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DETERMINATION OF TIME, LONGITUDE, LATITUDE, AND AZIMUTH. 
By WILLIAM BOWIE, 

Inspector of Geodetic Work and Chief of the Computing Division, U. S.  C k t  and Geodctic Survey. 

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 defemination of time, 
longitude, latitude, 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 of the Survey in a systematic manner. The exhaustion of previous 
editions and the introduction of new instruments and bethods have made necessary the suc- 
cessive editions, in each of which much has been repeated from the precedihg 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 Time, Longitude, Latitude, 
and Azimuth.” It was published a.s 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 desirable 
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 are: The determination 
of time and longitude, using the transit micrometer; the description of the transit micrometer; 
determination of time with the 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 dgtermination of an azimuth in Alaska with a transit 
equipped with a transit miorometer; 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 Werent classes of work. A number of new illustrations have been added. 

Tho writer takes pleasure in acknowledging here his indebtedness to Mr. H. C. Mitchell, 
Mi. 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 
prepared the first three editions, and of former Assistant John F. Hayford, who prepared the 
fourth edition. 

It has not been deemed necessary to insert the derivation of formulm, except in the few 
rare cases in which such derivation can not be found readily in textbooks on astronomy. For 
general devolopments the reader is therefore referred to  Chauvenet’s Astronomy, to Doolittle’t$ 
Practical Astronomy, and to Hayford’s Geodetic Astronomy. The lastmentioned 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 portiom are neoessarily identical 
with the corresponding parts of Prof. Hayford’s textbook. 

In addition to  this manual on geodetio aatronomy, the American Ephemeris and Nautical 
Almanac for the year 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 F’inlay, in latitude 
determinations. 

WILLIAM BOWIE, 

6 
Inspector of Geodetic Work, Chief of the Computing Diwision, 



Blank page r e t a i n e d  f o r  pag ina t ion  



P A R T  I .  

DETERMINATION OF TIME. 

GENERAL R E U K S .  

This part deals almost exclusively with the portable transit instrument in its several forma 
as used in the Coast and Geodetic Survey, and when mounted in the plane of the moridian 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 compIe+ty both in field and office work, as compared with the 
usual method herein discussed, especially when one considers the ease with which a transit may 
be placed approximately in the meridian. I (See p. 16.) The observations are made either by the 
method of “eye and ear, ’’ or by chronographic registration. The latter me$hod is used exclu- 
sively for all telegraphic longitude work and in making time observations for det&ing the 
periods of the pendulums in gravity determinations. In using the first method the observer 
will,, of course, mark his own time; thst is, he will pick up the beats of the chronometer and 
carry them forward mentally up to the time of trctnsit 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 caw8 a record of 
that instant to appear on the chronograph,sheet; .or,.seoond, 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 Che micrometer, 

DEBCRIPTION OF LARGE PORTABLE TRANBIT. 

Several sizes of portable transits are used in this Survey. The largest and oldest ones, 
made by Troughton & Simms, of London, were intended for use exclusively on the telegraphic 
determinations of longitude, but in 1888 a slightly smaller type of transit (described below) was 
made at the Survey office, and has been used very extensively since that time on the same claas 
of work aa the largest type. The smallest type of transit, known ~EI the meridian.telescope 
(described on p. S), is used in the determination of the local time needed whilo,observing 
astronomic azimuths and latitudes, and for other purposes. In the handa of skillful.observm 
the instruments used for longitude determinations give results which compare fayorably with 
the results obtaineci with the much larger transits usually employed at aatronomic observatories, 
where special difiiculties are encountered in consequence of strains or temporary inahability of 
the instrument due to  reversal of axis, and the more serious effect of flexure. In case of necessity, 
and when an approximate degree of accuracy s d c e s ,  any theodolite or altazimuth instrument 
may be converted temporarily into and used as an astronomic tretgsit. 

Illustration No. 1 shows ”nansit No. 18,’ 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 eyepieco ordinarly used is 104 diameters. It is provided 
with a convenient reversing apparatus, by means of which it can be reversed without lifting the 

I For 8 full desorlptlon of thb Wtrummt, BBB Appendix Q, Report for 1889, br Edwln Bmltb, A8d&uIt, 
7 
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telescope by hand. “he 
setting circles are 4 inches in diameter, are graduated to 20f spaces, and are read by verniers to 
single minutes. 

Until about 1905 this, as well as the other transits of the Coast and Geodetic Surrey, was 
supplied with a glass diaphragm, but, +th the adoption of the transit-micrometer, the glass 
diaphragms were discarded. The glass diaphragm carries two horizontal lines which axe 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 
(longer than the others) are used in making eye and ear observations. The shortevt time interval 
between l i e s  for chronographic observations is about 23 seconds and for eye and ear observa- 
tions about 10 seconds. T h e  transit micrometer and its use are described below. 

Transit No. 18 is provided with a subbase which is fknly secured to the supporting pier. 
The transit proper is supported on this subbase 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 which enables one to set the instrument 
very nearly in the meridian as soon as the azimuth &or is known. 

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

“his instrument may serve as a typicd illustration of the class of large portable transits. 
The broken telescope transit, like that s h o h  in illustration No. 2, has been used with 

marked success by other countries. This instrument may also be used in the determination of 
latitude by the Tdcott 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 as meridian telescopes.’ They are fitted 
both for time observati0.m and for latitude observations by the Horrebow-Talcott method 
(see p. 103) and are provided with a frame<which may be folded up for convenience in transpor- 
tation. Illustration No. 3‘shows MeridianTelescope No. 13, which may serve as an illustration 
of the type of smaller inetrumentsa used for time observations in this Survey. 

This telescope has a focal length of 66 cm., a clear aperture of 6 cm., and a magnifying 
power of 72 diameters. The value of one division (=2 mm.) of the striding level is about 21”. 
During tame observations the hlescope 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 delicatk 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 aide in the illitration) is a slow-motion screw for accurate adjustment in azimuth. 

THE TRANSIT MICROMETER. 

. 

The transit micrometer is a form of registering 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 as they pass a fixed contact spring, thus 
causing to be recorded upon the chronograph sheet each separate instant at which the microm- 
et& wire reaches a pomtion corresponding to a contact. 

The tramit micrometer in use on the transits of this Survey is hand driven and WM designed 
by &. 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 written 
by Mr. Fischer. 

1 Bee Appendix No. 7, Report for 1879, for a “Descrfptlon of the Davldeon Merldian Inetrument.” 
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DETBBMINATION OF TIME]. 

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

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

First, it wm decided that the mechanism of the slide carrying the wire should be of the 
form in which the screw is mounted in bm-irigs 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 t h  side stress of the gearsqonnecting the screw 
with the handwheel shaft than the fo+'usually employed in theodolite and ocular micrometers, 
in which the screw is fastened to tEe dihd irnd therefore takes part of whatever play there may 
be in the latter. 

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

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

Illustrations 4 and 6 show the micrometer with draw tube and eye end of the telesoope. The 
telescope has a focal lengtb of 115 cm. and irn aperture of 77 mm. It is of the straight type of 
the same general form as that Shown in ilhstration No. 1 of Appendix 7 of the Report for 1898. 
@lustration No. 1 of tbis publication.) 

The micrometer box or case 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, whioh 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 acrew, $tliout 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 fooal 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 1OO'parts @, illustration No. 4), also carries 
near its opposite edge a screw thread, t, of three turns with a pitch of 1 mm. and a diameter 
of 32 mm. Sunk into the 'outer face of the head and fitted ooncentrically with it is a thin 
metallic shell, which has fitted upon it a hollow cylinder, e, made of ebonite, 6 111111. long and 26 
mm. in diameter. Five sttips 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, g, are slotted into the edge of the ebonite 
cylinder and sewred in such manner 89 to make metallic oontact with the micrometer head 
proper, and through it with the screw, miorometer box,'telescope and telescope pivots, 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 s m d  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 tfio micrometer box is fastened a small bracket, upon which is centercd a 
small worm wheel, w, illustration No. 4, gearing into the screw thread, t ,  of tho micrometer 
head. To this worm 
wheel is fastened a cup-shaped cylinder, T, which has cut into its rim a notch or depression 
with sloping ends not visible in the illustrations. A small steel pin in the end of the lever, 1, 
rests upon the edge of this cup-shaped cylinder. The other end of the lever, Z, fitted with a 
small ivory tip, presses upon tho end of the contact spring, b, which is mounted upon an ebonite 
plate, and is therefore insulated electrically from the instrument. When the small steel pin 
rests upon the edge of the cup-shaped cylinder, the ivory tip presses the contact spring away 
from the platinum-tipped screw, a. When, however, the notch or depression comes below the 
steel pin, the contact spring, 6 ,  is freo 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 bt; closed during four rovolutions 
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 I, the time during which the current can flow can be mado to correspond 
exactly to that of four revolutions of the micrometer head. But it is also important that tho 
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 micrometor, which 
indicates the meridian. This is accomplished for adjustments requiring corrections greater than 
one tooth of the worm wxeel w, by removing the latter from its axis, turning and replacing it 
with the proper tooth engaging the screw thread, t.  The adjustment for amounts less than 
that of ono tooth, as the micrometer is now arranged, is made by loosening a capstan-headed 
screw (hidden in the illustration by the lever I), and turning to right or left the two screws 2, thus 
moving the plate carrying tho lever I ,  until the small steel pin a t  the end of lever Z is in propor 
relation to tho notch or depression in the cup-shaped cylinder T. 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 tho line of collimation. 

Against tho 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 geam the whedf, with 72 teeth, mounted 
on the handwheel shaft, d. This shaft is supported by arms from the micrometer box, aa can 
readily be seen from illustration No. 5 .  The handwheels 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 tho eyepiece. 

The pitch of the micrometer screw is about 48.4 threads per centimeter, or 123 per inch. 
In the telescope of Transit No. 2 the angular value of one revolution of the screw is 2.5 equatorial 
time seconds, nearly. As the gearing of the handwheel shaft to the micrometer screw is aa 2 
to 1 it follows that the hands must produce rotary motion of one revolution in about 56 for an 
equatorial star. 

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

It has 40 teeth, and moves 1 tooth for each turn of the micrometer head. 
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DETBBMXNATION OF TIME. 11 

of these adjustments wi l l  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 cubout 
at tachmen t . 

As indicated in the description of the ebonite head with its five p l$num contact strips, 
the instrument itself is used as 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 a t  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 necbsary 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 cubout 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 acrosa the 
field of record and as there are five 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‘trunsit micmter.-Before using the transit 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 mean position of the micrometer wire. If a 
symmetrical record is not obtained, the adjustment must be made, as described on page 10. 

The adjustment of the micrometer wire for collimation and verticality are described on 
page 15, under the heading “Adjustment of the transit instrument.” 

THE CHRONOGRAPH, 

Illustration No. 6 shows the form of chronograph now in use in the Survey. The train of 
gears seen a t  the right is driven by a falling weight. It drives the speed governor (seen abovo 
the case containing the gears), the cylinder upon which the 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, the speed continually increaaes 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 small Look. “his impact and the effect of the friction a t  the base of 
the weight attached to the hook causes the speed to decrease continually until the hook is released. 
The speed then increases again until the hook is engaged, deereases until it is released, and so 
on. The total range of variation in the speed is, however, surprisingly small, so small that 
in interpreting the record of the chronograph tho speod is assumed to bo uniform during tho 
intervals between chronometer breaks. The speed may be regulated by screwing or unscrewing 
the movable weights which are above the governor balls and attaohed to the same arm. This 
moves them nearer to or farther from the axis, and thus decreases or increases the crit.hd speed 
at which the hook is engaged. To get a convenient record it is desirable to adjust the speed so 
that  the record cylinder makes just one revolution por minute with the ordinary arrangement 
of the train of gears. The gears may also be changed quickly to  another combination which 
will run the record oylinder at double speed. This will require additional driving weights. 
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The chronograph circuit, passing through the coils of the pen magnet, is operated by a 
battery of two dry cells in series, so that a relatively strong spring may be used to draw the pen 
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 correspo&ingly 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 the reticle. 

When the transit micrometer is used, the transit circuit, passing through the transit, the 
micrometer head and the coils of the transit relay, and operated by two dry cells in series, is 
connected with the chronograph circuit through 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 iil the circuit across the terminals of the 
chronometer to prevent sparking and consequent injury to the contact pokts of the break 
circuit wheel in the chronometer. 

The strength of the current, the tightness of the spring which draws back the pen armature, 
the distance of that armature from the magnet core, and the range of movement of the armature 
must all be adjusted relativdy to each other so that the pen will furnish a neat and completo 
record of all the breaks in tho circuit. The driving weight must be heavy enough to overcome 
a l l  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 chronometer breaks the circuit automatically every second (or every two 
seconds) and the pen records the breaks upon the moving record sheet a t  equal or very nearly 
equal linear intervals. The chronometer is usually arranged t o  indicate the beginning of each 
minute by failing to make s brcak for the fifty-ninth second, or if it is a two-second chronometer, 
by making a break for the Uty-ninth second. The hours and minutes may be identifed 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 minutos on the 
chronograph sheet correspond to those shown on the face of the chronomoter. 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 the 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 viow of the telescope (see p. 18), and the observer endeavors to keep the 
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 chronograph circuit and produces a record on the 
chronograph sheet. Where an observing key is used the observer breaks the chronograph 
circuit directly by pressing the key which he holds in his hand; this is done as the star transits 
each line of the reticle. In each case tho position of the additiond break or record on the chro- 
nograph sheet, with reference to the record mado by the chronometer, indicates accurately the 
chronometer time at which it was made, the chronograph being assumed to run uniformly 
between adjacent chronometer breaks. To read the fractions of 
seconds from the chronograph sheet one may use either (I glass scale on which converging lines 
mako it possible to divide varying lengths of seconds into 10 equal spaces, or a small linear 

(See illustration No. 7.)  
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rule, so divided that 10 of ita 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. Suoh a record may be easily read by using a meter scale. 
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 tlie transit records 
are successively read. This 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 lO-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 transib 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 readings are made to the newest 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, tho chronograph then being run a t  double speed. There wil l  
occasionally be a slight interference between the chronometer and the star transit record caused 
by overlapping, but the time of the observation can usually be identified and closely estimated 
by comparing the distances between the successivo breaks. 

A correction, called the contact correction, is sometimes applied to the chronograph record 
of transits observed with a micrometer 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 micrometel: 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 road. 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 under 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 t l h  correction necessary in time 
determinations for gravity observations with pendulums. If we designate the contact correction 
on an equatorial star for any transit micrometer as n, then the contact correction for any star 
is n sec 6 orn C, wherg C, the collimation factor, is obtained directly from the table on pages 62-77, 
or graphically as shown in illustration No. 9. The equatorid contact correction on transit 
No. 18 is 0.008 second. 

THEORY OF THE TRANSIT INSTRUMENT. 

The meaning of the phrase line of mllimatwn 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 tlie middle point of the 
mean vertical line of the diaphragm or the micrometer’wiro in its mean position. It may be 
considered synonymous with the pointing line, sight line, or line of sight. The term colhnution 
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 (axia of rotation) of the telescope. The 
line of collimation and collimation axis of a telescope coincide only when there is no error of 
collimation in the instrument. 

If a transit instrument were in perfect adjustment the line of 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 88 the 
right ascension of that star. The difference then between the chronometeT time of transit of 
a given star across the line of collimation and the right ascendon 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 errors of adjustment may be determined, and the observed times of transit are corrected 
as nearly as may be to what they would have been bad the observations been made with 8 

perfectly adjusted instrument. The observed chronometer time of transit of any star across 
the line of collimation as thus corrected being subtracted from the right ascension of that star 
gives 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 ba commenced at a new station at which 
the pier and shelter for the transit have been prepared. By daylight make the 
preparations described below for the work of the night. 

By whatever means are available determine the approximate direction of the meridian 
and mark it on the top of the pier or by an outside natural or artificial signal. Place the 
sub-base or footplates of the instrument in such position that the telescope will swing closely in 
the meridian. It is well to fix the sub-base or footplates firmly in place by cementing them 
to the pier with plaster of Ptuis when a stone, concrete, or brick pier is used, and by screws 
or bolts when a wooden pier Gused. The meridian may be determined with sufficient accuracy 
for this purpose by means of a compass needle, the magnetic declination being known and 
allowed for. A known direction from triangulation or from previous azimuth observations 
may be utilized. AU 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 inspect it. The pivots and wyes of both instrument and level 
should be cleaned with watch oil, which must be wiped off to prevent its accumulating dust. 
They should be carefully inspected to insure that there is no 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, Grst moistening the glass shghtly 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 additioh 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 
object of the adjustment, namely, to secure a focus corresponding to a minimum strain upon the 
eye, will be defeated to a certain extent. 

Focus the objective by directing the telescope 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 position (or parallax) of the micrometer 
wire and the image of the object when the eye is shifted about the front of the eyepiece. The 

(See p. 105.) 
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object of the adjustment, namely, to bring the image formed by the objective into coincidence 
with the micrometer wire is then accomplished. If the eyepiece has been properly focused this 
position of the objective will also be the 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 right by daylight none but tho brightest stars will be seen a t  all 
at night and the observer may lose time trying to learn the cause of the trouble. If the objective 
is focused a t  night a preliminary adjustment 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- 
tubo 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 Wectly a t  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 light approximately 
parallel with the tube of the telescope. 

Adjus t  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- 
ipgs will be zero for a level numbered in both directions from the middle, or the sum of the two 
east (or west) end readings will be double the reading of the middlo 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 joking the wyes, tho 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 a t  one end of tho 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 shghtly to insure its being in a 
central position and in good contact. 

Level the horizontal axk  of the telescope.-This adjustment may, of course, bo 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 soen upon the apparent lower part of the line. If the pointing is no longer perfect, the 
micrometer box (or reticle) must be rotated about the axis of figure of tho 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 mannor: If a transit micrometer is used, 
place the micrometor wire in its mean position, as indicated by the middle point of the rack or 
comb in tho apparent upper (or lower) edge of the field, the graduatod head reading zero. 
Point on some well-defined distant object by means of the azimuth screws, keeping the Wire 
in the position indicated above. Reverse the telescope in its wyes and again observo tho distant 
object. If 
upon reversal the wire does not again bieect the object, then the adjustment is mado by bringing 
the wire halfway back to the object with the screw 2, illustration No. 5.  Set on the object 
again, using the azimuth screws, and test the adjustment by a second reversal of tho telescope. 

If the transit has a diaphragm instead of a transit micromoter, the process is verysimilar 
to that described above, though simpler. Point on some well-defined distant object, using the 

~ 

If the wire again bisects the object, the instrument has no error of collimation. 
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middle verticnl line of the diaphragm. Reverse the instrument in its wyes and again obseive 
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 hdfway back to 
the object by means of the adjusting screws which hold it in place. A second tgst 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 a t  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 artiIicially illuminated. Ocansiondy, 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 error is not large, themethod of computations of 
the observations will eliminate its effect from the results. A rapid and careful observer may 
sometimes be able to make'tllis collimation adjustment on a slow-moving close circumpolar 
star. In so doing he d, 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 seoond of time it should not be 
changed, for experience has shown that frequent adjustment of an instrument cauaw looseness 
in the screws and the movable parts. 

To test afinder circle which is supposed to read zenith distances, point upon some object, 
placing the image of the objeot midway between the two horizontal lines (guide lines); bring the 
bubble of the &der circle level to the center and read the cirale. Next reverse the telescope 
and point again on the same object; bring the bubble t o  the center and read the same finder 
circle as before. The mean of the two readings is tho true zenith distance of the object, and 
their half difference is the index error of the aircle. The index error may be made zero by set- 
ting the circle to read the 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 ?he star and bring the bubble to the middle position of the tube as before. A quiok 
test when there are two finder circles is to set them a t  the same angle and see if the bubbles 
come to the center for the same poaition of the telescope. 

Adjust th transit micrometer 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 all 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 adjwtment.-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 
aome bright star which is about to transit within loo, say, of the zenith. Observe the chro- 
nometer time of transit of the star. This star being nearly in the zenith, its time of transit 
will be but little affected by the azimuth error of the instrument.' The collimation and level 
errors having previously been made small by adjustment, the right ascension of this star'minus 
its chronometer time of transit will be a close approximation to the chronometer correction. 
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 th'e star with the micrometer 

~ ~~~ ~~ ~ 

1 To avold wnitlng for stars close to the zenith tho chronometor correction may also be estimated c l w l y  by WmpWhg observatlona of two stars 
not verydbtant from tb8zsnlth,onenorthandonesouth, and thaseattheeametlmewlllgivesomeldeaoftheamount~ddlreotlon of thearlmuth 
amr. 
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Wire in its mean position or with the middle vertical line of the diaphragm and keep it bisected, 
following the motion of the star in azimuth by the slow-motion screws provided for that pur- 
pose, until the chronometer indicates that the star is on the meridian. 

The adjustment may be tested by repeating the process; that is, by obtaining a closer 
approximation to the chronometer 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 objective 
is too far west (if the star is above the pole), and vice versa. The slow-motion azimuth screw 
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 bo done by computing the azimuth error of the instrument roughly by the method 
ihdicated on pago 35, having previously determined the value of one turn of the screw.’ 
’ If from previous observations the chronometer correction is known within, say, five seconds, 
the above process of approximation may be commenced by using a northern star a t  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 meribian may be made by observing upon Polaris, computing the 
azimuth approximately by use of tables of azimuth of Pdaris at  different hour angles then by 
means of the screw or graduated arc swinging the instrument into the meridian. The tables 
referred to are 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 Goodetic Survey), or in the Ameri- 
can Ephemeris and Nautical Almanac. 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 a t  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 bekg 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 
The second time set shown in this list is computed on‘page 26, and 

Each set consists of two half sets 
Such a list, 

a lower latitude than 50°. 
enters into the longitude determination shown on page 84. 
of six stars each, solected in accordance with the instructions shown on page 80. 
prepared in easily legible figures, should be posted in the observatory. 

1 Somo of the merldlnn tolescopes carry 8 small graduated tuc on the doublo bnsa of tho frnmo, whloh may be used for measuring the small mglo 
bore requhd. 

8136’-13-2 
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- 
B 

1.14 

18 

F O ~  zn* 

abcmtiol 
X 

-- 

-0.02 

- 

Cata- 
logue 

- 

Bt  

B 
B 
A 

B 
B 
B 
B 
B 
B 

B 
A 
13 
B 
B 
B 

B 
B 
B 
B 
B 
A 

2 

- 

i I i 7  
0.87 
1.40 
0.80 
1.25 

Star 

-0.02 
-0.02 
-0.03 
-0.02 
-0.02 

/3 Taun 

I Orionis 
o Auriga8 c Leporie 
Y Aurigae 

13 Aurigae 
0 Aurigaa 
Y Orionis 
11 Geminor. 
8 Monocer. 
10 Monocer. 

S Monocer. 
#K Aurigaa 
18 Monocer. 
0 Geminor. 

c Geminor. 
65 A~rigaa 

I Geminor. 
/3 Canis Min. 
a CanisMin. 
/3 Geminor. 
r Geminor. + Gemmor. 

x A u n P  
5.7 

3.9 

3.8 

3.5 

Star list for  Key West, Fla. 

38 42 +49 47 N 25 14 

, 46 03 +39 07 N 1 4  34 

6 51 62 +54 17 N 29 44 

42 44 -14 61 S 39 24 

I I I 

2.7 
4.4 
3.3 
4.5 
5.0 

dagnl- Right ascension Dccllnatlon Zenlth dlstancc 
tude 1 a I 8 I c 

53 23 +37 12 N 12 39 
6 02 16 +14 47 S 9 46 

09 16 +22 32 S 2 01 
18 60 + 4 38 S 19 55 
2 3 2 2  - 4 4 2  S 2 9 1 5  

-El O ’ I  O ’ 

1.22 
1.02 
1.08 

2.8 

-0.02 
-0.02 
-0.02 

0.98 
1.31 
0.93 

-0.02 
-0.03 
-0.02 

4.4 1 6 35 51 + 9 59 
5.5 

S 14 34 
40 02 I +43 40 I N 19 07 

1.19 
1.07 
1.25 

1.13 
0.97 
0.95 
1.13 
1.18 
1.12 

+ 2 31 S 22 02 
3.4 4-34 04. I N 9 31 -0.02 

-0.02 
-0.02 

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

58 36 +20 42 S $ 61 63:: I 7 05 16 1 4-39 28 1 N 14 55 

3.8 
2.9 
0.5 
1. 1 
5.5 
5 .0  

7 19 57 +27 59 N 3 26 
22 06 + 8 29 S 16 04 
34 26 + 5 28 S 19 05 
39 38 +28 15 N 3 42 
41 31 +33 39 N 9 06 
47 48 +27 00 N 2 27 

Star factors I Dlurnnl 

A 

-0.08 
-0.15 

-0.66 

-0.32 

-0.85 
-0.28 
+O. 18 
+o. 04 
+o. 34 
+o. 49 

‘$0.26 
-0.45 
+o. 37 
-0.20 
+O. 07 
-0.34 

-0.07 
4.0.28 
+o. 33 
-0.08 
-0.19 
-0.05 

+O. 51 

+O. 65 

- 
c 

1. 14 
1.18 
1.01 
1.55 
1.04 
1. 29 

1. 71 
1.26 
1.04 
1.08 
1.01 
1.01 

1.02 
1.38 
1.01 
1.21 
1.07 
1.30 

1.13 
1.02 
1.01 
1. 13 
1.21 
1.12 

1.48 1-0.03 

0.94 -0.02 
0.88 -0.02 

* Form 256 known as “Coast and QeodetIc Survey Imgitude Record and Computation,” is a book containing all the Merent forms used 
fn ohserving anh computing, time and longitude,.cxccpf form 84 shown on p, 20. 

Berliner Astronomisches Jahrbuch. 
American Ephemeris and Nautfcal Almanac. 

DIRECTIONS FOR OBSERVING. . 
! 

Everything being in badiness 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 rake one end of the axis. See to it, loading 
one end if necessary, that the center of gravity of the telescope is at its ho-rizontal axk, and then 
depend upon the friction a t  the pivots to keep the telescope in whatever position it is placed. 
Watch the chronometer so as to know when to expect the star to appear in tho field of View of the 
telescope. When the star enters the field, bring i t  between the horizontal 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 it moves 
across the field of the telescope. The record is made automatically by the contact of a spring 
with certain metal strips on the micrometer head. A cubout device allows only 10 such con- 
tacts on either side of the moan position of the micrometer wire to register on the chronograph. 
The observer learns by experience a t  what part of the field the &e begins to registor and he 
should 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 ono 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 line and 
then pressing the key aa soon aa possibls thereafter. The time record thus made on the chrono- 

1 When aohronogreph is bo& used, it Is customary to keep the chronornoter which is connected with tho chronograph protected as carefully BS 

posslble from rapld changes of tampersture and from jars. During the obsorvatlons it is not usually removed from its protecting box, but instead 
an extra chronometer (sometlmos called a hack chronometer) is &d at tho inatnunent. 
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graph will always follow the event by a time interval, known as personal equation, which 
depends mainly on the 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 
the bisection of the star’s image, and this he may succeed in doing. He may even make the 
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 the 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. Throe 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 the figure of the pivots upon the determination of 
the inclination of the axis, it is desirablo to take the level readings with the telescope inclined 
at the various practicable angles at  which stars are observed, and to mako half of them with the 
objective to the northward and half with the objective southward. Great care should bo 
taken to avoid unequal heating of the two ends of the striding level. Tho level readings may 
be checked and possible errors often detected by the fact that the bubble length should be 
constant except for the effect of change of temperature (the bubble shortens with rise of tem- 
perature) and in observing and computing this should be kept in mind. A very short length 
of bubble should not be used on account of increased tendency to stick, and extreme length 
should be avoided because of danger of running off tho graduation. In  using tho striding level 
it is important that the bubble be given time to come to rest before reading. 

Tho only difference between the eye and ear method of observing time and tho 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 tho 
beat of a chronometer, first look at  some second’s mark two or more seconds ahead of the second 
hand. Nanie 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 mentally), 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, haU, twenty-two . . . and so 
on.’ With practice, an observer can carry the count of the beat for an indefinite period 
without looking at the chronometer face if he can hear the tick. If he becomes expert, he will 
even be able to carry the count for a half minute or more during which he has not even heard 
the tick. The chronometer should, of come,  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 h t  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 
the apparent distance of the star from the line. At the next tick the star is on the 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 time interval between the two 
ticks of the chronometer and obtains his estimate of the time of transit to the nearest tenth of 
a second. Though the mental processes involved may seem difficult a t  b t ,  practice soon makes 
them easy. An experienced observer using this process is able to estimate the time of transit 

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

1 Another mothod ofton used Is to oount only to 10 (thus ushg  only words of one syllable) and to glmw at the ohronometer eiter iho obser- 
vation to show tho positlon In tho minute. 
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of a star's image across a line of the diaphragm with a probable error of about fOO.1.  It is 
conducive to accuracy for the observer to acquire the habit of deciding definitely, without 
hesitation, upon the second and tenth aa soon as the event is complete. I-Iesitation in 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 observations, a set of time observations 
aa read from the chronograph sheet, and the computation of a-t (right ascension minus the 
chronometer t i kc  of transit) for each star. The computation of AT (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. 

Lonqitude record. 
Form 34. 

[Station, Key West. Data, Feb. 14,1907. Instrument, Transit No. 2. Observer, J. 9. HUI.] 

I Sot I 

stm 

Clamp or band, W 
,9 Tsuri 
x Aurigae 
I Orionia 
o Aurigae 
Y Aurigae 

Clamp or band, E 
8 Aurigae 
0 Aurigae 
r )  Geminor. 
8 Monocer. 
10 Monocer. 

Levols 
W E 

d N  d 
17.7 58.8 
60.1 19.0 

S 
17.7 58.8 
61.2 20:O 

N 
17.6 58.9 
60.7 19.3 

S 
17.6 59.0 
61.7 20.2 

N 
17.0 58.7 
61.3 19.7 

S 
17.2 59.0 
61.9 20.0 

N 
1G.8 58.7 
61.3 19.4 

Stars 

Clamp or band, W 
S Monocer. 

18 Monocer. 
0 Geminor. 
c Geminor. 

9 6 Auriga0 

63 Aurigaa 

Clamp or band, E 
< Geminor. 
p CaniaMin. 
a Canis Min. 

Geminor. 
R Geminor. 
6 Geminor. 

set I1 

Lovols 
W E 

d N  d 
62.0 20.0 
17.7 69.5 

S 
61.2 19.4 
17.7 69.6 

N 
61.5 19.5 
17.7 59.7 

N 
16.8 58.9 
61.6 19.6 

S 
17.4 69.7 
62.1 19.7 

N 
17.0 69.4 
62.0 19.5 

S 
16.9 69.4 
62.3 19.9 

1 dir. of levo1 scale -2".322. 

Remarks: Ceblo ww used dlrect, without mpters,  betwan Miema and Key West. 

Chronometer 1824. 
Pivot inequallty-O.Oo0. 
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While the following method of computing w a ~  devised for observations with the transit 
micrometer, it is not Limited in its use to such observations. The star list for which observs 
tions and computations are shown on the following pages could have been observed with a 
key and the computation made in the same manner as the one which follows. The only 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 formulaa and methods used in this computation follows the examples 
01 the record and computation. 

Form 26%. 
[Station, Koy Wwt. Dab, Feb. 14,1807. Instrument, transit No. 2, with transit micrometer. Observer, J. 6. nlll. Recorder, J. 8. HW. Chm 

nomotor, Sidereal 1824.l 

8 

41.4 
41.1 
40.4 
39.8 
39.6 

38.8 
38.6 

37.4 
37.1 

a7.9 

Star: 6. Monocar. 
Clamp: W 
Level: 

W E 
d d  

N 6 2 . 0  20.0 
17.7 69.5 

+44.3 -39.6 
-- - 

+4.8 

sums 
.__- 

73.4 
. 5  
. 5  
. 4  
. 4  

. 4  

.5  

. 5  

. 5  

. 5  

$6 Auriga0 
W 

8 

50.6 
50.2 
49.7 
49.1 
4 8 8  

48.1 

47.3 
40.6 
48.3 

47.9 

18 Monocor. 
W 

Sums 
-- 

92.0 
. I  
. 2  
. 2  
. 1  

. 1  

. 1  

.O 

. O  

.a 

c Q d n o r .  
W 

E 8  

65.3 
55.6 
66.4 
57.1 
57.5 

58.4 
58.8 
59.6 
80.3 
60.7 

I,""""" 

-- 
67.0 
88.5 
65.8 
65.1 
84.6 

63.9 
63.4 
02.6 
81.9 
81.6 

63 Aurigso 
W 

41.3 
41.8 
42.8 
43.5 
43.9 

W E  
d d 

S 61.2 19.4 
17.7 59.6 

-1-43.5 -40.2 
- -  

+3.3 

64.0 95.3 
53.5 . 3  
52.6 . 4  
51.9 . 4  
61.4 . 3  

w E 
d d 

N 61.5 19.5 
17.7 69.7 

+43.8 -40.2 
_ _ -  

+3.8 

19.5 
20.0 
20.6 
21.3 
21.7 

22.3 
22.8 
23.6 
24.3 
24.6 

30.4 49.0 
30.1 50.1 
28.4 .o 
28.7 .O 
28.3 . O  

27.8 49.9 
27.1 9 .9  
28.4 60.0 
25.7 . O  
25.4 . O  

16.2 
10.5 
17.2 
17.7 
18.0 

18.8 
10.1 
19.8 
20.5 
20.7 

20.0 42.2 
25.5 2 .0  
24.8 9.0 
24.3 2.0 
23.9 1.9 

23.1 1.9 
22.9 2.0 
22.3 2 .1  
21.6 2.1 
21.4 2.1 - 

d 
in N+4.20 

s+3.3i) I Computntlo of lovol constant: M 

1 6  -- 
+3.75XO.O..%- +0.14& b,,. 

h m  
0 39 

h m  
0 58 

h m  
7 0 4  

h m 
0 40 

8 1 8 I Sums 
- 
3ums 

- 
8 - 

32.0 
32.4 
33.1 
33. 6 
33.9 

34. 6 
35.0 
35.6 
36.1 
36.4 

- 
8 

- 
41.5 
41.9 
42.5 
43.1 
43.3 

44.0 
44.3 
44.8 
46.4 
45.7 

I 
--I--I-- -I-I- -I-I- 

122.3 
.1 
.a 
.a 
.1 

.s 

.2 

.1 

.a 

.a - 

44.7 
45.3 
46.0 
40.9 
47.2 

60.6 
M). 3 
49.3 
48.6 
48.1 

. 3  

.G . 3  

. 4  

. 3  

Sum 734.8 Sum ,953.6 sum 821.0 Sum 498.8 Sum 1221.9 

01. IO 36.73 21.02 46.05 24. Bo 47.68 

Rt  
x - .m 
Bb + .14 
t 6 3s 36.85 
u 6 36 61.86 
(a-t) +U.W 

- .oa 
+ .16 

6 68 21.16 
6 68 88.16 

+15.W 

- .M 
+ .18 

7 a5 0 l . B  
7 a5 16.B 

+15.02 

- .a 
+ .18 

6 39 47.84 

+16.08 
6 40 o2.m 

- .02 
+ .14 

6 42 46.17 
6 43 01.21 

-1-15.04 

- .oa 
+ .17 

6 46 26.14 
6 46 40.17 

+15. Q3 

* BOe nota below table on p. 18. 
t R, oorrwtion for rate, is neglIgiblo in thls t h e  set. 
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Form 25&* 
[Station, Key West. Data, Fob. 14,1907. Instrumout, transit No. 2, with transit mmromotor. Obsorvor, J. 8. Hill. Recordor, J. 8. Hill. Chro- 

nomoter, Gideroall&%.] 
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S 16.9 59.4 
02.3 19.0 

+46.4 -39.5 
- -  

+5.9 

B Canla Mh, 
E 

. 

Gominor. 
E 

-- 
Sums 
- 
105.0 

5.0 
4.8 
4.8 
4.9 

4.8 
5.0 
4.8 
4.8 
4.8 

a 
-- 
07.5 
07.8 
08.4 
09.0 
09.2 

08.9 
10.2 
10.8 
11.4 
11.7 

-- 
Sums 
-__ 

47.3 
. 3  
. 2  
.1 
. 3  

. 3  

. 3  

. 3  

. 4  

. 4  

a 

11.3 
11.6 
12.5 
13.2 
13.6 

14.3 
14.7 
16.4 
16.1 
16.3 

47.0 
48.2 
48.7 
49.3 
49.7 

50.2 
50.6 
51.1 
61.8 
52.1 

a a  
-- 

57.1 
56.8 
50.1 
55.5 
55.2 

64.6 
54.4 
63.7 
53.0 
52.7 

24.2 
. 2  
. 1  
. I  
. O  

.1 

. 1  

.1 

.o 

. o  

18.5 
18.8 
19.6 
20.1 
20.6 

21.2 
21.6 
22.3 
23.1 
23.3' 

I 
16.81 

.02 
+ .m 

7 34 12.22 
7 34 28.67 

+ 14.45 

- - .02 
+ .23 

7 39 23.85 
7 39 38.26 

+14.41 

I Canh Mh. 
E 

8 Gominor. 
E 

Star.r Oeminor. 
C h p :  E 
Lovol: 

W E  
d d 

N 16.8 58.9 
61.6 10.5 

+44.8 -39.4 
- -  

+5.4 

W E  
d d 

8. 17.4 59.7 
62.1 10.7 

+44.7 -40.0 
- -  

+4.7 

w E 
d d 

N 17.0 69.4 
62.0 19.5 

+45.0 -39.9 
- -  

+5.1 

I -  
I d 

Computation of love1 conslant: Mean N+5.25 
I I S+5.30 
I I - 

h m  
7 10 

h m  
7 21 I h m  

7 34 I h m  
7 39 I h m  

7 41 1 h m 
7 47 

- 
Sums - 

86.1 
. 2  
. 2  
. 1  
.2 

. 3  

.1 

. 3  

. 3  

. 2  

- 
Sums 
- 

09.1 
. 2  

08.8 

. 8  

. 8  

. 8  
69.0 
08.9 

. 9  

, . 8  

- 
8 

- 
37.8 
38.3 
as. 9 
39.6 
39.9 

40.7 
41.0 
41.7 
42.5 
42.8 

- 
8 

- 
48.3 
47.9 
47.3 
46.5 
40.3 

45.6 
45.1 
44.6 
43. 8 
43.4 

- 
P 

- 
16.7 
16.4 
15.7 
15.1 
14.8 

14.2 
l3.9 
13.3 
12.6 
12.3 

- 
a 
- 

28.8 
28.6 
27.7 
27.0 
26.8 

26.1 
25.7 
26.0 
24.3 
24.1 

- 
S 

- 
22.3 
21.9 
21.1 

24.1 

19.4 
19.0 
18.3 
17.5 
17.2 

m. 4 

- 
8 

- 
39.6 
39.4 
38.5 
37.8 
37.6 

36.8 
36.6 
ab. 9 
35.1 
84.8 

sums  
- 

33.6 
. 5  
. 6  
. 6  
.7  

.7  

. 7  

. 7  

. o  

. 5  

a 
- 
29.5 
29.8 
30.3 
31.0 
31.3 

32.0 
32.3 
33.1 
33.8 
34.1 

sum10LS.?/ sum=( 
- 

Sum 689.1 Sum 862.0 

Mean 43.10 52.44 12.04 j 23.64 

~~ 

34.46 

Rt 
a - .02 
Bb + .23 
1 7 19 43.31 
a 7 19 57.74 
(a-t) +14.43 

- .02 
+ .m 

7 21 52.63 
7 27, 07.08 

+ 14.45 

- .02 
+ .24 

7 41 17.03 
7 41 31.45 

+14.42 

- .02 
+ .23 

7 47 34.C7 
7 47 49.14 

+14.47 

* 900 nota below table on p. 18. 
t R ,  corroction for rate, Is noglighlo in this t h o  sot. . 

CORRECTION FOR INCLINATION O F  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 passcs 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 axh is too high, the transits of all the stars above the 
pole (apparently moving westward) will be observed too lato, and the transits of all subpolars 
will be observed too early, and it is therefore necessary to correct the observed times of transit 
by means of the readings of the striding level, taking into account the inequality of the pivots, 
if appreciable. 

Let ZLI 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 reversed, the telescope axis remaining as it was. Let d be 
the value of a division of the level in seconds of arc. Then for /3, tho apparent inclination of the 
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tolescopo axis expressed in seconds of time, we may write, if tho level divisions aro numbered 
in both directions from t.he middle: 

a a in which - is a constant for the levol, - being the valuo of one division of the love1 in seconds 

of time. 
If the level divisions aro numbered continuously from ono end of the level to tho other’the 

abovo formula takes the form 

60 15 

in which t h o  primed letters refer to that position of the level in which tho zero end of tho tube 

I n e q d i t y  of pivots.-The level readings give a determination of tho inclination of the line 
joining the points of the two pivots, which are midway between the lines of contact of tho 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 tho centers of the two pivots) unless the pivots are.of the same 
size. Let p ,  the pivot inequality, be the angle, oxpressod in seconds of time, between the line 
joining the centers of the pivots and the line whose inclination is determined by tho level readings, 
and let this angle be called positive if the pivot nearest the designating mark (band, clamp, or 
illumination) is the smallor. 

is t0 tho West.’ 

Then b w - P , + p  and bs=P, -p  a 

in which b is the roqumd inclination of the axis of rotation of the telescope. The subsoripts 
indicate tho position, to the westward or to the eastward, of tho 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- 
putation, SQO pago 44. 

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

b cos c soc 6 = bB, 

in which 6 is the declination of tho star and c is its zenith distaiico (=+ - 6 for all stars above 
tho pole, and =+ + 6- 180’ for subpolar stars). Tho factor 13 = cos c soc 6 is tabulated on pages 
62-77, but is much more easily obtained with tho graphical device shown in illustration No. 9 
and explained on pago 61. 
’ It is the present practice in this Survey to assumo that b, the inclination, is constant for 

each half set, and it is cornputod in the following niannor: V i t h  each half sot tho mean of the 
observed values of p with objective northward is first derived, then the Corresponding mean 
with objoctivo southward, and h a l l y  the mean of theso two means is takon as the p for the 
half sot. 

The value of B for each star, as taken from oithor tlio tablo on pages 62-77 or tlio graphical 
device shown in illustration No. 9, is given in the observing list on pnge 18. 

80 thet when the dlflerenoes am taken VertiOallY, the resulting sign of the level oomtion will at o m  be apptpnt, as shown in the following 
axample: 

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

. 

I A8 u) ls always groator thnn W’ and e ls always loss than e‘, the sign O f  the w a t  dfnerann, ls always + and Of the Wt dfn=W ls always -, 

Wast East 
d d 

62.0 20.0 
69.6 17.7 

+44.3 -39.6 
+4.8 

- - 

*These formulm BPB exaot only In ewe the angle of the level wyes is the mme IU the angle of the aupporthg wyas. 
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INCOMPLETE TRANSITS WITH TRANSIT-MICROMETER. 

If the transit of a star observed with the transitrmicrometer is incomplete, ody the obser- 
vations which are symmetrical with regard to the mean position of the micrometer Wire are 
used and those for which the symmetrical observations are lacking are rejected. (See General 
Instructions 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 what it would 
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: 

in which t is the chronometer time of transit of a star, To is tho mean epoch of the time set, that 
is, the mean of all the chronometer times of transit, and T h  the hourly rate of the chronometer 
on sidereal time, + when losing and - when gaining. The quantity ( t -  To> 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 aa a refinement which is not always essential. 
If a time set has perfect symmetry of arrangement, the effect of introducing a rate correction 
into the computation will be shown only in the residuals, as it will have no effect on the com- 
puted clock correction. If the daily rate of the chronomcter is less than five seconds, it can be 
ignored in the computation of all time sets except thoso 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 ite 
effect on the chronometer correction to be negligible. 

CORRECTION FOR DIURNAL ABERRATION. 

R= ( t -  To) T h  

The eSect of the annual aberration due to the motion of the earth in its orbit ;S taken into 

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

the meridian is 

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

K = 08.021 COS # 980 6 

oo 
loo 
20° 
30' 

Table of d i u m l  aberration ( K ) .  

I 

8 8 

0.02 0.02 
.02 .02 
.02 .02 
.02 .02 

I 

8 

0.08 
.08 
.08 
.07 
.06 
.06 
.04 
.03 
.01 

Latitude 

-@ 1 00 I 10' 

8 

0.12 
.12 
.ll 
.10 
.09 
.08 
.OB 

' .04 
.02 

1-1- 
8 

0.03 
.03 
.03 
.02 
.02 
.02 
.01 
.01 
.oo 

8 

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

4oo 
5oo 
6oo 
70' 
8oo 

8 

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

.02 .02 

.01 .01 

.01 .01 

.01 .01 

.oo .oo 

8 

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

8 

0.04 
.04 
.04 
.04 
.03 
.03 
.02 
. 01 
. 01 

70" 

8 

0.08 
.06 
.08 
.06 
.06 
.04 
.03 
.02 
. 01 

--- 
m a  I 80' I ;- 

8 

0.24 
.24 
.23 
e21 
.18 
.16 
.12 
.08 
.04 
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DERIVATION OF (a-t) .  

The correction for diurnal aberration, inclination of axis, and rate (if considered) being 
applied to the observed time of transit across the mean position of the micrometer wire (or 
mean line of the diaphragm) as shown in the computation on pages 21-22, the result ist, an approxi- 
mate time of transit across the meridian. The apparent right ascension at the time of observa- 
tion is taken from some star catalogue, giving apparent places, such as the American Ephemeris 
and Nautical Almanac or the Berliner Astronomisches Jahrbuch (preferably the former). The 
difference between t and the right ascension, a, of the star at the timo'of observation, is (a-t), 
an approximate correction to the chronometer time. 

In taking right ascensions from the star catalogue 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. 

THE COLLIMATION CORRECTION. 

If the instrument is otherwise in 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 circle 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 6 = Cc, 

in which c is the angle, expressed in seconds of time, between the line of sight defined by the 
micrometer wire when in its mean position (or by tho 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. It is considered positive for a given 
telescope if the line of sight is too far east (and stars a t  upper culmination are therefore observed 
too soon) when the illumination (or bright band) is t o  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 C is written for sec 6 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 C is to be considered positive for stars 
at upper culmination and negative for stars a t  lower culmination. The s;gnS are reversed with 
illumination (or band) enst. 

(See p. 13.) 

THE AZIMUTH CORREOTION. 

If the instrument is otherwise in adjustment, but has a s m d  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 transit for this azimuth error is, 

Azimuth correction = a sin c sec 6 = Aa, 

in which a is the angle expressed in seconds of time between the meridian and the vertical circle 
described by the mean position of the micrometer wire.' It is considered positive when the 
collimation axis is too far to the east with the telescope pointed south. 

For convenience A is written for sin c sec 6 and will be found tabulated on pages 62-77. 
It can be more easily obtained with the graphical device shown in illustration No. 9 and described 
on page 61. The factor A is considered positive for all stars except those between the zenith 
and the pole. 

1 In praotke there alwaya &ts an error of collimation, so in general a b the angle between the meridipn and the axk of OollimatkJn. 
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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 above. 

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

cc 

5 

+0.27 

+0.26 
+0.32 
+0.28 
+0.34 

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

+0.36 

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 leashquare 
solution is used in obtaining the final resulta. There is also a somewhat different method of 
computation (shown on p. 34) used when the stars of a time set consist of four time stars and 
one azimuth star. This method was used in the field for a number of years. 

Computation of tihe set. , 
Form 2SB.t 

All 

-- 
5 

+0.02 

+0.03 
-0.01 

0.00 
-0.09 

0.00 
+ O . O l  
+ O . O l  

0.00 
-0.01 

0.00 

-0.03 

[Station, Key West, Florida. Date, Feb. 14, 1807. &t,2. Observer, J. 8. Hill. Cornputor, J. 8.  Hill.] 

Clamp 

W 
W 
W 
W 
W 
W 

E 
E 
I$ 
E 
E 
E 

Star a-t at 

5 5 

+15.00 0.00 
+Id. 08 +O. 08 
+15.04 +0.04 
+15.03 +0.03 
+15.00 0.00 
+15.02 4-0.02 

+14.43 -0.57 
+14.45 -0.55 
+14.45 -0.55 
+14.41 -0.59 
+14.42 -0.58 
+14.47 -0.53 

1. S Monocer. 
2. 4' Aurigaa 
3. 18 Monocer. 
4. 0 Geminor. 
5. c Geminor. 
6. 63 Aurigaa 

7. 
8. 
9. 

10. 
11. 
12. 

t Geminor. 
fi  Can. Min. 
* Can. Min. 
/3 Geminor. 
x Geminor. 
+ Geminor. 

C 

+l. 02 
+l. 38 
+l. 01 
+l. 21 
+l. 07 
+l. 30 

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

1. 3.00 at+3.10 ~+O.70 a, -0.04=0 
2. 3.00 a t t3 .89  C-0.99 a, -0.13-0 
5. 2.12 6t+2.75 C-0.70 a, -0.09=0 (2)X.707 
6. 5.12 al+5.85 c -0.13=0 
9. 4.71 at+5.38 c -0.12=0 (6)X.920 

10. 9.53 at +2.61=0 

3. 
4. 
7. 
8. 

12. 

14. 
16. 

A 

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

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

A 7'- 
(a-t)- 
Cc-Aa 

5 

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

f14.73 
+14.71 
+14.70 
+14.71 
+14.75 
t14 .76  

Mean AT1S14.727 

8 '  

11. bt= -0.274 
8 

A T=+15.00-0.274=+14.726 
3.00 at--3.15 c+O. 56 aE +1.63=0 
3.00 bl-3.47 C-0.34 a, +1.74=0 
1.82 at-1.91 ~+0.34  aE +0.99=0 (3)X.807 

4.82 at'-5.38 C +2.73=0 8 
-1.32 -5.38 c +2.73=0 13. ~=+0.262 

-0.82 +LO2 -0.99 aW - 0 . 1 3 ~ 0  
-0.82 -0.83 +0.56 + 1 . 6 3 4  

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

V 

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

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

*Bee note below tablo on p. 18. 
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EXPLANATION OF ABOVE COMPUTATION. 

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

AT+Cc+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. There 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 6t is obtained. The 
computation is so arranged that the multipliers are always less than unity, which are used 
to reduce coefficients in certain equations to equality with corresponding coefficients in other 
equations. This makes it possible to carry through the entire computation with the aid of 
Crelle’s (or other similar) tables. In making substitutions in equations, such as 14 and 16, 
where there is a choice between two 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 6t will be less than one second, there is no necessity, in any given case, of carrying the 
computation to  a greater number of decimal places than are shown above. 

The checks whichmust be satisfied, if the computation is correct, me: (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 ~ u m  of the two, three, or four residuals corresponding to 
each of the four equations designated above as 1, 2, 3, and 4 must seldom be as large as, and 
never exceed, 08.02. 

If these checks are not satisfied, the following principle may be found useful in detecting 
whether the error was made during the process of solution of the four equations. If the work 
of solution is correct, the derived values of the unknowns substituted in any one of the equations 
should give a residual not greater than 08.01 (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 6t plus the number of whole seconds 
which were dropped from (a- t )  in order to lighten the work involved in making the cornputt+ 
tion. In this cam it is equal to -08.274+ 15”.00= + 14O.726. The chronometer epoch for 
which this correction applies is the mean of the chronometer times of the observed transits; that 
is, the mean of the 1’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 instrumontal constants c, %, and a, small, it is not 
desirable to strive to 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 w i h  a view of reducing it. 

The computations are somewhat simpler when tho 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 mothod of observing and the only unknowns are one 
azimuth constant and the clock correction, AT. 

. 
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A SECOND EXAMPLE OF RECORD AND COMPUTATION. 

On page 26 reference is made to a sekond method of solution for AT, a, .and c, without 
the use of least squares. This second method is used when a different selection of stars ia 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 tho 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 instead of being derived mainly from 8 stars only, and ' 

the collimation correction is more accurately determined. The azimuth constants, however, 
are not so accurately determined by the first as by the second method, but this is immaterial ' 
if the plus and minus azimuth factors in each half set are about equally balanced. 

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

Using this second method, tima acceptable for latitude or azimuth work can be easily 
obtained with a meridian telescope, a zenith telescope, or even with an engineer's transit or 
theodolite. In its usual form the star set consists of four time stars and an azimuth star with 
the instrument in each poaition, band wwt and band east. If greater accuracy is desired the 
number of time stars in a half set may bo increased, or if less accuracy is needed the number may 
be decreased. In the work of the Survey up to the time of the adoption of the transit micrometer 
and the method of computation shown on pages 20-27, the standard time set consisted of two 
half sets, in each 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 chronographically. With the record of observations there are 
given the readings of the level, the correction for inclination of the horizontal axisof the tele- 
scope (wbich in this case includes a correction for inequality of pivots), and the computation of 
(a - t ) .  A correction for Gate has been introduced. The correction 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 .  C.--Latitude 38 O 64' N .  

Star 

17 H. Can. Ven. 
q Ursse hfaj. 

Boot9 11 Bootis 
a Draconis 

d Bootis 
a Bootis 
1 Bootis 
0 Bootis 
5 Ursa? hfin. 

- 

C a b  
loguo 

B 
B 
B 
B 
13 

B 
13 
B 
B 
A 
- 

lagni. 
tude 

- 

5.5 
2.0 
3.0 
6. 0 
3.3 

5.0 
1.0 
4.0 
3.8 
4.5 
- 

Right wen-  
slon 
U 

h m  s 
13 30 12 

43 30 
49 47 
56 31 

14 01 39 

05 42 
10 58 
12 29 
21.  43 
27 51 

D ~ l l o a -  
tion 

8 

O I  

+37 43 
+49 50 
+18 55 
+27 63 
+64 52 

+25 35 
+19 43 
+46 34 
+52 20 
+76 09 

Zcnlth dis- 
tance 

c 

O I  

+ 1  11 
-10 56 
+19 59 
+11 01 
-25 58 

+13 19 
+19 11 
- 7 40 
-13 26 
-37 15 

S 
-. 02 
-. 02 -. 02 -. 02 -. 04 

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

- 
Incli- 

tion 
B 

na- 

1.26 
1. 53 
0.99 
1.11 
2.12 

1.08 
1.01 
1.44 
1.59 
3.33 
. 

Star faotors - 
Colli- 
ma- 
tion 

C 

1.26 
1. 55 
1.06 
1. 13 
2.36 

1.11 
1.06 
1.46 
1.64 
4. 18 

Azimuth 
A 

+ .02 - .30 + .36 + .22 
-1.03 

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

29 

B-Berliner Astmnomlwhea Johrbuch. A-Amerlcaa Ephomeris. 



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

Following the computation are given any explanations needed to supplemont or qualify 
the explanations of computations given on pages 22-27. 

[Btation, Washington, D. C. Date, May 17,1896. Observer, 0. R. P. 

I 
Star 17 H. Can. Ven. 1) Urs. Mal. n Bootis a Draco. 

Position of band west West West \vest West 

Direction of ob- 
jective for level 
reading 

9 h' 

W E 

22.7 24.1 
n. 1 19.9 

49.8 44.0 
+6.8 

d a 

- - 

W ' E 
d d 

2s. 0 19.9 
22.9 24.9 

60.9 44.8 
+e. 1 

.- - 

W E 
d d 

27.8 20.0 
22.9 24.8 

60.7 44.8 
+5.9 

- - 
Level readings 

p W  and ZE 
PW--tE 

Remarks a n d  
c o m p u t a t i o n  
or b 

Means of levels 
d 

N +e. 10 . 
8 +5.85 

8 
t .l67-,9w 
- .OlO-pivot ine- 

quality - 
t .157-% 

+5.98X. 0279- 

Observed transit 
h e  1 

2 
3 
4 
6 
0 
7 
8 
9 
10 
11 

h m  8 

13 28 56.W 
13 30 00.10 

03.30 
OB. 70 
12. 80 
16.00 
19.30 

29.00 
32.20 

*.go 

- 

h m  8 

13 43 10.60 
14.35 
18.30 
26.15 
30.15 
33.80 
37.95 
41.70 
49.70 
53.00 
57.55 

h m  8 

3 49 34.45 
37.05 
39.70 
45.00 
47.75 
bo. 25 
52.85 
55.70 

3 50 00.80 
03.75 
06.50 

h m  8 

13 56 17.20 
20.00 
22.80 
28.40 
31.60 
34.30 
36.80 
40.05 
45.05 
48.00 
51.50 

h m  8 

14 01 07.65 
13.30 
19. 35 
31.25 
37.30 
43.00 
49.00 
55.20 

14 02 06.W 
12. 80 
18.85 

Moan 
8 

14. 20 
c o r n  

tion 
16.15 

lo 
X 1.26 

.+ 1.02 

-- 
8 

33.80 
88.10 
7.85 
8.00 
7.95 
8.15 

6 

60.25 
00.70 
0.70 
0.60 
0.80 
0.95 

8 

34.30 
88.40 
8.45 
8.45 
8.00 
8.70 

2. w 
- 

P 
43.00 
80.30 
6. 45 
6. 25 
6.20 
6.40 

1.60 
- 

Mean 16.12 33.9Q 10.85 50.36 4.00 34.26 k3.15 

R 
a 

Bb 
I 
a 
a-t 

+ .03 
- .02 

13 30 16.33 
.3 30 12.26 

-4.07 

+ .m 
+ .02 
- .02 

+ .24 
L3 43 34.23 
L3 43 '30.14 

-4. OB 

+ .01 
- .02 
+ .16 

3 49 60.61 
3 49 46.62 

-3.69 

+ .01 
- .02 
+ .17 

.3 66 34.42 
3 56 30.53 

-3.89 

.OO 
- .M 
+ .33 

14 01 43.44 
14 01 3&82 

-4.52 
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h m  a 
14 21 22.30 

26.40 
30.60 
38.80 
42.80 
47.35 
51.35 
65.40 

142203.60 

11.95 
07.80 

--- 

31 

8 

47.35 
94.25 
4.30 
4.20 

4.25 
4.20 

Instrument, transit No. 18. Chronometer, Negus, 1830 (daily rate; 14.51 gain%).] 

d BootJs ' a Booth A BWth e Bootis 5 Us. Min. 

Enst East East Eas t  East 

S N E 

\V E 
d d 
n. 1 2Q. 9 
22.7 25.2 

49.8 46. 1 
+3.7 

- - 

W E 
d d 

27.2 20.9 
22.9 25.3 

50.1 40.2 
+3.0 

- - 

W E 
. d  d 
22.2 28.0 
27.2 21.0 

49.4 47.0 
+2.4 

- - 

Means of lovols 
d 

N. +3.15 
6. +3.70 - 

+3. a x .  one- 

Thin clouds and hnzy 
Temperntun, 76' F 

8 
f. W-B, 
t.O1O-pivotinequality 

t.105-bE 

A m  8 

14 05 28." 

34.85 
40.60 
43.35 
40.23 
48.80 
51. 80 
57.30 

14 OB 02.W 

32. 20 

- 

h m  a 
14 10 45.60 

48. m 

56. m 
58. m 

5 0 . 0  

14 11 01.65 
04.30 
07.10 
12.30 

17.70 
15. m 

a 
01.65 
03.20 
3.30 
3.20 
3.40 
3.20 

6.85 
-- 

h m  a 
14 12 11.15 

14.80 
18.60 
25.95 
29.50 
33.45 
37.00 
40.70 
48.00 
51.80 
55.25 

h m  a 
14 26 53.15 

27 03.15 
14.25 
35.30 
45. I 
57.15 

14 28 07.00 
18.00 
38.70 
49.50 

14 29 00.05 

M W  
8 

44.70 
Corroc- 
tion 

12.69 

lo 
x 1.11 - 1.41 

-- 
8 

33.45 
66.50 

0.85 
0. 60 
0.00 
0.40 

a .  
51.16 

112.85 
3.30 
2.85 
2.65 
3. 20 - 

72.10 40. l i  01.83 33.29 3. m 50.55 

.oo 
- .02 
+ . l l  

14 05 46.26 
14 05 42.32 

-3. cl4 

- .01 
- .02 
+ . I 1  

14 11 01.71 
14 10 67.80 

-3.81 

- .01 
- .02 
+ .I5 

14 12 33.41 
14 12 29.18 

-4.23 

- .03 
- .a 
+ .36 

14 27 60.81 
14 27 51.37 

-5.41 
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31 
32 
33 
34 
35 
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REDUCTION OF INCOMPLETE TRANSITS. 

9.99867 0.00133 
858 142 
849 161 
840 160 
831 169 

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 the sum of the several 
observed times any gross error in any one of the times may be detected by using the auxiliary 
sums, shown in the example on pages 30-31, in the little column just after the observed times, 
namely, the sum of the first and last times, of the second and last but one, third and last but 
two, etc. These auxiliary sums should be nearly the same and nearly equal to double the time 
on the middle line. This is also a convenient method of taking means, as i t  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: 

m 
1 
2 
3 
4 
5 
6 

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

- ~ _ - _ _  t, =mean of observed times - 

9.99999 
99 
99 
98 
97 
95 

(sum of equatorial intervals of missed lines) (sec S) 
number of observed lines. or t, =mean of observed times + 

7 
8 
9 
10 
11 
12 
13 
14 

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

t, 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 between tho transit of an equatorial star 
over the mean line of the diaphragm and the transit over the line in question. It is, in seconds 
of time, & 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 line. 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 formulse for reduction to the mean line are approximate, and the maximum 

possible, error of the approximation increases with an increase in the declination of the star 
and with an increase in the equatorial intervals of the extreme lines. If the extreme equatorial 
interval is 608, the maximum error is less than Os.O1 for a star of which 6=70°, and is only 
W.3 if 6=85O. 

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 9 sec 7, in which r is the hour 
angle of the star at transit across the line, or with sufficient accuracy r =i sec 6 =the actual time 
interval from the mean line. 

If the extreme interval is 1tj8, the maximum error is less than 08.01 if 6 = 8 5 O .  

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

93 
91 
89 
86 
83 
80 
77 
73 

-I 

15 I 9.99969 

0.00000 
01 
01 
02 
03 
05 
07 
09 
11 
14 
17 
20 
23 
27 

0.00031 

m 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

9.99965 
960 
955 
950 
945 
939 
933 
927 
921 
914 
907 
899 
892 
884 

9.99876 

log ;Tsecr' 

0.00035 
040 
045 
050 
056 
061 
067 
073 
079 
086 
093 
101 
108 . 
116 

0.00124 

38 
39 

179 
189 
200 
211 

778 I 222 _ _ _  
4i 767 233 

244 
42 43 I 1 256 

1 Tho collimation facto! C (a# glvon in the star list on p. 29) Is the  so0 d .  
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If the chronometer rate exceeds 15' 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 to that of which a portion is printed below showing the interval of &ch 
line from the mean line corresponding to various declinations. The correction of each observed 
line to the mean line is then taken out directly from the table and the mean of the various 
corrected transits taken. 

intervals of lines of Tramit No. 18 from mean line. 
, 

[Tho numborIng of the lines is for band west.] 

-~ - - ~ - ~  
8 8 8 

15.74 13.14 10.61 6.24 2.61 0.09 2.61 6.29 10.46 13.10 16.68 

Transit No. 18 was the instrument used for the observations shown on pages 30-31. The 
incomplQte transit of the star 17 H. Can. Ven., of which the declination is 3 7 O  43', may be 
computed as indicated below: 

L i e  Correction corrwted transit 
I +19.22 16.12 

I1 +16.04 16.14 ~~ 

I11 +12.83 18.13 
IV f 6.40 16.10 
V + 3.19 16.09 

VI - 0.11 15.89 
VI1 - 3.19 16.11 

VI11 - 6.46 16.14 
I X  -12.76 16.26 
X -15.99 16.21 - 

Mean=16.12, agreeing with the m l t  shown in the 
I example on page 30. 

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

CORRECTION FOR RATE. 

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

CORRECTIONS FOR DIURNAL ABERRATION, UOLLIMATION, AND AZIMUTH. 

The correction for diurnal aberration and general expreaaions, for the collimation and 
azimuth corrections are shown on pages 24-25. 

8136'-13-3 
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+ . 0 2  
-.30 
+.36 
+.22 
-1.03 

+.% 
+ .36 
- .19 
- .38 
-2.53 

+ . 0 8  
-1.03 

+ .Ol 
-2.53 

COMPUTATION OF AT, a AND c, USING AlrIMUTH STARS AND METHOD O F  APPROXIMATIONS. 

The method of computation shown below was in use in the field by parties of this Survey 
fo rpany  years1 It is now replaced by the method shown on page 26. 

A &  

-- 
8 

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

-.04 
-.03 
-.05 
-.05 
- . I3  

-- 
A C c  
-- 

+.06 
+.I2 

-.07 
-.21 

+. 04 
+.08 

-.04 
-. 13 

[Station, Washington, D. C. Date, May 17,1896.1 

8 

+ .01 - .17 
+ .!XI 
+ .E? 
- .58 

+ .13 
+ .18 

17 H. C-. VW. 
p urs. Maj. 
q Booth 

, II Bootis 
u Dnrconls 

d Bootle 

A Bootis 
0 Booth 
6 Urs.Yh. 

0: Bootis 

a i  

-4.12 I -3.97 
-3.92 I 
-4.05 
-4.02 

-4.03 
-3. w) 

I 

-4.08 
-4.05 

F h t  approxlmation: 
~ e a n  or time stars 
Azimuth star 

~ e a n  or time stars 
Azimuth star 

8econd approximation 
~ e a n  or time star% 
Azimuth star 

Mean of time stars 
A a u t h  star 

t- t-  cc 

- 
Band 

Aa I a-t-Cc-Aa 
I 

W 
W 
W 
W 
W 

E 
E 
E 
E 
E 
- 

-4.00 
-4.61 

\V 
W 

E 
E 

W 
W 

E 
E - 

+.@I - .59 

8 

-4.07 
-4.09 
-3.88 
-3.89 
-4.52 

-a. 94 
-3.81 
-4.23 
-4.29 
-5.44 

a-f 
- 

-4.00 
-5.23 

-3.98 
-4. Bo 

-4.03 
-5.31 

-3.94 
- 4 5 2  

4.07 
-b. 44 

.OO -4.00 
-1.23 -4.00 

+ .04 -4.02 - .58 -4.02 

.OO -4.03 
-1.28 -4.03 

+l. 28 
+1.M 
+l. 06 
+l. 13 
+2.36 

-1.11 
-1. OB 
-1.46 
-1.84 
-4.18 
- 

C 

+1.25 
+2.38 

-1.32 
-4. u 

- 

8 

+. 10 
-. 05 
-. 10 
+.a3 

.OO 

.OO 
-. 07 
+.a 
+. 02 

.OO 

-4.05 
-4.05 

at 14n 02m.00 
d T -  --04..024 

8 

c- +. 051 
aw-i-.577 

aE-+.484. 

E- +. o a  , 
aw-+.559 

aE-+.604 

t Theoompleteformula forthechronometer correction is A T-a-(kn+R+r+Bb+ Cc+Aa). Let. f-ka+R+x+Bb, then A T-(a-t)- a - ~ a ,  
no that It wlll be Been that the correction8 Cc and Ae are to be subtracted algebraically from a-t. 

EXPLANATION O F  THE COMPUTATION. 

The first five dolumns of the upper portion of the computation were compilod 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 in the lower 
portion of the form, wm 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 a t  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 aa one star by taking the meam of their (a - t ) ’ s ,  and of their star 
factors C and A,  respectively, these means being written below the separate stars in the form, 
together with the azimuth stars. On the assumption that the moans of tho time stars in the 
two positions of the instrument are equally affected by the azimuth correction, the first approxi- 

t 

XIt wna devlmd in the seventlea by Aselatant Edwin Smith, then an aid in thle Survey. Sea p. 280, Appendix 4 of the Report for 1804. 
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mation to c is found by dividing the differenco botwoen tho mean (a-t) 's  by the difference 
betweon tho CIS. In  the oxamplo, 

( f f - t )w- ' (a- t )F. -  -3.94- (-4.07) +0.13 c (first approximation) = -.--- 
cw- CE + 1.25 - (- 1.32) +2.57 - +0"'051' 

Using this approximation to c, the correction Cc is then subtracted from tho U - - 2  of each mean 
of the time stars and of each azimuth star, and the values of u-t- Cc, in the seventh column 
on the fifth to eighth lines from tho bottom of the form, are obtained. 

Separate values for tho azimuth error of the instrument are then derived for oach position 
of the instrument as follows: 

+ 0°.577. ( f l - t -  ~c)llmostars- (n-t- (IClnzirnnth_star- -4.00- (-4.64) +0.64 - -  ___- 
a,  = &mo stars - A arlmuth stor. +0.08-(-1.03)-+1.11= 

- 4.00 - ( - 5.23) + 1.23 + 08.484. =-- a -  '- +0.01- (-2.53) +2.54-  

With these values of aw and a, the corrections Aa are applied, giving the values a-t- Cc- Aa 
in the last column but ono. If these do not agree for tho stars oast and west it indicates that 
the mean values n-t, used in deriving c, were not equally affected by tho azimuth error, so that 
their difference was not entirely due to c, as was assumed. An improved valuo of c may now 
be obtainod by treating the difleronce in the last column as still an error of collimation, and 
thus obtaining a correction to tho first approximato vrtluo of c. Thus, in tho oxample, 

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 avv and ah: are found. 
If tho stnr sets are well chosen and tho instrumental errors small, the first approximation will 
generally suffice. If tho values of a-t- Cc-Aa differ by but a few hundredths, east and west, 
there is little gained by making a closer adjustment. The chronometer correction will prob- 
ably not be changed at all, but the instrumental errors and star residuals will be slightly altered, 
as is apparent from the example, where the closer adjustment is made for the purpose of illus- 
trating tho mothod. 

In tho first approximation the value of c may at  once be derived more closely when there 
is much difference between the mean A's for the time stars, by estimating tho effect of 
this differenco in A on the AT, and (allowing for this effect when deriving c in the first place. 
The formula for c then becomes 

It is here necessary to estimate the azimuth of the instrument, a, roughly in advance, and 
this may be done by inipection. Thus, in the example, assuming a = + O O . 5 ,  we have 

-3.94+4.07-(+.07)X(+0.5) =--= +.09 +o".037 
+ 1.25 + 1.32 + 2.57 C =  

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

are applied separately to each star, as shown in the upper part, and the values of the chronometer 
correction (A 2') derived separately. The residuals are 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 A 2ns from the separate stars gives the final chronometer correction at  the epoch of 
the mean of the chronometer times of transit of the stars observed. 

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

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

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

RELATIVE WEIQHTS FOR INCOMPLETE TRANSITS. 

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

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

n (N+3) 
P = N  (n+3)  

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

may be used, viz: 

in which p is the weight to be assigned to the computed timc of transit over the mean line, N 
is the total number of lines in the diaphragm, and n is the number of lines upon which obser- 
vations were made.l This formula is based upon the assumption that ( E ) ~  = 3(€J2, in which (E) = 
the probable error of an observed transit of an equatorial star over a single line and (el) =the 
probable culmination error referred to the equator, a constant for all tho lines of the diaphragm 
for any one star, but variable from star to star, and supposed to be due mainly to atmospheric 
displacement, to outstanding instrumental errors, to irregularities in clock rate, and to changes 
in personal equation. 

The following table shows the valuw of p and Jp for the two Lases of 5 and 7 lines in the 
diaphragm : 

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

1 
2 
3 
4 
5 
G 
I 

N- 7 I N- 6 

0.40 0.63 0.36 0.60 
0.64 0.80 0.67 0. 75 
0.80 0.89 0.71 0.84 
0.92 0.96 0.82 0.91 
1.00 1.00 0.90 0.95 

0.95 0.97 
1.00 1.00 

I I I I 

1 For a more complete account of this method of computation, 888 AppendLx No. 9, Roport for 1886. Tho abovo account is largely taken from 

* 8ea Chauvenct's Astronomy, Vol. II, p. 198. The derlvation of thfs formula follows the samo llnos as that given on tho following pagea for 
that appendix. 

weights to bo apslgned to hwmplete transits taken by the ohronogrephlo method. 
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The relative weights to be assigned to incomplete transits observed by the chronograph 
method may be derivod as follows: 

?= (#+- (4 
n 

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 referred to the equator ( E J  and of the probable error of 
the transit of an equatorial star ovcr 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 a t  the United States Naval Observatory with the transit circle 
(using a magnifying power of 186) in 1870 and 1871, it was found that T =  f08.034. To apply 
this value to our instruments it must be somewhat increased, though not in proportion to the 
respective magnifying powers, since some of the errors involved approach the character of 
constants; multiplying i t  by 1.5 and 1.75 for our larger and smaller transits, respectively, there 
is obtained r =  f08.051 and r =  f08.060. For the larger transits ( E )  = fOS.063 and for tho 
smaller ( E )  = f08.080. Substituting these values in tho above formula, together 
with the values 25 and 15 for n as actually used in the observations cited on page 38, there is 
obtained 

(See p. 39.) 

(0.080)a and (0.060)2 = ( E $  + - 15 
(0.063)2 

25 (0.051)'= ( E , ) ~  + ~ 

which give 

for the larger and smaller instruments, respectively. 

(el) = &On.O49 and (el) = &OB. 056 

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

Hence, for the larger instruments, using tho above values €or (e1) and ( E ) ,  

1.6 
1 + N  

p = 1 . 6  
1 +y 

and for the smaller instruments 

very nearly. From these expressions the relative weights have been computed for total number 
of threads N = 2 5 ,  17,'13, and 11 for the larger instruments and for N=15, 13, 11, and 9 for 
the smaller ones, and ?e shown in the following table. 
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Translt No. 3 I TrnrisiL No. 5 

d (e) d (e) 
_- -_- 
I 

87P2 fO!74 8GP9 f0.8GG 
86.6 0.49 80.0 0.20 
83.0 0.38 7G. 3 0. 19 
81.0 0.31 72.6 0.12 
68.4 0.12 68. 8 0.11 
62.9 0.088 3.2 0.066 
48.G 0.075 . . ._____ .___...... 
28.5 0.058 ._....._ ....__._.. \ 7.8 0 . 0 6 0 . .  

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

hfcridinn tcloscope Meridian tolcscope 
NO. 13 1 1  No. 13 1 

d (e) 1 d k) 

81P9 j~OsG2 'ET 5 
76.9 0.18 ~ 

67.4 0.11 0. 13 
62.0 0.14 I 48.4 0.15 
55. 8 0.09 ,I 23.2 0.102 
44.8 0.088 20.4 0.089 
29.7 0.067 17.3 0.110 

0.080 
. . . _ . _ . . . ~ ~ _ . . _ _ . . . _ _ _ _ _ _ _ _ . . . _ _ _ _ ~  ____.. . . . -  _ _  ..... 0.7 , 0.071 11 G . 1  

i l  ._ - _  - __ I 

For largo portable transits For small portatdo Lransils 
... 

N- 11 N-25 N-17 A*-13 A--15 A'= 1 1 .A-- 9 
- ...___ 

P I JP 
-__ , 

. 4 1  I .G4 

. G 1  I .78 

- 
JP 

- 
J F  
-. 

. 86 

.79 

.8G 

.90 

.92 

.94 

.9G 

.97 

.98 

.98 

.99 
1.00 
1.00 

P P P 
.- 

.44 

.G4 
* 75 
.82 
.87 

.90 

.93 

.9G 

.97 . 99 

1.00 

P 
._ 

.38 

.5G 

.G8 

.75 

.81 

.85 

.88 

.91 

.92 

.94 

.9B 

.97 

.98 

.99 
1. 00 

__ - 

1 
JF P 
- 

.G3 

.77 

.84 

.89 

.92 

.94 

.9G 

.97 

.98 

.99 

1.00 

1 
2 
3 
4 
5 

6 
7 
8 
9 

10 

11 
12 
13 
14 
15 

16 
17 
18 
19 
20 

21 
22 
23 
24 
25 
- 

.41 

.59 

.G9 

.7G 

.81 

.84 

.87 

.89 

.90 

.92 

.93 

.94 

.95 

.9G 

.9G 

.97 

.97 

.98 

.98 

.98 

.99 

.99 
,99 

1.00 
1.00 
- 

.43 

.G2 

.73 

.80 

.85 

.89 

.91 
: 94 
.95 
.97 

.98 

.99 
1. 00 

. 66 

.80 

.8G 

.90 

.93 

.05 

.97 

.98 

.99 . '39 

1.00 

.G2 

.75 

.83 

.87 

.90 

.92 

.94 

.95 

.96 

.97 

.98 

.99 

.99  
1.00 
1.00 

. 02 

.7G 

.83 

.88 

.91 

.93 

.95 

.9G 

.97 

.98 

.99 
1.00 
1. 00 

.39 

.59 

.71 

.79 

.84 

.89 

.92 

.95 

.97 

.99 

1.00 

.38 

.58 

.G9 

.77 

.82 

.87 

.90 

.92 

.94 

.9G 

.98 

.99 
1.00 

.42 

. G 1  

.71 

.78 

.83 

.8G 

.89 

.91 

.93 

.94 

.95 

. 9 G  

.97 

.98 

.99 

1. 00 
1.00 

.G5 

.78 

.84 

.88 

.91 

.93 

.94 

.95 

.9G 

.97 

.98 
98 

.99 

.99 
1.00 

1.00 
1.00 

.G4 

.77 
'. 83 
.87 
.90 

.91 

.93 

.94 

.95 

.96 

. .9G 

.97 

.97 

.97 

.98 

.98 

.98 

.99 

.99 

.99 

.99 
1.00 
1.00 
1. 00 
1.00 

.73 

.82 

.87 

.92 

.95 

.98 
1.00 

.8G 

.90 

.93 

.9G 

.97 

.99 
1.00 

RELATIVE WEIGHTS T O  TRANSITS DEPENDING ON THE STAR'S DECLINATION. 

The following tables of-the probable error ( E )  of an observation of a transit of a star over a 
single line have been derived from a discussion of 1047 transits tukeri in February and March, 
1869, at San Francisco, by Assistant G .  Davidson, with the largc transit C. S. No. 3 (aperture 2 i  
inches, magnifying power 85); and 875 transits taken about the samc 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 disckion 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 Jnnuary, 1871-72, 
a t  Falmouth, Ky., by Assistant E. Goodfellow, with a meridian telescope C. S. KO. 13 (aperture 
13 inches, magnifying power about 70). 
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These tabular values are fairly represented by the expressions 

Transit, No. 3 

Transit, No. 5 

(~)=J(0.060)~+(0.036)~ tan2 6 

(~)=1/(0.066)~+(0.036)~ tanZ 8 

Meridian telescope, No. 13 (~)=~(0 .069)~+(0 .078)~  tan2 6 

Meridian telescope, No. 13 (a)=1/(0.087)a+(0.055)2 tan' 6 

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

( E )  = ,/(0.063)2 + (0.036)a tan 6 and ( E )  = ,/(0.0S0)2 + (0.063)' tan 6 

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

Table of weights to transits depending on the star's declination. 

6 UreaeMinoria 
51 Cephei 
a UrsreMinorie 
1 UrsoeMinorb 

d 

o /  

0 
10 
20 
30 
40 
45 
50 
56 
60 
66 
70 
75 
80 
86 
86 37 
87 12 
88 46 
88 59 

For largo portable transits 

S 
AO. 06 

.06 

.06 

.07 

.07 

.07 
-08 . 08 
.09 
.10 
.12 
.15 
.21 
.42 

0.61 
0.74 
1.7 
2. 0 

P 

1 
1 
0.98 

.91 

.82 

.76 

.69 

.61 

.51 

.40 

.29 

.18 

.09 

.02 
0.011 
0.007 
0.001 
0. 001 

JP 

1 
1 
1 
0.95 
.90 
.87 
.83 
.78 
.71 
.63 
.54 
* 43 
.30 
.15 

0.103 
0.085 
0.037 
0.031 

For small portablc tmnslts 

( 8 )  

8 
&O. 08 

.08 . 08 

.09 

.10 

.10 . 11 

.12 

.14 

.16 

.19 

.25 

.37 

.72 
1.1 
1.3 
2.9 
3.5 

P - 

1 
0.98 

.92 

.83 

.70 

.62 

.63 

.44 

.34 

.26 

.18 

.10 

.05 

. 01 
0.006 
0.004 
0.001 
0.001 

1 
1 
0.96 
.91 
.83 
.79 
.73 
.66 
.50 
.51 
.42 
.32 
.22 . 11 

0.076 
0.062 
0.027 
0.023 
- 

COMPUTATION O F  AT AND a BY LEAST SQUARES. 

A field computation made by the approximate method indicated on page 34 gives values 
for AT, a, and c,  which are of a high degreo of accuracy. I t  should be noted that the derived 
values of a and c depend upon aU 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 tho ficld computation, is so accuratb 
that a value derived from a subsequent rigid least square adjustment will in general be sub- 
stantially identical with it, provided the stars of tho sot  aro chosen as indicated on pages 34 and 
43. Accordingly, in the final computations by tllis mothod, only tho unknowns %, a,, and 
d T aro to bo dete'rmined by bast squares, whlo c is taken from tho field computations, revised 
and corrected if necessary. . This mothod of computation is shown below. 

Let Atc  = ( a - t )  - Cc in which t is the chronometer time of transit across the mean line of 
the diaphragm corrected €or rate, diurnal aberration and inclination and a-t  is therefore the 

1 The following formula hns boon published by Dr. Albrecht on p. 23 of hi8 Formeln und HIllfstafeln, etc., Lolpzlg, 1884, v i :  

(t)-JGqy)%z 
Puttlng u-85 for the magnifying power and changing seo Into tan, thls expression Is equivalent'to 

(r)-J(0.082)'+(0,037)' tan' d 
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quantity on the last line of the field record and computation as shown on pages 30-31. Lot At  
be an assumed value of the chronometer correction and 6t a correction to At to be derived from 
the computation. The h a 1  value of the chronometer correction w i l l  then be AT=At+6t. 
Let d, for each star=Ato-At. 

Then for each star observed an observation equation of tho form 

p a  l p ~ a  
-__- 

-.08 .oO 
-.09 +.03 
+.28 + . l o  
+.07 +.02 
-.24 +.24 
--- 
-.w +.39 

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

tion, is treated independently of tho other half set. 

band) to the westward are 

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

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

Hp 6t +PpA+ = Bpd 
BpA6t + PpA2aw = BpAd 

and similarly for the other half set. 

a computation of the time set treated on pages 29-31 and 34. 

WAS~INQTON, D. C., May 17, 1896. 

Tho most convenient arrangement of this computation is shown below, this example being 

c=+. 032 At= -4I.01 

Aa 

+ .01 
- . I 8  
+ .22 
+ .13 
- .02 

Btar I Band P A  

+.02 
-.21 
+.35 
+.a 
-.41 

-- 

-__ 

-.05 

p A S  

. 00 
.06 
.13 
.04 
.42 

.65 

- 
a- t 
- 
-4.07 
-4.08 
-3.69 
-3.89 
-4.52 
- 

cc 

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

- 
C - 

+I.% 
+1.65 
+ l .  06 
+1.13 
+2.36 

A f c  d 
--- 

-4.11 - . l o  
-4.14 - .13 
-3.72 + .29 
-3.93 + .08 
-4.80 - .59 

A 
-- 
+ .02 
- .30 
+ .36 
+.22 
-1.03 
___- 

P* 

.a 

.69 

.98 

.03 

.40 

3.83 
__ 

I I ,  I 

-- 
+.lo 
-.06 
-.08 
+.04 
-.04 

PA 

+.08 
-.M 
--.a 
+.04 
-.02 

17 H.Can.Ven. 
I )  Urs. Ma]. 
I )  Bootis 
II Booth 
~ D I I W L X I ~  

/I 3.46 
- 

W 
W 
W 
W 
W 

d Bootis 
o Booth 
A Bootis 
0 Booth 
6 Un. Mh. 

I_ 

+. 23 
+.34 
-. 14 
-. 2.5 
-. 40 

E -3.94 -1.11 -.04 -3.80 I+ . ll  
E -3.81 -1.06 -.03 -3.78'4- .23 
E -4.23 -LJ6 --.a -4.18 - .17 
E -4.28 -1.64 --.a -4.24 - .23 
E -5.44 -4.18 -. 13 -5.31 -1.30 

-. 22 

+ . 2 5  
+ .35 
- .19 
-.38 
-2.53 

.e3 

.ea 

.74 

.65 

.16 

-4.12 
-3.96 
-3. e4 
-4.08 
-3.98 
- 

* T h w  welghta are taken from the  column headed "For large portable transits" In the table on p. 39. 

Normal equations: 
+3.83 8 t-.05 aw=- .OG 4-3.46 6t- .22 uE=- .1G - - .22 614-1.32 a,=+ ,72 .05 8 t+.65 aw=+ .39 

aw= +#.sol a t  = +*.543 
d t= -*.008 6 1=-*.012, 

At 14" 02m A T= -4* .020 
+7.29 Q- .27 q=l Q=0.138 ' €1- f*.W 
- .27 &+1.97 q=O c =f*.016 

- 
+. 02 
-. 05 

+. 04 
+.01 
-.01 

- 
PA' 

00a 
25 
63 
15 
06 

04 
25 
27 
01 
10 
- 
0250 
- 

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 6t resulting from the two groups of stars. 
The normal equations are solved most conveniently by successive approximations, as, for 
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instance, in the second equation the value of &w can be closely derived at once on the assumption 
that 6t is small. The residuals ( A )  are taken for each$group separately, using its own 6t’ to 
derive a AT for this purpose, and the SUDS of the pA’s should of course nearly equal zero for 
each set. 

cy = 0 . 6 7 4 J L  H A  
no - ne 

where HpA2 is the sum of the weighted squares of tho residuals (last column in form), no is the 
number of stars and ne is tho number of unknown quantities or number of normal equations, 
remembering in this example that there aro four unknowns, at, +, a,, and c, the latter being 
taken from the field computation. To obtain tho probable error E of the computed AT, add 
the correspondmg normal equations of the two sets, put Q in place of &, g in place of a, 1 in 
place of Hpd,  and 0 in place of BpAd,  as shown. 

The probable error of a single observation of unit weight is 

Then E = c1d@ 
THE COMPLETE LEAST SQUARE COMP.UTATION. 

When time observations are taken in Alaska unusual conditions are encountered, arising 
from the high latitude .of the station-from 55’ to 65’ for tho regions in wllich the Survey 
observers are called upon to observe most frequently. Zenith stars are there slow-moving stars 
(and consequently havo small weights) ; for stars betweon the zenith and the pole p A  is com- 
paratively small; tho rapidly moving stars are far to the southward of the zenith, and it is easy 
to observe subpolars, as the northern horizon is f a r  below tho pole. Moreover tho very prevalent 
cloudy weather is apt to break in upon any prcviously arranged program. The 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 C factors for the whole 
set will differ considerably from zero. In extreme cases it is sometimes desirable to resort 
to the complcte least square computation in which c,  +, h, and AT are all derived by the 
principle of least squares. 

We horo start with a-t (as 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 of one of the following forms may be written for oach star observed: 

+J&,a, + &Cc= &a 
diat + J ~ A A  + d ; c c =  .Spa 

Hpst +HpA,a, +HpAd.~w +PpCc = Ppd 

P p  C6t +PpA,Ca,  +BpAC* +HpC2c = J p c a  

Tho normal equations will be- 

HpA,Gt + PpA2,a, + BpAECc = PpA,d 
PpA,Gt + PpA2* -I- HpA,Cc = PpA& 

The following will serve as a concrete illustration of this method of computation. The only 
preliminary assumption in this computation is an approximate value of the chronometer correc- 
tion, At. 

Owing to the high latitude of St. Michael, 63’ 29’, the time stars are all south of the 
. zenith, and the average valuo of A is far from zero. 

I The two 81’8 here happen to be 80 noarly equal that A’S are tho same 85 If taken by using the d T lor the whole group. 
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star 

ST. MICEAEL, ALASKA, Match 19, 1891. 
At= -20.'10. 

clamp 
-- 

1 E  
2 E  
3 E  
4 E  
5 E  

pA1 P A C  p c t  p d  p A d  p C d  Aa CC 
------- 

a a  
.39 - .67 1.15 -1.05 - .89 +1.19 - .89 - 
.47 - .70 1.05 -1.01 - .73 +1.W - .97 - .20 

-1.02 - .19 
-3.88 + .84 
- .98 - .20 

A T  d pd pd' 
------ 

.21-m.17 +.E +.04 .oOn 
-20.05 -.07 --.M 44 
-20.19 f.07 +.OB 44 
-20.05 -.07 -.01 04 
-20.05 -.07 -.08 44 

8 W -20.98 
7 W 
8 W 
9 w 
10 IV -25.39 

-0.88 + .R5 +l. 01 
-20.86-0.76+ .72+1.08 
-20.70-0.60+ .64+1.14 
-20.95-0.R5f .%+LO1 

-5.29 +3.46 -5.83 
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and reversals of the instrument. Ample time should be providcd 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-that 
is, between the second and third half sets. The exchange may be made, however, at any time 
during the obscrving 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 dowed for the different operations. 

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

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

Where it is desired to use the azimuth star method of solution 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 nom the pole as to render the star's transit across the 
field of observation so slow as to produre long waits between observations. In  a time set, 
chosen as above, observation upon the azimuth star in each half set serves principally' to 
determine the azimuth error of the instrument,'but has little effect upon the computed time, 
since this is almost independent of the azimuth error (the sum of the A factors of the time 
stars being nearly zero for each half set). where only approximate time is required, the 
number of time stars in a half set may be reduced to two, 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 of the instrument. 
In  such latitudes it is therefore desirable to select sets of stars which will be solved by rigid 
least-squaro 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 lrcpt as small as can be 
conveniently done, no very slow-moving stars should be introduced for this purpose. One 
azimuth star with a declination between 55' and 75' should bc sclected and observed below 
the pole. 

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

As has already been statod (p. 25), tho preference is'now given to tho American Ephomeris 
over other star lists, as it contains the apparent places of more stars than other available cata- 
logucs. It is well to obtain all stars, when possible, from a single catalogue, but this is not 
essential. It may be condidered as almost essential, c e r t d y  so from an economic standpoint, 
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 me avdablc 
add to tho cost of both the field and office work. Furthermore, it will bo found that sufficient 
stars can be selected for dl time work in the northern hemisphere from such catalogues as the 
American Ephemeris and Nautical Almanac or the Berliner Astronomisches Jahrbuch, and the 
selection of mean place stars is unnecessary. 

DETERMINATION OF EQUATORIAL INTERVALS. 

The equatorial intcrvals of the l i n u s  of the diaphragm are needed to reduce incomplete 
transits. (See p. 32.) 
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May14 May16 

8 8 
t t - t ,  -87.60 -88.00. 
t,--t, -44.60 -44.00 

t d - t ,  +43.90 '+44.00 
t s - tm  +88.40 +88.00 

b-t, - 0.10 0.00 

To determine these, select complete transits of stars of large declination. 
Let t,, i?,, .t8 ;. . . . .  t, be the observed times of transit over the successive lines, t m ,  their 

mean, and i,, a2, as . . . . . .  in their equatorial intervals from the mean line and b the declination 
of the star: 

t m = , ( t , + t 2 + t ,  1 . . . .  . .+t , )  

i, = (t, - 2,) cos .Q 
i, = (t2 - t,) cos Q 

in = (t, - t,) cos 6 
also o=i,+i,+i, . . . . . .  +,in. 

etc. 

Ieast}of the mean line will then be at upper culmination. The intervals of the lines west 
For stars within 10' of the pole (as for 6 Urs. Min., 51 Cephei, Polaris, and 1 Urs. Min.) 

{:I 
use the formuls: 

i, = (t, - t,) cos 6 

in = (t, - tm> COS Q 7OS.m 
etc. 

where r,, r,, 7,. ..... r, are the hour angles of the circumpolar star for the successive lines. 
When i t  is necessary tm use the more exact formula for circumpolars as given above, the 

table on page 32 will be found convenient. 
If the chronometer rate exceeds 158 per day i t  will be desirable to take i t  into account in 

computing the equatorial intervals. 
A convenient form for the computation of equatorial intervals follows. The observations 

used were made by Assistant Fremont Morse at Sitka, Alaska, in 1894, with Meridian Telescope 
No. 7, and by the eye and ear method. 

f 

iatAK%l) 
May16 May18 Monn Log.mean Lag.{ (equatorla1 

I--- 

8 S S 8 
-87.10 -87.60 -87.575 1.94238 1.46856 -29.414 
-44.60 -44.60 -44.450 1.64787 1.17405 -14.930 

+43.90 +43.40 4-43.800 1.64147 1.16766 +14.711 
+87.40 +88.40 +88.050 1.94473 1.47091 $29.674 

'+ 0.40 + 0.40 + 0.175 9.24304 8.76922 + 0.059 

The quantities ( t l - tm),  ( t $ - t m ) ,  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 utilized 
for that purpose. If observations upon stars of large declination are not available, observa- 
tions upon stars of small declination may be used, and wil l  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 formulae on page 32 
may then be used by dropping the fhctor sec 6 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 aa indicated in the 
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and w-- t ,  objt 

examplo of record and computation given below. The notation is the same as on pages 22-23; 
that is, Pw and pd 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 e - P w  P = 4  
and is to be expressed in seconds of time. 

Observations for inequality of pivots of transit, No. 19. 
[Station, Atlanta, Qa., Mar. 12,lSBB. 0. R. P., observer.] 

t glass 

Band oast 

W.end 

diu 
19. 7 
31. 9 

31. 9 
19.1 

19. 3 
31. 5 

31. 3 
19.0 

19. 0 
31. 7 

Band west 

ObJMt glaSS South 

E.end 

div 
33.1 
20.9 

20. 9 
33. 3 

33.0 
20. 9 

20. 9 
33. 2 

33. 1 
20. 5 

-- 

ObJeot glans north 

W.end 

div 
19.4 
31. 9 

31. 7 
19.1 

19. 1 
31. 7 

31. 1 
18.9 

18. 8 

q! 
-P 

diu 

+. 075 

+. 081 

+. 038 

+. 169 

+. 088 +. 090 

U W  

4 
-P 

E . m d  

diu 
33. 6 
20. 9 

20. 9 
33. 2 

33. 3 
20.9 

21. 0 
33. 2 

33. 7 

-~ 

Zenlth 
dlstance 

0 

38 

43 

48 

43 

38 

Zenlth 
distance 

!emper- 
ature 

O F  
33 

35 

Tomper- 
nture 

T h e  

h m  
9 43 a. m. 

10 03 a. m. 

Zw - Ze 
4 

=b 

div 

- .625 

- .750 

- .850 

-L 075 

- .875 
Mean, 

eOUtl 
glass 

Level Level 

E, ond 

div 
21. 7 
34. 0 

34.0 
21. 8 

33. 4 
2 1  8 

2L 1 
33.3 

33. 1 
21.1 

W. end 

' div 
- 

33.5 
20.8 

20. 4 
32.4 

20.2 
32. 2 

31.8 
19.7 

19.7 
3L 9 

W. end 

div 
33. 4 
21. 0 

21. 0 
33.1 

20.3 
32. 1 

32. 7 
20.1 

20. 1 
32.0 

E. ond 

div 
22.0 
34.8 

33. 9 
21. 9 

33.9 
2L 9 

21.9 
33. 9 

33. 8 
21. 3 

div 

-. 325 

-. 425 

-. 700 

-. 400 

-. 525 

Band west 

ObJeot glass north ObJwt glans south 
Time r(p--Ic 

-8. 
4 

div 

-. 600 

-. 800 
-. 775 

-. 950 

-. 725 
Mean, 

norc 
glam 

Mean, 
NUtl 
gl= 

I* 

-86 

4 

div 

-. 800 

-. 825 

-. 860 

-1.050 

-1.150 

0 

3E 

42 

4E 

4: 

38 

h m  
10 07 9. m. 

10 27 a. m. 

diu 

-. 050 

-. 008 

-. 019 

-. 025 

-. 106 -. p41 

+. 090 

+. 024 
=0'.123 

O F  
35 

36 
31. 

and 
and 

IUth 
and 
and 

2 1  
west 
ban6 

west, 
band 

20. 9 
object g l w  

, enst, object 

object glaa 
. east, object 

orth 
Mean 

1 division of etnding level=lN.8 
p=+.024 div.=OB.123X .024=+0.003 mc- 

ond of time 
I I 
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In determining the pivot inequality the level readings are made aa 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 rea- at all angles 
from the zenith, from 0' to go', but the ordinary form of level will not permit readings closer 
than 30' or 40°, and stars are not often observed more than 50' from the zenith. I n  the 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 tho 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 tinic set, 
its effect on the determined 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 a t  present in this Survey have had their pivots refinished and their 
pivot inequality made practically zero. With these instruments i t  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 tested 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 tho angle by 5" intervals. I n  determining the level 
value about the aame 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. 8. Chamber wial 
f76 mm. by 16 mm., marked 7626, 2".02 K. and E., mounted by springs. Length of bubble 
used, 36 div. = 70 mm. E. G. F., observer. itlean temperature, 1 W O . S  C. 
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If the level 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 a t  two or more widely different temperatures. Level 
vials are now usually mounted with springs, so as to avoid such stresses. 

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

If a telescope having an eyepiece micrometer fitted for measuring altitudes or zenith dts- 
tames is available, the unknown angular value of a level 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 rotatea (about its horizontal axis). Point with the micrometer upon some distant 
welldehed 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 aa a standard with which to compare the unknown level. P u t  the unknown 
level in an extemporized mounting, fastened to that of the known level in such a way that the 
two level vials are parallel or nearly so. Adjust so that both bubbles are near the middle at 
once. Compare corresponding movements of the two bubbles for small changes of inclination 
common to the two levels. 
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DISCUSSION OF ERRORS. 

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

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

If the right ascensions of all stars observed are taken from the American Ephemeris and 
Nautical Almanac or the Berliner Astronomisches Jahrbuch, the probable error of a right 
ascension will be upon an average about f0.”03, except for stars of large declination, for which 
this estimate must be increased. The right ascensions are subject also to small constmt errors 
with which the geodesist is hardly concerned, because of their smallness and because they are 
almost completely eliminated from his &a1 results. When the same stars are used at both 
stations in determining a difference of longitude the errors of the right ascensions are 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 colurnns of air rising _from or passing over the observatbry may produce a sensible lateral 
refraction. The lateral refraction is included, with many other errors from which i t  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 fow seconds in which a star is being observed 
upon, there are usually momentary lateral refractions which serve merely to make the apparent 
rate of progress 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 tho 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 errom in the measured collimation, from emom in the measured 
inclination, from irregularity of pivots, and from changes in the rate of the chronometer. 

All of these except the h t  two are included in the culmination error, ( E J ,  aa 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 the chronometer. The chronograph sheet is read to hundredths of seconds 
for the exchange of arbitrary signals between stations in telegraphic longitude work. In 
observations 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.’05. 

~ ~~~~~~~~~ 

1 By imperfeot construction Is here meant the failum to satisfy fully the rigid geometric conditions imposed by theory, but nocessarly ~ttained 
Bat imporfeotly by the fnstrument maker, as, for euunple, the condltlon that the cro9s eeotion of n pivot should be n perfect cimle and reemaln 80. 
Impn/cct construction is therofore not meant to imply poor construction, that Is, construction much below the attahble dogee of exoellenoe. 
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By so doing, a probable error of about f Oee01 on each single line is introduced into the readings; 
but this is too small in comparison with the other errors concerned in transit work to warrant 
a closer readmg. 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 tg  the nearest 0.81. The probable error of a single record (position of micrometer wire) 
from this source is about f0."02, but the number of such records obtained on a star makes the 
probable error of the mean of these observations less than fO."l ,  showing that a closer reading 
of the chronograph sheet is not justifiable. 

Poor focusing of either the objective or the eyepiece leads to increased accidental errors 
because of poor definition. But poor focusing of the objective is especially objectionable, 
because it puts the diaphragm (or plane of the micrometer wire) and the star image in different 
planes, and so produces parallax. The parallax errors may be avoided to a large extent by keep- 
ing 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 diaphragm 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 positions, 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. 

The mean errors of azimuth and of collimation, being determined by the time observations 
themselves, are canceled out from 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 c7mnges in these errors during the intervals named, 
arising from changes of temperature, shocks to the instrument, or other causes, produce errora 
in the final result. These errors will evidently be smaller the more rapidly the observations aro 
made, the more carefully the instrument is handled, and the more symmetrical and constant 
are the temperature conditions. In 
this connection the stability of the pier on which tho 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 mainly in the light of the preceding paragraph that the number of stars to be observed 
in a time set must be determined. If the number of stars in a time set and the length of time 
Over which it extends be increaaed, the errors due to accumulated changes in the azimuth and 
collimation are 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 is desired.' Under normal condi- 
tione this number involves the necessity of depending upon the cdnstancy of the instrument in 
azimuth 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 hal€ 
sets of 6 stars each, with 'a reversal of the instrument in its wyes between each two half soh, but 
the number of stars in a half set should not be materially increased. 

To a considerable extant the proceding two paragraphs also apply to the inclination mor. 
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 mean inclination is determined from the indications of the striding level, which are more 
or less in error. Different observers seem to differ radically as to the probable magnitude of 

In general, these errors are small but not inappreciable. 

~ 

1 W h o ~  only a'minor dogmo of nooursoy ls desired, tho number of stars may, of oomo, bo mu& less than la 
8136O-134 
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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 carebss handling of the striding level, or a little heedlessness about 
bringing a warm reading lamp too near it,’ may easily make this error one-of the largest affecting 
the result. An ‘error of 0.0002 inch in the determination of the difference of elevation of the 
two pivots of a transit like that shown in illustration No. 1 produces an error of more than 08.1 
in the deduced time of transit of a star near the zenith. 

The method of treating the level readings given on page 22 is based upon two assumptions: 
First, that the 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 if (as is generally 
the case) there is any systematic difference between the inclination as defined by level readings 
with objective northward and with objective southward the mean of 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 changm 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 phots  are prob- 
ably negligible for ht-class  instruments in good condition. Any small error in the adopted 
mean value of the inequality will appear in the computation with nearly its full value in the 
derived error of collimation, but will be almost completely eliminated from the computed 
chronometer correction. It is only the diference of the irregularities of the two pivots which 
affect the observed times, and it should be noted t h t  corresponding points on the two pivots 
are always under about the same pressure a t  the same time, and that therefore irregularities 
due to wear tend to be the same for the two pivots. 

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

The observer’s errors are by far the most serious of any class of errors in transit observations 
for time. The observer is subject to both accidental and constant errors in his observations 
of the times of transit and in his readings of the striding level. 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 errom 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 seotlon of the upper inner surfam of a level vial ls made 89 nearly a ptufeot circle as passiblo. ’ If 8x1 observer will conslder 
how great th is radius of curvature is in asensltlvostridinglevelhewiUnnderstand why very small deformations ofthelevel vlnl by unequalchanges 
of temperature have a marked effect upon the posltlon of the bubble. The radlus of curvature for a level of whloh eaoh dIvislonls2mm long and 
equivalent to It seconds of am is more than 300 m (about loo0 feet). 

* In dhussfng mors, and especially wheu d h m i n g  them with reference to thelr ultimnte effects, it  is quite important to keep olearly In mind 
the dbtinotbns between acoldental errum, oonstant mors, and systematlo errom. A colufanl mor fa one whhh has tho mme effwt upon alI the 
obserwtions of the serlas or portlon of a sorias under consideration. Accfdm(aZ mor8 are not constant from observation to observation; they are 
88 apt to be minus 89 plus, and they presumably follow the law of emr whfch fa the baels of tho theory of least squares. A syairrnalh mor ls one of 
whlch the algebralosign, and, to’a certain extent, the msgnitude, bears a llxed relation to nome condltlon or set of condltlons. Thus, for example, 
the p k e  error in obsorvatfons of horizontal directlons Is sygtematio with respect to the azimuth of the sun and of the line ofslght. The expression 
%?onstant error” ia often uaed loosely in oontradistlmtton to %coldental error,” in such a way as to include both strlotly constant m m  and s p  
tematio orrora. The etleot of midental mors upon the finel reault may be diminished by continued repetition of the observations and by the least 
square method ofoomputatlon. The effeota of constant emm and of systematlo e m m  must be eliminated by other prooesses; for example, by 
ahanglng the method or pmgram of obsemtlons, by speoial lnvwtigations or spec181 observations designed to evaluate a constant error or to 
determine the exaOt law of a systematlo m r .  The above dlsouacrlon applies wlth full force, In BO Iar 88 the observer is directly conoemed, to m o m  
arlsing from lmperfwt perception or judgment rather than to blunders or mistakes, such as reeding a level flve divisions wrong or catimating a time 
one seoond wrong. If a mlstake Is so large that it Is oaught by the checb whlch are used for that purpose it Is usually without effect upon the 
oomputed d t ,  since It Is elther oorrected or the observation concerned is rejected. A mistake which ls not caught ls, in Its effect upon the com- 
puted result, an accldental error and, Uproper oheoh have been used to detect mlstakas, wffl Ile wlthln the Ilmlts of magnitude of the accidental 
errors. A slmnar distinction between Instrumental errom and lnstrumental blundm may be drawn; for example, a blunder rather than error 18 
08uBBd by the movement of an objeotlve whlch is loose in Ita cell. 
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time of transit when observing with a key, or by the eyo and ear method, is known aa personal 
equation and may amount to half a second or even a whole second in an extreme case. In  
observations with a transit micrometer this error if it exists a t  all is very'small and may bo 
neglected. The personal equation, and the methods of measuring it and of eliminating i t  from 
the final results, will be treated more fully in connection with longitude detorminations. In 
the same place will be found a discussion of the data w&ch indicate that the personal equation 
in observations made with a transit micrometer is so small that it may be neglected in longitude 
work. 

To sum up, it may bo stated that the accidental error in the determination of a chronowoter 
correction from observations with a 'portable transit instrument upon twelve stars may be 
reduced within limits indicated by a probable error of from ka.01 to f s . l O .  However, in 
observations made without the transit micrometer the chronometor correction may bo subject to 
a large constant ~ O T ,  tho observer's absolute personal equation, which may be many times as 
great as the probable (accidental) error. If tho observations have boon mado with tho transit 
micrometer, there is practically no personal equation, and tho results may be considered free 
from constant errors due to that source. 

OTHER METHODS OF DETERMINING TIME. 

In  tho fiold i t  is somotimes necessary to use other instruments as transits for tho determi- 
nation of time. A theodolite, when so used, is apt to give results of a higher degree of accuracy 
than would be expected from an instrument of its size, unless ono has in mind that tho princi- 
pal errors in transit tinie observations are those due directly to the observer. On the other 
hand, zenith telescopes of the form in which tho teloscopo does not swing in a plane passing 
through tho vertical axis of tho instrument have been found to give disappointing results when 
used in tho meridian for timo, 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 tho instrument 
as a whole. Tho time may, howover, be thus determined with sufficient accuracy for use in 
connection with determinations of latitude with the zenith telescope.' 

The determination of time by the use of j,he transit in any position out of the meridan has 
been advocated, but has not soemed 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 mark nearly in the meridian has been established and ita azimuth determined the 
chronometer correction may be determined a t  noon within a half second by observing the 
transit of the sun aa follows: Point on the meridian mark just before apparent noon; observe 
the transit of the preced@g Limb of the sun acroas the lines of the diaphragm; revme 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 acrosa 
the center of the field by the micrometer wire, and then the telescope is reversed and the e& 
limb is f ollowod by the wire. The record of observations on oach limb is recorded automatically 
on the chronograph. The Striding level should be read just  before the transit of the preceding 
limb and just after the transit of the following limb. The mean of all the observed times is 
the chronometer time of transit of the sun's center across the plane of the instrument. This 

~~ 

1 For methods of de-inlng tlme with a zenith talwopo'by using It 88 an oqual-altitude Instrumcnt, scc Coast Gurney Rcport for lWD, Appen- 
dlx No. 12, pp. 228-232. 
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time corrected for azimuth error, as determined by the pointing on the meridian mark, and for 
inclination, is the chronometer time of the sun’s transit across the meridian. *During the 
observations the inatrument 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 with 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 h t  setting of the transit in the meridian. 
The following method has been used to furnish a rough value of the local time, and makes i t  
possible to put the instrument so closely in the meridian on the initial trial that there is almost 
no time lost from the regular observations. At a little before local noon commence observing 
the sun, following it by moving the telescope both in azimuth and altitude. While the sun is 
still rising appreciably, clamp the telescope in altitude, and mark the time of the transit of the 
sun’s limbs across tho horizontal wire of the telescope; then keeping the telescope k e d  in 
altitude swing it slghtly 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 tho times will be approximately the chronom- 
eter time of the sun’s paasage across the local meridian, and the chronometer correction on 
apparent solar time can be determined, and Snally its correction on local sidereal time. With 
this corr‘ection, using an azimuth star Grst in the final placing of the instrument in azimuth, 
it will be found that two approximations w i l l  usually bo all that are required to set the instrument 
close enough for actual observations. With the meridian telescope form of instrument this 
method may be easily and accuratcly followed. 

Sextant observations for time by measuring the altitude of the sun give sufficiontly accurate 
results for many purposes.‘ For example, the chronometer correction may thus be determined 
with sufficient accuracy for use in zenith telescope determinations of latitude or in observations 
for azimuth made upon acircumpolar star within an hour of elongation. If a specially construc.tod 
vertical circle is used, illustration 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 should be observed near the prime vertical if possible. This is the 
method wed 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 
a t  any hour angle. This method is also used by the field parties engaged in making magnetic 
observations.* 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. 

. DESCRIPTION OF THE VI~RTICAL CJRCLE AND ITS ADJUSTMENTS. 

The vertical circles in use in the Coast and Geodetic Survey are, in general form, like that 
shown in illustration No. b8. 

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. Theycircle and 
alidade are fastened to a horizontal support which rests upon the top of a vertical axis, theht ter  
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 approximately. 

1 For convenlont Instructlous, formulfe, and tablas for Sextant observations for time and othor epproxhato sstronomlo mothods, 608 Bowditch’s 

3 Such an instrument Is used In observing vertical angles or cenlth dhtancas In primary triangulation. The clrolw of thaw, instruments are 

a Sen p. 45, Dfrectlons for Magnetio Mcasuroments, Coast and Qeodetlc Survey. 

American Practical Navigator, published by the U. 8. Navy Dopartment. 

from 8 to 10 Inchas in diemeter and are grsduated vory accurately. 



No. 8. 

V E R T I C A L  CIRCLE.  
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Before starting observations the usual adjustments of the eyepiece and object glass should 
be made and the crosswires should be brought approximately into the center of the field. There 
is no adjustment for collimation in either the vertical or horizontal plane. A coarso stride level 
is used to make the horizontal axis of the circle truly horizontal and, consequently, the circle 
vertical, and a sensitive level is placed parallel with and fastened to the circle to define a hori- 
zontal line through tho 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 vi& then tho adjustments for level aro 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 eyeand-ear 
method, or, a t  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 
circlo are read again. These observations constitute one complete dotermination of the time. 
It is advisable to take a t  least four such sets of observations for the determination of the chro- 
nometer correction if the results aro used for primary azimuth work where Polaris or some 
other close circumpolar star is observed at  any hour angle. 

If, upon revolving the instrument through 180’ in azimuth for the second reading on the 
star for any one set, it is found that one end of the bubble extends beyond the graduations of 
the level vial, it may be brought back by the foot screws of the instrument. It should mvcr be 
brought back to the graduations by moving the tangent screw which controls the relation 
between the bubble and the graduations of the circle. In other words, the relation between 
the fixed level and the vertical circle sf tho ingtrument should remain undisturbed during a set. 
If the levalis badly out of adjustment, i t  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 P3iminate instrumental errora and errors due to refraction. 

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

RECORD OF OBSERVATIONB ON STARS. 

The following record shows four sets of observations with the vertical circle, all on an eastern 
star. Them observations were made in connection with primary azimuth observations at Sears 
triangulation station in Texas. The azimuth observations and computations are shown on 
pages 147 to 149 of this publication. It will be noticed that the zenith distances of the star cor- 
rected for level are computed in the record. 
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[Station: Sears triangulation station. Obsomer: W. Bowfo. State: Texas. County: Jones. Instrumont: Vorticalehle No. 46. 
Daw: Dm. 22,1eoS.] 

Object 
observed 

Q Taurl 

Q Taurl 

Q Taurl 

a Tauri 

I Levo1 
Time - 

IL- 

o4 65.8jlgd -4.7 

1 11 03.6 30.2 

1 13 14.6 1:::; 
1 15 13.0 14.1 

1 14 13.8 27.3 
1-23 

- 
E 

d 
12.0 
11 8 

23.8 

11.8 
14.3 

26.1 

OD. 5 
12. D 
22.4 

12.8 
12.2 

25.0 

- 

- 

- 

- 

- 

- 

:hie, 

3%\ 
- 

R 
L 

L 
R 

R 
L 

L 
R 

C h l o  
read- 
inp 
- 
0 ,  

49 57 
60 01 

49 49 
48 6D 

48 36 
48 47 

48 31 
41 34 

- 

Verniern 

Mosn 
- 
40.0 
63.3 

06.7 
66.7 
- 

33.3 
le. 7 

40.0 
26.7 

Zenltii dis- 
tance 

e , ,, 
49 50 46.6 - 3.0 

43.6 

49 24 01.7 
0.0 
01.7 

48 41 65.0 - 6.0 
60.0 

48 03 03.4 - 1.5 
01. D 

Romarka 

Sidoreal chronomoter No. 1769 was 
used. Tem erature, 6’ C. Ba- 
rometer, 7 1 8 m  

Value of one division of level bub- 
ble-Y.68 

* Vortlcalclmle No. 46 diflers from the usual type of thls instrument In use h tho Survey In tho number of vomlers and in the numberin of 
the graduations of the ohlo.  There are four vomiors as a rulo, and the c h l e  gduations are gonorall numbered continuously, so that the dder- 
enw of the two ohle  readhp, C h l e  R and Chle  Lglves tho doublo zenith distance. No. 46has ody  three verniers and the verticalclrclegradu- 
etions are numbered from 0 to 180. both ways from 0 zonith. 

I n  the column of remarks is given such information as is necessary for the proper inter- 
pretation of the record by the computer. In this column should dso 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: 

C=:{(E+EJ- (O+O,)}d.  

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

in wllich 0 and E are the readings of the level when the larger numbers are at  the object end 
of the lmel vial, and d is the value in seconds of arc of one division of the vial. 

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

, -\i-. (+-a>]sin 2 [c -  1 (9-a)~ 
sin - t =  . 

2 cos $I cos 6 7 

in which t is the hour angle, 6 tho declination, c tho zenith distance of the object observed, and 
4 is the latitude of the station. 

I n  the following form (No. 3 8 1 ~ )  the usual method of computation is shown. This form 
is designed especially for the computation of time from the observed altitudes of a star. 
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Computation of time, o b s m t i o n s  on a star with vertical circle. 
Form 381s. 

[State, Texas. Station, Sears triangulation station. Chronometer, 1769 Sidereal. Date, Deo. 22, 1808. Barometer, 716 mm. 
Temperature, 6' Q.] 

Chron. reading, Zenith dist. 
Refraction 

# (time), t (arc) 
Right ascension of star, 
Bidereal time, 
Chronometer reading, 
Chronometer correction, 

I I Btar: uTauri Btar. u Taw1 

I I .  I 

h m  a 
1 04 65.8 

e , ,, 
49 69 44 

+1 08 

h m  a 
1 07 46.8 

0 I I1 

49 24 02 
+1 05 

9.926748 
'9.8821234 
9.8078882 

9.7376385 
9,4632285 
9. me50 
0.2828858 
9. w 7 9  

h m  a 
3 30 23.2 
4 30 41.0 
1 00 18.7 
1 04 &,8 
-04 37.1 

32 33 31 
16 19 37 
16 13 54 

33 07 22 
16 63 28 

26 17 64 

62 35 48 

9.92+7458 
9.9821334 
9.8078882 

9.7340593 
9.4657230 
9.1887823 
9.2819131 
9.6408588 

h m  
3 27 32.7 
4 .30 41.9 
1 03 08.2 
1 07 46.8 
-04 37.6 

32 33 31 
16 19 37 
16 13 64 

32 49 30 
16 36 36 

256636 

61 63 10 

The oorreotlon is plus 11 the chronometer is slow and mlnus if fwt. 
Carry all angles to seconds only, all time8 to tenths of seoonds, and all logarlthms to seven deolmal plaoas. 
In space below, oompute rate of ohronometer, eto. 

Mean Epooh Star Chronometer correction 
h m  m a  
1 10 a Taun -4 37.7 
4 58 p Gemmor. -4 36.7 

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

The apparent declination and right ascension of the star were obtained from the American 
pages 58-59 of this publication. 

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 Merent  program of observations is 
required. The telescope is pointed on the sun's upper limb (the horizontal wiro of the telescope 
made tangent to tho diskof tho sun) with the circle right and immediately afterward with the 
circle left. At each pointing the time of contact, the level reading, and the reading of the 
vertical circle are noted. The lettem R and L (right and left) are used to designate the posi- 
tion of the circle with reference to tho vortical axis of tho instrument. Two quarter sets similar 
to the above are then made in quick succession on the sun's lowor limb, and finally another 
quarter sot on tho upper limb. Thoso aro recorded on the form shown below, on which are also 
computed the zenith distances of the sun's limbs corrected for level. 
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Double zenit'h distances. 
Form 252 

[Station, Tllden. Observer, W. Bowie. State, Xinncsotn: County, Polk. Instrument, Vertical circle No. 83. Data, Sept. b,  1906.1 

- 

-_ 
,, 
24 
86 

24 

15 

54 

Object observed 
A B  

I t  

54 
06 

21 

OB 

81 

Sun's upper limb D 
D 

___ 
d d  
32.3 
07.6 
24.7 

Sun's lower limb Q 
0 

0 1 . :  

11.0 
29.2 
18.2 

Sun's lower limb Q 
Q 

31.2 
08.0 
23.2 

31.5 
W.3 
22.2 

Sun's uppor limb ?J 

D 

08.8 
29.8 
20.0 

10.0 
31.0 
21.0 

-3.2 

Time 

h m a  
8 47 39.5 
8 48 47.0 

8 50 12.5 
8 51 17.5 

8 62 57.0 
8 53 45.2 

8 55 08.2 
8 55 52.0 

49 05 22 

47 42 16 
6 37 38 
41 04 38 

45 05 00 
4 00 22 

' Level 

Q.6279861 
9.9970883 
9.6250744 

8.8500254 
8.842881% 

31 34 20 

R 
L 

2 06 05.2 
21 63 54.8 

-1 31.4 
21 52 23.4 
8 51 45.9 
8 52 03.0 

-17.1 

R 
L 

R 
L 

Clrcle 
readlng 

0 ,  

49 02 
147 30 

240 26 

844 46 

81 32 

Verniers 
- 
C 
- 

45 
15 

w 

30 

48 

- 
hion: 
- 

38.2 
15.8 

20.2 

12.8 

57.0 

- 

7:cnith 
d I S L M C e  

e , ,, 

49 13 48.8 
-6.5 

49 13 42.3 

49 28 02.2 
-6.6 

49 27 55.6 

49 09 58.3 
-3.2 

49 09 63.1 

48 23 22.1 
-1.2 

48 23 20.9 

Remnrks 

Vnlue of ono division of 
the level vinl - 4".0C 

Chronometer, Sidereal ~ 

'remperature, 27' c 
Barometer not read 

KO. 102 

The obsorvations on the upper limb &re computed separately from those on the lower limb 
in order that one may make more exact corrections for refraction. 

Computation of t ime, observations o n  sun with vertical circle. 
Form 381. 

[station, Tilden. Dnte, Sopt. 0, 1906. Chronometer, Siderenl 102. Tempernture, 27" C. Barometer (not read).] 

Chron. reading, Zenith dist. 
CWnr readlng, Zenlth dist. 

Mdn ,  Mean 
Pnrallax 
Refraction 
Semidiameter 

Corrected Z. D.-c 

1 ( t h o ) ,  1 ( W  
Local appnront time, 
Equation of time, 
Local mean time, 
Local sidereal time, 
Chronometer readlng, 
Chronometer correction 

Longitude from Greenwich, 

Sun's upper llmb 1. Sun's lower limb 

h m  a 
8 48 13.2 
8 65 30:1 

8 51 51.8 

9.8278881 
9.8870883 
9.6250744 

. 9.8501157 
8. E442464 
8.6943621 
8.8882887 
9.4346438 

h m  a 
2 06 17.3 
21 53 42.7 

-1 31.4 
21 52 11.3 
8 61 33.8 
8 51 51.6 

-17.8 

48 23 21 I 
48 48 32 8 52 03.0 

8 53 21.1 

i 
- 07 i 
+ I  031 

_. 

+15 54 I 

0 , ,, 
49 27 56 
49 09 63 

49 18 54 
- 07 
+ l o 4  
-15 54 

49 03 67 

47 42 18 
6 37 38 
41 M 38 

45 M 17 
3 59 40 

15 45 39 

31 31 18 

h m  
=6 25.3 

h m  
=6 25.3 

Cati&ted local mean time of observation,. =9 52 2 9  53 
3reenwich mean time of observation, =4 17 =4 18 
[nterpolation interval, from Greenwich mean noon, =4.3 hours =4.3 houm. 



DETEBMINATION OF TIME. 57 

In this computation the correction for refraction was obtained from the tables on pages 58-59 
of thls publication. The argument used was the apparent altitude. 

The first table gives the mean refraction, or the refraction under an assumed standard 
condition of 760 111111. ( = 29.9 in.) pressure and lo? C. ( = 50’ F.) temperature. 

The second table gives the factor OB, by which the mean refraction ns 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 Cr by which the mean refraction must be multiplied 
on account of a temperature different from the standard (10’ C.). 

The resulting refraction is then T = TU x CB x Cr in which rx is the refraction under standard 
conditions obtained from the h t  table and C, and Cr are the factors obtained from the second 
and tbird tables, respectively.’ 

The reduction for semidiameter, and the values for the sun’s declination and for the equa- 
tion of time were obtained from the American Ephemeris and Nautical Almanac for 1906 (the 
year of observations). 

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

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

Ephemeris. The interpolation of these quantities for the time of observation is made by the 
use of the interpolation interval obtained at  the bottom 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 same 
formula as is given for the reduction of the observations on a star. 

As the above observations were made using a sidereal chronometer, and as the correctipn 
on sidereal time was required, it was necessary to reduce tho computed mean time of the observa- 
tion to its corresponding local sidereal time before a comparison was mado with the time ‘as 
read from tho chronometer face. The following computation shows the vbrious steps of this 
reduction for the observations on the sun’s upper limb: 

(See p. 54.) 

A m  s 
Local mean time of observation (Sept. 5, 1906) 21 52 11.3 
Reduction to mdereal interval (Table 111, ‘Ephemeris) 3 35.6 
Right aacension of mean aun, Greenwich mean noon September 5, 1906 10 54 43.6 
Increase in right ascension of mean sun, at Tilden mean noon September 5,1906 

(Table 111, Ephemeris, 6h 25m.3 west) 1 03.3 
Sum, local sidereal time of observation at Tilden 8 61 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 chronometer correction from observations on a star may be obtained close to the 
epoch of the observations, since any ono 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 therefore easily and quickly obtained from a star list. No equation of time is intro- 
duced. 

The observer should,have a star chart for use in identifying the stars observed upon. 
~~~~~ ~~ 

1 These tables were copied from A Text Book of Oeodetlc Astronomy by John F. Hayford, formerly inspeator of geodetic work and Chid of 
the Computing Divlslon, U. 8. Coast and Qeodetlo Survey. John Wfley & Sons, 1888. 

1 It must be remembered that tho  day of tho Ephermle Is astronomio, and begh  at noon of the clvil day of the snme date. Sept. 6,21h 62111 
l l r 3 ,  astronomic mean time is the forenoon of 8ept. 6, oivll time. 

8 Star charte are publlahed by the HydrompMo Oteoe of the U.  8. Navy and may be obtained from the Navy Department, Wnahfngtan, 
D. c. Chm nre S h  contained in A Field Book of the Stare, by W. T. Oloott (a. P. Putnam’s Sone, publishers). 
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ng&, 
,, 

0..16 
0.16 
0.16 

0.14 
0.14 
0.13 

0.13 
0.13 
0.12 

0.12 
0.12 
0.11 

0.11 
0.11 
0.10 

0.10 
0.10 
0.10 

0.09 
0.09 
0.09 

0.09 
0.09 
0.08 

0.08 
0.08 
0.08 

008  
0.07 
0.07 

0.07 
0.07 
0.07 

0.07 
0.07 
0.06 

0.06 
0.06 
0.06 

0.06 
0.06 
0.06 
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Alti- 
tude 

-- 
0 , 
33 00 

20 
40 

34 00 
20 
40 

35 00 
20 
40 

36 00 
30 

37 00 

30 
38 00 

30 

39 00 
30. 

40 00 

30 
41 00 

30 

42 00 
30 

43 00 

30 
44 00 

30 

4 6 0 0  
30 

46 00 

30 
47 00 

30 

48 00 
30 

49 00 

30 
50 00 

30 

51 00 
30 

62 00 

Alti- 
tude 
- . ,  
0 0 0  

10 

30 
40 
60 

1 0 0  
10 

30 
40 
60 

2 0 0  
10 
20 

30 
40 
50 

3 0 0  
10 
20 

30 
40 
60 

4 0 0  
10 
20 

30 
40 
60 

6 0 0  
10 
20 

30 
40 
60 

6 0 0  
10 

30 
40 w 

20 

20 

20 

&it, 
,' 

0.06 
0.06 
0.05 

0.05 
0.05 
0.05 

0.05 
0.05 
0.05 

0.05 
0.05 
0.04 

0 0 4  
0.04 
0.04 

0.04 
0.04 
0.04 

0.04 
0.04 
0.04 

0.04 
0.04 
0.04 

0.04 
0.03 
0.03 

0.03 
0.03 
0.03 

0.03 
0.03 
0.03 

0.03 
0.03 
0.03 

0.03 
0.03 
0.03 

0.03 
0.03 
0.03 

Mean re 
[raction 

, ,, 
08.6 

32 15.9 
30 31.1 

28 63.9 
27 18.2 
26 49.8 

24 28.3 
23 13.5 
22 04.9 

21 01.8 
20 03.7 
19 09.8 

18 19.7 
17 33.1 
16 49.7 

16 09.6 
15 3 2 1  
14 57.1 

14 24.3 
13 63.6 
13 24.8 

12 67.8 
12 32.6 
12 08.7 

I1 46.0 
I1 24.6 
I1 04.2 

IO 44.9 
LO 26.5 
LO 09.1 

9 62.6 
9 36.9 
9 2 1 9  

8 07.6 
8 U.0 
8 41.0 

8 28.6 
8 16.7 
8 05.3 

7 54.3 
7 43.9 
7 33.9 

Alti- 
tude 

-- 
* # 

52 30 
63 00 

30 

M 00 
30 

65 00 

30 
56 00 
57 00 

68 00 
59 00 
60 00 

61 00 
62 00 
63 00 

64 00 
65 00 
66 00 

67 00 
68 00 
69 00 

70 00 
71 00 
72 00 

73 00 
74 00 
76 00 

76 00 
77 00 
78 00 

79 00 
80 00 
81 00 

82 00 
83 00 
84 00 

85 00 
86 00 
87 00 

88 00 
89 00 
Do 00 

Mean rejractwn (ry) 
[Barometer,760 mllllmeters (-29.9 Inches). Tompexnturo, 10' C.(-50' F).] 

#, 

11.66 
10.88 
10.10 

9.64 
9.20 
8.60 

7.82 
7.17 
6.68 

6.06 
5.60 
5.20 

4.84 

__- 
e # 

7 00 
10 
20 

30 
40 
M) 

8 00 
10 
20 

30 
i o  
m 

9 00 I 

Yean re 
rraotion 
- 
, ,, 
7 24.2 
7 14.9 
7 06.0 

6 67.4 
6 48.1 
6 41.2 

6 33.5 
6 26.0 
6 18.9 

6 12.0 
6 05.3 
5 68.9 

5 52.7 
5 40.8 
5 29.7 

5 19.2 
5 09.4 
5 00.1 

4 51.2 
4 42.8 
4 35.0 

4 27.5 

4 13.6 

4 07.1 
4 00.9 
3 55.1 

3 49.6 
3 44.2 
3 39.1 

3 34.1 
3 29.4 
3 24.8 

3 20.4 
3 16.1 
3 12.0 

3 * 08.2 
3 04.5 
3 00.9 

2 57.4 
2 64.0 
2 50.7 

4 20.3 

20 
40 

-11; 
0.96 
0.91 
0.88 

0.84 
0 81 
0.78 

0.76 
0.73 
0.70 

0.68 
0. GB 
0 63 

, 0.61 
0.58 
0.64 

0.61 
0 48 
0.46 

19 00 
20 
40 

20 00 
20 
40 

21 00 
20 
40 

22 00 
20 
40 

23 00 
20 
40 

24 00 
20 
40 

3.88 
3.62 
3.39 

3.18 

2.79 

2.61 
2.46 
2.33 

220 
2.09 
1.98 

1.88 
1.79 
1.70 

1.61 
1.64 
1.46 

1.40 
1.33 
1.27 

1.22 
1.16 
1.12 

2.98 

Mean re 
fraction 

# ,, 
2 47.6 
2 44.6 
2 41.6 

2 38.7 
2 35.9 
2 33.2 

2 30.6 
2 28.1 
2 25.6 

2 23.2 

2 18.6 

2 16.4 
2 14.2 
2 12.1 

2 10.1 
2 08.1 
2 06.1 

2 02.4 
2 00.6 

1 68.8 
1 57.1 
1 65.4 

1 63.8 
1 52.2 
1 60.6 

1 49.1 
1 47.6 
1 46.1 

1 44.6 
1 43.2 
1 41.8 

1 40.5 
1 39.1 
1 37.8 

1 36.6 
1 35.3 
1 34.1 

1 83.0 
1 31.8 
1 30.6 

2 20.9 

2 o4.a 

10 00 
20 
40 

11 00 

40 

12 00 
20 
40 

13 00 
20 
40 

14 00 
20 
40 

16 00 
20 
40 

16 00 
20 
40 

17 00 
20 
40 

20 
0.43 
0.40 
0.38 

0.37 
0.36 
0.33 

0.32 
0.30 
0.28 

0.27 
0.26 
0.25 

0.24 

0.23 

0.22 
0.21 
0.20 

0.19 
0.19 
0.18 

0.17 
0.17 
0.16 

0.23 

dean re 
lraction 
- 

I I, 

1 29.4 
1 28.2 
1 27.1 

1 26.1 
1 25.0 
1 24.0 

1 23.0 
1 22.0 
1 21.0 

1 18.6 
1 17.1 

1 15.7 
1 14.4 
1 13.1 

1 11.8 
1 10.5 
1 09.3 

1 08.1 
1 06.9 
1 05.7 

1 04.6 
1 03.6 
1 02.4 

1 01.3 
1 00.2 
0 69.2 

0 68.2 
0 67.2 
0 66.2 

0 65.2 
0 64.2 
0 63.3 

0 62.5 
0 51.6 
0 60.7 

0 49.8 
0 48.9 
0 48.0 

0 47.2 
0 46.3 
0 45.6 

1 20.0 

- 

25 00 
20 
40 

26 00 
20 
40 

27 00 
.20 
40 

28 00 
20 
40 

29 00 

40 

30 00 
20 
40 

31 00 
20 
40 

32 00 
20 
40 

m 

#can re- 
fraction 

, I ,  

0 44.7 
0 43.9 
0 43.1 

0 42.3 
0 41.6 
0 40.8 

0 40.0 
0 38.3 
0 37.8 

0 36.4 
0 35.0 
0 33.6 

0 32.3 
0 31.0 
0 29.7 

0 28.4 
0 27.2 
0 25.9 

0 24.7 
0 23.6 
0 22.4 

0 21.2 
0 20.1 
0 18.9 

0 17.8 
0 16.7 
0 15.6 

0 14.5 
0 13.5 
0 12.4 

0 11.3 
0 10.3 
0 09.2 

0 08.2 
0 07.2 
0 06.1 

0 05.1 
0 04.1 
0 03.1 

0 02.0 
0 01.0 
0 00.0 

c-1 
m E t c  
- 
, 

0.03 
0.03 
0.03 

0.03 
0.03 
0.03 

0.03 
0.025 
0.024 

0. ow 
0. ow 
0. on 
0. on 
0. on 
0.022 

0.021 
0.021 
0.021 

0.020 
0.020 
0.020 

0.019 
0.019 
0.019 

0.018 
0.018 
0.018 

0.018 
0.018 
0.018 

0.018 
0.018 
0.018 

0.018 
0.018 
0.018 

0.018 
0.017 
0.017 

0.017 
0.017 
0.017 
- 
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0.828 
0.832 
0.836 

0.838 
0.842 
0.846 

Corredbn to m a n  refractkm as given on page 68, depending upon the reading of the barometer. 
( 4) (e,).] 

Inches 
27.2 
27.3 
27.4 

27.6 
27.6 
27.7 

0.679 
0.662 
0.085 

0.888 
0.892 
0.696 

0.088 
0.703 
0.704 

I 
' 22.7 

' 22.9 

23.0 
23.1 
23.2 

23.3 
a.4 I 23.6 

I 22.8 

0.849 
0.853 
0.850 

0.859 
0.862 
0.888 

27.8 
27.9 
28.0 

28.1 
28.2 

. 2b.3 

0.770 
0.773 
0.776 

0.783 
0.788 

0.789 
0.792 
0.796 

0.788 
0.803 
0.M6 

0.808 
0.813 
0.816 

0.820 
0.823 
0.828 

0.779 

25.4 
25.6 
25.6 

25.7 
25.8 
25.9 

, 28.0 
26.1 
28.2 

28.3 
28.4 
28.6 

28.6 
28.7 
28.8 

28.8 
27.0 
27.1 

0.928 
0.833 
0.836 

0.939 
0.042 
0.848 

30.2 
30.3 
30.4 

30.6 
30.6 
30.7 

0708 
01712 
0.716 

0.719 
0.722 
0.726 

23.6 I 23.7 
, 23.8 

23.9 1 24.0 
24.1 

0.879 
0.882 
0.885 

0.889 
0.882 
0.886 

28.7 
28.8 
28.9 

28.0 
29.1 
28.2 

cT 

Temperature 
- 
Fahren. 

helt 

-11- 

. i  

0.945 
0.843 
0.041 

0.039 
0.033 
0.836 

0.834 
0.933 
0.831 

0.829 
0.928 
0.826 

0.024 
0.923 
0.921 

0.919 
0.917 
0.916 

0.914 
0.912 
0.811 

0.808 
0.808 
0.800 

0. m 
0. w)3 
0.802 

114 
116 

116 
lli 
118 

119 
120 
121 

la 
123 
124 

126 
126 
127 

12s 
129 
130 

1.140 
1.138 
1.135 

1.133 
1.130 
1.128 

1.125 
1.123 
1.120 

1.118 
1.115 
1.119 

20 
21 
22 

23 
24 
25 

26 
' 27 

28 

29 
30 
31 

1.111 
1.108 
1.106 

1.103 
1.101 1.m 
1.096 
1.084 
1.082 

32 
33 
34 

36 
36 
37 

38 
39 
40 

C, (1 Barometa Barometer C, 1' Barometer C, 11 Barometer 

-1IInchrs -I!- - 
'nchca 

20.1 
20.2 

20.4 
20.6 

20. o 

20. 3 

20. 6 
20. 7 

20. 9 

20.8 

21.0 
21.1 

21.2 
21.3 
21.4 

21. 6 
21.6 
21.7 

21.8 
21.9 
22.0 

22. 1 
22.2 
22.3 
- 

mm 
669 
672 
674 

676 
679 
582 

684 
687 
689 

692 
'604 
697 

688 
802 
805 

807 
610 
612 

616 
617 
620 

622 
625 
627 

mm 
630 
632 
636 

637 
640 
e343 

e46 
048 
850 

I363 
855 
858 

880 
863 
685 

888 
671 
673 

676 
678 
681 

081 
888 
6EE 

-- 

mm 
691 
683 
080 

688 
701 
704 

706 
708 
711 

714 
716 
719 

721 
724 
728 

729 
732 
734 

737 
730 
74 
744 
747 
74G - 

mm 
752 
764 
767 

759 
762 
765 

767 
770 
772 

776 
777 
780 

782 
785 
787 

0.889 
0.882 
0.898 

0. BB8 
1.003 
1.007 

1.010 
1.013 
1.016 

1.023 
1.028 

1.028 
1.033 
1.038 

1.020 

mm 
m 
611 
613 

616 
618 
621 

623 
626 
628 

631 
633 
636 

638 
641 
644 

M6 
649 
661 

654 
666 
669 

661 
El64 
Me 

0.808 28.6 
0.912 11 28.7 
0.918 29.8 

::E 0.956 jl E:: 31.0 

::E I/ 
0.888 

0.970 
0.973 
0.976 

0.979 
0.883 
0.888 

Correction lo mean refractwn as given on age 68, depending upon the reading of the detached 
t R emnometer. 
[r-(rM)(CB)(CT).l 

11 Temperature ( 1  Tomporaturo ( j  Temperature Temperature - 
Centl- 
grado 

- 
Centl- 
grade 

CT 
- 
Contl- 
grade - 
-13.3 

-12.2 

-11.7 
-11.1 
-10. 6 

-10.0 - 9.4 - 8.9 

- 8.3 - 7.8 - 7.2 
- 6. 7 - 6.1 - 5.8 
- 6.0 - 4.4 - 3.9 
- 3.9 - 2. f - 21 
- 1.7 - 1. 1 - 0.E 

0. c + 0.f 
1.1 

1. 'i 
2. : 
2. t 
3.: 
3. 
4. < 

-12. n 

- 

CT 

- 
0.800 
0.888 
0.887 

0. 
0.884 

0.881 
0 890 
0.888 

0.888 
0.886 
0. a34 

0.882 
0.881 
0.880 

0.878 
0.877 
0.876 
0.874 
0.873 
0.871 

0.810 
0.888 
0.867 

0. nwz 

Centl- 
grade - 

41.7 
42.2 
42.8 

43.3 
43.9 
44.4 

45.0 
45.6 
46. 1 

46.7 
47.2 
47.8 

48.3 
48.9 
49. 4 

60.0 
60.6 
SI. 1 

61.7 
62.2 
62. 8 

53.3 
63.9 
64. 4 

dum- 
helt 

Centl- 
grade 

6.0 
6.6 
6.1 

6.7 
7.2 
7.8 

8.3 
8.9 
9.4 

10.0 
10.6 
11.1 

11.7 
12.2 
E?. 8 

13.3 
13. I) 
14. 4 

15.0 
15.6 
16.1 

16.7 
17.2 
17.8 

18.3 
18.9 
19.4 

20.0 
20.0 
21.1 

21.7 
22.2 
228 

74 
75 
76 

77 
78 
TB 

80 
81 
8 

83 
84 
85 

88 
87 
88 

89 
90 
91 

93 
94 

95 
88 
97 

98 
88 
1oC 

101 
105 
103 

1W 
lo: 
lff 

82 

29.3 
23.9 
24. 4 

25.0 
25.6 
28.1 

26.7 
27.2 
21.8 

28.3 
28.9 
29.4 

30. 0 
30. 6 
31. 1 

31.7 
32.2 

33.3 
8.9 
34.4 

35.0 
35.6 
36.1 

38.7 
37. 2 
37.8 

38.0 
88.4 

40.0 
40.6 
41.1 

32 n 

38. a 

- 

-25 
-24 
-23 

-22 
-21 
-20 

-19 
-18 
-17 

-16 
-16 
-14 

-13 - 12 
-11 

-10 
- 9  
- 8  

- 7  
- 6  
- 6  

- 4  
- 3  
- 2  

- 1  
0 

+ 1  
2 
3 
4 

~6 
6 
7 

-31.7 
-31.1 
-30. 6 

-30.0 
-28.4 
-28.9 

-%. 3 
-27.8 
-27.2 

-26.7 
-26.1 
-25.6 

-25.0 
-24.4 
-23.9 

-23.3 
-22.8 
-22 2 

-21.7 
-21.1 

-!?A. 0 
-19.4 
-18.9 

-1s. 3 

-17.2 

-16.7 
-16.1 
-16. E 
-15. C 
-14.4 
-13. I 

-20. 0 

-17. a 

8 
9 

10 

11 
12 
13 

14 
16 
16 

17 
18 
19 

41 
42 
43 

44 
4s 
46 

47 
48 
49 

60 
61 

63 
64 
6.5 

66 
67 
58 

69 
80 
61 

62 
e3 
64 

86 
88 
67 

BB 
88 
70 

71 
72 
73 

sa 

1.018 
1.016 
1.014 

1.012 
1.010 
1.008 

1.008 
1.004 
1.002 

1. ooo 
0.888 
0. BQg 

0.884 
0.962 

1.089 
1.087 
1. w 
1.082 
1.080 
1.078 

1.076 
1.073 
1.071 

1.069 
1.007 
1.084 

1. oL32 
1.oBo 
1.058 

1.058 
1.064 
1.051 

1.049 
1.047 
1.046 

1.043 
1.041 
1.039 

1.036 
1.034 
1.032 

1.030 
1. 028 
1.026 

1.024 
1.022 
1.070 

1.164 
1.161 
1.168 

1.158 
1.163 
1.161 

1.148 
1.145 
1.143 

0.988 
0.988 
0.885 

0.983 
0.081 
0.979 

0.977 
0.976 

0.873 
0.970 
0. BBS 
0.w 
0.864 
0.882 

0.801 
0.859 
0.857 

0.978 
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The parallax of the sun ( p )  for thejirst day of each month. 

iltltude 

0 
3 
6 
9 

12 

15 
18 
21 
24 
27 

30 
33 
36 
39 
42 

44 
46 
48 
60 
52 

54 
MI 
68 
60 
62 

64 
66 
68 
70 
72 

74 
76 
78 
80 
82 

84 
86 
88 
90 
- 

Jan. 1 

- 
,, 

9.0 
9.0 
9.0 
8.9 
8.8 

8.7 
8.6 
8.4 
8.2 
8.0 

7.8 
7.6 
7.3 
7.0 
6.7 

6.5 
6.3 
6.0 
6.8 
5.6 

6.3 
5.0 
4.8 
4.5 
4.2 

4.0 
3.7 
3.4 
3.1 
2.8 

2.6 
2.2 
1.9 
1.6 
1.2 

0.9 
0.6 
0.3 
0.0 - 

Fob. 1 
Doc. 1 - 

t /  

9.0 
9.0 
8.9 
8.9 
8. 8 

8.7 
8.6 
8.4 
8.2 
8.0 

7.8 
7.5 
7.3 
7.0 
6.7 

6.5 
6.2 
6.0 
5.8 
5.5 

6.3 
5.0 
4.8 
4.6 
4.2 

3.9 
3.7 
3.4 
3.1 
2.8 

2.5 
2.2 
1.9 
1.6 
1.2 

0.9 
0.6 
0.3 
0.0 

Mar. 1 
Nov. 1 - 

8.9 
8.9 
8.9 
8.8 
8.7 

8.6 
8.5 
8.3 
8.2 
8.0 

7.7 
7.6 
7.2 
6.9 
6.6 

6.4 
6.2 
6.0 
5.7 
5.6 

5.2 
6.0 
4.7 
4.5 
4.2 

3.9 
3.6 
3.4 
3.1 
2.8 

2.6 
2.2 
1.9 
1.6 
1.2 

0.9 
0.6 
0.3 
0.0 

Apr. 1 
Oct. 1 - 

8.9 
8.8 
8.8 
8.8 
8.7 

8.6 
8.4 
8.3 
8.1 
7.9 

7.7 
7.4 
7.2 
6.9 
6.6 

0.4 
6.2 
5.9 
5.7 
5.4 

5.2 
5.0 
4.7 
4.4 
4.2 

3.9 
3.6 
3.3 
3.0 
2.7 

2.4 
2.1 
1.8 
1.6 
1.2 

0.9 
0.6 
0.3 
0.0 

,# 

8.8 
8.8 
8.7 
8.7 
8.6 

8.5 
8.4 
8.2 
8.0 
7.8 

7.6 
7.4 
7.1 
6.8 
6.5 

0.3 
6.1 
5.9 
5.6 
5.4 

5.2 
4.9 
4.7 

' 4.4 
4 .1  

3.8 
3.6 
3.3 
3.0 
2.7 

2.4 
2.1 
1.8 
1.5 
1.2 

0.9 
0.6 
0.3 
0.0 

4, B, C, FACTORS. 

These factors are referred to in the comDutations of ti 

Juno 1 
Aug. 1 

,# 

8.7 
8.7 
8.7 
8.6 
8.5 

8.4 
8.3 
8.2 
8.0 
7.8 

7.6 
7.3 
7.1 
6.8 
6.5 

6.3 
6.1 
6.8 
5.6 
5.4 

5.1 
4.9 
4.6 
4.4 
4.1 

3.8 
3.6 
3.3 
3.0 
2.7 

2.4 
2.1 
1.8 
1.5 
1.2 

0.9 
0.6 
0.3 
0.0 
- 

July 1 

8.7 
8.7 
8. 7 
8.6 
8.5 

8.4 
8.3 
8.1 
8.0 
7.8 

7.0 
7.3 
7.0 
6.8 
6.6 

6.3 
6.0 
6.8 
5.0 
5.4 

5.1 
4.9 
4.6 
4.4 
4 . 1  

3.8 
3.5 
3.3 
3.0 
2.7 

2.4 
2.1 
1.8 
1.6 
1.2 

0.9 
0.6 
0.3 
0.0 

Zonlth 
listanca 

Bo 
87 
84 
81 
78 

75 
72 
69 
66 
63 

60 
57 
54 
51 
48 

46 
44 
42 
40 
38 

30 
34 
32 
30 
28 

26 
24 
22 
20 
18 

lLl 
14 
12 
10 
8 

6 
4 
2 
0 

e from observations with the transit 
on pages 23 and 25. Their arithmetical v&es are as follows: 

Azimuth factor 

Collimation factor = C= sec 6 

=A=sin c sec 6 
Level factor =B=COS c S ~ C  6 

where 6=declination and C=zenith distance = 4 - 6 or 4 - (180'- 8) for stars observed at  
upper or lower culmination respectively. 

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

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

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

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 table or to compute them. 
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STAR FACTORS OBTAINED GRAPHICALLY. 

For a number of years there has been in use in the Survey a nomogram for obtaining graph- 
i c d y  the star factors A,  B, and 0, and also K, the correction for diurnal aberration. This 
nomogram was devised by Mr. C. R. Duvall, a computer in tho 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. 

It consists of two systems 
of equidistant parallel lines perpendicular to each other, system of arcs of equidistant concon- 
tric circles, and a transparent arm, carrying a graduated straight line which rovolves about the 
common center of the circles. The decimeter has been the unit of length in the nomograms 
used. Tho t h e e  systems of lines arc drawn at  a common distance apart of 1 centimeter. The 
estimdted tenth of this cenbimeter space gives the second decimal place in the required factors. 

Tho graduated line on the under surface of the transparent arm passes through the center 
of the axis about which tho arm revolves. A secant graduation is made upon this line, measured 
from the center of the axis of rovolution. That is, the graduation corresponding to m y  angle 
is at a distance from the center equal to the secant of the angle in quytion. This conter of the 
axis of revolution is the common center of tho 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 of 
the instrument to declinations from 0' to slightly over 70'. 

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

To determine the factors A, B, and C of a given star, revolve the transparent arm until 
tho graduated line of the arm coincides with the s t a h  zenith distance on the graduated arc. 
Holding the arm in this position, place a needle point at  that point of the graduated lino which 
corresponds to the star's declination. The position of this point in the three systems of oqui- 
distant lines gives the three factors, A being the ordinate, B the abscissa, and G 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 aahoad Tvhich fits against tho back of the cardboard. 
The axis is made long so that the arm can be placed on it and rovolvod without being made 
fast. 

The correction for aborration may be taken from the same nomogram, as fallows: Set the 
revolving arm at that anglo 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. Theso declinations are the limits botwoen which K has tho values 
On.OO, 0".01, 0".02, etc., €or the latitude of tho station in question. By means of these limits 
the K of any star can be immediately written down from its declination. The broken-line ordi- 

nates aro drawn at  distances from the origin equal to - Oo5 - - .025 etc. . . . decimeters. 

The nomogram is shown in illustration KO. 9, reduced in size. 

.021' .021' .021' 
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Table of factors for reduction of transit observations. 
TOP ARGUMENT-STAR'S DECLINATION (a) .  

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

[For factor A use le f thand  argument. For factor B USB righhthnnd argument. For factor C us0 bottom lino on opposite page.] - 
38" 

- 
40" 

- 
41' 
- 

.02 

.05 

.07 

.oQ 

.11 

.14 
-16 

.21 

.23 

.25 

.27 

.30 

.32 

.34 

.37 

.39 

.41 

.43 

.45 

.47 

.50 

.52 

.64 

.56 

.58 

.Go 

.62 
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Table of factors for reduction of transit observations. 
TOP ARQUMENT-STAR'S DECLISATION (a). 

81DE ARQUMENT-STAR'S ZENITH DISTANCE (c). 
[For factor A uso lefthand nrymont .  For factor E use righthand s r y m o n t .  For factor C us0 bottom line on thfs pap.] - 
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Table of factors for reduction of transit observations. 
TOP ARGUMENT-ETAR'E DECLINATION (a). 
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.62 

.e4 

.67 

.69 

.71 

.73 

.75 
-78 
.80 
.82 
.84 

.%I 

.88 .w 

.92 

.94 

.wI 

.98 
1.00 
1.02 
1.04 

479 
- 

48" - 
.03 
.05 
.08 
.lo 
.13 

.I6 

.18 

.21 

.23 

.% 

.28 

.31 

.34 

.36 

.30 

.41 

.44 

.40 

.49 

.51 

.54 

.5G 

.58 

.61 

.e3 

.e5 .a 

.70 

.72 

.75 

.77 

.79 

.81 

.84 

.86 

.88 .w 

.92 

.94 

.90 

.98 
1.00 
1.02 
1.04 
1.00 

49" 
- 

.02 . 0: 

.@ 

.I1 

.13 

. If 

.IS 
' .21 
.21 
.20 

.a 

.32 

.34 

.37 

.39 

.42 

.45 

.47 

.M 

.52 

.55 

.57 .ea 

.62 

.&I 

.07 

.69 

.72 

.74 

.70 

.78 

.81 

.83 

.85 

.87 

.Bo 

.92 

.94 

.Bo 
-98 

1.00 
1.02 
1.04 
1. OB 
1.08 
- 
499 
- 

50" 
- 

.03 

.05 

.os 

.ll 

.I3 

.1G 

.19 

.22 

.24 

.27 

.30 

.32 

.35 

.38 

.40 

.43 

.45 

.48 

.51 

.53 

.5G 

.58 

.61 

.e3 

.66 

.88 

.71 

.73 

.75 

.78 

.80 

.82 

.85 
-87 
.89 

.91 

.94 

.(w 

.98 
1.00 

1.02 
1.04 
1.00 
1.08 
1.10 

.03 

.00 

.os 

.I1 

.14 

.17 

.23 

.25 

.28 

.31 

.34 

.36 

.39 

.42 

.45 

.47 .Eo 

.53 

.56 

.58 

.61 

.e3 

.66 

.G9 

.71 

.74 

.76 

.79 

.81 

.84 

.%I 

.88 

.91 

.93 

.95 

.98 
1.00 
1.02 
1.04 

1.07 
1. 09 
1.11 
1.13 
1.15 

.m 

. 0: . 0: . 0; .m 

.l: 

.Id 

.1( 

.lI 

.21 

.z 

.2( 

.L 

.3c 

.33 

.3: 

.37 

.39 

.42 

.44 

.40 

.48 

.50 

.53 

.55 

.57 

.59 

.61 

.e3 

.65 

.67 

.69 

.71 

.73 

.15 

.77 

.79 

.a1 

.83 

.a5 

.I30 

.88 .w 

.92 

.93 

.95 - 
420 

.02 

.05 

.07 

.I2 

.14 

.17 

.19 

.21 

.24 

.26 

.2a 

.31 

.33 

.35 

.3s 

.40 

.42 

.45 

.47 

.49 

.51 

.53 

.56 

.58 

.e4 

.G2 

.64 

.e0 

.88 

.70 

.72 

.74 

.70 

.78 

.80 

.82 

.84 

.%I 

.88 

.w 

.91 

.93 

.95 

.97 

. i o  

- 
43" 

. 0: . 0: . 0: 

.1( 

.1: 

.1: 

.1i 

.1! 

.2: 

.2i 

.2; 

.2( 

.31 

.34 

.3f 

.3t 

.41 

.43 

.4: 

.48 

.5( 

.52 

.54 

.57 

.5Q 

.61 

.63 

.e5 

.67 

.69 

.72 

.74 

.70 

.78 

.80 

.82 

.84 

.%I 

.87 

.89 

.91 .a 

.95 

.97 .w 

. 01 

.m 

.07 

.1c 

.12 

.15 

.17 

.a 
.!2'2 
.25 

.27 

.29 

.32 

.34 

.37 

.39 

.41 

.44 
,4G 
.48 

.51 

.53 

.55 

.58 

.e4 

.62 

.a 

.e8 

.69 

.71 

.73 
75 
.77 
.79 
.81 

.83 

.85 

.87 

.89 

.91 

.93 

.95 

.(w 

.98 
1.00 

.02 

.05 

.07 

.10 

.13 

.15 

.18 

.20 

.22 

.25 

.25 

.30 

.32 

.35 

.37 

.40 

.42 

.44 

.47 

.49 

.52 

.54 

.56 

.59 

.61 

.63 

.e5 

.68 

.70 

.72 

.74 

.76 

.78 

.80 

.83 

.85 

.87 

.89 

.91 

.93 

.94 

.90 

.98 
1.00 
1.02 

. 0: . O( 

.o( 

.l: 

.14 

.li 

.2c .a 

.2€ 

.2( 

.31 

.35 

.37 

.4c 
* 43 

.4€ 

.49 

.51 

.54 

.57 

.59 

.62 .a .a 

.73 

.75 

.78 

.R1 

.83 

.M .a 

.91 

.93 

.95 

.88 
1.00 
1.02 
1.05 
1.07 

1.09 
1.11 
1.13 
1.15 
1.17 

.70 

.03 

.00 

.09 

.12 

.I5 

.18 

.21 

.24 

.27 

.30 

.32 

.35 

.38 

.41 

.44 

.47 

.50 

.53 

.55 

.55 

.G1 

.G4 

.GO 

.09 

.72 

.75 

.77 

.80 

.82 

.85 

.88 .w 

.93 

.95 

.98 

1.00 
1.02 
1.05 
1.07 
1. 09 

1.12 
1.14 
1.16 
1.18 
1.20 

.03 

.OO 

.09 

.12 

.15 

. I 8  

.21 

.24 

.27 

.30 

.33 

.36 

.39 

.42 

.45 

.48 

.51 

.54 

.57 

.00 

.62 

.65 

.68 

.71 

.74 

.76 

.79 

.82 

.84 

.87 

.w 

.92 

.95 

.97 
1.00 

1.03 
1.05 
1.07 
1.10 
1.12 

1.14 
1.17 
1.19 
1.21 
1.23 

.03 

.06 

.u9 

.12 . 16 

.19 

.22 

.25 

.2fl 

.31 

.34 

.37 

.40 

.43 

.46 

.49 

.52 

.55 

.58 

.61 

.G4 
. .G7 
.70 
.73 
.76 

.78 

.81 

.84 

.87 

.89 

.92 

.95 

.97 
1.00 
1.03 

1.05 
1.08 
1.10 
1.12 
1.1s 

1.17 
1.20 
1.22 
1.24 
1.20 

.03 .m 

.10 

. I 3  

.1G 

.19 

.22 

.26 

.29 

.32 

.35 

.38 

.41 

.44 

.48 

.51 

.54 

.57 

.e4 

.c3 

.66 
* 69 
.12 
.75 
.73 

.80 

.83 

.86 

.89 

.92 

.95 

.97 
1.00 
1.03 
1.05 

1.09 
1.10 
1.13 
1.15 
1.18 

1.20 
1.23 
1.25 
I. 28 
1.30 

440 450 48' 50' 
- 

52' 
- 

54" 
- 

55" 
- 

570 



DE!CHEMINATION OF TIM%. 

Table'of factors for'reduction of transit o~semcations. 
TOP ARQUMENT-STAR'S DECLINATION (a). 

SIDE ARGUMENT-STAR'E ZENITH DIBTANCE (C). 

[For faotor A use lelt-hand argument. For fwtar E use righthand argumyt. For faotor C me bottom line on thh pege.1 

63" 

1.19 
1.21 
1.23 
1.25 
1.27 

1.28 
1.31 
1.33 
1.34 
1.36 

1.38 
1.39 
1.41 

1.44 

1.45 
1.47 

1.49 
1.61 

1.49 

1.48 

1.aa 
1.63 
1.64 
1.65 
1 .m 

1.67 
1.68 
1.69 
1.80 
1.80 

1.62 
1.62 
1.83 
1.64 

1.64 
1.64 
1.85 
1.85 
1.66 

1.88 
1.88 
1.88 
1.88 
1.88 

1 . b  

63. 

65 

64" 

1.22 
1.24 
1.28 
1.28 
1.30 

1.32 
1.34 
1.36 
1.38 
1.39 

1.41 
1.43 
1.44 

1.47 

1.49 
1.60 

1.63 
1.64 

1.65 
1.67 
1.68 
1.69 
1.80 

1.61 
1.62 
1.83 
1.83 
1.64 

1.66 
1.88 
1.88 
1.67 
1.67 

1.88 
1.88 
1.69 
1.88 
1.88 

1.70 
1.70 
1.70 
1.70 
1.70 

1.40 

1 . m  

-- 
. 64' 

- 
C 
- 
0 

44 
43 
42 
41 
40 
39 
38 
37 
36 
36 

34 
33 
32 
31 
80 

28 
28 
27 
28 
1 

24 
23 
23 
21 
PO 

19 
18 
17 
16 
16 

14 
13 
13 
11 
10 

9 
8 
7 
6 
6 

4 
3 

1 
0 

a 

- 

60' 

1.12 
1.14 
1.16 
1.17 
1.19 

1.21 
1.23 
1.24 
1.26 
1.27 

1.28 
1.31 
1.32 
1.33 
1.36 

1.36 
1.37 
1.39 
1.40 
1.41 

1.42 
1.43 
1.44 
1.46 
1.40 

1.47 
1.48 
1.49 
1.40 
1.60 

1.61 
1.62 
1.62 
1.63 
1.63 

1-64 
1.64 
1.64 
1.66 
1.65 

1.65 
1.66 
1.65 
1.M 
1.64 

600 

- 
'C - 

0 

46 
47 
48 
49 w 
61 
62 
63 
64 
66 

58 
67 
68 
69 
80 

61 
62 
83 
64 
86 

88 
67 
88 
69 
70 

71 
72 
73 
74 
76 

76 
77 
78 
7g 
80 

81 
82 
83 
84 
85 

88 
87 a€ 
88 
80 

- 

610 
-- 

1.14 
1.16 
1.18 
1.20 
1.22 

1.23 
1.26 
1.27 
1.28 
1.30 

1.32 
1.33 
1.35 
1.36 
1.38 

1.39 
1.40 
1.42 
1.43 
1.44 

1.46 
1.46 
1.47 
1.48 
1.49 

1.60 
1.61 
1.62 
1.63 
1.63 

1.64 
1.65 
1.65 
1.68 
1.68 

1.67 
1.67 
1.68 
1.88 
1.68 

1.69 
1.69 
1.69 
1.69 
1.69 -- 
610 

- 
42' 
- 

.97 
-98 

1.00 
1.02 
1.03 

1.06 
1.06 
1.07 
1.09 
1.10 

1.12 
1.13 
1.14 
1.15 
1.17 

1.18 
1.19 

1.21 
1. 22 

1.23 
1.24 
1.25 
1.26 
1.28 

1.27 
1.28 
1.28 
1.28 
1.30 

1.31 
1.31 

1.32 
1. a3 

1.33 
1.33 

1.34 
1.34 

1.34 
1.34 
1.34 
1.86 
1.36 

1. m 

i.aa 

1. a4 

43" 
- 

. 98 
1.00 
1.02 
1.03 
1.06 

1. 06 
1.08 
1.09 
1.11 
1 12 

1.13 
1.16 
1.16 
1.17 
1.18 

1.21 
1. 22 
1.23 
1.24 

1.25 
1.28 
1.27 
1.28 
1.28 

1.28 
1.30 
1.31 
1.31 
1.32 

1.33 
1.33 
1.34 
1.34 
1.36 

1.36 
1.36 

1.38 

1.38 
1.37 
1.37 
1.37 
1.37 

1. 20 

i .ae 
1.38 

440 
- 

1.00 
1.02 
1.03 
1.05 
1.06 

1.08 
1.10 
1.11 
1.12 
1 1 4  

1.16 
1.17 
1.18 
1.19 
1.20 

1.22 
1.23 
1.24 
1.26 
1.28 

1. a7 
1.28 
1.28 
1.30 
1.31 

1.31 
1.32 
1.33 
1.34 

1.36 
1.36 
1.36 
1.36 
1.37 

1.37 
1.38 
1.38 
1.38 
1.38 

1.39 
1.39 
1.39 
1.39 

1. a4 

1.89 

450 
- 

1.02 
1.03 
1.06 
1.07 
1.08 

1.10 
1.11 
1.13 
1.14 
1 16 

1.17 
1.19 
1.20 
1.21 
1.22 

1.24 
1.25 
1.28 
1. n 
1.28 

1. 28 
1.30 
1.31 
1.32 
1.33 

1.34 
1.34 
1.36 
1.36 
1.37 

1.37 
1.38 
1. a8 
1.39 
1.39 

1.40 
1.40 
1.40 
1.41 
1.41 

1.41 
1.41 
1.41 
1.41 
1.41 

46' - 
1.04 
1.06 
1.07 
1.09 
1.10 

1. 12 
1.13 
1.16 
1.16 
1.18 

1.19 
1.21 
1.22 
1. 23 
1.26 

1.28 
1. n 
1.28 
1.28 
1.30 

1.32 
1.33 
1.33 
1.34 
1.36 

1.36 
.1.37 
1.38 
1.38 
1.39 

1.40 
1.40 
1.41 
1.41 
1.42 

1.42 
1.43 
1.43 
1.43 
1.43 

1.44 
1. u 
1.44 
1.44 
1.44 

479 
- 

1.06 
1.07 
1.09 
1.11 
1.12 

1.14 
1.16 
1.17 
1.19 

1.22 
1.23 
1.24 
1.28 
1.27 

1.28 
1.28 
1.31 
1.32 
1.33 

1.34 
1.36 
1.36 
1.37 
1.38 

1.39 
1.39 
,l. 40 
1.41 
1.42 

1.42 
1.43 
1.43 
1.44 
1.44 

1.46 
1.46 
1.46 
1.46 
1.40 

1.46 
1.40 
1.46 
1.47 
1.47 

1. m 

48' 
- 

1.07 
1. OB 
1.11 
1.13 
1.14 

1.16 
1.18 
1.19 
1.21 
1.22 

1.24 
1.26 
1.27 
1.28 
1.28 

1.31 
1.32 
1.33 
1.34 
1.36 

1.37 
1.38 
1.39 
1.40 
1.40 

1.41 
1.42 
1.43 
1.44 
1.44 

1.46 
1.46 
1.40 
1.47 
1.47 

1.48 
1.48 
1.48 
1.49 
1.49 

1.49 
1.49 
1.49 
1.49 
1.49 

1.10 
1.11 
1.13 
1.16 
1.17 

1.18 

1.22 
1.23 
1.25 

1.28 
1.28 
1.28 
1.81 
1.32 

1.53 
1.36 
1.38 
1.37 
1.38 

1.39 
1.40 
1.41 
1.42 
1.43 

1.44 
1.46 
1.46 
1.46 
1.47 

1.48 
1.48 
1.49 
1. m 
1.60 

1.61 
1.61 
1.61 
1.62 

1.62 
1.62 
1. 62 
1.62 
1.62 

1. m 

i .6a 

1.17 
1.19 
1.21 
1.23 
1.24 

1.28 
1.28 
1.30 
1.31 
1.33 

1.36 
1.36 
1.38 
1.39 
1.41 

1.42 
1.43 
1.46 
1.46 
1.47 

1.48 
1.60 
1.61 
1.62 
1. 63 

1.64 
1. 64 
1.65 
1. M 
1.67 

1. 68 
1. 68 
1.69 
1.69 
1.80 

1.80 
1. 61 
1.61 
1. 62 
1. 62 

1. 62 

1. 62 
1. 62 
1.62 

1. ea 

1.25 
1. n 
1.30 
1.32 
1.34 

1.36 
1.37 
1.39 
1.41 
1.43 

1.46 
1.46 
1.48 
1.49 
1.51 

1.63 
1.64 
1.66 
1.67 
1.68 

1.69 
1. 80 
1. 62 
1.83 
1. 64 

1.86 
1. 88 
1.67 
1.88 
1.88 

1. E!? 
1.70 
1.70 
1 7 1  1 1172 

1.73 
1.73 
1.73 
1.73 
1.74 

1.74 
1.74 
1.74 
1.74 
1.74 

65' 

- 

1. 28 
1.31 
1.33 
1.36 
1.37 

1.39 
1.41 
1.43 
1.46 
1.46 

1.48 
1.60 
1.62 
1.63 
1.M 

1.66 
1.68 
1.69 
1.61 
1. 62 

1.83 
1.86 
1.88 
1.67 
1.88 

1.69 
1.70 
1.71 
1.72 
1.73 

1.73 
1.74 
1.76 
1.76 
1.78 

1.77 
1.77 
1.77 
1.78 
1.78 

1.78 
1.78 
1.78 
1.70 
1.78 

1.32 
1.34 
1.36 
1.39 
1.41 

1.43 
1.46 
1.47 
1.49 
1.50 

1.62 
1. M 
1. SB 
1.67 
1.60 

1. 61 
1. 62 
1.64 
1.86 
1.88 

1. e8 
1.68 

1.71 
1.73 

1.74 
1.76 
1.78 
1.70 
1.77 

1.78 
1-80 
1.80 
1.81 

1.81 
1.81 
1.82 
1.83 
1.83 

1.83 
1.83 
1.83 
1. E4 
1. E4 

1.70 

1.78 

43' 440 46' 46' 470 40. 62" 66' 57. 
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66 

1.39 
1.42 
1.46 
1.49 
1.52 

1.55 
1.58 
1.61 
1.64 

- 
1 
- 

1 
I 
1 
1 
14 
11 

lt 
1; 
1E 
1E 
30 
21 
22 
23 
24 
25 

27 
28 
28 
80 

31 
32 
33 
34 
35 

36 
37 
38 
39 
40 

41 
42 
43 
44 
46 

m 

I - 

U. S. COAST AND QEODETIC SUBVEY SPEOIAL PUBLICATION NO. 14. 

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

SIDE ARGUMENT-STAR'S ZENITH DISTANCE (0. 
[For faotor d use lefthand argument. For factpr B os0 righthand argument. For factor C us0 bottom line on oppoaifs page.] 

.a 

.O 

.I 

.1 

.1 

.1 

.2 

.2 

.2 

.3 

.3 

.3 

.4 

.44 

.51 

.54 
* 57 
.go 
.63 

.66 

.69 

.72 

.75 

.78 

.&J 

.83 

.86 

.89 

.92 

.95 

.97 
1.00 
1.03 
1.05 

1.08 
1.10 
1.13 
1.15 
1.18 

1.23 
1.25 
1.28 
1.30 

.4a 

1. m 

- 
6 8 0  

- 
.( 
.( 
. I  
. I  
. I  

. A  

. A  

. A  

.2 

.3 

.3 .a 

.4 

.4( 

.45 

.6: 

.5! 

.M 

.61 

.64 

.@ 

.71 

.74 

.77 

.80 

.83 

.86 

.89 

.91 

.94 

.97 
1.00 
1.03 
1.05 
1.08 

1.11 
1.14 
1.16 
1.19 
1.21 

1.24 
1.26 
1.29 
1.31 
1.33 

58i' - 
.O 
.O 
.1 
.1 
.1 

.2 

.2 

.2  

.3 

.3 

.a 

.4 

.48 .w 

.53 

.56 

.59 

.62 

.65 

.69 

.72 

.75 

.78 

.81 

.84 

.87 

.Bo 

.93 

.BB 

1.01 
1.04 
1.07 
1.10 

1.12 
1.15 
1.18 

1.23 

1.26 
1.28 
1.30 
1.33 
1.35 

.a 

.m 

1.20 

- 
€40 
- 

.c 

.( 

.I 
. I  
.1 

.2 

.Z 

.2 

.3 

.3 

.3 

.4 

.4 

.4i 

.a 

.54 

.5; 

.BE .a 

.6€ 

. 7c 

.73 

.76 
,7Q 
.82 

.a5 

.88 

.91 

.94 

.97 

1.00 
1.03 
1.06 
1.09 
1.11 

1.14 
1.17 

1.22 
1.25 

1.27 
1.30 
1.32 
1.35 
1.37 

I. m 

- 
5 w  - 

.O 

.O 

.1 

.1 

.1 

.2 

.2 

.2 

.3 

.3 

.3: 

.4 

.4. 

.48 

.51 

.54 

.58 

.61 .a 

.67 

.71 

.74 

.77 

.80 

.83 

.&? 

.89 

.93 .m 

.m 
1.01 
1.04 
1.07 
1.10 
1.13 

1.16 
1.19 

1.27 

1.29 
1.32 
1.34 
1.37 
1.39 

E 

- 
600 
- 

.c 

.C 

. I  

.I 

. I  

.2 

.2 

.2 

.3 

.3 

.3 

.4 

.4. 

.42 

.5: 

.5! 

.& 

.61 .a 

.I% 

.72 

.75 

.78 

.81 

.a5 

.88 

.91 

.94 

.97 
1.00 

1.03 
1.06 
1.09 
1.12 
1.15 

1.18 

1.23 
1.26 
1.29 

1.31 
1.34 
1.36 
1.39 
1.41 

1.20 

- 
W5O - 

.o 

.O 

.1 

.1 

.1 

.2  

.2 
I .2 

.3 

.5 

.3' 

.4 

.4L 

.49 

.53 

.56 

.59 

.63 

.66 

.69 

.73 

.76 

. i 9  

.&? 

.&l 

.89 

.92 

.95 

.98 
1.01 

1.05 
1.08 
1.11 
1.14 
1.16 

1.19 
1.22 
1.25 
1.28 
1.31 

1.33 
1.36 
1.39 
1.41 
1.44 

- 
61' 
- 

.a .a 

. I  

.I 

.1 

.2 

.2 

.2 

.3 

.3 

.3 

.4 

.4. 

.5( 

.53 

.5i 

.E& 

.64 

.67 

.70 

.74 

.71 

.81 

.84 

.87 

.Ga 

.94 

.97 
1.00 
1. 03 

1.06 
1.09 
1.12 
1.15 
1.18 

1.21 
1.24 
1.27 
1.30 
1.33 

1.35 
1.38 
1.41 
1.43 
1.46 

61)' - 
.o .o 
.1 
.1< 
.11 

.8 

.a 

.P 

.3: 

.31 

.4 .e 

.4: 

.51 

.54 

.58 

.61 

.65 

.68 

.72 

.75 

.78 

.82 .a 

.89 

.92 

.95 

.98 
1.02 
1.05 

1.08 
1.11 
1.14 
1.17 

1.23 
1.26 
1.29 
1.32 
1.35 

1.37 
1.40 
1.43 
1.46 
1.48 

1. m 

62' 
- 

.a .a 

.1 

.1 

.1 

.2 

.2 

.3 

.3 

.3 

.4 

.4 

.4c 

.51 

.I 

.5s 

.62 .a 

.69 

.73 

.76 

.80 

.83 

.87 

.93 

.97 
1.00 
1.03 
1.07 

1.10 
1.13 
1.16 
1.19 
1.22 

1.25 
1.28 
1.31 
1.34 
1.37 

1.40 
1.42 
1.45 
1.48 
1.61 

.Bo 

621' 
- 

.o 

.a 

.I 

.I, 

.1' 

.2 

.2l 

.34 

.3, 

.3l 

.4. 

.4! 

.46 
-52 
.56 

.oo .m 

.67 

.70 

.74 

.78 

.81 

.a5 

.&3 

.92 

.95 

.98 
1.02 
1.05 
1.08 

1.11 
1.15 
1.18 
1.21 
1.24 

1.27 
1.30 
1.33 
1.36 
1.39 

1.42 
1.45 
1.48 1.m 
1.53 

- 
630 

- 
.a .a 
.1 
.1 
.1 

.2 

. 2  

.3 

.3 

.3 

.4 

.4 

.5L 

.53 

.57 

.61 

.64 

.68 

.72 

.75 

.70 

.82 

.&l .w 

.93 

.97 
1.00 
1.03 
1.07 
1.10 

1.13 
1.17 
1.20 
1.23 
1.20 

1.30 
1.33 
1.36 
1.39 
I. 42 
1.45 
1.47 
1.50 
1.53 
1.56 

.o 

.a 

.1 . 11 . 11 

.z 

.2 

.3 

.3! 

.3l 

.4: 

.4' 

.5b 

.54 

.58 

.62 

.06 

.69 

.73 

.77 

.€AI 

.84 

.88 

.91 

.95 

.98 
1.02 
1.05 
1.09 
1.12 

1.15 
1.19 
1.22 
1\25 
1.29 

1.32 
1.35 
1.38 
1.41 
1.44 

1.17 
1.50 
1.53 
1.56 
1.58 

64" 

.o .o 

.1 

.1 

.2 

.2 

. 2  

.3 

.3 .e 

.4 

.4 

.51 

.55 

.60 

.63 

.67 

.70 

.74 

.78 

. R2 

.a5 

.89 

.93 

.98 

1.00 
1.04 
1.07 
1.11 
1.14 

1.17 
1.21 
1.24 
1.27 
1.31 

1.34 
1.37 
1.40 
1.43 
1.47 

1.50 
1.53 
1.56 
1.58 
1.81 

- 
645' 
- 

.c 

.( 

. I  

.I 

.1 

.1 

.3 

.3 

. 4  

. 4  

.4 

.5; 

.M 

.8( 

.& 

.d 

.7: 

.7f 

.7( 

.a 

.8i 

.91 

.94 

.98 

1.02 
1.05 
1.W 
1.13 
1.18 

1.20 
1.23 
1.26 
1.30 
1.33 

1.37 
1.40 
1.43 

1.49 

1.52 
1.65 
1.58 
1.61 
1.64 

.' 

1.411 

- 
C *  
- 
89 
88 
87 
86 
86 

84 
83 
82 
81 
80 

79 
78 

76 
76 

74 
73 
72 
71 
70 

69 
68 
67 
66 
65 

64 
63 
62 
61 
80 

59 
58 
67 
56 
65 

54 
53 
52 
61 
bo 
49 
48 
47 
46 
45 

n 

- 
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1.40 
1.a 
1.44 
1.47 
1.49 

1.61 
1.53 
1.65 
1.57 
1.69 

1.01 
1.83 
1.85 
1.88 
1.88 

1.70 
1.71 
1.73 
1.75 
1.70 

1.77 
1.79 
1.80 
1.81 
1.82 

1.84 
1.85 
1.80 
1.87 
1.88 

1.88 
1.89 
1.90 
1.91 
1.91 

1.92 
1.92 
1.93 
1.93 
1.93 

1.94 
1.94 
1.94 
1.94 
1.94 

680 

67 

69b 

1.3 
1.. 
1.. 
I . ,  
1.1 

1.1 
1.1 
l .! 
1.1 
l.t 

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

1.7 
1.7 
1.7 
1.7 
1.7' 

1 .8  
1.8 
1.8: 
1.83 
1.81 

1.81 
1 . 8  
1.u 
1.81 
1.w 

1.9 
1.92 
1.93 
1.93 
1.94 

1.95 
1.95 
1.98 
1.90 
1.96 

1.97 
1.97 
1.87 
1.97 
1.97 

6910 

C - 
4 
4 
4 
4 
u 
6 
6 
6 
5 
6 

8 
6 
6 
51 
6c 

01 
62 
63 
04 
85 

86 
87 
88 
09 
70 

71 
72 
73 
74 
76 

70 
77 
7-8 

4 04' 
- 

1. I 
1. I 
1. ! 
:: : 
1.: 
1. I 
1.1 
1.1 
1.8 

l . I  
1. s 
l . s  
l . f  
1. BI 

2. a 
2.0 
2.0: 
2. o! 
2 . 0  

2. o! 
2.1I 
2.1 
2. 1: 
2.1, 

2.1I 
2.1' 
2. 11 
2. 1s 
2 . 2  

2.21 
2. 22 
2.23 
2.24 
2.2s 

2.26 
2.28 
2.26 
2.27 
2.27 

2.28 
2.28 
2. 28 
2.28 

Table of f i r s  for  reduction of transit observations. 
TOP ARGUMENT-STAR'B DECUNATION (a). 

- 
01 
- 

1. 
1. 
1. 
1. 
1. 

1.1 
1.1 
1.1 
1.1 
1. I 

1.' 
1.' 
1.' 
1.' 
1. i 

1.8 
1.8 
1.8 
1.8 
1.8 

1.8 
1.9 
1.9 
1.9 

' 1.9 

1.9 
1 .9  
1.9 
1.81 
1 .9  

2. 01 
2.01 
2.02 
2.02 
2. 03 

2.04 
2.04 
2.05 
2.05 
2.05 

2.08 
2.08 
2.08 
2.08 
2.08 

010 

- 

- 

- 
1. 
1. 
1. 
1. 
1. 

1. 
1. 
1. 
. 1. 

1. I 

1.1 
1.4 
1.1 
1. I 
1.1 

1.0 
1.0 
1.0 
1.0 
1.0 

1.0 
1.0 
1.7 
1.7 
1.7: 

1.7 
1.7 
1.71 
1.71 
1. T 

1.71 
1 . n  
1.80 
1.80 
1.81 

1.81 
1.82 
1.82 
1.83 
1.83 

1. e3 
I. 83 
1.83 
1.84 
1.84 - 
i7O - 

1.83 
1.84 
1.85 
1.86 
1.88 

1.88 
1.87 
1.87 
1.88 
1.88 

1.88 
1.88 
1.89 
1.89 
1.88 

- 
680 
- 

1.36 
1.38 
1.40 
1.42 
1.44 

1.47 
1.49 
1.61 
1.53 
1.65 

1.60 
1.58 
1. cx) 
1.02 
1.83 

1.65 
1.07 
1.08 
1.70 
1.71 

1.72 
1.74 
1.75 
1.70 
1.77 

1.78 
1.79 
I. 80 
1.81 
1.82 

1.B 
1.w 
1.87 
1.88 
1.88 

1.89 
1.80 
1.80 
1.80 
1.91 

1.91 
1.91 
1.91 
1.91 
1.91 

- 
685 
- 

1. 
1. 
1. 
1. 
1. 

1.. 
1.1 
1. I 
l . ,  
1.1 

1.1 
1.1 
l.I 
l.I 
l . L  

1.0 
1.6 
1.7 
1.7 
1.7 

1.7 
1.7 
1.7 
1.7' 
1 .8  

1.8 
1.8 

1. E 
1.81 

1.a 

SIDE ARGUMENT-STAR'S ZENITH DISTANCE (C). 
[For factor d use lefthand argument. For factor B use rlghthand argument. For fnctor C us0 bottom line on LAb page.] 

(100 - 
1.4  
1.41 
1.4; 
1.6 
1 . 6  

l . M  
1.M 
1 . a  
1.0: 
1.0. 

1 . a  
l . @  
1.7t 
1.7; 
1 . G  

1.75 
1.77 
1.78 
1.80 
1.81 

1.83 
1.84 
1.85 
1.87 
1.88 

1.89 

1.91 
1.92 

.1.93 

1.94 
1.95 
1.90 
1.88 
1.97 

1.98 
I.% 
1. 99 
1.99 
1.99 

2.00 
2.00 
2.00 
2.00 
2.00 

1. m 

' 
1.. 
1.1 
1.1 
1.1 
1.1 

1.1 
1.( 
1.( 
I . (  
1.t 

l.f 
1.; 
1.; 
1.; 
1.;' 

1.7, 
1 .7  
1.8 
1 .g  
1.E 

1.8 
1.81 
1. W 
1.9: 

1.9: 
1.9: 
1.9' 
1.01 
1.M 

1.9: 
1.98 
1.99 
1. 99 
2.00 

2.01 
2.01 
2.02 
2.02 
2.02 

2.03 
2.03 
2.03 
2. 03 
2.03 

1 . a  

- 
1.1 
1.1 
1.1 
1. I 
l.f 

1. f 
l.f 
l . t  
1. f 
1.i  

1. i 
1. i 
1. i 
1.6 
1. & 

1.8: 
1.84 
1 . 8  
1.81 
1.W 

1.9 
1.8: 
1. 9' 
1.R 
1.9; 

1.91 
1. w 
2. o( 
2.01 
2.0: 

2.0: 
2-04 
2.05 
2.08 
2. o(i 

2.07 
2.08 
2.08 
2.08 
2. 09 

2. 08 
2. 09 
2.08 
2.10 
2.10 

1140 
- 

- 
02, 
- 

1. 
1. 
1. 
1.1 
1.1 

1. I 

1. 
1. ' 
1.; 

1.' 
1.' 
1.1 
1.1 
I .& 

1 .8  
1.8 
1.9 
1.9 
1.9 

1.9 
1.9 
1.9 
1.9 
2.01 

2.0 

2.0. 
2.01 
2. a 
2 .0  
2.07 
2.08 
2. 09 
2.10 

2.10 
2.11 
2.12 
2.12 
2.12 

2.13 
2.13 
2.13 
2.13 
2.13 

I . !  

2. a 

- 
62' 

- 
621 
- 

1. 
1. 
1. 
1. 
1. 

1. 
1. 
1. 
1. 
1. 

1. 
1. 
1. 
1. I 
1.8 

1.8 
1. 9 
1.9 
1.9 
1.Q 

1.9 
1.9 
2.0 
2.0 
2.0 

2.0 
2.0 
2.0 
2.0 
2.0 

2.1 
2.11 
2.11 
2.13 
2.13 

2.14 
2.16 
2.15 
2.15 
2.10 

2.10 
2.16 
2.16 
2.17 
2.17 

- 
a3' - 
1. I 
1. I 
1.1 
1.1 
1.1 

1.' 
1.' 
1.' 
1. ' 
1.1 

1. I 
1.1 
1. 1 
l . t  
1.0 

1 . a  
1 .0  
1.B 
1 .a  
2.01 

2.0 
2. a 
2. a 
2.0 

2.01 
2 . 0  
2.1 
2. 1: 
2 1: 

2.18 
2.16 
2.15 
2.10 
2.17 

2.18 
2. 18 
1.19 
1. 19 
1. 19 

2. a 

2. m 
I. m 

2. m 
2.20 
2.20 

I 
W" - 
1.0 
1.6 
I .& 
1.0' 
1.7: 

1.7, 
1.7' 
1.71 
1.8 
1.8' 

1.M 
1.81 
1. W 
1.B: 
1.94 

1.90 
1.98 
2.00 
2.02 
2.03 

2.05 
2. Og 
2.08 
2.09 
2.11 

2.12 
2.13 
2.14 
2.15 
2.10 

2.17 
2.18 
2.19 

2.21 

2.22 
2.22 
2.23 
2.23 

2.24 
2.24 
2.24 
2.24 
2.24 

2.20 

2.21 I 

1.6' 
1.7I 
1.7: 
1.71 
1 . n  

1.g 
1.8: 
1.84 
1.a 
1.R 

1.9: 
l.9! 
1.9; 
I . %  
2.01 

2.03 
2.05 
2.07 
2. 09 
2.11 

2.12 
2.14 
2.15 
2.17 
2.18 

2.20 
2.21 
2.22 
2.23 
2.24 

2.25 
2. UI 
2.27 

2.29 

2.29 
2.30 
2.31 
2.31 
2.31 

2.32 
2.32 
2.32 
2.32 
2.32 

a. 28 

- 
85" - 
1. 71 
1.7 
1.7 
1.7 
1.8 

1 . 8  
1 .8  
1. a 
1.9  

1 . g  
1.91 
2.0 
20:  
2.05 

2.07 
2.09 
2.11 
2.13 
2.14 

2.16 
2.18 
2.19 
2.21 
2.22 

2.24 
2.25 
2.28 
2.27 
2.29 

2.30 
2.31 
2.31 
2.32 
2.33 

2.34 
2.34 
2.36 
2.35 
2.30 

2.30 
2.30 
2.30 
2.37 
2.37 

_- 
c - 
44 
43 
42 
41 
40 

39 
38 
37 
30 
35 

34 
' 3 3  

32 
31 
HO 

29 
28 
27 
20 
25 

24 
23 
22 
21 
9.0 

19 
18 
17 
16 
15 

14 
13 
12 
11 
1 0  

0 
8 
7 
0 
6 

4 
3 

1 
0 

a 
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. 0: 

.1( 

.14 

.1f 

.24 

.z 

.33 

.3E 

.43 

.41 

.62 

.57 

.61 .a 

.76 

.80 

.84 

.89 .a 

.98 
1.02 
1.07 
1.11 
1.15 

1.24 
1.28 
1.32 
1.86 

1.40 
1.45 
1.49 
1. fl3 
1. 60 

1.00, 
1.04 
1.88 
1.72 
1.75 

1.79 
1.83 
1.88 
1.69 
1.93 

.n 

1. m 
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Table of f i s  for reduction of transit observations. 
TOP ARGUMENT-STAR'S DECLINATION (a). 

SIDE ARGUMENT-STAR'S ZENITH DISTANCE (0. 
.[For factor A use lefthand argument. For factor B use righthand argument. For factor C us0 bottom &e on opposite page.] 

.a .a 

. 1 4  

.1f 

.z 

.zi 

.31 

.3t 

.41 

.4E 

.5c 

.M 

.m 

.m .a 

.72 

.70 

.81 

.85 

.89 

.94 

.98 
1.02 
1.06 
1.10 

1.16 
1.19 
1.23 
1.27 
1.31 

1.35 
1.39 
1.42 
1.46 
1.W 

1.64 
1.67 
1.01 
1.05 
1.88 

1.71 
1.76 
1.78 
1.82 
1.85 , 

- 
88" 

-1-1 

3r I 0710 I 

.01 

.1c 

.1€ 

.!u 

.8 

.3c 

.3€ 

.4c 

.45 

.5c 

.65 

.80 .a 

.70 

.76 

.80 

.85 

.90 

.94 .w 
1.04 
1. 09 
1.13 
1.18 
1.23 

1.27 
1.32 

1.41 
1.46 

1.49 
1.54 
1.68 
1.02 
1.88 

1.70 
1.74 
1.79 
1.82 
1.88 

1.04 
1.88 
2.02 

1. a6 

1.m 

2.05 , 
-- 
Do 40' 69'60', 

- 
70" 10 
__ 

.a 

.1c 

.1€ 

.!u .a 

.31 

.30 

.41 

.40 

.61 

.6€ 

.O1 

.0a 

.71 

.70 

.81 

.88 

.91 

1.01 

1.06 
1.10 
1.16 
1.20 
1.25 

1.29 
1.34 
1.38 
1.43 
1.47 

1.62 
1.60 
1. 60 
1.05 
1.69 

1.73 
1.77 ' 
1.82 
1.88 
1.89 

1.93 
1.97 
2.01 
2.05 
2.08 

.m 

- 
07' 
- 
074" 

- 
C 
- 

1 
2 
3 
4 
L 

7 

Q 
10 

11 
12 
13 
14 
16 

10 
17 
18 
19 
90 

21 
a2 
P 
24 
26 

28 n 
28 
29 
80 

31 

33 

36 

36 

38 
a9 
40 

41 
42 
43 
44 
45 

a 
a 

a2 

a4 

a7 

- 

- 
650 
- 

.04 

.08 

.12 

.17 
.21 

: 25 
.29 
-33 
.37 
,41 

.45 

.49 

.63 

.57 

.01 

.05 

.69 

.73 .. 77 

.81 

.85 

.89 

.92 

.BB 
1.00 

1.04 
1.07 
1.11 
1.16 
1.18 

1.22 
1.25 
1.29 
1.32 
1.30 

1.39 
1.42 I 
1.40 
1.49 
1.62 

1.65 
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.64 
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1.04 
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1.23 
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1.37 
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.89 
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1.36 
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1.05 
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1.41 
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72 
71 
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67 
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67 
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.l: . l i  
,21 

.% .a 

.34 

.38 

.42 

.5c 

.54 
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.25 

.30 

.34 

.39 

.44 

.40 

.54 

.59 

.64 

.88 

.73 

.78 

.83 

.88 

.92 .w 
1.02 
1.08 
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1.29 
1.33 
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1.93 
1.97 
2.00 

00' 30 
- 

.01 

.1( 

.1€ .x 

.8 

.3c 

.3€ 

.4c 

.45 

.5c 
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.91 

.88 
1.00 
1.04 
1. OB 
1.13 

1.17 
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DETERMINATION OF QIME. 

Table of factors for reduction of transit o b s d w n s .  
TOP ARGUMENT-STAR'S DECLINATION (a) .  

SIDE ARGUMENT-STAR'S ZENITH DISTANCE (c) 
[For faotor A uselefthand argumont. For fmtor B use rlghththand argument. For hotor C us0 pottom line on Lhb page.] 
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2.67 

2.58 
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2.61 
2.61 
2.61 
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874" 

00" 07' 08' 
- 

1. B: 
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2 . a  
2.21 
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2.31 
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2.31 
2.3t 
2.4( 
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2.40 
2.47 
2.49 
2.51 

2.52 
2.64 
2.55 
2.67 
2.58 

2.59 
2. Bo 
2.01 
2.62 
2.63 

2.64 
2.04 
2. e5 
2.08 
2.88 

2.08 
2.67 
2.67 
2.67 
2.67 

- 
C - 
a 

44 
43 
42 
41 
40 

39 
38 
37 
30 
36 

34 
33 
32 
31 
80 

29 
1 
27 
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24 
23 
22 
21 eo 
19 
18 
17 
16 
15 

14 
13 
12 
11 
10 
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8 
7 

6 
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- 
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2.24 
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2.3; 
2.4( 

2.42 
2.4t 
2.4€ 
2.51 
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2. M 
2.51 
2.K 
2. @ 
2 . a  

2.0; 
2.00 
2.71 
2.73 
2.75 

2.77 
2.78 
2.80 
2.81 
2.82 

2.84 
2.85 
2.88 
2.87 
2.88 

2.89 
2. 90 
2. m 
2.91 
2.91 

2. m 
2.02 
2. ga 

2.92 
a. w 

2. a 
2. (Y 
2.1: 
2.11 
2. l! 

2.21 
2 . 2  
2.21 
2.3 
2.3, 

2.3 
2.31 
2.4: 
2.4! 
2 . 4  

2.51 
2.61 
2. b 
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2.5' 

2.6. 
2.03 
2.65 
2.67 
2.88 

2.70 
2.72 
2.73 
2.74 
2.70 

2.77 
2.78 
2.79 
2.80 
2.81 

2.82 
2.83 
2.83 
2.84 

2.85 
2.85 
2.86 
2.88 
2.88 

a. 84 

1.71 
1.7( 
1.7f 
1.82 
1.8: 

1.8; 
1. B( 
1.91 
1.9: 
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2. o( 
2. Oi 
2. o! 
2.0; 
2. o( 

2.11 
2.13 
2.1: 
2.1; 
2.1c 

2 . x  
2.22 
2.24 
2.25 
2.27 

2.28 
2.29 
2.31 
2.32 
2.33 

2.34 
2.35 
2.36 
2.37 
2.38 

2.38 
2.39 
2.39 
2.40 
2.40 

2.41 
2.41 
2.41 
2.41 a. 41 

1.7 
1 . a  
1.K 
1.81 
1.81 

1.9 
1.9. 
1. w 
1.81 
2.0 

2 . 0  
2. a 
2. (u 
2.1 
2.1: 

2.11 
2.1' 
2.M 

'2 .2  
2. z 
2 . 2  
2.26 
2.28 
2.30 
2.31 

2.32 
2.34 
2.35 
2.36 
2.37 

2.30 
2.40 
2.40 
2.41 
2.42 

2.43 
2.43 
2.44 
2.45 
2.46 

2.45 
2.46 
2.46 
2.46 
2.46 
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- 
- 
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2.1: 
2.1: 
2.1: 
2.1f 
2.2: 

2.2. 
2.24 
2.21 
2.3( 
2.3: 

2.31- 
2.36 
2.37 
2.39 
2.40 

2.42 
2.43 
2.45 
2.40 
2.47 

2.48 
2.49 
2.50 
2.51 
2.62 

2.53 
2.53 
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2.65 
2.56 

2.65 
2.58 
2.50 
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2.0; 
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2.1; 
2.24 

2.24 
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2.3( 
2.31 
2.3f 

2.3( 
2.41 
2.44 
2.4i 
2.4f 

2.62 
2. M 
2.51 
2.5( 
2.01 

2.65 
2.05 
2.07 
2.09 
2.70 

2.72 
2.74 
2.75 
2.77 
2.78 

2.70 
2.80 
2.81 
2.82 
2.83 

2.84 
2.85 
2.88 
2.88 
2.87 

2.87 
2.87 
2.88 
2.88 a. 88 - 
3.W - 

2. a 
2. 11 
2. II 
2. I! 
2.2: 

2 . 2  
2 . 2  
2.31 
2.3) 
2.31 

2 . 4  
2.4: 
2.41 
2.4! 
2.5 

2 . 6  
2.54 
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2.0 
2.0: 
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2.07 
2.09 
2.71 
2.73 

2.74 
2.76 
2.77 
2.79 
2.80 

2.81 
2.83 
2.84 
2.85 
2.88 

2. @a 
2.87 
2.88 
2.88 
2.89 

2.89 
2.90 

2.80 
a. m 
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2.11 
2.11 
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2.21 

2. a! 
2.31 
2.31 
2.31 
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2. x 
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2.8; 
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2. G 
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2.71 
2.73 
2.76 
2.77 

2.79 
2.80 
2.82 
2.83 
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2.86 
2.87 
2.88 
2.89 
2.90 

2.91 
2.92 
2.92 
2.93 
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2.94 
2.96 
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2.95 
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.35 

.41 
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.70 
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.87 

.92 
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1.04 
LOB 
1.15 

1.20 
1.20 
1.31 
1.36 
1.42 

1.47 
1.52 
1.68 
1.63 
1.88 

1.73 
1.78 
1.83 
1.88 
1.92 

1.97 
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2.11 
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2.x 
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2.37 
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Table of factors for reduction of transit observations. 
TOP ARGUMENT= STAR'S DECLINATION (a). 

SIDE ARGUMENT-STAR'S ZENITH DIBTANCE (C). 
[For factor A use lefthand argument. For factor B use righthand argument. For factor C use bottom llne on opposile page.] - 
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85 
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80 
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77 
76 
75 

74 
73 
72 
71 
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69 
88 
67 
66 
65 

64 
63 
62 
61 
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59 
68 
67 
56 
65 

64 
53 
52 
51 
60 
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48 
47 
46 
45 

.06 
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.35 

.41 
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.a 
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.75 
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.88 

.92 
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1.03 
1.08 
1.14 
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1.25 
1.30 
1.36 
1.41 
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1.66 
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2.09 
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1.12 
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1.38 
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1.48 
1.53 
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1.78 
1.83 
1.87 

1.82 

2.01 
2.06 
2.10 
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2.27 
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.ll 
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.23 
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.89 

.05 
1.00 
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1.11 
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1.37 
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1.76 
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2.25 
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.ll 

.17 .n 
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1.04 
1.10 
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1.25 
1.30 
1.36 

1.41 
1.46 
1.51 
1.56 
1.60 

1.65 
1.70 
1 75 
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2.02 
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71' 50' - 

- 
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2.78 

2.81 
2.83 
2.85 
2.87 
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2.6I 
2.71 
2.74 
2.7L 

. 2.78 
2.80 
2.82 
2.84 
2.86 

2.88 
2.80 
2.91 
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3.04 
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10 
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21 
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23 
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29 
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31 
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33 
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1.06 
1.12 
1.18 
1.24 

1.30 
1.30 
1.42 
1.48 
1.63 

1.59 
1.65 
1.70 

1.81 

1.87 
1.92 
1.98 
2. a3 
2.08 

2. 1, 
2.1, 
2.2 
2.2 
2.3 

2.3 
2.4 
2.4 
2.6 
2.5 

14" 

1.76 

- 

4'10' 74'W --I- 3"30' 73"40' -I-' 10 1w 

.07 

.13 

.27 

.34 

.Q 

.47 

.64 .eo 

.74 .en 
.87 
.94 

1.00 

1.06 
1.13 
1.19 
1.28 
1.32 

1.38 
1.46 
1.51 
1.67 
1. e3 

1. e9 
1.75 
1.81 
1.87 
1.83 

1.88 
2.05 

2. l e  
2 . z  

2.2 
2 .3  
2 . 3  
2.4 
2.4 

2.6 
2.6 
2.6 

2.7 

.m 

. e7 

2. i o  

2. e 

.06 

.E 

.19 

.25 

.31 

.37 

.43 

.EJJ .w 

.62 

.e8 
.74 
.80 
.&i 
.92 

.98 
1.04 
1.10 
1.16 
1. 22 

1.27 
1.33 
1.39 
1.45 

1.66 

1.72 
1.78 

1.83 
1.88 
1.94 
1.88 
2. M 

2.0  
2.1 
2.1' 
2.2 
2.2 

2.3 
2 .4  
2.4 
2.6 

1, 

1. e1 
1. e7 

a. 3 

.07 

.13 

.25 

.33 

.40 

.40 

.Ea 

.69 

.88 

.72 

.79 

.85 

.92 

.98 

1.04 
1.11 
1.17 
1.23 
1.28 

1.30 
1.42 
1.48 
1.64 
1.80 

1.66 
1.72 
1.78 
1.83 
1.88 

1.95 
2.00 
2. OB 
2.11 
2.17 

2.2 
2 .2  
2 . 3  
2 .3  
2.4 

2.4 
2.6 
2.6 

2.8 

740 4 

.m 

2. e 
- 

.07 

.14 

.20 

.27 

.34 

.41 

.48 

.54 

.e8 

.74 

.81 

.88 

.95 
1.01 

1.14 
1.21 
1.27 
1.34 

1 . a  
1.63 
1.69 
1. e.! 
1.71 
1.71 
1.82 
1 . 8  
1.9: 

2.01 
2.0; 
2.1: 
2. lf 
2.2. 

2.3 
2.3 
2.4 
2.4 
2. L 

2. L 
2. t 

2.1 
2. $ 

. e1 

1.08 

1.40 

2. f 

.07 

.13 

.n 

.33 

.40 

.47 

.63 .eo 

.88 

.73 
179 
.86 
.93 
.88 

1.06 
1.12 
1.18 
1.24 
1.31 

1.37 
1.43 
1.49 
1.55 
1.02 

1.68 
1.74 
1.79 
1.86 
1.91 

1.97 
2.02 
2.08 
2.14 
2.19 

2.2. 
2.3( 
2.3! 
2.41 
2.41 

2.6 
2. M 
2.6 
2. B 
2.71 

1 74' M 

.m 

- 

.06 

.12 

.18 

.24 

.30 

.30 

.42 

.48 

.63 

.69 

.e5 
.71 
.77 
.83 
.89 

.94 
1.00 
1.06 
1.11 
1.17 

1.22 
1.28 
1.34 
1.39 
1.45 

1.50 
1.66 
1.60 
1.88 
1.71 

1.76 
1.81 
1.86 
1.91 
1.88 

2.0 
2.01 
2.1 
2. 1. 

2 .2  
2 . 2  
2 . 3  
2 . 3  
2.4 

18' 

2.a  

- 

.06 

.12 

.18 

.24 

.30 

.30 

.42 

.48 

. M  .eo 

.e6 

.72 

.78 

.84 

.89 

.95 
1.01 
1.07 
1.12 

1.24 
1.29 
1.36 
1.40 
1.48 

1.61 
1.67 
1.01 
1.67 
1.73 

1.7E 
1.82 
1.81 
1 . E  
1.N 

2.0 
2.0 
2.1 
2.1 
2.2 

2.2 

2.3 
2.4 
2.4 

1. i a  

2. a 

- 
730  11 

.06 

.12 

.18 

.24 

.30 

.36 

.42 

.48 

.64 .eo 

.e0 

.72 

.78 

.84 

.Bo 

.96 
1.02 
1.08 
1.14 
1.19 

1.25 
1.31 

1.42 
1.47 

1.63 
1.68 
1.64 
1. e9 
1.74 

1.80 
1.86 
1. Bo 
1.85 
2.00 

2.11 
2.1, 
2 . 1  
2 .2  

2.2 
2 . 3  
2 .3  

2.4 

I. 3e 

2. a 

a. 4 

.@3 

.13 

.19 

.a3 

.32 

.39 

.45 

.62 

.MI 

.e4 

.71 

.77 

.83 

.80 

.9e 

1.02 
1.08 
1.14 
1.21 
1.27 

1.33 
1.39 
1.45 
1.61 
1.60 

1. e2 
1.68 
1.74 
1. a 
1.86 

1.91 
1. 88 
2.02 
2.07 
2.12 

2.1, 
2.2 
2.2 
2 .3  
2 .3  

2.4 
2.4 
2.6 
2.6 
2. e - 

740 21 

.06 

.13 

.19 

.20 

.32 

.38 

.45 

.61 

.67 

.e4 

.70 

.82 

.89 

.95 

1.01 
1.07 
1.13 
1.19 
1.25 

1.31 
1.37 
1.43 
1.49 
1.65 

1.66 
1.72 
1.78 
1.83 

1.89 
1.94 
2.00 
2.05 
2:10 

2. l! 
2.21 
2.2( 
2.3 
2.31 

2 . 4  
2.41 
2. M 
2 . 6  
2 . 6  

.?e 

1. e1 

.06 

.12 

.18 

.24 

.31 

.37 

.43 

.49 

.66 

.07 
.73 
.79 
.86 
.91 

.97 
1. a3 
1. 08 
1.16 

1.20 
1.32 
1.38 
1.43 
1.49 

1.64 
1. eo 
1. 65 
1.71 
1.70 

1.81 
1.87 
1.92 
1.97 
2.02 

2.0; - 2.1: 
2.1; 
2.2: 
2.24 

2 . 3  
2.31 
2 . 4  
2. u 
2. 4! 

. e1 

1. m 

- 
7 3 0  3c 
- 

.06 

.12 

.18 

.24 

.30 

.35 

.41 

.47 

.63 

.69 

.e5 
.70 

.82 

.88 

.93 .w 
1.05 
1.10 

1.21 
1.27 
1.32 
1.38 
1.43 

1.48 
1.54 
1.69 
1. e4 

1.74 
1.80 
1.85 
1.89 
1.94 

1. M 
2.04 
2. o( 
2.13 
2. If 

2.2: 
2.2: 
2.3: 
2. a! 
2. M 

7a'a 

.7e 

1. ie 

1. e9 

- 
76' 7306 

I 
, 740 1c 



DETERMINATION OF TIME. 

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

SIDE ARQUMENT-STAR'B ZENITH DISTANCE (C). 
[For fwaotor A us0 left-hand argument. For factor B uso right-hand argumont. For factor C use bottom lIno on th& page.] - 

'6' 10' - 
2.81 
2.88 
2. 80 
2.95 
2.89 

3.04 
3.08 
3.12 
3.10 

3.24 
3.28 
3.31 
3.35 
3.38 

3.42 
3.48 
3.48 
3.61 
3.64 

3.67 
3.00 
3.62 

3. 20 

- 
!O 40' - 
2.41 
2.45 
2.49 
2.53 
2.67 

2.61 
2.64 
2.88 
2.72 
2.75 

2.78 
2.82 
2.85 
2.88 
2.91 

2.94 
2.90 
2.99 
3.02 
3.04 

3.07 
3. M) 
3.11 
3.13 
3.15 

3.1; 
3.1I 
3.21 
3 . 2  
3.21 

3.24 
3.2: 
3.21 
3 . z  
3.3: 

3.3: 
3.3: 
3.3: 
3.8. 
3.3< 

3.3. 
8.3, 
3.3, 
3.31 
3.31 

72*4( 
- 

- 
20 50' 
- 

2.44 
2.48 
2.52 
2.66 
2.80 

2.63 
2.67 
2.71 
2.74 
2.78 

2.81 
2.84 
2.67 
2.80 
2.93 

2. Q0 
2. 89 
3.02 
3.04 
3.07 

3.10 
3.12 
3.14 
3.16 
3.18 

3 . x  
3.2: 
3.2, 
3.21 
3 . 2  

3.2' 
3.31 
3.3 
3.3 
3.3 

3 .3  
3.3 
3.3 
3.3 
3.3 

3.3 
3.3 
3.3 
8.3 
3.3 - 

72' B 

78" 
- 

2.40 
2.50 
2.64 
2.58 
2.02 

2.60 
2.69 
2.73 
2.77 
2.80 

2.84 
2.87 

2.93 
2.86 

2.99 
3.02 
3.05 
3.07 
3.10 

3.13 
3.15 
3.17 
3.10 
3.21 

3.23 
3 . 2  
3.2i 
8.Z 
8 . X  

3.3: 
3.3: 
3.3' 
3.3c 
3.3: 

3 . 3  
3.31 
3. u 
3.4( 
3 . 4  

3.4 
3.41 
3 . 4  
3.4: 
3. c 

78' 

2. 80 

- 

1" 10' 
- 
2.49 
2.52 
2.57 
2.01 
2.64 

2.88 
2.72 
2.76 
2.79 
2.83 

2.86 
2.90 
2.93 
2.90 
2.89 

3.02 
3.05 
3.08 
3.10 
3.13 

3.10 
3.18 

3.22 
3.24 

3.21 
3.31 
3.31 
3.3. 

3.3. 
3.31 
3 . 3  
3.3' 
3.41 

3.4 

3.4 
3.4 
3.4 

8.4 
3.4 
3.4 
3.4 
3.4 

73' 1( 

3. m 

3.2r 

a. 4 

- 

- 
om' - 
2.61 
2.55 
2.59 
2.63 
2.07 

2,71 
2.75 
2.78 
2. 89 
2. 88 

2.89 
2.92 
2.86 
2. wa 
3.02 

3.05 
3.08 
3.11 
3.13 

3.18 
3.21 
3.21 
3 . 2  
3. !a 
3 . v  
8.3 
3.3 
3 .3  
3.3 

3.3 
3.4 
3.4 
3.4 
3.4 

3.4 
8.4 
3.4 
8.4 
3.4 

8.4 
3.4 
3.4 
3.4 
3.4 

3. i a  

- 
m a  
- 

- 
I O  30' 
- 
2.53 
2.57 
2.62 
2.60 
2.70 

2.74 
2.77 
2.81 
2.85 
2.88 

2.92 
2.95 
2.99 
3.02 
3.05 

3.08 
3.11 
3.14 
3.16 
3.19 

3. 22 
3.24 
3.26 
3.29 
3.31 

3.3." 
3.31 
3 . 3  
3.31 
3.4( 

3.4! 
3.4: 
3.4, 
3.41 
3.4 

3 .4  
3.4' 
3.4' 
8. B 
3.6 

3.6 
3.6 
8.6 
3.6 
3.6 

'3' 40' 

2.56 
2.80 
2.04 
2.88 
2.72 

2.70 
2.80 
2.84 
2.88 
2.91 

2.95 
2.98 
3.02 
3.05 
3.08 

3.11 
3.14 
3.17 

3.22 

3.25 
3.27 
3.30 
3.32 
3.34 

3 .w 
3.3 
3.48 
3.4 
3.4 

3.4 
3.4 
3.4 
3.4 
3.6 

3.6 
3.6 
8.6 
8.6 
3.6 

8. I 
8.6 
8. I 
8.6 
8.6 

3. m 

73.w 

2.68 
2.63 
2.07 
2.71 
2.76 

2.79 
2.83 
2.87 
2.91 
2.94 

2.98 
3.01 
3.05 
3.08 
8.11 

3.14 
3.17 

3.23 
8.20 

3.26 
3.31 
3.33 
3.36 
3.38 

3.4: 
3.41 
3.4! 
3.4' 

3.41 
3. M 
3.5 
3.6: 
3 . 5  

3. & 
8.51 
8. 61 
3.6 
3. a 
3.5 

8. 6 
8.6 
8.6 

3.20 

3.4r 

a. 6 

73'1 - 

2.61 
2.65 
2.70 
2.74 
2.78 

2.82 
2.88 
2.80 
2.94 
2.97 

3.01 
3.04 
3.08 
3.11 
3.14 

3.17 
3.20 
3.23 
3.20 
3.29 

3.31 
3.34 
8.38 
3.39 
8.41 

3.4: 
3.4 
8 .4  
3.48 
3. ti 

3.5 
3.6 
3.6 
3.6 
3.6 

8.6 
3.0 
8.8 
3.0 

3. e 
8.6 
3.4 
3.0 
8.8 

74. 

a. 6 

- 
- 

- 
740 10' 

2.64 
2. 88 
2.72 
2.77 
2.81 

2.85 
2.89 
2.93 
2.97 
3.00 

3.04 
3.07 
3.11 
3.14 
3.17 

3.21 
3.24 
3.27 
8.20 
3.32 

3.35 
3.37 
3.40 
3.42 
3.44 

3.47 
3.4c 
3. €4 
3.6: 
3 . 6 ~  

3 . a  
3 . 6  
3. M 
3 . a  
3.0 

3.0: 
3.8: 
3. & 
8. & 
3. B 

3.6 
8.6 
8. 6 
8 .0  
3.0 
- 
740 l( - 

__ 
44 20' 

2.06 
2.71 
2.76 
2.80 
2.84 

2.88 
2.92 
2.96 
3.00 
3.03 

3.07 
3.11 
3.14 
3.17 
3.21 

3.24 
3.27 
3.30 
3.33 
3.36 

3.38 
3.41 
3.43 
3.46 
3.48 

3. bT 
3.61 
3. a5 
3.61 
3.51 

3. B 
3.6 
3.6 
3.6 
3.6 

3.6 
3.0 
8.0 
3.6 
3.0 

3. B 
3.7 
3.7 
8. 7 
8.7 

74. a 

- 
14" 30' - 

2.09 
2.74 
2.78 
2.82 
2.87 

2.91 
2.96 
2.99 
3.03 
3.07 

3.10 
3.14 
3.17 
3.21 
3.24 

3.27 
3.30 
3.33 
3.38 
3.38 

3.42 
3.44 
3.4i 
3.4( 
3.5: 

3. 
3.5 
3.6 
3.0 
3.0 

3.8 

3.0 
3.0 
3. e 
3.7 
3.7 
3. 
8. t 
8. i 

8.7 
3. ; 
8. i 
3.: 

. 3.; 

740 3 

3. a 

- 

- 

- 
40' 
- 
2.72 
2.77 
2.61 
2.85 
2.80 

2.94 
2.88 
3.02 
3.08 
3.10 

3.14 
3.17 
3.21 
3.24 
3.28 

3.31 
3.34 
3.37 
3.40 
8.43 

3.40 
3.48 
3.61 
3.68 
3.65 

3. bP 
3. a 
3.8' 
3.6 
3.6 

3.0 
3.6 
3.7 
3.7 
3.7 

3.7 
3.7 
3.7 
3.7 
3.7 

3.7 
3.7 
8.7 
3.7 
3.7 

740 4 
- 

- 

I40 60' 
- 

2.76 
2.80 
2.84 
2.88 
2.93 

2.97 
3.01 
3.05 
3.09 
3.13 

3.17 
3.21 
3.24 
3.28 
3.31 

3.34 
3.38 
3.41 
3.44 
3.4c 

3.40 
,3.51 
3.54 
3.5; 
3.5f 

3.0' 
3.0 
3.6 
3.0 
3.0 

3.7 
3.7 
3.7 
3.7 
3.7 

3.7 
' 3.7 
3. i 

3.1 

3. I 
8.8 
3. I 
3. I 
8. I 

a. E 

- 
74' 6 
- 

- 
76' 
- 

2.78 
2.83 
2.87 
2.92 
2.90 

3.00 
3.04 
3.09 
3.13 
3.16 

3.20 
3.24 
3.28 
3.31 
3.35 

3.38 
3.41 
3.44 
3.47 
3.60 

3.63 
3.50 
3.68 
3.01 
3.63 

3.63 
3.0' 
3. e 
3.7: 

8.7 
3.7 
3.7 
3.7 
8.8 

3.8 
3.8 
3 .8  
3.8 
3.8 

3.8 
3.8 

3.8 
8.8 

a. 7 

8.8 

- 
76' 

73 

- 
- 
44 
43 
42 
I1 
LO 

38 
38 
37 
98 
36 

34 
33 
a!2 

80 

29 
28 
27 
26 
26 

24 
23 
22 
21 
PO 

19 
18 
17 
16 
16 

14 
13 
12 
11 
10 

9 
8 
7 
6 
6 

4 
8 

1 
0 

ai 

a 

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

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

[For Iactor A use left-hand argummt. For factor B use right-hand argument. For factor C use bottom line on w p p i t c  page.] - 
75' 30' 

- 
77' 

- 
'70 10' 

- 
76' 40' - 

.08 

.15 

.23 

.30 

.38 

.45 

.53 

.60 

.68 

.75 

.83 

.90 

.98 
1.05 
1.12 

1.20 
1.27 
1.34 
1.41 
1.48 

1.55 
1.62 
1.69 
1.76 
1.83 

1.90 
1.97 
2.04 
2.10 
2.17 

2.23 
2.30 
2.36 
2.42 
2.49 

2.65 
2.81 
2.67 
2.73 
2.79 

2. & 

2.96 
3.01 
3.07 

2. Bo 

- 
'6.40' 

- 
C 
- 

1 
2 
3 
4 
5 

6 
7 
8 
9 

10 

11 
12 
13 
14 
15 

18 
17 
18 
19 
20 

21 
22 
23 
24 
25 

26 
27 
28 
29 
80 

31 
32 
33 
84 
35 

36 
37 
38 
39 
40 

41 
42 
43 
44 
45 

- 

- 
75" 10 

- 
750 40' 

__ 
76" 

- 
760 10' 
- 
700 w 
- 

.07 

.15 .n 

.30 

.37 

.44 

.52 

.59 

.66 

.74 

.81 

.88 

.95 
1.02 
1.10 

1.17 
1.24 
1.31 
1.38 
1.45 

1.52 
1.58 
1.65 
1.72 
1.79 

1.98 
1.92 
1.99 
2.05 
2.1$ 

2. 18 
2.24 
2.30 
2.37 
2.43 

2.49 
2.55 
2.61 
2.66 
2.72 

2.78 
2.83 
2.89 
2.94 
2.99 - 
'6. 20' 

- 
'60 3w 

- 
760 W - 

.08 

.15 

.23 

.31 

.38 

.46 

.54 

.61 

.69 

.76 

.84 

.91 

.Bo 
1.06 
1.14 

1.21 
1.28 
1.36 
1.43 
1.50 

1.57 
1.64 
1.72 
1.79 
1.86 

1.92 
1.88 
2. 06 
2.13 
2.20 

2.28 
2.33 
2.39 
2.46 
2.62 

2.68 
2.64 
2.70 
2.78 
2.82 

2.88 
2.94 
2.98 
3.05 
3.10 - 

16. BY 

- 
c 
- 
89 
tu3 
87 
86 
85 

84 
83 
82 
81 
80 

79 
78 
77 
76 
75 

74 
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Table of f i r s  for reduction of transit observations. 
TOP ARGUMENT-STAR'S DECLINATION (a). 

SIDE ARGUMENT-STAR'S ZENITH DISTANCE (0. 

[For factor A use Meithand argument. For fector B use rlghthand argument. For factor C use bottom Hue on #Ais page.] 
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Table of factors for reduction of transit observations. 
TOP ARCJUMENT-STAR'S DECLINATION (a). 

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

[For factor A uselefthand argument. For fwtor B use righthand argument. For factor C use bottom line on oppodtc pago.] 
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Table of factors for reduction of tram4 obsmations. 
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[For factor d us0 left-hand argument. For factor B USB righehand argument. For factor C usa bottom line on #A& page.] 

'79 40' 

3.37 
3.42 
3.48 
3.63 
3.68 

3.04 
3.09 
3.74 
3.78 
3.83 

3.88 
3.03 
3.87 
4.01 
4.06 

4.08 
4.13 
4.17 
4.21 
4.24 

4.28 
4.31 
4.34 
4.37 
4.40 

4.43 
4.45 
4.48 
4.60 
4.62 

4.54 
4.60 
4.68 
4.80 
4.01 

4.02 
4.04 
4.06 
4.66 
4.66 

4.88 
4.88 
4.88 
4.88 

17' 40' 

4.07 

77' My 
-- 

3.41 
3.47 
3.63 
3.68 
3.03 

3.08 
3.74 
8.78 
3.84 

' 3.88 

3.83 
3 . w  
4.02 
4.07 
4.11 

4.lb 
4.18 
4 . P  
4.20 
4 . m  

4.34 
4.87 
4.40 
4.43 
4.40 

4.49 
4.61 
4.64 
4.60 
4 . 1  

4.80 
4.02 
4.04 
4.08 
4.07, 

4.88 
4.70 
4.71 
4.72 
4.78 

4:74 
4.74 
4.74 
4.74 

77. 60' 

4.78 

-- 

190 - 
3.40 
3.62 
3.67 
3.03 
3.88 

3.74 
3.78 
3. 84 
3.89 
3.84 

3. BB 
4.04 
4.08 
4.12 
4.17 

4.21 
4.25 
4.29 
4.32 
4.30 

4.40 
4.43 
4.40 
4.48 
4.62 

4.66 
4.67 
4. a0 
4.02 
4.05 

4.07 
4.88 
4.70 
4.72 
4.74 

4.76 
4.70 
4.78 
4.78 
4.78 

4. en 
4.81 
4.81 
4.81 
4.81 

4.01 
4.04 
4.08 
4.09 
4.71 

4.73 
4.76 
4.77 
4.79 
4.80 

78" 
- 

4.08 
4.70 
4.73 
4.76 
4.78 

4.80 
4.82 
4.84 
4.86 
4.87 

4.82 
4.89 
4.84 
4.85 
4.80 

4.80 
4.87 
4.87 
4.88 
4.88 

4.88 
4.80 
4.91 
4.82 
4.83 

4.83 
4.84 
4.84 
4.94 
4.81 

'8" w 
- 

3.01 
3.67 
3.73 
3.78 
3.84 

3.90 
3. 85 
4.01 
4. OB 
4.11 

4.10 
4.21 
4.25 
4.30 
4.94 

4.39 
4.43 
4.47 
4.61 
4.66 

4.68 
4.02 
4. 06 
4. 88 
4.71 

4.74 
4.77 
4.80 
4.82 
4.65 

4.87 
4.89 
4.91 
4.82 
4. M 

4.86 
4.97 
4.88 
4.88 
6.00 

6.00 
6.01 
6.01 
6.01 
6. Oa 

78' 30' 

8' 4(y - 
3.08 
3.72 
3.78 
3.84 
3.80 

4.01 
4.00 
4.12 
4.17 

4.22 
4.27 
4.32 
4.30 
4.41 

4.45 
4.48 
4.63 
4.67 
4.01 

4.05 
4.88 
4.72 
4.76 
4.78 

4.81 
4.84 
4.87 
4.89 
4.82 

4.84 
4. m 
4. BB 
6.00 
6.01 

6.03 
6.04 
6.06 
6. OB 
6-07 

6.08 
6.08 
6.08 
6. OB 
6. 08 

'8' 4w 

3. m 

- 

- 
'8' 60' 
- 

3.71 
3.78 
3. 84 
3.80 
8. m 
4.01 
4.07 
4.12 
4.1R 
4.23 

4.28 
4.33 
4.38 
4.43 
4.47 

4.62 
4.68 
4.00 
4.04 
4.89 

4.72 
4.76 
4.78 
4.82 
4.85 

4.88 
4.91 
4.04 
4. Q0 
4. 88 

6.01 
6.03 
6.05 
6.07 
6.08 

6.10 
6.11 
6.13 
6.14 
6.14 

6. Ili 
6.10 
6.10 
6.10 
6.10 

790 
- 

3.77 
3.83 
3.88 
3.86 
4.02 

4.07 
4.13 
4.18 
4.24 
4.28 

4.34 
4.38 
4.44 
4.48 
4. M 

4.68 
4.03 
4.07 
4.71 
4.76 

4.78 
4.82 
4.88 
4.88 
4.83 

4. m 
4.88 
6.61 
6.04 
6.00 

6.08 
6.11 
6.13 
6.14 
6.10 

6.B 
6.19 
6.20 
6.21 
6.22 

6. 23 
6.23 
6.24 
6.24 
5.24 

790 

'8' 10' - 
8.89 
3.89 
3. WJ 
4.02 
4.08 

4.14 
4.19 
4.25 
4.30 
4.30 

4.41 
4.40 
4.61 
4.60 
4.01 

4.05 
4.70 
4.74 
4.78 
4.82 

4.80 

4.83 
4. 87 
6.00 

6.03 
6.00 
6. 08 
6.11 
6.14 

6.10 
6.18 
6.20 
6.22 
6.24 

6.38 
6.27 
6.28 
6. I 
6.30 

6.31 
6.81 
6.32 
6.32 
6.32 

4. 80 

- 
1Q0 10 

w w 
- 

3.88 
3.85 
4.02 
4.08 
4.14 

4.20 
4.32 
4.37 
4.43 

4.48 
4.63 
4.68 
4.83 
4. 68 

4.72 
4.77 
4.81 
4.86 
4.90 

4. 84 
4. 87 
5.01 
6.04 
6.08 

6.11 
6.14 
6.17 
6.18 
6.22 

6.24 
6.25 
6: 28 
6.30 
6.32 

6.34 
6.36 
6.30 
6.37 
6.88 

6.38 
6.40 
6.40 
6.40 
6.40 

4. m 

78' W - 
a. 86 

4. m 

4.01 
4.08 
4.14 

4.25 
4.32 
4.38 
4.44 
4. M) 

4.65 
4.60 
4.05 
4,70 
4.76 

4.80 
4.86 
4.89 
4.83 
4.87 

6.01 
6.05 
6. 08 
6.12 
6.10 

6.19 
6.22 
6.25 
6. n 
6.30 

6.32 
6.35 
6.37 
6.38 
6.40 

6.49 
6. 46 
6.40 
6.41 

6.47 
6.48 
6. 48 
6.49 
6.49 

79' 30' 

6.41 

- 

W 4 ( y  - 
4.01 
4.08 
4.14 
4.21 
4.27 

4.33 
4.39 
4.46 
4.61 
4.67 

4.62 
4.68 
4.73 
4.78 
4.83 

4.88 
4.82 
4.97 
6.01 
6. Ob 

6.08 
6.13 
6.17 
6.20 
6.24 

6.27 
6.30 
6.33 
6.30 
6.38 

6.41 
6.43 
6.45 
6.47 
6.48 

6.61 
6.62 
6.63 
6.64 
6.66 
6.68 
6.67 
6.67 
6.67 
6.68 
- 
78' 40' 

790 w - 
4.08 
4.14 
4.21 
4.28 
4.34 

4.40 
4.40 
4.62 
4.68 
4.04 

4.70 
4.76 
4.80 . 4.80 
4.91 

4.88 
6. M) 
6.05 
6.06 
6.14 

6. lE 
6.22 
6.25 
6.29 
6.32 

6.30 
6.39 
6.42 
6.45 
6.47 

6. W 
6.61 
6.54 
6.68 
6. bE 

6. Bo 
6.01 
6.02 
5.63 
6.01 

6.66 
6.88 
6.88 
6.88 
6.07 
- 
78' 60' 

80' - 
4.14 
4.21 
4.28 
4.36 
4.41 

4.48 
4.64 
4.80 
4.08 
4.72 

4.83 
. 4.88 

4.81 
4. w 
6.04 
6.08 
6.13 
6.18 
6.22 

6. 20 
6.30 
6.34 
6.38 
6 . U  

6.46 
6.48 
6.61 
6.63 
6.66 

6.69 
6.01 
6.03 
6.05 
8.07 

6.88 
6.70 
6.72 
6.73 
6.74 

6.74 
6.76 
6.76 
6.70 

4. n 

5.78 - 
80. 

77 

- 
E 
- 
D 

44 
43 
42 
41 
40 

38 
38 
37 
30 
35 

34 
33 
32 
31 
80 

29 
28 n 
53 
25 

24 
23 
22 
21 
PO 
19 
18 
17 
10 
16 

14 
13 
12 
11 
10 

9 
8 
7 
6 
6 

4 
3 

1 
0 

a 

4 



P A R T  1 1 .  

THE DETERMINATION OF THE DIFFERENCE OF LONGITUDE OF TWO STATIONS. 

INTRODUCTORY. 

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

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

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

In the chronometric method certain chronometers which aro transported back and forth 
between the stations take the place 01 the telegraphic signals and thus serve merely to compare 
the station chronometers. 

In  each of the lunar methods the observer a t  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 
local time a t  which his observation was made. He may then consult the Ephemeris and h i d  
a t  what instant of Greenwich time the moon was actually in the position in which he observed 
it. The difference between this time and the local time of his observation is his longitudo 
reckoned from Greenwich. One coordinate fixing the position of the moon may be determined 
to serve as a means of deriving a longitude by measuring the right ascension of the moon a t  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 a t  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 ip which it was observed is obtained either from the Ephemeris, from observations 
at Greenwich a t  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 this publication. 
This method has been used to a certain extent by some countries with apparently satisfactory 
results. It will no doubt be used to a considerable’extent in the location of islands which have 
no cable connections. The writer believes that it is much less expensive and more satisfactory 
at present to use the ordinary telegraph lines for the determination of longitude for geodetic 
purposes within the United States. These conditions may be reversed in the not distant 
future. 

1 The times may be either sidereal or mean solar. Usually the sldereal limes are compared because the tlme observetlons are nsarly slweyr 
msde upon stars. 
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DETERMINATION OF LONGITUDE. 79 

The telegraphic method’ is the most accurate known method of determining differences 
of longitude. It is always used in this Survey for all longitude determinations in regions 
penetrated by telegraph lines, and is therefore set forth fully in this publication. 

A method suitable for use in regions not reached by the telegraph,2 is the chronometric 
method. As this has been extensively used a t  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 betweon 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 a t  which the boundary between 
Alaska and British America (one hundred and forty-first meridian) crosses the Yukon and 
Porcupine Rivers were determined by lunar methods.s Comparatively few such cases have 
occurred in late years in this Survey in which it was desirable to resort to observations upon 
the moon t o  determino important longitudes.‘ To have determined these longitudes by trans- 
portation of chronometers would have beon exceedingly *cult and costly, and would have 
given results of a low order of accuracy, for there are more than a thousand miles of slow river 
navigation between the mouth of the Yukon and either station. 

As the lunar methods will probably be used less and less with the lapse of time and the 
increase of traveling facilities, it does not seem desirable to incorporate details in regard to them 
in this publication, especially as such details would greatly increase its sizo. The computa- 
tions involved are long, complex, and difficult. Thoso who wish to study the lunar methods 
are referred for details to Doolittle’s Prartical 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 “Uso of tables.’’ 

PROGRAM AND APPARATUS OF THE TELEGRAPHIC METHOD. 

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

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

GENERAL INSTRUCTIONS FOR LONGITUDE DETERMINATION BY THE COAST AND GEODETIC 
SURVEY WITH TRANSIT MICROMETERS IN LOW LATITUDES (LESS TEAN No). 

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 used 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 €or which the symmetrical record is missing. 

1 The telegraphic method of determining differenoas of longltude was originated by the Coast Survey In 1840, two years after the first trans 
’ mission of telegraphic messages oyer wlres. During the long interval since that time the method has grsdually been bruugbt to ita p m t  high 

etet6 of perfection. For a Utorlcal note on this subject 800 Appendix No. 2, Report for 1697, pp. 202-203. 
2 In cartah mes in which the telegraph line is wanting, the same principles may be used with the substitution of 8 flash of 1Ight between s b  

Mons in the placa of the electric wave. For example, one might so determine the longitudes of the Aleutlan Islands of AIBska, the mccasslve Wan& 
being in general intarvlsible. This method has not, however, been used by this Survey. Tbe cost of determining longitudes by this method wlll 
In general be 80 much genter than by the chronometrlo method (hecause of the many intermediate stations whioh will be requlred between distant 
atattons), as to more than offset its greater f ~ ~ ~ r a c y .  

8 Io the flnal demarcation of the boundary between Alaska and British Columbl8, an initial point on the one hundred and forty-flrat maridien 
was determined telegrapblcally, using transit8 equipped with translt micrometers. The telegraphic longitude came within the range of three 
detetmlnations by lunar methods. The total range of the several lunar determinations of longitude in diderent years WBB 1.1 seconds of t h e .  

‘A  etatement of the results of these determinations, ahlch is eape~~lally Lntetestlng ~9 &owing what error8 may be erpeoted in suoh observa- 
tions, is given In Appendix No. 3 of the Report for 1696. 
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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 corresponding to a residual smaller 
than this should be rejected unless the rejection is made a t  the time of observation. 

3. Each half set of time observations should consist of observations on from 5 to 7 stars 
(6 preferred). 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. I t  is desirable to have the 
algebraic sum of tbe A factors as 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 specsed limit. 

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

5. The telescope should be placed in the position “illumination west” for the first half set 
of each night and it should be reversed before the beginning of 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 difference 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. Thore 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 0*.070, no observations on a 
fourth night should be taken. If one or more of the first three nights give results differing by 
08.070 or more from the mean, or if observations &re secured on a fourth night before the 
results from the b t  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. 

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

10. The field computations are to be kept as closely up to date as practicable. 
11. In malung 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 boo). 

The observing and the field computations for the work in connection with the telegraphic 
determination of longitude in latitudes greater than 60’ 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 ofice after the least square Computations 
have been made. (c) It wil l  be impossible, aa 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 than unity.) (d) In making the computation of the time observatiom 
the observer will use his discretion as to the method to be used, provided it is one of those 
given in this publication. 

USUAL METHOD OF OPERATIONS. 

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

The normal determination of longitude between two stations using transit micrometers 
consists of three nights’ observations without exchange of observers. (Under the 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 the two stations by telegraph in the interval 
between the second and third half-sets. This places the arbitrary signals, by which the chro- 
nometers at the two stations are compared, as nearly as possible in the middle of the observing 
period and it makes the longitude determined depend equally on each of the time sets. The 
two observatories must, of course, be connected by meam of a telegraph line. An arrangement 
is made with the telegraph company for a direct oonnection 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 possible the line should be without 
repeaters. “he advisability of having the statiqn convenient to the telegraph 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. 

“he 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. Illwtration No. 12 shows the actual switchboard and instruments used in these operatio,p: 
This board carries an ordinary telegnaphar’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 soundsr relay 
through a separate battery. When the operator is clearing the line or communicating with the 
operator at the other observatory, .the signal relay cut out, and when signals are being sent it 
is again cut in, and it operatea the pen of the chronograph through a separate battery. ~ Thus, 
at each station, when the signal relayis on Rhe main h e ,  every break of the telegrapher’? 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 l ~ c a l  circuit, as explaiqed on page 12, consists of one principal circuit, the chronograph 
circuit, to which the chronometer circuit and the transit circuit are joined through the points 
of their respective relays. The observing key, when used, replaces the transit circuit. The 
chronograph circuit, connected with the proper binding posts of the switchboard, includes the 
points of the signal relay, except when cut out by a plug switch. This plug is kept in during 
time observations, and taken out only during the exchange of signals. 

A few minutes before the time for &change of signals the telegraph operator securea a 
clear line between stations, apr ta ins  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 dlouds or other causes are making it diflicult 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 

8136’-13----8 



82 U. S. COAST AND QEODETIU 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 themain-linecircuit will nowcause corresponding breaks in the local circuits, 
and a signal made with the telegraph key1 will be recorded on both chronographs. The 
observer at the western station customarily sends signals first, by releasing the telegraph 
key for an instant between the breaks of his chronometer a t  an average interval of two 
seconds. He times these signals so that they will not interfere with his own chronometer 
record, and he must also be prepared to shift them to another portion of the second, if they are 
conflicting with the record of the chronometer at the other station. Notice of an interference is 
given by the other observer by breaking into the circuit and making a succession of quick 
breaks with the key. After 15 to 20 signals have been sent from the western station, covering 
a period of over half a minute, double that number of signals are sent by the eastern observer, 
and then 15 to 20 more are sent by the western observer. This makes a total of 30 to 40 signals 
each way, with the mean epoch of the signals from the two Werent  directions agreeing closely. 
The signals, as a rule, cover a total period of less than three minutes. It is well to make a 
succession of quick breaks a t  the beginning and end of each series of signals. It is also desirable 
to vary the position of each of several signals with reference to the chronometer breaks at the 
beginning of a series or to make several signals at intervals 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 shghtly before it is on the distant chronograph, and this difference in time of 
record is called the transmission time. It depends, itl 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 a t  the two stations.z Signals sent from west to east will make the difference in 
longitude too large, and signals from east .to west will make it too small by the amount of the 
transmission time. By taking the mean of,the differences as given by the signals in both 
directions this source of error is eliminated, p r o ~ d e d  the transmission time is the same in 
both directions.* 

During exchange of signals the chronographs are Tun at double speed, so that the signals 
may be read to hundredths of seconds. The advantago 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.' If portions of the 
record are missed, the corresponding signals at  the two stations may still be identified by com- 
paring the successive differences between signals. 

RECORD OF AN EXCHANGE OF SIGNALS. 

The following is one night's record .of an actual exchange of signals between two stations, 
written as read from the chronograph sheet on tl 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 b to be noted that 
1 The lattsr is probably a emall quantity. &me meeeurementa of the armature t h e  of one of the quick-acting relap uaed in theue longitude 

determiaationa ahowed it to vary from 0.005 to 0.016 eeoond with extreme Changes lr~ adjustments and current. 
a There b elnays some uncartatnty on this wore when repeaters are used in t h e  main telegraph line, becaw of the dletinct IUeChanlGUlav 

menta for repeating the signals in the two dlrectiona. Repeaters are therefore to be avoided 88 far as practicable. 
4 Chronometer signals were formerly ueedAhat is, the chronometers were elternateIy made to send their breaks through the miPlhe clrcult, 

m d h g  on both chronographs. Rome of the ObJectiOna to thin method were llablllty of damage to the polnta of the break Circuit wheel of the 
-meter when put on the mnh h e ,  posslblllty of the record of one chronometer Innterfering wlth the record of the other, and personal equatlon 
in reaging a record that always occurred at the name part of e wand. 

dgnale are made by breaking the clmuit, whlcb L oppcmlte to the ordlnary corresrqndence use of the key. 
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h m  E 
6 34 64.41 

68.92 
68.31 

36 00.22 
82.36 
04.30 
OB. M 
08.31 
10.20 
12. 24 
14.31 
16.22 
1111 
24.28 
25.22 
28.23 
80.28 
31.24 

m. 28 

E$ 

Arbitrary signals. 

Form m. 
[Btatlon, Key Weat, Fle. Date, Feb. 14, IWn. Obeerper, J. 8. Hill. Recorder, J. 8. Hill.] 

Fmm Key Wmt to Miami 11 From Miami to Key Wmt* 

h m  a 
0 33 35.10 

36.42 

38.46 
41.47 
43.43 

48.68 
61. 00 
63.67 
66.86 
68.18 

34 00.61 
02.8 
03.07 
04.77 

45.08 

49. €6 
61.60 
69.47 
66.84 
67. bQ 
68.67 

36 01.67 
03.68 
06.66 
07.66 
OB. 60 
11.63 
12. Q 
13.67 
14.01 
16. M 

37. m sa. m 

4. m 
47. m 

56 42.20 
43. m 
47. m 

Yam: 
6 34.8 

h m  E 
0 27 38.28 

38.83 

41.71 
42.67 
44.07 
46.83 
48. @a 
8.77 
64.78 
€6.77 
68.86 

28 01.37 
03.71 
ob. 72 

8 06.88 
07.86 

29 46.40 
46.72 . e20 
B. 74 
M. 70 
60.07 
68.84 

02.79 
04.77 
OB. 80 
08.76 
10.76 
12.80 
14.74 
16.86 
16.77 

' 17.81 
18.73 

4 .70  

bo. 70 

m. 70 

80 00.80 

6 28.0 
I I  

MC%FM 0 36.1 

Key Weat 
reoord 

~ 

A m  a 
6 28 67.71 

68. a3 
28 01.00 

0 3 . 8  
06.84 
07. bL4 
09.63 
11.80 
13. M 
16.63 
17.61 
18.61 
21.62 
23.67 
27.68 
28.61 
81.63 
33.67 
34.64 
36.73 
37. M 

6 29.3 
0 28.0 

6 28.1 
T ~ u n m h l o  

Dlff. 

m r  
6 60.70 

.OB 

.71 

.70 

.71 

.72 

.71 

.71 

.72 

.71 

.70 

.71 

.70 

.71 

.71 

.71 

.70 

.71 

.70 

.70 

.71 

6 €6.707 
6 68.788 

6 68.752 
lme- . 046 

* Complete eet of slgnale from MLami to Key Wmt 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 chronometer records, and the transmission 
time. It is usually sufficient, in obtaining the mean epocha of signals, where they are symmeb 
rically arranged, to take the mean of the fmt 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 statione, the corrections (AT) determined, and the rate per minute 
computed from the two time eeta observed on each night. In each caae the mean of the epocha 
and of the corrections is given on the third line for each date. These means furnish a correction 
for the chronometer very nearly at  the epoch of the signals, and they thus reduce the work of 
computing the chronometer corrections for the epochs of the sign&. 
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Chronometer corrections and rates. 

6 46.9 
7 11.Al 
8 28.0 

6 64.7 
7 22.4 
8 38.8 

+60.183 
+60.449 +O.M)317 
+60.318 

+M.337 
+M.651 + o . w  
+66.444 

I I I 

COMPUTATION O F  DIFFERENCE O F  LONGITUDE. 

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

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

[ (T , -  T)+:+ (T- ~)'T,"''~ 

T2- TI 
(T-  TI),  and r =  AT,-AT, 

TI AT= AT, + 
where'AT, and f r ,  are the chronometer correction and its probable error derived from the 
first set of time observations at epoch T,, and AT, and fr ,  are the same quantities, respec- 
tively, for the second set at epoch T2. 

Computation of diference of longitude. 
BETWEEN MIAMI AND KEY WEST, FLA. 

h m  I I r m r  m r  I 8 
6 29.1 +46.351 +14.709 +30.8(2 5 68.762 8 27.394 -0.031 0.048 
8 26.8 '60.f  +14.296 +%.W 6 6 1 . W  8 27.316 + .048 .051 
8 P . 8  +M. 3a +l8.470 +41.W 6 45.418 6 27.380 - .017 .047 

MW.. 8 27.383 

8 
Reduotion to longitude ler of 1EQb .97 meyr - +0.m - o.Oo0 

I .  

RednotJon to mean @ion of pole 

Mkml longltnde statlon eeat of Key West longitude statJon-'; d.865 - 1. av rn'.6!26 

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 t h e  observations. The third and the fifth columns give 8imi.l~ data for the western 

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

The values from the various nights are each given unit weight, and their mean is then 
considered to be the observed difference of longitude between the transit instruments at the 
two stations. In the example given ,this difference’ has .a correction applied to it to reduce it 
to what it would have been had the transit at the base station, Key West, been placed exacbly 
over the position occupied by the transit in 1896 (adjusted in the longitude net of the United 
States)’ instead of at a position 0.97 meters east of it. The particular example given is one of 
a series of differences of longitude determined in 1907, commencing at  Key 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 k e d ,  a closing discrepancy was developed which was distributed e q u d y  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 th4 distribution Qf 
the closing error: 

Computation of clo8in.g error between Ey Wmt and Adunta. 

Miami weat of Key Weat 
Jupiter weat of Miami 
Sebsstian west of Jupiter , 

Daytona west of Sebaetian 
Fernandha weet of Daytona 
Atlanta west of Fernandha 

m a  
- 6 27.366 - 0 27.404 + ,1 33.664 + 2 11.332 + 1 46.878 
+11 42.609 

8 

+: 009 +. 009 +. 009 +. 009 +. oo9 +. 010 

m 
- 6  
- 0  
+ 1  
+ 2  
+ I  
+11 

8 
27.356 
27.998 
33.685 
11.341 
46.887 
42.619 

Atlanta west of Key W e d  +lo 19.704 
Atlanta weet of Key West +lo 19.769 

Closingem= + .ob 
(From adjusted longitude net of United Statee) 

+. 066 ’ +lo 19.769 

CORRECTION FOR VARIATION OF THE POLE. 

A correction is neeeesary to reduce the observed astronomic longitude to the mesn posi- 
tion of the pole. About the middle of each year the Latitude Service of the International 
Geodetic Association publishes in the Aatronomische Nachrichten provisional values of the 
coordinates of the instantaneous pole for the preceding calendar year, together with tablee to 
reduce observed latitudes; longitudes, and azimuths to the mean poaition of the pole. The 
proper correction to the longitude may be computed by m e w ,  of these tables, knowing the 
time of observation and the latitude and.longitude of the obsarvipg station. 

DIS(SUS8ION OF ERRORS WHEN TRANSIT MICROMETER IS USED. 

Let it be supposed that the regular program for observations with a transit micrometer, 
The computed 

subject to the following 
three nights’ observations without =hang0 of obeer~eh, has been carried out. 
result, the difference of astronomic longitude of the two P h m J  
errors : 

1 Bse Appendlx a of the Report for 1897. 
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fist. An accidental error arising from the accidental errora of observations of about 72 
stam a t  each station. If the accidental error of observation of a single star be estimated at  
f8.07, which may be considered sufficiently large to cover both the observer’s errors and those 
htrumental errora which belong to the accidental class, then the probable error of the h d  
reault arising from this cause would be f8.07 t ,/%= fB.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 fe.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 f8.03 t a- fB.009. In ordinary casea, in which the 
number of stars not common to both stations is less than l0.per cent, this accidental error is 
reduced to leas than f8.001. 

Third. Errors due to the assumption that the rate of the chronometer ia 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 in 
use against jars and sudden changes of temperature. The errors from this source will be of 
about the same value whether the exchange of signals is made at about the mean epoch of the 
two sets of time observations, or is made at any other epoch with the interval covered by the 
two sets. 

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

Fifth. Errors arising 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 
builtrup portions of great cities, particularly of manufacturing centers. 

Sixth. Emors arising from variation of trammission 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 station to that at which the Signal relay breaks the local circuit at the 
receiving station. This interval is made up of armature time, induction time, and the true 
transmission time of the electric wave passing along the wire. It is only the variation in 
transmission time occurring during the exchange of signals on each night that introduces error 
into the computed result. A8 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 unless the two magnets of the repeater 
are adjusted exactly alike, and half this difference will enter into the comphted 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 
conriection. 

Any change in tr&miaBion 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 as 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 tranemission time through the two signal relays and also 
the dif€erence in the transmission time through the two transit micrometer relays enter as 
errors in the h a 1  result. These errors are made very small in the present longitude work of 
the Survey by using relays which are as nearly alike aa 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 stars at both stations in order to make the exchange 
of arbitrary 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 aa computed from the separate determinations, that is from the residuals, 
but it may be that some of the above errors-for which no numerical values are estimated are 
much larger than supposed. The discussion of errors of time observations on pages 48-61 
of this publication applies to  a certain degree to  longitude work. 

See ais0 Discussion of Errors, when the key method is used, on page 93. 

h m  a 
7 37 08.78 

10.82 
12.78 
15. 28 

PROGRAM -RE NO TRANSIT MICROMETER IS USED. 

Before the adoption of the transit micrometer for longitude work, when the chronograph 
and key method waa in use, it waa 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 personal 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 determinations before and after exchange of observers gave a 
resulting difference of longitude which was independent of the personal equations of the 
observers provided these personal equations remained constant. Except for thii, the program 
of observations was the same as for observations with a transit micrometer (see p. 81). 

The arrangement of the telegraphic apparatus was the same as described on page 81. The 
observhg key took the place of the relay poinh of the transit micrometer. Illustration No. 11 
shows the arrangement of the local and main 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 observing and computing an actual Werence of longitude. 

Record of exchange of s&uzb, and computation of difereme of chronometers. 
[Btatlon, Atlanta, (3% Data, Msr. 7,1898. Observer, 0. R. P. Recorder, 0. R. P.] 

ARBITRARY SIGNALS. 

h m  s 
7 28 51.51 

53.60 
55.52 
68.04 

I From Key West to Atlanta I From AUmts to Key Wmt 

Differenceof KeyWest Difference of 1 m r d  I AtlantaIBMlrd 1 ohronometers I Key W c s t m r d  I Atlentarecord 1 ohr,,,,ometers 

h m  a 
7 36 69.97 
38 01.90 

04.03 
05.98 

* 
68.90 
68.91 

1 r m  s 
7 25 42.39 

44.30 
46.47 
48.39 

28 39.30 
41.34 

*, 

h m  
Means 7 36.6 7 28.2 I h m  

m s  
10 17.68 

.80 

.56 

.67 
Y 

.MI 

.67 

m a  
10 17.670 

h m  
7 27.6 

m a  
10 17.25 

.22 

.26 

.24 
Y 

.27 

.27 

m a  
10 17.249 I 
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BUMMARY O F  RESULTS O F  TIME DETERMINATIONS AT ATLANTA. 

+. 00262 
+. 00310 

Date 

- 7.606 
* 

-12.660 
-12.630 

1896. 
Mar. .  7 

7 
8 
8 

27 
27 

* 
I 
* 

+.ooO43 

Epdh (by 
face of chro- 

nometer) 

E F h ( b Y  
iaceofchro- 

nometer) 

h m  
6 66.4 
8 12.6 
6 56.4 
8 12.6 * 
* 
8 12.4 
9 21.8 

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

8 12.6 
9 22.4 

* 

A~imuth 
ChrmOmebr Rateper colllmatlrm oomtion 

A T. ' wmt East 

8 8 8 8 8 
-11.157 -.@I232 -.05 -1.108 -1.236 
-11.334 -.03 -1.220 -1.108 
-13.994 --.00227 -.06 -1,649 -1.447 
-1t167 I( -.03 -1.644 -1.+680 

- 4.992 -.00223 -.06 -0.181 -0.256 
- 5.147 -.oo -0.121 -0,144 

* * 
* * * * * 

I 

Epoch of sig0;alS t , Chronometer comtions 
DlfIerence 

Data of chronoms 
KeyWest Atlanta t8m KeyWest Atlanta DlfIerence 

T# TW A T# A TW A Tx-A T v  

1896. h m  h m  m 8 8 8 8 
MU. 7 7 36.5 7 28.2 10 17.570 -11.250 -13.468 ' +2.218 

8 7 36.6 7.26.2 10 26.199 -14;085 - 7;649 -S;436 * * * * 
* * * * * * * 

27 8 51.3 8 41.1 10 12.607 - 6.079 -12.648 +7.569 

n ' I  n 

AlW 
(from western 

signals) 

m s  
10 19.788 

l9;763 
* 

20.076 

1896. 
Mar. 7 

8 * 
* 

27 

h m  h m  m s 8 8 8 
7 37.9 7 27.6 10 17.249 -11.263 -13.464 4-2.211 
727.6 727.2 10 %881 -15087 - 7;646 -$441 

8 63.3 8 43.1 10 12.136 - 5.083 -12.617 4-7.664 
* * * * * * 

8 +. 03 -. 01 -. 01 -. 06 

-. 18 -. 22 
* 

Azimuth 

West 

8 -. 154 -. 036 +. 115 +; 190 
* 

+. 183 
4 +.378 

East 

8 +. 035 

+. 313 

+. 165 +. 167 

-. 070 +. 089 
* 
* 

SUMMARY OF RESULTS OF TIME DETERMINATIONS AT KEY WEST. 

I , I 

1896. 
Mar. 7 

7 
8 
8 

27 
27 

* 

* Uncorreoted for transmlsslon tlme and personal equatbn. t By face of chronometer. 

AA FROM EASTERN OR KEY WEST SIGNALS.* 

m u  
10 19.460 

.440 

.700 

* 
* 
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hm Double 
wmtgn or eaetemor 

Atlanta KeyWmt %r 
%? d b  -AA; A1 -- 

m a  m a  a 

.7sa .MI .328 

.7M .H6 .m 
-602 s 4 9 6  -807 

10 19.788 10 19.4eO 0 328 

.8u .m .am 
Moan .317 

10 20.016 10 l9.W .=a 
.076 ,706 .370 
.loa .737 .386 
.074 .721 .3&3 .om .700 .37e 

MW o.am 

COMBINATION OF LONGITUDE RESULTB. 
At one time it waa the custom is the Coast and Geodetic Survey 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 axe 
used. If a regular program is carried out the various nights’ determinations are given equal 
weight, and direct means are taken for the final value of the difference of longitude. How- 
ever, the following 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 resultl, 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 Werent  nights are derived from the 
expression p = 2& where p ,  and p, are the weights of the determinations of the chronom- 
eter corrections a t  the epoch of exchange of signals at the two stations, respectively, 
or p ,  = 7 and p ,  = 7 in which r, and r, are the probable errors of the chronometer corrections. 
To obtain the personal equation the weighted means are taken for each position of the observers, 
and half their difference is the personal equation to be applied with opposite signs to the two 
groups. This gives the corrected result for difference of longitude for each night, ahd the 
weighted mean of all the nights is the final difference of longitude. The probable error of the 

latter is o . a ? r J r  where 72 is the number of nights of observation and 2 is the number of 
n 2)Hp 

unknowns (longitude and personal equation). In the table the means in the seventh and ninth 
columns are weighted means. 

The personal equation is one-half the difference in the weighted results for the two posi- 
tions of the observers, or 

Pl +Pa’ 

1 1 
r1 ra 

19.884 - 19.646 = + .120, 
2 8 - P =  

the sign indicating that S observes later than P. The probable error’ of the personal equa- 
tion may be taken as identical with that of the resulting difference of longitude. 

The transmission time, aa stated, is one-half the difference between the results from western 

and eastern. signsJs, or in this example, = - ‘338-’.169, 2 an unusually large valuo, due fo the 
mesine cable between Key West and the mainland. 

Table of resulting diference of longitude between Atlanta, Qa., and Key West, F h  

Meanof personsl DMerence Resid- 
W G E .  equuon ,o~kde  mht U.Ls 

P U  
- 

m a  a m a  a 

.m .m 11 -.m 
,800 .7m 4 -.w 
-648 .769 13 . +.W .ma 21 +.m7 

10 19.e34 +0.120 10 19.744 8 -.a21 

.ma 
10 19.646 ’ 

10 19.863 -0.120 .732 9 -.W 
.Bw) .no s +.W 
.e19 .788 4 +.a4 
.697 .m 8 +.oia .as .788 6 +.003 

-- 

io 18.884 10 19.786 f0.007 

1 Practically the name result is obtatned by derlvhg separate values for the personal equation by comparing eaoh result in the flrat @tion of 
the obstwm wlth the wmpondlng reauit in the Becond position and computing the probable mor fmm the V a r l a t i o ~  in thme separate velubs. 
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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 dserent  from those shown above. The oEce computation will be facilitated by making 
the fidd 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 the 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 a m  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 aifects its value, that it tends to become constant with experience, 
that it probably differs for slow moving and fast moving stars, and that it is different for very 
faint stars which the observer sees with difficulty from what it is for stars easily seen. 

A systematic error may be present which is due to the tendency of the observer to place 
the wire always to 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 mor. 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 emt and during the other half too far west of the center of the star’s image (or 
vice versa) and the mean of aV the observations would be free from a bisection error. No 
numerical values are available for the effect of the bisection error but it is h o w n  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 we various mechanical devices for the determination of the absolute parsonal 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 aa 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 f d y  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 int’o the loop closure an accumulation of any relative person4 equation that might 
exist. 

In 1906 four differences determined with the transit micrometer between Seattle, Wash., 
and the point where the one hundred and forty-first meridian boundary of Alaska intersects 
the Yukon River, were combined with certain Canadian results to form a loop, and the loop 
closure was reduced to zero by applying a correction of only 0.008 second to each observed 
difference of longitude. 
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In Texas in 1906 the three differences of longitude between the three points, Austiri, Alice, 
and Isabel, were determined, using tr&sit 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 necwsary corrections on the three differences of 
0.8013, 0.8013, and 0."012. 

In 1907 a series of longitude differences was determined,usihg transit micrometers, between 
Key West and Atlanta, for both of which stations adjusted values are given in the longitude 
net of the United States,' and these 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 results are shown on page 85. The correction 
required to be applied to each observed difference to close the loop was OPOO9. A second loop, 
closing on one of the links of the firat loop or forming with a l l  but the 'iast difference of the first 
loop a new loop of eight links between the fixed stations, Key West and Atlanta, obtained 
corrections of only 0."008 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 Bhnesota,Dakota, Nebraska, 
and Iowa, using the transit micrometex. The points held k e d  were the stations of the longi- 
tude net a t  Bismarck arid Omaha. There were four condition equations and ten unknowns 
involved in the adjustment of this secondary net. The largest corrgction to an observed differ- 
ence of longitude obtained was 0.B038 and the smallest w&' 0:8003. Four of the corrections 
obtained were less than 0!010 and seven were less thin 0.801b. 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 observahry'of the new University of 
Washington a t  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 this method 
of observation amounted to only 0.008 second. 

The above evidence justifies the present method of longitude observations with transit 
micrometers without exchange of observers. The evidence is sufficient to justify the 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, where the greatest accuracy is required, as in the determination 
of the difference of longitude between two fixed observatories, then an 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 determination 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 circumatances, involving the question of 
cost, the difficulty of exchange of observers, and to some degree the desired accuracy of the result. 

In  primary longituae determinations, where cost and eaae of transportation are not prohibi- 
tive, the relative personal equation of the observers is eliminated from the result by the o bservem 
changing stations after about one-half of the observing has been done. In  this way the relative 
personal equation will enter the resulting differences of longitude before and after exchange of 
observers with different signs and the moan 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 observa- 
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 s m e  st-, 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 chronometor and chronograph to record both sets of observations, 

1 Sea Appends 2, Report for u)g?. 
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8 8  

1881 AUg. and a p t .  -0.123 iO.008 
1881 N o v . ~ ~  Dw. - .085 06 
1886 Apr. and May - .047 08 
1886 May and June - .131 03 
1885 J u l y ~ d  AUg. - .110 IO 
1886MayandJune -.ma 08 
1886 Juneand July + .olo OB 
1886 Julyand Aug. - .@B 12 
1888 Aug.and Bept. + .aM 04 
1887 May and June + .(MI 10 
1887 June, July, and 

Aug. ]+ "09 l3 
1887 Bept. + .111 13 
1887 Sept.and Oot. + .160 OB 
1695 Feb.and Mar. + .093 11 
1896 Mar. + .076 11 
1885 Apr. +o.m iO.005 

The relatlve peraoncrl equatlon of 
these two obaervera seems to be a 
funotlon of the time and a mean of 
the above valuee would thedm 
have but llttle meaning. 

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 arrangement would be to 
have two chronographs controlled by the same chronometer by means of local relays, and have 
the chronograph records of the two instruments independent of one another. The difference of 
the two chronometer corrections thus determined, corrected for the very small longitude Mer- 
ence between the two transit instruments, is the personal equation of the two observers. Some 
times different chronometers are used and compared in the same manner as in actual longitude 
determinations. 

The relative personal equation may also be observed with a single transit instrument as 
follows: On the h t  star A observes the transits over the linea of the first half of the diaphragm, 
then quickly givea place to B who observes the transits acrosa the remainder of the lines, omitting 
the middle line. On the second star B observes on the fimt half of the diaphragm and A follows. 
After observing a series of stars thus, each leading alternately, 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 acrosa the mean line of the diaphragm. The difference of the two deducedtimes 
of transit across the mean line ia the relative personal equation. If each has led the same 
number of times in observing, the result is independent'of any error h the assumed equatorial 
intervals of the lines: No rea- of the striding level need be taken, and the result is lees 
affected by the instability of the instrument than in the other method. If the stars observed 
by this method are so selected as to form time sets, and the chronometer corrections arecomputed 
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 also upon the constancy of the relative personal equation of the two obser- 
vem concerned, there is shown below a table which gives some values of &he relative personal 
equation as derived from telegraphic longitude Observations (key and chronograph method). 
The values in this table indicate to what extent the relative peraonal equation may be expected 
to vary from month to month and year to year. The plus sign indicates that the observer 
h t  named obsexves later (slower) than the other. - 

Relutive personal equatbn (not reduced to equator). 

8 8  

1Bs8 Bept. and Oat. +O. 188 fO. 008 
1888 Bept. + .210 OB 
1888 Oct. and Nov. + .I44 11 
1 S 9  Dec.andJan. + .214 10 
1888 Jan. +.!233 05 
l(MBJan.wdFeb. + . p d  07 
1888 Feb. and Mar. + . a 7  07 
1888 A h .  and Apr. + .278 12 
1889 Apr.andMay + ,217 l2 
1888 May and June + .282 18 
1888JuneandJuly + .246 07 
laRB July +.n5 08 
1888 July +.a36 05 
1.459 July w d  Aug. + .228 15 
1888 Aug. +.284 08 
1888 Aug.andSept. + .Po 06 
le89 Bept. +.258 07 
1890 Mayand June + .166 14 

18go Julyand Aug. + . a 7  14 
I890 July +.!us 10 

1 m  Aug. +o.ns f0.008 

Y e ~ n  8.-M.- +o. 241 
Prob. error+ of a dngle value fo. 016 

- 

C. H. 8lnCldr-E. Bmlth I C. H. Blnclalr-R. A. Marr 
114 Y-I 14 Y - ~ I  

C. H. Binclalr-G. R. Putnam 
[5 Y e n 4  

8 8  

1881 May and June +O. 184 f0.011 
1881 Juneand July + .140 08 
1891 July + .172 OB 
1691 Aug. + .161 10 
1881 Aug. and Bept. + .176 11 
1882 Feb.andMar. + .I80 06 
1882 Mar. + .192 lx 
1883 Mar. and Apr. ;e .I40 02 

1692 Apr. + .I60 05 
1892 Apr.andMay + .126 04 
1692 June and July + .lo8 IO 
1883 Feb. and Mar. + .os2 10 
18BB Feb. and Mar. + .166 m 
1898 Mar. + .I28 07 
1896 Apr. +.E2 05 
1896 Apr.andMay + .181 05 
1896 May and June + .142 13 
1896 June and July +O. 12.4 fO. 008 

Mean 6.-P.- +O. 147 
Prob. error. of a slngle value f 0.020 

Thb d u e  may be taken an a meawe of tha variablllty of the personal equation. 
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Each value in the table depends upon 8 or 10 nights of observation, 4 or 5 nighb 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 from 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 gEY AND CHRONOGRAPH ARE USED. 

This discussion is based upon the supposition that the regular program for longitude obser- 
vations when using an observing key and chronograph, 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. 

These sources of error are given the same order as those shown on pages 85-87 under the 
heading: Discussion of Errors when Transit Micrometer is Used. 

First. An accidental error arising from the  accidental errors of observations of 200 stars 
a t  each station. If the accidental error of observation of a single star be estimated at fO.elO, 
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, the probable error of the final result 
arising from this cause would be f0."10+ ,/loo- f0.'010. 

Second. The statement on page 86 regarding the accidental error arising from the, acci- 
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 the 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 errors 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, etc., 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 exhibited in the residuals 
corresponding to the separate nights 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 errora due to 
variation in the transmission time. 

Seventh. The difference of the transmission time through the two signal relays entera 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, if 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 a t  both stations to such an extent aa wil l  bring the exchange of time signals near the 
middle of the time observations a t  each station. The error of right ascension thus introduced 
will be more than offset by the accuracy gained by the proper placing of the exchange. 

Are there appreciable errors which are constant for the night in the time determinations 
or in the other operations involved in the determination of a longitude difference by the tele- 
graphic method; and if so, what is the average magnitude of such errors? The excem of the 
probable error of a longitude difference computed aa indicated on page 89 over ita value as de- 
rived from the computed probable errom of the chronometer corrections at exchange is due to 
errors which are constant for and peculiar to each night. Using this principle' the error peculiar 

1 For the fonnulta wed In applylng a ilmllar prlnolple to latltude obeervatlons, we pp. llw23. 
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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 f 0.8013. It should 
be noted that the errors discussed under all but the b t  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 dmost 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 the interval of several days over which the determination extends; and, 
if so, what is the average magnitude of such errors? We may obtain an answer to this question 
by comparing the probable errors of longitude difference computed M on page 89 with the 
same probable errors as computed from the residuals developed in adjusting such a longitude 
net as that given in ARpendix No. 2 of the Report for 1897. The excess of the lasbnamed 
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 1897), after omitting the first eleven determinations 
(all made not later than 1872, and severalinvolving trans-Atlantic cables) and the fifty-eighth de- 
termination (publication incomplete), i t  follows that the constant error peculiar to each longi- 
tude determination and not capable of elimination by increasing thenumber of nights per station, 
expressed as a probable error, is f0.8022, while the accidental error of the deduced difference 
of longitude, which is capable of further reduction by increasing the number of nights per 
station (beyond the standard number, ten), is f 0.8011. It follows that a reduction of the 
number of nights per station to six, or even four, would result in but a slight decreaae in accu- 
racy-about 10 per cent. Three sourcea of errors peculiar to a station in the order of their 
probable magnitude are those mentioned under the fourth, sixth, seventh, and fifth headmgs 
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 lateral 
refraction in some cases. 

REDUCTION TO MEAN POSITION OF POLE. 

This correction will be applied in the office in accordance with the Preliminary Results 
published annually by the International Geodetic Association (see p. 85). 

A STATEMENT OF COSTS. 

Since 1906 forty-two differencee in longitude have been determined 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 d expenses and salaries, was $440. 
The average cost per difference for the various seaaons varied from $360 to $550. The cost of a 
difference of longitude between two places will vary according to the conditions under which 
work is done, and consequently i t  should be planned to have 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 building a long line to the observatory. The determination of longi- 
tude differences telegraphically in remote regions, such as Alaska, may cost from three to six 
or more times the average cost of a difference in the United States. 

No data are readily available showing the cost of the determination of longitudes 
telegraphically, using the key and chronograph. But owing to the necessity of exchanging 
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observers for each difference of longitude and of observing over more nights than when the 
transit micrometer is used, it is probable that the cost would be from 25 to 50 por cent more 
than the costs stated above. 

LONGITUDE BY THE CHRONOMETRIC METHOD. 

Tho equipment, program of observations, and methods of computation pertaining to a 
determination of a difference of longitude by tho chronometric mothod, in which chronometers 
transported back and forth between stations take the place of tho telegraphic signals, may be 
most conveniently explained by giving a concrete example. 

Tho 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 
proviously 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 oyo and ear method, 
using n meridan telescope. The hack or observing chronometer kept sidereal time, and there 
were dso four other chronometers at the station, two keeping mean time and two sidereal. These 
four chronornoters wore nover removod during the season from the padded double-walled box in 
which they were kept for protection against sudden changes of temperaturo 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 in addition. Nine chronometers, eight 
keeping mean time and one sidereal, were carried back and forth between the stations on the 
steamor Hmsler. 

Aside from the time observations, the programme of operations was as follows: Just before 
beginning the t h o  observations at Anchorage Point, and again as soon as they were finished on 
each night, the hack chronometer was compared with the two mean time chronometers by the 
method of coincidence of boats (described on p. 96). These two were then compared with 
each of the two remaining fsidoretrl) chropometers a t  the station. These comparisons, together 
with the transit time observations, served 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 tho 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 cornparisom 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 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 considerable time, the oil in the bearings tends to become gummy. 
When started again, the chronometer will tend to have a varying rate for some time until the 
effects of the stoppago have been worn off. 

If a chronometer is to be shipped (by express, for example), and therefore is to be subjected 
presumably to comparatively violent handling and jarring, it should always be stopped and the 
balance wheel locked by gently inserting small wedge-shaped pieces of clean cork under it. 

1 In addltion to thechronometer comparieons referred to h thls paregraph the eteamer chrouometera and the statJon chronometers were eaah 
LntemompareQ dslly. T U  w88 done memly 88 a ohwk upon their perionnsnoe. 
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A running chronometer should always be protected as carefully as possible against jars, 
and especially against such sharp quick jam as result from setting it down upon a hard surface. 
Either the surface upon which it is set should be padded or a cushion should be carried with the 
chronometer. When it becomes necessary to carry a chronometer in the hand-as, for example, 
when a hack chronometer is carried back and forth between an observatory and a steamer in con- 
nection with chronometric longitudes-the gimbals should be locked to prevent the chronometer 
from swinging. It is important that the locking should be done in such a way that there will be 
no looseness and the corresponding tendency to a chucking motion. While the chronometer is 
being carried, swinging of the arm should be avoided as much as possible. Pay swinging of 
the chronometer in azimuth is especially objectionable, as it tends to make it skip seconds and 
to damage it. Chronometers have been known to skip seconds, probably from this cause, even 
in the 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 CHRONOMETERB 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 exactly together (one beat=08.5). 
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 exactly together for a few seconds, and then hears them begin to separate, 
and notes the real coincidonce 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 is noted to the nearest 
half second (either mentally or on paper). This difference serves to give the seconds reading 
of the second chronometer at the instant of coincidence. The hours and minutes of both chro- 
nometerg are observed directly. When a number of chronometers are to be intercompared, the 
experienced observer is able to pick out from among them two that are.about to coincide. He 
compares those, selects two more that are about to coincide and compares them, and BO 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. 

30m 08'.00 on chronometer No. 194 
(sidereal)=llh 52m 30:.00 on cbonometer No. 208 (mean time); and that llh 15m 35'.50 on 
chronometer No. 1510 (mean time)=14" 4€irn 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 -Im 54".01, and of No. 1510 to Sitka mean t h e  waa -6m 26".34. The required 
corrections to No. 208 and No. 387 were computed as follows: 

At Sitka on July 13, 1894, it was observed that 

B m  8 

Time by 194 =18 30 08.00 
Correction to 194 = -01 64.01 

b m  8 

Time by 1610 = 11 16 36.60 
Correction to 1610 - 6 26.34 

Sidereal time =18 28 13.99 
Bidereal time of mean noon= 7 26 63.68 

Siderealinterval =ll 01 20.33 
Correction, sideml to mean = -01 48.34 

Mean time 310 69 31.99 
Time by 208 =ll 62 30.00 

Mean time = 11 09 09.18 
Correction mean to sidereal e: +01 49.93 

Siderealinterval = 11 10 69.09 
Sidereal time of mean noon= 7 26 63.66 

Bidereal time 5 18 37 62.75 
Time by 387 - 14 48 10.00 

Correction to208 P -62 28.01 Correction to 387 =+3 49 42.76 

The correction to reduce a sidereal to a mean time interval, or vice  verea, 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 the 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 the same as 
the correction to reduce a mean time interval equal to the longitude of the station from Wash- 
ington to a sidereal interval. 

COMPUTATION OF LONGITUDE FROM A SINGLE ROUND TRIP. 

h 
7.64 
7.81 
7.76 
6.20 
7.63 
6.08 
8.17 
4.89 
7.86 

From the operations at  Anchorage Point the correction of each station chronometer a t  the 
epoch of each set of time observations became known. The intercomparisons on shoro before 
leaving for the steamer and after returning, together with the assumption that each station 
chronometer runs a t  a uniform rate between time sets, gave five separate deterrdinations of the 
correction to the hack a t  the epoch of the steamer comparisons. 

Thus, on June 18, 1894, a t  3h.45 by its own face, the middle epoch of the steamer com- 
parisons, the correction to the hack (No. 380) was 

h m  8 h h m  8 h 
-00302.g9 7.66 -00302.14 7 . a  
-000 34.93 7.07 -0 00 33.73 7.06 
-0 03 19.43 7.62 -008 28.22 7.76 
+22663.00 6.19 +2 2 8 4 . 0 8  5.29 
-0 02 29.87 7.72 -0 02 81.83 7.81 
+2 S4 69.W 4.91 +2 84 48.00 6.23 
-0 4201.19 8.48 -0 42 36.70 8.W 
+8 19 09.98 4.16 +3  19 12.09 4.69 
+8 47 22.97 7.78 +8 47 29.07 8.29 

m s  
By ita own rate -2 38.16 (weight 3). 
By No. 4989 rated 38.30 
By No. 2490 rated 38.28 
By No. 207rated 38.16 
By No. 2837 rated 38.82 (weight +). 

Mean =-2 38.30 
Weighted mean = -2 38.25 

The comparisons of No. 380 with No. 4969 a t  the station on this date, computed upon the 
supposition that No. 4969 ran at a uniform rate between preceding an% following time observa- 
tions, showed that the correction to No. 380 a t  2h.64 by its face was -2m 3P.34, and at  4h.36 
was - 2m 3P.25. Assuming it to run uniformly between these epochs, its correction was - 2 m  
3P.30 a t  3h.45, as shown above. 

An examination of the daily rates of the five chronometers showed that No. 2637 ran very 
irregularly, and that No. 380 did not run as regularly as the other three. Hence these chro- 
nometers were assigned less weight than the othem, as indicated above.’ 

Using the weighted mean value for the correction to No. 380 a t  the epoch of the steamer 
comparisons these comparisons give the correction of each traveling chronometer on Anchorage 
Point time. 

Similar operations a t  Sitka gave the correction to each traveling chronometer on Sitka 
time on each arrival a t  and departure from Sitka. 

Computation of diference of longitude of Sitka and Anchorage Point. 
FIRST TRIP‘ STARTING FROM ANCHORAGE POINT. 

Chronome- 
tars 

M. T. or 81d. 

M.T. 2.31 
1 w 7  
1 610 

198 
1 642 
1738 

208 
2 107 

Bid. 387 

Anchorage Point, Bltka, May 17 Sitka, May 20 Anchorage Polnt, 
May 16 

h 
11. ria 
11. 84 
12.16 
9. 49 

11.92 
9.88 

8.73 
11.97 

la.  71 

h m  8 

-0 01 03.88 
-0 03 42.M) 
+2 20 28.61 
-0 02 65.84 
+2 34 40.P 
-0 42 08.24 
+3 18 89.99 
+3 46 60.04 

-0 oa ai.89 
h m  8 

-0 03 29.40 
-0 01 01.34 
-0 04 06.80 
+2 26 10.72 
-0 03 02.63 
+2 34 02.40 
-0 43 98.31 
+8 18 47.44 
+s 47 09.81 

1 Ifcomldered dealrublo, the relative weights to be ssalgned to the statlon ohronometan, map be determined mom aoouratelg 
Outlined in the footnote on p. 1W. 

8138’-13-7 

y the method 
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nometers 
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Cmputution of diference of longitude of Sitka and Anchorage Point-Continued. 
FIRST TRIP STARTING FROM ANCHORAQE POINT-ContInued. 

At Sitka 

Time I Rate 

. M.T.231 
1 m 7  
1 6 1 0  

198 
1 5 4 2  
1728 

208 
2 187 

Sid. 387 

d h  
7 19.82 

.81 .oo 

.80 

.89 

.85 

.85 

.88 m. 32 

d h  
2 24.01 

23.88 
23.77 
23.99 
24.19 
23.83 
24.31 
23.78 
24.13 

8 + 1.93 + 2.54 
-23.40 
-17.78 - 6.7Q 
-37.77 
-80.13 + 7.45 
+19.27 

8 + 0.79 + 1.20 - 8.78 - 8.92 - 2.46 
-13.80 
-34.67 + 2.71 + 8.70 

d h  8 
4 19.81 + 1.14 

19.85 + 1.34 
19.83 -14.81 
19.81 -10.87 
19.70 - 4.33 
20.02 -23.87 
19.54 -55.68 
20.10 + 4.74 
20.19 +12.57 

In  the form on page 97 the column headed “Chr. epoch” gives the face reading of the chro- 
nometer, expiessed in hours and hundredths (rather than minutes and seconds) for convenience 
in computation. The corrections a t  Anchorage Point are to the local timo of that station, and 
at Sitka to Sitka local time. 

I n  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 aa 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 correction to the chronometer correction on Anchorage Point time a t  the begin- 
ning of the trip gives the correction on Anchorage Point time on arrbd at Sitka. This 
difference subtracted from the directly observed correction on Sitka time at that epoch, shown 
in the upper form, gives the rgquired difference 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 aa the rate while in port. 

The longitude difference if computed from the return half of the trip, from Sitka to Anchor- 
age Paint, would necessarily by this process of computation be identical with that shown above. 

If the steamer had stopped so short a tima at Sitka that only one set of steamer compari- 
sons had been made while there, as was frequently the case, the above computation would have 
been simplified in an obvious manner. 

COMBINATION OF RESULTS. 

The difference of longitude was thus computed from each traveling chronometer for 
each round trip, starting from Anchorago Point, the last half trip (7% round trips boing mado) 
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.l 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. One half of the computation also serves as a check on the other half. 

1 If the steamer had mtumed sgln to Anchomge Polnt, 80 ns to complete eight round trlps, all of the elght would have been used In the 
flrat computation: and In the socond cornputation (round trip, startlng from Sitka) the lact trip from Sitka to Anchorage Point, combined with 
the first tdp In the o p p l t o  dlrwtion, would have been w d  08 the eighth round trip. Thla prinelple of computing the difference of longitude 
from the round trlps startlng from each statlon In turn, and wmbinlng the two reaulta w88 ueod for the flrst timo by Aaslatant C. A. Schott in 
185i in deriving the’dlffemnca of longltude of Snvnnnah, Ga, and Fornandina, Fla. (8ee Coast Survey Report for 1857, pp. 314-324.) 
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The method of combining these separate results is shown in the following form: 

Diference of longitude between Sitka and Anchorage Point, Chilkat Inlet, Alaska. 
SUMMARY OF RESULTS FROM BEVEN ROUND TRIP8, BTARTING FROM ANCHORAGE POINT. 

S 
27.97 
28.56 
28.66 
28.81 

2d 3d 4th 6 1: 6th 7'h Chronometers, 
M. T. or Sld. [ I" 

3 
4 
7 
3 

I S  8 8 8 8 8 8 

Mean 
Weighted mean 
Weight 

M. T. 28.03 26.36 28.36 28.19 28.45 28119 28.18 zi I 28.44 29.06 29.18 28.26 28.27 28.20 28.54 
1510 28.57 29.25 29.00 28.62 28.63 28.06 28.58 

28.31 28.36 28.88 28.34 28.48 28.27 28.60 
28.25 28.38 28.82 28.35 28.52 28.28 28.49 
3 1 2 2 2 1 2 

196 I 28.59 29.09 29.54 28.59 28.43 28.51 28.92 
28.11 28.11 28.66 28.23 28.47 28.38 28.37 %: 1 28.66 28.94 29.16 28.63 28.58 28.43 28.69 

208 27.96 27.40 28.21 28.19 28.42 28.42 28.09 
2167 28.21 28.56 28.90 28.55 28.68 28.27 28.64 
387 I 28.20 28.44 28.91 27.93 28.41 27.93 28.59 Sid. 

1 I Weights 

28.33 22 
28.71 
28.10 
28.54 17 
28.34 

28.45 
28.44 

Weighted mean Oh P 28'.44#.05 
BUMMARY OF RESULTS FROM BEVEN ROUND TRIPS, STARTING FROM SITKA. 

Chronometers, 
M. T. or Sld. 

M. T. 231 
1607 
1510 
196 
1542 

8 8 8 8 8 8 9 
28.87 28.78 28.74 28.39 28.37 28.71 28.11 
27.69 29.08 29.11 27.76 28.78 27.93 28.64 
28.37 28.88 28.82 27.91 28.83 28.10 28,58 
28.59 29.07 28.95 27.66 28.03 28.56 29.20 
28.93 28.67 28.69 28.22 28.50 28.60 28.32 
27.59 28.90 28.75 27.99 29.01 28.09 28.75 
i717i 28.03 28.62 28168 2?.% 28176 27;65 
28.24 28.71 28.80 28.27 28.77 28.31 28.49 
28.68 28.80 28.43 27.89 28.97 27.98 28.73 

28.30 28.76 28.75 . 28.05 28.67 28.44 28.50 
28.41 28.69 28.70, 28.13 ' 28.61 28.38 28.44 
1 2 2 2 2 2 2 

M0!XU 
11 

S 
28.57 
28.43 
28. 50 
28.72 
28.52 
28.44 
28.16 
28.51 
28.47 

28.48 
28.48 

Weights 

3 
4 
7 
3 
22 
6 
6 
17 
6 

99 

Weighted mean oh P 28'.48&P.05 
h 7 ? L  8 8 

Final mean A l  -+0 00 28.46*0.05 

Let N be the number of days during which the chronometers are depended upon to carry 
the time during each round trip, reckoned by adding to the "travelihg time," as given in the 
sixth column of the form on page 98, the interval between each comparison of the hack c h -  
nometor with the traveling chronometers and the nearest (either before or after) time obser- 
vation made at that station. ' The weight assigned to each trip is proportional to the reciprocal 
of N. This weighting depends upon the aasumptions that errom in the computed longitude 
arising from the time determinations and from the chronometer comparisons are small as 
compared with those arising from variations in chronometer rates; that the time is carried by 
the combined station chronometers over the intern& during which they are depended upon 
with about the same degree of accuracy (due regard being paid to the length of the interval) 
as the combi&d traveling chronometers carry the time during the trip, and, finally, that the 
errom arising from the variations in the chronometer rates belong to the accidental clnsa 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 CBRONOMETERS. 

Even a cursory examination of such a table aa 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 Z,, I,, Is, . . .1, be the 
derived values of the difference of longitude as given by one chronometer on the different trips, 
and let I 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 of any one of these 

1510 
28r.66 

+ .09 - . 5 9  - .34 + .14 + .03 + .60 
+.OS 

The weight p, inversely proportional to the square of this probable error to be assigned to 
8 chronometer, is proportional to 

n-1 
[ (Z-Z1)2+ (Z-ZJ’+ . . : (Z-1,)fI 

The computation of weights may be put in the following convenient tabular form: 

COMPUTATION OF WEIGHTS. 

F r m  the seven round trips starting f r m  Anchorage Pdnt. 

196 1542 
B.81 28.33 --- 
+ .22 + .22 
- .28 + .22 
- .73 - .33 + .22 + .10 + .38 - .14 + .30 - .05 
- .ll - .04 

I 

+ . 1 5  + .70 - . ll  - .09 
- .32 
- .32 + .01 

Chronometer 

+ . 3 3  +.14 
- .02 - .10 - .36 - .57 
- .01 + .41 
- .14 - .07 + -27 + .41 
- .10 - .26 

1-1, 
&la 
1-1, 
1-1, 
2-1,  
.I - le 
1-2, 

.ll 

.oo 

.13 

. O O  

.02 

.07 

.01 

.34 

.36 
0. 35 
6 

- .06 
+l. 61 - .39 - .22 - .48 
- .22 - - 2 1  

.02 

.01 

.32 

.17 .oo. 

.17 

.06 

.75 
1.32 
1. 04 
6 

.oo 
2.59 
.15 
.05 
.23 
.05 
.04 

2( I - 1,y 
B 2dcomb.* 

n -1 
ean of 2 d 

3.11 
.47 

1. 79 
6 1 3.3 

n-1 

.87 

.89 
0.88 
6 
6.8 

1507 
m.56 

+ .12 - .50 - .62 + .30 + .29 + .36 

. 01 

.25 

.38 

.09 

.08 

.13 .oo 

.94 
2.30 
1. 62 
6 
3. 7 

$: .02 

.96 a’ .24 
2.73 .30 
1. 84 0.27 
0 6 
3. 3 22.2 

+ .05 - .23 - .45 + .08 + .13 + .28 + .12 

.oo 

.05 

.20 . 01 

.02 

.08 . 01 

-37 
1. 78 
1.08 
6 

.02 

.49 . 01 . 01 

.10 

.10 .oo 

.73 
1.22 
0.98 
6 

5.6 1 6.1 I 17.0 I 6.8 1 
* From 8imIlar results from 8even round trips StarWpg from BitIra. 

, A similar computation was made using the seven round trips starting from Sitka, the rmults 
of which are s h o w  in the line marked “by 2d Combination,” and the weights were derived 
from the mean results of the two computations.’ 

DISCUSSION OF ERRORS. 

The error in a difference of longitude observed land computed as indicated in the preced- 
ing sections depends upon the err0rs.h the transit time observations, errors in the comparison 
of chronometers, errors arbing from variatione in the ratesof chronometers, and,finally, the 
relative personal equation of the two observers concerned. I 

4 

1 The raletive welghta to be assigned to the station chronometers when they are used to detarmlne tbe correction of the hack at the epoch of 
the steamer comparbns lllrght be computed by an analogous procesS. U t  0 be the Correction to a chronometer at the epoch of transit time obser- 
vations ag determined from tbse  obserPations. Let Z be its conection at that name epoch interpolated between its observed oomtiow at t b  laat 
preceding and flrst following transit t h e  observations on the assumptlon that ita rate during that interval is constant. For a group ofchronome. 
brs whose corrections are all determined a number of tlmas In succession by the same hmslt observations, the relative weights are evidently 

proportional to 2m,. 1 
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The errors in the time observations will in generalsbe very small in comparison with the 
other errors affecting the result. For the probable magnitude of the time errors see the h t  
part of this publication. In Appendix No. 3 of the Report for 1894 and in No. 3 of 1896 may 
be found detailed statements of the results of several determinations 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 mising from the time determi- 
nations increases as the time, N (see p. 99) , required for .a round trip decreaaes. 

The errors made in comparing chronometere by the method of coincidences are negligible 
in their effect upon the final result. The chech obtained during the intercomparisons of 
chronometers show that the probablemror in assingle comparison is about rt08.01, correspond- 
ing to a probable error of about 548 in estimating the time of coincidence of ticla.. 

The errors arising from variations in the rates bf 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 orrors 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 aU. 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, indicates 
that such errors in the deduced longitudes, common to all the chronometers on a given trip, 
are exceedingly small upon an ave ragmo 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 the rate. There are 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 temperature. 

I n  considering the errors due to variations in chronometer rates i( should not be overlooked 
that the station chronometers 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 during 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 8un, aa indicated on page 61, or in low latitudes by 
theodolite or vertical circle observations for time, or even by sextant observations for time. 

Unless the relative personal equation is eliminated from the computed longitude it is apt 
to be one of the largeat 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 the relative personal equation is eliminated by direct determination or 
otherwise, the error of the mean result of a chronometric longitude determination will be nearly 
inversely proportional to the square root of the number of 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 the average value 
of N (the interval over which the t h e  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 be 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 aome 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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if 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 makmg 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 involves the assumption that the rates of the traveling chronometers are the same on 
the trip to the station as on the return trip, and therefore a long stay at the station is apt to 
increase the error of the final result by giving the chronometers a long time to acquire new rates. 
Under extreme conditions it may sometimes be well to avoid this assumption and to use a 
separate traveling rate for each half trip derived from observations just preceding or following 
that half trip. 



P A R T  1 1 1 .  

THE DETERMINATION OF LATITUDE BY MEANS OF THE ZENITH TELESCOPE. 

INTRODUCTORY. 

A measurement of the meridional zenith distance of a known star, or other celestial object, 
furnishes a dotormination of tho latitude of the station of observation. In the zenith telescope, 
or Horrebow-Talcott,‘ method of determining the latitude, there is substituted for the measure- 
ment of thsabsolute zonith distance of a star the measurement of the small difference of meridional 
zonith distances of two stars culminating a t  about the same time, and on opposite sides of the 
zenith. The effect of this substitution is the attainment 0f.a much higher degree of precision, 
arising from the increased accuracy of a differential measurement, in general, over the corre- 
sponding absolute measurement; from the elimination of the use of a graduated circle from the 
essential part of the measurement; and from the fact that the computed result is affected, not 
by the error in estimating the absolute value of the astronomic refraction, but simply by the 
error in estimating the very small difference of refraction of two stars a t  nearly the same altitude. 

Because of its great accuracy, combined with convenience and rapidity, the Horrebow- 
Talcott method has become the only standard method of this Survey. For other methods of 
determining the latitude, involving in most cases absolute measurements of zenith distance or 
altitude, the reader is referred to treatises on astronomy. 

The method of determining the latitude by observing the 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 fiold use, as the effects of instrumental errors may be readily eliminated. To determine the 
latitudo of a station by this method, the times of transit of various stars (of positive declination 
less than the latitude) across the plane of a transit placed approximately in the prime vertical 
are observed. Tho inclination of the transverse axis is determined accurately with a striding 
level. The effects of error of collimation and pivot inequality are eliminated by reversal of the 
axis. The effocts of azimuth error (deviation of the instrument from the prime vertical) and 
of constant errors in the observed times (personal equation) are eliminated by observing some 
stars to tho eastward of the zenith and others to the westward. The declinations of the stars 
observed must bo accuratoly known, as the declination orrors enter directly into the latitude at 
about their full value, but the right ascensions need be known but approximately. 

This method has been little used by this Survey, perhaps because more time is required to 
prepare an extended observing list than in the zenith telescope method, but it may be found 
useful in the futuro. If the only instrument available is a theodolite having a good striding 
levol, but not equipped for observations by the zenith telescope method, observations in the 
prime vertical will give the best possible determination of the latitude. (For details in regard 
to this mothod, see Chauvenet’s Astronomy, Vol. 11, pp. 238-271, and Doolittle’s Practical 
Astronomy, pp. 348-377. For an interesting early test of the method [1827] by Bessel, with 
a very small portable instrument, see Astronomische Nachrichten, Vol. 9, pp. 413-436.) 

GENERAL INSTRUCTIONS FOR LATITUDE WORK. 

1. In  ordor that the records and computations of the latitude work of this Survey may be 
unil’orm in character and that there may be approximately the same accuracy in the results, 
some gonoral diroctions are given here which should be carried out by all observers of this Survey, 

1 1368 p. 245 of Appendlx 14, Report for lW, for some general remarka on Telcott’e mead.  
- 
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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 the zenith telescope or the 
meridian telescope. (See p. 8 for description of the Iat& instrument. The zenith telescope 
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 reobserved. 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 a t  a station to make it reasonably 
certain that the probable error of the moan result is not greater than f0”.10 (see directions 
for procedure in making the office computation). No additional expenditure of time or money 
should be made in trying to reduce the probable error below this limit. 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 a t  the office from the regular observations for latitude. 

6. The pairs observed should be so selected that the algebraic sum of the measured micro- 
meter dXerencea in turns a t  a station is less than the total number of pairs. This sum should 
be made small, in order that the computed latitude may be nearly free from any effect of error 
in the mean value of the micrometer screw. 

7. “he stars observed upon should be taken from “The Preliminary General Catalogue of 
6188 Stars for the Epoch 1900 ” by Lewis Boss, which was phblished by the Carnegie Institution 
of Washington in 1910. 

8. Duplicates of the latitude records, in the form of entries in the latitude computation 
sheets, should be made and checked as the work progresses. Only such portions of the latitude 
computations should be made in the field as are necessary to ascertain the degree of accuracy 
secured. 

9. The duplicates and computations, both complete and incomplete, for each station should 
be sent to ths, office by registered mail, as soon as pkacticable 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 duplicatee and computations havo been forwarded, 
but not so soon aa to arrivo in Washington by the aame mail. Tt is desirable to have the records 
and computations sent to the office promptly, in order to avoid their possible loss. 

10. Original descriptions of stations should be inserted in the original record of latitude 
observations and a duplicate deacription 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. 

11. The form of record of observations and of field and office computations of results 
should conform to those shown in this publication. 

These General Instructions will be referred to from time to time in the succeeding text. 

DESCRIPTION OF THE ZENITH TELESCOPE. 

Illustration No. 13 shows one of the best zenith teleacopes’now in use in this Survey. This 
instrument, Zenith Telescope No. 4, was ori,ainally made by Troughton & Simms, of London, 
in 1849, and was remodeled a t  the Coast and Geodetic Survoy Office in 1891. J t  carries a 
telescope with a clear aperture of about 76mm (3 inches), and a focal length of about 116.6cm 
(46 inches). The magdying 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 numbered 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 on the upper level has a value of about 1”.6 and on the 
lower about 1”.4. The vertical axis of the instrument is in the vertical plane in which the 
telescopeswings. The clamp arm, perforated for the sake of lightness, gives the telescope a 



No. 13. 

Z E N I T H  TELESCOPE. 



marked degree of stability in RO far as ohangee bf inclination are concerned. The eyepiece 
micrometer, arranged to mebum mnith 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 teles’cope, in which the telescope is mounted eccentrically 
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 well as 
for time. 

In latitude work with the meridian circle at astronomic observatories the instrument is 
usually fitted with a reversing prism. By rotating this prism the apparent motion of the star 
is changed from the direction right to  left 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 above the center of the star’s image (or 
below) but as the image is reversed by the prism, one of the pointings is made on the south side 
of the center of the star apd the other pointing on the north side. The mean of the two point- 
ing~ will be free from any constant or systematic error in the bisection of the star. It is believed 
that the systematic error of bisection does not affect the results of latitude observations ,made 
by the Talcott method, except to a small degree due to the fact that an observer’s systemntic 
error of bisection may be slightly different for stars of different magnitude. A pair may be 
composed of stars of very different magnitudes. *The reversing prism need not be used in any 
latitude observations by the Talcott method which are made for the usual geodetic or geographic 
purposes. 

SUPPORT FOR THE INSTRUMENT. 

The support for the latitude ihetrument most frequently used in this survey is a wooden 
tripod made of lumber about 6 inches square in cross-section, well braced and Pet 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 aftersit 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 rain during the stay at  the station is needed. The observer 
is seldom a t  a station more than a week after everything haa 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 doom in the observatory to insure the free circulation of 
air. No part of the building should touch the p u n d  except at the cornem. The roof may 
be made water-tight by boards or a covering of felt or tar paper. A canvaa sheet is sometimes 
carried with the outfit and the roof is made by stretching this sheot 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 discunsed here, as this publication deals only with 
observations made for geodetic or geographic purposes. 

An observing tont 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 has tho great advantage 
that it is easily transported and quickly set up. Except on mountain peaks or at other places 
where transportation is difficult the tent has a floor similar to  that used with an observatory. 

Where a floor or platform is not used, tho 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 levol, 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 axis is found to be inclined, it must be made horizontal by using the screws which 
change the angle between the horizontal and vertical mes, if the instrument is of the old form. 
With the new form of instrument (illustration No. 13), or with a meridian telescope, the two 
axes will always remain so nearly a t  right angles that no means for making this adjustment is 
needed. With these instruments‘ the vertical axis may be made vertical by using both the 
striding level and the latitude level a t  the samentime. 

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 eyepiece micrometer is depended upon to 
remain constant for the station. However, the results of the determination of the value of a 
turn of the micrometer vary in some cases 8s much as 0”.13, corresponding to a range of about 
3.3 millimeters in the distance between the objective and the micrometer lines (see p. 129). 
In connection with the common habit of carefully keeping the draw tube clamped for the 
purpose of holding the micrometer value constant, i t  is interesting’to note that while in the 
field in 1905 Assistant W. 13. Burger focused zenith telescope No. 2 five times in rapid succession 
ki th  a range of only 0.1 millimeter in the position of the sliding tube. 

The movable micrometer thread, with which all pointings are to be made must be truly 
horizontal. This adjustment may be made, 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 righchand 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 tho micromoter 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 a t  night after setting the stops by 
taking a series of pointings upon a slow-moving star as i t  crosses the field with the telescope in 
the meridian. If the adjustment is perfect, the mean reading of the micrometer before the 
star reaches the middle of the field should agree with the mean reading after passing the middle, 
except for the accidental errors of pointing. It is especially important to  make this adjustment 
carefully, for the tendency of any inclination is to introduce a constant error into the computed 
vaiues of the latitude. 

The line of collimation [see p. 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 180’ about the horizontd 
axis. It may be made as for an engineer’s‘transit, but using two fore and two back points, 
the distance apart of each pair of points being made double the distance between the vertical 
axis and the axis of collimation of the telescope. A single pair of points at that distance apart 
may be used and the horizintal circle trusted to determine when the hstrument has been turned 
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180' in azimuth. Or a single point at an approximately known distance may be used and the 
horizontal circle trusted as before, and a computed allowance made on the horizontal circle 
for the parallax of the point when the telescope is changed from one of its positions to the 
other. Thus, let &=the distance of the vertical axis from the axis of collimation of tho tele- 
scope, D = the distance to the point, and p = the parallax for which correction is to bs made; 
then, in seconds of arc: . 

. If one considers the allowable limit of error in this adjustment (see p. 134) i t  is evident that 
refined tests are not necessary, and that a telegraph pole or small tree, if su$iciently 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, a t  first 
with the azimuth motion free and afterwards using the tangent screw on the horizontal circle, 
until the chronometer, corrected 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 commencing latitude observations. 

"he correction to the chronometer may be obtained by observations on the sun or stars 
with a sextant or a vertical circle (see pp. 52-56), by observing the time of transit of s t m  with a 
theodolite, or by using the zenith telescope tp a transit instrument. With tho zenith telescope 
in good adjustment and approximately in the meridian and the sidereal time known within 
several minutes, the chronometer time oi 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. With this value of the chronometer 
correction the telescope may be put closely enough in the meridian for observing. 

The finder circle must be adjusted to read zenith distances (see p. 16). 

THE OBSERVING LIST. 0 

The Boss catalogue' of 6188 stars is now available, and is a t  present the best list from 
which to select pairs of stars. (See partgraph 7 of General Instructions, p. 104.) Tho latitude 
of tho station should be obtained to the nearest minute from a map, a triangulation station, or 
from preliminary observations on the sun or stars. In the Boss cataloguo 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 aZZ available pairs in a given list one may, 
for each star in succession within the zone of observation, 45O each way from the zenith, sub- 
tract the declination h o p  twice the latitude and then compare this difference with the decli- 
nation of each star in the list within the folkwing 20" of right ascension. Any star whose 
declination2 is within 20' of the above difference will combine with the star undcr considera- 
tion to make a pair, provided the other conditions stated below are fulfilled. By proceeding 
thus every available pair will be founds - 

1 Pmlimlnary genoral cataloguo of 6188 stars for tho epoch 1800, L e d  BW, Camogle Institution of Washington, 1910. 
2 Or 180~--6 for subpolam. 
a A t  station8 In Alaakn thorn are but low stam In tho mno extending 45' northward from tho eonlth aa compnrod with tho conospondlng mne 

to tho muthward, nnd tho above p r o w  may bo lmprovod *y taking in Buccossion only stam to tho north of the ronlth nnd mmparlng oach wlth 
stam In both the preccdlng und thC/oZlorvfng 2 P .  To mako tho march with a subpolar star subtract 180'--6 from twice tho intitudo nnd pair ~ l t h  
any star whoso dociination la wlthln W of thlrr difloronce, providod its right asconsion diflom from that of tho subpolar unywliore from l l h  4W Lo 
w #a. 
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Btar No. 
Boas 

stslogue 

-- 

4327 
4379 

4441 
4494 

4623 
4661 

4669 
4711 
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Ohemring list ( F m  1 ) .  
[Et. h e ,  Ill., June 25,1908. Zonlth telescope No. 4. +41° 01'.3. Search factor-2 4-82' a'.] 

Meg. 

4.6 
, 4.9 

5.9 
5.8 

5.1 
6.4 

5.9 
5.6 

Differ- 
ence 

beween 
8'8 

82 32 

25 22 

46 35 

Right m- 
. don 

h m  s 
16 66 22 
17 11 53 

17 28 13 
17 42 04 

18 13 22 
18 18 45 

18 22 26 
18 31 62 

X d -  star Betting 
m of N-S- 
dwlhe- ra-% a * ( J d -  "~~~~ -227 

tiona d'8 
____------ 

0 1 0 1  I O I  

N 12 
81 60 -13 -17 S 41 16 28 

S 10 
82 18 +15 +20 N 12 41 30 

N 24 
82 09 + 6 + 8 6 23 18 16 

S 20 
2 2 3 0 8 2 0 4  + l  + 1  N 1 1 1 6  20 

Decllna- 
tion 

d 

O I  

82 11 
-0 21 

28 28 
53 60 

64 22 
17 47 

29 47 
62 17 

I I I I I I 
* a-number of turns of the micrometer dmew in one minute of arc- 1.34. The value of one turn of the micrometer ~omw~44".BM). 

The approximate mean right ascensions and declinations for the observing list are obtained 
for the t h e  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 in 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-S subtract double the latitude (for station St. Anne, 82' 03') from the sum of the 
declinations of the two stars and multiply the result in minutes of arc by the number of turns 
of the micrometor screw in a minute of arc. N-S is positive if the north star has 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 wire for any 

north star is 20 + N-S 7 and fo; any south star 2 0 - 2  N-S* These settings are given in the last 

column of the above tablo. 
N - S in this 

case is a (180°-differenc8 of 8's-24) and is positive or negative according a3 the north stan 
has the greater or lesser zenith distance. The setting of the micrometer wire will be given by 
the same general expression as above. 

For the purposes of the observing list it is sufficiently accurate to know the mean right 
ascensions to within one second and the declinations and derived quantities to the nearest 
minute of arc. The approximate reading of the turns is given to 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 TOR 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 the stars. 
In the fist column of the example are given the Boss catalogue numbers, though the stars are 
also in the lists of the Greenwich catalogues mentioned above. They are the same stars aa 
those in the b t  form of star list. 

When one star of the pair is a subpolar, the finder circle setting is 90'- $28. 



No. 16. s 

O B S E R V I N G  T-F.!~ r. 

No. 17. 

OBSERVING TENT. 



DH!CERMINATION OF LATITUDB. 

Ob4- List. ( F o m  2). 

[St. Anne, IU., June 26, 1808. Zenlth Telesoope No. 4. +41° 01'.8. 8eamh iador-180'-2 6-97 67.1 

o /  

98 10 
-13 

- 
,tar No., 
10- cat  
alogue 

- 
4327 
4379 

4441 
4494 

4623 
4851 

4889 
4711 

- 

-17 

- 

Mag. 

- 

4.6 
4.9 

6. 9 
6.8 

6.1 
6.4 

6.9 
6.6 

- 

N 
S 

S 
N 

0 

41 16 

12 41 

h m s  
16 66 22 
17 11 63 

17 28 15 
17 42 04 

18 13 22 
18 18 45 

18 22 26 
18 31 62 

97 42 
+15 

97 61 
+ 6  

97 68 
+ 1  

North polar 
dlstnncos and 

dlfferenm 

O f  

7 49 
90 21 
82 52 

61 52 
36 10 
26 22 

26 38 
72 13 
46 55 

80 1s 
57 45 
22 50 

-k20 

4 - 8  

+ 1  

N. P. De's; 

Bum of 
N. P. D.'a I 

I- 

I 

-I 0 f 

! 1 23 18 

! I 11 16 

- 

r u m  

- 

12 
28 

10 
30 

24 
16 

20 
20 

109 

* N-8-0 (aeamh factor-aum of N. P. D.'e), where a-number of turns of the mlorometar mew in one mlnute of 
am-1.86 The value of one turn of the mlorometar ~~mw-44".660. 

When a subpolar star is used slight changes wiU be necessary, similar to those deaoribed 
for the case where the observing list is prepared in term of the declinations. 

Among the requisites for a pair of stars for an observing list, are, that their right as&m 
shall not M e r  by more than 20m, or 12hf20m when a subpolar ie used, to avoid too great emom 
arising from instability in the relative positions of different psrts of the instrument; nor by 
less than about Im, that interval being required to take the readings upon the Grst 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 distinctly, not fainter than the seventh magnitude for the larger instru- 
ments; and that no zenith distance shall exceed 4 5 O ,  to guard against too great an uncertainty 
in the refraction. The third of the above conditions may be used more converiently in thia 
form; the sum of the two declinations must not differ from twice the latitude by more t h u  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 pains which overlap 
in time. A feasible observing list may be formed by omitting such pairs that among the 
remainder the shorteat interval between the last star of one pair and the h t  star of the next 
is not less than 2". In that interval a rapid observer can h h  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.l 

DIRECTIONS FOR OBSERVINQ. 

All adjustments having previously been made, set for the first stak 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 the comb at which the star is expected, as Shown by the observing list. watch 
the chronometer so aa to h o w  when to expect the star. When the star entern the field, plsoe 
the micrometer line approximately upon it. As soon as the star comes within the safe observing 
limits of the field bisect it carefully. AB the star moves along watch the bisection and oorrect 

1 Put  m r d a  fnmbb abundant evldenm thst ObeenratIOns made by pohting twice upon a oIom zenith star, once in uroh posltlon OK the 
lmtrument, give rwulta of a low order of aocuracy, probably bocauao of the hurry wlth whIch the obeorvatlone muat bo made, and of the faat that 
one or both of the obaervatlonrr muet be ma& out of the meridian. It le therelore not advlsable to m a b  euoh obmrvathu. 
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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.' 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 i t  
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 circlo securoly 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 as 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 sliould be read promptly, 
so as to givc it as little time as possible to change its position after the bisection. The desired 
reading is that at  which it stood at tho instant of bisection. Avoid 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 i t  is necessary 
to relevel, to keep the bubble within reading limits, use the tangent screw wllich changes the 
inclination of tho tolescope. 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 p k ,  so as to keep the level correction small, 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 the adjustment of the 
stops in azimuth remains satisfactory. It is desirable (though not necessary) to have a 
recorder. He should be a m t b  above the average in intelligence, and should be able to pre- 
pare an observi'ng list after a little practice and t o  assist in computing the results. I t  is not 
economical to take a man from place to place unless he can assist in the computations. Tho 
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. I t  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 givcs 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 (see p. 119). The obscrver, or rocorder, 
can .easily make allowance for tho fact that all stars (except circumpolars) will appear to be too 
early or too late, according to the observing list, by about the same interval, O8 to !j8, the differ- 
ence between the mean and apparent right ascension. If a star can not be observed upon the 

. middle line, on account 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 tho diaphragm) and the chronometer time of observation recorded. In 
practice a star is seldom observed of€ the meridian. 

If is desirable to make all settings with such accuracy that the mean of the two micrometer 
readings on a pair shall not M e r  from 20 turns by more than 1 turn. It is not infrequently 
true that the value of a micrometer screw increases slightly but ateadily 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 aro made with the indicated accuracy, but 
not otherwise. 

1 Thls wording must be tnodlfied to correspond If, in mrdance Wlth the conalderstions etated OD p. 14, two oloSe parallel lhea ate uaed 
lnetaad of aeiqglelba 



DETERMINATION O F  LATITUDE. 

EXAMPLE OF RECORD AND COMPUTATIONS. 

Zenith telescope record for latitude. 
Form 266. 

[Etntlon, Et.  AMO. Date, June 25,1808. Chronometer, 2037. Observer, W. Bowlo.] 

North 

0.0 
07.8' 
40.2 

100.6 

40.3 
101.2 
7.1 

09.4 

9.2 
71.0 

103.2 

44.2 
100.0 
11.2 
74.4 

a.2 

,111 

South 
-- 

a d  
39.1 
69.6 
7.2 

08.7 

7.2 
08.4 
40.4 
101.3 

42.0 
103.8 

n.0 
10.8 
73.8 
44.7 
108.6 

a7 

Turns 

11 

27 

9 

31 

24 

10 

10. 

20 

Dlv'a 
-- 

09.0 

34.4 

01.0 

47.0 

88.2 

80.0 

,>65.4 

16 55.4 

18 33.8 
4 40.0 

82 11 

+2.95 
-2.49 

+6.26 
0.00 

+G. 26 
+O. 66 

23.30 

. +6.92 

-.001 $00 

$0.46 

+0.08 

17 11.9 

18 50.3 
4 5G.5 

-0 20 

+4.36 
-3.68 

0.00 
-0.03 

-0.03 
0.00 

-30.91 + 0.68 
- 0.03 + 0.58 

-.059-.03 

- 

?. 0 
9. 

- 
N 

S 

S 
N 

N 

S 

S 

N 

- 

Chronomo- 
ter time of 
culmina- 

tlon 

Star 
numbor 

noas 
Cnt. 

4327 

4379 

4441 

4401 

4023 

4051 

4888 

4711 

Zhronome 
tar time 01 
obsorvs- 

tlon 

Mcrldlar 
distance Remarks 

10 65 24 

1; 11 4; 

17 25 07 

17 41 58 

18 13 18 

18 18 39 

18 22 20 

18 31 45 

3 
struck imtrumont 

+ 24 

+16 

+16 
Meanotdoubleatar 

Form 3%. 

* Theso columna am only usod when a star la obmrped off the merldlan. 
t Thla ia the continuous Bum, up to thla pnlr, ot the eouth minus the north micrometer turns. 

Reduction, mean to apparent declination, with Cape tables. 
[Station, Bt.  AM^ triangulatlon latitude station.] 

Order 
1 
2 

3 

7 
11 
4 

8 
9 

12 
13 

14 
15 

5 
10 
16 
17 
18 

I 
June 25, 1908 

4327 I 4379 

Date 
Star No. 

0 0  

G I  1 0  

H+@O 
6" 

P' 
P'x 

Q'O 
SQ' 

Q' 
Q'Y 

80  ("1 P+P% 
Q'+Q'y 
I 
P' 7P' 

4494 

17 42.1 

19 20.5 
5 26.7 

53 50 

4-6.90 
-5.82 

4-2.14 
+o. 02 

4-2.16 
+O. 23 

23.51 
+l. 08 
+2.39 
+o. 35 -. 035-. 02 

4G51 

18 18.7 

19 57.1 
6 03.3 

17 46 

+9.81 
-8.27 

-0.08 
0.00 

-0.08 
-0.01 

46.61 
+l. 54 
-0.09 
+O. 56 

k.007 .oo 

4669 

18 22.4 

20 00.8 
6 07.0 

29 46 

+lo. 08 
- 8.50 

- 0.27 
0.00 

- 0.27 - 0.03 

31.42 + 1.68 

+ 0.51 
- 0.30 

-. 033-. 02 

4441 

17 28.2 

19 06.6 
5 12.8 

28 28 

+6.74 
-4.84 

+l. 78 
+O. 03 

+1.81 
+o. 19 

24.93 
+o. 90 
+2.00 
+O. 52 -. 024+. 01 

4623 

18 13.4 

19 51.8 
5 58.0 

64 21 

+9.40 

+O. 14 
0.00 

+O. 14 +o. 01 

57.64 
+l. 48 
+O. 16 
$0.25 

b. 029+. 01 

-7.92 

19 30.76 1 29.71 28.36 27.34 59.53 33.19 48.62 

h m  
6 log g=O. 49813 

log g,=l. 30216 
log :=log (l+z)=Q. 19597 

l+z=+O. 157 

G= 1 38.4 
log hO=l. 20717 H=ll 44. 6 
log h=l. 31041 

i== +o. 585 
l+y=+l.  105 I= 0.483 

Make computation by horizontal Iihes in the order indicrrted. For explanation of Qo'and 8 Q', see pages (2) and (6) 
of Cape tables. Opposite a0 in the sixth line place the degrees and minutes, and opposite a0 (") the soconds of the 
mean declination. The quantities 2, y, i, and 7 may be m m e d  constant fora night, and should be taken for an epoch 
midway between the first and last stars. The quantities G and H u y  be aasumed constant for periods not exceeding 
four hours each, and should be taken for the midway epoch of each euchperiod. Use q,, G, I€, G+cro, and H+ao, to tenths 
of minutes of time; z, y, and 7 to three.significant figma; and all other quantities to two decimal places. 
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Form 33. 

Date 

1908. 
June 25 

Btar No. 

4327 

4379 

4441 

4494 

4629 

. 4661 

4889 

4711 

n 

d 
06.0 
67.8 
40.2 

100.6 

40.3 
101.2 
07. 1 
69.4 

09.2 
71.6 
42.2 
103.2 

44.2 
106.0 
11.2 
74.4 

Level 

II 

d 
39.1 
99.5 
07. 2 
68.7 

07.2 
69.4 
40.4 

101.3 

42.6 
103.8 
08.7 
71.0 

10.9 
73.8 
44.7 

106.6 

Dll?. 

d 

+2.1 

-0.05 

-1.05 

-0.95 

Latitude 
[Btatlon, Et. Anne. Etste, Illinois. 

I 

I 
0 / // S 

82 11 30.70 

-0 20 29.71 

28 28 28.36 

63 50 27.34 

64 21 69.63 

17 46 48.62 

29 46 33.19 

62 16 49.44 
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mpta twn .  
Obwrver, W. Bowie. Instrument, zenith taleecope No. 4.1 

Bumandhalfmm 

O I  

81 51 
40 66 

82 18 
41 09 

82 08 
41 04 

82 03 
41 01 

I/ 

01.05 
30.52 

55.70 
27.85 

48.15 
24.08 

22.63 
41.32 

Micrometer 

/ 

+6 

-8 

-3 

-0 

// 

49.48 

08.02 

03.56 

20.74 

Level 

// 

+O. 78 

-0.02 

-0.39 

-0.35 

Redreotim 

// 

+O. 18 

-0.14 

-0.00 

-0.01 

Meridian 
Lntitude 

0 

41 

41 

41 

41 

I N 

01 20.96 

01 19.67 

01 20.07 

01 20.22 

,I 

Value of one divirriou of latitude level: Upper -1.600 
Lower -1.364 
Mean -1.482 

Remarlra 

Struck instrument 

8136O-13-8 
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Corrected 
4 

N 

20.15 
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A i  

+0.09 

Stnr No. 
Boss OatalOguC 

-- 

' 3667 
*(2265) 

3842 
3949 

~~ 

19.77 
20.22 
20.21 

4063 I 4081 
I 4112 

i o . 4 7  
+0.02 
+0.03 

I 4161 

20.36 
20.35 
19.93 
19.77 
20.74 
19.97 
20.18 
20.23 
20.73 
20.75 
20.28 

-0.12 
-0.11 
+0.31 
+0.47 
-0.50 
+0.27 
tO .06  
+O.Ol  
-0.49 
-0.51 
-0.04 

3729 
3803 
3856 
3979 
4072 
4090 
4129 
4201 
4379 
4494 
4651 
4711 
4758 
4799 
4892 

. 

.......... __._. _.__. 
Bum.. ~. . 

4327 
444 1 
4623 
4669 
4745 

*(3019) 
4824 

+ Bum. 
- Bum. 
Algebra 
Mean.. ............ 

Mlc. diff. 
MI 

+ 8.3 + 0. 1 
-14.3 
+14.1 - 9.1  
+13.8 
+16. 3 + 2.3 
+15.7 
-21.9 
- 8. 2 
- 0. 9 + 2.8 
-16.4 
-16.1 

......... 

......... 

20.24 

73.4 
86. 9 

'-13.5 
- 0. 9 

1.73 
1.77 

.................. 
......... 

Summ y of lutitude computation. 
[St. Anne, Ill., June 25,1908.1 

4 
41°01' 

N 

20.26 
19.77 
20.02 
20.40 
20.24 
20. 54 
20.15 
19.80 
20.96 
19.67 
20.07 
20.22 
20.77 
20.53 
20.06 

......... 

......... 

......... 
20.23 

A4 

-0.03 
+O. 46 
+o. 21 
-0.17 
-0.01 
-0.31 
+O. 08 
+o. 43 
-0.73 
$0.56 
$0.16 
$0.01 
-0.54 
-0.30 
$0.17 

2.08 
2. 09 

-0.01 
......... 

0. 00 
0.21 
0. 04 
0.03 
0. 00 
0. 10 
0.01 
0. 18 
0. 53 
0. 31 
0.03 
0. 00 
0. 29 
0.09 
0. 03 

1.85 
........ 
........ 
........ 

H I T I  

-0.11 
0.00 

+o. 20 
-0.19 
+o. 12 
-0.19 
-0.22 
-0.03 
-0.22 
+O. 30 
+o. 11 
+o. 01 
-0.04 
+o. 22 
+o. 22 

........ 

........ 

........ 

........ 

2 

0.01 
0. 22 
0.00 
0. oo* 
0.01 
0.01 
0. 10 
0. 22 
0.25 
0.07 
0.00 
0.00 
0.24 
0. 26 
0. 00 

1. 39 

........ 

........ 

* 2265 nnd 3019 am ten-yenr 1880 numbers. ?'he rncan dccIinntlons for these stan were obtained from severnl sourn. 

ep  = f ,/-- 0 455X 1.85 = f 0". 25 
14 

The value of one-half turn of the micrometer as used in the field=22".325. 
Mean 4) 8 pairs with plus micrometer difference =41 O 01' 20".33. 
Mean 9) 7 pairs with minus micrometer differcnce=4lo 01' 20".12. 
The mean of 7 pairs with minus micrometer diffcrenccs minus tho mean of 8 pairs with plus 

micrometer diiFerences = - 0".21. 

Observation cquetlona 

c- 8.3rl-0. 03=0 
c- 0. lr,+O. 46=0 
c+14. 3r1+0. 21=0 

c+ 9. lrl-O. 01=0 
c-13. 8r1-0. 31=0 

c- 2.3r1+0. 43=0 
c-15.7r,-O. 73=0 
c+21.9r1+0. 56=0 
c+ 8.2r1+0. 16=0 
c+ 0. 9r,+0. 01=0 
c- 2.8r1 -0.64=0 
c+16.4rl-0. 30=0 
c+lG. lr,+O. 17=0 

C-14. ltl-O.17=0 

c-16.3rl+O. 08=0 

Normal cquatlom 
15c+13. 5rl-0. 01=0 
13.5c+2346. 59r1+31. 872=0 
r,= -0". 0137 

C= +W/. 0130 

Corrected value of one-half turn of micrometer screw 
=22/'. 311S;tW'. 0046 

Latitude of St. Anne latitude station 

Reduction to mean position of pole - - + 0.07 
Latitude of St. Anne latitude station, reduced to soa level and 

For nn explanation of the above adjustment see page 130. 

=41° 01' 26".24&0".06 
- 0.03 - - Reduction to sea level, elevation of station, 206 meters 

the mean position of tho pole = 41 O 01' 20".28 f 0".06 

1 6ee Astronomischo Nachrlchten No. 4414. 
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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 wero used, tlie final valuo for the 
latitude of a station would seldom be changed by more than 0”.01. 

After the 
3”.00 rejection limit has been applied the probable error of a rcsult from a single pair, ep, is 
computed from all the remaining values, and then 5e, is used tis an absolute rejection limit, 
and 3.5ep is used as a doubtful limit beyond which rcjcction is to be made if strong evidenco in 
favor of rejection is found other than tho residual itself. Such evidence may consist of positive 
notes indicating bad conditions (luring tho observation of the particular pair concerned, con- 
tradictions in tlie record indicating a probable misreading, or IL mean declination of a star with 
a probable error so largo that i t  might account for the lnrge residual. 

A new value of one-half turn of the micrometer is to be clerivctl from the latitude observa- 
tions only in tliose cascs in which tho mean latitude from ptiirs with plus nlicrometer differ- 
ences differs by more than 0”.20 from tho mean latitude from pails with minus micrometer 
differences. It is believed that, when the agreement is within 0”.20, n ncw raluo of one-half 
turn, if derivcd from tho observations, would differ from tlie old by less than 0”.01 and the 
fmal 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 formuls used in computing tho probd.de errors, if a correction to the micrometer value 
is derived from the latitude observations, are: 

A first rejection limit of 3”.00 from the mean value of the latitude is used. 

%= 

(0.455)2’43 J e,, = probable error of r, = 

,Tho correction for elevation to reduce the mean latitude to  sctt level is always applied. 
(Seep. 130.) 

The reduction to a triangulation station or to other points is also applied on tlie latitude 
computation and tho relation of tho latitude station to such point or points is thoro indicated, 
Unless the latitude station is within a few meters of tho triangulation station and due east or 
west of it, tho latitude computation should show the latitude of both the latitude station and 
the triangulation station. 

’ EXPLANATION OF COMPUTATION. 

Let f and C‘ equal the true moridional zenith distances of the southern and northern stars, 
and 6 and 6’ tho apparent declinations of the samo, rospoctively; thon tho oxpression for the 
latitude is 

9=% @+a’)+ % (C -C ’ )  

Now, if z, z’ denoto tho observed zonith distancos of tho south and tho north stars; n, s the 
north and the south readings of tho levo1 for tho south star, and n’, s’ tho samo for the north 
star; d the valuo of one division of levol; r and r’ tho refraction corrections and m and m‘ the 
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roductions of the measured zenith distances to the meridian for the south and the north stars, 
respectively, then 

d 
ql= %@+a’) +%(z -z ’ )  +4( (n+n’) - (S+S’)J1 + %(r-r’> + %(m+m’) 

and if iK and A!’ be the micrometor readings of tho south and the north stars, increasod microm- 
eter readings corrosponding to increased zenith distancos, and R the value of one turn, then 

R 
(2-2’) = (M- M’)-- 2 

Tho details of the computation of the second and third terms in the above formula are 
Tho first, fourth, and fifth terms are sufficiently indicated in the computation shown abovo. 

explained more fully on the following pages (117-119). 
Tonths of divisions of tho micromotor hoad are usually ostimatod. . 

COMPUTATION OF APPARENT PLACES. 

The data given in the Boss proliminary goneral cataloguo of stars for 1900 in regard to a 
star, from which its apparent place a t  the timo of observation is to bo computod, aro the moan 
right ascension and dcclination, a m  and 6, for the year 1900, 2,; tho annual variation in right 

drY”’, the annual variation hi declination -, (tho annual precession and proper ascension, -* 

motion togother constitute the annual variation) ; and the secular variation of the procession 

There d26, in declination, given for 100 years, which, by moving tho docimal point, becomes - dta ’ 
are also given the proper motion in declination, p’; the mean epoch E; the probable error of 
tho doclination at the moan epoch eaEp; ew, the probable orror of 100 p’; and tho probable 
error of the declination for 1910, ea. The probablo error of the declination for any dato, T, is 

dam 
at at 

The reduction to the apparent place a t  obsorvation is made in two steps; first, the given 
moan place is reduced to the mean place a t  tho beginning of the yoar of observation, and upon 
that as a basis tho apparent place computation is then mado. 

Lot the mean right ascension and declination at the beginning of the year of observation be 
called cr, and So 

Then 
d a m  

a o = a m +  ( t o - t m ) ~  

The Boss catalogue shows that for the star 4327, am=al,=16h 56m 12”, with an 
annual variation -= -6”.304. Also 6,=61000 =82O 12’ 07“.66. Tho annual variation, 

”.00880, tho propor motion, p’ = - ”.001; the -- $6, am -5”.510, tho secular variation, - = - at - a t 2  

mean epoch, E, = 1875.5, ahd the probable error, eaq,= f0”.03; eg,  the probable error of 100,~‘ 
= f0”.13, and tho probable error of tho declination for 1910= f0”.05. 

d a m  
at 

1 The corrcction for inclinntion as hcm given is for a love1 of which tho gmduntion Is numberod In both directions from tho middlo. If the 
grnduntion is numbered continuously from on0 end to the other with numbers incrossing lowurd lhe objeclire, tho love1 correction is 

(Compare this with tho similar formula for a striding level on page 23.) If tho numbering on the levo1 greduatlon lncroases forourd fhe eyepicee thin 
formula h o m e s  

I i((n-tZ‘) +(8-8’) 
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This star was observed for latitude in June, 1908, a t  St. Anne, Ill., Oh 43m west of Washington. 
ao= 16h 56” 128-8 (6‘.304) = 16” 55“ 22“, which is sufficiontly close to tho apparent right 

6,=82O 12’ 07”.66+8 [-5”.510+ ~(8)(-”.00880)]=82°11‘23”.30. The probableerror 

The apparent declination,‘ 6, at  tho instant of observation may now be computed by the 

ascension for use in connection with latitude observations. 

of tho declination for 1908= 1/(0“.03)2 + { .325(0“.13)p= f0’’.05. 

formula given on page 526 of the American Ephemeris for 1908, namely, 

in which g, G, h, H ,  and i are quantities called indopendont star numbers which are functions 
of the t h o  only and are given in the Ephemoris (pp. 532 to 539, 1908) for evory Washington 
mean midnight during the yoar. T is tho elapsed decimal fraction of tho fictitious year and is 
given in the Ephemeris with tho independent star numbers. 

This formula has beon put in a more convenient form, conducive to more rapid compu- 
tation, and adapted to the use of natural numbers and Crello’s Rechentafeln, in an appendix 
to the Cape Meridian Observations, 1890-91, entitled “ Star-Correction Tables,” by W. 13. 
Finlay, M. A. 

6=6o+T/l’+gCOS ( G + ~ ~ ) + ~ c o s  ( H + u ~ )  sin  COS 60, 

The formula is 
6= S0+P’ (1 +z) +Q’ (1 +y) + I + s ~ ’ .  

in which I ,  P’, and Q’ are tabulatod in the Finlay tables. 

from one opening of the tables for all stars and dates. 
P’ =go cos (G + two) and is tabulated with respect to the argument G + a0 and can be obtained 

Q’ = h, cos (N+ no) sin 6, and is tabulated with respoct to tho arguments ( H +  no) and 6,. 
I = i  cos 6, and is tabulated with respect to i and 6,. Q’ and I can bo obtainod from the 

same opening of tho tablos for any given star and date, and all interpolations involvo such 
small tabular differences that they may bo made mentally. 

9 h 
90 h0 

1 +x=- and 1 +y=-. 

The values chosen for go and h, aro 20”.0521 and 18”.500, respectively, so that x is gonorally 
negative and never greater numorically than unity, while y is always positive and never greator 
than 0.11; thus tho multiplications by x and y can bo easily offocted by Crollo’s Rechontafoln. 
x and y aro functions of the time only, and with sufficient accuracy may usually bo considered 
constant for a sing1.o night. 

If the period ovor which tho observations extend on any night is not more than four hours 
long, tho quantities g, h, G, n, i, and T may bo takcn from tho Ephomcris for tho midttlo of tho 
observing period and assumod to be constant for the night. The errors from this assumption 
will be small and of both algebraic signs. 

The computation of the apparent places of seven stars observod a t  the St. Anno latitudo 
station is shown on pago 111. 

When n given star is observod on sovoral nights in succession i t  is not necessary to compute 
the apparent place for overy night of obsorvation. Tho apparent plnco may bo computotl 
for certain nlghts at  intorvals of not more than threo days and tho tloclinntion for intermediato 
nights may be obtainod ,by intorpolntion. 

CORRECTION FOR DIFFERENTIAL REFRACTION. 

The differonce of refraction for any pair of stars is so small that wo may neglect tho varia- 
tion in tho state of the atmosphere at the time of tho observation from that mom state supposod 
in tho refraction tables, except for stations at high altitudes. Tho refraction being noarly 
proportional to the tangent of tho zenith distanco, the diffurenco of refraction for the two stars 
Glf be given by 

r - r’ = 57‘‘.7 sin (z - z’)  secaz, 
1 In tho comparatlvoly rare casas in which it is necessnrg mmpub the apparent right asoension of a star it may bo done by tho,uae of thv 

formula glvon in Finlay’s tables, 
a-Q+P(l+r)+Q(l+v)+/+rp. 
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and since the half difference of zenith distances, as measured by the micrometer, is the quantity 
applied in the computation, the following table of corrections to the latitude for differential 
refraction has been prepared with the argument one-half difference of zenith distance at the 
side, and the argument zenith distance a t  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 love1 (760mm) it may be desirable 
to take this fact into account by diminishing the values given in the following table (computed 
for sea level) to correspond to the reduced pressure. That is, if the mean pressure is 10 por 
cent less than a t  sea level diminish each value taken from the table by 10 per cent of itself, if 20 
per cent less diminish tabular values by 20 per cent, and so on. This need only bo.dono roughly, 
since the tabular values aro small. 

Correction to latitude for diferential refraction= W (T-r') .  
[The sign of the correction is the 681118 aa that of tho micrometer dllloroncn.1 

Onehalf 
dill.ofrenlt 

distanm 

I 

0.0 
0.5 
1.0 
1.5 
2.0 

2.5 
3.0 
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4.0 
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6.5 
7.0 

7.5 
8.0 
8.6 
9.0 
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17.5 
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00 

// 
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// 
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Zenith distance 

N 
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// 

0.00 
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0.06 
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0.10 
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0.50 
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0.27 
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0.34 
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0.41 
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0.47 
0.49 

0.50 
'0.51 
0.63 
0.54 
0.56 

0.57 

N 

0.00 
0.02 
0.03 
0.05 
0.07 

0.08 
0.10 
0.12 
0.13 
0.15 

0.17 
0.18 
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0.25 
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0.34 
0.35 
0.37 
0.39 
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0.42 
0.44 
0.45 
0.47 
0.49 

0.50 
0.52 
0.54 
0.55 
0.67 

0.59 
0. (io 
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0. ti4 
0.65 

0. 67 
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REDUCTION TO THE MERIDIAN. 

If a star is observed off the meridian while the line of collimation of the telescope remains in 
the meridian, the measured zonith 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, 
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in which 5 is the hour-angle of the star. The signs are such that tho correction to the latitude 
(= z) is always plus for the stars of positive declination and minus for stars of negative decli- 

nation (below the equator), regardless of whether the star is to the northward or to the southward o j  
m m' t h  zenith. 5 or 2- is, then, always applied as a correction to the latitude, with the sign of the 

right-hand member of the above equation. For a subpolar 180' -6 must be substitutod for 6, 
making the correction negative in this case just as for stars of southern declination. The follow- 
ing table gives the corrections to  the latitude computed from the abovo formula. If both stars 
of a pair are observed off the meridian, two such corrections must be applied to the computed 
latitude. 

Correction to latitude for reduction to meridian. 
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The catalogues now available contain so many stars which may be observed for latitude 

that it is not desirable to move the instrument out of the meridian to observe a star which is 
missed as it crosses the meridian. 

COMBINATION OF RESULTS, EACH PAIR OBSERVED MORE THAN ONCE. 

Separate values of the latitude being computed horn each observation upon cach,pair, 
it remai& to combine theso in such a way as to obEain the most probable value of the latitude 
and to obtain certain probable errow. 
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Let p be the total number of pairs observed. Let the number of observations upon pair 
No. 1 be n,, upon pair No. 2, n,, and so on, and let the total number of observations at  the sta- 
tion be %=n,+n,+n, . . . Let A bo'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 
p < i  Let e be the probable error of a single observation of the latitude, excluding the error 
armng'from defective adopted declinations. 

The various values of A depend upon and are a measure of the probable error of observation, 
but are independent of the errors of the adopted declinations. According to the principles of 
least squares, 

0.4552 A2 0.4552.A2 
e2==No. obs.-No. unknowns' no-p ' 

Let p1 be the mean latitude from observations on pair No. 1, p2 from pair No. 2, and so on. 
Let v be the residual obtained by subtracting pl, pa . . . in turn from the indiscriminate 
mean for the station of plJ F~,  F~ . There will be p such residuals, and they are a meas- 
ur0 of the probable error, of the mean result from a pair, which will be called e,,, arising from 
both errors of observation and errors of declination. 

. . 

0 . 4 5 5 8 ~ ~  eap = 
P-1 * 

Let epl ,  em . . . be the probable errors, respectively, of v,, y2, va . . . Let es 
be the probable error of the mean of two declinations. Then 

ea e' 
1 n, 

" - e q + 2  - 2 eam=eay+- . . . 
These various values eapl, eZm, . . . differ from each other* because of the various 

values of n,, %, . . . even though eay and e2 are assumed to be constant, and the value 
derived above for eap is their mean value. Adding these various equations, p in number, and 
taking the mean, member by me_mber, there is obtained 

e2 ea ea 

1 -+-+- . . . 
ea -e2 +nl '% 'n3 

p -  !f P 7% -J 
Placing 

e Z 1  {-+-+- 1 1 . . .I=. 
P n, n, 718 

to abbreviate the notation, and solving for eay theso is obtained 

ea y - e p - ~ a  - a 

Having determined the values of eay and ea, the proper relative weights, wl, w2, inversely 
. . proportional to the squares of their probable errors, may now be msigned to pl, p2, p8, . 

. . .  1 
W2=- 

1 
eap2 

or 

w, = ( eay + w a -  -(e2 P +c)-' n, . . . 
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. The results 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 tho United States 
Coast and Geodetic Survey is not to observe doublets or triplets. (See 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 broken 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 88 the 
observations 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 % and e, but is for their ordinary values so nearly equnl to the weight for an 
independent pair that it may, with little error, be assumed to bo 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 
$)-'in which A', is the number of nights' observations upon it, 

The most probable value po for the latitude of the station is the weighted mean of the 
mean results from the various pairs, or 

The probable error of qo is 
0.455PwAq 

ep =JG 
in which A 9  is the residual obtained by subtracting qlJ v2, qa . . . in turn from q0. 8 

A concrete illustration of the processes indicated by the nbovo formula 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. 

1 Th& m y  bo d o  evident 83 follow: Lot a1 and UI bo mspeotivoly the deollnation plus tho measured wnith distance of aflret and second 
sonth atar, and a, tho declination minus tho measured zenith dlstanco of a north star observed in combination with them. Lot the probablo orrorn 
of 01, a,, a: bo a, el, e, raspectivdy. Note that a, a, e: osoh include orrors both of declination and obscrvatlon. If tho two component pairs moorn. 
putad separately and tho mean taken, tho &t fs of tho form ~ ~ + ' ~ } + ~ + $ + ~ a n d  its probabloormrsquared ls (;):+ (:) '+ (+) ' 
Aseumlng that G~-C,-C:, this beoomes #el:, tho square of tho probablo ormr of tho mean result from tho combination. By tho a w e  reasoning it 

may be ahown that tho square of the probable omr of tho m l t  from a SlnglO lndopondent pair ls (2) '+ ($) '-.gcp. Tho weights to beapslpned 
tothecombl~tionand toanindependentpairaotheninthe~tloof(~e~~)-~ and (hclf)--l, oroft to 1.  If thowolght for anindopondantpairkunity 
the weight of a c h  annpontnl of a doublet is thtuoforo two-thlrds. 
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E ) =  E ( 4 . 9 7 )  = 0.009 (0.455) (3.63) = o.083 
20 21 epa = 

(0.455) (31.41) = ko.06. 
ed =J (20) (203) cay= 0.083 - 0.009 = 0,074 

Latitude=38" 55' 08".81 f0".06. 
In computing the values of e, 38' 55' 08".00 was first .dropped from eaoh value of 4.s 
An independent determination of e% may be obtained from the probable errors of the 

For the stars observed a t  a station the mean valuo of the probable error of the mean of 
mean declinations of the stars observed, aa given in the Boss catalogue. 

two declinations is 

in which N, 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 
this formula and ,from that given on page 120 (viz, ea% t. e",, - P )  two separate values ,for e 9 for 
each pair may be computed. Which should be used in the formula 

fixing the weight to be assigned to the mean result from a pair? There are two objections-to 
the rigid use in all cases of the second value (from the latitude computation). That value is 
a mean for all tho pairs of a list, and in using i t  the fact that some declinations have very much 
larg6r probable errors than others in the samo list is ignored. Moreover, in practice, the formula 
8y=e2,, -c2is sometimes found to give a value for e9 which is so small as to be evidently erro- 
neous, and sometimes ea? is even negatiwe, whioh is an absurdity. On the other hand, when- 

ever the value e 2 y = x *  is smaller than e2y =$-$,,, and that is usually 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 -e2,-$ should be used in the 
weighting. 

The following method of weighting, therefore, seems to be the best Tor use in the office 

computation. In  the weight fornula (see page 120), w, = eZy + - , use for each pair the larger 

of t b  two available values of 89, namely, e'? = 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 tho values of ezy from the mean place computation are greater than t9q- 
ea,,.-$ one may first note on tho list of mcan places for what stars e', exceeds 2 (e2,,-c2). Only 
pars  involving such stars need be examined further. To illustrate, of the pairs involved in the 
latitude computation shown on pago 122, there wero only four for which'the dean  place com- 
putation gave values of e2y exceeding 0.074. The stars involved in these four pairs were 4526, 
4550, 4555, (2350), 5026, [12501, (2365), and thecorresponding values of ea, were 0.37, 0.08, 0.10, 

He' 0.18, 0.24, 0.08, 0.73. The weights assigned to these four pairs therefore depend upon e l y = q  

in each case. 

2 N8 

9- 

3-' 
and e l  = ea,- €2. 
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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 h t  paragraph under the heading “General Notes on Computations of Latitudein 
the U. S. Coast and Geodetic Survey” on p. 115.) 

Whenever the plan of observing each pair but once at a stahion is carried out the method of 
combining resulta and computing probable errors outlined in the preceding pages fails, and for 
i t  must be substituted the following procedure, for which little additional explanation is needed: 

in which ep is the probable error of the result from a pair, including both the error of observation 
and the declination errors, v is the residual obtained by substracting tho 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. Ifs probable error is 

0.455 Pb Q=d 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 e, and e+ 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. (See p. 104.) 

If desired, the office computation may be carried further as the probable error of the decline 
tion of a star e* may be obtained from the catalogue. 

The probable error of a single observation is given by the formula e’=eaP-,” ”* in which 

If weighfs were given each pair (not the present practice in this Survey), the weight to be 
N, is the total number of stars bbserved. 

assigned to a pair would be 
w = (ezy + 

in which for each pair d =?, the summation covering the two stars of that pair only. 2 e Z  
?l 

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:’ 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 elongation the 
apparent motion of the star is nearly vertical and nearly uniform. That one of the four close 
circumpolam given in the Ephemeris, namely, a, 8, and 1 Urss Minoris and 51 Cephei, may be 
selected which reaches elongation at the most convenient hour. In selecting the star it may be 
assumed with sufficient accuracy that the elongations occur when the hour-angle is six hours 
on either side of the meridian. In planning the observations and in making the computation 
it is necessary to know the time of elongation more accurately, and it may be computed from 
the formula 

cos t, = cot 8 tan q5 
1 Sea Appendix No. 8, United B t a b  Coast and Geodetic B m e y ,  Report for 1w)o, lor m full discuselon of the detemlnatlon of mlcrometer 

d u e .  
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Chronometer time of elongation = LY - AT f &, the plus sign being used for wastern elonga- 
tion and the minus for eastern elongation. & is the hour-angle at elongation reckoned eastward 
or westward from upper culmination, and AT is the chronometer correction. 

If desired CB, the zenith distance of the star at elongation may be computed from the 
formula 

cos CE = cos0c 6 sin 4 
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 dkection 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 a t  every half turn, or even at  every quarter turn, by 
allowing an assistant to  read tho level. 

The form of record and computation is shown below, the first four columns being the 
record, and the remainder the computation, of the value of one turn of micrometer from observa- 
tions made at the New Naval Obsorvatory June 18, 1897. 

It is well to note the temperature. 

9 = 38' 55' 08".8. 
For the star B. A. C. 8213 at the time of observation a=23h 27m 45O.6 and b=86' 44' 

13".4. The chronometer correction a t  the time of the.observations was known to be+2'.3. 
Whence the chronometer time of esstern elongation ww computed to be 17h 38m 16O.5 and the 
zenith distance 51 O 00'.5. 
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I Computation of value of micrometer. 
Btation; NEWNSVBI Obaervath,  Wsahington, D. C. Observer, 0. B. F. Btnr, B. A. C. 8213 E. E. Dab, June 18,1897. Instrument, Zenlth . .  telascopo, No. 4.1 
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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 arc 15 cos 6 per second of sidereal time. The table 
of curvature corrections given below enables one to correct the observed times to what they 
would have been if in the place of the actual star there were substituted an ideal star whose 
motion was vortical at a constant rate 15 cos 6 and which coincided with the actual star at 
the instant of elongation,. 

Correction for curvature of apparent path of star, in computation of micrometer value. 

1 1 [The wrrmtlon tabulated is 5 (15 sln l”)* TJ- (15 sin 1”)’ d In whloh T I s  the time lrom elongatlon. Apply the 0 0 r r e ~ t l 0 ~  glven & the 
table to the observed chronometer tlrnea, adding them before elthor elongatlon, and subtraotlng them after either elongatlon.]’ 

In the computation the fifth column shows the values of r, and the seventh column the 
rpylting curvature correctioas. 

, m e n  the rqading of the level changes, it indicates, upon the usual assumption that the 
relation between tho level vial and the tolescope remains constant, that the inclination of the 
talescope has changed. The effect of the movement of the telescope may be eliminated in the 
computation by applying fo each observed time the correction in seconds of time, 

to reduce it to what it would have been if the readings of the north and south end of the bubble 
had beea n‘ and s’, respectively. 

If, as in the present case, the level graduation is numbered continuously from one end to 
thd other with the numbers increasing toward the eye ond, instead of being numbered in both 
directioIis from the middle, the required correction becomes 

, I Tn each of these formuls the plus sign is to be used for western elongation and the minus 
sign for emtern elongation. It is convenient to take for the assumed n‘ and 8’ the actual 
readings at some one moment during the set of observations. 

Zenith telescope No:4 had two latitude levels, and the correction was computed by taking 
the mean of the two and using the moan value of d (= 1”.482). The sixth column shows the 
mean values of (n’+d) - (n+s) and the eighth column the resulting corrections, the factor 

30 cos 6 
’ ’ LQt 2, be an assumed approximate value of one turn in time and let r ,  be a required cor- 

rection to R,. Let To be an approximate value of the chronometer time of transit of the star 
across the micrometer line set a t  20 turns (the middle of the screw) and 1, a required correction 
to T, Then, upon the assumption that the screw has a uniform value throughout the part 

8 being 0.87: 
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observed upon and that the star moves in the direction of increcwing readings (western elongation) , 
for each observed time an observation equation may bo written of the form 

t +  (20-RJ (R,+rJ-(T,+t,)=O 

in which 1 is the observed time of transit across the line set at the reading R, after correction 
for curvature and level. After transposition this may be written 

in which ’. 

( 2 0 - R o ) ~ , - t o = A  

A = To - [t + (20 - R,JR,] 

whence the normal equations become 

H ( 2 0 - ~ 0 ) ~ ~ , - 2 ( 2 0 - R O ) t O ~ 2 ( 2 0  -Ro)A 

-H(20-R0) ~,+nt,,= -2A. 

If the turns observed upon are symmetrical about 20, 2(20-B0)  becomes zero. If, more- 
over, as in the numerical case here shown, To is purposely taken equal to the mean value of 
t + (20 -R,)R,, H A  is zero and to  derived from the second normal equation is necessarily zero. 
Also the first normal equation reduces to  the working form 

. .  2(20-R,)2 r ,=2(20-  R,)A 

If the star is observed at eastern elongation it moves in the direction indicated by &Creasing 
micrometer readings and throughout the preceding formulae R, - 20 must be substituted for 

. In the computation form printed above, the values of t + (Bo- 20)Rt are shown in the column 
headed “Time at 20 turns,” R, being assumed= 528. To was assumed= 17” 2Sm 15.’4, the mean 
for this coiumn, and the A’s written accordingly. 

2O - R,. 

The equation H(R, - 20)2r1 = 2(R, - 20) A reduces numerically to 2 4 8 0 ~ ~ ’  = 820.3. 
A’ is the residual obtained 6y substituting the derived value r, in each observation equation, 

or A! = A  - (R, - 2 0 ) ~ ~ .  
The remainder of the computation needs no explanation except that the correction for r e f w  

tion to  be applied to the value of one turn is the change of refraction for a change of zenith 
distanqe 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 stw vq 
observed (approximately =#). The difference of refraction for 1‘ may be obtained from any 
table of mean refractions with sufficient accuracy. The correction for refraction is always 
negative, since the change of refraction is always such as to make a star appear to move slower 
than it really does. 

It wil l  sometimas be necessary to apply a correction for rate. “h 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 arc) 
86400 

The correction is negative if the chronometer -00 fast. 
The micrometer value is sometimes determined by turning the micrometer box 90° and 

observing upon a close circumpolar near culmination. There are two serious objections to this 
I In thle computation It becomes n- to flnd the sum of the series lr+p+;)r+qt . . . . +lS? It Is convenient far thle pnrpose to 
the formula l’+2J+3+4* . . . ++:+:+:. o - o d y  leas0 square computations it -mea necesary to eompute ttm snm of a 

-&@of fourthpowere. One may then 1286 the formula 14+24+34+44 . . +rL~+-i+%-m Toobbln the eumof theserlea(fr+(+)d+ 
(iy+(iy+(ii)4 . . . + ~ ,  apply the formula to the series 14+24+34+44 . . + ( 4 z ) 4  and dlvlde by 258-44. Sea Sammlung um Fonnelndr 
rdnen und angcwandlen dialhema&ik won Dr. W. =ka, p.  88 (BrauMdrwdg, f88&f884). 

f i f l f l z  
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procedure. The focal adjustment is liable to be disturbed more or less when the micrometer 
box is turnod, antl a corresponding constant error iniroduced into the result. In  obsxving 
at  elongation the telescope is dopended upon to bo stable in zenith distance, the direction in 
which it is designed to be stable, and the level readings furnish a means of correctkg in large 
part for small movements in that direction. But when the observations are made at culmination 
the instrument is depended upon to remain fixed in azimuth, tho direction in which, because of 
its peculiar design, it is weakest, and them is no check upon changes in azimuth corrcsponding 
to the level readings. Hence, it is not advisable to observe for micrometer value at culmination. 
The only modifications in the computations are that there are no corrections for 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, antl 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 wns thus determined twelve 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 tho distance between the objective and the micrometer 
line, though the draw tube was kept clamped continuously, and the range of temperature during 
tho cntiro year was only about 1 l o  C. (Coast and Geodetic Survey Report, 1892, Part 11, p. 61.) 
Similarly, sixteen determinations of the value of n micrometer used at  fiftcen stations on the 
Mcxican Boundary Survey of 1802-93 showed 8 range of 0”.33 or one one-hundred-and-ninetieth 
of the mean value.’ In  this case the draw tube was unclamped and the telescope refocused 
at the beginning of the observations at each station. The observed value was apparently not a 
function of the temperature. The San Francisco series of observations for variation of latitude 
also show a similar large range in the observed micrometer value (viz: 0”.17). (Coast and Geo- 
detic Survey Report, 1893, Part 11, p. 447.) In  general, whenever the micrornoter value is 
determined repeatedly by tho circumpolar method so large a range of results is developed as to 
force one to suspect that large constant errors are inherent in this method of observation. It 
can hardly be urged that the d8erences between the results represent actual changes in the 
micrometer value, for such differences aro developed even when successive detorminations are 
made during a single evening. Moroover, whenever tho 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 form of disagreement been, that many of the office latitudo computations have actually 
been made during the last few years by rejecting the micrometer value from circumpolar observa- 
tions, when thcro is a marked difference between it and the value computed from the latitude 
observations as indicated below, and using tho 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 
tho year 1905 no observations have been made on clos6 circumpolar stars for that purpose. 

The total range in the values of one turn of the micromoter screw of zenith telescope NO. 
2, ns determined from the latitude observations for 36 of the 63 stations established by hsis tant  
W. 13. Burger, from 1905 to 1908, is 0”.17. This is one two hundred and seventy-third of the 
mian value. 

As to the accuracy of the micronieter value determin’ed from the latitude observations, 
it may be notod that if it bo nssumed that tho probable m o r  of a single observation of latitude - 

1 Report of the Intornntlond Boundery ~ o ~ o n .  United Bt8tos rind Maxlco, 18B1-18W (Waslhgton, 1@8), p. 103. 

813GO-13-9 
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is &0”.40, of the mean of two declinations is i-0”.16 (see p. 133) and of the latitude aa 
derived from independent pairs is *0”.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 

Ld(0.40)2  10 +4(0.16y + (0.10)2= f0”.05. 

There can be little doubt, therefore, that the mean micrometer value determined from 
all the latitude observations at a station is more accurate than that determined from even 
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 question‘able procedure; that it “smooths out” , 
the results, but probably does not give real accuracy. The force 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 ah inspection of the values of A’. One com- 
mon form of irregularity in screws is a continuous hcroase in the vdue from one end to the 
other, in which case A’ tends to have the same sign at  the two ends of the set and the opposite 
sign in the middle. 

To derive the mean micrometer value from the latitude observations let M, be the d8er- 
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 r, be the required correction to the assumed value of one-Mj 
turn with which the computation of the latitude was made, let p be the number of pairs, and 
let c be the correction to the mean latitude +o. Let A+ have the same meaning as before, 
viz, +o-+2, etc. (See computation on p. 114.) For each pair an observation equation 
of the form c- Mlr, + A + = O  may be written. The resulting normal equations, from which r, 
may be derive& are 

pc  -2 Mlrl + 2 A +  = 0 
-BMlc +B MZlrl - 2 MIA+ = 0 

The computation will be sufficiently accurate if Ml is carried to tenths of turns only, and 
as here indicated without assigning weights to the separate pairs. 

To the preliminary values of d,, +2 . . . , the results from the separate pairs, may 
now be applied the corrections Mlr, 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 

A+= -0.000171 h sin 2 4  

in which A+ is the correction in seconds of arc to  be applied to the observed latitude, h is the 
elevation of the station above sea level in meters, and + is the latitude of the station. This 
correction may be gotten from the following table: 
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[Tho correction is nogotivo in ovory caso.] 
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Reduction of latitude to sea level-Continued. 
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The reduction to the mean position of the pole is derived from the provisional results 
published by the Latitude Service of the International Geodetic Association. (See p. -85.) 

DISCUSSION OF ERRORS. 

In  discussing the errors of zenith telescope observations it is desirable to consider separately, 

Thc principal extern1 errors are those arising from errors in the adopted declinations and 
as on page 48, the external errors, observer's errors and instrumental errors. 

those due to abnormal refraction. 
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The adopted declinations used in the computation necessarily have probable orrors which 
are sufficiently large to furnish much, often a half, of the error of the computed latitudo. This 
arises from the fact that a good zenith telescope gives results but little, if any, inferior in accuracy 
to thoso obtained with the large instruments of tho fixed observatories which were used in deter- 
mining the declinations. 

Of the stars observed at  thirty-six latitude stations, nearly on tho thirty-ninth parallel, 
between 1880 and 1898, tho average value of ey derived from the mean place computations 
was fo”.16 and the extreme values were f0”.12 and f0”.23. The average probable error 
of the declination of a star in 1900 as given for the 6188 stars in the Boss catalogue is about 
*0”.18, and henco tho average value of e Tfrom tho Boss stars would be about &0”.13. These 
figures furnish a good estimate of the accidental errors to be expected from the adopted declina- 
tions. To estimate tho 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 systcmatic corrections applied to tho separate catalogues of observed places. The 
three principal researches in regard to theso 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 Professor 
Boss’s researches, may possibly be as great as 0”.3, but is probably much smaller than that. 

In regard to errors arising from abnormal refraction it should bo noted that only the dif- 
ference of refraction of the two stars of a pair enters tho 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 outsidc, or from masses of heated air from chimneys or 
other powerful sources of heat near tho observatory. If thero were a sensible tendency, as 
has been claimed, for all stars to bo seen too far north (or south) on certain nights, .because of the 
existence of a barometric gradient, for oxample, it should be detected by a comparison of the 
mean results on different nights at  the samo station. The conclusion from many such compar- 
isons made by Prof. John F. Rayford is that the variation in the mean results from zenith 
telescope measurements from night to night is about what should be expectod from tho known 
accidental errors of observation and declination; or, in other words, that if there are errors 
peculiar to each night they are exceedingly small.’ 

The ebsmver’s errors are thoso mado in bisecting the star and in reading tho levo1 and 
micrometer. Errors due to unnecessary longitudinal pressuro on tho head of the micrometor 
may also bo placed in this class. 

Indirect ovidenco indicates that the error of bisection of the star is one of the largest errors 
concerned in the measurement. Tho bisections should be made with corresponding care. The 
probable error of a bisection must be but a fraction of tho apparent width of the micromotor 
line if the observations aro to be ranked aa first class. It is possible to substitute threo or moro 
bisections for tho one careful bisection recommended in tho diroctions for observing (p. 110), 
but it is not advisable to do so. On account of the comparative haste with which such bisections 
must be made, it is doubtful whether tho mean of them is much, if any, more accurate than a 
single careful and doliberato bisection, while the continual handling of the micrometor hoad, 
which is necessary when several bisectiois are made, tends to produce errors. 

With care in estimating tenths of divisions on tho micromoter head and on the level grad- 
uation, each of these readings may be made with a probable error of f0.1 division. If one turn 
of the micrometer screw represents about 60“ and one division of the love1 about I”, such 
reading would produce probable errors of f O Y O 4  and f OY05, respecbively, in tho latitude 
from a single observation. These errors are small, but not negligible, for the wholo probablo 
error of a single observation arising from all sources is often less than f O”30 and sometimes less 
than f 0”.20. 

1 sea Report of the Boundary Cornmidon upon the Survey ond Rbmarklng of the Boundary between the UnlM Stam md Mexico West of 
the Rlo Qrande, 1891 to 1886 (Waahlngton, 18981, pp. 107-10, 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 heating 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 deIiberately may not be pertinent to the purpose for which it was taken. 
The level readings ar0 intended to fu 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 14000 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 level was read both before and after the bisections of the star, 
the former readings continually differed from the latter, from 0".1 to 0".9, nearly always in 
one direction.' 

Among the instrumental errors may be mentioned those due (1) to an inclination of the 
micrometer line to the horizon; (2) to error in the adopted value of one division of the level; 
(3) to inclination of the horizontal axis; (4) to erroneous placing of the azimuth stops; (5) to 
error of collimation; (6) to the instability of the relative positions of 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 introduce a constant error into the computed latitudes. The observer, even if he 
attempts to mako the bisection in the middle of the field (horizontally), is apt to mako 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 tho inchation of the vertical axis between pairs, this error will bo negligible. Little 
time is needed for this if the observer avoids all reversals by simply manipulating a foot-screw 
so as to move the bubblo as much to the northward (or the southward) as tho record indicates 
the required correction to be. 

"he errors from the third, fourth, and fdth sources may easily be kept within such limits 
aa to be neglqpble. An inclination of 1 minute in the horizontal axis, or an error of that amount 
in either collimation or azimuth, produces only about 0". 01 error in the latitude. All three 
of these adjustments may ewdy be kept well within this limit. 

Tho 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 observer is to guard against them by protecting the instrument from 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 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 increase the computed probable error of observation and must 

1 U. 8. Coaet and Oeodetlc Survey Report, 1882, part 2, p. 68. 
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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 increases 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 differences 
actually observed at a station shall balance $9 nearly as possible. The final result will be free 
from error from this source if the weighted mean of the micrometer cl.Berences, the signs being 
preserved, is zero. The only effect of the error in the mean micrometer value in that case is to  
shghtly increase the computed probable errors. The weights are not, however, usually known 
during the progress of the observations. If the indiscriminate mean of the micrometer Mer- 
e n w  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 tho maximum accuracy for a given expenditure 
of money and time? What degree of accuracy in the mean result for the station is it desirable 
and justifiable to strive for P 

The answer to the b t  question depends upon the relative magnitude of the accidental 
errors of declination and of observation. At 36 stations nearly on the thirty-ninth parallel, 
at which latitude observations have been made since the beginning of 1880, the average value 
of eY, the probable error of the mean of two declinations (derived from the mean place com- 
putations), is f0".16 and the extreme values were f0".12 and f0".23. At 37 stations 
occupied with zenith telescopes along the thirty-ninth parallel the extreme valuea of e, the 
probable error of a single observation, were f0".16 and f0".98, and at about one-half of 
the stations it was less than *0".42.' Similarly, at 43 stations along that pmallel occupied 
with meridian telescopos e was loss than f0".45 at one-half the stations, and the extremo 
values were f0".21 and f 1".27. In the light of those figures one may use the following table 
to determine the most economical ratio of number of observations to number of pairs: 

Weight to be assigned to mean latilude from a single pair. 

ey being assumed to be f0".16. 

I I Number of observations on the pnit I 
e 

N 

k0.16 
k0. 20 
f 0.30 
st 0.40 
fO. 60 
kO.80 
kl. 00 

I I 

31. 2 32. 6 33.4 
28.1 29.8 31.0 
20.8 22.9 24.6 , 

16. 2 17. 4 19. 1 
8. 7 10.2 11. 7 
5.4 6. 5 7 . 6  
3 . 6 1  4 . 4 1  5 . 2 1  
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The measure of efficiency of tho first observation is the weight shown in the first column, 
and of each succeeding observation is the resulting increment of weight. Thus, if e =  f0”.16, 
the b t  observation gives a weight of 20, while the second observation is lcss than one-third 
as efficient, the increment of weight being only 6, and the fifth and sixth observations com- 
bined are about onsninth as efficient aa 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 =  f0”.60, the table shows that the second and third observations 
are each‘ nearly as efficient Tho larger is e the less differonce there is betwoen the 
h t  and succeeding observations, but in every case the Grjt observation is more efficient than 
any lator observation. 

If each observation after the first involved the same amount of time spent in preparation, 
observation, and computation as the first, it is evident that to secure a maximum of accuracy 
for 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 following items: Preparing the observing list, computing mean places, 
and computing apparent places. Several observations per pair save an appreciable amount of 
time in the apparent place computation only when the successive bights 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 shght 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 pcr pair may bo advisable. 

It is true that if but a single observation is mado upon each pair the observer in tlie field 
will not be able to determine his error of observation accurately (he may do so approximately 
by assuming e%= & O ” . l G ) ,  but tho 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 1 Omitting from consideration stations occupicd 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, thc 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 t o  dctermine thc relation between the actual figure 
of the earth as defined by thc lines of action of gravity and the assumed mean figure upon which 
the geodetic computations are based. In  determining this relation tllree classes of errors are 
encountered: The errors of the geodetic observations, tho errors of the astronomic observa- 
tions, and the errors arising from the fact that only a few scattered mtronomic 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 h t  class, which are not within the province of this appendix, to state that they 
are in general of about the same order of magnitude as those of the second class. 

The average value of the station error in latitude, without regard to sign, at  381 stations 
used in the Supplementary Investigation of the Figure of the Earth and Isostasy, is 3”.8. An 
examination of theae station errors shows that although there is 8 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 O”.l. Six stations within the District of Columbia show an 
irregular variation of station error in latitude with a total range of 1”.8. Stating the.result 

the first. 
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of the examination in another form, if tlie station error at a point is assumed to represent tho 
average value of tlie station error €or an arca, and if the crror of that assumption is to be not 
greater than f0”.10, tlie area adjacent to tlie station to wllich the nssumption is applied must 
not be greater tlian 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 f0”.10 in the latitude 
determination is all that it  is desirable or justifiable to strive for.’ Ono observation upon each 
of from 15 to 25 pairs will nearly always secure tliat degree of accuracy, and the observations 
may be completed in a single night. 

As indicated in the General Instructionsfor Latitude Work, page 104,paragraphs 3 and 4, this 
Survey has adopted tlie plan of using such a number of pairs, observcd but once, as will make it 
reasonably ccrtain that’ the &a1 computation will give a probable error not greater than f0“.10 
in the resulting latitude. 

Between 1905 and 1908, Assistant W. €1. Burger determined the latitude at 63 stations in 
the United States, mnking only one observation on a pair (unless it was found that some mistake 
was 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 rninimuni of 9 pairs. The average e,, was f0”.38 and the average 
e4 was f0”.10. The average number of nights on which observations were made at a station 
was 1.9. 

The average number of pairs observed 
per station was 15, with a. maximum of 16 and a minimum of 15 pairs. Tho average ep  was 
f0”.31 and the average e4 was &0”.08. Observations were made on only 8 nights for the 
7 stations. 

Assistant Wm. Bowie occupied 7 stations in 1908. 

At only one station were observations mado on more than one night. 

COST O F  ESTABLISHING A LATITUDE STATION. 

-It is difficult to give accurately the cost pcr 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 tlic 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 tho field for long seasons. 

1 Tho abovo discusslon also npplios, though wlth less force, to longitude and culmuth obaervetlons. In both these the errore of oboervatlon 
are noceaverily much larger than In latltude observetiom. 
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DETERMINATION OF THE ASTRONOMIC AZIMUTH OF A DIRECTION. 

GENERAL REMARKS. 

Various 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, tho 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 tho 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 formulse as well as specimens of record and 
examples of computation. If i t  is proposed to measure a primary or subordinate azimuth, the 
observer wi l l  generally have the choice of the method most suitable and adequate for the pur- 
pose, and accordingly provide himself with the proper instrument; yet frequently he may find 
himself already provided with an instrument, in which case that method will have to be sclected 
which is compatible with the mechanical means a t  hand and at the same time insuros 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 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 or deflection. 

We may distinguish between primary and secondary azimuths-the ono fixing the direc- 
tion of a side in primary triangulation, the other having referenco to sides of secondary or 
tertiary triangulations or to directions in connection with the measure of the magnetic decli- 
nation. For the determination of a primary azimuth thc local timo (sidereal) must either be 
known-as, for instance, when a telegraphic longitude is a t  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 altazimuth 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 altazimuth 
instruments. 

PRIMARY AZIMUTH. 

The requirements for primary azimuth are that the astronomic azimuth observations and 
the necessary time observations should bo 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 f0”.50. It is not dcsirable to spend much time or money in reducing 

._ The geodetic azimuth differs from the astronomic azimuth. 

138 



No. 18. 

T W E LV E- I N C I I [I I R E  CT I O  N 1 I I EO L 1 0  L 1 T C , 



No. 19. 

S E V C N - I N C H  RCPEATII'JG T I I E O D O L I l  L1. 



. 20. 

F O U R - I N C H  THEODOLITE. 



DETERMINATION O F  AZIMUTH. 139 

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 
probable error not greater than f0”.30 and tho observations should be made on at least two 
nights. When observations are mado 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 usod should bo some othor station of the scheme. In  this way the azimuth ia 
reforred directly to ono of the lines of the triangulation. The probable error of the azimuth 
of a line obtained from an observed astronomic azimuth on a mark separata 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- 
lation. Where a direction i’nstrument is used, tho 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 
ref erred. 

INSTRUMENTS. 

So great a variety of instruments is used for azimut,h determinations that it is of little 
avail to describe any particular instrument in detail. Illustration No. 18 shows a 12-inch’ 
direction theodolite (No. 146) mado 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.a A glaas- 
hard steel center also contributes toward making this theodolite and others of identical con- 
struction furnish results of a very high degree of accuracy. The graduation of the horizontal 
circle on this instrument is to  5’ spaces. An 8-inch repeating theodolite 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 a small 4-inch theodolite is often used. 
(See illustration No. 20.) This instruplent 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 arb 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 the 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 conditions to a distance of about 30 miles. The larger lamp has been 
observed in the southwestern portion of the United States, where tho atmosphere is very clear, 
up to distances of 120 miles. m e r e  the mark is only a short distance from the station, an ordi- 
nary lantern, n bull’s eye Iantern, or an electric hand lamp may be used. In connection with a 
triangulation along the coast tho lantern of a lighthouse can be usod a-s the mark. 

INSTRUNENT SUPPORTS. 

While making observations for a secondary aziniuth the instrument used is usually supported 
upon its awn tripod, mounted upon stakes driven firmly into the ground. In  primary triangula- 
tion the theodolite is frequently mounted upon a tripod which may be as much aa 25 or more 
meters above the ground. Where the instrument is not elevated it is mounted upon a specially 
constructed wooden tripod or stand which has its legs firmly set into the g r o w d  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 tho foot scrows OP the theodolite. 

The structure shown in illustration No. 23 is used to elevate the instrument in tfimgula- 
tion and azimuth work. It consists of n tripod on which tho instrument rests and a four-sided 

1 Following tho usuol pmctice, the size of the theodollto In here dedlgnnted by glVhg tho dlameter of the graduated horlmntal ofmla 
I For a more nompletn dwcrlption of thia instrument see Report for 1804, pp. W 2 7 4 .  
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scaffold on which the observer stands. The tripod and scaffold do not touch each other at  any 
point. The top floor of the scaffold is not needed on azimuth work and is only used on primary 
triangulation when there are two observing parties working in conjunction. A complete descrip- 
tion of this type of signal is given on pages 829 to 842 of Appendix 4, Report for 1903. Most of 
the azimuth stations are in places where it is difficult 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 star. Such pre- 
cautions are not necessary to the same extent while making the observations on tho mark 
(or triangulation station), assuming, of course, that the mark is not far from being in the horizon 
of the station. As a result of not using an obserding platform it may be necessary to make 
more observstions to get the desired degree of accuracy than if a platform had been used. The 
errors resulting from not having a platform are m d y  of the accidental class and their effect 
on the find azimuth is small. 

Where both azimuth and latitude are to be observed at  a station, but not at  the same time 
ea 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 bo 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. 

AZIhfUTH MARK. 

When it is necessary to elevate a signal lamp over a triangulation station used as a mark 
a number of devices may be used. A simple pole well guyed is frequently used, but this is not 
very satisfactory, for it  is difficult to keep the support of the lamp accurately 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 keeper does not have to climb tho pole when posting and inspecting 
the lamp. A very satisfactory and inexpensive structure frequently used in the United States 
Coast and Geodetic Survey is shown in illustration No. 26. Tho legs, of lumber 2 by 4 inches in 
cross section, are anchored securely in the ground and at intervals the structure is  guyed by wire. 
The light keeper goes up the inside of this signal, and new its top them is an opening leading 
out to a soat. An acetylene lamp, 
like one of those shown in illustrations Nos. 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 i s  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 finds himself and to his own convenience. A 
box with open top having in its front face a round hole or a 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 No. 27. A white or black stripe of paint or signal muslin c m  be placed on t b  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, in part a t  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 rcquire changing between pointings 
upon the star and upon the mark, since any such change is likely to change the error of collima- 
tion. Should the mark be closer to the station than one mile ant1 no change be mado in the 
sidereal focus when pointing upon the mark, there would probably be errors caused by parallax. 
If practicable, the mark should be placed nearly in the horizon of tho station occupied, in order 
that small errors of inclination of the horizontal axis of the instrument may not affect the poi& 

Such a signal m%y be built t o  a hoight of 140 feet or more. 
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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 tho 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 satisfactory. The tent should be only as 
heavy as is necessary to withstand strong winds and protect the instruments from rain. When 
not in actual uso the instruments used for azimuth observations should be dismounted and placed 
in their packing cases. Owing to tho short time during which an azimuth station is occupied 
for observations it is usually not necessary or desirable to erect a wooden obsorvatory to protect 
the instruments. 

ARTIFICIAL HORIZON. 

Instoad of determining the inclination of the horizontal axis by readings of a striding level, 
observations are sometimes taken upon the image of the star as seen reflected from the free 
surface of mercury (an artificial horizon) in addition to the direct 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 tho direct observations, but is reversed in sign, and 
the mean result is free from error from this source, prowidea tho cross-section of each pivot is 
circular, or at least that the two pivots have similar cross-sections similarly placed. Considerable 
cam and ingenuity is necessary to protect the mercdry effectually against tremors and against 
wind, either of which will by disturbing the mercury surface make the reflected star imago so 
unsteady as to make accurate pointing upon i t  dificult 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 sufhiently correct for errors arising from refraction a t  
the glass. Largo boxes, or tubes of considerable sizo, with lheir openings covered with mosquito 
netting, have provod the most satisfactory protection of tho mercury against the wind. 

It is believed that the lateral refraction of the direct and reflected ray, when the mercury is 
set 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 tho direction theodolite (except in very low latitudes). 
The artificial horizon can not be usctl in high latitudes when making observations on Polaris, as 
the horizontd circle of the thnotlolitc! would intercept the reflected ray. 

POINTING LINES. 

The pointing8 in azimuth observations are usually taken by using either a single vertical 
line in a reticle (or attached to a microfnetor) 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” 
near tho star image; that is, i t  becomes invisible becauso 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 and so make accurate pointing 
difficult. For many stars of intormediate degrees of brightness one or the other of these diffi- 
culties exists to a greater or less degree. If two vortical 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  tho aamo instant. The obsorvation now consists in noting 
when the image of the star (or mark) bisects the space between tho two lines. This process is 
probably but shghtly less accurate undor any conditions of brightness than the direct bisection 
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of a star image under the most favorable conditions as to brightness. In  measuring horizontal 
angles and azimuths in Colorado, Utah, and Nevada, along the thirth-ninth pardel,  and on all 
primary triangulation on the ninety-eighth meridian since 1901, and on the Texas-California 
arc of primary triangulation, two vertical lines about 20” apart were used. 

During the progress of the triangulation along the western part of the thirty-ninth parallel, 
observations were made at times upon Polaris in daylight to  determine the astronomic azimuth. 
This is a satisfactory method and occasionally is convenient for the observer. 

GENERAL CONSIDERATIONS. 

Let the hour angle ( t ) ,  declination (a), and latitude (9) be slightly in error by the quantities 
dt, d8, and drp, and let dA equal their effect upon thc azimuth ( A ) ;  then, in general, it will be 
seen that, all other circumstances being equal, dA increasw as the zenith distance (c) decreases; 
for a star near the pole and for a latitudc not too high a small error in time and in latitude has 
but a slight effect upon the azimuth, and in the case of a circumpolar star a t  elongation (when 
the parallactic angle is 90’) a small error in time, dt, will not affect the azimuth; but small 
errors in declination, d6, and in latitude, dp,  then attain nearly their maximum effect upon the 
azimuth. If observations am made upon a circumpolar star ( 6 > q )  a t  tho eastern nnd at the 
western elongation, effects of dlf and d q  will disappear in the combination of the two results; 
this, therefore, is the most favorable condition for observing. In general, effects of d6 and dtp 
disappear in mean results of observations of equal and opposito 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 rogults from upper and lower culminations; for a star 
in the meridian the quantitiea d6 and d q  do not enter in the azimuth. If the object to be 
observed, star (or sun), is of great polar distance (also 6< q),  and if 6 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 6 is negative, 
the star (or sun) should be observed some distance from the meridian.’ 

These conBiderations have led to the plan of making fhbclass azimuth observations almost 
exclusively upon the close circumpolars a, 6, and R Urns Minoris and 51 Cephei. Tho apparent 
places of these four stars are given in the American Ephemeris for every day of the year. Illus- 
tration No. 28 will assist in readily finding the two fainter stars R Ursa Minoris and 51 Cephoi, 
which barely become visible to the naked eye under the most favorable circumstances; it also 
shows that when 6 Ursae Minoris and 51 Cephei culminate on either side 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 a and 1 Urss Minoris. Polaris offers the advantage of being obsorvablc in daytime 
with portable instruments; hence it may be observed at eastern and western elongations, or 
at upper and lower culminations, provided the sun be not too high; R Ursa Minoris, from its 
greater proximity to the pole and its smaller size, presents to the 1arger.instruments a h e r  and 
steadier object for bisection than Polaris; 51 Cephei is also advantageously 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 precessional 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 Indeflnite form In this paragnph may be stntcd in sccurnto mathematlcnl form by derlvlng 
d A  In terms of dl, d 9 ,  de, respectively, from the formula 

-sin t 
~ n A - c o s ~ t a u d - s l n $ + c o s 1  

(see p. 143), or from the formulas used In Ita derlvation. 
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GENERAL FORMULE. 

Four methods of determining azimuth will be treated in detail in this publication, namely, 
(1) the method in which a direction theodolite is used, as in the measurement of horizontal 
directions; (2) the method of repetitions with a repeating theodolite; (3) the micrometric 
method, using an eyepiece micrometer; (4) tho determination of azimuth from time observa- 
tions with a transit or meridian telescope approximatoly in the meridian.’ Certain formula 
which are common to the first throe of these methods will be stated hore for convenient reference. 
. The computation of the azimuth of a terrestrial line of sight from a set of azimuth observa- 
tions consists essontially of a computation of the azimuth of the star a t  the instant of observa- 
tion, a computation of the horizontal anglc between the star and the mark, and the combination 
of these two results by addition or subtraction. 

I n  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 the star, and the angle a t  the pole 
is the hour angle a or its explement. Starting from these three as known parts, the spherical 
triangle may be solved by tho ordinary formula of spherical trigonometry. The solution to 
obtain the azimuth of the star, which is the angle of this triangle a t  the zenith, may, without 
any approximations, be put in the form 

sin t 
cos cp tan 6-sin cpcos t tan A =  - 

in which A is the azimuth of the star counted from the north in a clockwise direction: and 
the hour angle t is counted westward from upper culmination continuously to 24h, or 360°, at 
the next upper culmination. This is the most convenient formula for use with either of the 
first three methods. The first term of the denominator changes very slowly and may be tabu- 
lated for slightly different values of 6 during the period of observation. The second term, for 
a close circumpolar 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 i t  as indicated below and using the table given on pages 165-173: 

sin t 
cos cp tan 6-sin cost 

cot 6 sec cp sin t 
1-cot 6 tan cp cos t 

tan A =  - 

-- - 

= -cot6sec cpsint - (l‘a) 
in which a=cot 6 tan (p cos t. 

The second form of this formula is about as convenient as the first. It involvea the ~ a m e  
number of logarithms as the h t  and one less reduction from logarithms to numbers. 

The third form in connection with the tables given on pages 165-173 gives a much quicker 
computation process than either of the other two. In  using this form and the tables, log cot 
6 sec cp sin t must be carried to six places and log cot 6 tan cp cos t to five places. The most con- 
venient arrangement of the computation is shown on page 148. The formula and tables involve 
no approximations, and tho only errors resulting from their use are those arising from the cast-off 
decimal places (logarithms limited to s i x  places). These errora are of the accidental class, and 
~~~~~ ~ 

1 The method of determlnlng azimuth by observatlons upon the ciun at any hour angle is not treatedin thiapublbtion, because It is used 
malnlyin making obaervations for magnetic declinations and a description of it, with tables for making the parallax and refraction correctiona,ls 
glven In “Prindpal Facta of the Earth’ci Magnetism” pubUshed in 1806,and ale0 In “Dhtionafor Magnetio Meawuementa” pubUshed in 1911, 
bothhued by the Coast and QeodetlC 8UWey. 

a In thle publication the hour angle will be rwkoned westward from sew at upper culmination (incraaaing with the lapee of time) to 3133. or 21a. 
#In astmnomlc computatlona it is more convenient to count the azimuth fmm the north instead of from the eouth, as in geodetio computb 

tlons. If the dirmtion of the count is clockwlea, as hem stated, to change from one reckoning to the other it is only neccwary to add or aubtnct 
180.. 

4 The fornula and the table are both copied from Formcln und Hcu/slo/cIn /Ur Qmp~phlrehe  Ort~bcdllmmungn von Prof. Dr. Th. Albmht, 
hipdg,  1884. The range of the table h88, however, been conalderably 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’ tho error will not exceed 0”.01. Them quantities are so small in comparison 
with the emom of observation as to bo negligible. A few observations made in Alaska may be 
beyond the range of tho tables on pages 165-173, and when that is found to be the case, 040 
may easily substitute the second formula on page .l43 for the third.’ 

To compute the azimuth of a star at  the tinio of eac7~ pointing made upon it during a set 
of observations is an unneccssarily 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 corrc- 
sponding to the mean hour angle, but is not the required mean of the azimuths corresponding to the 
separate hour angles, since the rate of change of tho azimuth is continually varying because of 
tho curvature of tho apparent path of the star. The difference between the two quantities indi- 
cated by the italics is small, though not usually negligible, for tho interval of time covered by a 
set of observations. Tho most convenient way of making the computntion €or a set of observa- 
tions is to use the mean hour angle in the azimuth formula and apply to the result a 

1 2sin23s Curvature Correction= tan A - 2  .- 
n sin 1’’ 

in which n is the number of pointings upon the star in tho set and 5 for each obsewation is the 
difference between tho time of that observation and the mean of the times for  tho set. The 
sign of this curvature correction is always such as to decrease numerically tho azimuth reckoned 
from the north, or in other words, if azimuths aTe counted clockwiso 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 curvaturo correction will ordinarily bo zero. The 
formula is approximnte, but for circumpolars and for the interval of time usually covered by 

a set of observations its errors are negligible. The vduc of the term may be found 

on pages 151-152 of this publicati~n.~ 
If the star observed is Polaris, a convenient rough check on tho computation may bo 

obtained from Table V of the American Ephemeris ant1 Nautical Almanac, entitled Azimuth of 
Polaris at  all Hour Angles. 

Because of the rapid motion of the observer, due to tho rotation of tho earth on its axis, 
a star is seen slightly displaced from its real position. 

2 sin2 3 r 
sin 

Tho required 

cos A cos r$ 
cos iL Correction for Diurnal Aberration = 0”.32 

The sign of the correction is always positive when applied to azimuths counted clockwise. 
Tho greatest variation of tho correction from its mean value, O’l.32, for the four circumpolars 
ordinarily observed and for latitudes not greater than 50°, is 0”.02. Tho correction for diurnal 
aberration 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 are made upon either the star or the 
mark the corrections indicated below must be applied. 

Level Correction = - (w + w’) - (e + e‘) tan h “( 4 1 
if the striding level carries a graduation numbered in both directions from the middle. d is 
the value of one division of the level and w, e and w‘, e’ nro the west and east readings of tho 

I Various other formula, for computlng tho azimuth of circumpolnr stnra have been proposod nnd usod. Each of them requires either the enme 
or a p t e r  t h e  for the computation than that hero given, when the whole cornputation, including tho propnrntion of the nuxiliury tablm roquirod 
withsome of them, IE U e n  Into nccount. As  uniformity of prnctice iY conducivo to rnpld computntion, It  Is consldercd dcsirnblo Uint all should 
Uee the formulm given, and therefore no others are hero stated. It should bo noted thut the formula given is wurnte nnd gonornl; that is, it 
applies to any of tho close elrcumplars at any hour nnglo. 

1 If a mean time chronometer IE used, tho value 2’- should bo Increased by Its one hundred and olghtietli part. 
B T U  table wa8 copied from pam 634437 of Doollttle’s Prnctical Astronomy. These tabular valuos may be found in varlous other plecea 
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level before and after reversing it. It is only necessary to know 
h approximately-an occasional reading of the setting circle will give it with abundant accuracy. 

h is the altitude of the star. 

If the graduation on the striding level is numbered continuously in one direction the 

Level Correction = (w - w')  + (e - e') tan h I 
in which the primed lotters refer to readings taken in the position in which the numbering 
increases toward the east.' 

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 givos the sign of the correction to be applied to the readings of a 
horizontal circle of which the numbering increases in a clockwise direction. This is also the 
sign of the correction to the computed azimuth (counted clockwise) for level readings in connec- 
tion with pointings upon the mark, but in connection with pointings upon tho 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 differonce 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. Tho fact that the azimuth of the star is 
continually changing adds new features to the computation, and makes it necessary to know 
the time of each pointing upon the star. The fact that the star is at  a considerable altitude 
makes readings of the striding level a necessity and decrcases the accuracy of the measurement 
because errors of inclination of the horizontal axis have a marked influence as contrasted with 
their comparatively unimportant effects upon the measurements of horizontal angles in a 

The adjustments required are identical with those which are necessary when the instrument 
is to be used for the measurement of horizontal directions. The adjustments of the focus of 
tho telescope, of the line of collimation, for bringing the vertical linea of the reticle into vertical 
planes, of the sctting circle (if used), 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 love1 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 be found necessary to adjust the eyepiece by pushing it in or pulling 
it out until the p t distinct vision is obtained of the micrometer lines and of the circle 
graduation. If the%crometer 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 the 
axis of figure of the qicroscope. If to do this it is necessary to loosen the microscope in 
its supporting clamp, great caution is necessary to insure that the distance of the objective 
from the circle of graduation is not changed. The error of run of the reading micrometers 
should be kept small. In other words, the value of one turn of the micrometer in terms of 
the circle graduation should not be allowed to differ much from its nomina! value. The value 
of the micrometer may be adjusted by changing the distance of the objective from the gradua- 
tion. A 
chmge 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 

' triangulation. 

The nearer the objective is to the graduation the smaller is the value of one turn. 

1 See footnote on p. 23. 
8136'-13-10 
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objective. This adjustment of the micrometer value is a difficult one to make, but when once 
well made it usually remains sufficiently good for a long period. 

As stated on page 139, primary azimuths are nearly always observed during the progress of 
the primary triangulation, and the same instrument 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 1Zinch (30 cp . )  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 al l  the observations for primary azimuth are made on 
Polaris. In  recent years the aziniuth observations have been made at the same time that 
horizontal observations are being rnade-that is, Polaris is observed at a setting of the instru- 
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 tho 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. zf at any 
station it is necessary to make the observations for azimuth in connection with two lines of the 
triangulation, then the probable error of the angle between the two lines must be taken into 
account in deriving the prohable 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 observations have been made on E they are made on Polaris. If, for 
any reason, the line to E is not observed with tho 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 f0”.50 
for the greater portion of the primary azimuths, and the observations may all be made during 
one night. This accuracy can usually be secured by observing one set in each of from 12 to 
16 positions of the instrument. In  no case must an azimuth depend upon less than 10 positions. 

At some of the triangulation 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 ti probable error of f0”.30, and the observations are made 
on at  least two nights. 

DIRECTION METHOD-EXAMPLE 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 a t  Sears for use in the azimuth observations are shown on pages 54 and 55 of this 
publication. 
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Horizontal directions. 

[Statlon, Sears, TAX. (Trlnngulntlon Statlon). Observor, W. Bowle. Instrument. Theodollte 108. Date, DeC. 22,1w)8.] 
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A m  
1 4 8  
1 61 

8 
5. 
9. 

1 49 60.8 

rlme 

- 
h m  
8 19 

- 

Tcl. 
1 or R 

- 

D 

R 

D 

R 

D 

R 

D 

R 

- 
dlc. 

- 
A 
B 
C 

A 
B c 
A 
B 
C 

A 
B 
C '  
A 
B 
C 

A 
B 
c 
A 
B 
C 

A 
B 
C 

- 

- 

0 

180 

63 

233 

170 

360 

252 

72 

- 

Backward 

- 

0 

00 

30 

30 

14 

14 

01 

01 

- 

,e 

35 
41 
30 

30 
32 
35 

43 
41 
34 

39 
34 
38 

01 
67 
01 

60 
03 
63 

M 
64 
61 

08 
02 
10 

- 

LgIi 
- 

,I 

35 
41 
34 

35 
31 
34 

42 
42 
33 

37 
32 
3s 

. 02 
66 
69 

49 
00 
63 

2 
61 

OQ 
01 as 

- 

- 
Mean 

- 

37.0 

33.8 

39.2 

30.3 

6% 2 

64.1 

6 2  7 

OG. E 

- 

- 
doan 

D 
nd R 

35.4 

37. E 

67. ( 

28. 

- 

D l r m  
t ion 

00.0 

02.4 

21.6 

1 divislon of the 
.strldhg lowl- 
4'1.184 

W E 
9.3 28.0 

27.7 9.1 

l8.4 - 0.6 18.9 

24.9 0.3 
13.0 31.7 

- - 

- - 
11.9 -13.6 25.4 

- 7.0 
- 

147 
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computation of azimuth, direction method. 
Form 380. 

[8tation, Soars, Tex. Chronometer, sidered 1769. 9--32’ 33’ 31”. Instrument, theodolite 108. Observer, W. BowIe.1 

Dec. 22, 1 
1 49 50.8 
- - 4  37.5 
1 45 13.3 
1 26 41.9 
0 18 31.4 
4’ 37/51”.0 

88 49 27.4 

8.31224 
9.80517 
9.99858 

2 
2 01 33.0 
- 4 37.5 
1 56 55.5 
1 26 41.9 
0 30 13.6 
7’ 33’ 24/’. 0 

8.31224 
9. 80.517 
9.99621 

3 
2 16 31.0 
- 4 37.4 
2 11 53.6 
1 26 41.8 
0 45 11.8 

1l0 17/ 57/’. 0 

8.31224 
9.80517 
9.99150 

- 
8.10891 

8.312243 
0.074254 
9.292105 

0.005618 

4 
2 43 28.8 
- 4 37.3 
2 38 51.5 
1 26 41.8 
1 12 09.7 

18’ 02) 25”. 5 

8.31224 
9.80517 
9.97811 

D a b ,  1908, position 
Chronometer readin8 
Chronometer correction 
Sidereal time 
a of Polaris 
t of Polaris time) 
t of Polaris [arc) 
6 of Polaris 

log cot 8 

log COB t 
log tan 4 

log a (to five places) 

log cot a 
log BCC 4 

log - 
log sin t 

1 
1-a 

8.11599 

8.312243 
0.074264 
8.907064 

0.005710 

8.11302 

8.312243 
0.074254 
9.118948 

0.005679 

8.09552 

8.312243 
0.074254 
9.490924 

0.005445 

log (--tan A) (to 6 placea) 
A=Azimuth of Polaris,from north’ 
Difference in  time between D. 

Curvature correction 
and R. 

7.299271 
0 06 50.8 

m s  
2 30 

0 

7.684220 
0 16 36.9 

m s  
3 18 

0 

7.882866 
0 26 15.0 
m a  
1 38 

0 

7.511124 
0 11 09.2 

m s  
2 00 

0 

0 I / I  

33 46 

0.701 
-7.2 

-5.0 
86 58 11.2 

~ 

0 I / I  

33 46 

0.701 
-7.0 

-4.9 
281 54 27.0 

0 I / I  

33 46 

0.701 
-1. 8 

-1.3 
116 45 48.6 

0 / / I  

33 46 

0.701 
-7.0 

-4.9 
252 01 29.6 

Altitude of Polaris=h 
tan h=level factor 

Inclination t 
Level correction 
Circle reads on Polaris c 

252 01 24.7 
170 14 57.0 

86 58 ‘06.2 
5 15 58.2 

281 54 22.1 
200 17 42.4 

110 45 47.3 
35 18 45.4 

Corrected reading on Polaria 
Circle reads on mark 

278 13 32.3 

0 06 50.8 
180 00 00.0 

278 17 52.0 

0 11 09.2 
180 00 00.0 

278 23 20.3 

0 16 36.9 
180 00 00.0 

278 32 58.1 

0 26 15.0 
180 00 00.0 

Difference, mark-Polaris 
Corrected azimuth of Polaris, from 

north * 

98 06 41.5 98 06 42.8 98 00 43.4 98 06 43.1 Azimuth of Allen 
(Clockwise from south) 

To the mean result from the above computation must be applied correctlons for dlurnni nbenutlon and Bocentriclty (Uany) of Mark. 
Carry times and angles to tenths ofseoonds only. 
* Minus, if west of north. 
f The values Shawn In this line rue actually four tima the Inclination of the horhntol axis in terms 01 level dlvkilons. 
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0 I II 

149 

U US 

1 
2 
3 
4 
6 
6 
7 
8 
9 
10 
11 
12 

98 06 41.6 I +0.8 I .64 
42.8 -0.5 .26 

39. 7 
42. 7 
41.6 
43.3 
40.0 
46.0 
43.3 
40.7 

+2.6 
-0.4 
+o. 7 
-1.0 
+2.3 
-2.7 
-1.0 
+l. 6 

6.76 
.16 
.49 
1.00 
5.29 
7.29 
1.00 
2.66 c--- 

Pv2=27.29 I I  I I 

e= &0.6745,/-$& = f0“.31 

The mean observed azimuth 
Diurnal aberration P $0.32. 
Correction for eccentric light - + 0.04. 

- 0.01. Correction for elevation of mark 
Reduction to mean position of pole = - 0.29. 
Azimuth of the line from Sears to Allen a = 98 06 42.32 f0.31. 

= 98’ 06’ 42”.26 f0”.31. 

- - 

DIRECTION METHOD-EXPLANATION OF RECORD AND COMPUTATION. 

The triangulation stations and 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 
to right) from the initial station, “Morrison.” The telescope in its direct position is pointed 
upon each station in turn and finally upon Polaris. The telescope is then reversed, and the 
first pointing after reversal is upon Polaris; then pointings are made upon the triangulation 
stations in the reverse order of azimuth (from right to left). The readings in the reversed 
position of the telescope m e  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 a t  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 mean run of the micrometers was kept very small and as the micrometer was placed 
upon a different portion of the fivo-minute space between successive graduations, the resultant 
effect of the micrometer run was negligible. The initial positions (minutes and seconds) of the 
micrometer wire on the circle for the first four positions were 00’ 40”, 01’ 50”, 03’ lo”, and 
04’ 20”. I n  general, 12 or 16 positions of the circle are used for the initial settings and 
these readings of the minutes and seconds on the initial are 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”.O and the run of no one micrometer 
is larger than 3”.0. Special observations are made in primary triangulation to determine 
whether the run of the micrometers is within these limits. 

18eO Astronomische Naohrlchten No. 4414. 
#8ean, and Allm am triangulation stations. 
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\ P nuthof 
Polaris. 

o /  I1 

0 10 .o 
0 20 . o  
0 30 . O  
0 40 . O  
0 60 . O  
1 00 . o  
1 10 .o 
1 20 .o 
1 30 . O  
1 40 . 1  
1 50 . 1  
2 . 0 0  .1 
2 10 . 1  
2 20 :1 
2 30 .1 

The chronometer time of tho observations on Polaris and also the level readings are 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. When the latter method is used the observer calk “Mark” when tho star 
is bisected. 

The chronometer corrections shown in the computations resulted from a special series of 
time observations with the vertical circle a t  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 143. The tables on pages 165 to 173 which give the logarithm of ra were used in 

the computations. Much time is saved in such computations as the abovo by carrying along all 
the different sets at one time and thus working along tho horizontal lines of the form shown 
instead of down each column. Also tan 4 and sec 4 are constants for the station, cos t 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 quiclzly. 
The value of ono division of tho striding level is 4”.194. In general, one set like the above, 
in each of 12 to 16 positions of one of the 12-inch theodolites, will give a probable error of 
the result less than f0”.50. Even where the obsorvations for azimuth are made coincidently 
with those for horizontal directions in a triangulation there is no difficulty in completing tho 
azimuth observations a t  a station in one evening. For special stations a probable error of the 
result of f 0”.30 or less must be gotten and observations must be made on more than one night. 
The general practice now in tho Coast and Geodetic Survey is to make only one pointing on the 
star in each of the positions of the telescope and therefore the correction for curvature of the 
path of the star between the two pointings is usually negligible. When there is a delay in 
making the second pointing the curvature correction should be computed by the formula shown 
on page 144. 

are given on pages 151-152. The small table shown below gives 

the values of tho curvature correction direct for values of the interval, 2r, between the two 
pointings on the star, from 2 to 7 minutes, and azimuths of Polaris less than 2 O  30’, for use with 
the direction method, when only two observations are made on Polaris for one setting of the 
instrument. 

1 

2 sina $r Tabular values of sin 

3“ 4- 6“ 6m 

- - 
11 11 /I  /I 

.o .o .o .1 

.o .o  . 1  .1 

. O  . 1  .1 . 2  

.I . 1  .1 . 2  

.1 . 1  . 2  . 3  

. 1  .1 . 2  . 3  

. 1  . 2  . 2  . 4  

.1 . 2  . 3  . . 4  

.1 . 2  . 3  .5 

.1 . 2  . 4  .5 

. 1  . 3  . 4  . 6  

. 2  . 3  . 4  . 6  

. 2  . 3  .5 . 7  

. 2  . 3  . 5  . 7  

. 2  . 3  . 5  .8 

- 
7Q 

- 
I1 

.1 

. 1  

. 2  

. 3  

. 3  

. 4  
-5 
.6 
. 6  
. 7  
. 8  
.8 
. 9  

1.0 
1.1 - 



DETERMINATION OF AZIMUTH. 

I 

8 
0 
1 
2 
3 
4 

5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

15 
16 
17 
18 
19 

21 
22 
23 
24 

25 
26 n 
29 

30 
31 
32 
33 
34 

35 
36 
37 
38 
39 

40 
41 
42 
43 
44 

45 
46 
47 
48 
49 

50 
51 
52 
53 
54 

65 
56 
57 
68 
59 

m 

m 

- 

w - 
,t 

0.00 
0.00 
0.00 
0.00 
0.01 

0.01 
0.02 
0.02 
0. 03 
0.04 

0.05 
0. OB 
0.08 
0.08 
0.11 

0.12 
0.14 
0.18 
0. I8 

0.22 
0.24 
0.28 
0.28 
0.31 

0.34 
0.37 
0.40 
0.43 
0.40 

0.49 
0.52 
0. 68 
0.59 
0.63 
0.67 
0.71 
0.75 
0.79 
0.83 

0.87 
0.91 
0.98 
1 .  01 
1.06 

1.10 
1.15 

1.28 
1.31 

1.36 
1.42 
1.48 
1.53 
1.59 

1.85 
1. 71 
1.77 
1.83 
1.88 

0. m 

I. m 

- 

1= 

,, 
1. m 
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 
2.98 

3.07 
3.15 
3.23 

3.40 

3.49 
3.68 
3.07 
3.76 
3. a5 
3.94 
4.03 
4.12 
4.22 
4.32 

4.42 
4.52 
4.02 
4.72 
4.82 

4.92 
5.03 
.5.13 
5.24 
5.34 

5.45 
5.60 
5.67 
5.78 

6.01 
6.13 
0.24 
6.36 
6.48 

6.80 
6. n 
6.84 
6.90 
7. OD 

7.21 
7.34 
7.46 
7.60 
7.72 

a. 92 

5. m 

2- - 
,, 
7. a5 
7.98 
8.12 
8.25 
8.30 

8.52 
8.88 
8.80 
8.94 
9. OE 

9.22 
9.36 
9. w 
9.64 
9.78 

9.94 
10.08 
10.24 
10.39 
10.64 

1o.m 
10.84 
11.00 
11. I5 
11.31 

11.47 
11.63 
11.70 
11.05 
12.11 

12.27 
12.43 
12.80 
12.70 
12.83 

13. IO 
13.27 
13.44 
13.62 
13. 79 

13.90 
14.13 
14.31 
14.49 
14.67 

14.85 
15. a3 
15.21 
15.39 
15.57 

15.76 
15.95 
16.14 
16.31 
16.51 

16.70 
16.89 
17.08 
17.28 
17.47 - 

3- 

,I 

17.67 
17.87 
18.07 
18. 27 
18.47 

18.67 
18. 87 
19.07 
19.28 
19.48 

19.69 
19. 80 

20.32 
20. 63 

20. 11 

m. 74 m. 95 
21.16 
21.38 
21.80 

21.82 
22.03 a. 25 
22.47 
22.70 

22. oa 
23.14 
23. 37 
23.00 
23.82 

24:05 
24.28 
Z4.51 
24.74 
24.98 

25.21 
25.45 
25.88 
25.92 
20.16 

28.40 
20.84 
25.88 
27.12 
27.37 

27.61 
27.88 
28.10 

28.80 

211.85 
20.10 
29.38 
29.61 
29.80 

30.12 
30.38 
30.04 
30. Nl 
31.16 

m. 35 

- 

4- 

, 
31.42 
31. @ 
31.94 
32.X 
32.47 

32 74 
33.01 
83. n 
33.54 
33.81 

34.09 
34. a6 
34.04 
34.91 
35.18 

35.4 
35.74 
36.02 
36.X . 36.66 
36.81 
37.15 
37.44 
37.72 
38.01 

38.w 
38.50 
38.88 
39.11 
39.46 

39.70 
40.05 
40.35 
40.05 
40.95 

41.1 
41.55 
41.85 
42.15 
42.46 

42.76 
43. OB 
43.37 
43.88 
43. BB 

44.30 
44.01 
44.92 
45.24 
45.65 

45.87 
40.18 
46.50 
40.82 
47,14 

47. 46 
47.79 
4 8  I1 
48.43 
48.76 - 

5- - 
" 3 

40.'08 
49.41 
49.74 
50.07 
50.40 

50.73 
51.07 
51.40 
51.74 
52.07 

52.41 
52.75 
63. 08 
63.43 
63.77 

64.11 
64.46 
64.80 
65.15 
55.50 

65.84 
68.19 
60. 55 
60.80 
67.25 

57.00 

58.88 
59. Q3 

59.40 
59.75 
80. 11 
80.47 

01.20 
61.57 
01.94 
62.31 
02.88 

63.05 
63.42 
63.79 
04.16 
04. 64 

84.91 
85.29 
65.67 
OB. 05 
68.43 

88. 81 
07.19 
67.58 
67.90 
88.35 

68.73 
09.12 
69.51 

70.29 

67. m 
68.38 

". 84 

60. Bo 

70.88 
71.07 
71.47 
71.80 
72. 20 

72.88 
73.00 
73.40 
73.80 
74.20 

74. OB 
75. 00 
75.47 
75.88 
76.28 

76.69 
77.10 
77.51 
77.93 
78.34 

78.75 
79.16 
79.68 
80.00 
80.42 

80.84 
81. u) 
81.88 
82.10 
82.52 

82.05 
83.38 
83.81 
84.23 
84.88 

85.08 
85.52 
85.95 
80.39 
86.82 

87.28 
87.70 
88.14 
88.57 
80.01 

88.45 

00.33 
00.78 
01.23 

91.08 
92.12 
92.57 
03.02 
93.47 

93.92 
94.38 
94.83 
05.29 
95.74 

so. 89 

7m 

DG. 20 
97.12 
97.58 
98.04 

98. 50 
98.97 
99.43 
98.80 
100. 37 

100. a4 
101.31 
101.78 
102. u 
102.72 

103.20 
103.67 
104.16 
104.63 
105.10 

105.68 
1%. OB 
100.65 
107.03 
107.51 

107.99 
108.48 
108.97 
109.40 
108.95 

110.44 
110.93 
111.43 
111.92 
112.41 

m. 00 

112. m 
113.40 
113. 00 
114.40 
114.80 

115.40 
115..80 
116.40 
116.80 
117.41 

117.92 
118. 43 
118.04 
119.45 

120.47 

121.49 
122.01 
.122.53 

123.05 
121.57 
124.09 
124.61 
125.13 

IIQ. m 

im. 98 

, 
125.65 
126.17 
128.70 
127.22 
127.75 

128.28 
128.81 
129.34 
129.87 
130.40 

130.94 
131.47< 
132.01 
132.55 
133.08 

133.03 
134.17 
134.71 
136.25 
135.80 

136.34 
136.88 
137.43 
137.08 
138.63 

139.08 
139.83 
140.18 
140.74 
141.20 

141.85 
142.40 
142.96 
143.52 
144.08 

144.64 
145.20 
145.70 
146.33 
146.89 

147.46 
141). 03 
148.00 
149.17 
149.74 

150.31 
150.88 
151.45 
152.03 
152.01 

153.10 
153.77 
154.35 
154.93 
155.51 

156.08 
156.67 
157.25 
157.84 
158.43 
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11m 

, 
237.54 
238.28 
238.98 
239.70 
240.42 

241.14 
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12m 
-- 

282.68 
283.47 
284.20 
285.04 
286.83 

288.62 

8 
0 
1 
2 
3 
4 

6 
6 
7 
8 
9 

10 
11 
12 
13 
14 

15 
16 
17 
18 
I9 

21 
22 
23 
24 

25 
28 
27 
28 
28 

30 
31 
32 
33 
34 

86 
36 
37 
38 
39 

40 
41 
42 
43 
44 

45 
46 
47 
48 
49 

bo 
61 
62 
63 
64 

65 
68 
67 
68 
59 

20 

- 

244.78 
245.52 
248.25 
248.98 
247.72 

sm 

, 
159.02 
159.61 
100.20 
180.80 
161.39 

161.M 
162.58 
163.17 
163.77 
104.37 

104.97 
166.67 
168.17 
108.77 
167.37 

167.97 
168.58 
169.19 
169.80 
170.41 

,171.02 
171.63 
172.24 
172.85 
173.47 

174.08 
174.70 
175.32 
176.94 
176.68 

177. I8 
177.80 
178.43 
179.05 
179.68 

180.30 
180.93 
181.68 
182.19 
182.82 

183.40 
184. 09 
184.72 
185.35 
185. 99 

188.63 
187. 27 
187.91 
188.65 
189.19 

189.83 
190.47 
101.12 
191.78 
192.41 

193. OB 
183.71 
194.36 
195.01 
195.65 

290.68 
291.38 
292.18 
292.98 
203.78 

l@ 

” 8 

196.32 
198.97 
197.63 
198.28 
198.94 

199.80 
200.28 
200.92 

202.25 

202.92 
203.58 
204.25 
204.92 
205.59 

200.26 
206.93 

208.27 
208.94 

209.62 
210.30 
210.98 
211.68 
212.34 

213.02 
213.70 

215.07 
215.75 

216.44 
217.12 
217.81 

219.19 

219.88 m. 58 
221.27 
221.97 

223.30 
224. 06 
224.76 
225.48 
226.16 

228.80 
227.67 
228.27 
228.98 
229.68 

230.39 
231.10 
231.81 
232.52 
233.24 

233.95 
234.67 
236.38 
236.10 
236.82 

201. 59 

207.00 

214.38 

218. 60 

222.66 

252.16 
252.88 
253.63 
254.37 
256. I2 

298.80 
298.40 
300.21 
301.02 
301.83 

256.87 

257.37 
258.12 
258.87 

259.62 
260.37 
281.12 
261.88 
282.04 

283.39 
284.15 
284.91 
285.68 
266.44 

267.20 
287.96. 
288.73 
289.49 
270.28 

271.02 
271.79 

273.34 
274.11 

274.88 
276.85 
276.43 
277.20 
277.98 

278.76 
279.65 
280.33 
281.12 
281.90 

2s.m 

272.~1 

248.45 294.68 
249.19 295.38 
249.93 I 206.18 
250.67 290.99 
251.41 297.79 

302.64 

304.27 
305.09 
305.90 

306.72 
307.64 
308.36 
309.18 
310.00 

310.82 
311.85 
312.47 
313.30 
314.12 

314.95 
315.78 
316.61 
317.44 
318.27 

319.10 
319.94 

321.62 
322.45 

323.29 
324.13 
324.97 

320.68 

327.60 
328.35 
329.19 
330.04 
330.89 

303.48 

320.78 

325.81 

13m 

331.74 
332.59 
333.44 
334.29 
335.15 

336.00 
338.88 
337.72 
338.58 
339.44 

340. 30 
341.16 
342.02 
342.88 
343.75 

344.62 
345.49 
348.36 
347.23 
348.10 

348.97 
349.84 
350.71 
351.68 
352.46 

353.34 
351.22 
355.10 
355.98 
358.80 

357.74 
358.62 
359.61 
300.39 
361.28 

362.17 
303.07 
363.95 
304.85 
365.75 

366.64 
367.63 
368.42 

370.21 

371.11 
372.01 
372.91 
373.82 
374.72 

375.62 
370.62 
377.43 
378.34 
379.28 

380.17 
381.08 
381.99 
382.90 
383.82 

369. ai 

.- 

14m 

384.74 
385.85 
380.50 

388.40 

389.32 
390.24 
391.16 
392. OB 
383.01 

393.94 
394.80 
395.79 
396.72 
397.66 

398.58 
399.52 
400.45 
401.38 
402.32 

403.28 
404.20 
405.14 
406.08 
407.02 

407.96 
408.90 
409.84 
410.79 
411.73 

412.68 
413.63 
414.69 
415.64 
416.49 

417.44 

419.35 
420.31 
421. 27 

422.23 
423.19 
424.16 
425.11 
420.07 

427.04 
428.01 
428.97 
429.93 
430. Bo 

431.87 
432.84 
433.82 
434.79 
436.76 

436.73 
437.71 
438.69 
439.67 
440.66 

387.48 

418.40 

1Sm 
- 

441.63 
442.62 
443.00 
444.58 
445.68 

446.65 
447.64 
448.53 
449.61 
850. 60 

451.50 
452.49 
453.48 
464.48 
455.47 

450.47 
457.47 
4 s .  47 
460.47 
400.47 

461.47 
402.48 
463.48 
464.48 
405.49 

4ln3.60 
467.51 
468.62 
469.63 
470.64 

471. 55 
472.67 
473.68 
474.00 
475.62 

476. 04 
477.85 
.478.67 
479.70 
480.72 

481.74 
482.77 
483.79 
484.82 
485.85 

488.88 
487.91 
488.94 
488.97 
491.01 

492.05 
493. on 
494.12 
495.15 
498.19 

497.23 
498. 29 
499.32 
600.37 
601.41 - 

1W 

502.46 
5a3. 60 
604.55 
505.00 
606.85 

607.70 
608.76 

610.88 
511.92 

512.98 
614.03 
616. 09 
616.16 
617.21 

618.27 
619.34 
620.40 
521.47 
622.63 

623. 00 
624.67 
625.74 
628.81 
627.89 

628.88 
630.03 
631.11 
632.18 
633.28 

534.33 
635.41 
636.60 
637.58 
538.67 

639.76 
640.83 
641.01 
543.00 
644.00 

646.18 
645.27 
647.36 
648.45 
649.55 

650.64 
651.73 
652.83 
653.93 
555. Q3 

658.13 
557.24 
658.34 
559.44 
560.65 

681.65 
682.76 
683.87 
604.98 
686.08 

508. ni 
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METHOD OF REPETITIONS-EXAMPLE O F  REOORD 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 trian,aulation 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 theodolite is ordinarily read by verniers instead of microscopes. 

Recor&-Azimuth by repetitions. 
[Station, Kahatchw A. State, Alabema. Date, June 6,1898. Observer, 0. B. F. Instrument, l&h& Qambey No. 83. Star, P O W . ]  

[One division striding lovel-2”.67.] 

Objects 

Mark 
Star 

Set No. 5 

star 

Set NO. 6 

Mark 

Chr. time on 
star 

14b 46m 30’ 
49 08 
52 61 

56 10 
14 59 12 
15 01 55 

14 54 17. 

15 04 44 
07 18 
09 54 

14 15 
16 14 

15 18 24 

15 11 48. 

- 

’OS. of 
tel . 

D 

D 

R 

R 

R 

R 

D 

D 

epetl 
!ions 

0 
1 
2 
3 

4 
. 5  

6 

1 
2 

3 

4 
5 
6 

- 

Levo1 read- 
ings 

W E  

4.5 10.7 
9.2 5.9 

9.6 5.6 
5.2 20.0 

11.3 4.0 
7.8 7.4 

8.7 6.6 
11.9 3.4 

68.2 53. 6 
+14.6 

11.9 3.4 
8.5 6.8 

7.9 7.3 
11.2 4.1 
9.0 6.1 
5.9 9.6 

5.9 9.G 
9.1 6.2 

69.4 53.1 
+16. 3 

C h l o  readings 

12.5 

20 

00 

!l. 2 

10 

w 

- 

r20 571 MI’’. 2 

72’ 51’ 46“. 7 
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Computatiio7L-BZimuth by repetitions. 
(gahatchw, Ala. 4-33' 13' 40".33.] 

Date, 1898, set 
Chronometer reading 
Chronometer correchon 
Sidereal time 
aof Polaris 
t of Polaris time) 
t of Polnris [arc, 
6 of Polaris 

log cot 6 
l o g b # J  
log cos t 

log a (to five placee) 

log cot b 
log eec #J 
log si? t 

1 
log Fa 

log (-tan A)  (to 6 laces 
A=Azimuth of €'oraria, horn 

north * 

gum 
Mean 

1 2ain13s  log -2- n sin 1': 
log (curvaturo corr.) 
Curvature correction 

Altitude of Polaris=h 
d 7 tan h=level factor 
Inclination t 
Level correction 
Angle, star-mark 

Corrected ankle 
Corrected azimuth of star * 

Azimuth of mark E of N 

Aximuth of mark 
(Clockwise from south) 

June 6 5 
14 54 17.7 

-31.1 
14 53 46.6 
1 21 20.3 

13 32 26.3 
203O 06/ 34/'. 5 
88 45 46.9 

8.33430 
9.81629 
9.96367n 

8.11426n 

8.334305 
0.077535 
9.59383on 
9.994387 

8.00005771 

oo 34/ 22/'. 8 
m s 
7 47.7 119.3 
5 09.7 52.3 
1 26. 7 4. 1 
1 62.3 6.9 
4 54.3 47.2 
,7 37.3 114.0 

343.8 
57. 3 

1.758 

9.758 
-0. 6 

32' 07/ 
.419 
+3. 6 

- 1". 5 
72 57 50.2 

72 57 48.7 
0 34 22.2 

73 32 10.9 

180 00 00.0 

253 32 10.9 

June6 6 
15 11 48.2 

-31.1 
15 11 17.1 
1 21 20.3 

13 49 56.8 
07' 29' 12//. 0 

8.33430 
9.81629 
9.94798n 

8.09857~~ 

8.334305 
0.077535 
9.664211n 
9.994584 

8.070635n 

0' 40' 26". 8 
n s 
7 04.2 98.1 
4 30.2 39.8 
1 54.2 7. 1 
2 26.8 11.8 
4 25.8 38.5 
6 35.8 85.4 

280.7 
46.8 

i. 670 
9.741 
-0. 6 

.419 
+4.1 

-1". 7 
72 51 46.7 

72 51 45.0 
0 40 26.2 

73 32 11.2 

180 00 00.0 

253 32 11.2 

To the mean rasult from the above computation must be applied wrrectiona for diurnal aberration and oooentricitp (if  any) of Mark. Carry 
tlmeusnd anglas to tanths of seconds only. 

* Mlnua II west of north. t 8ee footnole on p. 148. 
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METHOD O F  REPETITIONS-EXPLANATION OF RECORD AND COMPUTATION. 

Throughout the observations the instrument was always turned in a clockwise direct& 
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 reverso was tho casc. In set No. 5 the explement of the small angle between 
the star and the mark was really measured, while in No. 6 tlie angle itself was measured. Both 
results may be computed directly in terms of tlie angle by making the subtractions thus, in set 
No. 5 .  

(36Oo+178O 03' 21".2) - looo 16' 20".0 =72' 57' 50".2 6 angle = 

in set No. 6, 
(36Oo+177O 27' 00".0)-100' 16' 20''.0=,20 46f,.7,, 6 angle = 

If the clamp on the horizontal circle produces a constant mor ,  either by dragging or 
overrunning, these two results will be equally in m o r  with opposite signs, and their mean will 
be free from the constant part of the clamp error. Hence, i t  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 tjhe mean azimuth was 73' 32' 12".07, 
and from the 19 sets obsorved in the order Mark-Star the mean was 73' 32' 12".89, showing 
that the clamp error was very small. The adopted indiscfiminate mean of all the 37 sets was 
73' 32' 12".40. The correction for diurnal aberration (+0".31) being applied, the resulting 
azimuth of the mark, E. of N. equals 73' 32' 12".80f0".16. The probable error of a single 

set = $;: = f 0".9S. 

During these observations the instrument was supForted upon its tripod, the legs of which 
were set upon large stakes driven solidly into the ground. 

The level readings were talcen with the first, third, fourth, and sixth paintings 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 cuch 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 
value of one division of the level was 2".67. 

The computation needs no further explanation. The formula 

waa used. 
The correction for elevation of mark, when appreciable, is applied in the final summary 

of results, just as in the case of tho direction method. The reduction to tho mean position of the 
pole is also applied to the h a l  result, but for observations previous to the year 1900 no such 
reduction can now be made. . (See p. 85.) 

MICROMETR~C METHOD-EXAMPLE OF RECORD AND COMPUTATION. 

In the micrometric methoda the small difference of azimuth of the star and the mark is 
measured with an oyepioce micrometor, indcpendently of the graduated horizontal circle of 
the instrument, evcn'if it has one. The mark must therefore be placed nearly in the vertical 
of the star a t  the time at  which i t  is to be observed. The method may be used with the star a t  
any hour-angle, but unless the star is near elongation i t  will pass beyond the safe range of the 
micrometer after but two or three sets of observations have boon taken, whereas if the mark 

1 Tho cornputor should notin, tho convoniont fact lhat in dlvlding nn anglo by six tho mninindor, when tho dog- am dividod, is tho tens 

3 For an eccount of this mothod, togothor with ~ 0 ~ 1 0  hiatoricnl notea, sea Appondlx No. 2 of tho Roport for 1891. 
f l y m  in tho minutea, and the mmaindor in tho minutea is tho tons B y r e  In tho soconds. 
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is placed nearly under the star at  elongation (preferably one or two minutes of arc inside) the 
observations may be continued for two hours or more and the results will also be nearly inde- 
pendent of the chronometer error. The instrument used may be a theodolite, a meridian 
telescope, 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 defined by the telescope 
and its horizontal axis. 

Record and computation--8zimuth by micrometric method. 
[Statton No. 10, Marlcan Boundary. Date, October 13, 1692. Obmrver, J. F. E. Instrument, Fauth Repeatlng ThedoUte, No. 726 (IO h). 

Btar, Polaris near eastern elongation.] 

Chle 

.E 

E 

W 

W 

- 

Chronometer 

W E  

h m  a 
8.0 9.9 1 9 06 38.0 

10.0 7.3 e07 32.0 

09 13.0 
. 09 48.0 

+16. 0-19.9 12 48.3 
-3.9 1 13 36.3 

Mean ld. 55 13 58.1 I 9 10 36.6 

1 

m a  
3 58.6 
3 04.6 

2 31.1 
1 23.6 
0 48.6 

1 25.2 
1 48.1 

2 11.7 
2 59.7 
3 21.5 

2 @ h ' 3 T  
ain 1" 

31.05 
18.59 

12.45 
3.82 
1.29 

3.96 
6.37 

9.16 
17.61 
22.11 

12.67 

Hcrometer readlnge 

On star 

18'. 379 
.388 

.400 

.424 

.430 

18.4042 

18.100 
.loo 

. mo 

.086 

.080 

18.0912 

On mark 

18'. 310 
.315 

.315 

.311 

.316 

18.3134 

18.290 
.275 

.279 

.281 

.279 

18.2808 

L=2h 12m w. of 
Wsshington 

1 div. of level 
=3''.68 

1 tiirn of mic. 
= 123". 73 

Means 

+310 19' 35/'. 

Means 

c of star at mid le of firat half of set=58" 48'. 

a=P 20" 07'.4. 

Collimation axb reads 4 (18.3134+18.2808)1 
Mark eaet of collimation axis 18.3134-18.2971 

c of etar at mid 2 le of aecond h l f  of mt==68° 46'. - 
coscc c=1.1691. cot 58' 47'=0.606. 
C O B ~ C  $=1.1695. 
6=88 44' 10".4. 

=18'.2971 
= 0 .0163= 02".02 

Circle E.,  tar E. of collimation axis (18.4042-18.2971) (1.1691)= 0 .1252 
Circle W., star E. of collimation axis (18.2971-18.0912) (1.1695)= 0 2408 

Mean, star E. of collimation axis = 0 .1830= 22 .64 

Mark west of star 
Level correction (I .55) (0.92) (0.606) 

= 20 .62 
- -- 0 .86 

Mark west of star,'corrected = 19 .76 
Msan chronometer time of observation= 21h 1W 36'.6 
Chronometer coirection - -- 2 11 28 .2 
Sidereal time = 18 59 os .4 

- - 1 20 07 .4 a 

log. cot d 
log. 4 
log. COB t 

Hour-angle, t ,  in time 
'1 in arc 

= 8.34362 
= 9.78436 
= 8.96108n 

17 39 01 .O 
284O 45' 15'I.O 

log. a = J. 08906 n 

1 In this lnatrument lncreaeed readings of the mfcrometer cormpond to a movement of the line ofslght toward the eaat when the vertical 
aircle Is to the wt. and towsrd the wmt when the vertical clrcle la to the west. 



DETERMINATION OF AZIMUTH. 167 

log. cot b 
log. BBC q5 
log. ain t 

lw. 
log. (-m A) 

1 

A 

log. 12.67 

Curvature cow. 
Diur. Aber. corr. 

Mean azimuth of etar 
h k  wmt of etar 

1%. curvature con. 

= 8.343618 
= 0.068431 
= 9.998177 n 

E 9.999467 

= 8.409693 n 
-+lo 28’ 16’’.91 

= 1.10278 

= 9.61247 
e -0.33 
P +O. 32 

=+lo 28’ 16”.90 
19 .76 

Azimuth of U k ,  E. of N.=+lo 27’67’’.14 

The correction for elevation of mark and the reduction to tho mean position of the pole 
are applied to the final result of the separate measures at a station. In the case of this par- 
ticular station the necessary information is not yet available for reduction to the mean position 
of the pole. (See p. 85.) 

MICROMETRIC METHOD-EXPLANATION OF RECORD AND COMPUTATION. 

The compact form of record shown above does not indicate the order in which the obsep 
vationa were taken. The micrometer line is placed nearly in the collimation axis of the fele- 
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 take five pointings upon the mark; direct 
the telescope to the star; place the striding level in position; take three pointings upon the 
star with chronometer times; read and reverae the striding level; take two more paintings 
upon the star, noting the times; read the striding level. This completes a half-set. The hori- 
zontal axis of the telescope is then reversed in ita Y’s; the telescope pointed approximately to 
the star; the striding level placed in position; three pointings taken upon the star with obaerved 
chronometer times; the striding level is read and reversed; two more pointings are taken upon 
the star, with observed times; the striding level k read, and finally five pointings upon the 
mark are taken. 

Three such complete sets may be observed in from thirty to fXty minutea. The effect of 8 
uniform twisting of the inatrument in azimuth is eliminated from the reeult. The bubble of 
the striding level has plenty of time to settle without delaying the observer an instant for that 
purpose. 

The zenith distance of the star should be read occasionally, once during each set, say, a it 
is needed in making the computation. If it is read with one of the star pointinga in each set, 
ita value at any other time may be obtained with sufficient accuracy by interpolation. 

It should be borne in mind in making the computation that the micrometer measurea 
angles in the plane defined 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 c, as indicated in the computation. To avoid all approximation in the computation it 
would be neceesary to reduce each pointing upon the star separately, as the zenith distance ie 
constantly changing. It is sufficiently accurate, however, to reduce the mean of the pointinge 
of a half-sot with the mean zenith distance of that half-set, as indicated in the computatim. 
To use a single zenith distance for the whole set wil l  soxhetimes introduce errors which are rather 
too large to be neglected. The factor cosec Cwillnot, in general, be necassary in cowmdon with 
pointings upon the mark, because the mark will usually be nearly in the horizon of the instru- 
ment, and cosec c therefore nearly unity, and because the collimation axis is purposely plaoed 
as nearly aa possible upon the mark and the angle concerned is therefore very small. 

The micrometer value may be determined by observations upon a star near culmination 
by the procese outlined on page 124. If the striding leval is read in connection with suoh o b  
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vations, the correction to be applied to each observed time to reduce i t  to what i t  would have 
been with the transverse axis horizontal is 

for upper culmination and for a level of which the graduation is numbered both ways from the 
middle. 

Another convenient way of determining tho micrometer value, d in daylight, is to measure 
a small horizontal angle a t  the instrument between two terrestrial objects, both with the 
micrometer and tho horizontal circlo of the theodolite. This method is less liablo to constant 
errors than tho circumpolar method. 

If the azimuth mark is placed to the southward of the station, the program of observing 
and the computation are but slightly modified. 

For lower culmination the sign of the correction must be reversed. 

DISCUSSION OF ERRORS. 

It is convenient and conducive to conciseness to discuss separately tho external errors, 
observer's errors, and instrumental errors, which together comprise the errors of observation. 

Tho external mors affecting azimuth determinations are those due to lateral refraction 
of the rays of light from the star or mark to tho 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 a t  15 stations on the Mexican boundary in 
1892-93, it was found that the error peculiar to each night was represented by tho probable 
error fOIl.38, and that tho probable error of each set, exclusive of this error, was f0".54.* 
In other words, in this series of observations the error peculiar to each night, which could not 
have been eliminated by increas'ing the number of observations on that night, was two-thirda 
as ,large, on an average, as the error of observation in tho result from a singlo set. Similarly, 
from the published results of 418 sets of micrometric observations on 8 nights a t  a European 
station,2 it follows that the error peculiar to each night was fO'I.55, while the probable error 
of a single set was f ON.80. The micrometric observations are peculiarly adapted to exhibiting 
this error, because of their great accuracy and the rapidity with which they may be taken. 
Azimuth was observed a t  73 stations on tho transcontinental 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 the separate nights, there aro no less than 16 cases out of tho 73 in which a mere inspection 
indicates that there were errors of that character. 

The most plausible explanation of the above face  seem to be that there is lateral refrac- 
tion between the mark and tho instrument, dependent upon tho peculiar atmospheric condi- 
tions of each night. Whether that explanation be true or not, thc fact remains that an increase 
of accuracy in an azimuth determination at  a given station may be attained much more rcadily 
by increasing the number of nights of observation than by increasing tho number of sets on 
each night. If one series of observations is made early in the evening and another series just 
before dawn on tho same night, these series may be considered, in so far as the preceding sen- 
tence is,concerned, to bo on different &ghts, as the atmospheric conditions will have been 
given an opportunity to change. 

The line from the station to the mark should not pass close to any objects, such as a smoke- 
stack, building, clump of trees, or a hill. Even when the line is close to the ground which has 

1 Bee Report of International Boundary Commldon, United States and Mexico, 1891-86 (Waehington, 1898),'pp. OS-72. 
aEtetlon Kampenwand. 8ee pp. 88-92, Ver6ffentliehung der K6nigl. Bayerischen Commlasion fUr die Internationale Erdmeasung, btron- 

omlmheQeoclHtiache Arbeltan, Heft 2 (Munahen, lse?). 
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a decided slope normal to the line, there may be decided lateral refraction. During the primary 
triangulation in the city of Greater New York the errors on the lines which were close to stacks 
and buildings mere 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 line was observed from the end nearest the hill on several days and nights, with a 
total range in the means for the several observing periods of 7.7 seconds of arc. It was found 
that the observations made when the wind was blowing across the line toward the hill gave 
the more reliable results. (See p. 62 of Special Publication No. 11 of the U. S. Coast and Geo- 
detic Survey.) 

The position0 of the four principal close circumpolars have been determined by so many 
observations at  the fixed observatories under such favorable conditions that it is diflicult to 
believe that the errors in their adopted right ascensions and declinations are sufficiently large to 
produce errors in the computed azimuths that aro 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) , as if the adopted right 
ascension (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 cams occurring at  the extreme ends of darkneas 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 a 
station are all made upon one star and are oqually 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 conditions will be decidedly favorable to 
eliminating the effects of lateral refraction from the mean result. 

An error in the adopted latitude of the station produces the maximum effect when the star 
is observed at elongation and is without effect if the star is observed at  culmination. For 
Polaris at elongation, to produce an error of 0".01 in'the computed azimuth the adopted lati- 
tude must be in error by 0".70 for a station in latitude 30°, and by 0".14 for a station in latitude 
60°. The error in the computed azimuth from this source wiU be larger for a star farther from 
the pole. The astronomic latitude (defined by the actual line of gravity at  the station) is 
required for the computation, and not the goodetic latitude. This error, which will in general 
be very small, will also be eliminated by observing the star at two positions about twelve hours 
apart. 

The observer's mor8 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 verniers 
me used, errors of reading the micrometer heads, errors in reading the striding level, and emow 
in estimating the times of the star pointings. There is such a large range of difference in the 
designs of the various instruments used for azimuth observations that little can be said of the 
relafive .and absolute magnitude of these errors that will be of general application. Each 
observer should invostigste these errors for himself with the particular inst.mment 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 micrometric method. 

The effect of errom in t h e ,  either errors in estimating the times of the star pointings, the 
pemond equation of the observer, or errors in the adopted chronometer correction, may be 
estimated by noting the rate at  which the star was moving in azimuth when the observations 
were made. Such errors are usually small, but not insensible except near elongation, and will 
tend d be eliminated by observations of the same star at two hour-angles differing by about 
twelve hours. 
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Of the magnitude of the instrumental errors arising from imperfect adjustment and imperfect 
construction 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 rela- 
tively great and should be guarded against by careful manipulation and rapid observing, by 
using a carefully planned program of observations, and by protecting t>he instrument against 
temperature changes a9 far as possible. I n  this connection i t  should bo noted that each of the 
programs of observation given on tho preceding pages is especially adapted to elimination of 
the effect of any continuous twisting of the instrument in azimuth, and is so planned that the 
observer will not ordinarily loso time in waiting for tho 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 largo coefiicient of thermal expansion that no part remains 
of fixed dimensions or shape. Re  will bo especially careful about the thermal conditions and 
the stresses to which his instrument is subjected and wiU observo with the greatest rapidity 
consistent with allowable observer’s errors. 

The errors due to the striding levo1 become more serious the farther north is tho station, as 
may be seen by inspection of the formula for the love1 correction (p. 144). 

The errom of graduation of the horizontal cirelo havo the same effect in azimuth observa- 
tions as in observations of horizontal angles. Tho number of positions in which the circlo ]nust 
be used in the direction method may therefore bo tlccitled upon the same basis ns in the angle’ 
measurements. 

The micrometric method gives a higher tlegeo of accuracy thnn eithcr the met>hod of 
repetitions or the method of directions. This is probably duo largely to  tho great rapidity with 
which tho observations may be made, a condition which is very favorablo to the olimination of 
errore due to  instability of the instrument and its support. The error, in tho final result for a 
station by this method, due to an error in tho adopted value of one turn of tho micrometer may 
be made very small by so placing the azimuth 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. 

STATEblENT OF COSTS. 

When azimuths are observed with a theodolite duringthe 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 cost 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 them is more or less building of signals at the stations at each end of the 
line for which the azimuth is determined, the cost per station will vary during a season’s opera- 
tions from $200 to $500. When an observer must go out in the field to determine a single 
azimuth at a distant point the expense may be more than $500. A season’s work should be 
planned so that the cost and time of traveling between stations will be a minimum. If prac- 
ticable, the work in m y  locality should be dono at that time of the year when the most favorable 
weather conditions may be expected. 

AZIMUTH PROM TIME OBSERVATIONS. 

For a number of years azimuths of a secondary dcgrco 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 incmued, 
approaching primary in character. This method of determining azimuths has proved of great 
value in high latitudes where slow-moving stam are high in altitude, and, consequently, sat& 
factory azimuth from observations with a theodolite aro difficult to 0btni.n. 
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Observations on R mark which is set closely in the incridian are made during each half 
set of observations for time. Seo pago 80 for description of method of observing time in 
high latitudes. The azimuth correction, oomputed from tho 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 tho field that can be measured by means of tho reticle or with the micrometor wire. 
I t  is best, in the case of the transit micrometer, to place the mark so nearly in the meridian 
that its image will fall insido the range of the comb, so that the number of turns of the microrne- 
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 R 

mile from the instrument. 
The method of observing is as follows: Just before beginning time observations with the 

telescope band east, say, R number of observations aro taken on tho mark; the telescope is 
reversed to the position band west, and an equal number of observations is made on the mark. 
The stars of tho first half set are then observed, followed by observations on tho 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, observations are taken on the mark, the telescope is 
reversed to position band west, and the same number of observations is made on tho mark. 
This completes the firat set of azimuth observations, and the observations on the stars for a full 
time set. 

The mean of all the readings on the mark band east, is adopted as the final value in this 
position of the axis and, similarIy, 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 tho 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 bo positive when the niark is east of tho 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- tho computation of the time set. This 
azimuth constant is the angle between the meridian and the collimation axis. It 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 tho instrument, readings of the striding level 
should be made whilo observing on the mark, and its elovation should bo 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 collimation axis, is made as on page 157. 

If readings on the mark are obtained in only one position of the teloscopa axis, it will be 
necessary to take into consideration tho collimation constant of the time set and the equatorial 
intorval l of the assumed zero as well as the azimuth constant. The reading on the mark made 
with tho micrometer screw, or estimated on the reticle, is referred to some nssumed 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 a+. This last angle, tho 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 azimuth angle which lies between the collimation 
axis of the telescope and the mark must be reduced to the horizon if the mark is not in the 
horizontal plane of the instrument. Any inclination of the horizontal axis must be corrected 
for, as exphined on page 145. 

1 Thle 1s the angle botween the mean pfflltlon of the rnlcrornetcr wire or tho mew lines of tho retlcle and the nssurned zom. Seep. 32. 
8136°-13-11 



162 U. S. COAST AND QEODETIC SUBVEY SPECIAL PUBLICATION NO. 14. 

Date 

Band 

Mean readlng on mark 
Meanreadin ofE andW.(raading 

An le mark to collimation axis 
of collimajon &;IS) 

a & o h  tlme set) 
Angle mark to meddian 
MWI !or set in time) 
Mean for r t  {in arc) 

The following examples with explanations will show this method of determining azimuth: 

August 8 

Eaet Wwt 

T 8  T 8  
5.074 1.023 
3.048 3.048 

-2.028- -6.73 -2.025- -5.72 
-0.16 -0.36 
-5.89 -6.08 

-9.98 
-8wl.I . 

Exampb ofrecm&Beadings on azimuth mark. 
TRANSIT MICROMETER. 

[Station, Fairbanks, Alaslra. Date, Aug. 9,1910. Observer, E. Smith. Instrument: Ranslt No. 18, With translt micrometer. Mark to northwud] 

Before observation8 for t lme on 
nrst haU-set I 

Band East 

T 
+5.050 

5.070 
5.110 
5.110 
5.040 
5.020 
5.055 
5.110 
5.090 
5.120 

Means: $5.078 I 

W e s t .  

T 
+O. 952 

0.915 
0.940 
0.990 
0.920 
0.990 
0.930 
0.930 
0.950 
0.985 

+o. 947 

After observations for 
on second halrget Between the two half-sets 

T 
+O. 890 

0.960 
0.950 
0.965 
0.938 
0.910 

T 
+5.050 

5.070 
5.093 
5.082 
b. 060 
5.049 

T 
+5.120 

5.090 
5.121 
5.120 
5.068 
5.140 

0.970 5.023 5.140 
0.959 I 5.100 I 5.110 
0.960 5.110 6.080 
0.958 I +::::: 1 5.090 

+O. 946 +5.10s 

West 

T 
+l. OOO 

0.946 
0.985 
0.930 
0.985 
0.982 
0.960 
0.930 
0.959 
0.967 

+o. 946 

Computation of azimuth from time observations. 
TRANSIT HICROMETER. 

[Fairbanks, Alaoh, 1910. TransIt No. 18. Equatorial Interval of one turn of mlcrometer, B.828. Mark to northward.] 

August 9 I August 8 1 
5.%7 I Ok ' I 6% ' 1 0.%6 I 
3.032 3.032 3.016 3.016 

-0.12 
-5.96 -6.89 -5.97 

-9.98 -5*.83 
-8wf.7 - 8 V . O  

Mean azimuth of mark east of north, 1' 2fP.5. 
Correction for elevation of mark, 0.0. 
Reduction to mean poeition of pole,' +0.8. 
Azimuth of mark, 180° 01' 30'/.3. 

The comb should be considered aa 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 must note in the record for one position of the telescope 
(band west or east) whether the line of sight points farther east or west with increasing readings 
on the micrometer head. 

In  the example above, %ith band eaat, 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. 
I Bee Astronomlsche NecMchtan No. IMW. 
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8 3%- -1. -2.59 w 

+1.75 
+o. 19 

103 

spaecs a 
-0.15- -1.58 -0.51 

+1.@ 
+O. 07 

Computation of azimuth from time observations. 
DIAPHRAQM. 

[St. Miohsel, Alaska, 1888. Mwldlan telascope No. 13. Equatorlsl interval of one space of reticle, 30.455. Mark to southward.] 

Date 

Clamp 

Angle, mark to canter llne 
Mean of E and W 

(An& mark to colllmatlon axls) 
higleimark G b i d l a n  
Mean for set in time) 
Mean for set {in arc) 

Data 

Clamp 

Angle mark to cantar line 
MeanhfEandW 

a (from time set) 
Angle, mark to meridian 
Mean for set (in time) 
Mean for set (in am) 

(Angle mark to collimation axls) 

July 13 

East I West 

%%L-o.%l) -0.34 "K -0.34 of00 

+o. 88 +o. 88 
+ o . s  I +o.m 

+@. 28 
+4.. a 

July 18 

East I West 

-1.77 

+2.78 I +2.64 
+1.01 +O. 87 

+@. 94 
+14". 1 

~ 

July 14 

East I West 

Spaces a Spacer a 
-0.175- -0. Bo -0.025- -0. OB 

-0.34 I -0.34 

+0.40( +o.n 
+O.W +0.38 

+@. 2a 
+3". 3 

a p t .  13 

East I West 

ST& o m (  0800 0.00 
0.00 

+0.41 I +o.W 
+O. 41 +O.W 

+@. 24 
+3". e 

July 15 

East I West 

-0. I6 
+W. 14 
+2'. 1 

Final mean, mark enst of Bouth, 
Correction for elevation of mark 
Azimuth of mark 

. Oo 00' 04".9 
0.0 

359' 59' 55'l.l 

There is no essential difference between the above method and that with the transit microm- 
eter. The angle between the mark and the center line of the diaphragm is estimated in spaces 
of tho reticle. The accuracy of the resulting azimuth in this case as 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 International Geodetic 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 years a reliable value of this 
reduction can be had, based on theoretical grounds. 

Computation 'of azimuth from time o b s m t i o n s .  
DIAPHRAGM. 

[St. Mlchael, Alrcska, 1898. Marldiao taleacqie No. 13. Readings on mark in only one position of telescope axis. Equatorirl interwl of one 
spaoe of retfcle, 3a.465. Mark to 60uthward.l 

Mark east of center line 
Eq. interval of center line 

a 
Mark east of eouth 
Mark east of E O U ~ ~  

C 

s ace8 8 -8 20=-0.69 
0.00 

+o. 12 
+o. 39 
-0.18 
- 2//. 7 

spaces 8 
-0.175~ -0. GO 

0.00 
+O. 18 
+O. 40 
-0.02 
-0'f. 3 
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The above is taken from the example already given for observations in both positions of the 
telescope. In this case of deriving the azimuth from observations on the mark in only one 
position of the axis, the equatorial interval of the assumed zero and the collimation constant of 
the time set must be applied to the reading on the mark. The collimation constant is applied 
with the same sign as derived from the computation of the time sot when the observations on 
the mark are made with band west, mark south, and with the opposite sign when made with 
band east, mark south. The equatorial interval, i, of the assumed zero of the reticle or microm- 
eter is considered positive when weet of the mean 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 whoxi the mark 
is east of the zero, pointing south, and using a, c, and i, with their convontional signs, the follow- 
ing general expressions cover all cases: 

Band W . . . a - 3 6 0 ° - { a , + ( M + ~ - ~ )  sec7b}15 
Band E . . . a=360° -  (a ,  + (V-c+i)  sec h}15 
Band W . . . n=180°-{a,+(Jf-c+~) sec h}15 
BandE . .-. cu=18O0-{(aE+(M+c-i) sec7&}15 

Mark south[ 

Mark north[ 

a ,  and a, aro tho azimuth constants from the time set. iK is the angle (in seconds of time) 
between the mark and the assumed zero of the micrometer or diaphragm. It is assumed to 
be positive when the mark is east of the zero when pointing south. It is also positive when 
the mark is west, pointing north. i is the equato- 
rial interval, in seconds of time, betweon 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. 
h is the angle of elevation or depression of the mark. The quantity to be subtracted from 360’ 
or,.180° is seconds of arc. 

c is the collimation constant of the time set. 

CORRECTION FOR ELEVATION OF MARK. 

When the object used as an azimuth mark is a t  a considerable elevation, it S neceasary to 
apply a correct,ion to obtain theastronomic azimuth of the projection of the mark on the s p h s  
roidal surface of reference. This correction, in seconds, is: 

in whkh e2 is the square of the eccentricity and a the semi-major axis of the spheroid of refer- 
once; + is tho latitude of the observing station; a is the azimuth of tho line to  the mark; and 
h is the elevation of the mark. For h in meters, and Clarke’s 1866 dimensions of the spheroid, 
as stated in meters, this expression becomes: 

+0”.000109 h cos2 q5 sin 2a ,  or 
+[ 6.03921 h cosa + sin 2a,  

where the number in brackets is a logarithm, the dash over the characterbtic 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 correction may amount to a half-second or more for points in the northern 
part of the United States. The secant of the latiude is a factor of the correction, so the value 
becomes larger for the hqjher latitudes. (See p. 85.) 
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