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DETERMINATION OF TIME, LONGITUDE, LATITUDE, AND AZIMUTH. 
13y WILI.IAM ~ ~ O W I E ,  

Inspector of Geodetic Work and Chief of the Computing Division, U. S. Coast and Geodetic Survey. 

1NTRODUCTION 

From time to  time during many years publications liavo been issued describing tlie 
instruments and methods used by tlie Coast and Geodetic Survey in the determination of time, 
longitude, latitude, and azimuth. Tho generid aim has been to provide a working manual 
wliicli would serve as a guide to the observer in the field and the coinputcr in tlie office in carrying 
on the astronomic work of the Survey in a systematic manner. The exhaustion of previous 
editions and the introduction of new instruments and nicthods have made necessary the suc- 
cessive editions, in each of which much has been repeated from tlie preceding one. 

The edition of the last publication is now exhausted, which gave in one volume descriptions 
of the instruments and methods, and was entitled [(Determination of T h e ,  Longitude, Latitude, 
and Azimuth.’’ It was published u s  Appendix No. 7, Report for 1898. Tlie needs of tlie 
members of this Survey for a similar nimiual, and rrqucsts for i t  by otlicrs, mako it  desirable 
to issuc tlie present and fifth edition. 

The subject matter hcludcs most of that in tlic iourtb edition, with a number of changes, 
however. Soine of tlie most important additions to tlie previous edition are: The determination 
of time and longitude, using the transit micrometer; thc description of the transit micrometer; 
determination of timc.with tlie vertical circle for usc in connection with azimuth obscrvations; 
a doscription of the method of observing azimuth coinc:idcntly with liorizoiitnl directions in 
primary triangulation; an example of tlio determination of an uzimutli in Alaska with a transit 
equipped with a transit micrometer; examples of the records and computations in the difforant 
classes of work, as actually made a t  present by the Survey; and statements of tlie field cost 
of the different classes of work. 

The writer takes pleasure in acknowledging licre his indebtedness to hir. 13. C. Mitchell, 
Mr. C. R. Duvall, and several othermembers of t h o  Computing Division who assisted in preparing 
this edition. The material is principally the work of fornicr Assistant C. A. Schott, wlio 
prepared the fmt thrco editions, and of former Assistont Jolin F. Hayford, who propared the . 
fourth edition. 

It has not been deemcd necessary to insert tlie derivation of forinulm, except in the fow 
rare cases in which such derivation can not be found readily in textbooks on astronomy. For 
general developments the rcadcr is tlierefore referred t o  Cliauvenot’s Astronomy, to  Doolitfle’s 
Practical Astronomy, and to Hayford’s Geodetic Astronomy. The lust-mentioned book and 
tho fourth edition of this publication appeared about tlic same time, and z19 t h y  were by the 
same author it is naturul that some of tlie text is identical in the two. Much of this publication 
was copied from tlie fourth edition without change, and some portions are necessarily identical 
with tho corresponding parts of Prof. Hayford’s textbook. 

In addition to  this manual on geodetic astronomy, tliu American Ephemeiis and Nautical 
Almanac for the year of observatioii will be required in t h e  and azimuth work, and tho Boss 
Preliminary General Catalogue of 6188 stars, together with the Capo Tables, by Finlay, in latitude 
determinations. 

A nuinber of new illustrations have been added. 

~ r I I L I A h f  BOWIE, 

5 
Inspector of Geodetic Work, Cl~i(iclf of the Computing Division. 
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P A R T  I .  

DETERMINATION OF TIME. 

GENERAL REMARKS. 

This part deals almost exclusively with the portable transit iiistrument in its several forms 
as used in the Coast and Geodetic Survey, and when mounted in the plane of the meridian for 
the purpose of determining local sidereal time from observations of transits of stars, in connection 
with an astronomic clock or chronometer regulated to sidereal time. The use of this instrument 
when mounted in tho vertical plane of a close circumpolar star out of the meridian is not recom- 
mended on account of the greater complexity both in field and office work, as compared with the 
usual method horein discussed, especially when one considers the ease with which a transit may 
be plttcod approximately in the meridian. . (See p. 16.) The observations are made either by the 
incthod of “dye and ear,” or by chronographic registration. The latter method is used exclu- 
sivcly for all telegraphic longitude work and in making time observations for determining the 
periods of the pendulums in gravity determinations. In  using the first method the observer 
will, of course, mark his own time; that is, he will pick up the beats of the chronometer and 
carry them forward mentally up to the time of transit of the star, which he will estimate to 
the nearest tenth of a second.’ In  using the second method the chronograph record will be 
produced in one of two ways: First,, when the observer sees the star bisected by a line of the 
diaphragm he will press an observing key (break-circuit) held in his hand and cause a record of 
that instant to appear on the chronograph sheet; or, second, he will follow the star across the 
field of the telescope with the movable wire of the transit micrometer, the star being continuously 
bisected as newly as possible by the wire, and the record on the chronograph sheet will be made 
automatically by the make-circuit device of the micrometer. 

DESCRIPTION OF LARGE PORTABLE TRANSIT. 

Several sizes of portable transits are used in this Survey. The largest and oldest ones, 
made by Troughton & Simms, of London, were intended for use exclusively on the telegraphic 
determinations of longitude, but in 1888 a slightly smaller type of transit (described below) was 
made at  the Survey office, and has been used very extensively since that time on the same class 
of work as the largest type. The smallest type of transit, known as the meridian telescope 
(described on p. 81, is used in the determination of the local time needed while observing 
astronomic azimuths and lat,itudes, and for other purposes. In  the hands of skillful observers 
the instruments used for longitude deter minations give results which compare favorably with 
the results obtained with the much larger transits usually employed at astronomic observatories, 
where special dXiculties are encountered in bonsequence of strains or temporary instability of 
the instrument due to reversal of axis, and t,he more serious offect of flexure. In  case of necessity, 
and when an approximate degree of accuracy suffices, any theodolite or altazimuth instrument 
may be converted temporarily into and used as an astronomic transit. 

Illustration No. 1 shows Transit No. 18,‘ one of the second-sized portable transits made 
in tho Survey office in 1888. It has a focal length of 94 cm. and a clear aperture of 76 mm. 
The magnifying power with the diagonal eyepiece ordinarly used is 104 diameters. It is provided 
with a convenient reversing apparatus, by means of which it can be reversed without lifting the 

1 For D. full descriptlon of this instrument, see Appendix 9, Report for 1889, by Edwin Smith, Aeslstant. 
7 
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telescope by hand. T ~ c  
setting circlcs are 4 inches in diameter, are graduated to 20‘ spaces, and are read by verniers to 
single minutes. 

Until about 1905 this, ns well ns the other transits of the Coast mid Geodetic Survey, ws 
mpplied with a glass diaphragm, but, with the adoption of the transit-micrometer, the glass 
diaphragms were discarded. The glass diaphragm carries two horizontal lines which are simply to 
d e h o  the limits within which all olmrvations should be made, and 13 vertical lines, 11 of which 
are used in making time observations with the chronograph and observing key and 5 of which 
(longer than the others) are used in making eye and ear observat,ions. The shortest time interval 
between lines for chronographic observatjons is about 2+ seconds and for eye and ear observa- 
tions about 10 seconds. 

Transit No. 18 is provided with n sub-base which is firmly secured to the supporting pier. 
The transit propcr is supported on this sub-base by three foot screws. At  the left of the bavc 
in tho illustration is shown a pair of opposing screws which serve to adjust the instrument in 
azimuth. One of these screws carries a graduated head which enables one to set the instrument 
very nearly in the meridian as soon as the azimuth error is known. 

The value of one division (=2 nim.) of the striding level is 1”.35. 

The transit micrometer and ibq use are described below. 

This instrument may serve AS a typical illustration of the class of lnrge portable transits.. 
The broken telescopc transit, like that shown in illustration No. 2, has been used with 

This instrument may also be used in the determination of 
This manual can be used with either typc of instrument (broken 

marked success by other countries. 
latitude by the Talcott method. 
or straight telescope). 

DESCRIPTIO?; 01‘ hlERIDIAN TELESCOPE. 

Certain instruments are known i n  this Survey ns meridian telescopes.’ They arc fitted 
both for time observations and for latitude observatioQs by the Horrebow-Talcott method 
(see p. 103) and are proT4ded with a frame which may be folded up for convenience in trtanspor- 
tation. Illustration No. 3 shows Meridian Telescope No. 13, which may serve as an illustration 
of thc typo of smaller instruments used for time observations in this Survey. 

This tdescopc hns a f p i l  length of 66 cm., a clear aperture of 5 cm., and a magnifying 
power of 72 diameters. The value of one division ( = 2  mm.) of the striding level is about 21”. 
During time observations the telescopc is reversed by hand ; during latitude observations it may 
bo reversed by turning the upper half of the double base on the lower half. One of the two setting 
circles carries R delicate level for use in making latitude observations, and the eyepiece is fitted 
with a micrometer for measuring differences of zenith distance, in addition to tho diaphragm 
carrying &.ed vertical lines for use in making time observations. On one side of the base 
(the lefbhand side in the illustration) is a slow-motion screw for accurate adjustment in azimuth. 

THE TRANSIT MICROMETER. 

The transit micrometcr is a form of rogistering micrometer placed with its movable wire in 
the focal plane of an astronomic transit and a t  right angles to the direction of motion of the 
image of the star which is being observed at  and noar meridian transit. Certain contact points 
on the micrometcr hoad sorve to make an clectric circuit as they pass a fixed contact spring, thus 
causing to be recorded upon the chronograph sheet each scparatc instant at  which the microm- 
eter wire reaches a position corresponding to a contact. 

The transit micrometer in use on the transits of this Survey is hand driven and was designed 
by Mr. E. G. Fischer, Chief of the Instrument Division of the Survey, and made in that 
division. Much of the following description is copied from pages 458-460 of Appendix No. 8, 
Report for 1904, entitled “-4 test of the transit micrometer.” The pages referred to were written 
by Air. Fischer. 

. ~. 

1 See Appondlx No. 7, Report for 1879, for LL “Description of tho l ) o v i h n  Meridian Instrument.” 
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DETERMINATION OF TIME. 9 

DESCRIPTION OF THE HAND-DRIVEN TRANSIT MICROMETER, MADE FOR COAST AND 
GEODETIC SURVEY TRANSIT NO. 2. 

Before considering the details of this micrometer, three points were determined upon 
ns being essential to insure accurate and decisive action, durability, and convenience in reading 
the chronograph record made by it. 

First, it WRS decided that the mechanism of the slide carrying tho wire should be of the 
form in which the screw is mounted in bearings at  the extreme ends of the box or case holding 
the slide, the micrometer head being fast upon the end of the screw projecting from the box, 
because this insures greater stabdity,under the side stress of the gears connecting the screw 
with the handwheel shaft than the form usually employed in theodolite and ocular micrometers, 
in which the screw is fastened to the slide and therefore takes part of whatever play there may 
be in the latter. 

Second, it was decided that the electric recording device of the micrometer should be of 
the make-circuit form, transmitting its records to the chronograph, which is in the break-circuit 
of the chronometer, through a relay. This permits the use of R strong current through the 
contact points of the micrometer head, and therefore a minimum of pressure upon the latter by 
tho contact spring. 

Third, in order that the micrometer transmit no records except those made within an 
accepted space on either side of the line of collimation and forming the observations of the star 
transits proper, an automatic cubout must be provided. 

Illustrations 4 and 5 show the micrometer with draw tube and eye end of the telescope. The 
telescope has a focal length of 115 cm. and an aperture of 77 mm. It is of the straight type of 
the same general form as that shown in illustration No. 1 of Appendix 7 of the Report for 1898. 
(Illustration No. 1 of this publication.) 

Within it and near to 
one side is mounted the micrometer screw. Upon the latter fits, by a thread and cylindrical 
bearing, a rectangular frame forming the slide, which is 31 mm. long and 23 mm. wide. AU 
play or lost motion, both of the slide upon the screw and the screw in its bearings, is taken 
up by means of R helical spring within the box, which, pressing from the inner end of the box 
against the slide and through it against the screw, holds the latter firmly against the point of an 
adjustable abutting screw, without impeding its free rotary motion. Upon the slide, at right 
angles to its line of motion, is mounted the single spider thread, which is used for bisecting the 
star during its passage across the field. Two threads, parallel to  the line of motion, about four 
time seconds apart, and mounted against the inner surface of the box, define the space within 
which the observations should be made. A short comb of five teeth, with distances equal to one 
turn of the screw between them, is also provided and indicates the four whole turns of the screw 
within which the observations are to be made. The diameter of the field of view through the 
Airy diagonal eyepiece, which has an equivalent focal length of 12 mm., is something over 
24 turns of the screw, thus giving a space of fully 10 turns of the screw on each side of the 4 
turns in the center of the field. 

That portion of the micrometer screw which projects through the box has the micrometer 
head fitted upon it and secured in position by a clamp nut. The cylindrical surface of this 
head, graduated at  the edge nearest the box to 100 parts @, illustration No. 4), also carries 
near its opposite edge a screw thread, t ,  of three turns with a pitch of 1 mm. and a diameter 
of 32 mm. Sunk into the outer face of the head and fitted concentrically with it is a thin 
metallic shell, which has fitted upon it a hollow cylinder, e, made of ebonite, 6 mm. long and 26 
mm. in diameter. Five strips of plathum,each 0.4 mm. thick, and corresponding to the 12.5,25.0, 
50.0, 75.0, and 87.5 division points of the graduation, g, are slotted into the edge of tho ebonite 
cylinder and secured in such mttnner m to make metallic contact with the micrometer head 
proper, and through it with the screw, micrometer box, telescope and telescope pivots, and the 
iron uprights of tho transit. By releasing tho clamp nut within tho cbonito ring tho graduated 

The micrometer box or case is 46 mm. in length and 31 mm. wide. 
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head, with its thread, 2, can be adjusted, in a rotary sense, in relation to the thread of the screw, 
and therefore also to the spider thread upon the slide. At the same time the position of the 
platinum contact strips can be set to correspond to the zero of the graduation, g, which latter 
is read by the index, i, illustration No. 5. 

A small ebonite plate, p ,  illustration No. 4, secured to the micrometer box, carries upon 
its outer end, mounted in a suitable metal block, the contact spring, s, which ends in a piece 
of platinum turned over so as to rest radially upon the ebonite cylinder. The width of this 
piece of platinum is 4 mm., and its thickness that of the contact strips, i. e., 0.4 mm. A 
small screw, c, illustration No. 5, serves to adjust the pressure of the spring upon the cylinder. 
Against one end of the micrometer box is fastened a small bracket, upon which is centered a 
small worm wheel, w, illustration No. 4, gearing into the screw thread, t, of the micrometer 
head. To tllis worm 
wheel is fastened a cup-shaped cylinder, T ,  which has cut into its rim a notch or depression 
with sloping ends not visible in the illustrations. A small steel pin in the end of the lever, I, 
rests upon the edge of this cup-shaped cylinder. The other end of the lever, I, fitted with a 
small ivory tip, presses upon the end of the contact spring, b, which is mounted upon an ebonite 
plate, and is therefore insulated electrically from the instrument. When the small steel pin 
rests upon the edge of the cup-shaped cylinder, the ivory tip presses the contact spring away 
from the platinum-tipped screw, a. When, however, the notch or depression comes below the 
steel pin, the contact spring, b, is free to press against the platinum-tipped screw, thus allowing 
the flow of an electric current through the coiled wires, M and n, and the contact spring, s. The 
length of the notch is chosen so as to allow the circuit to be closed during four revolutions 
of the micrometer head. As the ends of the notch aro sloping, i t  will be seen that by raising 
or lowering the platinum-tipped screw, and consequently lowering or raising respectively the 
steel pin in the lever I, tho time during which the current can flow can be made to correspond 
exactly to that of four revolutions of tho Gcrometer lioad. But i t  is also important that the 
four revolutions during which the current can flow and record the contacts made on the ebonite 
cylinder, e, are those disposed symmetrically about the zero position of the micrometer, which 
indicates the meridian. This is accomplished ,for adjustments requiring corrections greater than 
one tooth of the worm wheel w, by removing tho latter from its axis, turning and replacing i t  
with the proper tooth engaging the screw thread, t .  The adjustment for amounts less than 
that of one tooth, as the micrometer is now arranged, is made by loosening a capstan-headed 
screw (hidden in the illustration by the lever I), and turning to right or left the two screws z, thus 
moving the plate carrying tho lover I, until the small steel pin at  the end of lever I is in proper 
relation to the notch or depression in the cup-shaped cylinder T .  I t  will be seen, therefore, 
that this arrangement permits of the motion of the spider thread ncross the entire field without 
transmitting records to the chronograph, except during the four ~.rvolutions symmetrically 
disposed about the line of collimation. 

Against the inner face of the micrometer head is fastened a spur wheel, k, illustration No. 5, 
with 36 teeth of 48 diametral (inch) pitch, into which gears the wheelS, with 72 teeth, mounted 
op the handwheel shaft, d. This shaft is supported by arms from the microm'eter box, as can 
readily be seen from illustration No. 5. The handwheels have a diameter of 33 mm., are 116 mm. 
apart, and equidis'tant from the middle of the telescope, allowing ample space for manipulating in 
either position of the eyepiece. 

Tho pitch of the micrometer screw is about 48.4 threads per centimeter, or 123 per inch. 
In the telescope of Transit No. 2 the angular value of one revolution of the screw is 2.5 equatorial 
time seconds, nearly. As the gearing of the handwheel shaft to the micrometer screw*is as 2 
to 1 it follows that the hands must produce rotary motion of one revolution in about 5" for an 
equatorial star. 

The adjustment for collimation is made by means of two nuts, 2, illustration No. 4, upon 
a small screw fastened to the micrometer box, which in turn is mounted by dovotail slides 
upon R short flanged cylinder, y. The latter is fixed in position by the screws, 7~, which, wliei~ 
loosened, also permit of a rotary motion for adjusting tho transit wire into tho vertical. Neither 

I t  has 40 teeth, and moves 1 tooth for each turn of the micrometer head. 
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DETERMINATION OF TIME. 11 

of these adjustments will disturb the rather delicate rclations between tlie zero of the transit 
wire, the contact breaks upon the micrometer head, and the worm wheel with its electric cut-out 
n t tach men t. 

As indicatctl in thc description of the ebonite head with its five platinum contact strips, 
tlic instrument itsclf is used as part of tlie alcctric conductor forming the transit circuit. The 
rclay of 20 ohms resistance converts the makes of the transit circuit into breaks in the chrono- 
graph circuit. From the contact spring, b, through wire, m, connection is made with an insu- 
lated binding post a t  the eye end of the tolescope tube, from which a wire leads along the tele- 
scope to and into the telescope axis and within tlie latter to an insulated metal cylinder pro- 
jecting from the transit pivot. Each of the wye bearings of the transit has fastened to it an 
insdated contact spring, which, being connected with nn insulated binding post a t  the foot of 
the instrument, establishes the circuit whether the telescope lies in either an east or west posi- 
tion. Another binding post, screwed directly into the iron foot of the transit, affords a ready 
means for making the necessary connection to begin observations. 

It is necessary to use both hands in order to impart to the wire R steady motion. As 
explained above, the cut-out device allows only R limited portion of the field of observation 
to be registered, by automatically breaking the transit circuit wlde tlie wire is outside the 
limits. It requires four complete revolutions of the micrometer head to carry the wire across the 
fiold of record and as there are five contact strips on the micrometer liead, the completo record 
of the observation of the transit of a given star consists of 20 breaks registered on the chrono- 
graph sheet. As the five contact strips are not equally spaced around the liead of the microm- 
eter wheel, it follows that the record is in four groups of five observations each. This facilitates 
the reading of the chronograph shoot. The transit of an equatorial star across tlie field of 
record 0cc;upies only about 10 seconds of time, a fact which makes it possible to observe stais 
which are quite close together in right ascension. 

Adjustments of the transit micrometer.-Before using the transit micrometer it should be 
carefully examined to see that there is no loose play in m y  of its parts, that its contact strips 
and contact spring are clean and bright, and that the cut-out attacluiicnt permits the recording 
of 20 breaks which are symmetrical about the mean position of the micrometer wire. If n 
symmetrical record is not obtained, the adjustment must be mado, as described on p q e  10. 

The adjustment of the micrometer wire for colliniution and verticality tire described on 
pngc 15, under the heading “Adjustment of the transit instrument.” 

THE CHRONOGRAPH. 

Illustration NO. 6 shows the form of chronograph now in use in the Survey. The train of 
gears seen at  the right is driven by R fnllhig weight. It drives the speed governor (soon above 
the case containing the gears), tlie cylindcr upon wllich tho record slioet is wound, and the 
screw wliicli gives tho pen carriage a slow motion purallcl to  tlie axis of the record cylinder. 
When tlie speod govcrnor is first reloascd, tlio spccd contlliually increascs until tho governor 
balls have moved far enough away from the axis of rovolutioii to cause a small projection upon 
one of them to strike a small hook. This impact and the ufrect of tho friction a t  tho base of 
the weight attaclied to the hook CRUSOS the speed to dccrcasc continuully until the hook is released . 
The speed then incrcases again until the hook is engagcd, decreases until it is released, and so 
on. The total rangc ‘of variation in the speed is, liowcver, surprisuigly small, so small that 
in interproting tlio record of the chronograpli tllc spoed is nssiinicd to  bo uniform during the 
intervals betwcctn clirononieter breaks. Tlie speed limy bo rrgulatod by scrowhg or unscrewiiig 
the movable weights which are above tho governor balls and attaolicd to the same arm This 
moves them ncarer to  or farther from the axis, and thus docreases or incroases the critical spoed 
a t  which tho hook is engaged. To  get a convenient rocord it is desirable to adjust tlie speed so 
that tlie rocord cylhdcr makes just one revolution pcr iilinute with tho ordinary tirrungenient 
of tho train of goars. The gnars may ulso bo cliaiigcd quickly to niiotlier combination wlicli 
will run tho record cylinder at  double speed. This will require additional driving weights. 

3220RR’-41-2 
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The chronograph circuit, passing through the coils of the pen magnet, is operated by a 
battery of two dry cells in series, so that a relatively strong spring may be used to draw the pen 
amaturo away from the pen magnet when the circuit is broken. This insuxes a sharp lateral 
movement of the recording pen, which is attached to the pen armature, on the breaking of tho 
circuit, and EL correspondingly sharp offset or break is secured in the helix which the pen traces on 
the drum. 

When observations are made on the lines of a reticle, an observing key is placcd in the 
chronograph circuit, which normally keeps the circuit closed, and breaks it only when tho key 
is pressed by the observer as the star is bisected by each of the lines of tho reticle. 

When the transit micrometer is used, the transit circuit, passing through the transit, the 
micrometer head and the coils of the transit relay, and ,operated by two dry cells in series, is 
connected with the chronograph circuit through tho points of the transit relay. The observing 
key and the transit circuit with its relay may be regarded as interchangeable, as eithcr one 
may bo joined into the chronograph circuit in the place of the other. 

The chronometer circuit is operated by a single dry cell, and passes through the coils of a 
relay, through the points of which it is connected with the chronograph circuit. Breaks in tho 
chronometer circuit are transmitted into breaks in the chronograph circuit by means of the 
chronometer relay. A condenser should be placed in the circuit across the terminals of the 
chronometer to prevent sparking and consequent injury to  !he contact points of the break 
circuit wheel in the chronometer. 

The strength of the current, the tightness of the spring which draws back the pen armature, 
the distance of that armature from the magnet core, and the range of movement of the armature 
must all be adjusted relatively to each other so that tho pen will furnish a neat and complete 
record of all the breaks in the circuit. The driving weight must be heavy enough to  overcome 
all friction and cause the governor hook to  be engaged frequently, but it must not be so heavy 
as to cause the hook to  be carried forward continuously after it is once engaged. Wliero a transit 
micrometer is used and the chronograph circuit is broken by means of a rolay placed in the 
transit circuit, this relay also must be adjusted to producc a short neat break of the clrono- 
graph circuit. 

In  operation the clironometer breaks the circuit automatically every second (or evcry two 
seconds) and the pen records the breaks upon the moving record sheet at  equal or very nearly 
equal linear intcrvals. Tlic chronometer is usually arranged to indicate the beginning of each 
minute by failing to  make a break for the fifty-ninth second, or if it is a two-second chronometer, 
by making a break for the fifty-ninth second. The hours and minutes may be identified by 
writing upon some point of the record sheet the corresponding reading of the face of tlio 
chronometer. In longitude work it is not essential t o  have tho hours and minutes on the 
chronograph sheet correspond to those shown on the face of the chronometer. It is customary 
to mark on the chronograph sheet such hours and minutes as wi l l  give the clock a correction 
of less than one minute, w l ~ c h  is equivalent to setting the chronometer t o  produce that readhig. 

Tho record of the exact thnc of the transit of a star is obtained in the following manner: 
miere a transit micrometer is used tlic star is bisected with the wire of the micronicter soon after 
it enters the field of view of the telescope (sce p. 18), and the observer endeavors t o  keep tho 
star bisected as it crosses the field. As the wire passes tlio various positions corrosponding to 
contacts on the micrometer liead the transit circuit is automatically made, and through tlie 
action of a relay it automatically breaks the clronograpli circuit and produces a record on t L  
chronograph sheet. Where an observhig key is used the observer breaks the chronograph 
circuit directly by pressing the key wllicll he holds hi liis liaxd; tllis is done as tho star transits 
each line of the reticle. In  each case the position of the additional break or record on the cliro- 
nograph sheet, with reference t o  the record mado by tlie chronometer, indicatcs accurately tho 
chronometer time a t  which it was made, the chronograph being assumed to run uniformly 
between adjacent chronometer breaks. To rcad tho fractions of 
seconds from the chronograph sheet ono may use eithcr a glass scale 011 which converging liiics 
make it possiblo to divide varying lengths of seconds into 10 equal spaces, or a small linear 

(Seo illustration No. 7.) 
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rule, so divided that 10 of its spaces fit closely a second’s interval of the chronograph, when 
the chronograph is making exactly one revolution per minute. Some of the chronographs now 
in use in the Survey are so constructed that when in perfect adjustment one second on the 
rccord will bo exactly 1 cm. in length. Such a record may be easily read by using a meter scale. 
When the linear scale does not fit the chronograph record cxactly a satisfactory reading is 
obtained by a slight shifting of the scale t o  fit the adjacent seconds marks as the transit records 
are successively read. This linear scale is much preferrod to the glass scale, as it enables one 
to  read the complete record for a star with one setting of the scale. Also by placing tho 0 
mark of the scale on an even 10-second mark (0, 10, 20, o ~ c . )  immediately preceding the star’s 
record, not only the fractional part of the second may be read at  once, but also the number 
of tho second. The beginning of each break made by the observer and by the chronometer is 
the exact point to  be used in reading the chronograph record, tlie break of the circuit being sharp 
and definite, while the mu7ce is indefinite. When an observing key is used and 11 breaks 
constitute a full record for a star, the star transits are u sudy  read from the record sheet to the 
nearest half-tenths (0.05) of a second; when a transit micrometer is used and 20 obser- 
-vations constituto the full record of a transit, tlle roading3 are made to tlie nearest tenth (0.1) 
*of a second only. In  longitude work it is custoniary to read the time signals to  the nearest 
hundredth (0.01) of a second, the chronograph then being run a t  double speed. There will 
occasionally be a slight interference between the chronometer and the star transit rccord caused 
by overlapping, but tho time of the observation can usually be identified and closely cstimated 
by coniparing the distances between the succossive breaks. 

A correction, called the contact correction, is sometimes applied to tho chronograph record 
of transits observed with a micrometer to account for tlie time required for the contact spring to 
cross tlie contact strip on the head of the micrometer. In  order to insure a satisfactory record 
the contact strips on the micrometer are given material width, since if they were reduced too’ 
much there would be an occasional skipping of a record. The micrometer wire travels from a 
diflerent side of the instrument for upper and lower culminating stars, and also before and 
after reversal of the telescope in its wyes, so that tho contact spring produces a record sometimes 
from one edge of the contact strip and sometimes from the other. Theoretically, the proper 
reduction would be to correct all observations for one-half. tlie movement of tlie micrometer 
wire from the beginning of the contact to its end. This may be measured on the micrometer 
head. The micrometer is turned very slowly until tho armature of a relay in tho transit circuit 
is heard to make the circuit; the micrometer head is then read. The motion is continued 
until the armature sounds the breaking of the circuit, and the micrometer is read again. The 
difference botwcrii the two readings is the movement of the wire in terms of divisions on the 
micrometer liead. This may be reduced to time when the equatorial value of the micrometer 
division is known. This correction is always plus, since the middle of the strip must always 
come under the contact spring iater than does its near edge. But being very small and having 
nearly the same effect on all time determinations with similar instruments it is without appre- 
ciable effect on the observed differences of longitude. Nor is tllis correction necessary in time 
determinations for gravity observations with pendulums. If we designate the contact correction 
on an equatorial star for any transit micrometer as n, then the contact correction for any star 
is n sec 6 orn C, where @, the collimation factor, is obtained directly from the table on pages 62-77, 
or graphicnlly ns shown in illustration No. 9. The equatorial contact correction on transit 
No. 1s is 0.008 second. 

THEORY OF THE TRANSIT INSTRUMENT. 

The meaning of the phrase Zine of coZZimation used in the preceding edition of tlus publication 
(Appendix No. 7,  of 1898) is adliered to in tlie present publication. The Zine of collimation may 
be defined as the line through tlie optical center of the objective and the middle point of the 
mean vertical line of the diaphragm or the micrometor wire in its mean position. It may be 
considered synonymous with the pointing line, sight line, or line of sight. The term collimation 
axis as wed in this publication may be defined as the line through the optical center of the 
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objective, and perpendicular to the horizontal axis (axis of rotation) of the telescope. The 
line of collimation and collimation axis of a telescope coincide only when there is no error of 
collimation in the instrument. 

If a transit instrument were in perfect adjustment the line of colliniation of the telescope 
would be a t  right angles to the transverse axis upon whicli the telescope rotates, and that 
transverse axis would be horizontal and in the prime vertical. Under these circum- 
stances the line of collimation would always lie in the meridian plane, and local sidered time 
a t  the instant when a given star crossed the line of collimation would necessarily be the same as the 
right ascension of that star. The difference then between the chronoketer time of transit of 
a given star across the line of collimation and the right ascension of that star would be the error 
of the c11,ronometer on local sidereal time. Before observing meridian transits for the deter- 
mination of time, the conditions stated in the &t sentence of this pnragraph are fulfilled as 
nearly as possible by careful adjustment of the instrument. The t h e  observations them- 
selves and certain auxiliary observations are then made in such a manner that the small remain- 
ing errom of adjustment may be determined, and the observed times of transit are corrected 
as nearly as may be to what they would have been had the observations been made with a 
perfectly adjusted instrument. The observed chronometer time of transit of any star across' 
the line of collimation as thus corrected being subtracted from the right ascension of that star 
gives tho correction (on local sidereal time) of the chronometer used during the observations. 

ADJUSTMENTS OF THE TRANSIT INSTRUMENT. 

Let it be supposed that observations are about to bz commenced at  a new station a t  which 
the pier and shelter for the transit have been prepared. By daylight make the 
preparations described below for the work of the night. 

By whatever means are available determine the approximate direction of the meridian 
and mark it on the top of the pier or by an outside natural or artificial signal. Place the 
sub-base or footplates of the instrument in such position that the telescope will swing closely in 
the meridinn. I t  is well. to fix the sub-base or footplates firmly in place by cementing them 
to the pier with plaster of Park when a stone, concrete, or brick pier is used, and by screws 
or bolts when a wooden pier is used. The meridian may be determined with sufficient accuracy 
for this purpose by means of a compass needle, the magnetic declination being known and 
allowed for. A known direction from triangulation or from previous azimuth observations 
may be utilized. All that is required is that the telescope shall be so nearly in the meridian 
that the final adjustment will come within the scope of the screws provided upon the instru- 
ment for the azimuth adjustment. 

The pivots and wyes of both instrument and level 
shocld be cleaned with watch oil, which must be wiped off to prevent its accumulating dust. 
They should be carefully inspected to insure that there is no d i r t  gummed to them. The lens 
should be examined occasionally to see that it is tight in its cell. It may be dusted off with a 
camel's-hair brush, and when necessary may be cleaned by rubbing gently with soft, clean 
tissue paper, first moistening the glass shghtly by breathing on it. 

Focus the eyepiece by turning the telescope up to the sky and moving tlie eyepiece in 
and out until that position is found in whicli the most distinct vision is obtained of the micrometer 
-*e. If any external objects are visible though the eyepiece in addition to the micrometer 
wire seen projected against a uniform background (the sky, for example) tho  eye will attempt., 
in spite of its owner, to focus upon those objects as well as upon tlie micrometer wirc and tlie 
object of the adjustment,,namely, to secure a focus corresponding to a minimum strain upon tdm 
eye, wi l l  be defeated to u. certain extent. 

Focw the objective by directing the tel9scope to some well-defined objcct, not less than a 
mile away, and changing the distance of the objective from the plane in which the micrometer 
Wire moves until there is no apparent change of relative position (or parallax) of the micrometer 
Wire and the image of tho object wlien the eyo is shifted about the front of the eyepiece. The 

(See p: 105.) 

. 
Set up the instrument and inspect it. 
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object of the adjustment, iianiely, to  bring tho image formed by the objective into coincidence 
mtn the micrometer wire is then accomplished. If the eyepiece has beeu properly focused this 
position of the objective will also be ths position of most distinct vision. The focus of the 
objective will need to be inspected at  night, using a star as the object, and corrected if necessary. 
Unless the focus is inado nearly riglit by daylight none but the brightest stars will be seen a t  all 
a t  night and the observer may lose time trying to learn the cause of the trouble. If the objective 
is focused at  night a preliminary adjustment should be made on a bright star and the .final 
adjustment on R faint star, as it is almost impossible to  get a very sharp image of a large star. 
A planet or the moon is an ideal object on which to focus the objective. Ascratchupon the draw- 
tube to indicate its approximate position for sidereal focus will be found a convenience. After 
a satisfactory focus has been found tho drawtube is clamped in position with screws provided 
for that purpose. 

Methods exactly similar to those described in the two preceding paragraphs are employed 
in focusing the eyepiece and objective when a diaphragm is used instead of the micrometer. 

If unusual dimculty is had with the illumination at  night, it is advisable to remove the 
eyepiece and look directly at  the reflecting mirror in the telescope tube. The whole surface of the 
mirror should be uniformly illuminated. If this is not the case, the mirror should be rotated 
until a satisfactory illumination is obtained. Occasionally the mirror must bo removed from the 
telescope and its supporting arm bent in order to make the reflected rays of light approximately 
parallel with the tube of the telescope. 

Adjust the striding level in the ordinary manner, placing it on tho pivots direct and reversed. 
If the level is already in perfect adjustment tho difference of the two east (or west) end read- 
hgs will be zero for a level numbered in both directions from the middle, or the sum of the two 
east% (or west) end readings will be double the reading of the middle of the tube for a level num- 
bered continuously from one end to the other. The level must also be adjusted for wind. In 
other words, if the axis of the level tube is not parallel to the line joining the wyes, the bubble 
will move longitudinally when the level is rocked back and forth on the pivots. The adjustment 
for wind is made by means of tho side adjusting screws a t  one end of the level. To adjust for 
wind, move the level forward and then back and note the total movement of the bubble. The 
wind will be eliminated by moving the bubble back one-half of the total displacement by means 
of the side adjusting screws. Then test again for wind, and repeat adjustment if necessary. 
In  placing the level upon the pivots i t  should always be rocked slightly to insure its being in a 
central position and in good contact. 

Level the horizontal axis of the telescope.-This adjustment may, of course, be combined with 
that of the striding level. 

Test the verticality of the micrometer wire (or of tho lines of the diaphragm) by pointing 
on some well-defined distant object, using tho apparent upper part of the wire (or of the middle 
line of the diaphragm). Rotato the telescope slightly about its horizontal axis until the object 
is seen upon the apparent lower part of the line. If the pointing is no longer perfect, the 
micrometer box (or reticle) must be rotated about the axis of figure of the telescope until 
the wire (or line) is in such a position that this test fails to  discover any error. 

To adjust the collimation proceed in the following manner: If a transit micromoter is used, 
place tho micrometer $e in its mean position, as indicated by the middle point of the rack or 
comb in the apparcnt upper (or lower) edgo of the field, the graduated head reading zero. 
Point on some well-defined distant object by means of the azimuth screws, keeping the wire 
in tho position iiidicatcd above. Rcvcrse the telescope in its wyes and again observe the distant 
objoct. If 
upon reversal the wire does not agahi bisoct the object, then the adjustmont is mado by bringing 
the wire halfway back to the object with the screw z, illustration No. 5.  Sot on the object 
again, using the azimuth screws, and test the adjustment by a second reversal of tha tdmcope 

If the transit has a diaphragm instead' of a transit micrometcr, the process is verysimhr 
to that doscribed above, though simpler. Point on some well-dofined distant object, using the' 

Tf the wire again bisects the object, tho instruiiicnt has no error of collimation. 
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middle vertical line of the diaphragm. Reverse the instrument in its wyes aid again observe 
the same distant object. If after reversal the wire covers the object no adjustment is 
needed. If an adjustment is necessary it is made by moving the diaphragm halfway back to 
the object by means of the adjusting screws which hold it in place. A second test should be 
made to show whether the desired condition has been obtained. 

Wherover practicable, the adjustment for collimation should bo made a t  sidereal focus 
on a torrestrid object a t  least 1 m i l e  distant, or on the cross wires of a theodolite or collimator 
which hns previously been adjusted to sidereal focus, set up just in front of the telescope of the 
transit. Occasionally, if 
neitlicr a distant object nor a theodolite is available for making the collimation adjustmont, 
a ncar object may be used for the purpose. In  this case, however, collimation error may exist 
when the tc,lescope is in sidereal focus. If such ercor is not large, the method of computations of 
the observations will eliminato its effect from the results. A rapid and cmeful observer may 
sometimes be able t o  make tllis collimation adjustment on a slow-moving close circumpolar 
star. In so doing he will have to estimate the amount the star moves while he is reversing his 
instrument and securing the second pointing. No attempt should be made to adjust tho 
collimation error to zero. If it is already less than say 0.2 second of time it should not bo 
changed, for experienco has ,shown tliat frequent adjustment of an instrumont causes looseness 
in the screws and the movable parts. 

To test a$nder circb which is supposed to read zenith distances, point upon some object, 
placing the image of the object midway between the two horizontal lines (guide lines); bring the 
bubblo of the finder circle level to  the center and read tho circlc. Next reverse the telescope 
and point again on the same object; bring the bubble to  the center and road tlie same findor 
circle as before. The mean of the two readings is the true zenith distance of the object, and 
their lidf difference is the index error of the circle. The index error may be made zero by set- 
ting tho circle to read the true zenith distance, pointing on the object, and bringing the vernier 
bubblo to the center with the level adjusting screw. At night this adjustment may be made 
by keeping a known star between the horizontal lines as it transits the meridian. While the 
telescope remains clampod in this position set the finder circle to read the known zenith dis- 
tance of %-he star and bring the bubble to the middle position of the tube as before. A quick 
test when tlicrc are two finder circles is to  set them a t  tlie same afigle and see if the bubbles 
come to tlie center for the same position of the telescope. 

Adjust the transit micrometer so that it will give 20 records which aro symmetrical about 
the mean position of the micrometer wire. 

The preceding adjustments can not always be made in the order named, as, for instance, when 
a distant mark cannot be seen in the meridian, nor need they all be made a t  every station. The 
observer must examine and correct them often enough to make certain that the errors aro 
alwnys w i t h  allowable limits. 

The azimut?L adjustment.-In the evening, beforo tlie regular observations are commenced, 
it will be necessary to put tho telescope more accurately in the meridian. If the chronometer 
correction is only known approximately, say within one or two minutes, set the telescope for 
some bright star which is about to  transit Witllin loo, say, of the zenith. Observe the chro- 
nometer time of transit of the star. This star being nearly in the zenith, its time of transit 
will bc but littlo affected by the azimuth error of the inetrument.' The collimation and level 
errors having previously been made small by adjustment, the right ascension of this star minus 
its chronometer time of transit will be a close approximation to the chronometer correction. 
Sow set the telescope for some star of large declination (slow-moving) whicli is about to transit 
well to the northward of the zenith. Compute its chronometer time of transit, using the chro- 
nometer correction just found. As that time approaches bisect the star with the micrometer 

If necessary the lines of the theodolite are artificially illuminated. 

For a description of this adjustment see page 10. 

1 To ovoid woltlng for Slors closo to tho monith tho chronomotor conaction may also be ostimatcul closoly by comparing obsorvalions of two slors 
not very distant from tho raoith,ononorthandonesouth, and thosoot thossmo'timo wlllglvosomoidosofthoamountnnd direction of tho IIEhIUth 
mor. 
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wire in its mean position or with the middle vertical line of the diaphragm and keep it bisected, 
following the motion of the star in azimuth by the slow-motion screws provided for that pur- 
pose, until the chronometer indicates that the star is on the meridian. 

The adjustment may be tested by repeating the process; that is, by obtaining a closer 
approximation to the chronometar erroq by observing another star near tlie zenith and then 
comparing the computed cllronometer time of transit of a slow-moving northern star wit11 
the observed chronometer time of transit. If the star transits apparently too late, the objective 
is too f a r  west (if the star is above the pole), and vice versa. The slow-motion azimuth sciew 
may then be used to reduce the azimuth error. This process of reducing the azimuth error 
will be much more rapid and certain if, instead of simply guessing at  the movement which must 
be given the azimuth screw, one computes roughly what fraction of a turn must be given to it. 
This may be done by computing tho azimuth error of the instrument roughly by the method 
indicated on page 35, liaving previously determined the value of one turn of the screw.’ 

If from previous observations the chronometer correction is known within, say, five seconds, 
the above process of approximation may be commenced by using a northern star at once, instead 
of first observing a zenith star as indicated above. 

Or, tlie chronometer correction being known approximately, and the instrument being fur- 
nished with R screw or graduated arc with which a small horizontal angle may be measured, 
the first approximation to the meridian may be made by observing upon Polaris, computing the 
azimuth approximately by use of tables of azimuth of Polaris at  different hour angles then by 
means of the screw or graduated arc swinging the instrument into the meridian. The tables 
roferred to are given in Appendix No. 10 of the Report for 1895, in “Principal Facts of tlie 
ICarth’s Magnetism, etc.,” (a publication of the Coast and Geodetic Survey), or in the Amori- 
can Ephemeris and Nautical Almanac. Where saving of time is an important consideration, 
the latter method bas the advantage that Polaris may bo found in daylight, when the sun is 
not too high, by setting the telescope at  the computed altitude and moving it slowly in azi- 
muth near the meridian. It is advisable to use a hack chronometer and the eye and ’ear 
method in making tho azimuth adjustments, the chronograph bgkg unnecessary for tlk pur- 
pose, even when available. 

OBSERVING LIST. 

The following is an example of the list of stars selected for time observataons at stations of 
R lower latitude than 50’. The second time set uhown in this list is computed on page 26, and 
enters into the longitude determination shown on page 84. Each set consists of two half sets 
of six stars each, selected in accordance with the instructions shown on page 80. Such a list, 
prepared in easily legible figures, should be posted in the observatory. 

1 Somo of tho morldlan talescOpos carry a small gadtmtod arc on tho doublo bau, of tho h m o ,  whlch mny bo usod for measuring tho small anglo 
horn requlmd. 



Form 25&* __ 
star r a c m  

hfagnl- Rlght ascension Docllnatlon Zenith distance - . - - 
A C D  

logue tude a a c 8tar Cats- 

I __ - __ 
o /  h m s  

B t  BTauri 1.8 5 20 25 +28 32 N 3 59 -0.08 1.14 1.14 
AS x Aurigaa 5.0 26 40 +32 07 N 7 34 -0.15 1.18 1.17 
B I Ononis - 2.8 30 53 - 5 58 S 30 31 +0.51 1.01 0.87 
B o Aurig.ae 5.7 38 42 +49 47 N 25 14 -0.66 1.55 1.40 
B c Leporis 3.5 42 44 -14 61 S 39 24 +0.65 1.04 0.80 
A vAurigae 3.9 46 03 +39 07 N 1 4  34 -0.32 1.29 1.25 

B 6 Aurigae 3.8 5 51 52 +M 17 N 29 44 -0.85 1.71 1.48 
B 0 Aurigae I 2. 7 53 23 +37 12 N 12 39 -0.28 1.26 1.22 
B Y Ononis 4.4 6 02 16 +14 47 S 9 46 +'I, 18 1.04 1.02 
B Geminor. 3.3 09 16 +22 32 S 2 01 +0.04 1.08 1.08 
B 8 Monocer. 4.5 18 50 + 4 38 S 39 55 +0.34 1.01 0.94 
B 10Monocer. 5.0 23 22 - 4 42 S 29 15 +0.49 1.01 0.88 

B S Monocer. 4.4 6 35 61 + 9 69 S 14 34 +0.26 1.02 '3.98 
A PAurigae 5.5 40 02 +43 40 N 19 07 -0.45 1.38 1.31 
B 18 Monocer. 4.7 43 01 + 2 31 S 22 02 +0.37 1.01 0.93 
B 0 Geminor. 3.4 46 40 +34 04 N 9 31 -0.20 1.21 1.19 
B c Geminor. 3.8 58 36 +20 42 S 3 51 +0.07 1.07 1.07 
B 6SAurigae 5.0 7 05' 16 +39 28 N 14 55 -0.34 1.30 1.25 

B I Geminor. 3.8 7 19 57 +27 69 N 3 26 -0.07 1.13 1.13 
B ,9 CanisMin. 2.9 22 06 + 8 29 S 16 04 40.28 1.02 0.97 
B n CanisMin. 0.5 34 26 + 5 28 S 19 05 +0.33 1.01 0.95 
B ,9 Gemnor. 1.1 39 38 +28 15 N 3 42 -0.08 1.13 1.13 
B A Geminor. 5.5 41 31 +33 39 N 9 06 -0.19 1.21 1.18 
A +Germnor. 5.0 47 48 +27 00 N 2 27 -0.05 1.12 1.12 

I 

* Form 256, known as "Coast and Goodotic Survey, 1,ongltude Record and Computation," Is a book containing all the 

1 When achronogreph fs being used, it is custohary to koop the chronomotor whhh fs connected with the chronograph protmhd BS cardully as 
possible from rapld change5 of temperature and from jars. During the observntlons It Is not usually romoved from I@ protecting box, but instead 
an extrachronometer (sometimes called a hack chronometer) is used at tho instI'umeIIt. 

-$.=!24033' 
- 

agFz& 
I 

- ___ 

-0.02 
-0.02 
-0.02 
-0.03 
-0.02 
-0.02 

-0 03 
-0.02 
-0.02 
-0 02 
-0.02 
-0.02 

-0.02 
-0.03 
-0.02 
-0.02 
-0.02 
-0.02 

-0.02 
-0.02 
-0.02 
-0.02 
-0.02 
-0.02 

dltlerent forms used 
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graph will always follow the event by a t h o  interval, known as personal equation, which 
depends mainly on the rapidity of tho action of the nerves and brain of tho observer.’ 

It may occur to a new observer to attempt to make this time intei-val zero by anticipating 
the bisection of the starb image, and this he may suc’ceed in doing. He may even make the 
personal equation negative. The accumulated oxporience of many observers, howBver, is that 
it is better to observe in the manner first indicated and have a large and c6nstant personal 
equation, rather than to reduce this personal equation to  a slnall but at  tho same time rather 
variable quantity. Tho method of observing with a transit micronioter practically eliminates 
the personal equation from the time observations. In  other methods it may be eliminated 
from the results by special Observations, or by programs of observing especially devised for 
that purpose. (See p. 91.) 

At about the middle of the observations which are to constitute a set tho telescope should 
be reversed, so that the effecte of the error of collimation and inequality of pivots upon tho 
apparent times of transit may be reversed in sign. Thrco or four readings of the striding level, 
in each of its positions0 (direct and reversed) should be taken during each half set. To eliminate, 
in part at  least, the effects of irregularities in the figure of the pivots upon the determintttion of 
the inclination of the axis, it b desirable t o  take the level readings with the telescope inclined 
at the various practicable angles at  which stars are observed, and to mako half of them with the 
objective to the northward and half with the objective southward. Great cam should be 
taken to avoid unequal heating of the two ends of tho striding level. Tho level readings may 
be checked and possible errors oftcn dotected by tho fact that the bubble length should bo 
constant except for the offect of change of tcmperature (the bubble shortens with rise of tem- 
perature) and in observing and computing this should be kept in mind. A very short length 
of bubble should not be used on account of increased tsndoncy to stick, and extremo Icngth 
should be avoided. bocause of danger of running off tho graduation. In  using the striding love1 
it is important that the bubble be given t h o  to  come to rest bcfore reading. 

The only differenco between the eye and ear method of observing time and the chronograph 
and key method just described is in the process of observing and recording tho times of transit 
of the star image across the separate lines of the diaphragm. 

Before using the eye and ear method the observer must fmt learn to pick up the beat of a 
chronometer and to carry it even while paying attention to other matters. To pick up the 
beat of a chronometer, first look at  some second’s mark two or more seconds ahead of the second 
hand. Name it 
exactly with the tick at  which the second hand reaches it. Then, keeping the rhythm of the 
chronometer beat, count the seconds and half seconds (aloud, in a whisper, or mentdy),  always 
keeping the count exactly with the tick of the chronometer. In  counting it wiU be found easier 
to keep the rhythm if the names of the numerals aro elided in such a way as to leave but a 
single staccato syllable in each. The half-second beat should bo marked by the word “half,” 
thus-one, half,’ two, halt, t h e e  . . . twcnty, half, twenty-one, half, twenty-two . . . and so 
on.’ With practice, an observer can carry the count of the boat for an indefidte period 
without looking at  the chronometer face if he can hear the tick. If he becomes expert, he will 
even be able to carry the count for a half minute or more during which he has not even heard 
tho tick. The chronometer should, of course, be placed where it can be seen and lieard by the 
observer with as little effort as possible. 

To observe tho time of transit of a star across a given line the observer first picks up the 
beat of tho chronometer as the star approaches the line. At the last tick of the chronometer 
occurring bcfore the transit he notes mentally the number of the tick, and also carefully observes 
tlie apparent clistanco of the star from the line. At the ncxt tick tho star is on tho other sidc 
of the line and the observer notes nguin the apparent distance of the star from the line. By a 
mental comparison of tlieso two distances he estimates fifths of the t h e  internal between tlie two 
ticks of the chronometer and obtains his estimate of the t h o  of transit to the nearest tenth of 
a second. Though the mental processes involved may seem dimcult at first, practice soon malm 
them easy. An experienced observer using this process is able to estimate the time of transit 

vntion to show tho position in tho mlnuta. 

Fix the number of that second in mind as the second hand approaches it. 

______ 
1 Anothor mothod ofton usod Is to count only to 10 (thus uslng only words of ono sylleblo) and to glance at thoohronomoter after tho obsw 
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of a star's image across a line of the diaphragm with a probable error of about &-P.l. It is 
conducive to accuracy for the observer to acquire the habit of deciding definitely, without 
hesitation, upon the second and tenth as soon as the event is complete. Hesitation in this 
matter is likely to cause inaccuracy. 

EXAMPLE O F  RECORD AND PART OF THE COMPUTATIONS. 

There are shown on pages 1 8 , 2 6 2 2  examples of the list of stars and the original transit level 
readings made in the observatory at the time of the observations, II set of time observations 
as read from the chronograph sheet, and the computation of a-t (right ascension minus the 
chronometer time of transit) for each star. The computation of AT (the mean correction to 
the chronometer) is shown on page 26. These computations are for ihe  second set of stars 
given on page 18. 

These observations were made under the General Instructions for Longitude Determintlr 
tions with the Transit-Micrometer, which are given on page 79 of tliis publication. 

Longi2u.de record, 
Form 34. 

[Station, Key West. Date, Fob. 14,1907. Instrument, Transit No. 2. Observer, J. 8. Hill.] 

Set I 

Levels 

U' I.: 
Stars 

d N  d 
Clamp or band, W 17.7 58.8 

p Tauri GO.l 19.0 
~ A u r i g a c  
t Orionis S 
o hurigao 17.7 58.8 
Y Aurigao 61.2 20.0 

.. 
N 

17.6 58.9 
60.7 19.3 

S 
17.6 59.0 
61.7 20.2 

__ 
N 

Clamp or band, E 17.0 58.7 
6 Aurigae 61.3 19.7 
0 Aurigae 

8 Monocer. 17.2 59.0 
10 Monocer. G1.9 20.0 

,, Geminor. S 

! 

N 
16.8 58.7 
61.3 19.4 

Set I1 

Levels 

11' I.; 
Stars 

d N  d 
Clamp or band, W G2.0 20.0 

S Moiiocer. 17.7 59.5 
4 Aurigae 
18 Monocer. S 
0 Geminor. 61.2 19.4 
c Geminor. 17.7 59. G 

63 Aurigac 
N 

61.5 19.5 
. 17.7 59.7 

. N  
Clamp or band, E 1G.8 68.9 

t Geminor. 61.6 19.5 
p CanisMin. 
a CaiiisMin. S 
,9 Geminor. 17.4 59.7 
x Geminor. G2.1 19.7 
6 Geminor. 

N 
17.0 59.4 
62.0 19.5 

S 
36.9 59.4 
62.3 19.9 

1 div. of level scalo-2".3Z2. 
Pivot inequality -0.ooO. 
Remark Cable w89 used direct, without repeaters, between LIiama and Kay We& 

Chronometer 1824. 
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s 

10.2 
10.6 
17.2 
17.7 
18.0 

18.8 
19.1 
19.8 
20.6 
20.7 

While the following method of computing waa devised for observtltions with the transit 
micrometer, it is not limited in its use to such observations. The star list for which observa- 
tions and computations are shown on the following pages could have been observed with a 
key and the computation made in the same manner as the one which follows. The only dif€er- 
enco is that had the observations been made with a key not so many records would have been 
obtained and the observations would have been subject to ~1 large observation error, called 
personal equation. (See p. 90.) 

Explanation of the formulaa and methods used-in this computation follows the examples 
of the record and computation. 

Form 2M).* 
[Stbtlon, Koy Wost. Dnto, Fob. 14,1807. Instrument, translt No. 2, with transit m6cmmoter. Obsorvor, J. S.11111. Recorder, 7.8. Hill. Chro. 

nomotor. Sidoroal 1824.1 

a Sums 

20.0 42.2 
26.6 2.0 
24.8 2.0 
24.3 2.0 
23.8 1.9 

23.1 1.9 
22.9 2 .0  
22.3 2.1 
21.0 2.1 
21.4 I 2.1 

a s  

41.3 
41.8 
42.8 
43.6 
43.8 

44.7 
46.3 
48.0 
40.9 
47.2 

-- 
64.0 
63.6 

61.9 
61.4 

62.11 

m e  
EQ.3 
49.3 
48.6 
48.1 

8 8  

19.5 
20.0 

21.3 
21.7 

22.3 
22.8 

24.3 
24.6 

2o.e 

23.8 

-- 
30.4 
30.1 

28.7 
28.3 

27.0 
27.1 

25.7 
26.4 

29.4 

20.4 

8 0  

41.6 
41.9 
42.6 
43.1 
43.3 

44.0 
44.3 
44.8 

45.7 
45.4 

-- 
60.5 
60.2 
49.7 
49.1 
48.8 

48.1 
47.9 
47.3 

46.3 
46.8 

8 8  

32.0 
32.4 
33.1 
83.8 
33.8 

34.0 
36.0 
35.0 
30.1 
30.4 

-- 
41.4 
41. 1 
40.4 
30.8 
39.6 

38.8 
38.6 
37.9 
37.4 
37.1 

c Gominor. 
W 

18 Monocer. 
w ' 

W E  
d d 

17.7 69.0 

+43.5 -40.2 

8 81.2 19.4 

- -  

+3.3 

or IOVOI constant: M 

h m  
0 42 

: Gominor. 
W 

W E 
d d 

h' 01.5 19.6 
17.7 69.7 -- ~ 

+4.8 -40.2 
4-3.0 

. 

I3 Aurlgae 
N 

Stnr: S. Moaocer. 
Clamp: W 
IAvol: 

W E 
d d 

N 02.0 20.0 
17.7 69.6 

+44.3 -39.5 
__ - 

+4.8 

h m  
0 3 5  

Cornputatlo 
d 

Ln N+4.20 
s+3.35 

h m  
8 40 

h nr 
0 39 ' 

h m  
7 0 4  

a Sums 
-- 
07.0 122.3 
66.6 . 1  
06.8 .!a 
06.1 .2 
64.6 .1 

83.8 .3  
e3.4 .2 
02.0 .1 
01.9 .2  
01.6 .2 

Sum 1221.9 
- 

- 
Sums 

- 
Sums 
- 

95.3 
. 3  
. 4  
. 4  
. 3  

. 3  

.6 

. 3  

. 4  

. 3  

- 
Sums 

- 
a 
- 
66.3 
66.0 
€4.4 
67.1 
67.6 

68.4 
68.8 
69.5 
00.3 
Do. 7 

13.4 
. 5  
. 6  
. 4  
. 4  

. 4  
- 6  
. 6  
. 5  
. b  

92.0 
. 1  
. 2  
. 2  
. I  

. 1  

. a  

. 1  

.o 

.o  

49.9 
60.1 

. o  

.o 

. o  
49.9 
8. 8 

50.0 
.o 
. o  

- 
Bum 021.0 

- 
8um 480.8 

24.99 

- .02 
+ .I7 

6 40 26.14 
e 40 40.17 

+16.03 

734.0 Sum 963.0 Sum 420.3 

21.02 
-~ 

- .02 
+ .16 

6 68 21.16 

+KO0 
o m3 313.10 

. -___ 
01.10 Mean 30.73 47.08 40.05 

Rt  
a - .02 
Bb + .14 
t 0 36 36.86 
U 0 36 61.86 
(U-t)  +16.00 

- .03 
+ .19 

6' 3Q 47.84 
0 40 02.92 

4-16.08 

- $02 
+ .14 

0 42 46.17 

+16.04 
e 43 01.21 

- .M 
+ .18 

7 l i5 0 1 . a  
7 05 1628 

+u.a 

* 8ee noto b l o w  table on p. IS. 
t R, ooneatlon for rate, ls aogUgiblo in INS t h o  set. 
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\V E 
d d 

X 17.0 50.4 
02.0 10.5 

+45.0 -39.0 
+5.1 

Form w).* 
[Station, Koy West. Data, Fob. 14, 1007. Instrument, t r n k i t  No. 2, with rrnnslt micromotor. Ohsorror. J. S. Hill. Rocordor. J.  S. Hill. Chro- 

nomoter, Gidorenl1824.] 

W E  
d d 

S 10.0 50.4 
02.3 10.0 

+45.4 -30.5 
- _ _ - -  

+5.0 

Star:r  Geminor. 
Clamp: E 
Lovol: 

W E 
a d 

N 10.8 58.0 
01.0 19.5 - -  

+44.8 -30.4 
+5.4 

8 

57.1 
50.8 
50.1 
55.5 
65.2 

54.0 
54.4 
53.7 
53.0 
52.7 

p Gominor. 
E 

Sums 
-- 

105.0 
5.0 
4.8 
4.8 
4.0 

4.8 
5.'0 
4.8 
4.8 
4.8 - 

x Gominor. 
E 

s 
_- 
8 . 8  
28.5 
27.7 
27.0 
20.8 

20.1 
25.7 
25.0 
24.3 
24.1 

.$ Gcminor 
E 

Sums 
- 

47.3 
.3 
.2 
.1 
.3 

. 3  

.3 

.3 

.4 

.4 - 

p Cnnb Mln. 
E 

s 

20.5 
20.8 
30.3 
31.0 
31.3 

32.0 
32.3 
33.1 
33.8 
84.1 

a cmishin. 
E 

8 Sums 
__-___ 

39.0 00.1 
39.4 .2 
38.5 68.8 
37.8 .8 
37.5 . R  

30.8 . R  
30.5 . 8  
35.0 00.0 
35.1 U . 0  
34.8 I . O  - 

22.3 
21.0 
21.1 
20.4 
20.1 

19.4 
19.0 
18.3 
17.5 
17.2 

W E  
d d 

S 17.4 50.7 
02.1 10.7 

+44.7 -40.0 
- -  

+4.7 

-- 
33.0 

. 5  

. G  

. o  
:7 

. 7  

.7 

.7 

.0 

. 5  - 

- 
10.7 
10.4 
15.7 
15.1 
14.8 

14.2 
13.0 
13.3 
12.0 
12.3 

_- 
24.2 

. 2  

. l  

.1 

.O 

-1 
. l  
.1 

, .o 
.O - 

d 
[ e m  N+5.25 

6+5.30 1 Cornputatis I of level constnnt: 

- I 8  
+5.28)(0.030- +02& b, 

h m  
7 10 

h m  
7 34 

h m  
7 41 

h m  
7 47 

- 
Sums 
- 
86.1 

. 2  

. 2  

.1 

. 2  

. 3  

.1 

.31 

. 3  

. 2  - 

- 
8 
- 
37.8 
38.3 
38.0 
39.0 
30.0 

40.7 
41.0 
41.7 
42.5 
42.8 

- 
S 
- 
48.3 
47.0 
47.3 
40.5 
40.3 

45.0 
45.1 
44.0 
43.8 
43.4 

- 
8 

- 
47.0 
48.2 
48.7 
40.3 
40.7 

50.2 
50.0 
51. 1 
51.8 
52.1 

- 
S 
- 
07.5 
07.8 
08.4 
09.0 
09.2 

00.0 
10.2 

11.4 
11.7 

lo: 8 

__ 
8 

- 
1R. 5 
18.8 
10.5 
20. 1 
20.5 

21.2 
21.0 
22.3 
23.1 
23.3 

- 
11.3 
11.0 
12.5 
13.2 
13.0 

14.3 
14.7 
15.4 
10.1 
10.3 

Sum 802.0 

--____ 
Mean 43.10 

~~ 

1G. 81 34.40 - 52.44 12.04 23.04 

Rf 
I - .02 
Bb + .23 
1 7 10 43.31 
a 7 I'J . 57.74 
( U - f )  +14.43 

- .02 
+ .20 

7 34 12.22 
7 34 20.07 

+ 14.45 

- .02 

+ .23 
7 30 23.85 
7 39 38.20 

+14.41 

- .02 
+ .24 

7 41 17.03 
7 41 31.45 

+14.42 

- .02 
f + .23 

7 47 34.07 
7 47 40.14 

+14.47 

- .02 
+ .20 

7 21 52.03 
7 22 07.08 

- 

+ 14.45 

* See noto b l o w  lab10 on p. 18. 
t l<, correction for rnto, is negligilh in thls tlmu bel. 

CORRECTION FOR INC1,INATION 01" AXIS. 

If the horizontal axis of the telescope is slightly inclined to  the horizon and the telescope 
is otherwise in perfect adjustment, the line of collimation will, when the telescope is rotated 
about its horizontal axis, describe a plane which passes through the north and south points o€ 
the horizon and makes an angle with the meridian plane equal 'to the inclination of tho axis to 
the horizon. If the eastern end of the axis is too high, the transits of all the stars above the 
pole (apparently moving westward) will bc observcd too late, and the transits of all subpolarj 
will be obvcrved too early, and i t  is therefore necessary to correct the observed times of transit 
by means of the readings of the striding level, taking into account the inequality of thb pivots, 
if appreciable. 

Let w and e be the readings of the west and east ends, respectively, of the bubble of the 
striding IeVel for a given position of the telescope axis. Let w' and e' bo tho corresponding west 
and east readings after the level is rcyersed, the tclescopc axis rernahimg as it was. Let  d be 
the value of a division of the level iii seconds of arc. Then for /3, the apparent iricliriatioii of the 
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telescope axis expressed in seconds of time, we may write, if the lovel divisions are numbered 
in both directions from the middle: 

a a in which - is a constant for tho level, - being the value of one division of the love] hi seconds 

of time. 
If the lovel divisions are numbered continuously from one end of the level to tho other the 

above formula takes tho form * 

GO 15 

in which tho primed letters refer to  that position of tlio level in which tho zero end of the tube 
is to tho West.' 

Inequality of pivots.-T4e level readings give a detormination of the inclination of the line 
joining the points of the two pivots, wllich are midway botweon tho lines of contact of the pivots 
and the wges of the level, but do not give tlio required inclination of tlio axis of rotation of the 
telescope (which is the line joinbig the centers of tho two pivots) unless tlie pivots are of tlie same 
size. Let p ,  the pivot inequality, be the angle, expressed in seconds of time, botwoen the lino 
joining the centers of the pivots and the line whose inclination is determined by the level readings, 
and let this angle be called positive if the pivot nearest the designating mark (band, clamp, or 
illumination) is the smaller. 

Then 
b I v = p w + p  and bs=/3,-p 

in which b is the requlred inclination of the axis of rotation of the telescope. The subscripts 
indicate tho position, to the westward or to the eastward, of the bright band, tho clamp, or the 
illumination, or wliatovor mark is used to distinguish botwcon the two positions of the telescope 
axis. Tlie pivot inequality, p ,  is ordinarily derived from a special series o€ observations taken 
for that purpose. For an example of such a series, with the corresponding formula and com- 
putation, soo page 44. 

The correction t o  the obsorved time of transit of any star for inclination is 

1, COS c SGC 6= bB, 

ni which 6 is tlio declination of the star and c is its zenith distanc? (=+ - 6 for all stars above 
the pole, and =+ + 6- 180' for subpolar stars). Tho factor B= cos c sec 6 is tabulated on pages 
62-77, but is much more easily obtained with the graplhal device shown in illustration No. 9 
and explained on page 61. 

It is the present practico in this Survey to ussumo that b, the inclination, is constant for 
each half set, and it is coinputed in tlie following manner: W i t l h  oach l i d  sot tlio moan of tho 
obsorved values of /? with objective northward is fmt derived, then the corrosponding moan 
with objcctivct southward, and finally the moan of theso two moans is taken as the /3 for the 
half sot. 

Tho valuo of U for' each star, as taken from either the table on pagos 62-77 or tho graphical 
device shown in illustration No. 9, is givon in the observing list on page 18. 

It is positive for stars abovo the pole and negative for subpolars. 

- 
1 As w IS ulwnys gmntor thoii w' and c ly always less thnn e', tho slgn of the wast dlffetunm ls nlwayY + md of the enst dlllomnm is always -, 

so that when the dflemnces am taken vertically, tho resulting sign of the level correct1011 wlll at once bo apparent, a8 shown Iu the following 
example: 

West Enst 
d d 
m.0 , 20.0 

69. 1 17.7 

+44.3 -39.6 
+4.8 

- - 

S Thwa f o r h e  am exact Only 111 case the angle of the level wyas ly the same BS the nngle of tho SUppOrthg WyaS.  
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INCOMPLETE TRANSITS WITH. TRANSIT-MICROMETER. 

l€ the transit of a star observed with the transiGlnicrometer is incomplete, only the obser- 
vations which are symmetrical with regard to the mean position of the micrometer Wire arc 
used and thoso for which the symrnetricd obscrvations are lacking arc rejected. (See General 
lnstructions for Longitude Determinations, p. 79.) Incomplete transits by other methods of 
observing are utilized by a method of reduction shown on page 32. 

CORRECTION FOR RATE. 

If the chronometer rate is not zero, the cllronometer correction changes during the progress 
of the time set. To reduce each observed time of transit across the mean l ine to whac i t  woiild 
have been had the rate been zero (and the correction equal to  that wluch actually existea at 
the mean epoch of the set) apply the following correction: 

100 

8 

0.02 
.02 
.02 
.02 
.02 
.01 
.01 
.01 
.oo 

R= ( t -  To) r h  

z o o  30" 
_________ 

8 8 

0.02 0.02 
.02 .02 
.02 .02 
.02 .02 
.02 .02 
.01 .02 
.01 .01 
.01 .01 
.oo .o 

in which t is the chronometer time of transit of a star, To is the mean epoch of the time set, that  
is, the mean of all the chronometer times of transit, and rh is the hourly rate of the chronometer 
on sidereal time, + when losing and - when gaining. The quantity ( t -  To) is expressod in 

,hours. The above is the correction as applied to the observed time of transit of the star; applied 
to a-t, the sign is reversed. 

The correction for rate may be looked upon as a refinement which is not always essential. 
If a time set has perfect symmetry of arrangement, the effect of introducing a rate correction 
into the computation will be shown only in the residuals, as it will have no effect on the com- 
puted clock correction. If the daily rate of the chronometer is less than five seconds, it can be 
ignored in the computation of all time sets except those in which one of the half sets contains 
many more or less stars than the other, or in which one of the half sets extends over a very 
much longer period of time than the other. In  all cases where the rate is greater than five seconds 
per day it should be considered, and it should be omitted only after n preliminary test shows its 
effect on the chronometer correction to be negligible. 

CORRECTION FOR DIURNAL ABERRATION. 

The effect of the anfiual aberration due to  the motion of the earth in its orbit is taken into 

The correction for diurnal aberration to be applied to an observed time of transit across 
account in computing apparent star places and need not be considered here. 

the meridian is 

This correction may be obtained easily by the graphical device shown in illustration No. 9 
and described on page 61, but it is also given in the following table. It is minus for all stars 
observed a t  upper culmination and p2us for stars observed at  lower culmination. 

K=08.021 COS 6 SfX? b 

80- 

8 

0.12 
.12 
.ll 
.!O 
.09 
.08 
.OG 
.04 

-- 

Latitude 
-9 

O0 
loo 
20° 
30' 
40' 
5oo 
GOO 

70° 

8oo 

.___ 

85" -- 
8 

0.24 
.24 
.23 
-.21 
.18 
.15 
.12 
.OS 

Table of d i w n u l  a6erration ( K) . 
- 

Decllmtlon-d 

8 

0.03 
.03 
03 

.03 

.03 
-02 
.02 
.01 
.01 

0' 

8 

0.04 
-04 
.04 
.04 
.03 
.03 
.02 
.Ol. 
.01 

8 

0.02 
.02 
.02 
.02 
.02 
. 01 
. 01 
. 01 
.oc 

40' 

8 

0.03 
.03 
,03 
.02 
.02 
.02 
. 01 
. 01. 

.oo 

-- . - 
70" 

8 

0.06 
.06 
.06 
.05 
.06 
.04 
.03 
.02 
.01 

75" 

8 

0.08 
.08 
.08 
.07 
.06 
.06 
-04 
.03 
.01 
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DERIVATION OF ( c z - ~ ) .  

The correction for diurnal aberration, inclination of axis, and rate (it considered) being 
applied to the observed time of t rad i t  across the meap position of the micrometer wire (or 
mean line of the diaphragm) as shown in the computation on pages 21-22, the result ht, an approxi- 
mate time of transit across the meridian. The apparent right ascension at the time of observa- 
tion is taken from some stM catalogue, giving apparent plaoes, such RS the American Ephemeris 
and Nautical Almanac or the Berliner Astronomisches Jahrbuch (preferably the former) The 
difference between t and the right ascension, a, of the star a t  the t h e  of observation, (a-t). 
an approximate correction to the chronometer time. 

In taking right ascensions from tlie star oatalogue it is necessary to interpolate for the 
longitude of the observer, and to consider second differences when they affect the result by RS 

much RS R hundredth of a second. 

THE COLLIMATION CORRECTION. 

If the instrument is otherwise in perfect adjustment, but liRs a small error in collimation, 
the micrometer wire in its mean position (or the mean lino of the diaphragm) will describe R 
s m d  circle pardel  to the meridian and at an angular distance, the error of collimation, from it, 
when the telescope is rotated about its horizontal aids. 

The collimation,correctioii = G soc 6- Cc, 

in which c is the angle, expressed in seoonds of time, between the line of sight defined by tho I 

micrometer wire when in its mean position (or by the mean line. of the diaphragm) and a plane 
perpendicular to the horizontal axis of the telescope. In  other words, c is the angle between tho 
line of coZiintation and the collimation axk. It is considered positive for R given 
telescope if the line 01 sight is too far east (and stars a t  upper culmination are therefore observed 
too soon) when the illumination (or bright band) is to the westward. This convention of sign 
is purely arbitrary, however. c is derived from the time computations by one of the processes 
shown on pages 26, 34, and 42. 

It is more easily obtained 
from the graphical device shown in illustration No. 9 and described on page 61. For observa- 
tions made with illumination (or band) to the westward C is to be considered positive for stars' 
at upper culmination and negahva for stars a t  lower culmination. The signs are reversed with 
illumination (or band) east. 

(See p., 13.) 

I 

The factor C is written for sec 6 and is tabulated on pages 62-77. 

THE AZIMUTH CORRECTION. 

If the instrument is otherwise in adjustment, but lias a sin& error in azhuth,  the inicrome- 
ter wire in its mean position (or tlia mean line of tlie diaphragm) will describe R vertical circle 
on tlie celestial sphere a t  an angle with the meridian. The correction in seconds to an observed 
t h e  of transit for thk azimuth error is, 

Azimuth correction=a sin c soc 6= Aa, 

in which a is the angle expressed in seconds of t h e  between tho meridian and. the vertical circle 
descpibed by tlie mean position of tho inicronietcr wire.' It considered positive when tho 
colliqiation axis is too far to the east with the telescope pointed south. 

. For convenience A is written for sin*[ sec b and will be found tabulated on pages 62-77. 
It can be more easily obtained with the graphical device shown in illustration No. 9 and described 
on page 61. Tho factor A is considered positive for all stars except thoso between th6 zenith 
and the polo. 

1 In prnctico tliore always OXLsts nu o r m  of oolllmatlon, yo I n  genom1 a b the angle b t w v w  tho morldfan and tho aris of colllmetlon. 
322088"--41-5 
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dt 

8 

0.00 
+0.08 
+0.04 
+0.03 

0.00 
+0.02 

-0.57 
-0.55 
-0.55 
-0.59 
-0.68 
-0.53 

a is derived from the obsorvations by one of the processes shown on pages 26, 34, 39, and 
42, attention being paid to sign as indicated above. 

COMPUTATION OF AT, c, AND a WITHOUT LEAST SQUARES. 

c 
-- 

+LO2 
+1.38 
+LO1 
+1.21 
+1.07 
+1.30 

-1.13 
-1.02 
-1.01 
-1.13 
-1.21 
-1.12 

The following method of computation was devised shortly after the time (1905) the transit- 
micrometer was adopted by this survey for use on longitude work and it is used both in the field 
and in the office for the find computation of all time observations made with the transit microme- 
ter at  stations in latitude less than 50'. In all latitudes greater than 50' the leashquare 
solution is used in obtaining the k a l  resulb. There is also a somewhat different method of 
computation (shown on p. 34) used when the stars of a* time set consist of four time stars and 
one azimuth star. This method was used in the field for a number of years. 

Computation of .time set. 
Form 2w.* 

[Stetton, Key West, Florldg. Date, Feb. 14, 1807. &t,2. Obsorver, J. 8.  H,M. Cornputor, J. 8. H111.1 

Star 

1. S Monocer. 
2. #b Aurigae 
3. 18 Monocer. 
4. 0 Geminor. 
5. c Geminor. 
6. 63 Aurigae 

7. I Geminor. 
8. /I Can. Min. 
9. a Can. Min. 

10. /I Geminor. 
11. R Geminor. ' 

12. 4 Geminor. 

Clamp 

W 
W 
W 
W 
W 
W 

E 
E 

, E  
E 
E 
E 

a-t 

8 

+IS. 00 
+15.08 
+15.04 
+15.03 
+15.00 
+15.02 

+14.43 
+14.45 
+14.45 
+14.41 
+14.42 
+14.47 

1. 3.00 8t+3.10 ~+0.70  a, -0.04=0 
2. 3.00 81+3.89 C-0.99 a, -0.13=0 
5. 2.12 81+2.75 C-0. 70 a, -0.09=0 (2)X.707 

. 8. 6.12 81+5.85 c -0.13=0 

10. 9.53 at +2.61=0 
9. 4.71 0"1+5.38 c -0.12=0 (6)X.920 

A 

+O. 26 
-0.45 
+o. 37 
-0.20 
+O. 07 
-0.34 

-0.07 
+O. 28 
+o. 33 
-0.08 
-0.19 
-0.05 

cc 

8 

+O. 27 
+O. 36 
+O. 26 
+O. 32 
+O. 28 
3-0.34 

-0.30 
-0.27 
-0.26 
-0.30 
-0.32 
-0.29 
- 

A s  

8 

+o. 02 
-0.03 
$0.03 
-0.01 

0.00 
-0.02 

0.00 
+o. 01 
+o. 01 
0.00 

-0.01 
0.00 

AT- 
(a-t)- 
Cc-Aa 

8 

+14.71 
+14.75 
+14.75 
+14.72 
+14.72 
+14.70 

+14.73 
+14.71 
+14.70 
+14.71 
+14.75 
+14.76 

Mean AT=+14.727 

8 
11. 8t= -0.274 

8 

A T=+15.00-0.274=+14,72(i 
3. 3.00 81-3.15 ~+0.56 +l.G3=0 
4. 3.00 81-3.47 C-0.34 aE +1.74=0 
7. 1.82 81-1.91 ~+0.34 aE +0.99=0 (3)X.807 
8. 4.82 81-5.38 c . +2.73=0 8 

12. -1.32 -6.38 c +2.73=0 13. ~=+0.262 

14. -0.82 +1.02 -0.99 aW -0.13=0 
16. -0.82 -0.83 +0.66 uE +1.63=0 

16. a,=+O. 071 
17. aE=+O. 036 

- 
V 

8 +. 02 
-. 02 
-. 02 
+. 01 
+. 01 
+. 03 

.OO 
+. 02 
+. 03 
+.02.  
-.02 
-. 03 

*See note b ~ d w  table ou p. 18, 
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EXPLANATION OF ABOVE COMPUTATION. 

27 

The serial numbers indicate the order of the various steps of the computation. 
Each equation, for a star, is of the form: 

dT+Cc+Aa-(a- t )=O ' 

Equation 1 is obtained by adding corresponaing terms of the three such observation aqua- 
tions for the three south stars (1, 3, and 5 ) .  Equations 2, 3, and 4 are obtained in a similar 
manner, there being two equations in each half set, one involving the three stars farthest south, 
the other the remaining stars of t he  half set, in this case throe in number. There aro then four 
equations, involving four unknowns, which can be solved by simple algebraic elimination. - In 
the above computation this has been reduced to systematic mechanical operations. ,Tho 
azimuth constants are first eliminated, next c is 'eliminated, and then 6t is obtained. The 
computation is so arranged that the multipliers are always less than unity, which are used 
to reduce coefficients in certain equations to equality with corresponding coefficients in other 
equations. This makes it possible to carry through the entire computation with the aid of 
Crelle's (or other similar) tables. In making substitutions in equations, such as 14 and 16, 
where there is a choice between two Gquations, it is always well to select the equation 
having the larger coefficient for the unknown sought. If the computation is followed in 
these respects and a sufficient number of whole seconds are dropped from the (a-t) to  insure 
that 6t will be less than one second, there is no necessity, in any given case, of carrying -the 
computation to  a greater number of decimal places than are shown above. 

The checks whichmust be satisfied, if the computation is correct, are: (I) The algebraic 
sum of all the residuals must not.in hundredths of seconds be more than one-half the number 
of stars in the complete set; (2) the sum of the two, three, or four residuals corresponding to 
each of the four equations designated above as 1, 2, 3, and 4 must seldom be as large as, and 
never exceed, 08.02. 

If these checks are not satisfied, the following principle may be found useful in detecting 
whether the error was made during the process of solution of the four equations. If the work 
of solution is correct, the derived values of the unknowns substituted in any one of the equations 
should give a residual not greater than oB.01 (the substitution being carried to thousandths of 
seconds), but if any equation shows a residual greater than this, the error in tho solution was 
made in deriving an equation of a higher serial number, the serial numbers having been assigned 
in the order in which the computation was made. 

The chronometer correction AT is then equal to 6t plus the number of whole seconds 
which were dropped from (a-t)  in order to  lighten the work involved in making tho computa- 
tion. In this case it is equal to -08.274+15s.00= +14@.726. The chronometer epoch for 
which this correction applies is the mean of the chronometer times of the observed transits; that 
is, the mean of the t's. It is not the mean of the right asconsions-udeea, of course, the chronom- 
eter correction happens to be zero. 

While it is advisable to  have the instrumental constants c, h, and a, small, it is not 
desirable to  strive t b  have them close to zoro. For the azimuth constant one second is a good 
limit to keep within, while if the collimation constant is less than 0".2 it is well not to attempt 
further adjustment wit6 a view of reducing it. 

The computations are somewhat simpler when the transit is reversed on each star and one- 
half the observations on a star are made in each of the positions-band west and band east- 
for the collimation is eliminated by the method of observing and the only uiiknowns are one 
azimuth constant and the clock correction, AT, 
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A SECOND EXAMPLE OF RECORD AND ,COMPUTATION. 
' 

On page 26 reference is made to a second method of solution for AT, a, and c, without 
the use of least squares. This second method is used when a different selection of stars is made 
from that shown on page 18. The difference between the two star sets is that in the example 
of computation shown on page 26. the instrumental constants c and a are determined from all 
the stars, each star being given unit weight, while in the method which follows there is observed 
in each half set a slow-moving star, called the azimuth star, from w&cS tho azimuth constant 
for that half set is principally determined. Besides this azimuth star there are four time stars 
in each half set, and it is from the eight time stars in the entire set that the collimation constant 
i mainly derived. It seems that tho method of having all time stars in a set is preferable to 
the ather method, in which both time and azimuth stars are used. In the former, the clock 
correction depends on all 12 stars instead of being derived mainly from 8 stars only, and 
the collimation correction is more accurately determined. The azimuth constank, however, 
are not so accurately determined by the first as by the second method, but this is immaterial 
if the plus and minus azimuth factors in each half set are about equally balanced. 

While this second method has been superseded in tho longitude work of the Coast and 
Geodetic Survey, it is considered desirable to continue.it in this publication. 

Using this second method, time acceptable for latitude or azimuth work can be easily 
obtained with a meridian telescope, a zenith telescope, or even with an engineer's transit or 
theodolite. In its usual form the star set consists of four time stars and an azimuth star with 
the instrument in each poaition, band west and band east. If greater accuracy is desired tho . 
number of time stars in a half set may bo increased, or if less accuracy is needed the number may 
be decreased. In the work of the Survey up to the time of the adoption of the transit micrometer 
and the method of computation shown on pages 20-27, the standard time set consisted of two 
half sets, in each o€ which was one azimuth star and four time stars. 

The following set of observations was made with a small portable transit, using an observing 
key to record the observations chronographically. With the record of observations there are 
given the readings of the level, the correction for inclinrttion of the horizontal axis of the tele- 
scope (which in this case includes a correction for inequality of pivots), and the computation of 
(a-t). A correction fir rata has been introduced. The correction for diurnal aberration and 
the correction for rate are obtained in the aaine manner as shown on page 24. The form on 
which the level readings are recorded is shown on page 20. 

. 
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Star list for Washington, I). C.-Latitude 38 64' N .  

1.26 
1.55 
1.06 
1.13 
2.36 

1.11 
1.06 
1.46 
1.64 
4.18 

Star 

-~ 

+ :02 
- .30 + .36 
$ . 2 2 ,  

+ .25 + .35, - .19 - .38 
-2.53 

-1.03 

17 H. Can. Ven. 
7 Um.Maj. 

Bootls 
l! Bootie 
a Draconie 

d Bootie . 
a Bootis 
I Bootis 
0 Bootis 
5 . U m  Min. 

h m e  
13 30 12 

43 30 
49 47 
56 31 

14 01 39 

Cab- 
loguo 

- 

B 
B 
B 
B 
B 

B 
B 
B 
B 
A 
- 

o /  O I  

$37 43 + 1 11 

+18 55 +19 59 
+27r 53 +11 01 

$49 50 -10 56 

$64 52 -25 58 

- 

rasgni- 
tudo 

- 
5. 5 
2.0 
3.0 
6.0 
3.3 

5.0 
1.0 
4.0 
3.8 
4.5 
- 

I I 

21 43, +52 20 -13 26 
27 51 1 $76 03 1 -37 15 

Diumn 
obona- 
tlon 

I 

__ 

8 -. 02 
-: 02 -. 02 
-. 02 -. 04 

-. 02 
I-. 02 -. 02 -. 03 
-. 06 
- 

Star factors 

Incll- 
nn- 
tlon 
B 
- 

1.26 
1.53 
0.99 
1.11 
2.12 

1.08 
1.01 
1.44 
1.59 
3.33 
- 

Colll- 
ma- Azlmuth 
tlon I A 

C 

I 

29 

B-Berher Astronomliuhas Jahrbuah. A-Amerloan Ephemeris, 
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Following tho computation are given any explanations' needed to supplement'or qualify 
the explanations of computations given on pages 22-27. 

[Station, Washington, D. C. Date, May 17,1806. Observer, C. R. P. 

h m  8 

14 01 07.55 
13.30 
19.35 
31.25 

, 37.30 
43.00 
49.00 
55.20 

14 02 06.80 

18.85 
12.90 

Star I 17 H. Can. Ven. 

8 

43.00 
84.30 
0.45 
6.25 

8.40 
6.20 

q urs. Ma]. 

h m  8 

13 49 34.45 
37.05 
39.70 
45.00 
47.75 
50.25 
62.95 
55.70 

135000.90 
03.75 
08.50 

50.36 

+ .01 
- .02 

13 49 60.61 
13 49 40. R2 

-3.69 

+ . ie  

q Bootls 

8 

50.25 
100.70 

0.70 
0.80 
0.80 
0.05 

4.00 

a Draco. 1 '  13's t 

Boolls 

west  

43. 16 

.OO 
- .04 

+ ,33 
i 4  01 43.44 
14 01 38.92 

-4.52 

~ 

1.80 

. + .02 
- .02 
+ .a 

13 43 34.23 
13 43 30.14 

-4.09 

, 

+ .03 
- .02 
+ .20 

13 30 16.33 
13 30 l2.26 

-4.07 

, 

Wost West U's t Position of band 

Direction of ob- 
jective for level 
reading 

9 S N 

W E 
d d 

22.7 ' 24.1 
27. 1 19.9 

49.8 44.0 
+5.8 

- - 

w E 
d ' d  

27.8 20.0 
22.9 24.8 __ - 
50.7 44.8 

+5.9 

w E 
d d 

28.0 19.9 
22.9 24.9 

50.9 44.8 
+6. 1 

.- - 
Level readings 

H V  and z E  
ZW-IE 

Remarks a n d  
computa t ion  
ot b 

Means of levels 
d 

N +6. 10 
6 +5.85 

e + . I 6 7 - @ ~  , 

- .OlO-pivotino- 
quality -. 

+ .157-l+ 

+5.98X. 0279.. 

13 h m  29 56.80 
h m  8 

13 43 10.60 
14.35 
18.30 
26.16 
30.15 
33.80 
37.95 
41.70 
49.70 
53. 80 
57.55 

h m ' 8  

13 66 17.20 
20.00 
22.80 
28.40 
31.50 
34.30 
36.90 
40.05 
45. e5 
48.80 
51.50 

Obsorved transit 
Line -1 

2 
3 
4 
5 

7 
8 
9 

10 
11 

e 
8 

33.80 

7.85 
8.00 
7.95 
8. 15 

88. io 

S 

34.30 
88.40 
8.45 
8.45 
8. Bo 
8.70 - ,-+ 1.92 

I 
16.12' I 33.w 10.85 34.26 2. 80 

R 

Bb 
t 
a 
Q-t 

I 

+ .Ol 
- .02 
+ .17 

13 56 34.42 
13 56 30.53 

-3.89 
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-- 

a 
01.65 
03.20 
3.30 
3. m 
3.40 
3.20 -- 
6.85 

Instrumout, transit No. 18. Chronometor, Noys ,  1836 (daily rato, 11.51 gahhg).]  

- 
+.105-bE 

h m  a 
14 12 11.16 

14.80 
18. 80 
25.85 
28.60 E 

33.46 33.46 
37.00 88.50 
40.70 0.65 
48.00 6.Bo 
-51.80 6. 60 
66.25 6.40 

\ 33.28 I 3.20 

31 

~~ - 

- .01 
- .02 
+ .I6 

14 12 33.41 
14 12 28.18 

-4.23 

d Bootis 

East. 

~~ 

' 

9 

I V  E 
d d 

22.7 25.2 

, 40.8 46.1 

27.1 20. 0 

- - 

+3.7 

h m  a 
14 05 28.40 

34.85 
40. Bo 
43.35 
46.20 

32. m 

48. m 
61. m 
67.30 
- 

14 M) 02.80 

46.17 

.OO 
- .02 
+ .I1 

14 05 46.26 
14 05 42.32 

-3.84 

- 
Moan 

a 
44.76 

correc- 
tion 

12.60 

lo 
x 1.11 - 1.41 
-- 

- 

a Bootis A Booth 

East 1 East 

N 

W E 
d d 

22.0 25.3 

50.1 46.2 
+3.0 

27.2 . 20.0 

- - 

Mans of lovels 
I '  d 
N. +3.16 
a. +3.70 - 

+3. a x .  one- 

h m  a 
14 IO 45.60 

48. m 
so. 90 

58. m 
56.20 

14 11 01.86 
04.30 
07.10 
12.30 

17.70 

01.63 

- .01 
- .02 
+ .ll 

14 11 01.71 
14 10 57.90 

-3.81 

16. m 

a + .085-8~ 
+.010-pivot inequality 

8 Booth 

East 

h m  a 
14 21 22.30 

38.40 
30. Bo 
38. m 
42. m 
47.35 
61.35 
55.40 

14 22 03.80 
07.80 
11.05 

47.14 

- .02 
- .03 

o +  .17 
14 21 47.26 
14 21 42.07 

-4. rJ 
.~ 

- 

E 

47.35 
04.25 
4.30 
4. m 
4. m 
4.25 

1.65 

6 us. Min. 

East 

P 

W E 
d d 

22.2 28.0 
27. 2 21.0 

40.4 47.0 
+2.4 

- - 

Thin clouds and hazy 
Temperature 76. F 

h m  E 

14 26 63.16 
27 03.15 

14.25 
35.30 
4.5.85 
67.16 

14 28 07.00 
18.00 
38.70 
48.60 

14 28 00.05 

66.65 

- .03 - .M) 
+ .35 

14 27 66.81 
14 27 61.37 

-5.44 

- 

E 

57.15 
112.86 
3. 30 
2.85 
2.85 
3. 20 

72.10 
- 
- 

- 
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055 
001 
067 
073 
079 
086 

. OD3 
101 
108 
116 

0.00124 

REDUCTION OF INCOMPLETE TRANSITS. 

If the transit of a star across every line of th'e diaphragm is observed, the mean of the 
times is the required time of transit across the mean line. In obtaining tho sum of the several 
observed times any gross error in any.one of the times may be detected by using the auxiliary 
sums, shown in the example on pages 30-31, in the little column just after the observed times, 
namely, the sum of the first and last times, of the second and last but one, third and last but 
two, etc., These auxiliary sums should be nearly the same and nearly equal to double the time 
on the middle line. This is also a convenient method of taking mems, aa it is in general only 
necessary to sum the decimal columns. 

When the star was observed on some of the lines but missed upon the others, the time of 
transit over the mean of all the lines may be found as follows: 

35 831 109 
3G 821 179 
37 811 189 
38 800 200 
39 780 21 1 
40 778 222 
41 767 233 
42 750 244 
43 744 250 
44 732 268 
45 9.99719 0.00281 

(sum of equatorial intervals of observed lines) (sec 6)l 
number of observed lines. 

----- - tm =mean of observed times - 

_. 

21 
22 
23 
24 
25 
26 
27 

(sum of equatorial intervals of missed lines) (scc 6) 
number of observed lines. or t ,  =mean of observed timcs + 

939 
933 
927 
921 
914 
907 
899 

The first of these formulce is the more convenient if but few hnes were observed and the 
aecond the more convenient if but few lines were missed. The two incomplete transits'shown 
in the example on pages 30-31 were reduced by the second formula. 

The equatorial 
interval of a given line is the time which would elapse between the transit of m equatorial star 
over the mean line of the diaphragm and the transit over the line in question. It is, in seconds 
of time, 1$ the angular interval betweei the lines expressed in seconds of arc. An equatorial 
interval is called positive when the transit across the line in question occurs later than the transit 
across the mean h e .  ' The signs of all the equatorial intervals are therefore reversed when the 
horizontal axis of the telescope is reversed. 

t, is the time of transit across the mean of all the lines of the diaphragm. 

For an example of the method of computing the equatorial intervals see page 44. 
The above formulse for reduction to the mean line are approximate, and the maximum 

possible error of the approximation increases with an increase in- the declination of the star 
and with an increase in tho equatorial intervals of the extreme lines. If the extreme equatorial 
interval is 60*, the maximum error is less than @.Ol for a star of which 6=70°, and is only 
08.3 if 8 = 8 5 O .  If the extreme interval is 15", the maximum error is less than 08.01 if 6 = 8 5 O .  

The more exact formula for use with circumpolar stars is the same as that given above, 
except that for each equatorial interval, i, must be substituted i 7 sec z, in .which I is the hour 
angle of the star a t  transit across the line, or with sufficient accuracy r = i  sec 6- the actual time 
interval from the mean line. I 

The following tablo will be found useful in connection with this formula. 

in 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

log VGKF 

9.99999 . 
99 
99 
98 
97 

' 96 
9s 
91 
89 
86 

' 8 3  
80 
77 
73 

9.99969 

log V G s T  

o.ooooo 
01 
01 
02 
03 
05 
07 
09 
11 
14 
17 

' 20 
23 
27 

0.00031 

18 
19 
20 I 945 

28 I 892 
884 i: I 9.99876 

1 The oolllmatlon factor C (as given In the star list on p. 28) is the ~ e o  d .  
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~~ 

Line1 LinoII 

8 8 
+15.20 +12.69 

15.43 12.89 
15.74 13.14 

I f  the chronometer rate exceeds 158 per day it d ' b e  desirable to take it into account in. 
making the reduction of incomplete transits to the mean line. 

Another method of reducing incomplete transits is to construct from the known equatorial 
intervals a table similar to that'of which a portion is printed below showing the interval of each 
line from the mean line corresponding to various declinations. The correction of each observed 
line to the mean line is then taken out directly from the table and the mean of the-various 
corrected transits taken. 

7ntervaZs of lines of Transit No. 18 from mean line. 
[Tho nurnborlng of tho linos ia for bmd rest.] I 

LlnoIII LinoIV LinoV LinoVI LineVII 
- ~ _ _ _ _ - ~ - _ _ _  

8 8 8 8 8 '  
+lO.15 +5.06 4-2.52 -0.09 -2.52 

10.31 5.14 2.56 0.09 2.56 
10.51 5.24 2.61 0.09 2.61 .............................................................. 

-- 
a -- 
0 

0 
10 
15 

...... 

...... 
36 
38 
40 

.._._, 

...... 
51 

I 52 
53 

..... 
- 

LinOVIII 

8 
-5.11 

LinOIX LinoX LinOXI 

8 S 1 8  
-10.09 -12.65 1-15.15 

............................................................... 
19.29 18.791 16.10 15.691 12.551 12.88 6.261 6.42 3.20 3.111 0.111 0.11 5.20 5.11 
19.84 16.57 13.25 6.61 3.29 0.12 5.29 

.........I.........I......... I . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  I .............................................................. 
24.15 I 20.17 I 16.13 I 8.04 I 4.00 I 0.14 I 4.00 
24.69 20.61 16.49 8.22 4.09 0.15 4.09 
25.561 21.091 16.871 8.411 4.191 0.151 4.19 .............................................................. I I '  I I I I 

5.19 10.26 12.84 15.38 
5.29 I 10.45 1 13.10 1 15.68 ................................... ................................... I I I 
6.32 12.47 15.64' 18.73 

12.80 16.05 19.23 :::7" 1 13.17 1 16.61 1 19.78 

................................... I I I 
Transit No. 18 was the instrument used for the observations shown on pages 30-31, The 

incomplete transit of the star 17 H. Can. Ven., of which the declination is 37' 43', may be 
computed &s indicated below: 

Llno Corntion Conwtod transit 
'I +19.22 36.12 
I1 -1-16.04 16.14 

111 i l 2 . 8 3  10.13 
IV + 6.40 16.10 
V + 3.19 ' 16.09 

V I  . 1 0.11 16.89 - 3.19 16.11 VI1 -. ~- 
V I i I  - 6.46 

IX -12.75 
16. ii 
16.25 

X -15.99 16.21 - 
Mem=lG. 12, agreeing with tho result shown in the 

example on page 30. 

The special advantage of thiEi method of reducing incomplete transits'is tHat a wild observa- 
tion upon any one line is at  once detected. Such wild observations are apt to occur under the 
conditions which produce incomplete transits, vie., clouds, haste, or difficulty with illumination. 

CORRECTION FQR RATE. 

The method of computing this correction is shown on page 24. 

CORRECTIONS FOR DIURNAL ABERRATION, OOLLIMATION, AND AZIMUTH. 

The corraction for diurnal aberration and general expressions, for the collimation and 
azimuth corroctions aro shown on pages 94-25. 
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-- 

+.02 
-.30 
+ .36 
+.n 
-1.03 

+.25 
+.35 
- .18 
-.38 
-2.63 
-- 

-- 

+ .08 
-1.03 

+ .01 
-2.63 

COMPUTATION OF AT, a AND c, USING AZIMUTH STARS AND METHOD OF APPROXIMATIONS. 

The method of computation shown below was in use in  the field by parties of this Survey 
for many years.' It is now replaced by the method shown on page 26. 

A C e  

6 

+.04 
+.05 
+.a3 
+.04 
+.08 

-.04 
-.03 
--.a 
-.ob 
-. 13 

A &  

+.OB 
+.12 

--.m 
-.21 

+.04 
+.08 

-<(w 

-. 13 

star 
-I- 

8 

-4.07 
-4.08 
-3.88 
-3.88 
-4.62 

-3.M 
-3.81 
-4.23 
-4.28 
-6.44 
-- 
a--t -- 

-3.04 
-462 

-4.01 
-6.44 

17 H. Can. Ven. ' 

p Urs. Maj. 
q Bootis 
I1 Bootis 
a Diac4nis 

a ~ o o t l s  
a Booth 
1 Bootis 
8 Bootis 
6 Ura.Min. 

+1.28 
+l.S 
+l.OB 
+1.13 
+2.36 

-1.11 
-1.06 
-1.46 
-1.64 
-4.18 

C 

+1.% 
-1-2.36 

-1.32 
-4.18 

I 

Firat approxlmation: 
Mean of time stars 
A~fmuth rtar 

Mean of time stars 
Azimuth star 

Second approximatlbr 
Mean of time stars 
Azimuth star 

Mean of time stars 
Azimuth star 

- 
Band 

W 
W 
W 
W 
W 

E 
E 
E 
E 
E 
- 
- 

W 
W 

E 
E 

W 
W 

E 
E 
- 

[8tation, Washington, D. C. Date, May 17,16QG.] 

Aa 

8 

+ .01 - .I7 

+ .12 
- .58 

+ .13 
+ .18 
- .10 
- .18 
-1.28 

+ .m 

a- t -  & 

-4.00 
-4.64 

-4.00 
-6.23 

-3.88 
-4. Bo 

-4.03 
-6.31 

A T i  
a-f- &-AQ 

8 

, -4.12 
-3.87 
-3. Q2 
-4.05 
-4.02 

-4.03 
. -3.86 

-4.08 
-4.05 
-4.03 

AQ 

+ .05 - .68 

.oo 
-1.23 

+ .(w - .68 

.oo 
-1.28 

I 

A 

8 

. +.IO 
-.05 
-. 10 
+.03 

.OO 

.oo 
-.07 

' +.05 
+. 02 
.oo 

a-f- &-AQ 

-4.05 
-4.05 

-4.00 
-4.00 

-4.02 
-4.02 

-4.03 
-4.03 

at 14b 02mCO 
A T- -048.02 

6 

c-+.051 
aw-4-.677 

aE- +.484 

c-+.032 
aW-+.S9 

QE-+.i%34 

1 Theoompletefdrmuh forthechronometer correction ie A T-a-(h+R+r+Bb+ Q+AQ). Let t-h+R+r+Bb, then AT-(a- t ) -  B - A a  
8othat it will be wen that the correctlorn Ce and A a  are to be subtracted algebraically from a--1. 

EXPLANATION O F  THE COMPUTATION. 

The first five columns of the upper portion of .the computation were compiled from the 
record and computation shown on pages 30-31 and from the observing list shown on page 29. 
The remltiniig columns were filled out after the computation of a and c,  shown in the lower 
portion of the form, was completed. 

It should be noted that t,he five stars of each group, observed in one position of the instru- 
ment, have been so selected that one is a slowly moving northern star a t  a considerable distance 
from the zenith, while the other four are all comparatively near the zenith, some transiting to 
the northward of it and some to the southward, and a t  such distances from it that their mean 
azimuth factor, A, is nearly zero. These four stars of each group may be for convenionce called 
time stars, since the determination of time falls mainly upon them, while the slowly moving 
northern star serves to determine the azimuth error of the instrument, and may be called the 
azimuth sbr .  

I n  this computation to derive c and a the time stars in each position of the instrumont 
are combined and treatid as one star by taking the means of their (a - - t ) ' s ,  and of their star 
factors C and A, respectively, these means being written below the separate stars in the form, 
together with the azimuth stars. On the assumption that the means of the time stars in the 
two positions of the instrument are equally affected by the azimuth correcttion, tho first approxi- 

aIt plras devieed in the seventleu by Asslatant Edwfn Smith, then an aid fn thle Survey. See p. ZSO, Appendix 4 of the Report for 1 W .  
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mation to c is found by dividing the difforenco between the mean (a-t) 's  by the difference 
between the C's. In  tho examplo, 

+08.051. 
(a-t),,.-((a-t),= -3.94-(-4.07) =-- ' $0.13 

+1.25-(-1.32) +2.57-  . c (first approximation) = -- 
Q w - c E  . 

Using this approximation to c, tho corA*oction Cc is then subtracted from the a--l of oach mean 
of the time stars and of each azimuth star, and the values of a-t- Cc,.in the seventh column 
on tho fifth to oighth lines from the bottom of tho form, are obtained. 

Separato values for the azimuth error of the instrument are then dorived for oacfi position 
of thekstrument tm follows: 9 

+ 0".577. (a - t - CC)tlme stsm - ( c u - ' ~  - C~)aairnuth star - - 4.00 - ( - 4.64) 
+ 0.08 - (- 1.03) 

+ 0.64 &m= - 
A time stars - A azimuth star. aw' 

+ 08,484. - 4.00 - ( - 5.23) - + 1.23 a -  
E- +0.01- (-2.53) -+4= 

Kith these values of n, and aE the corrections Aa are applied, giving the values a- t -  Cc-Aa 
in tho last column but ono. If these do not agree for the stars east and west it indicates that 
the mean values a-t, used in deriving c, were not equally affected by the azimuth error, sa that 
their difference was not entirely due to c, as was assumed. An improved value of c may now 
be obtained by treating the difference in tho last column as still ah error of collimation, and 
thus obtaining a correction to tho first approximate value of c. Thus, in the axample, 

-4.05- (-4.00) -0.05 
- + 1.25 - (- 1.32) -m = 

- O"O19. - 

Applying this correction to the first- approximate value of c- +0.051, we have for a second 
approximation c =  +0.032. Proceeding as before, improved values for aw and as are found. 
If the star sets are well chosen rind the instrumental errors small, the first approximat.ion will 
gonorally suffice. If the values of a-t - Cc- Aa differ by but a few hundredths, east and west, 
there is little gained by making a closer adjustment. The chropometer correction will prob- 
ably not bo changed at all, but tho instrumental errors and star residuals will be slightly altored, 
as is apparent from the example, where the closer adjustment is made for the purpose of illus- 
trating the method. 

In  tho first approximation the value of c may at once be derived more closely when there 
is much difference between the mean A's for the time stars, by estimating the effect of 
this difference in A on' the AT, and allowing for this effect when deriving c in the h t  place. 
The formula for c then becobes 

It is bere necessary to estimate tho azimuth of tho initrument, a, roughly'in advance, and 
this may be done by inspection. Thus, in the example, assuming a = + OO.5, we have 

- 3.9'4 + 4.07 - (+ .07) X ( + 0.5) 
+ 1.25 + 1.32 

+ .09 + + 2.57 

agreeing closely with tho value given by the second approximation. 
When satisfactory values of c, aw, and aE have been obtained, the corrections Cc and Aa 

are applied separately to each star, as shown in the upper part, and the vhues of the chronometer 
correction (AT) derived separately. The residuals a$e. taken fbr'each group from the mean 
of that group, and thus furnish a convenient check on the computation, as their sums for each . 
group should approximate zero. Unusual residuals also point to possible errors in a-t .  The 

E-= C =  
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mean of the A T’s from the separate stars gives the final chronometer correction at  the epoch of 
the mean of the chronometer times of transit of the stars observed. 

This whole computation may be made with rapidity by the use of Crelle’s multiplication 
tables. 

The field computation having been made as outlined above,’ the more refined office com- 
putation may be made as indicated on pages 39-41. It is desirable in this office computation 
to introduce weights dependent upon the declination of th,e star and the number of lines of the 
reticle upon which the star was observed. 

The ‘four equations, solved by successive approximations above, may be solved by direct 
elimination, in case the coefficients of aw and aE .do not become relatively small in the two equa- 
tions gotten by taking the mean of the time stars in the two half sets. 

RELATIVE WEIQHTS FOR INCOMPLETE TRANSITS. 

Sometimes the transit of a star is observed over some of the lines of the diaphragm and 
Obviously the deduced time of transit over the mean line from such 

For observations made by the eye and ear method the relative weights given by Clitluveset 

missed over the others. 
an incomplete transit should be given less weight than that from a complete transit. 

may be used, viz: 

1 . 
2 
3 
4 
5 
G 
7 ,  

in which p is the weight to be assigned to the computed time of transit over the mean lino, N 
is the total number of lines in the diaphragm, and n is the number of lines upon which obser- 
vations were made.2 in which ( E )  = 

the probable error of an observed transit of an equatorial star over a single line and (q) =the 
probable culmination ‘error referred to the equator, a constant for all the lines of the diaphragm 
for any one star, but variable from star to star, and supposed to be due mainly to atrnosphcric 
displacement, to outstanding instrumental errors, to irregularities in clock rate, and to changes 
in personal equation. 

The following tableshows the values of p and fi for tho two cascs of 5 and 7 lirics in the 
diaphragm: , I 

This formula is based upon the assumption that ( E ) ~  = 3 

Table of weights for incomplete transits for  use with eye and ear observations. 

0.40 0. 03 
0 .64  0.80 
0.80 0.89 
0.92 0.96 
1.00 1.00 
’ 

I I 
0.36 0. GO 
0.57 1 0.75 
0.71 I. 0.84 
0.82 0.91 
0.90 I 0.95 

1.00 1.00 
0.95 I 0.97 

1 For a more complete account of this method of computation, SOB Appndfx No. 9, Report for 1880. The above account is largoly takon from 

a 8oe Chauvenot’s Astronomy, Vol. 11, p. 188. The derlvntion of this formula follows tho same lhas ay that gfvon on tho following psges for 
that appendix. 

\velght8 to bo wiped to incomplote translts taken by the chronographic method. 
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The relative weights'to be assigned to  incomplete transits .observed by the chronograph 
method may be derived ns follows: 

in which T = the probable error of the time of transit over the mean line, arising from the com- 
bided effect of the culmination error referred to, the equator (e1) and of the probable error of 
the- transit of an equatorid star over a single line ( E ) .  

To'fhd T, individial determinations of aright ascensions of stars, all referred to the same 
epoch (mean place), may be compared with their respective average values; thus, from 558 
results of 36 stars observed at  the United States Naval Observatory with the transit circle 
(using a magnifying power of 186) in 1870 and 1871, it was found that T =  f08.034. To apply 
this value to our instruments it must be somewhat increased, though not in proportion to the 
respective magnifying powers, since some of tho errors involved approach the character of 
constants; multiplying it by 1.5 and 1.75 for our larger and smaller transits, respectively, thew 
is obtained T =  fOe.051 and T =  f08.060. For the larger transits ( E )  = fOB.063 and for the 
smaller (e) = fO8.080. (See p. 39.) . Substituting these values in the above formula, together 
with the values 25 and 15 for /n as actually used in tho observations cited on page 38, there is 
ob tained 

(0.0S0)2 ( 0 . ~ 1 ) ~  = ( E $ +  0' and (0.060)'= ( E ~ ) '  + 7 25 
w1Uc.h give 

for the larger and smaller instruments, respectively.. 

(el) = fO8.O49 nlld ( E ~ )  = &On.  056 - 

If the weight for a complete transit is unity, the weight for an incomplete transit is I 

Repce, for the larger instrumonts, using the above values for (e1) and ( E ) ,  

1.6 
1 + N  

p = 1 . 6  
l+n 

and for tho smaller instruments 
l + %  

p = -  2.0 1 +y 

very nearly. From these expressions the relative weights have bcen computed for total number 
of threads N=25,  17, 19, and 11 for the larger instruments and for N=15, 13, 11, and 9 for 
the smaller onm, and aro shown in the following table. 
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1 

38 

8 
i 0 . 7 4  

0.49 
0.38 
0.31 
0.12 

Table of weights for incomplete transits for use with chronographic observations. 

0 

86.9 
80.0 
76.3 
72. G 
68.8 

0.088 
0.075 
0.058 
0.080 

3.2 
. . . . . . . . . . 
. . . . ._. . . , 
. . . . . . . . . . 

0.088 
0.067 
0.071 

.....---. 

20.4 0.089 
17.3 0.110 
(1.1 0.080 

.........._....... 

For large portable transits For small portable transits 

Jumba 
>I lines 
n 

- 
1 
2 
3 
4 
5 

6 
7 
8 
9 

10 

11 
12 
13 
14 
15 

16 
.17 

19 
20 

21 
22 
23 
24 
25 

i a  

- 
N-11 N-26 N-17 N-13 N-11 N-16 N-13 N-9 

- 
J F  
- 
.64 
.77 
.83 
.87 
.90 

.91 
-93  
.94 
.95 
.96 

.96 

.97 

.97 

.97 

.98 

.98 

.98 

.99 

.99 

.99 

.99 
1.00 
1.00 
1.00 
1.00 

- 
P 

.42 

.61 

.71 

.78 

.83 

.86 

.89 

.91 

.93 

.94 

.95 

.96 

.97 

.98 

.99 

1.00 
1.00 

- 

7 

- 
f i  
- 

.65 

.78 

.84 

.88 

.91 

.93 

.94 

.95 

.96 

.97 

.'98 

.98 

.99 

.99 
1.00 

1.00 
1.00 

- 
J F  
- 

.6G 

.79 

.86 

.90 

.92 

.94 

.96 

.97 

.98 

.98 

.99 
1.00 
1.00 

- 

- 
P 

.44 

.64 

.75 

.82 

.87 

.90 

.93 

.96 

.97 

.99 

1.00 

- 

- 

- 

J F  
- 

.66 

.80 

.86 

.90 

.93 

.95 

.97 

.98 

.99 

.99 

1.00 

- 

- 
P 

.41 

.59 

.69 

.76 

.81 

.&I 

.87 

.89 

.90 

.92 

.93 

.94 

.95 

.96 

.96 

.97 

.97 

.98 

.98 

.98 

.99 

.99 

.99 
1.00 
1.00 

- 

- 

- 
P 

.43 

.62 

.73 

.so .. 85 

.89 

.91 

.94 

.95 

.97 

.98 

.99 
1.00 

- 

- 

- 
J F  
- 
.62 
.75 
.83 
.87 
.90 

.92 

.94 

.95 

.96 

.97 

.08 

.99 

.99 
1.00 
1.00 

- 
JF 
- 

.62 

.76 

.83 

.88 

.91 

.93 

.95 

.96 

.97 

.98 

.99 
1.00 
1.00 

- 
P 

'. 39 
.59 
.71 
.79 
.&I 

.89 

.92 

.95 

.97 

.99 

1.00 

- 

- 
>5 

.63 

.77 

.84 

.89 

.92 

* 94 
.96 . 97. 
.98 
.99 

1. 00 

- 

- 
J F  - 
.64 
.78 
.86 
.90 
.93 

.96 

.97 

.99 
1.00 

P 

.38 

.56 

.68 

.75 

.81 

.85 

.88 

.91 

.92 

.94 

.96 

.97 

.98 

.99 
1.00 

- P 

.38 

.58 

.69 

.77 

.82 

.87 

.90 

.92 

.94 

.96 

.98 

.99 
1.00 

- P 

.41 

.61 

.73 

.82 

.87 

.92 

.95 

.98 
1.00 

- 

1 

RELATIVE WEIGHTS TO TRANSITS DEPENDING ON THE STAR'S DECLINATION. 

The following tables of the probable error ( E )  of an observation of a transit of a star over a 
&gZe line have been derived from a discussion of 1047 transits taken in February apd March, 
1869, at San Francisco, by Assistant G. Davidson, with the large transit C. S. No. 3 (aperture 2Q 
inches, magnifying power 85); and 875 transits taken about the same time at  Cambridge by 
hsis tant  A. T. Mosman, including some observations by Subassistant F. Blake, with the large 
transit C. S. No. 5 (aperture 23 inches, magnifying power 100). For the discussion of obser- 
vations with a smaller instrument, 330 transits were used, taken in September, October, and 
November, 1871, at Cleveland, Ohio; and 585 transits, taken in December and January, 1871-72, 
at Falmoutli, Ky., by Assistant E. Goodfellow, with a meridian telescope C. S. No. 13 (aperture 
13 inches, magnifyiqg power about 70). 

~ ( I )  I1 a I 
.- 

J 

0 

87.2 
86.6 
83.0 
81. 0 
68.4 
62. 9 
48. 6 
28.5 
7.8 

a 
-. 

0 

81.9 
76.9 
G7.4 
G2.0 
55.8 
44.8 
29.7 
0.7 

...... 
- 

iO.02 76.3 ~ 0 . 2 0  
0:18 11 ' G8P2 1 0816 1 
0.11 55.8 0.13 
0.14 11 48.4 1 0.15 1 
0.09 23.2 0.102 

0.12 
0.11 
0. OIIG 

. . . . . . . . 

. . . . . . . . 
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These tabular values are f&ly represented by the expressions 

Trsnsit, No. 3 

Trsnsit, No. 5 

(a)=J(0.060)2+(0.036)a tanz 6 

(~)-J(0.066)~+(0.036)* tana 6 

Meridian telescope, No. 13 (~)=~(0.069)~+(0.078)~ tan2 6 

Meridian telescope, No. 13 (a)-J(0.087)2+(0.055)a tanz 6 
- -  

Combining these expressions for the larger and smaller instruments, we obtain 

( E )  = ,/(0.063)2 + (0.036)2 tan. .6 and (:).= ,/(0.080)i + (0.063)2 tan 6 

39 

respectively,' from which the €allowing tables of probable errors ( E ) ,  of relative weights p ,  
and of the multipliers ,/? for the conditional equations, have been computed: 

Table of weights to transits dep&iw on the star's declination. 

. .  

6 UrsseMinoria 
51 Cephei 
a UreaeMinoria 
1 UmMinoria 

' 8  

O I  

0 
30 
20 
30 
40 
45 
50 
55 
60 
65 
70 
75 
80 
85 
86 37 
87 12 
88 46 
88 59 

For large portable transits 

(1) 

8 
StO. 06 

.06 . 06 

.07 

.07 

.07 

.08 

.08 

.09 

.10 
-12  
.15 
* 21 
.42 

0. 61 
0. 74 

, 1.7 
2.0 

P 

1 
1 
0.98 

.91 

.82 

.76 

.69 

.61 

.61 

.40 

.29 

.18 

.09 

.02 
0.011 
0.007 
0.001 
0.001 

- 
3 5  
- 

1 
1 
1 
0.95 

.90 

.87 

.83 

.78 

.71 

.63 

.54 

.43 

.30 
' .15 
0.103 
0. O8E 
0.037 
0.031 

For small portable transits 

(1) 

8 
kO.08 

.os 

.08 

.09 

.10 

.10 . 11 

.12 

.14 
9 16 
.19 
.25 
.37 
.72 

1.1 
1.3 
2.9 
3-5 

- 
' P  

1 
0.98 

.92 

.83 

.70 

.62 

.63 

.44 

.34 

.26 

.18 

.10 

.05 . 01 
0.006 
0.004 
0. 001 
0.001 

$5- 

1 
1 
0.96 

.91 . 

.83 

.79 

.73 

.6G 

.59 

.51 

.42 
:32 
.22 . 11 

0.075 
0.062 
0.027 
0.023 

COMPUTATION OF AT AND a BY LEAST SQUARES. 

A field computation made by the approximate method indicated on page 34 gives values 
for AT, a, and c, which are of a high degree of, accuracy. It should be noted that the derived 
values of a and c depend upon all the observations and not simply upon observations on a few 
stars only of the set, as is frequently the case with other approximate methods. Experience 
shows that the value of c especially, as thus derived in the field computation, is so accurate 
that a value derived from a subsequent rigid least square adjustment will in general bo sub- 
stantially identical with it, provided the stars of the set are chosen as indicated on pages 34 and 
43. Accordingly, in the final computations by this method, only the unknowns %, %, and 
A T are to be determined by least aquares, while c is taken from tlie field computations, revised 
and corrected if necessary. 

( a - t )  - Cc in which t is tlie'chronometer time of transit across the mean line of 
the diaphragm corrected for rate, diurnal aberration and inclination and LY-t  is therefore the 

This method of computation is shown below. 
Let At,, 

1 Tho following formula ha8 been published by Dr. Albrecht on p. 23 of his Formoln und IIffllstafeln, oto., h ipalg ,  18% &: 

O - d ( W  
Putting u-86 for tho mngnlfying power and ohanglng 980 into tan, this expression is equivalent to 

( + J ( o . ~ ) : + ( o . ~ 7 ) '  tan' 8 
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quantity on'the last line of the field record and computation as;'shown on pages 30-31. Let A t  
be an assumed value of the chronometer correction and 6t a correction to At to be derived from 
the computation. The final value of the chronometer correction will then be AI'=At+6t. 
Let d, for each star=Atc-At. 

Then for each star observed an observation equation of the-form 

_- 
p A d  
- 

.@I 

+.03 
+.lo 
+.M 
f .24 

may be written, in which the weights p aro assigned according to  tho tables on pages 38-39. 

tion, is treated independently of the other half set: 

band) to the westward are 

I n  forming the normal equations each$ half set, made with the horizontal axis in one posi- 

The normal equations corresponding to the half set mado with illumination (or bright 

Hp 6t + HpA% = Hpd 
. ZpAGt + HpA2aw = 2pAd 

Aa A T  

+ .01 -4.12 
- .18 -3.96 
+ .22 -3.94 
+ . I 3  -4.08 
- .02 -3.9s 

and similarly for the other half set. 

a computation of the time set treated on pages 29-31 and 34. 
The most convenient arrangement of this computation is shown below, this example bcing 

P A  

+.02 
-.21 
+.35 
+.20 
-.41 

-.05 

WARHINQTON, D. c., hfay 17, 1896. 

c=+.O32 , A t =  -4'.01 
- 

PA' pd - __ 

. @I -;08 
.06 -.OB 

.I3 +.% 

.04 +.07 

.42 -.24 
--- 

.I% -.00 
- - ~  

A 

+ .02 
- .30 
+ .36 
+ .n 
-1.03 

- 

-- 

- 
a- I P* 

.83 

.69 

.98 

.93 

.40 

.- 

3. a 
- 

+. 07 
-4.09 
-3.69 
-3. E9 
-4.52 

17 H.Can.Vsn. 
I) UR. Ma]. 

Booth 
I1 Booth 
aD-nis  

- 
C 
- 
+1.% 
f1.55 
+1.08 
+ I .  13 
+2.36 

W 
W 
W 
W 
W 

- 
cc 

-3.94 -1.11 -.04 
-3.81 -1.08 -.03 
-4.23 -1.46 --.a 
-4.20 -1.64 -.&5 
-5.44 -4.18 -. 13 

+. 04 
+.05 
+.03 
+.04 
+.08 

-3.80;+.11 + . % I  .93 +:23 
-3.78/+ .!M + .36[ .98 f.34 
-4.18 
-4.24 
-5.31 

- 
Aft 
- 
-4.11 
-4.14 
-3.72 
-3.93 
-4. Bo 

d Bootis 
a Booth 
1 Booth 
e Booth 
5 Un.MIn. 

- .IO 
- .I3 
+ .20 
+ .08 
- .59 

E 
E 
E 
E 
E 

+.03 
+.OB 
+.M 
+.06 
+.53 

+.72 
- 

+ .14 1-4.04 +.02 +.M 
+ .IS' I - ~ . ~ ~  --.& 
- . l o  -4.0s +.06 +.04 
- .21 :-4.03 +.01 +.%l 
-1.37 1-3.94 -.08 -.01 

.06 

.I2 
+.lo 
+.W 

.__I1 

+.39 1) 

_. 

A 

+. 10 
--.OB 
-.08 
+. 04 
-. 04 

+. 08 
-. 04 
-. 08 
+. 04 
-.M 

* Those Weights arc taken from tho column headed "For large portnblc Lrnnsits" In tho table on p. 39. 

Normal equations: 
+3.83 a t -  .05 aw= - .OG 
- .05 8 t+.G5 aw=+ .39 

$3.46 31- .22 aE=- .1G 
- .22 814-1.32 a,=+ .72 

R t= -'.012 
aw=+s.601 aE=+".543 
a 1= -'.008 

At 14h 02"' AT=-4'.020 

+7.29 Q -  .27 q=l 
- .27 Q+1.97 q=O 

Q-0.138 €1 = & "044 
E = f "016 

In  the above computation a check on the correctness of the assumed value of c is furnislicd 
by the nearness of agreement of the two values of 6t resulting from the two groups 01 stms. 
The normal equations aro solved most conveniently by successive approximations, MI, for 
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instance, in the second equation the value of a, can be closely derived a t  once on the assumption 
that 6t is small. The residuals ( A )  are taken for each group separately, using its own 6t to 
derive a A T  for tllis purpose, and the sums of the pd's  should of course nearly equal aero for 
each set. The probable error of a single obs.ervation of unit weight is 

where HpAZ is the sum of the weighted squares of the rcsiduals (last column in form), no is the 
number of stars and ne is the number of unknown quantities or number of normal equations, 
remembering in this example that thoro are four unknowns, at, G, a,, and c, the latter being 
taken from the field computation. To obtain the probable error E of tlio computed AT, add 
the corresponding normal equations of the two sets, put Q in place of at, p in placo of a, 1 in 
place of Hpd, and 0; in place of HpAd, as shown. Then E = c1 .J@ 

THE COMPLETE LEAST SQUARE COMPUTATION. 

When time observations are takon in Alaska unusual conditions are encountered, arising 
from the high latitude of the station-from 55' to  65' for tho regions in \vl~icli tho Survoy 
observers are called upon to observe most frequently. Zenith stars are there slow-moving stars 
(and consequently have small weights) ; for stars botween the zenith and the pole pA is com- 
paratively small; tho rapidly moving stars are far to the southward of tlie zenith, and it is epsy 
to obkrve subpolam, as the nortliern horizon is far below tlie pole. Moreover the very prevalent 
cloudy weather is apt to break in upon ahy proviously arranged program. Tlie combined 
result of these conditions is in general that the sets of stars actually observed aro poorly balanced; 
that is, the algebraic sum of tlie A factors for each half set and of the C factors for the whole 
set will differ considerably from zero. In  extreme cases it is sometimes desirable to resort 
to the complete least square computation in which c, h, a,, and AT are all derived by the 
principle of least squares. 

Wo here start with a-t  (hq shown on pp. 30-31), and tho remaining notation stands as on 
pagc 40, except that we must here distinguish by the subscripts wand botween A factors belong- 
ing to thc two half sets. 

An observation equation of onc of tho following forms may bo written for each stnr observed: 

&at + J F A A  +&cc=&a' 
J i a t  + dFA,a, + &CC = &d 

Tho normal cquntions will bo- 

2 p s t  . +xpA,% +PpAw+ + ~ P Q c  = Z'pd 

2 p  cat + Z'pA,Ca, + Z'pAC,a, + 2 p C 2 c  = 2'1.' Cd 

2'pArSt i- HpAZ,a, +Z'pA,Cc . =HpA,d 
2'2) A,6t + 2pA2,a, + PpA,Cc = .TpA,& 

The following will serve as a concrete illustration of tlris method of computation. Tlie only 
preliminary assumption i'n tllis computation is an approximate value of the chronometer correc- 
tion, A t .  

Owing to the high latitude of St. Michaol, 63" 20', tho timo stars are all south of tlie 
zenith, and tlio average valuo of A is far from zero. t 

1 The two at's here hnppon to ba so nmrly uqual that J'S ora the snmo as if takon py using tho d T lor tho whole group. 

3220RH0-4 1-4 
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8T. MICHAEL, ALASKA, &lT& 1 9, 1891. 
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At= -20.810. 

Star 

1 
2 
.3 
4 
5 

I 
Clamp a-t d A C p p A  pC pA* PAC pC2 pd pAd pCd Aa Ce A T  A P A  

--__--__--___ I I  -------__-- 
8 8  

E -21.27-1.17+ .66--1.13 0.Q + .5Q-1.02 .3Q-  .67 1.15-1.05- .69+1.10 - .8Q- .21--20.17+.0s+.O4 
E -21.22-1.12+ .72-l.OS 0.Q + .IS- .Q7 .47-  .70 1.05-1.01- .73+1.09 - .97- .20--20.05-.07-.0B 
E -21.40 - l . W +  .76-1.05 0.8 + .88 - .94 .52 - .72 .QQ -1.17 - .SQ +1.23 -1.02 - .1Q -%1Q+.07 +.a 
E .BB +1.00 1.68 - .24 - .6Q -1.10 -3.88 + .84 --20.05 -.07 -.01 
E -21.23-1.13+ .73-1.07 0.9 + .66- .BG .48-  .70 1.03-1.02- .74+1.08 - .Q8- .~--20.05-- .07-- .08 

-23.09-2.88 +2.SQ +4.58 0.08 + .23 + .37 

--------- 

PA* 
- 

.w22 
44 
44 
04 
44 

+2.81 2.52 -1.73 -3.74 

I 0 IV --#).Q8-0.88+ .85+1.01 1.0 + .85+1.01 . 7 2 +  

8 W -20.70-0.60+ .64+1.14 0.Q + .58+1.03 .37+ 
Q W --#).95-0.85+ .85+1.01 1.0 + .85+1.01 :72+ 

10 W -25.38 -5.29 +3.46 -5.83 0.0s + .17 - .29 .Bo 

7 W --20.86-0.78+ .72+1.08 0.Q + .IS'+ .97 . 4 7 +  I 

- --- 
7.63 +3.10 +0.21 2. d8 

.86 

.70 

.06 

.86 
-1.01 
- - 
+2.W 
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Ad reversals of the instrument. Ample time should be provided for the performance of these 
operations. In longitude work allowance must be made for the exchange of time signals, 
which, if the stations are not very far apart, usually takes place between the two se ts4 l ia t  
is, between the second and third half sets. The exchange may be made, however, at any time 
during the observing period if there is trouble in getting a clear wire between the two observll- 
tories or if clouds break up prearranged sets of stars. An observer soon learns from practice 
how much time must be allowed for the different operations. , 

It is desirable, bnt not necessary, to observe the same stars at  both stations when deter- 
mining a difference of longitude. This is of less importance, however, than securing rapid 
observations with the A factors in each half set well balanced. When the two stations are not 
distant, many of the stars observed a t  one station will necessarily bo observed at the other. 

~ In  longitude work the observations each night consist normally of four half sets of six 
stars each, with a reversal of'the instrument between each two consecutive half sets. The 
reversal of the instrument after each of the half sets is a precaution which experience has 
justified, for should only three half sets be observed (through interference of clouds or for other 
reasons) two sets can still be obtained by combining the fimt and second and the second and 
third half sets, thus obtaining two corrections to the chronometer and its rate. 

Where it is desired to use the azimuth star method of solution Bhown on pages 34 and 40, a dif- 
ferent selection of stars is to be made. A half set consists of five stars following each other in rapid 
succession, so choseli that the algebraic sum of the A factors of the four time stars (each near 
the zenith) wil l  be nearly zero, and that the azimuth star of each half set will have its A factor 
greater than unity, and yet not be so noar tho pole as to render the star's transit across the 
field of observation so s1ow.as to produce long waits between observations. In ,& time set, 
chosen as above, observation upon the azimuth star in each half set serves principally to 
determine the azimuth error of the instrument, but has little effect upon the computed time, 
since this is almost independent of the azimuth error (the sum of the A factors of the time 
stars being nearly zero for each half set). Where only approximate time is required, the 
number of time stars in a half set may be reduced to two, ono north and one south of the zenith. 

In  high latitudes (more than about 50° ) ,  it is not feasible to secure time sets with well- 
balanced A factors, since the stars between the zenith and the pole have comparatively small 
A factors, which become relatively still smaller after wcights are assigned. This condition 
prevents any but a comparatively weak determination of the azimuth error of' the instrument. 
In such latitudes it is therefore desirable to select sets of stars which will be solved by rigid 
least-square methods. Under normal conditions there should be six stars in each half set, 
and while the algebraic sum of the A factors in each half set should be kept as small as can be 
conveniently done, no very slow-moving stars should be introduced for this purpose. Ow 
azimuth star with a declination between 55' and 75' should bo selected and observed below 
the pole. 

The preliminary or field computations may be mado like that shown on page 26. The 
final least square computations are made at the office. 

As has already been stated (p. 25), the preference is now given to the American Ephemwis 
over other star lists, as it contains the apparent places of more stars than other available cata- 
logues. It is well to obtain all stars, when possibli, from a single catalogue, but this is not 
essential. It may be considered as almost essential, certainly so from an economic sbndpoint, 
to use only stars for which apparent places are published. Tho time and labor consumed in 
computing the apparent right ascension of stars for which only mean places are available 
add to the cost of both the field and o f f i ~ ~  work. Furthermore, it will be found that sufficient 
stars can be selected for all tiine work in the northern hemisphere from such catalogues as the 
American Ephemeris and Nautidd Almanac or the Berliner Astronomisches Jahrbuch, and tho 
selection of mean place stars is unnecessary. 

DETERMINATION O F  EQUATORIAL INTERVALS. 

I ' 

, 
The equatorial intervals of the lines of tho diaphragm are needed to reduce incomplote 

transits. (See p. 32.) 



Line 

1 
2 
3 
4 
5 

The pivot inequality should be determined with the instrument mounted upon a very 
stable pier in a room in which the rate of change of temperature is small during the observcir 
tionsi. The observations consist of a series of readings of the striding level as indicated in the 

t 
May14 . May15 May18 May18 MBan Log.mean L0g.t (quatorla1 .. intervlll) 

-- -- 
8 8 8 8 8 8 

t l - l , , ,  -87.00 -88.00 -87.10 -87.60 -87.575 1.94238 1.46856 -29.414 
tz-t,,, -44.60 -44.00 -44.60 -44.60 -44.450 1.64787 1.17405 -14.930 
ts-t ,  - 0.10 0.00 + 0.40 + 0.40 + 0.175 9.24304 8.76922 + 0.059 
t,--t, 4-43.90 +44.00 +43.90 +43.40 +43.800 1.64147 1.167GS +14.711 
t5-t,,, +88.40 +88.00 $87.40 +88.40 +88.050 1.94473 1.47091 +29.574 

I 
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1- 
4 

45 

Object glass north 

Level 

example of record and computation given below. The notation is the same as on pages 22-23; 
that is, Pw and ,Be indicate the apparent inclination of the telescope axis in each of its two posi- 
tioils as given directly by the readings of the striding level. Then the pivot inequality 

-Bw 

div 

- .626 

P 6  - P w  P = 4  
and is to b~ exprossod in seconds of time. 

- 
W. end -- 
div 
33.4 
21.0 

Observations fo r  inequality of pivots of transit, No. 19. 
[Statlon, Atlanta, Ga., MW. 12, l8W: G. R. P., obsorver.] 

-1.076 

- .875 

Band west 

32. 7 
20.1 

20.1 
32.0 

Band cast I 

div 
33. 1 
20.9 

20. 9 
33.3 

33. 0 
20.9 

20. 9 
33.2 

33. 1 

Object glass south 

Level 

div 

-.600 

-.SO0 

-.775 

-.950 

--.725 

a W  
4 
-P 

18.8 1 33. 7 1 
31.2 20.9 -1.150 

Zenith 
dlstance 

0 

38 

43 

48 

43 

38 

T h o  L'W - zc 
7 

div 

-. 325 

-. 425 

-. 700 
-. 400 

-. 525 
t glasa 
object 

W. end E. ond E. end 

div 
21. 7 
34: 0 

34. 0 
21. 8 

33. 4 
21. 8 

21. 1 
33.3 

33. 1 
21. 1 
ob j( 

h m  
9 43 a. m. 

I 

10 03 a. m. 

div 
33. 5 
20. 8 

20.4 
32. 4 

20. 2 
32. 2 

31. 8 
19. 7 

19. 7 
31.9 

-- 

div 
22.0 
34. 8 

33. 9 
21. 9 

33. 9 
21. 9 

21. 9 
33. 9 

33. 8 
21. 3 

I 

O F  . 
33 

35 

I'ompcr- 
stum 

O F  
35 

36 

- 

div 

+. 075 
+. 081 

+. 038 

+. 1G9 

+. 088 +. 090 
I 

e 
4 

-P 

' div 

-. 050 

-. OOG 

-. 019 

-. 025 

-. 106 -. 041 

+. 090 

+. 024 
=0"123 

- .750 33.1 I 21*o 
20. 3 

- .850 1' 32.1 

BOUW 
glass 

-_ 

ana LJ-... easi 
iorth 

nand west 

Object glass north I -- 
I -- 

Love1 

w. ond 

cliv 
19. 7 
31. 9 

31. 9 
19. 1 

19. 3 
31. 6 

31. 3 
19. 0 

19. 0 
31. 7 

-- 

It in 
10 07 a.'iii. 

10 27 a. m. 

div div 
19.4 1 33. G 
31.9 ' 20.9 

div 

-. 800 

0 

38 

43 

48 

43 

38 

31. 7 -. 850 

y : ;  1 21.0 1 
33.2 -1.050 

20. 5 

1 division of striding level=1".81 

ond of t imo 
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In determining the pivot inequality the level readings are mado as in observing time, 
reversing the telescope between the readings. Observations should be made in two groups, 
reversing the relation between the positions of the band and object glass as shown in the example. 
This is done to partially eliminate the effect of the pivots not being truly circular in cross section. 
I n  tho example shown there is a systematic though unimportant difference in p for the two 
positions. A complete investigation of the pivots would involve level readings at all angles 
from the zenith, from 0' to goo, but the ordinary form of level will not permit read.Lngs closer 
than 30' or 40°, and stars are not often observed more than 50' from the zenith. In tho oxample 
given the observations were from 38' to 48' zenith distance, less weight being given to the latter 
angle at  which few star observations are made. 

A less satisfactory value for the pivot inequality may be obtained from the level readings 
made in connection with the time observations. 

Since tho correction for pivot inequality has opposite signs for the two halves of a timo set, 
its effect on the dcdermined clock correction is very small for a set which has the same number 
of stars in each half. The question of when the pivot inequality correction is to be applied 
and when not, should be decided after a consideration of the absolute value of the correction 
but the difference in tho sums of the B factors for the two half sets should also be considered. 
Most of the instruments used at present in this Survey have had their pivots refinished and their 
pivot inequality made practically zero. With these instruments it is not usually necessary 
to consider this correction when making the computations for time. 

DETERMINATION O F  LEVEL VALUE. 

The most accurate way of determining the value of one division of a level is by means of 
a level-trier, wllich consists of a bar tho support of which at  one end is a micrometer screw. 
The level tubo to be testcd is placed on this bar. Tho mothod of observing and computing is 
shown in tho following example.* I n  the level-trier used one division of the micrometer head 
equals ono second of arc; that is, a movement of one division changes the angular position of 
the bar by one second. The first part of theso observations was simply for the purpose of test- 
ing the uniformity of the tubc, changing the angle by 5" intervals. In det*ermining the level 
valuo about the same length of bubblo is employed that is used in the field observations. 
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Chamber Vial 
Length of bubble 

Detemnination of mlue of one &Vision of stride level of meridian'telescope No. 9. 
i76 mm. by 16 mm., marked 7626, d".O2 K. and E., mounted by springs. 
used, 35 div. =70 mm. E. G .  F., obsermer. Mean temperature, 1 P . S  C. 
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- 
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I I I I 
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1.901 
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1.818 

1.859 

If the love1 vial is so held in its mettlllic mounting that there is any possibility that it may 
be put under stress by a change of tcmperature, it is advisable to determine the value of a 
division with the tube in its mounting at two or more widely different temperatures. Level 
~ a l s ' a r e  now usually mounted with springs, so as to avoid such stresses. 

If an observer is forced to dotermine tho value of a level division in the field, remote from 
a lovol-trier-after somo accident, for oxample-he must devise some method of utilizing what- 
ever apparatus is at  lis disposal for that purpose. 

If a telescope having an eyepicce micrometer fitted for measuring altitudes or zenith dis- 
tances is available, tho unknown angular value of a levol division may be found by comparison 
with tho known angular value of a division of the micrometer. Place the love1 in an extempo- 
rized mounting k e d  to the teloscopo so that the level vial is parallel to the plane in whic4 the 
telescope rotates (about its horizontal axis). Point with the micrometer upon Borne distant 
woll-defined fned object and read the micrometer and-lovol. Change t h o  micrometer reading 
by an integral numbor of divisions, point to the same object again by a movement of the tele- 
scope as a whole, and note the now reading of the levol. Every repeti t ih of this process gives 
a determination of the level value in terms of the micrometer value. 

If another level of sufficient sensibility and of which the value is well knowxi is available, 
it may be used as a standard with which to compare the unknown level. ' Put. the unknown 
level in an extemporized mounting, fastened to that of the known level in such a way that'tlie 
two level vials are parallel or marly so. Adjust so that both bubbles are near the middle at 
once, Compare corresponding movements of the two bubbles for small changes of inclination 
common to the two levels. 

* 
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DISCUSSION OF ERRORS. 

The various errors which affect the final result of any astronomic observation may be 
grouped into three separate classes with respect to their sources, and consequently the pre- 
cautions which must be taken against them fall under the same general heads. They are: 
(1) Bxternal errors, or errors arising from conditions outside the observer; ( 2 )  instrumntal 
,mors, due to the instrument, and mising from imperfect construction or imperfect condition 
of the instrument, from instability of the relative positions of the different parts, etc.; (3) 
obsmer‘s errors, due dircctly to the observer, arising from his unavoidable errors of judgment 
as to what he sees and hears and from the fact that nerves and brain do not act instantaneously. 
By the phrase “Errom of obse7vUation” is meant the combined errors arising from all thesc 
sources. 

The principaI external errors in transit observations for time arise from errors in the assumed 
right ascensions of the stars and from lateral refraction of the light from the stars. 

If the right ascensions of all stars observed are taken from the American Ephemeris and 
Nautical Almanac or the Berliner Astronomisches Jahrbuch, the probable error of a right 
ascension will be upon an average about i-0.e03, except for stars of largo declination, for which 
this estimate must be increased. The right ascensions are subject also to small constant errors 
with which the geodesist is hardly concerned, because of their smallness and because they are 
almost complotely climinatcd from 16s final results. When the same stars are used a t  both 
stations in dctermining a differonce of longitude the errors of the right ascensions arc cbm- 
pletely eliminated from the determined difference of longitude. 

If one considers how small are the lateral refractions which affect measurcmcnts of hori- 
zontal angles and azimuth observations, in wliich lines of sight are close to the ground, it seems 
certain’ that the effects of lateral refraction upon transit time observations in which all lincs 
of sight are elevated high above the horizon must be almost or quite inappreciable. This is 
probably the case whenever proper precautions are t‘aken to avoid local refraction within a few 
feet of the instrument. If, however, tho temperature within the observatory is much abovc 
that outside, or if active chimneys or other powerful sources of hcat aro near tho obscrvatory, 
warm columns of air rising from or passing over the observat6ry may producc a sensiblc lateral 
refraction. The lateral-refraction is included, with many other errors from wllich i t  can not 
be separated, in the culmination error, (q), estimated on pages 38-39. 

In  addition to the latcral refraction referred to in the preceding paragraph and tacitly 
assumed to be constant during the interval of a few seconds in wliich a star is being obscrvcd 
upon, there arc usually momentary lateral refractions which serve merely to make the apparent 
rate of lirogrcss of the star variable and to make the observer’s errors greater than they other- 
wise would be. 

Among the instrumental errors in transit observations for time may be mentioned tliosc 
arising from the clvonograph and the reading of the chronograph sheet, from poor focusing, 
from nonverticality of tho micrornetcr wire or of the lines of the diaphragm, from changes in 
azimuth and collimation, from errors in the measured collimation, from errors in the measured 
inclination, from irregularity of pivots, and from changcs in tlic rate of the chronometer. 

All of these except the first two are included in the culmination error, (e1), as estimated 
on pages 38 and 39. 

As already noted ,the chronographs of the form now used operate so well that no appreci- 
able error is introduced by tlic assumption that the speed of the chronograph is constant between 
successive breaks of tho chronometer. The chronograph shcct is read to hundredths of seconds 
for the exchange of arbitrary signals between stations in telegraphic longitude work. In  
obsprvations made with an observing key, marking the times of transit across the lines of R 

diaphragm, the chronograph record of the observations is read for cach line to the nearest 0.”05. - 
1 By lmporfcct constructlon is horn m m t  tho faUuro to satisfy fully tho rigid gWmCtrlC condltions imposod by  theory, but nw-lly attainod 

out imporfxtly by tho lnstrumont maker, as, for oxamplo, tho wndltlon that tho crosa swtion of a pivot should bo a porfoct clrclo and romain 80. 
Irnper~ect construction is thoroforo not meant to imply poor wnstruotlon, that is, constructlon mwh bclow tho nttn1nal)lo dogroo of oxoollenm. 
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By so doing, a probable error of about f 0.801 on each singlo line is introduced into the readings; 
but this is tog small in comparison with the other errors concerned in transit work to warrant 
a closer reading. In  observations mado with a transit equipped with a transit inicromoter, 
where 20 observations on each star are recorded, tho chronograph record of these observations 
is read to tho, nearest 0.". The probable error of a singlo record (position of micrometer wire) 
from this source is about f0.802, but the number of such records obtained on a star makos tho 
probable error of the mean of these observations less than f0."01, showing that a closer reading 
of the chronograph sheet is not justifiable. 

Poor focusing of either the objective or the eyepiece leads to increased accidental errors 
because of poor definition. But poor focusing of tho objective is especially objectionable, 
because it puts the diaphragm ,(or plane of the micrometer wire) and tlio star image in different 
planes, and so producos parallax. The parallax crrors may be avoided to a large extent by koep- 
ing the eyepiece centered carefully over the part of the diaphragm wllicli is being observed 
upon, if proper longitudinal motion of the eyepiece is provided for that purpose. 

If the lines of tho diaphragm do not make an angle of oxactly 90' with tho horizontal axis 
of the telescope a star observed abovo or below tho middlo of the diaphragm will be observed 
too lato or too early. A similar error will bo causod in the case of the transit micrometer if the 
movable wire does not, in each of its positions, mako an angle of 90' with tho horizontal axis. 
Errors from this source may be made very small by careful adjustment and by observing within 

The mean errors of azimuth and of collimation, being determined by the time observations 
themselves, are canceled out from tho fmal result with a thoroughness which depends upon tho 
success attained in selecting stars. The process of elimination depends upon the assumption 
that tho error of azimuth remains constant during each half set and that tho collimation error 
remains constant during tho whole set. The changes in these errors during tho intohals named, 
arising from changes of tomperature, shocks to tho instrument, or other causes, produce errors 
in tho final result. These errors will ovidontly bo smaller the more rapidly the observations aro 
made, tho moro carofully tho instrument is handled, and tho more symmetrical and constant 
are tho tomperature conditions. In 
this connection the stability of tho pier on which the instrument rests is of especial importanco, 
and also the degree to which it is protected horn shocks such as, for instance, tho observer's walk- 
ing in its immediate vicinity, if thoro is no floor to the observatory or tont. 

It is mtiinly in tho light of tho proceding ptiragraph that tho number of stars to bo observed 
in a time sot must bo determined. If the number of stars in IL t h o  sot  and the length of time 
over which it oxtentls bo increwod, tho orrors duo to accumultitecl changes in the azimuth and 
collimatjon are incroasod. On the other hand, if tho number of stars is decreased bolow the 
present standard (12) tho number of observations rapidly approaches equality with tlio number 
of unknowns (4), and tho accuracy with which the unknowns are determined docreases very 
rapidly. From these considorations it would seem that 12 stars per sot is about the most 
advantagoous number when tho hqhest degree of, accuracy is' clesirod.' Under normal condi- 
tions this numbor involvos tho nocossity of depending upon the constancy of the instrument in 
gzimuth for about 30 minutes and in collimation for about 1 hour. If greater accuracy is 
desired than can be obtained from a sot of 12 stak,  it is necessary to continue observing half 
sets of 6 stars each, with tL roversal of tho instrumoiit in its wyes between each two half soh,  but 
tho number of stars in a half sot should not bo materially increasod. ~ 

To R consitlorable extent the. procoding two paragraphs also apply to tho inclination error. 
The changes in inclination during each half set produce errors in addition to those arising from 
uncertainty as to tho mean inclination, hence again tho desirability of mpid manipulation. 
The metin inclination is determined from tho indications of the striding 1ovo1, which aro inoro 
or less in error. D8erent observers seem to d8or  radically cs to the probnblo niagiiitudo of 

the narrow limits given by two horizontal lines or wires. \ 

In general, theso errors are small but not inapprociable. 

- 
1 Whon only B minor degree of muracy i s  desk&, tho numbor of stnn may, of oourse, bo much less than 12. 
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errors from this source, but the best observers are prone to use the striding level with great care. 
However small this error may be under the best conditions and most skillful manipulations, 
there can be no doubt that careless handlipg of the striding level, or a little hoedlessness about 
bringing a warm reading lamp too near it,’ may easily make this error one of the largest affecting 
the result. An error of 0.0002 inch in the determination of the difference of elevation of the 
two pivots of a transit like that shown in illustration No. 1 produces an error of more than Os. l  
in the deduced time of transit of a star near the zenith. 

The method of treating the level readings given on page 22 is based upon two assumptions: 
First, that the indic&ions of the striding level are not sufficiently accurate to determine the 
small changes of inclination during the progress of a half set, and, second, that if (as is generally 
the case) there is any systematic difference between the inclination as defined by level readings 
with objective northward and with objective southward the mean of those two inclinations is 
the required most probable value corresponding to intermediate positions of the telescope in 
which it points to stars near the zenith (time stars). Thore may be individual cases in which 
the first of these assumptions should be reversed and each star transit reduced by using the level 
reading which is nearest to it in time, upon the supposition that the actual changes of incli- 
nation are so large that the level indications furnish a real measure of them. In general, 
however, the method of treating the level readings shown on pages 21-23 is probably the best. 

The errors in the computed time arising from inequality and irregularity of pivots are prob- 
ably negligible for first-class instruments in good condition. Any small error in the adopted 
mean value of the inequality will appear in the computation with nearly its full value in the 
derived error of collimation, but will be almost completely eliminated from the computed 
chronometer correction. It is only tho diference of the irregularities of tho two pivots which 
affect the observed times, and it should be noted that corresponding points on the two pivots 
are always under aboyt the same pressure at  tho same time, and that therefore irregularities 
due to wear tend to be the same for the two pivots. 

Chnges in the rate of the chronometer during the progress of a set of observations evidently 
produce erzors in the computed chronometer correction at  tho mean epoch of the set. Under 
ordinary circumstances such errors must be exceedingly small. If, /however, an observer is 
forced to use a poor timepiece, or if clouds interfere so as to extend the time required to make 
a set of observations over several hours, this error may become appreciable. 

Tho observer’s errors are by far the most serious of any class of errors in transit observations 
for time. The observer is subject to both accidental and constant errors in his observations 
of the times of transit and in his readings of the striding level. Tho level reading errors (such 
8s errors in estimating tenths) are inappreciable in thoir effect upon tho computed time, but 
the errors in observations of time of transit enter into the computed time with full value. Tho 
observer’s accidental errors are estimated under the heading “Relative Weights to Transits 
Depending on the Star’s Dochiation” (pp. 38 and 39). His constant error in  estimating the 

1 Tho longitudinal section of the upper inncr surfaco of a level vial is mado BS nearly a porfect oirclo as possihlo. If an obsorver will consider 
how groat this radius of curvature is in asensitivestridloglevelhewillunderstand why very small deformatlons of thelcvcl vial by unequalchanges 
of temperature have a marked effect hpon tho position of the bubble. Tho radius of curvature for a lovol of which cach dlvislonls2mm long and 
equivalent to I f  scconds of arc Is moro than 300 m (about 1000feot). 

* In discussing errors, and especially when dlscusslng thom with reference to their ultimato effects, it is quite important to keep clearly in mind 
thedkthctions between awldental crrora, constant errors, and systematic errors. A conatant error is one which has the same effect upon all thc 
observations of the series or portlon of a sorlea under consideration. Aeddcnlal error8 aro not constant from observation to observation; they are 
as apt to be minus ns plus, and they prosumably follow tho law of error which is the basis of the theory of least squaros. A sysfemalfc error is ono 01 
which the algobraic sign, and, to a cortain oxtent, the magnitude, boars a flxed rolatlon to some condition or set of condltlons. Thus, for exampln, 
thephsso error in observations of horizontal directions is systematic with respect to t h e  azimuth of the sun and of the llno of sight. Tho oxpresslon 
“constant error” Is often used loosely in contradistinction to “accidental crror,” in such a way ns to include both strictly constant orrors and sys- 
tematic crrors. Tho caect of accidental errors upon the Bnalrosult may be diminished by continued repetition of the observations and by the least 
aquaro mothod of computation. The offects of constant orrora and of systematio errors must be ollmlnsted by other processes; for oxamplo, by 
ohanglng the mothod or program of observations, by special investigations or special obscmations designcd to evaluate a constant error or to 
determino the exact law of a systematic error. Tho abow dfsousslon appllea with full forcc, in so far as t h o  observer is directly concemcd, to mors 
ariShgfro& impetfwt perception or judgment rather than to blunders or mistakes, such as reading a level Avo divhiom wrong or estimating n time 
onoseaond wrong. If a mktake is so large that it is caught by the checks which are used for that purpose it is usually without offect upon tho 
computed reault, since it is oithcr correctod or tho observation concorncd is rejected. A mistake which is not caught is, in its effect upon the com- 
puted result, an accidental error and, if proper checks have been used to detect mktakes, will 110 wlthln the limits of magnltudc of tho awidontal 
errora. A simllar dlstlnctlon betwcon instrumental errors and instrumental blunders may bo drawn; for example, a blunder rather than error Y 
asused by tho movement of an objective whlch is looso in its cell. 
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time of transit when observing with a key, or by the eye and ear method, is known as personal 
equation and may amount to half a second or even a whole second in an extreme caw. In  
observations with a transit micrometer this error if it exists a t  all is very small and may be 
neglected. The personal equation, and the methods of measuring it and of eliminating it from 
the final results, will be treated more fully in connection with longitude determinations. In 
the same place will be found a discussion of the data which indicate that tho personal oquation 
in observations made with a transit micrometer is so small that it may be neglectod in longitude 
work. 

To sum up, it may bo stated that the accidental error in tho determination d a chronometer 
correction from observations with a portable transit instrument upon twelve stars may bo 
reduced within limits indicated by a probable error of from f e . O l  to f s . l O .  However, in 
observations made without the transit micrometer the chronometer corroction may be subject to 
a large constant mor,  the observer’s absolute personal equation, which may be many times as 
great as the probable (accidental) error. If the observations have boev made with the transit 
microme$er, there is practicaUy no personal equation, and the results may be considered free 
from constant errors due to that sourco. 

OTHER METHODS OF DETERMINING TIME. 

In  the field it is somotimos nocessaiy to use other instruments a8 transits for tho determi- 
nation of time. A theodolite, when so used, is apt to give results of a higher degree of accuracy 
than would bo expected from an instrument of its ~izo,  unless one has in mind that tho princi- 
pal errors in transit time observations aro those due directly to the observer. On the other 
hand, zenith telescopes of the form in which the telesco’pe does not swing in a plane passing 
through the vertical axis of tho instrument have been found to give disappointing results when 
used in tho meridian for timo,,perhaps bocausa of the asymmetry of the instrument and of the 
fact that there can be no reversal of the horizontal axis in its bearings, but only of the instrument 
as a wholo. The time may, however, be thus determined Gith sufficient accuracy for use in 
connoction with determinations of latitude with the zenith telescope.’ 

* The determination of time by the use of the transit in any position out of tho meridan has 
been advocated, but has not seemed advisable. The additional difficulty of making the com- 
putation, over that for a transit nearly in the meridian, and other incidental inconveniences, 
much mor0 than offset the fact that tho adjustment for putting the transit in the meridian is 
then unnecessary. 

The use of the transit in the vortical plane passing through Polaris a t  the timo of observa- 
tion has been advocated, and has been used to a considorable extent in Europe and in Canada. 
It is not used by this Survey. The advantage of this method over the meridian method is’ 
that the stability of the instrument is depended upon for only about 5 minutes instead of 30 
minutes or more. This method is open, though to a loss extent, to the objections stated in 
tho preceding paragraph against the method of observing in any position, out of the meridian. 

If a mark nearly in the meridian has been established and its azimuth determined the 
chronometer correction may be. determined a t  noon within a half second by observing the 
transit of the sun as follows: Point on the meridian mark just before apparent noon; observe 
the transit of the preceding limb of the sun across the lines of the diaphrgm; reverse tho 
horizontal axis of the telekope and observe the transit of the following limb across the lines of 
the diaphragm. If the transit micrometer is used, the west limb of the sun is followed across 
the center of the fiold by the micromoter wire, and then the telescope is reversed and the east 
limb is followed by the wire. The record of observations on each limb is recorded automatically 
on the chronograph. The striding level should be read just  before the transit of the preceding 
limb and just after the transit of the following limb. The mean of all the observed times i s  
the chronometer time of transit of the sun’s center across the plane of the instrumont. This 

1 For methods of determhbg time with B zenith telesoope by using It as an equal-altltude instrumont, soe Coast Survoy Report for 1880, Appen- 
dix No. 12, pp. 228-232. 
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time corrected for azimuth error, as determined by the pointing on the meridian mark, and for 
inclination, is the chronometer time of the sun’s transit across the meridian. During the 
observations the mstrument should be sheltered from the direct rays of the sun. This may be 
done by hanging in front of it a cloth with a hole cut in it opposite the objective. This method 
of determining time may sometimes be found desirablc in connection with chronometric determi- 
nations of longitude in Alaska when continuous cloudy weather prevents star observations. 

When setting up a transit a t  a new station it is sometimes difficult to get a close approxi- 
mation to the local time with which to make the fwst setting of the tpnsit  in the meridian. 
The following method has been used to furnish a rough value of the local time, and makes i t  
possible to put the instrument so closely in the meridian on the initial triakthat there is almost 
no time lost from the regular observations. At a little before local noon commence observing 
the sun, following it by moving the telescope both in azimuth and altitude. While the sun is 
still rising appreciably, clamp the telescope in altitude, antl mark the time of the transit of the 
sun’s limbs across the horizontal wire of the telescope; then keeping the telescope fixed in 
altitude swing it shghtly in azimuth to meet the descending sun and mark the transit of the sun’s 
limbs across the same wire as before. The mean of the times will be approximately the chropom- 
eter time of the sun’s passage across the locitl meridian; and the chronometer correction on 
apparent solar time can be determinctl, and filially its correction on local sidereal time. With 
this correction, using an azimuth star first in the fuial placing of the instrument in azimuth, 
it will be found that two approximations will usually be all that are required to set  the instrument 
close enough for actual observations. With the meridian telescope form of instrument this 
method may be easily and accurately followcd. 

Sextant observations for time by measuring the altitude of tho sun give suficiently accuratc 
results for many purposes.’ For examplie, the chronometer correction may thus be determined 
with suficient accurecy for h e  in zenith telescope dcterminations of latitude or in observations 
for azimuth made upon acircumpolttr star within an hour of elongation. If aspecially constructod 
vertical circle is used, illustratiofl No. 8, the timc may be determined from observed altitudes 
of a star or the sun with sufficient accuracy for all purposes in observations for latitudc and 
azimuth. This is tlic 
method used at  present .by nearly all  the parties of this Survcy engaged in latitude and azimuth 
obscrvations. With time obtained in this way azimuth obscrvations may be made on Polaris 
u t  any hour angle. This method is also used by the field parties cngaged in making magnetic 
 observation^.^ As this method is so frequently used a sample record of observations and of 
the computntioiis is given bclow with such explanations us are necessary. 

I 

The sun or star ahould be observed near the prime vertical if possiblc. 

l)ICS(:RIPTION 01’ THE VERTICAL CIRCLE AND ITS AI>JUSTMEI\;TS. 

The vertical circles in use in the Coast and Geodetic Survey are, in geiieral form, like that 
shown in illustration No. 8. 

The instrument is practically a theodolite with the graduated circle in a vertical positioii 
and the axis horizontal, with the telescope fastened rigidly to the alidade. The’ circle antl 
alidade are fastened to a horizontal support which rests upon the top of a vertical axis, the lattcr 
fitting into a stand. There is a counterpoise to the circle arid alidade on the opposite side of the 
verticd axis. The stand has three leveling screws, and there may be* a graduated circle near its 
base for measuring horizontal angles approxim’atcly. 

1 For convenient mtmctiom, formuls, nnd tnbles for scxtnnt obscrvntlons for time nnd uther epproximnto nstronomic mehods, so0 Dowdltch’s 

2 Such an instrument Is used in obscrvlng vertical nnglu or zenith dislnncar In primury trinnylntion. Tho cIrclea of thao instrumonk rue 

a Sw D. 45, Diroctions for Mngnotic Mousurcrucnts, Const and Gcodolic Burvoy. 

Amoricnn I’ractlc$ Nnvlgntor, publlshod by the U. 8. Nnvy Dcpnrlmcnt. 

Inm 8 to 10 lnchu in dlnmctm nnd nro grnduntcd vcry nccurnlcly. 
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Before starting observations the usual adjustments of the eyepiece and object glass should 
be made and the crosswires should be brought’approximately into the center of the field. There 
is no adjustment for collimation in either the vertical or horizontal plane. A cdarse stride level 
is used to make the horizontal axis of the circle truly horizontal and, consequently, the circle 
vertical, and a sensitive level is placed parallel with and fastened to the circle to define a hori- 
zontal line through the instrument. If, after leveling by the two levels, the instrument is 
rotated on its vertical axis through 180’ and the bubbles remain on the graduated scales of the 
level vials then the adjustments for level are satisfactory. 

TIME FROM OBSERVATIONS ON A STAR WITH A VERTICAL CIRCLE. 

When making the observations the star’s image is brought into the field of the telescope 
and the telescope clamped with the horizontal wire slightly ahead of the star. As the star 
crosses the horizontal wire the observer notes the time of the chronometer by the eysand-ear 
method, or, a t  the instant of crossing, he c d s  “Mark” to the recorder, who notes the chronome- 
ter time. Readings are made of the bubble of the fixed level and of the verniers of the vertical 
circle. The telescope is then rotated on its horizontal axis and revolved 180’ about the vertical 
axis of the instrument. A second observation is made on the star and the level and vertical 
circle are read again. These observations constitute one complete determination of the time. 
It is advisable to take at  least four such sets of observations for the determination of the chro- 
nometer correction if the results are used for primary azimuth work where Polaris or some 
other close circumpolar star is observed at  any hour angle. 

If, upon revolving the instrument through 180’ in azimuth for the second reading on the 
star for any one set,.it is found that one end of the bubble extends beyond the graduations of 
the level vial, i t  may be brought back by the foot screws of the instrument. It should never be 
brought back to the graduations by moving the tangent screw which controls the relation 
between the bubble and the graduations of the circle. In other words, the relation between 
the fixed lovol and tho vertical circle qf the instrumont should remain undisturbed during a set. 
If the levclis badly out of adjustment, i t  should be adjusted between sets. Whenever practicable 
one.1ialf of the sets of observations should be made on a star in the east and the other half on 
a west star, both stars being nearly in the prime vertical and at  about tho samo elevation, in 
order to eliminate instrumental errors and errors due to refraction. 

The above two paragraphs apply also to observations on the sun, except, of course, the last 
sentence of the sccond paragraph. The instrumental and refraction errors may be minimized by 
observing the sun in the morning and again in tho aftornoon at  about the same angular distance 
from the meridian. 

RECORD O F  OBSERVATIONS ON STARS. 

The following record shows four sets of observations with the vertical circle, all on an eastern 
star. Theseaobservations were made in connoction with primary azimuth observations at Sears 
triangulation station in Texas. The azimuth observations and computations are shown on 
pages 147 to 149 of this publication. It will be noticed that the zenith distances of the star cor- 
rected for level are computed in the record: 
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Double zenith distances.* 
Form 252. 

(Station: S e a  triangulation stetion. Observer: W. Bowie. State: Texas. County: Jones. Instniment: Vertlcnl circle No. 40. 
Date: Doc. 22,19atl.] 

Objeot 
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-- 
Time 

h m  a 
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d d  
14 1 
14 4 

28.6 
- 4 7  

14.3 
11 8 

28.1 

1 10 08.5 
1 12 00.5 

1 11 03.5 

1 13 14.5 
1 15 13.0 

1 14 13.8 

12.0 
11 8 

23.8 
-- 

11.8 
14.3 

I 20. 1 
-- 

Level 

a Tnuri 

1 04'56.8 

1 07 05.0 
1 08 28.5 

1 07 40.8 

- 
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,rPieft 
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R 

30.2 
-7.8 

13.2 
14.1 

27.3 
-2.3 
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read- 
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-- 
22.4 

12.8 
12.2 

25.0 
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0 .  

49 57 
€4 01 

49 49 
48 59 

48 30 
48 47 

48 31 
47 34 

- 
A - 
,, 
40 
60 

00 
M) 

30 
20 

20 
20 

- 

- 
B 
- 
,I 

Bo 
60 

40 
20 

00 
40 

80 
40 

- 

Verniers 
- 
Kenn 

,# 

40.0 
53.3 

00. i 
56.7 
- 

33.3 
16.7 

40.0 
20.7 

- 

Zenith dip 
tance 

0 , ,, 
49 59 46.6 - 3.0 

43.0 

49 24 01.7 
0.0 

01.7 

48 41 65.0 
- 6.0 
60.0 

48 07 03.4 - 1.6 
01.9 

Remnrks 

Sidereal chronometer No. 1769 was 
used. Temperaturc, 5' C. Ba- 
rometer, 710 mm 

Value of one division of level bub- , 
ble-?!'.fr8 

* Verticalcircle No. 46 differs from the usual t pe of thls instrument in use b the Survey in the number of verniers and h the numberin of 
the graduations of the circle. Them aro four verdrs as a rule nnd the circle grsdlualions nrc gcnemll numbered continuously so that the d a w -  
enoe of the two circle readqs,  Circle R and Circle L, gives thb doublo zenith distance. No. 40 has onyy three verniers nnd the vbrticalcirolegradu- 
ations are numbered from 0 to 180" both ways from the zenith. 

In  the column of remarks is givcn such information as is necessary for thc proper inter- 
pretation of the recokd by the computcr. I n  this column should also bc given notes on any 
unusual occurrence, such as the jarring of the instrument or the adjustment of thc instrument 
(luring th6 period of observations. 

The above form is bound in books of octavo size, which are furnished to field parties upon 
request. - 

The level correction, which is shown in the column headed "Level" and is applied to the 
observed zenith distance in the next to the last column, is computcd by the formula: 

1 c= - I E +E,) - (0 +o,))a. 41( 

Wlien the lcvcl graduations are numbered dontinuously, the iormula is : 

1 
CQ{ (E,-E) - (0 -O,))& 

in which 0 and E are the readings of the level when the larger numbcrs are at  tho object end 
of the le\vel vial, and d is the value in seconds of arc of one division oi tlic vial. 

The formula used in computing time from observations with a vertical circlc on a star or 
on the sun is 

1 sin $c+ (+-G)]sin -$ c- (+-a)] 
sin - t =  

, 2  l J '  cos q5 cos 6 9 

in which t is the hour angle, 6 the declination, (' the zenith distance of the object observed, and + is the latitude of the station. 
I n  the following iorm (No. 381a) tlic usual method of computation is shown. This forin 

is tlcsigncltl cspccidy for tlic computation oi timtt from tllc obscrvccl dtituclcs of a star. 
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Computation of time, obsmtions on a star with vertical circle. 
Form a l a .  

1BtaL0, Texas. Slatlon, Sears trlnngulatlon atation. Chronometer, 1769 Sidereal. Date, DM. 22, 1808. Barometor, 716 mm. 
Tomporeture, 5' C.] 

55 

I --___ 
Chron. reading, Zenith dist. 

Refraction 

C o m t e d  2. D.-C 

log 9, d 
log cos d, d 
logOiXd+lwWSd-logD, 4-d 
log Sin f IC+(d-d)l, f IC+(+-d)l 
log f lC-(+-d)l, 3 lC-(+-d)l 
sum two log sines- log h', 
logN-logD-logsin*~f, 
log sin 1 t ,  

f (time), : 
Right ascension of star, 
Sldorosl time, 
Chronometer roadlug, 
Chronometer correction, 

t 1 (am) 

I 

Star: u Taurl 

h m  a 
1 04 55.8 

0.8257468 
9.w1234 
9. BW8082 

9. '1375385 
9.4832285 
9.2007850 
9.2818858 
9.8164470 

h m  a 
3 30 23.2 
4 30 11.9 

1 04 55.8 
-04 37.1 

1 00 l a 7  

. I ,, 
49 59 44 

+1 OB 
-___ 

50 00 60 

32 33 31 
16 19 37 
16 13 54 

33 07 22 
10 53 28 

26 17 54 

52 35 48 

h m  a 
1 07 46.8 

9. 0257468 
9. wl234 
9. Qo78692 

- 0.7340583 
0.4557230 

0.2810151 
0.8108580 

9. im7m 

h in 8 

3 27 32.7 
4 30 41.9 
1 Q3 09.2 
1 07 46.8 
-04 37.6 
-- 

49 25 07 I 

32 33 31 
16 10 37 
10 13 54 

32 40 30 
10 35 36 

25 66 35 

51 53 10 

The oomtion Is plus if the chronometer Is slow and minu. if fast. 
Carry all anglcs to swonds only, all times to tenthsof Ewonds, and all logarithms to Sown dwlmal places. 
In space below, 00~11pute rate of ohronometer,gto. 

Mean Epwh star Chronomotor oorreotion 
h m  m a  
1 10 n Tauri -4 37.7 
4 58 ,3 Geminor. -4 30.7 

Clock rate=0'.263 per hour losing. 
In  the above computation the correction for refraction was obtained from tho tables on 

The apparent declination and right asconsion of tho star were obtained €Toni the American 
pnges 58-59 of this publication. 

ICphomeris and Nautical Almanac for 1908 (tho yoar of observation). 

TIME FROM OBSERVATIONS ON THE SUN WITH THE VERTICAL CIRCLE. 

When the sun is the object observed upon a slightly different program of observations is 
required. The teloscope is pointed on the sun's upper. limb (tho horizontal wire of the telescope 
made tangent to the diskof the sun) with the circle right and immediately afterward with the 
circle~left. At each pointing the time of contact, the level reading, and the reading of the 
vertical circle are noted. The letters R and L (right and loft) aro used to designate the posi- 
tion of tho circle with reference to the vertical axis of the instrument. Two quarter sets similar 
to the above are then made in quick succossion on the sun's lower limb, and finally another 
quarter set on the upper L,mb. These ark recorded on the form shown below, on which aro also 
computed the zenith distances of the sun's limbs corrected for level. 
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Double zenith distames. 
Form 252. 

. .  

Chron. reading, Zenith dist. 
Chron. reading, Zenith dlst. 

The observations on the upper limb i r e  computed separately from thoso on the lower limb 
in order that one may make more exact corrections for refraction. 

Sun's upper limb 

0 ,  A m  8 
8 48 13.2 I 49 '13 :2 1 
8 66 30.1 48 23 21 

Computation of time, observations on sun With vertical circle. 
Form 391. 

Mean 

Refraction 
Parallax 

Semldiametcr 

[Station, Tllden) Date, Bept. 6, 1806. Chronometer, Sldereal 102. Tempera&, 27' C. Barometer (not read).] 

I 
8 51 61.6 48 411 32 I 

- 07 

+I5 64 , 
I 

X 82 03.0 

I I 

, 49 18 64 
- 07 
+ 1  M 
-15 51 

Mean, 

, 2 ' O B  17.3 
21 53 42.7 

-1 31.4 
21 62 11.3 
8 61 33.11 
8 51 61.6 

-17.8 

31 34 20 

' 

I !- I 

t (time), 
Locsl apparent time, 
Equatlon of t h e ,  
Local mean time, 
Local sldeml tlme, 
Chronometer reading, 
Chronometer oormtlon 

t (aro) 

, '  

Btm's lower limb 
- 

I I 

9. mea1 
9.99701183 
9. 8250744 

8. SWXh51 
8.8428919 
8.893@373 
X. 9879328 
9. 4 3 3 w  

h m 8 '  
2 00 05.2 

' 21 63 54.8 
-1  31.4 

21 52 23.1 
8 61 46,9 
n 62 '03.0 

49 03 57 

47 42 I6 
0 37 p 

41 OL 38 

45 04 17 
3 b0 40 

15 45 39 

31 31 18 

A m  
Longitude from Greenwich, =G 25.3 
Estimated local mean time of observation, =9 52 
Greenwich mean time of observation, =4 17 
Interpolation interval, from Greenwich mean noon, =4.3 hours 

h m, 
=O 25.3 
=9 53 
=4 18 . 
=4.3 houm. ' 
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In this computatior the correction for refraction was obtained from the tables on pages 58-59 

of this publication. 
The first table gives the mean refraction, or the refraction under m assumed standard 

condition of 760 mm. ( = 29.9 in.) pressure and 10’ C. ( = 50’ F.) temperature. 
The second table gives the factor OB, by which the mean refraction as obtained from the 

first table must be multiplied, on account of a barometer reading different from 760 mm. 
I In the third table is obtained the factor CT by which the m e a  refraction must multiplied 
on account of a temperature different from the standard (10’ C.). 

The resulting refraction is then r = rn x CB x CT in which rM is the refraction under standard 
conditions obtained from the first table and 0, i d  -0, are the factors obtained from the second 
and third tables, respectively.’ 
+ The reduction for semidiameter, and the values for the sun’s declination and for the equa- 
tion of time were obtained from the American Ephemeris and Nautical Almanac for 1906 (the 
year of observations). 

The parallax was obtained from the table on page 60, which was aha taken from Hayford’s 
Geodetic Astronomy. - 

The semidiameter was obtained from page 405 of the Ephemeris. 
The declination and the equation of time were obtained from pages 146 and 147 of the 

Ephemeris. The interpolation of these quantities for the time of observation is made by the 
use of the interpolation interval obtained at  the bottom oE the computation. 

The mean of the observations on either limb, reduced for parallax, refraction, and semi- 
diameter gives the true zenith distance of the sunk center. The computation is by the same 

.formula as is given for the reduction of the observutions on a star. 
As the abovo observations were made using a sidereal chronometer, and as the correction 

on sidereal time wlts required, i t  was necessary to reduce the computed mean time of tlie observa- 
tion to its corresponding local sidereal time before a comparison was made with the t h o  as 
read from the chronometer face. The following computation shows the various steps of this 
reduction for tho observations on the sun’s upper limb: 

The argument used was the apparent altitude. 

(See p. 54.) 

h m  s 
Local mean time of observation (Sept. 5, 1906) 21 52 11.S 
Reduction to sidereal interval (Table 111, Ephemeris) 3 35.6 
Right ascension of mean sun, Greenwich mean noon Septembor 5, 1906 10 54 43.6 
Incre&e in right ascension of mean Bun, at Tilden mean noon Scptember 5,1908 

(Table 111, Ephemeris, 6h 25m.3 west) 1 03.3 
Sum, local sidereal time of observation at Tilden 8 51 35.8 

For several reasons the observations on a star are more satisfactory than thoso on the sun. 
When used in :connection with other astronomic observations, such as the determination of 
azimuth, a chronometer correction from observations on a star may be obtained close to tlie 
epoch of the observations, since any one of many available stars may be used. The computa- 
tion is more easily made as there is no reduction for semidiameter or for parallax, and the 
declinution and right ascension of a star are practically constant during an entire set of observa- 
tions and tliereforn easily and quickly obtained from a star list. No equation of time is intro- 
duced, 

Tho observer s h o u l ~  have a star chart for use in identifying the stars observed upon, 
1 T h w  tables wore copled’from A Text Book of Qeodetlo Astronomy by John F. Hayford, formerly inspeotor of geodetlc work and Chief of 

IIKI Computing Dlvlsion, U .  8. Coast and Cleodetlc Survey. John WIley & Sons, 1696. 
o It  muat Im remembered that the day of the Ephermls Is astronomic, and hep‘ns at noon of the clvll day of the Bame data. Sept. 6,2lR 52m 

118.3, astronomic mean time la the forenoon of Bept. 6, clvll time. 
8 Star Cllarls published by the Nydro&mphlo OfRm of the IS. 9. Navy and may be obtained from tlie Navy Department, Weshlngton, 

D .  c. Btnr charta are also contairld ill A Fleld Book of the Stars, by W. T. Oloott (Q. Y. Putnam’a Sons, pUbbheI8). 
‘ 
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Mean refraction' (ry) 
[BnromeLer, 760 milllmeten (-28.9 inches). Tompereture, 10' C.(-50' F).l 
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28 53.9 
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25 49:8 

24 28.3 
23 13.5 
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20 03.7 
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18 18.7 
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16 49.7 
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15 32.1 
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13 63.6 
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10 44.9 
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0.25 

0.24 
0.23 
0.23 

0.22 
0.21 
0.20 
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20 
40 

24 00 

40 

25 00 
20 
40 

26 00 

40 

27 00 
20 
40 

28 00 
20 
40 

29 00 
20 
40 

30 00 
20 
40 

31 00 
20 
40 

32 00 
20 
40 

m 

m 

0.13 
0.13 
0.12 

0.12 
0.12 
0.11 

35 00 
20 
40 

36 00 
30 

37 00 
I 

0.11 
0.11 
0.10 

0.10 
0.10 
0.10 

0.09 
0.09 
0.09 

0.09 
0.09 
0.08 

0.08 
0.08 
0.08 

o w  
0.07 
0.07 

0.07 
0.07 
0.07 

30 
38 00 

30 

39 00 
30 

40 00 

30 
41 00 

30 

42 00 
30 

43 00 

30 
44 00 

a0 

4 5 0 0  
30 

40 00 

30 
47 00 

30 

dean r e  
ractlon 
- 
, ,, 
1 29.4 
1 28.2 
1 27.1 

1 26.1 
1 26.0 
1 24.0 

1 23.0 
1 22.0 
1 21.0 

20.0 
18.5 
17.1 

i6.  7 
14.4 
13.1 

11.8 
10.6 
09.3 

1 08.1 
1 08.9 
1 05.7 

1 04.6 
1 03.5 
1 02.4 

1 01.3 
1 00.2 
0 59.2 

0 1 . 2  
0 57.2 
0 68.2 

0 55.2 
0 M.2 
0 53.3 

0 62.6 
0 a1.e 
0 50.7 

0 48.9 
0 48.C 

0 47.1 
0 46.3 
0 46.C 

o 49.8 0.08 
0.06 
0.06 

0.08 
0.08 
0.06 

30 
€4 00 

30 

61 00 
30 

52 00 

- 
dean re- 
fraction 

, ,, 
0 44.7 
0 43.9 
0 43.1 

0 42.3 
0 41.6 
0 40.8 

0 40.0 
0 39.3 
0 37.8 

0 36.4 
0 35.0 
0 33.6 

0 32.3 
0 31,O 
0 28.7 

0 28.4 
0 27.2 
0 25.9 

0 24.7 
0 23.6 
0 22.4 

0 21.2 

0 18.9 

0 17.8 
0 16.7 
0 15.6 

0 14.6 
0 13.5 
0 12.4 

0 11.3 
0 10.3 
0 08.2 

0 08.2 
0 07.2 
0 06.1 

0 05.1 
0 04.1 
0 03.1 

0 02.0 
0 01.0 
0 00.0 

o 20.1 

0.03 
0. 03 
0.03 

0.03 
0.03 
0.03 

0.03 
0.025 
0.024 

0. ow 
0.023 
0.022 

0.022 
0.022 
0.022 

0.021 
0.021 
0.021 

0.020 
0.020 
0.020 

0.019 
0.019 
0.018 

0.018 
0.018 
0.018 

0.018 
0.018 
0.018 

0.018 
0.018 
0.018 

0.018 
0.018 
0 018 

0.018 
0.017 
0.017 

0.017 
0.017 
0.017 
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Cmectwn to mean.refractwn as given on page 58, depending u p o n  the reading qf the barometer. 
Ir-(rM) ( 4) ( CT).] 

C, 

0.749 
0.762 
0.756 

-- 
0, - 

0.089 
0.992 
0.996 

0.999 
1.003 
1.007 

L 010 
1.013 
1.016 

1.023 

1.029 
1. o,n 
1.036 

1.020 

1. om 

Barornetor 

'Inches mm 
24.8 I 630 
24.9 632 

, 25.0 636 

Barornot& 
c, j - 

0.W 
0.812 
0.916 

0.920 
0.923 
0.826 

Barometer 

Inches mm 
29.6 752 
29.7 754 
29.8 767 

29.9 759 
30.0 762 
30.1 765 

C, 

0.829 
0.832 
0.836 

0.838 
0.642 
0.846 

Barorno- 

Tnches m m  
27.2 691 
27.3 6D3 
27.4 696 

27.6 699 
27.6 701 
27.7 704 

0.769 
0.762 
0.766 

0.770 
0.773 
0.776 

0.779 
0.783 
0.786 

0.789 
0.792 
0.796 

0.788 
0.803 
0.W 

0.808 
0.813 
0.816 

0.820 
0.823 
0.826 

25.1 637 
25.2 640 
25.3 643 

26.4 646 
25.6 648 
25.6 650 

25.7 853 
25.8 666 
25.9 658 

26.0 w 
26.1 663 
28.2 085 

. 26.3 888 
26.4 671 
26.6 675 

28.6 676 
28.7 678 
28.8 681 

2u.9 683 
27.0 080 

! 27.1 08s 

0.849 
0,863 
0.858 

0.859 
0.M2 
0.888 

n.8 706 
27.9 709 
28.0 711 

28.1 714 
28.2 716 
28.3 710 

0.929 
0.w 
0.936 

0.939 
0.942 
0.946 

30.2 767 
30.3 770 
30.4 772 

30.6 . 775 
30.6 .777 
30.7 780 

Contl- 
grudo 

23.3 
23.9 
24.4 

25.0 
25.6 
26.1 

26.7 
27.2 
27.8 

28.3 
28.9 
29.4 

30.0 
30.6 
31. 1 

31.7 
3'2.2 
32,s 

33.3 
.y3. 8 

d34.4 

35.0 
35.6 
36.1 

l- 
Fshror 

hoiL --- 
0 

0.056 107 
0.853 l@ 
0.862 10s 

0.950 11c 
0.048 111 
0.@46 112 

0.846 113 
0.043 114 
0.941 11t 

0.839 11( 
0.938 11; 
0.836 118 

0.034 11c 
0.893 l X  
0.931 121 

0 . m  , 12; 
0. W2h 13 
0. W26 124 

0.924 124 
0.wa 12t 
0.821 12; 

0.019 1'2 
0.917 12( 
0.016 13( 

41.7 
42.2 
42.8 

0.800 
0.m 
0.897 

43.3 
43.0 
44.4 

0.885 
0.894 
0.m 

46.0 
46.6 
46. 1 

46.7 
47.2 
47. 8 

0.891 
0.880 
0.888 

0.888 
0.885 
0.884 

48.3 
48.9 
48.4 

0.882 
0.8111 
0.880 

50.0 
50.0 
61.1 

61.7 
52.2 
52. 8 

0.878 
0.877 
0.876 

0.874 
0.875 
0.87l 

16.7 
17.2 
17.8 

18.3 

19.4 

20.6 
21,l 

21.7' 
22.2 
22.8. 

iae 

20.0 

0.077 
0.076 
0.073 

0.972 

0.888 

0.884 
0.902 

0.961 
0.18 
0.957 

0.970 

0 . 8 ~ ~  

53.3 
53.0 
51.4 

-- 

0.8iO 
0.w 
0.867 

36.7 
37.2 
37.8 

38.3 
38.0 
39.4 

n.814 I 

0.912 
0.011 , 

0.909 
0.m 
0. ww 

- 
lnchca m. o m. 1 m. 2 

m. 3 m. 4 m. 6 

20. 7 

m. 9 

20.6 

m. 8 

21.0 
21.1 

21.2 
21.3 
21.4 

21.6 
21.6 
21.7 

21.8 
21.9 
22.0 

22.1 
22.2 
22.3 

- 
0.670 
0.673 
0.676 

0.679 
0 . 6 2  
0.685 

Inches 
22.4 
22.6 
22.6 

22.7 
22.8 
22.9 

23.0 
23.1 
23.2 

23.3 
23.4 
23.6 

23.6 
23.7 
23.8 

23.9 
24.0 
W1 

mm 
m 
672 
674 

676 
679 
b82 

- 6 8 4  
687 
689 

692 
694 
697 

690 
602 
605 

607 
610 
612 

616 
617 

622 
625 
627 

em 

mm 
MUI 
611 

, 613 

616 
618 
621 

623 
626 
628 

631 
633 . 536 

538 
641 
544 

546 
M9 
661 

654 

669 

661 
664 
566 

0.889 28.4 721 ::::I/ El E 
0.709 
0.712 
0.716 

0.719 
0.722 
0.725 

::E / /  
0. 9ea 

0.879 28.7 7!29 
0.882 28.8 732 
0.885 28.9 134 

0.889 29.0 737 
0.892 29.1 739 
0.886 29.2 742 

24.2 
24.3 
24.4 

0.079 1 
0.W j 
0.om 1 0.739 

0.742 
0.746 

24.6 
24.6 
24. 7 

Correction to mean r$ractwn as given OIL age ,58, depending upon the reading of the detached 
t P bermmeter. 
[ r - ( rM)(cE)(CT) . l  

~ 

Tompomturo 11 Temperature 1 ]I Tompomturo I Tompomture I (1 Tcmporaturo 
- 
Contl- 
Uado - 
-13.3 
-12.8 
-l2.2 

-11.7 
-11.1 
-10.6 

-10.0 - 9.4 - 8.9 

- 8.8 - 7.8 - 7.2 

- 6.7 - 6.1 - 6.6 

- 6.0 - 4.4 - 3.0 

- 3.3 - 2.8 - 2 2  

- 1.7 - 1.1 - 0. 6 

0.0 + 0.6 
1.1 

1.7 
2.2 
2.8 

3.3 
3.0 
4.4 - 

'UhrM. 
hell bnd0.  hoit: -- 

6.0 1.018 
6.6 1.016 
6.1 1.014 

6.7 1.012 I 
7.2 1.010 
7.8 1,008 

-- 
1.089 
1.087 
1.085 

1.082 
1. os0 
1.078 

-23 
-24 
-23 

-22 
-21 
-20 

-19 
-18 
-17 

-16 
-16 
-14 

-13 
-12 
-11 

-10 
- 9  
- 8  

- 7  
- 6  
- 6  

- 4  
- 3  
- 2  

- 1  
0 

+ 1  

2 
3 
4 

5 
6 
7 

0 

-31.7 
-31.1 
-30.6 

-30.0 
-29.4 
-!m. 9 

-28.3 
-27.8 
-27.2 

-%. 7 
-26.1 
-25.6 

-25. 0 
-24.4 
-23.9 

-23.3 
-22.8 
-22.2 

-21.7 
-21.1 

-!a 0 
-10.4 
-18.0 

-18.3 
-17.8 
-17.2 

-16.7 
-16.1 
-16.6 

-16.0 
-14.4 
-13.9 

-20.8 

1.172 
1.169 
1. lea 
1.184 
1.161 
1.158 

8 
9 

10 

11 
12 
13 

14 
16 
16 

17 
18 
19 

20 
21 
22 

23 
24 
25 

20 
27 
28 

29 

31 

32 
33 
34 

35 
36 
37 

38 
39 
40 

ao 

41 
42 
43 

44 
46 
46 

47 
48 
49 

€4 
61 

63 
54 
66 

w 
67 
58 

59 
00 
61 

e2 
e3 
e4 

65 
OB 
67 

68 
69 
70 

71 
72 
73 

aa 

74 
76 
76 

77 
78 
78 

Ro 
81 
&2 

89 
84 
8s 

811 
87 
88 

89 
w 
U l  

9'2 
93 
94 

9s 
96 
97 

08 
90 

100 

101 
102 
103 

104 
105 
106 

1 076 ' 1  
1:073 I 
1.071 

1.069 
1.067 
1.064 

1.002 
1.080 
1.058 

1.050 
1.054 
1.051 

1.048 
1.047 
1.046 

1.043 
1.041 
1. oao 
1.036 
1.034 
1.032 

1. oao 
1.028 
1.020 

1.024 
1.022 
1.020 

1.166 
1.163 
l J 5 l  

1.148 
1.145 
1.143 

1.140 
1.138 
1.135 

1,133 
1.130 
1.128 

1.125 
1.123 
1.120 

1.118 
1.116 
1.113 

1.111 
1.108 
1.106 

1.103 
1.101 
1.099 

1.096 
1.084 

'1.082 

10.0 1.000 i 
10.6 0.908 

11.7 0.884 
12.2 0.992 

13.3 0.W ' 
13.0 0 . W  
14. 4 1 0. WJ I/ 

8"./ 41.1 0.802 /I 



I7 5. COAST AND GEODETIC SUBVEY SPECIAL PUBLICATION NO. 14. 60 

The parallax of the sun ( p )  for theJirst day of m h  mondh. 

4ltitudc 
- 

0 
3 
6 
9 
12 

15 
18 
21 
24 
27 

30 
33 
36 

42 

44 
46 
48 
50 
52 

54 
56 
58 
80 
62 

64 
66 
88 
70 
72 

74 

313 

; 
82 

a4 
86 
88 
90 

Jan. 1 
A 

I, 

9.0 

8.9 
8.8 

8.7 
8.6 
8.4 
8.2 
8.0 

7.8 
7.6 
7.3 
7.0 

. 6.7 

6.5 
6.3 
6.0 
5.8 
5.6 

5.3 
5.0 
4.8 
4.5 
4.2 

4.0 
3.7 
3.4 
3.1 
2.8 

2.5 
2.2 
1.0 
1.6 
1.2 

0.9 
0.6 
0.3 

. 0.0 

;: 1 

- 

Feb. 1 
Doc. 1 

I ,  

9.0 
9.0 
8.9 
8.9 
8.8 

8.7 
8.6 
8.4 
8.2 
8.0 

7.8 
7.5 
7.3 
7.0 
6.7 

6.5 
6.2 
6.0 
5.8 
5.5 

5.3 
5.0 
4.8 
4.5 
4.2 

3.9 
3.7 
3.4 
3.1 
2.8 

2.5 
2.2 
1.0 
1.6 
1.2 

0.9 
0.6 
0.3 
0.0 

Nov.1 Oct.1 
Mar.1 I Apr.l 
' ,# 

8.9 
8.9 
8.9 
8.8 
8.7 

8.6 
8.5 
8.3 
8.2 
8.0 

7.7 
7.5 
7.2 
6.0 
6.6 

6.4 
6 2 
6.0 
5.7 
5.5 

8 5.2 
5.0 
4,7 
4.5 
4.2 

3.9 
3.6 
3.4 
3.1 
2.8 

2.5 
, 2.2 
1.9 
1.6 
1.2 

0.9 
0.6 
0.3 
0.0 

8.9 
8.8 
8.8 
8.8 
8.7 

8.6, 
8.4 
8.3 
8.1 
7.0 

7.7 
7.4 
7.2 
6.0 
6.6 

6.4 
6.2 
5.9 
5.7 
5.4 

5.2 
5.0 
4.7 
4.4 
4.2 

3.0 
3.6 
3.3 
3.0 
2.7 

2.4 
2.1 
1.8 
1.5 
1.2 

0.9 
0.6 
0.3 
0.0 

,, 
8.8 
8.8 
8.7 
8.7 
8.6 

8.5 
8.4 
8.2 
8.0 
7.8 

7.6 
7.4 
7.1 
6.8 
6.5 

6.3 
6.1 
5.9 
5.6 
5.4 

5.2 
4.9 
4.7 
4.4 

3.8 
3.6 
3.3 
3.0 
2.7 

2.4 
2.1 
1.8 
1.5 
1.2 

0.0 
0.6 
0.3 
0.0 

'4.1 

A, €3, C, FACTORS. 

- 
June 1 
Aug. 1 

,t 

8.7 
8.7 
8. 7 
8.6 
8.5 

8.4 
8.3 
8.2 
8.0 
7.8 

7.8 
7.3 
7.1 
G. 8 
6.5 

6.3 
6.1 
5.8 
5.6 
5.4 

5.1 
4.9 
4.6 
4.4 
4.1 

3.8 
3.6 
3.3 
3.0 
2.7 

2.4 
2.1 
1.8 
1.5 
1.2 

0.0 
0.6 
0.3 
0.0 

July 1 
- 

R. 7 
8.7 
8.7 
8.6 
8.5 

8.4 
8.3 
8.1 
8: 0 
7.8 

7.6 
7.3 
7.0 
6.8 
6.5 

6.'3 
6.0 
5.8 
5.6 
5.4 

5.1 
4.9 
4.6 
4.4 
4.1 

3.8 
3.5 
3.3 
3.0 
2.7 

2.4 
2.1 
1.8 
1.5 
1.2 

0.9 
0.6 
0.3 
0.0 
- 

Zenith 
iistancn 

Rl 
87 
84 
81 
78 

i 6  
72 
00 
66 
63 

MI 
57 
54. 
51 
48 

46 
44 
42 
40 
38 

36 
34 
32 
30 
28 

28 
24 
22 
u) 
18 

13 
14 
12 
10 
8 

6 
4 
2 
0 
- 

Those factors are referred ) in the computations of time from observations with the transit 

Azimuth factor 
Level factor 
Collimation factor= C=sec 6 

on pages 23 and 25. Their arithmetical values are as follows: 
-A=sin c sec 6 

. = B = cos c sec 6 

where 6=declination and  zenith distance=+-6 or +-(180°-S) for stars observed at  
upper or lower culmination respectively. 

The signs of the factors are as follows: 
A is plus except for stars between the zenith and the pole. 
B is plus except for stars observed a t  lower culmination. 
C i s  plus for stars at, upper culmination and minus for stars a t  lower culmination, when 

observations are made with the instrument in the position, band (clamp or illumination) west. 
Cis minus for stars at  upper culmination and plus for stars at  lower culmination when obser- 

vations are made with the instrument in the position, band (clamp or illumination) east. 
These factors are given to two decimal places in the tables on pages 62 to 77, and wi l l  be 

found sufficiently accurate whenever the errors of adjustment, a, 6 ,  and c,  are not allowed to 
exceed one second of time. In 1874 this Survey published more extended tables, giving these 
factors to three decimal places. Where, from any cause, observations are made with an instru- 
mental error abnormally large it is desirable to take tho corresponding star factors from the 
more extended table or to compute them. 
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STAR FACTORS OBTAINED GRAPHICALLY. 

For a number of years there has been in use in the Survey a nomogram for obtaining graph- 
ically the star factors A, B, and C, and also K ,  the correction for diurnal aberration. This 
nomogram was devised by Mr. C. R. D u v d ,  a computer in the Survey. It is not only more 
oxpeditious than the tables, but the elimination of the double interpolation which the use of 
tho tables necessitates adds to the accuracy of the derived factor in many cases. 

It consists of .twossystems 
of equidistant parallel lines perpendicular to each other, a system of arcs of equidistant concen- 
tric circles, and a transparent arm, carrying a graduated straight line which revolves about the 
common chnter of the circles. The decimeter has been the unit of length in the nomograms 
used. The three systems of lines are drawn at  a common distance apart of 1 centimeter. The 
estimated tenth of this centimeter .space gives the second decimal place in the required factors. 

The graduated line on the under surface of the transparent arm pnssas through the contor 
of the axis about which tho arm revolves. Asecant graduation is made upon this line, inoasured 
from the center of the axis of revolution. That is, the graduation corresponding to m y  mglo 
is at a distance from the center equal to the secant of tho angle in question. This center of the 
axis of revolutian is the common tenter of the concentric circles and also the origin of the two 
systems of parallel lines. 

The graduations on the arm are for the declinations. In tho nomograms used tho gradua- 
tions have not been carried beyond three decimeters from the center, which limits the use .of 
the instrument to declinations from 0’ to slightly over 70’. 

The zenith distances are graduated on one of the concentric circles at a convenient dis- 
tance from the center. In  the instrument shown in the illustration the distance is 25 centime- 
ters, Since stars are never observed at  zenith distances approaching go’, the upper, part of 
the quadrant is not used. 

To determine the factors A, B, and C of a given star, revolve the transparent arm Udtil 
the graduated line of the arm coincides utith the star’s zenith distance on the graduated arc. 
Holding the arm in this position, place a needle point at  that point of the graduated lino which 
corresponds to the star’s declination. The position of this point in the three systems of oqui- 
distant lines gives the three factors, A being the ordinate; B the abscissa, and C the radius 
vector . 

The nomogram shown in the illustration is of thin’ bristol board pasted smoothly on thick 
cardboard. The transparent arm is of celluloid one-sixtoenth of an inch thick. The axis of 
the arm is a solid metal cylinder with aahoad which fits against the back of tho cardboard. 
The axis is mado long so that the arm can be placed on it and revolved without being made 
fast. 

The correction for aberration may be taken from the same nomogram, as follows: Set the 
revolving arm at that angle on the graduated circle which is equal to the latitude of the given 
station. From the graduated line of the arm read off the doclination at each intersection with 
a broken-line ordinate. These declinations are the limits between which K has the values 
08.00, 08.01, 08.02, otc., €or the latitude of tho station in question. By means of theso limits 
the K of any star can bo immediatoly written down from its dcclination. The broken-line ordi- 

otc. . . . decimeters. 005 .015 .025 * nates am drawn at distandes from the ‘origin equal to - - - .03L’ ,021’ .W1’ 

The nomogram is shown in illustration No. 9, reduced in size. 
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Table of factors for reduction of transit observations. 
TOP ARGUXENT-STAR'S DECLINATION (d)., 

SIDE ARGUMENT-STAR'S ZENITH DISTANCE (C). 

[For factor A use lefthand argument. For factor B u88 righthand argument. For factor C us) bottom line on oppoailc page.] - 
38" 

- 
42' 
-- 
.02 
.05 
.07 
.08 
.12 

.14 
-16 
.19 
.21 
.23 

.26 

.2a 

.30 

.33 

.36 

.37 

.39 

.42 

.44 

.46 

.48 

.60 

.63 

.66 ' .67 

.68 

.61 
' .63 . C6 

.07 

. 6g 

.71 
-73  
.76 
.77 

.71 

.81 .a 

.I 

.ei 

.@ 

.8( 

.% . %! .a - 
42" 

- 
c - 
89 
88 
87 . 
86 
85 

84 
83 
82 
81 
A0 
79 
7R 
77 
76 
76 

74 
73 
72 
71 
70 
69 
68 
67 
66 a 
04 
63 
02 
61 
60 
60 
68 
67 
66 
66 

64 
63 
62 
61 
60 

. 48 
48 
47 c 
66 

d 

- 
40' 

- 
224 
_ _  

.02 

.04 

.08 

.08 

.oQ 

.I1 

.I3 

.16 

.17 

.19 

.21 

.22 

.24 

.28 

.28 

.30 

.31 

.33 

.35 

.37 

.39 

.40 

.42 

.44 ,. 46 

.47 

.49 

.61 

.62 

.64 

.66 

.67 

.69 .eo .a 

.e3 

.55 

.&I 

.88 

.69 

.72 

.74 

.76 

.n 

.m 
- 

22- - 

- 
24' 

- 
280 - 
' .02 

.04 

.OB 

.08 

.10 

.12 

.I4 

.16 

.17 

.19 

.21 

.23 

.25 .n .a 

.31 

.33 

.34 

.36 

.38 

.u) 

.42 

.44 

.46 

.47 

.49 

.61 

.62 

.64 

.66 

.67 

.59 

.6l 

.62 

.64 

.a 

.67 

.BB 

.70 

.72 

.73 

.74 

.76 

.n .TI 

- 
280 
- 

.02 

.04 

.OB 

.08 
I .10 

.12 

.14 

.16 

.18 

.n 

.24 

.26 

.27 

.29 

.31 

.33 

.35 

.37 

.3B 

.41 

.42 

.44 

.40 

.w 

.61 

.63 

.65 
:6'1 

.5E 

.e4 

.61 .a 

.86 

.B( 

.7c 

.71 

.72 

d 74 
.7f 
.7i 
.7( 
.8( 

.m 

.4a 

. ni 

- 
C - 
1 
2 
3 
4 

6 
7 
8 
9 

10 

11 
12 
13 
14 
16 

16 
17 
18 
19 
20 

21 
22 
23 
24 
25 

27 
28 
28 no 
31 
32 
33 
34 
35 

38 
37 
38 
38 
40 

41 
G 
42 
44 
46 

i, 

m 

- 

32' 
- 

.02 

.04 

.08 

.08 

.10 

.12 

.14 

.16 

.I8 

.21 

.-a 

.25 

.27 .a 

.31 

.33 

.34 

.36 

.40 

.42 

.44 

.40 

.48 

.60 

.62 

.64 

.65 

.61 .a 

.61 .a 

.e4 

.BB 

.@ 

.B( 

.71 

.72 

.74 

.7t 

.7i 

.71 

.8( 

.8: 

.L 

.3a 

- 
320 

360 0" - 
.02 
.04 
.05 
.07 
.08 

. 11 

.12 

.14 

.16 

.17 

.19 

.21 

.22 

.24 

.28 

.!m 

.a 

.31 

.33 

.34 

.36 

.37 

.39 

.41 

.42 

.44 

.46 

.47 

.48 

.60 

.62 

.63 

.66 

.66 

.67 

$69 
.Bo 
.62 
.63 
.e4 

.&I 

.67 

.88 

.69 

.71 -- 
0' - 

10" - 
.62 
.04 
.06 
.07 
.oQ 

b. 11 
.12 
.14 
.16 
.I8 

.19 

.21 

.I 

.25 

.28 

.2a 

.30 

.31 

.33 

.36 

.36 

.38 

.40 

.41 

.43 

.46 

.46 

.48 

.49 

.61 

.62 

.64 

.65 

.67 

.68 

.eo 

.61 

.63 

.M .a 

.67 

.68 

.ds 

.71 

.72 - 
100 - 

160 
-- 
.02 
.04 
.06 
.07 
.oQ 

.I1 

.13 

.14 

.16 

.I8 

.n 

.23 

.26 

.27 

.a 

.30 

.32 

.34 

.36 

.37 

.39 

.41 

.42 

.44 

.% 

.47 
-49 
.60 
.62 

.63 
-56 
.56 
.58 
.59 

.61 

.62 

.64 .a 

.67 

'88 
.BB 
.71 
.72 
.73 

.m 

- 
15' 

.02 

.06 
* .07 

.00 . I1 

.14 

.16 

.18 

.21 

.23 

.25 

.27 

.30 

.32 
-34 

.37 

.39 

.41 

.43 

.46 

.47 

.60 

.62 

.64 

.66 

.68 

.80 . '82 

.64 

.66 

.88 

.70 

.72 

.74 

.76 

.78 

.80 

.82 

.E3 

.a6 

.87 

.Bo 

.92 

.94 

.m 

.m 

.04 

.OB 

.08 

.10 

.13 

.I5 

.17 
, .19 
.21 

.23 

.25 .n .a 

.31 

.33 

.37 

.39 

.41 

.43 

.4s 

.47 

.49 

.61 

.63 
..65 
.67 
.68 
.eo 
.62 
.e4 
.e6 
.67 
.BB 
.71 
.73 
.74 
.76 
.77 

.79 

.81 

.82 

.a4 

.I 

,.36 

- 
340 

* 02 
.04 
.06 
.OB 
.ll 

.13 

.16 

.17 

.19 

.21 

.24 

.2a 

.!m 

.30 

.32 

.34 

.30 

.3a 

.40 

.42 

* 44 
.40 

.w 

.62 

.64 

.50 

.68 

.8(1 

.61 

.e4 .a 

.61 .a 

.71 

.72 

.74 

.7t 

.71 

.7E 

.81 

.13 

.& 

.81 
. .8i 

36. 

.4a 

- 

- 

.02 

.04 

.07 

.oQ 
, .ll 

.13 

.16 
' .l8 

-22 

.24 
-26 
.29 
.31 
.33 

.35 

.37 

.39 

.41 

.43 

.46 

.48 

.60 

.62 

.64 

.66 

.68 

.Go 

.61 

.63 

.86 

.67 

.69 

.71 

.73 

.76 

.76 

.78 

.80 

.8a 

.e3 

.e5 

.&I .sa 

.Bo 

.m 

.02 

.06 

.07 

.oQ 

.ll 

.14 

.16 

.18 

.23 

.25 .n 

.29 

.32 

.34 

.36 

.38 

.40 

.42 

.46 

.47 

.48 

.61 

.63 

.66 

.57 

.68 

.61 .a 

.86 

.61 

.6Q 

.71 .. 73 

.76 

. l i  

.7c 

.81 

.E 

.a4 

.8t . 8i 

.8( 

.91 

.9: 

.m 

.02 

.04 

.08 
: 07 
.OB 

.I1 

.13 

.16 

.I7 

.19 

.n 

.24 

.% 

.28 

.29 

.31 

.33 

.36 

.36 

.38 

.40 

.42 

.43 

.% 

.47 

.48 

.w 

.62 

.63 

.w 

.68 

.6E 

.6Q 

.61 

.a 
.M 
.6f 
.e; 
.B( 

.7c 

.71 .n 

.74 .n 

.m 

- 
mo 

.02 

.04 

.OB 

.08 

.10 

.ll 

.13 

.16 

.17 

.19 

.21 

.23 

.26 .n 

.29 

.30 

.33 

.36 

.37 

.3B 

.41 

.43 

.46 

.40 

.60 

.61 

.63 

.66 

.M 

.6€ 

.8c 

.61 .a 

.e4 

.M 

.6i . 6t 

.7c 

.z 

.z 

.7t 

.7( 

.7i 

. aa 

.4a 

.04 

.OB 

.08 

.10 

.12 

.14 

.16 

.18 .m 

.22 

.24 

.28 

.28 

.30 

.32 

.34 

.36 

.38 

.40 

.41 

.43 

.46 

.47 

.49 

.61 

.62 

.64 

.66 

.68 

.59 

.61 .a .a 

.M 

.88 

.70 

.71 

.73 

.74 

' 76 
.77 
.79 
.@I 
.82 

38" - 
40' 41" 28' - 

30" 



DETERMINATION OF TIME. 

Table of factors for reduction of transit observations. 
TOP AROUMENT-STAR'S DECLINATION (d). 

81DE AROU?dENT-.BTAR'S Z E N I T H  DlSTANCE (C). 
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I O0 

63 

1. r 
1.: 
1.1 
1.: 
- 

38' 

- 
30. 
- 

.8U 

.al 

.92 

.93 

.95 

.9a 

.97 .w 
1. w 
1.01 

1.02 
1. M 
1.Q 
1.ff 
1. Oi 

1. a 
l . M  
1.11 
1.1: 
1.1: 

1. c 
1.1. 
1.11 
1.11 
1.11 

1.1 
1.1 
1.1 
1.1 
1.1 

1.2 
1.2 
1.2 
1.2 
1 2  

1.2 
1.2 
1.2 
1.1 
1 . 2  

1.: 
1. ~ 

1. 
1. 
1. 

30 

- 

- 
42' 

- 
- 
44 
43 
42 
41 
40 

39 
38 
37 
30' 
35 

34 
33 
82 
:;1 
80 

29 
28 
27 
26 
25 

2 4  
23 
22 
21 
20 

19 
18 
17 
10 
15 

14 
13 
12 
11 
10 

9 
8 
7 
6 
6 

4 
3 
2 
1 
0 

- 

- 
20" 
- 

.77 

.78 

.79 

.80 

.82 

-83 
.84 
.85 .a 
.87 

.@ 

.86 

.M 

.91 

.9: 

.K .w 
I91 .w .w 
.CY 
.91 
.BI 
.BI 

1.01 

1.0 
1.0 
1.0 
1.0 
1.0 

1.0 
1.0 
1.0 
1.0 
1.0 

1.0 
1.0 
1.c 
1 c  

1.r 
1. 
1. 
1. 
1. 

1.a 

- 
20' 
- 

- 
28. - 

.82 

.I 

.84 

.88 

.87 

.88 
-88 
.9l 
.92 .w 
.94 
.95 
.9a 
.97 
.98 

.99 
1.W 
1.01 
1.02 
1.03 

1.04 
1.04 
1.0: 
1. M. 
l.M. 

1.0; 
1.a 
1. OI 
l . M  
1. M 

1.11 
1.11 
1.1 
1.1 
1.1. 

1.1 
1.1 
1.1 
1.1 
1.1 

1.1 
1. : 
1. 
1. 
1. 

- 
32' 

- 
24' - 

.79 

.80 

.81 

.a3 

.84 

.85 .a 

.87 

.a9 .w 
.91 
.92 
.93 
.94 
.96 

.w 

.9i 

.% 

.% 

.8( 

1.01 
1.0: 
1.0: 

1< a 1.a 
1.01 
1.a 
1.01 

1.0 
1.0 
1.0 
1. a 
l , o  
1.0 
1.0 
1.0 
1.0 
1.0 

1.0 
1.1 
1.1 
1.1 
1.' 

1.a 

1.0: 

- 
24' 

380 40' 41' -- 
c 
- 

0 

40 
47 
45 
49 
Ml 

51 
' 52 

53 
M 
55 

w 
57 
ri8 
59 
80 

81 
02 a 
84 a 
€4 
0i 
e4 
0% 
7c 

71 
7: 
7: 
7. 
7: 

71 
7' 
71 
71 
84 

8 
8 
& 
8 
8 

P 
I 
I 
I 
I 

- 

L_ 

0' 20" - 
.&l 
.81 
.83 
.M 
.85 

.87 .a 

.88 

.al 

.91 

.la 
f 93 
.94 
-95 
-96 

.97 
.Q3 

1.00 
1.01 

1.02 
1.02 
1.03 
1.04 
1.06 

1.05 
1.W 
1.W 
1.Oi 
1.N 

l.N 1.a 
l.N 
1. N 
1.11 

1.u 
1.u 
1.lI 
1.1 
1.1 

1.1 
1.1 
1.1 
1.1 
1.1 

.m 

- 
2 8 0  

30" 100 
_- 

.73 

.74 

.70 

.77 

.78 

.79 

.&l 

.81 

.E2 

.83 

.s4 

.85 

.88 

.87 

.88 

.89 

.Bo 

.91 

.91 .w 

.a 

.94 

.94 

.% 

.95 

.w 

.9i . Qi 

.I 

.Q 

.8( .w .w 
1.M 
1.0 

1.0 
.1.0 
1.0 
1.0 

1. ( 
1.( 
1.( 
1. I 

1.m 

1.c 

- 
100 

15' 

.97 

.88 
1.00 
1.02 
1.03 

1.06 
1.08 
1.07 
1.09 
1.10 

1.12 
1.13 
1.14 
1.16 
1.17 

1.18 
1.1q 
1. x 
1.21 
1.22 

1.Z 
1.24 
1.2 
1.2( 
1.2( 

1.2' 
1.21 

1.21 
1.31 

1.3 
1.3 
1.3 
1.3 
1.3 

1.3 
1.3 
1.3 
1.3 
1.3 

1.3 
l.? 
1.: 
1. 
1. 

1.n 

x 

42' - 

.94 

.95 

.97 

.99 
1.00 

1.01 
1.03 
1.04 
1.08 
1.07 

1.08 
1.09 
1.11 
1.11 
1.13 

1.14 
1.11 
1.u 
1.1; 
1.u 

1.1% 1.a 
1.2. 
1.2: 
1.2 

1.2 
1.2, 
1.2 
1.2 
1.21 

1.2 
1.2 
1.2 
1.2 
1.2 

1.2 
1.2 
1.3 
1.3 
1.3 

1. 
1. 
1. 
1. 

1.; 

.95 

.97 

.98 
1.00 
1.01 

1.03 
1.04 
1.08 
1.07 
1. OR 

1.10 
1.11 
1.12 
1.14 
1.16 

1.10 
1.17 
1.18 
1.19 
1.20 

1.21 
1.22 
1.23 
1.24 
1 . a  

1 . 2  
1.2€ 
1.21 
1.21 1.a 
1.21 
1. 21 
1.3( 
1.3( 
1.3( 

1.3 
1.3 
1.3' 
1.3 
,1.3 

1.3 
l.? 
1.: 
1 '  
1:: 

-- 
41' 

.85 

.a0 

.88 

.89 

.Bo 
-92 .a 
.94 
.95 
.97 

.Q3 .w 
1.00 
1.01 
1.02 

1.03 
1.04 
1.05 
1.06 
1.07 

1.08 
1.W 
1.09 
1 . l C  
1.11 

1.1: 
1.1; 
1. l i  
1.1: 
1.14 

1 . 1 4  
1.11 
1.11 
1.11 
1.11 

1.1' 
1.1' 
1.1 
1. Y 
1.1 

1.1 
1. I 
1.1 
1.: 
1. 

.87 

.88 

.al 

.91 

.92 

.94 

.95 

.90 
4 98 .w 

1.00 
1.01 
1.02 
1.03 
1.04 

1.05 
1. of 
1.01 
1.m 
1. o( 

1.N 
1.11 
1.1: 
1.1: 
1.1: 

1.1' 
1.11 
1.11 
1.11 
1.11 

1.1 
1.1 
1.1; 
1.1 
1.1 

1.1 
1.1 
1.2 
1.2 
1.2 

1. 
1. 
1.' 
1. 
1. 

34' 

- 

.74 

.70 

.77 
* 78 
.79 

.&l 

.82 

.83 

.84 
.86 

.88 

.87 

.a8 

.88 .a 

.91 

.91 

.8i .a .w 

.w 

.9: .w 
.9; 
.9; 

.9! 

.SI 

.a 
1.01 
1.01 

1.01 
1.0 
1.0 
1.0 
1.0 

1.0 
1.0 
1.0 
1.0 
1.0 

l .P  
1.1 
1.q 
1.1 
1.1 - 
15' - 

.:a 

.79 

.80 

.81 

.83 

.84 .a .ea 

.87 

.88 

.89 .w 
.91 
.92 
.93 

.94 
* 95 
.BB 
.97 
.9@ 

.% 

.86 
1.M 
1.01 
1.01 

1.0; 
1.Q 
1.0: 
1.01 
1.01 

1.01 
1.01 
1.0: 
1. M 
1. 01 

1.0 
1.0 
1.0 
1.0 
1.0 

1.0 
I . (  
1.( 
1. I 
1.1 

.83 

.84 

.86 

.87 
* 89 

.al 

.91 

.92 

.93 '.a 

.97 

.98 

.99 
1.00 

1.01 
1.02 
1.03 
1.04 
1.06 

1.08 
1.W 
1.07 
1.08 
1.09 

1.09 
1.10 

1.11 
1 - 1 2  

1.15 
1.13 
1.13 
1.13 
1.14 

1.14 
1.14 
1.11 
1.11 
1.11 

1.11 
1.1 
I. 1 

1 .M 

1. i o  

.72 
,73 
.74 
,75 
.77 

.78 

.79 

.80 

.81 

.82 

.83 

.84 

.85 

.80 

.87 

.87 

.88 

.89 

.80 

.91 

.91 

.92 

.93 

.93 

.84 

.95 

.95 

.M 

.BB 

.97 

.91 

.91 

.% 

.BE 

.I 

.w .w .w .w 
1.a 

1.V 
1. 0 
1.c 
1.c 
1. c 

40' - I 30' - 
32' 

_. 
22' 



64 U. 6. COAST AND GEODETIC SURVEY SPECIAL PUBLICATION NO. 14. 

Table of factors for reduction qf transil obsermations. 
TOP ARGUMENT-STAR'S DECLINATION (a). 

SIDE ARGUMENT-STAR'S ZENITH DISTANCE (c). 
[For factor A use left-hand argument. For factor B use righthand argument. For factor C 1198 bottom line on opporffc page.] - 
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.e3 

.Em 

.92 

.BJ 

.w 
1.01 

1. o! 
l.@ 
1.11 
1.14 
1.u 
1.u 
1.2: 
1.Z 
1.2 
1.31 

1.3: 
1.31 
1.3I 
1.41 
1.4 

.m 

610 
- 
.04 
.07 
.ll 
.14 . 18 
.22 
.25 
.2Q 
.32 
.36 

.38 

.43 

.48 .w 

.I 

.6i 

.el 

.84 

.0i 

.7c 

.74 

.7i 

.81 

.&I 

.ai 

.8( 

.9! 

.% 
1.U 

1. a 
1.01 
1.1: 
1.11 
1.11 

1.2 
1.P 
1.2 
1.3 
1.S 

1. 5 
1.5 
1.4 
1.4 
1.4 

1.a 

ll&' - 
.04 
.07 
.ll 
.16 
.la 
.22 
.m 
.2Q 
.33 
.30 

.40 

.44 

.47 

.I1 

.54 

.a58 

.O1 .a 

.88 

.72 

.76 

.78 

.E2 

.a5 

.88 

.92 

.95 

.88 
1.02 
1. 05 

1.@ 
1.11 
1.14 
1.17 
1. x 
1.23 
1.2t 
1. a 
1.3: 
l.X 

1.3; 
1.d 
1.4: 
1.4t 
1.4I - 
0ly 

620 
- 
.04 .w . 11 
.16 
.19 

.n 

.28 

.30 

.33 

.31 

.41 

.44 .a 

.62 

.65 

.I .a 

.BB .w 

.73 

.7e 

.8( .a 

.81 .w 

.% 

.91 
1.N 
1.0: 
1.0; 

1.1t 
1.1: 
1.1t 
1.11 
1.2: 

1.24 
1.24 
1.3 
1.3. 
1.3 

1.4 
1.4 
1.4 
1.41 
1.6 

670 
- 
.03 
.OB 
.10 
.13 
.10 

.19 

.22 

.2Q 

.35 

.38 

.41 

.44 

.48 

.61 

.Id 

.67 

.Bo 

.03 

.BB 

.69 

.72 

.76 

.78 

.80 .a 

.88 

.89 

.92 

.95 

.97 
1.00 
1.03 
1.06 

I. a3 
1.10 
1.13 
1.16 
1.18 

1.23 
1.25 
1.28 
1.30 

.m 

. a2 

1.20 

- 
67' - 

680 
- 

.03 

.07 

.10 

.13 

.10 

.!a 

.m 

.2Q 

.33 

.30 

.39 

.42 

.M 

.49 

.62 

.& 

.I 

.O1 

.lM 

.68 

.71 

.74 

.77 

.80 

.e3 

.Em 

.89 

.91 

.94 

1.00 
1.03 
1.05 
1.08 

1.11 
1.14 
1.M 
1.1s 
1.21 

1.24 
1.24 
1.a 
1.31 
1.33 

.m 

.m 

69' 

.04 .os 

.ll 

.16 

.19 

.23 

.28 

.30 

.34 

.38 

.41 

.16 

.49 

.62 

.MI 

.Bo 

.03 

.07 

.70 

.74 

.78 

.81 

.a5 

.88 

.92 

.95 

.9a 
1.02 
1.05 
1.08 

1.11 
1.16 
1. u 
1.21 
1.24 

1.25 
1.Z 
1.Z 
1.3 
1.3f 

1.4: 
1.41 
1.4 
1. e4 
1. & 

ai' 

1 

- 

.04 

.08 

.12 

.16 

.19 

.04 

.a3 

.12 

.10 

.19 

.!a 

.27 

.31 

.35 

.39 

.43 

.47 .w 

.M 

.I 

.02 

.e6 

.89 

.73 

.77 

-80 
.84 
.88 
.91 
.95 

1.02 
1.05 
LOB 
1.12 

1.15 
1.19 
1. n 
1. !z 
1.28 

1.31 
1.3€ 
1.3f 
1.41 
1.44 

1. li 
1. b( 
1. 
1. Ed 
1.51 

831" 

.ei, 

- 

.M .w 

.10 

.13 

.17 

.23 

.27 

.a0 

.33 

.30 

.4a 

.43 

.I .w 

.I 

.E4 .w .m .a 

.oE 

.72 

.7€ 

.78 

.81 

.&I , .8i .w 

.lx 

.Lu 

.9l 
1.01 
1.W 
1.0; 
1.u 

1.1: 
1.11 
1. I1 
1.a 
1.Z 

1.m 
1.2 
1.31 
.1.3: 
1.a 

w 

.m 

_. 

.a4 
io7 
.10 
.14 
.I7 

.20 

.24 

.27 

.a0 

.34 

.37 

.40 

.44 

.47 
-60 

.M 

.67 

.Bo 

.63 

.BB 

.70 

.7a 

.70 

.7Q 

.82 

.& 

.88 

.91 

.94 
I .97 

1.00 
1.03 
1. OB 
1. OB 
1.11 

1.14 
13.1 
1. !x 1.n 
1.25 

1.25 
1.91 
1.32 
1.3€ 
1.3i 

680 
- 

:03 
.07 
.10 
.14 
.17 

.21 

.24 

.27 

.31 

.34 

.38 

.41 

.44 .a 

.bl 

.64 

.I 

.61 

.e4 

.07 

.71 

.74 

.7i 

.at 

.83 

.a€ 

.88 .a .w 

.B( 

1.01 
1. 
1.0; 
1.u 
1.1: 

1.u 
1.lI 
1.21 
1.2. 
1.2; 

1.a 
1.3: 
1.31 
1.3 
1.31 
- 
681' 

.I 

.27 

.31 

.35 

.38 

.42 

.40 .w 

.63 
* .67 

.01 

.e4 

.BB 

.72 

.76 

.78 

.E2 

.@ .w -.a 

.91 
1.M 
LO? 
1.0; 
1.N 

1.1: 
1. 1: 1.z 
1. z 
1.24 

1.31 
1.3: 
1.31 
1.31 
1.41 

1.41 
1.4 

l.& 
1. M 

, 1.61 

- 
83' 01' - 



DETERMINATION OF TIME. 

Table of factors for reduction of transit observations. 
TOP'AROUMENT-STAR'S DECLINATION ( d ) .  

SIDE ARGUMENT-STAR'S ZENITH DISTANCE (C). 
, [For factor A u98 left-hand argument. For factor B u s  righthand argument. For factor C use bottom b e  on tAb page. J 

67 

- 
C - 
0 

46 
47 
48 
49 
650 

61 
. 62 
63 
64 
63 

60 
67 
68 
69 
80 

61 
62 
83 
64 
85 

06 
07 
88 
09 
70 
71 
72 
73 
74 
76 

76 
77 
78 
79 
80 

81 
82 
83 
84 
85 

88 
87 
88 
89 
L)o 

.- 

- 
67' 

- 
69' - 
1.40 
1.42 
1.44 
1.47 
1.49 

1. 61 
1.63 
1.66 
1.67 
1.69 

1.61 
1383 
1.85 
l.M 
1.88 

1.70 
1.71 
1.73 
1.76 
J.76 

1.77 
1.79 
1.80 
1.81 
1.82 

1.84 
1.86 
1.88 
1.87 
1.88 

1.88 
1.88 
1.80 
1.91 
1.91 

1.92 
1.92 
1.83 
1.83 
1.83 

1.94 
1.84 
1.64 
1.84 
1.94 

6 9 0  

- 

- 
691" 

7 

850 - 
1.70 
1.73 
1.76 
1.79 
1.81 

1.84 
1.88 
1.89 
1.91 
1.64 

1.88 
1.88 
2.01 
203 
2.05 

2.07 
2. OB 
2.11 
2.13 
2.14 

2.16 
2.18 
2.19 
2.21 
2.22 

2.24 
2.2.6 

2.27 
2.28 

2.30 
2.31 
2.31 
2.32 

2. 28 

a. 99 
a.34 
2.34 
2.36 
2.36 
2.30 

2.36 

2.36 
2.37 
2.37 

0 0  

a. 36 

- 
-- 

- 
C - 
0 

44' 
43 
42 
41 
40 
39 
38 
37 
36 
35 

34 
33 
32 * 
31 
80 

28 
28 
27 
28 
26 

.24 
23 
22 
21 
90 

19 
18 
17 
16 
15 

14 
13 
12 
11 
10 

9 
8 
7 
6 
b 

4 
3 

1 
0 

a 

-- 

1.32 
1.34 
1.30 
1.39 
1.41 

1.43 
1.46 
1.47 
1.49 
1.60 

1.62 
1.54 
1. w 
1.67 
1.69 

1.61 
1.62 
1.64 
1.85 
1.06 

1. 88 
1.09 
1.70 
1.71 
1.73 

1.74 
1.76 
1.76 
1.76 
1.77 

1.78 
1.79 
1.80 
1.80 
1.81 

1.81 
1.82 
1.82 
1. 83 
1.83 

1.83 
1.83 
1.83 
1.84 
1.84 

67' 

- 

1.36 
1.38 
1.40 
1.42 
1.44 

1.47 
1.49 
1.61 
1.63 
1.65 

1.68 
1.68 
1.80 
1.62 
1.83 

1.85 
1.67 
1.88 
1.70 
1.71 

1.72 
1.74 
1.76 
1.70 
1.77 

1.78 
1.79 
1. 80 
1.81 
1.82 

.1.I 
1.84 
1.85 
1.86 
1.88 

1.88 
1.87 
1.87 
1.88 
1.88 

1.88 
1.88 
1.89 
1.89 
l.N 

1.38 
1.40 
1.42 
1.44 
1.47 

1.49 
1.61 
1.63 
1.66 
'1.67 

1.69 
1.61 
1.02 
1.64 
1.88 

1.67 
1.88 
1.70 
1.72 
1.73 

1:76 
1.76 
1.77 
1.78 
1.80 

1.81 
1.82 
1.83 
1.84 
1.86 

1.88 
1. Be 
1.87 
1.88 
1.88 

. i.89 
1. 80 
L B O  
1.80 
1.91 

1.91 
1-91 
1.91 
1.91 
1.91 - 
w 

1.42 
1.44 
1.40 
1.49 
1.61 

1.63 
1.66 
1.67 
%.69 
1.61 

1.83 
1.0 
1.67 
1.88 

' 1.71 

1.74 
1.76 

1.79 

1.80 
1.81 
1.83 
1.84 
1.86 

1. 88 
1.87 
1.88 
1.88 
1. Bo 
1.91 
1.92 
1.83 
1.83 
1. 64 
1.86 
1.96 
1.88 
1.88 
1.88 

1.97 
1.97 
1.87 
1.97 
1.97 

1.71 

1. n 

- 
WO' - 

1.44 
1.46 
1.48 
1.61 
1.63 

1. M 
1.68 
1. Bo 
1.62 
1.64 
1. M 
1.88 
1.70 
1. n 
1.73 

1.76 
1.77 
1.78 
1.80 
1.81 

1.83 
1.84 
1.86 
1.87 
1.88 

1.89 

1.91 
1.92 
1.93 

1.94 
1.96 

1. 88 
1.97 

1.88 
1.88 
1.98 
1.88 

2.00 
2.00 
2.00 

2.00 

Boo 

1. 80 

1.88 

&98 

a. 00 
- 
- 

1.46 
1.49 
1.61 
1.63 
1. MI 

1.68 
1.60 
1. ea 
1.64 
1. 88 

1.88 

1.72 
1.74 
1.76 

1.78 
1.79 
1.81 
1. I 
1.84 

1.86 
1.87 
1.88 
1.80 
1.91 

1.82 
1.93 
1.84 
1.96 
1.88 

1.97 
1.88 
1.88 
1.88 
2.00 

2.01 
2.01 

2. 02 

2.03 

2.03 
2.03 
2.03 

1. m 

a. 02 a. oa 

a. 03 

- 
W' 

1-48 
1. 61 
1.63 
1. w 
1.68 

1.80 
1.83 
1.85 
1.67 
1.88 

1.71 
1.79 
1.76 
1.77 
1.79 

1.80 
1.82 
1.84 
1.86 
1.87 

1.88 
1. Bo 
1.91 
1.93 
1.L 

1.86 
1.88 
1.97 
1. BB 
1. BB 
2. oc 
2.01 
2.01 
2.01 
2.03 

2.04 
2.04 
2.06 
2.05 
2.06 

2. ot 
2. OB 
2. OB 
2. OB 
2. OB 

1.61 
. 1.63 
1.66 
1.68 
1.80 

1. 63 
1.0 
1.67 
1.88 
1.72 

1.74 
1.76 
1.78 
1.80 
1.81 

1.83 
1.86 
1.87 
1.88 
1. w) 

1.91 
1.83 
1.64 

1.97 

1.88 
1.88 

2.02 

2. 03 

2.05 
2. OB 
2.08 

2.07 
2.08 
2.08 
2.08 
2.08 

2. 09 
2.09 
2. 09 

2.10 

1. 88 

a. 00 a. 01 

a. M 

a. io 

at' 
- 
__ 

1.63 
1.68 
1.68 
1.61 
1.03 

1.88 
1.88 
1.70 
1.72 
1.74 

1.79 
1.81 
1.83 
1.84 

1.88 
1.88 
1.80 
1.91 
1.83 

1.96 
1.88 
1.97 
1.88 
2.00 

2.01 
2.03 
2.04 
2.05 
2. OB 
2.07 
2:07 
2.08 
2.08 
2.10 

2.11 
2.12 
2.12 
2.12 

2.13 
2.13 
2.1s 
2.13 
2.13 

820  

1. n 

2. io 

- 

1.60 
1.68 
1. Bo 
1. tx 
1. M 

1.88 
1.71 
1.73 
1.76 

1.80 
1.82 
1.84 
1.88 
1.88 

1.89 
1.91 
1.03 
1.96 

1.88 
1.88 
2.01 
2.02 
2.03 

2.06 
2. OB 
2.07 

2. 09 

2.10 
2.11 
2.12 
2.13 
2.13 

2.14 
2.16 
2.1b 
2.16 
2.16 

2.10 

2.16 
2.17 
2.17 

1.77 

1. m 

a. 08 

a. 16 

- 
ear 

1.68 
1.61 
1.83 
1.88 
1.88 

1.71 
1.74 
1.76 
1.78 
1.80 

1. SI 
1.87 
1.89 
1.91 

1.83 
1.94 
1.88 
1.88 
2.00 

2.01 
2. a3 
2.04 
2. OB 
2.07 

2. os 
2. OB 
2.11 
2.12 
2.13 

2.14 
2.16 
2.16 
2.16 
2.17 

2.18 
2.18 
2.19 
2.19 
2.19 

1. ki 

2.20 a. m 
2. m 
2. m 
2. m - 
030  

1.81 
1.64 
1.06 
1.69 
1.72 

1.74 
1.77 
1.79 
1.81 
1.84 

1.88 
1.88 
1.80 
1.92 
1.84 

1.88 
1.88 
2.00 
2.02 
2.03 

2.05 
2.00 
2.08 
2.09 
2.11 

2.12 
2.13 
2.14 
2.16 

2.17 
2.18 
2.19 

2.21 

2.21 
2.22 
2.22 
2.23 
2.23 

2.24 
2.24 
2.24 
2. 24 
2.24 

a. 16 

2. m 

- 
ai' 

1.64 
1.67 
1.88 
1.72 
1.76 

1.77 
1.80 
1.82 
1.85 
1.87 

1.89 
1.91 
1.83 
1.98 
1.88 

2.00 
2.01 
2: 03 
2.05 
2.07 

2.08 
2.10 
2.11 
2.13 

2.16 
2.17 
2.18 
2.19 

2.21 
2.22 
2.23 
2.24 

2.26 
2.28 
2.28 
2.27 
2. 27 

2.28 
2.28 
2.28 
2.28 
2.28 

840  

a. 14 

2.20 

a. 

- 

1.67 

1.72 
1.76 
1.78 

1.80 
1.83 
1.86 
1.88 

1.83 
1.96 
1.87 
1W 
2.01 

2.03 
2.05 
2.07 
2. 08 
2.11 

2.12 
2.14 
2.16 
2.17 
2.18 

2.21 
2.22 
2.23 
2.24 

2.21 
2.20 
2.27 
2.28 
2.28 

2. 28 
' 2.90 
2.31 
2.31 
2.31 

2.32 

2.32 
2.32 
2.32 

1. m 

1.80 

2. m 

2.32 

- 
Mi' 

-. 
610 
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Table of factors for reduction of transit observations. 
TOP AROUMENT-STAR'S DECLINATION (a). 

SIDE ARQUMENT-STAR'S ZENITH DISTANCE (C). 
[For fnctor A uso lolbhand argument, For'lnotor B use right-hand argument. For factor C use bottom llno on OpPorfU page.] . 

- 
884" 
- 

.05 

.14 

.19 

.24 

.33 

.3a 

.43 

.47 

.52 

.57 

.O1 .ea 

.75 

.80 

.84 

.89 

.93 

.I 
1.02 
1.07 
1.11 
1.15 

1.24 
1.28 
1.32 
1.30 

1.40 
' 1.45 
1.49 
1.53 
1. 66 

1. Bo 
1.64 
1.88 
1.72 
1.75 

1.79 
1.83 
1.88 
1.90 
1.93 

. ia 

.m 

.n 

1. m 

- 
M 4 O  

- 
IO" 10' 

- 
C 
- 

m 
88 
87 
88 
85 

84 
83 
82 
81 
80 

79 
78 
77 
76 
7b 

74 
73 
72 
71 
70 

88 
88 
07 
88 
65 

64 
03 
62 
61 
80 

59 
58 
57 
66 
55 

54 
53 
52 
51 
60 

49 
48 
47 
46 
45 

- 

- 
C 
- 

1 
2 
3 
4 
5 

a 
a 
7 

8 
10 

11 
12 
13 
14 
15 

18 
17 

19 
20 

21 
22 
23 
24 
25 

28 
27 
28 
29 
80 

31 
32 
33 
34 
35 

30 
37 
38 
39 
40 

41 
42 
43 
44 
45 

ia 

L 

- 
m r  
- 

.04 

.OB 

.13 

.n 

.a 

.31 

.35 

.38 

.43 

.52 

.b0 

.61 

.65 

.@ 

.73 

.77 

.82 

.88 

.90 

.94 

.Bs 
1.02 
1.06 

1.10 
1.14 
1.18 
1.22 
1.25 

1.29 
1.33 
1.37 
1.40 
t1.44 

1.47 
1.11 
1.54 
1.58 
1.81 

1.64 
1.68 
1.71 
1.74 

. ia 

.4a 

!. 77 

64' 

- 

- 

- 
0 8 0  
- 

.05 

.OB 

.14 

.19 

.P 

.28 

.33 

.37 

.42 

.46 

.51 

.&I 

.Bo 

.65 

.74 

.78 

.83 

.87 

.91 

.88 
1.00 
1.04 
1. 09 
1.13 

1.17 
1.21 
1.25 
1.29 
1.33 

1. as 
1.42 
1.45 
1.49 
1.B 

1.57 
1.81 
1.64 
1.88 
1.72 

1.75 
1.79 
1.82 
1.85 
1.89 

* 88, 

- 
080 

- 
w o w  
- 

.05 

.10 

.lb 

.25 

.30 
-34 
.39 
.44 
.49 

.54 

.bQ 

.&I 

.88 

.73 

.78 

.83 

.88 

.92 

.97 

1.02 
1. 00 
1.11 
1.15 

1.24 
1.29 
1.33 
1.37 
1.42 

1. 46 
1. 60 
1.54 
1.58 
1.62 

1. ea 
1.70 
1.74 
1.78 
1.82 

1.88 
1. 90 
1.93 
1.97 
2.00 

.m 

1.20 

- 
19. 4(y - 
.05 
.10 
.15 

.25 

.80 

.36 

.40 

.45 

.50 

.55 

.Bo 
' .05 
.70 
.74 

.79 

.84 

.89 
.94 
.M 

1.03 
1. 08 
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DETERMINATION OF TIME, 

Table ,of factors for reduction of transit observations. 
TOP ARGUMENT-STARTI DECLINATION (a). 

SIDE ARGUMENT- STAR^ ZENITH DISTANCE (0 
. [For faotar A uselofbhand argumont. For factar B us8 rlghbhand argument. For faotar C uso bottom llno on thk page.] 
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.70 U. S. COAST AND QEODETIC 'SURVEY SPECIAL PWLICATION NO. 14. 

Table of factors for redjution of transit observations. 
, 

TOP ARGUMENT-STAR'S DECLINATION (a). 
SIDE ARGUMENT-STAR'S ZENITH DIBTANCE (C). 

[For factor A use left-hand argument. For factor B use right-hand argument. For factor C use bottom llna on +fc page.] ' 
- 
'71' 
_. 

, .o 
.1 
.1 
.2 
.2  

.3 

.3 

.41 

.4  

.d  

.5' 

.B 

.t? 

.7 

.71 

.w .w 1.a 
1.0: 

1.1l 
1, 11 
1.2 
1.2: 
1.a 
1.35 
1.39 
1.44 
1.49 
1.54 

1.58 
1.83 
1.67 
1.72 
1.76 

1,80 
1.S 
1.89 
1.93 
1.97 

2.01 
2.05 
2.08 
2.13 
2.17 

.a 

- 
c - 
e 

11 

I 
1 
1 
1 
1 

1 
1 
1 
I 

ec 
2 
2 
2 
2 
2 

28 
27 

28 
80 

31 
32 
33 
34 
36 

36 
37 
38 
39 
40 

41 
42 
43 
44 
46 

m 

- 

- 
7y IC 

- 
r)o 4( 
- 

.o 

.1 

.1 

.2 

.(I 

.3 

.3 

.4 

. 4  

.5 

\& 
.B, 
.a 
.z 
.71 

.8: 

.I 

.g 

.a 

1. OI 
1.1: 
1. u 
1. z 
1. 21 

1.32 
1.37 
1.42 
1.46 
1 5 1  

1.56 
1. 80 
1.04 
1.88 
1.73 

1.78 

1.a 

::E 
1.90 
1.94 

1.88 
2 0 2  
2. OB 
2.10 
2.14 
- 
o w  

- 
71* X 
- 

.a 

.1 

.11 

.2 

.2 

.s 

.ill 

.4 

.41 

.& 

.el 

.a 

.7l 

.7l 

.8 

.a 

.9 

.9t 
1.0: 
1.0; 

1.1: 
1.1; 
1.2: 
1.2; 
1.3: 

1.37 
1.42 
1.47 
1.52 
1.56 

1.61 
1.88 
1.70 
1.76 
1.79 

1.84 
1.88 
1.92 
1.97 
2.01 

2.06 
2. 08 
2.13 
2.17 
2.21 

71°#)' 

- 

- 
71' 3 
- 

.a 

.1 

.1 

.2  

.2 

.3 

.3 

.4 

.4  

.5 

.6 

.e 

.7 

.7 

.8 

.8 

.9 

.9 

1.01 

1. 1, 
1.11 
1.2 
1.2 
1.3: 

1.38 
1.43 
1.48 
1. h' 
1.58 

1.62 
1.67 
1.72 
1.76 
1.81 

1.85 
1.90 
1.94 
1. Bs 
2.03 

2.07 
2.11 
2.15 
2.19 
2.23 

'1'30' 

1. a 

- 

- 
71' 4C 
- 

.a 

.1 

.1 

.2 

.21 

.E 

.3( 

.I. 

..5 

.6 

.a 

.7: 

.7' 

.a: 

.BL 

.9: 

.BL 
1.01 
l . M  

1.14 
1. I( 
1.24 
1.a 
1.34 

1.39 
1.44 
1.49 
1.54 
1.69 

1.64 
1.68 
1 7 3  
1.78 
1.82 

1.87 
1.91 

2.00 
2.04 

2.08 
2.13 
2.17 
2.21 
2.25 

.M 

1. m 

- 
71' 40; 
- 

70' '2 70' 3C 71' 1l 
- 

.a 

.1 

. I  

.2 

. 2  

.3 

.3 

.4  

.4  

.5  

.6 

.6 

.7 

.7 

.8 

.R 

.9 

.9 
1.0 
1.0 

1.1 
1.11 
1.2 
1.2 
1.3 

1.30 
1.41 
1.45 
l.W 
1.55 

1. BI) 
1.64 
1.M 
1.73 
1.78 

1.82 
1.88 
1.91 
1.95 
1.69 

2.03 
2.07 
2.11 
2. IF, 
2.19 

- 
SLO 1l - 

.o 

.1 

.1 

.2 

.2 

.3 

. 4  

.4 

.5 

.5 

.6 .e 

.7 

. 7  

.a 

.@ 

.(h 
1.0 
1 . M  
1.1: 

1.1' 
1.2 
1.21 
1.3: 
1.3 

1.43 
1.43 
1.63 
1.58 
1. e3 

1.08 
1.73 
1.78 
1.83 
1.87 

1.92 

2.01 
2.08 
2.10 

2.14 
2.18 
2.23 
2.27 
2.31 

1.m 

- 
10' - 

- 
72' 41 - 

.c 

. I  

. I  

.z  

. 2  

.3 

.4  

. 4  

.6 

.6 

.0  . .7 

.7 

.8 

.8 

.9 

.9 
1.0 
1.0 
1.1 

1.2 
1.3 
1.3 
1.4 

1. a 

- 
C - 
89 
88 
87 
80 
85 

a4 
.83 

82 
81 
80 
79 
78 
77 
75 

74 
73 
72 
71 
70 

69 
68 
67 
80 
85 

04 
83 
62 

80 

59 
53 
6P 
56 
55 

54 
63 
52 
51 
Go 
49 
48 
47 
46 
45 

7a 

ai  

- 

72 * 72' 3( 

.a . 11 

.1< 

.a 

.3 

.3l 

.4 

.41 

.5 

.M 

.6' .w 

.7. 

.7( 

.81 .a 

.91 

.9t 
1.01 

1.N 
1.1( 
1. II  
1.a 1.a 
1.28 
1.34 
1.38 
1.43 
1.47 

1.52 
1.68 
1.80 
1.66 
1.88 

1. ?a 
th 
1.82 
1.88 
1.89 

1.83 
1 97 
2.01 
2.05 
2.08 

I O  1(Y 

.a 

- 

- 

.o 

.1 

.1 

.2 

.2 

.3 

.3 

.4 

.4 

.5 

.5 

.6 

.6 

.7 

.8 

.8 

.B 

.9 
1.0: 

1.01 
1.1 
1.11 
1.2 
1.24 

1.30 
1.36 
1.40 
1.44 
1.49 

1. ii3 
1.57 
1.82 
1.88 
1.70 

. 1.75 
1.79 
1.83 
1.87 
1.91 

1.95 
1 6 9  
2.03 
2.00 
2.10 

14 m 

.T 

- 

- 

.a 

.1l . 11 

.2 

. 3  

.3' 

.4: 

.4: 
* 5: 

,5: 
.e: 
.e: 
.?: .n 
.I 
.8( 
1% 
.% 

1.0: 

1.07 
1.12 
1.17 
1. z 
1. a 
1.s1 
1.36 
1.41 
1.48 
1&3 

1.64 
1.59 
1.83 
1.68 
1.72 

1.76 
1.80 
1.84 
1.89 
1.83 

1.88 
2.00 
2.04 
2.08 
2.12 

(a 

. O! 

.1 . 1l 

.2 

.2 

,3: 
.3; 
.4: 
.41 
.& 

.a 

.e 

.el 

.7i 

.7% 

.&: 

.8( 

.% 
.% 

1.04 

1. OI 
1. I4 
1.x 
1.24 
1.26 

1.34 
1.38 
1.43 
1.48 
1.62 

1.57 

1. BB 
1.70 
1.75 

1.79 
1.83 
1.88 
1.92 
1.88 

2.00 
2 0 4  
2.08 
2.12 
2.15 

1.81 

.o 

.1 

. I  

.2 

.2 

.3 

.3 

.4 

.5 

.5 

. 6  

.6 

.7 

.8 

.8 

.B 

.9 
1.0 
1.11 

1.1. 
1.2 
1.21 
1.3 
1.31 

1.41 
1.46 
1.51 
1.56 
1.80 

1.85 
1.70 
1 76 
1.79 
1.84 

1.88 
1.93 
1.88 
2.02 
2. w 
2.10 
2.15 
2.19 
2.23 
2.27 

.T 

.a 

.E 

.1' 

.2 

.a 

.5 

.4l 

.4l 

.5: 

.5' 

. E  

.el 

.7' 

.a 

.8! 

.91 

.el 
1.0: 
1. O i  
1.12 

1.1€ 
1.24 
1.Z 
1.34 
1.3s 

.O 

.1 

.1 

.2 

.2 

.a 

.4 

.4 

.5 

.6 

.e. 

.6l 

.7< 

.Iy 

.6 

. B  

. B  
1.0: 
1.01 
1. 1, 

1.11 
1.21 1.a 
1.31 
1.4: 

1.46 
1.51 
1.66 
1.61 
1.88 

1.71 
1.76 
1.81 
1.88 
1.91 

1.95 
2.00 
2.05 
2. OD 
2.14 

2.18 
2.22 
2.27 
2.31 
2.35 

.OB 

.ll 

.17 

.23 

.2a 

.34 

.39 

.45 

.51 

.w 
.02 
.67 
.73 
.78 
.84 

.89 

.95 
1.00 
1.05 
1.11 

1.16 
1.21 
1.26 
1.32 
1.37 

1.42 
1.47 
1.52 
1.57 

1.88 

1.90 

1.69 
2.04 
2.08 

2.12 
2.16 
2.21 
2.25 

- 

1.47 
1.52 
1.68 
1.83 
1.88 

1.44 
1.50 
1.55 
1.80 
1.85 

1.70 
1.75 
1.80 
1.84 
1.89 

1.94 
1.93 
2.03 
2.07 
2.12 

2.16 

2.25 
2.28 
2.33 

2.20 

1.73 

1.83 
1.83 
1.92 

1.97 
2.02 
2.07 
2.11 
2.16 

i.7a 

2. m 
2. I 
2 . s  
2.33 
2.37 - 

'2' 40' - 
'00 3 v  1 0 5 0 '  



DETERMINATION OF TIME. 

Tabb of factors for reduction of tramit observalibns. 
TOP ARQUMENT-BTAR'B DECLINATION (a). 
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Table of fbctors for reduction of transit observations: 
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DETERMINATION OF TIME. 

Table of factors for reduction of transit 'observations. 
' TOP ARQUMENT-STAR'S DECLINATION (d). 

BIDE ARQUMENT-ETAR'S ZENITH DISTANCE (0. 
[For faetor A use left-hand argument. For factor B us9 rlght-hand arymcnt. For factor c7 use bottom b o  on tA& page.] 
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Table of factors for reduction oy transit observations. 
T O P  ARGUMENT-STAR'S DECLINATION (a). . 

SIDE ARGUMENT- STAR'S Z E N I T H  DISTANCE (C). 
[For factor A use left-hand argument. For factor B use righthand &ument. For factor C use bottom llne on opp0attcpage.J 
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81 
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73 
72 
71 
70 

69 
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67 
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65 

64 
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1.14 
1.21 
1.27 
1.34 

1.40 
1.46 
1.53 
1.59 
1.65 

1.71 
1.77 
1.83 
1.89 
1.95 

2.01 
2.07 
2.13 
2.18 
2.24 

2.30 
2.35 
2.40 
2.46 
2.51 

2.56 
2.61 
2.66 
2.71 
2.76 

.XI 

- 
5.10' 

.07 

.14 

.21 

.28 

.34 

.41 

.48 

.55 

.62 

.69 

.75 

.82 

.89 

.96 
1.02 

1.09 
1.16 
1.22 
1.28 
1.35 

1.42 
1.48 
1.54 
1.61 
1.67 

1.73 
1.79 
1.85 
1.92 
1.88 

2.03 
2. 09 
2.15 
2.21 
2.28 

2.32 
2.38 
2.43 
2.49 
2. M 

2.59 
2.64 
2.69 
2.74 
2.79 
- 
75. w 

.07 

.14 

.21 

.28 

.35 

.42 

.49 

.56 

.62 

.69 

.76 

.83 

.80 

.97 
1.03 

1.10 
1.17 
1.23 
1.30 
1.37 

L 43 
1.50 
1.56 
1.63 
1.89 

1.75 
1.81 
1.87 
1.94 
2.00 

2.06 
2.12 
2.18 
2.23 
2.29 

2.35 
2.40 
2.46 
2.51 
2.57 

2.62 
2.67 
2.72 
2.77 
2.82 
- 
750 3w 
- 

.07 
-14 
.21 
.28 
.35 

.42 

.49 

.M 
, .83 

: 70 

.77 

.!?4 

.91 

.98 
1.01 

1.11 
1.18 
1.25 
1.32 
1.38 

1.45 
1.51 
1.58 
1.64 
1.71 

1.77 
1.83 

J. 96 
2.02 

2.08 
2.14 
2. M 
2.28 
2.32 

2.37 
2.4s 
2.49 
2.54 
2.80 

2.65 
2.70 
2.76 
2.81 
2.86 

1.80 

.07 

.14 

.21 

.2a 

.36 

.43 

.60 

.57 

.64 

.71 

.78 

.85 

.92 

.99 
1.08 

1.13 

1.28 
1.33 
1.40 

1.46 
1.53 
1. Bo 
1.66 
1.73 

1.79 
1.88 
1.92 
1.88 
2.04 

2.10 
2.16 
2.22 
2.28 
2.34 

2.40 
2.46 
2.52 
2.57 
2.83 

2.88 
2.73 
2.79 
2. a4 
2.89 

1. m 

.07 

.14 

.22 

.29 

.30 

.43 

.w 

.I 

.65 

.72 

.79 

.86 

.93 
1.00 
1.07 

1.14 
1.21 
1.28 
1.35 
1.41 

1.48 
1.55 
1.62 
1.68 
1.76 

1.81 
1.88 
1.94 
2.00 
2.07 

2.13 
2.19 
2.25 
2.31 
2.37 

2.43 
2.49 
2.55 
2. Bo 
2.66 

2.71 
2.77 
2.82 
2.87 
2.92 

.07 

.15 

.22 

.29 

.a6 

.44 

.51 

.68 

.65 

.73 

.80 

.87 

.94 
1.01 
1.08 

1.15 
1.22 
1.29 
1.36 
1.43 

1. 50 
1.67 
1.63 
1.70 
1.77 

1.83 
1.80 

2.03 
2.09 

2.15 
2.22 
2.28 
2.34 
2.40 

2.46 
2.52 
2.58 
2.63 
2.69 

2.74 
2.80 
2.86 
2. BO 
2.96 

1. 96 

.w 

.15 

.22 

.30 

.37 

.45 

.62 

.Bo 

.67 

.74 

.82 

.89 

.96 
1.04 
1.11 

1.18 
1.25 
1.32 
1.39 
1.47 

1.80 
1.67 
1.74 
1.81 

1.88 
1.95 
2.01 
2.08 
2.14 

2.21 
2.27 
2.33 
2.40 
2.46 

2.52 
2.58 
2.64 
2.70 
2.75 

2.81 
2.87 
2.92 
2.98 
3.03 

'6.30' 

1 . k  

- 

.08 

.16 

.24 

.40 

.48 

.56 

.64 

.71 

.79 

.87 

.95 
1.03 
1.10 
1.18 

1.28 
1.33 
1.41 
1.48 
1.56 

1.63 
1.71 
1.78 
1.88 
1.93 

2.00 
2.07 
2. l a  
2.21 
2.28 

2.35 
2.42 
2.48 
2.55 
2.62 

2.68 
2.74 
2.81 
2.87 
2.93 

2.99 
3.05 
3.11 
3.17 
3. 22 

. a2 

- 
r70 20' 

.08 

.16 

.24 

.32 

.40 

.48 .w  
* 64 
.72 
.80 

.85 

.96 
1.04 
1.12 

1.28 
1.35 
1.43 
1.50 
1.58 

1.65 
1.73 
1.81 
1.83 
1.95 

2.02 
2.10 
2.17 
2.24 
2.31 

2.38 
2.45 
2.52 
2.58 
2.65 

2.72 
2.78 
2.85 
2.91 
2.97 

3.03 
3. 09 
3.15 
3.21 
3.27 

1. m 

- 
77" 30' 

.08 

.16 .u 

.33 

.41 

.49 

.57 

.65 

.73 

.81 

. u9 

.97 
1.05 
1.13 
1.21 

1.29 
1.37 
1.45 
1.52 
1. Bo 

1.68 
1.75 
1.83 
1.80 
1.88 

2.05 
2.12 

2.27 
2.34 

2.41 
2.48 
2.55 
2.62 
2.68 

2.75 
2.82 
2.88 
2.95 
3.01 

3.07 
3.13 
3.19 

3.31 

2. m 

a. 25 

- 
f7' 40' 
- 

76' 76.10' 



- 
c - 
46 
47 
48 
49 
Go 
51 
52 
53 
54 
55 

58 
57 
58 
59 
80 

61 
62 
e3 
84 
65 

66 
67 
88 
69 
70 

71 
72 
73 
74 
75 

76 
77 
78 
79 
80 

81 
82 
83 
84 
85 

88 

89 

g 
m 

- 

770 

3.20 
3.25 
3.30 
3.36 
3.41 

3.45 
3.50 
3.55 
3.80 
3.04 

3.88 
3.73 
3.77 
3.81 
3.85 

3.89 
3.93 
3.96 
4 . 0  
4.03 

4.08 
4.09 
4.12 
4.15 
4.18 

4.20 
4.23 
4.26 
'1.27 
4.29 

4.31 
4.33 
4.35 
4.38 
4.39 

4.39 
4.40 

.4.41 
4.42 
4.43 

4.43 
4.44 
4.44 
4.44 
4.44 

71' 

DETERMINATION OF TIME. 

Table of factors for reduction of transit observations. 
TOP ARGUMENT-STAR'S DECLINATION (a). 

SIDE ARGUMENT-BTAR'S ZENITH DISTANCE (c). 
[For Iactor A use lefbhand argument. For factor 8 USB right-hand argument. For fwaotor C use bottom lino on thfs page.]. 

7 T l W  

3.24 
3.29 
3.35 
3.40 
3.45 

3.50 
3.55 
3.80 
3.64 
3.69 

3.73 
3.78 
3.82 
3.88 
3.80 

3.94 
3.08 
4.01 
4.06 
4.08 

4.11 
4.14 
4.17 
4.20 
4.23 

4.26 
4.28 
4.30 
4.33 
4.35 

4.37 
4.39 
4.40 
4.42 
4.43 

4.45 
4.46 
4.47 
4.48 
4.48 

4.49 
4.50 
4.50 
4.50 
4.50 

-- 
77'10' 

- 
750 10' 
- 

2.81 
2.88 
2. 80 
2.95 
2.99 

3.04 
3.08 
3.12 
3.16 

3.24 
3.28 
3.31 
3.35 
3.38 

3.42 
3.45 
3.48 
3.51 
3.54 

3.57 
3.80 
3.62 
3.65 
3.67 

3.60 
3.72 
3.74 
3.76 
3.77 

3.79 
3.81 
3.82 
3.83 
3.86 

3.88 
3.87 
3.88 
3.88 
3.89 

3.80 
3. 80 
3.80 
3.01 
3.91 

3.20 

- 
75" 10' 

76.40' 

8.12 
3.17 
3.22 
3.27 
3.32 

3.37 
3.42 
3.46 
3.51 
3.55 

3.80 
3.84 
3.88 
3.72 
3.76 

3.79 
3.83 
3.86 
3.80 
3.93 

3.99 
4.02 

4.08 

4.10 
4.12 

4.17 
4.19 

4.21 
4.22 
4.24 
4.26 
4.27 

4.28 
4.29 
4.30 
4.31 
4.32 

4.33 
4.33 
4.33 
4.34 
4.34 

3-88 

,4.05 

4.15 

70'40' 

75' 20' 76OEn' 
-- 

3.16 
3.21 
3.28 
3.31 
3.36 

3.41 
3.40 
3.61 
3.55 
3.80 

3.64 
3.88 
3.72 
3.76 
3.80 

3.84 
3.88 
3.91 
3.95 
3.98 

4.04 
4.07 
4.10 
4.12 

4.13 
4.18 

4.22 
4.24 

4.28 
4.28 
4.29 
4.31 
4.32 

4.34 
4.35 
4.36 
4.37 
4.37 

4.38 
4.38 
4.39 
4.30 
4.39 

4.01 

4.20 

-- 
78'50' 

2.84 
2.89 
2.94 
2.98 
3.?2 

3.07 
3.11 
3.15 
3.20 
3.24 

3.27 
3.31 
3.35 
3.38 
3.42 

3.45 
3.48 
3.52 
3.55 
3.58 

3. 61 
3.04 
3.66 
3. 69 
3.71 

3.73 
3.76 
3.78 
3.80 
3.82 

3.83 
3.85 
3.88 
3.88 
3.89 

3.80 
3.91 
3.92 
3.83 
3.93 

3.94 

3.95 
3.95 
3.95 

3 . 9 4  

3.87 
3.80 
3.92 
3.95 
3.98 

4.00 
4.02 
4.05 
4.07 
4.09 

150 20' 

3.91 
.3.w 
3.97 
4.00 
4 .03  

4.05 
4.07 

~ 4 . 1 0  
4.12 
4.14 

750 30 
- 

2.87 
2.92 

* 2.07 
3.01 
3.08 

3.10 
2.15 
3.18 
3.23 
3.27 

3.31 
3.35 
3.39 
3.42 
3.46 

3.49 
3.53 
3.58 
3.59 
3.62 

3.66 
3.88 
3.70 
3.73 
3.75 

3.78 
3.80 

3.84 
3.88 

3.88 
3.89 
3.91 
3.92 
3.93 

3.94 
3.90 a. 96 
3.97 
3.08 

3.98 
3.99 
3. 99 
3.99 
3. 99 

3.8a 

4.11 
4.12 
4.14 
4.16 
4.17 

4.18 
4.19 
4.20 
4.21 
4.22 

75" 30 
- 

4.16 
4.17 
4.19 
4.21 
4.22 

4.23 
4.24 
4.25 
4.28 
4 . w  

750 4 v  
- 

2.91 
2.95 
3.00 
3.05 
3.09 

3.14 
3.18 
?. 23 
3.27 
3.31 

3.35 
3.39 
3.43 
3.46 
3.50 

3.53 
3.67 
3.80 
3. 83 
3.88 

3.69 
3.72 
3.74 
3.77 
3. 80 

3 8 2  
3.84 
3.86 
3.88 

3.92 
3.94 
3.05 

3.98 

3.99 
4.00 
4.01 
4.02 
4.02 

4.03 
4.03 
4.04 
4.04 
4.04 

3. 80 

3. m 

75' 40' 
- 

76' W 
- 

2.94 
2.99 
3.04 
3.08 
3.13 

3.18 
3.22 
3.26 
3.31 
3.35 

3.39 
3.43 
3.47 
3.50 
3.54 

3.57 
3. 61 
3.64 
3.67 
3.70 

3.73 
3.76 
3.79 
3.82 
3.84 

3.86 a. 89 
3.91 
3.03 
3.96 

3.96 
3.98 
4.00 
4.01 
4. oa 
4.04 
4.05 
4. 08 
4.08 
4.07 

4.08 
4.08 
4.08 
4.08 
4.08 

750 50 
- 

76' 
- 

2.97 
3.02 
3.07 
3.12 
3.17 

3.21 
3.26 
3.30 
3.34 
3.39 

3.43 
3.47 
3.51 
3.54 
3.68 

3.62 
3.65 
3.88 
3.72 
3.75 

3.78 
3.81 
3.83 
3.88 
3.89 

3.91 
3.93 
3.95 
3.07 
3.99 

4.01 
4.03 
4.04 
4.06 
4.07 

4.08 
4.09 
4.10 

' 4.11 
4.12 

4.12 
4.13 
4.13 
4.13 
4.13 

76' 1W 

3.01 
3.08 
3.11 
3.16 
3.20 

3.26 
3.30 
3.34 
3.38 
3.43 

3.47 
3.51 
3.55 
3.58 
3.62 

3.88 
3.69 
3.73 
3.76 
3.79 

3.82 
3.85 
3. 88 
3.80 
3.93 

3.96 
.3.98 
4.m 
4.02 
4.04 

4. OB 
4.08 
4. 09 
4.11 
4.12 

4.13 
4.14 
4.15 
4.16 
4.17 

4.17 
4.18 
4.18 
4.18 
4.18 

4.22 4.27 
4.23 . 4.28 

4.23 4.28 
4.25 4.28 

4.23 1 4.28 

76O 1- 20' 70°.30' 

7 7 0 2 0  - 
3.28 
3.34 

*. 3.39 
3.44 
3.49 

3.54 
3.59 
3.84 
3.69 
3.74 

2.78 
3.83 
3.87 
3.91 
3.95 

3. 99 
4.03 
4.08 
4.10 
4.13 

4.17 

4.23 
4.26 
4.28 

4.31 
4.34 
4.36 
4.38 
4.40 

4.42 
4.44 
4.46 
4.48 
4.49 

4.50 
4. b2 
4.53 
4.54 
4. 54 

4.65 
4.55 
4.66 
4. 66 
4.66 

4. m 

- 
770 20' 

770 w - 
3.32 
3.38 
3.43 
3.49 
3.54 

3.59 
3.84 
3.69 
3.74 
3.78 

3.83 
3.88 
3.92 
3.96 
4.00 

4.04 
4.08 
4.12 
4.15 
4.19 

4.22 
4.25 
4.28 
4.31 
4.34 

4.39 
4.42 
4.44 
4.46 

4.48 
4. E4 
4.52 
4.54 
4.55 

4.56 
4. MI 
4.59 
4.80 
4.80 

4. 61 
4. 61 
4.62 
4.62 
4. a? 

770 SO' 

4:37 

- 

77' 40' - 
3.37 
3.42 
3.48 
3.53 
3.59 

3.64 
3. 69 
3.74 
3:79 
3.83 

3.88 
3.93 
3.97 
4.01 
4.05 

4.09 
4.13 
4.17 
4.21 
4.24 

4.28 
4.31 
4.34 
4.37 
4.40 

4.43 
4.45 
4.48 
4:En 
4.62 

4.54 
4.58 
4.58 
4.80 
4. 61 

4.62 
4. 04 
4. 65 
4.66 
4.66 

4.67 
4.88 
4.88 
4.88 
4.88 

774 4w 

- 

- 

75 

- 
c - 
0 

44 
43 
42 
41 
40 

39 
38 
37 
38 
35 

34 
33 
32 
31 
80 

28 
28 
27 
28 
26 

24 
23 
22 
21 
20 

19 
18 
17 
16 

' 16 

14 
13 
D 
11 
10 

9 
8 
7 
6 
6 

4 
3 
2 
1 
0 

- 
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- 
R o o  - 

.10 

.30 

.40 

.60 

.Bo 

.70 

.80 

.M) 
1.00 

1.10 

1.30 
1.39 
1.49 

1.59 
1.88 
1.78 
1.87 
1.97 

2. 00 
2.16 
2.25 
2.34 
2.43 

2.62 
2.61 
2.70 
2.79 
2. 

2.97 
3.06 
3.14 
3.22 
3.30 

3.38 
3.47 
3.55 
3.01 
3.7c 

3.7E 
3 . a  
3. 
4. M 
4.0; 

.m 

1. m 

- 
80° - 

- 
C - 

89 
e3 
87 
88 
85 

84 
83 
82 
81 
80 
79 
78 
77 
70 
75 

74 
73 
72 
71 
70 

69 
6.3 
67 
66 
85 

04 
83 
02 
01 
00 

M) 
68 
57 
56 
55 

M 
53 
52 
51 
60 

49 
4s 
47 
40 
45 

c 
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Table of factors for reduction of transit obsmatwns. 
T O P  ARGUMENT-STAR'S DECLISATION (a). 

SIDE ARGUMENT-STAR'S ZENITE DISTANCE (c). 
[For factor A use left-hand argumont. For factor B use rlghthand argument. For factor C use bottom line on o&lc pago.] 

790 M y  - 
.10 

.30 

.40 

.49 

.59 

.BB 

.79 

.89 

.88 

1.08 
1.18 
1.27 
1.37 
1.47 

1.56 
1.66 
1.75 
1.84 
1.84 

2.03 
2.11 
2.21 
2. x 
2 . a  

2.48 
2.57 
2.66 
2.75 
2.83 

2.82 
3.00 
3.08 
3.17 
3.26 

3.32 
3.41 
3.4f 
3.51 
3.6' 

. 3.7: 
3.71 
3.81 
3.9, 
4.0 

70' 50' 

.m 

- 

.IO 

.29 

.39 

.49 

.58 

.88 

.78 

.87 

.97 

1.08 
1.16 
1.25 
1.36 
1.44 

1.54 
1.63 
1.72 
1.82 
1.91 

2.00 
2.08 
2.18 
2.27 
2.36 

2.44 
2.63 
2.62 
2.70 
2.79 

2.87 
2.95. 
3.04 
3.12 
3.20 

3.28 
3.36 
3.43 
3.51 
3. MI 

3.60 
3.73 
3.w 
3.85 
3.94 

.m 

790 40' 
i7' 40' 
3_ 

.10 

.19 

.28 

.38 .. 48 

.57 

.67 

.70 

.88 

.95 

1.05 
1.14 
1.23 
1.33 
1.42 

1.51 
1.80 
1.70 
1.79 
1.88 

1.97 
2. OB 
2.14 
2.23 
2.32 

2.41 
2.49 
2.68 
2.66 
2.74 

2.83 
2.91 
2.99 
3.07 
3.15 

3. a 
3. x 
3.35 
3.4: 
3.5: 

3.K 
3.0; 
3.7A 

3. BI 
a. 81 

- 
794 30' - 

79' 40' - 
- 
'90 10' - 
.w 
.19 
.28 
.37 
.46 

.56 

.65 

.74 

.83 

.92 

1.02 
1.11 

1.28 
1.38 

1.47 
1.56 
1.64 
1.73 
1.82 

1.91 
1.99 
2. os 
2.18 
2.22 

2.33 
2.42 
2.60 
2.68 
2.66 

2.74 
2.82 
2. Bo 
2.98 
3.05 

3.13 
3 . x  
3 . z  
3 . 3  
3 . 4  

3.4s 
3. M 
3.0: 
3.7( 
3.7: 

19. 1w 

1.20 

- 

94 mp - 
.w 
.I9 
.28 
.38 
.47 

.56 .. 66 

.75 

.84 

.94 

1.03 
1.12 
1.22 
1.31 
1.40 

1.49 
1.58 
1.67 
1.76 
1.85 

1.94 
2.02 
2.11 

2.28 

2.37 
2.45 
2.54 
2.62 
2.70 

2.78 
2.88 
2.94 
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Table of factors for reduction of transit observations. 
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P A R T  11. 

THE DETERMINATION OF THE DIFFERENCE OF LONGITUDE OF TWO STATIONS. 

INTRODUCTORY. 

The meridian a t  Greenwich having been adopted as the initial one to which all longitudes 
in the United States are to be referred, the determination of the longitude of a new station 
consists simply in the determination of the difference of longitude of the new station and of 
Greenwich, or some station of which the longitude reckoned from Greenwich is known. The 
determination of a difference of astronomic longitude is nothing more nor less than the deter- 
mination of the difference of the local times of the stations.' 

There are three general methods of determining longitude now i~ use, viz, the telegraphic, 
the chronometric, and the lunar. 

In the telegraphic method. the error of the local chronometer on local sidereal time is deter- 
mined a t  each of the two stations by the methods stated in Part I of this publication, and 
the two chronometer times are then compared by telegraphic signals sent between the stations. 

In the chronometric methbd certain chronometers which are transported-back and forth 
between the stations take the place of the telegraphic signals and thus serve merely to compare 
the station chronometers. 

In each of the lunar methods the observer at,a.station of which the longitude is required 
observes the position of-the moon, or a t  least one coordinate of that position, and notos the 
local time a t  which his observation was made. He may then consult the Ephemeris and find 
a t  what instant of Greenwich time the moon was actually in the position in which he observed 
it. The difference between this time and the local time of his observation is his longitude 
reckoned from Greenwich. One coordinate fkhg  the position of tho moon may be determined 
to serve as a means of deriving a longitude by measuring the right ascension of the moon n t  a 
transit across the meridian; by measuring the angular distance betwoen the moon and the sun 
or one of the four larger planets, or between the moon and one of the brighter stars or by 
observing the times of disappearance and reappearance (immersion and emersion) of a known 
star behind the moon-the lunar distance of the star a t  those instants being the angle sub- 
tended by the moon's radius. In  each case the Greenwich time a t  which the moon occupied 
the position in which it was observed is obtained either from the Ephemeris, from observations 
a t  Greenwich a t  about the time in question, or from similar observtitions a t  some station of 
known longitude. 

The determination of longitude by Wireless telegraph is not diclcussed in this publication. 
This method has been used to a certain extent by some countries with apparently satisfactory 
results. It will no doubt be used to a considerable extent in the location of islands which have 
no cable connections. The writer believes that it is much less expensive and more satisfactory 
at present to use the ordinary telegraph lines for the determination of longitude for geodetic 
purposes within the United States. These conditions may be reversed in the not distant 
future. 

1 tlmw may be either sidereal or mean solar. UsU8llY the sidereal times are compared because the time observations are nearly alwaye 
made upon stars. 
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The telegraphic method’ is the most accurate known method of determining difFerancea 
of longitude. It is always used in this Survey for all longitude determinations in regions 
penetrated by telegraph lines, and is therefore set forth fully in this publication. 

is the -chronometric 
method.. As this has been extensively used a t  coast titations in Alaska and will probably 
continue to be so used during some years to come, it is also here treated i~ full. 

To use the chronometric ‘method one must be able to travel back and forth carrying chro- 
nometers between the two stations. The cost of such a longitude determination increases with 
increased cost of travel between shations, and its accuracy decreases as the time required to 
make a round trip increases. ’ These facts cause the chronometric method to give way to .lunar 
methods in certain comparatively rare situations. The points a t  which the boundary between 
Alaska and British America (one hundred and forty-first meridian) crosses the Yukon and 
Porcupine Rivers were determined by lunar methods.s Comparatively few such cases have 
occurred in late years in this Survey in which it was desirable to resort to observatibns upon 
the moon to determine important longitudes.‘ To have determined these longitudes by trans- 
portation of chronometers would have been exceedingly difficult and costly, and would have 
given results of a low order of accuracy, for there are more than a thousand miles of slow river 
ngvigation between the mouth of the Yukon and either station. 

As the lunar methods will probably be used less and less with the lapse of time and the 
increase of traveling facilities, it does not seem desirable to incorporate details in regard to them 
in this publication, especially as such details would greatly increase its size. The computa- 
tions involved are long, complex,’ and difficult. Those who wish to study the lunar methods 
are referred for details to Doolittle’s Practical Astronomy, to Chauvenet’s Astronomy, Volume 
I, and to the American Ephemeris (aside from the tables), especially to the pagcx, in the back 
of each volume headed “Use of tables.” 

A method suitable for use in regions not reached by the 

. 

PROGRAM AND APPARATUS OF THE TELEGRAPHIC METHOD. 

During more than 60 years of its use by the Coast and Geodetic Survey the telegraphic 
method was gradually modified, but with the adoption of the transit micrometer about 1904 
the program of the determination of primary longitudes underwent radical changes. The pro- 
gram and apparatus used at  present in the Survey will be described h t  and then the method 
formerly used will be briefly explained. 

The introduction of the transit micrometer practically elhinated from the time determina- 
tions, and consequently ‘from the longitude determinations, the large error which was known 
as the observer’s personal equation. The progrdm of longitude observations was formerly 
designed to eliminate the personal equation from-the results. 

GENERAL INSTRUCTIONS ’ FOR LONGITUDE DETERMINATION BY THE COAST AND GEODETIC 
SURVEY WITH TRANSIT MICROMETERS IN LOW LATITUDES (LESS THAN 60’). 

1. The observations upon each star should be given unit weight, regardless of the declina- 
tion of the star and of whether or not the observat’ion of the transit is complete. If an observed 
transit is incomplete, only those observations should be used for which the positions of the 
observing wire are symmetrical with reference to the middle point of the registration interval 
af the screw; that is, each record is to be rejected for which the symmetrical record is missing. 

1 The telegraphic method of determlnlng dlffmncas of longltude was origlnated by the Coast Survey In 1848, two years alter the Brat tram- 
mwon of telegraphlo messages over wires. During the long Interval slnra that tlme the method has gradually been brought to Its present high 
state of porfwtlon. For a hlstorloel note on this subject sea Appendlx No. 2, Report for 1697, pp. 202-203. 

2 In certain caws in wNch the telegraph llne is wantlng, the same principles may be used with the substitutlon of a flash of lght between sta- 
tions in the place of the electrlo wave. For example, one might 80 determine the longitudes of the Aleutlan Islands of Alaska, the suawsslve islands 
belng in goneral iumMble.  This method has not, however, been used by this Survey. The cost of determining longitudes by thls method will 
In general b so much greater than by the chronometrlo method (because of the many intermodlate stations which will be regulred between distant 
stations), as to more than offset Ita greeter a~urecy .  

8 In the final demarcation of the boundary between Alaska and British Columbia, an Initial point on the one hundred and forty-ht meridian 
was detnrmined telegraphically, uslng transits equipped with transit mlcrometers. The telegraphlo longltude came within the range of three 
determinations by lunar methods. The total range of the several lunar determinations of longitude In Merent years was 1.1 seconds of tlme. 

4A statement of the results of these determfnatlons, which Is wpeolally Interesting as Showing what mors may be axpected in such obssrplr- 
tions, Is given In Appendix No. 3 of the Report for 1886. 
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2. The limit of rejection for an observation upon one star (whether the observcd transit is 

complete or not) isla residual of 0.20 second. No observation corresponding to a residual smaller 
than this should be rejected unless the rejection is made at the time of observation. 

3. Each half set of tinie observations should consist of observations on from 5 to 7 stars 
(6 preferred). All of thcse are to be 
time stars; that is, no azimuth stars are to.be observed. For the purpose of this paragraph an 
azimuth star is defined as one for which the azimuth factor, A, is greater than unity. The algc- 
braic sum of the A factors in each half set should be kept less than unity unless it is found that 
to  secure such a half set considerable delays would be necessary. It is desirable to have the 
algebraic sum of the A factors 8s small for each half set as itsis possible to make it by the use 
of good judgment in selecting the stars, but it is not desirable to reduce the number of stars 
per hour to be observed in order to improve the balancing of the A factors, if said balancing is 
already within thc specified limit. 

4. In  selecting lists of stars to be observed, one should endeavor to secure the maximum 
number of stars pcr hour possible, subject to the conditions of paragraph 3 and to the necessity 
of aecurbg level readings, reversing the instrument, exchanging signals, et cetera. To observe 
the same stars at  both stations involved in a longitude difference is desirablc, but it is of less 
importance than to secure rapid observations with well-balanced A factors in each half set. 

5. The telescope should be placed in the position “illumination west” for the first half set 
of each night and it should be reversed before the beginning of cach of the other half sets. 

6. The observations on each night should consist, under normal conditions, of four such 
half sets as are defined in paragraph 3. In case of interference with the normal progress of the 
observations by clouds or other causes, a determination on a given night may be allowed to 
depend upon a smaller number of stars and of half sets a t  each station. But the determination 
of the longitude dif€eqence on any night is to be rejected if, at  either station, there has been no 
reversal of the instrument, or if less than twelve stars with ,two reversals are successfully 
observed at  either station, or if the exchange of signals takes place at either station outside the 
inte-mal covered by the time observations a t  that station. 

7. There is to be no exchange of observers during the determination of any difference of 
longitude. .. 

8. A determination.of a difference of longitude will consist of either three or four such 
nights of observations as are specified in paragraph 6. If, before an opportunity occurs to 
take observations upon a fourth night, it becomes known that the result from each of the first 
three nights of observntions ngrocs with thc moan result within 08.070, no observations on a 
fourth night should bo hkcn. If on0 or more of the first thrce nights givc results differing by 
06.070 or more from tlie moan, or if obscrvations arc sccured on n Eourth night before the 
results from the first three nights are all known, then observations on four nights are to con; 
stitute a complete determination of a difference of longitude. 

9. When referring a longitude station to a triangulation station the angle and distance 
measurements should be made with a check and with such accuracy that if necessary the 
longitude station may replace the t rhgulat ioa station for future surveys. 

In  rare cases a half set may consist of only four stars. 

10. The field computations are to be kept as closely up to date as practicable. 
11. In  making tho computations of time observations in the field, the method shown on 

pages 21 to 27 of this publication should be followcd. 

GENERAL INSTRUCTIONS FOR LONGITUDE DETERMINATION BY THE COAST AND GEODETIC: 
SURVEY WITH TRANSIT MICROMETERS IN HIGH LATITUDES (GREATER THAN No). 

I )... 
The observing and the field computations for the work in connection with the telegraphic 

determination of longitude in latitudes greater than 50’ should be done in accordance with the 
instructions for work in latitudes less than 50’ except that: (a) The stars of a set are given 
different weights depending upon their positions. ( b )  No rejection limit is fixed for use by the 
observer; rejections are made, if necessary, in the office after the least square cornputations 
have been made. (c) It wil l  be impossible, as a d e ,  to have a half set with all time stars and 
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hence, the half sets are to be made up of time and azimuth stars. (Anazimuth star 19 one liav- 
ing an A factor greater than unity.) (d) In  making the computation of the time observations 
the observer will p e  his discretion as to the method to be used, provided it is one of those 
given in this publication. 

USUAL METHOD OF OPERATIONS. 

As the personal equation is very small, if it exists at  all, it  is not considered necessary in 
determining astronomic longitudes for geodetic or geographic. purposes to have an exchange 
of observers, nor is it necessary. that a new station should be in a closed circuit. 

The normal determination of longitude between two stations using transit micrometers 
consists of three nights’ observations without exchange of observers. (Under the genoral 
instructions a fourth night is sometimes required.) Each night’s observations consist of four 
half-sets of six stars each, the instrument being reversed in its wyes between each two half-sets. 
Arbitrary signals are usually exchanged between the two stations by telegraph in the interval 
between the second and third half-sets. This places the arbitrary signals, by which the chro- 
nometers at  the two stations are compared, as nearly as possible in the middle of the observing 
period and it makes the longitude determined depend equally on each of the time sets. The 
two observatories must, of course, be connected by means of a telegraph line. An arrangement 
is made with the telegraph company for a direct connection between the stations, at  the required 
time, on nights of observation. This is accomplished by running wires from the longitude 
stations to the switchboards of the local telegraph offioes. If poqsible the line should be without 
repenters. The advisability of having the station convenient to the telegraph office should 
have some weight in determining its looation. Occasionally the station may have to be con- 
nected directly with a main wire instead of with the telegraph office suritchboard. 

The general arrangement of the electrical apparatus at  each station during star observa- 
tions and also during exchange of signals is shown in the diagrams of illustrations Nos. 10 and 
11. Illustration No. 12 shows the actual switchboard and instruments used in these operations. 
This board carries an ordinary telegrapher’s key, sounder relay, and signal relay, all of which 
may be included in the telegraph circuit. If desired the signal relay or the sounder relay and 
key may be cut out by means of plug switches. The sounder is worked by the sounder relay 

When the operator is clearing the line or communicating with the 
operator at  the otber observatory, the signal relay is cut out, and when signals are being sent it 
is again cut in, and it operates the pen of the chronograph through a separate battery. Thus, 
at each station, when the signal relay is on the main line, every break of the telegrapher’s key 
operates the two signal relays and makes records on the chronograph sheets at  both stations. 
The chronometers being placed in the local circuits at  both stations continue their records on 
the chronograph sheets, the circuits being break circuits, and so it is possible to read from the 
chronograph sheet at  each station the chronometer time of sending and receiving the arbitrary 
signals. 

The local circuit, aa explained on page 12, consists of one principal circuit, the chronograph 
circuit, to which the chronometer circuit and the transit circuit are joined through the points 
of their respective relays. The observing key, when used, replaces the transit circuit. The 
chronograph circuit, connected with the proper binding posts of the switchboard, includes the 
points of the signal relay, except when cut out by a plug switch. T& plug is kept in during 
time observations, and taken out only during the exchange of signals. 

A few minutes before the time for exchange of signals the telegraph operator secures a 
clear line between stations, ascertains whether the observations at  the other station are pro- 
ceeding successfully, and telegraphs the exact epoch at  which signals will be exchanged. This 
epoch is arranged, if practicable, not to interfere with the star observations at  either station. 
If at  one of the stations floating clouds or other causes are making it difficult to get observations 
the observer a t  that station should choose the epoch, for the loss of one 01’ more stars by him 
might cause the loss of a night’s work. When the epoch arrives the points of the sigual relay 

, through a separate battery. 
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are placed in the local circuit at  each station by the removal of a plug of each switchboard 
Any break in the main-line circuit will now cause corresponding’breaks in the local circuits, 
and a signal made with the telegraph key’ will be recorded on both cponographs. The 
observer a t  the western station customarily sends signals fwst, by releasing the telegraph 
key for an instant between the breaks of his chronometer a t  an average interval of two 
seconds. He times these signals so that they will not interfere with his own chronometer 
record, and he must also be prepared to shift them to another portion of the second, if they are 
conflicting with the record of the chronometer a t  the other station. Notice of an interference is 
given by the other observer by breaking into the circuit and making a succession of quick 
breaks with the key. After 15 to 20 signals have been sent from the western station, covering 
a period of over half a minute, double that number of signals are sent by the eastern observer, 
and then 15 to 20 more are sent by the western observer. This makes a total of 30 to 40 signals 
each way, with the mean epoch of the signals from the two different directions agreeing closely. 
The signals, as a rule, cover a total period of less than three minutes. It is well to make a 
succession of quick breaks a t  the beginning and end of each series of signals. It is also desirable 
to vary the position of each of several signals with reference to the chronometer breaks at  the 
beginning of a series or to make several signals a t  intervgls of one second in order to facilitate 
the identification of corresponding records at  the two stations. The number of signals exchanged 
is arranged to cover a period greater than one minute each way, with a view of eliminating errora 
in the contact wheel of the chronometer. 

A signal sent from one station to the other will be recorded on the chrbnograph of the 
sending station slightly before it is on the distant chronograph, and this difference in time of 
record is called the transmission time. It depends, in fact, both on the retardation of the signal 
in the tdograph line between the two stations, and on the difference in tho time of action of the 
signal relays at  the t&o stations. Signals sent from. west to east will make the difference in 
longitude too large, and signals from east ‘GO west will Qake it too small by the amount of the 
transmission time. By taking the mean of tho differences as given by the signals in both 
directions this source of error is eliminated, provided tho transmission time is the same in 
both  direction^.^ 

During exchange of-signals the chronographs are run at  double speed, so that tho signals 
may be read t o  hundredths of seconds. The advantage in sending signals by making arbitrary 
bteaks of the circuit is that they will come at varying parts of the seconds, thus tending to elimi- 
nate personal equation in the reading of the fractional parts of the second.’ If portions of the 
record are missed, the corresponding signals at  the two stations may still be identified by com- 
paring the successive differences between signals. ’ 

RECORD OF AN EXCHANGE OF SIGNALS. 

The following is one night’s record. 01 nn actual exchmge of signals between two stations, 
written as read from the chronograph sheet on n special form used for the purpose, on which 
is also made the computation of the epochs of the signals at  the two stations, the computation 
of the h a 1  difference of signals, and the transmission time. 

1 It  is to bo noted thnt thaso slgnnis nro msdo by broaklng tho clrcult, whlch is opposite to tho ordlnnry correspondenm us0 of the koy. 
2 The latter is probably n small quantity. Somo mWUrOmOnts of tho nrmnturo Limo of on0 of tho qitick-ncting relnys ueod In those longitude 

deteminatlons showed it  to vnry from0.005 to 0.016 mond wilhortromo chnnges in ndjustmonts nnd eurront. 
a Thoro is nlwnys some uncartnlnty on thlsscoro whon rOpostor8 or0 uscd in tho mnln tolognph lino, bocniieo of tho dislinct mochnnlcnl nrr&ge 

monts for mpoatlng tho sipnois in tho two diroctions. 1lopnLorll aro thorcforo to bo nvoidod tu far ns proclimblo. 
4 Clironomcter signa$ wero fonncrly u~ctl-llint h, tilo clironomelcrt, were nllcrnnlcly mndo to wnd their brenks through the maln-llne clroult, 

recording on both chronographs. Some of tho objwtiom LO lllb method wero linblilty of dnmnge to the points of tho break circult wheel of the 
chronometer when put on tho main line, posslblllty of the record of on0 chronometer interfering wlth the record of the other, and pereonnl equntlm 
in reading n record that nlwnya occurred nt the BBme part of n 8ecOnd. 
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Arbitrary signah. 

Fonn 256. 

[Sation, Key Woat, Fla. Date, Fob. 14,1807. Obsorvor, J. 8. TIIII. Recorder, J. 9. Hill.] 

m a  
6 53.82 

.79 

.80 
* 79 
,78 
.80 
.80 
.81 
.80 
.81 .a 
.80 
.80 

.80 

.80 

.79 

.82 

.80 

.78 

.79 

.80 .a 

.80 

.80 

.80 

.79 

.78 

.81 

From Key West to Miami 11 From Miami to Key Weqt* 

h m  a 
0 34 M.41 

60.32 
68.31 

35 00.22 
02.35 
04.30 w. 6.4 
08.31 ' 10.26 
12.24 
14.31 
16.22 
18.22 

24.29 m. 22 
!ax23 
30.28 
31.24 
32.43 
34.25 

m. 28 

, 

Mlami m r d  

h m  a 
ti 33 35.10 

84.42 
37. 60 
38.60 
39.45 
41.47 
43.43 
46.60 
47.60 
49.68 
61. (io 
53.57 
65.65 
68.18 

34 00.51 
02.52 
03.07 
04.77 

35 42.20 
43. 60 
46.08 
47. 60 
49. 66 
61.60 
63.47 
8.04 
67.69 
69.67 

30 01.67 
03.68 
ob. 65 
07.65 
08. m 
11.53 
12.02 
13.67 
14.61 
16.64 

MI?8m: 
6 34.9 

Key Wwt 
record 

h ' m  8 
6 27 38.28 

39.63 
40.70 
41.71 
42.67 
44.67 
46. w 
48. e4 
60.70 
52.77 
64.78 
66. 77 
68.85 

28 01.37 
03.71 
05.72 
oQ88 
07.9'5 

29 46.40 
40.72 
48.29 
60.70 
62.74 
64.70 
66. 07 
68.84 

30 00.80 
02.79 
04.77 
08.80, 
08. 76 
10.70 
12.80 
14.74 
15.85 
10.77 
17.81 
18.73 

0 29.0 

.80 

.78 

.79 

.79 

.80 

.79 

.77 

.80 

.80 

.81 

Kay West 
record 

A m  a 
0 28 67.71 

69.63' 
29 01.00 

03.52 
ob. (14 
01.68 
09.83 ll.m 
13.64 
16.63 
17. til 
19.61 
21.52 
23.67 
,27.68 
29.61 
31.63 
33.67 
34.64 
35.73 
37. M 

6 29.3 I 6 29.0 6 66.788 11 6 35.3 
0 34.9 

II I 

Means .' 0 35.1 I 0 29.1 
Tmnsmissloi 

IMI. 

m a  
5 66.?0 .w 

.71 

.70 

.71 

.72 

.71 

.71 

.72 

.71 

.70 

.71 

.70 

.71 

.71 

.71 

.70 

.71 

.70 

.70 

.71 

6 60.701 
6 66.788 

6 66.752 
imo- . 046 

* Comploto set of slgnala from Miaml to Key West not obtained. 

In  the foregoing table the mean epochs are shown for the record of signals on each chrono- 
graph sheet, the inean of all the differences of the chronometer records, and the transmission 
.time. It is usually sufficient, in obtaining the mean epochs of nignals, where they are symmet- 
rically arranged, to take the mean of the first five and the last five signals. 

CHRONOMETER CORRECTIONS AND RATES. 

On tho following form are tabulated the epochs (To) for which chronometer corrections 
were determined at  both dations, the corrections (AT) determined, and the rate per minute 
computed from the two time sets observed on each night. In each case the mean of the epochs 
and of the corrections is given on the third line for each date. These means furnish a corroction 
foy the chronometer very nearly at the epoch of the signals, and they thus reduce the work of 
computing the chronometer corrections for the epochs of the signals. 
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‘h m 
5 49.6 
7 11.0 
6 30.3 

5 60.0 
7 47.9 
0 49.0 

5 60.1 
7 09.0 
0 29.5 
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8 
+14.691 
+14.720 
+14.708 

+14.327 
+14.220 
+14.274 

+13.479 
+I3.4u) 
+13.470 

.) 

Dale 

1907. 
FOb.14 

15 
iu 

1907. 
Feb. 14 

15 

16 

h m h m 8 a a m a  m a  8 8 
6 35.1 6 29.1 +45.351 +14.709 +30.642 5 56.752 6 27.394 -0.031 0.046 
0 31.7 6 25.8 +50.325 +14.295 +36.030 5 51.285 6 27.315 + .MS .051 
o u.6 a n.8 +55.432 +i3.470 + 4 1 . w  5 45.418 0 27.39~ - .on .ou 

Mean.. 6 27.363 

Chronometer corrections and rates. 

Key West, Fia. 

TO 1 AT 
Rate per 
minute 

a 

+O. ooo(3 

-0.oo091 

-0.oo024 

-- 
Miami, Fla. I I 

To 

h m  
5 41.4 
7 19.1 
6 30.2 

6 16.9 
7 11.0 
6 29.0 

5 54.7 
7 22.4 
0 38.6 

+50.310 I +O.Op244 1 
+55.444 

COMPUTATION OF DIFFERENCE O F  LONGITUDE. 

The next step is the computation of the difference of longitude from the mean of the signals 
sent in each direction. Each night’s observations represents a complete determination of this 
difference, and a separate and complete computation is accordingly made for each night. Tho 
epoch of signals and difference of chronometers are taken from the record of signals for each 
night, and the chronometer corrections a t  these epochs are computed for each station and each 
night, using the rates per minute given in the preceding form. To the difference in chronometers 
is then applied the difference in chronometer corrections (eastern minus western chronometer), 
which gives the difference of longitude in time as determined by the night’s observations. 
From this determination the transmission time has already been eliminated by taking the means 
of eastern and western signah. 

The chronometer correction AT at the time of exchange T and its probable error r are 
expressed by 

A T, - A T, [( T,  - T)’r12 + ( T- Tl)’~,2]”2 AT=AT,+-- - ( T -  Ti), nnd r = -  - T2-T, T2- T 
where A T ,  and fr ,  aro the chronometer correction and its probable error derived from the 
first set of time observations at  epoch T,, and AT, and f r ,  are the same quantities, respec- 
tively, for the second set at epoch T,. 

Compututwn of diference of longitude. ’ 

BETWEEN MIAMI AND KEY WEST, FLA. 

a 
Reduction to longitude pier of 1896- 37 meter - +o.m 
Reduction to mean position of pole 1 - 0.am * *  
Mhml longitude station east of Koy West longitude station-’i 2?.365 - 1’ 36’ 50”.526 

In  the example shown above the second column gives the mean epoch of the oxchange 
of signals as read from the chronograph sheet a t  the eastern station, Miami, and the fourth 
column gives tho correction to the chronometer at  Miami for the mean epoch of the signals, 
this correction boing computed from the corrections to tho chronometer and the rate deduced 
from the time observations. The third and the fifth columns give similar data for the western 

1 See Astronomlsche Nachrlchten No. 4263. 
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station, Key West. The difference between the chronometer corrections (AT) given in the 
fourth and fifth columns is shown in the sixth column and equals the correction at  the eastern 
station o nus the correction at  the western station. In  the next column is given the difference 
of signals (eastern minus western). The difference of longitude, AA, is then the combination 
of the difference between the AT’S a t  the two stations and the difference of signals. The trans- 
mission time is taken from the forrq on which the record of signals and their reduction is shown, 
and is placed in the last column, while in the column immediately preceding is placed the differ- 
ence between each night’s determination and the mean of the determinations of all the nights. 

The values from the various nights are each given unit weight, and their mean is then 
considered to be the observed difference of longitude between the transit instruments at the 
two stations. In the example given this difference has a correction applied to it to reduce it 
to what it would have been had the transit at  the base station, Key West, been placed exactly 
over the position occupied by the transit in 1896 (adjusted in the longitude net of the United 
States)’ instead of at  a position 0.97 meters east of it. The particular example given is one of 
a series of differences of longitude determined in 1907, commencing at  Key Wcst and closing 
on Atlanta. There is also at the latter place pn adjusted longitude station of the longitude 
net of the United States. The longitudes of these two stations, at  Key West and Atlanta, 
being held fixed, a closing discrepancy was developed which was distributed equally among the 
various differences, each difference being given unit weight. The following table shows the 
differences of longitude determined between Key West and Atlanta and the distribution of 
the closing error: I 

ColrLputation of d O S i 7 l g  error between Iicy West and Atlanta. 

Obsorved 
dlllomnce 

Miami west of Key West 
Jupiter west of Miami 
Sebaatian west of Jupiter 
Daytona west of Sebastian 
Fernandha west of Daytona 
Atlanta west of Fernandins 

Atlanta went of Key Wwt 
Atlafita west of Key West 

(From adjusted longitude net of United States) 
Closing orror= 

in s 
- G 27.365, 
- 0 27;404 
+ 1 33.654 
+ 2 11.332 
+ 1 4G.878 
+11 42.609 

tion to 
ClOSC 

clrcuit 

S 

+. 009 +. 009 
+. 009 
+. 009 
+. 009 +. 010 

+10 19.704 
$10 19.759 

+ .055 

+. 055 

Adjusted 
diflerence 

in s 
- 6 27.356 
- 0 27.395 
+ 1 33.663 
+ 2 11.341 
+ 1 46.887 
+11 42.619 

+lo 19.759 

CORRECTION FOR VARIATION O F  TIIE POLE. 

A correction is necessary to reduce the observed astronomic. longitude to tho mean posi- 
tion of the pole. About tho middle of each year the Latitude Service of the International 
Geodetic Association publishes in the Astronomische Nachrichten provisional values of the 
coordinates of the instantaneous pole for the preceding cnlendnr year, together with tables to 
reduce observed latitudes, longitudes, and azimuths to the mean position of the pole. The 
proper correction to the longitude may be computed by means of these tables, knowing the 
time of observation and the latitude and longitude of the observing station. 

DISCUSSION O F  ERRORS WHEN TRANSIT MICROMETER IS USED. 

Let it bo supposed that the regular program for observations with a transit micrometer, 
three nights’ observations without exchange of observera, has been carried out. The computed 
result, the difference of astronomic longitude of the two places, is subject to  the following 
errom : 

1 Bee Appendlx 2 of tho Report for 1897. 
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First. An accidental error ariskg from the accidental errors of observations of about 72 
stars at each station. If tho accidental error of observation of a single star be estimated at. 
f”.07, which may be considered sufficiently large to cover both the observer’s errors and those 
instrumental errors which belong to the acc?dental class, then the probable error of the final 
result arising from this cause would be fs.07 + J36= k8.012. 

Second. An accidentnl error arising from the accidental errors in the adopted right ascen- 
sions of such stars as are observed at  one station on a given night but not at the other. It 
is in such cases only that errors in right ascension have any effect on the computed result. If 
entirely different stars were observed at the two stations, 24 a t  each station, and if f8.03 be 
accepted as the probable error of a right ascension, then the probable error of the result for one 
night arising from this source wbuld be f8.03 + @= fs.009. In ordinary cases, in which the 
number of stars not common to both stations is less than 10 per cent, this accidental error is 
reduced to less than fe .OO1.  

Third. Errors due to the assumption that the rate of the chronometer is constant during 
and between the two time sets of a night. As the interval between the mean epochs of the 
sets is ordinarily only about one hour, these errors are probably exceedingly small. In order 
to make these errom inappreciable, longitude observers should use chronometers known to 
show but small variations in rate, and should protect them as thoroughly as is feasible while in 
use against jars and sudden changes of temperature. The errors from this source will be of 
about the same value whether the exchange of signals is made at about the mean epoch of the 
two sets of time observations, or is made at any other epoch within the interval covered by the 
two .sets. 

Fourth. The question of the personal equation with the transit micrometer is discussed 
fully on pages 90 and 91. 

Fifth. Errors arikng from lateral refraction. The probable minuteness of these errors 
in time observtltions has already been commented upon (see p. 48). It is not impossible, 
however, that small constant errors may arise from this source at  stations established in closely 
built-up portions of great cities, particularly of manufacturing centers. 

By transmission time is 
meant the interval that elapses from the instant at  which the signal relay breaks the local 
circuit at the sending station to that at which the signal relay breaks the local circuit a t  the 
receiving station. This interval is made up of armature time, induction time, and the true 
transmission time of the electric wave passing along the wire. It is only the variation in 
transmission time occurring during the exchange of signals on each night that introduces error 
into the computed result. As this interval is not much over a minute the error is probably 
insensible if  there is a continuous wire connection between stations. If the line between 
stations passes through a “repeater” tho transmission time in one direction through the 
repeater will be different from that in the other direction unless the two magnets of the repeater 
are adjusted exactly alike, and half this difference will enter into the computed result as an error. 
The repeaters used in ordinary telegraph service are not specially designed for quick action, 
as are the signal relays on the Coast and Geodetic Survey switch’board, nor is their adjustment 
in the control of the longitude observers. Hence the desirability of a continuous wire 
connection. 

Any change in transmission time within the local circuit during the exchange of signals 
will produce an error in the computed longitude, but such changes are probably inscnsible. 
A change at  any other time in the local circuit will appear in the observations as a change in 
the chronometer correction and will probably have no appreciable effect on the h u l  resuk 
for the night. 

Seventh. The difference of the transmission time through the two signal relays and a h  
the difference in the transmission time through the two transit micrometer relays enter as 
errors in the final result. These errors are made very small in the present longitude work of 
the Survey by using relayswhich are as nearly alike aa can be made, and which are specially 
designed to act very quickly. 

i 

Sixth. Errors aris@g from variation ‘of transmission time. 
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* 
* * 

Koy West m r d  Atlanta record 

h m s lr m s 
7 35 59.97 7‘25 42.39 

36 01.90 44.30 
04.03 46.47 
05.96 48.39 

56. 90 26 39.30 
58.91 41.34 

-- 
l b  m h m 

7 26.2 Noaxis 7 36.5 

DiRoronco of Koy West 
chronometers record 

Ir m s . 7n s 

10.82 53. GO .22 
12.78 56.62 .26 
15.28 68.04 .24 

38 38.48 28 21.21 ’ .27 
40. 60 23.33 .27 

lr ni 
10 17.249 

m s  
10 . GO 

.56 

.57 

.Go 

.57 

* 

m s  
10 17.570 7 37.9 7 27.G 

i 



88 

Bpoch of signnlst Chronometor corrections 
-- -~ Dieoronce - - 

tors Key West Atlnntn Differonce 
ATB 1 d Tlr 1 d TB-A TIS 

of chronome 
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SUMMAI1Y O F  RESULTS O F  TIbfE DETERMINATIONS AT ATLANTA. ' 

i (from wcslorn 
signals) 

Dnto 

I 
11 m h nr m s 

10 17.570 
10 26. 199 

8 51.3 8 41.1 10 12.507 

* * 
* * * 

1896. 
Mar. 7 

7 
8 
8 * 

* 
27 
27 

S 
-11. 250 
-14.085 * 

* 
- 5.079 

Epoch (by 
faco of chro- 

nomotor) 

h m  
6 56.4 
8 12.6 
6 56.3 
8 12.5 * 
* 

8 12.6. 
9 22.4 

~- 

.-___ - 

Epoch of d p l s  t Chronometor corrections 
Differonco 

of chronome- 
tors Key West Atlantn , 1)iUoronen 

TS A TE A TI,. , d TB-A 7 ' 1 ~  

2hronomelor 
correction 

J TIIS 

S 
- 13.546 
-13.347 

' - 7.742 
- 7.506 * 

* 
- 12. 660 
- 12.630 

A b  
(from enslorn 

Slgnnnls) 

Rnte por 
minuto 

.. . . . .- 

S +. 00261 

+. 00310 

* 
* 

+. 00043 

I 
h m  l a m  

7 37. 6 7 27.2 
7 37.9 7 27. 6 

* * 

kllimntion 

S S S m s  m s 

10 25.881 -14.087 - 7.646 -6. 441 .440 
10 17.249 -11.253 -18.404 +2.211 10 19.460 

* '  * * * * 

S +. C3 
-. 01 
-. 01 -. 06 * 
* 
-. 18 -. 22 

* * 
8 53.3 I 8 * I  43.1 10 12.136 

I I - .  

Iizirnuth 

* * * * 
.700 

-~ .- 
- 5.083 -12.647 +7.564 

S -. 154 
-. 036 +. 115 +. 190 

+. 183 +. 378 

* 
* 

S +. 035 

+. 089 +. 313 

-. 070 

* 
* 

+. 155 +. 167 

SUMMAIIY O F  RESULTS O F  TIME DEl'ERMINATIONS AT KEY WEST 

-.--_I 
1896. i h in 

hlur. 7 6 56.4 
8 12.6 -11.334 I 6 56.4 I -13.994 1 -.00227 

8 8 12.6 -14.167 * 
* I :  I :  I =  

8 12.4 1 - 4.992 I -. 00223 ';;,I 9 21. 8 - 5. 147 1 
I I -. . . - I 

Collirnntion 

S 
-. 05 
-. 03 -. 06 
-. 03 * 
* 
-. 06 -. 00 

__._ 

Azimuth 

'S 
-1.108 
-1.220 
- 1. 649 
-1.644 * 

* 
-0.181 
-0.121 

A). FROM WESTERN OR h'1'LAh'T.k SIGh'hIS.* 

Errst 

S 
-1.230 
-1.108 
-1.447 
-1.580 * 

* 
-0.256 
-0.144 

Dnto 

1896. 
Mar. 7 

8 
* 

27 

Dnto 

1896. 
Mar. 7 

8 
Y 

27 

I I I I I I I 

* Uncbrrected for transmission time nnd porsonnl equation. t By faco of chronometer. 

AA FROX EASTERN O R  KEY wr:w SIQNAL~.*  
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2;:;; 
wolght 
P 

8 
11 

4 
13 
21 

8 
6 
4 
8 
0 

COMBINATION O F  LONGITUDE RESULTS. 
At one time it was the custom in the Coast and Geodetic Survey to combine the resulting 

differences of longitude for the various nights' obsorvations by deducing weights and assigning 
them to the various values. This custom is not now practiced where transit micromotors are 
used, nor is i t  followed where an accoptod program is carried out even if no micrometers are 
usod. If a regular program is carried out the various nights' doterminations are given oqud 
weight, and diroct moans are taken for tho final value of the difforenco of longitude. How- 
ever, the lollowing discussion of the combination of longitude results whore tho different nights' 
observations are assigned different weights is given here as occasion might arise where the 
information would be of value. 

The following table gires tho collection of the results for tho different nights and their 
combination to dovelop and eliminate the transmission time and porsonal equation. Tho 
mean of the difforencos of longitude as derived from the western and eastern signals will be 
free from tho transmission timo, and their difference is doublo tho transmission time. The rela- 
tive weights for the resulting differences of longitude for different nights are dorivod from the 

expression p = 2 ~ 2 ~ -  where p ,  and p ,  are tho weights of the determinations of tho chronom- 
eter corrections a t  the epoch of exchange of signals at  the two stations, respectively, 

or p ,  = 7 and p ,  = 7 in which r, and r, are the probable errors of the chronometer corrections: 
To obtain tho personal equation the weighted moans are taken for each position of tho obsorvors, 
and half their difforence is the personal equation to be applied with opposite signs to  tho two 
groups. This gives tho correctod result for difference of longitude for each night, and tho 
weighted mean of all tho nights is the final difference of longitude. The probable error of the 

latter is 0.674.\/---- '@ where n is tho number of nights of observation and 2 is the numbor of 
unknowns (lcngitudu and personal equation). In tho table the moan9 in the seventh and ninth 

' columns are weightod moans. 
The porsonal equation is one-half tho differonce in tho weightod rosults for tho two p s i -  

Pl + P2, 

1 1 
r1 r2 

--- 

( n - 2 ) P p  

tioiis of the observers, or . 

+ .l!20, s-p=;-= 19 884 - 19.645 
2 

the sign indicating that S observos later than P. The probable orror' of tho porsoiial oqua- 
tion may be talton as identical with that of the resulting difforence of longitudo. 

The transmission time, as statod, is one-half tho differenco betweon tho results from wostorn 

and eastern signsls, or in this example, = ~ = ~ . 1 6 9 ,  an unusually largo wluo, duo to tho .338 

Rosld- 

","" 
-- 

8 
--.021 
- .oa  
-.045 
+.003 
t . 0 3 7  

--.a33 
+.&I5 
+.@34 
+.012 
+.m 

marine cable between Key West and the mainland. 
Table of resulting diflerence of longitude between Atlanta 

I I  I 

Double1 I 

-l-----I- 
6 m a  

* 323 .Go2 
.3oQ .Goo 
.307 .048 
.320 . liB2 

8 
0 328 10 18.024 . +O. 120 

.370 

Ga., and Key West, l'kr. 

Dlftorencc 
oi 

longitude 

m e  
10 18.744 

.722 

.720 

.708 

.802 

.732 

.770 

.7w 

.777 

.7w 

io  1 0 . 7 ~ ~  t0.007 1 
-- 

Practically the samo rosult I s  obtained by derlvlng snpnrnte vnlues lor the porsonnl oquntlon b y  comparing e n d ~  result in the first psltlon of 
the o b s e r v ~ ~ s  wlth the corresponding result in the sewnd position and computing the probable error from the vnrlatlons in these separate values. 
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The above formulae and forms are used in the office computation. The field computation 
differs’frorn that made in the office in that the time computation is made by an approximate 
field method shown on page 26 or page 34 instaad of the least square method given on page 41, 
and that in the field no probable errors or weights are computed and indiscriminate means are 
taken instead of weighted’means. In  the past some of the forms used in the field have been 
slightly different from those shown above. The office computation will be facilitated by making 
the field computation as here indicated. 

PERSONAL EQUATION. 

The absolute personal equation in time observations with a transit is the interval of $ime 
from the actual instant of transit of a star image across a line of the diaphragm to the instant to 
which the transit is assigned by the observer. When the time is observed using a chronograph 
and an observing key the absolute personal equation is simply the time required for the nerves 
and the portions of the brain concerned in an observation to perform their functions. In  the 
case of observations by thq eye and ear method the mental process becomes more involved, 
and the personal equation depends on a much more complicated set of physical and psychological 
conditions than when the observations are made with a key and chronograph. 

Although the personal equation has been studied by many persons and for many years, 
little more can be confidently said in regard to the laws which govern its magnitude than that 
it is a function of the observer’s personality, that probably whatever affects the observer’s 
physical or mental condition affects its value, that it tends to become constant with experience, 
that i t  probably differs for slow moving and fast moving stars, and that i t  is different for very 
faint stars which the observer sees with difficulty from what it is for stars easily seen. 

A systematic error may be present which is due to the tendency of the observer to place 
the wire always to thebight or to the left of the center of the star’s image. This tendency is 
due to the defects in the observer’s eye and the error resulting is called the bisection mor.  At 
some astronomic observatories 8 reversing prism is used which reverses the image of the star 
midway in the observations. Thus, during one half of the observations the wire would be 
placed too far east and during the other haG too far west bf the center of the star’s unage (or 
vice versa) and the mea; of dl the observations would be free from a bisection error. No 
numerical values are available for the effect of the bisection &or but it is known to be so small 
that it may be neglected in all t h o  and longitude work for the usual geodetic and geographic 
purposes. (See remarks under the Description of the Zenith Telescope on p. 105.) 

There are various mechanical devices for the determination of the absolute personal equation 
of an observer, but as these are seldom used they will not be discussed here. 

The relative personal equation of two observers is the difference of their absolute equations. 
When observing time with a transit micrometer the personal equation, if any, may be neg- 

lected. The observing does not consist of a series of independent consecutive operations, but 
rather of a continuous performance, the star’s image being bisected by the micrometer wire 
before’the record is begun and kept bisected till after the record is ended. 

In Appendix 8 of the Heport for 1904, entitled “A Test of the Transit Micrometer,” it was 
shown that if there is an actual personal equation in observing star transits with a transit 
micrometer it is so small as to be masked by the other errors of .observation. Viewed in the 
light of several years of actual longitude observations with the transit micrometer this conclusion 
is fully justified. These longitude observations involved four simple or compound loop ciosures, 
and one determination with exchange of observers. In  observing differences of longitude to 
close a loop the same observer always kept in front as the work progressed around the loop, thus 
introducing into the loop closure an accumulation of any relative personal equation that might 
exist. 

In 1906 four differences determined with the transit micrometer between Seattle, Wash., 
and the point where the one hundred ’and forty-first meridian boundary of Alaska intersects 
the Yukon River, were combined with certain Canadian results to form a loop, and the loop 
closure was reduced to zero by applying a correction of only 0.008 second to each observed 
difference of longitude. 
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In  Texas in 1906 the three differences of longitude between tlie three points, Austin, Alice, 
and Isabel, were determined, using transit micrometers and a program as indicated above. 
This would introduce into the closure three times any relative personal equation of the observers. 
The loop closure was 0.038 second, making necessary corrections on the three'differences of 
0.8013, 0.8013, and 0.8012. 

In 1907 a series of longitude differences was dotermined,using transit micrometers, betwoon 
Key West and Atlanta, for both of which stations adjusted values are given in tho longitude 
net of the United States,' and thbse adjusted values were hold fixed. Six longitude differences 
between these two stations were determined in such a way as to accumulate nny relative personal 
equation botween the two observers. The results are shown on page 85. The correction 
required to be applied to each observed difference to close the loop was 0.aO09. A second loop, 
closing on one of the links of the first loop or forming with all but the last difference of the first 
loop a new loop of eight links between the fixed stations, Key West and Atlanta, obtained 
corrections of only 0.8008 per'link to close. The corrections in both loops were of the same sign. 

Later in 1907 a series of lonFtude differences was determined in Minnesota, Dakota, Nebraska, 
and Iowa, using the transit mcrometer. The points held fixed were the stations of the longi- 
tude net at  Bismarck and Omaha. There were four condition equations and ten unknowns 
involved in tho adjustment of this secondary net. The largest correction to an observed differ- 
ence of longitude obtained was 0.8038 and the smallest was 0.8003. Four of the corrections 
obtained were less than 0.8010 and seven were leas than 0."015. Where possible the program of 
observations was arranged to produce an accumulation of any existing relative personal equation. 

In  1908 the difference of longitude between the observatory of the new University of 
Washington at Seattle and the old loagitude station in Seattle was determined, using transit 
micrometers. Observations were made on six nights, the observers changing stations after 
each night's observations. The apparent relative personal equation dotermined by this method 
of observation amounted to only 0.008 second. 

The above evidence justifies the present method of longitude observations with transit 
micrometers without exchange of observers. The evidence is sufficient to justify the continuu- 
tion of the present method of carrying on telegraphic longitude work for geographic and geodetic 
purposes, for the personal equation, if present, is much smaller thun the probable errors of the 
determinations. However, where the greatest accuracy is required, as in the determination 
'of the difference of longitude between two fixed observatories, then tin exchange of observers 
is desirable to eliminate any possible personal equation. A n  exchange of instruments is also 
required to eliminate differences in the total relay and armature times a t  the two ends of the 
line. For a complete elimination of this error the adjustments of the relays and magnets 
should be the same before and after exchange. 

The accuracy of the telegraphic determination of the difference of longitude, where no 
transit micrometer is used, depends largely upon the accuracy of the determhtion of the relative 
personal equation of the two observers, and upon its constancy. 

The relative personal equation of two observers may be deternlined in various ways. The 
method to be selected in a given case depends upon circumstances, involving the question of 
cost, the difficulty of exchange of observers, and to some degree the desired accuracy of the result. 

In  primary longitude determinations, where cost and ease of transportation are not prollibi- 
tive, the relative personal equation of the observers is eliminated from the result by the o bservem 
changing stations after about one-half of the observing has been done. In  this way the relative 
personal equation will enter the resulting differences of longitude before and after exchange of 
observers with different signs and tlie mean of such determinations will be thesresulting differ- 
ence of longitude with the effect of personal equation eliminated. 

The relative personal equation may be determined independently of the longitude obsorvn- 
tions by the use of two transits placed in the same observatory or in separate observatories 
close together, and by having the two observers observe independently the same stars, which 
should be arranged in time sets. If the two instruments are on the same meridian, or nearly 
SO, and use is made,of only one clironometer and chronograp) to record both sets of observations, 

! Sea Appendlx 2, Report for 1887. 
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it may be necessar'y to throw one instrument out of adjustment (in collimation) more than the 
other in order to avoid having the observations overlap. A better arrangement would be to 
have two chronographs controlled by the same chronometer by means of local relays, and have 
the chronograph records of the two instruments independent of one another. The difference of 
the two chronometer corrections thus determined, corrected for the very small longitude differ- 
ence between the two transit instruments, is the personal equation of the two observers. Some- 
times different chronometers are used and compared in the same manner as in actual longitude 
de termin a tions. e 

The relative personal equation may also be observed with a single transit instrument as 
follows: On the first star A observes the transits over the lines of the first half of the diaphragm, 
then quickly gives place to B who observes the transits across the remainder of the lines, omitting 
the middle line. On the second star B observes on the first half of the diaphragm and A follows. 
After observing a series of stars thus, each lending alternately, each observer computes for each 
star, from the known equatorial intervals of the lines, and from 11;s own observations, the time of 
transit of the star across the mean line of the diaphragm. The difference of the two deduced times 
of transit across the mean line is the relative personal equation. If each has led the same 
number of times in observing, the result is independent of any error in the assumed equatorial 
intervals of the lines. No readings of the striding level need be taken, and the result is Iess 
affected by the instability of tlie instrument than in the other method. If the stars observed 
by this method are so selected as to form time sets, and the chronometer corrections arecomputcd 
from each observer's observations independently, the difference of these chronometer corrections 
will be the relative personal equation. 
h the accuracy of the telegraphic determination of longitude without the use of the transit 

micrometer depends also uppn the constancy of the relative personal equation of the two obser- 
vers concerned, there 'is shown below a table which gives some values of the relative personal 
equation as derived from telegraphic longitude observations (key and chronograph method). 
The values in t l h  table indicate to what extent the relative personal equation may be expcctcd 
to vary from month to month and year to year. The plus sign indicatcs that tlic observer 
fmt named observes later (slower) than the other. 
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Relative personal equation (not reduced to equator). 

C. E. Sinclair-E. Smlth 
[ 14 yenm] 

1881 A U ~ .  and acpt. 
1881 Nov. nnd Dec. 
1885 Apr. nnd May 
1885 May and Juno 
1886 July and Aug. 
1888 Mny and June 
1888 June nnd July 
1888 July and Aug. 
1888 Aug. and Bept. 
1887 May and Juno 

a a  
-0.123 iO.008 
- . w  w 
- ,047 08 
- . I31 03 
- .I10 10 

+ .010 00 
-.m 12 
+ . w  04 
+ .038 IO 

- .082 48 

}+ .I09 , 13 1887 June, July, and 

1887 Sopt. + .I11 13 
1887 Sopt. and Oct. + . I 8 0  iB 
1896 Fob. and Mnr. + .083 11 
1896 Mar. + .076 I1 

Aug. 

1805 Apr. +o.w f0.005 

The relntlve personal equntion of 
these two observer# mms to bo a 
functlon of the time and a menn of 
the nbovo vnluca would thercfore 
have but little meaning. 

C. IT. Slnclslr-R. A.  Mnrr 
(4 yenrcr] 

a a 
1880 Sopt. and Oct. +O. 288 io. 008 

1888 Oct. nnd Nov. + .I44 11 
1888-9 Dctc.and Jan. + .214 10 

1889 Jan. +.233 05 
1889 Jan. nnd Feb. + .225 07 
1889 Fob. nnd Mar. + .287 07 
1889 Mnr. and Apr. + . '278 12 
lM9.Apr.nndMay + .217 12 
1863 May nnd June + .%2 18 
1889 June nnd July + .240 07 
1889 July +.!275 08 
1889 July + . m  05 
IC89 Julyand Aug. + .228 15 
1888 Aug. +.284 08 
1889 AUK. and 8ept. + .228 08 
1889 Gopt. + . 2 5 8  07 
1890 Mny and Juno + .1W 14 
1890 July + .238 10 
1890 July and Aug. + .237 14 
1890 Aug. + o . m  io.006 

Mean S.--M.-. +0.241 
Prob. error* of a single vnluo f0. 020 

1888 Sept. + .210 09 

- 

. 

~ 

C .  1%. Sinclnir-0. R. Putnnm 
I S  ycnrs] 

a a 
1891 May and Juno +O. 184 iO.011 
1801 June nnd July + .I40 08 
18bI July + . I72 00 
1891 Aug. + .IO1 10 
1891 Aug. nnd Mpt. + .I70 11 
1892 Fob. nnd Mar. + . I80 08 
1892 Mnr. + .I92 04 
1892 Mnr. nnd Apr. + . I40 02 
1892 .dpr. + .I50 05 
18QZ Apr. cud Mny + .I20 04 
1892 June and July + . I 0 9  10 
1893 Fcb. and Mnr. + .082 10 
1890 Feb. nnd Mar. + .I55 a3 
18W Mnr. + . ID '  07 
1890 Apr. + .I22 05 
1890 Apr. ard May + .I81 05 
1890 May and Juno + .I42 13 
1890 Juno and July +O. 124 f 0. W8 

Mean S.- P.- +O. 147 
I'rob. err)r+ of a slngle value 10.020 

* Thla vslue may be taken (u a mdseure of the variability of the personal equation. 
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Each value in tke table depends upon 8 or 10 nights of observation, 4 or 5 nights oach before 
and after the oxchange of observers, and may therefore bo considered to be a moan valuo covering 
a poriod of from two weeks to a month or moro. It is improbablo that the sariation of tho rela- 
tive personal equation from night to night is as small as would be inferred directly from the abovo 
table. Tho error due to personal equation, remaining in the-deduced longitude after the 
exchange of observers, is one-half tho difference between tho moan valuo of the relative personal 
equation boforo the oxchango of observers and its mean value after tho oxchango. 

DISCUSSION OF ERRORS WHEN KEY AND CHRONOGRAPH ARE USED 

This discussion is based upon the supposition that the regular program for longitude obser- 
vadons when using an observihg key and chronograph, consisting of ,5 nights oach beforo and 
after exchange of observers, has been carried out, and also that the method of selection of stars 
is the one formerly in use on primary longitude work in this Survey, in which a time set con- 
sisted of 10 stars, 5 before and 5 after reversal of tho horizontal axis. 

Those sources of error are given the same order as those shown on pages 85-87 under the 
heading: Discussion of Errors when Transit Micrometer is Used. 

First. An accidental error arising from the accidental errors of observations of 200 stars 
a t  each station. If tho accidental error of observation of a single star bo estimated a t  f0."10, 
and this is surely a sufliciently largo estimate to cover both the observer's errors and those 
instrumental errors which belong to tho accidelital class, thB probable error of the final result 
arising from this cause would be f0."10 + dl00 = f0."010. 

Second. Tho statement on pago 86 regarding the accidental error arising from the ami- 
dental errors in the adopted right nsdensions of tho stars used, is applicable to all methods of 
observing. 

Third. For a statement regarding tho errors due to the variation of tho rato of the chrono- 
motor soe page 86. 

Fourth. Errors arising from the variation of tho rolativo personal equation from night to 
night,. Theso aro probably among the largest errors involvod in longitude determinations. A 
constant error, not eliminated by the cxchango of observers, may possibly arise from this source 
if tho temperature, altitude, moisturo conditions, eta., aro very different a t  the two stations. 
Othor than this, the errors arising from this source belong to the accidental class when con- 
sidorod with reference to the computed difference of longitude and aro oxhibitod in tho residuals 
corresponding to tho separate n i g h  of observation. 

Fifth. Tho statement concerning errors duo to lnteral refraction on page 86 is equally 
applicable hero. 

Sixth. No change is necessaiy in the statement on pago 86 regarding tlio errors due to 
variation in the transmission time. 

Seventh. The differonce of tho transmission time through the two signal relays onters as 
an error in the final result. This error is made very small in tho prcsont work of the Survey 
by the uso of fast-acting signal d a y s  which are as nearly alike as possible. It might be further 
rcclucod if each observer carried his own switchboard with him when exchange of stations is made. 

As stated on page 87, if, the differonce in longitude which is being measured is largo, say 
more than 30 minutes of time, it is well to abandon the practice of endeavoring to observo the 
same stars a t  both stations to such an oxtent as will bring the exchange of time signals near the 
middlo of the time obsorvations a t  each station. Tho error of right ascension thus introducod 
will be more than offset by tho accuracy gained by the propor placing of the ogchango. 

Are there appreciable errors which are constant for tlio night in tho time determinations 
or in the other operations involved in the determination of a longitude differonce by the tolo'- 
graphic method; and if so, what is the average magnitude of such errors? The excess of tho 
probable error of a longitude difference computed a8 indicated on page 89 over its value as de- 
rived from the computed probable errors of the chronometer corroctions a t  oxchange is due to 
errors wllicli are constant for and peculiar to each night. Using this principle' the error peculiar 

1 For the formulm UB& In npplplng a almllar prlnclple to latitude ObserWitlOM, see pp. 11@-123. 
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to a night has been computed from fifteen. longitude determinations made 'since 1890. It was 
found that the error peculiar to each night, and therefore not capable of elimination by increasing 
the number of observations per night, expressed as a probable error, was * 0."022, while 
the probable error in the result for a night arising from accidental errors of obscrvation, and 
therefore capable of further _elimination by increased observation, \was f 0.8013. It should 
be noted that the errors discussed under all but the first heading above are each capable of con- 
tributing to the error peculiar to a night. It is likely that variation in the personal equation is 
the most potent cause of such errors. I t  is evident from the probable errors given above that 
very little is lost in ultimate accuracy if clouds interfere so as to cut off a part, say one-fourth, 
of the regular program of time observations (two sets of ten stars each), and that almost no 
gain in accuracy would result from lengthening the program. 

Are there appreciable errors in a telegraphic determination of a difference of longitude 
which are constant for tho interval of several days over which the determination extends; and, 
if so, what is the average magnitude of such errors? We may obtain an answer to this question 
by comparing the probable errors of longitude difference computed as on page 89 with the 
same probable errors as computed from the residuals developed in adjusting such n longitude 
net as that given in Appendix No. 2 of the Report for 1897. The excess of the last-named 
probable errors over the ht-named is due to errors which are constant for the station during 
the timo of occupation. From the published adjustment of the great longitude net referred 
to above (see pp. 246, 247, 255, of Report for l$97), after omitting the first eleven deterhinations 
(all made not later than 1872, and several involving trans-Atlantic cables) and the fifty-eighth de- 
termination (publication incomplete), it follows- that the constant error peculiar to each longi- 
tude determination aqd not capable of elimination by increasing the number of nights per station, 
expressed as a probahle error, is f0."22, while the accidental error of the deduced difference 
of longitude, which is capable of further reduction by increasing the number of nights per 
station (beyond the standard number, ten), is f 0."011. It follows that a reduction of the 
number. of nights per station to six, or even four, would result in but a slight decrease in accu- 
r a c p a b o u t  10 per cent. Three sources of errors peculiar to a station in the order of their 
probable magnitude are those mentioned under the fourth, sixth, seventh, and fifth headings , 

above, namely : Variation in personal equation, variation in transmission time (especially when 
a repeater interrupts a circuit), the difference'of the two signal rolay times, and possibly lateral 
refraction in some cases. 

' 

REDUCTION TO MEAN POSITION O P  POLE. 

This correction will be applied in the office in accordance with. the Preliminary Rcsults 
published annually by the International Geodetic Association (see p. 8 5 ) .  

A STATEMENT O F  COSTS. 

Since 1906 forty-two differences in longitude have been determined in the United States, 
using the transit micrometer. The average cost 
for the field work and preparing for the field, including all expenscs and salaries, was $440. 
The average cost per difference for the various scasons varied from $360 to $550. The cost of a 
difference of longitude between two places will vary according to the conditions under which 
work is done, and consequently i t  should be'planned to have tho partics in the field when the 
weather may be expected to be most favorable. The work should be localized for any season 
as much as is possible. The longer the season the more economically should the work be done. 
If possible, the stations should be located near the line of the te1egraph.h order to avoid the 
delay and the expense of building a long line to the observatory. The determination of longi- 
tude differences telegraphically in remote regions, such as Alaska, may cost from three to six 
or more times the average cost of a difference in the United States. 

No data are readily available showing the cost of the determination of longitucios 
telegraphically, using the key and chronograph. But owing to the necessity of exchanging 

Forty-one were determined in four seasons. 
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observers for each difference of longitude and of observing over more nights than when the 
transit micrometer is used, it is probable that the cost would be from 25 to 50 per cent more 
than the costa stated above. 

LONGITUDE BY THE CHRONOMETRIC METHOD. 

The equipment, program of observations, and methods of computation pertaining to a 
determination of a diff orence of longitude by the chronometric method, in which chronometers 
transported back and forth between stations take the place of the telegraphic signals, may be 
most conveniently explained by giving a concrete example. 

The longitude of a station at Anchorage Point, Chilkat Inlet, Alaska, was determined in 
1894 by transporting chronometers between that station and Sitka, of which the longitude had 
previously been determined. At Anchorage Point observations were taken on every possible 
night from May 15 to August 12, namely on fifty-three nights, by the eye and ear method, 
using a meridan telescope. The hack or observing chronometer kept sidereal time, and there 
were also four other chronometers at  the station, two keeping mean time and two sidereal. These 
four chronometers were neverremoved during the soason from the padded double-walled box in 
which they were kept for protection against sudden changes of tomporsture and in which the 
hack chronometer was also kept when not in use. The instrumental equipment and procedure 
a t  Sitka was similar to that just described. A sidereal chronometer was the hack, and two other- 
chronometers, one sidereal and one mean time, were used addition. Nine chronometers, eight 
keeping mean time and one sidereal, were carried back and forth between the stations on the 
stoamer Hmsl er . 

Aside from the time observations, the programme of operations was as follows: Just before 
beginning tho time observations at Anchorage Point, and again as soon as they were finished on 
each night, the hack chronometer was compared with the two mean time chronometers by the 
method of coincidence of .beats (described on p. 96). These two were then compared with 
each of -the two remaining (sidereal) chronometers at the station. These comparisons, together 
with the transit time observations, servgd to determine the correction of each chronometer to 
local time at the epoch of the transit observations. Whenever the steamer first arrived at the 
station, and again when it was about to leave, the hack chronometer was compared with the 
othor station chronometers, as indicated above, was carried on board the steamer and compared 
with the nine traveling chronometers, and then immediately returned to the station and again 
compared with the other four station chronometers. On board the steamer the hack was com- 
pared by coincidence of beats with each of the eight mean time chronometers, and the remaining 
(sidereal) chronometer was then compared with some of the eight. The comparisons on shore 
before and after the trip to the steamer served to determine the correction of the hack at  the 
epoch of the steamor comparisons. The steamer comparisons determined the corrections of 
each of the traveling chronometers to Anchorage Point timo. Similar operations a t  Sitka deter- 
mined the corrections of the nine traveling chronometers to Sitka time as soon as they arrived 
and again just before they departed from Sitka. During the season the steamer made seven 
and a half round trips between the stations. 

- 

, CARE OF CHRONOMETERS. 

To secure the greatest possible uniformity of rato a chronometer should be kept running 
continuously, both when in use and.when out of use between seasons of work., When it is 
allowed to remain stopped for a considerable time, the oil in the bearings tends to become gummy. 
When started again, the chionometer will tend to have a varying rate for some time until the 
offecta of the stoppage have been worn off. 

If a chronometer is to be shipped (by express, for example), and therefore is to be subjected 
presumably to comparatively violent handling and jarring, it should always be stopped and tho 
bdance wheel locked by gently inserting small wedge-shaped pieces of clean cork under it. 

~~ 

1 In addition to the chronometer cornparhone refened to In thls pnrngrnph the steamer chronometers and the etatlon ohmnomeha were each 
hterwxupared dally. T U  WBB done merely 88 n oheok upon their perfomenoa 
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A rurlning chronometer should always be protected as carefully as possible against jam, 
and especially against such sharp quick jars as result from setting it down upon a hard surface. 
Either the surface upon which it is set should be padded or a cushion should be carried with the 
chronometer. When it becomes necessary to carry a chronometer in the hand-as, for example, 
when a hack chronometer is carried back and forth between an observatory and a steamer in con- 
nection with chronometric langitudos-the gimbals should be locked to prevent the chronometer 
from swinging. It is important that the locking should be done in such a way that there will be 
no looseness and the corresponding tendency to a chucking motion. While the chronometer is 
being carried, swinging of the arm should be avoided as much as possible. Pay swinging of 
the chronometer in azimuth is especially objectionable, as it tends to make it skip seconds and 
to damage it. Chronometers have been known to skip seconds, probably from this cause, even 
in the hinds of an experienced and careful officer. On shipboard clironometers should bo left 
free to swing in thoir gimbals, which should be so adjusted that the face of the chronometer will 
be approximately horizontal. Any change in this adjustment is apt to produce a change of rate. 

COMPARISON OF CHRONOMETERS BY COINCIDENCE OF BEATS. 

The process of comparing a sidereal and a mean time chronometer is analogous to that of 
reading a vernier. The sidereal chronometer gains gradually on the mean timo chronometer, 
and once in about three minutes the two chronomcters tick exactly together (one beat=08.5). 
As one looks along a vernier to find a coincidence, so one listens t o  this audible vernier and waits 
for a coincidence. As in reading a vernier one should look at  lines on each side of the supposed 
coincidence to check, and perhaps correct the reading by observing tho symmetry of adjacent 
lines, so here one listens for the approaching coincidence, hears the ticks nearly together, appar- 
ently hears them exgctly together for a few seconds, and then hears them begin to separate, 
and notes tho real cohcidence as being a t  the instant of symmetry. The time of coincidenco is 
noted by the face of one of the chronometers. Just before or just after the observation of the 
coincidence the difFerence of the seconds readings of the two chronometers is noted to the nearest 
half second (either mentally or on paper). This diffarence serves to give the seconds reading 
of the second chronometer at  the instant of coincidence. The hours and minutes of both chro- 
nometerp are observed directly. When a numbor of chronornetors are to be mtercomparcd, the 
experienced observcr is able to pick out from among them two that are about to coincide. He 
compares those, selects two more that are about to coincide and compares them, and so on; 
and thus to a certain extent avoids the waits, of a minute and a half on an average, which would 
otherwise be necessary to secure an observation on a pair of chronometcrs selected arbitrarily. 

At Sitka on July 13, 1894, it was observed that Bh 30" 08".00 on chronometer No. 194 
(sidereal)=llh 52m 30*.00 on chronometer No. 208 (mean time); and that llb 15" 358.50 on 
chronometer No. 1510 (mean time)=14h 48" 10e.OO on chronometer No. 387 (sidereal). I t  
was known that at  the epoch of the comparisons the correction of No. 194 to Sitka sidereal 
time was -1" 54"01, and of No. 1510 to Sitka mean time was -6m 26".34. The required 
corrections to No. 208 and No. 387 were computed as follows: 

h m  E 

Time by 194 =18 30 08.00 
Correction to 194 = -01 54.01 

Sidereal time - =18 28 13.99 
Sideroal time of mean noon= 7 26 53.66 

Sidereal interval =11 01 20.33 
b m c t i o n ,  sidereal to m e w  = -01 48.34 

Mean time =10 59 31.99 
Time by 208 =I1 52 30.00 

Correction to208 = -52 28.01 

h m  8 
Time by I510 = 11 15 35.50 
Correction to 1510 - ' - 6 26.34 

Mean time = 11 09 09.16 
Correction mean to sidereal = +01 49.93 

Sidereal interval = 11 10 59.09 
Sidereal time of mean noon= 7 2G 53.G6 

Sidereal time = 18 37 52.75 
Time by 387 = 14 48 10.00 

- 

Correction to387 =+3 49 42.75 

The correction to reduce a sidereal to n mean time interval, or vice v m a ,  may be taken 
from the tables in the back part of tho American Ephemeris. The sidereal time of mean noon 
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may bc taken from that part of the Ephemeris headed "Solar ephemeris," and i t  should not be 
overlooked thnt it is the sidereal time of local mean noon that is required, and that, therefore, the 
longitude (approximate) of tho station must be takcn into account. The correction to be 
applied to Washington sidereal time of mean noon to obtain that for the station is tho sanic as 
the co.rrection to reduce a mean tune interval equal to tho longitudo of tho station from Wash- 
hgton ta a sidereal interval. 

COMPUTATION O F  LONGITUDE FROM A SINGLE ROUND TRIP. 

From the opcrations a t  Anchorage Point thc correction of each station chronometer at  the 
epoch of each set of tuno observations became known. Tho intercomparisons on shorc bcforo 
leaving for the steamer and after returning, together with the assumption that each station 
chronometer runs a t  a uniform rate between time scts, gave five separate dctwminations of tho 
correction to the hack a t  tho opoch of the steamer comparisons. 

Thus, on June 18, 1894, nt 3'1.45 by its o& face, the middle epoch of the steamer com- 
parisons, the correction to tlic hack (Yo. 380) was 

m s  
By ita 01vn rate -2 38. 16 (wight 3). 
By No. 4969 rated 38.30 
By No. 2490 rated 36.26 
By No. 207 rated 36.1G 
By No. 2637 rated 38.62 (weight 4). 

Mean = -2. 38.30 
Weightod mean = -2 36.25 

The comparisons of No. 380 with No. 4969 at the station 011 this datc, computed upon the 
supposition that No. 4969 ran a t  a uniform rate between preceding and following t h o  observa- 
tlons, showed that the correction to KO. 380 a t  2Il.64 by its face was -2" 3SH.34, and at 4h.36 
was - 2" 388.28. Assuming it to run uniformly between these epochs, its correction was - 2"' 
38".30 a t  3l1.45, as shown abovc. 

An examination of the daily rates of the five chronometers showed that Xo. 2637 run w r y  
irregularly, and that No. 380 did not run as regularly aa the othcr three. Henqo thcse cliro- 
liomoters were assigned less weight than the others, as indicated nbovc.' 

Using the weighted mean valuc for tho correction to Y o .  380 a t  the epoch of tho steamer 
comparisons these coinparisons givo thc corroction of each triivcling chrono!neter on Anclioragc 
Poult time. 

Similar operations at  Sitka gave the correction to cach traveling chr&omcter on Sitka 
tinic? on c r d i  nrriviil a t  and departure from Sitka. 

Computation of diference of longitude of Sitka ond Anchorage Point. 

Chrononic- 
tu1a 

M. T. or Sld. 

.......... - 

FIRST T R I P  STARTINO PROM AXCHORACIE YOIN'!'. 

Anchorage Point, 
uay  23 Silka, Ma)' 17 Sitka, Nay 20 Aiichorngo I'olnt, 

Muy 15 
..... - . 

I 

- 0 0  2 9 4  1 -0 09 01:34 
11.83 .-0 03 31.39 7.64 -0 03 02.03 7.55 -0 03 02-14 
11.84 -0 01 03.88 7.81 -0 CO 34.03 7.07 -0 00 38.73 

*12.15 -0 03 42.50 7.75 -0 03 10.43 7.52 -0 03 28.22 7.75 ' -0 04 05.W 
9.49 +2 20 28.61 5.20 +2 20 53.00 5.10 +2 26 40.08 5 28 +2 26 16.72 
11.92 -0 02 55.84 7.53 -0 02 28,37 7.i2 -0 02 31.83 7:81 I -0 03 02.03 

8.73 +3  18 39.99 4.39 +3  19 (lD.09 1.15 I +3 19 12.W 4.59 I 4-3 18 47.44 
12.71 -0 42 09.24 8.17 -0 42 OlllQ 5.48 -0 42 3570 8.56 ' -0 43 38.37 

I 
-_______- - I_- --____ 

h l r m  a h h m  s h h m  8 h m  a 

0.38 +23440.23 5.08 + 2 3 4 6 0 . ~  4.91 +~3440.00 6.23 i  

11.97 + 3  40 W.04 i . & 5  +3 47 E 0 7  7.7s I +3  47 L3.67 8.2U , +3 47 09.31 I 
t - -- - . .. 

* If considered desirable, the rrlutlre weights to be wigued Lo the stntlon clironometen inuy be detemlned more accurately bq the method 
OWlned iii t h e  footnote on 1). ~IU. 

:i2"ORRO-41-8 
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Computution of diference of longitude of Sitka and Anchorage Point-Continued. 
FIRST TIIIP STARTINO FROM ANCHORAGE POINT-Contlnurd 

Total 

. -. 
Time Rate 
__ ~. 

Chro- 
nomotctr 
M. T .  01 

SId . 
- 

M.T.231 
1 507 
1 510 

196 
1542 
1728 

208 
2 107 

S1d. 387 

At Sitka 

- - -- 
Timo Rato 

-- - 

Traveling 

d h  
7 19.82 

.81 

.Go 

.Ro 

.89 

.!Ti 

.85 

.80 m. 32 

ape Point IO 
Daily Sitka 
rato 

r d  + 1.93 + 2.64 
-23.40 
-17.79 - G.79 
-37.77 
-90.13 + 7.45 
+19.27 

2 

I I I 

h 
24.01 
23.80 
23.77 
23.99 
24.19 
23.83 
24.31 
23.76 
24.13 

6 
+.0.79 + 1.20 - 8.79 - 6.92 - 2.40 
-13.80 
-34.57 + 2.71 + 0.70 

d h  
4 19.81 

19.95 
19.83 
19.81 
19.70 

19.54 
20.02 

m. 10 
m. 19 

8 + 1.14 + 1.34 
-14.61 
-10.87 - 4.33 
-23.87 
-55. bG + 4.74 
+12.57 

Correction I 
at ‘Itk* enco of 

tu&- 
Ion 1 on Anchor- ’ 

age Point 
t Imo 

-- 
h m  8 
-0 03 30.80 
-0 01 03.37 
-0 03 48.00 
+2 20 24.41 
-0 02 57.48 
+2 34 31.24 
-0 42 29.14 
+3 18 41.77 
+3 40 64.77 

1 

m u  
0 28.03 

28.44 
28.57 
28.59 
28.11 
28. WI 
27.95 
28. 21 
28. m 

In  the forin on page 97 the cdunin hcatlotl “Chr. cpoch” gives the face reading of the chm- 
nometer, expicssed in hours and hundredths (rather thin minutes and seconds) for convenience 
in computation. The corrections at  Anchorage Point are to the local time of that station, and 
at Sitka to Sitka local time. 

In  the form above, the second and third columns give the elapsed chronometer .time and 
the accumulated rate between the Bnchorage Point steamer comparisons, and the fourth and 
fifth columns give the same quantities between the Sitka steamer comparisons. The second 
column minus the fourth, and the third minus.the fifth are the traveling time (both ways) and 
the accumulated rate while traveling, from which the daily traveling rate as given in the eighth 
column becomes kfiown. The ninth column gives the traveling time between steamer com- 
parisons from Anchorage Point to Sitka, and the tenth column gives the accumulated rato dur- 
ing this interval computed by thc use of the eighth column. This accumulated rate being 
applied as a corrcction to the chronometer correction on Anchorage Point time at tho begin- 
ning of the trip gives the correction on Anchorage Point time on arrival at  Sitka. This 
difference subtracted lrom the directly observed correction on Sitka time at that epoch, shown 
in the upper form, gives the required difference of longitude. 

It should be noted that in this computation tho traveling rate is supposed to bo a constant 
during the round trip, but is not assumed to bo the same as tho,rate whilo in port. 

The longitude difference if computed from the return half of the trip, from Sitka to Anchor- 
age Point, would necessarily by this process of computation be idcntical with that shown abovo. 

If the steamer had stopped so short a tima a t  Sitka that only one set of steamer compari- 
sons had been made while there, as was frequently the case, the abovo computation would have 
been simplified in an obvious manner. 

. COMBINATION OF RESULTS. 

Tho differonce of longitude was thus computod from each traveling chronometer for 
each round trip, starting from Anchorage Point, tho last half trip (7% roufid trips being mado) 
from Anchorago Point to Sitka, being omitted. A similar computation was also mado for 
each round trip, starting from Sitka, the fmt half trip, Anchorago Point to Sitka, now being 
omitted.’ Each of those computations would be subject to  a constant error if the traveling 
chronometers had uniformly accolorated or uniformly retarded ratea, but their mean is free 
from this error. Ono half of the computation also servos as a check on the other half. 

1 If tho steamor had returned again to Anchorage Point, 80 as to complete olght round trips, all of. tho olght would have lwen used In the 
flrst cornputation; and in the aecond computation (round trips, starthi? from Bitkn) the Zu6l trlp from Gltka to Anchorago Point, comblnod wlth 
the firat trlp in the opposlte dlmtlon, would have been uaod 89 tho eighth round trlp. l’hls prlnclple of computing the dlfferenm of longltude 
from tho ronnd trlps starting from each statlon In tiim, and comblnlng the two mull8 wan uRod for 1110 first limo by Assistant C. A. Bchott in 
1857 in derlvlng the dlflereneo of longltude of Savannah, OB., and Fernandlna, Fla (Bee Coast Survey Report for 1857, pp. 314-324.) 
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The method of combining these separate results is shown in the following form. 

Diference of longitude between Sitka and Anchorage Point, Chillcat Inlet, Alaska. 
SUMMARY O F  RESULTS FROM SEVEN ROUND TRIPS, STARTINQ FROM ANCItORAQE POINT.  

Chronometers, 
M. T. or Sid. 

I 

M. T. 231. 
1507 
1510 

196 
1542 
1728 ~ ~~ 

208 
2167 

Sid. 387 

Mean 
Weighted mean 
Weight 

8 S s S 6 S S 
28.03 26.36 28.36 28.19 28.45 28.19 28.18 
28.44 29.06 29.18 28.26 28.27 28.20 28.54' 
28.57 29.25 29.00 28.52 28.63 28.06 28.53 
28.59 29.09 29.54 28.59 28.43 28.51 28.92 
28.11 28.11 28.66 28.23 28.47 28.38 28.37 
28. 66 28.94 29.16 28.63 28.58 28.43 . 28.59 

28.21 28.56 28.90 28.55 28. 68 28.27 28.64 
28.20 28.44 28.91 27.93 28.41 27.93 28 .B 

2295 27.40 28.21 28.19 28.42 28.42 28.09 

28.31 28.36 28.88 28.34 28.48 28.27 28.50 
28.25 28.38 28.82 28.35 28.52 28.28 28.49 
3 1 2 2 2 1 2 

Weighted ineaii 0'' Om 28a.44fOa.05 

Means 
d l  

5 
27.97 
28.56 
28.66 
28.81 
28.33 
28.71 
28.10 
28. 54 
28.34 

28.45 
28.44 

SUMMARY O F  RESULTS F R O M  SEVEN R O U N D  TRIPS, STARTING F R O M  SITKA 

Chronometers, 
M. '1'. or Bid. 

hi .  r r .  231 
1507 
1510 
196 

1542 
1728 
208 

2167 
Sid. 387 

Mean 
Weightcd nienn 
Weight 

Welghts 

3 
4 
7 
3 

22 
6 
6 

17 
6 

S .  S 
25.87 28.78 

28.37 28.88 
28.59 29.07 
28.93 28.57 
27.59, 28.90 
27.71 28.03 
28.24 28.71 
28.68 28.80 

-27. 69 29.08 

n 8 s S 5.81 I 
28.74 ' 28.39 28737 28.71 28711 28.57 1 3 29.11 27.76 28.78 27.93 28.64 28.43 4 
28.82 27.91 28.83 28.10 28.58 I 28.50 I 7 
28.95 27.M 28.03 29.56 29.20 ' 28.72 I 3 
28.69 28.22 28.50 28.50 28.32 I 28.52 22 
28.75 27.99 29.01 28.09 28.75 28.44 
28.52 28.58 27.88 28.76 27.65 1 28.16 
28.80 28.27 28.77 28.31 28.49 ' 28.51 17 
28.43 27.69 28.97 27.98 28.73 I 28.47 I 6 

28.30 28.76 
28.41 28.69 
1 2 

28.75 28.05 28.57 28.44 28.60 
28.70 28.13 28.61 28.38 28.44 
2 2 2 2 2 

28.48 
28.48 

99 

Wcightod mean (Y1' Om 28'.48h0'.05 

Final mean A l  
h m  'a s 

=+0 00 28.4Gh0.05 

Lot N bo tho number of days during which the chronomotok aro dopondod upon to carry 
the t h o  during each round trip, reckoned by adding to tho " travolihg time," as given in tho 
sixth column of tho form on page 98, the interval between oach comparisoi! of tho hack chro- 
nometor with tho traveling ch,ronometors and tho nearest (oithor beforo or aftor) timo obser- 
vation made a t  that station. Tho woight asSigned to oach trip is proportional to tho rociprocal 
of N. This weighting doponds upon tho assumptions that orrors in tho computed longitudo 
arising from the time doterminations and from tho chronornetor comparisons aro small ns 
compared with those arising from variations in chronometer rates; that tho timq is carriod by 
tho combined station chronomotors over tho intervals during which they aro dopondod upon 
With about the same dogreo of accuracy (duo rogard being paid to  the longth of tho interval) 

tho combined traveling chronometers carry tho time during tho trip, and, fmally, that tho 
errors arising from the variations in tho chronomotor rates bolong to the accidontal class and 
are prop0rtioui.l to the square root of the length of the interval over which the time is carried. 
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27m.07 

- .06 
+1.61 - .39 - .22 
- .48 - .22 - .21 

.oo 
": :I 
.05 
.23 
.05 
.04 

3.11 
. 4 7  

1. 79 
G 

3.3 

WEIGHTS ASSIGNED TO SEPARATE CHRONOMETERS. 

B.56 
-- 

+ . I 2  - .50 
- .62 + .30 + .29 + .36 + .02 

' .01 

.09 

.08 

.13 

.OO 

.94 
2.30 
1. 62 
6 

3. 7 

-- 

: :: 
-~ 

Even a cursory examination of such a table as that  given on the preceding page shorn 
that some chronometers run much more uniformly than others, and therefore furnish determinn- 
tions of the longitude difference which are entitled to greater weight. Let Z,, lz ,  I , ,  . . .1, be the 
derived values of the difference of longitude as given by one chronometer on the different trips, 
and let 1 be their mean. Then, by the ordinary laws 01 least 
squares, assigning equal weights to the separate trips, the probable error of any one of these 
2's is 

Let n be the number of trips. 

+ . 2 2  - .28 
---.73 + .22 + .38 + .30 
- .I1 

The weight p ,  inversely proportiowl to the square of this probable error to be assigned to  
a chronometer, is proportional to  

n,- 1 

+ .22 + .22 - .33 + .10 - .14 - .05 - .04 

The computation of weights mRy bo put in the following convenient tabular form: 

COMPUTATION OF WEIGHTS. 

From the seven round trips starting. from Anchorage Point. 

+ .05 
- .23 - .45 + .os + . I 3  

i + a28 + . 1 2  

Chronometer 
I 

+ .33 
- .02 
- .36 - .Or 
- .14 + .27 
- .10 

.ll 

.OO 

.13 

.OO 

.02 

.07 

.01 

+ . I 4  
- .10 - .57 + .41 - .07 + .41 
- .25 

.02 

. 0 1  

.32 

. 1 7  

.oo 

. 17 

.06 

1510 
25.66 

.95 
2.73 
1.84 
6 .  

+ .09 
- .59 - .34 + .14 + .03 + . G O  + .os 

.24 

.30 
0. 27 
G 

. 01 

.35 

.12 

.02 

.oo 

.36 

.01 

.34 

.36 
0.35 
6 

17. 0 

.87 

.89 
0. 88 
8 

G. 8 

.75 
1.32 I 
1.04 

,". 8 I 

--l---l--- 

.05 i .05 I . O O  1 .05 I .05 
.ll .20 

.05 .01 I .01 

.14 .02 .02 

.09 .oo .os 

. O l (  .oo/ .01 

.37 
1.78 
1.08 
G 

3. 3 1 22. 2 1 5. 6 

208 
m.10 

+ .15 + .70 
- . 1 1  - .09 - .32 - .32 + .01 

.02 

. 49  . 01 

. 01 

.10 

.10 

.M) 

. 7 3  
1. 22 
0.98 
G 

0. 1 

i I 

* From slmIlar results from seven round trips startlng from Sitka. 

, A similar computation was mnde using tho seven round trips starting from Sitka, the results 
of which are shown,in the line marked "by 2d combination," and the weights were derived 
from the mean results of the two computations.' 

DISCUSSION OF ERRORS. 

The error in b difference of longitude observed and computed as indicated in the preced- 
ing sections depends upon the errors in the transit time observations, errors in the comparison 
of chronometers, errors arising from variations in the rates of chronometers, and, finally, tho 
relative personal equation of the two observers concerned. 

1 The relatlve weights to be assigned to the station chronometers when they are used to determine the correction of the hack at the epoch of 
the steamer comparisons might be computed by an analogous process. Let 0 be the correction to a chronometer a t  the epoch of transit tlme obser- 
vations as determlned from those observatiom. Let I be its correction a t  that samo epoch interpolnted betwoen its observed corrections nt the last 
preceding and nmt following transit tlme observations on the assumption that its rate during that interval is constant. For D group ofchronome. 
b r s  whose corrections ore all determlned n number of times in succession by the same transit observntions, the relative weights are evidently 

proportional to -jjO2. 
1 
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Tho errors in the time observations will in general be very small in coinparison with the 
other errors affecting the result. For the probable magnitude of the time errors see the first 
part of this publication. In  Appendix No. 3 of the Report for 1894 and in No. 3 of 1895 may 
be found detailed statements of the results of several letorminations of longitude by the chro- 
nometric method which will servo to give a concrete idea of the magnitude of the errors involved 
in such determinations. The relative magnitude of tho errors arising from the time dotermi- 
nations increases as the time, N (see p. 99), required for a round trip decreases. 

The errors made in comparing chronometers by the method of coincidences are negligible 
in their effect upon the final result. The chocks obtained during the intercomparisons of 
chronometers show that the probable error in a single comparison is about fOn.O1, correapond- 
ing to a probable error of about f48 in estimating the time of coincidence of'ticks. 

Tho errors arising'from variations in the rates of chronometers are by far the most serious 
class of errors involved in chronometric determinations of longitude. The. table of results 
given on page 99 gives a fair indication of the magnitude of tho errors to bo expected from this 
source. 

The various traveling chronometers are subjected to variations of temperature, humidity, 
aiid barometric pressure, and to disturbances arising from the motion of the ship, which are 
common to-them all. Do these common conditions produce variations in rate which aro common 
to all the chronometers, and therefore introduce a common error into the various values of the 
longitude difference resulting from any one trip ? An examination of the results of six chrono- 
metric determinations of longitude in Alaska, printed in the 1894 ant1 1895 Reports, indi(*ntes 
that such errors in the deduced longitudes, common to Rl1 the chronometers on a given trip, 
are exceedingly small upon an average-so small that they are concealed by the accidental 
errors. 

Chronometers are compensated for temperature as well as possible by the maker, but 
such compensation is necessarily somewhat imperfect. 
tion is so nearly perfect that little or nothing is gained in accuracy by deriving and using tem- 
perature coefficients connecting the temperature and tho rate. There nre occasional oxcep- 
tions; for example, the Hutton chronometer No. 194 (see pp. 77-78 of the Report for 1894) 
shows a very largo variation in rate due to change of temperature. 

In  considering the errors due to variations in chronometer rates it should not be overlooked 
that the station chronomoters are dcpendod upon to carry tho time over tho interval from the 
ricarost time observations to the stoamer comparisons in precisely the same maimer in which 
the traveling chronometers are depended upon duping tho trip. I t  is because of thb  fact that 
it may be desirable during periods of very bad weather to supplement the transit obsorvations 
upon stars by transit observations upon the sun, as indicated on page 51, or in low latitudes by 
theodolite or vertical circle observations for time, or even by coxtarit observations for time. 

Unless the relative personal equation is eliminated from tho computed longitude it is apt 
to be one of the largest errors affecting the mean result, dxcopt when the round trips are very 
long or very few chronometers are carried. It may be eliminated by any of the methods sug- 
gested on pages 90-93. 

Assuming that tho rela,tive personal equation is eliminutod by direct determination or 
otherwise, the error of the mean result of a chronometric longitude determination will be nearly 
inversely proportional to the square root of the number of chronometors carried (provided the 
stations aro supplied with a sufficient number of good chronometers to make the shore errora 
small), to the square root of tho number of round trips, and the square root of the average valuo 
of N (the interval over which the time is carried by the chronometers). It will depend very inti- 
mately upon the quality of the chronometers and upon the care with which they are protected 
from temperature changes and jars. It will bo affected very littlo by an increme in the errors of 
the time observations proper, resulting from very fragmentary observations on cloudy nights or 
from substituting some more approxima to mothod for transit observations upon stars. 

From the above principles and the numericd values given in Appendix No. 3 of the 1894 
Report and in No. 3 of the 1895 Report, one may mako an mtimate of the errors to be expected 

In general, however, this compensa- , 
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if the abovo elaborate plan of operations can be carried out only in part, as, for example, when 
an observer determines the longitude of a new station by making a single trip to it, carrying a 
few chronometers only and making a l l  time observations a t  both ends of the trip himself. 

In  connoction with any plan of operations which involves long intervals between the 
arrival a t  and the doparturo from a given station, it should be kept in mind that the computation 
usually involves the assumption that the rates of the traveling chronometers are the same on 
tho trip to the station as on the return trip, and thorefore a long stay at the station is apt to 
increase the error of tho final result by giving tho chronometers a long time to acquire new rates. 
Under extreme conditions it may sometimes bo well to avoid this assumption and to use a 
separate traveling rato for each half trip derived from observations just preceding or following 
that half trip. 



THE DETERMINATION 

P A R T  1 1 1 .  

OF LATITUDE BY MEANS OF THE ZENITH TELESCOPE, 

INTRODUCTORY. 

A nioasuromont of tho moridional zenith distanco of a-known star, or other celestial object, 
furnishes a dotormination of tho latitudo of tho station of observation. In  the zenith telescope, 
or IIorrebow-Talcott,' mothod sf dotermining the latitude, thore is substituted for tho measure- 
ment of tho nbsoluto zonith distanco of a star tho measurement of tho small difference of meridional 
zonith distcmcos of two stars culminating nt nbout tho same timo, nnd on opposito sides of the 
zonith. Tho offoct of this substitution is tho attainmont of a much highor dogroo of procision, 
nrising from tho incronsod accuracy of n difforontial memuromont, in gonernl, over tho corro- 
sponding absoluto moasuroment; from tho oliminatioh of tho use of a grnduatod circle from the 
ossontial part of tho moasuroment; and from the fact that tho computed rosult is affected, not 
by tho error in estimating the absolute valuo of tho astronomic refraction, but simply by the 
error in estimating tho vory small differonco of refraction of two stars at  nearly the same altitude. 

Bocauso of its gront nccurncy, combinod with convonienco and rapidity, .tho Horrobow- 
Talcott mothod ]ins bocomo tho only standard' mothod of this Survoy. For othor methods of 
determining tho lntitudo, involving in most casos absoluto monsuromonts of zonith distanco or 
altitude, tho rondor is referred- to' troatisos on astronomy. 

the prime rortical, is one which is capablo of a very high d0groo of accuracy and is woU adapted 
to field use, as tho offocts of instrurnontal orrors may be roadily eliminntod. To dotormine the 
latitude of a station by this mothod, tho times of transit of vtirious stars (of posifivo declination 
less than tho latitudo) across tho plano of n transit placed approximately in tho prime vertical 
are obsorvod. Tho inclination of tho transvorse nxis is detorminod accuratoly with n striding 
lovel. Th6 effects of error of collimntion and pivot inequality are oliminatod by reversal of tho 
axis. Tho effects of azimuth orror (doviation of tho instrument from tho primo vertical) and 
of constant orrors in tho ohsorvod timw (porsonal oquntion) are oliniinntod by obsorving somo 
stars to tho oastward of tho zonith and others to tho wostwnrd. Tho doolinations of the stars 
obsorved must be accuratoly known, as tho doclinntion orrors entor directly into tho latitudo at 
about thoir full valuo, but tho right ascensions need bo known but approximatoly. 

This mothod has boon little usod by this Survoy, porhnps bocauso moro time is roquired to 
propare an oxtonded obsorving list than fn tho zenith toloscopo mothod, but i t  may be found 
usoful in tho futuro. If tho only instrumont availablo is a thoodolito having a good striding 
lovol, but not oquippod for observations by tho zonith telescope mothod, obsorvations in the 
primo vertical will give tho best possible dotermination of tho latitude. (For details in rogard 
to this mothod, soe Chauvenot's Astronomy, Vol. 11, pp. 238-271, and Doolittle's Practical 
Astronomy, pp. 348-377. For an interesting oarly tost of the mothod [1827] by Bessol, with 
a vory small portablo instrumont, soo Astronomische Nachrichton, Vol. 9, pp. 413-436.) 

Tho mothod of dotormining tho latitude by obsereig tho timo of transit of n star across. 

GENERAL INSTRUCTIONS FOR LATITUDE WORK 

1. In ordor that tho rocords andxoniputations of tho latitudo work of this Survoy may be 
uni'orm in character and that there may be approximately tho same accuracy in the rosults, 
8omo goneral directions aro given horo wh;ch should bo carried out by all  observers of this Survoy, 

1 See p. 245 of Appendix 14, Report for 1860, for 8ome general remsrks on Taloott's method. 
103 
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engaged upon this class of work, unless they are directed othorwise by spucial instructions or 
unless esceptional circumstances are oncountered which make changes necessary or dosirable. 

2. The I-Iorrebow-Talcott method should be followed, using tho zenith tclescopo or the 
meridian telescope. The zenith telescope 
is described below.) 

3. A pair of stars should be observed only onco a t  a giron station, unless some gross crror 
is discovered, in which case the pnir may be rcobserred. Not morc than two stars should bo 
observed a t  ono setting of the instrument. A star may be observed on more than ono night, 
if paired with a different star on each night. 

4. A sufficient number of pairs should be observed at  a station to mako it reasonably 
certain that the probable error of tho mcnn result is not greatcr than f O ” . l O  (see directions 
for procedure in making the ofice camputation). No ttdditionnl expenditure of timo or money 
should be made in trying to reduce thc probable error below this limit. In  no case, howover, 
should tho number of pairs observed at  a station bo less than 10. 

5. No determination of the micrometer value should be made in the field, as this vnluo is 
computed a t  the office from the regular observations for latitude. 

6. The pairs observod should be so sclectcd that tho algebraic sum of the measured micro- 
mctor difforences in turns at  a station is less than the total number of pairs. This sum should 
be made small, in order ;that tho computed latitude may be nearly free from any effect of error 
in the mean value of tho micrometer screw. 

7. The stars observed upon should-be takcii from “The Prclimhiary Gencrnl Catalogue of 
6188 Stars for the Epoch 1900” by Lewis BOSS, which was publishcd by the C‘arnegie Institution 
of Washington in 1910. 

‘ 8. Duplicaks of the lthtudo records, in tho form of entries in the latitude computation 
sheets, should be mkde and checked as the work progresses. Only such portions of the latitude 
computations should bc made in the field as ale necessary to ascertain the degree of accuracy 
secured. 

9. Thc duplicates and computations, both complct,c and incomplote, for each station should 
be sent to the office .by registered mail, as soon as practicable after the completion of the occu- 
pation of the station. Each book of original records should be sent to the offico by rogisteretl 
mail soon after the last of the corresponding duplicates and computations have been forwarded, 
but not so soon ns to arrive in Washington by tho same mail. It is desirable to have tho reqords 
and computations sent to the office promptly, in order to avoid their possible loss. 

10. Original descriptions of stations should be inscrted in the original record of latitude 
observations and a duplicato description of each station should be written in a volume kept 
especially for the purpose. This volume should be sent to the officc nt the close of tt season’s 
work. 

11. Tho form of record of observations and of Elold ant1 ofIicu computntions of results 
should conform to thoso shown in this publication. 

These General Instructions will be referrod to from time to timu iii thc succuetling text. 

(See p. 8 for description of tho latter instrument. 

DESCRIPTION OF THE ZENITH TELESCOPE. 

Illustration No. 13 shows one of tho best zenith telescopes now in use hi tllis Survey. This 
instrument, Zenith Telescopc KO. 4; was ori,ninally matlo by Troughton & Sinims, of London, 
in 1849, and was remodeled a t  the Coast and Geodetic Survey Otiicc ill 1891. I t  carries n 
telescope with a clear aperture of about 76mm (3 inches), and a focal longth of about 11 6.6cm 
(46 inches). Two 
latitude levels are used instoad of one, to seciirc increasctl accuracy. Each of these levels 
carries a graduation which is numbered continuously from onc end to the other (instead of 
each way from the middle), the numbering of tho uppor ono running from 0 to 50 -and of the 
lower from 60 to 110. A 2mm division oq the uppor love1 has a valuo of about 1”.6 and on the 
lowor about 1”.4. The wrtical axis of the instrument is in the vertical plane in which the 
tclescopo swings. The clamp arm, perforated for the sakc of lightness, gives thc telcucopo a 

The magnifying power with tho cyepiccc ordinarily used is 100 diameters. 
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marked dogree of stability in so far as changes of inclination are concerned. The eyepiece 
micrometor, arranged to measure zonith distance, has a value of about 45” per turn, and the 
micrometer head is graduated to  hundredths of a turn. 

The better known typo of zenith tclescope, in which tjho telescope is mounted eccentriqdly 
on onc side of tho vortical axis instcad of in front of it, is also in uso in the Survey. The moritliari 
telescopes described on pago 8 nro cstcnsivdy used for lntjtudo determinat#ions, as \;ell m 
for timc. 

I n  I’atitudo work with tlie ineridiui; circle nt astrononiic observatories the instrument is 
usually fitted with a reversing prism. By rotating this prism the apparent motion of the star 
is changed from the direction right to  left t o  the direction left t o  right or vice versa. A pointing 
is made on the star before i t  transits, the prism is reversed, and a second pointing is made after 
the transit. The observer may nlwnys place the wire above-the center of the star’s image (or 
below) but as the image is reversed by the prism, one of the pointings is made on the south side 
of the center of the star and the otlior pointing on the north side. The mean of the two point- 
ings will be free frorn any constiint or systemntic error in tlie bisection of the star. It is believed 
that the systematic error of bisection does not &ect tho results o€ Ltitude observations made 
by the Talcott method, except to  IL smdl degree duo to the ftict tliiit ai1 observer’s systematic 
error of bisection may be slightly diifererit €or stars of differout magnitude. A pair may be 
composed of stars o€ very dflerent magnitudes. The reversing prism need not be usod in any 
latitude observations by the Talcott method which are ma’do for the usual goodetic orgoogupllic 
purposes. 

SUPPORT FOR THE INSTRUMENT. 

The support for the latitude instivment most froquently usod in this survey is a wooden 
tripod made of lumber about 6 inches square in cross-section, well braced and s o t  f u d y  in 
the ground to a depth of from 1 t o  3 fcet, clopending on the nature of the soil. Piers made of 
brick, of cement blocks, or of concrete arc also uscd. Tho concreto pior is not as satisfactory 
as tho other types, if it is used vory soon after it is constructed. Whenlatitude and azimuth 
are both observed a t  a station the same pier may bo used for mounting both tho lutitutlo instru- 
ment and the theodolite. A typo of picr used by some of tho parties of this Survey is shown 
in illustration No. 24 and is described on pago 140. 

OBSERVATORIES AND OBSERVING TENTS. 

At tho field stations only a tcmporary structure to protcct tho instrument from wind 
during the observations and from ruin during the stay ut the station is neodod. The observer 
is seldom a t  a station morc than a week after evrrything has bacn made ready for tlho observing,. 
and an observatory such as is shown in illustration No. 14, built of rough lumber, answors evory 
purpose. It is atlvisablo to have 2 doors in the observatory to insure tho free circulation of 
air. Thc roof may 
bo made water-tight by bourds or a covering of felt or tar paper. A Canvna shoet is soniotimes 
carried wit>h the outfit and tho roof is inatlo by stretching tllis shect over tho rafters and tying 
it to tho sidcs of tho observatory. Tho canvas may bo ronioved during tho observations, thus 
leaving the whole top of tho bbscrvatory open to tho sky. 

When a station is located in a town, although for only a short t h o ,  tho observatory should 
as a nile bo made nontly, of smooth lumber, as shown in illustration KO. 15. Buildings a t  
pormanont latitudo stations need not bo discussed here, 11s this publication deals only with 
observations made for gcodetic or geographic purposes. 

An obscrving tent such as is shown in illustration Xo. 16 or in illustration No. 17 is more 
frequently usod on latitude work than the wooden observatory, aiitl it  has tho groat advantage 
that it is emily transported and quickly set up. Except on mountain peaks or at other places 
where transportation is diiIicult tho tent has a floor similar to  that usod with an observatory. 

Whcro a floor or plntform is not us(d, tho obscrvcr must bo cxtromcly careful not to shift 
I.& weight during tho interval botwoen the pointing on a star and the reading of the levels, 

No part of tho building should touch the ground oxcopt at  the cornors. 



106 U. S. COAST AND GEODETIC SURVEY SPECIAL PUBLICATION NO. 14. 

and in this case the bubble readings must be made by an uttcntlant who must also stand in 
one place without shifting his weight from tho time the observation is made until the level 
is read. 

ADJUSTMENTS. 

When setting up tho instrument place two of the foot screws in an east and west line. 
The level correction may then be kept small during the progress of the observations by using 
one foot screw only. 

The vertical axis may be made approximately vertical by use of the plate levef, if there 
is one on the instrument, and the final adjustment made by using the latitude levol. The 
position of the horizontal axis may then be tested by readings of the striding level. If the 
horizontal axis is found to be inclined, it must be made horizontal by using the screws which 

- change the angle between the horizontal and vertical axes, if the instrument is of the old form. 
With the new form of instrument (illustration No. 13), or with a meridian telescope, the two 
axes will always remain so nearly a t  right angles that no means for making this adjustment is 
needed. With these instruments the vertical axis may be made vertical by using both the 
striding level and the latitude level at  the same time. 

The eyepiece and objective should be carefully focused as indicated on pages 14 and 15. 
It is important that the focus of the objective should be kept constant during the stay a t  a 
station, since the angular value of one turn of the eyepiece micrometer is depended upon to 
remain constant for the station. However, the results of the determination of the value of a 
turn of the micrometer vary in some cases as much as 0".13, corresponding to a range of about 
3.3 millimeters in the distance between the objective and the micrometer lines (see p, 129). 
In connection with the common habit of carefully keeping the draw tube clamped for the 
purpose of holding theimicrometer value constant, i t  is interesting to note that while in the 
field in 1905 Assistant W. 13. Burger focused zenith telescope No. 2 five times in rapid succession 
with a range of only 0.1 millimeter in the position of the sliding tube. 

The movable micrometer thread with which all pointings are to be made must be truly 
horizontal. This adjustment may be made, at  least approximately, in daylight after the 
other adjustments. Point, with the movable thread, upon ti distant well-defined object, with 
the image of that object near the apparent right-hand side of the field of tho eyepiece, and with 
the telescope clamped in zknitli distance. Shift the image to the apparent left-hand side of 
the field by turning the instrument about its vertical axis. If the bisection is not still perfect, 
half the correction should be mdde with the micrometer and half with the slow-motion screws 
which rotate the whole eyepiece and reticle about the axis of figure of the telescope. Repeat, 
if necessary. The adjustment .should be carefully tested at  night after setting the stops by 

' taking a series of pointings upon a slow-moving star as i t  crosses the field with the telescope in 
the meridian. If the adjustment is perfect, the mean reading of the micrometer before the 
star reaches the middle of the field should agree with the mean reading after passing the middle, 
except for the accidental errors of pointing. I t  is especially important to make this adjustment 
carefully, for the tendency of any inclination is to introduce ti constant error into the computed 
values of the latitude. 

The line of collimation (see p. 13) ns defined by the middle vertical line of the reticle must 
be very nearly perpendicular to the horizontal axis. If the instrument is a meridian telescope, 
or of the form shown in illustration No. 13, this adjustment may be made as for a transit (p. 15) 
by reversing the horizontal axis in the wyes. If the instrument is of the form in which the 
telescope is to one side of the vertical axis, the method of making the test must be modified 
accordingly. I t  may be made by using two collimating telescopes which are pointed upon 
one another in such' positions that the zenith telescope may be pointed first upon one and then 
upon the other with no intermediate motion except a rotation of 180" about the horizontal 
axis. It may be made as for an engineer's transit, but using two fore and two back points, 
the distance apart of each pair of points being made double the distance between the vertical 
axis and the axis of collimation of the telescope: A single pair of points at  that distance apart 
may be used and the horizintal circlc trusted io determine when the instrument has been turned 
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180' in azimuth. Or a single point at  an approximately known distance may be used and the 
horizontal circle trusted as before, and a computed allowance made on the horizontal circle 
for the parallax of the point when the telescope is changed from one of its positions to the 
other. Thus, let d =  the distance of the vertical axis from the axis of collimation of the telo- 
scope, D = the distance to the point, and p = the parallux for which correction is to b~ made; 
then, in seconds of arc: 

P = D  sin 1" 
2a 

If one considers the allowable limit of error in this adjustment (see p. 134) i t  is evident that 
refined tests are not necessary, and that a telegraph pole or small tree, if suficientZy distant from 
the instrument, may be assumed to be of radius = d, and the adjustment made accordingly. 

The stops on the horizontal circle must be set so that when the abutting piece is in contact 
with either of them the line of collimation is in the meridian. For this purpose the chronometer 
correction must be known roughly-within one second, say. Set the telescope for an Ephemeris 
star which culminates well to the northward of the zenith, and look up the apparent right 
ascension for4he date. Follow the star with the middle vertical line of the reticle, a t  fbst 
with the azimuth motion free and afterwards using the tangent screw on the horizontal circle, 
until the chronomehr, gorrected for its error, indicates that the star is on the meridian. Then 
clamp a stop in place against the abutting piece. Repeat for the other stop, using a star which 
culminates far to  the southward of the zenith. It is well, if time permits, to test the setting 
of each stop by an observation of another star before cbmmencing latitude observations. 

The correction to the chronometer may be obtained by observations on the sun or stars 
with a sextant or avertical circle (see pp. 52-56), by observing the time of transit of stars with a 
theodolite, or by using the zenith tolescope as a transit instrument. With tho zenith telescope 
in good adjustment and approximately in the meridian and the sidereal time known within 
several minutes, the chronometei. time of transit of a star near the zenith is noted. This obser- 
vation gives a close approximation to  the chronometer error. Then a north star of high decli- 
nation is-used and the telescope is put more nearly in the meridian by the method explained 
above. Next the chronometer time of transit of a second zenith star is observed, which will 
usually give tho chronometer correction within a second. With this value of the chronometer 
correction the telescope may be put closely enough in the meridian for observing. 

The finder circle must be adjusted to read zenith distances (see p. 16). 

THE OBSERVIKG LIST. 

The Boss catalogue' of 6188 stars is now available, and is a t  present the best list from 
which to select pairs of stars. (See paragraph 7 of General Instructions, p. 104.) The latitude 
of tho station should be obtained to the nearest minute from a map, a triangulation station, or 
from preliminary observations on the sun or stars. In the Boss catalogue tho declinations of 
the stars are given and the observing list may be made out like the form shown below. Any 
other arrangement of the data may be used. To find aZZ available pairs in a given list one may, 
for -each star in succession within the zono of observation, 45' each way from the zenith, sub- 
tract tho declination from twice the latitudo and then compare this diiference with the decli- 
nation of oach star in the list within the following 20"' of right ascension. Any star whose 
declination2 is within 20' of the above.difference will combine with tho star under considera- 
tion to make a pair, provided the other conditions stated bolow aro fulfilled. By proceeding 
thus every available pair will bo found.R 

1 Prellminery genom1 artnloguo of 6188 stars for tho opoch 1800, Lewh Boss, Cnrnegle Instltution of Washtngton, 1810. 
2 Or 180*--d for subpolam. 
a A t  atations In Alaskn thoro are but tow atam in the mno oxtonding 46' northward from tho ronlth as compnred with tho comapondlng ronc 

to the southward, and tho above procoaa mny bo improvod by taking in 8ucamion only stnra to tho north of the zonlth nnd conipnrlng oaoli with 
stara in bdb the prerrdlng and I h e / o h o l n g  to=, To mnko tho much wlth n aobpolnr 8tnr 8uhLmct 180'--J from twlco tho lntltudo und pair wltli 
any star whoso doclinalion Is wlthin 2(Y of this dltloronw, proridod 118 rlglit Dsconslon dlffom from lhnl of 1110 aubpolur nnywliore from l l b  419 to 
1% #pl. 
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82 32 81 50 

25' 22 82 18 

Star No. 
Boss 

catalogu0 

4327 
4379 

4441 
4494 

4623 
4651 

4669 
4711 

' Observing list ( l ~ o m  1 ) . 
(St. Anne, Ill., June 25, 180s. Zonith tolwcopo No. 4. +41°01'.3. Senrrh fw(or-Z,#.--82° a'.] 

Mng. 

4 . 5  
4 .9  

5.9 
5 . 8  

5 . 1  
5 . 4  

5 .9  
5 . 5  

Right 118cBn- 
don 

h m  s 
16 55 22 
17 11 53 

17 28 13 
17 42 04 

18 13 22 
18 18 45 

18 22 26 
IS 31 52 52 17 22, 30 82 04 

29 47 I I 

28-24 

I 

- 13 

+I5 

$ 6  

+ I  

N-S- 
a* (22- 
24) 

O I  

N 
S 41 16 

S 
N 12 41 

--- 

Turns 

I2 
28 

10 
30 

24 
16 

20 
20 

* a-numbcr of turn8 of tho micronletor wmw in one minuto of nrc- 1.31. Tho vnluo of ono turn of tho mlcromctor scre\r-44".050. 

The approximnte mean right nscensions and declinations for the observing list are obtained 
for the t'une of the observations by multiplying the annual variation by the number of years 
elapsed since the epoch OF the catalogue and combining the products algebraically with thc 
right ascension and declination given ip the catalogue uscd. 

In  the abovc form there is no column for zenith distances. The setting for a pair is one- 
half the dif€erence between the dcclinations of the two stars of a pair. To get the values in the 
column N-S subtract double the latitude (for station St. Anne, 82" 03') from the sum of the 
declinations of the two stars and multiply the result in minutes of arc by the number of turns 
of the micrometer screw in a minu to of arc. N - S i9 positive if tho north star has the greater 
zenith distnnce nntl is negative if the south star has the greater zenith distance. The ccnter 
of the comb in the micrometer cyepiece is called 20, and increasing readings on the graduated 
head go with increasing zenith distances. Then the setting of the micrometer wire for any '-' These settings are given in the last N-S and for any south star 20-----. 2 north star is 20 + - 2 
column of the above table. 

N - S in this 
case is a (18Oo-difference of cSs-2+) and is positive or negative according as the north star 
has the greater or lesser zenith distance. The setting of the micrometer wire will be given by 
the same general expression as above. 

For the purposes of the observing list it is sufficiently accurate to  know the mean right 
ascensions to within one second and the declinations and derived quantities to the nearest 
minute of arc. Tho approximate reading of the turns is given t p  facilitate identification of 
the stars and to onable the observer to put the micrometer line approximately in position before 
the star enters the field of view. The middle reading of the micrometer comb is called 20 to 
avoid negative readings. 

If the Ten Year Catalogues for 1880 and 1890 and the Nine Year Catalogue €or 1900, by the 
Royal Observatory at  Greenwich, are used, then the form of the observing list could be made 
to advantage in a manner somewhat different from that shown above, for in those publications 
the north polar distances are given instead of the declinations. The list may be similar to that 
shown below, where the settings, etc., are derived from the north polar distances of the stars, 
In the fist column of the example are given the Boss catalogue numbers, though the stars are 
also in the lists of the Greenwich catalogues mentioned above. They are the same stars tm 
those in the fimt forin of star list. 

'1 

When one star of the pair is a subpolar, the finder Eircle setting is goo- $113. 
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Observing List (Form 2).  ~ 

[St. Anno, Ill., b e  25, 1808 Zenith Telescope No. 4. 6-41. 01‘.3. Bearch factor-180’-2 +-Of 67‘.j 
_- 

itar KO., 
3osa c a t  
alogue 

4327 
4379 

4441 
4494 

4623 
4651 

4669 
4711 

Nag. 

4. 5 
4 .9  

5 .9  
5 .8  

6 .1  
5 . 4  

5 . 9  
5 . 5  

a 

h m s  
16 65 22 
17 11 53 

17 28 13 
17 42 04 

18 13 22 
18 18 45 

18 22 26 
18 31 52 

North polar 
distances and 

difference 

O I  

7 49 
90 21 
82 32 

61 32 
3G 10 
25 22 

25 38 
72 13 
46 35 

60 13 
37 43 
22 30 

sum of 
N. P. De’s; 
and search 

Dctor minus 
sum of 

N. 1’. D.’s 

O I  

98 10 
-13 

97 42 
$15 

97 51 
+ G  

97 5G 
+ 1  

N-S+ 

-17 

+20 

+ 8  

+ 1  

- 
6tar 

north 
or 

south 

sottlng 
-4 dif. of 
N. P. D.’s 

O I  

41 1G 

12 41 

23 18 

11 15 

rum 

12 
28 

10 
30 

24 
16 

20 
20 

- 
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N-6-a (soarch factor-sum of N. P. D.’s) where o-number of turns of the micrometer 8cmw in one minuto of 
arc-1.34. The value of one turn of the mlcro~eter screw--14”.(LSo. 

Whcn a subpolar star is used slight changes will be necessary, similar to thoso described 
for the case where the observing list is prepared in terms of the declinations. 

Among tho requisites for a pair of stars for an observing list, are, that their right ascensions 
shall not d8er  by more than 20m, or 12hf20m when a subpolar is used, to avoid too great errors 
arising from instability in the relative positions of d8erent parts of the instrument; nor by 
less than about Im, that interval being required to take tho readings upon the first star and 
prepare for the second star of a pair; that thoir difference of zenith distances shall not exceed 
the half length of the micrometer comb, 20’ for many instruments; that each star shall be 
bright enough to be seen distinctly, not fainter than the seventh magnitude for the larger instru- 
ments; and that no zenith distance shall exceed 4 5 O ,  to guard against too great an uncertainty 
in the refraction. The third of the above conditions may be used more converiently in this, 
form; the sum of the two declinations must not differ from twice the latitude by more than 20’. 
The total range of the list in right ascension is governed by the hours of darkness on the pro- 
posed dates of observation. 

In  the list of pairs resulting directly from the search there will be many pairs which overlap 
in time. A feasible observing list may be formed by omitting such pairs that among the 
remainder the shortest interval between the list star of one pair and the first star of the next 
is not less than 2m. In that interval a rapid observer can finish the readings upon one pair and 
set for tho next, under favorable circumstances. The omitted pairs may be included in a list 
prepared for the sccond or third night of observation. I t  will €requently be found that the 
same star occurs in two or more different pairs. Such pairs may be treated like those which 
overlap in time.‘ 

DIRECTIONS FOR OBSERVING. 

All adjustments having previously been made, set for tho first star and await it with the 
bubble of tho latitude love1 nearly in the middle of the tubo, and with the micrometer line at  
that part of tho comb a t  which the star is expected, as shown by the observing list. Watch 
tho chronometer so as to know when to expect the star. When the star enters the field, placo 
the micrometer line approximately upon it. As soon as the star comes within the safe observing 
h i t s  of the field bisect it carefully. As the star movos along watch the bisection and correct 

* Past recorda fuurnleh abundant evidence that observatlona made by pointlng twice upon a close zenith atar, once In each posltion of the 
h - tmlent ,  give rasulta of a low order of accuracy, probably bemuse of tho hurry with which tho obsorvatlons must bo made, and of the fwt that 
One or both of  tho observations muet be made out of the merldlan. It is therefom not advlsablo to make such obsslvattm 
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it  if any error is detected. Because of momentary changes in the refraction, the star will 
usually be sccn to move along the line ;with an irregular motion, now partly above it and now 
partly bclow. The mean position of tlic star is to be covered by the line.' I t  is possible, but 
not advisable, to make several bisections of the star while it is passing across the field. As 
soon rn the star reaches the middle vertical line of the diaphragm read off promptly from the 
comb the whole turns of tlie micrometer, rcad the levcl, and then the fraction of a micrometer 
turn, in divisions, from the micrometer head. Set promptly for the next star, even though it 
is not expected soon. In  setting for the second star of a pair all that is necessary is to reverse 
the instrument in azimuth and set the micrometer line to a new position. Tho abutting piece 
must be brought gently against the stop and the circle securely clamped in that position. 

Especial care should be taken in handling the micrometer screw, as any longitudinal force 
applied to it produces a flexure of the tclcscopc which tcnds to enter the result directly as an 
error. The last motion of the micrometcr hcad in making a bisection should always be in one 
direction (preferably that in wllicli the screw acts positively against its opposing spring), to  insure 
that any lost motion is always taken up in one direction. The bubble should be read promptly, 
so a9 to give it as little time as possible to change its position after tlie bisection. The desired 
reading is that at  wllich it stood at the instant of bisection. Avoid carefully any heating of 
tlie level by putting the reading lamp, warm breath, or face any nearer to it than necessary. 
During the observation of a pair the tangent-screw of the setting circle must not be touched, 
for the angle between the telescope and the levcl must be kept constant. If i t  is necessary 
to relevel, to keep the bubble within reading limits, use the tangent screw wllich changes the 
inclination of the telescope. Even tllis may introduce an error, due to a change in the flcxure 
of the telescope, and should be avoided if possible. I t  is desirable to rclevel the instrument 
from time to time betdrcen pairs, so as to keep tlie level correction small, less than one division 
of the level if posoiblc. 

Occasionally the approximate time should be noted at  which the star being observed 
crosses the middle vertical line of the diaphragm, so as to make sure that the adjustment of the 
stops in azimuth remains satisfactory. It is desirable (though not necessary) to have a 
recorder. He should be-a man above tho average in intelligence, and should be able to pre- 
pare an observing list after a little practice and to assist in computing the results. I t  is not 
economical to take a man from place to place unless he can assist in the computations, The 

'recorder may count seconds aloud from the face of tlio cllronometcr in such u way as to indicate 
when the star is to culminate. I t  is a warning to 
the observer to be ready and i t  indicates where to look for tlie star if it  is faint and difficult to 
find. It also gives for each star a rough check upon the position of the azimuth stops. I t  is 
only a rough check, because the observing list gives mean right ascensions instead of apparent 
right ascensions for the date, but it is sufficiently accurate (see p. 119). The observer, or recorder, 
can easily make allowance for the fact that all stars (except circumpolars) will appear to be too 
early or too late, according to the observing list, by about the same interval, O e  to 50, tho differ- 
cnce betwecn thc mcan and apparent riglit ascension. If a stnr can not be observed upon the 
mitldlc line, on account of temporary interfercnco by clouds or tardiness in preparing for the 
observation, it may be observed anywhere within the safe limits of the field (often indicated 
by vertical lines on the diaphragm) and the chronometer time of observation recorded. In 
practice a star is seldom observed off tlie meridian. 

It is desirable to make all settings with such accuracy that the mcan of the two micrometar 
readings on a pair shall not differ from 20 turns by mor0 than 1 turn. It is not infrequently 
true that the value of a micrometer screw increases slightly but steadily from ono end to tlio 
other. In such cases the correction to each observed value of the latitude, due to t l is  irregu- 
larity of the screw, will be insensible if the settings are matlo with the indicated accuracy, but 
not otlierwise. 

Such counting aloud serves a double purpose. 

~ ~~ ~ 

1 Thls wording muat be modifled to correapond if, in omordunce wlth the COZIS~de?UtlODs ststed on p. 141. two close psmllel llnes nre used 
M or D single ilna 



DETEI?MINATIOIT OF LATITUDE. 

EXAMPLE OF RECORD AKD COMPUTATIOKS. 

Zenith telescope record for latitude. 
Form%. . 

[Statlon, St. Anno. Dnlo, Juno 23,1835. Chronometer, 2637. Olmsorvor, W. l3owlo.] 

Chronomo- 
ter tlmo ot 
obsnrvn- 

tlon 

1 :L J. 

Noridlai 
d i a t o m  

____- 
lo 55 21 

li 11 4; 

17 28 07 

17 41 58 

1s 13 1% 

18 18 50 

18 22 23 

18 31 45 

(*) 

61.0 

45.0 

s . 2  

00.0 . 

02.5 

40.3 
101.2 
7.1 
60.4 

il. 0 
42.2 
103.2 

44.2 

0.2 

S 

N 

N 

0 

31 

24 

80 (”1 
P’+P’Z 
Q’+Q’y +6. 92 

- 
Order 

1 
2 

3 

7 
I 1  
4 

8 
9 

12 
13 

14 
15 

5 
10 
16 
17 
18 

19 
- 

I 
Star 

CnI. Turns 

Chronomb 
tar time of 
culmlnn- 

tion 

(*) 

No. o[ 
pair 

d 
30.1 
m. 5 
7.2 
6s. 7 

7.2 
60.4 
40.4 
101.3 

42.6 
103.8 

8. 7 
71.0 

10.9 
73.8 
44.7 
loo. 5 - 

I 

I +30t 
+4R 
Stnick liistrument 

I 

0 

10 

11 

I? 

- 

z 4441 

4494 
+24 

+lo 
4023 

4051 

4640 

4711 
+15 
Mean of double s h y  

I I 

* Thaw column8 nro only used rvhon n star le o t ~ e w o d  off  the morldlnn. t Thls la tho contlnuous sum, up lo thls pnlr, or tho aouth mlnus tho north micromotor turns. 

Beduction, mean to apparent declination, with Cape tables. 
Form 32s. 

[Stntion, St. Anno trlnnylntion Intltudo stntlon.] 
-- 

4623 

18 13.4 

19 51.8 
5 58.0 

ti4 21 

+S. 40 
-7.92 

$0.14 
0.00 

$0.14 
$0.01 

57. G4 
+l. 48 
+O. 15 
+O. 25 

k. 029+. 01 

59.53 

Date 
Star No. 

“0 

CJ- TIl 

!I+% 
“U 

I” 
P’x 

Q’u 
JQ’ 

Q’ 
Q’Y 

June 25, 19 
4327 

Iti 55.4 

1s 33. 8 
4 40.0 

82 11 

+2.95 
-2.49 

+ G .  2G 
0. 00 

+G. 26 
+O.  GG 

23.30 
+O. 46 

4441 

17 28.2 

19 oti. (i 
5 12.8 

28 28 

+5.74 
-4.84 

+1.78 
+a. 03 

+1.81 
$0.19 

24.93 
+o. 90 
4-2.00 
$0.52 

k. 024+. 01 

4494 

17 42.1 

19 20.5 

53 50 
5 26.7 , 

+ G .  90 

+2.14 
+o. 02 

+2.16 
$0.23 

23.54 
$1.08 
4-2.39 
$0.35 

-. 035-. 02 

-5.82 

4379 

17 11.9 

18 50. 3 
4 56.5 

-0 20 

+4.36 
-3. G8 

0.00 
-0.03 

-0.03 
0.00 

-30.91 + 0.68 
- 0.03 
4- 0.58 

-. 059--. 03 

4G51 

18 18.7 

I!) 57. 1 
ti 03.3 

J7 4G 

+9.81 
-8.27 

-0.08 
0.00 

-0.08 
-0.01 

46. til 
$1.54 
-0.09 
+O. 56 

k.007 .OO 

4669 

I8 22.4 

20 00.8 
’ ti 07.0 
29 46 

+IO.  08 - 8.50 

- 0.27 
0.00 

- 0.27 
- 0.03 

31.42 + 1.58 
- 0.30 + 0.51 

-. 033-. 02 

29.71 28.36 33. 19 27.34 48. ti2 

h tn 

6 log g=O. 49813 
log go=l. 30216 

log h = l .  31041 G- 1 38.4 
log hu=l .  26717 II=ll 44.6 

log u=log (I +r)=9.19597 log !=log (I +p)=O. 04324 i= +O. 585 
l-kz=+O. 157 l+y=+l .  105 T= 0.483 

90 0 

Makc compubtion by  horizontal linos i n  the order indicated. For explanation of Q; and 6 Q’, 8co pages (2) and (5) 
of Cape tables. Oppoda  6, in tho sixth lino place tho dogroes and minutes, and oppositc 6, (”) tho seconds of tho 
mean doclinstion. The quantitiee Z, y, i, and T may be aseumod constant fora night, and should bo tskon for an opoch 
midway between tho first and Inat stars. The quantitios G and X m a y  bo naaumod conshi t  for periods not oxceoding 
fourhours each, and should be token for tho midway opoch of each such period. Uae no, G ,  U, G+n,, and Il+n,, to tentha 
of minutes of time; z, y, and T to three significant figures; and all othor quantities to two decimal placea. 
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Form 33. 

1908. 
June 25 

U. S. COAST AND GEODETIC SURVEY SPECIAL PUBLICATION NO. 14. 

Latitude 

.- 

cstaloguo 

Star KO. 

- .~ 

4327 

4379 

4441 

4494 

4623' 

465 I 

4669 

4711 

_- 

-. . 

N or 
Y 

[Station, St. Annc. Slntc, Illinois. 

I Nlcromoter . 

t d  
11 69.0 

27 34.4 

9 G1.0 

31 47.0 

24 88.2 

16 66.0 

19 62.5 

20 55.4 

D M . Z . D .  1 n 

t d  

+15 65.4 

-21 86.0 

- 8 22.2 

- 92.9 

d 
06. 0 
67. 8 
40. 2 
loo. 5 

40.3 
101.2 
07. 1 
69.4 

09. 2 
71. G 
42. 2 

103.2 

44. 2 
106.0 
11. 2 
74.4 

1,oveI 

S 

d 
39.1 
99. 5 
07. 2 
68. 7 

07. 2 
69.'4 
40. 4 

101.3 

42. 6 
103.8 
08. 7 
71.0 

10. 9 
73.8 
44.7 

106.5 

-1-7 
+2. d l  1 

I 
-o.05 j 

-1.05 

-0.95 

I 

Ikclinntion 

0 I / I  

82 11 30.76 

-0 20 29.71 

25 28 28.36 

53 50 27.34 

I 64 21 59.53 

17 46 48. G2 

20 46 33.19 

; 5" 16 49.44 

I 
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computation. 
OWn*er, W. Dowio. Instrument, zenith toleaoopo No. 4.1 

Sum and half Burn 

0 I I f  

81 51 01.05 
40 55 30.52 

82 18 55.70 
41 09 27.85 

82 OS 48.15 
41 04 24.08 

82 03 22.63 
41 01 41.32 

Yicromotsr 

I I /  

+5 49.48 

--8 08.02 

-3 03.56 

-0 20.74 

Love1 

(I 

+O. 78 

-0.02 

-0.39 

-0.35 

Rofraotion 

I /  

+O. 18 

-0.14 

-0.06 

-0.01 

-_ 

Latitude 

a I // 

41 01 20.9G 

41 01 19.67 

41 01 20.07 

41 01 20.22 

,, 

Struck instrument 

Value of one division of lntitudo level: Upper -1.600 
Lower -1.364 
M ~ a n  -1.482 
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, 

Summary of latitude computation. 
[st. Anne, Ill., Juno 25, IROR.1 

3667 
*(2265) 

3842 
, 3949 

4063 I 4081 
4112 
4161 
4327 
444 1 
4623 
4669 
4745 

*(3019) 
4824 

+ sum. 

Stnr KO. 
n0.w cstaloguc I Nlc. cliff. 

Jfl 
6 

41 01 ’ Mrn 
-- 

-0.11 
0.00 

+o. 20 
-0.19 
$0.12 
-0.19 
-0.22 
-0.03 
-0.22 
+O. 30 
+o. 11 
+o. 01 
-0.04 
+o. 22 
+o. 22 

(‘orrccted. 
9 

// 

20.26 
19.77 
20.02 
20.40 
20.24 
20.54 
20.15 
19.80 
20.96 
19.67 
20.07 
20.22 
20.77 
20.53 
20.06 

I /  

20.15 
19.77 
20.22 
20.21 
20.36 
20.35 
19.93 
19.77 
20.74 
19.97 
20.18 
20.23 
20.73 
20.75 
20.28 

-0.03 
+O. 46 
+o. 21 
-0.17 
-0.01 
-0.31 
+O. 08 
+o. 43 
-0.73 
+O. 56 
40.16 
$0.01 
-0. 51 
-0.30 
+O. 17 

3729 
3803 
3856 
3979 
4072 
4090’ 
4129 
4201 
4379 
4494 
4651 
4711 
4758 
4799 
4892 

+ 8.3 + 0.1 
-14.3 
$14.1 
- 9.1 
+13.8 
+16. 3 + 2.3 
+15.7 
-21.9 
- 8.2 
- 0.9 + 2.8 
-16.4 
-16. 1 

0. 00 
0. 21 
0. 04 
0. 03 
0.00 
0. 10 
0. 01 
0. 18 
0. 53 
0. 31 
0. 03 
0. 00 
0. 29 
0.09 
0. 03 

0.01 
0. 22 
0. 00 
0. 00 
0. 01 
0.01 
0. 10 
0. 22 
0. 25 
0. 07 
0.00 
0.00 
0. 24 
0. 26 
0. 00 

+o. 09 
+o. 47 
+o. 02 
$0.03 
-0.12 
-0.11 
$0.31 
$0.47 
-0.50 
+O.  27 
+O. 06 
$0.01 
-0.49 
-0.51 
-0.04 

I .  73 
1.77 

......... 

......... 

......... 

......... 
sum.. .. 

73. 4 
86. 9 

-13.5 
- 0. 0 

_ _ _ _ _ . _ _ . ~  2.08 
......... 2.09 

20. 23 1 . .  ....... 
... . . . . . . I  -0.01 

1.85 
........ 
........ 
........ 

........ 

........ 

........ 

........ 

.......... 

.......... 

.......... 
20.24 

1. 39 
........ 
........ 
........ 

- Rum. 

Mean.. ........ 
A1gebI-d 

* 27.65 nnd 3019 nro ten-year 1880 numbers. l’lic rncnti tleclinnlioris lor thcsc slats w r o  obtnincd from sovorul sources. 

The value of one-hdf turn of the microineter 11s used in tlie ficld=22”.325. 
Mean 4, S pairs wvitli plus iilicromcter differcncc =4l0 01’ 20Il.33. 
Mean +, 7 pairs with minus nlicrometcr diffcrcnce = 41 O 01’ 20”.12. 
The mean of 7 pairs d t l i  minus Inicromctcr tliffcronccs ininus tlic iiicmi of 8 pairs wit11 plus 

micrometer differences = - 01’.21. 

Observatlon equntloiis 

e- 8.3r1 -0.03=0 

c+14. 3r1+0. 21=0 

c+ 9. lr,-0.01=0 
c-13. 8r1-0. 31=0 
c-16. 3r1+0. 08-0 

C- O.l t ,+O.  46=0 

C-14. 1~1-0.17=0 

C- 2. 3rl+O. 43=0 
C-15. 7r1-0.73=0 
c+21. 9r1+0. 56=0 
e+ 8. 2r1+0. 1G=O 
c+ O.9r1+0. 01=0 
c- 2. 8rl-0. 54=0 
c+16. 4rl-0. 30=0 
C‘+lG. lr,+O. 17=0 

Nortrial cqiiatioiis 

l5c+13.5r, -0.01=0 

13.5cf2346. 59r1+31. 872=0 
rl= -0”. 0137 

c= +0”. 0130 

Corrected value of one-half turn of micrometel wrem 
=22/’. 3113fO”. 0046 

Latitutlc of St. Anne latitude station =41° 01‘ 2 0 1 ’ . 2 4 ~ 0 ” . 0 6  
- 0.03 
+ 0.07 

- - Reduction to sca level, clevntion of station, 206 meters 
Reduction to mean position of polo’ - - 
Latitudc of St. Annc latitude station, rcduccd to SCIL lcvcl in i t l  

For nn explanation of the above adjustment scc p a g ~  130. 
the mean position of the pole =41° 01’ 2 O f ’ . 2 S ~ t 1 ’ . O G  

1 Seo Astronomkcho ?inchrich(on KO. 4414. 
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GENERAL NOTES ON COMPUTATIOKS OF LATITUDE I N  THE UNITED STATES COAST AND 
GEODETIC SURVEY. 

The result from each pair of stars is given equal weight. This is done upon the supposition 
that the theoreticd weights ape so nearly equal that, if they were used, the final value for the 
latitude of a station would seldom be changed by more than 0”.01. 

After the 
3”.00 rejection limit has been applied the probable error of a result from a single pair, ep ,  is 
computed from all the remaining values, and then 5e, is uscd ns an absolute rejection limit, 
and 3.5e, is used as a doubtful limit beyond which rejection is to be made if strong evidence in 
favor of rejection is found other than the residual itself. Such evidence may consist of positive 
notes indicating bad concli tions during the observation of the particular pair concerned, con- 
tradictions in tlie record indicating a probable misreading, or a mean declination of a star with 
a probable error so large that i t  might account for tho large resiciud. 

A new value of one-half turn of the micrometer is to be derived from the latitude observa- 
tions only in those cascs in which the mean latitude from pairs with plus micrometer differ- 
ences differs by moro than O’I.20 from the mean latitude from pairs with minus micrometer 
differences. It is believed that, when the agreement is within 0”.20, a new value of one-half 
turn, if derived from the observations, would differ from tho old by less than 0”.01 and the 
final latitude would ordinarily be changed by less than 0”.01. I t  is also b&eved that the derived 
correction to the old value would, in thcsecascs, be but little, if any, larger than ita own probable 
error. 

The formuls uscd in computing the probable errors, if a correction to tho micrometer value 
is derived from the latitude observations, are: 

A first rejection limit of 3”.00 from the mean value of the latitude is used. 

.._ (0.455)2Ap 

e p - J  ( p - - 2 )  

I ( 0 . 4 5 5 ) 2 b 2  

The correction for elevation to reduce the mean latitude to sea level is always applied. 
(See p. 130.) 

Tho reduction to a triangulation station or to other points is dso ap$ed on the latitude 
computation and tho da t ion  of the latitude station to such point or points is thoro indicated. 
Unless tho latitude station is within a few meters of the triangulation station and due east or 
west of it, tho latitude computation should show tho latitude of both the latitude station and 
the triangulation station. 

EXPLANATION 01’ (‘OMPUTATION. 

Lot c and c’ oqual tho true moridional zonith distancos of tho southern and northorn stars, 
and 6 and 6’ tho npparent declinations of the samo, rospoctively; then the oxpression for the 
latitude is 

9- w @+a’) + % (c-c‘) 
Now, if z, 2’ donoto tho obsorvod zonith distances of the south and tlio nurth stars; ?L, s tho 
north and tho south readings of tlio levo1 for tho south star, and n’, s’ tho same for tho  north 
star; d the value of one division of level; r and r’ the refraction corrections and m and m’ the 



116 U. S. COAST AND GEODETIC SURVEY SPECIAL PUBLICATION NO. 14. 

roductions of tho measured zonith distances to the meridian for tho south and the north stars, 
respectively, then 

Y 9= %(S+S’> + %((Z-d) +4{ (n+n’> - (s+s’)  + % ( T - ? 9  + %((m+m’> 
d 

and if Xand  M‘ bo the micrometer roadings of the south and tho north stam, increasod microm- 
eter roadings corrosponding to incroased zenith distances, and R the valuo of one turn, then 

R 
(2-d) = ( M -  1W)--. 2 

Tho details of tho computation of tho second and third torms in the abovo formula aro 
TKO first, fourth, and fifth terms arc sufficiontly indicated in tho computation shown above. 

explained more fully on tho following pages (117- 119). 
Tonths of divisions of the’ micrometor hotid are usually ostirnatod. 

COMPUTATION 017 APPARENT PTAC‘ES. 

The data given in tho Boss preliminary gonorcll cataloguc o f  stars for 1900 in regard to a 
star, from which its dppuront place at  the time of obsorvation is to bo computed, aro tho moan 
right asconsion and declination, cy, and 8, for the ycnr 1900, t,; tho annual variation in right 

do“, , the annual variation in doclination --, (tho annual procession and propor dt asconsion, -* 

motion togothor constitute the annual variation) ; und the secular variation of tho procession 
d26, in declination, givon for 100 ycars, which, by moving tho decimal point, bocomos -;ziz-. Thew 

urc also givon tho propor! motion i i i  doclination, 1‘’; the mean epoch E; tho probable error of 
tho doclination ut tho moan opoch eJrp;  e,,, tho probable crror of 100 $; and tho prohnblc 
error of tho doclination for 1910, e d .  The probable orror of tho doclination for ttny dtitc, TI is 

dum 
at 

Tho reduction to the nppuront place a t  obsorvation is mudo in two steps; first, tho givon 
111oan place is reduced to tho moan placo a t  tho boginning of tho your of obsorvtLtion, and upon 
that as a basis the apparent place computation is then made. 

Lot the moan right ascension and doclination at the beginning of the year of observation bo 
called (Y, and So 

Then 
dam 

a o =  ~m + ( t o -  t r n > 2 t  

The Boss catalogue shows that for tho star 4327, trm=tu,,=16h 56”’ l Y ,  with an 

annual variation - - - 6%304. Also 6, =a,,, = 82’ 12’ 07”.6G. Tho annual variation, at - 

dt  - Jt 
m ~ a n  opoch, E, = 1875.6, and tho probtiblo orrur, earp= f0”.03; el,’, tho probublo error of 100,~’  
= f0”.13, and tho probable error of tho doclination for 1910 = f0”.05.  

d a m  

d26, am _.- -5”.510, tho secular variation, -1 = - ”.00880, the proper motion, p’= -“.001; tho 

. . __ -_ 
1 The correction lor inclinntion as here given is lor a level 01 which the grndiiatlon is numberod in both directions from tho middle. II tho 

graduation is numbered continuously from one end to the other with numbers incrensing toward the objtcticr, tho level correction is 

I ‘  

(Compare this wilh the slmilar formula lor a striding love1 on page ‘23.) II the numbering 011 tho levo1 graduation Increases toward Ihr cycp&cc this 
formula becomes ; { (n-n‘) + (S-S’) 
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This star was observed for latitude in June, 1908, a t  St. Anne, Ill., Oh 43” west of Washington. 
( Y ,  = 16l’ 56” 128- 8 (6’.304) = 16h 55” 22”, which is sufficiently close to tho apparent right 

6, = 82’ 12’ 07”.66 + 8 [ - 5”.510 + W ( 8 )  (- ”.00880)] = 82’ 11‘ 23”.30. The probable error 

The apparent declination,1 6, a t  the instant of observation may now bo computed by the 

asconsion for use in connection with latitude observations. 

of tho  declination for 1908= J(0”.03)2 + { .325(0”.13)t2= f0”.05.  

formula given on page 526 of the American Ephemeris for 1908, namely, 
6=6,+I:p‘+gcos (G+n,)+hcos (H+tr , )  sin 6,+icos a,, 

in which g, G, ?L, II, and i are quantities called independent star numbers which are functions 
of the t h i o  only and are given in the Ephemeris (pp. 532 to 539, 1908) for every Washington 
mean midnight during the year. I: is the elapsed decimal fraction of the fictitious year and is 
given in the Ephemeris with the independent star numbers. 

tation, and adapted to the use of natural numbers and Crelle’s Rechentafeln, in an appendix 
to’ the Cape Meridian Observations, 1890-91 , entitled “ Stnr-Correction Tables,” by W. H. 
Finlay, hI. A. 

This formula has been put in a more convenient form, conducive to more rapid compu- , 

Thc formuln is 
6=60+P’  (1 +S)+&’ (l+?/)+z+Tp’. 

in which I ,  P’, and &’ are tabulated in the Finlay tables. 

from one opening of the tables for all stars and dates. 
P’ =go cos (G + a,) and is tabulated with respect to tho argument G + fl0 and can bo obtainod 

Q‘=?L, cos (II+ tu,) sin 8, and is tabulated with respect to the arguments (N+ no) and 6,. 
l=i cos 6, iintl is tqbulntetl with respoct to i cin(1 8,. Q’ nntl I can be obtained from the 

same opening of the tables for tiny given star ant1 datu, aiitl d l  interpolations i~ivolvo such 
small tabular differences that they may bo made mentally. 

Thc viilucs chosen for go nnd 11,  itre 20”.0521 and 38”.500, rcspectivoly, so that 2 is gcnernlly 
ncgative and never greater numerically than unity, while y is always positive and never grontor 
than 0.1 1 ; thus thc multiplicntions by 2 and y can bo easily effected by Crelle’s Rcchentnfeln. 
2 wit1 y nra fiuictions of tho time only, and with sufficient nccurtwy may usually bo considered 
constunt €or n singlc iiiglit. 

If tlie period over which the obsorvations extontl on any night is not inore thnn four hours 
long, the qunntjties g, l ~ ,  G, 11, i, and T may bo taken from tho Ephemeris for the middle of tho 
obscrving period and assumed to bo constant for the night. The errors from this assuniption 
will be small and of both algebraic signs. 

The computation of the apparent places of seven stars observed a t  tho St. Anne latitude 
station is shown on page 111. 

When n given star is observed on several nights in succession i t  is not necessary to compute 
tho apparent place for every night of observation. The apparont place may be computorl 
for certain nights a t  intervqls of not more than threo (lays and the declination for interniodiate 
nights mny be obtninetl by intorpolation. 

CORRELTIOX FOR DIFFERICE;TIAT, REYRACTION 

The difference of refraction for any pair of stars is so small that wo may neglect the varia- 
tion in the state of tho atmosphere at the time of the observation from that mean state supposed 
in thc refraction tables, except for stations a t  high altitudes. The refraction being nearly 
proportional to tho tangent of the zenith distance, the difference of refraction for the two stars 
will he given by 

r - r’ = 57’’.7 sin (z - z‘)  sec2z, 

1 I n  tho cotnl)antrttlvely raro In whlch It Is neemary to compute the appront right a a C W i O n  Of a star It may be done by tho use of the 
formula glvcn inFlnlay’a-tablW, 

a- u.+ I ’ (  I+r)+Q(l+y)+/+rp. 
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and since the half difference of zenith distances, as measured by the micrometer, is the quantity 
applied in the computation, the following table of corrections to the latitude for differential 
refraction has been prepared with the argument onehalf difference of zenith distance at the 
side, and the argument zenith distance at  the top. 

If the station is so far above sea level that the mean barometric pressure at the station is 
less than 90 per cent of the mean barometric pressure at sea levcl (760mm) it  may be desirable 
to take this fact into account by diminishing the values given in the following table (computed 
for sea level) to correspond to the reduced'pressure. That is, if the mean pressure is 10 per 
cent less than a t  sea level diminish each value taken from the table by 10 per cent of itself, if SO 
per cent less diminish tabular values by 20 per cent, and so on. This need only be done roughly, 
since the tabular values are small. 

Correction to latitude for  d i ferent ia l  r e j k c t i o n  = (T - r') .  

- 
Onahall 

1B.of zoniti 
distances 

I 

0.0 
0.5 
1.0 
1.5 
2.0 

2. 5 
3.0 
3.5. 
4.0 
4. 5 

5. 0 
5.5 
6.0 
6.5 
7.0 

7.5 
8.0 
8.5 
9.0 
9.5 

10.0 
10.5 
11.0 
11.5 
12.0 

12.5 
13.0 
13.5 
14. 0 
14. 5 

15.0 
15.5 
16.0 
16. 5 
17.0 

17. 5 
18.0 
18.5 
19.0 
19.5 

20.0 

[The sign of tho correction is tho same ns thnt or tho mlcmmeter differonco.1 

Zonith distance 

00 

I/ 

0.00 
0.01 
0.02 
0.03 
0.03 

0.04 
0.05 
0.06 
0.07 
0.08 

0.08 
0.09 
0.10 
0.11 
0.12 

0.13 
0.13 
0.14 
0.15 
0.16 

0.17 
0.18 
0.18. 
0.19 
0.20 

0.21 
0.22 
0. 23 
0.23 
0. 24 

0.25 
0.26 
0.27 
0. 28 
0.29 

0.29 
0.30 
0. 31 
0.32 
0.33 

0. 34 

10' 

N 

0.00 
0.01 
0.02 
0.03 
0.03 

0.04 
0.05 
0.06 
0.07 
0.08 

0.09 - 0.10 
0.10 
0.11 
0.12 

0.13 
0.14 
0.15 
0. 16 
0.16 

0.17 
0. 18 
0.19 
0.20 
0. 21 

0.22 
0. 22 
0.23 
0.24 
0.25 

0.26 
0.27 
0.28 
0.29 
0. 29 

0.30 
0.31 
0. 32 
0.33 
0.34 

0.35 

N 

0.00 
0.01 
0.02 
0.03 
0.04 

0.05 
0.06 
0.07 
0.08 
0.09 

0.10 
0.10 
0.11 
0.12 
0.13 

0.14 
0.15 
0.16 
0.17 
0.18 

0.19 
0.20 
0. 21 
0.22 
0. 23 

0.24 
0.25 
0.26 
0.27 
0. 28 

0.20 
0. 29 
0.30 
0.31 
0.32 

0. 33 
0.34 
0. 35 
0. 36 
0.37 

0.38 

25' 

/ I  

0.00 
0.01 
0.02 
0.03 
0.04 

0.05 
0. 06 
0.07 
0.08 
0.09 

0.10 
0.11 
0: 12 
0. 13 
0.14 

0.15 
0.16 
0.17 
0. 18 
0.19 

0.20 
0.21 

30' 

N 

0.00 
0.01 
0.02 
0.03 
0.04 

0.06 
0.07 
0.08 
0.09 
0. 10 

0.11 
0.12 
0.13 
0.14 
0. 16 

0.17 
0.18 
0.19 
0. 20 
0. 21 

0. 22 
0. 23 . ~. 

0.23 ' 0.26 
0.25 

0.26 
0. 27 
0.28 
0.29 
0. 30 

0.31 
0.32 
0.33 
0.34 
0.35 

0. 36 
0.37 
0. 38 
0. 39 
0.40 

0.41 

0.27 

0. 28 
0.29 
0.30 
0.31 
0.32 

0.34 
0. 35 
0.36 
0.37 
0. 38 

0.3'3 
0.40 
0.41 
0.43 
0.44 

' 0.45 

350 

N 

0.00 
0.01 
0.03 
0.04 
0.05 

0. 06 
0.08 
0.09 
0.10 
0.11 

0. 13 
0. 14 
0.15 
0.16 
0.18 

0.19 
0.20 
0.21 
0. 23 
0. 24 

0.25 
0.26 
0.28 
0. 29 
0.30 

0. 31 
0.33 
0.34 
0.35 
0.36 

0.38 
0.39 
0.40 
0.41 
0.43 

0. 44 
0.45 
0.46 
0.48 
0.49 

0. 50 
-- 

40' 

/ I  

0.00 
0.01 
0.03 
0.04 
0. 06 

0.07 
0.09 
0.10 
0.11 
0.13 

0.14 
0. 16 
0.17 
0. 19 
0.20 

0. 21 
0. 'L3 
0.24 
0.26 
0.27 

0.29 
0. 30 
0. 31 
0.33 
0.34 

0.36 
0.37 
0.39 
0.40 
0.41 

0. .iY 
0.44 
0.46 
0.47 
0. 49 

0.50 
0.51 
0.63 
0.54 
0. SG 

0: 57 

450 
-___ 

/ I  

0.00 
0.02 
0.03 
0.05 
0.07, 

0.08 
0. 10 
0.12 
0. 13 
0. 15 

0.17 
0. 18 
0.20 
0.2'' 
0.23 

0.25 
0.27 
0.29 
0. 30 
0.32 

0.34 
0. 35 
0. 37 
0.39 
0. 40  

0.42 
0.44 
0.45 
0.47 
0.4Y 

0.50 
0. F2 
0. t54 
0.55 
0. b7 

0. 59 
0. (io 
0. v2. 
0. (i4 
0. 65 

0. G7 
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REDUCTION TO THE hlERIDIAN.  

If a stdr is observed off the meridinn while the line of collimdtion of tho telescope remains in 
the meridian, the metmired zenith distance is in error on account of the curvature of the 
apparent path of the star. Let m be the correction to reduce the measured zenith distance to 
what it would have been if the star had been observed upon the meridian. 

Then, 

3 B  
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.01 
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.I2 

.13 
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.13 

.13 
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.n4 

.07 

. in 
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sin 1" m=-- sin 26 

- -  
34. 

-- 
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.01 

.01 

.02 

.02 

.03 

.03 

.04 

.04 

.05 

.oo 

.OR .oo 

.10 

.ll 

.12 

.13 

.I4 

.I4 

.15 

.15 
*I5 
.IO 
. l o  

.a 

.ni 

.la 

in which 7 is the hour-nngle of tho star. The signs nre such that the correction to the 2atitude 
(= 5) is always plus for the stars of positive declinution and minus for stars of negative decli- 

nation (below the equator), regardless of whether the star is to the northward or to the southward of 
m m' the zenith. - or - is, then, alwnys applied as a correction to the latitude, with the sign of the 2 2  

right-hand member of the above equation. For a subpolar 180" - 6 must be substituted for 6, 
making tho correction negative in this case just ns for stars of southern declination. The follow- 
ing table gives the corrections to  the latitude computed from the above formula. If both stars 
of a pair nro observed off tho meridian, two such corrections must bo applied to the computed 
1iLtitude. 

Correction to latitude .for reduction to meridian. 

m 

(8tnroff tho moridinn hut instrument in tho morldian. Tho flip of tho c o m t i o n  to the Intitudo is posltivo oxcopt for ntnrs south of the oquetor 
and subpolnrs 1 
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.01 

.01 

.01 

.01 

.01 

.01 

.01 

.02 

.02 

.02 

.02 

.02 

.03 

.03 

.03 

.03 

.03 

.03 

.03 

.03 

.n2 

- 
8 
- 

1 
2 
3 
4 
5 

0 
7 
8 
0 
10 

12 
14 
10 
18 
20 

22 
24 
20 
28 
30 

32 
34 
30 
38 
40 
45 - 

-- 
,I 

.Ol 

.01 

.01 

.01 

.02 

.02 

.02 

.02 

.03 

.03 

.03 

.04 

.04 

.04 

.05 

.!I5 

.05 

.05 

.05 

.05 

.05 

.05 

. n1 

.a 

-- 

- 
I@ - 

01 
01 
01 
01 01 

01 
01 
01 
01 
01 

01 
01 

01 
01 

01 01 

- 

,, 
.01 
.02 
.03 
.04 
.05 

.08 

.OB 

.08 

.@! 

.11 

.l2 

.14 

.10 

.li 

.18 .m 

.21 

.22 .a 

.24  

.24 

.25 

.20 

.20 

.20 

.n7 

I ,  

.01 

.02 

.03 

.04 

.05 

.w 

.07 

.oo 

.IO 

.12 

.14 
'.I5 
.I7 
.10 

.2n 

.21 

.23 

.24 
*2.5 

.u) 

.27 

.28 

.28 

.28 

.20 

.08 

-_ 

_- 
22. 
- 

. 01 

.01 

.Ol 

.02 

.02 

.02 
* 02 

.03 

.03 

.03 

.04 

.04 

.05 

.05 

.05 

.oo 

.oo .oo . 00 .oo 

.07 

.07 

. ni 

.n5 

- 

.34 

.30 

.39 

. 4 1  

.42 

. 4 4  

.45 
-4'1 
.48 
.48 .a 

- 
24' - 

. 01 

.01 

.Ol . 01 

.02 

.02 
* 02 
.02 
.03 

.03 

.04 

.04 

.05 

.05 

.05 .oo .w 

.07 

.07 

.07 

.07 

.07 

.08 .ox 

.08 
- 

06 
60 
64 
02 
80 

68 
50 
54 
52 
5C 
45 - 

-. - 

2b 
- 

.01 . 01 
, 01 

. 02 

.02 

.03 

.03 

.04 

.04 

.05 

.05 .w 

.oo 

.07 

.07 

.OR 

.oL 

.08 .oo .oo .oo .oo 

.OB 

.n2 

. n3 

- 

.- 

2 8 e  
- 

.01 . 01 . 01 

.02 

.02 

.03 

.03 

.03 

.04 

.a5 

.05 .oo 

.Ml 

.07 

.07 

.OH 

.08 

.OD 

.M) 

.10 

I10 
I10 
I I 1  
I l l  

. i n  

- 

30. 
- 

. 01 

.02 

.02 

.03 

.03 

.03 

.04 

.05 

.OB 

.07 

.07 

.08 

.oo 
* OQ 
.IO 
' 10 
.I1 

. 11 

.11 

.12 

.12 

.12 

.I2 

.a 

.n4 

- 

- 
301 
- 
. 01 
.01 
.02 

.03 

.(w 

.04 

.05 

.05 

.OB 

.07 

.OR .oo 

.10 

.ll 

.12 

.I9 

.I4 
' 15 
.15 

.10 

.10 

.li 

.17 

.17 

.18 

.n2 

- 

- 
381 

- 

* 01 
.01 
.02 
.03 
.03 

.04 

.05 

.05 .oo 

.w 

.M) 

.IO 

.I2 

.13 

.14 

.15 . 15 
' 10 . li 
.18 
.18 
* 10 
.19 
. I0  
.20 

. 07 

- 

- 
.ilk 
- 

.Ol 

.02 

.02 

.(I3 

.04 

.05 

.05 .oo 

.07 

.07 

.09 

.10 

.12 

.13 

. I 4  

.15 
* 10 
.I7 
. I 8  
.10 

.20 

.20 

.21 
* 21 
.21 .n 
- 

420 
- 
. 01 
.03 
.03 
.M 

.05 .w 

.07 

.07 

.08 

.10 

.ll 

.I3 
* 14 
.16 

.17 

.I8 

.19 

.20 

.21 

.22 

.22 

.23 

.23 

.24 

.24 

. n2 

_- 

. 01 

.03 

.04 

.05 

.07 

.08 

.OD 

.10 

.ll 

.13 . I5 

.1i 

.n2 

. in .m 

.n .a 

.25 
'20 
.2i 

.28 

.20 

.30 

.30 

.31 

.31 
- 

* 01 

.04 

.05 

.OB 

.OS 

.oo 

.ll 

.12 

.lI 

.10 

. I 8  

.22 

.24 

.25 

.27  
-2% 
.30 

.31 

.32 

.32 

.33 

.34 

.34 

. n2 

.n7 

.m 

- 

- 
5B 
- 
. 01 
.03 
.04 
.05 
.oa 
.OR .w 
.10 
.ll 
.13 

.15 

.17 

.a 

.24 

.20 

.27 .m 

.31 

.32 

.33 

.34 .a 

.30 

.30 

.37 

.m 

- 

- 
6 4 m  
- 
.01 
.03 
.04 
.oG 
.07 

.08 

.10 

.11 

.12 

.14 

.10 

.I9 

.21 

.23 

.20 

.28 .m 

.31 

.33 

.34 

.30 

.37 

.38 

.39 

.39 

.40 - 

- 
601 
- 
.Ol 
.03 
.04 
.w 
.07 

.OB 

.10 

.12 

.I3 

.I5 

.17 

.23 

.25 

.28 

.30 

.32 

.34 

.d 

.37 

.39 

.40 

.41 

.41 

.42 

.43 

.m 

- 

- 
58* 
- 
.02 
.03 
.05 .w 
.08 

* 10 
.ll 
.I3 
.14 
.10 

.10 

.z 

.24 
* 27 
.20 

.32 

.34 

.30 

.38 
40 

.41 

.42 

.44 

.44 

.45 

.40 

The catalogues now available contain so many stars which may be observed for latitude 
that it is not desirable to move the instrument out of tho meridian to observe A star which is 
misscd as it crosses the meridian. 

COMUIKATIO~ OF RESULTS, EACH PAIR OBSERVED MORE THAN 0X;CE. 

Separate values OI the latitude being computed from each observation upon cach pair, 
it rrmains to combine these in such a way as to obtain thc most probnble value of tho lntitude 
ant1,to obtain ccrtain probable crroi's. 
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Let p be the total number of pairs observed. Let the number of observations upon pair 
No. 1 be n,, upon pair No. 2, n;, and so on, and let the total number of observations at  the sta- 
tion be n,=n,+n,+n, . . . Let A be a residual obtained by subtracting the result from 
a single observation on a certain pair from the mean result from all the observations upon that 
pair. Let e be the probable error of a single observation of the latitude, excluding tho error 
arising from defective adopted declinations. 

The various values of A depend upon and are a measure of the probable error of observation, 
but are independent of the errors of the adopted dcelintttions. According to the principles of 
least squares, 

e2 = .. 0.4552 A2 0.455Pd2 
No. obs.-No. unknowns= n o - p  ' 

Let 9, be the mean latitude from observations on pair No. 1, 'pz from pair No. 2, and so. on. 
Let v be the residual obtained by subtracting T,, T~ . . . in turn from the indiscriminate 
mean for the station of cp,, F~, F~ There will be p such residuals, and they are a meas- 
ure of the probable error of the mean result from tt pair, which will be called e p ,  arising from 
both errors of observation and errors of declination. 

. . . 

0.455Pv2 e2p = 
P-1 ' 

Let e p l ,  em . . . be the probable errors, respcctivcly, of F,, q2, qs . . . Let ey 
be the probable error of the mean of two declinations. Then 

These various values eZp, ,  eZm, . . . differ from each other becauso of the various 
vulues of n,,..%, . . . even though eZY and e2 are assumed to be constant, and thc vnluc 
derived above for eZp is their mean value. Adding these .various equations, p in number, and 
taking the mean, member b'y member, there is obtained 

e2 e2 e2 

1 e2 - 2 n1 n2 n.3 =eZy+f [ I ;+ -+-  1, II 1l2 . . . P - e  y +  
1 1  -+-+- . . . 

P 
Placing 

p n,+c+G . . . ] = E 2  ' 
to abbreviate the notntion, ant1 solving for eZy thwc is ol)tained 

e225 = e Z p  - E ?  

Having detcrmined the values of e2q uncl e2, the proper rclntive weights, w,, w2, inversely 
proportional to the squares of their probiblc erroIy, rmy now be tusignetl to q,, y2, p3, . 

1 
W , = r  

PI 

or 

1 
WZ = - eZp2 * 

. .  

An exception to tho above weights arises when two or moro north stars aro obscrretl at  
one setting of the telescope in connection with the same south star, or wice versa, and thc com- 
putation is macle ns if two or more independent pairs had been observed. The results of the 
componont paus in such n combination are not indcpcndent, since they involve in common tlie 
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error of observation and tho error of tloclination of tho common star. The weight to  be assigned 
to each component pair in a doublot is on this account but  two-thirds of that given above,; 
and to each component pair in a triplot is one-half. The combination of two stars on one side 
of the zenith with one on the othcr side is called a doublet, and three stars on ono side of tho 
zenith with one on tho other side is called a triplet. The present practicc in the United States 
Coast and Geodetic Survey is not to observe doublets or triplets. (See paragraph 3 of General 
Instructions, p. 104.) 

If a combination obsorved a t  one setting of the telcscope iricludes two or more stars on 
each side of tho zenith, it may be broken up in the computation into two or more indopendent 
doublets or triplets, each of which may be treated as indicated above. 

If a given star on one side of the zenith is observed in connection with a certain star on 
the othcr side of the zenith on a certain night (or nights), and on n certain other night (or nights) 
is observed in connection with somo other star, the two rosults are indopendent in so far rn the 
observntions arc concerncd, but involvc n common adopted dcclinntion for ono of the two 
stars of each pair. The propcr weight to bo assigned depends in this cnsc upon the rclntivo 
magnitude of ey nntl e, but is for their ordinary values so marly cqud to tho weight for an 
independent pair that  it may, with little error, be assumed to bc such without going to tho 
trouble of evaluating it. 

The weight to be assigned to n zenith star observed in both positions of tho tclcscopo is 

(2 eZq .+ g) in which N ,  is the number of nights' observations upon it. 

mean results from the various pnirs, or 

. 

-1 

The most probablo value q~~ for the latitudc of the station is tho weighted m o m  of the 

wI~l+w2q12+ws(Ps . . . 2wqI 
w 1 s w 2 s w 9  . . . - 2-w 

- -_- 9 0  = 

The probable crror of q~~ is 
E ,  = p m & p  

( p  - 1)Hw 

in which A? is tho rcsidunl obtainod by subtracting q ~ ~ ,  ?2, q~~ . . . in turn from F ~ .  
A concrctc illustration of thc processes indicated by thc i~bove formulu? is furnished by 

tho following reproduction of certain parts of the computntion of thc latitude of tho New Naval 
Observatory from observations madc in 1897 with n zeriith telescopo. 

~ 

1 This may bo mado evldont M follows: Let 01 and OS be rmpoctively the declination plus tho moasured zenith dhtnnoe of a Arst and socond 
south stnr, and (18 tho declination minus the measured ronith distanoo of a north star observod inoombination with thom. Lot tho probablo orrors 
of 81, aa, a8 bo el, cy, e*, rospectlvoly. Note that el, e¶, ea each includo mors both of docllnatlon and obsorvatlon. Jf tho two componentpairs aro com. 

puted sepnratdy and tho moan takon, tho rosult Is of the form ( " + + a ~ } J - ~ + ~ + $ n n d  I h  probnbloerrorsqunrod is (2)'. (2)' + ('I T )  ' 
Amhinf i  that eI-r,-ra,  tliii bocornw #el*, tho squaro of tho probnblo orror of lhe moan rowlt from tho combinatlon. n y  tho snmo ronsonlng it 

mny bo shown that the square of tho probnblo orror of tho rosult from n singlo indepondent pair Is (:!) '+ (9) ' - J n Y .  Tho weights to boassigned 
tothocombinationand toanindependontpnirnro theninthorntloof(tclY)-1nnd (Jc I~) -~ ,  orof p to 1 .  If thowolght for nniiidopondontpntBunlt\' 
the weight of each componcnf of a doublot Is thorofore two-thirds. 



222 

-0.99 + .81 + .69 - .16 - .29 
- .02 + .09 
- .29 
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0.98 
.66 
.48 
.03 
.OS 
.oo 
. O 1  
.08 

Pairs 
3tnr Nos. 

6 
6 
0 
6 
5 

38&+ 

4* 3.88 
4’ 4.40 
8 6.64 
8 5.76 

12 13.32 

’4 

5 
5 
5 
5 
5 

A’ 

12 11.04 
12 9.96 
91 10.35 
5* 6.75 

12 7.68 

I /  

09.81 
09.80 

- .02 - .34 
- .54  + . 1 7  
- .06 + .19 + .31 

+ .37 
- . 4 1  

(2058) 
4440 

4513 
4550 

4513 
4655 

452G 
4650 

4626 
4556 

...._.. 

.oo 

.12 

.29 

.03 

. O O  

.04 

.IO 

. I4  

.17 

-. 01 
. 00 

-. 07 +. 08 

.o -. 01 

-. 34 +. 57 +. 17 -. 47 
-. 04 +. 12 

-. 26 +. 48 
-. 41 +. 19 
-. 02 
-. 01 

. . . - . . . 

. . . . . . . 

. . . . . . . 

5 
5 

.on 

. (m 

. 00 

.01  

.oo 

. 00 

.73 . 32 

.03 
. 2 2  
. 00 
. 01  

.07 

.23 

. I 7  

.04 .oo. 

. O O  

-..... 
._.... 

14.64 ti 1 5.28 
-- 

08”. 6 1 

09. so 
08.07 
07.92 

08. 00 

08.12 
08.13 

-- 

08.12 

09.31 
08.40 
08.80 
09.44 
09.01 
08.65 

08.97 

09.36 
08. 62 
09.51 
08.91 
09.12 
09.11 

09.10 
._ ._.... 
. _  
. . . . . . . . , ... 

6. 69 Sum.. -. -. . . . . -. . . . . . . . . . . . . 

Pair, Star Nos. 
13. A .  C. 

(1Oyr.) [c. s.] 
W&’ c Y’ I1 

-I- 
(2058) 4440 
4513 4550 
4513 4555 

58’ 55’ 09”. 80 
08 .OO 
08 .12 
08 .97 

10.78 
3.30 
2.40 
0.12 
0. 32 
0.00 
0.08 
0.96 
3.72 
1.20 
0.12 
0.12 
0.00 
1.08 
1.45 
0.36 
0.00 
0.48 
1.20 
2.04 
I .  G8 

2 11 19.80 ;I ! I  ::: -1.00 + .80 + .68 
- .17 - .30 
- .03 + .os 
- .31 + .55 + .30 
- . I 3  
- .12 
- .03 
- .35 - .55 + .16 
- .07 + .18 
4- .30 

+ .36 
- .42 

4-3.41 
-3.48 

onnt ion,  

1.00 
.64 
.46 
.03 
.09 
.oo . 01 
.10 
.30 
.09 
.02 . 01 
.oo 
.12 
.30 
.03 
.OO 
.03 
.09 
.18 
,13 

3.63 

4526 4550 
4526 4555 
4577 (2158‘ 

(2158 4646 
(21951 4688 
4706 4726 
4742 (2233: 

(2254) 4847 
4876 4937 

.. .. 

09 .10 
06 .83 
08 .72 
09 .I1 
08 .25 
08 .50 
08 .93 
08 .92 
08 .83 
09 .15 
09 .35 

$ :E 1 :E 
- .12 .01 - . l l  .01 

’5076’ ’5084’ 08 .64 
08 .87  
08 .62 
08 .50 
09 .22 
08 . 4 4  

~ ~~ 

5115 5153 
5168 5178 
5249 5293 

5 12 10.44 

G. 00 
I ;; 1 .  7.44 

5313 5322 
5344 (2537) 

-I- 31.41 Sums 
Means 

36 .87 
8’ 55/ 08”. 80 

* For 0:  t h w  four welphts, we p. 123. 
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€2 = L O 039(4.97) = 0.009 
21 

Latitude= 35' 55' 08".81 f0".06. 
In  computing the values of w+, 38' 55' 08".00 WRS fust dropped from each value of 4. 
An independent determination of eY may be obtained from the probable errors of the 

For the stars observed at  a station the mean value of the probable error of the mean of 
mean declinations of the stars observed, as given in the Boss catalogue. 

two declinations is 

in which N, is the total number of stars observed. 
For R particular pair 

in which only the two stars of the pair are included in the summation in the numerator. From 
t& formula and from that given on page 120 (viz, e2q= eZp- a') two separate values for e 9 for 
each pair may be computed. Which should be used in the formula 

-1 

, wn=(e2y+$) , 

k i n g  the weight to be assigned to the mean result from R pair'& There are two objections to 
the rigid use in all cases of the second value (from the latitude computation). That value is 
a mean for all the pairs of a list, and in using it the fact that some declinations have very much 
larger probable errors than others in the same list is ignored. Moreover, in practice, the formula 
e2y= eZp - E ~  is sometimes found to give a value for e? which is so small as to be evidently erro- 
neous, and sometimes e2y is even negative, which is an absurdity. On the other hand, when-' 

ever the value e2q= 27y;f is smaller than ea% =e2-8,, and that is usudly the case, it indicates 

that there is in the observations some error peculiar to each star, which combines with the 
declination error, and so apparently increases it. When such errors exist, the weights should 
be correspondingly reduced, and therefore the values of e2 - 8,-8 should be used in the 
weighting. 

The following method of weighting, therefore, seems to  be the best for use in the ofice 

computation. In the weight fomnula (see page 120), w, = ( e2y + - :)-', usefor each pair the larger 

of the two available values of e2y, namely, e2p=4* and e2y= eZp-E2. By so doing all tho dis- 

advantages of each of the two methods discussed in tho preceding paragraph are avoided. To 
find quickly which of the values of e29 from the mean place computation are greater than e2g= 
e2,-E2 o m  may first note on the list of mean places for what stars e2, exceeds 2 (e2,-$). Only 
pairs involving such stars need be examined further. To illustrate, of the pairs involved in tho 
latitude computation shown on page 122, there were only four for which the mean place com- 
putation gave values of e2y exceeding 0.074. The stars involved in these four pairs wen3 4526, 
4550, 4555, (2350), 5026, [12591, (2365), and the corresponding values of e2, were 0.37, 0.08, 0.10, 

Pe2 
8 

9- 

He2 

0.18, 0.24, 0.08, 0.73. The weights assigned to these four pairs therefore depend upon eZy=T IC2* 

in each case. 
:l1"OH4"--4 1-10 
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COMBINATION OF RESULTS WHEN EACH PAIR IS OBSERVED BUT ONCE. 
- 
It is the present practice of this Survey to observe a pair of stars only onc0 at a station, 

and in the final computations the resulting latitude from each pair observed is given unit weight. 
(See the h t  paragraph under the heading “General Notes on Computations of Latitude in 
the U. S. Coast and Geodetic Survey” on p. 115.) 

Whenever the plan of observing each pair but once a t  a stabion is carried out the method of 
combining results and computing probable errors outlined in the preceding pages fails, and for 
it must be substituted the following procedure, for which little additional explanation is needed: 

0.455 Pv2 
Y , Z p  = 

P - 1  

in which ep  is the probable error of the result from a pair, including both the error of observation 
and the declination errors, v is the residual obtained by substracting the latitude from a single 
pair from the indiscriminate moan of all the pairs, and p is the number of pairs. In  the field 
computation and also in the final computation this indiscriminate mean is considered to be the 
final value of the latitude. Its probable orror is 

0.455 Pv? 
e+=J p ( p -  1) 

No value of the probable error of observation not involving the declination error is available 
from such a field computation. But the computed values of ep  and e+ givo sufficiently good 
indications of the accuracy of tho observations to enable the observer to decide in the field 
whether the instrument is in good condition and whether more observations are needed and 
that is all that is necessary. (See p. 104.) 

If desired, the office computation may be carried further as the probable error of the declina- 
tion of a star e* may be obtained from the catalogue. 

The probable error of a singlo observation is given by the formula e2 = eZp-  f3, in which 

If weights were given each pair (not the present practice in this Survey), the weight to be 
N,, is the total number of stars observed. 

assigned to  a pair would be 
w =  (ezy +d)-’ 

Pe2 in which for ouch pair e2 =-;i-*, the summation covering the two stars of that pair only. 
Y 

DETERMINATION OF LEVEL AND MICROMETER VALUES. ’ 

For methods of determining the level value see page 46. 
Until recently the method most frequently used in this Survey for determining the microm- 

eter value is as follows:’ Th6 time is observed that is required for a close circumpolar star, 
near elongation, to pass over the angular interval measured by the screw. Near .elongation tho 
apparent motion of the star is nearly vertical and nearly uniform. That one of the four close 
circumpolars given in the Ephemeris, namely, a, 6, and R Ursae Minoris and 51 Cephei, may be 
selected which reaches elongation at the most convenient hour. In selecting the star it may be 
assumed with sufficient accuracy that the elongations occur when the hour-angle is six hours 
on either side of the meridian. In planning the observations and in making the computation 
it is necessary to lmo* the time of elongation more accurately, and it mey be computed from 
the formula 

cos t ,  = cot 6 tan c,b 
- 

1 See Appendix No. 3, United States Coast and Qeodetlc Survey, Report for 1900, for a full discmlon of ths determination of micrometer 
value. 
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Chronometer t h e  of elongation = cy- AT AtE, the plus sign being used for western olonga- 

tion and the minus for eastern elongation. I& is the hour-angle at  elongation reckoned eastward 
or westward from upper culmination, and AT is the chronometer correction. 

If desired CE, the zenith distance of the star a t  elongation may be computed from the 
formula 

cos ce=cosec 6 sin 4 
It is advisable to have the middle of the series ok observations about elongation. The 

observer may obtain an approximate estimate of the rate a t  which the star moves along the 
micrometer by a rough observation or from previous record, and time the beginning of his 
observations accordingly. 

To begin observations the star is brought into the field of the telescope and to the proper 
position, the telescope is clamped both in zenith distance and azimuth, the micrometer is made 
to read an integral number of turns, and the bubble is brought approximately to the middle 
of the level tube. The chronometer time of transit of the star across the thread is observed 
and the level read. The micrometer thread is then moved one whole turn in the direction of the 
apparent motion of the star, the time of transit again observed and the level read, and the 
process repeated until a sufficiently large portion of the middle of the screw has been covered 
by the observations to correspond with what is actually used in the latitude observations, If 
desked, an observation may be made at  every half turn, or even at every quarter turn, by 
allowing an assistant to read the level. 

The form of record and computation is shown below, the first four columns being the 
record, and the remainder the computation, of the value of one turn of micrometer from observa- 
tions made at the New Naval Observatory June 18, 1897. , 

It is well to note the temperature. 

9 = 38' 55' 08" .8. 
For the star B. A. C. 8213 at the time of observation ~ x = 2 3 ~  27m 4P.6 and 6 = W 0  44' 

13II.4. The chronometer correction at the time of the observations was known to  be+26.3. 
Whence the chronometer time of eastern elongation was computed to be 17h 38m 168.5 and the 
zenith distance 51° 00I.5. 
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Chronom- 
eter time 
)I obser\.a- 

tion 

h nr a 

17 1.5 08.5 

16 02.0 
16 53.5 

U. S. COAST A N D  GEODETIC SURVEY S P E C I A L  PUBLICATION NO. 14. 

Computution of value of micrometer. 

telescope, KO. 4.1 
Station Xew XnmI Observatory, Washington, D. C. O b r v e r ,  0. B. F. Star, 13. A .  C. 8213 E. E. Date., June IS, 1887. Instrument, Zenlth 

Level 

n 8 

--__ 
d d' 

13.1 39.9 
ini.9 [Bll,4 

Mi- 
cromo. 
ter 

read- 
ing __ 

1 

:15 

34 
33 

3? 

31 
30 
29 
28 
27 
20 
25 
24 
23 
22 

21 

M 

19 

18 
17 
10 
15 
14 

13 

12 
11 
10 
9 
8 
7 
0 

5 

longa- 
tion 

m d  

23.1 

22.2 
21.4 

20.5 

19.6 
18.8 
17.9 
17.0 
16.1 
15.2 
14.4 
13.5 
12.6 
11.8 

10.9 

10.0 

9.1 

8.2 
7.1 
0. 5 
5.7 
4.8 

3.0 

3. n 
2.2 
1.3 
0.4 

-0.4 
-1.3 
-2.2 
-3.0 

L 

E%: 
,E,"", 

level 
-- 

-0.10 

+O.l5 

-0.10 

+0.15 

n.m 

Time 

8 

+2 .3  

+2.1 
+i .9  

+ l . O  

+1.4 
+1.3 
+I . ]  
+n.e 
+0.8 
+0.7 
+o.o 
+0.5 
+n.4 
+o.s  
+0.2 

+0.2 

+o. 1 

+o. 1 

+o. 1 
0.0 
0.0 

+n. 1 

0.0 

0.0 
n.n 
0.0 
0.0 

0.0 
0.0 

, n . o  
0.0 

28 IO. 0 1 I 

Corrections 

Level 

-- 
a 

-0. 1 

-0.1 
- n . i  

+o.  I 
+0.1 
+O. 1 
+0.1 

+o. 1 

+o. 1 
+o. 1 

+o. I 

+n. I 

+n. I 
+n. 1 

-n. I 

-0. 1 

+o. 1 

+0.1 

+0.1 
+o. 1 
+o.  1 

0.0 

o.n 
0.0 

+o. I 

0.0 
0.0 

0.0 
0.0 

0.n 

n. n 

30 63.0 
31 44.5 
32 37.0 
33 29.5 

90 00.5 
36 58.0 
37 50.5 
38 43.5 
39 35.5 

4 1  19.5 
40 211.0 

, 

Assumed value of R, = 52". 
2480 r, = +820.3 
r1 = + 0.3305 
Ii, + r, = 52".3308 
log (R, + r,> = 1.7187573 
log 15 = 1.1760913 
log COS 6 ' = 8.7553522 

1.6501 008 { 44".679 
Corr. for refraction- 0 .030 

Reduced 
time 

h m  8 

17 15 10.7 

16 04.0 
16 55.3 

17 40.7 

18 39.0 
19 31.4 
20 23.7 
21 17.0 
22 08.4 
23 00.8 
23 53.7 
24 4C. 1 
2.5 38.0 
20 so. 9 

27 23.1 

28 IO. I 

29 '08. 2 

30 00.7 
30 53.2 
31 44.7 
32 37.1 
33 29.0 

34 22.0 

35 14.0 
36 00.5 

37 50.5 
38 43.5 
39 35.5 
40 2x. n 
41 39.5 

htcRn 

30 58.5 

rime nt 20 
turns 

h m  B 

17 28 10.7 

12.0 
11.3 

10.7 

11.0 
11.. 4 
11.7 
13.0 
12.4 
12.8 
13.7 
14.1 
14.0 
14.9 

15.1 

10.1 

16.2 

10.7 
17.2 
10.7 
17.1 
17.0 

in. n 
in. o 
1X. 5 
18. 5 
18.5 
19. 5 
19.5 
20.0 
19.5 

17 2X 15.4 

A 

8 

14.7 

+3.4 
+4.1 

+4.7 

+4.4 
+4.0 
+3.7 
+2.4 
+3.0 
+2.0 
+1.7 
+1.3 
+1.4 
+0.5 

-1-0.3 

-0.7 

-0 .8 

-1.3 
-1.8 
-1.3 
-1.7 
-2.2 

-2.6 

-2.6 
-3.1 
-3.1 
-3.1 
-4.1 
-4.1 
-4.6 
-4.1 

d' 

8 

-0.3 

-1.2 
-0.2 

+O. 7 

+O. 7 
+o. 7 
+0.5 
-0.3 
+O. 7 
+O. 6 
0.0 
0.0 

+O. 4 
-0.2 

0.0 

-0.7 

-0.5 

-0.6 
-0.8 

0.0 
0.0 

-0.2 

-n. 3 

-1-0.1 
-0.1 
+o. 2 
+o.e  
-0.1 
+0.2 

0.0 
+o. 9 

One turn 44".649 
For explanation of notation, sno page  128. 
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Corr. 

s 
18.5 
1U.7 
21.0 
22.3 
23.7 
25.2 
26.7 
28.3 
28.9 
31.0 

__ 

Bocauso of the curvature of the apparent path of tho star its rate of change of zenith distance 
is not constant, even near elongation. The rate of change at eZongution may readily be com- 
pute&. The table 
of curvature corrections given below enables one to correct the observed times to what they 
would have been if in tlie place of the actual star there were substitutod an ideal star whoso 
motion was vertical at  a constant ruto 18 cos 8 and which coinciclod with tho actual star a t  
tho instant of elongation. 

It is at  that instant in seconds of arc 15 cos 6 per second of sidereal time. 

Correction for curvature of apparent path of star, in computatioie of micrometer value. 
1 1 [The correction tabulatod is a (15 sln 1”)z ra- is (15 sin I”)‘ d In which 7 Is tho timo from olongatlon. Apply tho comtions given In the 

table to the o h w e d  chronornotnr tlmoa, adding them boron, oithor olongation, and subtracting &om nftor oithor olongatlon.] 

T 

m 
56 
57 
58 
59 
60 
61 
62 
03 
01 
6.5 

- 

10 0 .2  ’ 20 
11 0 .2  21 
12 0.3 1 22 
13 0.4 23 
14 0.5 I 24 15 0.6 25 

I 

Corr. 
-_ 

8 .a. 3 
35. 1 
37.0 
30.0 
41.0 
43.1 
45.2 
47.4 
40.7 
52.1 

In tho computation tlie fiftli column sliows the vduos of 7, and tlio seventh column tlio 
resulting curvature corrections. , 

‘When the reading of the level changes, it indicatos, upon tho usual assumption that the 
relation-between tho levo1 vial and tho telescope remains constant, that tho inclination of the 
telescope has changed. The effect of the movomont of tho telescope may be eliminated in tho 
computation by applying to each observod time the correction in seconds of t h o ,  

to reduce it to what it would have been if tho rqadings of tho north and south end of tho bubhlo 
had been n’ and s‘, respectively. 

If, as in the present case, the level graduation is numberod continuously from one end to 
the other with tlie numbers increasing toward tho eyo end, instead of being numbered in both 
directions from the middle, the required correction becomes . 

, 

In  each of those formula the plus sign is to bo used for western elongation and the minus 
sign for castern elongation. It is convenient to take for the assumed n’ and s’ tho actual 
readin@ a t  some one moment during the set of observations. 

Zenith telescope No. 4 had two latitude levels, and the correction was computed by taking 
the mean of tho two and using tho mean value of d (= 1”.482). Tho sixth column shows tho 
mean values of (n’+s’) - (n+s)  and the eighth column /tho resulting corrections, the factor 

30 cos 6 
Let R, be an assumed approximate value of one turn in time and let r ,  be a required cor- 

rection to R,. Let To be an approximate value of the chronometer time of transit of the star 
across tlio micrometer h c  set et 20 turns (the middlo of the screw) mid 2 ,  II required correction 
to To. Then, upon the assumption that tho screw has a uniform \ d u o  throughout .the part 

~- a being 0.87.  
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observedupon and that the star moves in the direction of increasing readings (western elongation) , 
for each observed time an observation equation may be written of the form 

in which t is the observed .time of transit across the line set at  the reading R, after correction 
for curvature and level. After transposition this may be written 

in which 
(20 - Ho)r, - t o  = 4 

A = To - [t + (20 - R,)R,] 

whence the normal equations become 

If the turns observed upon are symmetrical about 20, P(20-Ro)  becomes zero. If, more- 
over, as in the numerical case here shown, To is purposely taken equal to the moan value of 
t+ (20-R0)R, ,  HA is zero and t o  derived from the second normal equation is necessarily zero. 
Also the first normal equation reduces to the working form 

2 (20 - Roy r, = 2 (20 - Ro)d 

If the star is observed at eastern elongation it moves in the direction indicated by decreasing 
micrometer readings and %hroughout the preceding formulse R, - 20 must be substituted for 

In  the computation form printed above, the values of t+ (Ro- 20)& are shown in the column 
To was assumed = 17“ 2Bm 15.#4, the mean 

20 -no. 
headed “Time at 20 turns,” R, being assumed = 528. 
for this column, and the A’s written accordingly. 

The equation 2(R, - 20>ir, = J’(b’, - 20)A reduces numerically to 248Orl1= 820.3. , 
A’ is the residual obtained by substituting the derived value T, in each observatioq equation, 

or A’ = d - (Ro - 20) r,. 
The remainder of the computation needs no explanation except that the cori.ection for refrac- 

tion to be applied to the value of one turn is the change of refraction for a Ehange of zenith 
distance equal to one turn, or in the most convenient form for use, it is the value of one turn in 
minutes of arc ,times the difference of refraction for 1’ at the altitude at which the star w‘as 
observed (approximately =+>. The difference of refraction for 1‘ may be obtained from any 
table of mean refractions with sufficient accuracy. The correction for refraction is always 
negative, since the change of refraction is always such as to make a star appear to move slower 
than it really does. 

This correction, to be applied 
to the computed value of one turn, is in seconds of arc 

It wi l l  sometimes be necessary to apply a correction for rate. 

. 
(rate of chronometer in seconds per day) (value of one turn in seconds of arc) 

86400 

The correction is-negative if the chronometer runs too fast. 

observing upon a close circumpolar near culmination. 
The micrometer value is sometimes .determined by turning the micrometer box 90’ and 

There are two serious objections to this 
_ _ _ _ _ ~  

1 In this computation it becomes neDcssBfy lo find the sum of tho series 1*+21+3*+4* . . . . +16i It Is convenient for this purpasc to 
use tho iormula 1*+21+P+4* . . . +?9-Z’+ZZ+F. Occasionally in least squaro computations it becomes necessary to compute the sum of a 

simllar series of fourth powers. One may then use the formula 14+24+3‘+4‘ . . + t 9 - ~ + 2 + ~ - ~  To obtain the sum of theseries (t)’+(f)c+ 
(8)4+(1)4+( t)‘ . . . +fl, apply the formula to the series 14+2‘+34+44 . . +(42)‘ and divldo by 256-44. Sea 8animZung uon F o m c b d a  
reinen und a.qcwarullm Ma!htrna!ik u r n  Dr. W. IAaka, p .  88 (Brauachwrip, 18884804). 

3 2 8  
f i t ’ @  2 
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procedure. “he focal adjustment is liable to be disturbed more or less when the micrometer 
box is turned, and a corresponding constant error introduced into the result. In  observing 
at elongation the telescope is depended upon to be stable in zenith distance, the direction in 
which it is designed to be stable, and the level readings furnish a means of correcting in large 
part for small movements in that direction. But when the observations are made at culmination 
the instrument is depended upon to remain fixed in azimuth, the direction in which, because of 
its peculiar design, it is weakest, and there is no check upon changes in azimuth corresponding 
to the level readings. Hence, it is not advisable to observe for micrometer value at culmination. 
The only modifications in the computations are that there are no corrections for levo1 or 
refraction, and that in computing the curvature correction 7 is now the hour-angle. The 
curvature correction is additive before either culmination, and subtractive after it. 

It is decidedly questionable whether it is advisable to determine tho mean value of the 
micrometer screw by observations upon close circumpolars either at culmination or elongation. 
Such observations consume a great deal of time both in Observation and in the subsequent 
computation, and experience shows that they are subject to’unexpectedly large and unexplained 
errors. For example, during. the observations for variation of latitude at Waikiki, Hawaiian 
Islands, in 1891-92, the micrometer value was thus determined twelve times. The results 
show a range of about O’I.13 or one three-hundred-and-thirtieth of the mean value, corresponding 
to a range of about 3.3 millimeters in the distance between the objective and the micrometer 
line, though the draw tube was kept clamped continuously, and the range of temperature during 
the entire year was onIy about 11’ C. (Coast and Geodetic Survey Report, 1892, Part 11, p. 61.) 
Similarly, sixteen determinations of the value of a micrometer used at fifteen stations on the 
Mexican Boundary Survey of 1892-93 showed a range of 0”.33 or one one-hundred-and-ninetieth 
of the mean value.’ In  this case the draw tube was unclamped and the telescope refocused 
at the beginning of the observations at  each station. The observed value was apparently not a 
function of the temperature. The San Francisco series of observations for variation of latitude 
also show a similar large range in the observed micrometer value (viz: 0”.17). (Coast and Geo- 
detic’ Survey Report, 1893, Part 11, p. 447.) In  general, whenever the micrometer value is 
determined repeatedly by the circumpolar method so large a range of results is developed as to 
force one t o  suspect that large constant errors are inherent in this method of observation. It 
can hardly be urged that the differences between the results represent actual changes in the 
micrometer value, for such differences are developed even when successive determinations are 
made during a single evening. Moreover, whenever the mean micrometer value is determined 
from the latitude observations themselves it is frequently found t o  M e r  radically from that 
derived from circumpolar observations on the same nights. So marked and so frequent has the 
latter form of disagreement been, that many of the office latitude computations have actually 
been made during the last few years by rejecting the micrometer value from circumpolar observa- 
tions, when there is a marked difference between it and the value computed from the latitude 
observations as indicated below, and using the latter value in tho latitude computation. 

DETERMINATION OF MICROMETER VALUE FROM LATITUDE OBSERVATIONS. 

After considering the above facts and conclusions this Survey decided to adopt the method 
of computing the micrometer value from the latitude observations, and since the beginning of 
the year 1905 no observations have been made on close circumpolar stars for that purpose.. 

The total range in the values of one turn of the micrometer screv of zenith telescope No. 
2, as determined from the latitude observations for 36 of the 63 stations established by Assistant 
W. R. Burger, from 1905 to 1908, is 0”.17. This is one two hundred and.seventy-third of the 
mean value. 

As to the accuracy of the micrometer value determinbd from the latitude observations, 
it  may be noted that if it be sssumed that the pr.obable error of a single observation of latitude 

1 Report of tho Intornatlonal Boundary CommtsSion, United States and Mexico, 1881-1BW) (Washington, 1688), p. 103. 
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is f0”.40, of the mean of two declinations is f0”.16 (seo p. 133) and of th8 latitude as 
derived from independent pairs is f0.”.10, the probable error of tho micrometer value, as 
determined from a single observation upon a pair having a differekx of zenith distance of ten 
turns would be 

Ldi i40 )2+4(0 .16 )2+  10 (0.10)2= f0”.05. 
- - . . 

There can be little doBbt, therefore, that tho maan micromctcr value clctermined from 
all the latitude observations at a station is more accurate than that detcrniincd from oven 
three or four sets of circumpolar observations each requiring an hour or more of timc. 

It has been urged that to dotermine an instrumental constant from tho observations in 
the computation of which it is to be used is a questionablo procedurc; that it [‘smooths out” 
the results, but probably does not give real accuracy. The force of this objection disappears 
when one contrmts tho proposed practice of deriving a single instrumcntal constant from ob- 
servations on twelve or more pairs with the usual ant1 unquestioned practicc in transit time 
computations of deriving three instrumental constants (two azimuth and one collimation con- 
stant) from only ten to twelve observations on as many stars. 

It should be noted that the form of the Computation of circumpolar micrometer obser- 
vations given on page 126 is especially adapted to tho detection of irregularities and periodic 
errors, as they will at  once becomo evident from an inspection of tho values of A’. One com- 
mon form of irregularity in screws is a continuous increase in tho valuo from one ond to the 
other, in which case A‘ tends to have tho same sign at  the two ends of the set and the opposite 
sign in the midqe. 

To derive the mean micrometer value from tho latitudo observations let A!, be the differ- 
ence, in turns, of the micrometer readings on the two stars of a pair, takon with tho same sign 
as in the latitude computation, let r, be the required correction to the assumed value of onc-hdi  
turn with which the computation of the latitude was made, let p be the numbcr of paus, a n d  
let c be the correction to the mean latitude +o. Let A+ havo the same meaning as before, 
viz, +0-+,, +o-+2, otc. For oacli pair an ohservation equation 
of the form c - Mlrl + A +  =-0 may be written. The resulting normal equations, from which r, 
may be derived, are 

(See computation on p. 114.) 

p c  - 1 M1rl + PA+ = 0 
- P ’ M ~ ~  + s AfZ1r, - .Z MJ+ = o 

The computation will bo sufficiently accurate if MI is carried to tenths of turns only, and 
as here indicated without assigning weights to tho separate pairs. 

To the proliminary values of +,, +2 . , , , tho results from tho sopartite p4&, may 
now be applied tho corrections M,rl and the latitudo computation completed as before. 

REDUCTION TO SEA LEVEL. 

Tho reduction of the observed latitude to  sea level is given by the expression 

A+= -0.000171 h sin 26 
in which A+ is the correction in seconds of arc to be applied to  the observed latitude, h is the 
elevation of the station above sea level in mcters, and + is the latitude of the station. This 
correction may be gotten from the following table: 
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Reduction of latitude to sea level. 
[Tho romtion Is nogatlvo In ovory cso. ]  
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Reduction of htitude to sea level-Continued. 
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CORRECTION F O R  VARIATION OF POLE. 

The reduction to the mean position of the pole is derived from the provisional results 
published by the Latitude Service of the International Geodetic Association. (See p. 85.)  

, DISCUSSION OF ERRORS. 

In discussing the errors of zenith telescope ob&rvations it is desirable to consider separately, 

The principal external errors arc those arising from errors in the adopted declinations and 
as on page 48, the external errors, observer's errors and instrumental errors. 

those due to abnormal refraction. 
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The adopted declinations used in the computation necessarily have probable errors which 
are sufficiently large to furnish much, often a half, of the error of the computed latitude. This 
arises from the fact that a good zenith telescope gives results but little, if any, inferior in accuracy 
to those obtained with the large instruments of the fixed observatories which were used in deter- 
mining the declinations, 

Of the stais observed at  thirty-six latitude stations, nearly on the thirty-ninth parallel, 
between 1880 and 1898, the averago value of e% derived from the mean place computations 
was *o”.16 and the extrcmo values were f0”.12 and f0”.23. The average probable error 
of the declination of a star in 1900 as given for the 6188 stars in tho Boss catalogue is about 
*0”.18, and hence the average value of e vfrom the Boss stars would bo-about f0”.13. These 
figures furnish a good ostimate of the accidcntal errors to be expoctod from tho adopted declina- 
tions. To estimate the constant errors to be expected from this source is a rather dificult 
matter. The principal constant error in declination to be- feared is that arising from errors in 
the adopted systomatic corrections applied to the separate catalogues of observed places. The 
three principal researches in regard to these systematic corrections havo boon made by Profs. 
Lewis Boss, A. Auwois, and Simon Newcomb. Judging by the differences between the results 
of theso threo researches, the constant error in tho mean declinations based upon Professor 
Boss’s researches, may possibly bo as great as O O . 3 ,  but is probably much smaller than that. 

In  regard ,to errors arising from abnormal refraction it should be Goted that only the dv- 
ference of refraction of the two stars of a pair enters the computed result. The errors in tho 
computed differential refractions are probably very small when all zenith distances are less 
than 45’ and when care is taken to avoid local refraction arising from the tomperaturo inside 
the observatory being much above that outside, or from mnsses of hoated air from chimneys or 
other poworful sources of heat near tho observatory. If thcrc wero a sensible tendency, as 
has bccn claimed, for all stais to be seen too far north (or south) on certain nights, becauso of tho 
existence of a barometric gradient, for examplo, it should be detocted by a comparison of the 
mean-results on different nights at  tho same station. The conclusion from many such compar- 
isons made by Prof. John F. IIayford is that the variation in the mean results from zenith 
telescope moasurements from night to night is about what should be oxpectod from the known 
accidental errois of observation and declination; or, in other words, that if there are errors 
peculiar to each night they are exceedingly small.‘ 

Tho observer’s errors aro those inado in bisecting the star and in roading tho level and 
micrometer. Errois due to unnecessary longitudinal prcssur~ on the head of tho micrometer 
may a!so be placed in this class. 

Indirect evidencc indicates that the error of bisection of the star is one of the largest errors 
concerned in tho measurement. Tho 
probable error of a bisection must be but a fraction of the apparent width of the micrometer 
lino if the observations aro to be ranked tw fiist class. I t  is possiblo to substitute three or more 
bisections for tho one careful bisoction recommended in the directions for observing (p. Ilo), 
but it is npt advisable to do so. On account of tho comparative liasto with which such bisections 
must be made, it is doubtful whether the mean of thom is much, if any, more accurate than a 
single careful and doliberato bisection, while the continual handling of the micrometer head, 
which is necessary khen seveial bisections aro made, tends to produce orrois. 

With care in estimating tenths of divisioq on tho micrometer head and on the level grad- 
uation, each of these roadings may bo made with a probable error of f 0.1 division. If one turn 
of the micrometer screw represents about 60‘’ and one division of the level about l”, such 
reading would produce probable errors of f0“.04 and f0”.05, respoctively, in tho latitude 
from a single observation. These errois aro small, but not negligible, for the whole probablo 
error of a singlo observation arising from all sources is ofton less than f 0”.30 and somotimos less 
than f 0”.20. 

Tho bisections should be mado with corresponding care. 

1 See. Report of tho Boundary Cornmidon upon tho Survey and Re-marking of tho Boundary between the United States and Mexico West of 
tho Rlo Grande, 1881 to 1886 (Washington, 18W, PP. 107-108, for one auch cornparkon. 
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While reading the level the observer should keep in mind that a very ‘slight unequal or 
unnecessary heating of the level tube may cause errors several times as large as the mcrc reading 
error indicated above, and that if the bubble is found to be moving, a reading taken after allow- 
ing it to comc to rcst delibcratcly may not bc pcrtinent to thc purposc for which it was taken. 
The level rcadings arc intcndcd to fix thc position of the tclcscopc at the instant when the star 
was bisected. 

It requires great carc in turning the rnicromctcr head to iiisuro that so littlc longitudinal 
forco is applied to tlic scrcw that thc biscction of the star is not affected by it. Such a displace- 
ment of 1-4000 of an inch U i  thc position of thc micrometer line relative to the objective produces 
an apparcnt changc of-morc than 1” in the position of a star if the focal length of the telescope 
is less than 50 inches. The whole instrument being clastic, the force required to produce such 
a displacement is small. An experienced observer has found that in a series of his latitude 
observations, during which the levo1 was read both bcforc and after the bisections of the star, 
the formcr readings continually differctl from tlic latter, from 0”.1 to 0”.9, nearly always in 
one direction.’ 

Among the instrumental errors may be mentioned those due (1) to an inclination of the 
micrometer line to the horizon; (2) to error in the adopted value of one division of the level; 
(3) to inclination of the horizontal axis; (4) to erroneous placing of the azimuth stops; ( 5 )  to 
error of collimation; (6) to the instability of the relative positions of differmt parts of the 
instrument; (7) to the irregularity of the micrometer screw; (8) to the error of the adopted 
mean value of one turn of the micrometer screw. 

The first of thcsc sources of error must be carefully guarded against, as indicated on page 106, 
as it tends to intkoduce a constant crror into thc computed latitudes. Tho observcr, evcn if he 
attempts to make the bisection in the middle of the field (horizontally), is apt to make it on 
one side or the other, according to a fixed habit. If the line is inclined, his micrometer readings 
are too great on all north stars and too small on all south staix, OT vice versa. 

The error arising from an erroneous level value is smaller the smaller are the level correc- 
tions and the more nearly the plus and minus corrections balance each other. If the observer 
makes it his rule whenever the record shows a level correction of more than one division to 
correct the inclination of the vertical axis between pairs, this error will be negligible. Little 
time is needed for this if the observer avoids all reversals by simply manipulating a foot-screw 
so as to move the bubble as much to the northward (or the southward) as the record indicatea 
the required correction to be. 

The errors from the third, fourth, and fifth sources may casily be kept within such limits 
as to be negligible. An inclination of 1 minute in the horizontal axis, or an error of that amount 
in either collimation or azimuth, produces only about 0”. 01 error in the latitude. All three 
of these adjustments may easily be kept well within this limit. 

The errors arising from instability may be small upon an average, but they undoubtedly 
become large at  times and produce some of the largest residuals. One of the most important 
functions of the obssrver is to  guard against them by protecting the instrument frqm sudden 
temperature changes and from shocks and careless or unnecessary handling, and by avoiding 
long waits between the two stars of a pair. The closer the agreement in temperature between 
the observing room and the outer trir the more secure is the instrument ‘against sudden and 
unequ a1 changes of temperature. 

Most micrometer screws now used are so regular that the uneliminated error in the mean 
result for a station arising from the seventh source named above is usually regligible. Irregu- 
larities of sufficient size to produce a sensible error in the mean result may be readily detected 
by inspection of the computation of micrometer value if that computation is made as indicated 
on pages 126-128. The two forms of irregularity most frequently detected in modern screws on 
our latitude instruments are those with IL period of one turn and those of such a form that the 
value of onc turn increases continuously from onc end of the screw to the other. The periodic 
irregularity operates mainly to increase the computed probable error of obscrvation and must 

’ 

- -. - -. . - - . - 

U. 8. Coast and Qeodetio Survey Report, 1882, part 2, p. 58. 
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be quite large to have any sensible effect upon the computed mean value’of the latitude. If 
the value of the screw $creases continuously and uniformly from one end to the other, the 
computed results will be free from any error arising from this source, provided all settings are 
made so that the mean of the two micrometer readings upon a pair falls at  the middle of the 
screw. If this condition is fulfilled within one turn for each pair, the error in the mean result 
will usually be negligible. If the settings are not so made, it may be necessary to compute and 
apply a correction for the irregularity. 

Evidence has already been presented on pages 126-130 to show that it is diflicult to obtain 
the actual mean micrometer value. It is important, therefore, to guard against errors arising 
from the eighth source by selecting such pairs that the plus and minus micrometer differences 
actually observed at a station shall balance as nearly as possible. The final result will be free 
from error from this source if the weighted mean of the micrometer differences, the signs being 
preserved, is zero, The only effect of the error in the mean micrometer value in that case is to 
shghtly increase the computed probable errors. The weights are not, however, usually known 
during the progress of the observations. If the indiscriminate mean of the micrometer differ- 
ences for each pair, taken with respect to the signs, is made less than one turn at a station, the 
error of the mean result from this sourco will usually be less than its computed probable error. 

THE ECOKOMICS OF LATITUDE OBSERVATIONS, 

14 20. 8 
9. 5 I ’:: 15. 2 :;: 1 ?;: ! 
4. 9 6.9 8. 7 10. 2 11. 7 
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Two questions imperatively demand an answer under this heading. What ratio of num- 
ber of observations to number of pairs will give the maximum accuracy for a given expenditure 
of money and time? What degree of accuracy in the mean result for the station is it desirable 
and justifiable to strive for P 

The answer to the f h t  question depends upon the relative magnitude of the accidental 
errors of declination and of observation. At 36 stations nearly on the thirty-ninth parallel, 
at which latitude observations have been made since the beginning of 1880, the average value 
of e , the probable error of the mean of two declinations (derived from the mean place com- 
putations), is f O ” . l G  and the extreme values were f0”.12 and’f0”.23. At 37 stations 
occupied with zenith telescopes along tho thirty-ninth phrallel the extreme values of e ,  the 
probablo error of a single observation, were fO”.l6 and f0”.98, and at  about one-half of 
the stations it was less than f0”.42.’ Similarly, at 43 stations along that parallel occupied 
with meridian telescopes e was loss than f0”.45 u t  one-half the stations, and the extreme 
values were f O’I.21 and f 1”.27. In the light of theso figures 0110 may use the following table 
to dotormino tho most economical ratio of number of observations to number of pairs: 

~ 

9 

TVkight to Be assigned to mean latitude from a single yair. 

ey  being assumed to be * O O ” . l O .  

I I I Numhr of obsorvntlons on tho pair 

zto. 20 
~ 0 . 3 0  
rt0.40 
rt0. GO 
50.80 1 f1.00 

1 Ono thousand two hundrcd and sovonty-sovon obsorvatlons for variation of lntltude at San FrunciSrO In two serlas gnva e- f O ” . i O  md el. 
f0”.28. A simllar sorb at the H a a n  Ishnd.9 In 1691-92, 2434 ObsorvEtfons, gavo e- -+O’’.IO. On tho Afoslmn boundary In 188%81, 13@2 
observations at f l fbn  stations gave e- fO”.l9 to f0”.38. All thase observations were mado wlth zenith leloscopes. (Sea Coast and Geodetlo 
B w o y  Reporu, 1893, Part 2, p. 494; 1802, Part 2, pp. 54 and 168; 1692, Port 2, p. 60, and Mexican Boundary Report, 1891-1888, p. 101.) 
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The measure of efficiency of the first observation is the weight shown in the first column, 
and of each succeeding observation is the resulting increment of weigh:. Thus, if e =  f0”.16, 
the first observation gives a weight of 20, while the second observation is less than one-third 
as efficient, the increment of weight being only 6, and the fdth and sixth observations com- 
bined are about one-ninth as efficient as the first observation. Stated otherwise, the probable 
error of a single observation being in this case the same as the probable error of the mean of 
two declinations, little is gained by reducing the observation error while the declination error 
is allowed to remain. If e = f 0”.60, the table shows that the second and third observations 
are each nearly as efficient as the first. The larger is e the less difference there is between the 
first and succeeding observations, but in every case the first observation is more efficient than 
any later observation. 

If each observation after the first involved the same amount of time spent in preparation, 
observation, and computation as the first, it is evident that to secure a maemurn of accuracy 
for a given expenditure each pair should be observed but o m .  Additional observations on 
new pairs require appreciably more time than the same number of observations on pairs already 
observed only in the following items: Preparing the observing list, computing mean places, 
and computing apparent places. Several observations per pair save an appreciable amount of 
time in the apparent place computation only when the successive nights of observation follow 
each other so closely that the apparent places on certain nights may be obtained by interpola- 
tion. (The interval over which a straight-line interpolation may be carried with sufficient 
accuracy is three days.) 

After balancing this slight increase in labor against the greater efficiency of the Grst obser- 
vation upon a pair over any succeeding observation, it is believed that if e is not greater than 
0”.40, each pair should be observed but once. If e is much greater than 0”.40, two or posaibly 
even three observations per pair may be advisable. 

It is true that if but a single observation is made upon each pair the observer in the field 
will not be able to determine his error of observation accurately (he may do so approximately 
by assuming ey= fO”.l6),,but the field computation will still perform its essential function 
of detecting omissions and deficiencies if they exist. 

What degree of accuracy in the mean result for a station is it desirable and justifiable to 
strive for? Omitting from consideration stations occupied to determine the variation of 
latitude, and stations occupied upon a boundary at  which one purpose of the latitude observa- 
tions is to furnish a means of recovering the same point again, the ordinary purpose of latitude 
observations in connection with a geodetic survey is to determine the station error in latitude, 
or, in other words, to determine the deflection of the vertical, measured in the plane of the 
meridian, from the normal to the spheroid of reference at  the station. Broadly stated, the 
purpose of astronomic observations of latitude and longitude (and to a large extent of azimuth 
also) in connection with a geodetic survey is to determine the relation between the actual f w r e  
of the earth as defined by the lines of action of gravity and the assumed mean figure upon which 
the geodetic computations are based. In determining this relation t h e e  classes of errors are 
encountered: The errors of the geodetic observations, the errors of the astronomic observa- 
tions, and the errors arising from the fact that only a few scattered ahonomic stations can 
be occupied in the large area to be covered, and that the station errors as measured at  these 
few points must be assumed to represent the facts for the whole area. I t  suffices here in regard 
to errors of the first class, which are not w i t h  the province of tllis appendix, to state that they 
are in general of about the same order of magnitude as those of the second class. 

The average value of the station error in latitude, without regard to sign, at 381 stations 
used in the Supplementary Investigation of the Figure of the Earth and Isostasy, is 3”.8. A n  
examination of theae station erroh shows that although there is a shght tendency for their 
values for a given region to  be of one sign and magnitude the values at  adjacent stations are 
nevertheless so nearly independent that the nonpredictable rate of change of the station error 
per mile is frequently more than 0”.1. Six stations within the District of Columbia show an 
irreguIar variation of station error in latitude with a total range of 1”.8. Stating the result 
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of the examination in another form, if 61ie station error at  a point is assumed to represent the 
average value of the station error for an area, and if the error of that assumption is to be not 
greater than f0”.10, the area adjacent to the station to which the assumption is applied must 
not be greater than 10 square miles. If one bears in mind that financial considerations so limit 
the number of latitude stations that in general the above assumption must be extended over 
hundrkds of square miles, it becomes evident that a probable error of f0”.10 in the latitude 
determination is all that it is desirable or justifiable to strive for.’ One observation upon each 
of from 15 to 25 pairs will nearly always secure that degree of accuracy, and the observations 
may be completed in a single night. 

As indicated in the General Instructionsfor Latitude Work, page 104, paragraphs 3 and 4, this 
Survey has adopted the plan of using such a number of pairs, observed but once, as will make it 
reasonably certain that the final computation will give a probable error not greater than f0”.10 
in the resulting latitude. 

Between 1905 and 1908, Assistant W. H. Burger determined the latitude at 63 stations in 
the United States, making only one observation on a pair (unless it was found that some mistake 
wasmade on a pair, in which case a second observation was made on it if observdions were 
made on a second night). The average number of pairs observed per station was 16.7, with a 
maximum of 34 pairs and a minimum of 9 pairs. The average e,, was f0”.38 and the average 
e+ was &0”.10. The average number of nights on which observations were made at a station 
was 1.9. 

The average number of pairs observed 
per station was 15, with a maximum of 16 and a minimum of 15 pabs. The average ep was 
f0”.31 and the average e4 was &0”.08. Observations were made on qnly 8 nights for the 
7 stations. 

Assistant Wm. Bowie occupied 7 stations in 1008. 

At only one station were observations made on more than one night. 

COST OF ESTABLISHING A LATITUDE STATION. 

It is diflicult to give accurately the cost per station for recent latitude work as usually 
the parties were also making observations for azimuth. However, a fair estimate of the cost, 
including salary of the observer, for latitude stations by this Survey in any except mountainous 
country is about $200 per station. In  a rough area where pack animals would be used exten- 
sively the cost might double this estimate. Where transportation is easy and the stations not 
distant from each other the stations should cost much less than $200 each if the party remains 
in the field for long seasons. 

1 The above discussion ala0 applies, though with leas force., to longitude and azimuth observatlona. In both these caws the errors of observation 
are necessarily much larger than in latltude obrvatlona. 
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DETERMTNATION OF THE ASTROKOMIC AZIMUTH OF A DIRECTION, 

GENERAL REMARKS. 

Vanous methods are employed in  the Coast nnd Geodetic Survey for determining astro- 
nomically the azimuth of a triangulation line, or what is the same thing, the direction of that 
line with respect to the meridian, and there are, perhaps, no other geodetic operations in which 
the choice of the method, the perfection of the instrument, and the skill of the observer enter 
so directly into the value of the result. It is intended to give here in a concise form an account 
of several methods now in use, and to present the formula as well as specimens of record and 
examples of computation. If it is proposed to measure a primary or subordinate azimuth, the 
observer will generally have the choice of the method most suitable and adequate for the pur- 
pose, and accordingly provide himself with the proper instrument; yet frequently he may find 
himself already provided with an instrument, in which case that method will have to be selected 
which is compatible with the mechanical means a t  hand and at the same time insures the 
greatest accuracy:' 

The astronomic azimuth, or the angle which the plane of the meridian makes with the 
vertical plane passing through the object whose direction is to be determined, is generally 
reckoned from the south and in the direction southwest, etc. However, when circumpolar stars 
'are observed it will be found more convenient to reckon from the north meridian and eastward- 
that is, in the same direction as before. 

The geodetic azimuth' differs from the astronomic azimuth. The former is supposed 
free from local deflections of the plumb line or vertical, it  being the mean of several astronomic 
azimuths, all referred geodetically to one station, and it may be supposed .that in this normal 
azimuth the several local cleflections will have neutralized each other. The astronomic azimuth 
is, of course, subject to any displacement of the zenith due to local attraction or deflection. 

We may distinguish between primary and seqondaiy azimuths-the one fixing the direc- 
tion of a side in primary triangulation, the other having reference to sides of secondary or 
tertiary triangulations or to directions in connection with the measure of the magnetic decli- 
nation. For the determination of a primary azimuth thc local time (sidereal) must either be 
known-as, for instance, when a telegraphic longitude is a t  tho samd time determined-or 
special observations must be macle for it. For subordinate azimuths, time antl azimuth obser- 
vations may sometimes be ma& together, as with the altazimuth instrument for magnetic 
purposes, in which case thc sun's limbs are usually observed. I n  refined work in high Iatitutles, 
antl for certain rare cases in low latitutles, the transit instrument is needed to furnish the chro- 
nometer correction. For primary azimuths, in latitudes not greater than those in the United 
States, the local time may be found with sufficient accuracy by means of an especially con- 
structed vertical circle, used in the Coast antl Geodetic Survey, and shown in illustration No. 
8. For secondary azimuths, local time may be found by means of sextants or albu4imuth 
instruments. 

PRIMARY AZIMUTH. 

The requirements for primary azimuth are that the astronomic azimuth observations and 
the necessary time observations should.be made using such methods, instruments, and numbor 
of observations as to make it reasonably certain that the probable error of the astronomic 
azimuth does not exceed f0".50. It is not desirable to spend much time or money in reducing 
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thc probable error below this amount. At Laplace stations (coincident triangulation, longi- 
tude, and azimuth stations), however, the astronomic azimuth should be determined with a 
probablc error not greater than f0".30 and the observations should be made on a t  least two 
nights. When observations arc made to determine tho astronomic azimuth of a line of thc 
primary triangulation, the azimuth station should coincide with a station of the triangulation 
and the mark used should be some other station of tho scheme. In this way the azimuth is 
referred directly to one of tho lines of tho triangulation. The probable error of the azimuth 
of a line obtained from an observed astronomic azimuth on a mark soparato from the triangu- 
lation is greater than tho probable error of the observed azimuth. 

The practice in the United States Coast and Geodetic Survey is for the party on primary 
triangulation to observe all necessary astronomic azimuths during the progress of the triangu- 
lation. Where a-direction instrument is used, the star is often observed upon in the regular 
series of observations upon the triangulation stations. In  such cases the last object observed 
upon in any one series is the star, and the instrument is reversed immediately after tho first 
pointing upon it. Where the star is observed upon in connection with two or more triangula- 
tion stations, the station next preceding it is the one t b  which the astronomic azimuth is 
referred. 

INSTRUMENTS. 

So great a variety of instruments is used for azimuth determinations that it is of little 
avail to describe any particular instrument in detail. Illustration KO. 18 shows a 1Binch' 
direction theodolite (Yo. 146) made at  this office and now in use for the me&urement of hori- 
zontal angles and azimuths in primary triangulation. It carries a very accurate graduation, 
which is read to seconds directly and to tenths by estimation by three A glnss- 
hard steel center also contributes toward making this theodolite and otheig of identical con- 
struction furnish results of a very high degree of accuracy. The graduation of the horizontal 
circle on this instrument is to  5' spaces. An 8-inch repeating theodolite rending to  five seconds 
by two opposite vei*nieis is shown in illustration No. 19. For observations on the sun for azi- 
muth in connection with magnetic determinations IL small 4-inch theodolite is often used. 
(Sec illustration No. 20.) This instrument reads to minutcs on each of two opposite vernirm. 
The transit instruments and meridian telescopes described in connection with time Observations 
on pages 7-8 are also frequently used for azimuth either in the meridian (p. 160) or in the vertical 
plane of a circumpolar star at or near clongation (p. 157). 

When the azimuth is observed during ths progress of the primary triangulation the regular 
triangulation signal lamps shown in illustrations Kos. 21  and 22 are used. The smaller lamp 
can be seen under average con,ditions to a distance of about 30 miles. The larger lamp has been 
observed in tho southwestern portion of the United States, where the atmosphere is very clear, 
up to distances of 120 miles. Where tho mark is only a short distance from the station, an ordi- 
niwy lantern, n bull's cyc lantern, or an electric hand lamp may be used. In connection with a 
triangulation along the coast the lantern of a lighthouse can be used as the mctrk. 

INSTRUMENT SUPPORTS. 

While making observations for n secondary nziniutli the instrument used is usually supported 
upon its own tripod, mounted upon stakes driven firmly into the ground. In  primary trimgula- 
tion the theodolite is frequently mounted upon a tripod which may be us much as 25 or more 
meters above the ground. Where the instrument is not elevated it is mounted upon a specially 
constructed wooden tripod or stand which has its legs firmly set into the ground and well braced. 
On the top of the legs is fitted a wooden cap usually 2 inches thick. On this cap are fastened 
the plates which receive the foot screws of the theodolite. 

The structure shown in illustration No. 23 is used to elevate the instrument in triangula- 
tion and azimuth work. It consists of a tripod on which the instrument rests and R four-sided 

1 Followlng the ueml  pmctlce, the slze of the theodollte Is here dealgnsted by glvlng the dlameter of the gradtinted horizontal circle. 
f For a more mmplete description of  thla instrument 888 Report for 1884, pp. -274. 
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scaffold on which the observer stands. The tripod and scaffold (lo not touch cucli other u t  any 
point. The top floor of the scaffold is not necded on azimuth work and is only used on primary 
triangulation when there are two observing parties working in conjunction. A complete descrip- 
tion of this type of signal is given on pages 829 to 842 of Appendix 4, Report for 1903. Most of 
the azimuth stations are in places where it is difficult t o  carry lumber, and as a result i t  is usual 
to  have no platform around the stand when the instrument is only elevated above the ground 
to the height of the observer's eye. Where no platform is used the observer should be careful 
not to step close to a leg of the stand while making the observations on the stur. Such pre- 
cautions ar\e.not necessary to the same extent while making the observations on the mark 
(or triangulation station), assuming, of course, that the mark is not far from being in the horizon 
of the station. As a result of not using an observing platform it may be necessary to make 
more observstions to get the desired degree of accuracy than if n platform had been used. The 
errors resulting from not having a platform are mainly of the accidental class and their effect 
on the find azimuth is small. 

Where both azimuth and latitude are t o  be observed at a station, but not at the same time 
as the triangulation observations, a wooden pier similar to that shown in illustration No. 24 
has been found satisfactory in every way. It was used to a great extent by fornier ilssistant 
W. H. Burger and to a limited extent by Assistant W. Bowie. It will be seen that the spread 
and slope of the legs of the stand make it possible to mount on it each of tho instruments in 
turn, the top section of the pier being removed when used for latitude. The pier is 'made as 
if for the azimuth work, and then the top is sawed off at such point as will make tlic base of the 
pier of the required height for the latitude instrument. 

AZI hlUTH MARK. 

When it is necessary to elevate a signal lamp over n trinnplation station used as a niark 
a number of devicrs may be used. A simple pole wcll guyed is 1'1~tqu(~ntly USNI,  but this is not 
very satisfactory, for it is difficult to keep the support of the lamp accurately centered over tlic 
station mark. A device like that shown in illustration No. 25 may be used, and this has the 
advantage that the light keeper does not have to climb the pole when posting ant1 inspecting 
the lamp. A very sntisfactory and inexpensive structure frequently used in the United States 
Coast and Geodetic Survey is shown in illustration No. 26. The legs, of lumber 2 by 4 inches in 
cross section, are anchored securely in the ground and at intervals the structure is  guyed by wire. 
The light keeper goes up the inside of this signal, and near its top there is an opening leading 
out to a seat. An acetylene lamp, 
like one of those shown in illustrations Sos. 21 and 22, should be posted at the distant triangula- 
tion station used as the mark. 

When the azimuth of a line of the triangulation is not measured directly, a special azimuth 
mark is erected, which is afteiwards referred t o  the triangulation by means of horizontal angles. 
There has been considerable variety in the azimuth marks so used, each chief of party adapting 
the mark to the special conditions in which he finds himself and to his own convenience. A 
box with open top havjng in its front face a round hole or 11 slit of suitable size, through which 
the light of a bull's eye or common lantern can be shown, makes a satisfactory mark. See illus- 
tration So. 27. A white or black stripe of paint or signal muslin can be placed on the box, CCII- 

tered over the opening, upon which to make ohervations (luring the day in order to refer the 
astronomic azimuth of the mark to a line of thc triangulation. 

The location of the mark is generally determined, in pnrt at  least, by the configuration of the 
ground surrounding the station, but it should not be placed nny nearer than about one statuto 
mile in order that the sidereal focus of the telescope miiy not rcquire changing betwccn pointine 
upon the star untl upon the mark, since any such change is likely to change the error of collima- 
tion. Should the mark bc closer to the station than one milc ant1 no change be made in tlic 
sidereal focus when pointing upon the mark, thcrc woultl probably be errors causcd by parallnx. 
If practicable, the mark should be placed nearly in thc horizon of the station occupiod, in order 
that small errors of inclination of thc horizonh~l ask of tlic instrumelit may not affect thc point- 

Such a signal may bc built t o  a height of 140 feet or more. 
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ings upon the mark, and corresponding readings of the striding level will be unnoccssary. In  
choosing the position of the mark it should be kept in mind that the higher tho line of sight to i t  
above the intervening ground the more steady the light may be expected to show and the smaller 
the errors to  be expected from lateral refraction. 

SHELTER FOR THE INSTRUMENT. 

An especially dcsigned tent should be used to shield tho instrument from the wind. Ilhs- 
trations 16 .  and 17 show two tents which have proved satisfactory. The tcnt should be only as 
heavy as is necessary to withstand strong winds and protect the instruments from rain. When 
not in actual use the instruments used for azimuth observations should be dismounted and placed 
in their packing cases. Owing to the short time during which an azimuth station is occupied 
for observations it is usually not necessary or desirable to erect a wooden observatory to protect 
the instruments. 

ARTIFICIAL HORIZON. 

Instead of determining the inclination of the horizontal axis by readings of a striding level, 
observations are sometimcs taken upon the image of the star as sccn reflected from the free 
surface of mercury (an nrtifcial horizon) in addition to  tho dkcct obsorvntions upon tho star. 
Thc error in azimuth produced by the inchiation of the horizontal axis is of the same numerical 
value for the rcflected observations as for the direct observations, but is rcversod in sign, and 
the mean result is free from error from this source, prowided the cross-section of cach pivot is 
circular, or at least that the two pivots have similar cross-sections similarly placed. Considerablo 
care and ingenuity is necessary to protect the mercury effectually against trcmors and against 
wind, either of which will by disturbing tho mercury surface make the reflccted star image so 
unsteady as to mako accurate pointing upon it difficult or impossible. A glass roof over thc 
mercury to protect it from the wind should never be employed in connection with azimuth 
observations, since reversal of it does not sufliciently correct for errors arising from rcfraction at 
the glass. Large boxcs, o r  tubes of considerable size, with their openings covered with mosquito 
nctting, havo proved the most satisfactory protection of tho mercury against the wind. 

It is believed that tho lateral refraction of the dircct and reflected ray, when tho niorcury is 
sot 011 the ground, may introduce uncertain and possibly large errors into thc azimuth. This 
trouble can be avoided by placing the artificial horizon on a stand ncarly as high as the bhcodolite. 
This, however, can not 'be done with the' direction theodolite (exccpt in very low latitudes). 
The artificial horizon can not be used in high latituclcs when making observations on Polaris, as 
the horizontd circle of the theodolito would intercept the rcflectcd ray. 

POINTING IJINES. 

The pointings in azimuth observations are usually taken by using either a single vertical 
line in a reticle (or attached to a micrometer) or a pair of parallel vortical lines about 20'' 
(of arc) apart. The first has the advuntuge over the second that i t  does not involve the necessity 
of bisecting a space by cye, as tho observation consists simply of noting when the star image 
appears symmetrical with respect to the line. On the other hand, i t  has the disadvantage that 
frequently when a very bright star (or light) is observed the line appears to be " burned off" 
near the star imago; that is, i t  becomes invisible because of its comparative faintness, and the 
pointing is correspondingly uncertain. So also if a very fnint star (or light) is observed its 
image may nearly or completely disappear beliind tho line mtl so mako accurato pointing 
difficult. For many sturs of intermediate degrees of brightnoss one or tho other of theso diffi- 
culties exists to a greater or less degree. If two vertical lines are used and the distance between 
them is properly chosen these two difficulties will be avoided and both star (or mark) and lines 
will always be distinctly visible a t  tho same instant. The observation now consists in noting 
when the image of the star (or mark) bisects thc space betwecn the two lines. This process is 
probably but slightly less accurato under any conditions of brightness than the direct bisectioxi 
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of a star image under the most favorable conditions as to brightness. In  measuring horizontal 
angles and azimuths in Colorado, Utah, and Nevada, dong the tlurth-ninth parallel, and on all 
primary triangulation on the ninety-eighth meridian since 1901, and on the Texas-California 
arc of primary triangulation, two vertical lines about 20” apart were used. 

During the progress of the triangulation along the western part of the thirty-ninth parallel, 
observations were made at  times upon Polaris in daylight to determine the astronomic azimuth. 
This is a satisfactory method and occasionally is convenient for the observer. 

GENERAL COXSIDERATIONS. 

Let the hour angle ( t ) ,  declination (a), nnd latitude (9) be slightly in error by the quantities 
dt, d6, and dp, and let dA equal their effect upon the azimuth ( A ) ;  then, in general, it will be 
seen that, all other circumstnnces being equal, d A  increases as the zenith distance (c) decreases; 
for a star near the pole iincl for a latitude not too high a s m d  error in time and in latitude has 
but a slight effect upon the azimuth, and in the cas0 of a circumpolar star at  elongation (when 
the parallactic nngle is 90’) a small error in time, dt, will not affect the azimuth; but small 
errom in declination, d6, nntl in latitude, dcp, then attain nearly their maximum effect upon the 
azimuth. If observations are made upon a circumpolar star (6>cp) at the eastern and at  the 
western elongation, effects of db and dcp will disappear in the combination of the tworesults; 
this, therefore, is the most favorable condition for observing. In general, effects of d6 and d q  
disappear in mean results of observations of equal and opposite azimuths. In observations 
on a circumpolar star in the mericlian the effect of a small error in time and in right nscension 
may be eliminated by a combination of results from upper and lower culminations; for a star 
in the meridian the quantities d6 and dcp do not enter in the azimuth. If thc object to be 
observed, star (or sun), is of great polar distance (also 6< cp) ,  and if 6 is positive, the best time 
for observing is before the ciistern trnnsit, or after the western transit over the prime vertical, 
when the change in azimuth with respect to time is a minimum, but tlie star (or sun) should 
not be too near tlie zenith nor be so low as to be affected by changes of refraction; if 6 is negative, 
the star (or sun) should be observed some distance from tho meridian.’ 

These considerations have led to the plan of making first-clnss azimuth observations almost 
cxclusively upon the close circumpolars (r, a, and I Urss Minoris and 51 Cephei. The apparent 
places of these four stnrs are given in the hncricun Ephemeris for every day of the year. Illus- 
tration No. 28 will assist in readily finding the two fainter stam I, Umoe Minoris and 51 Cephei, 
which barely becomc visiblc to the naked eye untlcr the most favorabld circumstances; i t  also 
shows thttt when 8 Ursce Minoris nnd 51 Cephei culrnirinte on either side of the pole, Polaria is 
not far from its elongatmion; and, likewise when the pole star culminates, the other two are on 
opposite sides of the meridian, near their rlongations. A similar approximate relation exists 
between rr nnd 1 Ursa: Minoris. Polaris offers the advantage of being observable in daytime 
with portable instruments; hence i t  may be observed at  eastern and western elongations, or 
at  upper and lower culminations, provided the sun be not too high; 1 Ursle Minoris, from its 
greater proximity to the pole and its smaller size, presents to the larger instruments a finer and 
steadier object for bisection than Polaris; 51 Cephei is nlso ndvantageouply used on account of 
its small size. The star B. A. C. KO. 4165, shown on the diagram, was proposed and used for 
azimuth work by Assistant G. Davidson. The apparent precessional motion of the pole in 
100 years is indicated by the direction ancl length of tho nrrow. The sun is employed only to 
determine azimuths of inferior accuracy, generally in connection with the determination of the 
magnetic declinntion. 

~~ ~ 

1 Thc staloments madc in a gcncral nnd somowhat hdoflnltc form In lhis purngrnph may bc stutcd I n  nccurntc matlicmtical form by dcrivlng 
dA in terms of d l ,  dcp, da, respcctivoly, from tho formuln 

-sin I Inn ’4 ___-_ -. 
CO? 9 tun d-sin cp cost 

(scc p. 143), or from lho form& uscd in ilu dorivalion. 
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GENERAL FORMULLE. 

Four methods of determining azimuth will be treated in detail in this publication, namely, 
(1) the method in which a direction theodolite is used, as in the measurement of horizontal 
directions; (2) the method of repetitions with a repeating theodolite; (3) the micrometrio 
method, using an eyepiece microincter ; (4) the determination of azimuth from timo observa-- 
tions with a trimsit or meridian telescope approximately in tho meridian.’ Certain formule 
which are common to the first three of thcse methods will bo stated hcrc for convenient reference. 

The computation of the azimuth of u terrestrial line of sight from a set of azimuth observa- 
tions consists essentially of a computation of the azimuth of the star at the instant of observu- 
tion, a computation of the horizontal angle between the star and tho mark, and tho combination 
of these two results by uddition or subtraction. 

In  the spherical triangle defined by the pole, the zenith, and a star, the side zenith-polo is 
the co-latitude, thc side star-pole is the polar distance of tho star, and the angle at  the pole 
is the hour angle Starting from thcsc throe as known parts, the spherical 
triangle may be solved by the ordinary formuls of sphnrical trigonometry. The solution to 
obtuin the azimuth of the star, which is’ the angle of this triangle at, the zenith, may, withnut 
any approximations, be put in the form 

or its explement. 

sin t 
cos 9 tan 6-sin qcos t t a n A = -  

in which A is the azimuth ,of $he star counted from the north ,in u clockwise direction,s and 
the hour angle t is counted westward from upper culmination continuously to 24h, or 360°, at 
the next.upper culmination. This is the most convenient formula for use with either of the 
first three methods. The first term. of the denominator changes very slowly and may be tabu- 
lated for slightly different values of 6 during the period of observation. The second term, for 
a close circumpolar stur, may be computed with sufficient accuracy by five-place logarithms.’ 

The computation of the azimuth from this formula may be considerably shortened by 
transforming i t  as indicated below u r d  using the table given on pages 165-173: 

t t  

sin t 
cos 9 tnn 6-sin 9 cos t tan A =  - 

cot 6 sec 9 sin t 
I-cot 6 t m  9 cos t = -  

= -cot 6sec qsin t - 
(1 :a> 

in which a=cot 6 tnn q cos t. 

The second form of this formula is about as convenient as tho fist. T t  involves the same 
number of logarithms as the first and ono less reduction from logarithms to numbers. 

The third form in connection with the tables given on pages 165-173 gives a much quicker 
computation process than either of the other two. In using this form and the tables, log cot 
6 sec 9 sin t must be carried t o  six places and log cot 6 tan 9 cos t to fivo places. The most con- 
venient arrangement of the computation is shown on page 148. Tho formula and tables involve 
no approximations, and the only errors resulting from their use nre those arising from the cast-off 
decimal places (logarithms limited to six places). These orrors are of. the accidental class, and 

1 The method of detormlnlng azlmuth by observatlons upon the sun at any hour angle la not treated In thla publicallon, became I t  is used 
malnlyl n maklng observations for magnetic decllnatlons and a deacrlptlon of It,wlth tables for malccng the parallax and refmctioncorre:tlons,ls 
glvun in “Prlndpnl Facta of the Earth’s Magnetism" publlshed In 1W, and 5180 In ‘ I  Dlrectlona tor Magnetlo bfeasuremenw” publlahed In 1911, 
bothhued by the roast and Goodotlc Survey. 

1 In  thh publlmtlon the hour angle will be reckoned \vostivard from zero at upper culminatlon (increaslng wfth tho lapse of Ilmo) to 38o’or 24b. 
8 In astronomic computatlons it 1s more conwnlent to cbunt the arlmuth from the north Instead of from the south, as In geodetic cornput& 

tlone. If the dlroction of the cocint 1s clochxise, ss hero stntud, to change from on0 reckonlng to the other I t  Is only neceasary to add or subtract 

4 The formulaand the tdilo are both copled from Formtln und IfUZfafafeZnftir c7ro~raphischr Orfabtsllmmungen Yon Prof. Dr. Th. Albrecht. 

~ 

1804. 

Lmpzig, 1804. The range of the tablo has, howevor, been considerably extended. 
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will seldom exceed 0”.04 for any case covered by the table, and for most observations 
below latitude 50” the error will not exceed 0”.01. These quantities are so small in comparison 
with the errors of observation as to be negligible. A few observations made in Alaska may be 
beyond the range of the tables on pages 165-173, and when that is found t o  be the case, one 
may easily substitute the second formula oil pip .143 for tho third.’ 

To compute the azimuth of a star at  the time of each pointing mudc upoii it (luring a set 
of observations is an unnecessmily laborious process. If for the hour angle, t ,  of the azimuth 
formula is taken the mean.of the hour angles of the set, the computed azimuth is that corre- 
sponding to the mean hour angle, but is not the r equkd  mean of the azimuths corresponding to the 
separate lwur angles, since the rate of change of the azimuth is continually varying because of 
the curvature of the apparent path of the star. The difference between the two quantities indi- 
cated by the italics is small, though not usually negligible, for the interval of time covered by a 
set of observations. The most convcnient wtiy of maldng the computation for a set of observa- 
tioqs is to use the mean hour anglc in’tht? azimuth formuln and apply to tho result a 

1 2 sin2 3 T 

n sin 1” 
Curvature Correction = tan-A -2 - 

in which n is the number of pointings upon the star in the set and 5 for each observation is the 
difference between the time of that observation and the mean of the times for the set. The 
sign of this curvature correction is always such as to decrease numerically tho azimuth reckoned 
from the north, or in other words, if azimuths are counted clocltwise its algebraic sign will be + 
when the star is west of north and - when the star is east of north. If the star crosses the 
meridian during the progress of a set the curvature correction will ordinarily be zero. The 
formula is approximate, but for circumpolars and for the interval of time usually covered by 

a set of observtitions its errors are negligible. The value of the t e r n i ” - . T i n a y  be found 

on pages 151-152 of this p~blication.~ 
If the star observed is Polaris, a convenient rough check on the computation mny be 

obtained from Table V of the American Ephemeris and Kautical Almanac, entitled Azimuth of 
Polaris at all. Hour Angles. 

Because of thc rapid motion of the observer, duc to the rotation of the carth on its axis, 
a star is seen slightly displaced irom its real position. 

3 sin2 3 5 - 
SLll 1 

- 
‘rho rcquircd 

cos A cos q5 
cos h Correction for Diurnal Aberration = 0”.32 

The sign of thc correction is always positive when applied to azimuths countcd cloclrwise, 
The greatest variation of the correction from its mean value, 0”.32, for the four circumpolars 
ordinarily observed and for latitudes not greater than 50°, is 0”.02. Tho correction for diurnal 
aberrntion need not be applied to the separate sets but simply to the mean result for a station. 

If the horizontal axis is inclined when the pointings arc made upon cithcr tho star or the, 
mark the corrections indicated below rriust be applied. 

Levd Correction = (w + w‘) - (e  + e’) 

if the striding ,level carries a graduation Iymbcrcd in both dircctions from thc mitldlc. d is 
the value of one division of the level and w, e and w’, e’ aro thc west and‘ cast rcadings of tho 

- 
1 Various plher formuloc for computing tho nzlmulh of circumpolnr stnrs hnvo boon proposed nnd iiscd. Ench of them reqnirw oithor tho snmo 

or n Feutor time for tho computetion than that hero given, when tho wholo compulntion, including the prepnrntion of tho  niixilinry tubla requirod 
with somc of them, Is tnken inlo account. As  uniformity of prwlin, is conducko to rapid computution. it is consldorod tla4rnblo thut ull sho~ild 
u90 the fgrmulrc given, nnd tlicrofore no otherv nro hero stntotl. It should bo noted lhnt tho formula givon la nccurnte nnd gonornl; t h u t  in, I t  
applies to nny of the clo3e clrcumplnrs nt nny hour nnglo. 

2 sin2 4 r 
f If n menn time chronomotor is uwd, the value I - s~ i~ , -  shoiild bo incrcasocl by Its one hundred nn71 oighticth pnrt. 

8 This tnblc ‘VIM copiod from pages W-G37 of l)ooULtlo’Y Praclial Astronomy. l’hw tubulur vduw mny IJC foiind in various other plnrcs. 
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level before and after reversing it. h is the altitude of the star. It is only necessary to know 
I& approximately-an occasional reading of the setting circle will give it with abundant accuraoy. 

If tho gfaduation on tho striding level is numbered continuously in one direction the 

Level Correction = 4 (w - w') + (e - e') tan 7~ "( I 
in which the primed letteig refer to readings taken in the position in which the numbering 
increases toward the east.l 

If the mark is not in tho horizon of the instrument a similar correction, if appreciable, 
must be applied to readings upon the mark, h now being tho altitude of the mark. Ordinarily 
the mark is so nearly in the horizon of the instrument that tan h is nearly zero and the correc- 
tions required to pointings upon the mark are negligible. 

The formula as written gives the sign of the correction to be appliod to the readings of a 
horizontal circle of which the' numbdring incroascs in a clockwise direction. This is also the 
sign of the corrcction to the computed azimuth (counted clockwise) for level readings in conncc- 
tion with pointings upon the mark, but in connection with pointings upon the star the sign 
must be revorsed to give corroctions' to the computed azimuth of the mark. 

DIRECTION METHOD-ADJUSTMENTS. 

The measurement of an azimuth hy this method is essentially similar to the process of 
moasuring a difference of two horizontal directions with a direction theodolite. The quantity 
measured in this cme is the difference of azimuth of a circumpolar star and a mark instead of 
a difference of azimuth of two triangulation signals. The fact that the azimuth of the star is 
continually changing adds new features to the computation, and makes it necessary to know 
the time of each pointing upon the star. The fact that the star is at  a considorablo altitude 
makes readings of the striding level a necessity and decreases the accuracy of tho measuroment 
because errom of inclination of the horizontal axis have a marked influence as contrasted with 
their comparatively unimportant effects upon the measurements of horizontal angles in a 
triangulation. 

The adjustments required are identical with those which are necessary when the instrumeht 
is to be used for the measurement of horizontal directions. The adjustments of the focus of 
the telescope, of the line of collimation, for bringing the vertical lines of the reticle into vertical 
planes, of the setting circlo (if used), and of the str'ding love1 may be made as described in 
connection with a transit on pages 14-16. The vertical axis of tho instrument must be made 
to point as ncarly as is feasible to the zenith by bringing the striding level to the proper reading 
in each of two positions at  right angles to cach other. 

, The microscopes with which the horizontal circle is read must be kept in adjustment. 
Ordinarily it will only bo found neccssary to adjust the eyepiece by pushing it in or pulling 
it out until the most distinct vision is obtained of the micrometer lines and of the circle 
graduation. If the micrometer lines are not apparently parallel to the graduation upon which 
the pointing is to bo made, they should be made so by rotating the micrometer box about tho 
axis of figure of the microscope. If to do this it is necessary to loosen the microscope in 
its supporting clamp, great caution is necessary to insure that-the distance of the objective 
from the circle of graduation is not changed. The error of run of the reading micrometers 
should be kept small. In  other words, the value of one turn of the micrometer in terms of 
tho circle graduation should not be allowed to differ much from its nominal value. The value 
of the micrometer may be adjusted by changing the distance of the objective from tlie gradua- 
tion. A 
chan,oo in this distance also nocessitatos a change in the distance from the objective to the 
micromotcr lincs, these lines and the graduation being necessarily at  conjugate foci of the 

The nearer the objective is to the graduation the smaller is the value of one turn. 
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objective. This adjustment of the micrometer value is a difficult one to make, but when once 
well made it usually remains sufficiently good for a long period. 

As stated on page 139, primary azimuths are nearly always observed during the progress of 
the primary triangulation, nnd the same instrumgnt is used to make the observations on the 
azimuth star that is used to determine the horizontal directions of the lincs of the triangulation. 
For a number of years past only the 1 %inch (30 cm.) direction theodolites (described in Appcn- 
dix 8, Coast and Geodetic Survey Report for 1894) havo been used on primary triangulation. 
(See illustration No. 18.) Practically all the observations for primary azimuth are made on 
Polaris. In  recent years the aziniuth obscrvations have been made at  the same time that 
horizontal observations are being n i a d c t h a t  is, Polaris is observed at a setting of the instrtr- 
ment in connection with one or more of the triangulation stations. The obscrvations on Polaris 
are made at the end of the position in order that the direct and rcvcrsed observations on the 
star may come close together. Instead of deternlining the astronomic aziniuth of the line used 
its the initial direction for the horizontal angle work it is considered that the azimuth has bccn 
determined of the line observed over just prcvious to  the observations on Polaris. I f l a t  any 
station it is necessary to  make the observations for azimuth in connection with two lines of the 
triangulation, then the probable error of the angle bctwccn the two lincs must bc taken into 
account in deriving the probable error of the azimuth. When a quadrilateral system is used in 
the triangulation and both diagonal lines are observed, then at each station there will be five 
primary directions to observe. 

Illustration No. 29 shows the lines radiating from such a station. The station A, the first 
to the east of Polaris, is chosen as the initial and the other stations are observed in turn from 
left to right, and after observaticns have been made on E they are made on Polaris. If, for 
any reason, the line to E is not observed with the other stations during observations for any 
one position, then Polaris also should not be observed. Latcr on the instrument should be set 
for the missing position, and Polaris should be observed in connection with station E. 

The observer is instructed to secure an accuracy represented by a probable error of f0”.50 
for the greater portion of the primary azimuths, and the observations may all be niade during 
one night. This accuracy can usually be secured by Qbserving one set in each of from 12 to 
16, positions of the instrument. In  no case must an azimuth depend upon less than 10 positions. 

At soma of the triangulation stations where the accumulated twist of the triangulation is 
to bo determined by a coincident longitude and azimuth station the azimuth is determined 
with an accuracy represented by probable error of f0”.30, and the observations are made 
on a t  least two nights. 

DIRECTION METHOD-EXAMPLE OF RECORD AND COMPUTATION. 

There are shorn below samples of records of azimuth observations on Polaris and the 
computations. The observations were carried on at the same time that, observations of hori- 
zontal directions were made a t  the primary triangulation station, Sears, in Texas. Tho chro- 
nometer correction and rate were determined from observations with a vertical circle on stars 
approximately on the prime vertical. Examples of the time observations and computations 
made a t  Sears for use,in the aziniuth observations are shown on pages 54 and 55 of this 
publication. 
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HorizMLtal directions. 
[Ststion, @earn, Tnx. (Triangulatlon Ststlon). Obscrver, W. Bowle. Instrument, Theodolite 1G8. Date, Doc. a, 1W.l 

ObJects obsorvcd 

Monlson 

Buzzard 

Allen 

Polaris 
h ‘m 8 
1 48 36,6 
1 61 00.0 

1 40 M.8 

A m  
8 19 

- 

- 
%I. 

3 or R 

n 

R 

D 

R 

D 

R 

D 

R 

- 

- 
Mlo. 

- 
A 
B 
C 

A 
B 
c 
A 
B 
C 
A ’  
B 
C 
A 
B 
C 

A 
B c 
A 

c 
n 

A 
B 
F 

I 

- 
Backward 

- 
0 

160 

63 

233 

170 

3 h  

252 

72 

- 

0 

00 

30 

30 

14 

14 

01 

01 

I 

,# 

36 
41 
30 

36 
32 
36 

43 
41 
34 

30 
34 
38 

01 
67 
01 

60 
Q7 
63 

5( 
64 
61 

OB 
02 
10 

For- 
ward 
- 

a6 
41 
34 

-3.5 
31 
34 

4l 

33 

31 
32 
35 

02 
66 
50 

19 
0 
63 

63 
63 
51 

43 

OB 
01 
08 

- 
Mcsn 

- 

37.0 

33.8 

89.2 

30.3 

59.2 

64.7 

52.7 

06.5 

Mnan 
D 

ind R - 

35.4 

37.9 

57.0 

m. G 

Din30 
tion 

00. C 

02.4 

21.0 

Remwks 

1 dtvision of the 
strlding lovel- 
4”. 184 

W 12 
0.3 28.0 n. 7 0. 1 

18.4 - 0.5 18.0 

24.9 0.3 
13.0 31.7 

11.D -13.6 25.4 

- - 

- - 
- 7.0 
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Cbmputation of azimuth, direction method. 
Form 380. 

1 49' 50.8 - 4 37.5 
1 45 13.3 
1 26 41.9 '  

[Station, Sears, Tex. Chrpnometer, sidereal 1769. +32.33 31". Instrument. theodolite 188. Observer, W. Bowie.] 

2 01 33.0 - 4 37.5 
1 56 55.5 

. 1 26 41.9 

Date, 1908, position 
Chronometer readine; ~ 

Chronometer correction 
Sidereal time 
n of Polaris 
t of Polaris time) 
t of Polaris [arc) 
6 of Polaris 

log cot 6 
1% tan 4 
log cos t 

log a (to five places) 

log cot b 
log sec (p 
log sin t 

1 
7% 1- 

0 18 31.4 
. 4' 37' 51". 0 
88 49 27.4 

log (-tan A) (to G places) 
A =Azimuth of Polaris,from north' 
Difference i n  time between D. 

Curvature correction 
and R. 

0 30 13.6 
7' 33' 24". 0 

Altitude of Polaris=h 
tsn h=level factor 

Inclination t 
Level correction 
Circle reads on Polari~ 

Corrected reading on Pola& 
Circle reads on mark 

~ 

Difference, mark-Polaris 
Corrected azimuth of Polaris, from 

north* 

-4zimuth of Allen 
. (Clockwisefrom Bouth) 

Dec. 22. 1 1 2 

8.31224 
9.80517 
9.99858 

8.11599 I- 
I 8.312243 

0.074254 
8.907064 

0.005710 

7.299271 
0 06 50.8 

m e  
2 30 

0 

0 / / I  

33 46 

0.701 
-7.0 

-4. 9 
252 01 29. 6 
- -.__ 

252 01 24.7 
170 14 57.0 

278 13 '32.3 

0 06 50.8 
180 00 00.0 

8.31224 
9.80517 
9.99621 

- - ~  
' 8.11362 

8.312243 
0.074254 
9.118948 

8 0.005679 

7.511124 
0 11 09.2 

m s  

3 
2 16 31.0 
- 4 37.4 
2 11 53.6 
1 26 41.8 
0 45 11.8 

11' 17/ 57/'. 0 

8.31224 
9.80517 
9.99150 

.. _. - -. . 

8.10891 

8.312243 
0.074254 
9.292105 

0.005618 

7.684220 
0 16 36.9 

m s  
2 00 3 18 

0 1  0 

o /  0 I N 

33 46 I 33 46 

0.701 i 0.701 
-7.2 i -7.0 

-5.0 j -4. 9 
86 58 11.2 281 54 27.0 

86 58 06.2 I 281 54 22.1 
5 15 58.2 200 17 42.4 

. 4  
2 43 28.8 
- 4 37.3 
2 38 51.5 

- 1 26 41.8 
1 12 09.7 

18' 02/ 25//. 5 

, 8.31224 
9.80517 
9.97811 

. -. - 

8.09552 

8.312243 
0.074254 
9.490924 

0.005445 

7.882866 
0 26 15.0 

1 38 
m s  

0 

0 / // 

33 46 

0.701 
-1. 8 

-1.3 
116 45 48.6 

116 45 47.3 
35 15 45.4 

. . -~ 

278 17 52.0 ' 275 23 20.3 1 278 32 58.1 

u l b  J 0 . V  u zo 1D.U u 11  UY.Z 
180 00 00.0 , 180. 00 00.0 I 180 00 00.0 

!-- ____ 
98 OG 41.5 ; 98 06 42.8 / 98 06 43.4 I 98 06 43.1 

! I 
I 1 

To the mean result from the above computntlon must be applied correctlorn for diurnal aberration and eccentricity ( I f  any) of Mark. 
C&ry tlmea and angles to tenths of seconds only. 
* Yfnus, ii west of north. 
t The value3 shown In thh lfne am btually four tlmw the inclination of the horizontal axis in terms of level d&lsions. 
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Summary of azimuth results. 
[Seam, Tox., Dec. E ,  190S.l 

7 
8 
9 

10 
11 
I? 

149 

41. 6 
43.3 
40.0 
45.0 
43.3 
40.7 

1 Azimuth Of Allen 

43. i 
6 

. .  

v 

+o. 8 
-0.5 
-1.1 
-0.8 
4-2. G 
-0.4 
+o. 7 
-1.0 
+2.3 
-2. 7 
-1.0 
+l. 6 

-- 
v* 

. .  - _  
. G4 
. 2 5  

1 .21  
. 6 4  

6.76 
.16  
.49  

1.00 
5 .29  
7.29 
1.00 
2.56 

=27.20 

The mean observed azimuth 
Diurnal aberration - - + 0.33. 
Correction for eccentric light - - f0.04. 

- 0.01. Correction for elevation of mark 
. Reduction to mean position of pole = - 0.20. 

Azimuth of the line from Sears to Allen = OS 06 42.32 rt 0.31. 

= 98’ 06’ 42”.26 & O”.31. 

- - 

DIRECTION METHOD-EXPLANATION OF RECORD AND COMPUTATION. 

7 ’ 1 1 ~  triungulntion stations i r i d  Polaris which were obserrrd ut on(! scttirig of  the instru- 
ment (in this case position No. 1)  are placed in tho record in the order of their azimuths (left 
to  right) from the initial station, “Morrison.” The telescope in its direct position is pointed 
upon each station in turn and finally upon Polaris. The telescope is thenmversed, and the 
first pointing after reversal is upon Polnris ; tlien pointings are made upon the triangulation 
stations in tlia reverso order of nzimutli (from riglit to left). ‘l’lie readings in the reveised 
position of tlic teloscopo nrc plncetl directly under tlie direct reading. Tlic mean of the readings 
in the direct anti in tlio reversed positions of the telescope is used in computing the direction 
of a line with reference to the initial line. There are three microscope micrometers on the 
instrument used in making the observations a t  Sears, and a t  each pointing a backward and 
forward rending of each micrometer ww mnde on the two graduations of the circle nearest the 
center of the comb. 

The nienii run of tliti niic.roinctcrs wtis kept wry  s11ial1 mid as tlic iiiicroiiieter was placed 
upon t i  tlilfcrcnt portion of tlic’ fiw-niinutc spice bctwccn succcssiw ~ ~ d u a t i o n s ,  the resultant 
eIFecL of tlic niicrometcr run wis negligible. The initial positions (miiiutcls nnd seconds) of the 
micrometer wire on tlic circle for the first four positions were 00’ 40”, 01’ 50/’, 03‘ lo“, and 
04’ 20”. In general, 12 or, 16 positions of the circle nro used for tho initial settings and 
thosc rcadings of the ininutcs and seconds on the initial nrc rcpentcd in cncli group of four 
positions; that is, in positions 5 to  8, 0 to 12, and 13 to 16. It cnn bc shown that on nny object 
the error duo to run is practically zero in each sot of four positions af tho circle, if the mean 
run of the throe micrometers with regard to  sign isless than 1” .O and the run of no one micrometer 
is larger than .3”.0. Specinl obsrrvutions nru inudc in primary triangulation to determine 
whether the run of the micronwtcrs is within thew limits. 

1 Seo Astmnomische Nachrichten No. 4414. 
asears and Allen are triangulation stations. 
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The chronometer time of the observations on Polaris and also the level readings arc shown 
in the record. The time of making an observation may be noted by the observer who piclcs up 
and carries the beat of the chronornetcr, or an assistant may note the clock time upon a sign31 
from the observer. When the latter method is used the observer calls “Mark” when tho star 
is bisected. 

The chronometer corrections shown in the computations resulted from a special series of 
time observations with the vertical circle at  the station (see pp. 54 nnd 55). 

The formula used in making the computation is the third form of the azimuth formula 

shown on page 143. The tables on pages 165 to 173 which give the logarithm of - were used in 

the computations. Much time is saved in such computations as the above by carrying along all 
tho different sets at one time and thus working along the horizontal lines of the form shown 
instead of down each’ column. Also tan + and sec + are constants for the station, cos t and sin t 
may bc taken out a t  one opening of the logarithm table, etc. A comparison of corresponding 
parts of different columns furnishes rough checks which serve to locate any large errors quickly. 
The value of one division of the striding level is 4/’.194. In  general, one set like the above, 
in each of 12 to 16 positions of one of the 12-inch theodolites, will give a probable error of 
the result less than f0”.50. Even where the observations for azimuth are xnadc coincitlently 
with those for horizontal directions in II triangulation there is no difficulty in completing the 
r~ziinuth observations a t  a. station in one evening. For special stations a probable error of tho 
result of f Oi/.30 or less must be gotten and observations must be made on more than one night. 
The general practice now in the Coast and Geodetic Survey is to make only one pointing on the 
star in each of the positions of the telescope and therefore the correction for curvature of the 
path of the star between the two pointings is usually negligible. When there is a delay in 
making tho second pointing the curvature. correction should be computed by the formula shown 
onpage 144. 

The small table shown below giv- 
tho values of the curvaturc correction direct for values of the interval, 27, between the two 
pointings on the star, from 2 to 7 minutes, and azimuths of Polaris less than 2’ 30‘, for use with 
the directioa method, when only two observations are made on Polaris for one setting of the 

1 
1 - a  

2 sin2 4s Tabular vdues of sin I,, are given on pages 151-152. 

instrument. 
Curvature correction. . 

o /  x // 

0 10. . o  . o  
0 20 .o . o  
0 30 ’ . o  .o 
0 40 .O .1 
0 50 .O .1 

’ 1 00 . o  .1 
1 10 .o  .1 
1 20 . o  .1 
1 30 .o .1 
1 40 . 1  .1 
1 50 .1 .1 
2 00 .1 .2 
2 10 .1 . 2  
2 20 .1 . 2  
2 30 .1 . 2  
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8 
0 
1 
2 
3 
4 

5 
0 
7 
8 
9 

10 
11 
12 
13 
14 

15 
10 
17 
18 
19 

21 
22 
23 
24 

25 
20 
27 
28 
29 

30 
31 
32 
33 
34 

35 
38 
37 

38 

41 
42 
43 
44 

45 
4e 
41 
46 
4g 

SI 
51 
5; 
5? 
54 
sl 
5f 
5; 

m 

38 

4a 

2 sin2 T 
sin 1" 

151 

- 
om - 

,t 

0.00 
0.00 
0.00 
0.00 
0.01 

0.01 
0.02 
0.02 
0. 03 
0.04 

0.05 
0. OB 
0.08 
0.08 
0.11 

0.12 
0.14 
0.18 
0. l e  
0.20 

0. n 
0.24 
0.z 
0.21 
0.31 

0.34 
0.37 
0. Y 
0.1: 
0: 4t 

0.4f 
0.5: 
0. M 
0.5f 
0. (I: 

0.0; 
0.71 
0.71 
0.n 
0.8: 

0.8' 
0.9 
0. B( 
1.0 
1. M 
1.11 
1. 11 
I . %  
1. !a 
1.3 

1.31 
I, 4: 
1.41 
1.6 
I. 6' 

1.8 
1.7 
1. T 

1. & 
I. a 

- 
l m  - 
,, 

1.90 
2.03 
2.10 
2.10 
2. 23 

2.31 
2.38 
2.45 
2.52 
2.80 

2.07 
2.75 
2.83 
2.91 
2.99 

3.07 
3.16 
3.23 
3.32 
3.40 

3.49 
3.68 
3.07 
3.78 
3. I 

3.94 
4.03 
4.12 
4.22 
4.32 

4.42 
4.52 
4.02 
4.72 
4.82 

4.92 
5.03 
5.13 
6.24 

, 6.34 

6. & 
6.H 
5.81 
5.7> 
5. ff 

0.1: 
0.24 

0 . 4  

8.H 
0. z 
8. Lx 
7. a 
7.21 
7.3i 
7.4( 
7. el 
7.7: 

e. 01 

e. 3( 

e. & 

2m 

7.85 
7.98 
8.12 
8.25 
8.39 

8.62 
8.80 
8.80 
8.94 
9. MI 

9. n 
9.38 
9. E4 
9. e4 
9.78 

9.94 
10. OQ 
10.24 
10.3% 
10.64 

10.06 
10.84 
11. M 
11. I t  
11.31 

11.4; 
11.8: 
I].?( 
11.9: 
12.11 

12.2; 
12.4: 
12. el 
12.71 
12. a 
13.11 
13.2 
13.4s 

13.71 

13. W 
14.1: 
14.3 
14.4' 
14.6 

13. e: 

14. a 
16.0: 
15.2 
15.3' 
15.5 

IS. 71 
15.6 

18.6 

10.7 
IO. 8 
17. Q 
17.2 
17.4 

le. 1 
le. 3 

3- - 
,I 

17. e7 
17.87 
18.07 
18.27 
18.47 

18.07 
18.87 
19.07 
19.28 
19.48 

19.09 
19. 80 

20.32 

20.74 

21.18 
21.38 
21.00 

21.82 
22.03 
22.25 
22.47 

22.81 
23.14 
23.37 
23. w: 

24.05 
24. % 
24.61 
24.74 
24.96 

25.21 
25.4: 
25. 01 
25.9: 
20. I( 

20.Y 
28. & 

27.3; 

27.01 
27.N 
28. 1( 
28.34 
%el 

28. a! 
28. 1( 
28.31 
29.0:  
29.u 

30.1: 
30.31 
30. & 
30. w 
31.11 

m. 11 
m. 63 

m. 85 

22. 7a 

23. m 

m. LU n. 1: 

- 

31.42 
31.88 
31.94 
32.20 
32.47 

32.74 
33.01 
33.27 
33. M 
33.81 

34. 08 
34.30 
34. 64 
34.91 
35.19 

36.40 
35.74 
30.02 
30.30 

38.87 
37.16 
37.44 
37.72 
I. 01 

' 38.30 
38.69 
38.68 
39.17 
39.40 

3% 70 
40.05 
40.36 
40.86 
40.95 

41.25 
41.54 
41.85 
42.15 
42. IS 

42.78 
43.08 
43.37 
43. oe 
43. BB 

44.01 
44.92 
45.24 
4s. a 
45.81 
40. I€ 
40.54 
40.81 
47.14 

47. M 
47.7f 
48.11 
48 .4  
IS.?( 

30. sa 

44.3a 

49.08 
49.41 
49.74 
50.07 
60.40 

60.73 
61.07 
51.40 
51.74 
52.07 

52.41 
52.75 
1.08 
63.43 
63.77 

M. 11 
64.48 
M. Bo 
65.15 
65. w 
55.84 
58.18 
58. M 
MI. 9c 
67.24 

57. o( 
57.H 
58. 32 
68. a 
59.02 

69.4 
69.7: 
00. 11 
80. 4; 
60. E4 

01.a 
01.5; 
01.9' 
02.31 
02.01 

63. o! 
m. 4: 
63.71 
04. 11 
64.5' 

04.9 
85. a 
05.11 eo. o! 
00. 4: 

80.8 
87.11 
07.51 
87.91 
88.5 

ea 7: 
89.1 
09.5 
09. B 
70.2 - 

- 
6"' - 
70.88 
71.07 
71.47 
71.88 
72.N 

72.00 
73.08 
73.40 
73.811 

74.80 
75' 00 
75.47 
75.88 
70.29 

70.09 
77.10 
77.61 
77.93 
78.34 

78.75 
79.10 
79.58 
80.00 
80.42 

80.84 
81.28 
81. 88 
82.10 
82.52 

82.85 

8. 81 

74. m 

a. 38 

3: 
85.09 
85.52 
85. Lc 
80.38 
88.81 

87.2f 
87.7C 
88.14 
88.5; 
89. 01 

8B. 4: 
89. M 
80.31 
90.72 
91. z 
91. 01 
82. 1: 
92.'5i 
93.0: 
93.4; 

93.9: 
94.31 
94.8: 
95.a 
95.7' 

- 
7 m  

- 
0 

88.20 
88.00 
97.12 
97.68 
98.04 

98.50 
98.97 
99. 43 
99.90 

loo. 37 

100. 84 
101.31 
101.78 
102.25 
102.72 

103. 
103.07 
104.15 
104.03 
105. IC 

105.5E 
103. w 
108.5: 
107.02 
107.51 

107. M 
108.4L 
108. Qi 
108.4( 
108.9: 

110.41 
110.9: 
111.4: 
111.9: 
112.4 

112.w 
113.g 
113. M 
114.41 
114.M 

115.41 
115.W 
110.41 
11O.M 
117.4 

117.9: 
118.4: 
11% a 
118.4, 
119.9 

120.9 
121.4 
122.0 
122. d 

123.0 
123.5 
124.0 
124.0 
125.1 

im. 4 

- 

- 
8- 
- 
125.86 
120.17 
120.70 
127. 22 
127.76 

128.28 
128.81 
129.34 
128.87 
130.40 

130.94 
131.47 
132.01 
132.55 
133.08 

133.63 
134.17 
134.71 
135.26 
135. BD 

130.34 
130. 88 
137.43 
137. Q8 
138.53 

189.08 
139. tw 
140.18 
140.74 
141.29 

141.85 
142.40 
142. Bo 
143.52 
144. 08 

144.84 
145.20 
145.70 

148.88 

147.40 
148.03 
148. 80 
149.17 
149.74 

150.31 
150.88 
151.45 
152. (w 
152.01 

153.19 
153.77 
154.35 
164.93 
156.51 

150.08 
158.07 
157.25 
157.84 
158.43 

14e.a 

- 
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- 
r 

_- 
8 
0 
1 
2 
3 
4 

5 
0 
7 
8 
9 

10 
11 
12 
13 
I4 

15 
10 
17 
18 
19 

20 
21 
22 
2J 
24 

25 
26 
27 
28 
29 

30 
31 
32 
33 
34 

35 
30 
37 
38 
39 

40 
41 
42 
43 
4-1 

43 
40 
47 
4s 
49 

50 
51 
52 
53 
54 

55 
60 
57 
58 
59 

__ 

- 
9’” 

159.02 
159. lil 
l(io. 20 

101.3u 

101. 9P 
102.58 
163.17 
103.77 
1M. 37 

1M. 97 
lG5.57 
164.17 
1GFi 77 
107.37 

107.97 
la. .% 
lG9.19 
lG9. #I 
170.41 

171.02 
lil .  I 3  
172.24 
172. n.5 
173.47 

174. OX 
174. i o  
175.32 
175.84 
170.56 

177.18 
177.80 
li8. 43 
179.05 
179. (KL 

180.30 
180. K3 
181.M 
182.19 
182.82 

I$?. 40 
181. 09 
181. 72 
185.35 
185.99 

1% a3 
1x7.27 
187.01 
IHR. 55 
1x9. 19 

im. 47 

ira. w 

189.83 

191.12 
191.70 
192.41 

193. lni 
193.71 
104.30 
195.01 
JV5. o(I - 

l@ I 

190.32 
1911.97 
197. 63 
198. 2s 
198. 94 

199. ra 
200.20 m. 92 
201. S9 
202.25 

202.92 
2u3.68 w. 25 m. 92 
205.69 

2Mi. 26 
m. v3 
207. IB 

208. M 

209.02 
210.30 
210. 98 
211. wi 
212.34 

213.02 
213. i o  
214.38 

215.75 

210.44 
217.12 

218.50 
219.19 

219.89 
220.58 
221. n 
221. 97 
722.64 

223. 30 
* 224.00 

224.70 
225.4Ii 
2%. 10 

226.81; 
227. 5 i  
228.27 
22% 9R 
220.08 

230.39 
231.10 
231.81 
232.52 
213.24 

233.95 
234.07 

230. IO 
230.82 

mx. n 

215.07 

217. x i  

235.3~ 

l l m  

237.54 
238.211 
238.98 
219. 70 
240. .I2 

241.14 
241.87 
242. I10 
24:1,3:1 
244. w 
244. 79 
2&5.5!2 
24& 25 
24ti. 08 
247.72 

24s. 45 
249.19 
249. 03 
250.157 
251.41 

252.15 
2.52. 89 
233.1D 
254.37 
255.12 

2.55.87 
250. 02 
257. 37 
2.58.12 
258.87 

2w. 37 
201.12 
201.88 
282. G4 

201.39 
20.1.15 
261.91 
205. Bn 
264. 44 

207.20 ai. wi 
268.73 
209.49 
270.24 

271.02 
271. 79 
272.51; 
2 3 .  8.1 
274.1 I 

2 i 4 . S  
275. l i j  no. 43 
277. 20 
277.98 

259.02 

ns. 70 

281. m 

2i9.55 m. 33 
281.12 

2x2. os 
W. 4 i  
2?u. 20 
2%. 04 
285. KJ 

2b0. 02 
2Y7.41 
2% 20 
2xO.01J 
w9.79 

m. TI8 
FJl. 38 
292. In 
202. 9H 
PJX i S  

PA. 5n 
FJC. :1x 
%Ai. 1s 
P!i .  (rJ 
2Ji. 79 

29s. 00 m. 40 
300.21 
301.02 
301.83 

:w2. G4 
3lX1.40 
304.27 
34x5. OD 
3G. ‘90 

300.72 
307.54 
30% 30 

310.00 

310.82 
311. (15 
312.47 
313.30 
314.12 

314.95 
315.78 
3Ui. (11 
317. 44 
318.27 

319.10 
319. M 
320. i X  
321.m 
322.45 

323. FJ 
324.13 
324.97 

320. 60 

327.50 
328.35 
328.10 
330. M 
&30. ml 

300. in  

32.3. 81 

, 
331.74 
332.59 
333.44 
334. ZJ 
33:. 15 

330.00 
330. Nui 
W. 72 
33H. 58 
339.44 

340. 30 
341. l l i  
342. uz 
342. Kx 
3w.75 

344.li2 
345.49 
34ti. :{I; 
347. 21 
348.10 

348. !I7 
319. 84 
350.71 
351.58 
352.4ti 

353.34 
354.22 
355.10 
3.s. 98 
350.84 

357. 74 
:is. (i2 
359. 51 
3w1. :10 
3ti1.28 

302. 17 
303.07 
363. MI 
3G4. tki 
305. 75 

3Wb. M 
307.53 
:<OR. 42 
309.3 I 
370.21 

371.11 
372.01 
372.91 
373. x2 
374.72 

375. 02 
371;. 52 
377. 43 
3 i X .  34 
379. 20 

3’w. 17 
~ R I .  on 
381.99 
3%. w 
3%. n2 
- 

384. 74 
3%. 05 
:iM. 5li 
3x7. 4x 
3% 40 

389.32 
3uo. 24 
391. lti 
392. IFJ 
3x3.01 

393.94 
394. W i  
395. i 9  
396. 72 
397. U5 

398.5H 
3YJ. 52 
400.45 
401.35 
402.32 

4w. 20 
4m.w 
4uj. 14 
Jon. ox 
407.02 

407. MI 
40s. 0 
4WJ. w 
4 IO. i o  
411. 73 

412. (18 
413. SI 
414.59 
415.51 
4 10.49 

417.44 

410.35 
420.31 
421.27 

422.23 
423.10 
424.15 
425.11 
421. 07 

427. 0.1 
428.01 
428.97 
42% 93 
430.90 

U t .  X i  
432. 84 

434. 79 
435.76 

436.73 
437. 71 
438. 69 
430.07 
440.05 

Ain. 40 

a:(. nz 

411. m 
442. 02 
443. (B 
444.5x 
446.50 

440.55 
447. ‘5-4 
448.53 
449.51 
450.50 

451. M 
452.4!1 
4 3 . 4 8  
454.48 
455.47 

4w.  47 
457.47 
4%. 4 i  
459. 47 
4lio. 47 

4ti1.47 
4152. 4s 
4Sj. 4x 
4li4. 48 
465.49 

467.51 
4tB. 52 
400.53 
470.54 

471. 55 
472.57 
47% 58 
474. fiu 
475.02 

470.04 
477. I 5  
478.07 
479. i 0  
480.72 

481. 74 
482. ii 
4M. i 0  
4H4. HZ 
4rij. % 

4% XY 
4 X i .  91 
4KV. 11.1 
4HJ. !Ji 
491.01 

492.05 
41J3. OX 
494.12 
495. 15 
496.19 

407. n 
498. 28 
4w. 32 
.m. 37 
501.41 

4 1 ~ 5 0  

1Cm 

502.46 - 
503.50 
504.55 
505. (io 
503. fL5 

508.70 
3x4. 81 
510.80 
511.92 

512.98 

51s. OB 
510.16 
517.21 

518.27 
510.34 
520. 40 
521.47 
522.53 

523.00 
524.07 
525.74 
520. 81 
527.80 

528. UG 
530.03 
531.11 
532.18 
533.20 

534.33 
515.41 
530. 50 
537. 68 
538.07 

539. i 5  
550. 83 
541.91 
543. 00 
544. ov 
545.18 
54ti. 27 
547.36 
548.45 
549. 55 

m. (w 
531. i 3  
532.83 
53.03 
5%. w 
556. 13 
557. 24 
558.34 
558.44 
560.55 

501.05 
602. 70 

M4. 98 
5wi. on 

507.70 

514. n:I 

503. n i  
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Objwts 

Mark 
Star 

Set No. 5 

stat . 

Set No. 6 

Mark 

L 

METHOD OF REPETITIONS-EXAMPLE OF RECORD AND COMPUTATION. 

Remarks similar to those appearing on page 145 apply here also. The observations required 
to  determine the azimuth of a mark by the method of repetitions are the shme as those required 
to measure a horizontal angle in a triangulation with the same repeating theodolite, with tho 
addition of level readings, and readings of the chronometer at the instants of the pointings 
upon the star. 

Tho adjustmcnts required are those mentioned on page 145,-with the exception that a 
repeating theodolite is ordinarily read by verniers instead of microscopes. 

Record-Azimuth by repetitions. 
[Station, Kahatchea A. State, Alabama. Dale, June 8, 1898. Observor, 0. B. P.. Itistrument, 10.inc.b Gambey No. 83. Star, Polarls.] 

[One division striding lore1-2”.137.] 

Chr. time on Tw. 01 
star 1 tel. 

I 

14h 46m 30’ 
49 08 
52 51 

56 10 
14 59 12 
15 01 55 

14 54 17.; 

15 04 44 
07 18 
09 54 

14 15 
16 14 

15 18 24 

15 11 48.: 

-- 
D 

D 
R 

R 

R 

R 
D 

D 

- 

.epeti. 
lions 

- 
0 
1 
2 
3 

4 
5 
G 

1 
2 

3 

4 
5 
G 

Level res& 
in@ 

1s E 

4 .5  IO. 7 
9 .2  5 .9  

9. 6 5. 6 
5 . 2  10.0 

11. 3 4 . 0  
7 .8  7. 4 

8 .7  G.6 
11.9 3 . 4  

68.2 55. D 
$14.6 

11.9 3 . 4  
8 .5  0.8 

7.9 7 .3  
11. 2 4. 1 
9 .0  0. 1 
6 .9  9 0 

5.9 9.6 
9 .1  6 .2  

69.4 63. J. 
$16.3 

- -- 

I 

178 

100 

177 

I 

03 

1G 

27 

-- 

. -_ ._ 

22.5 

20 

00 

I_ 

- 
20 

20 

00 

I 

Angle 

12’ 51’ 46”. 7 
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Computation-Azimuth by repetitions. 

[KahatchW, Ala. 6-33' 13' 40".33.] 

Date, 1898, set 
Chronometer reading 
Chronometer correction 
Sidereal time 

of Polaris 
t of Polaris time) . 
t of Polwis [arc, 
6 of Polaris 

log cot a 
log tan + 
log cos t 

log a (to five places) 

log cot 0 
log sec + 
log sin t 
10" 

e 1-a 
1 

log (-tan A)  (to G laccs) 
A=Azimuth of €'ofaria, from 

north * 

Sum 

log (curvature corr.) 
Crirvaturc! correction 

Altitude of Polaris=h 
d T tan h=level factor 
Inclination f 
Level correction 
Angle, star - mark 

Corrected anple 
Corrected szimu th of star * 

Azimuth ( J f  mark E of N 

~ - -  

-- 

Azimuth of mark 
(Clockwise from south)' 

June G 5 
14 54 17.7 

-31.1 
14 53 4G.6 
1 21 20.3 

13 32 26.3 
203' 06' 34". 5 
88 45 46.9 

8.33430 
9.81629 
9.96367% 

8.11426~ 

8.334305 
0.077535 
.9.59383On 
9.994387 

8.000057n 

Oo 34' 22". 8 
VL 6 
7 47.7 119.3 
5 09.7 52.3 
1 26. 7 4. I 
1 52. 3 G .  9 
4 54.3 47.2 
7 37.3 114.0 

343.8 
57. 3 

1.758 

9.758 
-0. G 

32O 07/ 

.419 
+3.6 

-I//. 5 
72 57 50.2 

_- - 
72 57 48.7 
0 34 22.2 

73 32 IO. 9 

180 00 00.0 

253 32 10.9 

~~ 

J u n e 6  G 
15 11 48.2 

-31.1 
15 11 17.1 
1 21 20.3 

13 49 56.8 
!07' 29' 12//. 0 

8.33430 
9.81629 
9.94798n 

8.09857% 

8.334305 
0.077535 
9.664211n 
9.994584 

8.070635n 

0' 40' 26". 8 
m 8 I' 

7 04.2 98.1 
4 30.2 39.8 
I 54.2 7.1 
2 2G.8 11.8 
4 25.8 38.5 
6 35.8 85.4 

280.7 
46. 8 

1.670 

9.741 
-0. G 

.419 
+4.1 

-1'1. 7 
72 51 46.7 

72 51 45.0 
0 40 26.2 

73 32 11.2 

180 00 00.0 

253 32 11.2 

To the mwn rosult from tho abovo computation must bo npplicd LdrmtiOns for diurnnl nhorratlon nnd occontrioily (if  any) of Mark. Cam 
times and angles to tonths of seconds only. 

* Minus Sf west of north. t See footnote on p. 148. 
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METHOD OF REPETITIONS-EXPLANATION OF' RECORD AND COMPUTATION. 

Throughout the observations the instrument was always turned in a clockwise direction 
about its vertical axis. In  set No. 5 the swing from the mark to the star was made with the 
upper motion loose and lower motion clamped, and therefore with the circle rending changing, 
and in set No. 6 tho reverse was the case. In set No. 5 the explement of the small angle between 
the star and the mark was really measured, while in No. 6 the angle itself was measured. Both 
results may be computcd dircctly in terms of the anglu by muking ihe subtractions thus, in set 
No. 5. 

(36Oo+178O 03' 21".2) -100' 16' 20"-0 -72~  - ST/ 5otl .2  6 nngle = 

in set No. 6, 
(360°+ 177' 27' OO".O) - 100' 16' 20".0 = 720 46,,.7 ,. 6 angle = 

If the clamp on tlie horizontal circle produces u constant error, either by dragging ar 
overrunning, these two results will be equally in error with opposito signs, and their moan will 
be free from the constant part of the clamp error. IIence, it  is desirable to observe tho sets 
alternately in tho order Mark-Star, Star-Mark, as hero indicated. 

The summary of results for this station shows 37 sets of observations were mado on four 
nights. From the 18 sets observed in the order Star-Mark the mean azimuth was 73' 32' 12".07, 
and from the 19 sets observed in the order Mark-Star the mean was 73' 32' 12".89, showing 
that the clamp error was vcry small. The adopted indiscriminate moan of d the 37 sets was 
73' 32' 12".49. The correction for diurnhl aberration ( + 0".31) being applied, the resulting 
azimuth of the mark, E. of N. equals 73' 32' 12".80~0".16.  The probable error of a single 

set = 2 f0".98. 

During thcse observations the instrument was supportod upon its tripod, tho legs of which 
were set upon large stakes driven solidly into the ground. 

The level readings weru taken with the first, third, fourth, and sixth paintings upon the 
star, that is, a t  the beginning and end of the set and just before and just after the reversal of 
the telescope. In  each case the level was read in one position just before perfecting tho pointing 
upon the star, and in tho other position immediately after thqpointing upon the star. The 
vdue of one division of tho level was 2".67. 

Tho computation needs no further explanation. The formula 

t n n A =  -cotasec cpsint (1 - 'a> 
was used. 

The correction for elevation of mark, wlien appreciable, is applied in the find summary 
of results; just as in tho case of the direction method. The reduction to tlie mean position of the 
polo is also applied to tho fun1 result, but for observations previous to the year 1900 no such 
reduction c m  now bo made. (SOOJL 85.) 

31ICROhlETRIC METEIOD-FXAMPLE OF RECORD AKD COXIPUTATIOR'. 

In the micrometric m e t h d a  tho small difference of azimuth of the star and the mark is 
measurod with an eyepicco niicromater, independently of the graduated horizontal circle of 
the instrument, even if it has one. The mark must therefore be placed nearly in tho vertical 
of the star at  thwtime at  which i t  is to be observed. Tho mothod may be used with tho star at  
m y  hour-nngle, but unless the star is near elongation i t  will pass beyond the safe rango of tho 
micrometer after but two or t~iree sets of observations have been takcn, whereas if t11o mu& 

1 Tho cornputor should notlco tho eonyoniont fact thnt In dlviding an nnglo by six tlio mznoindor, whon tho dogrcos am dividod, is tho tune 

* For nn account of thiv mothod, togethor with mmo hlstorlcnl notea, 800 Appendlx So. 2 of lho Iioport Tor 18Ul. 
f i y m  In tho mlnutoB, nnd tho romnindor in the minutm Is tho tons f l y m  in tho monds. 
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is placed nearly under the star at elongation (preferably one or two minutes of arc inside) the 
observations may be continued for two hours or more and the results will also be nearly inde- 
pendent of the chronometer error. The instrument used may be a theodolite, a meridian 
telescope, R transit, or, in fact, any instrument having a stable horizontal axis and furnished 
with an eyepiece micrometer capable of measuring angles in the plane defined by the telescope 
and its horizontal axis. 

IZecord and computation-Azimuth by micrometric method. 

[Btation No. lo, Mexican Boundary. Date, October 13, 18%. Obmer,  J. F. H. Instrument, Fauth Repeating Theodolite, No. 7% (10 in.). 
Star, Polaria near eastern elongat1on.l 

9 .0  9.0 
7.0 10.9 

Level resdhga 

W E 

1 Chrogx?ter 

9 12 01.8 
12 24.7 

i w llL 8 
8.0 9 .9  !) 06 38.0 

10.0 7.3 I 07 32.0 

S l 8 . 0  -17.2 08 05.5 
+O. 8 09 13.0 

I 09 48.0 

- 

+lS. 0-19.9 12 45.3 
-3.9 1 13 36.3 

Meail ld. 55 13 58.1 

I 9 10 36.6 

1 

m e  
3 58.G 
3 04.0 

2 31.1 
1 23.6 
0 48.6 

1 25.2 
1 48.1 

2 11.7 
2 59.7 
3 21.5 

C of star at middle of first half of set=58' 48/. 
c of Rtar at middlo of second half of cct=68' 46/. 
n=lh 20m 07'.3. 

Collimation axis reade 4 (18.3134+18.2808)' 
Mark east of collimation axin 18.3134-18.2971 

- 

pRintJ ? 

sin 1" 

31.05 
'18. 59 

12.45 
3.82 
1. 29 

3.96 
6.37 

9.46 
17.61 
22.14 

12.67 

Micromotor mdhg6- 

On ntnr 
-, 

1 S'. 379 
.388 

. 4 0 0  

.424 

.430 

18.4042 

18.100 
. loo 

.090 

.086 

.080 

18.0912 

O n  mark 

iw. 310 
.315 

.315 

.311 

.316 

18.3131 

18.290 
.275 

.279 

.381 

.279 

18.2808 

L=2h 120 w. of 

1 div. of level 

1 him of mic. 

Means 

Mkhington 
+31" 19/ 35/'. 

=3".68 

= 123". 73 

Means, 

COWC c=l.l091. cot 58O 47/=0.606. 

b=88 44' 10".4. . 
cwec $=1.1696. 

=18'.2971 
= 0 .0163= 02".02 

Circlo E., star E. of collimation axis (18.4042-18.2971) (1.1691)= 0 . u 5 2  
Circle W., star E. of collimation axis (18.2971-18.0912) (1.1695)= 0 2408 

Mean, star E. of collimation nxis = 0 .1830= 22 .64 

Mark west of star 
Levo1 correction (1.55) (0.92) (0.606) 

= 20 .62 
=- 0 .86 

Mark west of star,*correctcd = 19 .76 
Mean chronometer time of observation= 21h 1Om 3P.6 
Chronometer correction =- 2 31 28 .2 
Sidereal time = 18 59 08 .4 
a - .1 20 07 .4 

Hour-angle, 1. in time 17 39 01 .O 
d l  in arc 264' 45/ 15/'.0 

- 

log. cot 8 = 8.34362 
log. tan 9 = 9.78436 
log. COB t = 8.96108 n 

log. a = 7.08906 n 

circle Is to the eaet, and towurd the west when the vertical elrcle 18 to the WeOt. 
I In this Instrument Increased resdinga,of the mlcrometer eorraspond to 0 movement Of the llne of alght toward the e a t  when the v e r t w  
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log. cot 8 

log. sin t 
log. 8QC 4 

1 

log. (-tan A) 
A 

log. 

log. 12.67 

log. curvahlre con. 
Curvature con. 
Diur. Aber. cow. 

Mean aziinuth of dar 
MRrk wed of star 

= 8.343618 
= 0.068431 
= 9.998177 n 

= 9.999467 

= 8.409693 n 
=+lo 28/ 16”.91 

= 1.10278 

= 9.51247 
-0.33 

I= +O. 32 

=+lo 28’ 16”.90 
19 .76 

- - 

Azimuth of mnrk, E. of N.;=+lo 27’ 57”.14 

Tlie correction for elevation of mark and the reduction to the mean position of the pole 
are applied to tlie final result of the separate measures u t  a station. In  the case of this par- 
ticular station the necessary information is not yet available for reduction to  the mean positign 
of the.pole. (See p. 85.)  

MICROMETRIC METHOD-EXPLANATION OF RECORD AND COMPUTATION. 

The compact form of record shown above does not indicate the order in which the obser- 
vations were taken. The micrometer line is placed nearly in the collimation axis of the tele- 
scope, a pointing made upon the mark by turning tho horizontal circle, and the instrument is 
then clamped in azimuth. The program is then to take five pointings upon the mark; direct 
the telescope to thb star; place the striding level in position; take tllree pointings upon the 
star with chronometer times; read and reverse the striding level; take two more pointings 
upon the star, noting the times; read the striding level. The hori- 
zontal axis of tho telescope is then reverscd in its Y’s; tho  telescope pointod approximately to 
the star; the striding lcvcl placed in position; three pointings taken upon the star with observed 
chronometer times; the striding level is read and reversed; two more pointings are taken upon 
the star, with observed times; the striding levo1 is read, and finally five pointings upon the 
mark are taken. 

Three such complete sots may be observed in from thirty,to fifty minutes. The effect of a 
uniform twisting of tlie instrument in azimuth is eliminated from the result. The bubble of 
the striding level liw plenty of time t o  settle without delaying the observer an instant for that 
purpose. 

The zenith distance of the star should be road occasioRdy, once during each set, say, as it 
is needed in making the computation, If it is road with one of the star pointings in each set, 
its‘valuo at  any other time may be obtained with sufficient accuracy by interpolation. 

It should be borno in mind in making tho computation that the micrometer meaaurea 
angles in the plane defied by the telescope and its horizontal axis. To reduce the measured 
angle between the collimation axis and tlie star to a horizontal angle, i t  must be multiplied by 
cosec C, as indicated in tlie computation. To avoid d approximation in the computation it 
would be necessary to reduce each pointing upon the star separately, as the zonith distance is 
constantly changing. It is’sufficiently accurate, however, to reduce tho mean of the pointings 
of a hnlf-set with the mean zenith distance of that half-set, as indicated in tho computation. 
To us0 a single zenith distance for the whole set d l  sometimes introduce errors which are rather 
too large to bo neglected. The factor cosec c willriot, in genoral, be necessary in connection with 
pointings upon tho mark, because tho mark will ~ i s u a l l y  bo nearly in tho horizon of tho instru- 
ment, and cosec c therefore nearly unity, and because tlie collimation nxis is purposely placed 
as nearly aa possible upon the mark and tlie angle concerned is therefore very small. 

The micrometer value may bo determined by observations upon a star nom culmination 
by the process outlined on page 124. If the striding levd is road in connoctioiiwitli such obsor- 

Tlis completes a half-set. 
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tv&ns, the correction to be applied to each observed time to reduce i t  to  what it would have 
been with the transverse axis horizontal is 

for upper culmination and for a level of which the graduation is numbered both ways from the 
middle. 

Another convenient way of determining the micrometer value, all in daylight, is to measure 
a small horizontal angle at  the instrument between two terrestrial objects, both with the 
micrometer and the horizontal circle of the theodolite. This mothod is less liable ‘to constant 
errors than the circumpolar method. 

If the azimuth mark is placed to the southward of the station, the program of observing 
m d  the computation aro but slightly modified. 

For lower culmination the sign of the correction must be rcversed. 

I 

DISCUSSION O F  ERRORS. 

I t  is convenient and conducive to conciseness to  discuss separately the external errors, 
observer’s errors, and instrumental errors, which togethcr comprise the errors of observation. 

The external mors affecting azimuth determinations are those due to latoral refraction 
of the rays of light from the star or mark to the instrument, to errors in the adopted right 
ascension and declination of tho star observed, and to error in the adopted latitude of the stn- 
tion of obscrvation. 

Examination of many series of azimuth observations indicates that, in general, they are 
subjcct to some error which is peculiar to each night of observation, and constant for that 
night, but changes from night to night. Fdr example, from 144 sets of micrometric obsorva- 
tions of azimuth, made on 36 diiTerent nights at  15 stations on the Mexican boundary in 
1892-93, it was found that the error peculiar to each’ night was represented by the probable 
error f0”.38, and that the probable error of each set, exclusive of this error, was f0”.54.’ 
I n  other words, in this series of observations the error peculiar to each night, which could not 
have been eliminatcd by incrcasing the number of observations on that night, was two-thirds 
as large, on an avcrage, as thoerror of observation in the result from a single sot. Similarly, 
from the published results of 418 sets of micrometric observations on S nights a t  a European 
station; it follows that the error peculiar to each night was f0“.55, while tho probable error 
of a single set was f0”.80. The micrometric observations are pcculiarly adapted to exhibiting 
this error, because of their great accuracy and tho rapidity with which they may be taken. 
Azimuth was observed at  73 stations on the traliscontinental triangulation along the thirty- 
ninth parallel. Most of these observations were taken by the direction method, and although 
they are, for various reasons, but-poorly adapted, as a rule, to exhibiting the errors pcculiar 
to tho separate hights, thcrc arc no less than 16 cases out of the 73 in which a mere inspec.tion 
indicates that therc wcre errors of that character. 
’ The most plausible explanation of the abovc facts seems to be that thero is lateral refrac- 
tion betwcen the mark and thc instrument, dependent upon tho peculiar atmospheric condi- 
tions of each night. Whether that explanation be true or not, the fact remains that an incrcase 
of accuracy in an azimuth determination at a given station may be attained much more readily 
by increasing the number of nights of observation than by increasing the number of sets on 
each night. If one scries of observations is made early in the evening and another series just 
before dawn on the same night, these scries may be considered, in so far as the preceding sen- 
tence is concerned, to be on different nights, as the atmospheric conditions will have been 
given an opportunity to change. 

The line from the station to the mark should not pass close to any objects, such.as a smoke- 
stack, building, clump of trees, or a hill. Even when the line is close to the ground which has 

I 

1 See Report of International Boundary Commurrlon, Unlted States and Mexico, 1891-W (Wnahlngton, lsee), pp. OQ-72. 
8 Statlon Kampenwand. See pp. 68-92, VerBllentllchmg der KUnfgl. Bayerbhm fimmiasion fllr dle Internationale Erdmeasung, Aatron. 

omischeGeditische Arbeiten, Heft 2 (Mhchen. 1897). 
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a decided slope normal to the line, there m a y  be decided lateral refiactjon.’ During the primary 
triangulation in the city of Greater New York the errors on the lines which were close to stacks 
and b u i l w  were much greater than on the clear lines. There was a line in the Texas-Cali- 
fornia arc of primary triangulation which a t  one point was very close to the side of a steep 
hill. The line was observed from the end nearest the hill on several days and nights, with a 
total range in the means for the several observing periods.of 7.7 seconds of arc. It was found 
that the observations made when the wind was blowing across tho h e  toward the hill gave 
the more reliable results. (See p. 62 of Special Publication No. 11 of the U. S. Coast and Geo- 
detic Survey.) 

The positions of the four principal close circumpolars ha& been determined by so many 
observations at  the fixed observatories under such favorable conditions that it is difficult to 
believe that tho errors in their adopted right ascensions and declinations are sufficiently largo to 
produce errors in tho computed azimuths that are otherwise than small in comparison with the 
other errors involved in the azimuth observations. On the other hand, when Polaris (or some 
other circumpolar) has been observed at  both culminations or both elongations, at  a given 
station, the obsarvations at  one culmination (or elongation) have often shown a tendency to 
diffor by a constant from those a t  the other culmination (or clongation), as if the adopted right 
ascension (or declination) wer0 in error. I t  should bo borno in mind in such cases that the 
atmospheric conditions have been revorsed, so to  speak, between the culminations (or elonga- 
tions); for in ono case tho temperature will be risiig and in thc other fdliig, in general, tho 
two cases occurring at  the oxtreme ends of darkness or of light, or one in the darkness and the 
other in the Lght. Hence only a long and caroful investigation will determine whether such 
constant difforencos aro due to defective star places or to changed atmosphoric’ conditions. 
It is important from a practical point of view to noto that if the azimuth observations at  a 
station are all made upon one star and are equally distributed between two hour-angles, differ- 
ing by about twelve hours, the menn result will be sensibly independent of the errors of the 
adopted right ascension and declination, and the conditions will be decidedly favorable to 
eliminating the effects of lateral refraction from tho mo’an result. 

An error in the adopted lntitudo of the station produces the maximum effect when tho star 
is observed a t  eldngation and is without efiect if the star is observed a t  culmination, For 
Polaris a t  elongation, to producb an error of 0”.01 in the computed azimuth tho adopted lati- 
tude must be in error by 0“.70 for a station in latitude 30°, and by 0”.14 for n station in latitude 
60’. The error in the computed azimuth from this source Kill be larger for a star farther from 
the pole. The astronomic latitude (defined by the actual line of gravity a t  tho station) is 
required for the computation, and not the geodetic latitude. This error, which will in general’ 
be very small, will also be eliminated by observing tho star at two positions about twelve hours 
apart. 

The obsewer’s errors are his errors of pointing upon the mark and star, errors of pointing 
upon the circle graduation if reading microscopes are used, errors of vernier reading if mrninrs 
are used, errors of reading the micrometer heads, errors in roading the striding level, and errors 
in cstimating the timos of the star paintings. There is such a large range of difforence in the 
designs of the various instruments used for azimuth observations that litdo can be said of the 
relative and absolute magnitude of these errors thst’will bo of general application. Each 
observer should investigate these errors for himself with the particular instrument in hand. It 
will be .found in general that ,the ob~+erver~s errors play a minor part in furnishink the find 
errors of the results, except perhaps in tho micromotric method. 

The effect of errors in time, either errors in estimating the times of tho star pointings, the  
personal equation of the obsorver, or errors in the adoptd  chronometer correction, may be 
estimated by noting the rate at  which the star was moving in azimuth when the observations 
were made. Such errors we usually small, but not insensible oxcept near elongation, and will 
tond to be eliminated by observations of the samo star at  two hour-angles dif€eritig by about 
twelve hours, 

322888”-4 1-13 
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Of the magnitude of the instrumental errors arising from imperfect adjustnicnt and imperfect 
construction and imperfect stability little of general application can be stlid, because of the 
great variety of tho instruments. 

With the larger and more powerful instruments the errors due to instability become rela- 
tively great and should be guarrded against by careful manipulation and rapid observing, by 
using R cctrefully planned program of observations, and by protecting the instrument against 
temperature changes aq far ns possible. Tn this connection it should bo noted that each of the 
programs of observation given on tho preccdiug pages is especially adaptod to elimination of 
the effect of any continuous t e t i n g  of the instrument in azimuth, and is so planned that the 
observer will not ortlinarily lose time in waiting for the bubble of the striding level to come to 
rest. That observer of azimuth will be most successful in avoiding errors due to instability 
who keeps it most clearly and continuously in mind that the instrument and its support are 
made of elastic material of such a large coefficient of thermal expansion that no part remains 
of fixed dimensions or shape. Re will be especially careful about the thermal conditions and 
the stresses to which his instrument is subjocted and will observe with the groatest rapidity 
consistent with allowable observer’s orrors. 

The errors due to the striding level become more serious tho farther north is the station, as 
may be seen by inspection of the formula for the level correction (1). 144). 

The errors of graduation of the horizontal circle have the same eil’ect in rtljmuth observa- 
tions as in observatlions of horizontal angles. The number of positions in which the circle must 
be used in the direction method may therefore be decided upon the same bnsis ns in the angle 
measurements . 

The mlcrometric method gives a higher degree of accuracy than either the method of 
repetitions or the mothod of directions. This is probably due largely to the great rapidity with 
which tho observations may be matlo, a condition which is very favorable to the elimination of 
errors due to instability of the instrument and its support. The error, in tho final result for a 
station by this method, due to an error in the adopted value of one turn of tho micrometer may 
be made very small by so placing the Gimuth mark (or marks) and so timing the observations 
that the sum of tho angles memured eastward from the mark (or marks) to the star shall be 
nearly equal t o  the sum of such angles moasured westward. 

STATEMENT OF COSTS. 

I 

- 
When azimuths are observed with a theodolite’ during the progress of a triangulation the 

cost is very small. This is the method now employed in the primary triangulation by the Coast 
and Geodetic Survey. It is probable that the observations and field.computations for an 
azimuth do not involve an additional cosf of more than $50 per azimuth station. 

If, however, the azimuths are observed by a separate party some time later than the tri- 
anelation, and when there is more or less building of signals at the stations at each end of the 
line for which the azimuth is determined, the cost per station will vary during a season’s opera- 
tions from $200 to  $500. When an observer must go out in the field to determine a single 
azimuth at a distant point the expense may be more than $500. A.season’s work should be 
planned so that the cost and time of traveling between stations will be a minimum. If prac- 
ticable, the work in m y  locality should be done at that time of the year when the most favorable 
weather conditions may be expected. 

AZIMUTH PROM TIME OBSERVATIONS 

For a number of years azimuths of a secondary degree of accuracy for use in connection 
with tertiary triangulation in Alaska have been obtained directly from t h o  Observations with 
a transit or mericlian telescope, with little additional labor of observing and computing, With 
the adoption of the transit micrometer the accuracy of the results was greatly ipcreased, 
approaching primary in character. This method of d e t e d n g  azimuths has proved of great 
value in high latitudes where slow-moving stars are high in altitude, and, consequently, sat& 
factory azimuths from observations with a theodolite are difficult to obtain. 
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Observations on a mark which is set closely in the meridian are made during each half 
set of observations for time. See page 80 for description of method of observing time in 
high latitudes. The azimuth correction, computed from the time observations, is combined 
with the reading on the mark to get the azimuth. 

It is necessary, of course, to have the mark near enough to the meridian of the instrument 
to fall within the field that can be measured by moans of the reticle or with the micrometer wire. 
It is best, in the case of the transit micromoter, to place the mark so nearly in the meridian 
that its imago will fall inside the range of the comb, so that the, number of turns of the microme- 
ter screw may be readily counted between the pointings in tho direct and reversed positions. 
Tho mark may bo placed either to the north or south and should, if practicable, be at least a 
mile from the instrument. 

The method of observing is rn follows: Just before beginning time observations with the 
telesoope band east, say, a number of observations are taken on the mark; the telescope is 
reversed to the position band west, and an equal number of observations is made on the mark. 
The stare of the first half set are then observed, followed by observations on the mark. The 
telescope is next reveised to the position band east, the mark observed, and then the stars of 
the second half set aro taken. Finally, observations are taken on the mark, the telescope is 
reversed to position band west, and the same number of observations is made on the mark. 
This completes the first set of azimuth observations, and the observations on the stars for a full 
time set. 

The mean of all the readings on the i iark band east, is adopted as the final value in this 
position of the axis and, similarly, tho mean is taken for all readings with band west. The 
mean of these two adopted values for band east and band west gives the reading of the colli- 
mation axis, and the difference between either of the two values and the mean is the angle 
between tho mark and the collimation axis of the tolescope. This angle, combined with the 
azimuth constant of the time set, gives the azimuth of the mark. The angle is observed as so 
many turns of the micrometer head or screw, or spaces of the reticle. This angle is considered 
to bo positive when the mark is east of the collimation axis, when pointing south, or west of 
that axis when pointing north. To this angle (reduced to seconds of time) is added algebraically 
the aLimuth constant, a (see p. 25),  derived from the computation of the time set. This 
azimuth constant is the angle between the meridian and tho collimation axis. It is considered 
to bo positive if the collimation axis is east of the meridian, with the telescope pointing south, 
or if the axis is west of the meridian with the telescope north. 

If the mark is much out of the horizon of the instrument, readings of the striding love1 
should be made while observing on the mark, and its elevation should be measured roughly 
with tho finder circle. The correction for inclination of axis is applied as on page 145 and the 
reduction to tho horizon, of tho angle between mark and collimation axis, is made as on page 157. 

If'readings on the mark are obtained in only one position of the telescope axis, it will be 
necessary to take into consideration the colliniation constant of the time set and the equatorial 
interval of the amumed zero as well as the azimuth constat .  Tho reading on the mark made 
with the microineter screw, or estimated on the reticle, is referred to some assumed zero of the 
8crew or diaphragm. Combining the angle between the mark and this zero with the equatorial 
interval of the zero gives the angle between the mark and tho h e  of collimation. This latter 
angle, combined with the collimiition constant of the time set, gives the angle between the 
mark and the collimation axis. This last angle, the angle between the mark and the collimation 
axis, combined with the azimuth constant of the time set, gives the desired angle between the 
mark and the meridian. That part of the a e u t h  angle which lies between tho collimation 
axis of the telescopo and the mark must be reduced to the horizon if the mark is not in the 
horizontal plane of the instrument. Any inclination cf the horizontal axis must be corrcctcd 
for, as explained on page 145. \ 

~- 
1 This Is tho angle between the menn.pos(tIon of the micrometer wire or the mean linea of the retlcle nnd the Dssumed zero. Seep. 32. 



262 U. S. COAST AND GEODETIC SURVEY SPECIAL PUBLICATION NO. 14. 

The following examples with explanations will show this method of determining azimuth , 

Example of record-Readings on  azimuth mark. 
TRANSIT MICROMETER. 

[Station, Fnlrhanks,Alaska. Date, Ang. 9,1910. Observer, E. Bmith. Instrument: Transit No. 18, with transit mlcromehr. Mark to northw8rd.j 

T 
+5.050 
5.070 
5.110 
5.110 

Befom obsendons for time on 
first haltsot Betwoen the two I 

T T T 
+0.952 +0.890 $5.050 
0.915 0.960 5.070 
0.940 0.950 ' 5.093 
0.990 0.965 5.082 

Band East I W e t  1 ,West 1 East 

5.040 [ 0.920 
5.020 0.990 
5.055 0.930 
5.110 0.930 
5.090 0.950 

0.985 

0.938 ' 5.060 
0.910 5.049 
0.970 5.023 
0.959 5.100 
0.960 5.110 
0.958 5.098 

+O. 947 1 +O. 946 

After observations for 
tlmo on seoond half-set 

S5.074 

I 

Data 

Band - 

Fast 

T 
+5.120 
5.090 
5.121 
5.120 
5.068 
5.140 
5.140 
5.110 
5.080 
5.090 

4-5.108 

August 8 

East I West 

I August 8 

! \\'eat 

Wost 

T 
+l. 000 
0.946 
0.985 
0.930 
0.985 
0.932 
0.960 
0.930 
0.959 
0.967 

+o. 946 
- 

Mesn readlqdon mark 
Moanreadin of E and W. (reading 
An le, mark to collimation axls 

01 colbatfon aiis) 

Angle, mark to meridian 
u (#om time set) 

Computation of azimuth from time observatiqs. 
TRANSIT MICROMETER. 

[Fairhank, Alaska, 1910. Transit No. 1R. EquntorfBl Interval of one turn of micrometar, P.820. Mark to northward.] 

T s  T d T s T  
5.074 1.023 5.007 0.9w b 8  
3.@48 3.049 3.032 3.032 

-2.028- -5.73 -2.025- -5.72 -2.035- -6.76 -2.036- -5.76 
-0. ie -0.30 -0.21 -0.25 
-5.89 -0.08 -5. PR -e. 00 

Mean lor set in time) -6s.98 
Meso for set [!n arc) -81y1.7 i 

-@.e8 
-86";7 

I August 9 
I 

I West I 
3.016 

T 
3.016 
5.087 1 0.948 

-2. O i l -  -5.85 -2. MOP -5.85 

-5.89 -6.97 
-0.04 1 -0.12 

-5m.93 
-W'.O 

Mean azimuth of mark east of north, 1' 29''.6. 
Correction for elevation of mark, 0.0. 
Reduction to mean poaition of pole,' +0.8. 
Azimuth of mark, 180' 01' 30".3. 

The comb should be considered as being numbered from one side to  the other and in such a 
way that the numbers increase with increasing numbers on the micrometer head as the wire 
is moved across the field. For convenience the first tooth may be given tho number 1 rather 
than zero. The observer in the field must note in the record for one position of the telescope 
(band west or east) whether the line of sight points farther east or west with increasing readings 
on the micrometer head. 

In  the example above, with band east, the readings increase on the micrometer head as the 
line of sight ,moves toward the east. That is, for the reading of five turns, band east, the line 
of sight is about two turns east of the collimation a&. With band west increasing readings 
correspond to a motion of the line of sight toward the west, a reading of one turn, band west, 
corresponding to a postion of thedine of sight of about two turns east of the collimation axis. 

A set of azimuth observations was made with each of two time sets on August 8. 
1 Sea Astronomlsche Nachrlchten NO. 4604. 
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July 13 

East Weat 

8 E%%- -O."ee "p& 0.00 
-0.34 , -0.34 

+o. 3L) +o. 88 +o. 05 +O. 52 
+@. 28 
+4". 2 

Oompuiation of azimuth .from time observations. 
DIAPHRAGM. 

[St. Mlohsel, Alaska, 18QE. Merldlan telescope NO. 13. . Equatorla1 Interval 01 one space of retlclo, 38.465. Mark to southward.] 

July 15 

East West 
I July 14 

East West 

S p a  8 Space8 a Spacca a spaCC8 8 
-U. 175- -0.83 -U. 025- -0. OB -0.76- -2.59 -0.15- -0.62 

-0.34 . -0.34 -1.66 -1.50 

+o. 40 +O. 72 +l. 76 +La 
+O.W +o. 38 +O. 18 +O. 07 

+@. 2a +@. 13 
+3". 3 +2". 0 

-.._. - 

Dato 

,Clamp 
_- 

Anglo mark to center llno 
YeanbfE and W 

a (from tlmo wt)  
Anglo, mark to merldlan 
Mean for sot (in tlme) 
Moan for sot.(in arc) 

(Angle mark to colllmatlon axis) 

Dab 

Clamp 
- 

Anglo mark lo center line 
Mean bf E and W 

(Anglo mark to colllmatlon a d )  
a (from tlme set) . 
Anglo, mark to morldlan 
Moan for set (In tlme) 
Moan for sot (In arc) 

+o. C6 
+Qo. 24 
+3". 0 

9-2.78 +O. 41 
$1.01 $0.87 +O. 41 

+@. Q4 
+14". 1 I 

-1.42 
+o. 44 

+@. 14 

-2.01 
-0.15 

~~ ~~ ~~ 

Final mean, mark east of Bouth, 
Correction ,for elevation of mark 
Azimiith of mark 

0' 00' 04".9 
0.0 

359' 59' 55/'.1 

There is no essential difl'wonce between the nbove method cnd t.liat with the transit microm- 
oter. The angle between t.lw mark and the centor line of tho diaphragm is estimated in spaces 
of Mio reticle. The accuracy of t.Iw resulting azimuth hi this case as well as in that of tlie 
transit micrometer depends largely on the accuracy with which tho azimuth constant is dctor- 
minod from the timo observations. The offect of errors of pointing and reading on the,mark 
may be made relatively smal1,by repeated obscivntions. 

* Tho work of the Latitude Sorvico of tho Interntitional Geodetic Association began in 1899, 
so it is only for observations made after that year that a satisfactory reduction can now be mads 
to the mean position of the pole. It is probable that in a few yonis a reliable valuo of this 
reduction can bo bad, based on theorotical grounds. 

Comptrction of nzimutlb from tim R observati&s. 
DIAPIIRAGY. 

[St. Michael, Alaska, 1888. Merldlnn telewopo No. 13. Reatllngs on mark I n  only one poslllon of telescope ask.  
spaco of retlclo, 3..456. Mark to 8outhward.l 

Mark eaat of center line 
Eq. interval of center line 

a 
Mark emt of Bouth 
Mark east of south 

C 

S aces I -8 20= -0.69 
0.00 

+o. 12 
+o. 39 
-0.18 - p. 7 

Eqiialorlal Interval of one 

East 

spaces ' a 
-0. 176=-0.60 

0. 00 
+O. 18 
+o. 40 
-0.02 - W'. 3 
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The above is taken from the example already given for observations in both positions of the 
telescope. In this case of deriving the azimuth from observations on the mark in only one 
position of the axis, the equatorial interval of the assumed zero and the collimation constant of 
the time set must be applied to the reading on the mark. The collimation constant is applied 
with the same sign as derived from the computation of the time set when the Observations oh 
the mark are made with band west, mark south, and with the opposite sign when made with 
band east, mark south. The equatorial interval, i, of the assumed zero of the reticle or miciom- 
eter is considered positive when weRt of the moan line or position, band west. It follows, then, 
that when i and c are combined in the azimuth anglo they are applied with opposite sips. 
Defining the measured angle between the mark and the assumed zero as positive when the mark 
is east of the zero, pointing south, and using a, c,  and i, with their conventional signs, the follow- 
ing genernl expressions cover nll cases: 

Band W . . . n=360°-  {aw+ (M+c- ' i )  sec h}15 
Band E . . . n-360'- {a, + ( M - c + i )  sec hj15 
Band W . . . a=180°-{a,+(M-c+~) sec h}15 
Band E . . . a= 180'- {a, + (M+c- i )  sec h}15 

Mark south{ 

Mark north( 

and a, are the azimuth constants from tho time spt. X is the angle (in seconds of time) 
between the mark and the assumed zero of the micrometer or diaphragm. It is assumed to 
be positive when the mark is east of the zero when pointing south. I t  is ais0 positive when 
the mark is west, pointing north. c is the coUimation constant of the time set. i is tho equato- 
rial interval, in seconds of time, between tho mean position of the micrometer wire and the 
assumed' zero of the micrometer, or between the mean line of the reticle and the assumed zero. 
h is the angle of elevation or depression of the mark. The quantity to be subtracted from 360' 
or 180' is in seconds of arc. 

CORRECTION F O R  ELEVATION O F  MARK. 

When the object used 8s an azimuth mark is at  a Considerable elevation, it is necessary to 
apply a correction to obtain tho astronomic azimuth of the projection of tho mark on the sphe- 
roidal surface of reference. This - correction, in seconds, is: 

e2 IL +--. { I  cos2 + sin 2 I Y ,  
2a sin 1 

i.i~ which e2 is the square of tho eccoiitricity and LL tho semi-major axis of the spheroid of refer- 
ciice; # is the latitude of the observing station; (r is tho azimuth of tho lino to the mark; and 
h is the elevation of the mark. For 7~ in meters, and Clarke's 1866 dimensions of the spheroid, 

stated in meters, this expression becomes: 

+0".000109 ?b cos2 + sin 2 f f ,  OF 

+[ 9.03921 h cos2 c) sin 2a, 

where the number in' brackets is a logarithm, the dusli over the characteristic indicating that 
10 is to be substracted from it. The sign of the expression shows that when the mark is either 
southwest or northeast of the observing station the observed azimuth of the mark must be . 
increased to obtain the correct azimuth, while for mark northwest or southeast, the observed 
azimuth must be decreased. 

CORRECTION FOR VARIATION O F  THE POLE. 

A correction is necessary to reduce the observed astronomic azimuth to the mean position 
This corroction may amount to a half-second br more for points in tho northern 

The secant of the latiude is a factor of the correction, so the value 
of the pole. 
part of the United States. 
becomes larger for the higher latitudes. (See p. 85.) 
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