
fundamental catalogues proposed here and the 
increase on this basis of the precision of as t ro­
nomical t ime determinat ions , should, in our 
opinion, be carried out simultaneously with the 
organization a t several t ime services of parallel 
observations with photographic zenith tubes, im­
personal astrolabes and t rans i t ins t ruments . 
However, we do not deem it expedient t h a t all 
the t ime services observe only with zenith tubes 
or only with impersonal astrolabes since each of 
these ins t ruments is characterized by its own 
specific errors and since a t the same t ime there 
are still possibilities of increasing the precision 
of t ransi t ins t ruments . 

Tak ing into account the above s ta ted , the 
Pulkovo T ime Service proposes in the near 
future to base its work on observations with 
photoelectric t rans i t ins t ruments and a photo­
graphic zenith tube . 
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V A R I A T I O N S I N R O T A T I O N O F T H E E A R T H , R E S U L T S O B T A I N E D W I T H T H E D U A L -
R A T E M O O N C A M E R A A N D P H O T O G R A P H I C Z E N I T H T U B E S 

B Y W M . M A R K O W I T Z 
U . S. N a v a l O b s e r v a t o r y , W a s h i n g t o n , D . C. 

Abstract. C o m p a r i s o n of p h o t o g r a p h i c zen i th t u b e ( P . Z . T . ) o b s e r v a t i o n s w i t h t i m e de r ived from q u a r t z - c r y s t a l c locks 
du r ing 1951 t o 1955 a n d w i t h ces ium s t a n d a r d s of f requency d u r i n g 1955 t o 1958 i nd ica t e s t h a t t h e seasonal v a r i a t i o n is 
nea r ly t h e s a m e from y e a r t o yea r . L u n a r - t i d a l inequa l i t i es of s e m i - m o n t h l y a n d m o n t h l y pe r iods w i t h a m p l i t u d e s of 
a b o u t o?ooi each were found. A p r e l i m i n a r y v a l u e of t h e L o v e n u m b e r , k, is de r ived . O b s e r v a t i o n s m a d e since 1952 w i t h 
t h e dua l - r a t e m o o n pos i t ion c a m e r a a r e used t o de r ive AT — E T — U T . C o m p a r i s o n of t h e P . Z . T . o b s e r v a t i o n s a n d 
a t o m i c s t a n d a r d s a t t h e N a t i o n a l Phys i ca l L a b o r a t o r y a n d t h e N a v a l Resea rch L a b o r a t o r y shows de ta i l s of t h e i r regular 
va r i a t i on from 1955 t o 1958. 

I. Introduction. As is well known, there are 
three types of variat ion in speed of rota t ion of the 
earth—secular, irregular, and periodic. Although 
the general na ture of these variat ions has been 
known for some t ime, there is a need for deter­
mining them in detail . 

Variations in speed are determined by com­
paring Universal T ime (UT) , which is based on 
the rota t ion of the ear th , wi th t ime based on 
some other s tandard . This m a y be the moon, 
quartz-crystal clocks, or a tomic s tandards of fre­
quency. Studies of the variat ion in speed of ro ta­
tion made a t the U. S. Nava l Observa tory have 
been based on observat ions for U T made with 
the photographic zenith tubes (P.Z.T. 's) a t 
Washington, D . C , and Richmond, Florida, and 
for Ephemeris T ime (ET) with the dual - ra te 
moon position camera a t Washington. T h e clocks 
used have been the quar tz-crysta l clocks of the 
Naval Observatory and of the Nat ional Bureau 
of S tandards , and the cesium s tandards of the 
National Physical Labora tory , Teddington, and 
the Naval Research Labora tory , Washington. 

T h e problems t rea ted here concern the stabil­
ity of the seasonal var iat ion, the determinat ion 
of the lunar tidal variat ion, and the determina­

tion of the irregular variat ion. T h e results ob­
tained permit a comparison to be made between 
variat ions in speed determined from astronomical 
observations and those computed from geophysi­
cal and meteorological considerations. A pre­
liminary, bu t independent , value of the Loye 
number k is obtained, and the na tu re of the 
irregular variat ions is shown. 

2. P.Z.T. T h e cesium s tandards are stable 
to abou t 1 pa r t in i o 1 0 . Th is s tabi l i ty is so high 
t h a t for all practical purposes the precision with 
which changes in speed of ro ta t ion of the ear th 
can now be obtained depends entirely upon the 
accuracy with which U T can be determined. 
T h e P.Z.T. 's are well suited for the determina­
tion of U T . T h e in s t rumen t is impersonal, the 
zenith is automat ical ly defined by a basin of 
mercury, and no ins t rumenta l corrections for 
az imuth, collimation, or level are required 
(Markowitz, in press). Observat ions are made a t 
the zenith, where refraction anomalies may be 
expected to be a minimum. An impor tan t ad­
vantage of the P .Z.T. in the s tudy of periodic 
variat ions in speed of ro ta t ion is t h a t the system 
of s tar positions used is made internally con­
sistent from the P.Z.T. observations themselves. 
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Thus , periodic errors of s ta r catalogues do not 
introduce spurious periodic te rms in the deter­
mination of U T . 

The operation of two stat ions, which are 
placed about one thousand miles apar t , is of 
great advantage , principally because it permi ts 
a check on the results to be made . If P.Z.T. No. 
3, a t Washington, and P.Z.T. No . 2, a t Rich­
mond, both indicate the same change in speed of 
rotat ion a real change m a y have occurred. If, 
however, the changes indicated are not the same 
the existence of a change is doubtful. 

Observations are made on about 200 nights per 
year a t Washington and 300 nights per year a t 
Richmond. T h e Richmond stat ion is advantage­
ously located, not only in regard to favorable 
weather conditions, bu t by being near the equa­
tor, a t the low la t i tude of + 2 5 0 37 ' . A t the 
equator the speed of s tars which t ransi t near the 
zenith is a maximum and the correction for vari­
ation of longitude vanishes. 

T h e intercomparison of the P.Z.T. ' s shows t h a t 
systematic errors of the order of 10 milliseconds 
may occur, which remain for several days or 
weeks. However, the cesium s tandards indicate 
t h a t the adopted U T 2 , based on the two P.Z.T. ' s , 
is free of noticeable systematic error. For the 
period from 1955.7 to 1958.0 for, example, w, 
the frequency of cesium on U T 2 , was represented 
by a s traight line. T h e probable error of a 
monthly mean of w is 4 par t s in i o 1 0 . T h e most 
probable explanation of this linear relation is 
t ha t the earth was changing its speed uniformly 
and t h a t the adopted U T 2 was practically free 
of systematic error. 

The suitabili ty of the P.Z.T. 's for determining 
variat ions of small ampl i tude is i l lustrated in the 
case of the theoretical lunar t idal terms, whose 
periods are 13.7 and 27.6 days , respectively. T h e 
ampli tudes of each are abou t 1 millisecond, and 
it was formerly considered t h a t these te rms 
could not be found from observation. These 
terms, however, not only were detected in the 
P.Z.T. observations of 1951 to 1954, bu t it be­
came necessary to construct a more detailed 
mathematical theory in order to be able to com­
pare observation with theory. 

P.Z.T. No. 1 was used for t ime determinat ion 
a t Washington from October 1933 to M a y 1955. 
P.Z.T. No. 3, which replaced it a t Washington, 
has been used since M a y 1954. P .Z.T. No. 2 has 
been used a t Richmond since February 1949. 
The reduction of the Richmond t ime sights is 
made a t the Richmond stat ion. T h e analysis of 

the results for the two sta t ions , which are tied 
together by monitor ing t ime pulses from W W V , 
is made a t Washington. There have been no 
major changes in observing programs or in 
methods of reduction a t ei ther s ta t ion. Hence, 
it is possible t o use the P.Z.T. ' s to s tudy the 
variat ions in speed of the rota t ion of the ear th in 
a homogeneous manner . 

3. Seasonal variation. T h e correction for the 
annual and semiannual t e rms which comprise 
the seasonal variat ions m a y be wri t ten , 

ASV = A sin (2irt - 61) + B sin ( 4 ^ - 02) 
= a sin 2irt + b cos 2wt 

+ c sin 47r/ + d cos 471-/, 

where A, B, 0i, 02, b, c, and d are cons tants , and 
/ is the fraction of a year . ASV is t o be added t o 
U T i , t h a t is, Universal T ime corrected for vari­
at ion in longitude, in order to obta in U T 2 . 

T h e seasonal var iat ion was first determined 
reliably by Dr . N . Stoyko, a t Paris , in 1937. For 
the principal coefficient, A, he obtained abou t 60 
milliseconds. In subsequent years similar results 
were obtained by Stoyko and by other investiga­
tors. In 1950 H. F . Finch announced t h a t the 
Greenwich results for 1943 to 1949 confirmed 
those of Stoyko. T h e seasonal variat ion thus 
appeared to be stable, with an ampl i tude of 60 
milliseconds for the annual te rm. 

In February 1952, however, H . M. Smith of 
Greenwich announced t h a t for 1950 and 1951 A 
had decreased to 33 milliseconds, and for 1952 
Smith and R. H . Tucker obtained 20 millisec­
onds. T h e stabil i ty of the seasonal variat ion was 
now questioned. 

The apparen t change in the annual term abou t 
1950 may be due to the fact t h a t quar tz-crysta l 
clocks previous to this t ime did not have, in 
general, the reliability of cont inuous operat ion 
and precision which was obtained later. In order 
to overcome difficulties due to clock stoppages 
and short runs, various mathemat ica l artifices 
were resorted to, such as working with the mean 
of the second differences of the clock corrections 
of a number of clocks. 

These analytical methods did have the meri t 
of showing the existence of the seasonal varia­
tion, b u t were probably no t sufficiently rigorous 
to furnish definitive values. T h e analysis cannot 
make up for an intrinsic lack of precision in the 
clocks. 

In 1953 I a t t empted to de termine the seasonal 
variat ion from the P.Z.T. observat ions and the 
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clocks a t Washington. Let JI be the correction to 
a clock, i. Let \pi be t h a t port ion of the correction 
due to drift of the crystal , and let a be the sea­
sonal variation. Then 

7i = + <?. 

I t was required t h a t for each clock it should be 
possible to find a function \PI which would repre­
sent the drift of the crystal for two years or more, 
and t ha t the as obtained from the various clocks 
should be accordant . I was not able in 1953 to 
find any Washington clocks which met these 
requirements. T h e best clocks were the resonator 
quartz-crystals of the Nat ional Bureau of S tand­
ards, which were placed in operation in M a y 1951 . 
The functions YPI could not be well determined in 
J 9 5 3 because the initial accelerations were high. 

In October 1954 the resonators were moved to 
Boulder, Colorado. T h e y had then been running 
continuously for more than three years , and it 
was now possible to determine the \J/IS. For R2 
and R3 these are, respectively, 

^ 2 = 31282 - 13.098*1 - 4647oe - ° - 0 0 1 0 2 <i , (1) 

^ 3 = 18663 - 21.506/1 - i 8 2 8 o e - ° - 0 0 1 3 7 S 

where H = 0 on August 30.625, 1951 . T h e YPI are 
in milliseconds and t\ is in days . 

The mean for R2 and R 3 of ASV = — or is 
shown in Figure 1. T h e results of harmonic 
analysis for ASV for individual years are given 
in lines (1) to (3) of Tab le I. Dur ing the 38 
months from August 1951 to October 1954 the 
maximum difference between the as for the two 
clocks in accumulated t ime was never greater 
than 4 milliseconds. 

The Essen ring-crystal oscillator, E-43, which 

T A B L E I. ASV, C O R R E C T I O N FOR S E A S O N A L V A R I A T I O N 
U n i t = OfOOI 

a b A c d B 

(1) 1951.7-52.7 + 21 - 2 5 33 - 4 + 6 8 
(2) 1952.7-53-7 + 28 - 8 29 - 7 + 9 12 
(3) 1953.7-54.7 + 24 + 20 3i - 9 + 7 11 

(4) 1955 + 15 - 2 5 29 - 9 + 7 11 
(5) 1956 + 22 - 1 5 27 - 7 + 8 11 
(6) 1957 + 24 - 1 5 28 - 5 + 5 7 

(7) M e a n + 22.8 - I 8 . 0 29.5 - 6 . 8 + 7 - 0 9-7 

(8) Solar t ides + 1-5 0.0 - 4 - 3 - 1 . 6 

(9) (7) - (8) + 21.3 - 1 8 . O 27.8 - 2 . 5 + 8.6 9.0 

(10) W i n d s + 17.0 — I I . O 20.0 - 0 . 9 + 0 . 4 1.0 

(11) B . I . H . , 

a d o p t e d + 2 2 - 1 7 27.8 - 7 + 6 9.2 

A J ^* ^ ^ ^ ^ 

A -

i v y 
19 

/ V 
£X> 19! •3.0 19! 4.0 

F i g u r e 1. T h e cor rec t ion for seasonal v a r i a t i o n 
(ASV), 1951 .7-1954.7 . 

was installed a t the Nava l Observa tory in Ju ly 
1954, was used to de te rmine ASV for 1955.0 to 
1956.0. T h e result is given in line (4) of Table I. 
A preliminary s tudy based on E-56, which was 
installed in October 1954, furnishes a similar 
value of ASV. A more complete analysis will be 
made later. T h e drift of E-43 for the interval 
from August 1954 to November 1956, in milli­
seconds, is represented by 

^ 4 3 = 56730 - 1.184/2 
- 0.00895/2 2 + 3.8 X i o ~ 6 / 2

3 , 

where H = o on J a n u a r y 1.625, J 9 5 6 . 
For 1956 and 1957 the solutions were based on 

the running of the cesium s tandard of the Na­
tional Physical Labora tory , Teddington (Essen, 
Par ry , Markowi tz and Hall 1958). T h e solutions 
are given in lines (5) and (6). 

T h e mean values of the coefficients are given 
in line (7). Line (11 ) gives the coefficients which 
were adopted by the Bureau Internat ional de 
l 'Heure, in 1955, for use dur ing 1956 to convert 
from U T i to U T 2 . T h e same coefficients were 
retained by the B . I .H. for use dur ing 1957 and 
1958. I t is evident t h a t the choice of coefficients, 
made by Stoyko, was a good one. 

T h e seasonal var ia t ion as determined with the 
P.Z.T. 's is seen to be remarkably consistent from 
year to year with a mean value of 30 milliseconds 
for A. I t appears doubtful t h a t there was a sig­
nificant change in the value of A abou t the year 
1950, bu t this possibility cannot be dismissed. 
I t would be interesting to know whether formulas 
for drift t h a t are valid for two years or more can 
be found for clocks in use previous to 1950. If 
such formulas could be found we might be able 
to obtain definitive results for the earlier years. 

4. Causes of seasonal variation. P a r t of the 
seasonal var ia t ion is due to t ides in the crust of 
the ear th which are induced by the sun. T h e 
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change in the figure of the ear th causes a change 
in the moment of inertia. Since the angular 
momentum is constant the speed of rota t ion 
changes. Line (8) of Table I gives the theoretical 
corrections for the solar tides Sa and Ssa. Line 
(9) gives the observed A 5 F w h e n the tidal terms 
are removed, t ha t is, the ASV which is not ac­
counted for by gravitat ional theory. 

The best explanation of the non-gravitat ional 
annual portion appears to be t h a t it is due to 
winds. This explanation was first offered by 
Munk and Miller (1950) in 1950, who obtained 
a value of 48 milliseconds for A. In 1951 , Mintz 
and M u n k (1951) , using new da ta , reduced the 
value to 15 milliseconds. Later , in 1953, they 
obtained a slightly larger value of 20 millisec­
onds, which is not far from the observed value of 
30 milliseconds derived here (1954). T h e coeffi­
cients of the 1953 solution are given in line (10). 
In the same year, Pariyski and Berlyand (1953) 
also obtained values for A similar to t h a t now 
being obtained by observation. 

The observed non-gravitat ional semiannual 
variation has an ampl i tude of 9 milliseconds. 
The ampli tude of the semiannual effect a t t r ibu ted 
to winds is only I millisecond so t h a t a t present 
there is no adequate explanation of the semi­
annual variation. One might offer a number of 
explanations for an annual var ia t ion bu t an 
unexplained semiannual var iat ion appears to be 
a more difficult ma t t e r for which to account . 

5. Lunar tidal variations. Tides induced in the 
crust of the earth by the moon cause variat ions 
in speed of rotat ion in the same manner as the 
sun does. The principal short period te rms are 
denoted Mf and M m . T h e Mf term, due to the 
varying declination of the moon, has a period of 
13.66 days . The M m term, due to the varying 
distance of the moon from the ear th , has a 
period of 27.55 days. 

The effects of the lunar and solar tidal terms 
on the variation in speed of ro ta t ion were derived 
by H. Jeffreys in 1928, by F . Andersson in 1937, 
and by Mintz and M u n k in 1953. T h e develop­
ments were not carried out in detail because it 
was considered t ha t the effects were not capable 
of being observed. 

After deriving the seasonal variat ion for the 
period 1951 to 1954 fr°m P .Z.T. observat ions it 
appeared t ha t the lunar terms might be detected. 
The coefficients obtained by observation agreed 
with those computed from theory within the 
errors of observation. I t was evident, however, 
t ha t additional theoretical te rms were needed. 

T h e effective values of the coefficients for any 
lunation depend on the maximum and minimum 
declinations of the moon dur ing the lunation. 

A new calculation of the solar and lunar tidal 
effects was made in 1956 by Woolard (1959). 
T h e principal terms are as follows: 

Tide 

Mf 

M m 

Period 
18.6 years 
13.66 days 

27.55 days 

A/ = £[5I5.0 sin ft 
+ 2 . 4 7 sin 2L 
+ 1.02 sin (2L —0) 
+ 2 . 6 3 sin g 
- 0 . 1 7 sin (g+ft) 

— 0.17 sin ( g - f t ) 
+ 15.29 sin 2 0 Ssa 0.5 year 
+ 4.88 sin g ' ] , Sa 1.0 year 

where k is the Love number , ft is ascending node 
of moon, L is mean longitude of moon, g is mean 
anomaly of moon, O is mean longitude of sun, 
g' is mean anomaly of sun. 

At is the correction in milliseconds to be added 
to Universal T ime determined on any night in 
order to remove the lunar and solar tidal effects. 
I t should be noted t h a t the lunar te rms are 
largely removed by a smoothing process when 
determining the adopted U T 2 ordinarily. 

T h e following process was used to determine 
the lunar terms. Each night of observation gives 
a correction to a clock, E-43 for example, on the 
system U T 2 . T h e correction of the clock due to 
drift, ^ 4 3 , is subt rac ted and the residuals are 
analyzed for terms with a rguments 2L and g, 
respectively. 

T h e coefficients, O, derived from the P.Z.T. 
observations are given in Table I I . T h e values 
for the first 3 years differ only slightly from those 
t ha t were obtained by a different process in 1955. 

T h e computed coefficients, C, were obtained 
by assigning to k the rounded value 0.300, and 
to ft the value for the middle of the interval 
analyzed. 

From the differences (0 — C) an external 
probable error of dzO.43 millisecond is obtained 
for an observed coefficient. 

T h e value of k is uncertain. Dr . P . Melchior 
has pointed out t h a t the value obtained from 
ear th tide experiments is 0.19 ± 0.06 whereas 
the value obtained from the Chandler ian motion 
of the pole is 0.28 ± 0.03. There is thus a dis­
cordance between the terrestrial and astronomi­
cal determinat ions . Dr . Melchior noted t h a t 
when enough d a t a have been accumulated we 
may use the lunar tidal te rms to obta in an inde­
pendent value of k. I t is interest ing to see wha t 
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T A B L E II . C O E F F I C I E N T S OF L U N A R TIDAL T E R M S 
U n i t = OfOOI 

(I) (2) (3) 
sin 2L cos 2L sin g 

0 C 0 C 0 C 

1951-7-52.7 + 1 . 0 + 1.0 —0.2 
1952.7-53.7 4-1.5 + 0 . 9 + 0 . 5 
1953.7-54.7 + 0 . 7 +0 .8 + 1.3 

1955 + 0 . 5 + 0 . 7 0.0 
1956 + 0 . 3 + 0 . 6 + 0 . 3 
1957 - 0 . 4 + 0 . 5 + 1.0 

value we can obtain with the material a t hand. 
We may obtain k from the relation k = 0.300 
0/C. T h e weight of each determinat ion is C 2 . 

The solutions a r e : 
k w t . 

F r o m sin 2L t e r m , 0.27=1=0.07, 3-6 
cos 2L t e r m , 0.57^0.21 0.4 

C o m b i n e d , 2L t e r m s , 0.30^0.07 4-o 

F r o m g t e r m , 0.47+0.07 3-7 

F r o m all t e r m s 0.38^0.05 7-7 

p.e . of u n i t we igh t = ± 0.13 

The values of k obtained here are in reasonable 
agreement with the value derived from the 
Chandlerian motion. T h e value obtained from 
the Mf tide agrees closely, a l though the M m 
value disagrees by abou t twice the probable 
error. I t is too early, however, to say whether 
there is a discordance. More d a t a mus t be ob­
tained, and the effects of water tides on the di­
rection of the vertical mus t be evaluated. 

From a s tudy of the coefficients it is found 
tha t the observed month ly t ide is in phase with 
the tide predicted by theory, with a probable 
error of ± 1 day. T h e observed fortnightly tide, 
however, appears to occur 0.5 day in advance of 
the theoretical, with a probable error of ± 0 . 5 
day. We may conclude t h a t within the errors of 
observation the observed lunar tides in the 
crust of the ear th are in phase with the theore­
tical. 

6. Irregular variation. T h e existence of irregu­
lar variat ions in the speed of rota t ion of the 
ear th was found, in the past , chiefly from a com­
parison of the orbital motion of the moon with 
the rotat ion of the ear th . I t was not feasible, 
however, to detect changes in speed t h a t occurred 
within a short t ime in this manner . In fact, it 
was not even certain how these changes took 
place. I t was formerly thought t ha t irregular 
changes took place abrupt ly , b u t in 1952 
Brouwer (1952) gave another interpreta t ion of 
the irregular changes. On his hypothesis we 
should expect to observe changes in acceleration 
bu t not sudden changes in ra te . According to 

(4) 
cos g 
O C 

+0 .2 + 0 . 4 + 0 . 7 —1.0 O 
+0 .2 +0 .9 + 0 . 7 + 0 . 6 O 
+ 0 . 3 + 0 . 5 +0 .8 —0.2 O 
+0 .3 + 1 . 1 +0 .8 + 0 . 4 o 
+0 .3 + 2 . 7 +0 .8 + 0 . 5 o 
+0 .2 + 1 . 6 + 0 . 9 + 0 . 1 O 

Brouwer the observed changes in speed may be 
the accumulat ion of small r andom changes. 

Wi th the development of the cesium s tandard 
of frequency it becomes possible to determine the 
na ture of the irregular var ia t ion in detail and 
choose between the two interpretat ions . A joint 
program for determining the frequency of cesium 
in terms of the second of Ephemeris T ime is being 
carried ou t by L. Essen and J . V. L. Pa r ry of the 
Nat ional Physical Labora tory , Teddington, and 
W. Markowitz and R. G. Hall of the Naval 
Observatory, Washington (1958). As a prelimin­
ary s tep, the frequency of cesium in terms of 
U T 2 was determined for each mon th from J u n e 
x 9 5 5 to J a n u a r y 1958. T h e results indicate t h a t 
during this interval the speed of rota t ion changed 
gradually and not suddenly. F rom September 
1955 to J a n u a r y 1958 the mean speed of rotat ion 
of the ear th underwent a practically uniform 
deceleration of 50 par t s in i o 1 0 per year, equiva­
lent to an increase in the length of the day of 
0.43 millisecond per year . There is some indica­
tion of a change in acceleration abou t August or 
September 1955 bu t there are not enough d a t a to 
confirm this. 

7. Moon camera. Ephemer is T i m e is defined 
by the orbital motion of the ear th abou t the sun, 
bu t is obtained in practice from the orbital mo­
tion of the moon abou t the ear th . Since 1952 the 
U. S. Naval Observatory has been using the dual-
ra te moon position camera to determine Ephe­
meris T ime (Markowitz 1954, in press). T h e 
camera t racks the moon and surrounding s tars 
simultaneously a t their respective ra tes by use 
of a dark plane-parallel glass filter. T h e image of 
the moon, which passes through this filter, is 
shifted in position by ti l t ing the filter dur ing the 
exposure. I t is thus possible to hold the moon 
fixed with relation to the stars . T h e epoch of 
observation is the ins tan t when the filter is 
parallel to a light colored glass plate which is in 
front of the s tar field. Exposures are for 10 or 20 
seconds. 

T h e plates are measured in a machine which 
has x and ^-screws- and an accura te ro ta t ing 
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stage. A stroke of a ra tche t lever ro ta tes the 
stage 6°. T h e stars are first measured in x and y. 
The radii of the moon are then measured every 
6° along the bright limb, using only the 3^-screw. 
The plate is rota ted 1 8 0 0 from its original posi­
tion and the stars are measured again. I t is now 
possible to determine the positions of the s tars 
and of the center of circle of best fit of the moon, 
with respect to the center of rota t ion of the stage 
in x and in y. This determines the apparen t 
position of the moon with respect to the s tars . 

Corrections for parallax are applied to obtain 
the geocentric r ight ascension and declination of 
the moon. The Improved Lunar Ephemeris, 1952-
1959, is entered with these quant i t ies and the 
Ephemeris Time is taken out . T h e Universal 
Time of the epoch of observation is known, so 
tha t we obtain AT = E T — U T . 

The reduction of the moon observation has 
been programmed for the electronic computer 
by my colleague, Dr . R. G. Hall . T h e reduction 
of all plates taken since the camera was placed 
in operation in June 1952 has been completed. 
The s tar places used are those taken from the 
Yale Zone Catalogues. Systemat ic corrections 
Njo-Yaky have been determined, bu t have not 
yet been applied. A provisional correction of 
+ o ? i 8 was applied to the AT's for the difference 
in equinox. 

The results obtained thus far show the exist­
ence of systematic effects in both the longitude 
and lat i tude of the moon, which are probably due 
to the systematic depar tures of the moon from a 
sphere. The period of the libration in longitude 
of the moon is an anomalistic month , or 27.55 
days, and we may expect to find variat ions in 
AT which are dependent upon the mean anomaly 
of the moon, g. 

The da t a were divided into periods of 14 
lunations, a period which is nearly equal to 15 
anomalistic months , and analyzed for corrections 
of the form H sin g + K cos g. T h e solutions are 
given in Table I I I . I t is probable t h a t the change 
in the coefficients from one period to the next is 
due to the libration in la t i tude, whose period is 
a nodical month , or 27.21 days . A more detailed 
analysis will be made later, after corrections for 
irregularity of the limb being derived by Dr. 
C. B. W a t t s have been applied. 

T A B L E III. C O R R E C T I O N S FOR T E R M S IN G 

Lunations Interval H K 

364-381 I952.5-I953.8 + i?i7 — 0?27 
382-395 1953.8 1955.0 -0 .08 +0.07 
396-409 1955.0 I956.I +0 .47 — O.06 
4 IO-423 1956.I I957.2 +0 .29 — O.32 
424-437 1957.2 1958.4 - 0 . 2 3 - O . 8 7 

T A B L E IV. AT F R O M MOON C A M E R A 
Epoch Nights A To ATc 

1952.75 17 29*66 29?58 
1953.25 16 30.99 30.72 

•75 39 30.56 30.32 
I954.25 26 30.22 30.10 

•75 24 29.67 29.74 
1955.25 23 30.00 30.22 

•75 19 30.24 30.14 
1956.25 23 30.40 30.56 

•75 19 30.26 30.23 
1957.25 23 30.69 30.50 

•75 20 31.20 31.37 
1958.25 22 3I .05 30.96 

Table IV gives the semiannual means of AT. 
Al 0 gives the values initially obtained and ATc 
gives the values when corrected by the solutions 
given in Tab le I I I . 

T h e values of ATc are p lot ted in Figure 2, 
which also shows other solutions for AT. T h e 
solution by Brouwer (1952), A T B , is a smoothed 
one, based on t ransi t circle observat ions and oc-
cultat ions. T h e ones marked A7Y' are recent 
values obtained with 6-inch Trans i t Circle of the 
Naval Observatory. T h e latest results are in 
press. T h e ones marked AT0C are from recent 
occultation results. 

T h e following corrections were applied to place 
the AT's on a system defined by the equinox of 
Nso;ATB (on Newcomb) , - i s 0 9 ; A T * " and 
AToc (on F K 3 ) , + o s 2 7 . 

T h e curve marked ilAA" gives AA = A T — 
U T , where A T denotes a tomic t ime. This curve 
was obtained by integrat ing the frequency of 
cesium in terms of Universal T ime, previously 
reported (Essen, Par ry , Markowi tz and Hall 
1958). T h e two cons tan ts of integrat ion, which 
correspond to the value of A T a t an initial epoch 
and the frequency of cesium in cycles per second 
of Ephemeris T ime, were selected so as to pro-

1 I I I — I — I — I — I — I — I — I — 1 — T 

1947.0 48X) 49 .0 5 0 0 51.0 52.0 53.0 54.0 55iO 56.0 57.0 58.0 59.0 

F i g u r e 2. C o m p a r i s o n s of U T w i t h E p h e m e r i s a n d 
A t o m i c T i m e ( A T ) . AT = E T — U T a n d AA = A T - U T 
F o r symbol s , refer t o t ex t . 
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vide the best fit with the A TVs from the moon 
camera for the interval J u n e 1955 to J u n e 1958. 

A solution of the means of ATc from 1954.25 
to 1958.25 gives a value of + 0 S I 2 per year 2 for 
AT". T h e cesium s tandard gives + o ? i 6 per year 2 . 
T h e agreement is satisfactory. 

T h e table below gives the values of AT and its 
derivatives from the solution of Brouwer for 
1941.5 to 1950.5, and from the solution based on 
the moon camera and cesium s tandard for 
1955-5 to 1958.0. 

AT' 
I94L5 
1950.5 

1955-5 
1958.0 

AT 
23.62 
28.20 

30.20 
3 I . I O 

+ o ? 4 3 / y e a r 
+0 .59 

+0.20 
+0 .58 

AT" 
+ o ? 0 2 / y e a r 2 

+0.02 

+ 0 . 1 6 
+ 0 . 1 6 

These values indicate t h a t AT" was negative 
a t some t ime between 1950.5 and 1955.5 a n d tha t 
two changes of sign occurred. Since it was possi­
ble to represent the running of clocks R2 and R3 
from 1951.7 to 1954.7 by formulas (1) no very 
drastic changes in acceleration could have oc­
curred in t h a t interval . T h e dot ted curve in 
Figure 2, marked ATey represents an es t imate of 
the variation in AT from 1950.5 to 1955.5, based 
on all the d a t a now available. A more definitive 
variat ion will be obtained after corrections for 
the profile of the moon have been applied. 

8. Variations, IQ55 to 1958. Since September 
1956 a cesium s tandard , No . A6, of the Naval 
Research Laboratory , Washington, has also been 
used for comparison with U T 2 for s tudying the 
variat ions in speed of rotat ion. This s tandard 
has a quartz-crystal clock associated with it, 
whose frequency is kept matched to t ha t of the 
s tandard. T h e cesium beam is not operated con­
tinuously, bu t the combinat ion serves as an 
atomic clock. Daily comparisons of astronomical 
t ime from the P.Z.T. ' s versus a tomic t ime are 
made with the Naval Research Labora tory 
whereas only month ly comparisons of frequency 
are made with Teddington. 

The value of the frequency of cesium obtained 
by comparing the cesium s tandard a t the Na­
tional Physical Labora tory with the observations 
of the moon made a t the Naval Observatory 
(Markowitz, Hall , Essen and Par ry 1958) is 

VE = 9 192 631 770 cps (of E T ) . 
Universal Time does not enter in the determina­
tion of VE, since it cancels out in forming the 
difference 

AT - AA = ( E T - UT) - (AT - U T ) . 

We may therefore use the above value of ^ to 
express the length of the day . 

1 — r 1 1 I 1 T 

*PROJ«CT«D UT2 
-4-NRL 

JULY I JAN I 
1955 1956 

F i g u r e 3. V a r i a t i o n in l eng th of d a y , de r ived from 
P . Z . T . ' s a n d ces ium s t a n d a r d s . O r d i n a t e is excess over 
86400 seconds of E p h e m e r i s T i m e in l eng th of d a y . 

Figure 3 shows the excess over 86400 seconds 
of E T , obtained by compar ing U T i and U T 2 , as 
determined with the P.Z.T. 's , with a tomic t ime 
based on cesium s tandards located a t the Na­
tional Physical Labora tory , Teddington and the 
Naval Research Labora tory , Washington. 

T h e curve marked U T 2 gives the mean length 
of the day with periodic te rms removed, t ha t is, 
the irregular variat ion. T h e curve marked U T i 
includes the seasonal and irregular variat ions, 
bu t not the lunar-t idal terms. 

A rapid decrease of abou t o?ooo3 in the length 
of the day about the beginning of 1958 was indi­
cated by both the Washington and Richmond 
P.Z.T. 's . There is a possibility, however, t h a t 
wha t occurred was only a change in acceleration 
abou t this t ime. 

I t is a pleasure to acknowledge the help of 
m a n y members of the staff in carrying out these 
studies, in part icular , Dr . R. G. Hall . Mr . G. C. 
Whi t taker , Director of the Richmond stat ion, 
mainta ined a continual flow of results. Others 
who part ic ipated in making the observations and 
reductions include Miss Ida Ray , Miss M a r t h a 
Sherman, Mrs . Doris Stanley, Mr . J . Siegel, 
Mr . W. Weston, Miss Suzanne Ellis, and Miss 
Norma Grimes a t Washington, and Mr. D . 
Monger, Mr . R. Medford, and Mr . J . Rende a t 
Richmond. 
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E P H E M E R I S T I M E 

B Y G. M . C L E M E N C E 
C o l u m b i a U n i v e r s i t y , N e w Y o r k , N . Y. , a n d U . S. N a v a l O b s e r v a t o r y , W a s h i n g t o n , D . C. 

Abstract. I n th i s a r t ic le is descr ibed t h e m e a s u r e m e n t of t i m e from a m o r e genera l p o i n t of v iew t h a n h a s been t a k e n 
before. I t is shown t h a t m e a n solar t i m e a n d e p h e m e r i s t i m e a r e t w o p a r t i c u l a r app l i ca t i ons of t h e genera l pr inc ip le of 
measu r ing t ime b y obse rv ing a n g u l a r m o t i o n s , a pr inc ip le t h a t can be app l i ed t o a n y a n g u l a r m o t i o n w h a t e v e r , p rov ided 
t h a t a n a d e q u a t e t h e o r y of t h e m o t i o n is ava i l ab le . 

Space and t ime may be measured in a fashion 
tha t makes the errors of measurement independ­
ent. T h a t is, a measure of dis tance and a measure 
of t ime may be defined in such a way t h a t an 
error in a measurement of distance will not pro­
duce any error in the measurement of t ime, and 
vice versa. I t is t rue t h a t the measurements mus t 
be restricted to the local frame of reference. 
Special relat ivi ty teaches us t h a t the errors are 
no longer strictly independent if two observers in 
relative motion exchange and combine the results 
of their observations. Bu t this restriction does 
not destroy the principle of independence, it 
means only t ha t one observer mus t have a care 
in interpreting the observations of another . 

I t is easily possible to define the fundamental 
units of measurement in such a way t h a t the 
errors in measurements of t ime and distance are 
not independent. For example, the fundamental 
unit of length might be taken as the meter and 
the fundamental unit of velocity as the velocity 
of light. The unit of t ime would then be a derived 
one, obtained as the quot ient of dis tance by 
velocity, and then any error in measurements of 
length would be carried over into practical deter­
minations of t ime. This procedure would not, 
however, destroy the dual i ty of space and t ime, 
which is intrinsic and, for any one observer, 
absolute. 

An al ternat ive choice of fundamental units is 
to take the meter as uni t of length, and the t ime 
required for light to travel a dis tance of one 
meter as the unit of t ime. In this case also the 
errors would not be independent ; practical 
measurements of t ime-intervals would be affected 
by the error in the length of the meter -bar used, 
as well as by the accidental errors of measurement 
of the time-intervals themselves. 

T h e non-independence of the errors in the two 
cases mentioned is a result of defining one thing 
in te rms of another . Let us consider a third case 
of a different sort. Suppose t h a t the wave length 
of some monochromatic electromagnetic radia­
tion is taken as the uni t of length, and the inverse 
of the corresponding frequency as the uni t of 
t ime. In this case the errors m a y be independent 
or not, according to the techniques of measure­
ment employed. If no reference is made to fre­
quency when measuring lengths, and if no refer­
ence is made to wave length when measuring 
t ime-intervals, then the errors are independent . 
On the other hand, the product of a wave length 
by the corresponding frequency is an absolute 
constant , the velocity of light. If the value of 
this cons tant is known, it then becomes possible 
to infer lengths from measurements of fre­
quency, and vice versa ; and if this technique is 
employed, the errors will not be independent . 
Wi th this choice of uni ts it would become nec­
essary to examine the techniques used in every 
experiment, in order to ascertain whether the 
errors are independent or not. 

Until now, the fundamental uni ts of length and 
t ime have always been defined in such a way as 
to preserve the intrinsic independence of the 
errors of measurement . In part icular , the recent 
redefinition of the second preserves the inde­
pendence. I t is impossible to infer any th ing 
abou t t ime from measurements of dis tance, and 
vice versa. I remark, however, t h a t it has been a 
ma t t e r of choice ra ther t han necessity. I t would 
have been possible to define the uni t of dis tance 
as the distance through which a body would fall 
in a uni t of t ime, under the action of g rav i ty ; and 
if this had been done, the errors of measurement 
would not have been independent . 

33 

https://doi.org/10.1017/S0074180900104164 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900104164

