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may be useful to give first a brief survey of the main
features of astronomical and atomic time.

Summary
Time scales have traditionally provided the time of day

and the season of the year, as well as time interval, and if it
is to be of universal use the atomic scale must be coordinated
with astronomical scales. Two major steps in the coordination
have already been taken: the atomic unit has been defined in
terms of the second of Ephemeris Time, and the scales were
made to agree on 1st January 1958. If the rotation of the Earth
were constant the scales would continue to agree, but because
of the variations in the rate of rotation the atomic scale will
diverge from the astronomical scale unless some adjustments
are made to bring them together. The present method of
adjustment is to apply a frequency offset from the nominal
value to the oscillator from which the 1s timing pulses are
derived and when necessary a step adjustment to the epoch
of the signals. This method possesses serious disadvantages
and it is suggested that all standard transmissions should
operate at their nominal values provision being made to supply
those users needing astronomical time with the difference be-
tween atomic and astronomical time.

1. Introduction
The adoption of a definition of the second in terms

of an atomic transition emphasises the need to consider
the associated problems of the maintenance of a scale
of atomic time, its distribution throughout the world
and its coordination with astronomical time. The
coordination is regarded as essential because time
scales have always served the three quite distinct
functions, of giving the time of day, the season of the
year, and also a measure of time interval or duration.
Any new scale must continue to serve these purposes,
if it is to be of universal use and although an atomic
clock can provide a very precise scale by simply count-
ing and recording the number of seconds that have
elapsed since some arbitrary zero, the time of day and
the season of the year can be obtained only by astro-
nomical measurements. It would of course be possible
to use separate and independent scales of atomic and
astronomical time but this possibility already seems
to have been rejected, and rightly so in my view, since
it would lead to confusion and duplication of effort. It
remains therefore to determine the best way of
achieving the desired coordination and to this end it

2. Astronomical Time
Some of the problems now facing us are quite

similar to those which have faced and have been over-
come by astronomers in the past. The most precise
astronomical measurement is that of a star transit
resulting from the rotation of the Earth but a simple
scale formed by recording the number of rotations,
that is, the number of sidereal days, would not give the
information required for civil purposes. The sidereal
day is therefore converted to the mean solar day, and
the days are counted in terms of months and years.
The three periodicities concerned are not commensurate
and in order to keep them roughly in phase the lengths
of the months are made unequal and step adjustments
in the form of leap years have to be made to the
length of the year. The time of day is given by the
position of the Sun in the daytime and by the stars at
night. In the seventeenth century the need to navigate
at sea provided a great incentive to the improvement
of timekeeping. Observatories were founded with the
express purpose of obtaining the necessary astro-
nomical data for predicting star positions; and for-
tunately they were helped in this work by the develop-
ment of the pendulum which was the basis of the first
precise man-made clock. It provided a scale on which
the times of observation could be recorded, and also a
reliable means of subdividing the day into equal
seconds. The emphasis during this period however was
on the position of the Earth relative to the Sun, Moon
and stars and not on equal intervals of time. The laws
of their apparent motion were determined from
measurements extending over a long period and star
positions could be predicted with adequate precision
for navigation.

The advent of radio and the need to measure
frequencies quickly and accurately not only demanded
still more accurate timekeeping but moved the
emphasis from position to uniformity of the scale and
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constancy of the unit. Radio engineering itself provided
one of the most important tools, the quartz clock,
which enabled the astronomical observations to be
smoothed and averaged for periods as long as a year.
With the help of quartz clocks and the detailed astro-
nomical knowledge gained in the past astronomers
were able to derive a scale uniform to about 1 part in
108, or 1 ms per day. The averaging process could have
been taken further but the limit was placed by the
secular and seasonal variations in the rate of rotation
of the Earth itself. Although the uniform scale de-
parted from true astronomical time or position, it
remained sufficiently close to it for many purposes
and corrections were published for those needing them.
There were a number of scales in use as listed below,
and of these the most uniform scale known as UT2
was the one made available by time signals.

1. Sidereal time.
2. Universal time UTO is sidereal time converted

to mean solar time from the law of the Sun's apparent
motion.

3. UTl is UTO corrected for the movement of the

poles.
4. UT2 is UTl corrected also for the seasonal

variation.
5. Ephemeris Time (ET) is the independent

variable of the differential equation describing the
motion of the Sun. As the equation is based on obser-
vations extending over a very long period, of about
200 years, it is in fact a kind of averaged UT. The
second of ET, which was adopted as the unit of time
in 1956 is thus an average value of the second of UT .
The smoothed difference between ET and UT is shown
in Fig. 1.

6. uTa. This scale is now used by many time
services and its main features are :

a) that the transmission times of the Is pulses are
all in agreement to within 1 liS,

b) that it is allowed to depart by as much as 100 ms
from UT2 and

c) that when a step adjustment is necessary it is
made in steps of 100 ms at all the coordinated stations
simultaneously. The uTa scale is a combined atomic
and astronomical scale because it is in practice derived
from atomic clocks but is deliberately offset from
atomic time and thus brought into fairly close agree-
ment with UT2.

3. Atomic Time
It was clear, as soon as a caesium standard was

put into operation, that it was much more precise than -

any astronomical unit and could be tested only in terms
of an atomic unit. EssEN and P ARRY therefore defined
such a unit as the duration of 9192631830 cycles of
the transition frequency, which made it equal to the
value of the second of UT2 at that time, and they
maintained an atomic scale by means of the quartz
clocks at the National Physical Laboratory. The
clocks were stable to 1 part in 1010 per month when
their steady drift was allowed for and they were checked
by means of the transition at frequent intervals during
the investigation. It seemed reasonable however in
view of the variations of UT2 to define the new atomic
unit in terms of its average value represented by the
second of ET. This relationship took 3 years to deter-
mine and the value found in 1958 (MARKOWITZ, HALL,
EssEN and PARRY, 1958) was: -

Frequency of caesium transition = 9192631770 ::t
20 cycles per second of ET.

This value was supported by subsequent measure-
ments and forms the basis of the present definition of
the second. As it is well known atomic clocks now
have an accuracy of better than 1 part in 1011 or 1 {Ls

per day.
From 1955 the errors of the MSF service of stand-

ard frequency transmissions were determined and
expressed in terms of the NPL caesium clock. They
were used in particular at the BIH to measure and
correct for the seasonal variation in the rate of rota-
tion of the Earth. Astronomical time thus became more
and more dependent on atomic clocks, which were
used to divide periods of a year in the case of U T, and
3 years in the case of ET, into equal seconds.

The establishment of an atomic unit and scale
involves the reverse process of integrating the very
small periods of the frequency of the atomic transition.
The individual oscillations are not counted, but the
atomic transition is used to control the frequency of
a quartz oscillator so that the relationship between
them remains constant. The statement that a caesium
standard is accurate to 1 part in 1011 implies that the
frequency of the quartz oscillator is controlled and
maintained with this accuracy by the atomic transi-
tion. Any errors in this process are thus already taken
into account and the only other errors to consider are
those associated with the integration of the seconds
for long periods. For example there will be occasional
counting errors and any individual clock will stop,
perhaps once in every 2 years. There are in practice
always a number of clocks available either in the same
laboratory or through standard frequency transmis-
sions controlled by distant clocks. Any miscount is
quickly detected and allowed for and any gap in
operation can be bridged by reference to another clock
with a precision of 1 {Ls. Although there is a funda-
mental difference between the astronomical clock and
the atomic clock in so far as the former never stops,
this difference has little effect in the practical construc-
tion of the time scales. If the quartz clocks at anobserv-
atory stop the gap is bridged much more accurately by
reference to other clocks than by reference to the
stars.

It is however important that the reliability of atomic
scales should be checked experimentally. Although the
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was based on a provisional atomic unit which was made
equal to the unit of UT2 in 1955. It was not anticipated
that the use of a unit based on ET would introduce
much difficulty because in 1955 it did not differ
greatly from that of UT2. However by 1958 when the
value was published UT2 had deviated considerably.
It was therefore announced at a symposium of the
International Astronomical Union (IAU) in 1958
(ESSEN 1959) that the MSF service would be based on
the new unit but that the frequencies would be offset
bya stated amount in order to bring the signals close
to the scale of UT2. The amount of the offset was
decided after consultation with the observatories and
the values used in 1959 and 1960 respectively were
-170 parts in 1010 and -150 parts in 101°. The Inter-
national Scientific Radio Union (URSI) recommended
in 1960 that the amount of offset for each year should
be announced by the BIH and this proposal was
supported by the IAU in 1961. The values adopted
have been as follows :
1961 -150 parts in 1010 1965 -150 parts in 108
1962 -130 parts in 101° 1966 -300 parts in 108
1963 -130 parts in 101° 1967 -300 parts in 108
1964 -150 parts in 1010 1968 -300 parts in 108.

National Physical Laboratory published correc-
tions to the frequency of the MSF transmission in
terms of the atomic clock it did not integrate the
frequency to form a time scale. The first atomic time
scale was established by the U.S. Naval Observatory
(U.S. Naval Observatory 1959) and the times of the
WWV signals were given in terms of this scale from
January 1959, being extrapolated back to 1956. The
zero of the scale was fixed so that on 1st January 1958
at Oh om 08 UT2 that value of atomic time called A1
was oh om 08. The National Bureau of Standards and
the Observatory of Neuchatel formed independent
time scales and compared them for a number of years
(BONANOMI et al. 1964, BARNES et al. 1965). From
1960 onwards the divergence between the scales
corresponded to an average frequency difference of
1 part in 1011. The most comprehensive results have
been obtained at the Bureau International de I'Heure.
Independent time scales were formed for the various
atomic standards as they came into use. The results
are expressed in terms of a scale known as A3 formed
from the average of 3 clocks which are given at the
head of Table 1. These three are independently made
caesium standards, differing in many practical details.

Table 1. Time scaZes based on atomic standards derived at the BIB

Laboratory

June 1967

NPL Teddington
NBS Boulder
LSRH Neuch~tel
NRL Washington
USNO Washington
Bagneux
Tokyo
NRC Ottawa
IRNO Stockholm
Paris

o
o
o
o
o
o

+ 25
-1
-24

+ 68
+122
+181

+ 32
-6
-27
+ 63
+131

+176
+ 1

+28
-5
-23
+63
-1
-3
-1
+ 1

O
O

+27

-5

+26

-5

-1
-7
+ 1

O
O

+ 3

-1

0
O

-1
+ 5

The NPL and LSRH clocks employed a long beam
giving a narrow spectral line and a similar long beam
was used at the NBS after 1963. Since 1967 A3 has
been formed from a larger group of standards.

The time deviations show that the integrated time
from all the standards agreed rather better than the
accuracy which was claimed for them. It is particularly
noteworthy that since January 1966 the clocks have
operated with average frequencies agreeing to within
a few parts in 1012. The table shows clearly that atomic
time scales extending over long periods have the full
accuracy of the clocks which is now a few parts in 1012.

Important steps in the coordination of standard
frequency transmissions and observatory time signal
transmissions were taken in 1959 in both the U.S.A.
and the U.K. (NBS 1960, NPL 1960, ESSEN, 1960). In
the U .K. this was fairly easy to achieve because both
transmissions are made from the Post Office Radio
Station at Rugby. It was therefore agreed between the
NPL and the Royal Greenwich Observatory that all
the 1s time signals for both transmissions should be
obtained from the quartz standards controlling the
standard frequency service. This closer coordination
involved a further change in the mode of operation
because even with the offset applied there was a
possibility that the time might drift inconveniently
far from UT2. It was therefore agreed that a step
adjustment of 50 illS could be made when necessary
on the first day of the month. It was also agreed be-
tween the U .K. and U .S.A. authorities that the nomi-
nal frequencies should be maintained within t 1 part
in 1010, that the emission times should be maintained
in close agreement, and that any step adjustments
should be by an agreed amount at an agreed time. The
coordinated system of operation has now been adopted
by about 30 services. In 1964 the IAU recommended
that the amount of the step adjustments should be
100 ms and also that the offset should change only in

4. The Distribution of Atomic Time

Atomic time has been introduced into time signal
services with the following aims in mind :

a) To make the full accuracy of the atomic clock
widely and immediately available.

b) To avoid confusion by having two separate
systems of time signals.

c) To maintain the time scale made available by
the signals sufficiently near to UT2 for navigators
who might not have ready access to published correc-
tions.

The MSF service based on the NPL standard met
these requirements between 1955 and 1958 because it

23.
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