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STUDY OF TIME ERRORS IN PRECISE LONGITUDE DETER- 
MINATIONS BY THE U. S. COAST AND GEODETIC SURVEY. 

INTERNATIONAL LONGITUDE DETERIYIINATIONS. 

During the meeting of the International Astronomicnl Union a t  . Rome in Map, 1922, there wns discussed at  some length the plan of 
General E‘errie for the detcrniiiiation of a net of longitude differences 
to cirdc the globe. It was proposed that these determinations should 
dCJlcll(l upon radio signals and the determination of time at  n number 
of astronomical observatories. This plan has bcen under. discussion 
for n nuinber of years and its advocates have held the vicw that it 
would furnish a means of determining the longitude of each of ti 
number of primary stations with a far reater accuracy than longi- 
tude determinations by means of cab 7 es and land wires. Therc 
see:ned to be only one question involved, and that was tho method by 
which the radio signals would be received and compared with the 
l o ( d  timepieces. Apparently this question is being saesf nctorj1.v 
solved, for now the radio signals can be received with little or no 
~ m w  by photographic methods or by having them actuate the pcn 
of an ordinary chronograph. 

At the Rome meeting it was found that the most serious problein 
involved in this proposed plan of Ferric's is not the roceiving of radio 
signals, but rather the uncertainty in the determination of time at thc 
astronomical observatories. 

Prof. R. A. Sampson, of the University of Edinbur 11, presented 
to the Astronomical Union his article, entitled “On the % etermination 
of time n t  different observatories,” which had been printed in tho 
Montlily Notices of the Royal Astronomicd Society of January. 1022. 
I n  that paper Sampson calls attention to the fact that- 

Then several observatories are linked together in this way, whether by incans of 
the same signal or of different signals, i t  becomes possible by n simple step to compare 
the time determination of each observatory with the mean of all, and so to assign to 
each with some coiisitlerable certainty the amount by which its own determination 
on any occasion was astray, at any rate in so far aa fluctuations from a datum line are 
concerned. 

In Noveinber, 1920, S;,iipson publislied thc results of coinpnrisons 
bf?t\wen Pslris and Edinburgli. from March, 1914, to August, 1920.‘ 
Thc rcccnt papor of Sampson’s gives the results of additional studies. 

ERRORS IN TIME DETERXINATIONS AT FIXED OBSERVATORIES. 

Snmpson’s work leads to the astonishing conclusion that there is a 
range in thc tima determinations of about 08.4 at  each of the six 
observatories considered by him. This is R range which would make 

-- - 
1 lonthly  Notices of tho Royal AstrouomicQ~ Society, vol. LXSSI, No. 1. 
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3 U. S. COAST AND GEODETIC SURVEY. 

it impossible to determine a difference of longitude by radio signals 
between fixed observatories with an accuracy comparable with that 
obtained by tlic oldcr methods which depended upon observations a t  
field stations. 

Sampeon g i n s  tho results of some of his investigations to show, if 
possible, the C L ~ U R O  of tlic lttrgc range at the several observatories, but 
none of tlic causes outlined by him would bc. suficient to account for 
the crrors. He rnentioncd nriomalous refraction, but he is inclined 
to think that this is not sufficient to cause all of the errors. 

Tlie present paper is prepared for the ur ose of setting forth the 

&tic Surrcp in its longitude work. There are a number of closed 
loops of longitude differences in the United States, and as tlie work 
on any loo occupied n number of months and at  times several years, 
the loop c P osures should throw sonic light on the errors in the time 
work. Thcy should also indicatc whether seasonal effccts such as 
Sainpson found nre prcsent. 

In  1897 an adjustment was made of the net of connected differ- 
cnces of longitude determined astronomically in t8he United States by 
the U. S. Coast and Geodetic Survcy. Since that date differences of 
longitude determincd by that organization have becn fitted into the 
1897 net without changing the vcilues for the stations involved in 
that adjustment. 

NETHODS AND INSTRUMENTS USED ON LONGITUDE WORK BY 
THE U. S. COAST AND GEODETIC SURVEY. 

Prior to 1905, time determinations were made either by the eye- 
and-ear method or by the key-and-chronograph method. Since that 
date all determinations have been inade with instruments fitted with 
the transit micrometer. 

Before 1914 all longitude work depended upon observations made 
with thc straight telescope portablc transiL2 From 1014 to date the 
time observations, with few exceptions, have been madc with the 
broken-telescope ty e of ortable transit? 

wooden picrs or stands. The shelter has consisted of a tent or a frail 
wooden shttlter just large enough to enablc the observer to operate 
the transit and the chronograph. 

Most of the longitude stations have been establisliecl in o on lots 

grn h line. 
J)eforc the introduction of the transit micrometer personal equation 

in the determination of a differonce of lon itude of the first class was 
eliminated b y  exchange of observers. Taere have been only a few 
cases of an exchange of observers since the transit micrometer has 
becn used. Several years ago a severe test of the transit micrometer 
was madc at  tlic Washington oIIice of the U. S. Coast and Geodetic 
Survey, which sliowed there is no personal equation present of such 

itude as to justify the expense of making an exchange of observers 
in mar t e field.' Later a field test was made for relative personal equa- 

results of the time determinations made B K  y t e U. S. Coast and Geo- 

Tho instruments P P  iavc men mounted on brick, stone, concrete, or 

in small settlements or out in the fields within easy reach o F a tcle- 

(See Pigs. 1 and 2.) 

Described in U. 9. Coast aud Geodetic Survey Special Publication No. 14. * l)esc~ibed in U.  S. Coast and Oeod6tic Survey Spociul Publication No. 36. 
4 A Teat of a Transit hlioroffleler, by John F. Uaylord. Appendix 8, Report for 1804. 
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FIG. 1.-TENT USED AS I N S T R U M E N T  SHELTER,  

FIG. 2.-TEMPORARY WOODEN OBSERVATORY. 
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FIG. 3.-STRAIGIiT TELESCOPE TRANSIT 



tioli bebwecsn twct 

mept  in unusual cases, such as 
between the stations Washington, Cambridge, and Far Rockaway.6 

hbtelesco$d tzansit 

of 94 cm. and a $ear aperture of 76 m. $he ma nifyin power of 
the eyqiece ordmarily used is 104 diameters. #he v&e of one 
division of the striding level is about 1".5. The instrument is pro- 
vided with a sub-base which is firmly secured to the 
and with a c?nqenient reversing apparatus. 

Figure 8 shews .a eecand-si&. portable str 
used by the W. S. Coasti*and:Geodetic Swve . Y t has a f o d  length 

It has the 
ing the instrument into the meridian an 

ed by the U. S. Coast. and 
erture of 7 CM. and 

6 Determination of Differencesh LongitudeBetween Each Two ofthe 8tations Washington Cambtid e ppd Par Rocbway, by premont Morse and 0. B, lbnch. U. 9. h s t  wd'Qeodetic 8uhey S p &  
ublication Po. 86. 

10403O-23-2 



4 U. S. COAST AND GEODETIC SURVEY. 

t hm unity for a set. The straight-telesco 
the middle of each set of stars, but the bro 
is reversed in the middle of the 
either type of instrument, a night's work at a station consists of 
observations on two sets of stars and an exchange of signals by 
telegraph with the other station. The exchange occurs as close as 
practicable to the mean epoch of the observations for the ni ht. 

Details regarding methods employed by the U. S. Coast a n f  Geo- 
detic Survey in the astronomic work involving time and longitude 
are given in Special Publications Nos. 14 and 35 of that organization. 

ACCURAOY OF TIME OBSERVATIONS. 

An estimate of the accuracy o€ the observations on tho individual 
stars may be obtained from the tables given below. The first one 
gives the azimuth factors and the residuals resulting from the com- 
putation of two sets of stars observed in connection with the deter- 
mination of a difference of longitude in Florida. In  this case the 
straight-telescope transit was used. 

The second table gives the azimuth factors and residuals for stars 
used in the determination of a difference of longitude in Texas with 
the broken-telescope transit. 

The time required for the observations on any one night is about 
two hours with either type of instrument. 

Residuals of time determinations, straight-telescope transit with transit micrometer. 
[Sebastian, Fla. Latitude, 27" 40'. March 7,1907.] 

Set number 1. II Set number 2. 

-- ~ - _____I. 

1 ......................... 
2 ......................... 
3 
4 ......................... 
5 ......................... 
......................... 

Stbr number. I A factor. 1 Residual. 11 Star numbor. A factor. Residual. -- /---I- 
Second. second. 

+0.31 -0.06 l...... ................... +0.06 -0.02 - .38 - -09 2 ......................... - .13 + .02 - .02 + .43 + -02 3 - .51 
+ . 1 3  f . 0 3  4 +.04 +.m 
- . 2 0  + . O B 5  ......................... - . 0 2  + . 0 2  

......................... ......................... 
'Polescope reversed. 

6 ......................... +.20 +.04 
7 - .E2 - .05 
8 

10.. ....................... -.os + . 0 2  

......................... 
9 ......................... ......................... +.34/ - .02 + - - 0 4  .03 

Telescope revorsod. 
0 
7 

g... 8. 
10. ....................... 

I I II I I 

atitude, 29' 23'. July 13,1919.1 

Set number 1. 

Star number, I Afaotor. 1 Residual. 11 Star number. -- 
Second. BeCOd. 

1 .......................... 1 +0.051 _o.04 
2 ......................... .......................... - .10 - .06 
3 .......................... +.04 . 0 0 3  .......................... +.is + . 0 5  
4 .......................... - so8 + .03 4 .......................... + .14 - .01 

+ . 0 2  
6 .......................... 6 .......................... 1 - :El - . e 4 6  11 .......................... - . 0 6  

+ .05  6 ......................... ] -.031 +.m 
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FIG, 4.-BROKEN TELESCOPE TRANSIT, 



I STUDY OF TIME ERRORS. 5 

The residuals for the individual stars can not be held to be the 
It is robable that any tilting of the meridian plane 

the constant error resulting thereby. Nor will, any constant error 
in the catalogue right ascension show in the residuals. In the solu- 
tion of the equations of a set of stars there is a tendency for the 
derived residuals to  d8er  somewhat from the actual errors. Since 
the correction to the dock is computed for the mean epoch for the 
set the residuals are affected b the clock rate and its irregularities. 

the same amount, since the azimuth factor of any star used is never 
greater than unity and all of the stars are, therefore, comparatively 
close to the zenith. The other errors affecting the residuals are 
those due to pointing, reading the chronograph sheet, irregular re- 
fraction, unequal heating of the instrument, and level errors. 

One hundred time sets actually used in longitude work by the 
U. S. Coast and Geodetic Survey were taken at  random and it was 
found that in on1 24 sets was there a residual on a single star as 1 

great as 08.10. J h e  probable error of the clock correction as de- 
termined by observations on a set of stars, with either of the two 
t y  es of transits used, is seldom greater than 08.02. 

&he timepiece used in the longitude work of the U. S. Coast and 
Geodetic Survey is the well-known chronometer. The exchange of 
signals between the two observers nearly always occurs about mid- 
way between the epochs of the two time sets, and in consequence the 
accuracy of the determination of the difference in longitude will be 
affected by irregularity in the rates of the chronometers between the 
epochs of the sets. Ordinaril the error from this source will be very 
small, but it may be large if t e chronometers are not in ood order. 

In all recent work the determination of a difference in ongitude is 
based upon not more than €our nights of succbssful observations and 
exchange of signals between the two pbservers, though three nights 
are acceptable d the value of the difference for an one ni ht  does not 
stand out more than 08.07 from the mean of the tzree. &e p b a b l e  
error of the determination of a difference in lon itude, since t e intro- 
duction of the transit micrometer, is greater t B an OS.020 in only 17 
per cent of the cases. 

As the time signals are exchanged in both directions the trans- 
mission time is largely eliminated. But a t  times some error may 
fosult from having a repeater in the line if the repeater does not have 
Its two magnets adjusted exactly alike. The error entering into the 
difference in longitude from the difference in the transmission times 
in the two directions is no doubt small in nearly every case. 

A lengthy discussion of the causes of error in time and lon itude 

lication No. 14, pages 48-51 and 85-87. 

' actual errors. 
due to refraction wi E affect each star a similar amount and mask 

Any personal equation of the o % server will affect all the stars nearly 

5 K 

work may be found in U. S. Coast and Geodetic Survey Specia P Pub- 

CLOSING ERRORS OF LONGITUDE LOOPS IN THE UNITED STATES. 

It is believed that the severest test of the accuracy of the deter- 
mination of the clook corrections is furnished by the closing error of 
loo s of differences in longltude. 

Jigure 5 shows gapheally the location of differences in longitude 
determined in recent years, which form 17 closed loo s. A loop may 
consist of recent differences tied into two adjuste a stations of tlrie 
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fieattle Wash.-Boundary, Yukon Territory.. ................. 
Bisma&k N Dak ............................................ 
Bisrnnrck‘ N: Dek.-Omnhn, Nebr.. ........................... 
Omaha, debr.. ............................................... 
Austin, Tex ................................................... 

1897 longitude net adjustment in the United Statesa or may consist’ 
.of differences which close on a single station. In some cases a differ- 
.once is involved in more than one closed loo . 
Nos. 2-18 are shown in Figure 5. eattlo and 
Boundary and so beyond the limits of the illustration. 

The correction to a difference shown in the last column deviates 
in several cases from that actually applied where the adjustment 
involves an interlacing of loops. 

g .In the following table are given data for t P I? several loo s. Loops 
Loop 1 1s between 

Srcond. 
4 0.033 
3 . ai0 
3 .024 
3 . 071 
3 * 038 

- - 
LOOP 
num 
ber . 

Itiinm of , X i i m h r  01 correctlous. l l  rorrectlons. j Number or corrections. 

1 
2 
3 
4 
6 

G 
7 
K 
9 

10 

11 
12 
13 
14 

15 
16 
17 
1s 

.- 

Range of 
corrections. 

Longitude loop clontres. 

Base stations. 
lerences. 

Atlanta G8.-Fernandina, Fln.. ............................... .074 
Fernandtna F1a.-Atlanta Cia.. ............................... 
Atlanta, d-Washington,’ D. C.. ............................. 
E1 Paso, “ex.-Austin, Tes  .................................... 
Austin Taw -Little Rock Ark ................................ ,176 
Little kock’Ark.-Austin’ Tex ................................ 
Little Rock’ Ark.-Needld Calif ............................... 
Washingto:, D. C.-Cambddge, Mass.. ........................ 

:‘orrection 
10 D dlf- 

Ierence to 
:lose loop. 

~ 

SCCMUI. 
0.009 

,010 
.Oos 
.024 
.013, 

.oog .oos 
,016 
.008 
.016 

. 011 

.019 

.OM 

.0os 

.m 

.008 .ooo 

.Go1 

- 
Srrond. ..................................... 21 ..................................... 0.01R-0.020 

37.. ................................... ..................... .p ............... ,021- .026 ....................................... 13.. ................................... W6- ,030 



8 U. S. COAST AND GEODETIC SURVEY. 

In the 1897 adjustment of the longitude net of the United States 
there are 72 differences in lon itude. Land lines were used for 63 of 

shows the number of corrections of the 1897 adjustment falli'ng 
between various limiting values : 

Loop dosit re corrections, 1897 adjtcstnatnt. 

these differences, cables for t 5l e remaining 9. The following table 

- .- 
Signals exchanged over lsnd lines. 11 Signsls exchnnged over ocean ceblos. 

Rnngq of 
corrections. Kiimber of corrrc4io:is. 1 Rsnpeof /I 

corrections. h'omber of corrections. 

Second. 
24 ..................................... .................. 
12 ..................................... .................. 
D ...................................... ........ 
16 ..................................... 
I . .  .................................... ..................................... (wo- . o5n 
2.. ..................................... .Os@- ,000 ..................................... OG@- ,070 

Even though no transit micrometers had been used in the observa- 
tions for time in connection with the differences of longitude prior to 
1897, the net adjustment that year showed corrections, which are 
really small. Of 63 differences over land, 36 have corrections for 
loop closure less than O*.O20, while only 3 of the corrections are more 
than 05.040. 

The 9 differences involving cables show 5 corrections less than 
0".020, 2 between 0".030 and OS.040, and 2 between Os.OOO and 0".070. 

The accuracy of the adopted longitudes of the stations involved 
in the 1897 ad ustment is indicated by the closinq errors of the loops 
of longitude differences determined since that date which close on 
these stations. There is n chain of new determinations from Cam- 

with the exception of the 
and Nashville and between 
Coast and Geodetic Survey. 

an exchange of observers. There 
are 33 links in this chain, and the sum of the differences of longitude 
is only Oa.O12 less than the difference between those stations derived 
by the 1897 adjustment. The correction per differencc in longitude 
to close this loop is, therefore, only Om.0004. 

It is believed that the evidence given above regardidg the longitude 
work by the U. S. Coast and Geodetic Survey since the introductidn 
of the telegraph many years ago will enable anyone to arrive at  the 
conclusion that errors of the magnitude of several tenths of a second 
of time do not exist in the determination of the clock corrections used 
in the longitude work. The small average probable error ( fOS.O1O)  
of the determination of time with a set of stars, the small probrhle 
error (about kOs.02 on an average) in the determinution of a diilcr- 
ence in longitude, and finally the exceedingly small correction (about 
Oe.O1l  on an average) necessary to close loops of longitudc differences, 
all indicate clearly that the total range in the errors in the timc dcter- 
minations is seldom greater than Os.10 at a longitude station. 
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CAUSES OF ERRORS W TINE DETERMINATIONS. 

There have been many articles published dealing with clock errors 
and rates and what causes affect them. It is not intended that this 
paper shall go into this vast field. It is certain that such errors in 
time values as were found by Sampson8 in determinations at  the large 
observatories do not exist even in the older work of the-U. S. Coast 
nnd Geodetic Survey, and they certainly are not present in the time 
’work done since the instruments were fitted with the transit microni- 
eters. 

There are fundamental differences in the longitude methods inves- 
tigated by Sampson and those of the U. S. Coast and Geodetic Survey. 
Sampson received the time signals by radio, but on the work of the 
U. S. Coast and Geodetic Survey mres and cables wore employcd. 
The observations involved in Sam son’s investigations were made at  

ermanent observatories, presuma ly with large transit. instruinents 
goused or surrounded by permanent structures. Tlic time ohserva- 
tions of the U. S. Cottst and Geodetic Surrey are made with portable 
transits, necessarily small, installed in tents or small temporary 
wooden shelters. The observatories are probably in or very close 
to large cities or settlements, but the longitude stations of the Coast 
and Geodetic Survey are usually out in tho fields or in vacant lots in 
small villages. The movement of the warmer air from a city across 
an observatory may result in some lateral refraction and displace- 
ment of the meridian. 

It is probable that some of the trouble discovered by Sampson is 
due to the radio si nals. Some of the trouble may be due to the 

resence of large fuildings around the transits, There may be 
ratera1 refraction caused by the rising air currents from the build- 
ings during the early hours of the night, The work of the U. $. Coast 
and Geodetic Survey is free from any such troubles. 

With such large uncertainties in the time determinations at  a num- 
ber of the lar est observatories in the world, as are indicated in 

on# such a campaign of longitude determinations by the aid of radio 
signals as Ferne. roposes. 

fully studied, and a careful comparison shoud be made of the time 
observations at a large observatory with those at  a field station. 
The results of such tests would be most interesting and valuable to a 

Sampson’s stu % ies, it  would hardly seem advisable to embark now 

The errors inci B ent to sending time signals b radio should be care- 

‘on the determination of time at dlflerent observatories. Monthly Soticas of Royal Astronomical 
~ O c i o W .  January, 1022, 

0 


