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PREFACE 

Thi s  report was undertaken by the National Geodetic Survey 
to provide basic informat�on fo� planning the future o f  its two 
astronomical observatories .  The study was initiated and com
pleted in 1 9 7 5 . The conclus ions cited , as wel l  as the projected 
cos ts , are as o f  that date . 
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SYSTEMS FOR THE DETERMINATION OF POLAR MOTION . 

Soren W. Henriksen 
Geodetic Research and Deve lopment Laboratory 

Nationa l Geodetic Survey , NOS , NOAA 

ABSTRACT . The benefit of long-term observa
tions of · latitudinal variation i s  primarily 
the derivation of corrections to time and 
astronomical coordinates of control points. 
Other applications (those wi th which this 
report is concerned ) include maintenance of 
an internationally accepted coordinate refer
ence sy stem, moni toring of the Earth ' s  pole 
of rotation , and studies of the pos s ible 
relationship of earthquakes to polar motion. 

Data produced by classical methods , since 
18 99, are insufficient to permit accurate 
predi ction of polar motion , to determine the 
amount or exi stence of  secular dri ft of the 
pole , or to· detect the pos s ible effects of 
earthquake s on polar motion . . For these and 
other reasons , the international participants 
in th e program agr ee that �he proqram should 
be continued for at l e ast another 50 to 100 
years and that more accurate observation 
methods should be developed . The National 
Geodetic Survey , in its  role as the United 
States' part icipant in the program , sugge sts 
a number of alternatives for solution of 
the prob lems enumerated and for cons idera
tion by the international community . 

1. BAS·IS FOR · PRESENT STUDY 

The Nationa l Geodetic Survey (NGS ) of the National Ocean Survey 
(NOS ) has operated , almost continuously since 1899, two astro
nomical observatories at Gaithersburg , Md . ,  and at Ukiah , Calif . ,  
solely to obtain data on the variation of latitude . These 
observatorie s are part of a pro j ect , begun in 1900, involving 
three simi lar observator ies in other countr ies with almost the 
same long his tory . Probably no other pro j ect in modern s c ience 
has continued for so long unchanged in purpose , equipment , or 
technique and has managed to produce such a large volume of high
qua l i ty data . But even the mos t  productive , long-l ived pro j ect 
should undergo an occasional check of its health--not necessarily 
for s igns of seni l i ty ,  but �o find ways of continuing and improv
ing the productivity , or even ending the pro j ect . Since the 
proj ect is international in character , any definitiv� examination 
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must be made through international cooperation . However , a pre
liminary examination by a national participant , resulting in a 
tentative diagnos i s  and prescription , can be helpful in prepar
ing for the international e f fort • . Thi s  report describes such a 
study . It covers the project ' s  history , its present condition , 
and pos sible · ways o f  adapting the project to meet the greater 
demands be ing made upon it . S ince the study was begun as  an 
examination of the National Ocean Survey· ' s present and future 
ro le in the project ,  this aspect , of course , rece ives special 
attention . Otherwise , conscientious e f forts were made to per
form an unbiased diagnosis and to sugge st treatments applicable 
to the whole project . 

This report presents preliminary proposals only . The other 
parti cipating countr ies are also examin ing the ir present pro
grams. Final solutions will depend on international agreements. 
The se question s were di scussed at the international level in 
August 1975 and will continue to be discus sed for many years . 
Until a consensus is gained , any study from a single group must 
be considered tentative and i·ts conclusions temporary . 

2. HISTORICAL AND THEORETICAL BACKGROUND 

Since 1899 , the NOS , formerly the U . S .  Coas t and Geodetic Survey , 
has maintained two observatories for determining the motion o f  the 
Earth ' s  pole o f  rotation . The reason for this lo�g term program 
can best be understood by taking a brief look at i ts history . 

2.1 . Observational History 
In the long his tory of the sturly of the Earth as a plane t , 

probably two ideas have been held with more firmness than any 
others--that the Eurth is spherical , and that the rotation of 
the Earth is perfectly uni form .  The first idea wa s finally . 

disproven in the eighteenth century as a resul t o f  the measure
ments of meridional arcs in Lappland and Peru . The second was . 
que stioned as early as  1765 by Euler and in 1820 by · Brioche , who 
pointed out that Euler ' s  equations o f  motion ( see next section ) 
impl ied that the Earth's ins tantaneous axi s  of rotat i on might 
not be fixed in the Earth . Various astronomers , Peters and 
Bessel among them , searched for· the suggested motion without 
de finite success . De f inite proof that polar motion exists was 
f irst shown in about 1885 as a result of the investigations of 
Kustner ( Deja i f fe 1972) at Berlin . He had been trying to find 
out i f  the aberration o f  light was a cons tant . His observations 
of stellar declinations and zenith distances seemed to indicate 
that the constant of aberration was variable . An extensive 
analysis of the data , however , showed that the variation de
tected in the data should have been attributed to changing 
positions o f  the Earth's axis o f  rotation rather than to aberra ·
tion . Thi s  di scovery rai sed cons iderable excitement , par.ticu
larly ·when supported by additional observations made from the 
Potsdam Observatory , and was fina lly accepted in 1.891 a fter · a 



year of " simultaneous " observations from observatories at 
Hawaii and Ber lin. 

About this time , S .  C .  Chandler published the results of his 
ana lysis of astronomical observations for the preceding two 
hundred years . He showed that not only . is there a motion with 
a period o f  about one year , but also a variation wi th a per iod 
of 4 2 8  days . The incons istency o f  this latter period with the 
30S-day pe�iod predicted by Euler ' s  equations was shown by 
Newcomb in 1892 to be explainable by a·ssuming the Earth to be 
e lastic rather than rigid . 
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A direct and time ly consequence o f  this work was the 1898 
resolution o f  the Assembly o f  the International Geodetic 
Association (lGA) at Stuttgart to create an International 
Lati tude Service (lLS ) of six stations (Preston 1899) . These 
stations were all to be located at approximately the latitude 
39°08' and were to be used to determine polar motion by nightly 
observations of the zenith distances of 12 groups o f  12 stars 
each . Plans were made for an initial observation period of 
five years . But since the pole seemed to follow a seven-year 
cycle , the U . S . A .  de legate thought that at least three such 
cycle s ( 2 1  years ) would have to be observed for a sati s factory 
determination o f  the pole ' s  motion* (Pre ston 1899 ) . 

The IGA provided funding of $10,000 pe� year. (At that time , 
each country appointed one of ficial or delegate with voting 
power to the IGA . The American delegate was E. D .  Preston , 
Executive Of ficer o f . the U .  S .  Coast and Geodetic Survey . )  

Since inception o f  the ILS , two stations ( Cincinnati and 
Tchard j ui ) have been dropped from the program . One station 
(Kitab ) was add�d in 192 2 to replace Tchardjui . The station at 

Gaithersburg interrupted service from about 1916  to 193 2 . The 
stations at Misuzawa , Ukiah , and Carlo forte have given . almost 
uninterrupted service up to :the present time .. ( �ee table 1 . )  

All stations were equipped with similar ins trumentation (VZT ' s ) 
and used the same reduction method ( Horrebow-Talcott ) .  .Respon
sibility for coordination and reduction o f  combined data was 
ves ted in the ILS . In 196 2 , the name was changed f rom Inter
national Latitude Service to International Polar Motion Service 
( IPMS ) . Along witil the change in name came an increase in the 
number o f  observatories for the determination o f  polar motion . 
Toget�ler with the five existing ILS observatories ,  there are now 
about 50 observatories· contributing data� 

*The two ma jor periods in the polar motion are approximately 
12 months and 14 months with com?lete cycles taking about 6 
years . The directorship or neadquarters has been changed s ix 
times since 1899 .  
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Table 1 . -- Internationa1 latitude service stations 

Nominal " Nominal Period o f  
Name longi tude latitude observation Instrument 

1 4 1°0 7 ' 5 1 "  
(39°8')  

Misuzawa 3�6 0 2  1 899-197 5 VZT 

Car 1oforte 8°1 8 ' 4 4 "  8!'94 1 1899-194 2/ VZT 
194 6 - 197 5 

Tschardjui 6 3°29 ' "10  �'6 6 2  1899-1 9 09 . 5  VZT 
1909 . 5- 1 9 2 0  

Ukiah - 12 3°1 2'3 5 " 12!'0 9 6  1 8 99-1 9 7 5  VZT 

Gaithersburg - 77°1 1'57 " 13::2 0 2  1899-1914/ VZT 
193 2- 197 5 

Cinc innati - 8 4 ° 2 5 '  19� 3 6 4  1899-191 5  VZT 

Ki tab 6 6° 5 2 ' 5 1 "  1�'8 5 0  192 2-197 5 VZT 

2 . 2  Theory of  Polar Motion 

The Earth is a rotating body. Its shape is nearly spherical 
and its compOSition is hete rogeneous, with a lithosphere 
( predominant ) ,  a hydro sphere , and an atmosphere . Despite its 
deviation from the ideal homogeneous spherical body , the rotation. 
o f  the Earth is governed by the same laws o f  mechanics as  is  
every other material body . In  particular , th. Euler equation� 
apply very closely . These equations are 

i ,  j ,  k = 1 ,  2 ,  3 .  

The I i are the principa l  moments o f  inertia ,  wi are the compo
nents o f  angular veloc ity about the principal axe s , and N. are 
external torques acting on the rotating body . (It would Be more 
general to introduce forces ins tead o f  torques : but , s ince any 
set o f  forces can be resolved into a set o f  unbalanced forces 
and a set of torque s ,  the resulting equations would also separate 
into two sets--one for trans lational motion , in which we are not 
interested , and the other (Euler ' s  equations ) for rotation . )  



I f  the torques N. are set equal to zero , the equations become 1. 
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Just how the rotational mot ion will appear depends on the rela
tive value s o f  the principal moments o f  inertia . When II and 12 
are nearly equal , as is the case for the Earth , the equations 
become ( assuming that the Ii are constant ) 

I 1 W 1 = (I 1 - I 3) W 2 W 3 , 

12 W 2 = -( I 1 - I 3) W 3 wI' and 

These equations are eas ily solvable , leading first to the equa
tion , 

.. 
II WI = ( II - I3) w2 w3, 

by d i fferentiating the first o f  the preceding equations and 
thence , by sub sti tution from the second , to 

i.A) 1 ." 

This is , of  course , the di fferent ial equation for simple harmonic 
motion of angular frequency , 

Q = 
T ""I 

For the Earth , the ratio o f  the moments i s  about - 0 . 0 0 3 3  as 
determined from measurements of flattening . ( The s ign is nega
tive because" the polar axis is shorter than either equatorial 
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axi s . )  The period , , therefore , about 3 0 0  days , or about 10  
months , is Euler ' s  period (Goldstein 195 0 ) . 

Note that to obta in this simple re sult , we had to assume 
( among other things ) that 'dI./dt was zero , which implies that 
the Earth is rigid . ' Since tne Earth is elastic , the moments o f  
inertia generally will not be fixed . ,I f  one takes into account 
the , elasticity , as Newcomb did in 1892 to explain Chandler's 
results , the period is lengthened . With a suitable value for 
the elastiqity , one der ive s the Chand1erian period . *  The 
modulus o f  elasticity is then adjusted to make the theoretical 
period agree with the observed period ; hence , the long-held 
idea that the Earth is about as elas tic as steel . 

I f  we do not set the forces N. equal to zero , but substitute 
in the ir place known torques , w� find that two d i f ferent kinds 
o f  mot ion arise according to the source s of the torque s . The 
large st torque s arise from sources far outside the Earth--the 
Sun , the Moon , and the other planets . ' The ir e f fects , the 
as tronomi cal phenomena of precession and nutation (Woolard 195 3 ) ,  
are not of  great geodetic interest , except as they a f fect the 
stellar coordina tes used in as trogeodetic work . The second kind 
of torque arises from phenomena on or ins ide the Earth , such as 
var iations in atmospheric and oce anic circulation , earthquakes , 
continental dri ft , and changes in thp. Earth ' s  interior . In thi s 
connection , the study of polar motion is particularly valuable 
since such a study , i f  based on enough sufficiently accurate 
data , can give info�ation about geophysical proces ses otherwise 
not obtainable . Particularly outstanding examples of this close 
relationship between polar motion and geophysical phenomena are 
the series of investigations by Je ffreys (Munk and MacDonald 
196 0 )  on geophysical causes of the variations in polar motion 
(e . g . , see reference fo r a de scrip tion of these inve stigations ) .  

Ano ther examp le is the very deta iled set of equations prepared , 
by E .  Takagi ( 1970 ) , which deal with phenomena' in the atmosphere , 
hydrosphere , mantle , and outer qnd inner cores . Takagi's' paper 
is discussed in appendix A. The paper is important because it 
is suf fic iently detailed and extensive to be used as the basis  
for inves tigation s into the relationships between the rotation 
of the Earth and other geophys ical phenomena . 

In dealing with the theory behind polar motion , one must be 
careful to dif ferenti ate between two very d i f fe rent but closely 
coupled forms of the motion . In one form , the Earth is cons id
ered to shi ft with respect to its axis of rotation; equiva
lently the axis o f  rotation shifts with respect to the Earth ; 

*Pro of is not dif!icult (anppn�ix D), but the result is intui
tively obvious . E1as,ti city mal:es the F.arth fliltt�r and inc't'eases 
its �oment o� ine rt ia about th� axis o� rotation . To keep thp. ' 
total angular momentum constant , the rate of rotation must be 
decreased . 
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the res ult is the variat ion o f  astronomic latitudes and time . 
In the other form , the ax�s o f  rotation is assumed to stay fixed 
in the Earth , but to move with �espect to the " fixed " stars . 
This last form o f  motion , known s ince the time o f  ancient 
Baby lonia , results in precession and nutation . The actual 
mot ion is a combina tion of the two dif ferent forms , their sepa
ration being difficul t when the amplitude s are smal l .  

3 .  PROCEDURES USED FOR DETERMINING POLAR MOTION 

It is convenient to discuss methods for determining polar motion 
in two parts: the classical methods where the s tars are ob
served opticall� and new methcds ( since 1960) where the objects 
observed are not stars but the Moon , arti ficial satellites of 
the Earth , or quasars . The newer methods o f  observation may 
involve use of the optica l or the radio part o f  the spectrum . 
This division corresponds ra ther well  to the . relat ive costs o f . 
the methods ;  the mo st recent methods are considerably more 
co stly by a factor of 10 to 1000. The gain in precision is not 
directly rela ted to the increase in cost ; a reduction of  the 
rms error by a factor of 10 to 20 is the most that can be 
expected at present . 

Table 2 lists the ma j or characteri stics o f  the methods; de
tails are described later. The table lists the estimated rms 

error of a single measuremen t ,  the rms e rror in determination 
of the coordinates o f  the ins tantaneous pole o f  rotation , 
and the frequency with which the coordinates are observed can 
be determined . The (nomina l )  va lues given are dependent on 
unpred ictable factors such as  the number of observatories 
involved and weather cond itions . The relative costs o f  acquir
ing and operating the sys tems are given in the last co lumn ; the 
low cost is less than S100,000, the medium cost is between 
$100,000 and $250 , 000 , and the high co st is over $500 , 000. 
(See table 10. ) 

3. 1 Class ica l Methods 

Al though the five principa l stations of the IPMS have used 
VTZ ' s  si nce the beginning , both P ZT ' s  and VZT ' s  have been used 
in var ious observator ies , parti cularly at Gaithersburg (1911 to 
19 14) and Mi suzawa (1953 to present ) .  Both instruments and the 
a s soc iated procedures , therefore , · can be cal led classical and 
are cons idered so in this study . A third , hybrid form o f  
ins trument known a s  the floating zenith telescope ( F Z T )  , which 
resembles a VZT with a camera in place o f  an eyepiece and floats 
in a poo l of mercury ,  has been used extensively for latitudinal 
observations at the Misuzawa Obse rvatory . Extensive per formance 
investigations of the FZT at Misuzawa indicate there is no real 
advantage over either the VZT or the PZT . The instrument , 
therefore , is not con sidered further . Details are described by 
Cookso n ( 190 1) and Hattori ( 195 1). 
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Table 2 . --Characteristics o f  various technique s 
used for f inding polar motion 

Technique 

Zenith telescope 

Visual 

Photographic 

Satelli te-track ing 

rms error (cm ) 
,Single Coordinates 

observation s of pole 

1000 30 

30 0 10-2 0 

Interval 
between 

determin
ations 

1 mo. 

<1 mo . 

Relative 
Cost 

low 

medium 

Moon 
Optical (la�er ) 
Electron ic 

<10 <10 1 day high 
--------- not in use at present ---------

Art ific ial 
Optical <10 
Elec. (Doppler ) Not applicable 

Quasar-tracking 

VLBI <10 

<10  
2 0- 5 0  

<1 0 

1 day 
2 days 

1-2 days 

3 .1.1 The Visual Zenith Te lescope 

high 
med ium 

high 

A VZT is typ ically a short (1 . 3  m) telescope attached near its 
midpoint to the top of  a vert ical column so the tele scope is 
free to swing through a wide arc in the meridian but with , prac-: 
tically no motion in any other direction . The eyepiece is  
perpend icular to the tube so that observations can be conve
niently made ' about the zenith . Table 3 lists the principal 
characteri stics of VZT ' s currently in use . 

3 . 1.1 . 1  Theory and Computational Procedure 

The obse rvat ional procedure , based on the Horrebow-Talcott 
' method eliminatest�e larg��t refractional errors by observation 

of stars in pairs : the two stars in each ' pair lie on the meridian 
at oppos i te and ne arly eo.ual distances from the zen i th CDeiai ffe 
1 972 , Bomford , 1 9 7 1 ,  Muelle r ,  1 9 6 9 , Ramsayer ,  1970a ) .  The bas ic 
equation for the Horrebow-Ta lcott method is 



Table 3 . --Principal characteristics of vi sual zenith 
telescope s , used ' by ILS stations 

Item 

Focal length 

Aperture 

Vertical circle 
diameter 
division 
direct reading (vernier ) 

Level 
sens itivity 

Micrometer 
range 
direct reading to 
es timat ion to 

Con struct ion by 
mechani cal 
o"?tical 
leve l 

Value 

1 3 0  cm 

1 0 8  mm 

24 cm 
10 in . 
10  in . 

1 in . 

4 0  in . 
0 . 4  in . 
0 . 0 4 in . 

per 

Wanscha f 
Zeiss (.lena) 
Re iche l 

divis ion 

where the lat itude � is determined by the dec l ination 0 and 
zenith distances � of two stars , one north (N) of the zenith , 
the other south (5 ) of the zenith . 

Th is equation is modified by the following consider�t ions : 

9 

(1 ) Although refraction �� is almost the same for both stars 
of a suitably chosen pair ( called a Horrebow-Talcott �air ) , the 
two stars are not at exactly equal distances from the zenith. 
Hence , a correction term Cl must be introduced : 

Cl w i ll be very sma l l  and can be computed with great accuracy . 

(2 ) The N-5 hori zontal axis of the telescope may change its 
inclinat ion appreciably during the progre s s  of several hours of 
observat ion. Thi s  lack of horizontality is corrected for by 
using the readings from two Horrebow levels fixed to the instru
ment . The correct ion C2 is  the product of  the sensit ivity L of 
the levels by the difference ( IE - IW) in readings of the levels . 
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( 3 )  The exact zenith distances are measured with the micro
meter , not on the vertical circle . The readings on the vertical 
circle cancel in the fundamental equation leaving only C3' the 
di fference (M - Mw ) multiplied by the scale factor R ( the 
number of sec§nds o f "  arc per turn of the micrometer screw ) . 

( 4 )  Finally , for all instruments equipped with reticles , a 
correction must be made for the curvature of the �pparent path 
of the star through the fie ld . " This correction , expre ssed in 
terms of the correction dM " to the micrometric readings , i s  
Cit = R • dM . 

So the modified equation is 

The Horrebow-Talcott method devisc� minimizeR th� ef fects of 
errors in dec l ination and zenith di stance , so the errors arising 
from the firs t three Ci terms are sma l l  by design . The final 
term contr ibute s ve ry little to the total error . The most " 
di fficult sources of error to deal with are the levels and the 
microme ter readings . In fact , several leading ILS data analysts 
have said flatly that the secret of achieving good results l ies  
in  properly evaluat ing the value of R ( Melcho ir 1 9 7 2 ) . 

Ef fects o f  other sources of error are diminished or removed 
by calibration or " suitable observing procedures . Items lis ted 
below are such sources of error: 

(5 ) bending o f  the te lescope 
(6) lack of coll imation 
( 7 )  deviation from the meridi an 
( 8 ) Earth tides 
(9) nutational corrections made 

(10) the constant of aberration , and 
(11) the dec linations used for the stars (Scott 1963)". 

The obser ving progr am is planned to minimi ze as many errors 
as possible . One hundred and forty-four star s are observed for 
determining lat itud ina l variation . ( Some 4 8  additional stars 
are observed for other purpose s such as determining re fraction 
or the constant of aberration . )  The 1 4 4  stars are divided into 
12 groups of six pairs of st.r s each . Right ascens ions are 
chosen so that three groups can be observed for about a month . 
During the succeeding month , stars in the first group gradually 
become unobservable, stars in the next three groups are a l l  
observable , and stars in the fol lowinq grou� gradually become 
observable . Thus, during the course o f  one month , s tars from 
three consecutive groups are observed ; the first group drops 

"
out o f  view at the end o f  the month and another group comes into 
view . In the reduction , t�e x , y , z coordinates o f  the pole are 
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computed. The z-term, the so-called Kimura term, i s  assumed to 
contain all the decl ination e rrors, and the prel imin ary correc
tions to 6 are obtained as the mean of the z-coordinate for 
each group for each year . A second method of  correcting for 
errors in declination is to take the we ighted mean misc losure 
( in latitude ) o f  the ILS stations and di str ibu�e this equally 

among the 12 groups , assuming that the sum o f  the decl inational 
errors in the group mean-lati tudes i s  �ero . 

3 . 1 . 1. 2  Acc uracy 

The most recent estimates o f  the rms errors o f  the observa
tions and location of the pole are given by S .  Yumi ( 1 9 7 2 ) .  These 
are O�'2 to O!'3 for the standard de viation (s.d . )  of the observa
tions , and O�Ol for the s.d. of a single coordinate of the 
instantaneous pole; these values are estimates of precision on ly. 
Va lues given by Melchior ( 1975 ) agree reasonably well with those 
of Yumi . (See also appendix G .. ) 

3.1.2 The Photographic Zenith Telescope 

While the VZT is simply a tele scope which can be used to make 
observat ions at the zeni th , the P ZT prope r ( Ross 1 9 1 5 ,  
Markowitz 1 960) i s  de signed for thi s purpose� It is a long 
(� 4.5 m) tube fixed so that its o?tical axis point s as closely 
as pos sible toward the zenith . The characteris tics of the one 
des igned by Ross for the Gai thersburq station in 1 9 1 1  ( and moved 
to the U. S. Naval Observatory in 1 9 1 4 ) are given in table 4 .  
Since the direct ion of the optical axis is fixed , s tars a��ear 
to trail across the field of view . Th is motion is eliminated 
during observat ion by placing the �hotogra�hic olate or f i lm on 
a carriage that can be moved from we st to east at the same rate 
as the image . 

Table 4 . --Pr incipal characteristics of photoqraphie 
zenith tele scope s 

Washington 
( PZT #3) PZT #4 Large PZT 

Focal length 4 5 7 9  mm 5 167 mm 130 , 0 0 0  mm 

ADer ture 2 0 3  mm 2 () 0 mm 6 5 0  mm 

60 ' (NS )  
Field o f  view 2 7' 2 4v �, (EW) 

Size of plate 4.5x4.5 cm 4.5x4.5 em 2 0x 2 5  cm 

Limiting magnitude 8 . Sm 8 .Sm 1 1m - 1 2m 

Diameter of reflector 2 0  cm 20 cm 5 3. 3  cm 
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The Horrebow-Talcott method requires the observation of pairs 
of stars , each 'of which is  at an equal distance from the zenith . 
Thi s  kind of pair ing is not pos s ible with P ZT photographs be
cause of the sma l l  (less than 3 5 ' )  field of view . The equat ions 
given in section 3 . 1 . 1 . 1 ,  therefore , do not apply to P ZT photo
graphs . Fortunate ly , since all s tars on the photogra�hs are 
close to the zen ith , refraction i s  not' a problem . The equat ions 
used with measurements of P ZT photography are called lithe double 
zenith distance method . "  With this method , a star is observed 
before pas sage through the meridian , the observing apparatus 
is rotated through 1 8 0° , and the star is observed again after 
passage . The difference between the two measurements (corrected 
for curvature of the image-path ) is twice the zen i th distance 
of the star . Origina l ly ,  stars were observed individual ly by 
a Newtonian kind of arrangement with the observations being 
made above the lens,

'i.e., after the light rays had passed for 
a second time through the lens . Ross (1 9 1 5) substituted a 
photographic p late under the lens for the eyepiece above it , 
thus e l iminating the need for the error-causing second traversal 
of the lens by the light rays . The formula for lati tude is then 
given by 

� = 0 - , - 0 - RM/2, 

where M is the separation of  two images on the plate and R is 
the scale factor. In practice, the carriage is reversed three 
times, and four point-like images of each star are obtained . 

The observation program is determined by the fact that the PZT 
is generally used for finding both astronomica l time and the 
la titude . Ste llar positions are determined rela tively bv the 
PZT itse l f ,  and then tied to a system o f  stars in the FK4 (Fricke 
et ale 1 9 6 3) . A typical ?rogram consists of observing e ight ' 
groups o f  1 0  stars each . Two groups are observed for 6 . 5  �eeks,; 
at the end o f  the period , one group is dropped and the next one 
introduced . 

3 . 1 . 2 . 1  Accuracy 

Extensive observa tions by the U. S. Naval Observatory show 
the standard devia tions o f  time' to be about 0 �0 0 4 5  when more 
than nine stars are used and about 0�0 0 5 0  when four to e ight 
stars are used . The standard devia tions in lati tude are about 
O�l l  for a s ingl e observation and about , O�0 5 5  for a ful l  night ' s  
observations . Ramsayer (1 970b) gives ±0� 0 5  for the PZT at 
Ha�burg , which closely matches Markowi tz's value . 
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3 . 1 . 3 The I�personal "Astrolabe o f  Danjon 

Al though Danjon's impersonal astro labe i s  used at many observa
tories , it i s  unl ikely it wil l be adopted either by the National 
Geodetic Survey or by the IPMS for polar motion ( Ha l l  1975) . " 
The astrolabe is  about as expens ive as the PZT and , according 
to several investigators , s lightly less precise . 

3 . 2 Procedures under Development 

Within the last decade , four procedures deve loped for finding 
polar motion promise lower errors or more frequent observations 
than the classical methods . The se procedures are observation 
of artificial satellites by laser-type distance measuring equip
ment COME), observat ion o f  art i ficial satellites by measur ing 
the change in frequency of signal generators on the satellites, 
observation of corner-cube reflectors on the Moon using laser

type DME , and observation of  quasars by pairs of  radio tele
scopes . None, except perhaps the second , has so far proven its 
use fulness for determining polar motion as we l l  as the c lass ical 
methods .  But each method has at least one de sirable q�al ity 
and could be deve lvped furthe r .  

3 . 2 . 1  Determination from Variations of the Latitude o f  
Arti f icial Sate l lites 

The locat ion of an arti ficial satellite can be spe c i f ied 
by giving its longi tude , latitude , and he ight (above the sphe
roid ) at each instant . The variat ion in he ight wi l l  for a l l  
practical purposes be a result of  the dynamics of the satellite 
motion . Var iation s in lati tude and longitude will occur because 
of ( 1 )  the dynamics of the sate l l ite , and ( 2 )  the rotat ion o f  
the Earth . ( The coordinate sys tem rotates with the Earth . ) 
However , the Earth's rotational contribution to the variation 
in longitude is composed of  a large contribut ion from the Earth's 
daily rotat ion about the instantaneous axis and a smal l  contrib� 
tion from the rotation of  "the ins tantaneous axi s about "the 
average axis . The Earth ' s  rotational contribution to the varia
tion in lati tude is  com�o sed primarily of the sma l l  contribution 
of the rotation of the ins tantaneous axi s  about the average axis . 
By removing the dynamic part o f  the variation from the variatio� 
in lati tude , we get the rota tional part--the po lar motion. The 
magnitude of  the po lar mot ion is  less than 1 0  m :  its period is 
over one year . This i s  o f  the same order o f  magnitude as the 
variation s  from some other source s ,  so extraction of polar motion 
from the data is dif ficul t and considerable computation i s  
neces sary . Two kinds o f  in struments have been used i n  finding 
polar mot ion with satell ites : the laser-type DME and frequency
measuring equipment ( FME ) , with typical radio frequencies of  
150  and 400  MHz . 
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3 . 2 . 1 . 1  Observations with Laser-Type Distance-Measuring 
Equipment 

A typ ical instrumentation system, less the computer ( T . Johnston 
1 9 7 7 ) ,  for determining po lar motion by observation o f  satellites 
with laser-type DME consists o f  ( 1 )  the laser DME , which includes 
the laser , the sending and receiving telescopes , and the timing 
equipment which determines the interval between the pul se 
emission and return ; ( 2) the electric power generator ; and ( 3) 
the satel l ite . The National Aeronautic and Space Administratiorrs 
Goddard Space F l ight Center (GSFC ) in 1 9 7 0  used two sets o f  
laser DME for thi s purpose , but one set was sufficient for 
determining polar motion . Items ( 1) and ( 2) are customarily 
housed in trailers , as  is a l l  auxi liary equipment . Table 5 
gives some o f  the most important characteristics o f  the system . 

This me thod and those following differ markedly from the 
clas sica l methods prev i ou sly descr ibed in that, practical ly , 
polar motion can be obtained by the newer methods only by using 
large -sca le electronic data-processing machines to reduce the 
data . ( Radio astronomy by inter ferometry , the last method to 
be discussed , can be accomplished with the use of a smaller, 
s ing le-purpose calculating machine . Such machines ordinar ily 
would be devoted primarily to other pro j ects , with po lar motion 
pro j ects us ing only a small  part of the machine capability . )  

Tab le 5 . --Charaeteris tics of a system of laser
type DME for determininq po lar motion 

Feature 
Type of laser 

Frequency 

Pulse 
Dura tion 
Energy 
Frequency 

Telescope 
Beam width 
Aperture ( receiver ) 

Timing 
Accuracy 

Sate ll ite 

NASA/Goddard 
Ruby (neodymium) 

0. 6943 urn 

4 ns 
0 . 5 j oule 

60 pulses per min . 

70" 
4 0  em 

±S cm 

Lageos an1 Geo s -l 

Smithsonian* 
Ruby ( neodymium ) 

0. 6943 urn 

2 0  ( 5 ) ns 
5 � 7 . ( 1) j oules 
4 -�O·· pul s.es 

per min . 

100"-1000" (20") 
5 0 . 8  em 

1 0  Cl ) lJs 

Lageos and Geos- 3 

*Values in parentheses re fer to hypothetical system giving ±2 cm 
accuracy . 
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An interesting characteristic of the procedure described thus 
far for finding the polar motion is that the e f fects o f  varia
tions in latitude arising directly from gravitational varia
tions are minimi zed by locating the tracking station near the 
maximum latitude o f  the satel lite . The procedure would be less 
accurate i f  a satellite in polar orbit were tracked . Thi s  
factor may limi t the applicability o f  the procedure solely to 
determining polar motion . 

3 . 2 . 1 . 1 . 1  The Computing · Problem 

Although placing the tracking station near the circle o f  the 
maximum lati tude makes the e f fect o f  polar motion more notice
able , it does not , by any means , eliminate the need for precise 
computation of the orbit. The Goddard Space Flight Center, 
which has done most of the recent work on determining polar 
motion from distances measured with laser-type DME , computes 
the orbit by numerical integration of the di f ferential equations 
of motion. The GEM 7 gravitational field inserted in the 
equations extends we ll pas t  the 16th degree and order in 
Legendre coe f�icients . Among the corrections included are 
those for Earth tides , luni -solar perturbations (directly on 
the satellite ) ,  atmos pheric drag , and solar pre ssure . Numeri
cal integration is not the most economical method of solution . 
When the equa tions are long , the problem of finding polar 
motion becomes quite difficu1t computationa11y, so much so that 
the computer becomes equal in importance to the satellite and 
the tracking ins trumentation . 

To determine polar motion and other varying quanti ties such 
as Earth t ide s , GSFC computes ,  from observations , the orbit 
over a per iod of time suf ficiently long to cover a cyc le or 
more o f  the inve stigated variation . Thi s  per iod is then broken 
up into many smaller periods (the length depending on the 
temporal di stribut ion of observations , and a separate orbit 
is computed for each o f  the se shorter periods· . ) The assumption 
is that , whi le the e f fects of the variation sought for appear 
in the elements of a l l  the orbits , they are largely averaged 
out over the long period but not over the much shorter periods 
(Smith 1 9 74) and (Douglas et ale 1 9 74) . Compari son of the 
elements over the short periods wi th those over the long period 
should bring into evidence variations in the quantity (such as 
polar mot ion ) concerned . 

The bas ic equations used are Lagrange ' s . equations which give 
the rates o f  variation o f  the elements as functions of the 
pe rturbing forces . These equations , by nume rical integration , 
eliminate the short-period perturbations . The ones o f  long 
period , too long to be treated by numerical integration , are 
handled by analyt ical equat ions for the long-per iod variations 
(Wagner et al e 1 9 74) . 
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3.2 .1.1 . 2  Accuracy 

The precis ion o f  laser-type pME in 1970 was approximately 
0. 5 m (Berbert 1977) .  The precis ion is be ing improved by using 
lasers wi th higher power , tele scopes of narrower beam width , 
pulses with steeper side s , and clocks o f  greater accuracy. 
Experiments on the tracking of satel lites wi th equipment located 
near San Diego and Quincy , California , show prec ision better 
than 10 cm. The goal of NASA/GSFC for 1975 was an accuracy o f · S to 10 cm , which implies a goal o f  better than 5 cm in preci
sion. Studies made by the Smithsonian Astrophys ical Observa_ 
tory o f  the accuracy with which orbits can be determined 
from laser-type-DME measurements as sume an accuracy of ±5 cm 
for the measurements. Numerous NASA memoranda dealing with 
proposed programs for the employment of . laser-type DME a l so

· 

cite the 5-cm value . If this value is accepted (NASA has also 
used the value ±2 cm at briefings * ) , a real is tic value for the 
error in the latitude of the pole computed for one day's 
observations by one ins trument would be about ±lO cm , the added 
5 em be ing the sum of contr ibutions of errors in the orbit , 

. 

errors in the contribution o f  Earth tides , etc . 

Since the Earth ' s  large moments of  inertia prevent any sudden 
change s in the posi tion of the pole , fitting to a month ' s  
observations should give cons iderably smaller errors. An rms 
error of ±2 cm seems reasonable . There are s everal reasons , 
however , .for consider ing thi s value opt imi st ic. In the first 
place , it m�st be remembered that the procedure used up to now 
gives only one component of the motion for each pass of the 
satellite. The circumstances of orbital inclination , condi tio ns 
of observations , etc.· , are such that one component wil l be 

much more reliably determined than · the other for long stretche s 
of time . I f  two stations widely apart in the east-wes t  direc
tion were available , both components could be determined , o f  
course . But for a single station, we can expect the error in 
one comoonent to be con siderably hiqher than that in the other . 
On this

" 
account alone , values of �1 5 cm for one dav's observa

tions and �3 cm for one month's observations would be more 
like ly . In the second place , it must be remembered that the . 
polar motion is determined from the orbit which, for all prac
tical purposes , is independent o� the polar motion . This means 

that the components of polar motion may be determinable with 
high precis ion , but that sys tematic errors may be present in 
the components dete rmined , without apoearinq in the orbit . 
Another way o f  looking at the si tuation is  to say that the 
accuracy o� the polar coordinates will depend upon the accuracy 
of the coordinates to which the orbit-derived values are tied . 

*Recent studies make an rms error of ±lD cm in measuring 
dis tances to Lageos more likely .. 
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Since the most accurate coordinates appear to be those o f  the 
IPMS , the accuracy of polar coordinate s (not o f  polar motion ) 
determined" us ing laser-type DME will be limited by the accuracy 
of the coordinates determined by IPMS. 

1 . 2 . 1 . 2 Observations with Frequency-Measur�ng Equipment 

When the tracking of  satellites with FME began with the launch
ing o f  SPUTNIK I ,  the observation equation was set up to give 
the corrections to the orbital elements and tracking-station 
coordinates in terms of the correction to the time of closest 
approach o f  satell ite to station (which occurs at the cross-
over point of  the curve of Doppler shift ) . After the TRANSIT 
program qot underway , however , the Applied PhYsics Laboratorv 
of Johns Hopkins University discovered that the mathematics 
was simpler and the equipment could be made more precise if the 
change in phase of the signal was measured rather than the 
frequency . The reason for the simpl i f ication is that, at a 
constant frequency , the change in phase be tween two times i s  
directly proportional to the change in distance from satellite 
to station . The locus of points which are a known di fference 
in distance from two known ?o ints (the ends of the orb ital arc ) 
is a hyperboloid . Given three such hyperbo1oids , the tracking 
station is located . The prob lem can be turned around , o f  course, 
to give the orb it rather than the locat ions of the stations : or 
(wi thin l imits) all unknowns can be solved for s imultaneously . 

Since the relation o f  tracking stations to satellite is affected 
by the orien ta tion of the Earth , the coordinates of the pole 
form part of the instantaneous coordinates of the stations and 
can be so lved for . 

When TRANSIT was first put in the f ield , the rece1v1ng equip
ment occupied a whole van . In the late 1 9 6 0 ' s , the equipment 
was success ful ly mini aturi zed . Table 6 gives the character
ist ics of a typ ical present-day rece iver . 

Table 6 . --Characteristics o f  typical *  FMF. for 
use with TRANS IT-type sate ll ites 

Frequenc ies (MHz) 

Osc i l lator stability 

Power 
Operating 
Standby 

Weight 
Size 

*JMR-1 Doppler survey set 

{149.988 ± 0.00375 
3 9 9 . 9 6 8  ± 0.01000 {<10 x 10

-1� 

or per 1 0 0 s  
� 5 X 10-12 

15 watts 
< 5 watts for 10 hours 

<1 6 kgm 
60 x 20 x 35 cm 
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3 . 2 . 1 . 2 . 1  Computat ion 

Field station data are sent to the Applied Phys ics Laboratory 
whe re . they are collected , collated , arranged in standard format , 
and then sent to the Defense Mapping Agency Topographic Center 
( DMATC ) , Washington , D .  C .  ( Yionoulis 197 7 ) . The data are 

proce ssed in batche s cove ring two days. of tracking . Polar 
motion is computed as a part of the sys tem of equations describ
ing the sate l lite's motion . The DMATC procedure di f fers in thi.s 
respect from the GSFC procedure de scribed in 3 . 2 . 1 ,  where polar 
motion is determined separately from the orbit and by a differ
ent set o f  equa tions . 

The bas ic obse rvational equation (Anderle 197 7 )  is 

df :=L 
k 

where the frequency f is de fined in terms of a bas ic frequency 
fb, a correction :fb takinq re fraction into account , and a time 
tb at which the basic frequency wa s de f ined : 

f - is (1 - � D+ Dfb 

-+ 
The vector p is  the di stance traveled by the radio wave from 
satellite to receiver. It is , there fore , the di f ference between -
the loca tion � of the satel.lite at the moment of emiss ion and 
the location rr o f  the rece iver ·at the time of reception . · The · 
vector and its derivatives are found by numerical integration 
of the equations of motion and the corresponding variational 
equations . The vector rs contains the correct ions for po lar 
motion , Earth tides , etc . 

3 . 2 . 1 . 2 . 2  Accuracy 

In the determinat ion of polar motion , frequency measuring 
technique s are · af fected by most of the ·same kinds o f  errors as 
are techniques using laser-type DME on sate lli tes . These are : 
error of a single measurement , error of the orbit , and errors 
not accounted for by theory . However , the Doppler technique 
involves not one instrument but about 2 3  and not one satellite 
but from one to five� Evaluation of the accuracy based · on the 
accuracy of an individual station is, there fore, meaningless . 



From data given by Anderle ( 19"7 7 ) , rms errors o f  as low as 
13 cm were obtained . However ,  over a one-year period, the rms 
variation o f  d i fferences from the coordinates was O �0 29 and 
0:' 0 2 2  in x and y ,  wi th di f ferences on the average o f  O � 0 2 4  and 
0 � 0 0 2  in x and y ,  respectively . These are s lightly more than 
0 . 5 m in each coordinate (except for the agreement with " 
Bureau Internationale de l ' Heure (BIH)  in the y-coordinate ) .  

19 

Thi s  would appear to be reasonable , given the Doppler technique's 
ability to determine geodetic locations to ±l m , although some
what better values s hould be expected over one-year ' s  accumula
tion of data . A paper by Dr . M. Graber ( 1976) of GSFC seems 
to indicate a higher precis ion of polar coordinates derived by 
either the BIH or the IPMS . Since Graber used the maximum
entropy method for analyzing data on polar motion, and s ince 
this method gives re sults which in many cases are di f ficult' to 
interpret , Graber ' s  results can only be said to indicate the 
technique's general range of precis ion . 

As in the laser-type CME technique , the accuracy o f  the 
derived polar coordinates depends on the accuracy o f  the IPMS 
coordinates . Agreement of Anderle ' s  re sults with BIH results 
doe s not preclude the exis tence of large systematic errors , 
since s uch errors can also exi s t  in the BIH coordinates . 

3.2.2 Determination from Variation of  the Latitude o f  the Moon 

The procedure used at present for determining polar motion 
from measurements of  distance to a co rner-cube re flector on the 
Moon is similar to the procedure for determining polar motion 
us ing a simi lar re flector on " arti fic ial sate llites ( see section 
3 . 2 . 1 ) . The principal di fferences a re the need for a larger 
telescope , s ince the amount o f  light returned from the Moon is 
cons iderably less (by a factor of about 1 06) ,  and the s ubstitu
tion of the Moon ' s  orbit for that of an arti fic ial s atellite . 
The equipment ,  except for the scaling-up in s i z e  o f  the 
telescope , is much the same as that used for tracking arti ficial 
satellites . Characteris�ics are given in table 7 .  " 

3 . 2 . 2 .  1 Comput"ation 

The theory used for error analysis purposes is bas ical ly that 
of the class ical theory of the Moon ( Haus er 197 4 , U .  S .  Naval 
Observatory 195 2 ,  Brown 1 896 , Eckhardt 197 0 , Arnold 197 4 ) 
augmented by the theory of the physical librations o f  the Moon . 
In addition , corrections are introduced for the e f fects o f  Earth 
tides , atmospheric re fraction , and calibration constants . The 
variational equation can be written 

AS - Sobserved - Sassumed 

= l: B, AX. • i � � 



Table 7 . --Characteris tics of  laser-type DME for 
measuring distance to Moon 

Item 
'!YEe o f  te lescoEe 

McDonald Observatory Proposed Mobile 

Focal length (prime focus ) 1 0 . 8  m == 3 . 2  ( ? )  

Ape
,
rture 2 . 7  m 0 . 8  m 

Beam widtn < 1 �' 5 ::: 1 �r 5 

Pulse 

Duration 3 ns 0 . 2  .. 0 . 6  ns  

Energy 1 . 2  j oules 0 . 1  - 0 . 3  j oules 

Rate o f  repetition 2 0  per minute 1 8 0  - 6 00 per min. 

Weight Irrelevant > 2 3 0 0  kg 

The quanti ties Bi are calculable coef ficients whose mathematical 
expressions are given in appendix B .  Thi s  equati on omi ts 
explicit mention of corrections fqr atmospheric re fraction, 
re lativistic dif ferences , lunar libration , etc. These may be 
considered to be lumped into the terms that are shown . The 
6X · are the corrections to the as sumed valuesof p ,  r ,. 0 ,  � ,  n ,  
K , 1etc • ( See appendix B . ) 
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3 . � . 2 . 2  Accuracy 

The va lues given by the LURE group in 197 2  for the expected 
accuracy of the rotational per iod of the Earth and the position 
of the pole for one day ' s  data are ± 0.1 msec and ± 0 . 0 05 m ,  
respective ly (Fal ler et al e 197 3 ) . 

In eva luating the figures given for the potential accuracy of 
a system for determining the location of the pole , several 
factors should be considered . First , the locations o f  the track
ing stations are very important . This is best seen by looking 
at the sensitivity o f  the measurable distance p to the hour 
angle H and latitude � of a tracking station . The pertinent 
equations are 

p = r - RE 
cos � cos 15 cos H - REsin � sin 15 - XM + 

(� P ) H = (RE cos � cos 0 • 6H ) • sin H 

·6h o 6h 

sin H factor 

( U P ) ..p = (RE � dl ) [ cos .s sin $ cos H - sin 15 cos � ]  

cos "H factor 

·6h o 6h 
He re r is the distance from the center o f  the Earth to the 
center of the Moon ; RE is the radius of the Earth ; 15 and H are 
decl inat ion and hour angle o f  the Moon ; and XM the pro j ection 
of the re f lector ' s  radius vector on the l ine o f  sight . From 
the equations and the correspond ing graphs of ( � P ) H and ( AP ) � 
as functions o f  H ,  it is obvious that ( � p ) tP changes only slowly 
near passage through the meridian , while ( � p ) H changes most 
rapidly and l inearly there . Conditions for best determination 
are , the re fore , somewhat opposite . Furthermore , it follows that 
one station can determine we l l  only one com�onent o f  the polar 
motion and tha t extreme lati tudes are more suitable than the 
lower lati tudes . It also fol lows , from the equations , that the 
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rotation can be d etermined somewhat better than the polar mot i on 
by a factor o f  about 2 ( P o  Bender 1 9 7 5 ) .  

Earth 

Me Donald Observatory 

Line ot S· 
- - _ _ Ight 

- - - -I  '1-- -

Moon 

Another factor to be considered i s  the observinq schectule . 
Data are s parse o r  lack ing for a pe riod o f  three to s ix days 
near new moon . Thi s  me ans the re w i l l  be 1 3  gaps o f  three to 
six da y s  each on da i ly polar mo tion during the yea r . Pas t  
records o f  polar motion do not appear to show any un�redi c t ab l e  
de parture s o f  more than 0 . 1  m ove r  s ix-day per iods except in a 
few cases . The se few exception s , howeve r , could wel l  have 
re s u l ted f rom errors in the data or in ·the method qf anal y s i s 
or both . 

Anothe r  a l l ied f actor at present i s  the un re l iab i l i ty o f  the 
equipment . Dr . E .  S i lverberg o f  McDona ld Observatory has 
remarked that the f i rst few days o f  resumed. track ing do not 
produce good data . I t  .ta�e s the ope rators s ome t ime to get the 
equ ipment operating again in a sat i s f actory manner • 

. 3 . 2 . 3  Determinat ion by Observation o f  Cel e s tial 
Radio Sources 

The p ion eer ing work of H. Jansky and Groot Reber in the e ar ly 
part o f  thi s century showed tha t  the Sun emi ts energy a t  radio 
frequenc ies and that , in f ac t , radio emi s s ion could be �etected 
coming from a l l  parts o f  the sky . Thi s  pre s umab ly rich f i e l d  of 
astronomi c a l  research was left untouched unti l  a fter Wor ld War I I', 
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when the sudden availability o f  low-cost surplus radar and radio 
equipment created interest in us ing this equi�ment for radio
astronomy . ·  The fie ld gradua lly divided into interferometric 
as tronomy and radar as tronomy , according to the interests of the 
rese archers . Almost all the early prec i se work was done with 
inter ferometers s ince these gave the be st angular re solution 
(Fomalont and Wright 1 9 7 4 ) and (K . Johns ton 1 9 7 5a ) . The tech

nique of interferometry advanced somewhat s lower than that o€ 
radar astronomy , however ; because its accuracy was directly 
proportional to the linear distance between antenna s . This 
meant that areas several kilometers in extent had to be devoted 
to the antennas , with the costs ris ing pro�ortionally . (There 
are at least three varieties of radio-interferometric systems 
dist inguished by the distances between telescopes as short base
line interferometers (SBI ) , less than 4 0  km : long base-line 
interferometers ( LB I  or ARIES ) , up to 1 0 0 0  km ; and very lonq 
base- line interferometers (VLBI ) ,  over 1 0 0 0  km . )  This obstacle 
was finally overcome in the 1 9 6 0 ' s  with the introduction o f  
highly accurate , re lati ve ly inexpensive , crys tal and atomic 
clocks . Now , the ends of the interferometer could be se�arated 
as far as de s ired without astronomers having to rent or purchase 
the intervening land . At the present time , antennas whi ch are 
thousands of ki lometers apart have been used as ends of inter
ferometric base lines , and there are discus s ions of eventually 
pl acing one end on an artificial satell ite or on the Moon . 

A radio inter fe rometer consi sts bas ically o f  three com�onents 
( Bolton 1 9 6 0 ) , ( Foma lont and Wr ight 1 9 7 4 ) , (Clark and Erickson 
19 7 3 ) : two sets of  antennas for rece iving radio s iqnals from 
a source and a comparator for determining the di fference in 
phase between the s iqnals . arriving at the two sets . (For conven
ience each set will be re ferred to from now on s imp ly as an 
antenna . ) The di fference in phase between s ignals is directly 
proportional to the dif ference in distance from the two . antennas 
to the source . (Note the simi lar ity of thi s  nroblem to that 
des cribed in 3 . 2 . 1 . 2 .  A TRANS IT system can , in fact , be con
s idered an inverted interferometer . )  If the antennas are close 
enough together , the signals can be led to the comparator 
through ordinary coaxial cables (open wires have been used at 
lower frequencies ) . At greater distances , s ignals can be beamed 
from the antennas to a central rece iver at the comparator (as 
has been done at the Greenbank Observatory , where the antennas 
were separated up to 30 km (K . Johnston 1 9 7 5a ) . At still  
greater distances , the signals can be recorded at each antenna 
as functions of time . If the same time is kept at each antenna , 
the recordings can be recomb ined later to give almost the same 
re sult as i f  the s ignals had been sent directly to the compara
tor .  ( Because the proce s s  of recording and retranscrib ing into the 
comparator causes some s ignal di stortion , there is a degradation 
from the di rect method . However , any pract ical direct method 
a lso adds sma ll amounts of distorting power to the signa l s . 
Probably , except for antennas very close together as those used 
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in PRIME MINITRACK and AZUSA , the direct and indirect ways of 
routing signal to the comparator are a�out equal in the amount 
of random di stortion introduced . )  

Tab le 8 gives the principa l characteristics o f  several differ
ent type s of ranio interferometers that have been use� �or 
determining polar motion . Unfortunate.ly , the data in the tab le 
cannot be considered particularly representative of equipment 
that might be used . One reason is that ' astronometric radio 
interferometry at its ?resent stage of deve lopment will continue 
to be an experimental scienti fic technique for many years . 
Al though the Mas sachusetts Institute of Technology (MIT) and the 
Jet Propuls ion Laboratory (JPL ) are the organizations doing most 
of  the work where the technique is applied to geode tic problems , 
there are other organi zations involved . As a consequence , 
experiments have been carried out between a large number of  
di f ferent antennas and at  a large number o f  wavelengths , from 
the meter range down to the centimeter range . There are di f fer
en t ways of recording data at each antenna (e . g . , in analog form 
as by the Canadian a stronomers , or digi tally' as by MIT and JPL) . 
Furthermore , there are interferome ters planned , such as t�ose 
proposed by K .  Johnston ( 19 7 5b )  of the Naval Research Labo ratory 
and a group at JPL ( 1 9 7 5 ) , whose phys ical characteristics are 
only conj ectural . Table 8 gives a sam?ling o f  character istics ; 
there are no " representative " characteristics . 

3 . 2 . 3 . 1  Computations 

A radio inter ferometer may observe either the difference 6 �  
in phase of  the signal a t  �ne antenna compared t o  the phase at 
the other antenna or the rate of change 6� o f  thi s phase d i f fer
ence with time . For discuss ion purpose s ,  this quantity is 
called "phase . "  The equations frequently met with and given 
be low are in. terms of di f ference in time at the same phase . 
The two mode s of formulation are actually equ�valent , and ' no 
part icular e f fort is made to distinguish between chase and time 
in this respect ) .  The equations o f  obs ervation and its var ia
tion wi th time are (Whi tney 1 9 7 4 , Thomas 1 9 7 2 , Arnold 1 9 7 4 )  

T = + 0 [ S 1.' n ·  . � � (H H ) ] T C  c � B  S 1.n us + cos u B  cos O s  cos a- s ( 1 )  

( 2 )  

The observed quant i ty is as sumed ( for very long basel ine inter
ferome try ) to be T ,  the dif ference in time o f  reception at the 
two antennas . D is the distance between antennas , " n is · the rate 
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Table 8 . --Characteristics o f  radio-interferometric 
equipment " 

Antenna 

Arec ibo , P .  R .  
Green Bank , W. Va . 
Bonn , Germany 
Jodrell Bank , Great Britain 
Goldstone , Ca . 
Algonquin Park , Ontario 
Owens Val ley , Ca . 
Haystack , Ma . 
Onsala , Sweden 

Frequencies (MHz ) 

8 0 0 0  
7 8 5 0  
2 695 

Clock 

MIT/GSFC 
JPL 
Owens Va l ley 

Recorder 

NRAO MI 
NRAO MI l 
JPL " 

Bandwidth ( MHz ) 

0 . 3 6 0  
2 
0 . 0 2"4 

Diameter 

m 
3 0 5  
1 0 0  
1 0 0  

7 6  
6 4  
4 6  
4 3  
3 7  
2 6  

Re ference 

Rogers ( 19 7 3 )  
Shapiro ( 1 9 7 4 ) 
K .  Johnston ( 19 7 5 b )  

Type 

H 2  - maser 
H2 - maser 

Rb - maser + quartz clock 

Records Used by 

MIT/GSFC 
Mos t  others 
JPL 

of rotation of the Earth . 0 and H are decl ination and hour-angle , 
respectively : while subscripts B and S re fer to the baseline and 
radio source , respective ly . The base line is the line j oining 
the electrical centers of the two antennas : its decl ination and 
hour angle are the 0 and H of the point in the sky at which a 
spec ified end o f  the baseline points . T is the di f ference in 
time shown by the two clocks for a commog epoch . It is repre
sented as a l inear function of "true " time , 

T C  = a + bT { 3 )  
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The constants a and b are then also unknowns . Equation ( 2 ) is 
more commonly written in "terms o f  frequency as 

d't 
dt ' 

where w i s  the frequency o f  the signal received . 

Note that the hour angles of the basel ines and sources occur 
only as a difference of HB-HS . There fore , the hour angles , 
thems e lves , cannot be found but only their di fferences . For 
this reason , unaided radio astrometry cannot provide the right 

" ascens ions o f  radio sources or longi tudes o f  antennas . 

The veloci ty o f  the radio" waves can be considered an unknown 
also , in which case one would write c as the sum o f  the velocity 
Co of light in a vacuum and an unknown variat ion 0 c caused by 
atmospheric refraction . It is the atmospheric refraction which 
now sets the limi t on the accuracy of the technique . 

I f  the base line is not too long ( less than 50 km ) , the signals 
may be conducted from the antennas to the comparator by cab le or 
over microwave beams . In this case , the observables would be 

• 
phase dif ference � $  and rate of  change � �  of pha se di fference . 
The quan tity T and its unknowns a and b ( equation 3 )  would then 
be el iminated . c ( The advantage gafned by thi s technique i s  
greater than merely the dropping of one or two unknowns , several 
contr ibutors of  irrel evan t random variations in amplitude and 
phase are also eliminated . )  " 

Th� quant ities T and d T /dt are found by comparing tl\e signals 
arr iving" at the tw� antennas . The comparison is  made by takinq 
an interval of time in which the signa l is known to have been 
received at the antennas . The two signals in thi s interval are 
broken up into subinterva ls with the subinterva ls from one

" antenna corre lated with each subinterval from the other antenna . "" 
The exact procedure degends on finding the sub intervals of  
maximum corre lation (Whi tney 1 9 7 4 , Thomas 1 9 7 2 ) . 

3 . 2 . 3 . 2  Accuracy 

A report ( Shapiro 1 9 7 4 ) on the results obtained from nine 
ex�eriments in 1 9 7 !  and 1 9 7 3  qives the dif ference s between the 
x-component of polar motion as found by the MIT/GSFC group and 
by the B IH . The actual di screpanc ies ranqe from - 4 . (  m to 
+2 . 2  m. Al l experiments were carried out between the antenna at Goldstone , Cal i fornia , and the Haystack antenna at Westford Mas sachusetts , a distance of about 3 9 0 0  kID. But the two antennas are

. 
se�arated in lati tude by about 8 6 0  kID ,  so the preci s

"
ion for var�at�on of  latitude would not be as great as for variation in 

time . The 8 6 0  km is sti ll about 3 0  t imes as qreat as the 2"5 km 
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separation ( in latitude ) used by K .  Johnston ( 19 7 5b ) . Johnston 
bel ieves that a l6-km base l ine should give about 0 . 3 -m accuracy 
(private conversation ) .  

Another way o f  estimating accuracy is to list a l l  known 
possible sources o f  error , estimate their contributions , and 
add the contr ibutions statistical ly . Table 9 itemizes the maj or 
sources o f  error and their es timated contributions (JPL 1 9 7 5 , Moran 
1 9 7 4 , Clark and Erickson 19 7 3 , Shapiro 1 9 7 4 . )  There is obviously 
considerable var iation among the various estimates . One reason 
for this variation is the di fference in equipment and mode o f  
operation . Jet Propuls ion Laboratory ' s  figures do not ap�ly 
strictly to baselines much longer than 1 0 0 0  km , whi le MIT/GSFC 
figures are for baselines as long as 5 0 0 0  km . Another reason 
is  in the mode of e stimation . It  seems that MIT/GSFC estimates 
that, with the existing equicment , individual errors (exclusive 
of the geophys ical ones ) contribute less than 2 0  em to the total 
error , while equipment planned for 1 9 8 0  would have individual 
errors wh i ch contribute le s s  than 5 cm . The Jet Propuls ion 
Laboratory ' s equipment for 1 9 8 0  would give a total e rror (minus 
geophys ical one s )  of less than 10  cm . Considering the many 
assumpt ions made in arriving at the estimate s ,  this is c lose 
agreement between the two groups ' estimates . 

Table 9 . --Estimate of ef fects of various errors on length 
found for baseline 

Ef fect on length of basel ine ( em )  

Origin o f  error MIT/GSFC* JPL Aries * * 

Now 1 9 8 0  Now 1 9 8 0  

Correlat ion 3 to 6 0 . 5  to 3 4 4 
Refraction 

Charge- free 1 1  3 6 · 1 
Ionosphere 6 0 . 5  8 1 

Clock 3 2 8 3 

Antenna & misc . 5 2 

Cab le 10  0 . 5  

Mi scel laneous 7 2 I 

Geophysical 10 1 6 1 

* For baselines s:::: S O OO -km long 
** Basel ines les s than 3 0 U- km long 
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The e rrors expected i n  data from present-day equipment have been 
estimated from the e rrors contributed by such sources as re frac
tion , phase-measurement , etc . They are an order of magnitude 
smaller than the · variations o f  VLB I ' s  values from BIH ' s  values , 
with which they have been compared . Furthermore , weighted aver
ages of VLB I ' s  value s · show agreement with BIH ' s  value s  to 0 . 2  m .  
F�nal�y , BIH ' s  values differ a t  times from those of ILS by 
over 1 m ,  and a good part o f  thi s  diff�rence is l ikely to be 
systematic . These facts indicate , first , that the errors in VLBI 
estimated f rom errors in contributory sources are optimi s ti c , 
since BIH ' s  values are very unlikely to contain errors o f  2 -4 m .  
Secondly , the close agreement between BIH ' s  value s and 
averaged values from VLBI can indicate the presence o f  systematic 
errors in the VLBI ' s  values if there are systematic errors in 
BIH ' s  values . However , we do not yet know for sure whether the 
di f ference s between B I H  and ILS values are sys tematic or not or , 
if  they are , with which service they originate . Further study of 
thi s matter is needed be fore we can find out how large the syste
matic errors in VLBI are . 

4 .  RELATIONS HIP OF POLAR MOTION DATA TO THE 
CONVENTIONAL INTERNATIONAL ORIGIN ( C I O ) 

A very important consideration in determining the future of 
the observatories is  the neces sity for preserving the pas t .  The 
history of the pole ' s  wanderings is contained in a set o f  data 
re lating the instantaneous pos i tion of the pole since 1 9 0 0  to 
the mer�dian of Greenwich and the CIa . Future observations must 
rel ate the pole ' s  pos ition t o  the same system o f  coordinates . 
Wi ll this  be po ss ib le i f  the instrumentation at the present 
observatories is changed or if observations are made from new 
locations ? It  is the opinion of some astronomers that in order 
to re tain the C I O ,  the present locations mus t be continuous ly 
occupied . There are even a few who think that the present 
equipment must also be retained . 

Neither requirement is , in general , necessary . . The CIO is . 
de fined , not in terms o f  the locations o f  the observatories , 
but as the average pos ition of  the pole during the period 1 9 0 0  
to 1 9 0 5 . From the theoretical po int of view , therefore , it 
makes no d i f ference where the observatories are located . The 
reason for the opin ion that the CIO is recoverable only from 
the original locations of the observatories is that the defini
tion spec i f ies the years 1 9 00 to 1 9 0 5 , and the only useful data 
from these years come from the ILS observatories of that time . 
On the other hand , by referring the pos ition of  the present pole 
to the CIO,  the ILS stations also . a llow the CIa pole to be 

. 

located with respect to the present position o f  the pole and 
also to the present posi tions of the stations . That i s , the 
equation [ x  ] = [A ] [� � ] or 0 0 0 
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Y = - 0 . 2636 6 $M -0 . 3 1 3 3  6 � K +0 . 0 1 7 2  6 �C 
+0 . 3 3 8 2  6 �G +0 . 2 5 59 6 �U (1) 

z = +0 . 2 3 0 5  6 �M +0 . 2 0 0 7  6 �K +0 . 1 7 5 5  6 � C +0 . 18 5 0  6 �G +0 . 2 0 8 2  � 'U" 

where the suffixe s  M ,  K ,  C ,  G and U of  A �  stand for Mizusawa , 
Kitab , Carloforte , Gaithersburg , and Ukiah respective ly give 
the x ,  y ,  z coordinates o f  the present location of the pol e  and , 
in effect , the coordinates of the CIa . I f  the coordinates o f  
the present pole are xp , yp ' then the coordinates o f  the CIa are 
0 , 0 . Or , i f  we set the cOordinates of the present pole as 0 , 0 ,  
then the coordinates o f  the C Ia are -xp , -yp . 

Suppose we have another set of  observator ies with di f ferent " 
latitudes and ins trumentation capable of determining astronomic 
latitudes . The equations for these s tations " are a l so 

[ x l  = [ A l  [ u $ ]  ( 2 )  

where the e lements o f  [ A ]  and [ 6 � l  are dif ferent from the values 
in ( 1 ) . 

The values we get for x ,  y ,  z from these equations will  dif fer 
from tnose gotten from the first set of equations and will  
depend on tile coordinate sys tem we relate to the second sets of  
observatorie s . But if the first and second sets o f  observatories 
are in opera tion over the same period o f  time , we can set up the 
condition that the coordinates x ,  y ,  z found by both sets be 
identica l . Equation ( 2 )  can then be solved for the parameters 
[A] , since the x ,  y ,  z are then known and would be complete ly 
suitable for determining x ,  y ,  z after the first set had ceased 
observing . 

There are a few additional comments on the problem which may 
be intere sting . First , if continuation of the original ILS 
stations were neces sary for keeping the CIa , we would rea l ly be 
in trouble . One of the original observatories , that at 
Cincinnati , ceased observation many decades ago . Another , that 
at Tchard j ui , was dropped for a whi le and then repl aced by a 
di f ferent but nearby station at Kitab . 

Also , we do not know for certain whether the geodetic and 
astronomic coordinates of the ILS stations have been ch�nging or 
not .  There i s  con flicting evidence on this poin t .  Our defini
tion of the CIa and our entire concept of the usefulnes s of the 
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observatories' data depend o n  the as sumption that the changes " in  
lati tude of the stations are e ither due entirely to the mot ion 
of the pole or to changes that we can otherwise account for 
( s uch as changes in the stars ' coordinates , etc . ) . If the 

observator ies are dri fting with respect to each other and thi s  
i s  not detectab le , then a serious problem exi sts . 

The IPMS , by its continued operation o f  the stations o f  the 
ILS , provides , correspondingly , a continuous and , therefore , 
valuable record o f  the mot ion o f  the instantaneous pole w ith 
respect to the C I O .  This is another matter not str i ctly related 
to the CIO recoverabil ity . 

5 .  REQUIREMENTS FOR DATA ON POLAR MOTION 

5 . 1  Organ i zations Producing Polar Motion Data 

Two of the three ma j or sources of information on polar motion 
have been listed previous ly . They are the International Polar 
Motion Service and the Bureau International de I ' Heure . The 
third is the Doppler Polar Motion Ser�Tice ( DPMS ) . Only the 
IPMS has an off icially acknowledged and worldwide respons ibi l i ty 
for determining polar motion . The BIH produce s polar-motion 
data from data of the I PMS and from da ta provided by a large 
number of independen t observatories . The DPMS i s  a part of the 
U . S . A  Department of De fense ( DoD ) , and has no official commit
ments outs ide the Department : 

In addi tion to these three , there are a few other sources of  
data on polar mot ion . These have no known o fficial commitments 
or responsib i lities for providing data on polar motion , but do 
so largely as  the result of isolated sc ient i f ic investigations . 
These are the NASA Goddard Space Flight Center , the Jet Propul
s ion Laboratory , the MIT/ Goddard Space Flight Center , Lunar " 
Retrodirective Re flector Track ing Team , and various other scien
tific groups outs ide the United States , particular ly in Canada 
and Europe . 

Also , many observator ies provide the variations o f  lati tude at 
the observatory . Mos t  of this information is sent to the IPMS 
or the BIH where it i s  used in the solution for x and y .  

Appendix C gives the name s and addresses of the organi zations 
and individuals who produce data on polar motion . 

5 . 2  Users o f  Information on Polar Motion 

At present , the two large demands for information on polar 
motion concern ( 1 )  time correction , and ( 2 ) correction o f  
astronomic observations for longi tude , latitude , and az�muth . 
There are a l so a number of sma l l  we ll-estab l ished sources of 
demand for polar motion data , almost a l l  involved in the 
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reduction o f  data for the tracking o f  artificial sate l lites--but 
dif fering according to the use to which the se data are put . 
They are ( 1 )  users of satel lites for navigation--primarily DoD ' s  
TRANET system ; ( 2 ) users of sate ll ites for creating geodetic 
systems--primari ly 000 ,  NASA , and NGS in the U . S . , but a lso . 
Insti tut Geographique National ( IGN ) and Centre National d ' Etudes 
S patiales (CNES ) in France , and presumab ly various organizations . 
in the U . S . S . R .  and ( 3 )  users of satellites for scienti fic 
inves tigations o f  the moons and planets of the solar system-
primarily JPL in the United States and spacecraf t  organizations 
in the U . S . S . R .  

Lastly , we can identi fy a number of i solated s cientists 
interested in any relationships between polar motion and ( 1 )  
earthquakes ( 2 )  the Earth ' s  interior , particularly the mantle 
and crust ( 3 )  continental drift , and ( 4 )  climate . 

5 . 3  Identi fying Organizations Using Information 
on Polar Motion 

The best method of identifying those who have a need for 
information on polar motion is to list the recipients of such 
information . 

The IMPS and the DPMS were asked for l ists o f  persons and 
organi z a t ions receiving their data . 50 far , the DPM5 has pro

vided a list , which is attached as appendix E .  No request was 
made of the BIH  since the list of people and organiza tions 
receiving the BIH bul letin s  includes both those interested in 
time and polar motion , with no way to separate the two c atego
ries . 

From the number of scienti fic papers being publ ished on the 
analysis and use of po lar motion data , it can be es timated that 
fewer than 1 0 0 0  sc ientists in any one · year are actual ly working 
wi th polar motion for scientific purpose s .. This i s  a lso based 
on fewer than 1 5 0  attendees at the NATO conference at · London , 
Canada , in 1 9 6 9 , and fewer than 1 5 0  papers between about 1 9 6 5  
and 1 9 7 3  quoted by Roche ster ( 19 7 3 ) . I n  these works , the 
Rus s ian e ffort is not adequately represented ; but it and that 
o f  China and countries within the sphere of influence o f  Russia 
and China can be estimated to be about equal to that of the 
rest o f  the wor ld . So we would expect about 3 0 0  scientists in 
a l l , many of whom would be working in applications such as 
determination of time , latitude , etc . Assuming that each 
scientist spends about $ 2 , 0 0 0  on research , i . e . , is  funded spe
cifically for such research , we can estimate that less than 
$ 1 , 0 0 0 , 0 0 0  is spent annual ly on scientific research connected 
with polar motion per se e Thi s  does not include the amount 
spent on research in which polar motion is involved but . not 
explicitly studied . Thi s  figure may be too high , by at least 
50 per cent,  however , s ince most o f  the scientists involved with 
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po!"ar motion are employed by universities o r  colleges primarily 
for other kinds o f  work . . 

5 . 4  Estimates of Allowed Error 

As far as this study has been able to determine , there are no 
legally enforceable requirements for definite accuracies in 
polar motion . Nor do there appear to be any clear administrative 
directives fixing the accuracies with which polar motion should· 
be obtained . Conc lusions about a l lowable rms errors for various 
applications must be based mos tly on reasonable estimates o f  
what the requirements should be . The values given i n  the follow
ing sections , therefore , rely heavi ly on published reports of 
what is being done or,  in the case of planetary -spacecraft 
tracking , on statements by workers in the field . 

It is not pos sible to convert users ' l imi ts on allowable errors 
in location of the pole into standard limi ts in either the 
determination of the pole ' s  pos ition or the frequency with which 
it is given.  At present , such conversion is based on assump
tions of dubious va lidity . Neverthe less , such convers ions will 
be for p lanning the exact manner of matching capab i lities to 
users ' requiremen ts . 

5 . 4 . 1  Errors· Allowed for Planetary Exp loration 

A shift of 10  m in the posi tion o f  the instantaneous pole 
corresponds to a shift of about 1 . 5 x 10 - c radians in the orien
tation of a base l ine under worst condi tions . If a spacecraft 
location is determined by intersection from the two ends of a 
base line and the shift is not known , an error is introduced into 
the calculated location of the spacecraft . In the wors t case , 
thi s error amounts to about 1 0 0 , 0 0 0  km at the distance of Jupiter 
and about 6 , 0 0 0 , 0 0 0  km at the distance of Neptune . These errors , 
however , are much greater than those actually incurred s ince . 

they do not take into account the const.raints imposed by' orbital 
mechanics or data from the craf t  themselves about the ir location . 

5 . 4 . 2  Errors Allowed for De termination o f  Time 

At pres ent the unit of time and the epoch from which time is 
measured are , by international agreement , based on atomic clocks 
and frequency standards , not on the rotation of the Earth . There 
is , therefore , no requirement for information on the ins tanta
neous axis of rotation in order to determine time ( AT )  in this 
sense .. However ,  there are still in use several kinds of "time " 
which depend on the rotation o f  the Earth · and location · of the 
pole for their de termination . These are UTO , UTI , UT2 and UTC . 
The se " times " date back to when time was determined astronomi
cally by the rotation of the Earth . The first three denote , 
respectively , rotation turned directly into time , rotat{on 
corrected for polar motion and then turned into time , and the 
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latter corrected rotation further corrected for irregular 
seasonal variations and then turned into time . Since time is 
no longer defined by the · Earth I ·S rotation , these three particu
lar times are no longer as important as formerly . The corres
ponding rotations UTO and UT I ,  however ,  are astronomically 
important and are also important geod�tically to the extent 
that geode sy makes use of astronomy . UTl is derived from UTO 
and the coordinates o f  the instaneous pole through equation , 

�T = (-x s in A o , i  + Y cos A O , i ) tan $ o , i  

= UTOi - UTI 

where x and y are the coordinates of the instantaneous pole and 
A o , i ' � o , i  are the coordinates of the stations used in determin
ing x and y .  

Since people still run their live s by the rising and setting 
of the Sun , AT cannot be a llowed to get too far out o f  step 
with UT e Hence , UTe , the time broadcast for ordin ary use , is 
occasionally AT-adj usted to keep time determined by atomic 
clocks from d i f f ering too much from UTC . 

5 . 4 . 3  Errors Allowed by Astronomical Requirements for 
Polar Motion 

Astronomical measurements are usually referred to either the 
ins tantaneous axi s  o f  rotation or to the axi s  o f  figure . The 
latter is the usual re ferent . When measurements are referred 
to the instantaneous axis of rotation , the allowabl e  error in 
location of thi s  axi s can be es timated . f�"om present . requirements 
of precise astrometry . This would be the requirements· of 
fundamental work with meridi an transits and · l ik� instruments . 
The rms error of a s ingle observation in fundamental work is on 
the order of 0 � 3  ( Scott 196 3 ) . A requirement for the polar 
motion to be known to better than 0 � 0 3  ( 1  m) would , there
fore , be quite conservative , with a requirement of O � l being 
reasonable . 

Coordinates of  fundamental stars are customarily given to O � O l . 
I do not know of any application whi ch require s  the instanta
neous pole ' s  coordinates to be known to ·the same prec i s ion . I f  
such a n  application exists , it  implies a need for the knowledge 
of x and y to better than 0 � 0 1 or to better than 30 cm . 

5 . A. 4 Sampling Frequency 

The practical approach ·to finding how o ften coordinates of 
the pole should be determined is to make the interval between 
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determinations suf ficiently small that a l l  known or gues sed-at 
systematic variations will be detected . M .  Graber ( 1 9 76 ) has 
analyzed a particularly long s�t of data ( 1 5  years ) from BIH , 
IPMS , and DPMS . He used , not Fourier analysis , but the method 
of maximum entropy ( Burg 1 9 7 2 , Ulrych and Bishop 1 9 7 5 )  to bring 
out the per"iod con"stituents of "the data . This method has been 
subj ected to cons iderab le theoretical " criticism, par�icularly for 
its ability to create periods not in the data . "By using Graber's 
results , we will ( i f  we err ) be erring on the safe s ide by 
choos ing shorter intervals than are required . Graber ' s  analyses 
show peaks at periods of about 3 6 5  days ( the annual term 
attributed to atmospheric var iations ) ,  4 3 4  days ( the Chand lerian 
motion ) 2 7 5  days ( unexplained ) ,  and at several other unexplai"ned 
periods such as 1 4 5  days and ± 7 3  days . The shortest period 
here is 7 3  days . Two other periods , those at 1 4 5  days and 4 3 4  
day s ,  are near ly exact multiples o f  the shortest period . The 
othe r periods are not . Hence , if the interval between determi
nations is  hal f  the shorte st period , all the variations found 
by Graber wil l" be identi fiable . This interval is about 3 7  days , 
or about 1 month . This is about the interval already in use by 
the IPMS . It seems prudent ," however ,  to select an interval hal f  
a s  large , or about 2 0  days . This keeps the sampling interval 
from fall ing into step with the lunar month and introducing 
pos s ible spurious frequencies arising from nutation and precess
ion . Al so , the 7 3-day period would be identifiable from sma ller 
sets of data . 

Another approach to se lecting a sampling interval would be to 
take one-hal f  or one-fourth the shortest period o f  s cientific 
interes t .  T h i s  approach is not used because the term "of 
scienti fic intere s t "  does not a llow one to set a real istic bound 
on the shortest period . For example , it is be lieved pos s ible 
that the Chandler ian motion and other components of  polar motion 
are sustained by the energy set free by earthquakes . The 
shortest period involved i s  then the interval between earth
quake s sufficiently large to maintain the motion . " I f  we as sume 
there are more than 4 , 0 0 0  earthquakes yearly o f  a l l  sizes  
( Stacey 1 9 6 9 ) and that 1 0  percent of these are suf ficiently 

strong to affect the Chandlerian motion , thi s  works out to an 
interval o f  less than 12  hours . The effects of such earthquakes 
on Chandler ian motion would , however ,  probably not be detectable 
from observations . An earthquake the s i ze of the Alaskan earth
quake of 1 9 6 4  ( Stacey 19 6 9 )  would change the pol ar coordinates 
by less than 5 cm . Most earthquakes would have much sma l ler 
effects .  Hence , des igning a program to satis fy hypothetical 
scienti fic requirements i s  impracticable and unwarranted . 

I f  we take 2 0  day s as the largest interval between determina
tions of polar mot i on , the inte rval s  between measurements w i l l  
have to be correspondingly shorter , s o  that the average o f  the 

" variances o f  the individual observation wil l come down " to below 
the variance desired for the polar coordinates . Therefore , " 
what the interval is will depend on the techn"ique selected and 



on the a llowable variance in the pole coordinates . Al l tech
niques investigated have , measurement intervals theoretically 
le ss than two days , except for , the one ( LURE ) measuring 
distances to the Moon . This technique has a gap of three to 
s ix days once every lunar month . All the optical techniques ,  
of course , have actual measurement-intervals randomly longer 
than the theoretical ones because of ,the e f fe cts of weather . 

6 .  COMPARISON OF TECHNIQUES FOR DETERMINING POLAR MOTION 
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S i x  dif ferent kinds o f  ins trumentation have been described in 
the previous sections : visual zenith telescope s , photographic 
zenith telescopes , frequency-measuring equipment of the TRANSIT
type , optical radar used on satellite LAGEOS , optical radar 
used on corner-re flectors on the Moon , and very-long-baseline
interferometry . While any one kind can be used a lone for f ind
ing polar motion , an organiz at,ionserious ly interested in 
determining pol ar motion as a service to others may find that 
better results ' are obtained by combining information from 
several kinds o f  instrumentation . To aid in planning s uch a 
combination and to summarize some of the re levant character
istics of the me thods , the methods and equipment are compared 
in table 1 0 . In addition to the factors considered in the 
table, there are others, l ess c learly definab le ,  which should 
be considered . Among these would be the capability for future 
improvement of the method , availability of the equipment on 
loan or on a cooperative basis , and expected continuing demand 
for the results . The last is perhaps the most important o f  
a l l  and the mos t di f ficult to define . ( In fact , Parkinson ' s  
law would imp ly that the only possible conc lusion is that there 
will be a permanent demand for results of ever-inc reasing 
accuracy ) .  ' All the values in the table for methods inVOlving 
DME and VLBI must be cons idered with the like lihood , in ' mind 
that there will be consi derable changes during the next years 
from the va lues given in the table . The figures given for VZT , 
PZT, and FME methods are not like ly to change ( unless we cons ider 
the Globa l Positioning System a variant of the FME ) , but costs 
and standard errors for the other methods (shown in the l as t  
tnree columns ) are likely to decrease considerably , particularly 
for VLBI . 
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'.L'able l O . - -Compar1son of characteristics re levant 
to pl anning a sy s tem -

DME DME ... 

+ + 
VZT PZT FME LAGEOS MOON VLBI 

Cos t fJer ..set (in $ 1 , 000) 
100b 2 , 00oC Equipment N . A. 150 1 , 000 1 , 000 

Operating (per annum} a 50 45 40 175 175 270 

Number required 
le Minimwn 3 3 1 1 2 

Good 5 5 20( ?)e ? 3 4 

Standard e rror (m) 3 I d 0 . 5  0 . 1  0 . 05 0 . 01 

Smallest i nterval between 
pos itions ( days )  5 5 2 1 , 2 ... 

Other resul ts 
Time x x X 
Tides X X X 
Lunar orbit X ?f 

Special disadvantages 
Finite life of system X 
Periods of no data X 
Weather dependent X X X X 
Skilled personnel required X X X X 

alnc luding 10% amortization , $2 0 , 000 salary per person , $10 , 000 computation . 
Maintenance costs not included . 

booes not include satellites . 

c
This wi ll probably come down considerably . By 1980 , cost may be less than 

$1 , 000 ,000 . 
d

Estimated by comparison with VZT . 

�While data from one s tation can be used to determine the variation of 
latitude at that station , a precise orbit must first be available . At present ; 
this precise orbi t is the result of observations from over 20 stations . Real
istically , about 20 s tations are needed for accurately deter.mining variation 
in latitude . 

f lf suitable relay is on the Moon . 



7 .  CONCLUS IONS 
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Tne program of observations carried out by the NGS a t  the · 
observatories · of Ukiah and Gaithersburg is part o f  an inter
national program of observation and reduction that has lasted 
for 7 5  years . The program was set up at an international 
conference at Stuttgart in 1 8 9 8 , was begun in 1 8 9 9 , and has 
continued virtual ly unchanged up to the present time . It pro
vides tne only available set of homogeneous data on po lar mo tion 
over so long a period and de fines , thro ugh the coordinates o f  
the five bas ic observatories , the location of the Conventional 
International Origin . 

Tne precision of individual observatories is general ly con
sidered to be equivalent to about ± 3 m in the coordinates o f  
the pole : the precision o f  the coordinates a t  monthly intervals 
is about ± 3 0  cm . The re is , however ,  some question as to the 
accuracy of these values . There is , furthermore , a need in 
some of the sciences for higher prec ision and smaller intervals 
between determinations of coordinates . These two problems can 
be so lved by using some technique ( or combination of techniques ) 
other than the Horrebow-Talcott me thod now re lied on by the 
program . The techniques �hat appear app licable to the problem 
are use of P ZT , frequency-measuring equipment like the Geoceiver 
laser-type distance mea sur ing equipment, and a ref lecto r  on 
artificial sate l lites ( Lageos )  or the Moon ( LURE ) and VLBI . 

Some of these techniques make pos s ible the attainment of 
accurac ies of better than ± 1 0  cm at inte rva ls as short as two 
days . Such va lues are we l l  wi thin the limits on results satis
fying known requirements .  But no s ingle technique is l ike ly to 
provide the best data for any appl ication , particularly not for 
a program requiring homogeneous data , continuity of results , 
and economy of operation . 
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APPENDIX A .  DISCUSS ION OF "NUMERICAL PROCES S OF THE ANALYS IS 

OF THE ROTATION OF THE EARTH : 1 .  FUNDAMENTAL EQUATIONS OF 

THE ROTATION OF THE EARTH , "  BY S .  TAKAGI ,  PUBLICATION 

INTERNATIONAL OBSERVATORY MISUZAWA 7 ( 2 ) , 1 4 9 - 1 7 2 , 1 9 7 0 . 

One of the s imp ler probl ems in mechanics i s  that o f  finding 
the equations governing the rotation of an isolated , rigid body . 
Once either of these quali fications is abandoned or modified , 
however ,  the probl em is no longer s imple . Klein and Sommerfeld , 
at the turn of the century , published a two-volume work on this 
problem ; they cons idered princ ipally the motion of rigid or 
elastic bodies in a gravitational field and stil l  were far from 
exhausting the pos s ib i l i ties o f  the prob lem . The Earth i s  
ne ither iso lated nor rigid . Its motion is not only af fected by 
the gravitational fie ld o f  the Sun and Moon but its magnetic 
fie ld interacts with the ionized g�ses of space , and the Earth 
is irradia ted by solar radia tion . The Earth its e l f  i s  a source 
of energy tha t is responsib le for a partial ly l iquid interior , 
for sudden changes in the crust , and pos s ib ly for s low shifts 
in the crus t and mantle . Hence , the Earth is so complex and 
is moving in an envi ronment so much more complicated than that 
cons isting of a s ingle gravitational fie ld , that no analytic 
solution is possib le . The problem of determining the rotation 
of the Earth f rom theory must be tackled by. first expanding the 
number of factors involved and then solving the resulting 
equations by numerical analys i s  rather than by looking for 
analytic express ions . 

Dr . Takagi , in th-e paper cited , has begun work on the problem 
us ing this approach . He has gathered the primi tive equations 
of motion of the principal mechanical components of the Earth -
the core , the mantl e ,  the oceans , and the atmosphere and 
combined them (by suitab le choice of  coordinated systems ) into 
Lagrangian equations . It is the se equations which are the bas is 
for the subsequent numerical analysis . Because they are 
extremely lengthy , they wi l l  not be given here . ! be lieve , 
however ,  that a few comments on the equations may be. he lpful in ' 
guiding further deve lopment .  

( 1 ) . The approach taken by Dr . Takagi is to set up a completely 
ana lytical express ion for the forces and motions involved . This 
may not be the most practical approach . In the case o f  the 
motions of the atmosphere and oceans in particular , any analyt
ical description adequa te for the problem wi l l  be cos t ly to 
program and time-consuming in computation as compared with an 
empirical ( numerical ) description of the atmospheric apd oceanic 
motions . While Takagi does , at the outset , state explicitly 
that he favors the numerical over the ' analytic approach , the 
equations given and apparently intended for use are not . anywhere 
as simple as a numerical approach ( in the strict sense ) would 
give . 
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Furthermore , an important step in setting up the equations 
should be an analys is of the sens itivity of the polar motion 
to the quantities and terms involved in these equations . I 
assume that thi s  analysis wi l l  be carriad out a fter the equa
tions have been programmed . By doing the analys i s  before pro
gramming , a cons iderable saving in time is pos s ible . 

( 2 ) The equations do not expl icitly cover movements in the 
crus t .  I t  i s  poss ible that , for the purposes o f  thi s  work , 
Takagi cons ider s the crust a part o f  the mantle .  I f  thi s  
assumpti on is made , the crust will have to b e  treated as a 
layer of  the mantle having di fferent properties than the rest 
of  the man tle . So nothing has been gained by lumping c rust and 
mantle together conceptua l ly : and a definite probabi l ity exists 
of excluding important phenomena peculiar to the crus t . Also , 
perhaps , some confus ion has been caused by going against general 
usage . 

( 3 )  Takaqi considers an inner ( solid? ) part and an oute� 
( l iquid ) part of the core . This is reasonable . However ,  he 
introduces a special set of axes for the outer part with the 
z-axis pointing in the direction of the magnetic pole . I do 
not think that our present knowledge o f  the interaction between 
core and magnetic field is extens ive or sure enough to support 
a theory meaningful for polar motion . What is likely to happen 
is that introducing the magnetic field ' s  interaction will merely 
introduce a few more degrees of freedom into the equations . 
Thi s  will allow a better fit of data to theory , but the theory 
itsel f  will have no real meaning . Furthermore , Takagi apparently 
does not take account o f  the f igure for the outer part of  the 
core . The figure , it seems , may be more important for polar 
motion than the magnetic interaction . 

( 4 ) In s ummary , Dr . Takagi has taken a" conside ra� le forward 
step in setting up a comprehens ive theory for the mechanics of  
polar motion . In its present state , however , the theory is 
probably too cumbersome to be usable on a large 

" computer . 
Further deve lopment wi l l  have to be in the direction o f  s l imming 
down the theory by removing those parts not signi f icant for 
polar motion and by substituting , especially in the theory o f  
atmospheric and oceanic motions , tabular values for analytic 
expres sions . 
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APPENDIX B .  COEFFICIENTS IN OBSERVATIONAL EQUATION FOR TRACKING 
OF 1100N 

B 1 -

B2 -

B 3  -

.. 

1 . 
(5)00P2 

(�)00 ( ap2/O>' )  

(�)Oo ( aP2/Oc/l ) 

B7 = 

Ba -

89  -

- (f)0( a�2/ a� )� 1'1 

- (fn5( aR2/ar d 

r -
]S' - (-)0( aR 1 / O e )  1 s 

xE locat ion o f  tracking station 

.. xM location o f  i'ioon 

.. XR location o f  re f lectors 

.. 
YR vector from center of I-loon to reflector 

R l dyadic rotating about Earth ' s  mean axes 
of rotati on (MAR) 

�2 dyadic rotating from MAR to instantaneous axes o f  
rotation ( IAR) 

PI dire�tion of re f lector 

P2 direction of station 



distance from telescope to ref lector 

r distance from Earth to Moon 

p distance from Earth to telescope 

q distance from Moon to ref lector 

t , e  time ( atomic ) ,  time , s iderea l  

o xE-xM+xR 

� , "  coordinates o f  IAR 

Q , 6  right ascens ion & declination 

41 
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APPENDIX C .  ORGANI ZATIONS PRODUC ING DATA ON POLAR MOTION 

1 .  Data produced regularly by : " 

International Polar Motion Service 
International Latitude Observatory 
Dr . Shigeru Yumi , Director " 
!.o1isuzawa-shi 
Japan 

Bureau International de l ' Heure 
Dr . Bernard Guinot , Director 
6 1  Avenue de l ' Observatoire 
Paris l 4 eme 
France 

Doppler Polar Motion Service 
Defense Mapping Agency Topo"graphic Center 
6 5 0 0  Brooks Lane 
Washington , D .  C .  2 0 3 15 

2 .  Data produced sporadically by : 

Na tional Aeronautics & Space Administration 
Goddard Space Flight Center 
Dr . David E .  Smith 
Greenbe l t ,  Maryland 2 0 7 7 1  

Department o f  Earth and Planetary Sciences 
Mas sachusetts Institute of Technology 
Dr . I .  I .  Shapiro 
Dr . C .  C .  Coun se lman , I I I  

and as sociates 
Cambridge , Mas sachusetts 0 2 1 3 9  

LURE 
McDonald Observatory 
Dr . Er ic Silverberg 
Fort Davi s ,  Texas 7 9 7 3 4  

Jet Propuls ion Laboratory 
Dr . N .  A .  Mottingar 

and as sociates 
4 8 0 0  Oak Grove Drive 
Pasadena , Cal ifornia 9 1 1 0 3  

3 .  Data on variation of la ti tude produced by : 

U . S .  Naval Observatory 
Washington , D .  C .  2 0 3 9 0  



Royal Greenwich Observatory 
Herstmonceaux 
England 

Pulkova Observatory 
Leningrad 
U . S . S . R. 

4 3  
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APPENDI X  D .  PERTURBATIONS OF THE CHANDLER IAN MOTION 

Perturbations in the Chandler ian motion must come from forces 
within the Earth , since forces applied from outside the Earth 
would give rise to nutational perturbations .  Hence , the extreme 
forces Ni in the first equa tion o f  section 2 . 2  are zero . I f  we 
assume that the moments of inertia I l  and 1 2 are initially equal 
and are changed by smal l  amounts o I l '  6 1 2 and that 1 3  is kept 
unchanged , we get 

W 3 = K/I 3 , 

where K is a constant of integration . On ass uming that O� l and 
cS � 2  « 1 and tnat W 2 are zero over the period we are interested 
in , we qet , after some algebraic manipulation , 

Letting 6 i  = W i ' we have 

06 1 / 6 1  = o I 2/ ( I 1 - I 3 } ; "  

592/82 = 0 1 1 / ( 1 3- 1 1 ) .  



APPENDIX E .  WEEKLY · AND MONTHLY DISTRIBUTION LISTS 
FOR POLAR MOTION 

Weekly list - as of October 2 3 ,  1 9 7 4  

Ur . Glenn Hal l  
U . S .  Naval Observatory 
Washington , D .  C .  2 0 3 9 0  

Dr . B .  Guinot 
Bureau International de l ' Heure 
61 , Avenue de l ' Observatoire 
7 5 0 1 4  Paris , France 

Dr . Shigeru Yumi 
Director 
Central Bureau of the IPMs 
International Latitude 

Observatory 
Mi zusawa- shi , Iwate-Ken 
Japan 

Topographic Center Code 5 2 3 2 2  
Defens e ' Mapping Agency 
Washington , D .  C .  2 0 3 1 5  

Dr . J .  Pope lar 
Gravity Divis ion 
Earth Physics Branch 
3 Observatory Circle 
Ottowa , Ontario , Canada 

Mrs . N .  Capitaine 
Observatoire de Meudon 
9 2 1 9 0  Meudon , France 

U . S .  Naval Sur face Weapons Center 
Dahlgren , Virginia 

Dr . David E .  Smith 
National Aeronautics and Space Administration 
Goddard Space Fl ight Center , code 9 2 1  

. 

Greenbelt , Maryland 2 0 7 7 1  

Aerospace Cen ter 
De fen se Mapping Agency , code PRA 
S t .  Louis , Mis souri 6 3 1 1 8  

4 5  
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Monthly list - as of October 7 ,  1 9 7 4  

Dr . Chikara Sugawa 
International Latitude 

Observatory o f  Mi zusawa 
Mizusawa-shi , Iwate-Ken 
Japan 

Jet Propuls ion Laboratory 
4 8 0 0  Oak Grove D�ive 
Mai l  Stop 1 5 6- 2 2 0  
Pasadena , Cali fornia 9 1 1 0 9  

Dr . Ivan I .  Muel ler 
Dept . of Geodetic Science 
Ohio State Univers itv 
1 9 5 8  Neil Avenue 

-

Columbus , Ohio 4 3 2 1 0  

Dr . Y .  Kozai 
Tokyo Astronomical Observatory 
Mitaka , Tokyo , Japan 

Observatoi::e Royal de Belgique 
Attn : Dr . P .  Me lcho ir 
Bruxe l les 1 8  
Belgium 

Dr . Hitoshi Take uchi 
Geophysical Institute 
Univers ity of Tokyo 
Tokyo , Japan 

Dr . V .  Letfus 

Applied Crusta l  Phy s ics Branch 
Air Force Cambridge Laboratory 
Attn :. Capt . Garry A .  Schnelzer 
L .  G .  Hanscom Field 
Bedford , Mas sachusetts 0 1 7 3 0  

Prof . Elio Fichera 
Ins tituto Universitario Navale 
Astronomia Generale Esferica 
Via F .  Acton , 3 8  
1- 8 0 1 3 3  Napoli 
Italy 

Dr. George Veis 
National Technical University 
Athens , Greece 

H .  M . Smi th , Esq . 
Royal Greenwich Observatory 
Herstmonceux Castle 
Hai lsham , Sus sex BN2 7 1RP 
.t:ngland 

Dr . Ron Mather 
The Univers ity of New South wales 
Box 1 ,  Kensington 
New South Wales 
Australia 2 0 3 3  

As tronomical Institute o f  the 
Czechos lovak Academy of Sciences 

Observatory 
Ondre j ov Near Prague 
Czechos lovakia 

Dr . P .  L. Bende� 
Joint Insti tute for Laboratory 

Astrophysics 
University of Colorado 
Boulder , Colorado 8 0 3 0 2  

Prof . Wi l l iam M .  Kaula 
Dept . of Pl anetary & Space Sc ience 
Univers i ty of Cali fornia 
Los Angeles , California 9 0 0 2 4  



APPENDIX F .  SUBSTITUTION OF U .  S .  NAVAL OBSERVATORY PZT 
FOR GAI THERSBURG OBSERVATORY 

The U .  S .  Naval Observatory has proposed replacing the VZT 
at Ukiah by a PZT donated by the U .  S .  Naval observatory , and 
letting the new 6 2-cm PZT on the Observatory ' s  grounds take 
over the work of observing now being done at Gaithersburg . 
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There is  one problem that wil l  have to be carefully inves ti
gated before the " 6 2 -cm PZT CAN finally take over the work of 
the Gai thersburg station . All observatories would be observing 
the same set of stars that are now used by the PZT at Misuzawa . 
The fie ld o f  view of  the Mi suzawa ' s  PZT is about 3 5  ft . The 
te lescope is at latitude 3 9 ° 0 8 ' 0 3 " .  The fie ld o f  view o f  the 
6 2�cm P ZT is 6 0 ' ,  but the telescope is located at latitude 
3 8  5 5 ' 17 " . Consequently , most of the stars of the Misuzawa 
catalog would be observed at Washington in the northern hal f of 
the field of  vi ew .  Fewer than one-fifth of the Misuzawa stars 
would be paired about the zenith . 

Misuzawa Plate --t-......... 

Naval Observatory Plate 

39° 08' 

38° 55' 

'--..... �- Band of Symmetry 

About Prim
"
e Vertical 

Fie ld of Naval Obs ervatory ' s  P ZT compared to fie ld 
of Mi suzawa ' s  PZT 
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APPENDIX G .  DETERMINING PERSONAL ERRORS 

Dr . Yumi has po�nted out that , since the start of the program 
in 1 9 0 0 ,  there has been no wel l-des igned and comprehens ive 
investigation o f  the personal errors o f  the observers . Because 
there is the def inite pos s ibility that some of the data ( as for 
instance from Ukiah ) may be s trongly biased through the entry 
o f  the observers ' personal errors , it would be wel l  to determine 
what these errors are . He suggests that the persona l  errors 
at a l l  observatories be determined at the s ame time , which makes 
sen$e . The errors would be determined by a sys tematic and 
progres s ive subst itution of observers . For example , one o f  the 
observers at Misuzawa would take the place of an observer at 
'Kitab for a sui table period o f  time , say six month s . The dis
placed observer at Kitab would substitute during that period 
for an observer at Carloforte . The disp laced observer at 
Carloforte would replace an observer at Gaithersburg , who would 
move to Ukiah , and the person at Ukiah would move to Misuzawa . 
At the end of six months , should the per sonal errors still not 
be fully evaluated , the pro j ect could be extended for another 
s ix months with the substituting observers either remain ing at 
tneir stations or moving on to the next observatory . 



APPENDIX H .  SUMMARY OF DISCUSSIONS AT XVI 
GENERAL ASSEMBLY OF THE lAG 

The essence of the meetings and the discuss ions which were 
held resulted ' in the following conc lusions : 
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1 .  There was nearly unanimous agreement that the IPMS should 
be continued . It was agreed that the need for determination of 
polar motion is a permanent one and not one that wi l l  disappear 
in thi s  century. The reasoning , which is  convincing , is that 
the motion is too irregular by present standards to be predicted 
suitably and that satis factory prediction will have to wait 
unti l a cons iderably larger , more accurate body of data is 
available . 

2 .  Present procedures used by the IPMS are unsati s factory 
and should be improved . 

3 .  Thought should be given on how to improve the procedures 
in order that specific plans for study ing the problem (not for 
solving it ) can be presented at the IAU ' s  congres s  at Grenoble 
in 1 9 7 6 . 

4 .  The substi tution of P ZT ' s  for the present VZT ' s  appears 
to be both feas ible and des irable . 

5 .  Prof . Paul Melchior ( Royal Observatory of Belgium) 
suggested us ing equipment of the TRANET type and DME with 
art i f ic ial satellites . 

6 .  It i s  des irable to check the data coming from the IPMS 
stations by placing at or in the vicinity of these stations 
additional geodetic and geophysical equipment . In particular , 
the TRANET sy stem should be used to check the geodetic coordi
nates of the stations . Variation of the astronomic coordinates 
should be checked with gravimeters and , if pos s ib le , tiltmeters 
(although tiltmeters are probably too sens itive for the job ) . 

7 .  Prof . Robbins (Univers ity of Oxford ) was asked to make a 
study of the problem and he agreed to do so . 
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APPENDIX I .  ' RETENTION OF ILS S ITES 

A belief exists among experts in polar motion and o thers that 
whatever method is ultimately selected for determining polar 
motion , the new equipment must be installed at or very close to 
the present ILS observatories .  This  is not necessary , and in 
most case it is  undes irable . Except to the extent needed to 
decide whether or not the five ILS stations have been sliding 
around , the new equipment should be placed where it gives the 
most accuract de termination of polar motion ( and time ) . In 
general this wi l l  not be , at the old ILS sites . The reasons are 
as follows : 

1 .  The first responsibility of the service using the equip
ment is to provide information of current value on polar motion . 
If  there must be a choice between providing current data of  
high quality or checking the pas t data , the former should be 
se lected as the most important . 

2 .  In any case , except for the P ZT ' s ,  the quality of  the data 
from all ot�er systems would be compromi sed by placing the 
equipment at the 1L5 s ite s . This is immediately obvious for 
VLBI or radio interferometric equipment .  I t  is also true for 
LURE equipment , wh ich probably could not be moved to the ILS 
sites . 

In tne case vf laser-type DME ' equipment for tracking artifi
cial sate ll ites , the s i tuation is more complicated . First , 
assuming tnat the orbit is known , the oest location of the polar 
motion equipment would depend on the latitude of the observer 
and on the inclination and semi-ma j or axis of the sate l lite 
(or satellites ) orbit (or orb its ) . Al though the polar. motion 

does affect a sate l l i te orbit , because the sate ll ite then sees 
a shift in the gravitationa l field , this ef fect is not as eas ily 
detectable as the effect on the observer . The observer ' s  
pos ition shifts with respect to the satel l ite because o f  polar 
motion . A very precise measuring device , such as  a ,  laser-type ' 
DME , is needed . S ince the satell ite location along the orbit 
is more poor ly determined than is the loca tion o f  the orb i t  
itself , the best location for a pol ar motion observatory would 
be a s i te waere a change in lati tude gives the maximum shift 
with respect to the orbit . This location , ,in general , would 
not be the best loca tion for obtaining corrections to time . If  
the same station is to  serve bo th purpoSes (obtaining data on 
polar motion and time ) , compromise will be neces sary . But s ince 
the present locations of the ILS station� were selected with 
different criteria in mind , it will be very su�pris ing i f  these 
locations turn out to be the best for satellite tracking . 

It was assumed above that the orbit was known , i . e . , ' that the 
orbit was determined to a satisfactory degree of precision from 
observations made at tne observ�tory and other p laces . In 
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actua lity ,  this as sumption wil l  have t o  b e  modified . To insure 
that the work of the observatories can be continue d ,  regardless 
of changing policies in other organizations , the observatories 
wi l l  have to compute the orbit themse lves • .  Thi s  means that the 
selection of s ites will have to maximize a value function that 
depends on the errors in .the orbit" as wel l  as on the errors in 
observation . . This makes it even more' unl ikely that the present 
dis tribution of observatories wil l  be optimum. 

The case o f  TRANET-type equipment for measuring polar motion 
is somewhat analogous to that of the laser-type DME . However , 
the need for optimum placement of such equipment is not as 
imperative because the precision and accuracy expected for 
TRANET- type equipment are les s . The f act that the TRANET satel
lites are in polar orbits is another reason why location of the 
equipment is not critica l . 

3 .  As shown in another part of thi s  report , it is  not 
nece s sary to keep the ILS stations in operation at the ir pr.esent 
sites in order to have continuous determination of pol ar motion , 
i . e . , to retain the CIO . S ince there is no practical reason 
for retaining the o ld ILS sites , one should look towards opti
mi z ing the placement of  the new equipment . Optimiz ation for 
accuracy has been discussed in the previous paragraph . From 
that d i scussion i t  i s  clear that the independent variab le in 
the optimization i s  the latitude . Thi s  leaves the longi tudes 
of the observatories avai lable for optimi zation of other quanti
ties such as economy , etc . 
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