
six months as might be expected for a seasonal variation. 
In the TAI computation, these clocks had relative weights 
of about 1% and 0,15% in the period examined. 

To conclude, environmental changes can induce large 
annual fluctuations in clock frequencies which, as a 
consequence, appear highly correlated. In the TAI 
computation, clock weights are chosen to be inversely 
proportional to the classical variance of six consecutive 
two-month frequency averages. So clocks with large annual 
fluctuations are deweighted and the induced correlations 
have reduced impact. 
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II.3. Correlation attributed to time links 

The most obvious case of correlation in the data 
presented here involves two Russian clocks, the two H
masers SU 381 and SU 382 (Fig. 8). The se appe a r to be 
totally correlated during the period examined because 
they were seen through a very noisy Loran-C time-link 
which completely occul ts their long-term quali ties. We 
obtain J.l.i' (0)=0,999. These two H-masers where 
intentional:ry weighted to zero in the TAI computation. 
They now contribute again thanks to an improved link 
performed via GLONASS satellites [7]. 

For this study, which considers only two-month 
averaged frequencies, noise due to GPS time comparisons 
is completely smoothed out and cannot induce 
correlations. 
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II.4. Correlation due to frequency drifts 

A correlation between clock data can be observed 
when the principal variation of their two-month averaged 
frequencies is linear with time. A typical example of 
such drifts, which might be due to ageing, is given in 
Fig. 9 for two commercial clocks kept by the ORB. For 
this period the cross-correlation coefficient is 
~~j(0) =0,82. If the drifts, estimated simply as slopes of 
l1near fits on frequency data, are removed (Fig. 10), it 
drops to 0,22. 

In TAI computations, a clock affected by a frequency 
drift is deweighted (the two clocks of the previous 
example had relative contributions of about 0,2%). The 
inverse variation of clock weights with classical 
frequency variances was chosen, in part, to protect TAI 
against such drifting [2], it also reduces the impact of 
such correlations. 
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III. Systematic research of correlations between 
clock freguency changes 

Following is a catologue of the laboratories (in 
alphabetical order) which contributed to TAI from January 
1987 (MJD 46849) to April 1990 (MJD 48009) and which 
maintained at least two clocks over an acceptably long 
operating period. Correlations occurring among clock 
frequency data are noted and an interpretation is given 
where possible. The relative contributions to TAI of the 
clocks involved are listed. 

For each laboratory a graph showing the variation 
with time of the two-month averaged frequencies relative 
to TAI of the clocks is shown (Fig. n.a). Correlations 
are de cr ibed by graphs (F ig . n. b, c ... ) which represent 
the frequencies, in their reduced form or with drifts 
removed, and by the calculated cross-correlation 
coefficients. 
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APL: APPLIEO PUYSICAL LIlBORATOJU, Laurel, Maryland, USA 
(see Fig . Il.a, Fig. Il.b and also Section II.1). 

The II PL clock set stopped con trlbu ting t o TIII on MJD 47519 (December 
1988) a nd was r e i nt roduced at m!d-1990 . This set main l y comprises H-masers 
which p resent .l ong -te rm drifts . 

For t he perlod MJ.D 46849 to MJ D 47519 , one o bt a i ns : 
i = 42 6 j = 42 13 Plj(O) c 0,75 
i = 42 6 j = 42 14 Plj(O) = 0,90 
i = 42 13 j 2 42 14 Plj (O) = 0,59. 
When the drifts a re removed, II-masers 42 6, 42 14 and 42 13 present very 

similar annual fluctuations due mainly to the injection of TAI annual 
fluctuation. We find: 

i - 42 6 j - 42 13 p~ ( O ) = 0 , 10 
i - 42 6 j = 4 2 14 Pij (OJ - 0 ,6 0 
i e 42 13 j - 4 2 14 Plj (O) = 0,37. 

The values of Pli(D) t h us d eoreas e through s uppr ess ion of the correlation due 
to the drifts. It i s no ticeabl e t hat t he freq ue ncy relative to TAI of H-maser 
42 6 closely followa t hat of H-maser 42 13. 

These three H-masers were asaigned the maximum relative contribution to 
TAI throughout the period of study (about 2,2%). 
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AUS: CONSORTIUM OF AUSTRALIAN LABORATORIES, Canberra, Australia 
(see Fig. 12 . a, Fig. 12.b, Fig.12.c and also section II.1). 

The AUS clock set contains several H-masers, in particular H-maser 44 2 
already quoted in Section II.1, and commercial caesium clocks. In Fig. 12.a, 
no variation involving the complete set of clocks is observed, as might be 
the case if there were a global reaction to sorne environmental change. The 
correlation between six of AUS clocks having a long period of operation 
gives: 

i 121823 j 44 2 ~ij (O) 0,20 
i 121823 j 142010 ~ij (O) 0,24 
i 44 2 j 142010 ~ij (O) 0,02 
i 141777 j 44 2 ~ij (O) 0,12 
i 141777 j 141443 ~ij (O) 0,25 
i 44 2 j 141443 ~ij (O) =-0,13. 

These results provide no evidence of correlation. Apparently the clocks are 
independent and they have been introduced in TA,I computation according, ,to 
their individual qualities. 
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CH: CONSORTIUM OF SWISS LABORATORIES, Bern, switzerland (Fig. 13). 

Twenty two Swiss clocks of commercial type appeared in TAI for the 
period under study. Only the six of them which operated for the longest 
period are examined here. The clocks are kept at three different sites in 
switzerland but a clear correlation by site does not appear, as confirmed by: 

~ = 21 194 ~ = 16 64 ~ij(O) =-0,17 
~ = 16 77 ~ = 12 863 ~ij(O) = 0,01 
~ = 21 243 J = 21 179 ~ij(O) = 0,21. 

However the frequency relative to TAI of f our of the clocks clearly presents 
an annual variation, these particular clocks probably being more sensitive to 
global changes of humidity. This induces an apparent correlation as confirmed 
in particular by: 

i = 12 863 j = 16 64 ~ij(O) = 0,54 
0,63. i = 12 863 j = 21 243 ~ij(O) 

The mean relative contribution to TAI 
variations was of order 0,4%. 
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CRL: COHHUNICATIONS /lESliARCH LABORATORY, Tokyo, Japan (Figs. 14.a and 14.b). 

110 annuaJ variation invoiving tlU! whois set of clocks (0 commercial 
caesium clocks "ncl thn tl-maser 45 J) may be seen. 1I0wever, on<> can observe a 
case of '-tu'gitive oortel"lion ': at about MJD ~1150, nearly aIl the clocks, 
but one (JI IJ l), presents a frequency step in the Bame senSEl. It la also 
noticellble that II-maser 45 J Is not affected. Most probably the etfect ie due 
to sorne sudden environmental change in the Iaboratory which was particularly 
felt by commercial clockB, and was corrected soon after. 
Cross-correlation coeLtlcients have been computed for two of the commercial 
clocke and II-maser 45 3: 

i - 14 065 j - 141729 PII(O) - 0,87 
i = 14 865 j - 45 3 Pil(O) = 0,88 
i = 141729 j = ~S ~ "11(0) = 0,91. 

They correspond to high correlatIons. 
On removing the drifts of these clocks (Fig. 14. b), the cross-correlation 
coefficients drop tOI 

i = 14 865 j - :L41729 " .lj(O) a 0,22 
i = 14 865 j = 45 3 Plj(O) - -0,36 
i - 141729 j = ~5 3 Pij(O) = 0,43 

giving the evidence of oorre1ations which are mainly attributed to the 
naturai drift ot the clocks. 
These three clocks were highly weighted in the TAI computation, often 
reaching the maximum relative contribution of about 2'. 
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CSAO: SHAANXI ASTRONOHICAL OBSERVATORY, Lintong, P. R. China (Fig. 15.a and Fig. 
15.b) . 

Five commercial CSAO clocks contributed to the TAI computation, two of 
them having operated for the whole period under study and one for more than 
two years. Both large annual variations and drifts can be observed. This 
induces a h igh correlation con firmed by: 

i = 121648 j = 121646 ~~j(O) = 0,86 . 
This correlation is even clearer when drifts are removed (Fig. 15.b), the 
frequencies of these two clocks being affected of variations of the same sign 
and magnitude for nearly every two-month interval of the period under study. 
The mean relative contribution to TAI of these two clocks was about 0,2%. 
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FTZ: FERNHELDETECHNISCHES ZENTRALAIfT, Darmstadt, Germany (Fig . 16.a and 16.b). 

Seven commercia l caesium clocks contributed to the TAI computation. No 
global variation o f their frequencies can be seen other than annual 
variations for t he f irst hall o f the period under study. Three clocks 
operated continuously for more than three years. Until mid-1988, these were 
highly correla t ed in the.ir annual variations and had low relative 
contributions to TAI (about 0,2%). Subsequently they were globally more 
stable a nd reached the maximum relative weight (about 2%) in 1989. A high 
correlation can be observed in the data of two of them (Fig. 16.b), this is 
confirmed by: 
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IEN: ISTITUTO ELETTROTECNICO NAZIONALE GALILEO FERRARIS, Torino, Italy (Figs. 17 and 
6 and 7 of section II.2). 

The discussion of Section II.2 has already pointed out a particular 
interesting example of correlation apparently caused by humidity changes. 
Figure 17 shows the behaviour of the IEN clocks for a more recent period: a 
large seasonal fluctuation can be observed for the commercial caesium clock 
141230. 
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IFAG: INSTITUT FOR Il1IGEWIl1IDTE GEODASIE, Wettzell, Germany (Fig. 18. a and 18. b) . 

six commercial caesium clocks contributed to the TAI computation for the 
period under study, sorne of them showing drifts and seasonal fluctuations. As 
in the case of the IEN clock set (Section II.2), it is especially interesting 
to study the cross-correlation f.unction ~i1(k) for two the clocks: 

i = 16 138 j c 16 274 Pij(O) = 0,31. 
When dri~ts are removed (Fig. 18 . h), ~i1(k) varies as: 

i 16 138 j = 16 274 Plj(O) =-0, 57 
i 16 138 j 16 274 Pij(l) = 0,13 
i = 16 138 j = 16 274 Pij(2) = 0,74 
i = 16 138 j = 16 274 Plj(3) = 0,52 
i = 16 138 j - 16 274 Plj(4) - -0,24 

where the time series B16 274 is two-month shifted towards left for a 
variation oi k by l unit. These two clocks are thus correlated in their 
drifts, but are anticorrelated in their seasonal variations which have 
opposite phase (Fig. 18.b). 
Clocks 16 138 and 16 274 contributed to TAI respectively by about 0,05% and 
0,4% during 1989. 
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KSRI: KOREA STANDARDS RESEARCH INSTITUTE, Taejon, Rep. of Korea (Fig. 19). 

Five commercial caesium KSRI clocks contributed to the TAI computation, 
only one of them being in continuous operation for the whole period under 
study. It is thus inappropriate to search for correlations. This particular 
clock was assigned low weight, often close to zero, because it showed large 
frequency steps. 
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HAOM: NATIONAL ASTRONOHICAL OBS ERVATORI', Mizusawa, Japan (Fig. 5 of section II. 2 
and Fig. 20). 

Bes ides clocles 14 BOS a nd 141)15 , the frequency variations o f wh i ch have 
aiready been onolysed in section II.2 , three o t her commercial caesium NAOM 
clocks particlpated in the 'rAI computation but f o r s horter periode. Figure 20 
adds the seasonal variations of oloaks 14 885 and H l315 for 1990, which are 
not represented in Fig. 5. Throughout the period under study, these two 
clocks were highly correlated with Plj(O) equai to 0,15. 
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HlM: NATIONAL INSTITUTE OF HETROLOGr, Beijing, P. R. China (Fig. 21). 

The HIM commercial caesium clocks were affected by lar ge frequency 
steps , pa'J: tly due to nolsy time llnks , wbich deweighted t he m a nd d id not 
ailow the study of persistent correliltioTls. Ne v e r t heless , o ne c a n o bserve 
here a case of fugiti ve correlation, aroun d MJU 47300, correspondlng perhaps 
to a c ommon r eaction by c l ocks 121633 a nd 121640 to sorne exter nal event . 

100 

80 

60 . 

40 -

20 . 

..-

0 

-20 
68 50 

/ 

7000 7150 7300 
MJD 

, 
1 
1 , 

1 
1 
1 

1 121633 

121640 

7450 7600 '7750 
40000 

7900 8050 

Fig. 21: Frequencies reliltive to TAI of NIM clocks, general overview 
(Clocle 121615 is not shown). 



30 

NIST: NATIONAL INSTITUTE OF STANDARDS AND TECHNOLOGY, Boulder, Colorado, USA (Fig. 
22.a, Fig. 22.b and Fig. 22.c). 

About ten commercial caesium NIST clocks have contributed to TAI. One of 
them, clock 141316, was in continuous operation for the four years considered 
here and always received the maximum weight. The period under study may 
usefully be divided into two parts which correspond to different patterns of 
the clock behaviour. During the first part, 1987-1988, the clocks presented 
clear seasonal variations (Fig. 22.b) which correlated or anticorrelated 
them: 

i = 12 352 j = 14 324 ~ij {O) = 0, 61 
i = 12 352 j = 13 61 ~ ij ( l ) =-0, 57. 

These clocks then stopped operating and were replaced by others, in 
particular by clocks 142165 and 14 601, which show smaller frequency 
variations (Fig. 22. c). This led to increasing relative contributions from 
NIST clocks. No correlation can be detected for this second part of the 
study. A possible explanation is the improvement of environmental conditions 
with the installation of humidity-controlled room for the clocks. 

During the years 1988-1989, sorne of the NIST clocks reported to the BIPM 
operated under De Marchi's conditions [5]. Unfortunately we have at our 
disposal only two or three two-month samples of continuous operation and this 
is not enough to demonstrate the gain in long-term stability and the reduced 
sensitivity to external change. 
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NPL: NATIONAL PHYSICAL LABORATORY, Teddington, united Kingdom (Fig. 23.a and Fig. 
23.h) • 

Arnong the NPL commercial caesium olocks on l y three we re in continuous 
operation throughout most of the period under study. The f reque ncies relative 
to TAI of two of them, clocks 12 316 and 141334, show drifts of opposite sign 
which indu ce a high correlation: 

i = 12 316 j = 141334 ~ij(O) =-0,90. 
When drifts are removed (Fig. 23.h), the correlation hetween them drops: 

i = 12 316 j = 141334 ~ij(O) =-0,12. 
No clear seasonal fluctuation can he observed. 
Because of their frequency drifts these clocks were not highly weighted (mean 
relative contribution of about 0,10%) in the TAI computation. 
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23.a: general overview, 
23.h: two commercial caesium clocks 12 316 and 141334 
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NRC: NATIONAL RESEARCH COUNCIL OF CANADA, ottawa, Canada (Fig. 24.a and Fig. 24.b). 

The NRC operated four primary frequency standards (NRC CsS, NRC 61, 62 
and 63) and a commercial caesi.um clock : of these clocks NRC 62 contributed 
for only a short w.hile dur;i.ng \;he period under study . The frequencies 
relative to TAI of the NRC primary standards have large s .teps which figure 
annual variations. These correlate the three clocks: 

i = CsS j = 61 IJij(O) = 0,70 
i = CsS j = 63 IJij(O) = 0,56 
i = 61 j '" 63 .IJlj(O) = 0,5B , 

For these four years, the frequencies of the NRC pr imary standards presented 
small negative drifts by comp'arison with TAI. When drifts are remo ved (Fig. 
24.b), correlations among NRC CsS, 61 .md 63 are more apparent. The re lative 
contributions to TAI of the NRC primary standards were about 0,2%. 
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NRLM: NATIONAL RESEARCH LABORATORY OF HETROLOGY, Tsukuba, Japan (Fig. 25.a and Fig. 
25.b) . 

Four commercial caesium clocks kept by the NRLM contributed to TAI. Two 
of them show very large frequency steps in 1989-1990 which reduced their 
weights to zero. Annual fluctuations can be seen for three of the clocks 
operating in 1987-1988 (Fig. 25.b). These induced correlations (a computation 
of cross-correlation coefficients is not safe here, the period of 
simultaneous operation of these three clocks being too short). 

240 

200 -

160 -
, 

1 
1 , , 

,\ 
1 1 

1 
\ 
\ 
\ 

® 

~ 120 

r'. 

~ 

~ 
............. 

éJ.) 

~ 
H 

~ 
t.> 
o 

...--4 

Ü 
'--' 

80 

40 

o 
6850 

70 

40 

--" 
30 

7000 ~150 7300 
MJD 

'. 
.'.:' 

" , /-- - , 
' - _/ \ 

\ 

1 

1 

7450 7600 
40000 

312 

363 

141632 + 0 ns/ ay 

7750 7900 8050 

® 

20 - \ 12 363 - 100 nS/day 

10 

o 

\ 
\ 

\ 141632 + 50 ns/day 

14 906 + 100 ns/day 

6850 7000 7150 7300 
MJD 

7450 7600 
40000 

7750 7900 8050 

Fig. 25: Frequencies relative to TAI of NRLM clocks; 
25.a: general overview, 
25.b: three commercial caesium clocks 12 363, 141632 and 14 906. 



35 

OP: OBSERVATOIllE DE PARIS, Paris, France (Fig. 26.a and Fig. 26.b). 

A number of commercial caesium clocks (more than 20), kept by several 
French laboratories and in particular by the LPTF (Laboratoire primaire du 
Temps et des Fréquences, Paris), operated under the acronyrn 'OP', The 
overview of Figure 26.a shows the general trend of frequency variation in the 
French clocks: with the passage of time, there are smaller seasonal 
fluctuations and fewer frequency steps. During 1990 the OP clock set 
presented a higher stability and an increasing relative contribution to TAI. 
This can be explained by the effort put into reducing the sensitivity of the 
clocks to variations of humidity (7) and by the improvement in French time 
transfers which are now performed via GPS. 
The frequencies relative to TAI of the four clocks having the longest period 
of continuous operation are shown in Figure 26.b. There is no evidence for 
annual fluctuations, except for clock 14 134, and no evidence for high or 
persistent correlations. 
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ORB: OBSERVATOIRE ROYAL DE BELGIQUE, Bruxelles, Belgium (see section II.4). 

PKNM: POLSKI KOHITET NORMALIZACJI HIAR l JAKOSCI, Warszawa, poland (Fig. 27). 

Four commercial caesium PKNM clocks contributed to TAI during the period 
under study. They had large frequency steps which deweighted them (mean 
relative contribution of order 0,03%) and masked possible seasonal 
variations. No evidence for correlation ls available. 
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PTE: PHrSIKALISCH-TECHNISCHE BUNDESANSTALT, Eraunschweig, Germany (Figs. 1.1, 1. 2 
of section II.1, 28.a and 28.b). 

The PTB operates two primary standards CS1 and CS2 and several 
commercial caesium clocks, four of which were active throughout the period 
under study. An apparent correlation exists between the variations of the 
frequencies relative to TAI of the two primary s tandards, as shown in section 
II.1. This is probably due to the sea sonal fluc tuation of TAI. Some of the 
commercial PT8 clocks also show a seasonal fluctuation, especially in 1987-
1988. This may be séen in the data for clock 14 394 (Fig. 28.b): the 
amplitude peak-to-peak (about 10ns/day ) is l a rger than those for CS1 and CS2 
and is opposite in phase. This conf i rms that a nnua l var iat i ons of the primary 
standards originate in TAI whereas that observed for 14 394 is more probably 
due to its reaction to environmental changes (humidity variations). Though 
these annual variations have different causes, the clock data appear to be 
correlated: 

i = Cs2 j = 14 394 ~ij(O) =-0,66. 
Clock 14 394 was entered in the TAI computation with a mean relative weight 
of about 1,6%. 
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ROA: REAL IIlSTITVTO r OBSERVATORIO DE LA AlI11ADA, San Fernando, Spain (Fig . 29). 

Of a11 the ROl\ parUcipatlng clocks to '1'1\1 , j ust t h.r ee operated 
throughout the perlod under study . They s howed drif t s of both eigns and, for 
one of them (çlock 16 12 1), a n annuai f luctuation can be observsd. The cross
correlation coefficients are: 

i ~ 141569 j = 16 121 
i a 141569 j = 16 177 
i - 16 121 j = 16 177 

and when drifts are removed: 
i a 141569 j = 16 121 
i - 141569 j = 16 177 
i ~ 16 121 j - 16 177 

This figures that the clocks 
relative to TAI . 

1'1j(0) - 0,52 
1'1j(0) --0,86 
1'1j(0) --0,65 

1.'l~ (O) =-0,J 7 
l' lj( O) - -0 , 54 
1'1j (0) < 0,01. 
a~Q oorrelatod or antlcorrelated by their drifts 

The mean relative contributions to TAI ot these clocks in 1989 were 0,5\ for 
clock 141569, 0 , 4\ for clock 16 121 and 0,1\ for olock 16 177. 
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Fig. 29: FrequencieB relative to TAI of ROA clocks. 

SO: SRJlNQRAI OBSBRVATOIU', Shanghai, P.R. china (Fig. JO). 

Three commercial caesium SO clocks contributed to TAI for the whole 
period under study. They loIere a Hected by drifts Bnd one o f t llem , clook 14 
574, s llowad l a.rga frequency Btaps which dewe i gbted i t (moan re l a tive 
contrIbution o f a bout 0, 06\ ), 1\ correlation e~ists belwee n c locks 16 180 and 
12 997, 1oI1\:.h 1·' l i (0) ~ 0,60 , mainly due te t heir drif t s (respeotlvely 
0 . 045ns /d"y~ a nd (L OJl ns / dRy 2l . Thc.,lr Mean relat.ive weights we';B respecti vely 
0,7% and 0,05\. 
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STA: SligDISH TELf:COHHUHICATIOHS IIDHIHISTRATIOH, stockholm, Sweden (Fig. 31). 

'fWO STII cDmmercial cnealum olocks Dl?erated CDr t h e whole p s rlod under 
etudy, 1\ t h ird etappcd l n hugust USS and 10Ias relntroduced l n ~9B9. There is 
no e vJ donC'Q of s e_l'sonni vDJ:latlorl exccpt for clock 14 9 00 an d no e v i do nco of 
corre la tion ft"'"l1g the STh c l ocl<". Dudng 199 0 , clDck 14 900 h ad a low 
rela t ive we i ght IQ , H') .. hUe C10Cl<9 16 .1.] 7 ano 14~J76 ahowed " gool1 10 ng
term s t a b.ility and c:ontr Ibute(\ re.pectlvely for 1 . 5\ and L, fit. 
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Fig. 31: Freguencies relative ta TAI of STA clDcke. 

SU: VNIIFTRI, Hoskva, URSS (see Section II.3). 

TAO: TOKYO ASTROHOHICAL OBSsRvATon, Tokyo, Japan (Fig. 32). 

ln the general Dverview cDncerning the TAO clock set (Fig. 32) no clear 
annual fluctuation can be detected. Thie may be linked to the fact that the 
TAO clocks have, sinee severai years, been kept in a temperature- and 
humidity- controlled room. There ia no evidence of correlation. 

Two commercial caesium clocks, 142494 and 141075, operated troughout the 
period under study showing excellent long-term etability. They contributed to 
TAI with the maximum relative weight (about 2,2\ in 19B9). lt ie notice able 
that their frequencies relative to TAI nearly show no variation with tlme, 
specifically they do not allow observation of the TAI "nnual fluctuation. One 
can imagine that they have an individual seasonal variation with a emall 
enough amplitude and an appropriate phase so that TAI eeasonal variation ie 
effectively cancelled . 
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TL: TELECOMMUNICATION LABORATORIES, chung-Li, Taiwan, China (Fig. 33. a and Fig. 
33 .b). 

Five TL commercial caesium clocks contributed to TAI. Two of them, clock 
121145 and 122276, operated continuously throughout the period of study. 
These two showed annual fluctuations and frequ ency steps, partly due ' to noisy 
time links, which deweighted them : their mean relative contributions were of 
about 0,3% for 1989. 
A correlation, with ~ij (0) = 0,75, is observed for clock 31 317 and 122276 
(see Fig. 33.b). 
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TUG: TECHNISCHE UNIVERSITJîT GRAZ, Graz, Austria (Fig. 34.a and Fig. 34.b). 

Three TUG commercial caesium clocks contributed to TAI, each of them 
having a long c ontinu oue operation wh ich covered t he whol e period under 
study. One of them , c lock 18 l OB, s hows a lar g e drift o f abou t 0,42ns /da y2 . 
The freque ncies relati ve to TAI of t he two othe r c locks a r e r e produced i n 
Figure 34.b with a larger scale. Commercial clock 141654 has a particularly 
good long-term stability and contributed to TAI with the maximum relative 
weight for some years. This clock is kept in a t emperat ure -controlled room 
but no other particular precautions a r e taken. So that t h is clock, which is 
rather insensitive to e nvironmental cha nges , may naturally satisfy De 
Marchi's conditions [5J. Clock 12 524 is rnuch more noisy and contributed to 
TAI for 0.6% in 1989. 
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USNO: UNITED STATES NAVAL OBSERVATORY, Washington D.C.,USA. 

Several tens of USNO clocks participated in the TAI 
computation. These included commercial caesium clocks and 
H-masers over different periods of operation. 
The US NO gi ves the opportuni ty to study a very 
interesting case of what one might calI 'fugitive 
correlation': it involves the whole USNO clock set and 
appears only during a short period (November 1989) as if 
a local and brief event had influenced the global 
behaviour of the clocks. Table 1 shows the variations of 
the frequencies, between consecutive 60-day intervals, 
for the complete clock set kept by USNO, for the year 
1989. The reported quantities are: 

(6) 

where T = 60 days and where Bdt) is defined in (1) of 
Section I. 
It may be seen that 21 clocks of the 30 clocks entered in 
the TAI computation have decreasing frequencies between 
September-October 1989 and November-December 1989 (last 
column of Table 1). Such a global variation did not occur 
before in 1989. 
At the bottom of Table 1 is reported the relative weight 
of the complete USNO clock ensemble in TAI computation 
for the two-month period ending at date t, defined as: 

(7) 

where wi(t) is the relative weight of clock i on the two
month period ending at date t and where ~ operates on the 
USNO clock ensemble. 
The frequency variation given to TAI by the USNO ensemble 
is written as: 

(8) 

and is also reported in Table 1. 
The quantity oCt) increased during year 1989 because the 
number of clocks increased and because the frequency 
variations we are studying here were probably too small 
to deweight to any significant extent the clocks 
involved. The resulting frequency variation ôB(t) is much 
larger in absolute value and is of opposite sign to that 
observed earlier. This fugitive correlation, probably due 
to a short and sharp environmental change, degraded both 
the stability of the local atomic time scale computed by 
the USNO and the stability of TAI. 
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Clock cS'Bd47639) cS'Bd47699) cS'Bd47769) cS'Bd47829) cS'Bd47889) 

142482 5.25 2.73 21.87 18.50 -15.53 
142483 0.91 4.64 7.27 2.42 -1. 98 
142485 -10.84 26.04 -3.04 -11. 21 -27.10 
141117 3.46 16.26 -6.47 -4.41 -17.38 
142314 3.25 2.17 17.47 -13.79 16.64 
142486 4.92 3.57 -26.25 3.69 7.97 
14 116 8.87 2.39 15.96 -17.47 -1.53 
14 583 8.18 19.00 -60.93 14.80 30.05 
142312 15.28 -6.41 -19.15 12.68 0.73 
40 23 4.95 -31. 83 -6.92 123.31 -42.27 
141819 3.17 11.85 2.95 -3.52 -14.31 
14 787 17.06 12.72 -4.41 -0.50 -24.55 
43 8 4.01 13.18 30.28 -64.46 44.88 
142481 24.45 5.82 3.11 3.70 -3.75 
31 339 -6.90 -2.57 10.43 19.90 -14.63 
141028 -43.91 -25.99 -40.44 45.06 21.09 
141362 10.79 -6.27 7.53 0.31 -7.59 
141605 4.08 7.35 2.86 2.41 -7.43 
311034 -7.24 1.14 2.14 4.64 -4.23 
31 335 -5.29 -15.93 10.29 2.56 -2.45 
40 22 49.01 -25.17 -17.82 -13.77 -14.94 
141255 3.96 -1. 07 -0.70 2.80 0.12 
14 656 -4.51 -0.05 4.89 1. 72 2.22 
141710 4.65 -3.52 -2.33 6.19 -7.49 
142488 18.41 -4.71 -1.15 2.49 -8.12 
141305 6.62 -6.32 -4.15 2.67 -1.24 
141846 4.09 3.04 3.72 -4.75 
40 1 -7.08 6.27 -35.37 
141094 -8.70 
141343 9.42 

net) 8% 12% 13% 13% 16% 

cS'B(t) 0.26 0.14 0.21 0.33 -0.59 

Table 1: Variation between two consecutive two-month intervals of 
the frequencies relative to TAI of USNO clocks for 1989. 

cS'Bi(t), net) and cS'B(t) are defined in (6), (7) and (8). 
cS'Bi(t) and cS'B(t) are expressed in ns/day. 
Dates t, expressed in MJD in the table, correspond to: 

MJD 47639 1989 April 23 
MJD 47699 1989 June 22 
MJD 47769 1989 August 31 
MJD 47829 1989 October 30 
MJD 47889 1989 December 29. 
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VSL: VAN SWINDEN LABORATORIUH, Delft, Nederland (Fig. 35). 

Five VSL commercial caesium clocks contributed to the TAI computation, 
sorne of them with discontinuous operation. A number of large drifts are 
present 50 no clear seasonal variation can be detected. The comments made on 
the TUG commercial clock 141654 (see above) apply aiso to one VSL commercial 
clock" 141034, which shows higb stabi~ity and contributes to TAI with maximum 
weight. This aga in migbt be a case of natural De Marçhi's conditions [5]. 
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Fig. 35: Frequencies relative to TAI of VSL clocks. 
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CONCLUSIONS 

Correlations exist in the frequency data of the 
clocks contributing to TAI. They are not reproducible and 
occur both fugitively and indirectly, so that they cannot 
easily be modelized or forecast. It is then very 
difficult to take account of them in TAI computations. 

As correlations among frequency changes are often 
related to environmental variations, one way to reduce 
them is to control their environment, specifically the 
temperature and humidity changes to which they are 
exposed. Another way is to make clocks less sensitive to 
such variations by applying techniques such as that 
suggested by De Marchi [5]. 

It is noticeable that the weighting procedure used 
in the TAI computation helps to diminish the impact of 
some of the existing correlations. As the weight of a 
given clock in TAI reflects its behaviour over the 
previous twelve months, seasonal variations and drifts 
are recognized and lead to deweighting. 

Nevertheless, TAI inherits a low but actual seasonal 
variation. For more precise studies, it may be necessary 
to issue a different time scale in which seasonal 
fluctuations are smoothed out more completely by post
processing; an a posteriori time scale such as TT (BIPM) 
[9] provides an example of how this may be done. 
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