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DETERMINATION OF TIME, LONGITUDE, LATITUDE, AND AZIMUTH. 

By \\'1LI.IAM BOWIE, 

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

INTRODUCTION. 

From time to time during many years publications have been issued describing the 
instruments and methods used by the Coast and Geodetic Survey in the detennination of tllne, 
longitude, latitHde, and azimuth. The general aim has been to provide a working manual 
which would serve as a guide to the observer in the field and the computer in the office in carrying 
on the astronomic work Qf the Survey in a systematic manner. The exhaustion of previous 
editions and the introduction of new instruments and methods have made necessary the suc
cessive editions, in each of which much has been repeated from the 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 Tin10, Longitude, Latitude, 
and Azimuth." It was published us Appendix No. 7, Report for 1898. The needs of the 
members of this Survey for a similar manual, and requests for it by others, make it de8irable 
to issue the present and fifth edition. 

The subject matter includes most of that in the fourth edition, with a number of changes, 
however. Some of the most important additions to the previous edition arc: The determination 
of time and longitude, using the transit micrometer; the description of the transit micrometer; 
detennination of time.with tho vertical circle for use in connection with azimuth observations; 
a description of the method of observing azimuth coincidently with horizontal directions in 
primary triangulation; an example of the determination of an azimuth in Alaska with a transit 
equipped with a transit micrometer; examples of the records and computations in the different 
classes of work, as actually made at present by the Survey; and statements of the field cost 
of the different classes of work. A number of new illustrations have been added. 

The writer takes pleasure in acknowledging here his indebtedness to :Mr. H. C. Mitchell, 
Mr. C.R. Duvall, and several other.members of the Computing Division who assisted in preparing 
this edition. The material is principally the work of former Assistant C. A. Schott, who 
prep~red the first three editions, and of former Assisto.nt John F. Hayford, who prepared the 
fourth edition. 

It has not been deemed necessary to insert the derivation of formulre, except in the fow 
rare cases in which such derivation can not be found readily in textbooks on astronomy. For 
general developments the readt>r is therefore referred to Chauvenet's Astronomy, to Doolittle's 
Practical Astronomy, and to Hayford's Geodetic Astronomy. 'rhe last-mentioned book and 
the fourth edition of this publication appeared about the same time, and as they were by the 
same author it is natural that some of the text is identical in the two. Much of this publication 
was copied from the fourth edition without change, and some portions are nooessarily identical 
with the corresponding parts of Prof. Hayford's textbook. 

In addition to this manual on geodetic astronomy, the American Ephemeris and Nautical 
Almanac for the yeo.r of observation will be required in time and azimuth work, and the Boss 
Preliminary General Catalogue of 6188 stars, together with the Cape Tables, by Finlay, in latitude 
determinations. 

Viln.LIAM Bowrn, 
Inspector of Geodetic Work, Chief of the Computing Division. 
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PART I. 

DETERMINATION OF TIME. 

GENERAL REMARKS. 

This part deals almost exclusively with the portable transit instrument 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 the 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 
l!sual method herein discussed, especially when ope considers the ease with which a transit may 
be placed approximately in the meridian. · (Seep. 16.) The observations are made either by the 
method of "eye and ear," or by chronographic registration. The latter method is used exclu
sively 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 nearly 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 trans.its are used in this Survey. The largest and oJdest 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. 8), is used in the determination of the local time needed while observing 
astronomic azimuths and latitudes, and for other purposes. In the hands of skillful observers 
the instruments used for longitude determinations give results which compare favorably with 
the results obtained with the much larger transits usually employed at astronomic observatories, 
where special difficulties are encountered in consequence of strains or temporary instability of 
the instrument due to reversal of axis, and the more serious effect of flexure. In case of neces_sity, 
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. 18,1 one of the second-sized portable transits made 
in the 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 i.s 104 diameters. It is provided 
with a convenient reversing apparatus, hy means of which it can he reversed without lifting the 

1 For a lull description of this instrument, see Appendix 9, Ueport !or 1889, by Edwin Smith, Assistant. 
7 
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telescope by hand. The value of one division ( = 2 mm.) of the striding level is I ".35. The 
setting circles are 4 inches in diameter, are graduated to 20' spaces, and arc read by verniers to 
single minutm1. 

Until about 1905 this, as well as the other transits of the Coast and Geodetic Survey, was 
supplied 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 
define the limits within which all observations 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 
(longe1· than the others) are used in making eye and car observations. The shortest time interval 
between lines for ehronographic obscrvatjons is about 2! secunds and for eye and ear observa
tions about 10 seconds. The transit micrometer and it<J use are described below. 

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

This instrument may serve as a typical illustration of the class of large portable transits .. 
The b.roken telescope transit, like that shown in illustration No. 2, has b~en used with 

marked success by other countries. This instrument may also be used in the determination of 
latitude by the Talcott method. This manual can be used with either type of instrument (broken 
or straight telescope). 

DESCRIPTION OF MERIDIAN TELESCOPE. 

Certain instruments are known in this Survey us meridian tclescopes. 1 They are fitted 
both for time observations and for latitude .obscrvatio.Qs by the Horrebow-Talcott method 
(seep. 103) and are provided with a frame which may be folded up for convenience in transpor
tation. Illustration No. 3 shows Meridian Telescope No. 13, which may serYc as an illustration 
of the type of smaller instruments used for time observations in this Survey. 

This t~lescope has a f~cnl 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 2i". 
During time observations the telescope is reversed by hand; during latitude observations it may 
be reversed by turning the upper half of the double base on the lower half. One of the two setting 
circles carries a 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 the diaphragm 
carrying fixed vertical lines for use in making time observations. On one side of the base 
(the left-hand side in the illustration) is a slow-motion screw for accurate adjustment in azimuth. 

THE TRANSIT MICROMETER. 

The transit micrometer is a form of regist,ering micrometer placed with its movable wire in 
the focal plane of an astronomic transit and at right angles to the direction of motion of the 
image of the star which is being observed at and near meridian transit. Certain contact points 
on the micrometer head serve to make an electric Circuit us they pass a fixed contact spring, thus 
causing to be recorded upon the chronograph sheet e11ch separnte 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 "A test of the transit micrometer." The pages referred to were writt.en 
by Mr. Fischer. 
--------·-·-··---------------------------------------

1 See Appendix No. 7, Hoport for 1879, for a" Description of tbo Davidson Meridian Instrument.'' 
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DETERMINATION OF TIME. 

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

9 

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

First, it was decided that t~e mechanism of ·the slide carrying the 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 stability. under the side stress of the gears connecting the scr~w 
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 r~cording 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 a strong current through the 
contac~ points of the micrometer head, and therefore a minimum of pressure upon the latter by 
the contact spring. · 

Third, in order that the micrometer transmit no records except those made within an 
n.ccepted space· on either side of the line of collimation and forming the observations of the s_tar 
transits proper, an automatic cut-out 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.) 

The micrometer box or en.Se is 46 mm. in length and 31 mm. wide. 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. All 
play or lost motion, both of the slide upon the screw and the screw in its bearings, is taken 
up by means of a 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 (g, 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 platinum, 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, g1 are slotted into the edge of the ebonite 
cylinder and secured in such manner as to make metallic contact with the micrometer head 
proper, and through it with the screw, micrometer box, telescope and telescope pivpts, and the 
iron uprights of the transit. By releasing the clamp nut within the ebonite ring the graduated 
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head, with its thread, t, 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, uppn which is centered a 
small worm wheel, w, illustration No. 4, gearing into the screw thread, t, of the micrometer 
head. It has 40 teeth, and moves 1 tooth for each turn of the micrometer head. To this worm 
whe~l is fastened a cup-shaped cylinder, r, 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, l, 
rests upon the edge of this cup-shaped cylinder. The other end of the lever, l, 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 prp,sses the contact spring away 
from the platinum-~ipped 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 are sloping, it will be seen that by raising 
or lowering the platinum-tipped screw, and consequently lowering or raising respectively the 
steel pin in the lever l, the time during which the current can flow can be made to correspond 
exactly to that of four revolutions of the mforometer head. But it 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 the latter from its axis, turning and replacing it 
with tlrn 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 l), and turning to right or left the two screws z, thus 
moving the plate carrying the lever l, until the small steel pin at the end of lever l is in proper 
relation to the notch or depression in the cup-shaped cylinder r. It will be seen, therefore, 
that this arrangement permits of the motion of the spider thread across the entire field without 
transmitting records to the chronograph, except during the four revolutions 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 wheelf, with 72 teeth, mounted 
o;n the handwheel shaft, d. This shaft is supported by arms from the micrometer box, as can 
readily be seen from illustration No. 5. The hand wheels have a diameter of 33 mm., are 116 mm. 
apart, and equidistant from the middle of the telescope, allowing ample space for manipulating in 
either position of the eyepiece. 

The pitch of the micrometer screw is about 48.4 threads per centimeter, or 123 per inch. 
In the telescope of Transi.t No. 2 the angular value of one revolution of the screw is 2.5 equatorial 
time seconds, neady. 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 58 for an 
equatorial star. 

The adjustment for collimation is made by means of two nuts, x, illustration No. 4, upon 
a small screw fastened to the micrometer box, which in turn is mounted by dovetail slides 
upon 11 short flanged cylinder, y. The latter is fixed in position by the screws, h, which, when 
loosened, also permit of a rotary motion for adjusting the transit wire into the vertical. Neither 
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of these adjustments will disturb the rather delicate relations between the zero of the transit 
·wire, the contact breaks upon the micrometer head, and the worm wheel with its electric cut-out 
attachment. 

As indicated in the description of the ebonite head with its five platinum contact strips, 
the instrument itself is used us part of the electric conductor forming the transit circuit. The 
relay 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 at the eye end of the telescope tube, from which a wire leads along the tele
scope to and into the telescope axis and within the 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 
insulated contact spring, which, being connected with an insulated binding post at 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 a steady motion. As 
explained above, the cut-out device allows only a limited portion of the field of observation 
to be registered, by automatically breaking the transit circuit while the wire is outside the 
limits. It requires four complete revolutions of the micrometer head to carry the wire across the 
field of record and as there are fiye contact strips on the micrometer head, the complete 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 head 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 sheet. The transit of an equatorial star across the field of 
record occupies only about 10 seconds of time, a fact which makes it possible to observe stars 
which are quite close together in right ascension. 

Adjustments of the transit micrometer.-Before using the trunsit micrometer it should be 
carefully examined to see that there is no loose play in any of its parts, that its contact strips 
and contact spring are clean and bright, and that the cut-out attachment permits the recording 
of 20 breaks which are symmetrical about the inean position of the micrometer wire. If a 
symmetrical record is not obtained, the adjustment must be made, as described on pe,ge 10. 

The adjustment of the micrometer wire for collimation and verticality are described on 
pnge 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 
geo,rs seen at the right is driven by a falling weight. It drives the speed governor (seen above 
the case containing the gears), the cylindor upon which tho record sheet is wound, and the 
screw which gives the pen carriage a slow motion parallel to the axis of the record cylinder. 
When the speed governor is first released, tho speed continually ·increoses until the governor 
balls have moved far enough away from the axis of revolution to cause a small projection upon 
one of them to strike a snrnll hook. This impact o,nd the effect of tho friction at tho bo,se of 
the weight atto,ched to the hook causes the speed w decreo,se continually until the hook is released. 
The speed then increases again until the hook is engaged, decreases until it is released, and so 
on. The total range 'of vo,riation in the speed is, however, surprisingly small, so small tlrnt 
in interpreting the record of the chronograph· the speed is assumed to be unifonn during the 
intervals between chronometer breaks. The speed may be regulated by screwing or unscrewing 
the movable weights whi.ch are above the governor balls and attached to tho same arm. This 
moves them nearer to or farther from the axis, o,nd thus decreases or increases the critical speed 
at which the hook is engaged. To get a convenient rocor<l it is desimble to adjust the speed so 
that the record cylindor makes just one revolution per minute with tho ordinary arrangement 
of the train of gears. The gears may also ho changed quickly to another combination which 
will run the r~cord cylinder o.t double speed. This will require additional driving weights. 

~22688°~41~2 



12 U. S, COAST AND GEODETIC SURVEY SPECIAL PUBLICATION NO. 14. 

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 
armature away from the pen magnet when the circuit is broken. This insures a sharp lateral 
movement of the recording pen, which is attached to the pen armature, on the breaking of the 
circuit, and a coITespondingly 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 placed in the 
chronograph circuit, which normally keeps the circuit closed, and breaks it only when the key 
is pressed by the observer as the star .is bisected by each of the lines of th~ 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 thrsmgh the points of the transit relay. The observing 
key and the transit circuit with its relay may be regarded as interchangeable, as either one 
may be 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 the 
chronometer circuit are transmitted into breaks in the chronograph circuit by means of the 
chronometer relay. A condenser should be placed in the cir0uit 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 cuITent, 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 the 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. Where a transit 
micrometer is used and the chronograph circuit is broken by means of a relay placed in the 
transit circuit, this relay also must be adjusted to produce a short neat break of the chrono-
graph circuit. · 

In. operation the cJ1ronometer breaks the circuit automatically every second (or every two 
seconds) and the pen records the breaks upon the moving record sheet at equal or very nearly 
equal linear intervals. The chronometer is usually arranged to indicate the beginning of each 
minute by f a.iling 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 the 
chronometer. In longitude work it is not essential to have the 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 will give the clock a correction 
of less than one minute, which is equivalent to setting tho chronometer to produce that reading. 

The record of the exact time of the transit of a star is obtained in the following manner: 
Where a transit micrometer is used the star is bisected with the wire of the micrometer soon after 
it enters the field of view of the telescope (see p. 18), and the observer endeavors to keep tho 
star bisected as it crosses the field. As the wire passes the various positions corresponding to 
contacts on the micrometer head the transit circuit is automatically made, and through the 
action of a relay it automatically breaks the clrronograph circuit and produces a record on th~ 
chronograph sheet. Where an observing key is used the observer breaks the chronograph 
circuit directly by pressing tho key which he holds in his hand; th.is is done as the star transits 
each line of the reticle. In each case the position of the additional break or record on the chro
nograph sheet, with reference to the record made by the chronometer, indicates accurately tho 
chronometer time at which it was made, the clrronograph being assumed to run uniformly 
between adjacent chronometer breaks. (See illustration No. 7.) To read the fractious of 
seconds from the chronograph sheet one may use either a glass scale on which converging lines 
make it possible to divide varying lengths of seconds into 10 equal spaces, or a small linear 
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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 
record will be exactly 1 cm. in length. Such a record may be easily read by using a meter sea.le. 
When the linear scale does not :fit the chronograph record exactly a satisfactory reading is 
obtained by a slight shifting of the scale to fit the adjacent seconds marks as the transit records 
are successively read. Th1s linear scale is much preferred 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 the 0 
mark of the scale on an even 10-second mark (0, 10, 20, etc.) immediately preceding the star's 
record, not only the fractional part of the second may be read at once, but also the number 
of the 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, the break of the circuit being sharp 
and definite, while the make is indefinite. When an observing key is used and 11 breaks 
constitute a full record for a star, the star transits are usually 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 constitute the full record of a transit, the reading3 are made to the nearest tenth (0.1) 
·of a second only. In longitude work it is customary to read the time signals to the nearest 
hundredth (0.01) of a second, the chronograph then being run at double speed. There will 
occasionally be a slight interference between the chronometer and the star transit rcr.ord caused 
by overlapping, but the time of the observation can usually be identified and closely csti~ated 
by comparing the distances between the succosi;iive breaks. · 

A correction, called the contact correction, is sometimes applied to the chronograph record 
of transits observed with a mic:r:ometer to account for the time required for the contact spring to 
cross the 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 
different side of the instrument for upper and lower culminating stars, and also before and 
after reversal of the telescope in its wyes, so that the 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. the movement of the 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 the armature of a relay in the 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 between the two readings is the movement of the wire in terms of divisions on the 
micrometer head. 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 ~nder the contact spring later 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 this 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 ~ orn 0, where@, the collimation factor, is obtained directly from the table on pages 62-77, 
or graphically as shown in illustration No. 9. The equatorial contact correction on transit 
No. -18 is 0.008 second. 

TIIEOH.Y OF 'PIIE TRANSIT INSTRUMENT. 

The meaning of the phrase line of collimation used in the preceding· edition of this publication 
(Appendix No. 7, of 1898) is adhered to in the present publication. The line of collimation may 
be defined as the line through the optical center of the objective and the middle point of the 
mean vertical line of the diaphragm or the micrometer 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 uaed 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 colli.mation 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 collimation of the telescope 
would be at right angles to the transverse axis upon which 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 sidereal time 
at 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 chronometer 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 chronometer on local sidereal time. Before observing meridian transits for the deter
mination of time, the conditions stated in the :first sentence of this paragraph are fulfilled as 
nearly as possible by careful adjustment of the instrument. The time observations them
selves and certain auxiliary observations are then made in such a manner that the small remain
ing errora 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
perf ectly adjusted instrument. The observed chronometer time of transit of any star across 
the line of collimation as thus corrected being subtracted from the right asct3nsion of that star 
gives the 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 b'3 commenced at a new station at which 
the pier and shelter for the transit have been prepared. (See p: 105.) 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 meridian. It is well. to fix the sub-base or footplates firmly in place by cementing them 
to the pier with plaster o'f Puris 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 purposa 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. 

Set up the instrument and iru3pect it. The pivots and wyes of both instrument and level 
shodd be cleaned with watch oil, which must be wiped off to prevent its accumulating dust. 
'fhey should be carefully inspected to insure that there is 110 dirt 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 slightly by breathing on it. 

Focus the eyepiece 'by turning the telescope up to the sky and moving the eyepiece in 
and out until that position is found in which the most distinct vision is obtained of the micrometer 
wire. If any external objects are visible through the eyepiece in addition to the micrometer 
wire seen projected against a uniform background (the sky, for example) the eye will attempt., 
in spite of its owner, to focus upon those objects as well as upon the micrometer wire and the 
?bject of the adjustment,,namely, to secure a focus corresponding to a minimum strain upon the 
eye, will be defeated to u. certain extent. 

Focus the objective by directing the tebscope to some well-defined object, 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 p.osition (or parallax) of the micrometer 
wire and the image of the object when th~ eye is shifte~ about the front of the eyepiece. The 
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object of the adjustment, namely, t~ bring the image formed by the objective into coincidence 
witn the micrometer wire is then accomplished. · If the eyepiece has been properly focused this 
position of the objective will also be th9 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 made nearly riglit by daylight none but the brightest stars will be seen at all 
at night and the observer may lose time trying to learn the cause of the trouble. If the objective 
is focused at night a preliminary adjustm~nt should be made on a bright star and the final 
adjustment on a 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. A scratch upon the draw
tube to indicate its approximate position for sidereal focus will be found a convenience. After 
·a satisfactory focus has been found the 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 difficulty 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 be removed from the 
telescope and its supporting arm bent in order to make the reflected rays of li.ght approximately 
parallel with the tube of the telescope. 

Adjust the striding level in the ordinary manner, placing it on the pivots direct and reversed. 
If the level is already in perfect adjustment the difference of the two east (or west) end read
ings will be zero for a le..;rel 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 thewyes, 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 the side adjusting screws at 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 it 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 the lines of the diaphragm) by pointing 
on some well-defined distant object, using the apparent upper part of the wire (or of the middle 
line of the diaphragm). Rotate 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 p(lrfect, 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 micrometer is used, 
place the micrometer ~e in its mean position, as indicated by the middle point of the rack or 
comb in the apparent upper (or lower) edge 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 i11dicated above. Reverse the telescope in its wyes and again observe the distant 
objoct. If the wire again bisects the object, tho instrument has no error of collimation. If 
upon reversal the wire does not again bisect the object, then the adjustment is made by bringing 
the wire halfway back to the object with the screw x, illustration No. 5. Set on the object 
again, using the azimuth screws, and test the adjustment by a second reversal of the telescope 

If the transit has a diaphragm instead· of a transit micrometer, the process is very·similar 
to that described above, though simpler. Point on some well-defined distant object, using the 
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middle vertical line of the dio.phro.gm. Reverse the instrument in its wycs au<l 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 adj_usting screws which hold it. in place. A second test should be 
made to show whether the desired condition has been obtained. 

Wherever practicable, the adjustment for collimation should be made at sidereal focus 
on a terrestrial object at least 1 mile distant, or on the cross wires of a theodolite or collimator 
which has previously been adjusted to sidereal focus, set up just in front of the telescope of the 
transit. If necessary the lines of the theodolite are artificially illuminated. Occasionally, if 
neither a distant object nor a theodolite is available for making the collimation adjustment, 
a near object may be used for the purpose. In this case, however, collimation error may exist 
when the telescope is in sidereal focus. If such eri:or is not large, the method of computations of 
the observations will eliminate its effect from the results. A rapid and cnreful observer may 
sometimes be able to make this 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 the 
collimation error to zero. If it is already less than say 0.2 second of time it should not be 
changed, for. experience has ,shown that frequent adjustment of an instrument causes looseness 
in the screws and the movable parts. 

To test a finder circle 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 
bubble of the finder circle level to the center and read the circle. Next reverse the ~elescope 
and point again on the same object; bring the bubble to the center and read the same finder 
circle as before. The mean of the two readings is the true zenith distance of the object, and 
their half difference is the index CITO\" of the circle. The index error may be made zero by set
ting the circle to read tlie true zenith distance, pointing on the object, and bringing the vernier 
bubble 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 clamped in this position set the finder circle to read the known zenith dis
tance of the star and bring the bubble to the midclie position of the tube as before. A quick 
test when there are two finder circles is to set them at the same artgle and see if the bubbles 
come to the center for the same position of the telescope. 

Adjust the transit micro:meter so that it will give 20 records which are symmetrical about 
the mean position of the micrometer wire. For a description of this adjustment see page 10. 

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 nll be made at every station. The 
observer must examine and correct them often enough to make certain that the errors are 
always within allowable limits. 

The azimuth adjustment.-In the evening, before the regular observations are commenced, 
it will be necessary to put the 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 within 10°, 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 be but little affected by the azimuth error of the instrument. 1 The collimation and level 
errors having previously been made small by adjustment, t~e right ascension of this star minus 
its chronometer time of transit will be a close approximation to the chronometer correction. 
Now set the telescope for some star of large declination (slow-moving) which 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 

1 To avoid waiting for stars close to thn ronith the chronomnter ~orrect!on may also be estimated closely by comparing observations of two stars 
not very distant !rom the 1o0nith, ono north Wld one south, Md those at tho same 

0

tlmo will give some idea of tho amount and direction of tho azimuth 
error. 
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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 obtalning a closer 
approximation to the chronomet!3r error_ by observing another star near the zenith and then 
comparing the computed chronometer time of transit of a slow-moving northern star with 
the observed chronometer time of transit. If the star transits apparently too late, the object.ive 
is too far west (if the star is above the pole), and vice versa. The slow-motion azimuth s~1·ew 
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 the azimuth error of the instrument roughly by the method 
indicated on page 35, having previously determined the value of one turn of the screw.1 

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, the chronometer correction being known approximately, and the instrument being fur
nished with a 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 
referred to arc given in Appendix No. 10 of the Report for 1895, in "Principal Facts of the 
Earth's Magnetism, etc.,"· (a publication of the Coast and Geodetic Survey), or in the Ameri
can Ephemeris and Nautical A.1,manac. Where saving of time is an important consideration, 
the latter method has the advantage that Polaris may be 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 the azimuth adjustments, the chronograph bQii1g unnecessary for this pur
pose, even when available. 

OBSERVING LIST. 

The following is an example of the list of stars selected for time observations at stations of 
a lower latitude than 50°. The second time set shown 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 instruetions shown on page 80. Such a list, 
prepared in easily legible :figures, should be posted in the observatory. 

1 Somo or tho morldllm telescopes carry a small graduated w:c on tho doublo bllSO of tho fromo, which may bo usod for moasurlng tho small angle 
horo requlrod. 
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Form 256.* 
Star li~t for Key West, F'la.. 

.P-24° 33' 
-' 
Star factors 

Diurnal Cata- Star Magni· Right ascension Declination Zenith distance -·--·------- ---- -- ----- aberration logue tu de a h c 
A (' B K 

I . 
·---- ----- ---- --·--

h m 8 0 I 0 I 

Bt p Tauri 1.8 5 20 25 +28 32 N 3 59 -0.08 1. 14 1. 14 -0.02 
At l Auriga.a 5.0 26 40 +32 07 N 7 34 -0.15 1. 18 1. 17 -0.02 
B t Orionis - 2.8 30 53 - 5 58 s 30 31 +0.51 1.01 0.87 -0.02 
B o Aurigae 5.7 38 42 +49 47 N 25 14 -0. 66 1.55 1.40 -0.03 
B C Leporie 3.5 42 44 -14 51 s 39 24 +o.65 1. 04 0.80 -0.02 
A v Aurigae 3.9 45 03 +39 07 N 14 34 -0.32 1.29 1. 25 -0.02 

B b Aurigae 3.8 5 51 52 +54 17 N 29 44 -0.85 1. 71 1.48 -0 03 
B 0 .Aurigae . 2. 7 53 23 +37 12 N 12 39 -0.28 1. 26 1.22 -0. 02 
B v Orionis 4.4 6. 02 16 +14 47 s 9 46 +1).18 1.04 1.02 -0.02 
B 71 Geminor. 3.3 09 16 +22 32 s 2 01 +o.04 1. 08 l. 08 -0.02 
B 8 Monocer. 4.5 18 50 +4 38 s 19 55 +o.34 1. 01 0.94 -0.02 
B 10 Monocer. 5.0 23 22 -4 42 s 29 15 +0.49 1. 01 0.88 -0.02 

B S Monocer. 4.4 6 35 51 +9 59 s 14 34 +0.26 1.02 0.98 -0.02 
A ~A~rigae 5.5 40 02 +43 40 N 19 07 -0.45 1.38 1. 31 -0.03 
B 18 Monocer. 4.7 43 01 +2 31 s 22 02 +0.37 1.01 0.93 -0.02 
B (} Geminor. 3.4 46 40 +34 04 N 9 31 .,-.o. 20 1.21 1.19 -0.02 
B C Geminor. 3.8 58 36 +20 42 s 3 51 +0.07 1.07 1. 07 -0.02 
B 68 Aurigae 5.0 7 05' 16 +39 28 N 14 55 -0.34 1. 30 1. 25 -0.02 

B t Geminor. 3.8 7 19 57 +27 59 N 3 26 -0.07 1.13 1.13 -0.02 
B p Canis Min. 2.9 22 06 +8 29 s 16 04 +0.28 1.02 0.97 -0.02 
B a CanisMin. 0.5 34 26 +5 28 s 19 05 +0.33 ]. 01 0.95 -0.02 
B p Geminor. 1. 1 39 38 +28. 15 N 3 42 -0.08 1. 13 1. 13 -0.02 
B n: G_eminor. 5.5 41 31 +33 39 N 9 06 -0.19 1.21 1. 18 -0.02 
A </> Geminor. 5.0 47 48 . +27 00 N 2 27 -0.05 1.12 1.12 -0.02 

I ' 
*Form 25fi, known as "Coast and Geodetic Suryey, Longitude Record and Computation," ls a book containing all the d!Jl'erent forms used 

In obi;ervlng and computing, time and longitude, except form 34 shown on p. 20. . 
t Berliner Astronomlsches J ahrbuch. 
i American Ephemeris and Nautical Aln;ianac. 

DIRECTIONS FOR OBSERVING. 

E'Vilrything being iR readiness and the instrument completely adjusted set the tele
scope for the first star. It is not advisable to use the horizontal axis clamp during obser
vations, for its action may have a slight tendency to raise one end of the axis. See to it, loading 
one end if necessary, that the center of gravity of the telescope is at its horizontal axis, and then 
depend upon the friction at the pivots to keep the telescope in whatever position it is placed. 
Watch the chronometer 1 so as to know when to expect the star to appear in the field of view of the 
telescope. When the star enters the field, bring it between the horizonVB.l lines of the diaphragm, 
if it is not already there, by tapping the telescope lightly. 

If a transit micrometer is used the process of observing consists simply in bisecting the star's 
image with the micrometer wire soon after it appears and in keeping it bisected as ii moves 
across the field of the telescope. The record is made autoll'.atically by the contact of a spring 
with certain metal strips on the micrometer head. A cut-out device allows only 10 such con
tacts on either side of the mean position of the micrometer wire to regio;ter on the chronograph. 
The observer learns by experience at what part of the field the wire begins to register and he 
shoul<l endeavor to keep the star bisected several seconds before it reaches that point. Similarly, 
he knows when the record is complete and he can cease observing a particular star, and set for 

· the next one on his,observing list. 
If an instrument with a diaphragm is being used in connection with a chronograph, the 

process of observing the transit of a star across a line of the diaphragm consists in waiting, 
observing key in hand, until the instant when the star is apparently bisected by the lille and 
then pressing t!ie key as soon as possible thereafter. The time record thus made on the chrono-

1 When a chronograph ls being used, it Is customary to koop tho chronometer which Is connected with the chronograph protootod as carefully as 
possible !rom rapid changes of temperature and from Jars. During the observations It Is not usually removed from Its protecting box, but Instead 
an extra chronometer (sometimes called a hack chronometer) Is used at the instrument. · 
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graph will always follow tho event by a time interval, known as porson11:l equation, whi.ch 
depends mainly on tho rapidity of the action of the nerves and brain of the observer: 

It may occur to a new observer to attempt to make this time interval zero by anticipating 
tho bisection of the star's imago, and this he may succeed in doing. Ho may even make th~ 
personal equation negative. The accumulated experience of many observers, however, is that 
it is better to observe in the manner first indicated and have a large and constant personal 
equation, rather than to reduce this personal equation to a small but at the same time rather 
variable quantity. The method of observing with a transit micrometer 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 tho observations which are to constitute a set the· telescope should 
be reversed, so that the effects of the error of collimation and inequality of pivots upon the 
apparent times of transit may be reversed in sign. Three or four readings of the striding level, 
in each of its positions· (direct and reversed) should be taken during each half set. To eliminate, 
in part at least, the effects of irregularities in tho figure of the pivots upon the determination of 
the inclination of the axis, it is desirable to take the level readings with tho telescope inclined 
at the various practicable angles at which stars are observed, and to make half of them with the 
objective to tho northward and half with 'tho objective southward. Groat care should be 
taken to avoid unequal heating of the two ends of the striding level. The level readings may 
be checked and possible errors often detected by the fact that the bubble length should be 
constant except for tho effect of change of tflmperaturo (tho 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 tendency to stick, and extreme length 
should be avoided· because of danger of runni.ng off the graduation. In using the striding level 
it is important that the bubble be given time to come to rest before reading. 

The only difference 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 the times of transit 
of the star image across the separate lines of the diaphragm. 

Before using the eye and ear method the observer must first 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. Fix the number of that second in mind as the second hand approaches it. 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 mentclly), always 
keeping the count exactly with the tick of the chronometer. In counting it will be found easier 
to keep the rhythm if the names of the numerals are elided in such a way as to leave but a 
single staccato syllable in each. The half-second beat should be marked by the word "half," 
thus-one, half,° two, halt, three ... twenty, half, twenty-one, half, twenty-two ... and so 
on.1 With practice, an observer can carry the count of the beat for an indefimte 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 hall minute or more during which he has not even heard 
the tick. Tho chronometer should, of course, be placed where it can be seen and heard by the 
observer With as little effort as possible. 

To observe the time of transit of a star across a given line the observer first picks up the 
beat of the chronometer as the star approaches the line. At the last tick of the chronometer 
occurring before the transit he notes mentally the number of the tick, and also carefully observes 
tho apparent distance of the star from the line. At the next tick the st,ar is on tho other side 
of the line and the observer notes again the apparent distance of the star from the line. By a 
mental comparison of these two distances he estimates fifths of the ~ime inte'l"IJal between the two 
ticks of the chronometer and obtains his estimate of'the time of transit to tho nearest tenth of 
a second. Though the mental processes involved may seem difficult at first, practice soon makes 
them easy. An experienced observer using th~ process is able to estimate the time of transit 

1 Anothor mothod olton used ls to count only to 10 (thus using only words of ono syllabic) and to gla.noe at tho ohronomoter after tho obscr
v11tlon to show tho position In tho minut.u. 
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of a star's image across a line of the diaphragm with a probable error of about ±<>8.1. 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 i.n this 
matter is likely to cause inaccuracy. · 

EXAMPLE OF RECORD AND PART OF THE COMPUTATIONS. 

There are shown on pages 18, 20-22 examples of the list of stars and the original transit level 
readings made in the observatory at the time of the observ11tions, a 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 JT (the mean correction to 
the chronometer) is shown on page 26. These computations are for .the second set of stars 
given on page 18. · 

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

Form34. 
Longitude re(:ord. 

[Station, Key WMt. Date, Feb. 14, 1007. Instrument, Transit No. 2. Observer, J. 8. Hill.] 

Set I Set II 

Levels Levels 
Stars Stars 

w E w E 

d N d d N d 
Clamp or band, W 17.7 58.8 Clamp or band, W 62.0 20.0 

p Tauri 60.1 19.0 s Monocer. _17.7 59.5 
l. Aurigae ·, r/J 6 Aurigae 
t Orionis s 18 Monocer. s 
o Aurigao 17.7 58.8 0 Geminor. 61. 2 19.4 
v Aurigae 61. 2 20.0 C Geminor. 17.7 59.6 

63 Aurigae - N N 
17.5 58.9 61. 5 19.5 
60.7 19.3 17. 7 59.7 

s 
17.6 59.0 
61. 7 20.2 

-

N N 
Clamp or band, E 17:0 58. 7 Clamp or band, E 16.8 58.9 

CJ Aurigae 61. 3 19.7 'Geminor. 61.6 19.5 
O Aurigae p Canis Min. 

TJ Geminor. s a Canis Min. s 
8 Monocer. 17.2 59.0 p Geminor. 17.4 59.7 

10 Monocer. 61. 9 20.0 n: Geminor. 62.1 19.7 
I cp Geminor. 

N N 
16.8 58.7 17.0 59.4 
61. 3 19.4 62.0 19.5 

s 
16.9 59.4 
62.3 19.9 

--
1 dh·. ollevel scale-2".322. Chronometer 1824. 
Pivot lnequallty-0.000. 
Remarks: Cable was used direct, without repeaters, between Miama and Key Wast. 
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While the following method of computing was devised for observutions 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 p_ages could have been observed with o. 
key and the computation made in the same manner as the one which follows. The only differ
ence 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 a large observation error, called 
personal equation. (See p. 90.) 

Explanation of the tormulre and methods used·in this computation follows the examples 
of the record and computation. 

Form 256.• 
[St&tlon, Key West. Date, }'eb. 14, 1907. Instrument, transit No. 2, with transit micrometer. Observer, 1. S. Hill. Recorder,~· S. Hill. Chro

nometer, Sldereal 1824.) 

Star: S. Monocer. ofi' Aurlgae 
Clamp: W W 
Level: 

W E 
d d 

N 62.0 20.0 
17. 7 69.5 

+44.3 -39.6 

+4.8 

18 Monocer. 
w 

W E 
d d 

s 61. 2 19. 4 
17. 7 69.6 

. +43. 5 -40. 2 
+3.3 

c Gemlnor. 
w 

d 

C Gemlnor. 
w 

W E 
d d 

N 61.5 19.5 

17. 7 59. 7 

+43.8 -40.2 
+3.6 

63 Aurlgae 
w 

Computation/- of level constant: Mee.I n ~t::~ • 
+3. 75X0.0.19- +0.1.46-bw 

h m 
6 35 

32.0 41.4 
32.4 41.l 
33. l 40. 4 
83.6 39.8 
33.9 39.5 

34.6 38.8 

35.0 38.5 
35.6 37.9 
36.1 37. 4 
36.4 37.1 

h 111 
6 39 ' 

hm 
6 42 

Sums 

73.4 41.3 54.0 
.5 41.8 53.5 
.5 42.8 52.6 
.4 43.5 51.9 

.4 43.9 51.4 

.4 44.7 50.6 

.5 45.3 50.3 

.5 46.0 49.3 
.5 46.9 48.5 

. 5 47. 2 48.1 

Sums 

95.3 41.6 50.5 
.3 41.9 50.2 
.4 42.5 49.7 
.4 43.l 49.l 

.3 43.3 48.8 

.3 44.0 48.1 

.6 44.3 47.9 

.3 44.8 47.3 

.4 45.4 46.6 

.3 45.7 46.3 

Sums 

hm 
jl 46 

92.0 19.5 30.4 
.1 20.0 30.l 
.2 20.6 29.4 
.2 21.3 28.7 

.1 21.7 28.3 

.1 22.3 27.6 

.2 22.8 27.1 

.1 23.6 26.4 

.0 24.3 26.7 

.o 24.6 25.4 

Sums 

h m 
6 58 

49.9 16.2 26.0 
50.1 16.5 25.5 

.o 17.2 24.8 

.o 17. 7 24.3 

.o 18.0 23.9 

49. 9 18. 8 23. 1 
9. 9 19. 1 22. 9 

50. 0 19. 8 22. 3 
.o 20.5 21.6 

.o 20. 1 21.4 1 

Sums 

hm 
7 04 

42.2 55.3 67.0 

2.0 55.6 66.5 
2.0 56.4 65.8 
2.0 57.1 65.l 

1.9 57.5 64.6 

1.9 58.4 63.9 
2.0 58.8 63.4 
2.1 69.5 62.6 
2.1 60.3 61.9 
2.1 60.7 61.5 

Sums 

122.3 
.1 
.2 
.2 
.1 

.3 

.2 

.1 

.2 

.2 

Sum 734.6 Sum 053.6 Sum 021.0 Sum 490.8 Sum 420.3 Sum 1221.9 

1-------1-------l·-------1-------l·------1·------ -----

Mean 

Rt 
• 
Bb 

6 35 
a: 6 35 
Ca:-t) 

36. 73 

- .02 
+ .14 

36.85 
51.85 

+15.00 

47.68 

- .03 
+ .l9 

6' 39 47.84 

6 40 02.92 

+15.08 

6 42 
6 43 

46.05 

- .02 
+ .14 

46.17 
01. 21 

+15.04 

24.W 

- .02 
+ .17 

6 46 26.14 
6 46 40.17 

+15.03 

21.02 

- .02 
+ .16 

6 58 21.16 
6 58 36.16 

+15.00 

7 0.5 
7 ().5 

01.10 

- .02 
+ .18 

01.26 
16. 28 

+IA.02 I 
t 

!..-------'-------~------'--------''---------------~ 
• See note below table on p. 18. 
t R, oorrectlon for rate, Is negUglble In thls time set. 
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Form 2.56.• 
{Station, Key West. Date, Feb.14, 1907. Instrument, tranS"it No. 2, with tran.~it micrometer. Observer, J. S. Bill. Recorder. J. S. Hill. Chro

nometer, Sidereal 1824.] 

Star:, Gemlnor. fi Canis Min. a: Canis 
0

Min. p Gemlnor. " Geminor. if> Gemlnor 
l 

Clamp: E E E "E E E 
Level: 

w E w E w E w E 

d d d d d d d d 
N 16.8 58.9 s 17. 4 59. 7 N 17.0 59.4 s 16.9 59.4 

61. 6 rn. 5 62.1 19. 7 62.0 19.5 62.3 19.9 

-- -- -- -- -- -- -- --
+44.8 -39.4 +44.7 -40.0 +45.0 -39.9 +45.4 -39.5 

+5.4 +4.7 +5.1 +5.9 

I 
--·-

d 
Computatir of level constant: Mean N+5.25 

I 8+5.30 

I 
-- 3 
+5. 28X0.039-+0.2(}()oabE 

h m h m h m h .m h h 
I m m 

7 19 7 21 7 34 7 39 7 41 7 47 

-

_s_i_•_I Sums ._a_ 3 Sums a a \ Sums a I s Sums •I •1S•M s s Sums 
--. __ I_[ __ 

~122.3 ~ 
------

37. 8 48. 3 86. 1 47. 9 57.1 105.0 07.5 16. 7 24.2 18.5 28.8 47.3 29. 5 39. 6 69. 1 

38. 3 47. 9 . 2 48. 2 56.8 5.0 07. 8 w. 4 . 2 18. 8 28. 5 .3 11.6 21.9 .5 29. 8 39. 4 . 2 

38.9 47.3 .2 48. 7 56.1 4.8 08.4 15. 7 .1 19.5 27. 7 .2 12. 5 21. l . 6 30. 3 38. 5 68. 8 

39.6 46.5 .1 49.3 55.5 4.8 09.0 15.1 .1 20. l 27.0 .1 13. 2 20.4 .6 31.0 37.8 .8 

39.9 46.3 .2 49. 7 55.2 4.9 09.2 14. 8 .o 20.5 26.8 .3 13.6 20.1 .7 31. 3 37.5 .8 

40. 7 45.6 .3 50.2 54.6 4.8 09.9 14.2 .1 21.2 26.1 .3 14.3 19. 4 .7 32.0 36.8 .8 

41.0 45.1 .1 50.6 54.4 5.'0 10.2 13.9 .1 21.6 25. 7 .3 14. 7 19.0 .7 32. 3 
36.61 

.8 

41. 7 44.6 .a~ 51.1 53. 7 4.8 10:8 13.3 .1 22.3 25.0 .3 15.4118.3 .7 33. l 35.9 69.0 

42.5 43.8 .3 51.8 53.0 4.8 11. 4 12. 6 .o 23.1 24.3 .4 16.1. 17.5 .6 33.8 35.1 68.9 

42.8 43. 4• .2 52.1 52. 7 4. 8 11. 7 12.3 .o 23.3 24.1 .4 16. 3 I 17.2 .5 34.1 34.8 1 .9 
--

Sum 10-18. 1 \ 
-- -- -- --

Sum 862.0 Sum 240.9 Sum 472. 9 Sum 336.2 Sum 689.1 

Mean 43.10 . 52.441 12.04 23.64 16.81 34.46 

Rt 

x - .02 - .02 - .02 - .02 - .02 - .02 

' Bb + . 23 - + . 20 + .20 + .23 + . 24 .,, 
+ . 23 

t 7 19 43.31 7 21 52. 63 7 34 12.22 .7 39 23.8.5 7 41 17.03 7 47 34.67 

a: 7 19 57. 74 7 22 07.08 7 34 26. 67 7 39 38.26 7 41 31.45 7 47 49. 14 

(0:-1) +14. 43 +14.45 +14.45 +14.41 +14.42 +14.47 

* See note below table on p. 18. 
t R, correction for rato, is negligible in this timo set. 

CORRECTION FOR INCLINATION OF 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 of 
the horizon and makes an angle with the meridian plane equal ·to the inclination of the 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 be· observed too late, and the transits of all subpolars 
will be observed too eaJ"ly, and it is therefore necessary to correct the observed times of transit 
by means of the readings of the stridl.ng level, taking into account the inequality of the pivots, 
if appreciable. 

Let w and e be the readings of the west and east ends, respectively, of the bubble of the 
striding level for a given position of the telescope axis. Let w' and e' be the corresponding west 
and east readings after the level is rev.ersed, the telescope axis remaining as it was. Let d be 
the value of a d~vision of the level in seconds of arc. Then for {i, the apparent inclination of the 
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telescope axis expressed in seconds of time, we may write, if the level divisions are numbered 
in both directions from the middle: · 

f3 = U { ( w + w') - (e + e') } 1d5 =. { ( w + w') - ( e + e') } :o 
in which to is a constant for the level, 1~ being the value of one division of the level in seconds 

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

above formula takes the form · 

{3= { (w-w')+(e-e')} ~ 

in which the primed letters refer to· that position of the level in which the zero end of the tube 
is to the west. 1 

Inequality of pivots.-Tl;.e level readings give a determination of the inclination of the line 
joining the points of the two pivots, which are midway between the lines of contact of the pivots 
and the wyes of the level, but do not give the required inclination of the axis of rotation of the 
telescope (which is the line joining the centers of the two pivots) unless the pivots are of the same 
size. Let p, the pivot inequality, be the angle, expressed in seconds of time, between the line 
joining the centers of the pivots and the line whose inclinat\on is determined by the level readings, 
and let this angle be called positive if the pivot nearest the designating mark (band, cJamp, or 
illumination) is the smaller. 

Then 
· bw=/3w+P and bg=f3e-P 2 

in which b is the required inclinat\on of the axis of rotation of the telescope. The subscripts 
indicate the position, to the westward or to the eastward, of the bright band, the clamp, or the 
illumination, or whatever mark is used to distinguish between the two positions of the telescope 
axis. The pivot inequality, p, is ordinarily derived from a special series of observations taken 
for that purpose. For an example of such a series, with the corresponding formula and com
putat1on, see page 44. 

The correction to the observed time of transit of any star for inclination is 

b cos (sec b= bB, 

m which (J is the declination of the star and ( is its zenith distanc~ ( =cp- <J for all stars above 
the pole, and =cp + <J-180° for subpolar stars). The factor B= cos (sec (J is tabulated on pages 
62-77, but is much more easily obtained with the graphical device shown in illustration No. 9 
and explained on page 61. It is positive for stars above the pole and negative for subpolars. 

It is the present practice in this Survey to assume that b, the inclination, is constant for 
each half set, and it is computed in the following manner: Within each half set the mean of the 
observed values of f3 with objective northward is first derived, then the corresponding mean 
with objective southward, and finally the mean of these two means is taken as the fl f.or the 
half set. 

The value of B for each st~r, as taken from either the table on p~ges 62-77 or the graphical 
device shown in mustration Np. 9, is given in the observing list on page 18. 

1 As w ls ulways greater thnu w' nnd els nlwuys Joss than e', the sign or the wo.~t dl1Ieronoo Is always + lllld or the east dl1Iorenoo Is always-, 
so that when the dlfJerences are taken \'ertfcally, tlrn resulting slb"' orthe level correctlon wlll at once be app11rent, as shown lu the following 
~~: ' 

West :East 
d d 

62.0 ,20.0 
17.7 59.6 

+44.3 -39.5 
+4.8 

1 Thooe ror'muhe are exact only Jn case .the angle or the level wyes ls the same as the angle or the supporting wyes. 
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INCOMPLETE TRANsri:s WITH TRAN8IT-MICROMETER. 

lf the transit of a star observed with the transit-micrometer is incomplete, only the obser
vations which are symmetrical with regard to the mean position of the micrometer wire arc 
used and thos~ for which the symmetrical o~scrvations are lacking arc rejected. (See General 
fostructions 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 chronometer correction changes during the progress 
of the time set. To reduce each observed time of transit across the mean line to whali it wo11ld 
have been had the rate been zero (and the correction equal to that which actually existed at 
the mean epoch of the set) apply the following correction: 

R= (t- T0 ) rh 

in which tis the chronometer time of transit of a star, T0 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- T0 ) is expressed 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 c9m
puted dock 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 a preliminary test shows its 
effect on the chronometer correction to be negligible. 

CORRECTION FOR DIURNAL ABERRATION. 

The effect of the amiual aberration due to the motion of the earth in its orbit is taken into 
account in computing apparent star places and need not be considered here. 

The correction for diurnal aberration to be applied to an observed time of transit across 
the meridian is 

tc=OS.021 cos¢ sec ~ 

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 at upper culmination and plus for stars observed at lower culmination. 

Table of diurnal aberration (tc). 
----.----------------------· 

Latitude 
-q, 

o• 10' 20• 

Decllnatlon-~ 

30• 40° 50° 70° 

1----1--- ---1----1----1---1---1---- --

8 8 8 

oo 0.02 0.02 0.02 
10° .02 .02 .02 

20° .02 .02 .02 

30° .02 .02 .02 
40° .02 .02 .02 
500 .01 .01 .01 
G0° .01 .01 .01 
70° .01 .01 .01 

8 8 

0.02 0.03 
.02 .03 

.02 .03 

.02 .02 

.02 .02 

.02 .02 

.01 .01 

.01 .01 

8 

0.03 

.03 

03 

.03 

.03 

.02 

.02 

.01 

8 

0.04 

.04 

.04 

.04 

.03 

.03 

.02 

.01 

8 

0. <l6 

.06 

.06 

.05 

.05 

.04 

.03 

.02 

-
75° 80' ss• 

8 8 8 

0.08 0.12 0.24 
.08 .12 .24 
.08 .11 .23 

I 
.07 .!O .21 
.06 .09 .18 
.05 .08 .15 I 
.04 .06 .12 

I .03 .04 .08 
goo . or. _oo .00 .00 .00 .01 .01 

..r ·-----·----

______ ._01--'-~~~__1 .02 I .04 I 



DE·rERMINATION 01' TIME. 25 

DERIVATION OF (a-t). 
' . 

The correction for diurnal ·aberration, inclination of axis, and rate (if considered) behig 
applied to the observed time of tran8it across the meal,l. position of the micrometer wire (or 
mean line of the diaphragm) as shown in the computation on pages 21-22, th_e result is t, an approxi
mate time of transit across the meridian. The apparent right ascension at the time of observa
tion is taken from some st&.r catalogue, giving apparent places, such as the American Ephemeris 
and Nautical Almanac or the Berliner Astron~misches Jahrbuch (pxeferably the former) The 
difference between t and the right ascension, a, of the star at'the time of obserV'ation, is (a-t). 
aii. approximate correction to the chronometer time. 

Jn taking right ascensions from tlie star eatalogue it is necessary to interpolate for the 
longitude of the observer, and to consider second differences when they affect the result by as 
much as a hundredth of a second. 

'fHE COLLIMATION CORRECTION. 

If the instrument is otherwise iii. perfect· adjustment, but has a small error in collimation, 
the micrometer wire in its mean position (or the mean line of the diaphragm) will describe a 
small crrcle parallel to the meridian and at an angular distance, the error of collimation, from it, 
when the telescope is rotated about its horizontal axis . 

. The collimation· correction = c sec CJ= Ge, 

in which c is the angle, expressed in seconds of time, between the line of sight defined by the . 
micrometer wire wlien 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 the 
line of collimation and the collimation axis. (See p._ 13.) It is considered positive for a given 

, telescope if the line oI sight is too far east (and stars at 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. 

The factor 0 is written for sec CJ and is tabulated on pages 62-77. 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 0 is- to be considered positive for stars' 
at upper ctilmination and negative for stars at lower culmination. The signs are reversed with 
illumination (or band) east. 

THE AZIMUTll QORRECTION. 

If the instrument is otherwise in adjustment, but has a small error in azimuth, the microme
ter wire in its mean position (or the mean line of the diaphragm) will describe a vertical circle 
on the celestial sphere at an angle with the meridian. The correction in seconds to an observed 
time of transi~ for this azimuth error is, 

Azimuth correction= a sin t: sec Cl=Aa, 

in which a is the angle expressed in seconds of time between the meridian and. the vertical circle 
descriibed by the moan position of the micrometer wire.1 It .is considered positive when the 
collupation axis is too far to the east with the t~lescope pointed south. 

. For convenience A is written for sin ·c sec CJ llJld will be found tabulated on pages 62-77. 
It can be more easily obtained with the graphical device shown in illustration No. 9 and de8cribed 
on page 61. The factor A is considered positive for all stars except those between the ·zenith 
and the pole. 

1 In pl'Bctlco there always exists an error ot colllllllltlon, so In general a Is tha 11I1gle bot ween the meridian lllld t.he axJs ot oolllmation. 

822088°~41~8 
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a is derived from the observations by one of the processes shown on pages 26, 34, 39, and 
42, attention being paid to sign as indicated abov,e. 

COMPUTATION OF L1 T, c, AND a WITHOUT LEAST SQUARES. 

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 final 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 least-square 
solution is _used in obtaining the final results. 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. 

Form 256.• 
Computation of.time set. 

(Station, Key West, Florid~, Date, Feb. H, 1007. Bet,2. Observer, J. 8, H,111. Computor, J. 8. Hiil.] 

t;T-
Star Clamp a-t dt c .< Cc .<a (a-t)- II 

Cc-.Aa 

B 8 B 8 B 8 

1. S Monocer. w +15.00 0.00 +i.02 +0.26 +0.21 +0.02 +14. 71 +.02 
2. .p6 Aurigae w +15.08 +0.08 +1.38 -0.45 +0.36 -0.03 +14. 75 -.02 

3. 18 Monocer. w +15. 04 +o.04 +i.01 +0.37 +0.26 +0.03 +14. 75 -.02 

4. 0 Geminor. w +15.03 +0.03 +i.21 -0.20 +0.32 -0.01 :f-14.721 +.01 
5.. C Geminor. I w +15.00 0.00 +l.07 +0.07 +0.28 0.00 +14. 72 +.01 . 
6. 63 Aurigae w +15.02 +0.02 +1.30 -0.34 +0.34 ...:o. 02 +14. 70 +.03 

7. ' Geminor. E +14.43 -0.57 -1.13 -0.07 -0.30 0.00 +14. 73 .00 
8. fJ Can. Min. E +14.45 -0.55 -1.02 +0.28 ~0.27 +0.01 +i4. 71 +.02 
ll. a Can. Min. . E +14.45 -0.55 -1.01 +0.33 -0.26 +0.01 +14. 70 +.03 

10. fJ Geminor. E +14. 41 -0.59 -1.13 -0.08 -0.30 0,00 +14. 71 +.02. 
11. n: Geminor. E +14.42 -0.58 -1.21 -0.19 -0.32 -0.01 +14. 75 -.02 

12. cp Geminor. E +14.47 -0.53 -1.12 -0.05 -0.29 0.00 +14. 76 -.03 

-
Mean .6.T=+l4. 727 

1. 3.00 ht+3. 10 c+!l· 70 aw -0.04=0 

2. 3.00 ot+3. 89 c-0. 99 aw -0.13=0 

5. 2.12 ht+2. 75 c-0. 70 aw -0.09=0 (2)X.707 
6. 5.12 ;n+5.85 c -0.13=0 

9. 4.71 at+5. 38 c -0.12=0 (6)X.920 8 

10. 9.53 at +2.61=0 11. bt=-0.274 
8 

L1T=+15.00-0.274=+14. 726 

I 
3. 3. 00 ht-3.15 c+o. 56 aE +i. 63=0 
4. 3. 00 bt-3. 47 c-0. 34 aE +i. 74=0 

7. 1. 82 bt-1. 91 c+o. 34 aE +0.99=0 (3)~.607 

8. 4. 82 bt-5. 38 c +2. 73=0 8 

12. -1. 32 -5. 38 c +2.73=0 13 . c=+0.262 

14. ....:.o.82 +L02 -0.99 aw -0.13=0 15. aw=+0.071 
16. -:0. 82 -0. 83 +0.56 llE +L 63==0 17. llE=+0.036 

• See note below table ou p. 181 
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EXPLANATION OF A~OVE COMPUTATION. 

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

AT+ Oc+Aa-(a-t)=O . 

Equation 1 is obtained by adding corresponding terms of the three such observation equa
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 the half set, in this case three in number. Ther.e are 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 .. The 
azimuth constants are first eliminated, next c is ·eliminated, and then lJt 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 
Orelle's (or other similar) tables. In making substitutions in equations, such as 14 and 16, 
where there is a choice between two equations, 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 lJt 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 which must be satisfied, if the computation is correct, are: (1) 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 as1 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 OS.01 (the substitution being carried to thousandths of 
seconds), but if any equation shows a residual greater than this, the error in the 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 Bt plus the number of whole seconds 
which were dropped from (a-t) in order to lighten the work involved in making the computa
tion. In this case it is equal to -OS.274+ 158.00= + 148 .726. The chronometer epoch for 
which this correction applies is the mean of the chronometer times of tho observed transits; that 
is, the mean of the t's. It is not the mean of the right ascensions-unless, of course, the chronom
eter correction happens to be zero. 

While it is advisable to have the instrumental constants c, aw, and ~ small, it is not 
desirable to strive tl> have them close to zero. For the azimuth constant one second is a good 
limit to keep within, while if the collimation constant is less than 08 .2 it is well not to attempt 
further adjustment witli ,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 o.n<l the only unknowns are one 
azimuth constant and the clock correction, .d T. 
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. A SECOND EXAMPLE OF RECORD AND .COMPUTATION. 

On page 26 reference is made to a second method of solution for J T, 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 which the 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 
is mainly derived. It seems that the method of having all time stars in a set is preferable to 
the other method, in which both time and azimuth stars are used. In the former, the .clock 
correction depends on all 12 stars in.stead. of being derived mainly from 8 stars only, and 
the collimation correction is more accurately determin~d. The azimuth constants, however, 
are not so accurately determined by the first as by the second method, but this is immaterial 
jf the plus and minus azimuth factors in each half set are about equally balanced. 

· While this second method has been superseded in the 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 teleseope, 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 position, band west and band east. If greater accuracy is desired the 
number of time stars in a half set may be 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 J 

and the method of computation shown on pages 20-27, the standard time set consisted of two 
half sets, in each of 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 <'hronographically. With the record of observations there are 
given the readings of the level, the correction for inclination of the horizontal axis of the tele
scope (which in this case includes a correctfon for inequality of pivots), and the computation of 
(a-t). A correction for rate has been introduced. The con·ection for diurnal aberration and 
the correction for rate are obtained in the same 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, D. O._:_Latitude 38 ° 54' N. 

Star factors 
Diurnal 

Cats- Magni- Right ascen· Doolin a- Zenith dis- aberra·. Star shn tlon ta nee Inell- Colli-logue tu de a ~ c tlon IlB• ma- Azimuth • tlon ti on .A 
B c 

-- --
h m 8 0 I 0 I 8 

17 H. Can. Ven. B 5.5 13 30 12 +37 43 + 1 11 -.02 1. 26 1. 26 + :02: 
T/ Ursre Maj. B 2.0 43 30 +49 50 -10 56 -~02 1. 53 1. 55 - .30' 
~ Bootis B 3.0 49 47 +18 55 +19 59 -.02 0.99 1. 06 + .36 

1 Bootis B 6.0 56 31 +271 53 +11 01 -.02 1.11 1. 13 + .22. 
a Draconis B 3.3 14 01 39 +64 52 -25 58 -.04 2.12 2.36 -1.03 

d Bootis B 5.0 05 42 +25 35 +13 19 -.02 1. 08 1.11 + .25 
a Bootis B 1. 0 10 58 +19 43 +19 11 ·-.02 1. 01 1. 06 + .35. 
A Ilootis B 4.0 12 -29 +46 34 - 7 40 -.02 1. 44 1.46 - .19 
0 Bootis B 3.8 21 43· +52 20 -13 26 -.03 1. 59 1.64 - .38 
5.Ursre Min. A 4.5 27 51 +16 09 -37 15 -.06 3.33 4.18 -2.53 

B-Berllner AatrOnombohes Jahrbuch. A-Amer!oan Ephemeris. 
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Following the 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, 1896. Observer, G. R. P. 

Star 17 H. Can. Ven. ~ Urs. Maj. ~ Bootls I! Boolls o: Draco. 

Position or band ·west West "'est West West 

Direction of ob-

} jective for level 8 
; 

8 N 
reading - w E w E w E 

d d d d d d 

22. 7 24. l 27.8 20.0 28.0 19.9 
Level readings 27.1 19.9 22. 9 24. 8 22.9 24.9 

- - -- - ·- -
IW and.EE 49.8 44.0 50. 7 44.8 ' 50. 9 44.8 

IW-IE +5.8 +5.9 +6.1 
-·· 

Remarks and Means of levels 

computa tlon d 

orb N +6.10 
s +5.85 
-- c 
+5. 98X. 0279- + .I67~Pw . 

'- .010-pivotlno-
qualJty 

--· 
+ .157-bw 

-------
Observed transit h m a hm a h· m a h m .• I h m a 

Line 1 13 29 56.90 13 43 10. 60 13 49 34.45 13 56 17. 20 14 01 07. 55 

2 b 30 00.10 Mean 14.35 37.o.5 20.00 13.30 

3 03.30 a 18.30 39. 70 22.80 19.35 

4 09. 70 14.20 26.15 45.00 28.40 31. 25 

5 12.90 Correc- 30.15 a 47. 75 a 31.50 s . 37.30 ' 
6 16.00 ti on 33.80 33.80 50.25 50.25 34.30 34.30 43.00 43.00 
7 19.30 15.15 37.95 68.10 52.95 100. 70 36.90 68.40 I 49.00 80.30 

8 - 22.60 --- 41. 70 7.85 55. 70 0. 70 40.().5 8.45 55.20 6.45 

9 29.00 10 49. 70 8.00 13 50 00. 90 0.60 45.65 8. 45 14 02 06. 90 6.-25 
10 32'.20 x 1.26 53.60 7.95 03. 75 0.80 48.60 I 8.60 12.90 6.20 

11 
I 

- 1-+ 1.92 57.55 8.15 06.50' 0.95 51.50 l 8.70 18.85 6.40 

I .I I 

2.90 I Mean i 16. 12 33. 99 110. 85 50.36 4.00 34.26 43.15 1.60 

R + .03 + .02 + .01 + .01 I .00 

• - .02 - .02 -.02 -.02 -.04 
Bb 

I I + ,33 + .20 +.24 + .16 + .17 
t 13 30 16.33 13 43 34.23 13 49 50.51 13 56 34.42 I i4 01 43.44 
ct 13 30 12.26 13 43 30.14 13 49 46. 82 13 56 30.53° 1140138.92 
a:-t -4.07 -4.09 -3.69 -3.89 I -4.52 

I 
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Imtrumcnt, transit No. 18. Chronometer, Negus, 1836 (dally rate, l•.51 gaining).] 

d Bootls a Bootls A Bootls 8 Bootls 5 Urs.Mln. 

East· East East East East 

8 N ]J 

w E w E w E 
d d d d d d 

27.1 20;9 27.2 20.9 22.2 26.0 
22. 7 25.2 22.0 25.3 27.2 21.0 
- - - - - -
49.8 46.1 50.1 46.2 49.4 47.0 

+3.7 +3.9 +2.4 

M aans oflevels Thin clouds and hazy 

' d Temperature 76' F 
N.+a.15 

.... B. +3. 70 
-- ' ' +3.42X.0279- +.005-/lE 

+. 010-plvot Inequality 
--
+.105-bE 

h m 3 h m ' h m ' hm 3 h m ' 
14 05 29.40 Moon 14 10 45.50 14 12 11.15 14 21 22.30 14 26 53.15 

32.20 ' 48.20 14.80 26.40 27 03.15 
34.85 44. 76 50.00 18.60 30.60 14. 25 

40.60 Correc- 56.20 25.95 38.00 35.30 

43.35 tloo 58.00 ' 29.50 ' 42.00 ' 45.85 ' 
46.20 12.69 14 11 01. 65 01.65 33.45 33.45 47.35 47.35 57.15 57.15 
48.00 --- 04.30 03.20 37.00 66.50 51.35 94.25 14 28 07.00 112. 85 

51.00 10 07.10 3.30 40. 70 6.65 55.40 4.30 18.00 3.30 
57.30 x 1.11 12.30 3.20 48.00 6.60 14 22 03.60 4.20 38. 70 2.95 

- - 1.41 15.20 3.40 •51. 80 6.60 07.80 4.20 40.50 2.65 
14 06 02. 00 17. 70 3.20 55.25 6.40 11.95 4.25 14 29 00.05 3.20 -

46.17 0!.63 6.95 \ 33.20 I 3.20 47.14 1.55 56.55 72.10 

.oo - .OJ - .01 -.02 -.03 

- .02 - .02 -.02 -.03 - .06 
+ .11 +.11 + .15 .+ .17 +.35 

14 05 46. 26 14 11 01.71 . 14 12 33.41 14 21 47. 26 14 27 56. 81 

14 05 42. 32 14 10 57. 00 14 12 29.18 14 21 42. 97 14 27 51.37 
-3.04 -3.81 -4.23 -4. 2() -5.44 

i 
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REDUCTION OF INCOMPLETE TRANSITS. 

If the transit of a star across every line of the 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, sho"Wn 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 means, as jt 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: 

tm =mean of observ. ed times_ (sum of equatorial intervals of observed li~es) (s~c cW 
number of observed lines. 

(sum of equatorial intervals of missed lines) (sec 1"2 
or t111 =mean of obs~rved times+ -'--___ _..._ __ n_u_m~b-er-o""'"f _o.,._b-se_r_v_e...,.d_,,lin~. -es-. --'------

The first of these formulre is the more convenient if but few lines were observed and the 
eecond the more convenient if but few lines were missed. The two incomplete transitSshown 
in the example on pages 30-31 were reduced by the second formula. 

tm is the time of transit across the mean of all the lines of the diaphragm. The equatorial 
interval of a given line is the time which would elapse betwe1:1n the transit of an equatorial star 
over the mean line of the diaphragm and the transit over the line in question. It is, in seconJs 
of time, -h the angular interval between 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 lin_e. '• The signs of all the equatorial intervals are therefore reversed when the 
horizontal axis of the· telescope is reversed. 

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

possible error of the ap.,proximation increases with an increase in the declination of the star 
and with an increase in the equatorial intervals of the extreme lines. If the extreme equatorial 
interval is 608

, the maximum error is less than 08.0l for a star of which ~=70°, and is only 
08 .3 if ~=85°. If the extreme interval is 158

, the maximum error is less than 08 .0l if ~=85°. 
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 :fj sec i-, in ,which i- is the hour 
angle of the star at transit across the line, or with sufficient accuracy •=i sec ~=the actual time 
interval from the mean line. ' , · 

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

T log vc,,s.- log vsec:; T log'../c~ log '.,/sec, I T log v COST 
vsec; I log sec, 

-- 1------
m m m 
1 9. 99999 .. 0.00000 16 9.99965 0.00035 31 9.99867 0.00133 
2 99 01 17 960 040 32 858 142 
3 99 01 18 955 045 33 849 151 
4 98 02 19 950 050 34 840 160 
5 97 03 20 945 055 35 831 169 
6 95 05 21 939 061 36 821 179 
7 9S 07 22 933 067 37 811 189 
8 91 09 23 927 073 38 800 200 
9 89 11 24 921 079 39 789 211 

10 86 14 25 914 086 40 778 222 
11 • 83 17 26 907 093 41 767 233 
12 80 20 27 899 101 42 756 244 
13 77 23 28 892 108 43 744 256 

) 
14 

) 
73 27 29 884 116 44 732 268 

j 15 9.99969 0.00031 30 9.99876 0.00124 45 9.99719 0.00281 I 
I 

--··-· 
.. _ 

1 The ooillmatlon factor O (as given In the star list on p. 29) Is the sec h. 
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If.the chronometer rate exceeds 158 per day it will'be 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 fo that 'of which a portion is printed below showing the interval of each 
line from the m.ean 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. 

lntervals of lines .of Transit No. 18 from mean line. 

[The numbering of tho lines Is !or band west.] 

a Line I Lino II Lino III Line IV LlneV Line VI Line VU Line VIII Line IX LlneX Lino XI J 
-

0 8 8 8 8 8 8 8 8 8 8 8 
0 +15.20 +12. 69 +10.15 +5.06 +2.52 -0.09 -2.52 -5.11 -10.09 -.12. 65 -15.15 

10 15.43 12.89 10.31 5.14 2.56 0.09 2.56 5.19 10.25 12.84 15.38 
15 15.74 13.14 10.51 5.24 2.61 0.09 2.61 5.29 10.45 13.10 15.68 

......... .......... ............. ........... ......... .......... ········· ........... .......... .. ..... -...... ............. .............. 

......... .......... ............ ............ ........... ........... . ......... ............ •.••······ . ......... .......... ........... 
36 18.79 15.69 12.55 6.25 3.11 0.11 3.11 6.32 12.47 15. 64• 18.73 
38 19.29 16.10 12.88 6.42 3.20 0.11 3.20 6.48 12.80 16.05 19.23 
40 19.84 16.57 13.25 6.61 3.29 0.12 3.29 6.67 13.17 16.51 19.78 

........ .......... ........... ......... " . ........ . . . . . . . . . ........... .......... ......... ········· .......... . .......... ...... ········· .......... ......... ········· ········· .......... ......... ......... . ......... ......... .......... 51 24.15 20.17 16.13 8.04 4.00 0.14 4.00 8.12 16.03 20.10 24.07 
52 24.69 20.61 16.49 8.22 4.09 0.15 4.09 8.30 16.39 20.55 24.61 
53 25.~6 21. 09 16.87 8.41 4.19 0.15 4.19 8.49 16.77 21. 02 25.17 

...... ........... ········· .......... ............. ........... ........... .......... ......... .......... ········· . .......... 

Transit No. 18 was th~ 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 as indicated below: · 

Lino 
·I 
II 

III 
IV 
v 

VI 
VII. 

VIII 
IX 
x 

Correction 
+19. 22 
+16. 04 
.+12.83 
+ 6.40 
+ 3.19 
- 0.11 
- 3.19 
- 6.46 
-12. 75 
-15. 99 

Corrected transit 
16.12 
16.14 
16.13 
16.10 
16.09 
15.89 
16.11 
16.14 
16.25 
16.21 

Mean =16. 12, agreeing with the result shown in the 
example on page 30. 

The special advantage of this inethod of reducing in.complete transits' is tlfat 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 tran.sits, viz., 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 correction for diurnal aberration and general expressions, for tha collimation and 
azimuth corrections aro shown on pages '24-25. 
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·COMPUTATION OF JT, 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.1 It is now replaced_ by the method shown on page 26. 

(Station, Washington, D. C. Date, May 17, 1896.] 

Star Band I o:-t I c A Cc Aa ATt I A 
_u-t-Cc-~a __ , __ 

I I I I I 

17 H. Can. Ven. · w -(;07 +1.26 + .02 +.04 + .Ol ' 
-4.12 +.10 

v Urs. MaJ. w -4.09 +1.55 -.30 ·+.05 - .17 -3.97 -.05 

'I Bootls w -3.69 +l.06 + .36 +.03 +.20 -3.92 -.10 

II Bootls w -3.89 +1.13 +.22 +.04 + .12 -4.05 +.03 at 14h 02m.co 
q: D°mconls w -4.52 +2.36 -1.03 +.08 - .58 -4.02 .oo .4 T--04'.024 

d Bootls E -3.94 -1.11 + .25 -.04 + .13 -4.03 .00 
q: Boot!S E -3.81 -1.06 +.35 -.03 + .18 -3.96 -.07 
1 Bootls E -4.23 -1 . .re - .19 -.05 - .10 -4.08 +.05 
8 Bootls E -4. 291-1. 64 -.38 -.05 - .19 -4.05 +.02 
6 Ura.Min. E -5.44 -4.18 -2.53 -.13 -1.28 -4.03 .00 

1--- i 
11:-t c A Cc a:-t-Cc Aa a:-t-Cc-Aa 

--------
First approximation: I 

Mean of time stars w -3.9" +1.25 + .08 +.06 -4.00 +.05 -4.05 c-+.051 
Azimuth .tar w -4.52 +2.36 -1.03 +.12 -4.64 - .59 -4.05 aw--1:.577 

Mean of time stars E -4.07 -1.32 + .01 -.07 -4.00 .oo -4.00 aE-+.48'1 
Azimuth star E -5.44 -4.18 -2.53 -.21 -5.23 -1.23 -4.00 

Seoond approxlmatlbn: 
Mean of time stars w +.04 -3.98 +.04 -4.02 c-+.032 
Azimuth star w +.08 -4.60 - .58 -4.02 aw-+.559 

Mean of time stars E -,04 -(.03 .oo -4.03 aE-+.504 
Azimuth star E 

J 
-.13 -5.31 -l.28 -4.03 . I 

1 The complete formula for the chronometer correction Is A. T-a:-(tm+R+ .. +Bb+ Cc+Aa), Let t-tm+R+ .. +Bb, then A. T-(a:-t)- Cc-Aa. 
so that It will be seen that the corrections Cc and ..ta are to be subtracted algebraically from 11:-t. 

EXPLANATION OF 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 remaining columns were filled out after the computation of a and c, shown i.n the lower 
portion of the form, was completed. ' 

It should be noted that the 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 at 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 at such distances from it that their mean 
azimuth factor, A, is nearly zero. These four stars of each group may be for convenience 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 star. · 

In this computation to derive c and a the time stars in each position of the instrument 
are combined and treated as one star bytaking the means of their (a-t)'s, and of their star 
factors 0 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 correct.ion, the first approxi-

•Ii was devlaed In the seventies by Assistant Edwlll Smith, then an aid In this Survey. Seep. 280, Appendix 4 of the Report for 1904. 
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mation to c is found by dividing the difference between the mean (a-t)'s by the difference 
between the O's. In the examplo, 

(firs 
.- . ) (.'.l'-t)w-(a-t)E -3.94-(-4.07) · +0.13 

c t approximation = - Ow-:- OE . = + 1.25 - ( -1.32) = + 2.57 = + os_.051. 

Using this approximation to c, tho cori·ection Cc is then subtracted from the a-t of each mean 
of the time stars and of each azirnu~h star, and the values of a-t- Oc,·in the seventh column 
on the fifth to eighth lines from the bottom of the form, are obtained. 

Separate values for the azimuth error of the instrument are then derived for eacli position 
of the ·instrument as follows: · 

_ (a-t- Oc)umestars- (a..:..'t- Oc)azlmuthstar _ -4.00- (-4.64) +0.64 O 
577 aw- A time stars - A azimuth star. - + O .08 - ( - 1.03) = + 1.11 = + "· ' 

- -4.00-(-5.23) _ + 1.23 - • 
a'E- + 0.01- (-2.53) - + 2.54 - + O •484• 

With these values of riw and aE the corrections Aa are applied, giving the values a-t- Oc-Aa 
in the last. column but one. If these do not agree for the stars east and west it indir.Rtes that 
the mean values a-t, used in deriving c, were not equally affected by the azimuth error, so 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 the last column as still an error of collimation,· and 
thus obtaining a correction to the first approximate value of c. Thus, in the example, 

-4-.05-(-4.00),·-0.05 . 
. +i.2s-=-r=T:32) = + 2.s1 = - 0"·019· 

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 aE are found. 
If the star sets are well chosen nnd the instrumental errors small, the first approximation will 
generally suffice. If the values of a-t- Oc-Aa differ by but a few hundredths, east and. west, 
there is little gained by making a closer adjustment. '1,'he chroi10meter correction will prob
ably not bo changed at all, but tho instrumental errors and star residuals will be slightly altered, 
as i.s apparent from the example, where the closer adjustment is made for the purpose of illus
trating the method. 

In the 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 d T, and allowing for this effect when deriving c in the first place. 
The formula for c then becomes 

It is !iere necessary to estimate the azimuth of the in~trument, a, roughly.in advance, and 
this may be ~one by inspection. Thus, in the ex,ample, assuming a= + 01 .5, wo have 

c= -3.94+4.07- ( + .07) X ( +0.5) = + .09 = +os 037 + 1.25+1.32 +2.57 . 

agreeing closely with the value 1~ven 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 vft.lues of thQ chronometer 
correction (.6. T) derived separately. The residuals atre· taken for' 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 
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mean of the Di. 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,1 the more refined office com
putation may be mad.e 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 th~ mean. of the time stars in the two half &ets. 

RELATIVE WEIGHTS FOR INCOMPLETE TRANSITS. 

Sometimes the transit of a star is observed over some of the. lines of the diaphragm and 
missed over the others. Obviously the deduced time of transit over the mean line from such 
an incomplete transit should be given less weight than that from a complete transit. 

For observations made by the eye and ear method the relative weights given by Chauvenet 
may be used, viz: · 

n (N+3) 
p= N (n+3) 

in which pis the weight to be assigned to the computed time of transit over the mean line, N 
i.s the total nufuber of lines in the diaphragm, and n is the number o'f lines upon which obser
vations were made.2 This formula is based upon the assumption that (e) 2 =3(e1 ) 2, in which (e) ~ 
the probable error of 11-n observed transit of an equatorial star over a single line and (e1) =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 supp9sed to be due mainly to atmospheric 
displacement, to outstanding instrumental errors, to irregularities in clock rate, and to changes 
in personal equation. · 

Tac following tablc..shows the values of p and ,/P for the two cases of 5 and 7 lines in the 
diaphragm: 

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

-n r·------:;~ 5 

I p ../ii 
~~-:-~~~1~~-'---11~~~-1-·~~~~· 

1 
2 
3 
4 
5 
6 
7 

0.40 
0.64 
0.80 
0.92 
1. 00 

0.63 
0.80 
0.89 
0.96 
1. 00 

0.36 
0.57 
0. 71 
0.82 
0.90 
0.95 
1. 00 

0.60 
0.75 

I
. 0. 84 

0.91 
0.95 

I o. 97 
1. 00 

i For 11 more complete 11CCount or this method or comput11tlon, see Appendix No. 9, Report for 1896. The above 11CCount is l11rgely tllken from 
that appendix. 

1 See Ch11uvenet's Astronomy, Vol. II, p. 198. The derivation of this formul11 follows the s11me lines as th11t given on the following pages for 
weights to be assigned to incomplete transits tllken by the chronographlc method. 
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The relative weights 'to be assigned to incomplete transits ·observed by the chronograph 
method may be derived us follows: 

in which r = the probable error of the time of transit over the mean line, arising from the com
bined effect of the culmination error ref erred to, the equator (e1) and of the probable error of 
the. transit of an equatori8.l star over a single line (e). ' - · 

To ':find r, individual determinations of ·right 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 Na val Observatory with the transit circle 
(using a magnifymg power of 186) in 1870 and 187L it was fourid that r= ±08 .034. To apply 

- this value to our instruments it must be somewhat increased, though not in proportion to the 
respective magnifying power8, since some of the errors involved approach the character of 
constants; multiplying it by 1.5 and 1.75 for our larger and smaller transits, respectively, there 
is obtained r= ±08 .051 and r= ±08 .060. For the larger transits (e) = ±0".063 and for the 
smaller (e) = ± 0" .080. (See p. 39.) . Substituting- these values in the above formula, together 
with the values 25 and 15 for in as actually used in the observations cited on page 38, there is 
obtained 

which give 
(el)= ± o· .049 and (el)= ± o•. 056 

for the larger and smaller instruq1-0nts, respectively: 
If the weight for a complete transit is unity, the weight for an incomplete transit is 

p= 
(e1)2+~ 
'(e )2 + (e)2 

i n 

He;n.ce, for the larger instruments, using the above value's for (e1) and (e), 

and for the smaller instruments 

1+ 1.6 
N p=--

1+~ n 

1 
2.0 

+N 
p=-

. 1+2.0 
n 

very ncurly. From these expressions the relative weights have been computed for total number 
of threads N = 25, 17, 1~, and 11 for the larger instruments and for N = 15, 13, 11, and 9 for 
the smaller ones, and are shown in the following table. 
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Table of weights for incomplete transits for use with chronographic observations: 

For large portable transits 
.I 

For small portable transits 

Number 
N-2!J N-17 N-13 .otllnes N-11 N-15 N-13 N-11 N-9 

n 

I 
' 

p ../:P p .JP p ../ii' p ../:P p ../ii' p ../p p .JP p ../:P 
----,--- - -------- -- -

·.391 

- ~ 
1 .41 . 64 .42 . 65 .43 . 66 .44 . 66 • . 38 . 62 . 38 . 62 . 63 . 41 . 64 
2 .59 .77 . 61 . 78 . 62 . 79 . 64 .80 . 56 . 75 . 58 . 76 .59 . 77 . 61 . 78 
3 .69 . 83 . 71 . 84 . 73 . 86 . 75 .86 . 68 . 83 . 69 . 83 . 71 . 84 . 73 . 86 
4 . 76 .87 . 78 .88 . 80 .90 . 82 .90 . 75 .87 . 77 .88 . 79 .89 . 82 .90 
5 .81 . 90 . 83 . 91 .. 85 . 92 . 87 .93 .81 . 90 .82 . 91 . 84 .92 .87 .93 

6 .84 . 91 .86 . 93 .89 . 94 . 90 . 95 . 85 .92 . 87 . 93 . 89 . 94 .92 . 96 
7 .87 .93 .89 .94 .91 .96 .93 . 97 .88 .94 .90 . 95 . 92 . 96 .95 . 97 
8 .89 . 94 .91 . 95 . 94 . 97 . 96 . 98 . 91 . 95 .92 . 96 .95 • 97 . . 98 . 99 
9 .90 .95 . 93 .96 .95 .98 .97 .99 . 92 .96 .94 . 97 .. 97 . 98 1.00 1. 00 

10 .92 .96 .. 94 . 97 . 97 .98 .99 .99 . 94 . 97 .96 . 98 .99 . 99 

11 . 93 . 96 . 95 .'98 . 98 . 99 1.00 1.00 . 96 . 98 . 98 . 99 1.00 1.00 I 

12 .94 .97 . 96 .98 . 99 1. 00 . 97 . 99 .99 1. 00 . 
13 . 95 . 97 .97 .99 1.00 1. 00 .98 . 99 1. 00 1. 00 
14 .96 . 97 .98 . 99 .99 1.00 
15 . 96 .98 .99 1.00 1. 00 1. 00 

I 

16 .97 . 98 1. 00 1. 00 
.17 .97 .98 1. 00 1. 00 
18 .98 .99 
19 . 98 • 99 
20 .98 .99 

21 .99 .99 
' 22 .• 99 1. 00 ' 

23 .99 1. 00 
24 1.00 1. 00 

I 25 1. 00 1. 00 
. 

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

The following tables of the probable error (c) of an observation of a transit of a star over a 
single line have been derived from a discussion of 1047 transits taken in ~ebruary and March, 
1869, at San Francisco, by Assistant G. Davidson, with the large transit C. S. No. 3 (aperture 2! 
inches, magnifying power 85); and 875 transits taken about the same time at Cambridge by 
Assistant A. T. Mosman, including some observations by Subassistant F. Blake, with the large 
transit C. S. No. 5 (aperture 2! 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.Falmouth, Ky., by Assistant E. Goodfellow, with a meridian telescope C. 8. No. 13 (aperture 
it inches, magnifyi:z;ig power about 70). 

I Tran.~lt No. 3 Tralllllt No. 5 Meridian telescope I Meridian telescope 

I l No. 13 I No. 13 
-

J (1) 8 (1) 8 (1) J (1) 

--- -
0 8 0 8 

0 8 0 8 

87.2 ±0. 74 86.9 ±0.66 81. 9 ±0. 62 ' 76. 3 ±0. 20 
86.6 0.49 80.0 0.20 76.9 0.18 68.2 0. 16 
83.0 0.38 76.3 0. 19 67.4 0.11 55.8 0. 13 
81. 0 0.31 72.6 0.12 62.0 0.14 48.4 0. 15 
68.4 0.12 68.8 0.11 55.8 0.09 23.2 0.102 
62.9 0.088 3.2 0.066 44.8 0.088 20.4 0. 089 
48.6 0.075 ........ . 29.7 0.067 17.3 0.110 ·········· 
28.5 0.058 ········ ........... 0. 7 0. 071 6.1 0.080 
7.8 0.060 .......... ............. ......... ........... . ........ ·········· 
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These tabular values are ftiirly represented by the expressious 

Transit, No. 3 

Transit, No. 5 (r)=.J(o.066)2 +(o.o36)2 tan2 a 

Meridian telescope, No. 13 (t)=.J(0.069)2+(0.078)2 tan2 a 
Meridian telescope, No. 13 (r)=.J(0.087)2 +(0.055)2 tan2 a 

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

(e) = ..j("'""0-.0~6-,3)~2 -+~(0~.-03~6~)2_t_a"'-n-,2 .~hand (e).= ..j(0.080)2 + (0.063) 2 tan 2.h 

39 

respectively,1 from which the following tables of probable errors· (e), of relative weights p, 
~nd of the multipliers ..jp for the conditional equations, hav~ been computed: 

Table of weights to transits deperuJ,ing on the star's declination. 

I For large portable transits For small portable transits 
• It 

(r) p ..JP (r) ·p ·lii-

0 , 
8 8 .. 0 ±0.06 1 1 ±0.08 1 1 

10 .06 1 1 .08 0.98 1 
20 .06 0.98 1 .08 .92 0.96 
30 .07 .91 0.95 .09 . 83 . 91 . 
40 . 07 . 82 .90 .10 . 70 . 83 
45 . 07 . 76 . 87 .10 . 62 . 79 
50 .08 . 69 . 83 .11 .53 • 73 

'55 .08 . 61 .78 .12 .44 .66 
60 .09 . 51 . 71 .14 .34 .59 
65 .10 .40 . 63 .16 . 26 . 51 
70 .12 .29 .54 .19 .18 .42 
75 .15 .18 .43 . 25 .10 .32 
80 . 21 .09 .30 . 37 .05 . 22 
85 .42 . 02 

, 
.15 . 72 .01 .11 

a Ursre Minoris 86 37 0.61 0.011 0.103 1.1 0.006 0.075 
51 Cephei 87 12 0.74 0.007 . 0.085 1. 3 0.004 0.062 
a Ursre Minoris 88 46 1. 7 0.001 0.037 2.9 0.001 0.027 
A Ursre Minoris 88 59 2.0 0.001 0.031 3~5 0.001 0.023 

COMPUTATION OF JT AND a BY LEAST SQUARES. 

A field computation made by the approximate method indicated on page 34 gives values 
for J T, 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 be sub
stantiallyidentical 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 aw, °'it, and 
4 Tare to be determined by least -squares, while c is taken from the field computations, revised 
and corrected if neces~ary. This method of computation is shown below. 

Let Jto = (a-t)- Oc in which t is the "chronometer time of transit across the mean line of 
the diaphragm co_rrected for rate, diurnal aberration and inclination and tr~ t is therefore tlre 

t Tho following formula has been published by Dr. Albrecht on p. 23 or his Formcln und IIW!sta!eln, etc., Leipzig, 189-1, viz.: 

(r)-.J(O.OfJ)t+ c;s) 1 
sec• it 

Putting v-85 ror the magnl!ytng power ~nd changing sec Into tan, this expression Is equivalent to 

Crl--v'C0.062)•+(0.037)• tan• It 
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quantity on •the last line of the field record and computation rui'shown on pages 30-31. Let Jt 
be an a.Ssumed value of the chronometer correction and ~t a correction to Jt to be derived from 
the computation. The final value of the chronometer correction will then be . .d1'=.dt+~t. 
Let d, for each star=iltc-.dt. 

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

:Jp ~t+ .JpAa= :Jp d, 

may be written, in which the weights pare assigned a,ccording to the tables on pages 38-39. 
In forming the normal equations each• half set, made with the horizontal axis in one posi-

tion, is treated independently of the other half set: ' 
The normal equations corresponding to the half set made with illumination (or bright 

band) to the westward are 
Ip at +IpAaw = Ipd 
I pAat +I pA 2aw =I pAd 

and similarly for the· other half set. 
The most conveni~nt arrangement of this computation is shown below, this example being 

. a computation of the time s~t treated on pages 29-31 and 34. · 

WASHINGTON, D. C., May 17, 1896. 

c=+.032 .dt=-4°.0l 

1 
__ s_ta_r __ ·: J ~:'.~ ~J_c_ ~ .:.::_ __ d __ A_ -~ -~~- pA• ~ pAd ~-~I_'_!:_ pJ' 

17 H.Can.Ven. 
~ Urs. Maj. 
~ Bootls 
II Bootls 
a Draconis· 

d Bootls 
a Bootls 
l Bootls 
8 Bootls 
5 Urs. Min. 

w ..J,l.07 +l.26 +.04 -4:11 - .10 + .02 .0083 
W -4.09 +l.55 +.OS -4.14 - .13 - .30 25 
w -3.69 +l.06 +.03 -3.72 + .29 + .36 63 

w -3.89 +l.13 +.04 -3.93 + .08 + .22 15 
w -4.52 +2.36 +.08 -4.60 - .59 -1.03 .40 -.41 .42 -.24 +.24 - .62 -3.98 -.04 -.02 06 

E 
E 

E 
E 

~ 3.83:: ~::=~1 
I I I -3.94 -1.11 -.04 -3.90 j+ .11 + .251 .93 +.23 .06 +.IO +.03 + .14 -4.04 +.02 +.02 

-3.81 -1.06 -.03 -3.78 i+ .23 + .35 I .98 +.34 .12 +.23 +.08 + .191-3.97 -.05 -.05 

-4.23 -1.46 -.05 -4.181- .17 - .19 .74 -.14 .03 -.13 +.02 - .10 :-4.08 +.06 +.04 
-4.29 -1.64 -.OS -4.24 - .23 - .38 .65 -.25 .09 -.15 +.06 - .21 :-4.03 +.01 +.~01 

04 
25 
27 
01 
10 E 1-5.44 -4.18 -.13 -5.31

1

-1.30 -2.53 .16 -.40 1.02 -.21 +.53 -1.371-3.94 -.08 -.01 

·--------'-----'--- 13.46 ~:;1=:-:~~ -1

.0259 

•These weights are taken from the column headed" Por large portable transits" In the table on p. 39. 

Normal equations: 

+3.83 a t-.05 aw=- .06 
.05 a t+.65 aw=+ .39 

aw=+•.GOI 
a t=-•.008 

+7.29 Q- .27 q=l 
...,.. .27 Q+I.97 q=O 

Q=0.138 

+3.46 at- .22 aE=- .16 
.22 ot+J.32 aE=+ .72 

aE=+•.543 
/I t=- 0 .012 

E1=±•:044 
E =±'.016 

In the above computation a check on the correctness of the assumed value of c is furnished 
by the nearness of agreement of the two values of 8t resulting from the two groups of st-u1'8. 

, The normal equations arc solved most conveniently by successive approximations, us, for 
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instance, in the second equation the value of aw can be closely derived at once on the assumption 
that at is small. The residuals (A) are taken for each group separately, using its own at 1 to 
derive a /:::,. T for this purpose, and the sums of the p.d's should of course nearly equRl ~ero for 
each .set. The probable error of a single obs.ervation of unit weight is 

where ~p.:12 is the sum of the weighted squares of the residuals (last column in form), n0 is the 
nmnber of stars and ne is the number of unknown quantities or number of normal equations, 
remembering in this example that there are four UnknOWnS1 at, aw, aEI and C, the latter being 
taken from the field computation. To obtain the probable error e of the computed J T, add 
·the corresponding normal equations of the two sets, put Q in place of at, q_ in place of a, 1 in 
place of ~pd, and O:in place of ~pAd, as shown. Then e=e1 .JQ. 

I . 

THE COMPLETE LEAST SQUARE COMPUTATION. 

When time observations are taken in Alaska unu~ual conditions are encountered, arising 
from the high latitude of the station-froip 55° to 65° for the regions in which the Survey 
observers are called upon to observe most frequently. Zenith stars are there slow-moving stars 
(and consequently have small weights); for stars between the zenith and the pole pA is com
paratiyely small; the rapidly moving stars are far to the southward of the zenith, and it is e!lSY 
to observe subpolars, as the northern horizon is far belOw the pole. Moreover the very prevalent 
cloudy weather is apt to break in upon ahy previously arranged prograni. 'fhe combined 
result of these conditions is in general that the sets of stars actually observed are poorly balanced; 
that is, the algebraic sum of the A factors for each half set and of the 0 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, aw, aE, and J T are all derived by the 
principle of least squares. 

We here start with a-t (a.~ shown on pp. 30-31), and the remaining notation stands as on 
page 40, except that we must here distinguish by the subscripts wand E between A factors belong
ing to the two half sets. 
. An observation equation ?f one of the following forms may be· written for each star observed: 

.Jjiat 
.J);at 

The· normal equations will be-

Lpat 
~pAEat 
l"pAwbt 
2pGbt 

. +LpAx~ 
+1'pA2Ka£ 

+21)A2waw 
+l'pAOwaw 

: ·"' 
+ .JPGc= {Pd 
+ .Jp Ge= {Pd 

+2p0c 
+l'pAEGc 
+l'pAwGc 
+l'pG2c 

=l'pd 
=l"pAEd 
=l'pAwd 
= 1'1JGd 

The following will serve as a concrete illustration of this method of computation. The only 
preliminary assumption i'n th.is computation is an approximate value of the chronometer correc
tion, Jt. 

Owing to the high latitude of St. Michael, 63° 20', the time stars are all south of the 
zenith, and the average value of A is far from zero. • 

1 Tb.e two ~l's here happen to be so nearly oqne.l that J's o.re the so.me as II taken \>Y usln~ tho J T !or tho whole group. 

a226RR"-41-4 
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ST. MICHAEL, ALASKA, MarCh 19, 1891. 

Star Clamp Cl-I d A 

8 8 

1 E -21. Zl -1.17 +.66 
2 E -21.22 -1.12 + .72 
·3 E -21.40 -1.30 + .76 
4 E -23.09 -2.99 +2.89 
5 E. -21.23 -1.13 + .73 

6 w -20.98 -0.88 + .8.5 
7 w -20.86 -0.76 + .72 
8 w -20. 70 -0.60 +.64 

'9 w -20.9/i -0.8.5 + .8.5 
10 w -25.39 -5.29 +3.46 

Normal equations: 

-

Jt=-20.•IO. 

c p pA ~\pA• pAc \pc• pd pAd pCd 

-1.13 0.9 + .59 -1.02 .39 - .67 1.15 -1.05 - .69 +1.19 
-1.08 0.9 +.65 - .97 .47 - .70 1.05 -1.01 - .73 +1.09 
-1.05 0.9 +.68 - .94 .52 - .72 .99 -1.17 - .89 +1.23 
+4.58 0.08 +.23 + .37 .66 +1.06 1.68 -.24 - .69 -1.10 
-1.07 0.9 + .66 -.00 .48 - .70 1.03 -1.02 -.74 +l.09 

---- - -- - ----
+2.81 2.52 -1. 73 -3.74 

+1.01 1.0 I . 72 +.86 1.021- .881- .75 - .891 + .8.'tl.01 
+1.08 0.9 + .651+ .97 .47 + .70 1.05 - .68- .49 - .73 
+1.14 0.9 + .58·+1.03 .37 +.66 1.17 - .541- . 35 - .62 
+1.01 1.0 + .8.5 +1.01 ;72 +.86 1.02- .8.5- .72 - .86 
-5.83 0.05 + .17 -.29 .60 -1.01 I. 70- .261- .92 +1.54 

----- ---1- ' 
7.53 +3.10 

i 
+0.21 2.S8 +2.()7 11.86-7.701-3.23 +l. 941 

+7. 53 at +2. 81 aE+3.10 aw+ 0. 21 C =-7. 70 
+2. 81 ht +2. 52 a~ - 1. 73 c =-3. 74 
+3. 10 at +2. 88 aw+ 2. 07 c = -3. 23 
-1-0 ?.1 lit. -1. 73 a11:+2. 07 aw+ 11. 86 c =+l. 94 

At 8.h5 JT =-20.•12 
Q =. 79 

c =+0.183 
UE =-1. 342 
a.w=-1. 233 

'" =-0.02 

Aa Cc l).T ' pJ 

- .89 - .21 -20.17 +.05 +.04 
-.97 -.20 -20.05 -.07 -.06 
-1.02 - .19 -20.19 +.07 +.06 
-3.88 +.84 -20.05 -.07 -.01 
- .98 -.20 -20.05 -.07 -.06 

-1.05+ .18-20.11-.01-.01 
- .89+ .20-20.17+.05+.04 
- . 79 + . 21 -20. 12 • 00 . 00 

-1.05+ .18-20.081-.04-.04 
-4.27 -1.07 -20.05 -.07 .oo 

t1=±.1039 
E =±. 035 

pJ• 

.0022 
44 

44 
04 

44 

01 
2-2 

00 
16 
02 

.0199 

-

The remarkably large value for Q arises from the fact that the azimuth errors, aw and aE 
are but feebly determined, see· column headed pA and the normal equations. . 

Sometimei;i it is assumed that the azimuth error is the same for both halves of a set1 and 
the distinction between aw and aE is dropped and a single a derived from the whole set, the 
normal equations being modified accordingly. This procedure is entirely justifiable if the 
azimuth error during the two half sets is actually the same.. If the two azimuths really differ1 

some ~rror will be introduced into the computed results by this procedure, and the error so, 
introduced will be larger the greater is said difference. Experience shows that the instability 
of the instrument in azimuth is in general sufficient to make it desirable to distinguish between 
the two azimuth errors if accurate results are desired, except when there are but few stars 
observed in the set, say, seven or less. 

THE SELECTION OF STARS. 

The stars shown in the observing list (p.18) and used in the computation on pages 21, 22 and 
26 were chosen by the method now used for longitude work in latitudes less than 50°. In each 

· half set there are five to seven time stars (six stars preferred.), a time star being one which has 
an A factor less than unity. These stars are so selected that the algebraic sum of the A factors 
in a half set shall not be greater than unity. It is desirable to have the algebraic sum of the 
.A factors of the stars in a half set as small as can be obtained by the use of good judgment 
in their selection, but it is not desirable to reduce the number of stars per hour ~o be observed 
in order to improve the balancing of the A factors, if the balancing is already within the 
specified limit. . · 

In endeavoring to obtain the maximum number of stars per hour, subject to the condition 
of the balancing of the .A factors, consideration must be given the question of level readings 
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and reversals of the instru:ment. Ample tiine 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 sets--.itb:at 
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 observa
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, but 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 bRlanced. When the two stations are not 
distant, many of the stars observed at one station will necessarily be observeq at the other. 

In longitude work the observations each night consist nor:mally of four half sets of six 
stars each, witli a: reversal of' the instrument between each two consecutive half sets. The 
reversal of the instru:ment 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 first and second and the second and 
third half sets, thus obtaining two corrections to the chronometer and its rate. 1 ' 

· Where it is desired to use the azi:muth star :method of solution shown 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 chosen that the algebraic sum of the A factors of the four time stars (each near 
the zenith) will 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 near the pole as to render the star's transit across the 
field of observation so slow -as to produc~ long waits between observations. In~ a ti;rne 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, one 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 weights are assigned. This condition 
prevents any but a comparatively weak determination of the azimuth error ofthe 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. Oue 
azimuth star with a declination between 55° and 75° should be selected and observed below 
the pole. 

The preliminary or field computation!3 may be made 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 Ephe~eris 
ovel'. other star lists, as it contains the apparent places of more stars than other available cata
logues. It is well to oqtain all stars, when possible', from a single catalogue, but this is not 
essential. It may be considered as almost essential, certainly so from an economic st.itndpoint, 
to use only stars for which apparent places are published. The 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 offiJ:\e work. Furthermore, it will be found that sufficient 
stars can be selected for all time work in the northern hemisphere from su'.ch catalogues as the 
American Ephemeris and Nautical Almanac or the Berliner Astronomisches J ahrbuch, and tho 
selection of mean place stars is unnecessary. 

DETERMINATION OF EQUATORIAL INTERVALS. 
I 

The equatorial intervals of the lines of the diaphragm are needed to reduce incomplete 
transits. (Seep. 32.) 
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To determine these, select complete transits of stars of large declination. 
Let tu tz, t11 •••••• tn be the observed times of transit over the successive lines, tm, their · 

mean, arid i 11 i2, i3 ...... in their equatorial intervals from the mean line and lJ the declination 
of the star: · 

1 
tm=- (t1+t2+ta · · · • • .+tn) n 
il = (t1 - tm) COS <J 
iz = (t2 - tm) COS lJ 

etc. 
in = (tn - tm) COS lJ 

also O=i1 +i2+i3 ...... +in. 

The intervals of the lines{~~~\}of the mean line will then be{+ }at upper culmination. 

For stars within 10° of the pole (as for lJ Urs. Min., 51 Cephei, Polaris, and l Urs. Min.) 
use the formula;,: 

. 3~ 

i1 = (t1 - tm) COS b -y COS 't'1 
etc. 

in= (tn -tm) COS lJ ~COS 't'n 
where , 11 • 2, · i-5 • · ••••• •n are the hour angles of the circumpolar star for the successive lines. 

When it is necessary to use the ·more exact formula for circumpolars a['l given al?ove, the 
table on page 32 will be found convenient. 

If the chronometer rate exceeds 158 per day it will be desirable to take it into account in 
computing the equatorial intervaJs. 

A convenient form for the computation of equatorial intervals follows. The observations 
used were made by A$sistant Fremont Morse at Sitka, Alaska, in 1894, with Meridian Telescope 
No. 7, and by the ey~ and ear method. - . · · 

K Draconis. 8=70° 22' 2711• Log. cos 8=9.52618. · Clamp West. 

.Line May14 . Mayt5 May16 MaytS 

I 
Mean Log.mean I Log.I (oqwftorlal I . interval) 

--
8 8 8 8 8 8 

1 ti-tm -87. 60 -88.00 -87.10 -87. 60 -87. 575 1. 94238 1.46856 -29.414 
2 t2-tm -44. 60 -44. 00 -44. 60 -44. 60 -44.450 1. 64787 1.17405 -14.930 
3 ta-tm - 0.10 0.00 + 0.40 + 0.40 +·o.175 9.24304 8.76922 + 0.059 
4 t4-tm +43. 90 +44.00 +43. 90 +43.40 +43.800 1. 64147 1.16765 +14. 711 
5 t6-tm +88. 40 

1 
+ss. oo +87.40 +88.40 +88.or>o 1. 94473 1. 47091 +29.574 

The quantities (t1 -tm), (t2 -tm), etc., for each date were taken directly from the record of 
observations. 

The equatorial intervals were thus computed from observations upon three different stars 
and the means taken. 

It is not necessary to make special observations to determine the equatorial intervals. 
Complete transits observed during the regular progress of time observations may be utiliz.ed 
for that purpose. If· observations upon ·stars of large declination are not available, observa
tions upon stars of small declination may be used, and will be found to give almost as accurate 
values for the equatorial intervals. 

When pressed for time in the field an incomplete transit of a star may be reduced by assuming 
that actual intervals between lines on that star are the same as on some preceding date on 

, which a complete transit of that star was observed at that station. The formulre on page 32 
may then be used by dropping the factor sec lJ and substituting actual intervals for equatorial 
intervals. · 

PIVOT INEQUALITY. 

, 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 observa
tions. The observations consist of a series of readings of the striding level as indicated in the 
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example of record and computation given below. The notation is the same as on pages 22-23; 
that is, f3w and f3e indicate the apparent inclination of the telescope axis in each of its two posi
tions as given directly by the readings of the striding level. Then the pivot inequality 

P
_f3e-f3w 
- 4 

and is to b~ expressed in seconds of time. 

Zenith 
distance 

0 

38 

43 

48 

43 

38 

-- ----

I 
I 

r.eulth 
f<listancc 

. 
I 

0 

38 

43 

48 

43 

38 

Observations for inequality of pivots of transit, No. 19. 

[Station, Atlanta, Ga., Mi.t. 12, 1896: G. R. P., observer.') 

Band west Band cast I 
I 

Objeot glass south Object glass north 
{Jc-{Jw Temper-Tlmo e.ture Iw-)."e l"w-Ie 
--4-

Level -4- Level ----r"'" -p 
-p .. -P• 

W.end E.ond W.end E.end 

h m op div div div div div div div 
9 43 a. m. 33 33.5 22.0 33.4 21. 7 

20.8 34.8 - . 625 21.0 34: 0 -. 325 +.075 

I 20.4 33. 9 21.0 34.0 
32.4 21. 9 - . 750 33. 1 21.8 -.425 +.081 

20.2 33.9 20.3 33.4 
32.2 21.9 - .85Q 32. 1 21.8 -. 700 +.038 

31.8 21. 9 32. 7 21. 1 
19. 7 33. 9 -1. 075 20. 1 33.3 -.400 +.169 

10 03 a. m. 35 19. 7 33.8 20.l 33. 1 
31. 9 21. 3 ~ .875 32.0 21. 1 -. 525 +.088 

' 
Mean, band west, object glass +.090 

south, and band east, object 
\ glass north 

i I I I i ---·· 
Band west Hand east I 

I I,.~,, 
I 

Object glBss north Object glass south I 

'J'emper- p.-{J .. 
'l'lmo aturo Iw-l"e 

-4-

'Level -4- Love! -p 
-p .. I -P• . 

'-~~---0~ 
I 

W.ond E.end W.cnd 

op I h m div div div div div div div 
10 07 a,'m. 35 19. 7 33. 1 19.4 33. 6 

31.9 20.9 -. 600 31. 9 20.9 -. 800 -.050 

31. 9 20. 9 31. 7 20. 9 
19. 1 33. 3 -.800 19. l 33.2 -. 825 -.006 

19.3 33.0 19. 1 33. 3 
31.5 20. 9 -.775 31. 7 20. 9 -. 850 -.019 

' 31.3 20.9 31. 1 21.0 
19.0 33.2 -. 950 18.9 33.2 -1. 050 -.025 

10 27 a. m. 36 19.0 33. 1 18.8 33. 7 
31. 7 20. 5 -. 725 31.2 20. 9 -1. 150 -.106 

Mean, band west, object glass -:::· 041 
north, and band east, object 
glass south 

object glass +.090 Mean, band west, 
south, and band east, object 

' glass north, 
Mean +. 024 

1 division of striding level=l11.850=0'.123 
p=+.024 div.=0".123X.024=+0.003 sec-

ond of time 
I I I 
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In determining the pivot inequality the level readings are made 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. 
In the 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 ai all angles 
from the zenith, from 0° to 90°, but the ordinary form of level will not permit readings closer 
than 30° or 40°, and stars are ~ot often observed, more than 50° from the zenith. In tho example 
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 the correction for pivot inequality has opposite signs for the two halves of a time set, 
its e:ff ect on the dct'ermined 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 the 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 OF LEVEL VALUE. 

The most accurate way of determining the value of one division of a level is by means of 
a level-trier, which consists of a bar the support of which at one end is a micrometer screw. 
The level tube to be t~stcd is placed on this bar. The method of observing and computing is 
shown in the following example.~ In the level-trier used one division of the micrometer head 
equals one second of arc; that is, a movement of one division changes the angular position of 
the bar by one second. The first part of these observations was simply for the purpose of test
ing the uniformity of the tube, changing the angl13 by 5" intervals. In determining the level 
value about the same length of bubble is employed that is used in the field observations. 
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Determination of value of one division of stride level of meridian ·telescope No. 9. Chamber vial 
i75 mm. by 15 mrn., marked 7526, 2".02 K. and E., mounted by springs. Length of bubble 
used, 35 div.=70 mm. E.G. F., observer. Mean temperature, 12°.3 G. · 

I Chamber left Chamber right 

Dubbleroadlng Movement Bubble reading Movement 
Level- Value of Level- Value of 
trier onedlvl· trier one div!· 

reading Left Right Level- Bubble. slon of reading Left Right Level- Dubble. slon of 
end end trier Meanor level end end trier Mean of level 

two ends two ends 

-------- ~ ------
II div div II div II II div div II div II 

25 -0.1 35.2 5 2.5 75 60.4 25.8 5 2. 7 30 2.4 37.7 5 2.5 80 57. 7 23. 1 5 2.4 35 4.9 40.2 5/ 2.5 85 55.3 20. 7 5 2.4 40 7.4 42.7 90 52.9 18.3 
45 10.1 45.4 5 2. 7 95 50.2 15.6 5 2. 7 
50 12.7 48.0 5 2.6 100 47.5 12.9 5 2. 7 
55 15.3 50.6 5 ' 2. 6 105 44.9 10.3 5 2.6 
60 17.9 53.2 5 2.6 110 42.2 7.6 5 2. 7 
65 20.3 55.6 5 2.4 115 39.6 5.0 5 2.6 
70 22.9 58. 2 5 2.6 120 37.0 2.4 5 2.6 
75 25.5 60.8 5 2.6 125 34.5 -0.l 5 2.5 

25 -0.2 35.0 50 25. 7 1.945 75 60.9 26.3 50 26.3 1.901 75 25.5 60.7 125 34.6 0.0 

35 4.7 39. 9· 30 15.8 1. 899. 85 55.9 21. 2 30 16.1 1.863 65 20.5 55. 7 115 39.8 5. 1 

40 7.4 42. 6 20 10.5 1. 905 90 53.2 18.5 20 10.8 1. 852 60 17.9 53.1 110 42.4 7. 7 

.45 10. 1 45.3 10 5.3 1. 887 95 50.4 15.8 10 5.5 1.818 55 15.4 50.6 lOq 44.9 10.3 

Mean, chamber left l 909 Mean, chamber right 1.859 

I I 
Final mean 
1 div.=2 mm.=111.884at12°.3 C 

I I I I 

If the love! vial is so held in its metallic mounting that there is any possibility that it may 
be put under stress by a change of temperature, it is advisable to determine the value of a 
division with the tube in its mounting at two or more widely different temperatures. Level 
v.\als ·are now usually mounted wit]l springs, so as to avoid such stresses. 

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

If a telescope having an eyepiece micrometer fitted for measuring altitudes or zenith dis
tances is available, the unknown angular value of a levol division may be found by comparison 
with the known angular value of a division of the micrometer. Place the level in an extempo
rized mounting fixed to the telescope so that the level vial is parallel to the plane in which the 
telescope rotates (about its horizontal axis). Point with the micrometer upon some distant 
well-defined fixed object and read the micrometer and-level. Change the micrometer reading 
by an integral number of divisions, point to the same object again by a movement of the tele
scope as a whole, and note the new reading of the level. Every repetition 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 known is available, 
it may be used as a standard with which to compare the unknown level.' Put_ the unknown 
level in an extemporized mounting, f asiened to that of the known level in such a way that 'the 
two level vials are parallel or noarly 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 en-ors which affect the final result of any· astronomic observation may be 
grouped into three separate classes with respect to their sources, and cons~quently the pre
cautions which must be taken against them fall under the same general heads. They are: 
(1) External errors, or en-ors arising from conditions outside the· observer; (2) instrumental 
errors, due to the instrument, and arising from imperfect construction 1 or imperfect condition 
of the instrument: from instability of the relative positions of the different parts, etc.; (3) 
observe:r'.s errors, due directly to .the observer, arising from his unavoidable en-ors of judgment 
as to what he sees and hears and from the fact that nerves and brain do not act instantaneously. 
By the phrase "Errors of observation" is meant the combined en-ors arising from all these 
sources. 

The principal 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 en-or of a right 
ascension will be upon an average about ± 0."03, except for stars of large declination, for which 
this estimate must be increased. The right ascensions are subject also to small constant en-ors 
with which the geodesist is hardly concerned, because of their smallness and because they are 
almost completely eliminated from his final results. When the same stars are used at both 
stations in determining a difference of longitude the en-ors of the right ascensions arc com
pletely eliminated from the determined difference of longitude. 

If one considers how small are the lateral refractions which affect measurements of hori
zontal angles and azimuth observations, in which lines of sight are close to the ground, it seems 
certain· that the effects of lateral refraction upon transit time observations in which all lines 
of sight are elevated high above the horizon must be almost or quite inappreciable. This is 
probably the case whenever proper precautions are taken to avoid local refraction within a few 
feet of the instrument. If, however, the temperature within the observatory is much above 
that outside, or if active chimneys or other powerful sources of heat are near the observatory, 
warm columns of air rising from or passing over the observat6ry may produce a sensible lateral 
refraction. The lateral.refraction is included, with many other errors from which it can not 
be separated, in the culmination error, (e1), estimated on pages 38-39. 

In addition to ·the lateral refraction referred to in the preceding paragraph and tacitly 
assumed to be constant. during the interval of a few seconds in which a star is being observed 
upon, there are usually momentary lateral refractions which serve merely to make the apparent 
rate of f>rogress 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 those 
arising from the chronograph and the reading of the chronograph sheet, from poor focusing, 
from nonverticality of the micrometer wire or of the lines of the diaphragm, from changes in 
azimuth and collimation, from en-ors in the measured collimation, from en-ors in the measured 
inclii1ation, from irregularity of pivots, and from changes in the rate of the chronometer. 

All of these except the first two arc included in the culmination en-or, (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 the assumption that the speed of the chronograph is constant between 
successive breaks of tho chronometer. The chronograph sheet is read to hundredths of seconds 
for the exchange of arbitrary signals between stations in telegraphic longitude ·work. In 
obs,ervations made with an observing key, marking the times of transit across the lines of a 
diaphragm, the chronograph record of the observations is read for each line to the nearest 0.8 05. 

• By lmperfoct construction Is hero moont tho failure to satisfy fully tho rigid geometric conditions Imposed by theory, but nocessarlly attained 
out imporfJctly by the Instrument maker, es, for example, tho condition that tho cross section of a pivot should boa perfect circle and remain so. 
lmperfe,cl construction ls thorofore not meant to Imply poor construction, that ls, construction much below tho attnlnahlo degree of oxoollenoo. 
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By so doing, a probable error of about ± 0.801 on each single line is introduced into· the readings; 
but this is toQ small in comparison with the other errors concerned in transit work to warrant 
a closer reading. In observations made with a transit equipped with a transit micrometer, 
where 20 observations on each star are recorded, the chronograph record of these observations 
is read to the· nearest 0.2 1. The probable error of a single record (position of micrometer wire) 
from this source is about ±0.202, but the number of such records obtained on a star makes the 
probable error of the mean of these observations less than ±0.8 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 error8 
because of poor definition. But poor focusing of the objective is especially objectionable, 
because it puts the diaphragm ,(or plane of the micrometer wire) and the star image in different 
planea, and so produces parallax. The parallax errors may be avoided to a large extent by keep
illg the eyepiece centered carefully over the part of the diaphragm which is being observed 
upon, if proper longitudinal motion of the eyepiece is provided for that purpose. 

If the lines of the diaphragm do not make an angle of exactly 90° with the horizontal axis 
of the telescope a .star observed above or below the middle of the <;liapbragm will be observed 
too late or too early. A similar error will be caused in the case of the transit micrometer if the 
movable wire does not, in each of its positions1 make an angle of 90° with the horizontal axis. 
Errors from this source may be made very small by careful adjustment and by observing within 
the narrow limits given by two horizontal lines or wires. 1 

The mean e_rrors of azimuth and .of collimation, being determined by the time observations 
themselves, are canceled out fr~m the final result with a thoroughness which depends upon the 
success attained in selecting stars. The process of elimination depends upon the assumption 
that the error of azimuth remains .constant during each half set and that the collimation error 
remains constant during the whole set. The changes in these errors during the intervals named, 
arising· from changes of temperature, shocks to the instrument, or other causes, produce errors 
in the final result. These errors will evidently be smaller the more rapidly the observations are 
made, the more carefully the instrument is handled, and the more symmetrical and constant 
are the temperature conditions. In general,· these errors are small but not inappreciable. In 
this connection the stability of the pier on which the instrument rests is of especial importance, 
and also the degree to which it is protected from shocks such as, for instance, the observer's walk
ing in its immediate vicinity, if there is no floor to the observatory or tent. 

It is mo.inly in the light of the preceding paragraph that the number of stars to be observed 
in a ti.me sot must be <letennined. If the number of stars in 11 time set and the length of time 
over which it extends be increased, the errors due to accumuluted changes in the azimuth and 
collimat!on UFe increased. On the other hand, if the number of stars is decreased below the 
present standard (12) the number of observations rapidly approaches equality with the number 
of unknowns (4), and the accuracy with which the unknowns are determined decreases very 
rapidly. From these considerations it would seem that 12 stars per set is about the most 
advantageous number when the highest degree of. accuracy i8 desired.~ Under normal condi
tions this number involves the necessity of depending upon the constancy of the instrument in 
t)-Zimuth for about 30 minutes and in collimation for about 1 hour. If greater accuracy is 
desired than can be obtained from a set of 12 stars, it is necessary to continue observing half 
sets of 6 stars each, with 11 reversal of the instrument in its wyes between each two half sets, but 
the number of stars in a half set should not be materially increased. _ 

To a considerable extent the· preceding two paragraphs also apply to the inclination error. 
The changes in inclination during each half set produce errors in addition to those arising from 
uncertainty as to the mean inclination, hence again the desirability of rapid manipulation. 
The menn inclination is determined from the indications of the striding level, which are moro 
or less in err~r. Different observers seem to differ radically r.s to the probu.ble magnitude of 

1 When only e. minor degree of e.oouraoy ls deslrcd,.thc number of stars may, of oourse, be 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 heedlessness about 
bringing a warm reading lamp too near it,1 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 08 .1 
in the deduced time of transit of a star near the zenith. 

The method of treating the le'Vel readings given on page 22 is based upon two assumptions: 
First, that the indications 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 it (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 these 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). There 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 jnequality 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 the difference of the irregularities of the two pivots which 
affect the observed times, and it should be noted that corresponding points on the two pivots 
are always under abo4t the same pressure at the same time, and that therefore irregularities 
due to wear tend to be the same for ~he two pivots. 

Changes in the rate of the chroMmeter during the progress of a set of observations evidently 
produce er:ors in the computed chronometer correction at the mean epoch of the set. Under 
ordinary circumstances such errors must be exceedingly small. If, Jh.owever, 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 constanti errors in his observations 
of the times of transit and in his readings of the striding level. The level reading errors (such 
as errors in estimating tenths) are inappreciable in their effect upon the computed time, but 
the errors in observations of time of transit enter into the computed time with full value. The 
observer's accidental errors are estimated under the heading ''Relative Weights to Transits 
Depending on the Star's Declination" (pp. 38 and 39). His constant error in estimating the 

1 The longitudinal section of the upper inner surface of a level vial is made as nearly a perfect olrclo as possible. Han observer will consider 
how groat this radius o!curvature Is in asensltlvcstrldinglevelhewlllunderstand why very small deformations o!thelevel vial by unequal changes 
of temperature have a marked e1!ect upon the position of the bubble. The radius of curvature for a level of which each divislonls2mm long and 
equivalent to Jt seconds of arc ls more than 300 m (about lOOOfeet). 

t In discussing errors, and especially when discussing them with reference to their ultimate e1!ect.<i, it is quite Important to keep clearly In mind 
the distinctions between accidental errors, constant errors, and systematic errors. A comtant error Is one which has the sa.me etrect upon all the 
observations o! the series or portion or a. series under consideration. Acc«kntal errora are not constant from observation to observation; they are 
BB apt to be minus as plus, and they presumably follow the law of error which Is the basis of the theory o!least squares. A systematic error is one of 
which the algebraic sign, and, to a certain extent, the magnitude, bears a fixed relation to some condition or set of conditions. Thus, !or exam pl~, 
the phase error in observations of horizontal directions Is systematic with respect to the azimuth of the sun and or the line of sight. The expression 
"constant error" is often used loosely in oontradlstlnctlon to "accidental error," In such a way as to Include both strictly constant errors and sys
tematic errors. The effect of accidental errors upon the final result may be dlmlnlshed by continued repetition of the observations and by the least 
square method of computation. The etrects of constant errors and of systematlo errors must be eliminated by other processes; for example, by 
ohanging the method or program of observations, by special lnvestlg11tlons or special observations designed to evaluate 11 constant error or to 
determine the ex11et law of 11 systematic error. The above discussion applies with full force, In so far 11s the observer ls directly concerned, to errors 
arising from Imperfect perception or Judgment rather than to blunders or mistakes, such ss reading a level five dlvlslons wrong or estimating a time 
one second wrong. If a mistake Is so large that it ls caught by the checks which are used for that purpose It is usually without effect upon the 
computed result, since It ls either corrected or the observation concemed ls rejected. A mistake which is not caught ls, in Its e1!ect upon the com
puted result, an accidental error and, if proper checks have been used to detect mistakes, will lie within the llmlt.<i or magnitude of the accidental 
errors. A similar distinction between Instrumental errors and instrumental blunders ma.y be drawn; !or example, a blunder rather than error 15 

caused by the movement o! an o bjectlve which is loose 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 ca$e. In 
observations with a transit micrometer this error if it exists at 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 the personal equation 
in observations ma.de with a transit micrometer is so small that it may be neglected in longitude 
work. • 

To sum up, it may be stated that the accidenrol error in the determination o'f a chronometer 
correction from observations with a portable transit instrument upon twelve stars may be 
reduced within limits indicated by a probable error of from ±8.0l to ± 8 .10. However, in 
observations made without the transit micrometer the chronometer correction may be subject to 
a large consront error, the observer's absolute personal equation, which may be many times as 
great as the probable (accidental) error.· If the observations have heel} made with the transit 
micrometer, there is practically no personal equation, and the results may be considered free 
from. constant errors due to that source. 

OTHER METHODS OF DETERMINING TIME. 

In the field it is sometimes necessary to use other instruments as transits for the determi
nation of time. A theodolite, when so used, is apt to give results of a higher degree of accuracy 
than would be expected from an instrument of its size, unless one has in mind that the prin<?i
pal errors in transit time observations are those due directly to the observer. On the other 
hand, zenith telescopes of the· form in which the telescope does not swing in a plane passing 
through the vertical axis of the instrument have been found to give disappointing results when 
used in the meridian for time,, perhaps because 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 whole. The time may, however, be thus determined with sufficient accuracy for use in 
connection with determinations of latitude with the zenith telescope. 1 

· · The determination of time by the use of the transit in any position out of the merida.n 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 more than offset the fact that the adjustment for putting the transit in the meridian is 
then unnecessary. 

The use·of the transit in the vertical plane passing through Polaris at the time of observa
tion has been advocated, and has been used to a considerable 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 less extent, to the objections stated in 
the preceding paragraph against the method of observing in any position, out of the meridian. 

If a niark nearly in the meridian has been established and its azimuth determined the 
chrono.meter correction may be. determined at 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 diaphragm; reverse the 
horizontal axis of the telescope 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 field by the micrometer 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. 'rhe 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 is 
the chronometer time of transit of the sun's center across the plane of the instrument. This 

'For methods ol determining time with a zenith telescope by using It as an equ11l-11ltltude Instrument, see Coast Survey Report !or 1869, Appen· 
dlx No. 12, pp. 226-232. 



52 U. S. COAST AND GEODETIC SURVEY SPECIAL PUBLICATION NO. 14. 

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 rnstrument 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 desirable in connection wi.th chronometric determi- , 
nations of longitude in Alaska when continuous cloudy weather prevents star observations. 

When setting up a transit at a new station it is sometimes difficult to get a close approxi
mation to the local time with which to make the first setting of the ti;µ.nsit in the meridian. 
The following method has been used to furnish a rough value of the local time, and makes it 
possible to put the inst111ment so closely in the meridian on the initial trial•that there is almost 
no time lost from the regular observations. At a li.ttle before local noon commence observing 
the sun, following it by moving. the telescope both in azimuth and altitude. 'VVhile the sun is 
still rising appreciably, clamp the telescope in altitude, and 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 slightly 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 chronom
eter time of the sun's passage across the locul meridian; and the. chronometer correction on 
apparent solar time can be determined, and finally its correction on local sidereal time. With 
this correction, using an azimuth star first in the final placing of the instrument in azimuth, 
it will be found that two approximations will usually be all that arc required to set the instrument 
close enough for actual observations. With the meridian telesco_pe form of instrument this 
method may be easily and accurately followed. 

Sextant observations for time by measuring the altitude of the sun give sufficiently accurate 
results for many purposcs. 1 For, example, the chronometer correction may thus be determined 
with sufficient accurtJ.CY for use in zenith telescope determinations of latitude or in observations 
for azimuth made upoh a circumpol1tr star within an hour of elongation. If a specially constructed 
vertical circle 2 is used, illustratiort No. 8, the time may be determined from observed altitudes 
of a star or the sun with sufficient accuracy for all purposes in observations for latitude and 
azimuth.· The sun or star ~hould be observed near the prime vertical if possible. This is the 
metho~ usc<l at present.by nearly all the parties of this Survey engaged in latitude and azimuth 
observations. With time obtained in this way azimuth observations may be made on Polaris 
at any hour angle. This method is also used by the field parties engaged in making magnetic 
obscrvations.3 As this method is so frequently used a sample record of observations and of 
the computations is given below with such explanations as are necessary. 

l>ESCRIPTION OF TIIE VERTICAL CIH.CLE AND ITS ADJUSTMENTS. 

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

The instrument is practically a theodolite with the graduated circle in a vertical position 
and the axis horizontal, with the telescope fastened rigidly .to the alidade. The' circle and 
alidade arc fastened to a horizontal support which rests upon the top of a v.ertical axis, th~ latter 
fitting into a stand. There is a counterpoise to the circle and alidade on the opposite side of the 
vertical axis. The stand has three leveling screws, and there may be· a graduated circle near its 
base for measuring horizontal angles approxim'ately. 

1 }'or convenient instructions, formulre, nnd tnblcs for sextnnt observntions.lor time and uther e.pprox!mato astronomic methods, soc Bowditch's 
Amor!cnn Practical Navigator, publishod by the U. 8, Nnvy Department. 

•Such an instrument ls used in observing vertical anglos or zenith distances in primary trlnngulntlon. Tho circles or thoso Instruments arc 
from 8 to 10 Inches In diameter and aro graduated very accnrntcly. 

a Seo p. 45, Dlroctions for Magnetic Monsurcmcnts, Const nnd Goodotic Survoy. 
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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 adjustmentfor collimation in either the vertical or horizontal plane. A co'arse stride level 
is used to make the horizontal a.xis 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 adjustme_nts 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 eye-and-ear 
method, or, at the instant of crossing, he calls "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 
titar for any one set, .it is found that one end of the bubble extends beyond the graduations of 
the level vial, it 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 relatio~ between 
the fixed level and the vertical circle o.f the instrument should remain undisturbed during a set. 
If the level is badly out of adjustment,.it should be adjusted between sets. Whenever practicable 
one.half 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 the same 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 second paragraph. The instrumental and refraction errors may be minimized by 
observing the sun in the morning and again in the afternoon at ahout the same angular distall'ce 
fro:r:n the meridian. 

RECORD OF OBSERVATIONS ON STARS. 

The following record shows four sets of observations with the vertical circle, all on an eastern 
star. These·observations were made in connection with primary azimuth observations at Sears 
triangulation station in Texas. The azimuth obse.rvations and computations are sho\\11 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.* 
Fonr.252, 

(Station: Sears triangulation station. Observer: W. Bowle. State: Texas. County: Jones. Instmment: Vcrtlcnl circle No. 40, 
Date: Dec. 22, 1908.] 

- Level 
Circle, Circle 

Verniers 
Object ' Zenith dis-

observed Time 

I E 

ri~ht read- ·-- ta nee Remarks 
0 or eft Ing A B C D• lllean 

-----
h m a d d . II II II " II 0 ' " a: Taurl 1 03 49 0 14 1 12. 0 R 49 57 40 60 20 ...... 40.0 40 59 46.6 Sidereal chronometer No. 1769 was 
1 06 02 5 14 4 11 8 L 50 01 50 50 60 ...... 53.3 - 3.0 used. Temperature, 5° C. B11-·-- 43.0 rometer, 710 mm 
1 04 '55.8 28'.5 23.8 

-4.7 

a: Taurl 1 07 05.0 14.3 11.8 L 49 40 ()() 40 40 ...... 06. i 49 24 01. 7 
1 08 28.5 11 8 14.3 R 48 59 ()() 20 30 ...... 56. 7 o.o -- 01. 7 
1 07 46.8 26.1,!!6.l I o.o ! . 

a: Taurl 1 10 06.5 16. 81 00. 5 R 48 30 30 00 10 ...... 33.3 48 41 55.0 Value of one division of level bub-
1 12 00.5 13. 4 12. 9 L 48 47 20 40 50 ...... 16. 7 - 5.0 ble-2''.58 

50.0 
1 11 03.5 30. 2 22.4 

-7.8 

a T11url 1 13 14. 5 13. 2 12.8 L 48 31 20 00 40 ...... 40.0 48 0.1 03.4 
1 15 13.0 14.1 12. 2 R 47 34 20 40 20 ...... 20. 7 - 1.5 --------- 01. 9 
1 14 13.S 27.3 25.0 

-2.3 

.. 

I 

• Vertlcaleircle No. 46 difters from the usual type of this Instrument In use by the Survey In the number ol verniers and in the numbering of 
the graduations of the circle. There are four verniers as a rule, and the circle graduations arc ~enerally numbered continuously, so that the differ
ence of the two circle read~s, Circle R and Circle L, gives the double zenith distance. No. 40 has only three verniers and the vertical circle gradu-
ations are numbered from O to 180° both ways from the zenith. · · 

In the column of remarks is given such inform~tion as is necessary for the proper inter
pretation of the recotd by the computer. In this column should also be given notes on any 
unusual occurrence, such as the jarring of the instrument or the adjustment of the instrument 
during the 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 computed by the formula: 

Wlien the level graduations are numbered continuously, the formula is: 

in which 0 and E are the readings of the level when the larger numbers are at the object end 
of the le1Vel vial, and dis the value in seconds of arc of one division of the vial. 

The formula used in computing time from observations with a vertical circle on a star 01 

on the sun is · · 

. 1 vsin ~[(+ (<f>-o)]sin ~r c-(<f>-o)] 
sm - t= · 

' 2 cos </> cos 0 ' 

in which tis the hour angle, o the declination, ( the zenith distance of the object observed, 'and 
cf1 is the latitude of the station. 

In the following form (No. ~81a) the usual method of computation is shown. This form 
is designed especially for the computation of timo from the observed ultitudcs of a stur. 
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Computation of time, observations on a star with vertical circle. 
Form381a. 

(State, Texas. Station, Sears trlnngulatlon station. Chronometer, 1769 Sidereal. Date, Dec. 221 1908. Barometer, 716 mm. 
Temperature, 5° C.] 

Star: a: Taurl Star: a: Taurl 

-----

II m ' 
. ' " h m ' 

Chron. reading, Zenith dist. 1 04 55.8 49 59 44 1 07 46.8 

Refraction ' +1 06 

Corrected z. D.-c 50 00 ~o 

Jog cos"'· "'. 9.92574.58 32 33 31 9. 92.574.58 
log cos /J1 /J 9. 9821234 16 19 31 9. 9821234 

logoosq,+logoos/J.:.log D, q,-/J 9.9078692 16 13 54 9.9078692 

log sin i !C+(ef>-/J)J,. · i [C+(ef>-/J)) 9. 7375385 33 07 22 -0. 7340093 

log sin i [C-(ef>-/J)], i !C-(ef>-/J)) 9.4632265 16 53 28 9.4557230 
Sum two log sines-log N, 9.2007650 9.1897823 
log N-iog D-log sin' it, 9.2928058 9.2819131 
log sin~ t, it (aro) 9. 6464479' 26 17 54 0.6'100566 

h m ' h 111 ' t (time), t (aro) 3 30 23.2 52 35 48 3 27 32. 7 
Right ascension or star, 4 30 41. 9 4 30 41.9 
Sidereal time, 1 00 18. 7 . l o:i 09.2 
Chronometer reading, 1 04 55.8 

1· 
l 07 46.8 

Chronometer correction, -04 37.1 -04 37.6 

The correction Is pli1s II the chronometer ls slow and mlnu.q it fast. 
Carry all angles to seconds only, all times to tentMo!eooonds, and all logarithms to seven decimal places. 
In space below, compute rate of ohronometer,sto. 

Mean Epoch 
h m 
1 10 
4 58 

Star 

a Tauri 
fi Geminor. 

Chronometer correction 
m a . 
-4 37.7 
-4 36.7 

. ClOck mte=0'.263 per hour losing. 

I 
0 

49 

49 

32 
16 
16 

32 

I 16 

i 
I 

25 

51 

j 
I 
I 

I ,, 
24 (Y.I 

+1 05 

25 07 . 

33 31 
19 37 
13 54 

49 30 

35 36 

66 35 

53 10 

55 

In the above computation the cocrection for refraction was obtained from the tables on 
pages 58-59 of th.is publication. · 
' The apparent declina.tion and right ascel1Sion of tho star were obtained from the American 

Ephemeris and Nautical Almanac for 1908 (the year 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 telescope is pointed on the sun's upper. limb (the horizontal wire of the telescope 
made tangent to the disk of the sun) with the circle right and immediately af terw:ard with the 
circle• left. At each pointing the time of contact, the level reading, and the reading of the 
vertical circle are noted. The lettel'8 R and L (right and left) are 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 succession on the sun's lower limb, and finally another 
quarter set on the upper li,mb. These are recorded on the form shown below, on which are also 
computed the zenith distances of the sun's limbs coITected for level. 

822088°-41--l'i 
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Double zenith distances. 
Form252. 

[Station, Tilden. Observer, W. Bowle. State, Minnesota. County, Polk. Instrument, Vertical circle No. 63. Date, Sept. 6. 1906.] 

I I 
--

I 
Level Circle Verniers 

Object observed Time right Circle Zenith Remarks or reading distance 
0 E left A B c D Mean 

--- -------- - -- -

" m • d d 0 I " " " " " 0 I II 

Sun's upper limb 0 8 47 39.5 _32.3 11.0 R 49 02 24 54 45 30 38.2 Value or one division or 

0 8 48 47.0 07.6 29.2 L 147 30 I ~6 06 15 06 15. 8 49 13 48.8 the level vial -4" ,CK! 
24. 7 18.2 -6.S 

- -6.5 49 13 42.3 
Sun's lower limb 8 8 50 12.5 32.5111.2 R 

0 8 51 17.5 07.8 29.3· L 246 26 24 21 00 36 20.2 ,49 28 02.2 Chronometer, Sidereal 
24. 7 18. 1 -6.6 No.102 

-6.6 49 27 55.6 Temperature, 27° C 
Sun's lower limb 0 8 52 57.0 31.2 I 00.8 R Barometer not read 

0 8 53 45.2 08.0 29.8 L 344 46 15 06 30 00 12.8 49 09 56.3 
23.2 20.0 -3.2 

I -3.2 49 09 53. l 
Sun's upper limb 0 8 55 08.2 31.5 ! 10.0 R . 

0 8 55 52.0 09.3 31.0 L 81 32 54. 81 48 45 57.0 48 23 22.i 
22.2 21.0 -1.2 

-1.2 48 23 20.9 ' 
I I 

The observations on the upper limb are computed separately from those on the lower limb 
in order thfl,t one may make. more exact corrections for refraction. 

Form381. 
C?mputation of time, observations on sun with vertical ci:cle. 

[Station, Tilden.~ Date, .Sept. 6, 1906. Chronometer, Sldereal 102. Temperat~re, 27° 9. Barometer (not Iel\d).) 

Sun's upper limb 

" m • 0 ' 
Chron. reading, Zenith dist. 8 48 13.2 49 13 

Chron. reading, . Zenith dist. 8 55 30. l 48 23 

------
Mean, Mean 8 51 61.6 48 48 

Parallax -
Refraction + I 
Semldiametcr +15 

Corrected Z. D.-, 49 05 

Jog r.os q,, 

"' 
9.8279861 47 42 

log cos 6, 6 9. 997088:j 6 37 
· Jog cos q,+ log cos a- log D, ,P-6 9. 8250744 41 04 

log sin! (C+(,P-J)], ! (C+(<P-6)] 9. 8501157 45 05 
log sin! ('-(,P-J)], ! rc-<<P-m 8.8442464 4 00 
Sum two Jog sines-log N, 8.00t3621 
log N-log D-log sin 2 ! t, 8. 8692897 

·log sin! t, ! t (arc) 9. 4346!38 . 15 47 

" m • 
t (time), t(arc) 2 ·06 17.3 31 34 
Local apparent time, 21 53 42. 7 

Equation ot time, -1 31.4 

Local mean time, 21 52 11.3 

Local sidereal time, 8 51 33.8 

Chronometer reading, 8 51 51.6 

Chronometer correction -17.8 

h m 
Longitude from Greenwich, =6 25.3 
Estima.t.ed local mean time of observation, =9 52 
Greenwich mean time of observation, =4 17 
Interpolation interval, from Greenwich mean noon, =4.3 houn; 

I 
I 

" h 
42 8 
21 8 

321 8 
07 I 

~l 
I 

22 

16 
38 

38 

00 

22 

10 

h 
20 2 

21 

21 

8 
8 

Sun's lower limb 

m 8 

50 45.0 
53 21.1· 

52 03.0 

9. 8279861 
9.9970883 
9.8250744 

8.8500254 
8.8429Sl9 
8.6930073 

8. 8679329 
9. 4339664• 

m ' 06 05.2 

53 54.8 
-I 31. 4 
52 23.4 
51 45,9 
52 '03.0 

-17.l 

0 ' " 
49 27 56 
49 09 53 

49 18 54 

- 07 

+I 04 
-15 54 

49 O:J 57 

47 42 16 

6 37 38 
41 04 38 

45 04 17 
3 59 40 

15 45 39 

31 31 18 

h m 
=6 25 •. 3 
=9 53 
=4 18 
=,4.3 hourt1. 
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In this computation ihe correction for refraction was obtained from the tables on pages 58-59 
of this publication. The argument used was the apparent altitude. 

The first table gives the mean refraction, or the refraction ·under &.n assumed standard 
condition of 760 mm. ( =29. 9 in.) pressure and 10° C. ( =50° F.) temperature. 

The second table gives the factor Os, by which the mean refraction a:s obtained from the 
first table must be multiplied, on account of a barometer reading different from 760 mm. 

, In.the third table is obtained the factor Or by which the mean refraction must be multiplied 
on account of a temperature different from the standard (10° C.). 

The resulting refraction is then r = rJC X OB X Or in which rx is the refraction under standard 
conditions obtaine_d from the first table and OB and _Gr are the factors obtained from the second 
and third tables, respectively,1 

. 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 :N"autical Almanac for 1906 (the 
year of observations). . · 

The parallax was obtained from the table on page 60, which was alsa 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 intsrpolat.ion interval obtained at the bottom of the computation .. 

The mean of the observations on either limb, reduced for parallax, refraction, and semi
diameter gives the true zenith distance of the sun's center. The computation is by the sainc 

. formula as is given for the reduction of the observations on a star. (Seep. 54.) 
As the above observations were made using a sidereal chronometer, and as the correction 

on sidereal time was required, it was necessary to reduce the computed mean time of the observa
tion to its corresponding local sidereal time before a comparison was made with the time as 
·read from the chronometer face. The following computation shows the various steps of this 
reduction for the observations on the sun's upper limb: 

Local mean time of observation (Sept. 5, 1906) 2 

Reduction to sidereal interval (Table III, Ephemeris) 
Right ascension of mean sun, Greenwich mean noon September 5, 1906 
Increa.Se in right ascension of mean sun, at Tilden mean noon September 5, 1906 

(Table III, Ephemeris, 6h z5m,3 west) 
Sum, local sidereal time of observation at Tilden 

h 
21 

10 

8 

m 8 

52 11.8 
3 35.6 

54 43.6 

03. :i 
51 33.8 

For several reasons the observations on a star are more satisfactory than those on the sun. 
When used in 'connection with other astronomic observations, such as the determination of 
azimuth, a chr~nometer correction from observations on a st'ar may be obtained close to the 
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 
declination and right ascension of a star are practically constant during 'an entire set of observa
tions and therefor(\ easily and quickly obtained from a star list. No equation of time is intro
duced. 

'l'he observer shoulc{. have a star chart 8 for use in identifying the stars observed upon. 

1 These tables wore copied 'from A Text Book of Oeodet!o Astronomy by John F. Hayford, formerly Inspector of geodet!o work and Chief of 
t.ho Computing Division, U. S. ·coast and Geodetic Survey. John Wiley & Sons, 1898. · 

• Jt mUBt be remembered that the day or the Ephermls la astronomic, and begins at noon of the civil day of the same date. Sept. S, 21A S2m 
1 b .3, astronomic mean time Is the forenoon of Sept. 6, civil time. · . ' 

r Star Charts are publls!1ed by tile Hydrographlc omce or tl1e U. S. Navy and may be obtained from the Navy Department, Washington, 
n. c. Star Charts are also contained In A Field Book of the Stars, by W. T. Olcott (0. P. Putnam's Sons, publlshers). 
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Mean refraction' (rM) 
(Barometer, 760 millimeters (-29.9 Inches). Temperature, 10° C.(-50° F).] 

I . I 
AILI- Mean re- Change I AIU-

Mean re- / Change · AIU- Mean re- Change Altl- Mean re- Change AIU- Mean re- Change 

tu do lra.ctlon y:r tu de y:r tu de fra.cti<in m~te tu de fraction y:r tu de fraction m~te m ute fraction m ute m ute 

------ --- ------ ---------
0 I I II II . I I II " . I ' " " . I I II " . I ' II II 

0 00 34 oil. tl 11.66 ·7 00 7 24.2 0.95 19 00 2 47.6 0. 16 33 00 1 29.4 0.06 52 30 0 44.7 0.03 
10 32 15.9 10.88 10 7 14.9 0.91 20 2 44.6 0.15 20 1 28.2 0.06 53 00 0 43.9 0.03 
20 30 31.1 10.10 20 7 06.0 0.88 40 2 41.6 0.15 40 1 27.1 0.05 30 0 43.1 0.03 

30 28 53.9 9.64 30 6 57.4 0.84 20 00 2 38. 7 0.14 34 00 1 26.1 0.05 54 00 0 42.3 0.03 
40 27 18.2 9.20 40 6 49.1 0 81 20 2 jj5. 9 0.14 20 1 25.0 0.05 30 0 41.6 0. 03 
50 25 49."8 8.50 50 6 41.2 0. 78 40 2 33.2 0.13 40 1 24.0 0.05 55 00 0 40.8 0.03 

1 00 24 28.3 7.82 8 00 6 33.5 0. 76 21 00 2 30.6 0.13 35 00 1 23.0 0.05 30 .o 40.0 0.03 
10 23 13.5 7.17 10 6 26.0 0. 73 20 2 28.l 0.13 20 1 22.0 0.05 66 00 0 39.3 0.025 
20 22 04. 9 6. 58 20 6 18. 9 o. 70 40 2 25. 6 0.12 40 1 21.0 0.05 57 00 0 37.8 0.024 

30 21 01.8 6.06 30 6 12.0 0.68 22 00 2 23.2 0.12 36 00 1 20.0 0.05 58 00 0 36.4 0.023 
40 20 03. 7 5.60 40 6 05 . .3 0.66 20 2 20.9 0.12 30 1 18.5 0.05 59 00 0 35.0 0.023 
50 19 09.8 5.20 so· 5 58.9 0 63 40 2 18.6 0.11 37 00 1 17.1 0.04 60 00 0 33.6 0.022 

2 00 18 19. 7 4.84 9 00 5 52. 7 0.61 23 00 2 16.4 0.11 30 1 is. 1 0 04 61 00 0 32.3 0.022 
10 17 33.1 4.50 20 5 40.8 0.58 20 2 14.2 0.11 38 00 1 14.4 0.04 62 00 0 31, 0 0.022 
20 16 49. 7 4.18 40 5 29. 7 0.54 40 2 12. l 0.10 30 1 13.1 0.04 63 00 0 29. 7 0.022 

30 16 09.5 j·88 10 00 5 19.2 0.51 24 00 2 10. l 0.10 39 00 1 11.8 0.04 64 00 0 28.4 0.021 
40 15 32.1 .62 20 5 09.4 0.48 20 2 08.1 0.10 30 1 10.5 0.04 65 00 0 27. 2 0.021 
[,() 14 57.1 3.39 40 5 00.l 0.46 40 2 06.l 0.10 40 00 1 09.3 0.04 66 00 0 25.9 0.021 

3 00 14 24.3 3.18 11 00 4 51.2 0.43 25 00 2 04.2 0.09 30 1 08.1 0.04 67 00 0 24. 7 0.020 
10 13 53.6 2.98 20 4 42.8 0.40 20 2 02.4 0.09 41 00 1 06.9 0.().1 68 00 0 23.6 0.020 
20 13 24.8 2. 79 40 4 35.0 0.38 40 2 00.6 0.09 30 1 05. 7 0.04 69 00 0 22.4 0.020 

30 12 57.8 2. 61 12 00 4 27.5 0.37 26 00 1 58.8 0.09 42 00 1 04.6 0.().1 70 00 0 21.2 0.019 
40 12 32.5 2.46 20 4 20.3 0.35 20 1 57.1 0.09 30 1 03.5 0.04 71 00 0 20.1 0.019 
50 12 08. 7 2.33 40 4 13.5 0.31 40 1 55.4 0.08 43 00 1 02.4 0.04 72 00 0 18.9 0.019 

4 00 11 46.0 2.20 13 00 4 07.1 0.32 27 00 1 53.8 0.08 30 1 01.3 0.04 73 00 0 17.8 0.018 
10 11 24.6 2.09 20 4 00.9 0.30 20 1 52.2 0.08 44 00 1 00.2 0.03 74 00 0 16. 7 0.018 
20 11 04.2 1.98 40 3 65.1 0.28 40 1 00.6 0.08 30 0 59.2 0.03 75 00 0 15.6 0.018 

30 10 44.9 1.88 14 00 3 49.5 0.27 28 00 1 49.1 0 OS 45 00 0 58.2 0.03 76 00 0 14.5 0.018 
40 10 26.5 1. 79 20 3 44.2 0.26 20 1 47.6 0.07 30 0 57.2 0.03 77 00 0 13. 5 0.018 
50 10 09.1 l. 70 '• 40 I 3 39.1 0.25 40 1 46. l 0.07 46 00 0 56.2 0.03 78 00 0 12.4 o. 018 

5 00 9 52.6 1. 61 15 00 3 34.1 0.24 29 00 I 44.6 0.07 30 0 55.2 0.03 79 00 0 11.3 0.018 
10 9 36.9 1.54 20 3 29.4 0.23 20 1 43.2 0.07 47 00 0 54.2 0.03 80 00 0 10. 3 o. 018 
20 9 21 9 l.46 40 3 24.8 0.23 40 1 41. 8 0.07 30 0 53.3 0.03 81 00 0 09.2 0.018 

30 9 07.6 1.40 16 00 3 20.4 0.22 30 00 1 40.5 0.07 48 00 0 52.5 0.03 82 00 0 08.2 0.018 
40 8 54.0 l.33 20 3 16.1 0.21 20 1 39. l 0.07 30 0 51.6 0.03 83 00 0 07.2 0.018 
50 8 41.0 l.27 40 3 12. 0 0.20 40 1 37.8 0.06 49 00 0 50. 7 0.03 84 00 0 06.1 0 018 

6 00 R 28.6 l.22 17 00 3 08.2 0.19 31 00 1 36.6 0.06 30 0 49.8 0.03 85 

~I 
0 05.1 0.018 

10 8 16. 7 1.16 20 3 04.6 0.19 20 1 35.3 0.06 50 00 0 48.9 0.03 86 0 04.1 0.017 
20 8 05.31 1.12 40 3 00.9 0.18 40 I 34.1 0.06 30 0 48.0 0.03 87 0 03.1 0.017 

30 7 
M.31 

1.07 18 00 2 57.4 0.17 32 00 1 33.0 0.06 51 00 0 47.2 0.03 88 

~I 
0 02.0 0.017 

40 7 43. 9 1.02 20 2 M.O 0.17 20 1 31.8 0.06 30 0 46.3 0:03 89 0 01. o· 0.017 
50 . j 33.9 0.98 40 2 50. 7 0.16 40 1 30.6 0.06 52 00 0 45.6 0.03 90 0 oo.o 0.017 
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Correction to mean-rejractwn as given on page 58, depending upon the reading of the barometer. 

[r-(rj{) (CB) (CT).] 

Barometer CB 
I 

Barometer CB Barometer CB Barometcre CB I Barometer CB. 

Inchu mm 
/ Incht1 I mm 'Jnchu mm lnchts mm Inches mm 

20.0 508 0.670 22.4 669 o. 749 24.8 . 630 0.820 27.2 691 0.009 29. 6 752 0.089 
20.1 511 0.673 22.5 572 o. 752 24.9 632 0.832 27.3 693 0.912 29. 7 754 0.992 
20.2 513 0.676 22. 6 574 0.755 25.0 635 0.835 27.4 696 0.916 20.8 757 0.006 

20.3 516 0.679 22. 7 576 o. 759 25.1 637 o.838 27.5 699 0.920 20.9 759 0.999 
20.4 518 0.&>2 22.8 579 o. 762 25.2 640 0.!'.42 27. 6 701 0.923 30.0 762 1.003 
20.5 521 o. 68ll 22.9 582 0.766 25.3 643 0.846 27.7 704 0.926 30.1 765 1. 007 

20.6 523 0.688 23.0 58( 0.770 25.4 ~ 0.849 27.S 706 0.929 30.2 767 LOIO 
20.7 526 0.692 23.1 587 o. 773 25.5 MS 0.853 27.9 709 0.933 30.3 770 1.013 
20.8 528 0.696 23.2 589 o. 776 25.6 650 0.856 28.0 711 0.936 30.4 772 1. 016 

20.9 531 0.699 23.3 592 o. 779 25. 7 653 0.859 28.1 714 0.939 30.5 775 1.020 
21.0 533 o. 703 23.4 . 594 o. 783 25.8 655 0.862 28.2 716 0.942 30.6 .777 1.023 
21.1 • 536 o. 706 . 23.5 597 0.786 25.9 658 0.866 28.3 710 0.946 30. 7 7!!0 1.026 

21. 2 538 o. 709 23.6 599 o. 789 26.0 660 0.869 28.4 721 0.949 30.8 782 1.029 
21.3 Ml 0.712 

! 
23. 7 602 o. 792 26.1 663 0.872 28.5 724 0.953 30.9 71!5 I. ();~I 

21.4 544 0.716 23.8 605 o. 796 26.2 665 0.875 28. 6 726 O.llS6 31.0 787 1.036 

21.5 546 o. 719 23.9 607 o. 799 . 26.3 668 0.879 28. 7 729 O.ll5JI 
21. 6 549 o. 722 24.0 610 0.803 26.4 671 0.882 28.8 732 0.963 
21. 7 551 o. 725 24.1 612 o.soo 26.6 673 0.885 28.9 734 0.966 

21. 8 554 0.729 24.2 616 . 0.809 26.6 676 0.889 29.0 737 
0.970 I 21. 9 556 o. 732 24.3 617 0.813 26. 7 678 0.892 29.1 739 0.973 

22.0 569 o. 736 24.4 620 0.816 26.8 681 0.896 29.2 742 0.976 

22.1 561 o. 739 24.5 622 0.820 26.9 683 0.899 29.3 744 0.079. 
22.2 564 0.742 24.6 625 0.823 27.0 086 0.002 29.4 747 o.98.l I 
22.3 566 o. 746 24. 7 627 0.826 ! 27.1 68S 0.005' 29.5 749 o.~! 

I 
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Correction to mean refraction as gi'l!en on page .58, depending upon tlte reading of the detached 
thermometer. 
(r-(rJC)(C B)(CT),] 

·Temperature Temperature Temperature ! Temperature !/ Temperature : 
I 

CT I 
Fahren- Centi· 

CT 
Fahren- Centi-

CT 
Fahron· C-0nti-

CT I Fahren- Conti-
Cr 

· Fahron- Cenll· 
. belt grade bolt grade belt j,'l'8dO . holt grade bolt grade 

--------- ,-----
___ , ____ -

0 0 0 . 0 0 0 0 0 0 

-25 -31. 7 1.172 8 -13.3 LOSO 41 5.0 1.018 74 23.3 0.955 107 41. 7 0.900 
-24 -31.1 1.169 9 -12.8 1.087 42 6.6 1.016 76 23.9 0.953 108 42. 2 0.899 
..,.23 -30.6 1.166 10' -12.2 1. 08ll 43 6.1 1.014 76 24. 4 0.952 109 42.8 0.897 

-22 -30.0 1.164 11 -11.7 1.082 44 6. 7 1. 012 ' 77 25.0 0.950 110 43.3 0.896 
-21 -29.4 1.161 . 12 -ll.1 1. 080 45 7.2 1. 010 I 78 25. 6 0.948 111 43.9 0.894 
-20 -28.9 1.158 i 13 -10.6 1.078 46 7.8 1.008 79 26.1 0.946 112 44.4 0.892 

' 
-19 -28.3 1.156 14 -10.0 1.0761 47 8.3 1. 006 80 26. 7 ·o. 945 113 45.0 0.891 
-18 -27.8 1.153 15 - 9.4 1. 073 48 8.9 1. 0041 81 27.2 0.043 114 45.6 0.800 
-17 -:il7.2 l.l51 16 - 8.9 1. 071 49 9.4 1.002 82 27.8 0. 941 115 46, l 0.888 

-16 -26.7 1.148 17 - 8.8 1.069 60 10.0 1.000 I 83 28.3 0.939 116 46. 7 0.886 
-15 -26. l 1.145 18 - 7.8 1.067 51 10.6 

o. 9981 
84 28. 9 0.938 117 47.2 0.885 

-14 -25.6 1.143 19 - 7.2 1.064 62 11. l 0.996 85 29. 4 0.936 118 47. 8 0.884 

-131 -25.0 1.140 20 - 6.7 1.06~ 63 11. 7 0.994 86 30.0 0.034 110 48. 3 0.882 
.-12 -24.4 1.138 21 - 6.1 1.060 54 12. 2 0.9921 

87 30.6 0.933 120 48. 9 0. 881 
-11 -23.9 1.135 22 - 5.6 1.058 55 12. 8 0.990 88 31.l 0.1131 121. 49. 4 0.880 

-10 -23.3 1.133 23 -.5.0 1. 0.56 56 13. 3 8:l: I 89 31. 7 0. 921) ' 122 50.0 0.878 
-9 -22.8 1.130 24 - 4.4 1. 054 57 13. 0 90 11'.! ., o.1tis 123 50. (l 0.877 
-8 -22.2 1.128 25 - 3.0 1. 051 58 14. 4 0.1185 I 91 :12.S 0.11'~6 124 61.1 0.876 

-7 -21.7 1.125 26 ~ - 3.3 1.049 59 15. 0 0.983 I)'~ 3.1. 3 0.924 125 51. 7 0.874 
-6 -21.1 1.123 27 - 2.8 1.047 60 15. 6 0. 9~1 93 83. 9 O.ll'l3 126 52. 2 0.873 
-5 -20.6 1.120 28 - 2.2 1.045 61 16. l 0.979 94 •34. 4 0.921 127 52. 8 0.871 

-4 -20.0 1.118 29 - 1. 7 1.043 62 16. 7 0.077 95 35.0 0.010 128 63.3 0.870 
-3 -19.4 1.115 30 - 1.1 1. 041 63 17. 2 0.975 96 35. 6 0. 917 120 63. 9 0.868 
-2 -18.0 1.113 31 - 0.6 1. 030 64 17.8 0.073 97 36.1 0.016 130 M.4 o. 867 

- 1 -lR.3 1.111 32 0.0 I. 036 65 18. 3 0. 972 98 36. 7 0. 914 
0 -17.8 1.108 33 + 0.6 I. 034 66 18. 9 0.970 99 37, 2 0. 012 

+l -17.2 . 1.106 34 1.1 . 1.032 67 19.4 0.968 100 37.8 0. 911 

2 -16.7 1.103 35 l, 7 1.030 68 20.0 0.966 101 38.3 0.909 
3 -16.1 1.101 36 2.2 1.028 69 20.6 0.964 102 38. 0 0.008 
4 -15.6 1.099 37 2. 8 1. 026 70 21, l 0.962 103 39.4 0.006 

5 -15.0 1.096 38 3.3 1. 0'24 71 21.7 0.961 104 40. 0 o. 905 
6. -14.4 1.094 39 3.9 1.002 72 22. 2 0.959 10,'; 40. 6 0.003 
7· -13.9 

0

1. 092 40 4. 4 1.020 73 22. 8. 0.957 106 41. l 0.002 
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The parall,ai; of the sun (p) for the first day of each month. 

Altitude Jan.l Feb. l Mar. l Apr.l May l June l July l Zenith 
Doo.l Nov.1 Oct.l Sept; l Aug. l dlstancn 

• -------------- ---. 
0 " " " " " " " 0 

0 9.0 9.0 8.9 8.9 8.8 8. 7 8. 7 90 
·3 9.g 9.0 8.9 8.8 8.8 8. 7 8. 7 87 
6 9. 8.9 8.9 8.8 8. 7 8. 7 8. 7 84 
9 8.9 8.9 8.8 8.8 8. 7 - 8.6 8.6 81 

12 8.8 8.8 8. 7 8. 7 8.6 8.5 8.5 78 

15 8. 7 8. 7 8.6 8.6 8.5 8.4 8.4 i5 
18 8.6 8.6 8.5 8.4· 8.4 8.3 8.3 72 
21 8.4 8.4 8.3 8.3 8.2 8.2 8.1 69 
24 8.2 8.2 8.2 8.1 8.0 8.0 8".0 66 
27 8.0 8.0 8.0 7.9 7.8 7.8 7.8 63 

/ 30 7.8 7.8 7. 7 7. 7 7.6 7.6 7.6 00 
33 7.6 7.5 7.5 7.4 7.4 7.3 7.3 b7 
36 7.3 7.3 7.2 7.2 7.1 7.1 7.0 54. 
39 7.0 7.0 6.9 6.0 6.8 6.8 6.8 51 
42 . 6. 7 6. 7 6.6 6.6 6.5 6.5 6.5 48 

44 6.5 6.5 6.4 6.4 6.3 6.3 6.'3 46 
46 6.3 6.2 ·6.2 6.2 6.1 .6.1 6.0 44 
48 6.0 6.0 6.0 5.9 5.9 5.8 5.8 42 
50 5.8 5.8 5. 7 5. 7 5.6 5.6 5.6 40 
52 5.6 5.5 5.5 5.4 5.4 5.4 5.4 38 

54 5.3 5.3 5.2 5.2 5.2 5.1 5.1 36 
56 5.0 5.0 5.0 5.0 4.9 4.9 4.9 34 
58 4.8 4.8 4. 7 4. 7 4. 7 4.6 4.6 32 
60 4.5 4.5 4.5 4.4 4.4 4.4 4.4 30 
62 4.2 4.2 4.2 4.2 ' . 4.1 4.1 4.1 . 28 

64 4.0 3.9 3.9 3.9 3.8 3.8 3.8 26 
66 3. 7 3. 7 3.6 3.6 3.6 3.6 3.5 24 
68 3.4 3.4 3.4 3.3 3.3 3.3 3.3 22 
70 3.1 3.1 3.1 3.0 3.0 3.0 3.0 2-0 
72 2.8 2.8 2.8 2. 7 2. 7 2. 7 2. 7 18 

74 2.5 2.5 2.5 2.4 2.4 2.4 2.4 lJ 
76 2.2 2.2 . 2.2 2.1 2.1 2.1 2.1 14 

~ 1.9 1.0 1. 9 1. 8 1.8 1. 8 1. 8 12 
1.6 1.6 1.6 1.5 1.5 1. 5 1. 5 10 

82 1.2 1. 2 1.2 1.2 1. 2 1. 2 1. 2 8 

84 0.9 0.9 0.11 0.9 0.9 0.9 0.9 6 
86 0.6 0.6 0.6 0.6 0.6 0.6 0.6 4 
88 0.3 0.3 0.3 

I 
0.3 0.3 0.3 0.3 2 

00 o.o o.o o.o 0.0 o.o 0.0 0.0 0 

A, B, C, FACTORS. 

These factors are referred to in the computations of time from observations with the tr1µ1.sit 
on pages 23 and 25. Theil'. arithmetical values are as follows: 

Azimuth factor =.A =sin (sec a 
Level factor . = B =cos c sec a 
Collimation factor= O=sec a 

where a=declination and (=zenith distance=ef>-a or ef>-(180°-a) for stars observed at 
upper or lower culmination resp.ectively. 

The signs of the factors are as follows: 
.A is plus except for stars between the zenith and the pole. 
Bis plus except for stars observed at lower culmination. 
0 is plus for stars at upper culmination and minus for stars at lower cuhnination, when 

observations are made with the instrument in the position, band (clamp or illumination) west. 
Ois 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 will be 

found sufficiently accurate whenever the errors of adjustment, a, b, 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 the corresponding star factors from the 
more extended ~able or to compute them. 



No.9. 

NOMOGRAM FOR OBTAINING STAR FACTORS. 
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STAR FACTORS OBTAINED GRAPHICALLY. 

For a number of years there has been in use in the Survey a nomogram for o~taining graph
ically the star factors A, B, and 0, and also "' the correction for diurnal aberration.· This 
nomogram was devised by Mr. C. R. Duvall, a computer in the Survey. It is not only more 
expeditious than the tables, but the elimination of the double interpolation which the use of 
the tables necessitates· adds to the accuracy of the derived factor in many cases. 

The nomogram is shown in illustration No. 9, reduced in size. It consists of .two•systems 
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 center 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 passes through the center 
of the axis about which the arm revolves. A secant graduation is made upon this line, measured 
from the center of the axis of revolution. That is, the graduation corresponding to any angle 
is at a distance from the center equal to the secant of the angle in question. This center of the 
axis of revolution is the common center 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 the nomograms used the gradua
tions have not been carried beyond three decimeters from the center, which limits the use _o( 
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 insj.rument shown in the illustration the distance is 25 centime
ters. Since stars are never observed at zenith distances approaching 90°, the upper1 part of 
the quadrant is not used. · 

To determine the factors· A, B, and 0 of a given star, revolve the transparent arm until 
the graduated line of the arm coincides with 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 line which 
corresponds to the star's declination. The position of this point in the three systems of equi
distant lines gives the three factors, A being the ordinate; B the abscissa, and 0 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-sixteenth of an inch thick. The axis of 
the. arm· is a solid metal cylinder with a •head which fits against the back of the cardboard. 
'.l'he axis is made long so. that the arm can be placed on it and revolved without being made 
fast. 

'!'he 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 declination at each intersection with 
a broken-line ordinate. These declinations are the limits between which " has the values 
08.00, 08.01, 0°.02, etc., for the latitude of the station in question. By means of these limits 
the " of any star can be immediatoly written down from its 'declination. The broken-line ordi-
. d <l' t . f h . .. l .005 .015 .025 . t d . nates arc rawn at lS ances rom t e or1gm equa to _021, .021 , .0:2l' e c.... ecimeters. 
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Table off actors for reduction of transit observations. 

TOP ARGUMENT-STAR'S DECLINATION(~) •. 

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

[For factor A use left-hand argument. For factor B use right-hand argument. For !actor C use bottom llne on oppoaite page.] 

' o• 10· 16° 20• 22° 24° 26• 28. 30• 32° 34• 36° as• 40° 41° 42° c 
- ------ - ------ - ------------------- ,____ . • . 

1 .02 .<i2 .02 .02 .02 .02 .02 .02 .02 .02 .02 .02 .02 .02 .02 .02 89 
2 .04 .04 .04 .04 .04 .04 .04 .04 .04 .04 .04 .04 .04 .05 .05 .05 88 
3 .05 .05 .05 .06 .06 .06 .06 ,06 .06 .06 .06 .06 .07 .07 .07 .07 87 
4 .07 .07 .07 ,07 .08 .08 .08 .08 .08 .08 .08 .09 .09 .09 .09 .09 86 
5 .09 .09 .09 .09 .09 .10 .10 .• 10 .10 .10 .10 .11 .• 11 .11 .11 .12 85 

6 .11 •; ll .11 .11 .11 .11 .12 .12 .12 .12 .13 .13 . l:i .14 .14 .14 84 
7 .12 .12 .13 .13 .13 .13 .14 .14 .14 .14 .15 .16 .15 .16 .16 .16 83 
8 .14 .14 .14 .15 .15 • lS .16 .16 .16 .16 .17 .17 .18 .18 , 18 .19 82 
9 .16 .16 .16 .17. .17 .17 .17 .18 .18 .18 -.19 .19 .20 .20 .21 . 21 81 

10 .17 .18 .18 .19 .19 .19 .19 .20 .20 .21 .21 .21 ..22 .23 .23 .23 80 

11 .19 .19 .20 .20 • 21 .21 .21 .22 .22 • 2:l .23 .24 .24 .25 .25 .26 79 
12 .21 .21 .22 .22 .22 .23 .23 .24 .24 .25 .25 .26 .26 .27 .27 .28 78 
13 .22 .23 .23 .24 .24 .26 .25 .26 .26 .27 .27 .28 • 2-9 .29 .30 .30 77 
14 .24 .25 .25 .26 .26 .27 .27 .27 .28 .29 .29 .30 .31 .32 .32 .33 76 
lS .26 .26 .27 .28 .28 • 2!! .29 .29 .30 .31 .31 .32 .33 .34 .34 • 3li 75 

16 .28 .28 .29 .29 .30 .30 .31 .31 .32 .33 .33 .34 • 3li .36 .37 .37 74 
17 .29 .30 .30 .31 .31 .32 .33 .33 .34 .34 •. as_ .36 .37 .38 .39 .39 73 
18 .31 .31 .32 .33 .33 .33 .34 .35 .36 .36 .37 .38 .39 .40 .41 .42 72 
19 .33 .33 .34 .35 .35 .36 .36 .37 .38 .38 .39 • 4-0 .41 .42 .43 .44 ,71 
20 .34 .36 .35 .36 .37 .37 .38 .39 '.40 .40 .41 .42 .43 .45 .4S .46 70 

21 .36 .36 .37 .38 .39 .39 .40 .41 .41 .42 .43 .44 .46 .47 .47 .48 69 
22 .37 .38 .39 .40 .40 .41 .42 .42 .43 .44 .45 .46 .48 .49 .so .so 68 
23 .39 .40 .41 .42 .42 .43 .44 .44 .45 .46 .47 .48 .50 .51 .52 .53 67 
24 .41 .41 .42 .43 .44 .45 .45 .46 .47 .48 .49 .50 .52 .53 .54 .55 66 
25 .42 .43 .44 .45 ·.46 .46 .47 .48 .49 .so .51 .52 .54 .S5 .56 I .57 65 

26 .44 .45 .45 .47 .47 .48 .49 .50 .Sl .52 .53 .54 .56 .57 .58 .59 64 
27 .45 .46 .47 .48 .49 .50 .51 .61 .52 .54 .. 55 .56 .58 .69 .60 .61 63 
28 .47. .48 .49 .50 .51 .51 .52 .53 .54 .55 .57 .58 .00 .61 ."62 .63 62 
29 .48" .49 .so .S2 .52 .53 .54 .55 .56 .57 .58 .60 .61 .63 .64 .cs 61 

110 .50 .51 .52 ', .53 .54 .55 .56 ,57 .58 .<59 .60 .62 .63 .65 .66 .67 80 

31 .52 .52 .53 .55 .56 .56 .67 .58 .59 .61 .62 .64 .65 .67 .68 .69 so 
32 .53 .54 .55 .56 .57 .58 .59 .60 .61 .63 .64 .65 .67 .69 • 70 • 71 58 
33 .5S .55 .S6 .58 .59 .60 .61 .62 .63 .64 .66 .67 .69 • 71 • 72 • 73 S7 
34 .S6 .57 .58 .59 .60 .61 .62 .63 .65 .66 .67 .69 • 71 .• 73 • 74 • 75 5d 
35 .57 .58 .59 .61 .62 .63 .64 .65 .66 .68 .69 • 71 .7a • 75 • 76 • 77 55 

36 ,,')11 .60 .61 .63 .63 .64 .65 .67 .68 .69 • 71 • 73 • 75 • 77 • 78 • 79 54 
37 .60 .61 .62 ,.64 .65 .66 .67 .68 • 70 • 71 • 73 .74 • 76 . 79 .80 • 81 S3 
38 .62 .63 .64 .66 .66 .67 .69 • 70 • 71 .73 • 74 • 76 • 78 .80 .82 .83 52 
39 .63 .114 .65 .67 .68 .69· • 70 • 71 • 73 .74 .76 • 7S .80 .82 .83 .85 51 
40 .64 .65 .67 .68 .69 • 70 • 72 • 73 • 74 .76 • 77 • 79 .82 .84 .85 .86 60 

41 .66 .67 .68 • 70 • 71 • 72 • 73 ,74 .76 .77 • 79 • 81 ,83 ,86 .87 .88 . 4g 

42 .67 .68 .69 .71 • 72 .73 .74 .76 .77 • 79 .81 .83 .85 .87 .89 .00 48 
43 .68 .d9 • 71 • 73 • 74 • 75 • 76 • 77 • 79 .so .82 .84 .86 .89 .oo • 9'J 47 
44 • 611 • 71 • 72 .74 • 76 • 76 .77 • 79 .80 .82 .84 .Sd .88 .91 .92 • ll:l 4e 
45 • 71 • 72 • 73 • 75 • 76 • 77 .79 .80 .82 .83 .86 .87 .oo • 92 , .94 .95 . 46 

--·-------- - - --- - -------- - ------
o• _10° 15° 20· 22· 24•· 26• 28. 30• 32° 34° 36" as• 40° 41° 42° 
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Table qf factors for reduction, of tran8it observations. 

TOP ARGUMENT-STAR'S DECLINATION(&). 

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

[For factor A use lelt-hand argument. :For factor Buse right-hand ru:gUJllBllt. For factor C use bottom line on thia pagll.] 

c o• 10• 15° 20• 22• 24° 26" 28" 30° I 32° 34° 36° as• 40° 41" 42° c - ---- - ------ -
0 • 
46 . 72 '73 .74 • 77 .78 • 79 .80 .82 .83 .85 .87 • Bil .91 .94 .95 .97 44 
47 .73 .74 .76 • 78 .79 .80 .s1 .83 .84 .86 .88 .90 .93 ,95 ,97 .98 43 
48 .74 .76 ,77 .79 .80 .81 ,83 .84 .86 .88 .oo ,92 ,94 ,97 .98 1.00 42 
49 .75 .77 •. 78 .so .81 ,83 .84 .86 .87 .89 .91 .93 .96 .\1'6' 1.00 1.02 •ff 
60 .77 .78 .79 .82 ,83 .84 .85 .87 .89 .oo .92 .\15 .97 1.00 1.01 1.03 40 

51 • 78 • 79 .80 .83 .84 .85 .87 .88 .90 .92 , 114 • 96 • 911 1.01 1.03 1.05 39 
52 • 79 .80 .82 .84 .86 .86 .88 .89 .91 .93 .95 .97 1.00 1.03 1.04 1.00 38 
53 .so .Sl .83 .85 .86 .87 .89 .91 .92 .114 .116 .oo 1.01 1.04 1.06 1.07 37 
64 .81 .82 .84 .86 .87 .89 .90 .92 .93 .95 .98 1.00 1.03 1.06 1.07 1.09 311 
55 .82 .83 .85 .87 .88 .90 .91 .93 .Oli .97 • 911 1.01 1.04 1.07 1.08 1.10 35 

56 .83 .84 .86 .88 .89 .91 ,ll'J .94 ' .911 .98 1.00 un 1.05 I.OS 1.10 1.12 34 
57 .84 .85 .87 .sg .90 .92 .. 93 .95 .97 .911 1.01 1.04 1. Oii l.OQ 1.11 1.13 33 
58 .85 .86 .88 .90 .111 .93 .94 .96 .118 1.00 1.02 1. o.; l.08 1.11 1.12 1.14 32 
Sil .86 .87 .su .Ill .92 .114 .95 .97 • 911 1.01 1.03 1.06 1.09 1.12 l, 14 1.15 ;a 
00 .87 .SS .oo .92 .93 .05 .oo .98 1.00 1.02 1.04 1.07 1.10 1.13 1.15 J.17 llO 

61 .87 .89 .111 .93 .94 .96 ,97 ,gg 1.01 1.03' 1.05 1.08 1.11 1.14 1.16 1.18 29 
62 .88 .90 .Qt .94 .95 ,97 .98 1.00 1.02 1.04 1.00 1.0ll 1.12 1.15 1.17 l. lll 28 
a3 .89 .91 .92 ,95 .96 .98 .oo 1.01 1.03 1.05 1.07 1.10 1.13 l.16 1.18 1.20 27 
64 .oo .111 .93 .96 .97 .98 1.00 1.02 1.04 1.06 1.08 1.11 1.14 1.17 1.19 1.21 26 
115 .91 .92 .114 .96 .98 .llll 1.01 1.03 1.05 1.07 1.00 1.12 1. lli 1.18 1.20 1.22 2li 

66 .91 .93 • \l.!I .97 .99 1.00 1.0Z 1.04 1.06 1.08 1.10 1.13 1.16 1.1\l 1.21 1.23 . 24 
67 .92 .94 ,95 .98 .Ill} 1.01 1.02 1.04 1.l)!I 1.00 1.11 1.1' 1.17 1.20 1.22 !.24 23 
68 .93 .94 .96 ,Ill} 1.00 1.02 1.03 1.06 1.07 1.0ll 1.12 1.15 1.18 1.21 1.23 l. 2li 22 
69 .93 • 95 ,97 .\l!l 1.01 1.02 1.04 1.00 1.08 1.10 1.13 1.15 1.18 1.22 1.24 1.26 21 
70 .94 .95 ,97 1.00 1.01 1.03 1.05 1.oo 1.0ll 1.11 1.13 1.16 1.19 1. 23 1.25 1.26 20 

71 .115 • \l6 .os 1.01 1.02 1.04 1.05 1.07 1.09 1.1~ 1.14 1.17 1.20 1.23 1.25 1.27 19 
72 .95 .111 .98 1.01 1.03 1.04 1.06 1.(18 1.10 1.12 1.15 1.17 1.21 1.24 1.26 1.28 18 
73 • oo .97 ,gg 1.02 1.03 1.05 1.06 1,08 1.10 1.13 1.15 1.18 1.21 1.25 1.27 1.211 17 
74 .96 • 98 1.00 1.02 1.04 1.05 1.07 1.09 1.11 1.13 1.16 1.111 1.22 1.25 1.27 1.29 16 
75 .97 .1!8 1.00 1.03 1.04 1.06 1.08 1.09 1.12 1.U 1.16 1.19 1.23 1.26 1.28 1.30 15 

76 .97 .99 1.00 1.03 1.05 1.06 1.08 1.10 1.12 l.14 l,.17 1.20 1.23 l.27 1.29 1.31 14 
77 .97 • 9ll 1.01 1.04 I.OS i.07 1.08 1.10 1.13 1.15 1.17 1.20 1.24 1.27 1.29 1. 31 13 
78 ,\lS .llll 1.01 1.04 1.05 1.07 1.00 1.11 1.13 1.15 1.18 1.21 1.24 1.28 1.30 '1.32 12 
79 .98 l.00 1.02 1.04 1.06 1.08 1.09 1.11 1.13 1.16 1.18 1.21 1.25 1.28 1.30 i.:12 11 
80 • \IS 1.00 1.02 1.05 1.06 1,08 1.10 1.12 1.U 1.16 1.19 1 22 1.25 1.211 1.30 1.33 10 

81 • 911 l,()() 1.02 1.05 1.07 1.08 1.10 1.12 1.14 1.17 1.19 l.22 l.25 1.29 1.31 l.33 9 
82 ,Ill} 1.01 1.03 l.OS 1.07 1.08 1.10 1.12 1.14 1.17 1.1\l 1.22 1.26 1.29 1.31 1.33 8 
ll3 .ll\I .1.01 1.03 1.06 1.07 1.09 1.10 1.12 1.15 1.17 1.20 1.23 1.26 1.30 1.32 1.34 7 
84 .oo 1.01 1.03 1.00 1.07 1.09 1.11 1.13 1.16 1.17 1.20 l.2S 1.26 1.30 1.32 1.34 6 
85 1.00 1.01 1.00 1 06 1.07 1.09 1.11 1.13 1.16 1.17 1.20 1.23 !.~ 1.30 ,1.32 1.34 5 

86 1.00 1.01 1.03 1.06 1.08 l.Oll l.U 1.13 1.15 1.18 1.20 1.23 1.27 1.30 1.32 1.34 4 
87 1.00 1.01 1.03 1.06 I.OS 1.00 1.11 1.13 1.15 1.18 1.20 1.23 1.27 1.30 1.32 1.34 3 
SS 1.00 1.01 1.03 1.00 1.08 1.00 1.11 1.13 l.15 1.18 1.20 1.23 1.27 1.30 1.32 1.34 2 
89 l.00 1.02 1.04• 1.()6 l.OS 1.09 1.11 1.13 1.15 1.18 1.21 1.24 1.27 1.31 1,32 l.36 1 
DO 1.00 1.02 1.0! 1.06 1.0.~ 1.09 1.11 1.13 1.15 1.18 1.21 1.24 1.27 1.31 1.32 1.35 0 

1~r;.---;-1-;----- \--;;---;:----;.-----;.-1-;;-22• 2-l. 26• 28• ao• 32° 40° 
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Table of factors for reduction of transit observations. 

TOP ARGUMENT-STAR'S DECLINATION (ct). 

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

(For rector A use Iert-hand argument. For rector B use right-hand argument. For rector C use bottom line on opporite page. J 

c 42° , 43° 44° 45° 46° 47° 48° 49° 50• 51° 52° 53• 54° 55• 56" 57° c 
- -------,_ 

-~ -----,_ ----- --,_ --. . 
1 .02 .02 .02 .02 .02 .03 .03 .03 .03 .03 .03 .03 .03 .03 .03 .03 89 
2 .05 .05 .05 .05 .05 .05 .05 .05 .05 .06 .06 .06 .06 .06 .06 .06 88 
3 .07 .07 .07 .07 .07 .08 .08 .08 .08 .08 .08 .09 .09 .09 .09 .10 87 
4 .09 .10 I .10 .10 .10 .10 .10 .11 .11 .11 .11 .12 .12 .12 .12 .13 86 
5 .12 .12 .12 .12 .13 .13 .13 .13 .13 .14 .14 .14 .15 .15 .16 .16 ,85 

6 .14 .14 .15 .15 .15 .15. .16 .16 .16 .17 .17 .17 .18 .18 .19 .19 8.( 

7 .16 .17 .17 .17 .18 .18 .18 .19 .19 .19 • 20 • 20 .21 .21 .22 .22 83 
8 .19 .19 .19 .20 • 20 • 20 .21 .21 .22 .22 .23 .23 .24 .24 .25 .26 82 
9 .21 .21 .• 22 .22 .22 .23 .23 .24 .24 .25 .25 .26 .27 .27 .28 .29 81 

10 .23 .24 .24 .25 .25 .25 .26 .26 .27 .28 .28 .29 .30 .30 .31 .32 80 

11 .26 .26 .27 .27 .28 .28 .28 .29 .. 30 .30 .31 .32 .32 .33 .34 .35 79 
12 .28 .28 .29 .29 .30 .30 .31 .32 .32 ,33 .34 .35 .35 .36 .37 .38 78 
13 .30 .31 .31 .32 .32 .33 .34 .34 .35 .36 .36 .37 .38 .39 .40 .41 77 
14 .33 .33 .34 .34 .35 .35 .36 .37 .38 .38 .39 .40 .41 .42 .43 .44 76 
10 .35 .35 .36 .37 .37 .38 .39 .39 .40 .41 .42, .43 .44 .45 .46 .48 75 

16 .37 .38 .38 .39 .40 .40 ' .41 .42 .43 .44 .45 .46 .47 .48 .49 .51 14 
17 .39 .40 .41 .41 .42 .43 .44 .45 .45 .46 .47 .49 .50 .51 .52 .54 73 
18 .42 .42 .43 .44 .44 .45 .46 .41 .48 .49 .50 .51 .53 .54 .55 .57 72 
19 .44 .45 .45 .46 .47 .48 .49 .50 .51 .52 .53 .54 .55 .57 .58 .60 71 
20 .46 .47 .48 .48 .49 .50 .51 .52 .53 .54 .56 .57 .58 .60 .61 .63 70 

21 .48 .49 • 50 .51 .52 .52 .M .55 .56 .57 .58 .59 .61 .62 .64 .66 60 

~ .50 .51 .52 .53 .54 .55 .56 .57 .58 .60 .61 .62 .64 .65 :~~ .60 M 
.53 .53 .54 .55 .56 .57 .58 .60 .61 .62 .63 .6b .66 .68 • 72 67 

24 .55 .56 .57 .58 .59 .60 .61 .62 .63 .il5 .66 .68 .69 .71 • 73 . 75 66 
25 .57 .58 .59 .60 .61 .62 .63 .64 .66 .67 .69 .70 .72 .14 .76 .78 65 

26 .59 .60 .61 .62 .63 .64 .65 .67 .68 .70 .71 • 73 .75 . 76 • 78 .so 64 
27 .61 .62 .63 .64 .65 .67 .68 .69 .71 .72 .74 • 75 .77 .79 .81 .83 63 
28 .63 .64 .65 .66 .68 .69 .70 .72 .73 .75 .76 .78 .so .82 .84 .86 62 
29 .65 .66 .67 \ .69 . 70 .'11 . 72 .74 .75 ,.77 • 79 .81 .82 .84 .87 .89 61 
80 .67 .68 .69 • 71 • 72 .73 .75 . 76 • 78 .79 .81 .83 .85 .87 .89 .92 80 

31 .69 . 70 .72 • 73 .14 .75 .77 .78 .so .82 .84 .86 .88 .90 .92 .95 59 
32 .71 • 72 ,74 75 .76 :78 .79 .81 .82 .84 .86 .88 .90 .92 .95 .97 58 
33 .73 . 14 .76 • 77 .78 .so .81 .83 .85 .87 .88 .91 .93 .95 .97 1.00 57 
34 .75 .76 .78 . 79 .so .82 .84 .85 .87 .89 .91 .93 .95 .97 1.00 1.03 56 
35 .77 .78 .so .81 .83 .84 .86 .87 .89 .91 .93 .95 .98 1.00 1.03 1.05 55 

36 .119 .so .82 .83 .85 .86 .88 .90 .91 .93 .95 .98 1.00 1.03 1.05 1.08 54 
37 .81 .82 .84 .85 .87 .88 .90 .92 .9' .96 .98 1.00 1.02 1.05 1.08 1.10 53 
38 .83 .84 .86 .87 .89 .90 .92 .9' .96 .98 1.00 1.02 1.05 1.07 1.10 1.13 52 
39 .85 .86 .87 .89 .91 .92 .9' .96 .98 1.00 1.02 1.05 1.07 1.10 1.12 1.15 51 
40 .86 .88 .89 .91 .93 .9' .96 .98 1.00 1.02 1.04 1.07 1.09 1.12 1.15 1.18 liO 

41 .SS .90 .91 .93 .94 .96 .98 1.00 1.02 1.04 1.07 1.09 1.12 1.14 1.17 l. 20 49 
42 .90 .91 .93 .95 .96 .98 1.00 1.02 1.04 1.06 1.09 1.11 1.14 1.17 1.20 1.23 48 
43 .92 .93 .95 .96 .98 1.00 1.02 1.04 LOO 1.08 1.11 1.13 1.16 1.19 1.22 1.25 41 
44 .93 .95 .97 .98 1.00 1.02 1.04 1.06 1.08 1.10 1.13 1.15 1.18 1.21 1.24 1. 28 46 
46 .95 .97 .98 1.00 1.02 1.04 1.06 1.08 1.10 1.12 1.15 1.17 1. 20 1. 23 1.26 1.30 45 

- ----,_ -------,_ -------- - -------- -
42• 43• 44• 45• 46" 41° 48" 49° 50• 51° 52° 53• 54• 55• 56° 57° 
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Table of jactors for rfAluction of traMit observatiom. 
TOP ARGUMENT-STAR'S DECLINATION ("}. 

SIDE ARGUMENT-STAl?'S ZENITH DISTANCE (C). 

(For factor .A use left-band 11rgument. For factor B use right-hand argument. For factor' O use bottom line on IAI• page.] 

' 42° 43• ... 45° 46• 47• 48" 49° 50• lil. i;2• 53• 64" lili" 56• 57° c 
- ---- -- ,_ --------,_ 
• . 
46 .97 .118 1.00 1.02 1.()4 1,05 1.07 1.10 1.12 1.14 1.17 1.19 1.22 1.25 1. :19 1.32 44 
47 • 91! 1.00 1.02 1.03 1.(15 l.07 I.Oil 1.11 1.14 1.16 l. lll . 1.21 1.24 1.27 1.31 1.34 43 
48 1.00 1.02 1.03 UIS 1.07 1.09 1.11 1.13 1.16 1.18 1.21 1.23 1.26 l.30 1.33 1.36 42 
49 1.02 1.03 1.05 1.07 I.Oil 1.11 1.13 1.16 1.17 1.20 1.23 1.26 1.28 1.32 1. 36 1.39 41 
50 1.03 1.05 1.00 1.08 1.10 1.12 l.U 1.17 1.19 1.22 1.24 1.27 1.30 • 1.34 1.37 1.41 40 

51 1.05 1.06 1.08 1.10 1.12 1.14. 1.16 1.18 1.21 1.23 1.26 1.29 Ul2 1.U 1.89 1.43 39 
62 1.06 1.08 1.10 1.11 1.13 1.16 1.18. 1.20 1.23 1. 26 1.28 1.31 1.34 1.37 1.41 1.45 38 
53 1.07 1.09 1.11 1.13 1.~ 1.17 1.111 1.22 1.24 1.27 1.30 1.33 1.36 1.311 1.43 1.47 37 . ·54 1. Oil 1.11 1.12 1.lt 1.1 1.19 1.21 1.23 1.26 1.29 1.31 l.34 1.38 1.41 1.45 l.411 36 
66 1.10 1 12 1 14 1 16 1.18 1.20 1.22 1.25 1.27 1.3() 1.33 1.36 1.311 1.43 1.46 1.50 ll5 

Ml 1.12 1.13 1.15 1.17 1.19 1.22 1.24 1.26 1.211 1.32 1.35 1.38 1.41 1.45 1.48 1.52 34 
57 1.13 1.15 1.17 1.19 1.21 1.23 1.26 1.28 1.31 1.33 1.36 1.39 1.43 1.46 1.50 1.64 33 
D8 1.14 1.16 1.18 1.20 1.22 1.24 1.27 1.29 1.32 1.34 1.38 1.•1 1.44 1.48 l.llll 1.66 32 
59 1.15 1.17 1.111 1.21 1.23 1.26 1.28 1.31 t::l3 1.36 1.311 1.42 U6 1.49 U3 1.67 31 
flO 1.17 1.18 1.20 l.~ 1.26 1.27 1;29 1.32 1.35 1.38 1. 41 1.44 1.47 1.51 1. 66 1.59 10 
61 1.18 1.20 1.22 1.24 1.26 1,28 1.31 1.33 1.36 1.39 1.42 1.45 1.49 1. 53 1.66 1.61 29 
62 1.111 1. 21 1.23 1.25 1.27 1.29 1.32 1.35 1.37 1.40 1.43 1.47 , l. liO 1.64 1.68 1.62 2& 
63 1.20 1.22 1.24 1.26 1.28 1.31 1.33 1.36 1.39 ·1 .. 42 l.4S 1.48 1.62 1.Sli 1.59 1.64 27 
64 1.21 1.23 1.26 1.27 1.29 1.32 1.34 1.37 1.40 1.43 1.46 1. 49 1.li3 1.67 1.61 1. 611 26 
611 1.22 1.24 1.26 1.28 1.30 1.33 1.36 1.38 1.41 1.44 1.47 1.51 1.54 1.68 1.62 1.66 25 

66 1.23 1.26 1.27 1.29 1.32 1.34 1.37 1.311 1.42 1.46 1.48 1.62 Uli 1.69 l.!13 1.68 24 
67 1.24 1.26 1.28 1.30 1.33 1.36 1.38 1.40 1.43 1.46 1.110 l. 53 1.57 1:60 1.65 1. 611 23 
68 1.26 1.27 1.29 1.31 1.33 1.36 1.39 1.41 1.44 1.n 1.51 1.64 us 1.62 1.66 1. 70 . 22 
69 1.26 1.28 1.80 1.32 1.34 1.a1 1.40 1.42 1.41) 1.48 1.!12 1. 6li l.S9 1.63 1.67 l. 71 21 
70 1.26 1.28 Ult 1.33 1.35 1.38 1.40 . 1.43 1.46 1.49 1.63 1.156 1.60 1.64 1.68 l. 73 20 -
71 1.27 1.29 1.31 1.34 1.36 i.39 1.41 1.44 1.47 l.liO 1.54 1.117 1.61 1.65 1.69 1.74 19 
72 1.28 1.30 1.32 1.34 1.37 1.39 l.42 1.4/i 1.48 l.61 1.54 1.68 1.62 1.66 l. 70 1. 76 18 
73 1.29 1.31 1.33 1.36 1.38 1.40 1.43 1.46 1.49 l.li2 1. 56 1.59 1.63 1.61 1.11 1.76 17 
74 1.29 1.31 1.34 1.36 l.38 1.41 1.« 1.46 1.411 1.53 1.66 1.60 1.63 1.1 1.72 1.76 16 
76 1.80 1.32 1.34 1.37 ·l.39 1.42 1.44 1.41 1.50 1.53. 1.67 1.60 1.64 1. 1. 73 1. 77 15 

76 1.31 1.33 1.35 1.37 1.40 1.42 1.45 1.48 1.61 1.64 1.68 1.61 1.66 1.69 1. 73 l.78 14 
71 1.31 1.33 1.35 1.38 1.40 1.43 1.46 1.48 . 1.62 1.M 1.58 1.62 Ul6 1. 70 1. 74 1.79 13 
78 l.32 1.34 1.36 1.38 1.41 1.43 1.46 1.49 1.62 l.M 1.69 1,62 1.66 1. 70• 1.76 1.80 12 
711 1.32 1.8~ I.36 1.89 1.41 1.44 1.47 l.liO 1.68 1.66 1.69 1.63 1.67 1. 71 1.76 1.80 11 
80 l.33 1.35 1.37 1.39 1,42 1.« 1.47 1.60 1.63 1.56 t.60 1.6( 1. 67 1.72 ·1.76 1.81 10 

:~ 1.33 1.36 1.37 1:40 1.42 1.4.5 1.48 1.51 1.64 l.67 1.60 1.64 ·us 1. 72 l. 77 1.81 II 
1.33 1. 3li l.88 1.40 1.43 1.45 1.48 1.61 1.54 I.67 1.61 1.64 1.68 l. 73 1. 77 1.82 8 

83 1.34 1.36 1.38 1.40 1.43 1.46 1.48 1.61 1.54 t.SS 1.61 1. 65 1.69 1. 73 1.77 1.82 7 
84 l.34 1.36 1.38 1.41 1.43 1.46 1.49 1.62 1.66 l.tl8 1.62 1.65 1.69 1. 73 1. 78 1.83 0 
85 1.34 1.36 1.38 1.41 1.43 1.46 1.49 1.52 1.66 1.58 1.62 UIS 1.69 1. 74 1.78 1.83 6 

86 1.34 1.36 1.39 1.41 1.44 1;46 1.49 1.62 1.55 1.69 . 1.62 1.66 1. 70 1. 74 1. 78 1.83 4 
87 1.34 1.37 1.39 1 •. 41 1.44 1.46 1.49 1.52 l.M 1.59 1.62 1.66 1.70 1. 74 1. ill 1.83 3 
88 1.34 1.37 1.39 1.41 1.44 1.46 1.49 1.62 1.M 1.59 1.62 1~66 1.70 1. 74 1. 79 1.83 2 
!l9 1.3.!) 1.37 1.39 l. 41 l.~ 1.47 1.49 1.62 1.116 1.59 l.62 l.66 1.70 1. 74 l. 79 1.84 l 
80 1.35 1.37 1.89 1.41 1.44 1.47 1.49 1.62 1.66 l.611 1.62 1.116 .l. 70 1. 74 1.79 1.84 0 - -- ----.__ - ----

42• 43• 44• 46. 46" 47• 4g• 49• oo• 61° 62. sa• 64" ss• 56• 57• 
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'ltible of factors for reduction of transit observations. 

TOP ARGUMENT-STAR'S DECLINATION (b). 

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

[For factor .A use le!t;..band argument. For factor B uso right-hand argument. For !actor 0 use bottom line on opporite page.) 

I c .D1" 68" 68!0 59° 59l0 60" 60!" 61° 61!0 62° 62l0 63• 63l0 54• 64l0 65" 

--t----. 
1 .03 .03 .03 .03 ;03 .03 .04 .04 .04 .04 .04 .04 .04 .04 • ll4 .04 
2 .06 • 07 .07 ;07 .01 .07 .07 .07 .07 .07 .08 .08 .08 .08 .08 .08 
3 .10 .10 .10 .10 .10 .10 .11 .11 .11 .11 .11 .12 .12 .12 .12 .12 
4 .13 ,13 .13 .14 .14 .14 .14 .14 .16 .15 .15 .15 .16 .• 16 .16 .17 
5 .16 .16 .17 .17 .17 .17 .18 .18 .18 .19 .19 .19 .19 .20 .• 20 .21 

' 
6 .19 .20 .20 .20 .21 .21 .21 .22 .22 .22 .23 .23 .23 .24 .24 .25 
7 • 22 .23 .23 .24 .24 .24 .25 .25 .26 • .26 .26 .27 .27 .28 .28 .29 
8 .26 .26 .27 .27 .27 .28 .28 .29 .29 .30 .30 .31 .31 .32 .32 .33 
9 .29 .29 .30 .30 .31 .31 .32 .32 .33 .33 .34 .35 .36 .36 .36 .37 

10 .32 .33 .33 .34 .34 .35 .36 .36 .36 .37 .38 .38 .39 .40 .40 .41 

11 .35 .36 .36 ,37 .38 .38 .39 .39 .40 .41 .41 .42 .43 .44 .44 .45 
12 .38 .39 ,40 .40 .41 .42 .42 .43 .44 .44 ,46 .46 .47 .47 .48 .49 
13 .41 .42 .43 ,44 ,44 .46 .46 .46 .47 .48 .49 .60 .60 .51 .52 .63 
14 .44 .46 .46 .47 .48 .48 .49 .60 .61 .52 ,62 .63 .54 .55 .56 .57 
16 .48 .49 .60 .60 .51 .62 .63 .53 .64 .65 .56 •• 67 .68 .59 .60 .'61 

16 .51 .52 .63 .54 .54 .65 .56 .57 .58 .59 .60 .61 .62 .63 .64 .65 
17 .54 .65 .56 ,57 .58 .58 .59 .60 .61 .62 .63 .64 .66 .67 .68 .69 
18 .57 ,58 ,59 .60 .61 .62 .63 .64 .65 .66 .67 .68 .69 .70 .72 .73 
19 .60 .61 .62 .63 .64 .65 .66 .67 .68 .69 .70 .72 .73 .74 .76 .77 
20 .63 .64 .65 .66 .67 .68 .69 .70 .72 .73 • 74 • 75 .11 .78 .79 .81 

21 .66 .68 .69 .10 .11 .72 .73 .74 .75 .76 • 78 • 79 .80 .82 .83 .85 
22 .69 .71 .72 .73 ,74 .75 .76 .77 .78 .80 .81 .82 .84 .85 .87 .89 
23 .72 .74 ,75 .76 .77 .78 .79 .81 .82 .83 .85 .86 .88 .89 .91 .92 
24 .75 .77 .78 .79 .so .81 ;83 .84 .85 .87 .88 .00 .91 .93 .94 .96 
25 .78 .80 .81 .s2 .83 .85 .86 .87 .89 .00 :92 - .93 .95 .96 .98 1.00 

26 .80 .83 .84 .85 .86 .88 .89 .oo .92 .93 .95 .97 .98 1.00 1.02 1.04 
27 .83 .86 .87 .88 .89 .91 .92 .94 .95 .97 .98 1.00 1.02 1.04 1.05 1.07 
28 .86 .89 • .oo .91 .93 .94 .95 .97 .ll8 1.00 1.02 1.03 1.05 1.07 l.Oll 1.11 
29 .89. .91 .93 I .94 .oo .97 ;98 1.00 1.02 1.03 1.05 1.07 l.Oll 1.11 J.13 1.15 
80 .92 .94 .96 ' ,97 .99 1.00 1.01 f.03 1.05 1.07 1.08 1.10 1.12 1.14 1.16 1.18 

31 .95 ,97 .99 1.00 1.01 1.03 1.05 1.06 1.08 1.10 1.11 1.13 1.15 1.17 1.20 1.22 
32 .97 1.00 1.01 1.03 1.04 1.06 1.08 l.Oll 1.11 1.13 1.15 1.17 1.19 1.21 1.23 1. 25 
33 1.00 1.03 1.04 1.06 1.07 1.09 1.11 1.12 1.14 1.16 1.18 1. 20 1.22 1.24 . 1. 26 1. 29 
34 1.03 1.05 1.07 1.09 1.10 1.12 1.14 1.15 1.17 1.19' 1.21 1.23 1.25 1.27 1.30 1. 32 
35 1.05 1.08 l.10 1.11 1.13 1.15 1.16 1.18 1.20 1.22 1.24 1.26 1.29 1.31 1.33 1.36 

36 1.'08 1.11 1.12 1.14 1.16 1.18 1.19 1.21 1.23 1.25 1.27 1.30 1.32 1.34 1.37 1.39 
37 1.10 1.14 1.15 1='17 1.19 1.20 1.22 1.24 1.26 1.28 1.30 1.33 1.35 1.37 1.40 1.42 

. 38 1.13 1.16 J.18 1.20 1.21 1.23 1.25 1.27 1.29 1.31 1.33 1.36 1.38 1.40 1. 43 1. 46 
39 1.15 1.19 1.20 1.22 1. 24 1.26 1.28 1.30 1.32 1.34 1.36 1.39 1. 41 I. 43 1. 40 1.49 
40 1.18 1.21 1.23 1.25 1.27 1.29 1.31 1.33 1.35 1.37 1.39 1.42 1.44 1.47 1. 49 1.52 

I 

41 1.20 1.'24 1.26 1.27 1.29 1.31 1.33 1.35 1.37 1.40 1.42 1.45 1.17 1.60 1.52 1.55 
42 1.23 1.26 1.28 1.30 1.32 1.34 1.36 1.38 1.40 1.42 1.46 1.47 1.60 1.53 1.55 1.58 
43 1.25 1.29 1.30 1.32 l.34 1.36 1.39 1.41 1.43 1.46 1.48 1.50 1.63 1.56 1.58 1.61 
44 1.28 1.31 . 1.33 1.35 1.37 . 1.39 1.41 1.43 1.46 1.48 1.50 I }.63 1.56 1.58 1.61 1.64 
45 1.30 1.33 1.35 1.37 1.39 1.41 1.44 1.46 1.48 1.51 1.63 1.56 1;58 1.61 1.64 1.67 

- -- --- -
57° 68" 58l0 59• 59l0 60• 50i• 61° 61!0 52• 62l0 53• 63&· 64" 64l0 65" 

c 

. 
-

8 9 
88 . 
8 7 
86 
85 

R4 
83 
8 2 

• 8 1 
so 
7 9 

. 7 8 

-

7 7 
7 6 
5 1 

1 4 
73 
7 2 
7 1 
7 0 

6 9 
68 
6 7 
66 
65 

64 
63 
6 2 
6 1 
60 

5 9 
58 
5 7 
Ell 
55 

64 
53 
5 2 
5 I 
50 

4 9 
4 8 
4 7 
46 
4 5 
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T<ible of factors for reduction. of tr~nsit observations. 
TOP .ARGUMENT-STAR'S DECLINATION (~). 

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

[For !actor .A use left-hand argument. For !actor B use right-hand argument. For !actor 0 use bottom line on tllla page.] 

c 51• 58" 581° 59° 591°' 60" 6Qi• 61° 6ll0 62° 621° 63" 63!" 64" 64!" 65" c 
- --. 0 

46 1.32 1.36 1.38 1.40 1.42 1.44 1.46 1.48 1.51 1.63 1.56 1.58 1.61 1.64 1.67 1. 70 44 
47 1.34 1.38 1.40 1.42 1.44 1.46 . 1.49 1.61 . l.li3 1.56 1.68 1.61 1.64 1. 67 1.70 1. 73 43 
48 1.36 1.40 1.42 1.44 1.46 1.48 1.61 1.63 1.66 1.58 1.60 1.63 1.66 1.69 1. 72 1. 76 42 
49 1.39 1. 42 1.44 1.47 1.49 1.61 1.63 1.56 1.68 1.61 1. 0:: 1.66 1.69 1. 72 1. 75 1. 79 41 
60 1.41 1.44 1.47 1.49 1.61 1.63 1.56 1.68 1.60 1.63 1.66 1.69 1. 72 1. 76 1. 78 1.81 40 

51 1.43 1.47 1.49 1.61 1.63 1.66 1.68 1.60 1.63 1.66 1.68 1. 71 1. 74 1. 77 1.80 1.84 39 
. 62' 1.46 1.49 1.61 1.63 1.66 1.58 1.60 1.63 1.66 1.68 1. 71 1. 74 1.77 1.80 1.83 1.86 38 

63 1.47 1.61 1.63 1.66 1.67 1.60 1.62 1.65 1.67 1. 70 1.73 1. 76 1. 79 1.82 1.86 1.89 37 
64 1.49 1.63 1.56 1.67 ·1.69 1.62 1.64 1.67 1.69 1.72 1.76 1. 78 1.81 1.86 1.88 1. 91 36 
66 1.60 1.66 "l.67 1.69 1.61 1.(16 1.66 1.69 1. 72 1.7( 1. 77 1.80 1.84 1.87 1.90 1.94 35 

56 1.62 1.56 1.69 1.61 1.63 1.66 1.68 1. 71 1. 74 1. 77 1;80 1.~ 1.86 1.89 1.93 1.96 34 
67 1;64 1.68 1.61 1,63 1.66 1.68 1. 70 1. 73 1. 76 1. 79 1.82 1.86 1.88 1. 91 1.96 1.98 33 
68 1.116 1.60 1.62 1.65 1.67 1.70 1. 72 1. 76 1.78 1.81 1.84 1.87 1.90 1.93 1.97 2.01 32 
69 1.57 1.62 1.64 1.66 1.69 1.71 1.74 1.77 1.80 1.83 1.86 1.89 1.92 1.96 1 99 2 03 31 
80 1.69 1.63 1.66 1.68 . 1. 71 1.73 1.76 1.79 1.81 . 1.84 1.88 1.91 1.94 1.98 2.01 2.06 80 

61 1.61 1.65 1.67 1. 70 1. 72 1. 76 1.78 1.80 1.83 1.86 1.89 1.93 1.96 2.00 2.03 2.07 29 
62 1.62 1.67 1.69 1. 71 1. 74 1.77 1. 79 1.82 1.86 1.88 1.91 1.94 1.98 2.01 2.06 2.09 28 
63 1.64 1.68 1.70 1. 73 1. 76 1.78 1.81 1.84 1.87 1.90 1.93 1.96 2.00 2;03 2.07 2.11 27 
64 1.65 1.70 1. 72 1. 75 1.77 1.80 1.83 1.86 1.88 1.91 1.95 1.98 2.02 2.06 2.09 2.13 26 
65 1.66 1. 71 1. 73 .1. 76 1. 79 1.81 1.84 1.87 1.90 1.93 1.96 2.00 2.03 2.07 2.11 2.14 26 

66 1.68 1. 72 1:76 1. 77 1.80 1.83 1.86 1.88 1.91 1.96 1. 98 2.01 2.06 2.08 2.12 2.16 . 24 
67 1.69 1. 74 1. 76 1. 79 1.81 1.84 1.87 1.90 1.93 1.96 1.99 2.03 2.06 2.10 2.14 2.18 23 
68 1. 70 1. 76 1. 77 1.80 1.83 1.86 1.88 1.91 1.94 1.97 2.01 2.04 2.08 2.11 2.15 2.19 22 
69 1. 71 1. 76 1. 79 1.81 1.84 1.87 1.90 1.9.1 1.96 1.99 2.02 2.06 2.09 2.13 2.17 2.21 21 
70 1. 73 1. 77 1.80 1.82 1.86 1.88 1.91 1.94 1.97 2.00 2.03 2.07 2.11 2.14 2.18 2.22 110 

71 1. 74 1. 78 1.81 1.84 1.86 1.gg 1.92 1.95 1.98 2.01 2.05 2.08 2.12 2.16 2.20 2.24 19 
72 1. 75 1. 79 1.82 1.86 1.87 1.90 1.93 1.96 1.99 2.03 2.06 2.09 2.13 2.17 2.21 2.26 18 
73 1. 76 1.80 1.83 1.86 1.88 1.91 · 1.94 1.97 2.00 2.04 2.07 2.11 2.14 2.18 2.22 2.26 17 
74 1. 76 1.81 1.84 1.87 1.89 1.92 1.95 1.98 2.01 2.06 2.08 2.12 2.15 2.19 2.23 2.27 16 
76 1. 77 1.82 1.86 1.88 1.90 1.93 1.96 1.99 2.02 2.06 2.09 2.13 2.16 2.20 2.24 2 • .29 15 

76 1. 78 0 1.83 1.86 1.88 1. 91 1.94 1.97 2.00 2.03 2.07 2.10 2.14 2.17 2.21 2.26 2.30 14 
77 1. 79 1.84 1.se 1.89 1.92 1.95 1.98 2.01 2.04 2;07 2.11 2.15 2.18 2.22 2.26 2.31 13 
78 1.80 1.86 1.87 1.90 1.93 1.96 1.99 2.02 2.06 2.08 2.12 2.15 2.19 2.23 2.27 2.31 12 
79 1.80 1.86 1.88 1.91 1.93 1.96 1.99 2.02 2.06 2.09 2.13 2.16 2.20 2.24 2.28 2.32 11 
80 1.81 1.86 1.88 1.91 1.94 1.97 2.00 2.03 2.06 2.10 2.13 2.17 2.21 2.26 2.29 2.33 10 

81 1.81 1.86 · l.89 1.92 1.95 1.98 2.01 2.04 2.07 2.10 2.14 2.18 2.21 2.26 2.29 2.34 9 
82 1.82 1.87 1.90 1.92 1.95 1.98 2.01 2.04 2.08 2.11 2.16 2.18 2.22 2.26 2.30 2.34 8 
83 1.82 1.87 l.90 1.93 1.96 1.99 2.02 2.05 2.08 2.12 2.16 2.19 2.22 2.26 2.31 2.35 7 
84 1.83 1.88 1.90 1.93 1.96 1.99 2.02 2.06 2.08 2.12 2.16 2.19 2.23· 2.27 2.81 2.36 6 
85 1.83 1.88 1.91 1.93 1.96 l,:99 2.02 2.05 2.09 2.12 2.16 2.19 2.23 2.27 2.31 2.36 5 

86 1.83 1.88 1.91 1.94 1.97 2.00 2.03 2.06 2.09 2.13 2.16 2.20 2.24 2.28 . 2.32 2.36 4 
87 1.83 1.88 1.91 1.94 1.97 2.00 2.03 2.06 2.09 .2.13 2.16 2.20 2.24 2.28 2.32 2.36 8 
88 1.83 1.89 1.91 1.94 1.97 2.00 2.03 2.06 2.09 2.lS 2.16 2.20 2.24 2.28 2.32 2.36 2 
89 1.84 1.89 1.91 1.94 1.97 2.00 2.03 2.06 2.10 2.13 2.17 2.20 2.24 2.28 2.32 2.37 1 
llO 1.84 1.89 1.91 1.94 1.97 2.00 2.03 2.06 2.10 2.13 2.17 2.20 2.24 2.28 2.32 2.37 0 
.._ -- --,_ 

67° 68" 68i" 59• 69t"' oo• 60l" 61° 61!0 02• 626° 03• 63!" 64" 64l0 65• 

-
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T<ible off actors for reduction of transit observations. 

TOP ARGUMENT-STAR'S DECLINATION (b). 

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

(For factor A use left-hand argument, For' factor B u11e right-hand argument. For factor O use bottom line on opporite page.) 

c -65" 65!" 66" "66!" 67° 67i" 68" 68i0 69° 69° 10' 69" 20' 69° 30' 69" 40' 69° 50' 70° 70° 10' c 
- ------- -------,_ ------ - ------. . 

1 .04 .04 .04 .04 .04 .OS .OS .05 .05 .OS .05 .OS .05 .05 .OS .OS 89 
2 .08 .08 .09 .09 .09 .09 .09 .10 .10 .10 .10 .10 .10 .10 .10 .10 88 
3 .12 .13 .13 .13 .13 .14 .14 .14 .15 .15 .15 .16 .15 .15 .16 .15 87 
4 .17 .17 .17 .18 .18 .18 .19 .19 .20 .20 .20. .20; .20 .20 .20 .20 86 
5 .21 .21 .21 .22 .22 .23 .23 .24 .24 .24 .25 .25 .25 .25 .25 .26 85 

6 .25 .25 .26 .26 .'1:1 .'1:1 .28 .28 .29 .29 .30 i .30 .ao .30 .31 .31 84 
7 .29 .29 .30 .31 ,31 .32 .33 .33 .34 .34 .34 .36 .36 .36 .36 .36 83 
8 .33 .34 .34 .35 .36 .36 .37 .38 ,39 .39 .39 .40 .40 .40 .41 .41 82 
9 .37 .38 .39 .39 .40 .41 .42 .43 .44 .44 .44 .46 .45 .45 . ',46 .46 81 

10 .41 .42 .43 .43 .44 .45 .46 .47 .48 .49 .49 .50 .50 .50 .61 .61 80 

11 .45 .46 .47. .48 .49 .50 .51 .52 .53 .54 .54 .54 .55 .55 .66 .56 79 
12 .49 .50 .51 .52 .53 .54 .56 .57 .68 .68 .59 .59 .60 .60 .61 .61 78 
13 .53 .54 .55 .56 .68 ,59 .60 .61 .63 .63 .64 .64 .65 .65 .66 .66 77 
14 .57 .58 .59 .61 .62 .63 .65 .66 .67 .68 .68 .69 .70 .70 • 71 • 71 76 
15 .61 .62 .64 .65 .66 .68 .69, .71 .72 .73 .73 .74 • 74 .75 • 76 .76 76 

16 .65 .66 .68 • (IQ • 71 .72 . 74 • 75 .77 .78 .78 .79 .79 .80 .81 .81 74 
17 .69 .70 • 72 .73 • 75 .76 .78 .so .81 .82 .83 .83 .84 .85 .85 .86 73 
18 • 73 • 74 -· 76 .77 .79 .81 .83 .84 .86 .87 .88 .88 .89 .00 .oo .91 72 
19 • 77 . 78 .80 .82 .83 .85 .87 .89 .91 .92 .92 .93 .94 .94 .95 .oo 71 
20 .81 .82 .• 84 .86 .88 .89 .9t .93 .96 .00 .97 .98 .98 .99 1.00 1.01 10 

21 .85 .86 .88 .00 .92 .94 .oo .98 1.00 1.01 1.02 1.02 1.03 ·1.04 1.05 1.06 69 
22 .89 .oo .92 .94 .96 .98 1.00 1.02 l.OS 1.05 1.06 1.07 1.08 1.09 1.09 1.10 68 
23 .92 .94 .96 .98 1.00 1.02 1.04 1.07 1.09 1.10 1.11 1.12 1.12 1.13 1.14 1.15 67 
24 .96 .98 1.00 1.02 1.04 1.06 1.09 1.11 1.14 1.14 1.15 1.16 1.17 1.18 1.19 1.20 66 
25 1.00 1.02 1.04 1.06 1.08 1.10 1.13 1.15 1.18 1.19 1.20 1.21 1.22 1.23 1.24 1.25 65 

26 1.04 1.06 1.08 1.10 1.12 1.16 1.17 1.20 1.22 1.23 1.24 1.25 1.26 1.27 1.28 1.29 64 
'1:l 1.07 1.09 1.12 1.14 1.16 1.19 1.21 1.24 1.27 1.28 1.29 1.30 1.31 1.32 1.33 1.34 63 
28 1.11 1.13 1.15 1.18 1.20 1.23 1.25 1.28 1.31 1.32 1.33 1.34 1.36 1.36 1.37 1.38 62 
29 1.15 1.17 1.19 \ 1.22 1.24 l.'J:l 1.29 1.32 1.36 1.36 1.37 1.38 1.40 1.41 1.42 1.43 61 
30 1.18 1.21 1.23 1.25 1.28 1.31 1.33 1.36 1.39 1.41 1.42 1.43 1.44 1.46 1.46 1.47 80 

31 1.22 1.24 1.27 1.29 1.32 1.35 1.38 1.40 1.44 1.45 1.46 1.47 1.48 1.49 1.61 1.52 59 
32 1.25 1.28 1.30 1.33 1.36 1.39 1.42 . 1.46 1.48 1.49 1.50 1.51 1.62 1.64 1.55 1.56 68 
3:J 1. 29 1.31 1.34 1.37 1.39 1.42 1.46 1.49 1.62 1.53· 1.64 1.55 1.57 1.58 1.59 1.60 57 
34 1.32 1.36 1.37 1.40 1.43 1.46 1.49 1.53 1.56 1.57 1.58 1.60 1.61 1.62 1.63 1.65 66 
35 1.36 1.38 1. 41 ·1.44 1.47 1.50 1.53 1.56 1.60 1.61 1.62 1.64 1.66 1.66 1.68 1.69 55 

36 1311 1.42 1.45 1.47 1.61 1.64 1.57 1.60 1.64 1.65 1.66 1.68 1.69 1. 70 1. 72 1. 73 64 
37 1.42 1.46 1.48 l.'51 1.54 1.67 1.61 1.64 1.68 1.69 1. 70 1. 72 1. 73 1. 74 1. 76 1. 77 53 
38 1.46 1.48 1.51 1.54 1.58 1.61 1.64 1. 68 1. 72 1. 73 1. 74 1. 76 1. 77 1, 79 1.80 1.82 52 
39 1.49 1.52 1.55 1.68 1.61 1.65 1.68 1. 72 1. 75 1. 77 1. 78 1.80 1.81 1. 82 1.84 1.86 61 
40 1.52 1.55 1.58 1.61 1.65 1.68 1.72 1. 75 1.79 1.81 1.82 1.84 1.86 1.86 1.88 1.89 60 -
41 1.55 1.68 1.61 1.64 1.68 1. 71 1. 75 1. 79 1.83 1.84 1.86 1.87 1.89 1.00 1.92 1. 93 49 
42 1.58 1.61 1.64 1.68 1. 71 1. 7~ 1. 79 1.83 1.87 1.88 1.00 1.91 1.93 1.94 1.00 1. 97 48 
43 1. 61 1.64 1.68 l. 71 1. 75 1. 78 1.82 1.86 1.00 1.92 1.93 1.96 1.00 1.98 1. 99 2.01 47 
44 1.64 1.67 1. 71 1. 74 1. 78 1.82 1.85 1.00 1. 94 1. 96 1.97 1.98 2.00 2.02 2.03 2.0S 46 
45 1.67 I. 70 1. 74 ~- 77 1.81 1.85 1.89 1.93 1. 97 1.99 2.00 2.02 2.04 2.05 2.07 2.08 45 

------------- -- - --
59· 50' I--;;---
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DETERMINATION OF TIME, 

T<ible ,of factors for reduction of transit observations. 
TOP ARGUMENT-STAR'S DECLINATION (b). 

SIDE ARGUMENT-STAR;S ZENITH DISTANCE (C) 

(For factor A use le!t-hand argument. For !actor Buse right-hand lll'gument. For factor C use bottom line on thu page.) · 

c 65" 65!" 66" 66!" 67° 67! 0 68" 6S!" 69° 69° 10' 69° 20' 69° 30' 69° 40' 69° 50' 70• 70° 10' 

--- -- - ----
0 

46 1. 70 1. 74 ·1. 77 1.80 1.84 1.88 1.92 1.00 2.01 2.02 2.04 2.05 2.07 I 2.09 2.10 2.12 
47 1. 73 1. 76 1.80 1.83 1.87 1. 91 1.95 2.00 . 2.04 2.06 2.07 2.09 2.10 .2.12 2.14 2.16 
48 1. 76 1. 79 1.83 1.86 1. 90 ·1.94 1.98 2.03 2.07 2.09 2.11 2.12 2.14 2.16 2.17 2.19 
49 1. 79 1.82 1.86 1.89 1.93 1.97 2.01 2.06 2.11 2.12 2.14 2.16 2.17 2.19 2.21 2.22 
liO 1. 81 1. 8li 1.88 1.92 l.oo· 2.00 2.04 2.09 2.14 2.16 2.17 2.19 2.20 2.22 2.24 2.26 

51 1.84 1.87 1. 91 1. 95 1.99 2.03 2.07 2.12 2.17 2.18 2.20 2.22 2.24 2.25 2.27 2.ll9 
52 1.86 1.00 1.94 1.98 2.02 2.06 2.10 2.16 2.20 2.22 2.23 2.25 2.27 2.29 2.30 2.32 
53 f-89 1.93 1.96 2.00 2.04 2.09 2.13 2.18 2.23 2.25 2.26 2.28 2.30 2.32 2.33 2.35 
54 ,91 1.95 1. 00 2.03 2.07 2.11 2.16 2.21 2.26 2.28 - 2.29 2.31 2.33 2.35 2.37 2.38 
55 1. 94 1.98 2.01 2.05 2.10 2.14 ' 2.19 2.23 2.29 2.30 2.32 2.34 2.36 2.38 2.40 2. 41 

56 1. 00 2.00 2.04 2.08 2.12 2.17 2.21 2.26 2.31 2.33 2.35 2.37 2.39 2.40 2.42 2.44 
67 1.98 2.02 2.06 2.10 2.15 2.19 2.24 2.29 2.34 2.36 2.38 2.39 2.41 2.43 2.45 2.,7 
58 2.01 2.05 2.08 2.13 2.17 2.22 2.26 2.31 2.37 2.38 2.40 2.42 2.44 2.46 2.48 2.50 
59 2.03 2.07 2.11 2.15 2.19 2.24 2.29 2.34 2.39 2.41 2.43 2.45 2.47 2. 49 2.51 2.53 
60 2.05 2.09 2.13 2.17 2.22 2.26 2.31 2.36 2.42 2.44 2.45 2.47 2.49 2.51 2.53 2.55 

61 2.07 2.11 2.15 2.19 . 2.24 2.29 2.33 2.39 2.44 2.46 2.48 2.50 2.52 2.54 2.56 2.58 
62 2.09 2.13 2.17 2.21 2.26 2.31 2.36 2.41 2.46 2.48 2.50 2.52 2.54 2.56 2.58 2.60 
63 2.11 2.15 2.19 2.23 2.28. 2.33 2.38 2.43 2.49 2.50 2.52 2.54 2.56 2.58 ·2.00 2.63 
64 2.13 2.17 2.21 2.25 2.30 2.35 2.40 2.45 2.51 2.53 2.55 2.57 2.59 2.61 2.63 2.65 
65 2.14 2.19 2.23 2.27 2.32 2.37 2.42 2.47 2.53 2.55 2.57 2.59 2.61 2.63 2.65 2.67 

66 2.16 2.20 2.25 2.29 2.34 2.39 2.44 2.49 2.55 2.57 2.59 2.61 2.63 2.65 2.67 2.69 
67 2.18 2.22 2.26 2.31 2.36 2.41 2.46 2.51 2.57 2.59 2.61 2.63 2.65 2.67 2.69 2.71 
68 2.19 2.24 2.28 2.32 2.37 2.42 2.47 2.53 2.SP 2.61 2.63 2.65 2.67 2.69 2. 71 2.73 
69 2.21 2.25 2.30 2.34 2.39 2.44 2.49 2.55 2.61 2.62 2.64 2.67 2.69 2. 71 2. 73 2. 75 
70 2.22 2.27 2. 31 2.36 2.40 2.46 2.51 2.56 2.62 2.64 2.66 2.6S 2.70 2. 73 , 2. 75 2. 77 

71 2.24 2.28 2.32 2.37 2.42 2.47 2.52 2.58 2.64 2.66 2.68 2. 70 2.72 2. 74 2. 77 2. 79 
72 2.25 2.29 2.34 2.38 2.43 2,49· ·2.54 2.59 2.65 2.67 2.70 2. 72 2.74 2. 76 2. 78 2.80 
73 2.26 2.31 2.35 2.40 2.45 2.50 2.55 2.61 2.67 2.69 2. 71 2. 73 2.75. 2. 77 2.80 2.82 
74 2.27 2.32 2.36 2.41 2.46 2.51 2.57 2.62 2.68 2. 70 2. 72 2. 74 2.77 2. 79 2.81 2.83 
75 2.29 2.33 2.37 2.42 2.47 2.52 2.58 2.64 2.70 2.72 2. 74 2. 76 2.78 2.80 2.82 2.Sli 

76 2.30 2.34 2.39 2.43 2.48 2.54 2.59 2.65 2. 71 2. 73 2. 75 2. 77 2.79 2.81 2.84 2.86 
77 2.31 2.35 2.40 2.44 2.49 2.56 2.60 2.66 2. 72 2. 74 2. 76 2. 78 2.80 2.83 2. 8li 2.87 
78 2.31 2.36 2.40 2.45 2.50 2.56 2.61 2.67 2. 73 2. 75 2. 77 2. 79 2.81 2.84 2.86 2.88 
79 2.32 2.37 2.41 2.46 2.51 2.57 2.62 2.68 2.74 2. 76 2. 78 2.80 2.82 2.Sli 2.87 2.89 
80 2.33 2.38 2.42 2.47 2.52 2.57 2.63 2.69 2. 75 2. 77 2.79 2.81 2.83 2.86 2.88 2.90 

81 2.34 2.38 2.43 2.48 2.53 2.58 2.64 2.69 2. 76 2. 78 2.80 2.82 2.84 2.86 2.89 2.91 
82 2.34 2.39 2.43 2.48 2.53 2.59 2.64 2. 70 2. 76 2.78 2.81 2.83 2.85 2.87 2.00 2.92 
83 2.35 2.39 2.44 2.49 2.54 2.59 2.65 2. 71 2. 77 2. 79 2.81 2.83 2.86 2.88 2.00 2.92 
84 2.35 2.40 2.45 2.49 2.55 2.60 2.66 2. 71 2. 78 2.80 2.82 2.84 2.86 2.88 2.91 2.93 
8li 2.36 2.40 2.45 2.50 2.56 2.60 2.66 2~72 2.78 2.80 2.82 2.84 2.87 2.89 2.91 2.94 

86 2.36 2.41 2.45 2.50 2.55 2.61 2.66 2. 72 2.78 2.80 2.83 2.85 2.87 2.89 2.92 2.94 
87 2.36 2.41 2.46 2.50 2.56 2.61 2.67 2.72 2. 79 2.81 2.83 2.Sli 2.87 2.00 2.92 2.94 
88 2.36 2. 41 2.46 2.51 2.56 2.61 2.67 2.73 2. 79 2.81 2.83 2.85 2.88 2.00 2.92 2.95 
89 2.37 2.41 2.46 2.51 2.56 2.61 2.67 2.73 2.79 2.81 2.83 2.86 2.88 2.00 2.92 2.95 
90 2.37 2.41 2.46 2.51 2.56 2.61 2.67 2. 73 2. 79 2.81 2.83 2.86 2.88 2.00 2.92 2.95 

,__ ------I'---- -----,_ -------1-
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Table off actors for re<ljtction of transit observations. 
' 

TOP ARGUMENT-B'.\'AR1B DECLINATION (b). 

BIDE ARGUMENT-STAR'S ZENITH DIBTANCE (CJ. 

[For factor .A use left.hand argument. ·For .factor B use right.hand argument. For factor O use bottom Una on oppoalte page.] 

c 70°10' 70° 20' 70° 30' 7.0• 40' 70• liO' 11· 71° 10' 71° 20' 71° 30' 71° 40' 71• 50' 72° 72° 10' 72° 20' f 12° 30' 72° 40' c 
,_ ---- ,_ ,_ . . 

1 .05 .05 .05 .05 .05 .05 .05 .05 .05 .06 .06 .06 .06 .06 .06 .06 89 
2 .10 .10 .10 .10 .11 .11 .11 . II .11 .11 .11 .11 .11 .12 .12 .12 88 
3 .15 .16 .16 .16 .16 .16 .16 .16 .16 .17 .11 .17 .17 .17 .17 .18 87 
4 .20 .21 .21 .21 .21 .21 .22 .22 .22 .22 .22 .23 .23 .23 .23 .23 86 
5 .26 .26 (26 .00 .26 .27 .27 .27 .27 .28 .28 . .28 .28 .29 .29 .29 85 

6 .31 .31 .31 .32 ,32 .32 .32 .33 .33 .33 .34 .34 .34 .34 .35 .35 84 
7 .36 .36 .37 .37 .37 .37 .38 .38 .38 .39 .39 .39 .40 .40 .41 .41 . 83 
8 .41 .41 .42 .42 .42 .43 .43 .44 .44 .44 .46 .46 .45 .46 .46 .47 82 
9 .46 .46 .47 .47 .48 .48 .48 .49 .49 .60 .60 .51 .51 .62 .52 .52 81 

10 .61 .52 .52 .52 .53 .53 .54 .54 .M .sq .56 .56 .57 ,57 .58 .58 80 

ll .56 .57 .57 ,58 .58 .59 .59 .60 .60 .61 .61 .62 .62 • 6.3 .63 .64 79 
12 .61 .62 .62 .63 .63 .114 .64 .65 .66 .66 .67 .67 ;68 .68 .69 .70 78 
13 .66 .67 .67 .68 .68 .69 .70 .70 • 71 • 72 • 72 • 73 . 74 • 74 ,75 . 76 77 
14 • 71 . 72 .72 • 73 • 74 • 74 • 75 . 76 . 76 • 77 • 78 .78 • 79 .80 .so .81 76 
15 . 76 • 77 .78 .78 .79 .79 .80 .81 .81 .82 .83 .84 .84 .85 .86 .87 75 

16 ,81 .82 .83 .83 .84 .85 .85 .86 .87 .88 .88 .89 .90 .91 ,92 .92 74 
17 .86 .87 .88 .88 .89 .90 .90 .91 .92 .93 .94 .95 .96 .96 ,97 .98 73 
18 .91 .J12 ;93 .93 .94 .95 .96 .96 .97 .98 .99 1.00 1.01 1.02 1.03 1.04 72 
19 .96 .97 .98 .98 .99 1.00 1.01 1.02 1.03 1.04 1.04 1.05 1.06 1.07 1.08 1.09 71 
20 1.01 1.02 1.02 1.03 1.04 1.05 1.06 1.07 1.08 1.09 1.10 1.11 1.12 1.13 1.14 1.15 70 

21 1.06 1.06 1.07 1.08 1.09 1.10 1.11 1.12 1.13 1.14 1.15 1.16 1.17 1.18 1.19 1.20 69 
22 1.10 1.11 1.12 1.13 1.14 1, 15 1.16 1.17 1.18 1.19 1.20 1.21 1.22 1. 24 1.25 1.26 68 
23 1.15 1.16 1.17 1.18 1.19 1.20 1.21 1.22 1.23 1. 24 1.25 1.26 1. 28 1.29 1.30 1.31 67 
24 1.20 1.21 1.22 1.23 1.24 1.25 1.26 1.27 1.28 1.29 1.30 1.32 1.33 1.34 1.35 1.36 66 
25 1.25 1.26~ 1.27 1.28 1.29 1.30 1.31 1.32 1. 33 1.34 1.36 1.37 1.38 1.39 1.41 1.42 65 

26 1.29 1:30 1.31 1.32 1.34 1.35 1.36 1.37 1.38 1.39 1.41 1.42 1.43 1.44 1.46 1.47 64 
27 1.34 1.35 1.36 1.37 1.38 1.311 1.41 1.42 1.43 1.44 1.46 1.47 1.49 1.60 1.51 1.52 . 63 
28 1.38 1.40 1.41 1.42 1.43 1.44 1.45 1.47 1.48 1.49 1.51 1.52 1.53 l.M 1.56 1.58 62 
29 1.43 1.44 1.45 1.46 1.48 1.49 1.60 1.52 1.53 1.54 1.56 I. 57 1.58 I. 60 1.61 1.63 61 
80 1.47 1.49 1 60 1, 1 51 1.52 1.54 1.55 1.56 1.58 1.59 1.60 1.62 1.63 1.65 1.66 1.68 60 

31 1.52 1.53 1.54 1.56 1.57 1.58 1.60 1. 61 I. 62 1.64 1.65 1.67 1.68 1. 70 1. 71 I. 73 59 
32 1.66 1.57 1.59 1.60 1.61 1.63 1.64 1.66 1.67 1.68 1. 70 1. 71 I. 73 I. 75 1. 76 1. 78 SS 
33 J.60 1.62 1.63 l.64 l.66 l.67 l.69 1. 70 l. 72 1 73 I 75 1. 76 1. 78 1.80 1.81 1.83 67 
34 1.65 l.66 1.68 1.69 1. 70 I. 72 I. 73 1. 75 I. 76 1. 78 I. 79 1.81 1.83 1.84 1.86 1.8~ 56 
35 1.69 1. 70 I. 72 1. 73 1. 76 I. 76 1. 78 I. 79 1.81 1.82 1.84 1.86 1.87 1.89 1.91 1.92 55 

36 1. 73 .1. 75 I. 76 1. 78 I. 79 1.,80 1.82 1.84 . 1.85 1.87 1.88 1.90 1.92 1.94 1.95 1. 97 54 
37 117 1.79 1.80 1.~ 1.83 1.S5 1.86 1.8.9 1.90 1.91 I. 93 1.95 1.96 1. 93 2.00 2.02 53 
38 1.82 1.83 1.84 I. 1.88 1.8g I. 91 1. 92 1.94 1.96 1.98 l.99 2.01 2.03 2.05 2.07 52 
39 1.86 1.87 1.89 1.90 1.92 1.93 1.95 1.97 . 1.9S 2.00 2.02 2.04 2.06 2.07 2.09 2.11 51 
40 1.89 l.'91 1. 93 l.94 1.96 · 1,97 1.99 2.01 2.03 2.04 2.06 2.08 2.10 2.12 2.14 2.16 60 . 
41 1. 93 1.95 1.96 1.98 2.00 2.01 2.03 2.05 ·2.07 2.09 2.10 2.12 2.14 2.16 2.18 2.20 49 
42 1 97 1 99 2.00 2 02 2 04 2.05 2.07 2.09 2.11 2.13 2.15 2.16 2.18 2.20 2.22 2.25 48 
43 2.01 2.03 2.04 2.06 2.08 . 2.09 2.11 2.13 2.15 2.17 2.19 2.21 2.23 2.25 2.27 2.29 47 
44 2.05 2.06 2.08 2.10 2.12 2.13 2.1~ 2.17 2.19 2.21 2.23 2.25 2.27 2.29 2.31 2.33 46 
45 2.08 2.10 2.12 2.14 2.16 2.17 2.19 2.21 2.23 2.25 2.27 2.29 2.31 2.33 2.35 2.37 45 
,_ 

70° 20' 70° 30' j 70° 40' 70° liO' -;;:-/ 11° 10' 

,_ --
71° 40: /~--;;- 12· w· 12· 20' 12· 30' /--;;; 70° l<Y 71° 20' 71° 30' 



DETERMINATION OF TIME. 71 
Table of factors for reiluction of transit observati-Ons. 

TOP ARGUMENT-STAR'S DECLINATION (d). 

BIDE ARGUMENT-BT.AR'S ZENITH DI~TANCE (C). 

[For factor .A US11 left-band e.rgument. For factor B US6 right-hand argument. For factor O use bottom line on tllla pal\9.} 

c 70° 10' 70° 20' 70° 30' J 10· 40' 70° 60' 11• 71° 10' 71° 20' 71° 30' 710 40' 11•·50' 72° 72° 10' 72• 20' 72° 30' 72• 40' c 
--1------- ·~ -----

0 . 
46 2.12 2.14 2.15 2.17 2.19 2.21 2.23 2.25 2.27 2.29 2.31 2.33 2.35 2.37 2.39 2.41 44 
47 2.16 2.17 2.19 2.21 2.23 2.25 2.21 2.28 2.30 2.32 2.35 2.37 2.39 2.41 2.43 2.46 43 
48 2.19 2.21 2.22 2.24 2.26 2.28 2.30 2.32 2.34 2.36 2.38 2.40 2.43 2.45 2.47 2.49 42 
49 2.22 2.24 2.26 2.28 2.30 2.32' 2.M 2.36 2.38 2.40 2.42 2.44 2.46 2.49 2.bl 2.63 4\ 
60 2.26 2.28 2.29 2.31 2.33 2.35 2.37 2.39 2.41 2.44 2.46 2.48 2.60 2.62 2.55 2.57 40 

51 2.29 2.31 2.33 2.35 2.37 2.39 2.41 2.43 . 2.45 2.47 2.49 2.61 2.64 2.56 2.58 2.61 39 
62 2.32 2.34 2.36 2.38 2.40 2.42 2.44 2.46 2.48 2.60 2.53 2.55 2.67 2.60 2.62 2.64 38 

. 53 2.35 2.37 2.3\l 2.41 2.43 2.46 2.47 2.60 2.62 2.64 2.56 2.f>S 2.61 2.63 2.66 2.6S 37 
54 2.38 2.40 2.42 2.44 2.46 2.48 2.61 2.53 2.55 2.67 2.60 2.62 2.64 2.67 2.69 2. 72 '36 
55 2.41 2.43 2.45 2.47 2.60 2.62 2.54 2.56 2.58 2.60 2.63 2.65 2.68 .2. 70 2.72 2.76 35 

56 2.44 2.46 2.48 2.60 2.52 2.55 2.67 2.59 2.61 2.64 2.66 2.68 2.71 2. 73 2. 76 2. 78 34 
57 2.47 2.49 2.51 2.53 2.65 2.68 2.60 2.62 2.64 2.t\7 2.69 2. 71 2.74 2.76 2. 79 2.82 33 
68 2.60 2.62 2.54 2.66 2.68 2.61 2.63 2. tl5 2.67 2.70 2. 72 2.74 2. 77 2.79 2.82 2.86 32 
69 2.53 2.55 2.57 2.59 2.61 2.63 2.66 2.68 2.70 2.72 2. 75 2. 77 2.80 2.82 2.8.5 2.88 31 
60 2.65 2.57 2.59' 2.62 2.64 2.66 2.6(1 2. 71 2.73 2. 75 2. 78 2.80 2.83 2.86 2.88 2.91 80 

61 2.58 2.60 '2.62 2.64 2.66 2.69 2.71 2.73 2.76 2.78 2.80 2.83 2.86 2.88 2.91 2.94 29 
62 2.60 2.62 2.64 2.67 2.69 2. 71 2. 74 2. 76 2.78 2.81 2.83 2.86 2.88 2. Ill 2.94 2.96 28 
63 2.63 2.65 2.67 2.69' 2. 71 2. 74 2. 76 2. 78 2.81 2.83 2.86 2.88 2.91 2.94 2.96 2.99 27 
64 2.65 2.67 2.69 2. 72 2. 74 2.76 2.78 2.81 2.83 2.86 2.88 2.91 2.94 2.96 2.99 3.02 26 
65 2.67 2.69 2. 71 2. 74 2. 76 2.78 2.81 2.83 2.86 2.88 2.91 2.93 2.96 2. 99 3.01 3.04 25 

66 2.69 2. 71 2.74 2.76 2.78 2.81 2.83 2.86 2.88 2.00 2. 93 2.96 2.98 3.01 3.04 3.07 24 
67 2.71 2.74 2. 76 2. 78 2.80 2.83 2.85 2.88 2.00 2.93 2.95 2. 98 3.01 3,03 3.06 3.09 23 
68 2.73 2. 76 2.78 2.80 2.82 2.85 2.87 2.00 2.92 2.95 2.97 3.00 3.03 3.06 3.08 3.11 . 22 
69 2. 75 2. 77 2.80 2.82 2.84 2.87 2.89 2.92 2.94 2.97 2. 99 3.02 3.05 3.08 3.10 3.13 21 
70 2.77 2. 79 2.81 2.84 2.86 2.89 2.91 2.94 2.96 2.99 3.01 3.04 3.07 3.10 3.12 3.15 20 

71 2. 79 2.81 2.83 2.86 2.88 2.00 2.93 2.96 2.98 3.01 8.03 3.06 3.09 3.12 3.14 3.17 19 
72 2.80 2.83 2.85 2.87 2.00 2.11,2 2.95 2.97 3.00 3.02 3.05 3.ilS 3.10 8.13 3.16 8.19 18 
73 2.82 2.84 2.86 2.89 2.91 2.94 2.96 2. 99 3.01 3.04 3.07 3.09 3.12 3.16 3.18 3.21 17 
74 2.83 2.86 2.88 2.00 2.93 2.95 2.98 3.00 3.03 3.06 3.08 3.11 3.14 3.17 3.20 3.23 16 
75 2.86 2.87 2.89 2.92 2.94 2.97 2.99 3.02 3.04 3.07 3.10 3.13 3.16 3.18 3.21 3.24 15 

76 2.86 2.88 2.91 2.93 2.96 2.98 3.01 3.03 '3.06 3.08 3.11 3.14 3.17 3.20 3.23 3.26 14 
77 2.87 2.00 2.92 2.94 2.97 2. 99 3.02 3.04 8.07 3.10 3.12 3.16 3.18 3.21 3.24 3.27 13 
78 2.88 2.91 2.93 2.95 2.98 3.00 3.03 3.06 3.08 3.11 3.14 3.16 3.19 3.22 3.25 3.28 12 
711 2.89 2.112 2.94 2.96 2.99 8.02 3.04 3.07 3.09 3.12 3.15 3.18 3.20 3.23 3.26 3.29 11 
80 2.90 2.93 2.95 2.97 8.00 3.02 3.05 3.08 3.10 3.13 3.16 3.19 3.22 3.24 3.27 3.31 10 

81 2.91 2.94 2.96 2.98. 3.01 3.03 . 3.06 3.09 3.11 3.14 3.17 3.20 3.23 3.25 3.28 3.32 9 
82 2.92 2.94 2.97 ·2,99 3.02 8.04 3.07 • 3.09 3.U 3.16 3.18 3.20 3.23 3.26 S.29 3.32 8 
83 2.92 2.95 2.97 3.00 3.02 3.06 3.08 3.10 3.13 8.16 3.18 8.21 3.24 8.27 3.SO 3.33 ·7 
84 2.93 2. 96 2.98 3.00 .3,03 3.06 3.0S 3.11 3.13 3.16 3.19 3.22 3.26 3.28 3.31 3.34 6 
85 2.94 2.96 2.98 3.01 3.03 3.06 3.09 3.11 8.14 3.17 3.20 3.22 3.25 3.28 3.31 3.34 6 

86 2.94 2.96 2.99 3.01 3.04 8.06 3.09 3.12 3.14 3.17 3.20 3.23 3.26 8.29 3.32 3.36 4 
87 2.94 2.07 2. 99 3.02 8.04 3.07 8.09 3.12 3.15 3.18 3.20 3.23 3.26 3.29 3.32 3.36 8 
88 2.95 2.97 2.99 3.02 8.04 3.07 3.10 8.12 3.16 3.18 3.20 3.23 3.26 3.29 3.32 3,35 2 
89 2.05 2.07 3.00 3.02 3.04 8.07 3.10 3.12 3.15 3.18 3.21 3.24 3.27 3.80 3.33 3.36 1 
90 2.95 2.97 3.00 3.02 3.05 3.07 3.10 3.12 3.15 3.18 3.21 3.24 3.27 3.30 3.33 3.86 0 

10· 10· 70· 20' i 70· 30' '--;.-; 
----1-- --1-

70°60' 71° 171°10' 71° 20' 71° 30' 71• 40' 71° 50' \ 72° 72° 10' 72• 20' 72° 30' 72° 40' 
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U. S. COAST AND GEODETIC. SURVEY SPECIAL PUBLICATION NO. H. 

Tabl~ off adors for reduction of transit obse'T"Vations~ 
TOP .ARGUMENT-STAR'S DECLINATION (h). 

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

[Fot factor ..t use left-hand argument. For factor Buse rlgbt-lulnd argument. For factor C use bottom line on ojipositt page,] 

72° 40' 72° 50' 73° 73~ 10' 73• 20' 73° 30' 73° 40' 73° 50' 74° 74° 10' 74• 20' 74° 30' 74° 40' 74° 50' ~175°10' 
,____: ---- ,_ ,_ 

.06 .06 .06 .06 .06 .06 .06 .06 .06 .06 .06 .06 .07 .07 .07 .07 

.12 .12 .12 .12 .12 .12 .12 .12 .13 .13 .13 .13 .13 .13 .13 .14 

.18 .18 .18 .18 .18 .18 .19 .19 .19 .19 .19 .20 .20 .20 .20 .20 

.23 .24 .24 ,24 .24 .24 .25 .25 .25 .26 .26 .26 .26 ,27 .27 .27 

.29 .30 .30 .30 .• 30 .31 .31 .31 .32 .32 .32 ,33 .33 .33 .34 .34 

.35 .35 .36 .36 .36 ,37 .37 ,38 .38 .38 .39 ,39 .40 .40 .40 .41 

.41 .41 .42 .42 .42 ,43 .43 .44 .44 .45 .45 .46 .46 .47 .47 .48 

.47 .47 .48 .48 .48 .49 .50 .50 .50 .51 .52 .52 .53 .53 .54 .54 

.52 .53 .s:t .54 .54 .55 .56 .56 .57 ' .57 .58 ,58 .59 .60 .60 .61 

.58 .59 .59 .60 .60 .61 .62 .62 .63 .64 .64 ,65 .66 .66 .67 .68 

.64 .65 .65 .66 .66 .67 .68 .68 :69 • 70 . 71 • 71 • 72 . 73 .74 . 74 

.70 • 70 • 71 • 72 • 72 • 73 .74 .75 .75 .76 .77 ,78 . 79 . 79 .80 .81 

.76 .76 ,77 • 78 .78 • 79 .80 .81 .82 .82 .83 ,84 .85 .86 .87 .88 

.81 .82 .83 .84 .84 ,85 .86 .87 .88 .89 .oo .91 .92 .93 .94 .95 

.87 .88 .89 .89 .90 .91 .92 .93 .94 .95 .96 ,97 .98 .00 1.00 1.01 

.92 .93 .94 .95 .oo .97 .98 ,gg 1.00 1.01 1.02 1.03 1.04 I.ct 1.06 1.08 

.98 .99 1.00 1.01 1.02 1.03 1.04 1.05 1.06 1.07 1.08 1.09 1.11 1.12 1.13 1.14 
1.04 1.05 1.06 1.07 1.08 1.09 1.10 1.11 1.12 1.13 1.14 1.16 1.17 1.18 1.19 : 1. 21 
1.09 1.10 1.11 1.12 1.14 1.15 1.16 1.17 1.18 1.19 1.21 1.22 1.23 1. 24 1. 26 1. 27 
1.15 1.16 1.17 1.18 1.19 1.20 1.22 1.23 1.24 1.25 1.27 1.28 1.29 1.31 1.32 1.34 

1.20 1.21 1.22 . 1.24 1.25 1.26 1.27 1.29 1.30 1.31 1.33 l.34 1.36 1.37 1.38 1.40 
1.26 1.27 1.28 1. 29 1.31 1.32 1.33 1.34 1.36 1.37 1.39 l.40 1.42 1.43 1.45 1. 46 
1.31 1.32 1.34 1.35 1.36 1.38 1.39 1. 40 1.42 1.43 1.45 1.46 1.48 1.49 1. 51 1.53 
1.36 1.38 1.39 1.40 l.42 1.43 1.45 1.46 1.48 1.49 1.51 1.52 1. 54 1.55 , 1. 57 1.59 
1.42 1.43 1.45 1.46 1.47 1.49 1.50 1.52 1.53 1.55 1.56 1.58 1. 60 1.62 1.63 1.65 

1.47 1.48 1.50 1.51 1.53 1:54 1.56 1.58 1.59 1. 61 1.62 1.64 1. 66 1. 68 1.69 1. 71 
1.52 1.54 1.55 1.57 1.58 1.60 1.61 1.63 1.65 1.66 1.68 1. 70 1. 72 1. 74 1. 75 1. 77 
1.58 "1.59 1.60 1.62 1.64 1.65 1.67 l.69 1. 70 1. 72 1. 74 1. 76 1. 78 1. 79 1.81 1.83 
J.63 1.64 J.66 1.67 1.69 ], 71 ], 72 1. 74 1. 76 1. 78 1.80 1.81 1.83 1.85 1.87 1.89 
1.68 1.69 1. 71 i, 73 1. 74 1. 76 1. 78 1.80· 1.81 1.83 1.85 l.87 1.89 1.91 1.93 1.95 

1. 73 1. 74 1. 76 l. 78 1.80 1.81 1.83' 1.85 1.87 1.89 l.lll 1.93 1.95 1. 97 1.99 2.01 
1. 78 1.80 1.81 1.83 l.85 l.87 1.88 1.90 1.92 1.94 1.96 1.98 2.00 2.02 2.05 2.07 
1.83 1.85 1.86 1.88 1.90 1.92 1.94 1.96 1.98 2.00 2.02 2.04 2.06 2.08 2.10 2.13 
1.88 1.89 1.91 1. 93 1.95 1.97 1.99 2.01 2.03 2.05 2.07 2.00 2.12 2.14 2.16 2.18 
1.92 1.94 1.96 1.98 2.()() 2.02 2.04 2.06 2.08 2.10 2.12 2.15 2.17 2.19 . 2.22 2.24 

1.97 1.00 2.01 2.03 2.05 2.07 2.09 2.11 2.13 2.15 2.18 2.20 2.22 2.25 2.27 2.30 
2.tn 2.04 2.06 2.08 2.10 2.12 2.14 2.16 2.18· 2.21 2.23 2.25 2.28 2.30 2.33 2.35 

. 2.07 2.09 2.11 2.13 2.15 2.17 2.19 2.21 2.23 2.26 2.28 2.30 2.33 2.35 2.38 2.40 
2.11 2.13 2.15 2.17 2.19 2.22 2.24 2.26 2.28 2.31 2.33 2.35 2.38 2.40 2.43 2.46 
2.16 2.18 2.20 2.22 2.24 2.26 2.29 2.31 2.33 2.36 2.38 2.40 2.43 2.46 2.48 2.61 

2.20 2.22 2.24 2.26 2.29 2.31 2.33 2.36 2.38 2.40 2.43 2.45 2.48 2.51 2.53 2.56 
2.25 2.27 2.29 2.31 2.33 2.36 2.38 2.40 2.43 2.46 2.48 2.50 2.53 2.66 2.58 2.61 
~.~ 2.31 2.33 2.36 2.38 2.40 2.42 2.45 2.47 2.50 2.53 2.55 2.58 2.61 2.6.3 2.66 
2.33 2.35 2.38 2.40 2.42 2.46 2.47, 2.50 2.52 2.55 2.57 2.60 2.63 2.66 2.6!! 2.71 
2.37 2.40 2.42 2.44 2.46 2.49 2.61 2.54 2.56 2.69 2.62 2.65 2.67 2. 70 2.73 2. 76 

._ -
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DETERMINATION OF TIME. 

Table of factors for reduction of transit 'observations. 
TOP ARGUMENT-STAR'S ·DECLINATION (8) . 

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

[For faetor A use left-hand argument. For factor B us~ right-hand argument. For factor O use bottom line on i11i.t page.] 

72° 40' 72°50' 73• 73° 10' 73• 2:)' 73° 30' 73• 40' 73° i;o• 74°. 74• 10' 74• 20' 74° 30' _74°40'1~ 75° 75° 10' 
,_ ,_ ,_ 

2.41 2.44 2.46 2.48 2.51 2.63 2.56 2.58 2.61 2.64 2.66 2.69 2. 72 2. 75 2. 78 2.81 
2.45 2.48 2.50 2.52 2.55 2.57 2.60 2.63 2.65 . 2.63 2. 71 2. 74 2.77 2.80 -2.83 2.86 
2.49 2.52 2.54 2.57 2.59 2.62 2.64 2.67 2.70 2.72 2.76 2. 78 2.81 2.84 2.87 2.00 
2.53 2.56 2.58 2.61 2.63 2.66 2.68 2.71 2.74 . 2. 77 2.80 .2.82 .. 2.85 2.88 2.92 2.96 
2.57 2.60 2.62 2.64 2.67 2.70 2.72 2.76 2. 78 2.81 2.84 2.87 2.00 2.93 2.96 2.00 

2.61 2.63 2.66 2.68 2. 71 2.74 2.76 ll.79 2.82 2.85 2.88 2.91 2.94 2.97 3.00 3.04 
2.64 2.67 2.69 2. 72 2.75 2. 77 2.80 2.83 2.86 2.89 2.92 2.95 '2.98 3.01 3.04 3.08 
2.68 2. 71 2. 73 2. 76 2. 78 2.81 2.84 2.87 2.00 2.93 2.96 2.00 . 3.02 3.05 3.09 3.12 
2.72 2. 74 2. 77 2. 79 2.82 2.85 2.83 2.91 2.94 2.97 3.00 3.03 8.06 3.09 3.13 3.16 
2. 75 2. 78 2.80 2.83 2.86 2.88 2.91 2.94 ll.97 3.00 3.08 3.07 3.10 3.13 3.16 3.20 

2.78 2.81 2.84 2.,86 2.89 2.92 ·'2- 95 .. 2.98 3.01 3.04 3.07 . 3.10 3.14 3.17 3.20 3.24 
2.82 2.84 2.87 2.00 2.92 2.95 2.93 3.01 3.04 3.07 3.11 3.14 . 8.17 3.21 a.24 3.23 
2.85 2.87 2.00 2.93 2.96 2.00 3.02 3.05 3.08 . 8.11 3.14 3.17 . 3.21 3.24 3.28 3.31 
2.88 2.00 2.93 2.00 2.00 3.02 8.05 3.08 S.11 3.14 3.17 3.21 3.24 3.28 a.31 3.35 
2.91 2.9a 2.96 2.00 3.02 a.05 a.08 3.11 3.14 3.17 3.21 a.24 . a.28 3.31 3.35 3.33 

2.94 2.96 . 2.00 a.02 3.05 3.0S 3.11 3.14 3.17 3.21 3.24 .. 3.27 3.31 3.34 a.as 3.42 
2.00 2.00 3.02 3.05 3.08 3. U 3.14 3.17 3.20 3.24 3.27 3.30 a.34 8.33 3.41 a.45 
2.00 a.02 a.05 3.0S 3.11 3.14 3.17 3.20 3.23 3.27 3.30 3.33 3.a7 a.41 a.44 a.43 
3.02 a.04 3.07 a.10 3.13 a.16 3.20 3.23 3.26 8.29 3.aa 3.36 3.40 3.44 3.47 3.61 
3.04 3.07 3.10 3.13 3.16 3.19 3.22 a.26 3.29 3.32 3.36 3.39 3.43 3.46 3.50 3.54 

3.07 3.10 3.13 3.16 3.18 3.22 3.25 3.28 3.31 3.35 3.38 3.42 3.46 3.49 3.53 3.57 
3.09 3.12 3.15 . 3.18 3.21 3.24 3.27 3.:n 3.34 3.37 3.41 3.44 3.48 3.52 3.56 3.60 
3.11 3.14 3.17 3.20 3.23 3.26 3.30 3,33 3.36 3.40 3.43 3.47 3.61 3.64 3.58 3.62 
3.13 3.16 3.19 3.22 3.26 3.29 3.32 8.35 S.39 8.42 3.46 3.49 8.53 8.57 3.61 3.65 
3.15 3.18 3.21 3.24 3.28 . ·3.31 3.34 a.as 3.41 3.44 3.48 3.62 3.6.5 3.59 3.63 3.67 

3.17 3.20 3.23 3.26 3.30 3.33 3.36 3.40 3.43 3.47 3.50 3.54 3.58 3.61 3.65 3.69 
3.19 3.22 3.25 3.28 3.32 3.M 3.38 3.42 3.45 3.49 3.52 3.56 3.60 3.63 3.67 3. 72 
3.21 3.24. ·3,27 3.30 ~-33 3.37 3.40 3.44 3.47 3,50 3.64 3.58 3.62 3.65 3.69 3. 74 
3.23 3.26 3.29 3.32 '3.35 3.38 3.42 3.45 3.49 3.52 3.56 3.60 3.64 3.67 3. 71 3. 76 
3.24 3.27 3,30 3.34 3.37 3.40 3.44 3,47 8.6C 3.54 3.58 3.61 3.65 3.69 3. 73 3. 77 

3.26 3.29 3.32 3.35 3.38 8.42 3.45 3.48 3.62 3.56 . 3.59 3.63 3.67 3. 71 8. 75 3. 79 
3.27 3.30 3.33 3.36 3.40 a.43 3.46 3.00 3.54 3.57 3.61, 3.65 3.68 3. 72 3. 76 3.81 
3.28 3.31 8.34 3.38 8. 41 3.44 8.48 . 3.51 8.6.5 3.58 3.62 3.66 3. 70 3. 74 3. 78 3.82 
3.29 3.33 3.36 3.39 3.42 3.46 3.49 3,53 3.56 3.60 3.64 3.67 3. 71 3,75 3. 79 3.83 
3.31 3.34 3,37 3.40 3.43 8.47 3.50 3,54 3.67 3.61 3.66 8.68 3.72 3. 76 8.81 3.85 

3.32 3.35 3.a8 3.41 3.44 3.48 3.51 3.55 3.58 3.62 8.66 3.70 3.74 3, 78 3.82 3.86 
3.32 3.36 3.39 3.42 3.45 3.49 8.52 3.56 3.59 3.63 3.67 8.71 3. 75 3.79 3.83 3.87 

I 3.33 3.36 3.40 3.43 3.46 3.49 3.53 3,56 3.60 3.64 3.68 3.72 8. 76 3. 79 3.84 3.88 
3.34 3.37 3.40 3.43 3.47 3.50 3.54 3,57 3.61 3.64 3.68 3. 72 3. 76 3.80 3.84 3.88 
3.34 3.38 3.41 3.44 3.47 3.51 3.64 3.58 3.61 3.65 3.69 3.73 3. 77 3.81 3.85 3.8C 

3.35 3.38 3.41 3.44 3.48 3.51 3.55 3.58 3.62 3.66 3.69 3.73 3. 77 3.81 3.85 a.90 
3.35 3.38 3.42 3.45 3.48 ·a.52 3.55 3.59 3.62 3.66 3.70 3. 74 3. 78 3.82 8.86 3.90 
3.35 3.39 3.42 3.45 3.48 3.52 3.55 3.59 3.62 3.66 3.70 3. 7_4 3.78 3.82 3.86 3.90 
3.a6 ·3.39 3.42 3.45 3.49 3.52 3.56 3,59 3.63 3.66 3.70 3. 74 3.78 3.82 3.86 3.91 
3.36 3.39 3.42 3.45 3.49 8.52 3.56 3.59 3.63 8.66 8. 70 3. 74 3. 78 3.82 3.86 3.91 
-----

73° 20' 173• 30' 

,_ ---- --,_ 
72° 40' 72° 50' 78° 73° 10' 73• 40' 73° 50" 74° 74°10' 74• 20' 74° 30' 74° 40' 74• 50' I 76° 75° 10' 
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74 U.S. COAST AND GEODETIC SURVEY SPECIAL 'PUBLICATION NO. 14. 

Table of factors for reduction of transit ob.servations. 

TOP ARGUMENT-STAR'S DECLINATION (b). 

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

[For factor A use left-hand argument. For factor B use right-hand iu'.gument. For factor C use bottom line on oppoaite page.) 

' 75~ 10' 75° 20' 75° 30' 75° 40' 75° liO' 78° 76° 10' 76° 20' 76° 30' 76° 40' 76° liO' 77• 77°10' 77° 20' 77° 30' 77° 40' ' - --·---,_ --,_ -- ---,_ ------,_ --. . 
1 .07 .07 .07 .07 .07 .07 .07 .07 .07 .08 .08 .08 .08 .08 .08 .08 89 
2 .14 .14 .14 .14 .14 .14 .15 .15 .15 .15 .15 .16 .16 .16 .16 .16 88 
3 .20 .21 .21 .21 .21 .22 .22 .22 .22 .23 .23 .23 .,Z4 .24 .24 .24 87 
4 .27 .28 .28 .28 .28 .29 .29 .ao .ao .ao .31 .31 .31 .32 .32 .33 86 
5 .34 .34 ;35 .35 .36 .36 .36 .37 .37 .38 .38 .39 .39 .40 .40 .41 85 

6 .41 .41 .42 .42 .43 .43 .44 .44 .45 .45 .46- .46 .47 .48 .48 .49 84 
7 .48 .48 .49 .49 .liO .50 .51 .52 .52 .53 .54 .54 .55 .56 .56 ,57 83 
8' .54 .55 .56 .56 .57 .58 .58 .59 .60 .60 .61 .62 .63 .64 .64 .65 82 
9 .61 .62 .62 .63 .64 .65 .65 .66 .67 .68 .69 • 70 .70 • 71 . 72 .73 81 

10 .68 .69 .69 :10 • 71 .72 .73 .74 .74 .75 • 76 .77 .78 .79 .80 .81 80 

11 .74 .75 . 76 • 77 .78 .79 .80 .81 .82 .83 .84 .85 .86 .87 .8S .89 79 
12 .81 .82 .83 .84 .85 .86 .87 .88 .89 .90 .91 .92 .94 .95 .96 ,97 78 
13 .88 .89 .90 .91 .92 .93 .94 .95 .96 .98 .99 1.00 1.01 1.03 1.04 1.05 77 
14 .• 95 .96 .97 .98 .99 1.00 1.01 1.02 1.04 1.05 1.06 1.08 1.00 1.10 1.12 1.13 76 
15 1.01 . 1.02 1.03 1.04 1.06 1.07 1.08 1.10 1.11 1.12 1.14 1.15 1.16 1.18 1.20 1.21 75 

16 1.08 1.00 1.10 1.11 1.13 1.14 1.15 1.17 1.18 1.20 1.21 1.23 1.24 1.26 1. 28 1.29 74 
17 1.14 1.16 1.17 1.18 1.20 1. 21 1.22 1.24 1. 25 1.27 1.28 1.30 1.32 1. 33 1.35 1.37 73 
18 1. 21 1. 22 1.23 1.25 1.26 1.28 1.29 1.31 1.32 1.34 1.36 1.37 1.39 1. 41 1.43 1.45 72 
19 1.27 1.29 1.30 1.32 1.33 1.35 1.36 1.38 1.39 1. 41 1.43 1.45 1.47 1. 48 1. 50 1.52 71 
20 1.34 1.35 1.37 1.38 1.40 1.41 1.43 1.45 1.47 1.48 1.50 1. 52 l.54 1.56 1.58 1.60 70 

. 
1.'54 21 1.40 1. 42 1.43 1.45 1.46 1.48 1.50 1.52 1.55 1.57 1.59 1.61 1. 63 1. 65 1. 68 69 

22 1.46 1.48. 1.50 1.51 1.53 1.55 1.67 l.58 1.60 1.62 1.64 1. 66 1.69 1. 71 1. 73 1. 75 68 
23 1.53 1.54 1.56 1.58 1.60 1.62 1.63 1.65 1.67 1.69 1. 72 1. 74 1. 76 1. 78 1. 81 1. 83 67 
24 1.59 1. 61 l. 63 l.64 1.66 1.68 1.70 1. 72 1. 74 1. 76 1. 79 1.81 l.83 1.86 1.83 I. 00 -66 
25 1.65 1.67 1.69 1. 71 1. 73 1. 75 1. 77 1. 79 1.81 1.s.1 1.86 1.88 1.90 1. 93 1. 95 1.98 65 

26 1. 71 1. 73 1. 75 1. 77 1.79 1.81 1.83 1.86 1.88 1.90 1.92 1. 95 1. 97 2.00 2.02 2.05 64 
27 1. 77 1. 79 1.81 1.83 1.86 1.88 1.90 1.92 1.95 1.97 1. 99 2.02 2.04 2.07 2.10 2.12 63 
28 1.83 1.85 1.87 1.00 1. 92 1.94 1.96 1.99 2.01 2.04 2.06 2.00 2.11 2.14 2.17 2.20 62 
29 1.89 1.92 1.94 .i.oo 1.98 2.00 2.03 2.05 2.08 2.10 2.13 2.15 2.18 2.21 2.24 2.27 61 
80 1.95 1.98 2.00 2.02 2.04 2.07 2.00 2.12 2.14 2.17 2.20 2.22 2.25 2.28 2.31 2.34 81) 

31 2.01 2.03 2.06 2.08 2.10 2.13 2.15 2.18 2.21 2.23 2.26 2.29 2.32 2.35 2.38 2.41 59 
32 2.07 2.00 2.12 2.14 2.16 2.19 2.22 2.24 2.27 2.30 2.33 2.36 2.39 2.42 2.45 2.48 58 
33 2.13 2.15 2.18 2.20 2.22 2.25 2.28 2.30 2.33 2.36 2.39 2.42 2.45 2.48 2.52 2.55 57 
34 2.18 2.21 2.23 2.26 2.28 2.31 2.34 2.37 2.40 2.42 2.46 2.49 2.52 2.55 2.58 2.62 56 
35 2.24 2.26 2.29 2.32 2.34 2.37 2.40 2.43 2.46 2.49 2.52 2.55 2.58 2.62 2.55 2.68 55 

36 2.30 2.32 2.35 2.37 2.40 2.43 2.46 2.49 2.52 2.55 2.58 2.61 2.55 2.68 2. 72 2. 75 54 
37 2.35 2.38 2.40 2.43' 2.46 2. 49 2.52 2.55 2.58 2.61 2.64 2.67 2. 71 2. 74 2. 78 2.82 53 
38 2.40 2.43 2.46 2.49 2.52 2.55 2.58 2.61 2.64 2.67 2. 70 2. 74 2. 77 2.81 2.85 2.88 52 
39 2.46 2.49 2.51 2.54 2.57 2.60 2.63 2.66 2.70 2. 73 2. 76 2.80 2.83 2.87 2.91 2.95 51 
40 2.51 2.54 2.57 2.60 2.63 2.66 2.69 2.72 2.75 2. 79 2.82 2.86 2.811 2.93 2.97 3.01 60 

41 2.56 2.59 2.62 2.65 2.68 2. 71 2.74 2.78 2.81 2.84 2.88 2.92 2.95 2.99 3.03 3.07 49 
42 2.61 2.64 2.67 2. 70 2. 73 2. 77 2.80 2.83 2.87 2.00 2.94 2.97 3.01 3.05 3.00 3.13 48 
43. 2.66 2.69 2. 72 2. 76 2. 79 2.82 2.Sli 2.89 2.92 2.96 2.99 3.03 3.07 3.11 3.15 3.19 47 
44 2. 71 2. 74 2. 77 2.81 2.84 2.87 2.00 2.94 2.98 3.01 3.05 3.09 3.13 3.17 3.21 3.25 46 
45 2. 76 2. 79 2.82 2.86 2.89 2.92 2.00 2.99 3.03 3.07 3.10 3.14 3.18 3.22 3.27 3.31 45 
.__ ---- --,_ --,_ ------

75• 10' 75• 20' 75° 30' 75° 40' 75° 50' 78° 76°10' 76° 20' 76" ao• I w 40' 76° 50' 77° 77° 10' 77° 20' 77° 30' 77° 40' 



DETERMINATION OF TIME. 75 

'!'able of factors for reduction of transit observations. 

TOP ARGUMENT-STAR'S DECLINAT.ION (8). 

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

[For fact.or A use left-hand argument. For fact.or~ use right-band argument. For foot.or 0 use bottom line on thia page.J • · 

' 75° 10' 75° 20' 175° 30' 75° 40' 75° 50' 1s• 76° 10' 76° 20' 76° 30' 76° 40' 16° 50' n• 77° 10' 77° 20' 177° 30' 77° 40' c 
--. --.-- ,_ -. . 

46 2.81 2.84 2.87 2.91 2.04 2.97 3.01 3.04 3.08 ~.12 3.16 3.20 3.24 3.28 3.32 3.37 44 
47 2.86 2.89 2.92 2.95 2.99 3.02 3.06 3.10 3.13 3.17 3.21 3.25 3.29 3.34 3.38 3.42 43 
48 2.00 2.94 • 2.07 3.00 3.04 3.07 3.11 3.15 3.18 3.22 3.26 3.30 3.35 ,;3.39 3.43 3.48 42 
49 2.95 2.98 3.01 3.05 3.08 3.12 3.16 3.19 3.23 3.27 3.31 3.36 3.40 3.44 3.49 3.53 41 
60 2.99 3.02 3.06 3.09 3.13 3.17 3.20 3.24 3.28 3.32 3.36 3.41 3.45 3.49 3.54 3.59 40 

51 3.04 3.07 3.10 3.14 3.18 3.21 3.25 3.29 3.33 3.37 3.41 3.45 3.50 3.54 3.59 3.64 39 
52 3.08 3.11 2.15 3.18 3.22 3.26 3.30 3.34 3.38 3.42 3.46 3.50 3.55 3.59 3.64 3. 69 38 
53. 3.12 3.15 3.19 2.23 3.26 3.30 3.34 3.38 3.42 3.46 3.51 3.55 3.60 3.64 3.60 .a. 74 37 
54 3.16 3.20 3.23 3.27 3.31 3.34 3.38 . 3.42 3.47 3.51 3.55 3.60 3.64 3.69 3. 74 3.'79 36 
55 3.20 3.24 3.27 3.31 3.35 3.39 3.43 3.47 3.51 3.55 3.60 3.M 3.69 3. 74 3. 78 3.83 35 

56 3.24 3.27 3,31 3.35 3.39 3.43 3.47 3.51 3.55 3.60 3.64 3.68 3. 73 2. 78 3.83 3.88 34 
57 3.28 3.31 3.35 3.39 3.43· 3.47 3.51 3.55 3.59 3.64 3.68 3. 73 3.78 3.83 3.88 3.93 33 
58 3.31 3.·35 3.39 3.43 3.47 3.51 3.55 3.59 3.63 3.68 3.72 3. 77 3.82 3.87 3.92 3.97 32 
59 3.35 3.38 3.42 3.46 3.50 3.54 3.58 3.63 3.67 3.72 3. 76 3.81 3.86 3.91 3.06 4.01 31 
60 3.38 3.42 3.46 3.50 3.54 3.58 3.62 3.66 3. 71 3. 76 3.80 3.85 3.00 3.95 4.00 4.05 80 

61 3.42 3.45 3.49 3.53 3.57 3.62 3.66 3.70 3.75 3. 79 3.84 3.89 3.94 3.99 4.04 4.09 29 
62 3.45 3.49 3.53 3.57 3.61 3.65 3.69 3. 74 3. 78 3.83 3.88 3.93 3.98 4.03 4.08 4.13 28 
63 3.48 3.52 3.56 3.60 3.64 3.68 3. 73 3. 77 3.82 3.86 3.91 3.06 4.01 ·4.06 4.12 4.17 27 
64 3.51 3.55 3.59 3.63 3.67 3. 72 3.76 3.80 3.85 3.00 3.95 4.00 4.05 4.10 4.15 4.21 26 
65 3.54 3.58 3.62 3.66 3. 70 3. 75 3. 79 3.84 3.88 3.93 3.98 4.03 4.08 4.13 4.19 4.24 25 

66 3.57 3.61 3.65 3.69 3. 73 3. 78 3.82 3.87 3.91 3.06 4.01 4.06 4.11 4.17 4.22 4.28 24 
67 3.00 3.64 3.68 3. 72 3. 76 3.81 3.85 3.00 .3.04 3.99 4.04 4.09 4.14 4.20 4.25 4.31 23 
68 3.62 3.66 3. 70 3. 74 3.79 3.83 3.88 3.92 3.97 4.02 4.07 4.12 4.17 4.23 4.28 4.34 22 
69 3.65 3.69 3. 73 3. 77 3.82 3.86 3.00 3.05 4.00 ,4.05 4.10 4.15 4.20 4.26 4.31 4.37 21 
70 3.67 3.71 3. 75 3.80 3.84 3.89 3.93 3.98 4.03 4.Q8 4.12 4.18 4.2."l 4.28 4.34 4.40 20 

ii 3.69 3. 73 3. 78 3..<12 3.86 3.91 3.06 4.00 4.05 4.10 4.15 4.20 4.26 4.31 4;37 4.43 19 
72 3. 72 3. 76 3.80 3.!'4 a.so 3.93 .3.98 4.02 4.07 4.12 4.18 4.23 4.28 4.34 4.39 4.45 18 
73 3. 74 3. 78 3.82 3.86 a.91 3.95 4.00 4.05 .4.10 4.15 4.20 4.25 4.30 4.36 4.42 4.48 17 
74 3. 76 3.80 3.84 3.88 3.93 3.97 4.02 4.07 4.12 4.17 4.22 ·~.27 4.33 4.38 4.44 4."50 16 
75 3. 77 3.82 3.86 3.00 3.05 3.99 4.04 4.09 4.14 4.19 4.24 4.29 4.35 4.40 4.46 4.52 ' 15 

76 3. 79 3.83 3.88 3.92 3.06 4.01 4.06 4.11 4.16 4.21 4.26 4.31 4.37 4.42 4.48 4.54 l<l 
77 3.81 ' 3.85 3.89 3.94 3.98 4.03 4.08 4.12 4.17 4.22 4.28 4.33 4.39 4.44 4.50 4.56 13 
78 3.82 3.86 3.91 3.95 4.00 4.04 4.09 4.14 4.19 4.24 4.29 4.35 4.40 4.46 4.52 4.58 12 
79 3.83 3.88 3.92 3.06 4.01. 4.06 4.11 4.16 4.21 4.26 4.31 4.36 4.42 4.48 4.54 4.00 11 
80 3.85 3.89 3.93 3.98 4.02 4.07 4.12 4.17 4.22 4.27 4.32 4.38 4.43 4.49 4.55 4.61 10 

81 3.86 3.00 3.94 3.99 4.04 4.08 4.13 4.18 4.23 4.28 4.34 4.39 4.45 4.50 4.56 4.62 g 
82 3.87 3.91 3.96 4.00 4.05 4.09 4.14 4.19 4.24 4.29 4.35 4.40 4.46 4.52 4.58 4.64 8 
83 3.88 3.92 3.96 4.01 4.06 4.10 4.15 4.20 4.25 4.30 4.36 .4.41 4.47 4.53 •.59 4.65 7 
84 3.88 3.93 3.97 4.02 4.06 4.11 4.16 4.21 4.26 4.31 4.37 4.42 4.48 4.54 4.00 4.66 6 
85 3.89 3.93 3.98 4.02 4.07 4.12 4.17 4.22 4.27 4.32 4.37 4.43 4.48 4.54 4.60 4.66 5 

86 3.00 3.04 3.98 4.03 .4.08 4.12 4.17 4.22 4.27 4.33 4.38 4.43 4.49 4.55 4.61 4.67 4 
,87 3.00 _a.94 3.99 4.03 4.08 4.13 4.18 4.23 . 4.28 4.33 4.38 4.44 4.50 4.55 4.61 4.68 3 
88 3.00 3.95 3.99 4.04 4.08 4.13 4.18 4.23 4.28 4.33 4.39 4.44 4.50 4.56 4.62 4.68 2 
89 3.91 3.05 3.99 4.04 4.08 4.13 4.18 4.23 4.28 4.34 4.39 4.44 4.50 4.56 4.62 4.68 1 
90 3.01 3.05 3.99 4.04 4.09 4.13 4.18 4.23 4.28 4.34 4.39 4.44 4.00 4.56 4.6.'l 4.68 0 

------- - -------,_ ------ - --------,_ 
75° 10' 75° 20' 75° 30' 75° 40' 75° 50' 1s· 76°. IQ', 76° 20' 76°.30' 76° 40' 76° 50' 77• 77° 10' 77° 20' 77° dO' 77° 40' 
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Table of factors for reduction of transit observations. 

TOP ARGUMENT-STAR'S DECLD:ATIO~ (a) . 

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

[For rector .A use left-hand argument. For factor B use right-hand argument. For factor C use bottom line on opPoaJte page.) -
77· 40' 177· 50' I 1s· / 7s· !()' 78° 40' I 78° 50' ~179°10' 79• 20· I 79· 30' :c 78" 20' 78° 30' 79° 40' 79• 50' , so• c 

~ ----------- --·-
.• 

."09 J 

. 
1 .08 .OS .os .OS .09 .oo .09 .09 .09 .09 • IO .10 .10 .10 89 
2 .16 .17 .17 .17 .17 .18 .18 .18 .18 .19 .19 .19 .20 .20 .20 SS 
3 .24 .25 .25 .26 .26 .26 .27 .27 .27 .28 .28 .29 .29 .30 .30 87 
4 .33 .33 .34 .34 .34 .35 .36 .36 .37 .37 .38 .38 .39 .40 .40 86 
5 .41 .41 .42 .42 .43 .,44 .44 .45 .46 .46 .47 .48 .49 .49 .50 85 

6 .411 .50 .51 .51 .52 .52 .53 .54 .65 .56 .56 .57 .58 .59 .60 84 
7 .57 .58 • 511 ,59 .60 .61 .62 .63 .64 .65 ·.66 .67 .68 .611 .70 83 
8 .65 .66 .67 .68 .611 .70 .71 .72 .73 .74 .75 • 76 • 78 . 711 .so 82 
{) .i3 • 74 .75 .76 ,77 • 78 .80 .81 .82 .83 .84 .86 .87 .89 .oo 81 

10 .81 .82 .84 .85 .86 .87 .88 .90 . 91 .92 .94 .95 .97 .98 1.00 80 

' 11 .89 .90 .92 .93 .94 .96 .97 .93 1.00 1.02 1.03 1.05 1.06 1.08 1.10 79 
12 .97 .99 1.00 1.01 1.03 1.04 1.06 1.07 1.09 1.11 1.12 1.14 1.16 1.18 1.20 78 
13 1.05 1.07 1.0S 1.10 1.11 1.13 1.14 1.16 1.18 1.20 1.22 1.23 1.25 1.27 J.30 77 
14 1.13 1.15 1.16 1.18 1.20 1.21 1.23 1.25 1.27 1.2\l 1.31 1.33 1.35 1.:n 1.311 76 
15 1. 21 1.23 1.25 1. 26 1.28 1.30 1.32 1.34 1.36 1.38 1.40 1.42 1.44 1.47 1.49 75 

16 1.29 1.31 1.33 1.34 1.36 1.38 1.40 1.42 1.44 1.47 I. 49 1.51 1.54 1.56 1.59 '74 
17 1.37 1.39 1.41 1.43 1.45 1. 47 1.49 1.51 1.53 1.56 1. 58 1.60 1.63 1;66 1.68 73 
18 1.45 1.47 1.49 1.51 1.53 1.55 1. 57 1.60 1.62 1.64 1.67 1. 70 1. 72 1. 75 1. 78 72 
19 1 . .52 1.54 1.57 1.59 1.61 1.63 1.66 l.6S 1. 71 1. 73 1. 76 I. 79 1.82 1.84 1.87 71 
20 1.60 1.62 1. 65 1.67 1.69 1. 72 1. 74 I. 77 1. 79 1.82 1.85 1.88 1.91 1.94 1.97 70 

21 1.68 1. 70 I. 72 1. 75 1. 77 1.so 1.82 1.85 1.88 1.91 1.94 1.97 2.00 2.03 2.06 69 
22 1. 75 1. 78 1.80 1.83 1.85 1:88 1.91 1.93 1.96 1.99 2.02 2.06 2.09 2.12 2.16 68 
23 1.83 1.85 1.88 1.90 . 1.93 1.96 1.99 2.02 2.05 2.0S 2.11 2.14 2.18 2.21 2.25 67 
24 1.90 1.113 1.96 1.98 2.01 2.04 2.07 2.10 2.13 2.16 2.20 2.23· 2.27 2.30 2.34 66 
25 1.93 2.00 2.03 2.06 2.09 2.12 2.15 2.18 2.22 2.25 2.28 2.32 2.36 2.39 2.43 65 

26 2.05 2.08 2.11 2.14 2.17 2.20 2.23 2.26 2.30 2.33 2.37 2.41 ~ 2.44 2.48 2.52 64 
27 2.12 2.15 2.18 2.21 2.24 2.28 2.31 2.34 2.38 2.42 2.45 2.49 2.53 2.57 2.61 63 
28 2.20 2.23 . 2.26 2. 29 2.32 2.36 2.39 2.42 2.46 2.50 2.54 2.58 2.62 2.66 2.70 62 
29 2.27 2.30 ' 2.33 I 2.36 2.40 2.43 2.47 2.50 2.'54 2.58 2.62 2.66 2.70 2. 75 2.79 61 
80 2.34 2.37 2.40 ' 2.44 2.47 2.51 2.54 2.58 2.62 2.66 2. 70 2. 74 2. 79 2.83 2.88 00 

31 2.41 2.44 2.48 2.51 2.65 2.58 2.62 2.66 2.70 2.74 2. 78 2.83 2.87 2.92 2.97 59 
32 2.48 2.51 2.65 2.58 -2.62 2.66 2.70 2.74 2. 78 2.82 2.86 2.91 2.95. 3.00 3.05 58 
33 2.65 2.58 2.62 2.66 2.69 2.73 2.77 2.81 2.85 2.90 2.94 2.99 3.04 3.09 3.14 57 
34 2.62 2.65 2.611 2.73 2.76 2.80 2.84 2.89 2.93 2.98 3.02 3.07 3.12 3.17 3.22 56 
35 2.68 2. 72 2.76 2.80 2.84 2.88 2.92 2.96 3.01 3.05 3.10 3.15 3.20 3.25 3.30 55 

36 2<.75 2. 79 2.83 2.87 2.91 2.95 2.99 3.04 3.08 3.13 3.18 3.23 3.28 3.33 3.38 54 
37 2.82 2.86 2.90 2.'94 2.98 3.02 3.06 3.11 3.15 3.20 3.25 3.30 3.36 3.41 3.47 53 
38 2.88 2.~ 2.96 3.00 3.04 3.09 3.13 3.18 3.23 3.28 3.33 3.38 3.43 3.49 a.55 52 
39 2.95 2.99 3.03 3.07 3.11 3.16 3.20 3.25 3.30 3.35 3.40 3.45 3.51 3.56 3.02 51 
fO 3.01 3.05 3.09 3.14 3,18 3.22 3.27 3.32 3.37 3.42 3.47 3.53 3.58 3.64 3. 10 60 

41 3.07 3.11 3.16 3.~ 3.24 3.29 3.34 3.39 3.44 3.49 3.54 3.60 3.66 3. 72 3.78 49 
42 3.13 3.18 3.22 3.26 3.31 3.36 3.41 3.46 3.51 3.56 3.61 3.67 3. 73 3. 79 • 3.85 48 
43 3.19 3.24 3.28 3.83 3.37 3.42 3.47 3.52 3. 57 3.63 3.68 3. 74 3.80 3.86 3.93 47 
44· 3.25 3.30 3.34 3.31t 3.43 3.48 3.54 3.59 3.64 3. 70 3. 75 3.81 3.87 3.94 4.00 46 
45 3.31 3.36 3.40 3.45 3.50 3.65 3.60 3.65 3. 71 3. 73 3.82 3.88 3.94 4.01 4.07 45 

------------
78°40'1-78° 50' -;:-I 7g· 10' 

--------
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DETERMINATION OF TIME. 

Table of factors for reduction of transit observations. 

TOP ARGUMENT-ST.AR'S DECLINATION (h). 

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

[For factor .A uso left-band argument. For factor B use right-hand argument. For factor 0 use bottom lino on thla pilg.i.J 

c 77° 40' 77° 60' 7!1° 78° 10' 78° 20' 78° 80' 78• 40' 78° liO' 7g• 179· 10' 79° 20' 79° 30' 79° 40' 79° liO' so• c 
--- __ ,_ . . 

40 3.37 3.41 3.46 3.61 3.56 3.61 3.66 3. 71 3. 77 3.83 3.89 3.95 4.01 4.08 4.14 44 
47 3.42 3.47 3.62 3.57 3.02 3.tl7 3. 72 3. 78 3.83 3.89 3.96 4.01 4.08 4.14 4.21 43 
48 3.48 3.63 3.67 3.62 3.68 3. 73 3. 78 . 3.84 3.89 3.96 4.02 4.08 4.14 4.21 4.28 42 
40 3.53 3.68 3.63 3.08 3. 73 3.79 3.84 3.00 3.00 4.02 4.08 4.14 4.'21 4.28 4.35 41 
50 3.69 3.63 3.68 3. 74 3.79 3.84 3.00 3.00 4.02 4.08 4.14 4.20 ·4.27 ' 4.34 4.41 40 

61 3.64 3.69 3. 74 3. 79 3.84 8.00 3.96 4:01 4.07 4.U 4.20 4.26 4.33 4.40 4.48 39 
62 3.69 3. 74 3. 79 3.84 3.00 3.96 4.01 4.07 4.13 4.19 4.26 4.32 4.39 4.46 4.64 38 
pa 3. 74 3. 79 3.84 3.89 3.96 4.01 4.06 4.12 4.19 4.25 4.32 4.38 4.45 4.62 4.60 37 
64 3. 79 3.84 3.89 3.94 4.00 4.06 4.12 4.18 4.24 4.30 4.37 4.44 4.61 4.68 4.66 36 
65 3.83 3.89 3.94 3.99 4.05 4.11 4.17 4.23 4.29 4.36 4.43 4.50 4.67 4.64 4. 72 35 

56 3.88 3.93 3.99 4.04 4.10 4.16 4.22 4.28 4.34 4. 41 4.48 4.65 4.62 4. 70 4. 77 34 
67 3.93 3.98 4,04 4.09 4.15 4.21 4.27 4.33 4.30 ' 4.46 4.63 4.60 4.68 4~ 75 4.83 33 
68 3.97 4.02 4.08 4.14 4.19 4.25 4.32 4.38 4.44 4.61 4.68 4.65 4. 73 4.80 4.88 32 
69 4.01 4.07 4.12 4.18 4.24 .4.30 4.30 4.43 4.49 4.56 4.63 4. 70 4. 78 4.86 4.94 31 
60 4.05 4.11 4.17 4.22 4.28 4.34 4.41 4.47 4.b4 4.01 4.68 ' 4. 75 4.83 4.91 4.99 80 

61 4.09 4.15 4.21 4.26 4.32 4.30 4.45 4.62 4.68 4.65 4. 72 4.80 4.88 4.~ 6.04 29 
62 4.13 4.19 4.25 4.31 4.37 4.43 4,49 4.66 4.63 4. 70 }. 77 4.85 4.92 6. 6.08 28 
6,1 4.17 4.23 4.29 4.36 4.41 4.47 4.53 4.60 4.67 4. 74' .81 4.89 4.97 6.().5 6.13 27 
64 4.21 4.26 4.32 4.38. 4,44 4.61 4.67 4.64 4. 71 4. 78 4.86 4.93 6.01 6.00 5.18 26 
65 4.24 4.30 4.36 4.42 4.48 4.65 4.61 4.68 4. 76 4.82 4.00 4.97 6.05 6.14 6.22 25 

66 4.28 4.34 4.40 4.46 4.62 4.68 4.65 4. 72 4. 79 4.86 4,94 6.01 5.09 5.18 6.26 24 
67 4.31 4.37 4.43 4.49 4.65 4.62 4.68 4. 75 4.82 4.00 4.97 6.()5 5.13 6.22 6.30 23 
68 4.34 4.40 4.46 4.52 4.68 4.65 4.72 4. 79 4.86 4.93 6.01 5.09 6.17 5.25 6.34 22 
69 4,37 4.43 4.49 4.65 4.62 4.68 4. 76 4.82 4.89 4.97 5.04 6.12 5.20 6.29 5.38 21 
7Q 4.40 4.46 4.62 4.58 4.66 4.71 4.78 4.85 4.93 6.00 6.08 6.16 5.24 6.32 6.41 !O 

71 4.43 4.49 4.55 4.61 4.68 4.74 4.lll 4.88 4,gr, 5.03 5.11 6.19 5.27 6.36 6.45 111 
72 4.45 4.51 4.57 4.64 4.70 4.77 4.84 4.91 4.!i8 5.06 5.14 5.22 5.30 5.30 6.48 18 
73 4.48 4.64 4.60 4.66 4.73 4.80' 4.87 4.94 6.01 6.09 5.17 6.25 5.33 5.42 5.51 17 
74 4.50 4.56 4.62 4.69 4.76 4.82 4.89 4.00 6.04 6.11 6.19 5.27 6.36 6.45 6.53 16 
75 4.62 4.68 4.65 4.71 4.78 4.85 4.92 4.99 5.00 6.14 5.22 6.30 6.38 6.47 6.56 16 

76 4.64 4.60 4.67 4. 73 4.80 4.87 4.94 6.01 5.09 5.16 5.24 5.32 6.41 5.50 5.69 14 
77 4.56 4.02 4.68 4. 75 4.82 4.89 4.96 5.03 5.11 6.18 6.26 ' 6.35 '5.43 6.62 6.61 13 
78 4.68 4.64 4. 70 4. 77 4.84 4.91 4.98 6.05 ll.13 5.20 6.28 6.37 6.46 5.54 6.63 12 
79 4.60 4.66 4. 72 4. 79 4.86 4.92 5.00 6.07 6.14 5.22 6.30 6.39 6.47 6.56 5.65 11 
80 4.61 4.67 4. 74 4.80 4.87 4.94 6.01 5.08 5.16 5.24 6.32 5.40 6.49 5.68 6.07 10 

81 4.62 4.69 4. 75 4.82 4.88 4.95 6.03 5.10 6.18 6.26 5.34 6.42 6.51 5.60 6.69 9 
82 4.64 4.70 4.76 4.83 4.00 4.97 6.04 5.11 5.19 6.27 6.35 6.43 5.52 6.61 6. 70 8 
83 4.65 4. 71 4. 78 4.!14 4.91 4;98 5.05 6.13 5.20 6.28 5.36 5.46 5.53 6.62 6. 72 7 
84 4.66 4.72 4. 79 4.85 4.9!! 4.99 5.06 6.14 5.21 5.29 5.37 6.46 5.54 6.63 5. 73 6 
85 4.66 4. 73 4.79 4.86 4.93 5.00 5.07 6.14 5.22 5,30 6.38 6.47 6.55 5.64 5. 74 5 

86 4.67 4.73 4.80 4.86 4.93 5.00 5.08 5.15 6.23 6.31 6.39 5.47 6.66 5.65 5. 74 4 
87 4.68 4.74 4.81 4.87 4.94 5.01 6.08 6.16 5.23 6.31 5.40 5.48 6.57 5.00 5. 75 s 
88 4.68 4.74 4.81 4.87 4.94 5.01 5.09 ' 5.16 5.24 6.32 5.40 6.48 6.57 6.66 6. 75 2 
89 4.68 4.74 4.81 4.88 '4.94 5.01 5.09 5.16 6.24 5.32 6.40 5.40 6.67 5.66 6. 76 1 
90 4.68 4. 74 4.81 4.RS 4,94 5.02 5.00 6.16 5.24 5.32 6. 40 5.49 5.58 5.67 6. 76 0 
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PART lI .. 

THE DETERMINATION OF THE DIFFERENCE OF LONGITUDE OF TWO STATIONS. 

INTRODUCTORY. 

The meridian at 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. 1 

There are three general methods of determining longitude now in 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 at each of the two stations by the methods stated in Part I of this publication, and 
the two chronometer Gimes are then compared by telegraphic signals sent between the stations. 
. In the chronometric method 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 at least one coordinate of that position, and notes the 
weal time at which his observation was made. He may then consult the Ephemeris and find 
at 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 :fixing the position o.f the moon may be determined 
to serve as a means of deriving a longitude by measuring the right ascension of the moon at a 
transit across the meridian; by measuring the angular distance between 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 at those instants being the angle sub
tended by the moon's radius. In each case the Greenwich time at which the moon occupied 
the position in which it was observed is obtained either from the Ephemeris, from observations 
at Greenwich at about the time in question, or from similar observations at some station of 
known longitude. · 

The determination of longitude by wireless telegraph is not discussed in thi8 publication. 
'fhis method has been used to a certain extro1t by some countries with ~pparently 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 ~uch 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 The tlmes may be either sidereal or mean solar. Usually the sidereal times are compared because the time observations are nearly always 
made upon stars. 
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The telegraphic method 1 is the most accurate known method of determining differences 
of longit~de. It is always used in this Survey for all longitude determinations in regions 
penetrated by telegraph lines, a;nd is therefore set forth fully in this publication. _ 

A method suitable for use in regions not reached by the telegraph,2 is the ·chronometric 
method .. As this has been extensively used at coast stations in Alaska and will probably 
continue to be so used during some years to come, it is also here treated in 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 stations, 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 at 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.8 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;4 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 
n~vigation between the mouth of the Yukon and either station. 

As the lunar methods will probably be used less iµid 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 pages in the back 
of each volume headed "Use of tables." 

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 destiribed first and then the method 
formerly used will be briefly explained. 

The introduction of the transit micrometer practically eliininated from the time determina
tions, and consequently 'from the longitude determinations, the large error which was known 
as the observer's personal equation. The program of longitude observations was formerly 
designed to eliminate the personal equation from_the results. 

GENERAL INSTRUCTIONS. FOR LONGITUDE DETERMINATION BY THE COAS'r 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 observation of the transit is complete. If an observed 
transit is incomplete, only those observations should be use.d for which the positions of the . 
observing wire are symmetrical with reference to the middle point of the registration interval 
of the screw; that is, each record is to be rejected for which the symmetrical record is missing. 

1 The t~legraphlo method of determining d!trerences of longitude was originated by the Coast Survey In 1846, two years alter the first tran&. 
mlsslon or telegrophlo messages over wires. During the long Interval since that time the method has gradually been brought to Its present high 
state of porlootlon. For a historical note on this subject see Ap~ndlx No. 2, Report for 1897, pp. 202-203. 

•In certain C8S6S in which the telegraph line Is wanting, the same principles may be used with the substitution of a flash of light between sta
tions ln the place of the electric wave. For example;one might so determine the longitudes of the Aleutian Islands of Alaska, the successive Islands 
being In g.1neral lntervlsible. This method has not, however, been used by this Survey. The cost or determining longitudes by this method will 
In general !xi so much greater than by the chronometric method (because of the many Intermediate stations which will be required between distant 
stations), as to more than ollset Its greater acouracy. 

•In tho final demarcation or the boundary between Alaska and British Columbia, an Initial point on the one hundred and forty-first meridian 
was determined telegraphically, using transits equipped with transit micrometers. The telegraphic longitude came within the range or three 
determinations by lunar methods. The total range of the several lunar determinations of longitude In d111erent years was 1.1 seconds or time. 

•A statement of the re.911lts of these dete!'IIlinatlons, which Is espeolaUy lntereatlng as showing what 8!'1"0rs may be expected In such observa
tions, ls given In Appendix No. 3 or the Report for 1895. 
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· 2. The limit of rejection for an observation upon one star (whether.the observed transit is 
complete or not) is•a residual of 0.20 second. No observation eprresponding to a resid~al smaller 
than this should be rejected unless the rejection is made at the time of observation. 

3. Each .half set of time observations should consist of observations on from 5 to 7 stars 
(6 preferred). In rare cases a half set may consist of only four stars. All of these 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 alge
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 a.s small for each half set as it. is 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 the specified limit. · 

4. In selecting lists of stars to be observed, one should ()ndeavor to secure .the maximum 
number of stars per hour possible, subject to the conditions of paragraph 3 and to the necessity 
of securing fovel readings, reversing the instrument, exchanging signals, et cetera. To observe 
the same stars at both stations involved in a longitude difference is desirable, 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 "illummation west" for the first half set 
of each night and it should be reversed before the beginning of each 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 at each station. But the determination 
of the longitude diffei;ence 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 
interval covered by the time observations at 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 observations agrees with the mean result within 01.070, no observations on a 
fourth night shoul<l he t.akl•n. If one or more of the first three nights give results differing by 
0'.070 or more from the mean, or if observations arc secured on a fourth 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 triangulation station for future surveys. 

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

pages 21 to 27 of this publication should be followed. · 

GENERAL INSTRUCTIONS FOR LONGITUDE . DETERMINATION BY THE COAST AND GEODETIC 
SURVEY WITH TRANSIT MICROMETERS IN HIGH LATITUDES (GREATER THAN 50°). 

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 computations 
have been made. (c) It will be impossible, as a rule, 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. (An. azimuth star is one hav
ing an A factor greater thari unity.) (cl) In making the computation of the time observations 
the observer will 1,lse 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 circqit. 

The normal determination of longitude between two stations using transit micrometers 
consists of three nights' observations without exchange of observers. (Under the -general 
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 t.he 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 w:i,th 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 offices. If prn=1sible the line should be without 
repeaters. The advisability of having the station convenient to the telegrap~ office should 
have some weight in ·determining its location. Occasionally the station may have to be con
nected directly with a main wire instead of with the telegraph office switchboard. , 

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 

. through a separate bEl.ttery. When the operator is clearing the line or communicating with the 
operator at the other 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, as 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 
pqints of the signal relay, except when cut out by a plug switch. TIµs 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 at that station should choose the· epoch, for the loss of one or more stars by him 
might cause the loss of a night's work. When the epoch arrives the points of the signal relay 



82 U. S. COAST AND GEODETIC SURVEY SPECIAL PUBLICATION NO. 14. 

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 1 will be recorded on both cpronographs. The 
observer at the western station customarily sends signals first, by releasing the telegraph 
key for an instant between the breaks of his chronometer at 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 at the other station. Notice of an interference is 
given by the other observer by hr.caking into the circuit and making a succession of quick 
breaks with the key. Mter 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 at the beginning and end of each series of s1gnals. 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 at interv~ls 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 errors 
in the contact wheel of the chronometer. 

A signal sent from one station to the other will be recorded on the chronograph of the 
sending station slightly before it is on the distant chronograph, and thi~ difference in time of 
record is called the transmission time. It depends, in fact, both on the retardation of the signal 
.in the telegraph line between the two stations, and on the difference in the time of action of the 
signal relays at the two stations. 2 Signals sent from west to east will make the difference in 
longitude too large, and signals from east 'iio west will make 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 directions.3 

During exchange o( signals the chronographs are run at double speed, so· that the signals 
may be read to hundredths of seconds. The advantage in sending signals by making arbitrary. 
breaks 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.4 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 rccor<l of an actual exchnnge of signals between two station!'!, 
written as read from the chronograph sheet on a 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 final difference of signals, and the. transmission time. 

1 It Is to be noted that these slg'nals arc made by breaking tho circuit, which Is opposite to tho ordinary correspondence use or the koy. 
•The latter Is probably a small quantity. Soino moasuromonts or tho armature time or one or the quick-acting relays used In these Iongltu<le 

determinations showed It to vary rrom.-0.cio:; to 0.015 SO<'ond with-0xtrcmo changes In adjustments and current. . 
•Thero Is always some uncertainty on this score when repeaters nro used In the main telegraph lino, because of tho distinct mochanlcal arrange. 

monts ror repeating tho slgtmls In tho two dlroctlons. Repeaters arc thorcroro to \Jo avoided as far as prnctlcnblo. -
• Chronometer signals were fonncrly usccl-'that ls, tho chronometers were aitcniatcly made to send their breaks through the main-line circuit, 

recording on both chronographs. Some or the objections to this method were llablllty or damage to the points or the break circuit wheel of the 
chronometer when put on the main line, posslblllty of the record or one chronometer Interfering with the record or the other, and personal equation 
in reading a record that always occurred at the same part or a second. ' 
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Arbitrary signa"ls. 

Form256. 

[St.ntlon, Key West, Fin. Dnte, Feb. 14, 1007. Observer, J. S. Illll. Hecorder, J. S. Hill.] 

I From Key West to Miami From Miami to Key We.•t• I 
Miami record Key West 

record D!1I. Miami reoord Key West 
record D!fl. 

h m 8 Ir m • m 8 h m 8 71 m 8 m 8 
6 33 35.10 6 27 38.28 5 {l(J.82 6 34 5l41 6 28 57. 71 5 56. 70 

3G.42 39.G3 . 79 56.32 59.G3 . .69 
37. liO 40. 70 .80 58.31 29 01.60 . 71 
38.50 41. 71 . 79 35 00.22 03.52 . 70 
39.45 42.67 . 78 02.35 05.64 . 71 
41.47 44.67 .80 04.30 07.58 . 72 
43.43 4-0. 63 .80 00.54 09.83 . 71 
45.50 48.69 .81 08.31 11.60 . 71 
47. 50 50. 70 .80 ' 10.26 13.54 . 72 
49.58 52. 77 .81 12.24 15.53 . 71 
51. 60 54. 78 .82 14.31 17. 61 • 70 
53.57 5G. 77 .80 16.22 19.51 . 71 
55.65 58.85 .80 18.22 21.52 . 70 
58.18 28 01.37 .81 20.28 23.57 • 71 

34. 00.51 03. 71 .80 24.29 ,27.58 . 71 
02.52 05. 72 .80 26.22 29.51 .71 
03.67 06.88 . 79 28.23 31.53 . 70 
04. 77 07. 9li .82 30.28 33.67 . 71 

35 42.20 29 45.40 .80 31.24 34.54 . 70 
43.50 46. 72 • 78 32.43 35. 73 . 70 
45.08 48.29 .79 34.25 37.54 • 71 
47.50 liO. 70 .80 
49.56 52. 74 .82 
61. liO 54. 70 .80 
53.47 56.67 .80 
55.64 58.84 .80 
57.59 30 00.80 • 79 
59.57 02. 79 • 78 

36 01.57 04. 77 .80 
03.58 06.80. . 78 
05.55 08.76 .79 
07.55 10. 76 .79 
09.60 12.80 .80 
11.53 14. 74 . 70 
12.62 15.85 . 77 
13.57 16. 77 .80 
14. 61 17. 81 .80 
15.54 18. 73 .81 

Means: 
6 34.0 0 29.0 6 56. 798 6 35.3 6 29.3 5 50. 707 

0 34.9 6 29.0 5 56. 798 

Means 6 35.1 0 29. l 5 50. 752 
Transmission time-. 040 

,j, Complete set or slgnnls Crom Miami 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 mean of all the differences of the chrononwter records, and the transmission 
.time. It is usually sufficient, in obtaining the mean epochs 0£,signals, where they are symmet
rically arranged, to take the mean of the first five and the last five signals. 

CHRONOMETER CORRECTIONS AND RATES. 

· On the following form are tabulated the epochs (To) for which chronometer corrections 
were determined at both stations, the corrections (J T) 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 correct.ions is given on the third line for each date. These means furnish a correction 
fo'r the chronometer very nearly at the epoch of the signals, and they thus reduce the work of 
~omputing the chronqmeter corrections for the epochs of the signals. 
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(Jhron-0meter corrections and rates. 

Key West, Fla. Miami, Fla. 

Date Rate per Rate per 
minute minute 

To JT To JT 

1007. 'h m ' ' h m ' 8 
Feb. 14 5 49.6 +14. 691 5 41.4 +45.177 

7 11.0 +14. 726 +0.00043 7 19. l +45.493 +o.00323 
6 30.3 +14. 708 6 30.2 +45.335 

15 5 50.0 +14.327 5 46.9 +50.182 
7 47.9 +14.220 -0.00091 7 11.0 +50.449 +0.00317 
6 49.0 +14.274 6 29.0 +50.316 . 

w 5 50.1 +13.479 5 54. 7 +55. 337 
7 09.0 +13.400 -0.00024 7 22.4 +55.551 +0.00244 
6 29.5 +13.470 6 38.6 +55.444 

COMPUTATION OF DIFFERENCE OF LONGITUDE. 

The next step is the computation of the d~fference 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. The 
epoch of signals and difference of chronometers are taken from the record of signals for each 
night, and the chronometer corrections at these epochs are computed for each station and each 
night, using the rates per minute given in the preceding fonn. 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 signals. 

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

J T=J T, + 4__T2-_.d '£,(T- T1·), and r= [( T2- T)2r12 + (T- T1)2r22p12 
• T2 -T.. . T2 -T.. 

where .d T.. and ±r1 are the chronometer correction and its probable error derived from th~ 
first set of time observations at epoch T11 and .d T2 and ±r2 are the same quantities, respec
tively, for the second set at epoch T2 • 

To 

Date 
Miami 

1007. h m 
Fcb.14 6 35.1 

15 6 31. 7 
lll 6 33.6 

Computation of difference of longitude. 

B:ETWEEN MIAMI AND KEY WEST, }'LA. 

' JT 

DltI: J T 
Key West Miami Key West 

h m 8 ' 8 
6 29.1 +45.351 +14. 709 +30.642 
6 2.5. 8 +50.325 +14.295 +36.030 
6 27.8 +55.432 +13.470 +41. 9112 

Reduction to longitude pier or 1896~ .97 meter 
Reduction to mean position or polo• 

DUI. o! Jl signals 

m 
5 
5 
5 

' m ' 56. 752 6 27.394 
51. 285 6 27.315 
45.418 6 27. 3SO 
Mean .. 6 27.363 

' -+0.002 
- 0.000 

m ' 

I 
I 

Miami longitude station east or Key West longitude station:~ 
0 
:l;~'.S2li 

Trans-
v mission 

tlmo 

---
' ' -0.031 0.046 

+ .048 .051 
- .017 .047 

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

1 See Astronomlsche Nachrlchten No. 4253. 
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station, Key West. The difference between the chronometer corrections (.d T) given in the 
fourth and filth columns is shown in the sixth column and equals the correction at the eastern 
station minus the correction at the western station. Jn the next column is given the difference 
of signals (eastern minus western). The difference of longitude, .J)., is then the combination 
of the difference between the .d T's at the two stations and the difference of signals. The trans
mission time is taken from the foriJ\ on which th'3 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) 1 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 West and closing 
on Atlanta. There is also at the latter place .an 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: ' 

Cornputation of closing error between Key West and Atlanta . 

. Corroo-
tion to 

Observed close Adjusted 
dftiorence. circuit dltierence 

m 8 8 m 8 

Miami west of Key West - 6 27.365 +. 000 - 6 27.356 
Jupiter west of Miami - 0 27.404 +.ooo - 0 27.395 
SeblU!tian west of Jupiter + 1 33.654 +.009 +1 33.663 
Daytona west of Sebastian +z 11. 332 +.009 +2 11. 341 
Fernandina. west of Daytona +1 46.878 +.ooo + 1 46.887 
Atlanta. west of Fernandina +11 42.60!1 +.010 +11 42.619 

Atlanta weHt of Key West +10 10.704 +.055 +10 19.759 
Atlanta west of Key West +10 19. 759 

(From adjusted longitude net o[ United States) 
Closing error= + . 055 

CORRECTION FOR VARIATION OF THE POLE. 

A correction is necessary to reduce the observed astronomic. longitude to the mean posi
tion of the pole. About the 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 calendar 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 OF ERRORS WHEN TRANSIT MICROMETER IS USEJ?. 

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

l See Appendix 2 of tho Report for 1897. 
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First. An accidental error aris!Jig from the accidental errors of observations of about 72 
stars at each station. If the accidental error of observation of a single star be estimated at. 
± 8 .07, which may be considered sufficiently large to cover both the observer's errors and those 
instrumental errors which belong to the accidental class, then the probable error of the final 
resul~ arising from this cause would be ± 8 .07 + .J36= ± 8.012. 

Second. An accidental 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 at each station, and if ± 8 .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 would be ± 8 .03 + {f2 = ± 8 .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 ± 8 .001. 

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 errors inappreciable, longitude observers should use chronometers known to 
show but small variations in rate, and should protect them as thoroughly as is feasible while ill 
use against jars and sudden changes of tempera~ure. 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. Error8 ari'sing from lateral refraction. The probable minuteness of these errors 
in time observations 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. 

Sixth. Errors arisipg from variation 'of transmission time. By transmission time is 
meant the interval that elapses from the instant at which the signal relay breaks the local 
circuit at the sending statfon to that at which the signal relay breaks the local circuit at the 
receiving station. This interval is made up of annature 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. JIB 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" the transmission time in one direction through the 
repeater will be different from that in the other direction Un.less 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 insensible. 
A change at any other time in the local circuit will appear in the observations its a change in 
the chronometer correction and will probably have no appreciable effect on the final result 
for the night. 

Seventh. The difference of the transmission time through the two 'Signal relays and also 
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 relays---which are as nearly alike as. can be made, and which are specially 
designed to act very quickly. · 
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If the difference of longitude which is being measured is large, it becomes necessary to 
abandon the practice of observing the same star$ at both stations in order to make the exchange 
of arbitr~ry signals come within the period of the night's observations at each station. How-· 
ever, the errors of right ascension thus introduced will not be large. 

The· combination. of the numerical values of the above errors will not fully account for the 
error of the result as computed from the separate determinations, that is from the residuals, 
b.ut it may be that some of the above errors for which no nll;merical values are estimated are 
much larger than supposed. The discussion of errors of time observations on pages 48-51 
of this publication applies to a certain degree to longitude work. . 

· See also Discussion of Errors, when the key method is used, on page 93. 

PROGRAM WHERE NO TRANSIT MICROMETER IS USED. 

Before the adoption of the transit micrometer for longitude work, when the chronograph 
aJ?.d key method was in use, it was necessary in all determinations of differences of longitude to 
arrange the program of observations so as to eliminate the personal equation of the observers 
making. the time· observations. The personal equation was eliminated. either directly by 
exchange of observers, or indirectly by supplementary observations, themselves independent 
Of the longitude observations, but which gave a value for the personal equation to be introduced 
into the computations. Further on, page 90, the question of personal equation and its deter
mination will be more fully discussed. 

In the determination of primary differences of longitude the person11l equation was elimi
nated by the observers exchanging stations when one-half of the observations had been made. 
One-half the sum of the mean d,eterminations before and after exchange of observers gave a 
resulting difference of longitude which was independent of the personal equations of the 
observers provided these persona1 equations remained constant. Except for this, the program 
of observations was the same as for observation~ with a transit micrometer (seep. 81). 

The arrangement of the telegraphic apparatus was the same as described on page 81. The 
observing key took the place of the relay points of the transit micrometer. Illustration No. 11 
shows the arrangement of the local and ma.in circuits while time observations were being made, 
and also while signals were being exchanged. The switchboard is the same as used in transit 
micrometer observations, and is shown in illustration No. 12. The following records and 
computations show the various steps in observfo.g and computing an actual difference of longitude. 

Record of exchange of sign<ils, and computation of difference of chronometers. 

[Station, Atlanta, Ga. Date, Mar. 7, 1896. Observer, G. R. P. Recorder, G. R. P.) 

ARBITRARY SIGNALS. 

I , 
, From Atlanta to Key West From :I<ey West to Atlanta 

Key West record 
I 

Atlanta record DUierence of Key West Atlanta record Dltreronce of 
chronometers record chronometers 

i 
h m 8 hm 8 m 8 hm 8 lim s· .m s 
7 35 59.97 7'25 42.39 10 17.58 7 37 08. 76 7 26 51. 51 10 17.25 

36 01. 90 44.30 . 60 10.82 53.60 . 22 
04.03 . 46. 47 . 56 12. 78 55.52 . 26 
05.96 48.39 . 57 15.28 58.04 . 24 

* * * * * * 
* * * * * * 

56.90 26 39.30 • 60 38 38.48 28 21. 21 . 27 
58.91 41. 34 . 57 40.60 23.33 . 27 

It h 
I 

h h m m m 8 7lt I m m s 
Means 7 36. 5 7 26.2 10 17.570 7 37.9 I 7 27.6 1017.249 

I 
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' SUMMAHY OF RESULTS OF TIME DETERMINATIONS A'I' ATLANTA. 

I I 1 
f I .Azimuth 

I Epoch (by / Chronometer I 

1 

__ D-nte __ , !~~~~~~>°" i cor~~:,~on --~~~~~I Collimntion ~~~!-~En.'t -= 
I 1896. h m I s s s s s 
I Mar. 7 6 56. 4 l -13. 546 +. 00261 +. 03 -. 154 +. 035 

7 8 12. 61 -13. 347 -. 01 -. 036 -. 070 
I 8 6 56. 3 • - 1. 142 + 00310 -. 01 +. 115 +. 089 

I ** 8 8 *12. 5 - !· 506 * ;· 06 +.,; 190 i +}13 

* * * * * j * 

I 21 9 22. 4 -12. 630 -. 22 +. 378 + rn1 
I 21 8 12. Ii· -12. 660 +. 00043 -. 18 +. 1831 +. 155 

--------------~-------------~----

I 

SUMMARY 01'' RESULTS OJ<' TIME DETERMINATIONS AT KEY WEST. 

I Epoch (by Chronometer I Collillro,,,,,! 
Azimuth 

Hntc per Dato Ince or chro- correction 
nometer) .41£ °' mmute 

----1 Wost 
------- -------

____ I_ 

1896. h m s s 8 '8 

J\lar. 7 6 56.4 -11.157 -. 00232 -.05 -1. 108 
7 8 12.6 -11. 334 -.03 -1. 220 
8 6 5(). 4 -13. !J!l4 -. 00227 -.o() I -1. ()49 
8 8 12.6 -14. 167 -.03 -1. 644 

* * * * * * 
* * * * * * , 

'271 8 12.4 - 4.992 -. 00223 -.06 -0. 181 I 
'27 9 21. 8 - 5. 147 I -.00 -0.121 

·1 
·-·----·--- ·--- ----

Jl FROM WES'I'ERN OR ATLANTA SIGNALS.* 

--
J;lpoch of signrus t Chronometer corrections 

----··-----·--- Difference 

East 

-1 
-1 
-1 
-1 

s 
. 236 
.108 
. 447 
. 580 
* 
* 

-
-

0.256 
0. 144 

4lw 
Dnte of chronom&- I Dltleroncc 

(from western 

------

1896. 
Mar. 7 

8 
* 
* 

27 

Dato 

--

1896. 
llar. 7 

8 
* 
* 

27 

Koy West 
TE 

h m 
7 36.5 
7 36.6 

* 
* 

8 51. 3 

Atlantn ters Key West Atlantn 
Tw 41g 4Tw 4 Tg-4 Tw 

h m m 8 s 
-1; 46°81 7 2~ 2 10 17. 570 -11. l?50 

7.2 .2 10 26. 199 -14. 085 - 7. 649 
* * * * 
* * * * 

8 41. l 10 12.507 - 5.079 -12. 648 
I ----------·-· 

* Unc0rrccted for transmission time and personal equation. 
t By Ince of chronometer. 

Jl FROM EASTERN OR KEY WES1' SIGNALS.* 

-·- --------

s 
+2. 218 
-6. 436 

* 
* 

+7.569 

Epoch of signals t Chronometer corrections 
Differonce 

of chronom&-
j D itJerenoo Key West Atlanta tors Key West Atlanta 

Tg Tw JTE 4Tw i 4Tg-41'w 

; 

h m h m m 8 8 s s 
7 37.9 7 27.6 10 17.249 -11. 253 -13. 4(i4 +2. 211 
7 37.6 7 27.2 10 25.881 -14. 087 - 7. 646 -6. 441 
* * * * * * 
* * * * s 53. 3 I * f * 8 4::1. l 10 12. 136 - 5.083 -12. 647 +1. 564 

... i I 
--

* Uncorrected for transmission time nnd personnl equation. 
t By lace of chronometer. 

signals) 

m s 
10 19. 783 

l!l.763 
* 
* 

20.07fi 

4Ag 
(from eastern 

s!gnllls) 

m ·8 

10 HJ. 4(i0 
. 440 
* 
* 
. 700 

I 
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COMBINATION OF LONGITUDE RESULTS. 

At one time it was the custom in the Coast and Geodetic Su;rvey to combine the resulting 
differences of longitude for the various nights' observations by deducing weights and assigning 
them to the various values. This custom is not now practiced' where transit micrometers are 
used,· nor is it followed where an accepted program is carried out even if no micrometers are 
usod. If a regular program is carried out the various nights' determinations are given equal 
weight,· and direct moans are taken for tho final value of the difforence of longitude. How
ever, the follo'Ying discussion of the combination of longitude results where the different nights' 
observations are assigned different weights is given here as occasion might arise where the 
information would be of value. 

The following table gives the collection of the results for the different nights and their 
combination to develop and eliminate the transmission time and personal equation. The 
mean of the differences of longitude as derived from the western and eastern signals will be 
free from the transmission time, and their difference is double the transmission time. The rela
tive weights for the resulting differences of longitude for different nights are derived from the 

expression p = P+1P2 
, where Pt and p~ are the weights of the determinations of the chronom-

P1 P2 
eter corrections at the epoch of exchange of signals at the two stations, respectively, 

or Pt=_.; and p2 = ~ in which r 1 and r 2 are the probable errors of the chronometer corrections: 
r1 r2 

To obtain the personal equation the weighted means are taken for each position of tho observers) 
and half their difference is tho personal equation to be applied with opposite signs to tho two 
groups. This gives the corrected result for difference of longitude for each night, and tho 
weighted mean of all the nights is th.o final difference of longitude. Tho probable error of the 

latter is 0.674~ (n=-~i:p where n is tho number of nights of observation ~nd 2. is the number of 

unknowns (longitude and personal equation). fo the table the moans in tho seventh and ninth 
· columns are weighted moans. 

The personal equation is one-half the difference in tho weighted results for tho two posi
tions of tho observers, or 

S-P = 19.884; 19.645 = + .l20, 

tho sign indicating that S observes later than P. The probable orror 1 of tho personal equa
tion may be taken as identical with that of the resulting difference of longitude. 

The transmission time, as stated, is one-half the difference between tho results from western 

d . l . hi 1 •338 ll 1 1 d an eastern s1gnll s, or m t s examp e, =T=".169, an unusua y argo vn uo, uo to tho 

marine cable between Key West and the mainland. 

Table of resulting difference of longitude between Atlanta, Ga., and Key West, Fla. 

Observer From l"rom Double I I at- western or oostern or trans· Menn of Dill , Comb!· Res Id-
Date Atlanta Key West mission W.andE. Personal '::Jenee nation 

uals time equation longitude weight sl,nals signals ''iv signals v 
A KW •w .dAg -JAg 

p 

' ---
1896. m 8 m 8 8 m I 8 m 8 8 

liar. 7 I'. s. 10 19. 788 10 19. 400 0 328 10 19, 024 . +0.120 10 19. 744 8 -.021 
8 P. 8. .763 .440 .323 .002 .722 11 -.043 
9 I'. 8. • 754 • 445 .309 .000 .720 4 . -.045 

13 P. 8. .802 .495 .307 • 048 . 708 13 +.003 
14 . p, 8. .842 .622 .320 .682 .802 21 +.037 

Mean • 317 10 19. 646 

l\lar. 20 8. P. 10 20. 018 10 19.686 .332 10 19. 852 -0.120 • 732 9 -.033 
21· 8. P. .075 .705 .370 .800 • 770 5 +.005 
25 8. P. .102 • 737 .3M .919 • 799 4 +.034 
26 8. P, .074 .721 .353 .897 • 777 8 +.012 
27 8. P. .076 • 700 .370 .888 . 7U8 6 +.003 

Mean 0.350 10 19. 884 IO 19. 7U5 :1:0.007 ' I __ _. -· ·---· ·-

1 Practically the same result ls obtained by deriving separate values for the personal equation by comparing encl! result in the first position of 
the observ~rs with the corresponding result in the seoond position and computing the probable error from the variations in these separate values. 
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The above formulae and forms are used in the office computation .. The field computation 
differs·from that made in the office in that the time computation is made by an approximate 
field method shown on page 26 or page 34 instead 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 .time 
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 th~ 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 ~onstant with experience, 
that it probably differs for slow moving and fast moving stars, and that it is different for very 
faint stars which the obs~rver sees with difficulty from what it is for stars easily seen. 

A systematic error may be present which is ~ue to the tendency of the observer to place 
the wire always to the'•right 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 error. At 
some astronomic observatories a 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 half too far west Of the center of the star's image (or 
vice versa) and the mean of all the observations would be free from a bisection error. No 
numerical values are available for the effect of the bisection error but it is known to be so small 
that it may be neglected in all time 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 Report 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 closures, 
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 
differeµce of longitude. 
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In Texas in 1906 the three differences of longitude between the 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 serief? of longitude differences was determined, using transit micrometers, between 
Key West and Atlanta, for both of which stations adjusted values are given in the longitude 
net of the United States,1 and th~se adjusted values were held fixed. Six longitude differences 
between these two stations were determined in such a way as to accumulate any relative personal 
equation between the two observers. The resQlts are shown on page 85. The correction 
required to be applied to each observed difference to close the loop was 0.8009. 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 longitude differences was determined in Minnesota, Dakota, Nebraska, 
and Iowa, using the transit micrometer. 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 the adjustment of this secondary net. The largest correction to an observed differ
ence of fongitude obtained was 0.8 038 and the smallest was 0.8 003. Four of the corrections 
obtained were less than 0.8010 and seven were less 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 longitude 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 determined by th.is 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 continua
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 than the probable errors of the 
determinations. However, whei:e the greatest accuracy is required, as in the determination 

1 
of the difference of longitude between two fixed observatories, then 1m exchange of observers 
is desirable to eliminate any possible personal equation. An exchange of instruments is also 
required to eliminate differences in the total relay and armature times at 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 determ1nation of the relative 
personal equation of the two observers, and upon its constancy. 

The relative personal equation of two observers may be determined 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 prohibi
tive, the relative personal equation of the observers is eliminated from the result by theobservera 
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 the mean of such determinations will be the·resulting differ
ence of longitude with the effect of personal equation eliminated. 

The relative personal equation may be determined independently of the longitude obsorva
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 chronometer and chronograp9 to record both sets of observations, 

.'See Appendix 2, Report for 1897. 
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it may be necessary to throw one instrument out of adjustment (in collimation) more than the 
other in order to avoid having the observations overlap. A better arrangeme1it woµld 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 inst.fuments, is the personal equation of the two observers. Some
times different chronometers are used and compared in the same manner as in actual longitude 
determinations. 

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 firstlialf 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 leading o.lternately, each observer computes for each 
star, from the known equatorial intervals of the lines, and from his 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 less 
affected by the instability of the instrument than in the other method. If the stars ·observed 
by this method are so selected 8.s to form time sets, and the chronometer corrections ~recomputed 
from each observer's observations independently, the difference of these chronometer corrections 
will be the relative personal equation. 

As the accuracy of the telegraphic determination of longitude without the use of the transit 
micrometer depends a~so up_on the constancy of the relative personal equation of the two obser
vers concerned, there is shown below a table which gives some vo.lues of the relative personal 
equation as derived from telegraphic longitude observations (key and chronograph method). 
The values in this table indicate to what extent the relative personal equation may be expected 
to vary from month to month and year to year. The plus sign indicates that the observer 
first na.!lled observes lat~r (slower) than the other. 

· Relative personal equation (not reduced to equator). 

C.H. Slnclalr-E. Smith C. H. Slnclalr-R. A. Marr I C. 11. Slnclalr-0. Il. Putnam 
[H years] [4 years] 

I 
(.5 years] 

--·· 

• • • • I • • 
1881 Aug. and Sept. -0. 123 ±0. 008 1886 Sept. and Oct. +o. 288 ±O. 008 1891 May and Juno +0.184 ±0. Oll 
1881 Nov. and Dec. - . Q85 00 1888 Sept. + .210 09 1801 Juno and July + .140 08 
1885 Apr. and May - .047 08 1888 Oct. and No\•, + .144 11 18~1 July + .172 00 
1885 May and June - .131 03 1888-9 Dec. and Jan. + .214 10 1891 Aug. + .161 10 
1885 July and Aug. - .no 10 1889 Jan. + .233 05 1891 Aug. and Sept. + .176 11 
1886 May and June - .062 08 1889 Jan. and Feb. + .225 07 1892 Feb. and Mar. + .160 00 
1886 June and July + .010 06 1889 Feb. and Mar. + .267 07 1892 Mar. + .192 04 
1886 July and Aug. - .023 12 1889 Mar. and Apr. + .278 12 1802 Mar. and Apr. + .140 02 
1886 Aug. and Sept. + .056 04 1889 .Apr. and May + .217 12 1892 Apr. + .150 05 
1887 May and Juno + .038 10 lSSil May and June + .282 18 1892 Apr. end May + .126 04 
1887 June, July, and} 

13 
1889 June and July + .246 07 1892 June and July + .109 10 

A + .109 1889 July + .275 08 1893 Feb. and Mar. + .082 10 ug. 
1887 Sopt. + .111 ' 13 1889 July + . 2135 1800 Feb. and Mar. + .15.'i 05 03 
1887 Sept. and Oct. + .160 (){I 11!89 July and Aug. + ,228 15 1896 Mar. + .129' 07 
1895. Fob. and Mar. + .093 11 1889 Aug. + .284 08 1896 Apr. + .122 05 
1895 Mar. + .076 11 1889 Aug. and Sept. + .226 06 1896 Apr. ard May + .181 05 
1895 Apr. +o. 086 :1: o. oos 1889 Sopt. + .258 07 1896 May and Juno + .142 13 

-- 1890 May aod Juno + .166 14 1896 June and July +o. 124 :!:O. 008 
The relative personal equation of 1890 July + .238 10 --

these two o bservcrs seems to be a 1890 July and Aug. + .237 14 Moan S.- I'.- +0.147 
!unction of the time and a mean of 1800 Aug. +o. 278 ±O. ooo Prob. errir* of a single value :t:O. 0'20 
the above values would therefore --
have but little meaning. l!ean S.-M.- +0.241 

:rob. error• of a single valuo ±0.026 

' 
•Th.ls value may be taken as a measure of the variability of the personal equation, 



DETERMIN~TION OF LONGITUDE. 93 

Each value in the table depends upon 8 or 10 nights of observation, 4 or 5 nights each before 
and after the exchange of observers, and may therefore be considered to be a mean value covering 
a period of from two weeks to a month or more.. It is improbable that the variation of the rela
tive personal equation from night to night is as small as would be inferred directly froin the above 
table. The error due to personal equation, remaining in the_ deduced longitude after the 
exchange of observers, is one-half the difference between the mean value of the relative personal 
equation before the exchange of observers and its mean value after the exchange. 

DISCUSSION OF ERRORS WHEN KEY AND CHRONOGRAPH ARE USED. 

This discussion is based upon the supposition that the regular program for longitude obser
vations when using an observfog key and chronog,raph, consisting of .5 nights each before 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 the 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 star"! 
at each station. If the accidental error of observation of a single star be estimated at ±0.slO, 
and this is surely a sufficiently large estimate to cover both the observer's errors and those 
instrumental errors which belong to the accidental class, th'e probable error of the final result 
arising from this cause would be ±0.slO+ .JIOO= ±o.so10. 

Second .. The statement on page 86 regarding the accidental error arising from th.e aeci
dental errors in the adopted right ascensions of the stars used, is applicable to all methods of 
observing. . 

Third. For a statement regarding the errors due to tho variation of the rate of the chrono
meter see page 86. 

Fourth. Errors arising from the variation of the relative personal equation from night to 
night,. These are probably among the largest error~ involved in longitude determinations. A 
constant error, not eliminated by the exchange of observers, may possibly arise from this source 
if the temperature, altitude, moisture conditions, ~tc., are very different at the two stations. 
Other than this, the errors arising from this source belong to the accidental class when con
sidered with reference to the computed difference of longitude and are exhibite<l in the residuals 
corresponding to the separate niglits of observation. 

Fifth. The statement concerning errors due to lateral refraction on page 86 is equally 
applicable here. 

Sixth. No change is necessary in the statement on page 86 regarding the errors due to 
variation in tho transmission time. 

Seventh. The difference of the transmission time through the two signal relays enters as 
an error in the final result. This error is made very small in the present work of the Survey 
by the use of fast-acting signal relays which are as nearly alike as possible. It might be further 
reduced if each observer carried his own switchboard with him when exchange of stations is made. 

As stated on page 87, i~ the difference in longitude which is being measured is large, say 
more than 30 minutes of time, it is well to abandon the practice of endeavoring to observe the 
same stars at both stations to such an extent as will bring the exchange of time signals near the 
middle of the time observations at each station. The error of right ascension thus introduced 
will be more than off set by the accuracy gained by the proper placing of the e~change . 

. Are there appreciable errors which are constant for the night iri the time determinations 
or in the other operations involved in the determinat~on of a longitude difference by the tele~ 
graphic method; and if so, what is the average magnitude of such errors 1 The excess of the 
probable error of a longitude difference computed as indicated on page 89 over its value as de
rived from the computed probable errors of the chronometer corrections at exchange is due to 
errors which are constant for and peculiar to each night. Using this principle 1 the error peculiar 

' For the formuhe ueed In npplylng a similar principle to latitude observations, see pp. lll>-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 observation, and 
therefore capable of further _elimination by increased observation, ,was ± 0."013. 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. It 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 tho determination extends; and, 
if so, what is the average magnitude of such errors 1 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 a longitude 
net as that given in Appendix No. 2 of the Report for 1897. The excess of the last-named 
probable errors over the first-named is due to errors which are constant for the station during 
the time of occupation. From the published adjustment of the great longitude net referred 
to above (see.pp. 246, 247, 255, of Report for Hs97), after omitting the first eleven deterihinations 
(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 ~d not capable of elimination by increasing the number of nights per station, 
expressed as a probable error, is ±0."022, 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 ± 0."011. It foll.ows that a reduction of the 
number. of nights per station to six, or even four, would result in but a slight decrease in accu
racy---about 10 per cen.t. 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 relay times, and possibly laterai 
refraction in some cases. · · · 

REDUCTION TO MEAN POSITION OP POLE. 

This correction will be applied in the office in accordance with, the Proliminm·y Results 
published annually by the International Geodetic Association (seep. ~5). 

A STATEMENT OF COSTS. 

Since 1906 forty-two differences in longitude have been detcrminc<l in the United States, 
using the transit micrometer. Forty-one were determined in four seasons. The average cost 
for the field work and preparing for the field, including all expenses an<l salaries, was $440. 
The average cost per difference for the various seasons 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 it should be ·planned to have the parties 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 telegraph.in order to avoid the 
delay and the expense of buililing 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 th~ United States . 

. No data are readily available showing the cost of the detennination of longitudes 
telegraphically, using the key and chronograph. But owing to the necessity of exchanging 



DETERMINATION OF LONGITUDE. 95 

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 costs stated above. 

LONGITUDE BY THE CHRONOMETRIC METHOD .. 

The equipment, program of observations, and methods of computation pertaining to a 
determination of a difference 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 g\ving 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 h_ack 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 never'removed during the season from the padded double-walled box in 
which they were kept for protection against sudden changes of temperature and in which the 
hack chronometer was also kept when not in use. The instrumental equipment and procedure 
at 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 m addition. Nine chronometers, eight 
keeping mean time and one sidereal, were carried back and forth between the stations on the · 
steamer Hassler. 

Aside from the time observations, the programme of operations was as follows: Just before 
beginning the time observations at Anchorage Point, and again as soon as they were finished on 
each night, the ho.ck 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, serv~d 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 
other 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 steamer comparisons. The steamer comparisons 1 determined the corrections of 
each of the traveling chronometers to Anchorage Point time. Similar operations at 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 rate 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 co:r:isiderable time, the oil in the bearings tends to become gummy. 
When started ago.in, the chronometer will tend to have a varying rate for some time until the 
~ff ects 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 compar~tively violent handling.and jarring, it should always be stopped and the 
balance wheel locked by gently inserting small wedge-shaped pieces of clean cork under it. 

1 In addition to the chronometer comparlllons referred to In this paragraph the ste11mer chronometers and the station chronometers were each 
Intercom pared dally. 1'hla waa done merely aa a check upon their perlormance. 
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A running chronometer should always be protected as carefully as possible against jars, 
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 ill the hand-as, for example, 
when a ha.ck chronometer. is carried back and forth between an observatory and a steamer in con
nection with chronometric longitudes-the gimbals should be locked to prevent the chronometer 
from swinging. ~tis 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. )..ny 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 hands of an experienced and careful officer. On shipboard chronometers should be left 
free to swing in their 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 time chronometer, 
and once in about three minutes the two chronometers tick ~xactly together (one beat=0".5). 
As one looks along a vernier to find a coincidence, so one listens to 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 the symmetry of adjacent 
lines, so here one listens for the approaching coincidence, hears the ticks nearly together, appar
ently hears them ex1J.ctly together for a few seconds, and then hears them begin to separate, 
and notes the real coincidence as being at the instant of symmetry. The time of coincidence 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 i<> noted to the nearest 
half second (either mentally or on paper). Thiq difference serves to give the seconds reading 
of the second chronomcler at the instant of.coincidence. The hours and minutes of both chro
nometeI,"S are observed directly. When a number of chronometers are to be intercomparcd, the 
experienced observer is able to pick out from among them two that arc 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 chronometers selected arbitrarily. 

At Sitka on July 13, 1894, it was observed that 18h 3om 08".00 on chronometer No. 194 
(sidereal)= 11 h 52m 30".00 on chronometer No. 208 (mean time); and that 11 h 1500 35".50 on 
chronometer No. 1510 (mean time)= 14h 48m 10".00 on chronometer No. 387 (sidereal). It 
was known that at the epoch of the comparisons the correction of No. 194 to Sitka sidereal 
time was -lm 54".01, and of No. 1510 to Sitka mean time was -600 26".34. Tho required 
corrections to No. 208 and No. 387 were computed as follows: 

h m ' h m ' Time by 194 =18 30 08.00 Time byl510 = 11 15 35.50 
Correction to 194 = -01 54.01 Correction to 1510 = - 6 26.34 

Sidereal time =18 28 13.99 Mean time = 11 09 09.16 
Sidereal time of mean noon= 7 26 53. 66 Correction mean to sidereal +01 49.93 

Sidereal interval =11 01 20.33 Sidereal inter.val = 11 10 59.09 
Correction, sidereal to mean = -01 48.34 Sidereal time of mean noon= 7 26 53.66 

Mean time =10 59 31. 99 Sidereal time = 18 37 52. 75 
Time by 208 =ll 52 30.00 Time by 387 = 14 48 10.00 

Correction oo 208 = -52 28.01 Correction to 387 =+3 49 42. 75 

The correction to reduce a sidereal to n. mean time interval, or vice versa, may be taken 
from the tables in the back part of the American Ephemeris. The sidereal time of mean noon 
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may be taken from that part of the Ephemeris headed "Solar ephemeris," and it should not be 
overlooked that it is the sidereal time of local mean noon that is required, and that, therefore, the 
longitude (approximate) of tho station must be taken into account. The correction to be 
applied to Washington sidereal time of mean noon to obtain that for the station is tho same as 
the conection to reduce a mean tune interval equal to tho longitude of tho station from Wash
ington t..o a sidereal interval. 

COMPUTATION OF LONGITUDE FROM A SINGLE ROUND TRIP. 

From the operations at Anchorage Point the correction of each station chronometer at the 
epoch of each set of ti.Inc observations became known. Tho intercornparisons on shore before 
leaving for the steamer and after returning, together with the assumption that each station 
chronometer runs at a uniform rate between time sets, gave five separate determinations of the 
correction to the hack at the opoch of the.steamer comparisons. 

Thus, on June 18, 1894, nt 3h.45 by its o\vn face, the middle epoch of the steamer com
parisons, the correction to the hack (~o. 380) was 

m 
By it;i own mte -2 
By No. 4969 rated 
By No. 2490 rated 
By No. 207 rated 
By No. 2637 rated 

8 

38. 1G (weight!). 
38.30 
38.26 
38. 1G 
38. 62 (weight i). 

Mean = - 2- 38. 30 
Weighted mean = -2 38. 25 

The comparisons of No. 380 with No. 4969 at the station on this date, computed upon the 
supposition that No. 4969 ran at n. uniform rate between preceding and followu1g timo observa
tions, showed that the correction to Ko. 380 at 211 .64 by its face was -2m 38".34, and at 411.36 
was -2m 388 .2.5. Assuming it to run uniformly between these epochs, its corrt\ction was -2m 
38".30 at 3h.45, as shown above. 

An examination oft.he daily rates of the five chronomet_ers showed that Ko. 2637 ran very 
irregularly, and that No. 380 did not run as regularly as tho other three. Henc;o these chro
nometers were assigne~ less weight than the others, as indicated above. 1 

Using the weighted mean value for tho correction to Xo. 380 at the epoch of tho steamer 
comparisons these comparisons give the correction of each traveling chronometer on Anchorage 
Point time. · • 

Similar operations at Sitka gave the correction to <'ach traveling chro.nometer on Sitka 
time on Pnch o.rrivnl at and departure from Sitku. 

Computation of difference of longitude of Sitka and Anchorage Point. 

}'IfiST TRI!' STARTING ~·noM ANCHORAGE POINT. 

Anchorage Point, I Sltku, Mny 17 Sitka, Muy 20 I 
Anchorage Point, 

Muy 15 May23 
Chronomc- ' tor:; 

-~hr. / CorroctJon 

-·-·- ·---------~ 

M. T. or Sid. Chr. Chr. Chr. i 
epoch epoch Corrccllon epoch Corroutlon 

epoch [ CorrecUon 

I ------ ----- ---··---·· -- I 
h 11 m 8 h h m 8 h h m 8 h h m 8 

M.1'. 231 11.83 .-o 03 31.39 7.54 -o 03 02.03 i.55 -0 03 02.14 7.(i5 -0 Oj 2'.l.~'l 
1 507 11.84 -0 01 03.88 7.81 -0 co 34.93 7.67 -0 00 38. 73 7.65 -0 0 01.34 
1 510 •12.15 -0 03 42.50 7. 75 -o 03 10.43 7.52 -0 03 28.:z-i 7. 75 -o 04 05.00 

190 9.49 +2 20 28.51 5.20 +2 20 53.00 5. IU +2 20 40.08 5.29 +2 2tl lG. 72 
1 542 11. 92 -0 02 55.8i 7.53 -o 02 29,37 7. i2 -0 02 31.83 7.81 -0 03 02.ll3 
1 728 0.38 +2 34 40. 23 5.08 +2 34 50. 00 .{.91 +2 34 46.00 6.23 +2 34 02.40 I 

208 12. 71 -o 42 o~.24 8.17 -o 42 or:10 8.48 -0 42 35. 70 8.50 -0 43 38.37 I 2 1117 8. 73 +3 18 39.00 4.39 +3 IQ Oil. 08 4, 15 I +3 19 12.UO 4.50 +3 18 47.44 
Sid. 3~7 11.97 +3 46 50. 04 i.llS +3 47 22.07 7. 78 I +3 47 21l.ti7 8.29 +3 47 09.31 I 

' , r ------- ·---- ------· ·-----·------- ·-------
1 It considered deslruble, the rPlutlni weights to be 11BSlg11ed to the station chronometers muy be detenulued more nccurately b) the method 

OUtllued In the footnote on p. JOO. 

:~22688°-'--41--8 
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Oomputatio!" of difference of k>ngitude of Sitka and Anchorage Point-Continued. 

FIRST THIP STARTING FROM ANCHORAGE POINT-Contlnurd. 

,------,---------- ·------·---------------------· 

I 
! I I 

Chr<>· Total At Sitka Traveling age Point to Correction 
From Anchor-

1

1 
• 

nomott•rs Dally Sitka at Sitka 
Dltror
enco of 
longl
tudo 

I 1 on Anchor-
M sf.i.or, .. -- ------ rate I agel'olnt 

! 'l'imc Rate Tlmo Rate Time Raio Time Hnto t!mo ; 
I __ , ___ ---- --------------------~ 

M.T.231 
1 507 
1 510 

196 
1 542 
1 728 

208 
2 11\7 

Sid. 387 

d h 
7 19. 82 

.81 

.oo 

.80 

.89 

.85 

.85 

.86 
20.32 

' + 1.93 
+ 2.64 
-23.40 
-17. 79 
- 6.79 
-37. 77 
-90.13 
+ 7.45 
+19.27 

d h ·' 2 24.01 +. 0. 79 
23.86 + 1.20 
23. 77 - 8. 79 
23.99 - 6.92 
24.19 - 2.46 
23. 83 -13. 90 
24. 31 -34. 57 
23. 76 + 2. 71 
24.13 + 6. 70 

d h ' ' 4 19.81 + 1.14 + 0.24 
19.95 + 1.34 + 0.28 
19.83 -14.61 - 3.03 
19.81 -10. 87 - 2.25 
19. 70 - 4.33 - 0.90 
20.02 -23. 87 - 4. 94 
19.54 -55.66 -11.64 
20. IO + 4. 74 + 0.98 
20.19 +12.57 +2.00 

d h ' 
119. 71 + 0.43 

19.97 + 0.51 
19.00 - 5.50 
19. 71 - 4.10 
19. 61 - 1. 64 
19. 70 - 8.99 
10. 46 -20. 90 
19. !l6 + 1. 78 
10. (18 + ·4. 73 

i 
h m 1 jm 1 
-0 03 30.96 '0 28.03 
-0 01 03. 37 28. 44 
-0 03 48. 00 28. 57 
+2 26 24. 41 28. 59 
-0 02 57. 48 28.11 
+2 34 31. 24 28. 66 
-0 42 29.14 27. 95 
+3 18 41. 771 28. 21 
+3 46 64. 77 28. 20 

In the form on page 97 the column he1ul<1d "Chr. epoch" gives the face reading of the chro
nometer, exp.·cssed in hours and hundredths (rather than 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 Anchorage 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 known. The ninth column gives the traveling time between steamer com
parisons from Anchorage Point to Sitka, and the tenth column gives the accumulated rate dur
ing this interval computed by the use of the eighth column. This accumulated rate being 
applied as a cocrcction to the chronometer corrccti.on on Anchorage Point time at the begin
ning of the trip gives the correction on Anchorage Point time on arrival at Sitka. This 
difference subtracted Trom the directly observed ·correction on Sitka time at that epoch, shown 
in the URper form, gives the required d.ifference of longitude. 

It should be noted that in this computation the traveling rate is supposed to be a constant 
during the round trip, but is not assumed to be the same as the· rate while 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 id.enti~al with that shown above. 

If the steamer had stopped so short a time at Sitka that only one set of steamer compari
sons had been made while there, as was frequently the case, the above computation wo\1ld have 
been simplified in an obvious manner. 

COMBINATION -OF RESULTS. 

The difference of longitude was thus computed from each traveling chronometer for 
eaeh round trip, starting from Anchorage Point, the last half trip (77:! rouhd trips being made) 
from Anchorage Point to Sitka, being omitted. A similar computation was also made for 
each round trip, starting from Sitka, the first half trip, Anchorage Point to Sitka, now being 
omitted.1 Each of these computations would be subject to a constant error if the traveling 
chronometers had uniformly accelerated or uniformly retarded rates, but their mean is free 
from this error. Ono half of the computation also serves as a check on the other half. 

1 It the steamer had returned again to Anchorage Point, so as to complete olght round trips, nil of. tho eight would have been used In tho 
first computation; and In the second computation (round trips, starting from Sitka) the Zall trip from Sitka to Anchorage Point, combined with 
the Jlr•I trip In the opposite direction, would have been usod as the eighth round trip. '!'his principle or computing the dlfferenco of longitude 
from the round trips starting from each station In tnm, and combining the two results WBll u!IOd for the first tlmo by A88lstant C. A. Schott 1n 

1857 ln deriving the dltl'erence of longitude of Savannah, Ga., and }'ernandlna, }'la. (See 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. 

Difference of longitude between Sitka and Anchorage Point, Ghilkat Inlet, Alaska. 

SUMMARY OF RESULTS FROM SEVEN ROUND TRIPS, STARTING FROM ANCIIORAGE l'OINT. 

Chronometers, 
i l Means 

M. T. or Sid. l" 2d 3d 4•h 5•h 6•h 7•h 41. Weights 

' r 

8 8 s 8 8 s 8 ! 8 

M.T. 231° 28.03 26.36 28.36 28. 19 28.45 28. 19 28. 18 27.97 3 
1507 28.44 29.06 29.18 28.26 28.27 28.20 28. 54' 28.56 4 
1510 28.57 29.25 29. ()() 28.52 28.63 28.06 28.58 28.66 7 

196 28.59 29.09 29.54 28.59 28.43 28.51 28.92 28.81 3 
1542 28.11 28. 11 28.66 28.23 28.117 28.38 28.37 I 28.33 22 
1728 28.66 28.94 29.16 28.63 28.58 . 28. 43 28.59 

i 
28. 71 6 

208 27: 95 27.40 28.21 28. 19 28.42 . 28.42 28.09 28. 10 6 
2167 28.21 28.56 28.90 28.55 28.68 28.27 28.64 I 28.54 17 

Sid. 387 28.20 28.44 28.91 27.93 28.41 27.93 28.59 28.34 6 

-- --·--

Mean 28.31 28.36 28.88 28.34 28.48 28.27 28.50 28.45 
Weighted mean 28.25 28.38 28.82 28.35 28.52 28.28 28.49 28.44 
Weight 3 1 2 2 2 1 2 

Weighted mean O" om 28' .44±0'.05 

SUMMARY OF RESULTS FROM SEVE~ ROUND TRIPS, STAHTING FIWM SITKA. 

! 

I 
Moans Chronometers, 

I 
l" 2d 3d 41.h 5•h 6•h 7•b Weights M. 'l'. or Sid. 41. 

1--·-~. 
8 8 8 8 8 8 l 8 

M.T. 231 l 28.87 28. 78 28. 74 . 28.39 28.37 28. 71 28.11 ' 28.57 3 
1507 -27. 69 29.08 29. 11 27. 76 28. 78 27.93 28.64 

I 
28.43 4 

1510 28.37 28.88 28.82 27.91 28.83 28.10 28.58 28.50 7 
196 28.59 29.07 28.95 27.66 28.03 29.56 . 29. 20 

I 
28.72 s 

1542 28.93 28.57 28.59 28.22 28.50 28.50 28.32 28.52 22 
1728 27.5~ 28.90 28.75 27.99 !!9.01 28.09 28.75 28.44 6 
208 27. 71 28.03 28.52 28.58 27.88 28. 76 27.65 I 28.16 6 

2167 28.24 28. 71 28.80 28.27 28.77 28.31 28.49 
I 

28.51 17 
Sid. 387 28.68 28.80 28.43 27.69 28.97 27.98 28. 73 28. 47 6 

I 
I 

I 
Mean 28.30 28. 76 28.75 28.05 28.57 28.44 28.50 I 28. 48 
Weighted meun 28. 41 28.69 28.70 28.13 28.61 28.38 28.44 28.48 
Weight 1 2 2 2 2 2 2 I 

Weighted mean 011 om 281 .48±01 .05 
h m s s 

Final mean JJ.. =+O 00 28.46±0.05 

Let N be the number of days during which th~ chronometers are depended upon to carry 
the time during each round trip, reckoned by adding to the "travelihg time," as given in t}le 
sixth column of the form on page 98, the interval between each comparis01.1 of the hack chro
nometer with tho traveling chfonometors and tho nearest (either before or after) time obser
vation made at that station. The weight asi>igned to each trip is proportional to the reciprocal 
of N. This weighting depends upon the assumptions that errors in the computed longitude 
arising from the time determinations and from the chronometer comparisons are small as 
COlllpared with those arising fro~ variations in chronometer rates i that the tiIDQ is carried by 
the combined station chronometers over the intervals during which they are depended upon 
With about the same degree of accuracy (duo regard being paid to the length of the interval) 
as the combined traveling chronometers carry the time during tho trip, and, fmally, that the 
errors arising from the variations in the chronometer Tates belong to the accidental cla.ss and 
are proportional to the square root of the length of the interval over which the time is carried. 
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WEIGHTS ASSIGNED TO SEPARATE CHRONOMETERS. 

Even a c\irsory examination of such a table as that given on the preceding page shows 
that some chronometers run much more uniformly than others, and therefore furnish determina
tions of the longitude difference which are entitled to greater weight. Let Z11 Z21 Z3, ••• Zn be the 
derived values of the difference of longitude as given by one chronometer on the different trips, 
and let Z be their mean. Let n be the number of trips. Then, by the ordinary laws of least 
squares, assigning equal weights to the separate trips, the probable error 9f any one of these 
l's is 

± . /(0.455) [(l-l1 )2+ (l-l2)2+ (l--z:f2j 
-V n-1 

The weight p, inversely proportiop.al to the square of this probable error to he assigned to 
a chronometer, is proportional to 

n-1 
. ((l-z,)2 + (Z-Z2)2 + (l-Z,.)2] 

The computation of weights may be put in the following convenient tabular form: 

COMPUTATION OF WEIGHTS. 

From the seven round trips starting from Anchorage Point. 

1 

Chronometer 231 l 1507 1510 I 196 1542 1728 208 2167 I 387 
I 27•.97 28-.56 28-.66 28-.81 28'.33 28-.71 280.10 28•.54 I 280.34 

-

l-li - .06 + .12 + .09 + .22 + .22 + .05 + .15 + .33 + .14 
l-l2 ' +1. 61 - .50 - .59 - .28 + .22 - .23 + .70 - .02 - .10 
l-l3 ' - .39 - .62 - .34 -·. 73 - .33 - .45 -.11 - .36 - . 57 
l-l. - . 22 + .30 + .14 + .22 + .10 + .08 - .09 - .or + .41 
l-16 - .48 + .29 + .03 +.38 - .14 +.13 - .32 - .14 - .07 
l-l6 - .22 + .36 + .60 + .30 - .05 + .28 - . 32 + .27 + .41 
l-l7 - .21 + .02 + .08 -.11 - .04 + .12 + .01 -.10 - . 25 

I 
(l-l,)2 .. . 00 . 01 . 01 .05 . 05 . 00 . 02 .11 . 02 
(l-l2)2 2;5g . 25 . 35 .08 .05 .05 • . 49 .00 . 01 
(l-la)2 . 1 . 38 .12 . 53 .11 . 20 . 01 . 13 . 32 
(l-14) 2 . 05 . 09 . 02 . 05 .01 . 01 . 01 . 00 . 17 
(l-16)2 .23 .08 . 00 .14 . 02 . 02 .10 . 02 . 00 
(l-l6) 2 .05 .13 . 36 . 09 .00 . 08 .10 . 07 . 17 
(l-l7)2 . 04 .00 . 01 .01 .00 . 01 . 00 . 01 . 06 

Z(l-ln)2 3. 11 . 94 . 87 . 95 . 24 . 37 . 73 . 34 . 75 
By 2d comb.* . 47 2.30 . 89 2. 73 . 30 1. 78 1.22 . 36 1. 32 
Mean of 2 1. 79 1. 62 0.88 1. 84 0.27 1.08 0.98 0.35 1. 04 
n-1 6 6 6 6 6 6 6 6 6 

n-1 
3.3 3. 7 6.8 3.3 22.2 5.6 17.0 

I 
Z(l-10 )

2 6. 1 5.8 

• From similar results from seven round trips starting from Sitka . 

. A similar computation was made using the seven round trips starting from Sitka, the results 
of which are shown.in the line marked ''by 2d combination," and the weigl).ts were derived 
from the mean results of the two computations.1 

DISCUSSION OF ERRORS. 

The error in a <lifference 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, the 
relative personal equation of the two observers concerned. 

1 The relative weights to be assigned to tho station chronometers when they are used to determine the correction or the hack at the epoch of 
the steamer comparlsons might be computed by an analogous process. Let 0 be the correction to a chronometer at the epoch or transit time obser
vations as determined from those observations. I.et I be Its correction at that same epoch Interpolated between Its observed corrections at the last 
precedlng and first following transit time observations on the assumption that Its rate during that Interval ls constant. J<'or a group of chronome
ters whose corrections are all determined a number of times in succession by the same transit observations, the relative weights are evidently 

1 
proportional to J: (1-0 1,. 
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The errors in the time observations will in general be very small in comparison 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 ueterminations of longitude by the chro
nometric method which will serve to give a concrete idea of the magnitude of the errors involved 
in such determinations. The relative magnitude of the errors arising from the time determi
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 checks obtained during the intercomparisons of 
chronometers show that the probable error in a. single comparison is about ±0".01, correspond
ing to a probable error of about ±4" in estimating the time of coincidence of ticks. 

The 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 the errors to be expected from this 
source. 

The various traveling chronometers are subjected to variations of temperature, humidity, 
and 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 are 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 and 1895 Reports, indicntes 
that such errors in the deduced longitudes, common to all 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. In general, however, this compensa-. 
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 rnte. There nre occasional excep
tions; for example, the Hutton chronometer No. 194 (see pp. 77-78 of the Report for 1894) 
shows a very large variation in rate due to change of temperp.ture. 

In considering the errors due to variations in chronometer rates it should not be overlooked 
that the station chronoinoters are depended upon to carry the time over the interval from the 
nearest time observations to the steamer comparisons in precisely the same manner in which 
the traveling chronometers are depended upon dm1ing the trip. ;It is because of this fact that 
it may be desirable during periods of very bad weather to supplement the transit observations 
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 Gextant observations for time. 

Unless the relative personal equation is eliminated from the computed longitude it is apt 
to be one of the largest errors affecting the mean result, except 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 rola,tivo personal equation is eliminated by direct determination or 
oth~rwise, the error of the mean result of a chronometric longitude determination will be nearly 
inversely proportional to the square root of the number of chronometers carried (provided the 
stations are supplied with a sufficient number of good chronometers to make the shore errors 
small), to the square root of the number of round trips, and the square root of t4e average valu~ 
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 ho affected very little by an increase in the errors of 
the time observations proper, resulting from very fragmentary observations on cloudy nights or 
from substituting some more approximate method for transit observations upon stars. 

From the above principles and the numerical values given in Appendix No. 3 of the 1894 
Report and in No. 3 of the 1895 Report, one may make an estimate of the errors to be expected 
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ii the above 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 all time observations at both ends of the trip himself. 

In connection with any plan of operations which involves long intervals between the 
arrival at and the departure from a given station, it should be kept in mind that the computation 
usually involve8 the assumption that the rates· of the traveling chronometers are the same on 
the trip to the station as on the ret!-.lrn trip, and therefore a long stay at the station is apt to 
increas~ the error of the final result by givin~ the chronometers a long time to acquire new rates. 
Under extreme conditions it may sometimeR be well to avoid this assumption and to use a 
separate traveling rate for each hall trip derived from observations just preceding or following 
that half trip. 



PART III. 

THE DETERMINATION OF LATITUDE. BY MEANS m' THE ZENITH TELESCOPE. 

INTRODUCTORY. 

A moasuromont of tho meridional zenith distance of a-known star, or other celestial object, 
furnishes a dotormination.of tho latitude of tho station of observation. In the zenith telescope, 
or Horrebow-Talcott,1 method Qf determining the latitude, thoro is substituted for the measure
ment of the absolute zenith distance of a star tho measurement of the small difference of meridional 
zenith distn.ncos of two stn.rs culminating at about tho same time, and on opposite sides of the 
zenith. Tho effect of this substitution is tho attainment of a much higher dogroo of precision, 
arising from tho increased accuracy of a differential measurement, in gonoral, over tho corre
sponding absolute measurement; from tho elimination of tho use of a graduated circle from the 
essential part of tho measurement; and from tho fact that the computed result is affected, not 
by tho error in estimating tho absolute value of tho astronomic refraction, but simply by the 
error in estimating tho very small difforonco of refraction of two stars at nearly tho same altitude. 

Because of its groat accuracy, combined with convenience and rapidity, .tho Horrebow
Talcott method has bocomo tho only standard· method of this Survey. For other methods of 
determining tho latitude, involving in most cases n,bsoluto measurements of zenith distance or 
altitude, tho roador is referred. to. treatises on astronomy. 

Tho method of. dotormining tho latitude by observing tho time of transit of a star across . 
the prime vertical, is one which is capable of a very high degree of accuracy and is well adapted 
to field use, as tho effects of instrumental errors may be readily eliminated". To determine the 
latitude of a station by this method, tho times of transit of vnrio~s stars (of positive declination 
less than tho latitude) across tho plane of a transit placed approximately in tho prime vertical 
are observed. Tho inclination of tho transverse axis is determined accurately with a striding 

· level. The effects of error of collimation and pivot inequality are eliminated by reversal of tho 
axis. Tho effects of azimuth error (deviation of the instrument from tho prime vertical) and 
Of constant errors in tho obs<lrvod timGS (personal equation) are eliminated by observing some 
stars to tho eastward of tho zenith and others to the westward. Tho declinations of the stars 
observed must be accurately known, as tho declination errors entor directly into the latitude at 
about their full value, but tho right ascensions need bo known but approximately. 

This method has boon little used by this Survey, porhn.ps bocauso m~re time is required to 
prepare an extended observing list than 1n tho zenith telescope method, but it may bo found 
useful in the future. If tho only instrument available is a theodolite having a good striding ' 
level, but not equippod for ol;>servations by the zenith telos~ope method, observations ·in the 
prime vertical will give tho best possible determination of tho latitude. (For details in regard 
to this method, soe Chauvenet's Astronomy, Vol. II, pp. 238-271, and Doolittle's Practical 
Astronomy, pp. 348-377. For an interesting early test of the method [1827] by Bessel, with 
a vory small portable instrument, soe Astronomische Nachrichten, Vol. 9, pp. 41-3-436.) 

GENERAL INSTRUCTIONS FOR LATITUDE WORK. 

1. In ordor that tho records and ·computations of the latitude work of this Survey may be 
uniform in character and that there may be approximately the same accuracy in the results, 
some general directions are given hero which should be carried o~t by all observers of this Survey, 

1 Beel" 245 of Appendix 14, Report for 1880, for some general remarks on Taloott's method. 

103 
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engaged upon this class of work, unless they are directed otherwise by special instructions or 
unless exceptional circumstances are encountered which make changes necessary or desirable. 

2. The Horrebow-Talcott method should be followed, using tho zenith telescope or the 
meridian telescope. (See p. 8 for description of the latter instrument. The zenith telesc0pc 
is described below.) " · 

3. A pair of stars should be observed only once at a given station, unless some gross error 
is discovered, in which case the pair may be rcobservcd. Not more than two stars should be 
observed at one setting of the instrument. A star may be observed on more than one night, 
if paired with a different star on each night. 

4. A sufficient number of pairs should be observed at a station to make it rettsonably 
certain that the probable error of the moan result is not greater than ± 0" .10 (see directions 
for procedure in making the office cQlllputntion). No additional expenditure of time or money 
should be made in trying to reduce the probable error below this lin;iit. In no case, however, 
should the number of pairs observed at a station be less than 10 . 

.5. No determination of the micrometer value should be made in the field, as this value is 
computed at the office from the regular observations for latitude. 

6. The pairs observed should ~e so selected that the algebraic sum of the measured micro
meter differences in turns at a station is less than the total number of pairs. This sum should 
be made small, in order ~hat the computed fotitude may be nearly free from any effect of error 
in the mean value of the micrometer screw. 

7. The stars observed upon shoulcrbe taken from "The Preliminary General Catalogue of 
618~ Stars for the Epoch 1900" by Lewis Boss, which was published by the Carnegie Institution 
of Washington in l!HO. 

· 8. Duplicates qf the httitude records, in the form of entries in the latitude computation 
sheets, should be m~de and checked. as the work progresses. Only such portions of the latitude 
computations should be made in the fi<'l<l as are necessary to ascertam the degree of accuracy 
secured. 

9. The duplicates. and computations, both complete and incomplete, for each station should 
be sl':nt 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 office by registered 
mail soon after the last of the corresponding duplicates and computations have been forwarded, 
but not so soon as to arrive in Washington by the same mail. It is desirable to have the re~ords 
and computations sent to the office promptly, in order to avoid their possible loss.· 

10. Original descriptions of stations shoulrl be inserted in the original record of latitude 
observations and a duplicate description of each station should be written in ·a volume kept 
especially for the purpose. This volume should be sent to the office at the close of a season's 
work. 

ll. Tho form of record of observations and of field and oflice computations of results 
shoulcl conform to those shown in this publication. 

These General Instructi.ons will be referred to from time to time in the succeeding text. 

DESCRIPTION OF THE ZENITH TELESCOPE. 

Illllstration No. 13 shows one of the brn>t .zenith telescopes now in use in this Survey. This 
instrument, Zenith Telescope Ko. 4; was originally made by Troughton & Simms, of London, 
in 1849, and was remodeled at the Coast and Geodetic Survey OHice in 18!H. It carries a 
telescope with a clear aperture of about 76mm (3 inches), and a focal length of about 116.6cm 
(46 inches). The magnifying power with the eyepiece ordinarily used is 100 diameters. Two 
latitude levels are used instead of one, to secure increased accuracy. Each of these levels 
carries a graduation which is numbere1l continuously from one end to the other (instead of 
each way from the middle), the numbering of the upper one running from 0 to 50 -and of the 
lower from 60 to 110. A 2mm division oq the upper level has a value of about l".6 and on the 
lower about 1 ".4. The vertical axis of the instrument is in the vertical plane in which the 
telescope swings. The clamp arm, perforated for the sake of lightness, givPs the telescope a. 



No. 13, 
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marked degree of stability in so far as changes of inclination are concerned. The eyepiece 
micrometer, arranged to measure zenith distance, has a value of about 45" per turn, and the 
micrometer head is graduated to hundredths of a turn. 

The better known type of zenith telescope, in which the telescope is mounted eccentri(!ally 
on one side of the vertical axis instead of in front of it, is also in use in the Survey. The meridian 
telescopes described on page 8 are extensively used for latitude determinations, as \Veil as 
for time. 

In latitude work with the meridiar! circle nt u.stronomic observatories the instrument is 
usually fitted with a reversing prism. By rotating this prism the apparent n1otion of the star 
is changed from the direction right to left to the direction left to right or vice versa. A pointing 
is :made on the star before it transits, the prism is reversed, and a second pointing is made after 
the transit. The observer may always place the wire 11bove .the center of the star's image (or 
below) but as the image is reversed by the prism, one of the pointings is mo.de on the south side 
of the center of the star and the other pointing on the north side. The mean of the two point
ings will be free from any const1111t or systematic error in the bisection of the star. It is believed 
that the systematic error of bisection does not u.ffect the results of latitude observn.tions made 
by the Talcott method, except to 11 smull degree due to the foct tlrnt 1111 observer's systematic 
error of bisection may be slightly different for stars of different mngnitude. A pair may be 
composed of stars of very different m11gnitudes. The reversing prism need not be used in any 
latitude observations by the Talcott :method which are ma'de for the u13ual geodetic or geographic 
purposes. 

SUPPORT FOR THE INSTRUMENT. 

The support for the latitude instrument most frequently used in this survey is a wooden 
tripod made of lumber about 6 inches square in cross-section, well braced and fl.et firmly. in 
the ground to a depth of from 1 to 3 feet, depending on the nature of the soil. Piers made of 
brick, of cement blocks, or of concrete are also used. The concrete pier is not as satisfactory 
as the other types, if it· is used very soon after it is constructed. When-latitude and azimuth 
are both observed at a station the same pier may be used for mounting both the latitude instru
ment and the theodolite. A type of pier used by some of the parties of this Survey is shown 
in illustration No. 24 and is described on page 140. 

OBSERVATORIES AND OBSERVING TENTS. 

At the field stations only a temporary structure to protect the instrument from wind 
during the observations and from ruin during the stay at the station is needed. The observer 
is seldom at a station more than a week after everything has been made ready for the observing,· 
and an observatory such" as is shown in illustration.No. 14, built of rough lumber, answers every 
purpose. It is advisable to have 2 doors in the observatory to insure the free circulation of. 
air. No part of the building should touch the ground except at the corners. The roof may 
be made water-tight by boards or a covering of felt or t_ar paper. A ~anvas sheet is sometimes 
caq·.ied with the outfit and the roof is made by stretching this sheet over the rafters and tying 
it to the sides of the observatory. The canvas may be removed during the observations, thus 
leaving the whole top of the 'observatory open to the sky. 

When a station is located in a town, although for only a short time, the observatory should 
as a rule be made neatly, of smooth lumber, as shown in illustration No. 15. Buildings at 
permanent latitude stations need not be cHscussed here, as this publfoation ~eals only with 
observations made for geodetic or geographic purposes. 

An observing tent such as is shown in illustration No. 16 or in illustration No. 17 is more 
frequently used on latitude work than the wooden observatory, and it hns the great advantage 
that it i<> easily transported and quickly set up. Except on mountain peaks or at other places 
where transportation is diHicult the tent has a floor similar to thnt used with an observatory. 

Where a floor or platform is not used, the observer must be extremely careful not.to shift 
his weight during the interval between the pointing on a. star and the reading of the levels, 
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and in this case the bubble readings must be made by an attendant who must also stand in 
one place without shifting his weight from the time the observation is made until the level 
is read. 

ADJUSTMENTS. 

When setting up the 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 level, if there 
is one on the instrument, and the final adjustment made by using the latitude level. The 
position of the horizontal axis may then be tested by readings of the striding level. If the 
horizontal a.xis is found to be illclined, 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 qld form. 
With the new form of instrument (illustration No. 13), or with a meridian telescope, the two 
axes will always remain so nearly at 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 at a 
station, since the angular value of one turn of the eyepie('.e micromefor 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".131. 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 ha.bit of carefully keeping the draw tube clamped for the 
purpose of holding the ',micrometer value constant, it is interesting to note that while in the 
field in 1905 Assistant W. H. 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 a.re to be made must be truly 
horizontal. This adjustment may be ma.de, a.t least approximately, in daylight after the 
other adjustments. Point, with the movable thread, upon a distant well-defined object, with 
the image of that object near the apparent right-hand side of the field of the eyepiece, and with 
the telescope clamped in zenith 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 made 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 uponw a slow-moving star as it 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. It is especially important to make this adjustment 
carefully, for the tendency of any inclination is to introduce a constant error into the computed 
values of the latitude. 

The line of collimation (seep. 13) as 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. It 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 i80° about the horizontal 
axis. It may be made as for an engineer's transit, but using two fore and two back points, 
the distance a.pa.rt 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 
mo.y be used and the horizintal circle trusted to 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 position~ to the 
other. Thus, let d =the distance of the vertical axis from the axis of collimation of the tele
scope, D =the distance to the point, and p =the parallax for which correction is to be; made; 
then, in seconds of arc: 

2d 
P,= D sm,1" 

If one considers the allowable limit of error in this adjustment (seep. 134) it is evident that 
refined tests are not necessary, and that a telegraph pole or small tree, if sufficiently 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 for ·the date. Follow the star with the middle vertical line of the reticle, at first 
~th the a=?imuth motion free and afterwards using the tang~nt screw on the horizontal circle, 
until the chronometer, <(Orrected 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 chrono~eter may be obtained by ohservations on the sun or stars 
with a sextant or a vertical circle (see pp. 52-56), by observing the time of transit of stars with a 
theodolite, or by using the zenith telescope' as a transit instrument. With the zenith telescope 
in good adjustment and approximately in the meridian and the sidereal time known within 
several minutes, the chronometer 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 the chronometer correction within a second. , Wi.th this, value of the chronometer 
correction the telescope may be put closely enough in the meridian for observing. 

The finder drcle must be adjusted to read zenith distances (seep. 16). 

THE OBSERVING UST. 

The Boss catalogue 1 of 6188 stars is now available, and is at present the best list from 
which to select pairs of stars. (See paragraph 7 of General Instructions, p. 104.) The latitude 
of the 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 the 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 all available pairs in a given list one may, 
for ·each star in succession within the zone of observation, 45 ° each way from the zenith, sub
tract the declination from twice the latitude and then compare this difference v.ri.th the decli
nation of each star in the list within the following 2om of right ascension. Any star whose 

, declination 2 is within 20' of the above. difference will combine with the star under considera
tion to make a pair, provided the other conditions stated below are fulfilled. By proceeding 
thus every available pair will be found. 3 

1 Preliminary general catalogue of 6188 stars for the epoch 1000, Lewis Boss, Carnegie Institution or Washington, 1910. 
•Or 180"-b for subpolars. 
a At stations in Alaska there are but few stars in the zone extending .w• northward rrom the zenith as compared with the corresponding zonr. 

to the southward, and the above pr00088 may be improved by taking In succession only stars to tho north or the zenith and comparing each with 
stars ln both Ille preceding and the /o/Jowl7l{I l!P. To make tho ooarch with a subpolar star subtract 180°-b from twice tho latitude and pair with 
any star whoso docllnatlon le within 20' or this dltl"orenoo, provided Its right 1181.'tmslon dUYers from Umt of tho subpolur anywhere from lib 4{)0l to 
121> 2()11>. 
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'Observing list (F'orrn 1). 

(St. Anne, Ill., June 2.'i, JOOS. Zenith tcie.-<eope No. 4. .p-41° Ol'.3. Search lactor~2 .p~s2• 03'.) 

··------··----------1-· 
Setting Star No. Dec Jina- Differ- Ib- Star 

Boss Mag.· Right 88('6n· ti on en co sum of Ib-2.p N-S- north or -i dUYer- ~ '!'urns 
catalogue slon b between decline.- a• ci·a- south ence of 

b'• tlons 2<,6) ,)'s 

---
h "In 8 

0 I 0 I 0 I I 0 I 

4327 4.5 16 55 22 82 11 N 12 
4379 4.9 17 11 53 -0 21 82 32 81 50 -13 -17 s 41 16 28 

4441 5.9 17 28 13 28 28 s 10 
4494 5.8 17 42 04 .53 50 25' 22 82 18 +15 +20 N 12 41 30 

4623 5. l 18 13 22 64 22 N 24 
4651 5.4 18 18 45 17 47 46 35 82 09 + 6 +8 s 23 18 16 

4669 5.9 18 22 26 29 47 s 20 
4711 5.5 18 31 52 52 17 22. 30 82 04 +1 +I N ll rn I 20 

•a-number ol turns ol tho micrometer scrow In one minute ol arc-1.34. Tho value ol one tum ol tho micrometer screw-44" .650. 

The approximate mean right ascensions and declinations for the observing l\st are obtained 
for the time 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 the 
right ascension and declination given ir;i. the catalogue used. 

In the above form there is no column for zenith distances. The setting for a pair is one
half the difference between the declinations of the two stars of a pair.· To get the values in the 
column N -8 subtract double the .latitude (for station St. Anne, 82° 03') from the sum of the 
declinations of the two ~tars and multiply the result in minutes of arc by the number of turns 
of the micrometer screw in a minute of arc. N -Sis positiv~ if tho north st.ar ha..<i the greater 
zenith distance and is negative if the south star has the greater zenith distance. The center 
of the comb in the micrometer eyepiece is called 20, and increasing readings on the graduated 
head. go with increasing zenith distances. Then the setting of the micrometer wrre for any 

N-S N-S north star is 20 + ~ and for any south star 20 - ~· These settings are given in the last 

column of the above table. 
When one star of the pair is a subpolar, the finder ~ircle setting is 90°-P'3. N -Sin this 

case i'l a. (180°-differenco of 3's-2<f>) and is positive or negative according as the north star 
has the greater or lesser zenith distance. Tho 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. The approximate reading of the turns i.s given tc;> facilitate identification of 
the stars and to enable 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 for 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 th(' stars. 
In the first 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 as 
those in tho fh-st form of star list. 
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Observing List (Form 2). · 

[St. Anne, IJI., iune 25, 1908. Zenith Telescope No. 4. 91-41° 01'.3. Bearoh ractor-180°-2 91-9r 57'.J 

Sum or 
Star No., North polar N. P. D.'s; Star Setting and search north Boss cat- Mag. 4 distances and foctor minus N-S• or -11 dlf. or Tuma 

alogue difference sum of south N.P.D.'s 
N. l'. D.'s 

h m 8 0 I 0 I 0 I 

4327 4.5 16 55 22 7 49 N 12 
4379 4.9 17 11 53 90 21 98 10 s 41 16 28 

82 32 -13 -17 

4441 5.9 17 28 13 61 32 s 10 
4494 5.8 17 42 04 36 10 97 42 N 12 41 30 

25 22 +u; +20 

4623 5.1 18 13 22 25 38 N 24 
4651 5.4 18 18 45 72 13 97 51 s 23 18 16 

46 35 +6 +8 

4669 5.9 18 22 26 60 13 s 20 
4711 5.5 18 31 52 37 43 97 56 N 11 15 20 

22 30 - +1 +1 

I N-S-a (search !actor-sum or N. P. D.'s), where a-number of turns or the micrometer screw In one minute of 
arc-1.34. The value of one tum ol the micrometer screw-44" .650. 
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When a subpolar star is used slight changes will be necessary, similar to those described 
for the case where the observing list is prepared in terms of the declinations. 

Among the requisites for a pair of stars for an observing list, are, that their right ascensions 
shall not differ by more than 20m, or 12h±20m when a subpolar is used, to avoid too great errors 
arising from instability in the relative. positions of different parts of the instrument; nor by 
less than about 1 m, that interval being required to take the readings upon the first star and 
prepare for the second star of a pair; that their 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 45°, to guard against too great an uncertainty 
in the refraction. The third of the above conditions may be used more conve.ciently in this. 
form; the sum of the two declinations must not diifer 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 last 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 the next, under favorable circumstances. The omitted pairs may be included in a list 
prepared for the second or third night of observation. It will frequently be found that the 
same star occurs in two or more different pairs. Such pairs may be treated like those which 
overlap in time.1 ' 

DIRECTIONS FOR OBSERVING. 

AU adjustments having previously been made, set for the first star and await it with the 
bubble of the latitude level nearly in the middle of the tube, and with the micrometer line at 
that part of tho comb at which the star is expected, as shown by the observing list. Watch 
the chronometer so as to know when to expect the star. When the star enters the field, place 
the micrometer line approximately upon it. As soon as the star comes within the safe observing 
limits of the field bisect it carefully. As the star moves along watch the bisection and correct 

1 Past records furnish abundant evidence that observations made by pointing twice upon a close zenith star, once In each position of the 
ln.•trument, give results of a low order of accuracy, probably because or the hurry with which the observations must bo made, and of the !aot th&t 
one or both of the observatl~115 must be made out of the meridian. It Is therefore not advisable to make such observations. 
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it if any error is detected. Because of momentary changes in the refraction, the star will 
usually be seen to move along the line ;with an irregular motion, now partly above it and now 
partly below. The mean position of the star is to be covered by the line. 1 It is possible, but 
not advisable, to make several bisections of the star while it is passing across the field. As 
soon as the star reaches the middle vertical line of the diaphragm read off promptly from the 
comb the whole turns of the micrometer, read the level, 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. The 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 telescope which tends to enter the result directly us an 
error. The last motion of the micrometer head in making a bisection should always be in one 
direction (preferably that in which 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 as to give it as little time as possible to change its position after the bisection. The desired 
reading is that at which it stood at the instant of bisection. A void carefully any heating of 
the 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 level must be kept constant. If it is necessary 
to relevel, to keep the bubble within reading limits, use the. tangent screw which changes the 
inclination of the telescope. Even this may introduce an error, due to a change in the flexure 
of the telescope, and should be avoided if possible. It is desirable to relevel the instrument 
from time to time between pairs, so as to keep the level correction Bmall, less than one division 
of the level if possible. 

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 tho adjustment of tho 
stops in azimuth remains satisfactory. It is desirable (though not necessary) to have a 
recorder. He should be ·a man above the average in intelligence, and should be able to pre
pare an observing list after a little practice and to assist in computing the results. It 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 the chronometer in such a way as to indicate 
when the star is to culminate. Such counting aloud serves a double purpose. It is a warning to 
the observer to be ready and it indicates where to look for the 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. It 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 (seep. 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 sanie interval, o• to 5•, the differ
ence between the mean and apparent right ascension. If a star can not be observed upon the 
middle line, on accoun,t of temporary interference 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 the meridian. 

It is desirable to make all settings with such accuracy that the mean of the two micrometer 
readings on a pair shall not differ from 20 turns by more than 1 turn. It is not infrequently 
true that the value of a micrometer screw increases slightly but steadily from one end to the 
other. In such cases the correction to each observed value of the latitude, due to this irregu· 
larity of the screw, will be insensible if the settings arc mnde with the indicated accuracy, but 
not Qtherwise. 

1 This wording mll8t be nrodllled to correspond If, In accordance with the consldemtlons stated on p. 141, two close pamllel lines are used 
Instead or a single line. 
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EXAMPLE OF RECORD AND COMPUTATIONS. 

Zenith telescope record for latitU<le. 
Fonn255. 

(Station, St. Anne. Date, June 23, 193S. Chrono~eter, 2637. Observer, W. Bowle.] 

·--1 Star ~Ucrometer f Levo! Chronomo- Chronomo-
No. ol [ number N.or ----·---- tertlmeor ter time o{ Meridian Hcmnrks pnlr Boss s. I I culmlna- obscrva- distance 

, Cnt. --I Turns Dlv's. North South tlon tlon 
___ 1 ___ ---

0 

10 ! 

j 
IL I 

12 

Form 32a. 

Order 

1 
2 

Date 
Star No. 

3 ! <ro 

7 / a.-1..,,." 
11 ll+a0 
4 iJ0 

8 J" 
9 P'x 

12 Q'0 
13 iJQ1 

, 

I d d 

116 4327 N 11 I G9.0 6.0 39.1 (*) 55 24 (*) +3ot 
67.8 99.5 +46 

43?\l s 27 34. 4 40. 2 7.2 li 11 4i Stntck Instrument 
100.5 68. 7 

4441 i s 9 ' 61.0 40.3 7.2 17 28 07 
101.2 69. 4 +24 

4494 N 31 47.0 7.1 40. 4 17 41 58 
69.4 IOL. 3 

4623 N 24 &<\.2 \l.2 42.6 lS 1'3 HI 
71. 6 103.8 +16 

4651 s 16 66.0 42.2 8. 7 18 18 39 
103. 2 71.0 

4660 s 19 62. 5 44. 2 10.9 18 22 20 
106.0 73.8 +15 

47ll N 20 55. 41 11. 2 44. 7 18 31 45 Moon of double star 

I 74.4 106. 5 
\ 

*Those columns are only used when a star ls observed off tl1e morldlnn. 
t This Is the continuous sum, up to this pair, or the south minus tho north micrometer turns. 

Reduction, mean to apparent declination, with Cape tables. 

I 
June 25, 1908 

4327 

]6 55. 4 

I 18 3:t 8 
4 40.0 

82 ll 

+2. 95 
-2.49 

[Station, St. Anne triangulation latitude station.) 

4379 4623 4441 

17 28.2 

4494 

17 42. 1 17 11. 9 18 13. 4 

4651 

18 18. 7 

18 50.:l 19 06.B 19 20.5 19 51.8 J!l 57.1 
4 5G. 5 5 12. 8 5 2G. 7 5 58. 0 Ii 03. 3 

-0 20 28 28 53 50 • (i4 2l J 7 46 

+4. 36 +5. 74 +6. 90 +9. 40 +9. 81 
-3. 68 -4. 84 -5. 82 -7. 92 -8. 27 

+6. 26 o. oo +i. 78 +2. 14 +o. 14 -o. 08 
o. oo -o. 03 +o. 03 +o. 02 o. oo o. oo 

! 
I 
I 
\ 

I 

I 

4GG9 

18 22.4 

20 00.8 
6 07.0 

29 46 

JU 

+I0.08 
- 8.50 

- 0. 27 
0.00 

14 Q' +6. 26 -o. 03 +L 81 +2. rn +o. 14 -o. 08 - o. 21 
15 Q'y +o. 66 o. oo +o. J9 +o. 23 +o. 01 -o. 01 - o. 03 

5 ho(") I 23. 30 -3o. 91 24. 93 23. 54 57. 64 46. a1 31. 42 
lo P'+P'1: J +o. 46 + o. 68 +o. 90 +i. 08 +L 48 +i. 54 + i. 58 
16 Q' +Q'y +6. 92 - o. 03 +2. oo +2. 39 +o. J5 -o. 09 - o. 30 
17 I 1 +o. 08 + o. 58 +o. 52 +o. 35 +o. 25 +o. 56 + o. 51 
18 /L' rµ' 1-.001 .00 1-.059-.03 +.024+.0l -.035-.02 +.029+.0l +.007 .00 -.033-.02 

~~-1-~~~~ ~~~~~:~~~~~:~~~~-1-~~~~-:-~~~~-1-~~~~-

19 a(") I 30. 76 ) 29. n \ 28. 36 ! 21. 34 59. 53 \ 48. 62 33. w 

6 log g=O. 49813 
log g0= 1. 30216 

log ll=log (l+x)=9. 19597 
Uo 

l+x=+0.157 

log lt=I. 31041 
log h0=1. 26717 

h 
log ro=log (J +11)=0. 04324 

l+y=+L 105 

h m 
G= J 38. 4 
ll=ll 44. 6 

i=+O. 585 

r= o._483 

Make computation by horizontal lines in tho order indicated. For expla.na.tioD of Q0' and IJ Q', aeo pages (2) and (5) 
of Cape tables. Opposite IJ0 in tho sixth lino place tho degrees and minutes, and opposite !J0 (") the seconds of tho 
mean declination. Tho quantities x, y, i, and 't' may ho a.aaumod constant fora night, and should be taken for an epoch 
midway between tho first and last stars. The quantities G and II may ho assumed constai1t for periods not exceeding 
four hours each, and should be takenforthemidwayopoch ofeach such period. Use « 0 , G, H, G+Cl'0, and II+a0 , to tenths 
of minuoos of time; x, y, and 't' to three significant figures; and all other quantities to two decimal places. 
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Form 33. Latitude 
[Station, St. Anne. Stutc, Illinois. 

r-D·•·- ----\,-- Catalogue 

~w Meridian 

I 
I 

distance 

Star_N_·o_. -~~9-or_I Heading ,_D_l1Y_.z_._n_. - ---n--I---- _D_HI_._i _____ : ______ 
1 

Micrometer Love! 

Declination 

19og. 
June 25 I 

t d d d d 1 d ! S ll O I II 

4327 N 11 69. 0 06. 0 39. 1 82 I l 30. 76 
I +M ~4 ~8 ~5 

4379 s I 27 34. 4 40. 2 01. 2 +2. l -o 20 29. 11 
! 100. 5 68. 7 ! 

4441 s 9 61. 0 

4494 N 31 47.0 
-21 86. 0 

40. 31 07. 2 
101. 2 69. '4 ' 
07. I ' 40. 4 -0. 05 I 
69. 4 : 101. 3 

4623· I N 24 88. 2 09. 2 42. 6 

I

I - 8 22. 2 71. 6 I Q3. 8 
4651 s 16 66. 0 42. 2 08. 7 -1. 05 

103. 2 71. 0 

2S 28 28. 36 

53 50 27.34 

64 21 59.53 

17 46 48. (i2 

29 46 33. 19 4669 I s I 19 62. 5 44. 2 IO. 9 

______ 4711 _ ~J-~o--55 ___ 4 _____ 

9

_

2

·_

9 

__ 

1

._r_!:_~ ___ 1_~_t_~---=--o_._9_5~---- ----~ : 52 16 49.44 
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computation. 
Observer, W. Dowic. Instrument, zenith telescope No. 4.) 

Sum and half sum -

Micrometer 

a I " I II 

81 51 01. 05 
40 55 30. 52 +5 49.48 

82 18 55.70 
41 09 27.85 --8 08.02 

82 08 48. 15 
41 04 24.08 -3 03.56 

82 03 22. fi3 l 
41 01 41. 32 -0 20.74 

I 

Corrections 

I 
J,ntltudc 

Level Ro!ractlon Meridian 

II II /I a I II 

+o. 78 +0.18 41 01 20.96 

-0.02 -0.14 41 01 19.67 

-0.39 -0.06 41 01 20.07 

-0.35 -0.01 41 01 20.22 

II 

Value of one division of la.titudo level: Upper -1. 600 
Lower -1. 364 
Mean -1. 482 

113 

I l 
Hemarks I 

Struck instrument 

I 
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I 

Summary of 7,atitude computation. 

[St. Anne, Ill., June 25, 1008.) 

I I 
' I I Star No. Mic. ditr. 

"' def> Jef, Min Corrected. J,P i¢2 Doss catalogue 311 41° 01' 

"' 
i 

---- ---
// ; // I 

3667 3729 + 8.3 20.26 -0.03 0.00 -0.11 20. 15 +0.09 0.01 
*(2265) 3803 + 0.1 19. 77 +0.46 0. 21 . 0.00 l!). 77 +0.47 0.22 

3842 3856 -14.3 20.02 +o. 21 0.04 +0.20 20.22 +0.02 0.00 
3949 3979 +14.1 20.40 -0.17 0.03 -0.19 20.21 +0.03 0.00 
4063 4072 - 9.1 20.24 -0.01 0.00 +0.12 20. 36 -0.12 0.01 
4081 4090' +13.8 . 20. 54 -0. 31 0. 10 -0.19 20.35 -0.11 0.01 
4112 4129 +16.3 20. 15 +0.08 0.01 -0.22 19.93 +o. 31 0. 10 
4161 4201 + 2.3 10. 80 +0.43 ! 0. 18 -0. 03 19. 77 +0.47 0.22 
4327 4379 +15. 7 20.96 -0. 73 I 0.53 -0. 22 20. 74 -0. 50 0.25 
4441 4494 -21. 9 19. 67 +0.56 I 0.31 +0.30 19.97 +0.27 0.07 
462:~ 4651 - 8.2 20.07 +0.16 0.03 +0.11 20. 18 +0.06 0.00 
4669 4711 - 0.9 20.22 +0.01 0.00 +0.01 20.23 +0.01 0.00 
4745 4758 + 2.8 20. 77 -0. 54 0.29 -0. 04 20. 73 -0.49 0.24 

*(3019) 4799 -16.4 20. 53 -0. 30 0.09 +o. 22 20. 75 -0. 51 0. 26 
4824 4892 -16.1 20.06 I +o. 11 0.03 +0.22 20.28 -0. 04 0.00 

' ----
+sum ............. 73.4 1 .......... 1 2. 08 1. 85 I .......... ····-····· 1.73 1.39 
- Rum ............. 86. !) .......... 1 2.09 ·········-1--·-······ ·········· 1. 77 ...... -- .. 
Algebraic sum ..... -13. 5 ,.... ...... -0. 01 ···-···-·· -········· ·········· ::::::::::i:::::::::: Mean .............. ..., 0. !) ! 20. 2:l I 20.24 ;·· ........ ·······-··i·········· 

-----·--
* 226.5 and 3019 aro ton-year 1880 numbers. The mean dcclinntions for these stars were obtalnc<l lrom several sources. 

The value of one-half tum of the micrometer us used in the ficld=22".325. 
Mean</>, 8 pairs with plus micrometer differcncc=41° 01' 20".33. 
Mean ~b, 7 pairs with minus micrometer difference= 41° 01' 20".12. 
The mean of 7 pairs \\tith minus micrometer differences minus the mem1 of 8 pairs with plus 

micrometer differences= - O" .21. 

Observntlon equations 

c- 8. 3r1 -0. 03=0 
c- o.1r1+0. 46=0 
c+l4. 3r1+0. 21=0 
c-14. lr1-0.17=0 
c+ 9.lr1-0.01=0 
c-13. 8ri -0. 31=0 
c-16. 3r1+0. 08=0 
c- 2. 3r1+0. 43=0 
c-15. 7r1-0. 73=0 
c+21. 9r1+0. 56=0 
c+ 8. 2r1+0.16=0 
c+ 0. 9r1+0. 01=0 
c- 2. 8r1-0. 54=0 
c+16. 4r1-0. 30=0 
c'+l6. lr1+0.17=0 

Latitude of St. Anne latitude station 

Jl:ormul c<111ations 

l5c+l3. 5r1 -0. 01=0 

13. 5c+2346. 59r1 +31. 872=0 

Ti= -011
• 0137 

c= +011• 0130 

=± /~.45~Xl.3~=±0'1 0046 er, V 2:~34X 13 · 

Corrected value of one-half tum of micromete1 screw 
=2211• 3113±011

• 0046 

=± /o.45oXLa9_±0,1 22 ep )' 13 · 

- ± /0.455Xf.39 ±0". 06 
eq,- -V 13Xl4. 92 

Reduction to sea level, elevation of station, 206 meters 
Reduction to menn position of pole 1 

· 

=41° 01' 20".24±0".06 
-0.03 

Latitude of St. Anne latitude station, reduced to sea level nnd 
the mean position of the pole 

For an explanation of the above adjustment see page 130. 

1 Seo Astronomlscho Nnchrlchton No. 4414. 

+0.07 

= 41 ° 01' 20" .28 ± O" .OG 
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GENERAL NOTES ON COMPUTATIONS OF LATITUDE IN 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 theoretical weights are 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. 

A first rejection limit of 3" .00 from the .mean value of the latitude is used. 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 5e11 is used as an absolute rejection limit, 
and 3.5e11 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 conditions during the observation of the particular pair concerned, con
tradictions in the record indicating a probable misreading, or a mean declination of a star with 
a probable error so large that it might account for the large residual. · 

A new value of one-half tum of the micrometer is to be derived from the latitude observa
tions only in those cases in which the mean latitude from pairs with plus micrometer differ
ences differs by more than 0".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 
tum, if derived from the observations, would differ from the old by less than 0".01 and the 
final latitude would ordinarily be changed by less than 0".01. It is also believed that the derived 
correction to the old value would, in these·cases, be but little, if any, larger than its own probable 
error. 

The formulre used in computing the probable errors, if a correction to the micrometer value 
is derived from the latitude observations, are: 

The correction for elevation to reduce the mean latitude to sea level is always applied. 
(See p. 130.) 

The reduction to a triangulation station or to other points is also applied on the latitude 
computation and the relation of the latitude station to such point or points is there indicated. 
Unless the latitude station is within a few meters of the triangulation station and due east or 
west of it, the latitude computation should show the latitude of both the latitude station antl 
the triangulation station. 

EXPLANATION OF COMPUTATION. 

Let ( and(' equal the true meridional zenith distances of the southern and northern stars, 
and lJ and lJ' the npparent declinations of the same, respectively; then tho oxprossion for the 
latitude is · 

'P=Y2 «~+a')+Y:i ((-<:') 

Now, if z, z' donoto tho obsorvod zonith distances of the south and tho north sturs; n, s tho 
north and the south roadings of tho level for tho south star, and n', s' the same for the north 
star; d the value of one division of level; r and r' the refraction corrections and m o.nd m' the 
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reductions of the measured zenith distances to the meridian for the south and the north stars, 
respectively, then · 

<p= Yi;(o+o') + Yi;(z-z') +~l (n+n') - (s+s')Y + Yi;(r-r') + Yi;(m+m') 

and if Mand M' be the micrometer readings of the south and the north stars, increased microm
eter readings corresponding to increased zenith distances, and~ the value of one turn, then 

% (z-z') = (M- ,--if')f. 

Tho details of tho computation of the second and third torms in the above formula are 
sufficiently indicated in tho computation shown above. Tlfo first, fourth, and fifth terms are 
explained more fully on tho following pages (117-119). 

Tenths of divisions of the. micrometer hoad are usually estimated. 

COMPUTATION OF APPARENT PLACES. 

The data given in the Boss preliminary general catalogue of stars for 1900 in regard to a 
star, from which its apparent place at the time of observation is to be computed, are the moan 
right ascension and declination, «m and Om for the year 1900, tm; the annual variation in right 

· dam h l · · · d 1. · dam ( h l · d ascens10n, dt; t e annua var1at1on m cc mat10n dt' t o annua precess10n an proper 

motion together constitute the annual variation); and the secular variation of the precession 

in declination, given for 100 years, which, by moving tho decimal point, becomes d~~2m. There 

are also given tho propoi motion in dnclination, ft'; the mean opo<'ll E; the probablo error of 
tho declination at the mean epoch eJEp; ew, the probable error of 100 1~'; and the prohuble 
error of tho declination for 1910, ea. The probable error of the declination for any date, T, is 

.J (eaEp) 2 + ( ~~OE~µ,y 
Tho reduction to the apparent place at observation is mnde in two steps; first, tho given 

mean place is reduced to the mean place at tho beginning of the your of obsorv11ttion, and upon 
that as a basis the apparent place computation is then mude. 

Lot the mean right ascension and declination at the beginning of the year of observation bo 
called «o and (Jo ' 

Then 
. ( )dam 

«o= «m + to-tm dt 

~ ~ ( )d(Jm ( )2 d
2(Jm . u0 =um+ to-tm &+ % fo-tm df 

The Boss catalogue shows that for the star 4327, <rm= <r1uoo = 16h 55m 12", with an 

annual variation d'Jt = -6".304. Also om= o1g00 = 82° 12' 07".66. The annual variation, 

~t = -5".510, tho secular variation, ~;~p = - ".00880, the proper motion, p.' = - ".001; the 

mean epoch, E, =1875 .. 5, and the probable error,e~Bp= ±0".03; e,,,, tho probable error of lOOf(' 
= ±0".13, and tho probable error of the declination for 1910 = ±0".05. 
----·----- --·--·-------- -·--------· ··--·---·----

1 The correction /or inclination as here gl,·cn is for a level of which the graduation ls numbered in both directions from the middle. If the 
graduation is numbered continuously from one end to the other with numbers Increasing toward the ob}tclfrc, the level correction ls 

1{<11'-n)+(•'-s)} 
(Compare this with the similar formula for a striding level on page 23.) If tho numbering \Ill tho Jovel graduation increases toward tht eyepuce this 
formula becomes 

·~ {<n-n') +<s-s')} 
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This star was observed for latitude in June, 1908, at St. Anne, Ill., Oh 43m west of Washington. 
tY0 = I6h 56m 126 -8 (6s.304) = 16h 55m 22s, which is sufficiently close to the apparent right 

ascension for use in connection with latitude observations. 
ao=82° 12' 07".66+8 [-5".510+~(8)(-".00880)]=82°11'23".30. The probableerror 

of the declination for 1908= .J(0".03)2 + {.325(0".13)l 2 = ±0".05. 
The apparent declrnation, 1 a, at the instant of observation may now bo computed by the 

formula given on page 526 of the American Ephemeris for 1908, namely, 

<J = <J0 + -rµ' + g cos (G + a 0 ) + h cos (H + tro) sin /Jo+ i cos <J0 , 

in which g, G, h, II, and i are quantities called independent star numbers which are functions · 
of the tinrn only and are given in the Ephemeris (pp. 532 to 539, 1908) for every Washington 
mean midnight during the year. 'is the elapsed decimal fraction of the fictitious year and is 
given in the Ephemeris with the independent star numbers. 

This formula has been put in a more convenient form, conducive to more rapid compu-. 
tation,- and adapted to the use of natural numbers and Crelle's Rechentafeln, in an appendix 
to" the Cape :Meridian Observations, 1890-91, entitled "Star-Correction Tables," by W. H. 
Finlay, :M. A. 

The fonnul1t is 
/J=/J0 +P' (l+x)+Q' (l+y)+1+-rµ'. 

in which 1, P', and Q' are tabulated in the Finlay tables. 
P' = y0 cos (G + cr0 ) and is tabulated with respect to the argument G + «o and can bo obtained 

from one opening of the tables for all stars and dates. 
Q' = h0 cos (II+ a 0 ) sin <J0 and is tabulated with respect to the arguments (H + tr0 ) and /J0 • 

I =i cos ()0 and is tu)rnlated with respect to i nrnl ()0 • Q' and I can be obtaine<l from the 
same opening of the tables for any given star and date, and all interpolations involve such 
small tabular differences that they may bo made mentally. . 

g l h 1 +x=-'- Rnc 1 +y=-h-. 
Yo o 

The values chosen for 90 und 71 0 are 20" .0521 and l 8" .500, respectively, so that x is gcnemlly 
negative and never greater numerically than unity, while y is always positive and never greRtor 
than 0.11; thus the rnultiplic11tions by x and y can be easily effected by Crelle's Rochentafeln. 
x and y arc functions of the time only, and with sufficient aceurncy may usually be considered 
constant for 11 single night. 

If the period over which tho observations extend on any night is not more than four hours 
long, the quantities g, h, G, 11, i, and -r may be taken from tho Ephemeris for the middle of the 
observing period and assumed to bo constant for the night. The errors from this assu:inption 
will be small and of both algebraic signs. 

The .computation of the apparent places of seven stars observed at the St. Anne latitude 
station is shown on page 111. 

When a given star is observed· on several nights in succession it is not necessary to compute 
the apparent place for every night of observation. The apparent place may be computed 
for certain nights at interv~ls of not more than three days and the declination for intermediate 
nights may be obtained by interpolation. 

CORREC~ION FOR DIFFERENTIAL REFRACTION. 

The difference of refraction for any pair of stars is so small that we may neglect the varia
tion in the state of the atmosphere at the time of the observation from that mean state supposed 
in tho refraction tables, except for stations at high altitudes. The refraction being nearly 
proportional to tho tangent of the zenith distance, the difference of refraction for the two stars 
will be given hy 

r-r' =57".7 sin (z-z') sec2z, 
1 Jn tho comparatively rare c'a.9es In which ft is necessary to compute the·e.pparent right ascension or a star It may be done by tho use or the 

formula given In Finlay's tables, ' 
a-a.+ /'(l+r)+Q(I+vl+/+tµ. 
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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 one-half 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 level (76omm) 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 at sea level diminish each value taken from the table by 10 per cent of itself, if 2.0 
per cent less diminish tabular values by 20 per cent, and so oq. This need only be done roughly, 
since the tabular values are small. 

Correction to latitude for dijf erential refraction= Y2 (r - r'). 

[The sign of the correction ls the same ns that or the micrometer dltrerencc.] 

On&-half 
Zenith distance 

ditr.ofzenlth 

I 
I I 

distances o• 10° 20• 25• 30° 35° 40° 45° 

I ,, II II II II II II I II 

0.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 I 0.00 
0.5 0.01 0.01 0.01 0.01 I 0.01 0.01 0.01 I 0.02 
1. 0 0.02 0.02 0.02 0.02 0.02 0.03 0.03 ! 0.03 
1. 5 0.03 0.03 0.03 0.03 0.03 0.04 0.04 0.05 
2.0 0.03 0.03 0.04 0.04 0.04 0.05 0.06 0.07 

2.5 0.04 I 0.04 0.05 0.05 0.06 0.06 0.07 0.08 
3.0 0.05 0.05 0.06 0.06 0.07 0.08 0.09 0. 10 
3. 5. 0.06 0.06 0.07 0.07 0.08 0.09 0.10 0.12 
4.0 0.07 0.07 0.08 0.08 0.09 0.10 0.11 0.13 
4.5 0.08 0.08 0.09 0.09 0. 10 0.11 0.13 0.15 

5.0 0.08 0.09 0. 10 o. 10 0. 11 0. 13 o. 14 0.17 
5.5 0.09 • 0.10 0.10 0.11 0.12 0. 14 o. 16 0. 18 
6.0 0.10 0.10 0.11 0:12 0. 13 0.15 0.17 0.20 
6.5 0.11 0.11 0.12 0. 13 0.14 0. 16 0.19 0 ')•l 

7.0 0.12 0.12 0.13 0.14 0. 16 0. 18 0. 20 0.23 

7.5 0.13 0.13 0. 14 0. 15 0.17 0.19 0.21 0.25 
8.0 0.13 0.14 0. 15 0. 16 o. 18 0.20 0.23 0.27 
8.5 0.14 0.15 0. 16 0. 17 

I 
0. 19 0.21 0.24 0.29 

9.0 0.15 0.16 0.17 0. 18 0.20 0.23 0.26 0.30 
9.5 0. 16 0.16 0.18 0.19 I 0.21 0.24 0.27 0.32 

10.0 0.17 o. 17 0. 19 0.20 
I 

0.22 0.25 0.29 0.34 
10.5 0.18 0. 18 0.20 0.21 0.23 0.26 0.30 0.35 
11. 0 0. 18 0. 19 0.21 0.22 0.25 0.28 0.31 0.37 
11. 5 0. 19 0. 20 0.22 0.23 

: 
0.26 0.29 0.33 0.39 

12.0 0.20 0.21 0.23 0.25 ' 0.27 0.30 0.34 0. 40' 

12.5 0.21 0.22 0.24 0.26 0.28 0.31 0.36 0.42 
13.0 0.22 0.22 0.25 0.27 0.29 0.33 0.37 0.44 
13.5 0.23 0.23 0.26 0.28 0.30 0.34 0.39 0.45 
14.0 0.23 0.24 0.27 0.29 0.31 0.35 0.40 0.47 
14.5 0.24 0.25 0.28 0. 30 0.32 0.36 0.41 0.49 

15.0 0.25 0.26 0.29 0.31 0.34 0.38 0. ·l:i 0.50 
15.5 0.26 0.27 0.29 0.32 0.35 0.39 0.44 0.52 
16.0 0.27 0.28 0.30 0.33 0.36 0. 40 

I 
0.46 I 0.54 

16.5 0.28 0.29 0.31 0. 34 0.37 0.41 0.47 I 0.55 
17.0 0.29 0.29 0.32 0.35 0.38 0.43 0.49 I 0.57 

i 
17.5 0.29 0.30 0.33 0.36 0.39 ' 0.44 0. i>O I 0.59 : 
18.0 0. 30 0.31 0.34 0.37 0.40 0.45 0.51 0. (iO 
18.5 0.31 0.32 0.35 0.38 0.41 0.46 0.53 i 0. 02. 
19.0 0.32 0.33 0.36 0.39 0.43 0.48 0.54 O.ll4 
19.5 0.33 0.34 0.37 0.40 0.44 0.49 O.b6 0.65 

20.0 0. 34 0.35 
i 

0.38 I 0.11 j • 0.45 0.50 0.57 0.67 I I 
I I I 
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REDUCTION TO THE .MERIDIAN. 

If a stdr is observed off the meridian while the line of collim~tion of the telescope remains in 
the meridiun, the meiisured 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, 
sin2 .Y2• . m = -.-1-,, sm 2~ 

sm 

in _which T is the hour-angle of the star. The signs are such that the correction to the latitude 

( = i) is always plus for the stars of positive declination and minus for stars of negative decli

nation (below the equator), regaraless of whether the star is to the northward or to the southward of 

the zenith. ~ or~' is, then, always applied ~ a correction to the latitude, with the sign of the 

right-hand member of the above equation. For a subpolar 180° - ~must be substituted for~' 
making the correction negative in this case just as for stars of southern declination. The follow
ing table gives the corrections to the lntitu<le computed from the above formula. If both stars 
of a pair aro observed off the meridian, two such corrections must be applied to the computed 
liititu<le. 

Correction to latitude .for reduction to meridian. 

(Star off tho moridinn but lnstrumont In the merldinn. 'rho Rign or tho correction to the latitude Is positive except for stars south or the equator 
nnd su bpolnrs.] 

_d ___ l()o I l.5" I 
>-----

1 
2 
3 
4 
5 .01 

6 .01 
7 . 01 
8 .01 
9 .01 

10 . 01 

12 .01 .01 
14 .01 .01 
J6 .01 .02 
18 .01 .02 
20 . 01 . 02 

22 .01 .02 
24 . OJ .02 
26 .01 .02 
28 . 01 . 03 
30 .01 .03 

32 .OJ .03 
34 . 01 • 03 
36 .01 .03 
38 . 01 . 03 
40 .01 .03 
45 . 01 . 03 

~1-22· ~~T ;;.· ~ 3;-134· ! 36' 138· 41)o 

-------.--· 
fl U II II II 11 II II IJ II " 

.01 .01 .. 01 .01 
.01 .01 .OJ .01 .OJ .01 .01 .01 .02 

. 01 .01 . 01 .OJ .01 .01 .01 .02 .02 .02 .02 

.01 .01 .OJ . 01 .01 .02 .02 .02 .02 .03 .03 

. 01 . 01 .01 .02 .02 .02 .02 ,03 .03 .03 .04 

.01 . 01 .02 .02 .02 .03 .03 ,03 .04 .04 .05 
.01 .02 .02 . 02 .03 .03 .03 .04 .04 .05 .05 
.02 .02 .02 .03 ,03 .03 .04 .04 .05 .05 .06 
.02 .02 .02 .03 .03 .04 .04 .05 .05 .06 .07 
.02 .02 .03 .03 ,04 .04 .05 ,05 .oo .O? .07 

.02 .03 .03 .04 .(JO .05 .06 .06 .07 .os .09 

.03 .03 .04 .04 .os .06 .07 .07 .08 • Oil • JO 

.03 .03 .04 ,05 .oo .07 .07 .08 ,09 , JO .12 

.03 .04 ,05 .05 .06 .07 .08 • Oil .10 .12 .13 

.04 .04 .05 .oo .07 .08 • Oil .10 .11 .13 .14 

.04 .05 .05 .06 .07 • Oil .10 .11 .12 .14 .15 

.04 .05 .06 .07 .os ,(II/ ,JO .J2 .13 .J5 • JO 

.04 .05 .06 .07 .08 .10 .11 .12 .14 .15 .17 
• Oii .05 .07 • Oil .oo • JO .12 .13 .15 .16 . J8 
• ()5 .06 .07 • Ol, .()\) .11 .12 .14 .15 . Ii .19 

.05 .oo .07 .08 • JO .11 .13 .14 .10 .18 .20 

.05 .06 .07 ,09 .10 .11 .13 .15 .16 . J8 .20 

.05 .06 .07 .09 .10 .12 • J3 . J5 .17 .19 . 2J 

.05 .06 .08 .09 .10 .12 .13 .15 .17 .19 .21 

.05 .07 .08 .09 .11 .J2 .14 .16 .17 .I{) .21 

.05 .07 .08 .oo. .11 .12 .14 I .10 .18 .20 .22 

42• I 44• 146' 48' ! 5()o ~)~ 56' 58• 6()o b 

-,-, ,-,-, -,-, -,-::-,-, c--
,, ,, 

" " " . 
.01 I .01 .01 .01 .01 .01 .01 . 01 .02 .02 89 
.02 .. 02 .02 .02 .02 .03 ,OJ .03 .03 .03 88 
.03 .03 .03 .03 .04 .04 .04 .04 .05 .05 87 
.03 .04 .04 .04 .05 .05 .06 .06 .06 .07· 86 
.04 .05 ,05 .05 .06 .06 .07 .07 .08 • Oil 8.5 

.05 .oo .06 .07 .07 .08 .08 .09 .10 .10 84 

.06 .06 .07 .08 .08 • Oil .10 .10 .11 .12 83 

.07 .07 .08 .09 • Oil .10 .11 .12 .13 .14 82 

.07 .08 • Oil .10 .11 .11 .12 I .13 .14 .15 81 

.08 .O<J . JO .11 .12 .13 .14 I .15 .16 .17 80 

.10 .11 .12 . J3 .14 .15 .161 . J7 .10 .20 78 

.11 .12 , 14 .15 .16 .17 .19, .20 .22 . 23 76 

.13 .14 ·.15 .17 .18 .20 .21 ,23 . 24 .26 74 

.14 .16 .17 .18 .20 .22 ,23 .25 .27 .29 72 

.15 .17 .19 .20 .22 . 24 .26 I .28 .29 .32 70 

.17 .18 .20 .22 • 24 .26 .281 ,30 .32 .34 68 

.18 .20 .21 . 23 .25 . 27 .2111.32 .34 .36 66 

. 19 .21 .23 .25 . 27 .29 .31 ,34 .36 .39 ll4 

.20 .22 .24 .26 .28 .31 .33 .as .38 . 41 62 

.21 .23 .2.1 .27 .30 .32 ,34 .37 40 .42 60 

.22 . 24 .26 .28 .31 .33 .36 .39 .41 .44 58 

.22 .24 . 27 .29 .32 .34 ,37 .40 .42 .45 56 

. 23 .25 .28 .30 .32 .35 .38 . 4J .44 .47 64 

.23 .26 .28 .30 .33 .36 .39 .41 .44 .48 52 

.24 .26 .28 .31 .34 .36 .39 .42 .45 .48 5C 

.24 .26 .29 .31 .34 .37 .40 .43 .46 .49 45 

The catalogues now available contain so many stars which may be observed for latitude 
thn.t it is not desirable to move the instrument out of the meridian to observe a star which is 
missed n.s it crosses the meridian . 

. COMBII\A'rION OF RESULTS, EACH PAIR OBSERVED MORE '.£HAN ONCE. 

Separate values of the latitude being computed from each observation upon each pair, 
it remains to combine these in such a way as to obtain the most probable vn.lue of the ln.titude 
and.to obtain certain probable errors. 
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Let p be the total number of pairs observed. Let the number of observations upon pair 
No. 1 be n11 upon pair No. 2, n;, and so on, and let the total number of observations at the sta
tion be n0 =n1 +n:i+ns .. Let J 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 the error 
arising from defective adopted declinations. · 

The various values of J depend upon and are a measure of the probable error of observation, 
but are independent of the errors of the adopted declinations. According to the principles of 
least squares, 

2 0.455.Z J 2 0.455.Z .d2 

e =No. obs.-No. unknowns= no-P 

Let <p1 be the mean latitude from observations on pair No. I, tp2 from pair No. 2, and so. on. 
Let v be the residual obtained by subtracting <p1, <p2 in turn from the indiscriminate 
mean for the station of <p1 , <p2 , <p3 • There will be p such residuals, and they arc a meas
ure of the probable error of the mean result from a pair, which will be called eP, arising from 
both errors of observation and errors of declination. 

2 _ 0.455Zv2 

e p- 1 . p-

Let eP., e'P"l be the probable errors, respectively, of <fJu · <p2 , <p1 • 

be the probable error of the mean of two declinations. Then 
. Let elf 

e2 . ez 
e2 = e2 + - e2 = e2 + -

p1 ! n/· 'fYJ , ~ 112 

These various values e2p1> e2P2, differ from each other because of the vanous 
values of ni.." '1t:i, even though e2! and e2 are assumed to be constant, and the valus 
derived above for e2p is their mean value. Adding these .various equations, p in number, and 
taking the mean, member by member, there is obtained 

· e2
[ 1 1 I =e2, +- -+-+-'! p 11 1 11 2 n 3 

.] 
Placing 

e2
[ 1 1 I - -+-+-p n1 112 ns 

to abbreviate the notation, an<l solving for e2, therC\ iR obtained 

e2 -e2 _ ,2 y- p ~ 

Having determined the values of e2'1! and e2
, the proper relative weights, w 1 , w2 , inversely 

proportional to the squares of their probnhlc errors, may now be ii.ssigne<l to <p1 , <p~, gJ3, 

or 

w = e2 +-( 
e2)-1 

2 !r n2 

An exception to the above weights arises when two or more north stars are observed at 
one setting of the telescope in connection with the same south star, or vice versa, and the com
putation is made as if two or more independent pairs had been observed. 'l'he re:oults of the 
component pairs in such a combination are not independent, since they involve in common the 
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error of observation and the error of declination of the common star. The weight to be assigned 
to each component pair in a doublet is on this account but two-thirds of that given above;· 
and to each component pair in a triplet is one-half. The combination of two stars on one side 
of the zenith with one on the other side is called a doublet, and three stars on one side of the 
zenith with one on the other side is called a triplet. ' The present practice in the United States 
Coast and Geodetic Survey is not to observe doublets or triplets. (Sec paragraph 3 of General 
Instructions, p. 104.) 

If a combination observed at one setting of the telescope includes two or more stars on 
each side of the zenith, it may be brokeir up in the computation into two or more independent 
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 other side of the zenith on a certain night (or nights), and on a certain other night (or nights) 
is observed in connection with some other star, the two results are independent in so far as the 
observn.tions are concerned, but involve a common adopted declination for one of the two 
stars of each pair. The proper weight to be assigned depends in this case upon the relative 
magnitude of e¥ and e, but is for their ordinary values so nearly cqun.l to the weight for an 

independent pair that it may, with little error, be assumed to be such without going to the 
trouble of evaluating it. 

The weight to be assigned to a zenith star observed in both positions of the telescope is 

( 2)-1 
2e2"1 + -Nn in which Nn is the number of nights' observations upon it. 

The most probable value <p0 for the latitude of the station is the weighted mean of the 
mean results from the various pairs, or 

The probable error of <p0 is 

e = 
" 

0.455l:wJ<p 
(p-1).l'w 

in which J<p is tho residual obtained by subtracting <p11 <p2, <p3 in turn from <fJo· 
A concrete illustration of the processes indicated by the above formuloo is furnished by 

the following reproduction of certain parts of the computation of the latitude of the New Naval 
Observatory from observations made in 1897 with a zenith telescope. 

t This may bo made evident as follows: Let a1 and a1 be respectively the declination plus tho moosured zenith distance or a first and second 
3outh stnr, and aa tho declination minus the measured zenith distance or a north star observed In combination with thorn. Lot tho probable errors 
or ai, a,, a1 bo ei; t1, e8, respectively. Note that e1, es, ta each lncludo errors both of decllnatlon and obsorvatlon. Jr the two component palrs are com· 

fa1+a1 a1+a1} a1 a, a, ('')' (t•)' ('') 1 putod separately and tho moan taken, tho result Is or the form 1- 2-+-2- ~-4+4+2nnd ll~ probnbloerrorsquarod Is 4 + 4 · + 2 
Assumlni; that c1- r1- r3, thh bocomM fe1•, tho square or tho probable error or tho mean rc•ult from the combl!)atlon. Dy the same reasoning It 

(")' ('')' may bo shown that the square of the probable error or the result from a single Jndcpcnclcnt pair ls 'l + 2 - ~ci•. Tho weights to be assigned 

to the combination and to an Independent pair arc then In thcratloor(fe1•)-1 and (~e1•)-•, or or i to I. If tho weight for nn ludcpcndcnl pair i• unity 
the weight or each component or a doublet Is therefore two-thirds. 
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Pairs 
3g·fs,+ I J J' Star Nos. 
-------,, 

(2058) 09.81 -. Ol . ()() 
4440 09.80 . 00 . 00 

09.SO 

4513 08.07 -.07 . 00 
4550 07.92 +.08 . 01 

08.00 

4513 08. 12 . 00 . 00 
4555 08. 13 -. 01 . 00 

08.12 

4526 O!l. 31 -.34 . 12 
4550 08.40 +. 57 . :32 

08.80 +. 17 . 03 
O!l.44 -.47 . 22 
09. 01 -.04 . 00 
08.85 +.12 . 01 

08.97 

4526 09.36 -.26 . 07 
4555 08. 62 +.48 . 23 

09.51 -.41 . 17 
08. 91 +.19 . 04 
09. 12 -.02 . ()() -
09. 11 -.01 . 00 

09. 10 
.......... ·······-·· ........ ........ 
·········· ···-······ ........ --------
.................... ········ ........ 

Sum ....................... J~ 
i 

. 

I 
Pair, Star Nos. I I Jq,' 

_, 
B.A.C. 

"' 
v v• n w W</> J<f> WJl/J 

(!Oyr.) (c. s.] i I 

------ ·--- -------
(2058) 4440 38° 55' 0911• 80 -1.00 1. 00 2 11 19.80 -0. 99 0.98 10. 78 
4513 4550 08 .00 + .80 . 64 2 5 0.00 + .81 . 66 3.30 
4513 4555 08 .12 + .68 .46 2 5 0. 60 + .69 .48 2.40 
4526 4550 08 . 97 - .17 . 03 6 4* 3.88 - .16 . 03 0. 12 
4526 4555 09 .10 - .30 .09 6 4* 4.40 - .29 . 08 0.32 
4577 (2158) 08 .83 - .03 .00 6 8 6.64 - .02 .00 0.00 
(2158~ 4646 08 . 72 + .08 . 01 6 8 5. 76 + .09 . 01 0.08 
(2195 4688 09 .11 - .31 .10 6 12 13.32 - .29 .08 0.96 
4706 4726 08 .25 + .55 .30 5 12 3.00 + .56 . 31 3.72 
4742 (2233) 08 .50 + .30 .09 5 12 6.00 + .31 .10 I. 20 

(2254) 4847 08 .93 - .13 .02 6 12 11.16 - .12 .01 0.12 
4876 4937 08 .92 - .12 .01 5 12 11. 04 -.11 . 01 0.12 
4958 (2341) 08 .83 - .03 .oo 5 12 9.96 - .02 . 00 0.00 

(2350) 5026 09 .15 - .35 .12 5 9* 10.35 - .34 .12 1. 08 
(1259] (2365) 09 . 35 - .55 .30 6 5* 6. 75 -.54 . 29 1. 45 
5076 5084 08 . 64 + .16 .03 6 12 7.68 + .17 . 03 0.36 
6115 5153 08 .87 - .07 .00 6 12 10.44 - .06 .00 0.00 
5168 5178 08 . 62 + .18 . 03 6 12 7.44 + .19 .04 0.48 
6249 5293 08 . 50 + .30 .09 6 12 6.00 + .31 .10 1. 20 
5313 5322 09 .22 - .42 .18 6 12 14.64 - .41 .17 2.04 
5344 (2537) 08 . 44 + .36 .13 6 12 5.28 + .37 .14 ]. 08 

------- I 
+3.41 

Sums 16 .87 -3. 48 3.63 2031164 .14 31. 41 
Means 38° 651 08". 80 08".81 

i 
* For cxplnnntfon o! these !our weights, seep. 123. 
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2 = (0.455) (3.63) 0 083 
ep 20 . · e2 =~(4.97) =0.009 

e2! = 0.083 -0.009 = 0.074 - /(0.455) (31.41) = ±0 06 . 
eq, - 'V (20) (203) · · 

Latitude= 38° 55' 08".81 ±0".06. 
In computing the values of wcf>, 38° 55' 08".00 was first dropped from each value of cf>. 
An independent determination of e, may be obtained from the probable errors of the 

mean declinations of the stars observed, as given in the Boss catalogue .. 
For the stars observed at a station the mean value of the probable error of the mean of 

two declinations is 

e - f Ie2* "i--y 2N.' 

in which N8 is the total number of stars observed. 
For a particular pair 

in which only the two stars of the pair are included in the summation in the numerator. From 
thi,s formula and from that given on page 120 (viz, e2,=e2P-e2) two separate values for e'IJfor 
each pair may be computed. Which should be used in the formula 

( 2 )-1 
, Wn= e2¥+ ~D ' 

fixing the weight to be assigned to the mean result from a pair i There a.re 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 
e2'1J = e2

11 - e2 is sometimes found to give a value for e'IJ which is so small as to b~ evidently erro-, 
neous, and some~imes e2! is even negative, which is an absurdity. On the other hand, when-

ever the v~ue e2! =-;~:is smaller than e2'1J = e2-e211, and that is usuii.Ily 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,=e2p-E2 shm.;1ld be used in the 
weighting. · 

The following method of weighting, therefore, seems to be the best for use in the office 

computati;n. In the weight jorm'lila (see page 120), Wn =(e2v+ ~)-
1

, use for each pair the larger 

of the two available values of e2'!1 namely, e2?= I :
2 
* and e2

' = e2
11 - e2

• By so doing all the dis

advantages of each of the two methods discussed in the preceding paragraph are avoided. To 
find quickly which of the values of e2V from the :mean place computation are greater than e2y= 
e2P-e2 one may first note on the list of mean places for what stars e2• exceeds 2 (e2

11 -t2). Only 
pairs involving such stars need be examined further. To illustrate, of the pairs involved in the 
latitude computation shown on page 122, there were only four for which the mean place com
putation gave values of e2V exceeding 0.074. The stars involved in these four pairs were 4526; 
4550, 4555, (2350), 5026, [1259), (2365), and the corresponding values of e2

., were 0.37, 0.08, 0.10, 
- I 2 

0.18, 0.24, 0.08, 0.73. The weights assigned to these four pairs therefore depend upon e2~= 1 • 
in each case. 

:12:!68~ 0 -41-. -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 once at a station, 
and in the :final computations the resulting latitude from each pair observed is given unit weight. 
(See the first 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 at a staliion is carried out the method of 
combining results and computing pr9bable errors outlined in the preceding pages fails, and for 
it must be substituted the following procedure, for which little additional explanation is needed: 

2 0.455 .Iv2 

ep= 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, vis the residual obtained by substracting the latitude from a single 
pair from the indiscriminate mean 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 error is 

~0.455 .Iv2 
e4'-- 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 eq. give sufficiently good 
indications of the accuracy of the 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. (Seep. 104.) 

If desired, the office computation may be carried further as the probable error of the declina
tion of a stare* may be obtained from the catalogue. 

The probable error of a single observation is given by the formula e2=:e2p-::i, in which 

N8 is the total number of stars observed. 
IC weights were given each pair (not the present practice in this Survey), the .weight to be 

assigned to a pair would. be 
W= (e2'2' +&)-t 

in which for each pair e2 ¥=I:\ the summation covering the two stars of that pair only. 

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: 1 The time is observed that is required for a close circumpolar star, 
near elongation, to pass over the angular interval measured by the screw. Near .elo~gation the 
apparent motion of the star is nearly vertical ancf nearly uniform. That one of the four close 
circumpolars given in the Ephemeris, namely, a, a, and l Ursre Minoris and 51 Cephei, may be 
selected which reaches elongation at the most cbn'Venient ;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 obser'Vations and in making the computation 
it is necessary to lrnow the time of elongation more accurately, and it mBy be computed from 
the formula 

cos t~ =cot lJ tan </> 

I See Appendix No. 3, United States Coe.st and Geodetic Survey, Report for 1900, for a rull dlscW!Slon or thP. detennlnatlon or micrometer 
value. 



DETERMINATION OF LATITUDE. 125 

Chronometer time of elongation =a-JT±tE, the plus sign being used for western elonga
tion and the minus for eastern elongation. ~ is the hour-angle at elongation reckoned eastward 
or westward from upper culmination, and JT is the chronometer correction. 

If deiiired (E, the zenith distance of the star at elongation may be computed from the 
formula 

cos ( E = cosec ~ sin cf> 

It is advisable to have the middle of the series of observations about elongation. The 
observer may obtain an approximate estimate of the rate at 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 
desired, an observation may be made at every hall turn, or even at every -quarter turn; by 
allowing an assistant to read the level. It is well to note the temperature. 

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. . 

cp = 38° 55' 08" .8. 
For the star B. A. C. 8213 at the time of observation a=23h 27m 458.6 and ~=86° 44' 

13".4. The chronometer correction at the time of the observations was known to be+28.3. 
Whence the chronometer time of eastern elongation was computed to be 17h 3gm 168.5 and the 
z~nith distance 51° 00'.5. 
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Computation of value of micrometer. 

Statton N.ew Naval Observatory, WBShington, D. C. Observer, 0. B. F. Star, B. A. C. 8213 E. E. Date, June 18, 18117. Instrument, Zenith 
telescope, No. 4.] 

Corrections Mi
crome

ter 
read
ing 

Chronom· Level Time Reduc-
eter time 1--~-- from t~~o ····-----1 

of observa- elonga- !state of 
Reduced 

tlme 
Timeat20 

turns 4' 

tlon n • tion level Time Level I 
i 

-,--h-
11
-,-.-l--d---d--m--d--.--.- h m • h m .-·---.-i-.-

{
13.l 39 9 } 

;15 17 15 08. 5 68.4 101: 9 l!a.1 -0.10 +2. 3 -0. I 17 15 10. 7 17 28 10. 7 +4. 7 I -0.3 

+2.1 -0.I 16 01.0 12.0 +3.4 ! -1.2 34 

:i3 

16 02.0 

16 53. 5 
22. 2 

21.4 

32 17 45. 0 {
13

· 
2 

68.6 

+ 1. 9 -0. I 16 55. 3 11. 3 +4. I ii -0. 2 

4o.o} 20.5 +0.15 +l.6 +0.1 17 46.7 10.7 +4.7 +0.7 
102.0 

+l.4 +O.l 18 39.0 11.0 +4.41 +0.7 31 

30 

29 
28 

27 

26 

25 
24 

23 
22 

18 37.5 

19 30.0 

20 22.5 

21 16.0 
22 07. 5 

23 00.0 
23 53.0 

24 45.5 

25 37. 5 

26 30.5 

19.6 

18.8 

17.9 

17.0 
16. l 

15.2 

14.4 

13.5 

12.6 

11.8 

21 2·1 23.0 {13.2 
68.3 

40
· 
0 

} ·10. 9 -0. 10 
101.8 

20 28 rn.o 10.0 

19 

18 

17 

16 

29 ().~. 0 {13. 2 
68',5 

30 00.5 

40.0 } 
102.1 

9.1 +0.15 

15 

H 

13 

12 

11 

10 

9 
8 

7 
G 

5 

30 6~. 0 
31 44.5 

32 37. 0 

33 29.5 

34 22. O p:l. 2 40. I 
lt18. 3 - 101.9 

:is u.o 
16 00. 5 

36 58.o 
37 50.5 
38 43. 5 

:J9 35.5 

40 28.0 

41 19.5 

Assumed value of R 1 = 52". 
2480 7\ = + 820.3 
ri = + 0.3308 
R1 +r1 
log (R1 + r1) = 
log 15 
log cos a 

{ 

528 .3308 
1.7187573 
1.1760913 
8.7552522 

1.6501008 
44".679 

Corr. for refraction - 0 .030 

One tum 44".649 

8.2 

7.4 
6.5 

5. 7 
4. 8 

} 3. 9 

3.0 

2.2 

1.3 

0.4 

-0.4 

-1.3 
-2.2 

-3.0 

0.00 

For explanation ~f notation, see pft:ge 128. 

+l.3 +O.I 1931.4 Jl..4 +4.0 +0.7 

+l.1 +O. l 20 23. 7 11. 7 +3. 7 +0.7 

+o.9 +0.1 2111.0 13.0 +2.4 -o.3 

+o.8 +0.1 

+0.1 +0.1 

+o.6 +0.1 

+0.5 +0.1 

+o.4 +0.1 

+0.3 +0.1 

+0.2 -0.1 

+0.2 -0.1 

+0.1 

+0.1 

+0.1 

+0.1 

+0.1 

+0.1 

+0.1 +0.1 

0.0 +0.1 

0.0 +0.1 

0.0 

o.o 
0.0 

0.0 

0.0 

0.0 
0.0 

' 0.0 
0.0 

0.0 

0.0 
0.0 

0.0 

o.o 
0.0 
0.0 

0.0 
0.0 

22 08.4 

23 00.8 
23 53. 7 
24 46. l 

25 38. 0 

20 30. 9 

27 23. I 

28 16.1 

29 '08.2 

30 00. i 
30 53. 2 
31 44. 7 
32 37. l 

33 29.6 

34 22. 0 

35 14. 0 

36 00.5 

3fi 58.5 

37 50. 5 
38 43. 5 

39 3.5. 5 
40 28. 0 

41 19.5 

12.4 +3.0 +0.7 

12.8 +2.6 +0.6 

13. 7 +I. 7 o.o 

14.1 +l.3 0.0 

14.0 +1.4 +0.4 

14.9 +0.5 -0.2 

15. l +o.3 o.o 

16. I -0. 7 -0. 7 

16.2 

16. 7 
17.2 

-0.8 -0.5 

-l.3 -0.6 

-1.8 -0.8 

16. 7 -1.3 0.0 
17.1 -1.7 0.0 

17.6 -2.2 -0.2 

18.0 -Vl -0.3 

18.0 -2.6 +0.1 

18.5 -3. I -0. l 

18. 5 -3. 1 +o. 2 
18.5 -3. l +o.6 

19.5 -4.1 -0.1 

19.5 -4. I +0.2 

20.0 -4.6 0.0 

19.5 -4. I +0.9 

ll!C!ln 17 28 l.5. 4 
I 
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. Because of the curvature of the apparent path of the star its rate of change of zenith distance 
is not constant, even near elongation. The rate of change at elongation may readily be com
puted·. It is at that instant in seconds of a.re 15 cos () per second of sidereal time. The table 
of curvature corrections given below enables one to correct the observed times to what thoy 
would have been if in the pla,ce of tho actual star there were substituted an ideal star whoso 
motion was vertical at a constant rato 15 cos () u.nd which coincided with tho actual star at 
tho instant of elongation. 

Correction for curvature of apparent path of star, in computation of micrometer val,ue: 

I 1 . 
(The correction t.abularod ls ii (15 sin 1")' •'- i20 (15 sin 1")' r' In which • ls tho tlmo from elongation. Apply t!lo corrections given in tho 

table lo the observed chronometer times, adding them before either elongation, and subtracting them alror either elongation.] 

' I ""' I ' ''"· ! ' "'" I 
t Corr. I t .1 Corr. T Corr. 

-----1-- ----·-- ----- ·---
m a 111 a I m • I m 8 7n 8 7n • 6 0. 0 I J6 0. 8 26 3. 3 36 8.11 46 18. 5 56 33.3 

7 o. I I 17 o. 9 . 27 3. i 37 o. 6 47 rn. 7 57 35.1 
8 o. I 18 I. I I 28 4. 2 38 10. 4 48 21. 0 58 37.0 
9 O. I 19 I. 3 29 4. 6 39 11.3 49 22.3 59 39.0 

10 o. 2 : 20 I. 5 I 30 5. I 40 12. 2 50 23. 7 60 41.0 
11 0.2 

I 
21 1.8 I 31 . 5. 7 41 13. I 51 25.2 61 43.1 

12 0.3 22 2.0 . 32 6.2 42 Kl 52 26. 7 62 45. 2 
13 o. 4 

I 
23 2.3 

I 
33 6.8 43 15.1 53 28.3 63 47.4 

14 o. 5 24 2.6 34 7.5 44 16. 2 54 29.9 64 49. 7 
15 0.6 25 3.0 35 8. 2 45 17.3 M 31.6 6.5 52. l 

! 

In tlrn computation the fifth column shows the values of '• and tho sovonth column tho 
resulting curvature corrections. 

'When the reading of the level changes, it indicates, upon tho usual assumption that the 
relation_ between the level vial and tho telescope remains constant, that tho inclination of the 
telescope has changed. The effect of the movement of tho telescope may be eliminated in tho 
computation by applying to each observed time the correction in seconds of timo, 

d ±{(n-s)-(n'-s')} . 
30 cos () 

to reduce it to what it would have been if the re.a.dings of tho north and south end of the bubble 
had been n' and s', respectively. , 

If, as in the present case, the level graduation is numbered continuously from one end to 
the other with tJ1e numbers increasing toward the eye end, instead of being numbered in both 
directions from the middle, the required correction becomes ' 

d 
±{(n'+s')-(n+s)}30 cos a· 

In each of these formulm the plus sign is to be use<l for western elongation and the minus 
sign for eastern elongation. It is convenient to take for the assumed n' and s' the actual 
readings at some one moment during the set of observations. 

Zenith telescope No. ~ had two latitude levels, and the correction was computed by ta.king 
the mean of the two and using the mean value of d ( = 1 ".482). Tho sixth column shows the 
mean values of (n' +s')- (n+s) and the eighth column 'the resulting corrections, the factor 

30 :OS § being 0. 87.· 

Let R 1 be an assumed approximate value of one turn in time and let r 1 be a required cor
rection to R 1 • Let T0 be an approximate value of the chronometer time of transit of the star 
across the micrometer line set at 20 turns (the middle of the screw) and t 0 I\ required correction 
to T0• Then, upon the assumption that the screw has a uniform value throughout .the part 
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observed upon and that the star moves in th~ direction of increasing readings (western elongation) 1 

for each observed time an observation equation may be written of the form 

in which t is bhe observed time of transit across the line set at the reading R 0 after correction 
for curvature and level. After transposition this may be written 

(20-R0)r1 -t 0 =A 
in which 

whence the normal equations become 

I (20 - R 0)2r 1 - l' (20 - R 0)t0 =I (20 -R0)J 

-I'(20-R0 ) r 1 +nt0 = -IA. 

If the turns observed upon are symmetrical about 20, I(20-R0 ) becomes zero. If, more
over, as in the numerical case here shown, T0 is purposely taken equal to the mean value of 
t+ (20-R 0)R11 IA is zero and t 0 derived from the second normal equation is necessarily zero. 
Also the first normal equation reduces to the working form 

I (20-R0 ) 2 T1 =I (20 -R0)A 

If the star is observed at eastern elongation it moves in the direction indicated by decreasing 
micrometer readings and '•throughout the preceding formulre R0 - 20 must be su bs1ituted for 
20-R0 • 

In the computation form printed above, the values oft+ (R0 - 20)Rr are shown in the column 
headed ''Time at 20 turns," R1 being assumed= 52". T0 was assumed= 17h zgm 15."4, the mean 
for this colutnn, and the J's written accordingly. 

The equation I(R0 -20)2r1 =Z(R0 -20)A reduces numerically to 2480r1
1 =820.3. , 

J' is the residual obtained by substituting the derived value r 1 in each observatioJl. equation, 
or J' =A-(R0 -20)r1 • 

The remainder of the computation needs no explanation except that the correction for refrac
tion to be applied to the value of one turn is the change of refraction for a change 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 was 
observed (approximately = <P). 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. · 

It will sometimes be necessary to apply a correction for rate. This correction, to be applied 
to the computed value of one turn, is in seconds of arc 

(rate of ·chronometer in seconds per day) (value of one turn in seconds of a.re) 
86400 

The correction is.negative if the chronometer runs too fast. 
The micrometer value is sometimes 'determined by turning the micrometer box 90° and 

observing upon a. close circumpolar n~ar culmination. There are two serious objections to this 

1 In this computation it becomes necessary to find the sum of tho series 1•+22+a•+4' • • • • +15•. It ls convenient tor this purp.>se to 

use the iormul~ 1'+2'+3'+4• • . . +x'-~+~+ij. Occasionally in least square computations it becomes necessary to compute the sum of a 
z6z•ra :r: 

similar series of fourth powers. One may then use the formula 1 •+2•+3•+4' . • +x'- 6 + 2 +3- 30. To obtain the sum of the ~eries (i)'+(!)•+ 

(!)•+(!)'+( i)I . . . +.rt, apply the formula to the series 1•+21+34+4' . . +(4:r:)• and divide by 256-4•. See Sammlung von Formtlnder 
reinm und a.:i1ewandten Mathematik von Dr. W. L<uka, p. 88 (Braumchweig, 1888-1894). 
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procedure. The 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 
pa.rt 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 th~re are no corrections for level or 
refraction, and that in computing the curvature correction 't" 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 the 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 twe,lve times. The results 
show a range of about 0".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 only about 11° C. (Coast and Geodetic Survey Report, 1892, Part II, 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 O" .33 or one one-hundred-and-ninetieth 
of the mean value. 1 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 II, 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 to suspect that large constant errors are inherent in this m~thod 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 to differ radically from that 
derived from circumpolar observations on the same nights. So marked and so frequent has the 
latter f?rm 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 the 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 totul range in the values of one turn of the micrometer screw of zenith telescope No. 
2, as determined from the latitude observations for 36 of the 63 stations established by Assistant 
W. I-I. 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 determin\ld from the latitude observations, 
it may be noted that if it be assumed that the pr.obable error of a single observation of latitude 

•Report ol the International Boundlll'Y Commission, United States and Mexico, 1891-1896(Washington,1898), p. 103. 
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is ±0".40, of the mean of two declinations is ±0".16 (see p. 133) and of the latitude ~ 
derived from independent pairs is ± O." .10, the probable error of the micrometer value, as 
determined from a single observation upon a pair having a difference of zenith distance of ten 
turns would be 

There can be little dottbt, therefore, that the mean micrometer value determined from 
all the latitude observations at a station is more accurate than that determined from oven 
three or four sets of circumpolar observations each requiring an hour or more of time. 

It has been urged that to determine an instrumental constant from the observations in 
the computation of which it is to be used is a questionable procedure; that it "smooths out" 
the results, but probably does not give real accuracy. The for!'.)e of this objection disappears 
when one contrasts the proposed practice of deriving a single instrumental constant from ob
servations on twelve or more pairs with the usual and unquestioned practice 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 the detection of irregularities and periodic 
errors, as they will at once become evident from an inspection of the values of d'. One com
mon.form of irregularity in screws is a continuous increase in the value from one end to the 
other, in which case d' tends to have the same sign at the two ends of the set and the opposite 
sign in the mid<ll.e. 

To derive the mean micrometer value from the latitude observations let M1 he the differ
ence, in turns, of the micrometer readings on the two stars of a pair, taken with the same sign 
as in the latitude computation, let r1 be the required correction to the assumed value of one- half 
turn with which the computation of the latitude was ma.de, let p be the number of pairs. and 
let c be the correction to the mean latitude ¢0• Let dcp have the same meaning as before, 
viz, ¢0 -<fh, ¢0 -¢2, etc. (See computation on p. 114.) For each pair an observation equat\on 
of the form c- M1r1 +dcf>=-0 may be written. The resulting normal equations, from which r1 

may be derived, are 
, pc-2 M1r 1 +2dc/>=0 

-2 .M1c+2 M 2
1r 1 -2M1'1</>=0 

The computation will be sufficiently accurate if M1 is carried to tenths of turns only, and 
as here indicated without assigning weights to the separate pairs. 

To the preliminary values of cp11 cf>2 , the results from the separate pt1iirs, may 
now be applied the corrections M1r1 and the latitude computation completed as before. 

REDUCTION TO SEA LEVEL. 

The reduction of the observed latitude to sea level is given by the expression 

de/>= -0.000171 h sin 2</> 

in which def> is the correction in seconds of arc to be applied to the observed latitude, his the 
elevation of the station above sea level in meters, and cf> is the latitude of the station. This 
correction may be gotten from the following table: 
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Peet 
IOO 
200 
300 

·400 
500 

GOO 
700 
800 
900 

1000 

1100 
1200 
1300 
1400 
1500 

1600 
1700 
1800 
1900 
2000 

2100 
2200 
2300 
2400 
2500 

2600 
2700 
2800 
2900 
3000 

3IOO 
3200 
3300 
3400 
3500 

3600 
3700 
3800 
3900 
4000 

4100 
4200 
4300 
4400 
4500 

4600 
4700 
4800 
400() 
5000 

5100 
5200 
5300 
5400 
5500 

DETERMINATION OF LATITUDE. 

Reduction of latitude to sea level. 

[The corroction Is negative ln every t•aso.] 

·~i ~ .. I :: ::: :: ::_I~: I_:: --~: J_ .,,._ 
Meters [·-,-, --·-,-, -- /1 .11 -- /1 

:m o. oo o. oo o. oo o. oo o. oo 
61 .00 .00 .OJ .01 .01 
!ll .00 .OJ .01 .01 .OJ 

122 .00 .OJ .01 .01 .02 
152 . 00 . 01 . 01 . 02 . 02 

183 . 01 
213 .01 
244 . 01 
274 . 01 
305 .01 

335 . 01 
366 .01 
396 .01 
427 . 01 
457 .01 

488 . 01 
518 . 02 
549 . 02 
579 . 02 
610 . 02 

640 . 02 
671 . 02 
701 . 02 
732 . 02 
762 . 02 

792 . 02 
823 . 02 
853 . 03 
884 . 03 
914 . 03 

945 I . 03 
975 . 03 

1006 . 03 
1036 . 03 
1067 . 03 

1097' . 03 
1128 . 03 
1158 . 03 
1189 . 04 
1219 . 04 

• 1250 . 04 
1280 . 04 
1311 . 04 
1341 . 04 
1372 . 04 . 
1402 . 04 
1433 . 04 
1463 . 04 
1494 .04 
1524 . 05. 

1554 . 05 
1585 . 05 
1615 . 05 
1646 .05 
1676 . O!i 

. 01 

. 01 

. 01 

.02 

.02 

.02 

.02 

.02 

.02 

. 03 

.03 

.03 

.03 

.03 

. 04 

. 04 

. 04 

. 04 

. 04 

. 04 

.0;) 

. 05 

.05 

.05 

.05 

. 06 

.06 

.06 

.06 

.06 

.06 

. 07 

. 07 

. 07 

.07 

. 07 

. 07 

.08 

.08 

. 08 

. 08 

.08 

.09 

.09 

.09 

. 09 

. 09 

.oa 

.10 

.10 

. 02 

.02 

.02 

.02 

.o~ 

. 03 

. 03 

. 03 

.04 

. 04 

. 04 

. 04 

.05 

.05 

.05 

. 05 

.06 

.06 

.06 

. 07 

. 07 

. 07 

.07 

.08 

.08 

. 08 

.08 

. 09 

. 09 

.09 

.09 

.10 

.10 

.10 

.10 

.11 

.11 

.11 

.11 

. 12 

.12 

.12 

. 13 

.13 

.13 

.13 

.14 

. 14 

.14 

.14 

.02 

.02 

.03 

.03 

.03 

. 04 

. 04 

. 04 

.05 

. 05 

.00 

.06 

.06 

.06 

.07 

. 07 

. 07 

.08 

.08 

.08 

.09 

.09 

.09 

.10 

.10 

.10 

.11 

.11 

. 11 

.12 

. 12 

.12 

.13 

. 13 

. 13 

.14 

.14 

. 14 

. 15 

.15 

. 15 

.16 

. 16 

. 16 

. 17 

.17 

.17 

. 18 

.18 

.18 

.02 

.03 

.03 

.04 

.04 

. 04 

.05 

.05 

.06 

. 06 

.06 

. 07 

.07 

.08 

.08 

.08 

.09 

. 09 

.10 

. JO 

.10 

. 1 I 

. 11 

. 12 

. 12 

.12 

. 13 

. 13 

.14 

.14 

.14 

.15 

.15 

.16 

.16 

.16 

. 17 

.17 

.18 

. 18 

. 18 

. 19 

. 19 

.20 

. 20 

. 20 

. 21 

. 21 

.22 
• 22 

II 

0.00 
.OJ 
.01 
. 02 
.02 

II 

0.00 
. 01 
.01 
. 02 
.02 

I' 

0.01 
.01 
.02 
. 02 
.03 

II 

0.01 
.01 
. 02 
. 02 
.03 

. 03 . 03 . 03 . 03 

.03 .03 .04 .04 

.04 .04 .04 .04 

. 04 . 04 . 05 . 05 
• 05 • 05 I • 05 , 05 

. Oil . 05 . 06 . 06 

. 05 . 06 . 06 . 06 

. 06 . 06 . 07 . 07 

. 06 . 07 . 07 . 07 

. 07 . 07 . 08 . 08 

.07 .08 .08 .08 

.08 .08 .09 .09 

.08 .09 .09 .09 

.09 .09 .10 . 10 

.09 .10 .10 .10 

.09 .10 .11 .11 

.10 .11 .11 .11 

. JO . 11 • 12 . 12 

.11 .12 .12 .13 

. I 1 . 12 . 13 . 13 

. 12 I , 13 • 13 . 14 

.12 .13 .14 .14 

. 13 . 14 . 14 . 15 

.13 .14 .15 .15 

. 14 .15 .15 . 16 

. 14 . 15 . 16 . ](j 

.14 .16 .JG .17 

. 15 . 16 . 17 . 17 

.15 .17 .17 .18 

.16 .17 .18 .18 

. 16 . 18 . 18 . 19 

. 17 . 18 . 19 . 19 

.17 .19 .20 .20 

.18 .19 .20 .20 

. 18 . 20 . 21 . 21 

. 19 . 20 . 21 . 21 

.19 . 21 . 22 . 22 

. 19 . 21 . 22 . 22 

. 20 . 22 . 23 . 23 

. 20 I . 22 . 23 . 23 

. 21 . 23 . 24 . 24 

. 21 . 23 . 24 . 24 

. 22 . 24 . 25 . 25 

. 22 . 24 . 25 . 21i 

. 23 . 24 . 26 • 26 

.23 .25 .. 26 .27 

. 23 . 25 . 27 . 27 

. 24 . 26 . 27 . 28 

.24 .26 .28 .28 

.25 .27 .28 .29 
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Reduction of latitude to sea level-Continued. 

~ 
5' 10' 15° 20' 

I 
25° 30' 35° 40° 

I 
45° 

85' 80' 75° 70° 65' 60' 55' 50' 

Feet Meters II II II II II II II II II 

5600 1707 0.05 0.10 0. 15 0. 19 0.22 0.25 0.27 0.29 0.29 
5700 1737 .05 .10 .15 .19 . 23 .26 . 28 . 29 .30 
5800 1768 .05 .10 .15 .19 . 23 . 26 .28 .30 . 30 
5900 1798 .05 .11 .15 .20 . 24 . 27 . 29 .30 . 31 
6000 1829 .05 .11 .16 .20 . 24 . 27 . 29 . 31 .31 

6100 1859 .06 .11 .. 16 .20 . 24 . 28 .30 . 31 .32 
6200 1890 .06 .11 .16 . 21 . 25 . 28 .30 . 32 . 32 
6300 1920 .06 .11 . 16 .21 .25 . 28 . 31 . 32 . 33 
6400 1951 .06 .11 . 17 . 21 .26 .29 . 31 . 33 . 33 
6500 1981 .06 .12 .17 . 22 . 26 . 29 . 32 . 33 . 34 

6600 '2012 .06 .12 .17 .22 . 26 . 30 . 32 .34 . 34 
6700 2042 .06 .12 .17 . 22 . 27 .30 . 33 . 34 . 35 
6800 2073 .06 . 12 . 18 . 23 . 27 . 31 . 33 . 35 . 35 
6900 2103 .06 .12 .18 .23 . 28 . 31 .34 . 35 . 36 
7000 2134 .06 .12 .18 .23 . 28 . 32 .34 .36 .36 

7100 2164 .06 .13 . 19 . 24 . 28 .32 . 35 . 36 . 37 
7200 2195 . 07 . 13· . 19 . 24 . 29 .33 .35 . 37 .38 
7300 2225 . 07 .13 .19 . 24 . 29 . 33 . 36 . 37 . 38 
7400 2256 .07 .13 .19 . 25 .30 . 33 . 36 . 38 .39 
7500 2286 .07 .13 .20 . 25 . 30 .34 . 37 . 38 .39 

7600 2316 . 07 .14 .20 . 25 . 30 .34 . 37 .39 .40 
7700 ""2347 .01 .14 .20 .26 . 31 . 35 . 38 .40 .40 
7800 2377 . 07 .14 . 20 . 26 . 31 . 35 . 38 .40 .41 
7900 2408 . 07 . 14 . 21 . 26 . 32 . 36 . 39 .41 .41 
8000 2438 . 07 .14 . 21 . 27 . 32 .36 . 39 .41 .42 

8100 2469 .07 . 14 . 21 . 27 . 32 . 37 .40 . 42 . 42 
8200 2499 . 07 .15 . 21 . 27 . 33 . 37 .40 . 42 . 43 
8300 2530. .08 . 15 . 22 . 28 . 33 . 37 .41 .43 . 43 
8400 2560 .08 .15 .22 . 28 .34 . 38 .41 .43 .44 
8500 2591 ~08 .15 . 22 . 28 . 34 . 38 . 42 . 44 .44 

8600 2621 .08 .15 .22 . 29 . 34 . 39 . 42 . 44 .45-
8700 2652 .08 .16 . 23 . 29 .35 . 39 .43 .45 . 45 
8800 2682 .08 .16 . 23 . 29 . 35 .40 . 43 . 45 .46 
8900 2713 .08 .16 . 23 .30 . 36 .40 .44 .46 .46 
9000 2743 .08 .16 • 23 .30 . 36 .41 . 44 .46 .47 

9100 2774 .08 . 16 . 24 .30 .36 .41 . 45 . 47 .47 
9200 2804 . 08 . 16 .24 . 31 . 37 . 42 .45 . 47 . 48 
9300 2835 . 08 . 17 .24 . 31 . 37 .42 .46 .48 • 48 
9400 2865 .09 . 17 . 24 .31 .38 . 42 .46 • 48 .49 
9500 2896 .09 . 17 . 25 . 32 . 38 . 43 .47 .49 • 50 

9600 2926 .09 . 17 .25 .32 . 38 . 43 .47 .49 . 50 
9700 2957 . 09 . 17 . 25 .32 . 39 .44 .48 • • 50 • 51 
9800 2987 . 09 . 17 . 26 .33 . 39 . 44 .48 • 50 . 51 
9900 3018 . 09 .18 . 26 . 33 .40 .45 .48 • 51 .52 

10000 3048 . 09 . 18 . 26 . 33 .40 .45 .49 • 51 • 52 

CORRECTION FOR 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. (Seep. 85.) 

DISCUSSION OF ERRORS. 

In discussing the errors of zenith telescope ob~ervations it is desirable to consider separately, 
as on page 48, the external errors, observer's errors and instrumental errors. 

The principal external errors arc those arising from errors in the adopted declinations and 
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 stars observed at thirty-six latitude stations, nearly on the thirty-ninth parallel, 
between 1880 and 1898, the average value of e'IJ derived from the mean place computations 

was ±o".16 and the extreme values were ±0".12 and ±0".23. The average probable error 
of the declination of a star in 1900 as given for the 6188 stars in the Boss catalogue is about 
±0".18, and hence the average value of e ~from the Boss stars would be-about ±0".13. These 
figures furnish a good estimate of the accidental errors to be expected from tho adopted declina
tions. To estimate the constant errors to be expected from this source is a rather difficult 
matter. The principal constant error in declination to be· feared is that arising from errors in 
the adopted systematic corrections applied to t~e separate catalogues of observed places. 'l'he 
three principal researches in regard to these systematic corrections have been made by Profs. 
Lewis Boss, A. Auwers, and Simon Newcomb. Judging by the differences between the results 
of these three researches, the constant error in tho mean declinations based upon Profe8sor 
Boss's researches, may possibly be as great as 0" .3, but is probably much smaller than that. 

In regard ,to errors arising irom abnormal refraction it should be noted that only the dif
ference of refraction of the two stars of a pair enters the computed result. The errors in the 
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 temperature inside 
the observatory being much above that outside, or from masses of heated air from chimneys or 
other powerful sources of heat near tho observatory. If there were a sensible tendency, as 
has been claimed, for all stars to be seen too far north (or south) on certain nights, because of tho 
existence of a barometric gradient, for example, it should be detected 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. Hayford is that tho variation in the mean results from zenith 
telescope measurements from night to night is about what should be expected from the known 
accidental errors of observation and declination; or, in other words, that if there are errors 

. peculiar to each night they are exceedingly small. 1 

The observer's errors are those made in bisecting the star and in reading tho level and 
micrometer. Errors due to unnecessary longitudinal pressure on the head of the micrometer 
may a\so be placed in this class. 

Indirect evidence indicates that the error of bisection of the star is one of the largest errors 
concerned in the measurement. 'l'he bisections should be made with corresponding care. 'l'ho 
probable error of a bisection must be but a fraction of the apparent width of the micrometer 
line if the observations are to be ranked as first class. It is possible to substitute three or more 
bisections for tho one careful bisection recommended in the directions for observing (p. 110), 
but it is npt advisable to do so. On account of tho comparative haste with which such bisections 
must be made, it is doubtful whether the mean of them is much, i.f any, more accurate than a 
single careful and deliberate bisection, while the continual handling of the micrometer head, 
which is necessary -\vhen sevei-al bisections are made, tends to produce errors. 

With care in estimating tenths of divisio~ on the micrometer head and on the level grad
uation, each of these readings may ho made with a probable error of ±0.1 division. If one turn 
of the micrometer screw represents about 60" and one division of the level about 1", such 
reading would produce probable errors of ±0".04 and ±0".05, respectively, in tho latitude 
from a single observation. These errors are small, but not negligible, for the whole probable 
error of a single observation arising from all sources is often less than ± 0".30 and sometimes less 
than ±0".20. 

1 See Report of tho Boundary Commission upon tho Survey and Re-marking of the Boundary between the United States and .Mexico West ot 
the Rio Grande, 1891to1896 (Washington, 1898), pp. 107-109, for one such comparison. 
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While reading the level the observer should keep in mind that a very 'slight unequal or 
unnecessary heatin,g of the level tube may cause errors several times as large as the mere reading 
error indicated above, and that if the bubble is found to be moving, a reading taken after allow
ing it to come to rest deliberately may not be pertinent to the pm·posc for which it was taken. 
The level readings arc intended to fix the position of the telescope at the instant when the star 
was bisected. 

It requires great care in turning the micrometer head to insure that so little longitudinal 
force is applied to the screw that the bisection of the star is not affected by it. Such a displace
ment of 1-4000 of an inch in the position of the micrometer line relative to the objective produces 
an apparent change of_ more than 1" in the position of a star if the focal length of the telescope 
is less than 50 inches. The whole instrument being elastic, 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 levol was read both before and after the bisections of the star, 
the former readings continually differed from the latter, from O".l to 0".9, nearly always in 
one direction. 1 

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 ~f 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 different 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 these sources of error must be carefully guarded against, as indicated on page 106, 
as it tends to int'toduce a constant error into the computed latitudes. Tho observer, even 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 stars, or 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 indicates 
the required correction to be. 

The errors from the third, fourth, and fifth sources may easily 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 O". 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 obs~rver 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 air the more secure is the instrument ·against sudden and 
unequal 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 a period of one turn and those of such a form that the 
value of one turn increases continuously from one end of the screw to the other. The periodic 
irregularity operates mainly to increa~e th~ computed probable error of observation and must 
-----------·--·--··-· -·- --- . ·----· ... - ········-··-·--· -----------

• U. s. Coast and Geodetic Survey Report, 1892, 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 ipcreases 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 difficult 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 difierences 
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 
slightly 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 source will usually be less than its computed probable error. 

THE ECONOMICS OF LATITUDE OBSERVATIONS. 

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 1 "What degree of accuracy in the mean result for the station is it desirable 
and justifiable to strive for·~ 

The answer to the first 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 ±0".16 and the extreme values were ±0".12 and, ±0".23. At 37 stations 
occupied with zenith telescopes along the thirty-ninth parallel the extreme values of e, the 
probable error of a single observation, were ±0".16 and ±0".98, and at about one-half of 
the stations it was less than ±0".42.1 Similarly, at 43 stations along that parallel occupied 
with meridian telescopes e was less than ± O" .45 at one-half the stations, and th~ extreme 
values were ± O" .21 and ± 1 ".27. In the light of these figures one may use the following table 
to determine the most economical ratio of number of observations to number of pairs: 

TVeight to be assigned to mean latitude from a single pair. 

w = e2 
•• +·-( e2)-' 

n °2" nn 

e'! being assumed to be ± 0" .16. 

Number of observations on the pair 

e 
I ·-5-1 1 2 3 4 0 

----
II 

±0.16 20 26 29 31. 2 32. 6 33.4 
±0. 20 15 22 26 28. 1 29.8 31. 0 
±0.30 9 14 18 20.8 22.9 24.6 
±0.40 5.4 9.5 12. 7 15.2 17.4 19. 1 
±0. 60 2.6 4.9 6.9 8. 7 10.2 11. 7 
±0. so 1. 5 2. 9 4.2 5.4 6. 5 

I 
7.6 

I ±l. 00 1.0 l. 9 2.8 3. 6 4.4 5.2 

----------------------------------~-------------------~-----
l Ono thousnn d twolmndrcd and seventy-seven observations for variation of latitude at San Jo'ranclsco In two series gave e-±0".19 ISld e-

:i:0".28. A similar series at the Hawaiian Islands In 1891-92, 2434 observations, gave t- :l:0".16. On tho Mexican boundary Jn 1892-93, 1302 
observations at fifteen stations gave e- :i:0".19 to ±0".38; All these observations were made with zenith telescopes. (See Coast and Geodetic 
BIU'Vey Repori.s, 1893, 1'11rt 2, p. t94; 18D2, PW"t 2, pp. 54 and 158; 1892, Part 2, p. liO, and Mexican Boundary Heport, 1891-1896, 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 weight. Thus, if e= ±0".16, 
the first observation gives a weight of 20, while the second observati~n is less than one-third 
as efficient, the increment of weight being only 6, and the fiith 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= ±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 firi;it, it is evident that to secure a maximum of accuracy 
fol"' a given expenditure each pair should be observed but once. Additional observations on 
new pairs require appreciably more time than the same number of observations on pairs already 
observed only in the follow\ng 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 first 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 possibly 
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 e,.= ±0".16),_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 figure 
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 three 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 astronomic 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. It suffices here in regard 
to errors of the first class, which are not within the province of this appendi.X, 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. An 
examination of these station errors shows that although there is a slight 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 
irregular variation of station error in latitude with a total range of l".8. Stating the result 
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of the examination in another form, if the 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 ±0".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 
hundreds of square miles, it becomes evident that a probable error of ±0".10 in the latitude 
determination is all that it is desirable or justifiable to strive for. 1 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 Instructions for 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 ± 0".10 
in the resulting latitude. 

Between 1905 and 1908, Assistant W. H. Burger determined the latitude at 63 stations in 
the United Stat!ls, making only one observ;ation on a pair (unless it was found that some mistake 
waB' made on a pair, in which case a second observation was made on it if observations 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 ep was ±0".38 and the average 
e,p was ±0".10. The average number of nights on which observations were made at a .station 
was 1.9. · 

Assistant Wm. Bowie occupied 7 stations in 1008. The average number of pairs observed 
per station was 15, with a maximum ~f 16 and a minimum of 15 pairs. The average e;, was 
±0".31 and the average e,p was ±0".08. Observations were made on o.nly 8 nights for the 
7 stations. At only one station were observations made on more than one night. 

COST OF ESTABLISHING A LATITUDE STATION. 

It is difficult 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. 

• The above discussion also applies, though with less force, to longitude and azimuth observations. In both these cases the errors or observation 
are necessarily much larger than In latitude obeervatlona. 



PAR 'f IV. 

DETERMINATION OF THE ASTRONOMIC AZIMUTH O~' A DIRECTION. 

GENERAL REMARKS. 

Vanous methods are employed in the Coast and 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 formulre 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 fo1d 
himself already provided with an instrument, in which case that method will have to be selected 
which is compatible with the mechanical means at hand and at the same time insm:es 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 deflections will have neutralized each other. The astronomic azimuth 
is, of course, subject to any displacement of the zenith due to local attraction o~ deflection. 

We may distinguish between primary and se~o1ulary 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 the lpcal time (sidereal) must either be 
known-as, for instance, when a telegraphic longitude is at the same time determined-or 
special observations must be made for It. For subordinate azimuths, time and azimuth obser
vations may sometimes be made together, as with the ult-azimuth instrument for magnetic 
purposes, in which case the sun's limbs are usually observed. In refined work in high latitudes, 
and for certain rare cases 'in low latitudes, 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 and Geodetic Survey, and shown in illustration No. 
8. For secondary azimuths, local time may be found by means of sextants or alt-a~imuth 
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 number 
of observations as to make it reasonably certain that the probable error of the astronomic 
azimuth does not exceed ±0".50. It is not desirable to spend much time or money in reducing 
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the probable error 'below this amount. At Laplace stations (coincident triangulation, longi
tude, and azimuth stations), however, the astronomic azimuth should be determined with a 
probablo error not greater than ±0".30 and the observations should be made on at least two 
nights. When observations are ma<le to determine the astronomic azimuth of a line of the 
primary triangulation, the azimuth station should coincide with a station of the triangulation 
and the mark used should be some other station of the scheme. In this way the azimuth is 
referred directly to one of the lines of the triangulation. The probable error of the azimuth 
of a line obtained from an observed astronomic azimuth on a mark sepQ.rate from the triangu
lation is greater than the 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
la.tion. 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 the 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 to 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 No. 18 shows a 12-inch 1 

direction theodolite (No. 146) made at this office and now in use for the measurement 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 microscopes.2 A glass
har<l steel center also contributes toward making this theodolite and others of identical con
struction furnish results of a ve.ry high degree of accuracy. The graduation of the horizontal 
circle on this instrument is to 5' spaces. An 8-inch repeating theodolite reading to five seconds 
by two opposite verniers is shown in illustration No. 19. For observations on the sun for azi
muth in connection with magnetic determinations n small 4-inch theodolite is often used. 
(See illw>tration No. 20.) This instrument reads to minutes on each of two opposite verniers. 
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 elongation (p. 157). 

When the azimuth is observed during th'J progress of the primary triangulation the regular 
triangulation signal lamps shown in illustrations Nos. 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 the 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, nn ordi
n1iry lantern, a bull's eye 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 mark. 

INSTRUMENT SUPPORTS. 

While making observations for a second11ry azimuth the inst111ment used is usually supported 
upon its own tripod, mounted upon stakes driven firmly into the ground. In primary triangula
tion the theodolite is frequently mounted upon a tripod which may be u.s 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 st11nd 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 a four-sided 

1 Following the usual practice, the size of the theodolite ls here designated by giving the diameter of the graduated horizontal circle. 
s for a more complete description of this Instrument see Report for 1894, pp. 261>-274. 



140 U. S. COAST AND GEODETIC SURVEY SPECIAL PUBLICATIOX NO. 14. 

scaffold on which the observer stands. The tripod and scaffold do not touch e11ch other 11t any 
point. The top floor of the scaffold is not needed on azimuth work and is only used on prim11ry 
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 to carry lumber, and as a result ·it 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 st11r. Such pre
cautions 11r~. not necessary to the same extent while making the observations on the mark 
(or triangulation station), assuming, of course, that the mark is not for from being in the horizon 
of the station. As a result of not using an observing platform it mn.y be necessn.ry to make 
more observ!l.tions to get the desired degree of accuracy than.if a platform had been used. The 
errors resulting from not having a platform are mainly of the accidental class and their effect 
on the finc1l azimuth is small. 

Where both azimuth and latitude a.re to 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 former Assistant 
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 the 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 the base of the 
pier of the required height for the latitude instrument. 

AZIMUTH MARK. 

When it is necessary to elevate a signal lamp ovPr a triangulation stntion used as a mark 
a number of devicPs may be used. A simple pole well guyed is frequc'ntly usPd, but this is not 
very satisfactory, for it is difficult to keep the support of the lamp n.ccurutely centered over the 
station mark. A device like that shown in illustration No. 25 may be used, and this has the 
advantage that the light ~eeper does not have to climb the pole when posting and 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 js 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 scat. Such a signal m11y be built to a height of 140 feet or more. An acetylene lamp, 
like one of those shown in illustrations Kos. 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 afterwards referred to 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 fincls himself and to his own convenience. A 
box with open top having in its front face a rournl hole or u 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 Xo. 27. A white or black stripe of paint or signal muslin can be placed on the box, cen
tered over the opening, upon which to make observations during the day in order to refer the 
astronomic azimuth of the mark to a line of the triangulation. 

The location of the mark is generally determined, i.n part at least, by the configuration of the 
ground surrounding the station, but it should not be placed any nearer than about one statute 
mile in order that the sidereal focus of the telescope may not require changing between pointings 
upon the star and upon the mark, since any such change is likely to change the error of collimn.
tion. Should the· mark be closer t-0 the station than one mile and no change be made in the 
sidereal focus when pointing upon the mark, there woulcl probably be eITors caused by parallax. 
If practicable, the mark should be pla~ed nearly in the horizon of the station occupied, in order 
that small errors of inclination of the horizontal axi;; of lhe instrument may not affect the point-
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ings upon the mark, and corresponding readings of the striding level will be unnecessary. In 
choosing the position of the mark it should be kept in mind that the higher the line of sight to it 
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 designed tent should be used to shield the instrument from the wind. Illus
trations 16 and 17 show two tents which have proved satirlfactory. The tent 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 ax~s by readings of a striding lev~l, 
observations are sometimes taken upon the image of the star us seen reflected from the free 
surface of mercury (an artificial horizon) in addition to the di.rcct observations upon the star. 
The error in azimuth produced by the inclination of the horizontal axis is of the same numerical 
value for the reflected observations as for the direct observations, but is reversed in sign, and · 
the mean result is free from error from this source, provided the cross-section of each pivot is 
circular, or at least that the two pivots have similur cross-sections similarly placed. Considerable 
care and ingenuity is necessary to protect the mercury effectually against tremors and against 
wind, either of which will by disturbing the mercury surface make the reflected star image so 
unsteady as to make accurate pointing upon it difficult or impossible. A glass roof over the 
mercury to protect it from the wind should never be employed in connection with azimuth 
observations, since reversal of it does not sufficiently correct for errors arising from refraction at 
the glass. Large boxes, or tubes of considerable size, with their openings covered with mosquito 
netting, have proved the most satisfactory protection of the mercury against the wind. 

It iS believed that the lateral refraction of the direct and reflected ray, when the mercury is 
sot on the ground, may introduce uncertain and possibly large errors into the azimuth. This 
trouble can be avoided by placing the artificial horizon on a stand nearly as high as the theodolite. 
This, however, can not ·be done with the' direction theodolite (except in very low latitudes). 
The artificial horizon can not be use<l in high latitudes when making observations on Polaris, as 
the horizontal circle of the theodolite would interc0pt the reflected ray. 

POINTING LINES. 

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 vertical lines about 20" 
(of arc) apart. The first has the advantage over the second that it does not involve the necessity 
of bisecting a space by eye, as the observation consists simply of noting when the star image 
appears symmetrical ·with respect to the line. On the other hand, it has the disadvantage that 
frequently when a very bright star (or light) is observed the line appears to be "burned off" 
neat· the star image; that is, it becomes invisible because of its comparative faintness, and the 
pointing is correspondingly uncertain. So also if a very faint star (or light) is observed its 
image may nearly or completely disappear behind the line ancl so make accurate pointing 
difficult. For many stars of intermediate degrees of brightness one or the other of these diffi
cu~ties 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 at the same instont. The observation now consists in noting 
when the image of the star (or mark) bisects the space between the two lines. This process is 
probably but slightly less accurate under any conditions of brightness than the direct bisection 
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of a star image under the roost favorable conditions as to brightness. In measuring horizontal 
angles and azimuths in Colorado, Utah, and Nevada, along the thirth-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. 
Thit> is a satisfactory method and occasionally is convenient for the observer. 

GENERAL CONSIDERATJO)l"S. 

Let the hour angle (t), declination (o), and latitude (<p) be slightly in error by the quantities 
dt, do, and d<p, and let dA equal their effect upon the azimuth (A); then, in general, it will be 
seen that, all other circumstances being equal, dA increases as the zenith distance «::)decreases; 
for a star near the pole and for a latitude not too high a small error iil time and in latitude has 
but a slight effect upon the azimuth, and in the case of a circumpolar star at elongation (when 
the parallactic angle is 90°) a small error in time, dt, will not affect the azimuth; but small 
errors in declination, do, and in latitude, d<p, then attain nearly their maximum effect upon the 
azimuth. If observations are made upon a circumpolar star (o> <p) at the eastern and at the 
western elongation, effects of do and d<p will disappear in the combination of the two results; 
this, therefore, is the most favorable condition for observing. In general, effects of do and d<p 
disappear in mean results of observations of equal and opposite azimuths. In observations 
on a circumpolar star in the meridian the effect of a small error in time and in right ascension 
may be eliminated by a combination of results from upper and lower culminations; for a star 
in the meridian the quantities do and d<p do not enter in the azimuth. If the object to be 
observed, star (or sun), is of great polar distance (also o < <p), and if o is positive, the best time 
for observing is before the eastern transit, or after the western transit over the prime vertical, 
when the change in azimuth with respect to time is a minimum, but the star (or sun) should 
not be too near the zenith nor be so low as to be affected by changes of refraction; if o is negative, 
the star (or sun) should be observed some distance from tho meridian.1 

These considerations h'f1veled to the plan of making first-class azimuth observations almost 
exclusively upon the close circumpolars rr, a, and). Ursre ~Iinoris and 51 Cephei. The apparent 
places of these four stars are given in the American Ephemeris for every day of th~ year. Illus
tration No. 28 will assist in readily finding the two fninter stars). Ursre Minoris and 51 Cephei, 
which barely become visible to the naked eye under the most favorable circumstances; it also 
shows that when (} Ursre Minoris 1m<l 51 Cephei culminate on either si<le of the pole, Polaris is 
not far from its elongation; and, likewise when the pole star culminates, the other two are on 

. opposite sides of the meridian, near their elongations. A similar approximate relation exists 
between tr and ). Ursre Minoris. Polaris offers the advantage of being observable in daytime 
with portable instruments; hence it may be observed at easten1 and western elongations, or 
at upper and lower culminations, provided the sun be not too high; ). Ursre Minoris, from its 
greater proximity to the pole and its smaller size, presents to the larger instruments a fmer and 
steadier object for bisection than Polaris; 51 Cephei is also advantageou.sly used on account of 
its small size. The star B. A. C. No. 4165, shown on the diagram, was proposed and used for 
azimuth work by Assistant G. Davidson. The apparent processional motion of the pole in 
100 years is indicated by the direction and length of the arrow. The sun. is employed only to 
determine azimuths of inferior accuracy, generally in connection with the determination of the 
magnetic declination. 

1 The statements made In a general and somewhat indefinite form in this parngrnph mny be stated in accurate mathematical form by deriving 
d.tl in terms of dt, df', db, respectively, from the formula 

-sin I 
l!m .ti m co~ p tan a_;s"iii91-cos t 

(sec p. H3), or from the formulro usc<l in Its derivation. 
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GENERAL FORMUL.£. 

Four methods of determining azimuth will be treated in detail in this publication, namely, 
(1) the method in which a direction theodolite is used, a~ in the measurement of horizontal 
directions; (2) the method of repetitions with a repeating theodolite; (3) the Inicrometric 
method, using an eyepiece micrometer; (4) the determination of azimuth from time obs'erva-
tions with a trn.nsit or meridian telescope approximately in the meridian.1 Certain formulm 
which are common to the :first three of these methods will be stated here 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 observa
tion, a computation of the horizontal angle between the star and the mark, and the combination 
of these two results by addition or subtraction. 

In the spherical triangle defined by the pole, the zenith, and a star, the side zenith-pole is 
the co-latitude, the side star-pole is the polar distance of tho star, and the angle at the pole 
is the hour angle 2 or its explement. Starting from these three as known parts, the spherical 
triangle may be solved by the ordinary formulre· of spherical trigonometry. The solution to 
obtain the azimuth of the star, which is· the angle of this triangle at the zenith, may, withnut 
any approximations, be put in the form 

tan A = - sin t . 
cos <p tan lJ - sm <p cos t 

in which A is the azimuth .of .the star counted from the north -in a clockwise direction/ and 
the hour angle tis 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 lJ during the period of observation. The second term, for 
a close circumpolar star, may be computed with sufficient accuracy by five-place logarithms.· 

The computation of the azimuth from this formula may be considerably shortened by 
transforming it as indicated below nnd using the table given on pages 165-173:' 

tan A = - sin t . 
cos <p tan lJ - sm <p cos t 

cot lJ sec <p sin t 
I - cot~ tnn <p cos t 

= - cot lJ sec <p sin t ( 1 ~ a) 
in which a=cot lJ tnn <p cos t. 

The second form of this formula is about as convenient as the first. It 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 
lJ sec <p sin t must be carried to six places and log cot lJ tan <p cos t to five places. The most con
venient arrangement of th0 computation is shown on page 148. The formula and tables involve 
no approximations, and the only errors resulting from their use are those arising from the cast-off 
decimal places (log~rithms limited to six places). These errors are of. the accidental class, and 

1 The method of determlnlng azimuth by observaUons upon the sun at any hour 8llgle Is not treated In this publ!CBllon, beCBuse It is used 
mainly In making observations for magnetic declinations and a description or It, with tables for making the parallax and refraction correitlons, Is 
given In" Prlnclpal Fo.cts of the Earth's Magnetism" published in 1009, and also In "Directions for Magnetlo Measuremenis" publlshed In 1911, 
both Issued by the Const and G oodetlc Survey. 

s In this publlcatlon the hour angle wlll be reckoned westward from zero at upper culmination (Increasing with the lapse of time) to 360" or l!4h. 
•In astronomic computations It Is more convenient to cbunt the atlmuth from the north Instead or from the south, as In geodetic computa

tions. If the direction of the count iR cloclnvlse, as here stated, to change from one reckoning to the other It Is only necessary to add or subtract 
180°. 

4 The formula and tho t.uhlo are both copied from Formtln und Ilalfataftln fiJr Gtographlacht Ortabtatlmmungtn von Prof. Dr. 'l'h. Albrecht. 
Leipzig, \Rll4. The range of the tnble baa, however, been considerably extended. 
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will seldom exceed 0''.04 for any case covered by the table, and for most observations made 
below latitude 50° the error will not exceed 0".01. These quantities are so small in comparison 
with the erro~ 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 to be the case, one 
may easily substitute the Second formula Oll p1tge .143 for tho third. 1 

To compute tho azimuth of a star at the time of each pointing made upon it during a set 
of observations is an unnecessarily 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 c.orre
sponding to the mean hour angle, but is not the requir..ed mean of the azimuths correspon<ling to the 
separate hour 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 convenient way of making the computation for a set of observa
tion,s is to :use the mean hour angle in 'the azimuth formula and apply to the result a 

·. 1 2 sin2 Ji. ' Curvature Correction= tall' A -·.I - ·.-----n SIU l" 

in which n is the number of pointings upon the star in the set and' for each observation is the 
difference 2 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 the azimuth reckoned 
from the north, or in other words, if azimuths are counted clockwise 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 
for~ula is approximate, but for circumpolars and for the interval of time usually covered by 

? sin2 ! ' -a set of observ1i~ions its errors are negligible. The value of the term - . 
1
,, may be found 

. Sill 

on pages 151-152 of this publication.3 

If the star observed is Polaris, a convenient rough check on the computation may be 
obtained from Table V of the American Ephemeris and Nautical Almanac, entitled Azim~th of 
Polaris at aU Hour Angles. . 

Because of the rapid. motion of the observer, due to the rotation of the earth on its axis, 
a star is seen slightly displaced from its real position. Tho mquirNl 

C . f D' l Ab . II cos A cos </> orrcction or mrna crrat10n = 0 .32 z cos i 

Tho sign of the correction is always positive when applied to azimuths counted clockwise. 
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. 'fhe correction for diurnal 
aberrl}tion 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 either the star or the, 
mark the corrections indicated below must be applied, 

Level Correction=~{(w+w')- (e+e')}tan h 

jf the striding .Jovel carPies a graduation i~umborcd in both directions from the middle. d is 
the value of one division of the level and w, e and w', e' are the west ancf cast readings of tho 

1 \'arlous other formulro for computing the azimuth of circumpolar stars have boon proposed and used, Each of them require.• either tho same 
or a greater time for the computation tlu1n that here given, when the whole computation, Including the preparation of tho auxiliary tublos required 
with some of them, ls taken Into account. As uniformity of practice Is conduch'e to rapid ('Ompututlon, It Is considered dc.•lrable thut ull should 
use the fqrmulro given, and therefore no others arc here stated. It should be noted that the formula given Is accurate nntl geneml; thut Is, It 
applles to any of the clo.>e clrcumpolars at any hour angle. 

. 2 sin' ~ t . . 
•Ha mean time chronometer 1s used, tile value I sffi-fi·- should be mcrcn.'!Cd by its one hundred nrnl eightieth pnrt. 

t This table ·v11S ropled from pages 034--037 o! Doolittle's Practical Astronomy. These tulmlur value.• 11111,v be found in various other plurcs. 
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level before and after reversing it. h is the altitude of the star. It is only necessary to know 
h approximately-an occasional rea(iing of the setting circle will give it with a~undant accuracy. 

If the g1:aduation on the striding level is numbered continuously in one direction the 

Level Correction=~{ (w-w') + (e- e') }tan h · 

in which the primed letters refer to readings taken in the position in which the numbering 
increases toward the east. 1 · 

If the mark is not in the horizon of the instrument a similar correction, if appreciable, 
must be applied to readings upon the mark, h now being the 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 applied to the readings of a 
horizontal circle of whicl?- the' numb~ring increases in a clockwise direction. This is also the 
sign of the correction to tho computed azimuth (counted clockwise) for level readings in connec
t.ion with pointings upon the mark, but in connection with pointings upon the star the sign 
must be reversed to give corrections· to the computed azimuth of the mark. 

DIRECTION METHOD-ADJUSTMENTS. 

The measurement of an azimuth by this method is essentially similar to the process of 
measuring a difference of two horizontal directions with a direction theodolite. The quantity 
measured in this case 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 add& 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 considerable altitude 
makes readings of the striding level a necessity and decreases the accuracy of th~ measurement 
because errors of inclination of the horizontal a.xis 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 circle (if us~d), and of the str' ding level may be made as described in 
connection with a transit on pages 14-16. The vertical axis of the instrument must be made 
to point as nearly as is feasible to the zenith by bringing the striding level to the proper reading 
in each of two positions at right angles to each other. ' 

. The microscopes with which the horizontal circle is read must be kept in adjustment. 
Ordinarily it will only bo found necessary 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 be 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 ~rror of run of the reading micrometers 
should be kept small. In other words, the value of one turn of the micrometer in terms of 
the 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 the gradua
tion. The nearer the objective is to the graduation the smaller is the value of one turn. A 
change in this distance also necessitates a change in the distance from the objective to the 
micrometer lines, these lines and the graduation being necessarily at conjugate foci of the. 

1 See footnote on p. 23. 
322ass•-41~12 
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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 th"e progrrss of 
the primary triangulation, and the same instrum~nt is used to make the observations on the 
azimuth star that is used. to determine the horizontal directions of the lines of the triangulation. 
For a number of years past only the 12-inch (30 cm.) direction theodolites (described in Appen
dix 8, Coast and Geodetic Survey Report for 1894) have been used on primary triangulation. 
(See illustration No. 18.) Practically all the observations for primary azimuth are made on 
Polaris. In recent years the azinmth observations have been made at the same time that 
horizontal observations are being niade-that is1 Polaris is observed at a setting of the instrtt
ment in connection with one or more of the triangulation stations. The observations on Polaris 
are made at the end of the position in order that the direct and reversed observations on the 
star may come close together. Instead of determining the astronomic azimuth of the line used 
as the initial direction for the horizontal angle work it is considered that the azimuth has been 
determined of the line observed over just previous to the observations on Polaris. If, at any 
station it is necessary to make the observations f Qr azimuth in connection with two lines of the 
triangulation, then the probable error of the angle between the two lines must be 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. Later 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 ±0" .50 
for the greater portion of the primary azimuths, and the observations may all be made during 
one night. This accuracy ean usually be secured by pbserving one set in each of from 12 to 
lq positions of the instrument. In no case must an azimuth depend upon less than 10 positions. 

At some of the triangula.tion stations where the accumulated twist of the triangulation is 
to be determined· by a coincident longitude and azimuth station the azimuth is determined 
with an accuracy represented by a probable error of ±0".30, and the observations are made 
on at least two nights. 

DIRECTION METHOD-EXAM,PLE OF RECORD AND COMPUTATION. 

There are shown 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 at the primary triangulation station, Sears, in Texas. The 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 at Sears for use 'in the azimuth observations are shown on pages 54 and 55 of this 
publication. 
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Form 201 
Horizontal directions. 

(Station, Soars, Tox. (Triangulation Station). Observer, W. Bowlo. Instrument, Theodollto 168. Date, Doc. !!2, 1008.) 

Tlmo ID~\ 
I 

l'osl- For- Moan Dlro<>-
tlon Objects ob5WVcd Mic. Backward ward Mean D ti on Remlirks 

and R 

------
h m . . .. .. .. 

1 Morrison 8 19 D A 0 0 35 35 1 division or tM 
B 41 41 striding love\-
c 36 34 37.0 4".194 

R A 180 00 36 35 
' B 32 31 

c 35 34 33.8 35.4 00.0 

Buzzard D A D3 30 43 42 
B 41 42 
c 34 33 ag.2 

R A. 233 30 39 37 
B 34 32 
c 38 38 36.3 37.8 02.4 

Allen D A 170 14 61 62 
D 57 65 
c 61 59 69.2 

R A 3!;o 14 50 49 
B oa 00 
IO 53 53 54, 7 57.0 21.6 

Polaris D A 252 ()1 54 03 w l~ 
h -m 3 B 64 53 9.3 28.0 
I 41! 35.6 c 51 51 52. 7 27. 7 9.1 
1 51 Otl.O - -

18.4 - 0.5 18.ll 
1 49 60.8 

R A 72 01 09 09 24.ll 6.3 
B 02 01 13.0 31. 7 
G 10 08 06.5 21).6 - -

11. 9 -13.5 25.4 

I 
--

I - 7.0 
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Form 380. 
Computation of azimuth, direction method. 

[Station, Sears, Tex. Cllr?nometer, sldereal 1769. <f>-32· :i:r 31". Instrument. theodolite 168. Observer, W. Bowle.] 

Date, 1908, position Dec. 22, 1 2 3 .4 
Chronometer readin~ 1 49 50.8 2 01 33.0 2 16 31.0 2 43 28.8 
Chronometer correction - 4 37.5 - 4 37.5 - 4 37.4 - 4 37.3 
Sidereal time 1 45 13.3 1 56 55.5 2 11 53.6 2 38 51. 5 
Q' of Polaris 1 26 41. 9. . 1 26 41. 9 1 26 41. 8 ' 1 26 41. 8 
t of Polaris ~time) 0 18 31.4 0 30 13. 6 o 45 11. 8 I 1 12 09. 7 
t of Polaris arc) 4 ° 37' 5111• 0 7° 33' 24". 0 11° 17' 5711

• 0 18° 02' 25". 5 
a of Polaris 88 49 27.4 

log cot a 8.31224 8.31224 8. 31224 ! , 8.31224 
log tan¢ 9. 80517 9.80517 9. 80511 I 9.80517 
log cost 9.99858 9.99621 9.99150 9.97811 

8. 1159!) 1---. 8. 11362 
------· ---- -I· -----------

I log a (to five places) 8. 10891 i 8.09552 

•. 312243 I 
! 

log cot lJ 8. 312243 I 8. 312243 : 8.312243 
log sec <P 0.074254 o. 074254 ; o. 014254 I 0.074254 
log sin t 8.907064 9. 118948 i 9. 292105 9.490924 

1 
0. 005618 ! log 1-a 0. 005710 : 0. 00567!1 ' 0.005445 

I 
I 

I - ·---------- ... ··----

log (-tan A.) (to 6 places) 1. 299271 I I 
7.1)11124 ' 7. 684220 I 7.882866 

A =Azimuth of Polaris, from north* 0 06 50. 8 I 0 11 09. 2 ! 0 16 36.9 0 26 15.0 
Difference in time between D. m 8 m 8 m 8 m 8 

and R. 2 
30 0 I 2 00 3 18 

oj 
1 38 

Curvature correction of 0 

--
I I 

0 "/ II i 0 I " 0 I II 0 I II 
I 

Altitude of Polaris=h 33 46 33 46 I 33 46 I 33 46 . 
i d I 4 tan h=level factor 0.701 I 0. 701 j 0. 701 0.701 ! 

I Inclination t -7.0 -7.2 i -7.0 1-1. 8 
Level correction I -4. 9 i -5.0 i -4. !) -·1. 3 
Circle reads on J?olarifl [ 252 01 29. 6 J 86 58 11. 2 ; 281 54 27. 0 116 45 48.6 

-----·· ---·---.-.. ·---·-- --·---- -- ----- ----· 

Corrected reading on Polarl11 I 252 01 24. 7 i 86 58 06. 2 i 281 54 22. l 116 45 47.3 
Circle reads on mark 170 14 57.0 5 15 58.2 200 17 42.4 35 18 45.4 I ----1 ----- I ---! I i I 218 Difference, mark-Polaris f 278 13 I 32. 3 I 278 17 52, 0 I 278 23 :.!O. 3 32 58. 1 
Corrected azimuth of Polaris, from 1 

north* ) 0 06 50. 8 ; 0 11 09. 2 ~ 0 16 36. o I o 26 15.0 
IBO 00 oo.o I 180 00 00.0 180· 00 00. 0 180 00 00.0 

I I - - , -------· -----------!--··------

Azimuth of Allen 98 06 41. 5 : 98 06 42. 8: 98 06 
I 98 06 43. 1 43. 4 : 

. (Clockwise from south) 

To the mean result from the above computation must be applloo corrections !or diurnal aberration and eccentricity (fl any) o! Mark. 
c&rry times and angles to tenths of seconds only. 
• Minus, ff west or north. • 
t The values shown In this line are actually four times the inclination o! the horhontal axis In terms o! level divisions. 



DETERMINATION OF AZIMUTH. 

Summary of azimuth results. 

[Scars, Tex., Dec. 22, 190S.] 

l'osl· 1·-::-2~:~~~;-Allen I ·-v ·-- -1
1 ~-v,--. 

tlon 

---i--- - -- ---- -----, 
0 II 

1 98 06 41. 5 +o.8 . 64 
2 42.8 -0.5 . 25 
3 43.4 -1.1 1.21 
4 43. 1. -0.8 . 64 
5 39.7 +2.6 6.76 
6 42. 7 -0.4 .16 
7 41. 6 +0.1 .49 
8 43.3 -1.0 1. 00 
9 40.0 +2.3 5.29 

10 45.0 -2. 7 7.29 
11 43.3 -1. 0 1. 00 
12 40.7 +1. 6 2.56 

------
2v2=27. 29 

I 

e= ±0.6745.J n(~~ l) = ±0".31 

The mean observed azimuth 
Diurnal aberration 
Correction for eccentric light 

=-08° 06' 42".26±0".31. 
+0.32. 

Correction for elevation of mark 
Reduction to mean position of pole 1 

Azimuth of the line from Sears to Allen 2 = 98 

+0.04. 
-0.01. 
-0.29. 

06 42.32±0.31. 

DIRECTION METHOD-EXPLANATION OF RECORD AND COMPUTATION. 

149 

'l1lw triangulation stations un<l Polaris which were observed at one setting of the instru
ment (in this case position No. 1) are placed in the record in the order of their azimuths (left · 
t.o right) from the initial station, "Morrison." The telescope in its direct position is pointed 
upon each station in turn and finally upon Polaris. 'J:he telescope is then.reversed, and the 
first 1.)ointing after reversal is upon Polaris; then pointings are made upon the triangulation 
stations in th.e reverse order of azimuth (from right to left). The readings in the reversed 
position of the telescope arc placed directly under the direct reading. The mean of the readings 
in the direct and in the 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 at Sears, and at each pointing a backward and 
forward reading of each micrometer was made on the two graduations of the circle nearest the 
center of the comb. 

The rnen.n run of the micrometers wns kept Vt~ry smu.11 imd as the micrometer wu.s plu.ced 
upon 1\ different portion of tlHdive-minute space between 8UCccssive griL<luu.tions, the resultant 
effect of the micrometer run wri.s negligible. 'l'hc initiu.l positions (minutes a.nd seconds) of the 
micrometer wire on the circle for the first four positions were 00' 40", 01' 50 11

, 03' 10", and 
04' 20". In general, 12 or, 16 positions of the circle n.re used for tho initial settings and 
these readings of the minutes and seconds on the foitio.l arc repeated in each group of four 
positions; that is, in positions 5 to 8, 9 to 12, and 13 to 16. It can be shown that on any object 
the error due to run is practically zero in each set of four positions of the circle, if the mean 
run of the three micrometers With regard to sign is less than l" .0 and the run of no one micrometer 
is larger thun ·3".0.' $peci.al obscrvu.tions a.re made in primary triangulation to determine 
whether the run of the micrometers is within these limits. 

•Seo Astronomlsche Nachrlchten No. 4414. 
'Scars and Allen are triangulation stations. 
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The chrqnomcter 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 picks up 
and carries the beat of the chronometer, or an assistant may note the clock time upon a signal 
from the observer. 'Vhen the latter method is used the observer calls "Mark" when ·the 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 and 55). 

The formula used in making the computation is the third form of the azimuth formula 

shown on page 1-;\3. The tables on pages 165 to 173 which give the logarithm of 1 ~a were used in 

the computations. .Much time is saved in such computations as the above by carrying along all 
the different sets at one time and thus working along the horizontal lines of the form shown 
instead of down eacli column. Also tan cp and sec cp are constants for the station, cost and sin t 
may be taken out at 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 ±0".50. Even where the observations for azimuth are made coincidently 
with those for horizontal directions :in a triangulation there is no difficulty in completing the 
1tzimuth observations at a. station in one evening. For special stations a probable error of the 
result of ± O" .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 po in ting on the 
stnr in each of the positions of the telescope and therefore the correction for curvature of the 
pat,h of the star between the two pointings is usually negligible. '\\Then there is a delay in 
making the second pointing the curvature, correction should be computed by the formula shown 
on page 144. . 

· ? sin2 i• Tabular values of - . 1,, arc given on pages 151-152. The small table shown below gives 
Sill 

the values of the curvature correction direct for values of the interval, 2.-, between the two 
pointings on the star, from 2 to 7 minutes, and azimuths of Polaris less than 2° 30', for use with 
the <lirectioa method, when only two observations are made on Polaris for one setting of the 
instrument. 



t ()m 

8. " 0 o.oo 
1 o.oo 
2 o.oo 
3 o.oo 
4 0.01 

5 0.01 
6 0.02 
7 0.02 
8 0.03 
9 0.04 

10 0.05 
11 o.oo 
12 0.08 
13 0.09 
14 0.11 

15 0.12 
16 0.14 
17 0.16 
18 0.18 
19 0.20 

20 0.22 
21 0.24 
22 0.26 
23 0.28 
24 0.31 

25 0.34 
26 0.37 
27 0.40 
28 0.43 
29 0:4-0 

30 0.49 
31 0.52 
32 0.56 
33 0.59 
34 0.63 

35 0.67 
36 o. 71 
37 0.75 
38 o. 79 
39 0.83 

40 0.87 
41 0.91 
42 o.oo 
43 l.Ol 
44 1.06 

45 1.10 
46 1.15 
47 1.20 
48 1.26 
49 1.31 

50 1.36 
51 1. 42 
52 1.48 
53 1.53 
54 1.59 

55 1.65 
56 l. 71 
57 I. 77 

I 58 1.83 
59 1.89 

DETERMINATION OF AZIMUTH. 

lm 

" 
1. 96 
2.03 
2.10 
2.16 
2.23 

2.31 
2.38 
2.45 
2.52 
2.60 

2.67 
2. 75 
2.83 
2. 91 
2.99 

3.07 
3.15 
3.23 
3.32 
3.40 

3.49 
3.58 
3.67 
3. 76 
3.85 

3.94 
4.03 
4.12 
4.22 
4.32 

4.42 
4.52 
4.62 
4. 72 
4.82 

4.92 
5.03 
5.13 
5.24 
5.34 

5.45 
5.56 
5.67 
5. 78 
5.90 

6.01 
6.13 
6.24 
6.36 
6.48 

6.60 
6. 72 
6.84 
6.96 
7.09 

7.21 
7.34 
7.46 
7.60. 
7. 72 

2 sin2 ~' 
sin l" 

~ I ~ I ~ ~ I ~ . ~ ! ~ 
---------------------

" 
,, ,, 

" 
,, ,, 

" 
7.85 17.67 31.42 49.09 70.68 96.20 125. 65 
7.98 17.87 31.68 49.41 71.07 96.66 126.17 
8.12 18.07 31.94 49. 74 71. 47 97.12 126. 70 
8.25 18. 27 32.20 50.07 71.86 97.68 l'J:T. 22 
8.39 18. 47 32.47 50.40 72.26 98.04 127. 75 

8.52 18.67 32.74 50. 73 72.66 98.50 128. 28 
8.66 18.87 33.0l 51.07 73.06 98.97 128. 81 
8.80 19.07 33.27 51.40 73.46 99.43 129. 34 
8.94 19. 28 33.M 51. 74 73.&l 99.90 129. 87 
9.08 19.48 33.81 52.07 74.26 100. 37 130. 40 

9.22 19.69 34.09 52.41 74.66 100.84 130. 94 
9.36 19. 90 34.36 52. 75 75.00 101.31 131. 47 
9.50 20.11 34.64 53.09 75.47 101. 78 132. 01 
9.64 20.32 34.91 53.43 75. 88 102. 25 132. 55 
9. 79 20.53 35.19 53. 77 76.29 102. 72 133. 09 

9.94 20. 74 35. 4-0 54.11 76.69 103. 20 133.63 
10.09 20.95 35. 74 54.46 77.10 103. 67 134. 17 
10.24 21.16 36.02 64.80 77.51 104.15 134. 71 
10.:19 21.38 36.30 M.15 77.93 104. 63 135. 25 
10.54 21.60 36.58 M.50 78.34 105.10 135.80 

10.69 21.82 36.87 55.84 78. 75 105. 58 136. 34 
10.84 22.03 37.15 56.19 79.16 100. 00 136.88 
11.00 22.25 37.44 56.55 79.58 100. 55 137. 43 
11.15 22.47 37. 72 56.90 80.00 107.03 137. 98 
11. 31 22. 70 38.01 57.25 80.42 107. 51 138. 53 

11.47 22.92 . 38.30 57.60 so.St 107. 99 . 139. 08 
11.63 23.14 38.59 57.96 81.26 108. 48 139. 63 
11. 79 23.37 38.88 ss:a2 81.68 108. 97 140.18 
11. 95 23.60 39.17 58.68 82.10 109. 46 140. 74 
12.11 23.82 39.46 59.03 82.52 109. 95 141.29 

12.27 24.(1,5 39. 76 59.40 82.95 110. 44 141. 85 
12.43 24.28 40.05 59. 75 83.38 110. 93 142. 40 
12.60 24.51 40.35 00.11 83.81 lll. 43 142. 96 
12. 76 24. 74 40.65 60.47 ~·23· 111.92 143. 52 
12.93 24.98 40.95 60.84 .66 112. 41 144. 08 

13.10 25.21 41.25 61.20 85.09 112.90 144. 64 
13.27 25.45 41.55 61.57 85.52 113. 40 145. 20 
13.44 25.68 41. 85 61. 94 85.95 113. 90 145. 76 
13. 62 25.92 42.15 62.31 86.39 114. 40 146. 33 
13. 79 26.16 42.45 62.68 86.82 114. 90 146. 89 

13.00 26.40 42.76 63.05 87.26 115. 40 147. 46 
14.13 26.64 43.06 63.42 87. 70 115. 90 148. 03 
14.31 26.88 43.37 63. 79 88.14 116. 40 148. 00 
14. 49 27.12 43.68 64.16 88.57 116. 00 149.17 
14. 67 27.37 43.99 64.54 89.0l 117.41 149. 74 

14.85 27.61 44.30 64.91 89.45 117. 92 150.31 
15.03 27.86 44.61 65.29 89.89 118. 43 150. 88 
15. 21 28.10 44.92 65.-07 00.33 118. 04 151. 45 
15.39 28.35 45. 24 66.05 90.78 119.45 152. 03 
15.57 28.60 45.55 66.43 91.23 119.96 152. 61 

IS. 76 28.&5 45.87 66.81 91.68 120. 47 153.19 
15.95 29.10 46.18 67.19 92.12 120.98 153. 77 
16.14 29.36 46.50 67.58 92;57 121.49 154. 35 
16.32 29. 61 46.82 67.96 93.02 122.01 154. 93 
16.51 29.86 47.14 68.35 93.47 122.53 155.51 

16.70 30.12 47.46 68. 73 93.92 123. 0.5 156. 09 
16.89 30.38 47. 79 69.12 94.38 123.57 156. 67 
17.QS 30.64 48.11 69.51 94.83 124.09 157. 25 
17.28 30.90 48 .. 43 69.90 95.29 124. 61 157. 84 
17.47 31. 16 48. 76 70.29 95. 74 125. la 158. 43 

151 
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t I Qm I l~ I 
--- --- ----, 

• 0 
1 
2 
3 
4 

5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

15 
16 
17 
18 
JO 

20 
21 
22 
23 
24 

25 
26 
27 
28 
29 

30 
31 
32 
33 
34 

35 
36 
37 
38 
39 

40 
41 
42 
43 
H 

4,; 
46 
47 
48 
49 

50 
51 
52 
.S.3 
54 

55 
56 
57 
58 
59 

159.02 
159.111 
100. 20 
mo. 80 
161.39 

161.98 
162.58 
163.17 
163. 77 
164. 37 

16·1.97 
165.57 
166.17 
166. 77 
167.37 

167. 97 
168. ,58 
169. 19 
169. 80 
170. 41 

171. 02 
lil. li3 
172. 24 
172. 85 
173.47 

174. 08 
174. 70 
175. 32 
175. 94 
176. 56 

177.18 
177. 80 
178. 43 
179.05 
179. 68 

180.30 
180. U:l 
181.56 
182. 191 
182. 82 

18.1. 46 
184.09 
184. i2 
185.35 
1&5. 00 

186.63 
187.27 
187. 91 
188. 55 
189. IQ 

189.83 
100. 47 
191.12 
191. 76 
192. 41 

193.()(l 
193. 71 
104. 36 
195. 01 
W.'l.00 

I 

19ll.:12 
19ti. 97 
197. {j;j 

ms. 2.~ 
198. U4 

199.C.O 
200.26 
200. 92 
201..59 
202. 25 

202. 92 
203.58 
204. 25 
204.92 
205. 50 

20tl. 26 
200. 93 
207. liO 
208. 27 
208.IJ.l 

209. 62 
210.;JO 
210. 98 
211. 6() 
212.34 

213.02 
213. iO 
214. 38 
215. 07 
215. 75 

2JG. 44 
217. 12 
217. 81 
218. 50 
219.10 

219. 88 
220. 58 
221.27 
221. 97 
222.00 

223.36 
224. 00 
224. iG 
225. 4fl 
226. IG 

226.81l 
227. 5i 
228. 27 
228. 98 
229. 08 

2:10. 39 
231.10 
231. 81 
232.52 
233. 24 

233.95 
2:H. 67 
235. 38 
236. 10 
236. 82 

llm 

237.M 
238. 211 
238.9~ 
2:!9. j() 
240. 42 

2U.14 
241. 87 
242.110 
24:1.:n 
244. 00 

24-1.79 
245. 52 
24•J. 25 
246. us 
247. 72 

24!!. 45 
249. lU 
249. 93 
2.'il). li7 
251.41 

2';2. 15 
252. 89 
253. li3 
254. 37 
255.12 

2.55. 87 
256.62 
257. 37 
258. 12 
258.87 

259. 62 
200.;!7 
261.12 
261.88 
262. 64 

26.1.39 
2<J..l.15 
264.91 
265. 68 
266.44 

261. 20 I 
267. 00 I 268. T.l 
269. 49 
270. 26 

271. 02 
271. 79 
272.51i 
2;:1.:1.1 
274. II 

1 

214. ss I 
275. U5 ' 
276. 431 
277. ~o 
277. 98 I 

278. 761' 279. 5S 
280 .• 33 
281.121 
281.90' 

JZ,u lJn> I Hm i -----, 
282. OS 
21!3. 47 
2.<;.I. 21i 
285. 04 
285.x:J 

21>G. 62 
2S7.41 
21>8. 20 
289. 00 
289. 79 

200. r.s 
2'Jl. :is 
292. lH 
292. 98 
2'J3. 78 

2'J.J. 58 
2'J.5. :is 
2'Jll. IS 
2'.lli. \J'J 
2Ui. 7U 

298. ll() 
200. 40 
300.21 
301. 02 
301. 83 

:ro2. M 
3o:!. 46 
3()4. 27 
305.09 
305. 00 

300. 72 
307. 54 
308.36 
309.18 
310. 00 

310. 82 
311.05 
312. 47 
313.30 
314.12 

314. 95 
315. 78 
3Hi. 61 
317. 44 
318. 27 

319. JO 
319.1).l 
320. 78 

. 32l. li2 
322. 45 

323. 2'J 
324.13 
324. 97 
325. 81 
326. 66 

327.50 
328.35 
329.19 
330. 04 
3.30. 89 

331. 74 
332. 59 
333.H 
3:14. 2'J 
335. 15 

336.00 
336. Hii 
337. 72 
338.58 
339.H 

340. :io 
:HI.Iii 
342. 02 
342. So'l 
3~. 75 

3H.ti2 
345. 49 
346.:lli 
:Hi. 2:1 
348.10 

348.!17 
349. X4 
350. 71 
351.58 
352.4ti 

353. 34 
354. 22 
355.10 
3.55. 08 
356. 86 

357. 74 
:!58.62 
359. 51 
3Go.:m 
301. 21) 

302. li 
363. 07 
363. 9tl 
364. 85 
365. 75 

306. 64 
367. 53 
:J68.42 
369.31 
370. 21 

371. 11 
372. 01 
372. 91 
:ln.82 
:174. 72 

375. 62 
371i.52 
377. 4:1 
378. 34 
379. 26 

3°80.17 
381.08 
381.00 
382. 00 
3R3. 82 

384. 74 
385. 65 
axu. 5ti 
:l87. 4X 
3S8.40 

389.:12 
300.24 
391. 16 
3112.m 
3U:!. 01 

30:1. 94 
394.~i 
395. 79 
3Ull. 72 
397. 65 

398.58 
:l\!9.52 
400. 45 
401. :is 
402. 32 

403. 26 
404.20 
4();j, 14 
400.0X 
407. 02 

407. 00 
408. 90 
40'J. 84 
410. 79 
411. 73 

412. llR 
41:!. U:I 
414. 59 
415. 54 
4 IG. 49 

417.H 
418. 40 
419. 35 
420.31 
421. 27 

422. 23 
423. 19 
424. 15 
425. 11 
421l. 07 

427.IH 
428. 01 
428. !J7 
429. u:i 
430. !JO 

4:11.87 
432. 84 
43:1. 82 
4.34. 79 
435. 76 

436. 73 
437. ii 
438. 69 
431!. 67 
440. 65 

1,)m JCm 

441. ll.1 
442. 02 
443. (j() 
444. 58 
445. 56 

44H.55 
447. 54 
448. 53 
449. 51 
450. 50 

451. 50 
452. 4!1 
4S:l. 48 
454. 48 
455. 47 

456. 47 
457. 47 
458. 47 
451!. 47 
41i0. 47 

461.47 
462. 4S 
4U:l. 48 
41i4. 48 
405. 49 

4G6. 50 
467.51 
468. 52 
409. 53 
470. 54 

471. 55 
472. 57 
4TJ. 58 
474. (!(J 

475. 62 

476. 64 
477. 11.5 
478. 67 
479. 70 
480. i2 

481. i4 
482. ii 
4S:I. 79 
4X4. 82 
485. S5 

486. 8~ 
487. !JI 
48K 114 
48'J. !17 
41!1.0l 

492. 0;; 
4!13. 08 
494. 12 
49;, 15 
496. 19 

4fJ7. 23 
498. 28 
4!19 . .12 
500. 37 
501.41 

502.46 
503.50 
504,55 
505. 00 
5()0.f>5 

507. 70 
508. 76 
509.81 
510.86 
511.92 

512.98 
514. o:i 
51.i. 09 
516.15 
517. 21 

518. 27 
519. 34 
520. 40 
521.47 
522. 5:1 

523. 60 
524. 67 
525. 74 
526. 81 
527. 89 

528.00 
530. 03 
531. 11 
532. 18 
533.26 

5:14. 33 
5.15. 41 
536.50 
537. 58 
538. 67 

539. i5 
540. 83 
541. 91 
M:l.00 
544. O!J 

545. IR 
546. 27 
547. 36 
548. 45 
549. 55 

550.64 
5.51. 73 
552. 83 
553. !J3 
55.5. o:! 

.556.1:1 
557. 24 
558. 34 
5S9. 44 
560. 55 

561. 65 
562. 76 
563. 87 
564. 98 
56H.08 
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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 same as those required 
to measure a horizontal angle in a triangulation with the same repeating theodolite, with the 
addition of level readings, and readings of the chronometer at the instants of the pointings 
upon the star. 

The adjustmonts required are those mentioned on page 145,- with the exception that a 
repeating theodofae is ordinarily read by ''erniers instead of microscopes. 

Record-Azimuth by repetitions. 

[Station, Kahatchee &. State, Alabama. Date, June 6, 1898. Obsen•or, 0. D. F. - Instrument, IO.Inch Gambey No. 63. Star, Polaris.] 

(One division striding lovel-2" .67 .] 

c"'·""''~ 1.~.~1·-' Level rood- Clrclo roa<llngs 

Objects 
lngs -------, __ (_i __ 

Anglo star 1 tel. tions 
I w E . I 

I A )/ I ~lean ' " I I 
I I ' I 

: ______ 
- -·---~ -1 

I 
Ma.rk D 0 178 03 i 2~. 5 20 21. 2 

Star 14h 46111 301 1 4. 5 JO. 7 
9.2 5.9 

49 08 2 

52 51 D 3 9.6 5.6 
5.2 10.0 

56 10 R 4 11. 3 4.0 
7.8 7. 1 

Set No. 5 14 59 12 5 
15 01 55 R 6 R.7 6.6 100 16 20 20 20 12~ 571 5011• 2 11.9 3.4 

14 54 17.7 68.2 53. Ii 
+14.6 

St.ar 15 04 14 R .1 11. 9 3.4 
8.5 6.8 

07 18 i 
, 

09 54 n 3 7. 9 7.3 I 11. 2 4.1 I 

D 9.0 6. 1 I 

Set No. 6 14 15 4 5.9 9 6 
16 14 5 

15 18 24 6 5.9 9.6 I 
9.1 6 '} 

00 I 00 
Mark D 177 27 00 72° 511 4611• 7 

15 11 48.21 69.4 53.l I 
j +16.3 I 

I I l -
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Computation-Azimuth by repetitions. 

[Kahatchee, Ala. <P-33° 13' 40".33.] 

Date, 1898, set June 6 5 June 6 6 
Chronometer reading 14 54 17. 7 15 11 48.2 
Chronometer correction -31.1 -31.1 
Sidereal time 14 53 46.6 15 11 17. 1 
aof Polaris 1 21 20.3 1 21 20.3 
t of Polaris ~time) 13 32 26.3 13 49 56.8 
t of Poh1.ris arc) 203° 06' 34". 5 207° 29' 12". 0 
a of Polaris 88 45 46.9 

log cot a - 8.33430 8.33430 
log tan <P 9.81629 9.81629 
}og COB t 9. 96367n 9.94798n 

log a (to five places) 8.11426n 8. 098(.i7n 

log cot I 8.334305 8.334305 
Jog sec <P 0.077535 0.077535 
Jog sin t .9. 593830n 9. 6642lln 

1 9.994387 9.994584 lo"·---"1-a 

--

Jog (-tan A) (to 6 £\aces) 8.000057n 8.070635n 
.A=Azimuth of Po aria, from 

north* 0° 34' 22''. 8 0° 401 2611• 8 
m s II m 8 

,, 

{l 

47. 7 119. 3 7 04.2 98.1 

2 sin 2 ! i-
09. 7 52.3 4 30.2 39.8 
2(), 7 4. l 1 54.2 7. 1 

rand sin 1" 52.3 6.9 2 26.8 11. 8 
54.3 47.2 4 25.8 38.5 
37.3 114. 0 6 35.8 85.4 

Sum 343.8 280.7 
Mean 57.3 46.8 
Jo !,.r2 sin 2! ?' 

g n sin 111 1. 758 ]. 670 

Jog- (curvature corr.) 9.758 9. 741 
Curvature c<M."rection -0.6 -0.6 

Altitude of Polaris=h 32° 071 

d 4 tan h=level faetor . 419 . 419 
Inclination t +3.6 +4.1 
Level correction -111• 5 -111• 7 
Angle, star-mark 72 57 50.2 72 51 46. 7 

-· ---------· ----------

Corrected an~le 72 57 48. 7 72 51 45.0 
Corrected azuputh of star* 0 34 22.2 0 40 26.2 

----- ----- - ----
Azimuth of mark E of N 73 32 10. 9 73 32 11. 2 

180 00 00.0 180 00 00.0 

Azimuth of mark ~ 253 32 10.9 253 32 11. 2 
(Clockwise from south)' 

To the mean result from tho above computation must be 11pplicu t"<irroctlons for diumnl aberration nnd eccentridty (i! nny) oC Mark. Carry 
times and angles to t<mths of seconds only. -

• Minus If west of north. t See footnote on ~· 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 reading changing, 
and in set No. 6 the 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 computed directly in terms of the o.nglo by making jl,e subtractions thus, in set 
No. 5. 

(360°+178° 03' 21".2)-100° 16' 20".0 
nngle= =72° 57' 50".2 

6 
in set No. 6, 

angle= (360°+177° 27' 00'~.0)-100° 16' 20".0 = 720 51, 46,,,71 . 

If the clamp on the horizontal circle produces a constant error, either by dragging or 
overrunning, these two results will be equally in error with opposite signs, and their mean will 
be free from the constant part of the clamp error. Hence, it is desirable to observe the sets 
alternately in the order Mark-Star, Star-Mark, as here indicated. 

The summary of results for this station shows 37 sets of observations were made 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-$tar the mean was 73° 32' 12".89, showing 
that the clamp error was very small. The adopted indiscriminate mean of all the 37 sets was 
73° 32' 12".49. The correction for diurnal 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 

t _ /0.455 Xv2 ~ ± O" 98 se --y (n-1) - .. 

During these observations the instrument was supported upon its tripod, tho legs of which 
were set upon large stakes driven solidly into the ground. 

The level readings wore taken with the first, third, fourth, and sixth pointings upon the 
star, that is, at 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 the pointing 
upon the star, and in the other position immediately after the. pointing upon the star. The 
vulue of one division of the level was 2" .67. 

The computation needs no further explanation. Tho formula 

tnn A = - cot ~sec cp sin t (i ~a) 
was used. • 

The correction for elevation of mark, when appreciable, is applied in the final summary 
of results; just as in the case of the direction method. The reduction to the mean position of the 
pole is also applied to the final result, but for observations previous to the year 1900 no such 
reduction cun now be made. (See ·p. 85.) ' 

MICROMETRIC METHOD-EXAMPLE OF RECORD AKD COMPUTATION. 

In the Inicrometric method 2 the small difference of azimuth of the star and the mark is 
measured with an eyepiece micrometer, independently of the graduated horizontal circle of 
the instrument, oven if it has one. The mark must therefore be placed nearly in the vertical 
of tho star at the· time at which it is to be observed. The method may be used with the star ut 
any hour-angle, but unless the star is near elongation it will pass beyond the safe range of the 
micrometer after but ~wo or three sets of observations have been taken, whereas if tho murk 

1 Tho computer should notice tho convenient !act that In dividing an angle by six the remainder, when tho degrees aro. divided, is tho tons 
tlguro In tho minutes, lllld tho remainder in the minutes is tho tons flguro in tho aoconds. 

•For an account of thi~ method, together with some hlstorlcal notes, BOO Appendix No. 2 of tho Hoport for 1891. 
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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
p.endent of the chronometer error. The instrument used may be a theodolite, a meridian 
telescope, a transit, or, in fact, any instrument having a stable horizontal axis and furnished 
with an eyepiece micrometer capable of measuring angles in the plane defmed by the telescope 
and its horizontal axis. 

Record arul computation-Azimuth by micrometric method. 

(Station No. 10, Mexican Boundary. Date, October 13, 1892. Observer, J. F. H. Instrument, Fauth Repeating Theodolite, No. 726 (10 In.). 
Star, Polaris near eastern elongation.] 

Level readings 
Circle 

W E 

Chronometer 
time 

2Sln 2 iT 
sin l,,·· I :~=·i:: I 

-- ------:1------1----1----- __ , _______ , 

E 

1

71 m 8 
8. 0 9. 9 !I 06 38. 0 

10. o 1. 3 I 01 32. o 

+ 18. 0 -17. 21 08 05. 5 
+o. 8 09 rn. o 

09 48.0 

w 9.0 9.0 
7.0 10.9 

9 12 01. 8 
12 24. 7 

+16. 0-19. 9 
-3.9 

W Mean 1 d. 55 

12 48.3 
13 36.3 
13 58.1 

9 10 36.6 

m s 
3 58.6 
3 04.6 

2 31.] 
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 ~tar at middle of second half of cct=58° 46'. 
a=lh 20111 071.4. 

:~1. 05 lfl'. 379 
'18. 59 . 388 

12. 45 . 400 
3. 82 . 424 
1. 29 . 430 

3.96 
6.37 

9.46 
] 7. 61 
22.H 

18.4042 

18. 100 
.100 

.090 

.086 

. 080 

12. 67 l 18. 0912 

18'. 310 J.=2h 12111 W. of 
. 315 WaBhlngton 

1>=31° 19' 35". 
. 315 1 div. of level 
. 311 =311.68 
. 316 1 tum 0f mic. 

=12311.73 
18. 3134 Means 

18.290 
. 275 

. 279 

. 281 
• 279 

18. 2808 Means , 

cosec (=l.1691. cot 58° 47'=0. 606. 
cosec r=l.1695. 
b=883 44' 10".4. 

Collimation axis reads! (18.3134+18.2808)1 = 18t.2971 
Mark east of collimation axis 18.3134-18.2971 = 0 .0163= 02''.02 
Circle E., eta.r E. of collimation axis (18.4042-18.2971) (1.1691)= 0 .].252 
Circle W., star E. of collimation axis (18.2971-18.0912) (1.1695)"'." 0 .2408 

Mean, star E. of collimation axis 

Mark west of star 

= 0 .1830= 22 .64 

20 .62 
=- 0 .86 J,evol correction (l .55) (0.92) (0.606) 

Mark west of sta~,· corrected = 19 .76 

log. cot lJ 
log. tan q, 
log. cost 

leg.a 

Mean chronometer time of observation= 211i l()m 361.6 
Chronometer correction =- 2 11 28 .2. 
Sidereal time 18 59 08 .4 
a 1 20 07 .4 

Hour-angle, t, in time 

" 
8.34362 
9. 78436 
8. 96108 n 

7.08906 n 

in arc 
17 39 01 .0 

264° 45' 1511.0 

1 In this lnst~ment Increased readings, of the micrometer correspond to a movement of the line of sight toward the east when the vertlo81 
circle Is to the e11Bt, and toward the west when the vertical circle Is to the w";'t. 



log. cot 8 
log. sec¢ 
1og. sin t 

1 
log.1-a 

log. (-tan A) 
A 

log. 12.67 

log. curvature corr. 
Curvature corr. 
Diur. Aber. corr. 

Mean azimuth of star 
Mark weat of star 
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= 8.343618 
= o. 068431 

9.998177 n 

= 9. 999467 

8. 409693 n 
=+1° 28' 16".91 

1.10278 

9. 51247 
-0.33 
+o.32 

=+1° 281 1611 .90 
19 .76 

Azimuth of mark, E. of N .=+l 0 27' 5711_.14 
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Tlie correction for elevation of mark and the reduction to the mean position of the pole 
are applied to the final result of the sepaxate measures at a statio~. In the case of this par
ticular station the necessary information is not yet available for reduction to the mean positic;m 
of the.pole. (Seep. 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 plo.ced nearly in the collimation axis of the tele
scope, a pointing made upon the mark by turning· the horizontal circle, and the instrument is 
then clamped in azimuth. The program is then to tako :five pointings upon the mark; direct 
the telescope to the star; place the s~riding level in position; take three 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. This completes a half-set. The hori~ 
zontal axis of tho telescope is then reversed in its Y's; tho telescope pointed approximately to 
the star; the striding level placed in position; tlrree pointings tnken upon tlu~ star with observed 
chronometer times; the striding level is read and reversed; two more pointings are tahn upon 
the star, with observed times; the striding level is read, and fmally :five pointings upon the 
mark are taken. 

Three such complete set.a may be observed in from thirty ~to fifty minutes. The effect of a 
uniform twisting of the instrument in azimuth is eliminated from the result. The bubble of 
the striding level h~ plenty of time to settle without delaying the observer an instant for that 
purpose. 

The zenith distance of the star should be read occasion.ally, once during each set, say, as it 
is ~ceded in making the computation. If it is road with one of the star pointings in each set, 
its valu(} at any other time may be obtained with sufficient accuracy by interpolation. 

It should be borne in mind in making tho computation that the micrometer measures 
angles in the plane defmed by the telescope and its horizontal axis. To reduce the measured 
angle between the collimation axis and the star to a horizontal angle, it must be multiplied by 
cosec (, as indicated in the computation. To avoid all approximation in the computation it 
would be necessary to reduce each pointing upon the star separately, ns the zenith distance is 
constantly changing. It is'sufficiently accurate, however, to reduce the mean of the paintings 
of a half-set with the mean zenith distance of that half-set, as indicated in. the computation. 
To use a single zenith distance for the whole set will sometimes introduce errors which are rather 
too large to be neglected. The factor cosec (will not, in general, be necessary in connection with 
pointings upon the mark, because the mark will usually be nearly in tho horizon of the instru
ment, and cosec (therefore nearly unity, and because the collimation axis is purposely placed 
as nearly as possible upon the mark and the angle concerned is therefore very small. 

The micrometer value may be determined by observations upon a stnr near culmino.tion 
by the process outlined on page 124. If the striding level is read in connection with such obser, 
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•-v&tions, the correction to be applied to each observed time to reduce it to what it would have 
been with the transverse axis horizontal is · 

{ (w +w') _ (e + e')} d cos g;cc (J 

for upper culmination and for a level of which the graduation is numbered both w;ays from the 
middle. For lower culmination the sign of the correction must be reversed. 

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 method 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 
ooid the computation are but slightly modified. 

DISCUSSION OF ERRORS. 

It is convenient and conducive· to conciseness to discuss separately the external errors, 
observer's errors, and instrumental errors, which together comprise the errors of observation. 

The external error8 affecting azimuth determinations are those due to lateral refraction 
of the rays of light from the star or mark to the instrument, to errors in the adopted right 
ascension and declination of the star observed, and to error in the adopted latitude of the sta
tion of observation. 

Examination of many series of azimuth observations indicates that, in general, they are 
subject to some error which is peculiar to each night of observation, and constant for that 
night, but changes from night to night. For example, from 144 sets of micrometric observa
tions of azimuth, made on 36 different 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 ±0".38, and that the probable error of each set, exclusive of this error, was ±0".54.1 

In other words, in this series· of observations the error peculiar to each night, which could not 
have been. eliminated by increasing the number of observations on that night, was two-thirds 
as large, on an average, as thC"'error of observation in the result from a single set. Similarly, 
from the published results of 418 sets of micrometric observations on 8 nights at a European 
station,2 it follows that the error peculiar to each night was ±0".55, while the probable error 
of a single set was ±0".80. The micromctric observations arc peculiarly adapted to ~xhibiting 
this error, because of their great accuracy and the rapidity with which they may be taken. 
Azimuth was observed at 73 stations on the tra11scontin~ntal 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 peculiar 
to tho separate nights, there are no less than 16 cases out of tho 73 in which a mere inspec.tion 
indicates that there were errors of that character. 

The most plausible explanation of the above facts seems to be that there is lateral refrac
tion between the mark and .the instrument, dependent upon the peculiar atmospheric condi
tions of each night. Whether that explanation be true or not, the fact remains that an increase 
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 series of observations is made early in the evening and another series just 
before dawn on the same night, these series 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 smokc
stack,·building, clump of trees, or a hill. Even when the line is close to the ground which has 

1 See Report of lntematlonal Boundary Commwloa, United States and Mexico, 1891-00 (Wnshlngton, 1898), pp. 6!l-72. 
•Station Kampenwand. Bee pp. 68-92, Verll1Tentllch11ng der Kllnlgl. Bayerl.schen Commleslon !llr die Intemailonale Erdmll$Sung, Aatron. 

omLsche-Geodl!.tlsche.Arbelten, Heft 2 (Milncben. 1897). 
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a decided sfope normal to the line, there may be decided lateral refractfon.' During the primary 
triangulation in the city of Greater New York the errors on the lines which were close to stacks 
and buildings were much greater than on the clear lines. There was a line in the Texas-Cali
fornia arc. of primary triangulation which at one point was very close to the side of a steep 
hill. The llile 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 
~hat the observations made when the wind was blowing across the line toward the hill gave 
the more reliable results. (Seep. 62 of Special Publication No. 11 of the U. S. Coast and Geo-
detic Survey.) · . · 

The positioru: of the four principal close circumpolars have been determined by so many 
observations at the fixed observatories under such favorable conditions that it is diliicult to 
bel,ieve that the errors in their adopted right ascensions and declinations are sufficiently large to 
produce errors in the 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 observations at one culmination (or elongation) have often shown a tendency to 
differ by a constant from those at the other culmination (or elongation), ns lf the adopted right 
aacerniion (or declination) were in error. It should be borne :in mind in such cases that the 
atmospheric conditions have been reversed, so to speak, between the culminations (or elonga .. 
tions); for in one case the temperature will.be rising and in the other falling, in general, the 
two cases occurring. at the extreme ends of darkness or of light, or one in the darkness and the 
other in the light. Hence only a long and careful investigation will determine whether such 
constant differences are due to defective star places or to changed atmospheric' conditions. 
It is important from a practical point of. view to note that if the azimuth observations at ~ 
station are all made upon one star and are equally distributed between two hour-angles, differ., 
ing by about twelve hours, the mean result will be sensibly independent of the errors of the 
adopted right ascension and declination, and the co~ditions will be decidedly favorable to 
eliminating the effects of lateral refraction from the mean result. 

An error in ~he adopted latitude of the station produces the maximum effect when the stal' 
is observed at elongation and is without effect if the star is observed at culmination. For 
Polaris at elongation, to produce an error of O" .01 in the computed azimuth the adopted lati~ 
tu de must be in error by O''. 70 for a station in latitude 30°, and by O'' .14 for n station in latitude 
60°. The error in the computed azimuth from this source will be larger for a star farther from 
the pole. The astronomic latitude (defined by the actual line of gravity at the stati'on) 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 t~e star at two positions about twelve hours 
apart. 

The observer'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 Yemiers 
are used, errors of reading the micrometer heads, errors in reading the striding level, and errors 
in estimating the timos of the· star point~ngs. There is such a large range of ditforence in the 
d(\signs of the various instruments used for azimuth observations that 1it.tlo can be said of the 
relative and absolute magnitude of these errors that' will ho of general application. Each 
observer should investigute these errors for himself with the particular instrument in hand~ · It 
will be .found in general that ,the observer's errors play a minor part in furnishing the final 
errors. of the results, except perhaps in the mirrometric method. 

The effect of errors in time, either errors in estimating the times of tho star pointings, the 
personal equation of the obsl~rver, or errors in the adopt.ell chronometer correction, may be 
estimated by noting the rate at which the star wO:s moving in azimuth when the observations 
were made. Such errors n.re usually small, but not insensible except near elongation, and will 
tend to he eliminated by observations of the same star at two ho:ur-arigles differing by about 
twelve hours, · · 

32~688"~41~13 
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Of the magnitude of the instrumental erro1·s arising from imperfect adjustment and imperfect 
construct.ion and imperfect stability little of general application can be said, because of .the 
great variety of the instruments. 

With the larger and more powerful instruments the errors due to instability become rcla-
tively great and should be guarded against by careful manipulation and rapid observing, by 
using a carefully planned program of observations, and by protecting the instrument against 
temperature changes as far as possible. In this connection it should be noted that each of the. 
programs of observation given on the preceding pages is especially a<lapto<l to elimination of 
the effect of any continuous t~tmg of the instrument in azimuth, an<l is so planned that the 
observer will not ordinarily 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. He will bci especially careful about the thermal conditions and 
the stresses to which hi<> instrument is subjected and will· observe with the greatest rapidity 
consistent with allowable observer's errors. 

The errors due to the striding level become more serious the farther north is the station, as 
may be seen by inspection of the formula for the level correction (p. 144). 

The errors of graduation of the horizontal circle have the same effect in a.?imuth observa
tions as in observations 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 basis as in the angle 
measurements. 

The mforometric method gives a higher degree of accuracy than either the method of 
repetitions or the method of directions. This is probably due largely to the great rapidity with 
which the observations may be made, a condition which is very favorable to the elimination of 
errors due to instability of the instrument and its support. The error, in the final result for a 
station by this method, due to an error in the adopted value of one turn of the micrometer may 
be made very small by so placing the a~imuth mark (or marks) and so timing the observations 
that the sum of the angles measured eastward from the mark (or marks) to the star shall be 
nearly equal to the sum of such angles measured westward. ' 

STATEMENT OF COSTS. 

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 cos~ of more than $50 per azimuth station. 

If, however, the azimuths are observed by a separate party some time later than the tri
angulation, 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 th{l cost and time of traveling between stations will be a minimum. If prac
ticable, the work in any locality should be done at that time of the year when the most favorable 
weather conditions may be expected. · 

AZIMUTH FROM TIME OBSERVATIONS. 

For a number of years azim_uths ·of a secondary degree of accuracy for use in connection 
with tertiary triangulation in Alaska have been obtained directly from time observations with 
a transit or meridian 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 detennining azimuths has proved of great 
value in high latitudes where slow-moving stars are high in altitude, and, consequently, satis
factory azimuthS from observations with a theodolite are difficult to obt11.in. 
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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 means of the reticle or with the micrometer wire. 
It is best, in the case of the transit micrometer, to place the mark so nearly in the meridian 
that its image 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 the direct and reversed positions. 
The mark may be placed either to the north or south and should, if practicable, be at least a 
mile from the instrument. . 

The method of observing is as 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 stars of the first half set are then observed, followed by observations on the mark. The 
telescope is next reversed to the position band east, the mark observed, and then the stars of 
the second half set are taken. Finally, obs~rvations 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 1~1ark band east, is adopted as the final value in this 
position of the axis and, similarly, the 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 the mark and the collimation axis of the telescope. 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 be 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 azimuth constant, a (see p. 25), derived from the computation of the time set. This 
azimuth constant is the angle between the meridian an:d the collimation axis. ~t is considered 
to be 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 level 
should be made while observing on the mark, and its elevation should be measured roughly 
with the finder circle. The correction for inclination of axis is applied as on page 145 and the 
reduction to the horizon, of the angle between mark and colliination 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 collimation constant of the time set and the equatorial 
interval 1 of the assumed zero as well as the azimuth constant. The reading on the mark made 
with the micrometer screw, or estimated on the reticle, is referred to some assumed zero of the 
screw 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 the line of collimation. This latter 
angle, combined with the collimation 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~uth angle which'lies between the collimation 
axis of the telescope and the mark must be reduced to the horizon if the marlds not in the 
horizontal plane of the instrument. Any inclination d the horizontal axis must be correetcd 
for, as explained on page 145. 

1 This Is the angle between the mean·pos(t!on or the micrometer wlre or the mean Jlnes or the reticle and the 11SSumed zero. Seep. 32. 
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The following examples with explanations will show this method of determining azimuth . 

Example of record-Reaiiings on azimuth mark. 

TRANSIT MICROMETER. 

[St&tion, Fslrhanks, Alaska. Date, Ang. 9, 1910. Observer, E. Smith. Instrument: Transit No. 18, with transit mlcromeoor. Mark to northward.j 

Deforo obsen•atlon~ !or time on Between tho two half-sets I 
After obsen"l\tlons for 

first half-sot time on second half-sot 

Band East West West East F.ast Wost 

T T T T T T 
+5.050 +o. 952 +o. 890 +5. 050 +5.120 +1. 000 

5.070 0.915 0.960 5.070 5.090 0.946 
5. llO 0.940 0.950 5.093 5.121 0.985 
5. llO 0.990 0.965 5.082 5. 120 

l 
0.930 

5.040 0.920 0.938 5.060 5.068 0. 985 
5.020 0.990 0.910 5.049 5. 140 0.982 
5.055 0.930 0.970 5.023 5. 140 I 0.960 
5.110 0.930 

I 
0.959 5.100 5.110 

I 
0.930 

5.090 0.950 0.960 5.110 5.080 0.959 
5. 120 0.985 0.958 5.098 5.090 0.967 

Means: +s. 078 +o. 947 
I 

+o. 946 +5.074 
I 

+5.108 
I 

+o.9411 

Computation of azimuth from time obse'T"/Jations. 

TRANSIT MICROMETER. 

[Falrhanks, Alaska, 1910. Transit No. 18. Equatorllll lnten·al or one turn or micrometer, !la.826. Mark to northward.] 

Date Augusts 
\ 

Augusts August 9 

Band East West I East West East I West 

Mean readlqg· on mark 
Moan readin~ of E. and W. (reading 

f)f colllmat on axis) 
-'°frle, mark to collimation axis 
a ( rom time set} . 
Angle, mark to meridian 
Mean for set ~In time) 

I Mean for set !n arc) 

T ' T ' T ' T . 8 
5.074 I. 023 li.007 0.900 

.a.(148 3.048 3.032 3.032 

-2.026--5.73 -2.025--5.72 -2.035--5. 76 -2. ()36.. -5. 75 
-0.16 -0.36 -0.21 
-5.89 -6.08 -5.P6 

-5•.98 -5'.98 
-8!1''.7 -89''.7 

Mean azimuth of mark east of north, 11 29".5. 
Correction for elevation of mark, 0.0. 
Reduction to mean position of pole, 1 +o.8. 
Azimuth of mark, 180° 01' 3011.3. 

-0.25 
-6.00 

T ' T ' 5.087 0.946 
3.016 3.0!6 

-2.0il--5.85 -2. 070- -5. 85 
-0.04 -0.12 
-5.8~ • -5.P7 

-5•.93 
-811''.0 

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 the number 1 rather 
than zero. The observer in the field mus't 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 axis. 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 the line 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 See Astronomlsche Nachrlchten No. 4504. 
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Oomputation of azimuth from time observations. 
DIA.PHRAQM. 

(St. Michael, Alaska, 1898. Meridian telescope No. 13 .. .Equatorial JnterveJ of one space or reticle, 3•.465. Mark to southward.) 

Date July 13 July 14 I July 15 

' ,Clamp East West East West East West 

-
Spaca 8 S~I • S~u 1 Space a a Spacu 1 Spacea a 

Angle, mark to center line -o. :M).. -0. 69 .oo- o.oo -o. 175- -o. 00 -o. 025- -o. 09 -o. 75- -2. 59 -o. 15- -0. 52 
Yean of E and W -0.34 -o.:u -0.34 -0.34 -1.56 -1.56 

(Angle mark to colllmallon axis) 
a (from time set) +0.3Y +o.86 +0.40 +0.72 +1.75 +l.63 
Angle, mark to meridian +o.os +0.52 +o.oo +o.as +0.19 +0.07 
Mean !or sot (In time) +oo.28 +00.22 +o-.13 
Mean for sot.(ln arc) +4w.2 +3".3 +2".0 

--~--

Dato I July ·18 Sept. 13 Sept. 17 

Clamp East I West East . I West East West 
I ··- ----

Spacu a Spacea 1 S-paca ' S~cea 3 Spacea 1 8-pacea • 
Anglo, mark to center Jln~ -0. 975- -3. 37 -o.os--0.11 o.oo- 0.00 .oo- 0.()() +o.25-+o.86 +o. 825- +2. 85 
Mean ol E and W -1.77 -1. 77 o.oo o.oo +1.86 +l.86 

(Angle mark to colllmatlon axis) .. 
a (from time set) · +2.78 +2.64 +o.41 +o.oo -2.01 -1.42 
Angle, mark to meridian +l.01 +0.87 +0.41 +0.C6 -0.15 +0.44 
Moon for set (In time) +00.94 +o•.24 +0'.14 
Moon for sot (In arc) +14".l ' +3".6 +2".l 

I 

Final mean, mark east of south, 
Correction .for elevation of niark 
Azimuth of mark 

0° 00' 0411.9 
0.0 

359° 59' 5511
• l 

There is no essential difference betwe~\n the o.how method 1md that with the transit microm
eter. The nngle between the mark and the center line of tho diaphragm is estimated 1n spaces 
of the reticle. The accuracy of the resulting azimuth in this case ns well as in that of the 
transit micrometer depends largely on the accuracy with which the azimuth constant is deter
mined from the time observations. The effect of errors of pointing and reading on the· mark 
may be made relatively small,by repeated observations. · 

·The work of the Latitude Service of the Internntional Geo<lctic Association began in 1899, 
so it is only for observations made after that year that a satisfactory reduction can now be made 
to the mean position of the pole. It is probable that in a few yenrs a reliable value of this 
reduction can be had, based on theoretical grounds. 

Oomp:utation of a.zimuth from time observa#011s. 

DIAPHRAGM. 

{St. Michael, Alaska, 1898. Meridian tulescopc !-lo. 13. Readings on mark In only one position of telesrope nxts. Equatorlol Interval o! one 
space of reticle, 3•.455. Mark to southward.] 

- ------·-----------··· --------·------------· --- --- ------------:-------
I nato .lnl~· 1:1 .Inly 14 

I _ .. - ----- - --···-------
Clamp rest East 

SC.aces s Spaees · s 
Mark east of center line - . 20=-0. 69 -0. 175=-0. 60 
Eq. interval of cenler line 0.00 0.00 
c +0.12 +0.18 
a +o.39 +0.40 
Mark ell!!t of south -0.18 -0.02 
Mark east of south -2" . i -0''. 3 
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The above is taken from the example already given for obse~vations in both p~sitions of the 
telescope. In this case of deriving the azimuth from observation~ 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 oil 
the mark a·re 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 microm
eter is considered positive when west of the moan line or position, band west. It follows, then, 
that when i and c are combined in the azimuth angle they are applied with opposite signs. 
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 general expressions cover an cases: 

· {Band W 
Mark south Band E 

{
Band W 

Mark north Band E 

a=360°-{aw+ (M +c-·i) sec h}15 
a=360° - {~E + (M -c +i) sec h} 15 
a=180°-{aw+(M-c+i) sec h}15 
a= 180°_:_ {aE + (M +c-i) sec h}15 

aw and ~ are the azimuth constants from the time s13t. M ir; 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. It is also positive when 
the mark is west, pointing north. c is the collimation constant of the time set. i is the equato
rial interval, in seconds of time, between the 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. 
his the angle of elevation or depression of the mark. The quantity to be subtracted from 360° 
or HW0 is in seconds. of arc. 

CORRECTION FOR ELEVATION OF MARK. 

When the object used as an azimuth mark is at a considerable elevation, it is necessary to 
apply a correction to obtain the astronomic azimuth of the projection of the mark on the sphe
roidal surfac·e of reference. Tpis correction, in seconds, is: 

. e2 h 2 ,/.., • + 2 . 11; cos 'I' sm 2 tr, asm 

in which e2 is the square of tho eccentricity and a the semi-major axis of the spheroid of refer
ence; <jJ is the latitude of the observing station; rt is the azimuth of the lino to the mark; and 
his the elevation of the mark. For h in IDE}ters, and Clarke's 1866 dimensions of the spheroid, 
as stated in meters, this expression becomes: 

+0".000109 h cos2 <f>sin 2a, or 
+ [ K0392) h cos2 cf> sin 2a, 

where the number in brackets is a logarithm, the dash 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 OF THE POLE. 

A correction is necessary to reduce the observed astronomic azimuth to the mean position 
of the pole. This. correctio·n may amount to a half-second or more for points in the northern 
part of the United States. The secant of the latiudo is a factor of the correction, so the value 
becomes larger for the higher latitudes. (See p. 85.) 
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8.80 0.028305 8372 8440 

79 7640 7705 7771 
78 6990 7055 7119 
77 6357 6420 6482 
76 5739 5800 5861 
75 0.025136 5195 5255 

'14 4547 4605 4664 
73 - 3973 4029 4086 
72 3412 3467 3523 
71 2865 2919 2973 

8.10 0. 022331 2383 2436 

69 1809 1861 1913 
68 1301 1351 14-01 
67 0804 0853 0902 
66 0319 0367 0415 
65 0.019846 9893 9940 

64 9384 9430 9475 
63 8933 8978 9022 
62 8493 8536 8580 
61 8063 8105 8148 

8.60 0. 017643 7685 7726 

59 7233 7274 7315 
58 6833 6873 6913 
57 6443 6482 6520 
56 6062 6099 6137 
55 0.015689 5726 6763 

, 54 5326 6362 5398 
53 4971 5006 5041 
52 4624 4659 4693 
51 11286 4319 4353 

8.50 0.013955 3988 4021 

I 
I 
' 

! I I 

ii 
i I 

I I 

DETERMINATION. OF AZIMUTH. 

3 ' 5 

6092 6204 6317 

4987 6096 5205 
3909 4016 4122 
2858 2962 3066 
l~ 1936 2037 
0836 0935 1034 

9862 9959 ~ 
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5315 5375 5435 

4722 4781 4840 
41(3 4201 4258 
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1, 
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I 

I I 
I ; 
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-----
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3357 
2811 

2278 

I 

! I lll 1108 105 1102 I 

\ 111.l lo:S 10. 5 10:2'-9 

911 

.9 
8 
7 
6 
5 
4 
3 
2· 
1 

2 22. 2 21. 6 21. 0 20. 4 19. 
'3 33.3' 32.4 31.5 30.6 29. 
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'-~~~~\ 
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7 67.2 65. 1 63. 0 60. 9 
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0 86.4 83. 7 81. 0 78. 3 

I 81 78 75 72 I ---------
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2 16.2 15.6 15.0 14. 4 
3 24.3 23.4 22.5 21.6 
4 32.( 31.2 30.0 2S.8 
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6 48. 6 46.8 4S.O 43.2 
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66 63 60 57 
- --------
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8 
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.6 
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.6 
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2387 6 20.4 19. 8 19. 2 18. 6 18. 0 
2101 7 23.8 23. l 22.4 21. 7 21.0 

8 27.2 26.4 25.6 24.8 24.0 
~~~ 9 30.6 29.1 28.8 27.9 21.0 I 
1283 l 29 28 27 26 25 

i~~ ~1~ 2.82.7 2.6 z. 5 
0520 2 6. 8 5. 6 5. 4 6. 2 5. 0 
02i8 3 8. 7 8.4 8.1 7.8 7.li ocJ1 4 11.6 21.2 10.8 10.4 10.0 , 

5114.6 14.0 13.5 13.0 12.6 ! 
9810 6 17.4 16.8 16.2 16.6 15.0 I 
9584 7120.3 l&.6118.9 18.2 17.5 
9364 8 23. 2 ~. 4 21. 6 20. 8 20. 0 
9149 9' 26.1 25.2 24.3 23.4 22.5 
8938 24 23 22 21 20 
8733· ------------
8532 1 2. 4 2. 3 2. 2 2. 1 2. 0 
8336 2 4.8 4.6 4.4 4.2 4.0 
8144 3 7.2 6.9 6.6 6.JI 6.0 
7957 4 9.6 9.2 8.8 8.4 8.0 

5 12. 0 11. 5 11. 0 10. 6 10. 0 
7774 6 14. 4 13. 8 13. 2 11~· ~' 12. 0 
7596 7 16.8 16. l 15.4 ... 14.0 
7421 8 19.2 18.4 17.6 16.8 16.0 
7251 9 21.6 20. 7 I 19.8 18.9 18.0 
7085 I 19 I 18 17 16 15 

~~. ·-11:91'1:8 1.7 1.6 1.5 
6608 2 I 3. 8 3. o 3. 4 3. 2 3. o 
6451 a 5. 1 I 5. 4 6. 2 4. 8 4. 5 
6309 4 7.6. 7.2 6.8 6.4 6.0 

5 9.5, 9.0 8.5 8.0 7.5 
6164 6 11. 4 . 10. 8 10. 2 9. 6 9. 0 
6023 7 13.3 I 12.6 lt.9 11.2 10.6 
6885 8 15.2: 14.4 13.6 12.8 12.0 
5750 9 17.1\16.2' 15.3 14.4 13.6 
5618 

I 14 13 12 --=~._I~_ 
6489 
5364 l 1. 4 1. 3 1. 2 1. 1 I 1. o 
5241 2 2.8 2.6 2.4 2.2 2.0 
6121 3 4.2 3.9 3.6 3.3. 3.0. 
5004 4 6.6 5.2 4.8 4.4 4.0 

4889 
4777 
4668 
4561 
4457 

5 7.0 6.6 6.0 6.6 6.0 
6 8.4' 7.8 '7.~ 6.6 6.0 
7 9. 8 9.1 8. 4 7. 7 7. 0 
8 11.2 10.4 9.6 8.8 8.0 
!l 12.6 I 11. 7 10.8,' 9.9 I 9.o 



DETERMINATION OF AZIMUTH. 

1 
Log--

1-a 

Proportional parts I Log a / 0 . l 2 3 4 ! Ii 6 I 7 8 I 9 : . 

::: ' 0·00:: ::: : : : I:~: : : . : 7S: ------1-1--10----I 

98 4167 4177 4187 4100 4206 4216 4226 4236 4245 4255 
97 4072 4082 4091 4100 4110 4119 4129 4139 4148 415'3 
00 3979 3988 3997 4007 4016 4025 4036 4-044 4053 4063 
95 o. 003888 3897 3006 3916 3924 3938 8942 3961 3961 3910 

94 3799 8808 3817 3826 3834 8843 381i2 8861 3870 8879 } 
93 3712 3721 3729 3738 3747 3756 8764 3773 3782 3790 
92 3627 36.36 3644 3653 3661 3670 3678 3a!l7 3695 37M 
91 3545 3503 3561 3569 3577 3586 3594 3602 3611 3619 

7.90 0.003463 3472 3480 3488 3496 8.504 3M2 3620 3528 ·3536 

89 3384 3392 3400 3408 3416 3424 3432 3440 3448 3456 
88 3307 3315 3322 3330 3338 3345 3353 3361 .3369 3377 
87 3231 3239 3246 3254 3261 3269 3277 3284 3292 3299 
86 3158 3165 3172 3180 818713194 8202 3200 3217 3224 
85 o. 003086 3093 311)() 3107 3114 3121 3129 3136 3143 3150 

I 
84 3015 3022 3029 3036 3043 3050 3057 3064 3071 30

3008
78 I 

sa 2946 2953 2960 2961 2974 / 2980 2987 2994 aoo1 
82 2879 2886 2892 28119 2906 21H2 2919 2926 2933 2939 
81 2Sl3 2820 2826 2833 2839 2846 2852 2809 2866 2872 

7.80 0.002749 2765 2762 2768 2774 2781 2787 2794 2800 2807 

79 2686 2692 2699 2705 2111 2111 27'24 2130 2736 ~ms 
78 2625 2631 2637 2643 2649 2655 2661 2668 2674 2680 
77 2565 2571 2577 2583 25811 2596 2001 2007 2613 2819 
76 2506 2512 2518 2524 2530 2535 2541 2547 2553 2559 
75 o. 002449 2465 2460 2466 2472 2478 2483 2489 2495 2501 

74 2393 
73 2339 
72 2285 
71 2233 

7. 70 0. 002182 

69 2132 
68 2084 
67 2036 
66 1990 
65 0.001944 

64 1000 
63 1857 
62 1814 
61 1773 

7. 60 o. 001732 

li9 1693 
58 1654 
57 1617 
66 1580 
55 0.001544 

54 • 1508 

I 
li3 1474 
52 1440 
51 1408 

I 7. 50 I 0. lMJ1376 

2399 
2344 
·221!() 
2238 
2187 

2137 
2088 
2041 
1094 
1949 

1004 
1861 
1818 
1777 
1786 

1697 
1658 
1620 
1683 
1547 

1512 
1477 
1444 
1411 
1379 

241)4 

2349 
2296 
2243 
2192 

2142 
.2093 
2046 
1999 
1953 

1900 
1865 
1823 
1781 
1740 

1701 
1662 
1624 
1587 
1551 

1515 
1481 
1447 
l4H 
1382 

2410 
2355 
2301 
2249 
2197 

2147 
2098 
2050 
2003 
1958 

1913 
1860 
1827 
1785 
1744 

1705 
1666 
1628 
1591 
1554 

1519 
1484 
1450 
1417 
1385 

2416 
2360 
2306 =1 
2152 
2103 
2055 
2008 
1962 

1918 
1874 
1831 
17R9 
1748 

1709 
1670 
1632 
1594 
1558 

1522 
1488 
1454 
1421 
1388 

2421 
2366 
2312 
2259 
2207 

2157 

~ 
2013 
1967 

1922 
1878 
1835 
1793 
l7M 

1713 
1673 
1635 
1598 
1562 

1526 
1491 
1457 
1424 
1391 

2427 
2371 
2317 
2264 
2213 

2162 
2113 
2065 
2017 
1971 

1926 
1882 
1840 
1798 
1767 

1716 
1677 
1639 
1602 
1565 

1529 
1495 
1461 
1427 
1395 

2432 
2377 
2322 
2269 
2218 

2167 
2118 
2069 
2022 
1976 

1931 
1887 
1~4 
1802 
1761 

1720 
1681 
1643 
1605 
1569 

1533 
H98 
1464 
1481 
1898 

2438 
2382 
2328 
2276 
~ 

2172 
2122 
2074 
2027 
1980 

1936 
1891 
1848 
1806 
1765 

1724 
1685 
1647 
1609 
1572 

1537 
1502 
1467 
1434 
1401 

2443 
2388 
~ 
21180 I 
2228 I 

2177 I 
2127 I 

2079 i 
2031 i 
1985.i 

l!HO I 
18961 
l/J52 
1810 i 
1769 / 

m~I! ltlliO 
1613 
1576 

1540 
150/i 
1471 
1437 
1404 

l 1.1 1. 0 
2 2.2 2.0 
3 3.3 3.0 
4 4.4 4.0 
5 5.5 5.0 
6 6.6 6.0 
7 7.7 7,0 
8 8.8 8.0 
g 9.9 9.0 

o I 8 

1 0.9 0.8 
2 1.8 1.6 
3 2.7 2.4 
4 3, 6 3.2 
5 4.5 4.0 
6 5. 4 4.8 
7 6.3 5.6 
8 7.2 6.4 
9 8.1 7. 2 

7 6 

1 o. 7 
2 I 1. 4 

31 2.1 4 2.l! 
5 3.5 
61 4.2 7 4.9 
8 5.6 
11 6.3 

0.6 
1.2 
1. 8 
2.4 
3.0 
3.6 
4.2 
4.8 
5.4 

_)_· s ___ 4_ 

I O. 5 O. 4 
2 1.0 o.s 
3 J. 6 1.2 
4 2.0 1.6 
5 2.5 2.0 
6 3.0 2.4 
7 3.5 2.8 
8 4.0 3.2 
0 4.5 \ 3.6. 

167 
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Loga I o 1 1 l 2 3 4 5 

-----·-----
7.50 0.001376 1379 1382 1385 1388 1391 

49 1344 1347 1350 1354 1367 1360 
48 1314 1317 1320 1323 1326 13211 
47 1284 1287 1290 1292 12115 1298 
46 1254 1257 1260 1263 1266 1269 
45 0.001226 1229 1231 1234 1237 1240 

44 1198 1201 1203 1206 1209 1212 
43 1170 1173 1176 1179 1181 1184 
42 1144 1146 1149 1152 1154 1157 
41 1118 1120 ·1123 1126 1128 1131 

7.40 0.001092 1095 1097 1100 1102 ll05 

39 1067 1070 1072 1075 I 1077 1080 
38 1043 1045 1048 1050 1053 1055 
37 1019 1022 1024 1026 10211 1031 
36 0.000996 998 1001 1003 1005 1008 
35 0.000973 976 978 .980 982 985 

34 951 953 956 958 960 962 
33 929 932 934 936 938 940 
32 908 1110 913 1115 917 919 
31 888 890 892 894 896 898 

7.30 0.000867 869 871 873 875 877 

211 848 850 852 854 855 857 
28 828 830 832 834 836 838 
27 809 811 813 815 817 819 
26 791 793 795 796 798 800 
25 0.000773 775 777 778 780 782 

24 755 757 759 761 762 764 
23 738 740 742 743 745 747 
22 721 723 725 726 728 730 
2! 705 707 708 ilO 711 713 

7.20 0.000689 690 692 694 695 697 

19 673 676 676 678 679 681 
18 658 659 661 662 664 665 
17 643 644 646 647 649 650 
16 628 630 631 633 634 635 
15 0. 000614 616 617 618 620 621 

14 600 601 60'& 604 605 607 
13 586 5l!8 589 590 5112 593 
12 573 574 576 577 578 580 
11 560 561 562 564 565 566 

7.10 0.000547 548 5SO 551 552 553 

~l 
535 536 537 •538 640 541 
522 624 525 526 527 529 
511 612 513 514 615 516 
499 500 501 502 504 505 

05 0.000488 489 490 491 492 493 

04 476 478 479 480 481 482 
03 466 467 468 469 470 . 471 
02 456 456 467 458 469 400 
01 445 446 447 448 449 450 

7.00 -0.000435 436 437 438 439 440 

--

1 Log--1-a 

6 7 

,-
1395 1398 

1363 1366 
1332 1335 
1301 1304 
1272 1275 
1243 1246 

1214 1217 
1187 1100 
1160 1162 
1133 1136 
1107 lllO 

1082 1085 
1058 1060 
1033 1036 
1010 1012 
987 989 

1164 967 
942 945 
921 923 
900 902 
879 882 

859 861 
840 842 
821 823 
802 804 
784 786 

. 766 768 
748 750 
731 733 
715 716 
698 700 

683 684 
667 . 669 
652 653 
637 638 
622 624 

, 
008 610 
594 596 
581 582 
568 569 
555 556 

542 543 
530 531 
518 519 
506 507 
494 495 

483 484 
472 473 
481 462 
451 452 
441 442 

-

8 

1401 

1369 
1338 
1307 
1278 
1249 

1220 
1192 
1165 
1139 
1113 

1087 
1062 
1038 
1015 
991 

969 
947 

!!) 
863 
844 
825 
806 
787 

769 
752 
735 
718 
702 

686 
670 
655 
640 
625 

611 
597 
584 
5i0 
557 

545 
532 
520 
508 
497 

486 
474 
463 
453 
443 

9 Proportional parts 

1404 

1372 
1341 -1311 
1281 
1251 

1223 
1195 
1168 
1141 
1115 

1000 
1065 I I 
1041 4 I 3 
1017 
994 - -----

1 0.4 0.3 
971 2 0.8 0.6 
949 3 1. 2 0.9 
927 4 1. 6 1. 2 
906 5 2.0 1. 5 
886 6 2.4 1.8 

7 2.8 2.1 
865 8 3.2 2.4 
846 9 3.6 2. 7 
826 
808 
789 

771 
754 
736 

720 I 703 2 l . 
687 - ----
672 1 0.2 0.1 
656 2 0.4 0.2 641 3 0.6 0.3 627 4 o.s 0.4 

5 1.0 0.5 612 6 I. 2 0.6 599 7 1.4 o. 7 
585 8 1.6 o.s 572 9 I. 8 0.9 559 

546 
533 
521 
509 
498 

486 
476 
466 . 
454 
444 



Loga I/ 0 1 

-1---,_ 

7. oo I o. 000435 436 

ti.9 I 345 353 

~ I m 28!) 
223 

6 173 177 
5 0.000137 141 

4 109 112 
3 87 89 

·2 119 70 
1 55 66 

6.0 0.000043 44 

5.9 34 35 
8 27 28 
7 22 22 
6 17 18 
5 0.000014 14 

4 11 11 
3 jl ~ I 9 
2 7 
1 6 

6.0 ! o.00000: I 4 

4 I 0.000000 1 

I 
) 

4 n 1.000000 llQ99 

6.0 n I Q.999996 :1 l n 95 
2 n 93 g3. 
3 n 91 91 
4 n 89 89 

S n 9. 009986 86 
6 n 83 82 
7 n 78 78 
8 n 73 72 
9 n 611 65 

6.0 n 9.009967 06 
1 n 45 44 
2 n 31 30 
3 n 13 11 
4 n 9. 900891 888 

5 n 9.999863 859 
6 n 827 823 
7 n 782 m 
8 n 726 

7~ I g n 6116 647 

7.00n 9. 999/l66 565 

DETERMINATION OF AZIMUTH. 

L~g 

2 I 3 I 4 ~ 5 I 6 I · I 
--·-11-1-

431 438 439 I 440 l +11 

361 310 378 \ 387 ! 396 
287 294 301 308 31l) 
228 233 239 244 250 
181 185 190 191 199 
144 147 161 lM I 1118 

114 117 120 1221 125 
91 93 95 97 100 
72 74 75 77 19 
67 591 60 61 63 
45 47 48 49 60 

36 37 38 39 40 
29 29 30 31 31 
23 23 24 24 25 
18 19 19 l9 20 
14 15 15 16 16 

11 12 12 12 13 ! 
9 9 10 10 10 I 
7 7 8 8 ~I 6 6 6 6 
6 5 5 5 5 

1 1 l 1 2 

I 

9llOO 9999 9999 9999 0098 

95 95 g5 115 95 
94 94 94 94 94 
93 {13 112 92 112 
91 91 90 \JO 90 
89 88 88 88 87, 

86 85 85 85 84 
82 81 Bl 81 80 
77 77 76 76 75 

ll \ 
11 70 69 69 
61 62 61 00 

5S 53 52 51 llO 
43 41 40 39 37 
28 26 25 23 21 
09 07 05 03 01 

886 883 880 878 87~ 

856 853 849 846 842 
819 815 !!10 800 802 
772 767 761 766 160 
713 706 700 693 6135 
639 631 622 613 004 

56! 563 562 561 560 

1 
-a 

1 

442 

405 
322 
2&11 
203 
161 

128 
102 
81 
64 
51 

41 
32 
26 
20 
16 

13 
10 
8 
6 
5 

2 

9998 

95 
II{ 

92 
\JO 
87 

84 
80 
74 
68 
511 

49 
36 
19 

898 
872 

839 
797 
144 
678 
695 

559 

8 9 

-
443 444 

415 ·425. 
330 337 
262 268 
208 213 
ll\5 169 

131 134 
104 107 
83 85 

~l 67 
53 

41 42 
33 34 
26 27 
21 21 
17 17 

13 13 
10 

l~ 1 8 
7 
5 s 
3 3 

9997 9997 

NI 
96 

03 93 
92 92 
90 89 
87 87 

sa I 83 

~:I 79 
73 

671 66 
59 . 118 

I 
481 

47 
34 33 
17 15 

=t 
893 
866 

835 831 
m 787 
738 732 
671 663 
58li 676 

558 657 

169 

Proportlonnl parts I 
' 

10 9 - ·---
1 l.O 0.9 
2 2.0 1.8 
3 s.o 2. 7 
~ 4.0 3.6 
6 6.0 4.5 
6 11.0 6.4 
1 7.0 6.3 
8 8.0 7.2 
9 9.0 8.1 

8 l 7 
l o.s 0.7 
2 1.6 1.4 - 3 2.41 2.1 
4 3.2 2.8 

~ !:~I U 
7,5.61 4.9 
8 6.4' l\.6 
9 7.2i 6.3 

6 i 5 

- , ___ 
l 0.6 0.5 
2 ). 2 1.0 
3 1.8 l. 6 
4 2.4 2.0 
5 3.0 2.6 
6 3.6 ~.o 
7 4.2 3.5 
8 4.8 4.0 
g 5,4 4.5 

I • I a 

-1 6.41----o.i 2 0.8 0.6 
3 1.2 O.Q 
4 1.6 1.2 
5 2.0, 1.5 
6 2. 4 .J.8 

~· iJI U 
ll 3.!l I 2. 7 

I 2 1 
- - ,_ 

l 0.2 0.1 
2 o.4 0.2 
3 0.6 0.3 
4 0.8 0.4 
li l.O o.~ 
6 1. 2 0.6 
7 l.4 o. 7 
8 J. 6 0.8 
9 Ul: 0.9 

----
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i Log--·-
1-.a 

Loga 0 2 3 

~ --~~ '1· -~1 
4 5 ~ ______ s_i_u_,,11_ ----P-ro_po_ri_io_n_a_I p_a_r_is ____ , 

7.00n 
01 n 
02n 
03n 
04n 

9. 999566 
056 
545 
535 
524 

565 
555 
544 
0.34 
523 

564 
554 
543 
533 
522 

05 n 9. lill9513 512 511 
06 n 502 501 499 
07 n 490 489 488 
08 n 4i8 477 476 
09 n 400 465 464 

7.lOn 
11 n 
12n 
13n 
14n 

15n 
16n 
17 n 
18n 
19n 

7.20n 
21 n 
22n 
23n 
24n 

25n 
26n 
2i n 
28n 
29n 

7.30n 
31 n 
32n 
33 n 
3411 

3511 
36n 
37 n 
38n 
39n 

7.40n 
41 n 
42n 
43n 
44n 

9. 999454 
441 
428 
415 
401 

9. 999387 
373 
358 
343 
328 

9. 999312 
296 
280 
263 
246 

9. 999228 
210 
192 
173 
154 

9.999134 
114 
094 
072 
051 

9.990029 
006 

9.998983 
8959 
8935 

9. !lll8910 
8885 
8!>59 
8833 
8805 

452 
440 
427 
413 
400 

386 
371 
357 
342 
326 

311 
295 
278 
261 
244 

227 
20!) 
190 
171 
152 

132 
112 
091 
070 
049 

027 
004 

8981 
8957 
&933 

8908 
8883 
8857 
8830 
8803 

451 
438 
425 
412 
398 

384 
370 
355 
340 
325 

309 
293 
277 
260 
242 

225 
207 
188 
169 
150 

130 
l!O 
089 
f.118 
047 

024 
002 

8978 
8955 
8930 

8905 
8880 
8&54 
8827 
8800 

660 559 558 557 
650 549 548 54 7 

542 541 540 539 538 537 536 
532 531 530 528 527 526 525 
521 520 519 517 516 515 514 

510 508 
498 497 
487 485 
475 473 
462 461 

450 
437 
424 
410 
397 

383 
368 
3.54 
3.~9 
323 

307 
291 
275 
258 
241 

223 
205 
186 
168 
148 

128 
108 
087 
<Ml(! 
044 

022 
89119 
8976 
8952 
8928 

8003 

~1 
8825 
8i97 

449 
436 
423 
409 
395 

381 
367 
352 
337 
322 

300 
290 
273 
256 
239 

221 
203 
185 
166 
146 

126 
106 
085 
064 
G42 

020 
89117 
8974 
8950 
892.5 

8000 
8875 
8849 
8822 
8794 

507 506 
496 495 
484 483 
472 471 
460 459 

447 
434 
421 
408 
394 

380 
365 
351 
336 
320 

304 
288• 
272 
255 
237 

219 
201 
183 
164 
144 

124 
104 
083 
062 
040 

018 
89115 
8U71 
8947 
8923 

8898 
8872 
8846 
8819 
8i92 

446 
433 
420 
406 
393 

378 
364 
349 
334 
319 

303 
286 
270 
253 
235 

218 
199 
181 
162 
142 

122 
102 
081 
060 
038 

015 
89112 
8969 
8945 
b920 

8895 
8870 
8843 
8816 
8789 

505 504 503 
494 492 491 
482 481 479 
470 469 467 
457 456 455 

445 
432 
419 
405 
391 

377 
363 
348 
3.13 
317 

301 
285 
268 
251 
234 

216 
198 
179 
160 
140 

120 

100 I 079 
057 
0:101 

013 
8990 
8967 
8943 
8918 

8893 
8867 
8841 
8814 
8786 

443 
430 

. 417 
,404 

390 

376 
361 
346 
331 
315 

299 
283 
266 
249 
232 

2141 100 
177 
168 I 
138 I 
1181 
098 

g~~ I 
033 

011 
8988 
8964 
8940 
8915 

8800 
8864 
8838 
8811 
8783 

442 
429 
416 
402 
388 

374 
360 
345 
329 

3141 
298 

~i 
247 
230 

212 
194 
175 
156 
136 

116 
096 
075 
05~ 
031 

009 
8985 
8002 
8938 
8913. 

8888 
8862 
8835 
88<l8 
8781 

45 n 9. 998778 877.5 8772 8769 8766 8764 8761 8758 8755 8752 
46 n 8749 874a 8744 8741 8733 8735 8i32 8729 8726 8723 

l 2 

I 0.1 
2 0.2 
3 0.3 
4 0.4 

:9

7

1 H 0.9 

0.2 
0.4 
0.6 
0.8 
1.0 
1.2 
I. 4 
I. 6 
1.8 

_J_a_l_4_ 
I 
2 
3 
4 
5 
6 
7 
8 
9 

0.31 0.6 
0.9 
I. 2·1 
1.51 1.8 
2.1 
2.4 
2. 7 

0. 4 
0.8 
1.2 
]. 6 
2.0 
2.4 
2.8 
3.2 
3.6 

47 n 8720 8717 8714 8711 g70g 8i05 8702 8699 8696 8693 \ 
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