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PREFACE

The purpose of this publication is to set forth the methods currently used by this
Survey in its astronomical work in the field and to describe in some detail the office
methods used in computing and processing the field records. Much of the material
in a previous manual, Special Publication No. 14, ‘“ Determination of Time, Longltude
Latitude and Azimuth,” has become obsolete, or nearly so, by the improvement in
astronomical instruments and equipment in recent years.

This manual covers only those instruments now in use by the U. S. Coast and Geo-
detic Survey and does not include discussions of experimental work with newer instru-
ments or estimates of the usefulness of such instruments.

The material in this manual is the product of the accumulated experience in office
and field of the members of the U. S. Coast and Geodetic Survey from its earliest
days to the present.

This publication, which is the work of the Section of Gravity and Astronomy of
the Division of Geodesy, has been made possible by valuable contributions of material
and suggestions, both by officers of this Bureau who, at one time or another, have been
assigned to astronomical work, and by various mathematicians of the Division of
Geodesy who either have had assignments with this Section or else have taken a keen
interest in some phase or phases of the subjects dealt with in the manual.

This publication has been prepared under the direction of Commander H. W.
Hemple, Chief, Division of Geodesy, and under the general supervision of Walter D.
Lambert, former Chief of the Section of Gravity and Astrononiy, who is also responsible
for several portions of the Appendix. The authors especially wish to acknowledge the
substantial debt owed to F. W. Darling, Mathematician, for his share in the appendix
~ and tables and for his share in writing those sections of Parts II and I1I dealing with

office procedure, and to Lieutenant H. J. Seaborg for the use of his manuscript pre-
pared about 1943, on “Determinations of Wireless Longitude.” A large part of his
material dealing with field practice in longitude determinations has been incorporated
in this manual. Thanks are also due to C. N. Claire, Mathematician, who edited the
manuscript and served as technical adviser on instruments and radio equipment, and
to A. D. Sollins, Associate Mathematician, whose critical judgment and mathematical
background were of great value.

Finally the authors wish to thank the numerous other members of the U. S. Coast
and Geodetic Survey, both in the field and in the Office, who have so choerfully con-
tributed their services in one way or another.

The history and development of astronomical work is more or less reflected in
various papers and treatises on the determination of time, latitude, and azimuth which
have appeared in the Annual Reports or as Special Publications of the Coast and
Geodetic Survey.

The titles of some papers, appearing in earlier Annual Reports of the Coast and
Geodetic Survey, which were intended to form the basis of an astronomical manual are:

Determination of Time by the Transit Instrument, C. A. Schott. Appendix
No. 9, Annual Report of the Coast Survey of 1866.

IX



X PREFACE

Determination of the Astronomical Latitude of a Station by Means of the
Zenith Telescope, C. A. Schott. Appendix No. 10, Annual Report of the Coast
Survey of 1866.

Addenda to Appendices No. 9 and No. 10 of the Coast Survey Report of 1866,
C. A. Schott, Appendix No. 10, Annual Report of the Coast Survey of 1868.

Determination of Weights to be given for Observations for Determining Time
with Portable Instruments Recorded by the Chronographic Method, C. A. Schott.
Appendix No. 12. Annual Report of the Coast Survey of 1872.

The above group of papers is usually referred to as the first edition.

The reprint of these papers as they appear in Professional Papers: Determina-
tion of Time, Latitude and Azimuth, 1876, is considered the second edition.

What is known as the third edition by C. A. Schott appeared as Appendix
No. 14 of the 1880 Report.

The fourth edition by J. F. Hayford appeared as Appendix No. 7 of the 1898
Report.

The fifth edition by William Bowie appeared as Special Publication No. 14 in
1917,

These publications deal with certain types of instruments not discussed in this
publication. These older instruments, although excellent of their kind, and although
still in the possession of this Bureau have been found in general less serviceable than
the broken-telescope transit of the Bamberg type, which is now the main reliance of the
Bureau’s astronomical parties in the field. In case of necessity these older instruments
could again be used.

The general theory of these instruments, especially the meridian telescope and the
zenith telescope, is essentially the same as that of the Bamberg instrument when used
for time or latitude but certain details of construction require at times a somewhat
different manipulation and a somewhat different arrangement of the computation from
that of the Bamberg instrument. For particulars regarding these older instruments the
publications listed above should be consulted, especially Special Publication No. 14,
Fifth Edition.

Since then, two more publications have been issued which deal particularly with the
description of the Bamberg broken-telescope transit and its application to longitude
and latitude observations; one of them also introduces the use of radio or wireless
telegraphy for longitude determination. These publications are:

Special Publication No. 35, Determination of the Difference in Longitude
between each two of the Stations, Washington, Cambridge, and Far Rockaway,

by Fremont Morse and O. B. French, 1916.

Special Publication No. 109, Wireless Longitude, by G. D. COWle and E. A.

Eckhardt, 1924.

These last two publications are no longer available, for they have been out of print
for more than ten years.



MANUAL OF GEODETIC ASTRONOMY

DETERMINATION OF LONGITUDE, LATITUDE, AND
AZIMUTH

INTRODUCTION

The orientation of the triangulation executed by this Bureau is controlled by La-
place azimuths placed at an average interval of about 8 triangulation quadrilaterals.
This orientation control is necessary because of the probability of a large accumulation
of error in an azimuth carried through a long arc of triangulation.

Because of the existence of the deflection of the vertical or what is sometimes called
“station error”, it is not possible to use the astronomical azimuth directly in controlling
the orientation of the triangulation. If, however, both an astronomical longitude and
an astronomical azimuth have been observed at a triangulation station, the astronomical
azimuth may be corrected for the effect of the deflection of the vertical in the follow-
ing manner: 7, the component of the deflection in the prime vertical (positive when
the astronomical zenith is west of the geodetic zenith) is given by either of the follow-
ing expressions:

n=— (as—ag) cot ¢, ' 1)
and 1==(XAa—Ng) cOS @)
where As=2astronomical longitude

Me=geodetic longitude
a4 =astronomical azimuth
ag=geodetic or Laplace azimuth.

We may equate these two expressions for 5 and solve either for A\ in terms of A,

a,, and ag or for ag in terms of A4, a4, and Ag. Since Ag is well determined by the

triangulation and since it is desired to control the orientation of the triangulation, the

second of these alternatives is chosen and ag, the Laplace azimuth, is solved for as
follows:

as—ag=—(Ns—Ng) sin ¢ (3)

or ag=a,+ (As—Ng) sin ¢. “4)

TFor a more detailed development of the deflection of the vertical and the corres-
ponding Laplace correction to the astronomical azimuth, see “Astronomic Determina-
tions’’, Special Publication No. 110, pp. 87-92.

Frequently, the triangulation party observes the astronomical azimuth at the pro-
posed Laplace station using another triangulation station as the mark for the azimuth
observations. Later, the astronomical party will observe the astronomical longitude and
thus the necessary field data are available for the computation of the Laplace azimuth.
In cases where the triangulation party has not observed the astronomical azimuth, it is
the duty of the astronomical party to observe the azimuth also. In addition, the
astronomical party makes an astronomical latitude determination at each station

XI



XI11 INTRODUCTION

whenever this does not seriously delay the progress of the party; since, for studies of
the figure of the earth, both components of the deflection of the vertical are needed.

The astronomical party normally consists of 4 men, the chief of party, one recorder,
one radioman and a hand. The chief of party directs and supervises all the work;
usually he also does a great deal of the observing and computing. The recorder, in
addition to his obvious duties makes some of the astronomical observations and com-
putations. The radioman has immediate charge of keeping all the radio equipment
functioning properly and helps with the recording, observing and computing. The
hand assists wherever needed, and does much of the manual labor and the truck
driving.

The most convenient and economical method of transportation is by motor truck.
Two 1%-ton trucks and a combination house-trailer have been found very satisfactory.
The trailer should be large enough to house 4 men and still provide sufficient room for
office work. 'The usual procedure is to camp right at the station site in order to facilitate
the work program. See figure 13,

Before starting out on an astronomical expedition, the chief of party should check
all instruments and equipment carefully for completeness and for being in good
working order. The instruments and equipment should be packed in boxes which will
properly safeguard the delicate instruments and which can be most conveniently
handled in the loading and unloading of trucks.

The Bamberg broken-telescope transit has been used extensively by this Bureau for
determining latitude and longitude since 1916.! It is a good portable instrument, not
too heavy and cumbersome and yet relatively stable for precise work.

In general, the direction theodolite is used for azimuth observations, althopgh oc-
casionally the repeating theodolite is used. For azimuth observations in high latitudes
a method has been devised using the Bamberg broken-telescope transit.

INSTRUMENTS AND EQUIPMENT

The following is a list of the instruments and equipment necessary for astronomical
observations when the Bamberg transit is used. A first-order theodolite and signal
lamps are also included because the astronomical party will have to observe the azimuth
at those astronomical stations at which the triangulation party has, for any reason, failed
to do so.

Instruments
Item No, 1tem No.

Ammeter, pocket____.___ ... ____ 1| Rule, slide. oo oo i
Amplifier, astronomie, (spare if available) 1§ Receiver, short-wave radio (spare if
Barometer, aneroid____________________ 1 available) - _ - ... 1
Binoculars, ordinary___________________ 1 | Secales, glass, chronograph reading - ._____ 3
Chronograph, astronomiecal _____________ 1 | Tape, steel, 30-meter_ . ____ _.__._____ 1
Chronometers, s1dereal 2 second break- Test set, radio, (circuit and voltage

eireuit . _ .. a..- 2 tester) . e emeo—eo_o 1
Compass, magnetic. . ___.____._________ 1 | Theodolite, first-order_____ .. _____ 1
Dividers, hairspring_ - - - .. ____________ 1 | Thermometer, centigrade_._ - - __.__ 1
Filter, audio. - ... _____________ 1 | Transit, 4-inch, ordinary . _ - . - .___ 1
Headset, radio_ _______ . ___ . _______._.__ 2 | Transit, astronomic, Bamberg......_____ 1
Lamp, signal, flashlight type.___________ 1) Tribrachs . - _ .. 2
Lamps, signal, large_ __ . ... ___________ 2 | Tripod, aluminum for Bamberg_________ 1
Machine, caleulating__________________. 1 | Typewriter, portable_ ... - . _.____. 1
Pens, fountain, for chronograph_________ 2 | Watches, mean-time. - .- .- ._.__________ 2
Pens, fountain, fine point for recording.__ 2

1 Special Publication No. 35, Determination of the Difference in Longitude between each two of the Stations, Washington,
Cambridge, and Far Rockaway.
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Equipment
lem No. Item No.
Bag, recorder’s______ . __________.__.__. 1 | Plumb bobs, ordinary___ _________.___._ 3
Batteries, storage, 6-volt . ______________ 4to8 | Seribers_ _ . _ . _ ... .. 1
Batteries, ‘B’, 45-volt________________ 15 to 30 | Table, folding for recorder______________ 1
Batteries, ‘C’, 22%-volt. . _____________ 6 to 10 | Table, wood, knock-down for electrical
Batteries, 1%-volt dry cell. _______.____ 10 to 20 equipment____._________._ .. _______ 1
Batteries, flasblight . _____ . _____________ 50 | Tarpaulins, large_. - . __.________.__ 4
Chairs, folding, canvas______.___________ 2 | Tent, astronomic, with frame and fly____ 1
Heater, oil or gasoline____________.____._ 1 | Tent, silk, hexagonal observing with
Hydrometer, battery tester_____________ 1 frame._ .. o e 1
Lamps, hand electrie_. - _._____._. 3 | Tubes, radio (complete set for radio used) - 1 set
Lantern, gasoline_._. ... ________ 1 | Tubes, amplifier, (complete set for am-
Level, carpenter’s, small________________ 1 plifier) ________ PP 1 set
Packboards_ . _ .o 4
Plaster of paris (25 to 50 pounds per
station)

As stated before, the astronomical party

generally camps at the station site. This

necessitates a complete camping outfit in addition to the equipment needed for the
astronomical work. When the party is operating in remote regions throughout the
country, and especially in Alaska or on some of the smaller islands, it is well to have

spare parts and enough repair material along for minor repairs.

The following ad-

ditional list includes various tools and miscellaneous items:

Axes.

Bits, screwdriver and boring.
Brace, carpenter’s,
Buckets.

Canteens.

Cans, gasoline,

Drill, hand.

Extinguisher, fire, Pyrene.
Generator, gasoline motor.
Hacksaw.

Hammers, claw.

Hatchets.

Pliers.

Saw, hand.

Screwdrivers.

Shovels.

Soldering iron.

Tarpaulins.

Trowels.

Wire, connecting and antenna.
Wrench, adjustable end.

BOOKS, FORMS, TABLES, AND DIAGRAMS

The following is a list of books, forms, and tables needed for the work.

Books

Special Publication No. 237. Manual of
Longitude, Latitude, and Azimuth.

Geodetic Astronomy, Determination of

Special Publication No. 120. Manual of First-Order Triangulation.

American Ephemeris and Nautical Almanac.
Apparent Places of Fundamental Stars.

(For the year.)
International Astronomical Union, His.

Majesty’s Stationery Office, London. (For the year.)
Boss, General Catalogue of Stars, Epoch 1950.

The Radio Amateur’s Handbook, A. R. R. L.

Vega, Logarithmic Tables.

(For the year.)

Shortrede, Logarithms of Sines and Tangents.

Olcott, A Field Book of the Stars.

Special Publication No. 231, Natural Sines and Cosines to Eight Decimal Places.
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For LoNGITUDE:
No.

256 Longitude Record and Computation.
34A Longitude Record.
Chronograph sheets.

For LaTiTUDE!

485 Observing List for Latitude.

255 Latitude Observations.

33 Latitude Computations

772 Reduction, Mean to Apparent Declinations.
For AziMUTH: _

251A Observations of Horizontal Directions.

605 Comparison of Chronometer and Radio Signals.

381a Computation of Time, Observations on a Star with Vertical Circle.

380 Computation of Azimuth, Direction Mcthod.

380a Computation of Azimuth, Micrometer Method.

380b Computation of Azimuth, Micrometer Method.
Otuer Forms:

525a Description of Astronomical Station.

526 Recovery Note Triangulation Station.

382 Reduction to Center.

470 Abstract of Directions.

24A List of Directions.

Tables and Diagrams

Factors for Bessel’s Probable Error Formulas.

Reduction of Mean Solar Time to Sidereal Time.

Diagram of Astronomical Amplifier Hookup.

Star-place Charts for finding Star Pairs.

G-35. P.G.C., and G. C. Star Numbers of Identical Stars.

Table of A, B, C Factors (for azimuth, level, and collimation corrections).
Nomogram for A, B, C Factors

List of Instrumental Constants.



. PART 1
DETERMINATION OF LONGITUDE

Instruments. The large transit instruments made by Troughton and Simms of
London were used almost exclusively for telegraphic determination of astronomical
longitudes until 1888. These were replaced at that time by a slightly smaller transit
made in the Instrument Division of this Bureau. In 1914, two Bamberg broken-
telescope transits were purchased. Since that time these transits have been used
almost exclusively for both longitude and latitude observations except in those cases
where the Bamberg transits were in use elsewhere. In the hands of skillful observers,
all these transits give good results, and they compare favorably with the much larger
transits usually employed at astronomical observatories, where special difficulties are
encountered in consequence of strains or temporary instability of the instrument due
to reversal of axis, and the more serious effect of flexure.

In addition, the Bureau has some smaller transits which are known as meridian
telescopes. They were used for time determinations in connection with longitude
observations and for latitude observations by the Horrebow-Talcott method.

LONGITUDE DETERMINATION WITH THE BAMBERG TRANSIT

The principal instruments used for radio longitude determinations are the Bam-
berg broken-telescope transit with transit micrometer, sidereal break-circuit chron-
ometer, weight-driven chronograph, two-stage radio amplifier, short-wave radlo
receiver, and audio filter.

INSTRUMENTS
BAMBERG BROKEN-TELESCOPE TRANSIT

In this instrument the eye end is located in the prolongation of the horizontal axis
outside of the wyes. The light entering the ob]ectlve reaches the e¢ye end by being
reflected at rlght angles by a prism which is set in the intersection of the horizontal
axis and the axis of the telescope. See Figures 1 and 2. The objective has a clear
aperture of 7 centimeters and a focal length of 67 centimeters. The instrument is
fitted with an ocular longitude micrometer which records electrically the times of the
passage of a star through the field. See Figure 3. The micrometer screw has an equa-
torial value of about 10.5 seconds of time for one turn and the head of the micrometer
has an agate rim in which are set 10 equidistant metallic strips, each strip being abouy
one one-hundredth of & turn in width. In addition to these 10 strips, there are also
two others, set one on each side of the zero strip and equidistant from it, to provide a
means of identifying the marks of the record. A platinum point is pressed by a spring
against the surface of the micrometer rim, and as the head is revolved this point makes
a contact and completes a circuit each time one of the metallic strips passes under it,
and a record is made on the chronograph sheet. .

At the opposite end of the telescope axis from the micrometer there is arranged a
very small electric light for the illumination of the cross hairs, and the light from it is

1



2 U. S. COAST AND GEODETIC SURVEY

transmitted through the large prism to the eyepiece by means of a small prism not over
one-third of a centimeter in size which is cemented with Canada balsam onto the diag-
onal face of the large prism. The faces of the two prisms must be accurately parallel
to allow the passage of the light.

a
1. Setting cirele, 11 Hanging level.
2. Magnilying glass for reading setting circle 12. Housing for light which illuminates the crosshairs.
3. Slow-motion adjustment screw for setting circle. 13. Knurled knob for adjusting light on crosshairs.
4. Setting circle clamping screw. 14. Counterpoise for micrometer eyepiece and setting circle,
5. Setting circle level, 15. Counterpoise for clamping arrangement.
6. Longitude micrometer box. 16. Counterpoise for telescope tube.
7. Handwheel for operating longitude micrometer. 17. Lever for lifting the telescope axis out of the wyes for reversing.
8. Graduated micrometer drum for longitude. 18. Footplate for adjusting instrument in azimuth.
9. Agate micrometer drum with metal contact strips. 19. One of the leveling footscrews.
10. Friction wheels on springs supporting telescope axis. 20. Telescope clamping screw.

Fiaure 1.—Bamberg broken-telescope transit set up for longitude observations, north view.

A small setting circle, about 15 centimeters in diameter, is attached to the telescope
axis back of the micrometer box at the eye end. This circle carries a movable vernier
and level, and reads to one minute of arc. The graduations of the circle are numbered
from 0 to 360, and the zero is so placed that the circle reads zenith distances for stars
north

; . east ; .
—— = of the zenith when the eye end is » and explements of zenith distances for
south west
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stars sonih of the zenith when the eye end is oast,
north west
tance is the angle that must be added to the zenith distance to make 360°.

A reversing apparatus is provided, and attached to it are four friction wheels
running in two grooves cut in the horizontal axis of the telescope. These wheels, two
of which form a sort of cradle, one on each side of the telescope tube, rest in turn on
springs which are sufficiently strong to support the greater part of the weight of the
telescope. Thus, only a small part of the weight of the telescope is borne by the pivots
and wyes. This reduces flexure to a minimum and permits the telescope to be made
heavier and more solid than would be desirable if all the weight were carried on the
pivots.

Instead of the usual striding level the instrument is fitted with a hanging level,
and, to permit its hanging directly below the axis of the telescope, each standard of
the reversing gear is cast with a semicircular arc at a point about halfway of its length.

The explement of the zenith dis-

23
1. Setting cirele. 11. Hanging level.
2. Magnifying glass for reading setting circle. 12. Housing for light which illuminates the crosshairs.
3. Slow-motion adjustment screw for setting circle, 14. Counterpoise for micrometer eyepiece and setting circle.
4. Setting circle clamping screw. 15. Counterpoise for clamping arrangement.
5, Setting circle levol. 16. Counterpoise for telescope tube.
6. Longitude micrometer hox. 20, Telescope clamping screw.
7. Handwheel for operating longitude micrometer, 21, Telescope slow motion screw,
8. Graduated micrometer drum for longitude. 22, Illumination and transit circuit switches.
9. Agate micrometer drum with metal contact strips. 23. Rheostat for adjustment of brightness of illumination of crosshairs.

li}. Friction wheels on springs supporting telescope axis.
Fraure 2.—Bamberg broken-telescope transit set up for longitude observations, south view.
T48977°—48——2




4 U. S. COAST AND GEODETIC SURVEY

Two small cross levels are attached to the hanging level, one near each end, to indicate
when it is in proper position for reading.

The frame of the instrument is skeletonized, but strength has not been sacrificed,
nor has it been made too licht in weight. In size the base of the frame is 28 by 55
centimeters, with the top of the base of the frame 8 centimeters above the top of
the pier.

Fiaure 3.—Longitude micrometer eyepiece.

Oue peculiarity of the construction of the instrument is in the position of the foot
screws. These are three in number, two being placed at the corners of the frame on
the north side and the third being at the middle of the opposite side. The west foot
screw rests in a hole in a footplate; the south one rests on a plane surface of hardened
steel on a second footplate, while the east one rests in a V-shaped groove in a third
footplate. This groove is cut in a steel block, which is movable in the footplate by
means of two abutting screws. The object of this motion is to provide means of setting
the instrument in the meridian. When the abutting screws are turned, the whole
instrument, frame and all, revolves horizontally about the hole in the west footplate
as a center.

In addition to what has already been described, the instrument is provided with
detachable twin levels for latitude work. When in use for latitude determination a
second micrometer is employed. This micrometer has no electric connections. It is
arranged so that it can be used for time work, either by the key method or by eye
and ear.

The care taken to avoid flexure by supporting the telescope on friction wheels has
been mentioned. As another means to this end the telescope is very efficiently counter-
poised. Thus, as a balance to the telescope tube, a weight is attached to the opposite
side of the axis; as a counterpoise to the ocular micrometer and setting circle the mount-
ing of the illuminating lamp is made heavy; as a balance to the clamp a counterweight
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is provided on the opposite side; and finally, when the latitude levels are in use, a coun-
terdisk is attached opposite them.

There are two separate electric circuits in the instrument, one for the illumination
of the field and the other for transmitting the record of the transit micrometer, and they
are so arranged as to be effective in both positions of the telescope. There are only
three wires for the two circuits, one wire being common to both. Hence, in making
the connections, the central, or common wire must be connected with like poles of the
two batteries. The two circuits enter the instrument at the southwest corner, where
there are four binding posts. Two switches are placed here, by means of which either
circuit can be opened or closed. The three wires are insulated and lead along the frame
of the instrument to three metal springs, which are fastened to a strip of hard rubber at
the top of each standard. These springs press upward against three insulated metal
bands in the axis just outside the pivots. The outer and middle bands are in the microm-
eter circuit and the inner and middle ones are in the illuminating circuit.

It is desirable to describe the micrometer and recording device more in detail.
The micrometer screw, with its divided head and metallic strips already mentioned, is
provided with a suitable train of beveled wheels, which are in turn connected with an
axis located back of and above the micrometer box. This axis has a large milled head
at each end for use, one with each hand, in following a star as it transits.

The back of the micrometer box is attached to a tube which fits accurately into
the end of the telescope axis. A lug on the tube fits in a slot in the axis, and the slot is
made larger than the lug, so as to allow the tube to be rotated through a’small angle by
means of two abutting screws for adjustment of the verticality of the movable wires.
The focusing of the objective is done by moving the tube in or out as required, and a
clamp is provided to hold the tube in place after the adjustment for focus is made.

The movable wires of the diaphragm are parallel and three in number. Two of
them are placed close together, so that observations may be made by keeping the image
of the star midway between them, and the third is separated from the pair by the space
of about half a turn of the screw. Observations may be made with this wire by bisecting
the star image.

From this point on, the phrase ‘‘follow the star’” will be used for the cumbersome
but more exact phraseology, “follow the image of the star.”

There are five fixed wires in the reticule of the micrometer. Two of these are in-
tended to indicate the path through which the star transits and are placed about 50
seconds of arc apart and parallel. These are of course at right angles to the movable
wires. The other three fixed wires are parallel to the movable wires. One of them is
in the middle and serves to define the line of collimation; the other two are placed one
at each side of the field at a distance of five turns of the micrometer screw from the
line of collimation and indicate where the observations on a star should begin and end.
A small scale on the outside of the micrometer box numbered from 0 to 10 indicates the
position of the movable wires. On the west end of the frame of the instrument there is
a small plate bearing the inscription “0 R,” and on the east end a similar plate is in-
scribed “10 R.” These are intended to remind the observer that in position ocular
West the micrometer should be set at 0 revolution in preparation for the approach of
the star, while in position ocular East it should be set at 10 revolutions.

CHRONOGRAPH

Figure 4 shows the form of chronograph now in use in this Bureau. The train of
gears seen at the right is driven by a falling weight. It drives the speed governor (seen



Ficure 4.—Chronograph.
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LONGITUDE DETERMINATION 7

above 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 increases
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 hook. This impact and the
effect of the friction at the base of the weight attached to the hook causes the speed to
decrease continually until the hook is released. The speed them increases again until
the hook is engaged, decreases until it is released, and so on. The total range of varia-
tion in the speed is, however, surprisingly small, so small that in interpreting the record
of the chronograph the speed is assumed to be uniform during the intervals between
chronometer breaks. The speed may be regulated by screwing or unscrewing the mov-
able weights which are above the governor balls and attached to the same arm. This
moves them nearer to or farther from the axis, and thus decreases or increases the
critical speed at which the hook is engaged. To get a convenient record it is desirable
to adjust the speed so that the cylinder makes one revolution per minute with the ordi-
nary arrangement of the train of gears. This is the speed used for recording transits.

The gears may be changed quickly to another combination by means of a clutch
which is worked by moving the small horizontal shaft on the outer side of the gear box
a short distance in or out. The center position of the shaft is neutral. 1n this position
the cylinder is free to revolve, thus facilitating the placing of the chronograph sheet on
the cylinder. When the clutch is set at the inner position the surface of the cylinder
runs at a speed of about 1 centimeter per second. This position is normally used for
the recording of the time of star transits. When set at the outer position, the cylinder
runs at double speed, or about two centimeters per second. This speed is used for
recording radio time signals. A small pin is inserted in the proper hole in the clutch
shaft to maintain the proper speed position. Additional weights are required to drive
the cylinder at double speed.

The cylinder is about 19 centimeters in diameter, and about 33 centimeters long,
thus requiring a sheet of paper of about 33 by 60 centimeters. Actually a sheet 33
by 63 centimeters is used, thus allowing 3 centimeters for overlap. Since the circum-
ference of the drum is 60 centimeters, one minute of time will be recorded on one line
of the sheet for each revolution of the drum when the drum runs at a speed of one centi-
meter per second of time. This is particularly convenient for reading the chronograph
sheet, in that corresponding second breaks will fall on a nearly horizontal line across the
sheet. See figure 5.

The pen carriage holds a fountain pen, which traces a helix on the sheet attached to
the chronograph cylinder. The pitch of the helix is about 2 millimeters. This pen
is clamped in position at the outer end of the armature which normally is held away
from the magnet by means of a small spring. The chronograph-pen armature is con-
nected to the terminals of the output of the amplifier. See wiring diagram, figure 6.

CHRONOMETER

The chronometer is a two-second sidereal break-circuit chronometer. The
chronometer is connected into the astronomical amplifier circuit as illustrated in figure
6. Normally, the chronometer circuit is closed. Every two seconds the break-circuit
wheel moves the distance of one notch, a spring is released which trips a contact, and
the circuit is thus broken for just an instant. For purpose of identification, at the end
of each minute, some chronometers skip the 58th second break and others break on the
59th second. Thus, the identification of the beginning of a minute is positive. It is
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10 U. S. COAST AND GEODETIC SURVEY

the first break after the long gap of 4 seconds, or it is the first break after the extra break
at the 59th second, depending on the type of chronometer used. A one-second break-
circuit chronometer is sometimes used for longitude work. However, it is less satis-
factory because there is then more interference between chronometer breaks and transit
breaks on the chronograph sheet.

The function of the chronometer is to carry the time between the star observations
and the radio time signal. In brief, the local sidereal time as determined from the
transit of a star is carried by the chronometer to the instant of the radio time signal, at
which instant the sidereal time at Greenwich is known. The difference between the
sidereal time at the station and the sidereal time at Greenwich for the same instant is
the longitude of the station.

Packing 6f the Chronometer for Shipment

There are several precautions to be observed in the preparation of a chronometer
for shipment.

1. The balance wheel should first be stopped by allowing it to strike against a small’
piece of writing paper until motion ceases. Never use the fingers or any rigid body for
this purpose. As the balance wheel is very heavy compared to its supporting pivots,
it is necessary to lock it carefully to prevent motion during shipment, thus preventing
breakage ot the delicate pivots. This is done by inserting soft cork wedges, as shown
in Figure 7. 'These must be placed as néarly opposite the spokes of the wheel as possible
and both should be carefully pressed in at the same time to avoid a sidewise pressure on
the pivots. They should never come in contact with any of the adjusting screws in

Figure 7.—Chronometer balance wheel blocked for transportation.
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the balance wheel. The wedges should be pressed in with only sufficient firmness to
insure their remaining in place. They should never be forced. Cork wedges are issued
with most chronometers, but should none of these be available, care should be exercised
in the selection of this material to insure that it is soft and resilient.

2. After the wedges are inserted, the chronometer should be replaced in its case
and the cover screwed tightly in place. If a gimbal case is used, the chronometer
should be removed from the gimbal rings and packed in the case with paper. The
chronometer should be securely wedged with paper so that it cannot move.

3. In packing in an outer shipping case, it is advisable to wrap the chronometer
case with paper to prevent infiltration of dust and to use paper as a cushioning material
in the packing box. EXCELSIOR SHOULD NEVER BE USED, as it is dusty and
the fine powder will sift through exceedingly small openings.

RADIO RECEIVER

Almost any standard commercial make of a good quality short wave receiver can
be used in the astronomical setup. The frequency range should cover from about
one to thirty megacycles per second. The receiver is connected to the amplifier by means
of a phone jack.

Radio receivers as now built usually require only the simplest of antennas, such as
the inverted L-type. Best results will probably be obtained by following the manu-
facturer’s instructions concerning the length and type of antenna to be used. An
antenna length of at least 65 feet including lead-in is desirable; a ground connection to
the receiver may or may not be necessary, depending on the installation. If the poles
carrying the antenna are guyed by wire, it is well to insulate these guys from the
ground. At the beginning of a season’s work the required antenna and guy wires can
be obtained locally; poles 20 to 30 feet long can be made up of two-by-fours. A tele-
scoping vertical pole made of aluminum has been used with success.

In cases of reception at extreme distances, consideration should be given to the use
of a resonant antenna, oriented properly to obtain maximum signal strength. For
best results, some form of feeder system is required to transfer energy from the antenna
to the receiver. This type of antenna, although more difficult to erect and less flexible
as to frequency, may allow satisfactory reception in distant locations where the con-
ventional antenna would fail. Various directivity patterns and gains may be obtained,
depending on the type selected. If the use of an antenna of this type is contemplated,
reference should be made to an up-to-date radio handbook for details of construction

and operation.
ASTRONOMICAL AMPLIFIER

Various types and designs of amplifiers have been used in the past for the recording
of radio longitude observations. Those in use up to 1939 were designed by the late
Lieutenant E. J. Brown of this Bureau and were designed to operate a sensitive relay
which in turn operated the chronograph pen. A new type of amplifier was designed in
1939 by Lieutenant Albert J Hoskinson which eliminated the relay. The plate currents
from the output tubes are fed directly into the high impedance coils of the chronograph
pen assembly. It is a two-stage class “B’’ amplifier using 6N7 radio tubes. Impulses
from the chronometer circuit, transit micrometer circuit and radio receiver all enter this
amplifier before being recorded on the chronograph sheet through the pen-carriage
assembly. As all of the electrical circuits are hooked up through the amplifier, this piece
of apparatus becomes very important to the field observer. However, this amplifier
has been simplified in construction, so that circuits are rather easy to follow and minor
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repairs, even by an inexperienced man, are possible. The wiring diagram is shown in
figure 8.

The grid circuits of the tubes are biased so that the no-signal plate current of the
tubes is less than 0.5 milliampere.

Description of Parts

T, is an audio transformer.. The primary winding should have a resistance of
about 800 ohms, and the secondary winding about 8,000 ohms.

Nearly any interstage transformer will work in this circuit but the very best results
will be obtained if the transformer is wound to match the particular radio used and the
grid circuits of the tubes used in the amplifier. 4

In our amplifier we used transformers in stock (Type T 65) supplied by the Signal
Corps, U. S. Army.

T, is the same kind of an audio transformer as T;. The Thordarson type 23 A 57
may be used, provided a fixed resistance of at least 600 ohms is placed in the circuit of
the primary, or the variable resistance R, is so designed that the limits are 600 ohms
to 5,000 ohms.

THERE MUST BE A RESISTANCE OF AT LEAST 600 OHMS IN THE
CHRONOMETER CIRCUIT TC LIMIT THE CURRENT TO 0.010 AMPERE
OR LESS IN ORDER TO PROTECT THE CONTACT POINTS OF THE CHRO-
NOMETER.

T; and T, are Thordarson transformers type 67 D 47.

R, and R, are 20,000 ohm potentiometers. ‘

R; is a fixed resistor of 20,000 ohms (1 watt). The value of this resistor should
be just large enough to block the current in the transit circuit so that no break of the
chronograph pen will be recorded when the contact points of the micrometer head in the
Bamberg transit break. But it must be small enough so that the condenser C, will be
sufficiently discharged after one break to make a positive break on the next contact.
These contacts may come rather close together for stars nearly on the equator and for
the three identification contacts on the Bamberg head.

The R, resistar unit is desirable but not absolutely necessary if the fixed resistance
in this circuit is 600 ohms or more.

Any variable resistance that will carry 0.010 ampere is satisfactory.

C, is a 10-microfarad 25-volt condenser. The capacity of this condenser must be
large enough so that & positive break is obtained from the chronograph pen. There
are many combinations of values of C, and R, that will work satisfactorily in this circuit,
but the main consideration should be to get a good reserve of power so that the chrono-
graph pen will work well in any kind of weather, particularly on those nights when
moisture condenses on the instruments and has a tendency to partially short-circuit the
electrical components. A

C, and C; are 0.006-microfarad 600-volt paper by-pass condensers.

C, and C; are 0.5-microfarad 600-volt paper by-pass condensers.

Cs is a 0.1-microfarad paper by-pass condenser.

Sy, S, S;, and S;, are single-pole single-throw snap switches.

S, is a double-pole double-throw switch such as General Radio rotary switch or
Federal anti-capacity switch.

M, is & direct-current milliammeter 0 to 25 milliamperes. Any standard make.

M. is a direct-current milliammeter 0 to 50 milliamperes. Any standard make.
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J; is a standard head phone jack, make-circuit type.

For binding posts shown for radio transit and other circuits, use EBY COM-
MANDER.

The magnetic coils of the chrcnograph pen should be wound to have a resistance
of 2,000 to 5,000 ohms, so that the output current from the amplifier will work the pen
without the use of a sensitive relay.

Any automobile storage battery will furnish the “A” current required to work the
amplifier. '

Any standard make of 45-volt “B”’ batteries hooked in series to obtain the 270
volts required will furnish the desired B’ current required to work the amplifier.

Any standard make of 22%-volt ““C’’ batteries are satisfactory for the potenti-
ometer units R, and R,.

In operation, the chronometer-break impulses will travel through the amplifier and
be recorded continuously on the chronograph sheet. By means of a two-way switch,
S, either the radio beats or the transit micrometer breaks can be introduced and recorded
‘on the chronograph sheet along with the chronometer-break marks. :

When the transit micrometer breaks and the chronometer breaks are both being
recorded on the chronograph sheet, the chronometer breaks can easily be identified
by drawing a straight line from a certain chronometer second break, before the transit
micrometer is operated, to corresponding second breaks after the transit micrometer
has been stopped. 1f the chronograph is running uniformly, any breaks that line up
exactly with this line are chronometer breaks. The slope of this line depends on the
speed of the chronograph cylinder. Occasionally a transit break will occur simulta-
neously with a chronometer break. But since the spacing of the transit breaks is
usually decidedly different from the spacing of the two-second chronometer breaks,
there is usually no difficulty in finding enough chronometer and transit breaks for read-
ing the chronograph sheets.

However, when recording radio time signal beats and chronometer breaks together,
simultancous breaks are more serious. The sidercal chronometer gains only 0.16 second
on the radio time signal per minute. Since the radio beat is 0.4 second in duration, it
is therefore entirely possible that the radio beats will cover up all chronometer breaks
for about .2}% minutes, except those between 55 and 60 seconds of each minute of the
time signal, that is, the records may overlap half of the time that the signal is being
broadcast. Unfortunately, it sometimes happens that the greater part of the other
half of the broadcasting time may be consumed in tuning in the signal. For the pur-
pose of obtaining a satisfactory chronograph record for scaling that part of the time
signal where radio beats and chronometer breaks overlap, a cut-out switch has been
provided on the amplifier so connected that the radio beats may be cut out of the
circuit at will. By using this hand-operated switch and by proper timing, every other
radio beat may be cut out and every two-second break mark of the chronometer will
be preserved: Therecord will have only one-half as many radio time beats as otherwise,
but all these beats will be scalable against chronometer breaks.

Two milliammeters, M; and M,, are provided to indicate the direct-current flow and
are controlled by potentiometers R, and Ry, respectively. The hook-up diagram and
explanation with regard to the rest of the electrical equipment is given in figure 8.

AUDIO FILTER

Two standard audio frequencies, 440 cycles per second and 4000 cycles per second,
are superimposed on a good share of the WWYV radio time signal broadcasts. An audio
filter was designed by Herbert Grove Dorsey and T. J. Hickley and built by G. D.
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Ficure 9.—Wiring diagram of audio filter.
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Nedley, all of this Bureau. This apparatus filters out the above mentioned audio fre-
quencies, while allowing the time signal impulses to be recorded without interference.
The wiring diagram of the audio filter is illustrated in figure 9.

ASTRONOMICAL TENT

Various types of covering have been used in the past to house the instruments.
Wooden observatories have been used extensively in Alaska and elsewhere. At present
a 6 x 10-foot canvas tent is used. This tent is placed over a light but sturdy wooden
frame bolted together, an arrangement that makes for ease in setting up and dismantling.
A small galvanized iron pipe, supported at the ends of the frame by gable points, serves
as a lengthwise ridgepole within the tent. A slot 3 feet wide in the tent top provides
the necessary opening for the observations. There are flaps one foot wide all around
the bottom of the tent, so that earth or stones may be piled on them to make a tight
connection against the weather. A canvas fly large enough to cover the entire top and
to overlap the sides and ends by about 8 inches is placed over the tent when the ob-
servatory is not being used. See figures 10 and 11. Various guy lines and tying lines
hold the tent and fly in a secure position. At the southeast corner is a doorway, which
is provided with an 18-inch overlap for closing. This tent has been used in all types of
weather conditions encountered in Alaska and has proved to be a good covering for the
Bamberg transit and for other instrumental equipment.

Ficure 10.—Observing tent with slot for observing uncovered.
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Frcure 11.—Observing tent.

SPECIFICATIONS FOR ASTRONOMIC OBSERVING TENT AND FLY
Tent

Dimensions. —Height seven (7) feet six (6) inches; length of ridge, nine (9) feet;
width, six (6) feet six (6) inches; height of wall, five (5) feet six (6) inches.

Material.—To be made of cotton duck, clear of all imperfections, and of a weight
equivalent to ten (10) ounces per linear yard of material twenty-eight and one-half
(28%) inches wide; or, first quality, double filled, treated material, weighing eight (8)
to ten (10) ounces per square yard. A good quality of the latter type material is sold
under the trade name of “Vivatex.”

Workmanship.—All seams to be double sewed with lock stitch, with at least one-
half (%) inch overlap. If sewed by machine, a good quality linen thread of suitable
weight is to be used All work must be in accordance with the best practices and
subject to inspection and approval.

Grommets.—Grommets are to be placed in all corners, three (3) inches below the
eave line, to permit guy lines attached to the tent frame to be passed out through the
tent. Grommets for foot-stops are to be worked in the tabling at the bottom of the
tent, in each corner and at the middle of each long side. Grommets to be made with
three-quarter (%) inch malleable-iron rings, galvanized, well sewed in the holes with
linen or well-waxed cotton twine of suitable weight.

Door. —One corner of the tent is to be opened from the eave line to bottom, as
shown in sketch, and a door flap, one (1) foot wide, attached at this corner. The
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Ficure 1la.—Specifications of demountable frame for astronomic observing tent.
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door fastening is to consist of two (2) snaps and rings to hold the sidewall, and three (3)
snaps and rings to secure the flap.

Roof.—An opening, eighteen (18) inches wide, is to be made across the top of tent
from eave line to eave line, as shown on the sketch. This opening is to be bound on
all sides by heavy one-half (}%) inch webbing. A similar piece of webbing is to be sewed
the entire length of the ridge line, inside. A three-quarter (%) inch iron ring is to be
attached to the tent at each end of the ridge, outside. The rings are to be fastened
by means of one-half (%) inch webbing, sewed back along ridge line eight (8) inches.

Ties. —Double ties of one-fourth (%) inch cotton rope, two (2) feet long on each
side, are to be attached to the tent at the points indicated on the sketch; three (3)
ties on each side of tent and two (2) on each end.

Reinforcing.—Reinforcing patches, of the same material as tent, shall be placed
inside each corner at the eave line and at each end of the ridge. These patches to
extend eight (8) inches from the corners. The tent shall also be reinforced at the
points where ties are attached. -

Tabling.—The tabling on the foot of the tent, when finished, to be two and one-half
(2%) inches in width.

Foot-stops.—Foot-stops, six (6) in number, to be loops four (4) inches long in the
clear, of nine-thread manila line, both ends passing through a single grommet worked
in the tabling, and to be held by what is known as the ‘‘Mathew Walker” knot. Foot-
stops to fall outside tent.

Sod Cloth.—The sod cloth to be of same material as the tent, sixteen (16) inches
wide, to be sewed to top of tabling, and to fall outside the tent. The sod cloth is to be
filled in at the corners except at the door opening.

Guy Lines.—QGuy lines, six (6) in number, to be of nine-thread manila line (%, inch),
fifteen (15) feet long in the clear, with one end well whipped, and an iron snap attached
to the other end. The snaps are to be large enough to snap onto the nine-thread line,
and they may be either rope snaps, or round eye snaps back spliced onto the line.

Fly

Dimensions.—When finished, length, cleven (11) feet; width, nine (9) feet and
eight (8) inches.

Material.—As specified for tent.

Tabling.—A one and one-half (1%) inch tabling to be worked on sides and ends,

Corners and Stay Pieces—Corners are to be opened as shown on the sketch, and
reinforced by a stay piece sixteen (16) inches square, opened in the same manner.

Grommets.—Grommets as specified for tent; two in each corner, and one in the
middle of each side and end, as shown on the sketch.

Workmanship.—The fly is to be made in a workmanlike manner in every respect,
with all seams double sewed lock stitch, and having a one (1) inch overlap.

DETERMINATION OF EQUATORIAL VALUE OF LONGITUDE MICROMETER

The approximate equatorial value of one turn of the longitude micrometer screw
for each of the Bamberg transits Nos. 20 and 21 is 10.5 seconds of time. For longitude
observations it is usually not necessary to know this value any more closely, because it
is not used in the longitude computation. However, if the Bamberg instrument is used
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for measuring micrometrically the angle between the azimuth mark and Polaris, it is
very important to determine accurately the equatorial value of the longitude micrometer
screw.

The micrometer value should be determined by recording chronographically the
passage of equatorial stars across the field of view. The instrument should be in the
meridian for these observations. The movable wire of the micrometer should be used
to follow the star as it moves across the portion of the field of view bounded by the two
outer wires of the fixed reticule. This covers a distance of about 10 turns of the
micrometer screw. Because of uncertain optical and parallactic conditions the space
beyond these outer wires is not considered a usable portion of the field of view.

Since it is rather fatiguing to follow a star continuously with the transit micrometer
for ten turns, the following procedure is suggested:

The observer should start to follow the star when it crosses the outer wire and
should continue following it for two or three turns. The recording switch should then
be thrown open; the movable wire moved across the field to the approximately corres-
ponding part on the other side of the usable field; the switch should then be closed;
when the star catches up with the movable wire, the observer should continue following
it carefully until the outer wire is reached.

Let n=number of turns in the interval concerned

t,=chronometer reading for the first break of the chosen interval
t,=chronometer reading for the last break of the chosen interval, and
R’==value.of one turn in seconds of time for §, the declination of the star being

followed.

Then R’ = by S ? seconds of time on a parallel or small circle whose angular distance

from the equator or great circle is equal to the declination of the star.

In order to reduce the micrometer value R’ into seconds of time on the equator or
great circle, it is necessary to multiply R’ by the cosine of the declination. Thus, the
equatorial micrometer value R=R’ cos 6.

Now, instead of depending on just one break near the beginning and one near the
end, a mean of ten breaks near the beginning should be used and a mean of ten near
the end. It is still better to make a least-squares adjustment of the means of several
groups of ten near the beginning with the means of several groups of ten near the end.

For the least-squares adjustment, let # be the reading in units of turns of the
micrometer and ¢ the corresponding chronometer reading in seconds of time.

Then

[xt]—-@—m
n

BT )
[wx]—= =
and as before BR=R’ cos é.
Each chronometer reading, ¢, should be reckoned from some arbitrary initial, {,=0,
preferably the last whole minute before the star comparison.
If the number of turns increases uniformly by a constant d, it can readily be shown
(n

2
. . o . (n*—1
that the denominator is then independent of z and that it is always equal to Z'A -17—) a2
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Determination of the equatorial value of the longitude micrometer screw for Bamberg No. 21,
Sheep Astro, Alaska September 17, 1943. H. J. Seaborg, Observer

v Piscium
Chron.
Turn Reading
x t

0. 55 53. 57 n=10
1. 55 64. 17
2. 55 74. 64 [x]=50.5
3. 55 85. 29
4. 55 95. 80 [{]=1010. 98
5. 55 106. 41
6. 55 116. 90 [x] [(]=51054. 49
7.55 127. 47
8. 55 138. 04 [xt]=5976.829
9. 55 148. 69

W (n2—1) _

[m]—';[*n g =825
, 5976.829——!?}0153'49
E= 82.5
R’ =10%5622

6=5°12"13"
- cos §=0. 995879
R=R’ cos 6=1055187

Each recorded chronometer reading is the mean of ten breaks.
In this example, the star has. beén followed continuously for ten turns of the
micrometer.

Summary of observations on six stars

Star R v
v Plscium._ e 1055187 +0.0177
o Piscium._ . e 10. 5437 —0. 0073
§Piscilum_____ . 10. 5373 —0. 0009
232 G Cetl - o e 10. 5387 —0. 0023
2 Cetl_ e 10. 5483 —0.0119
vy Ceti. . e 10. 5320 -+-0. 0044
Mean__ - 10. 5364

[+2]=0.00053365

Probable error_________________________ =4/0.00053365 - 0.6745 _4 0231 X0.1231
va(n—1)
Probable error__ . _____________.___.____ = 40.0028
0.6745

This second factor in the probable error formula, Vn(n—d)’ may be taken from a

table on p. 194.
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DETERMINATION OF LEVEL VALUE

The level trier, a laboratory instrument in the Instrument Shop of this Bureau,
should be used for determining the value of one division of the level vial of the hanging
level. The level trier is protected by a glass case with an opening at one end that
gives access to, the micrometer head which is graduated in seconds of arc.

The level vial, with the chambered end to the right, should first be securely fastened
to the level trier but without imposing any strain on the vial. The length of the bubble
should be made about one half of the total length of vial. Then the micrometer head
should be turned until the left end of the bubble is near the left end of the graduations
of the vial, and the micrometer set at an exact second. After the bubble has been
allowed to come to rest, hoth ends of the bubble are to be read and recorded. The
readings should be estimated to the nearest tenth of a division. The micrometer is then
moved a convenient whole number of seconds causing the bubble to move to the right.
After the bubble has come to rest, both ends of the bubble are again read and recorded.
This process of successively moving the micrometer the same number of seconds and
reading and recording the ends of the bubble is repeated until the right end of the bubble
has moved close to the right end of the scale. Similar observations are then made
starting the readings with the bubble at the right end of the vial scale, and successively
moving the bubble across the vial to the left end.

The level vial is then reversed, so that the chambered end is to the left. The same
process as before is repeated, first by moving the bubble across the vial from left to
right and then from right to left. This makes a total of four level determinations;
two with chambered end left, and two with chambered end right. The set of observa-
tions for each of these level determinations is then adjusted by the method of least
squares, as shown in the following example.

Then the level value, d, becomes:

fea] — 2L
d=——"_ seconds of arc per division of the vial. (6)
[ey]— 21
n

Where z is the micrometer setting on the level trier, y is the mean of the readings of the
ends of the bubble, and = is the number of settings.

Determination of value of one division of hanging level, Bamberg No. 21, March 17, 1943,
H. J. Seaborg, Observer

, . Level Reading Bubble Mean Level
Micrometer Setting Left Right Movement Reading
" ' v

80, e 69. 0 48.1 _______._ 58. 55
84 o 66. 4 45.4 2. 65 55. 90
88 el 63. 3 42.2 3. 15 52.75
92 oo 60. 9 39.7 2.45 50. 30
06 _ e 57.1 36.2 3. 65 46. 65
100, _ e 54. 5 33.6 2. 60 44. 05
104 e 51. 8 30.7 2. 80 41.25
108 e 48.4 27.2 3.45 37. 80
112 o imea- 45.6 24.4 2. 80 35.00
116 .- 43.1 22.0 2. 45 32.55
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Determination of value of one division of hanging level, Bamberg No. 21, March 17, 1943,
H. J. Seaborg, Observer— Continued

Micrometer Setti Level Reading Bubble Mean Level
e Left Right Movement Reading

z Y
120 .. 40. 2 19.0 2.95 29. 60
124 _ .. 37.7 16. 3 2. 60 27. 00
128 . 35.0 13.9 2. 55 24. 45
132 e 32. 6 11.2 2. 55 21. 90
136 e~ 29. 6 8.4 2. 90 19. 00
140 o .__ 26.9 5.8 2. 65 16. 35
144 . .. 24. 4 3.1 2. 60 13.75
148 ol ._ 22.1 0.8 2. 30 11. 45

n=18

[x]=2052

[y]=618.3

[zy]=65068.8
z] [y]=1268751.6

2 2
xr]— = LP=T7752
oo} — L2 1) ey
i 7752
= oos.5_ 12087516

18
d=17431 per division

Summary of 4 sets of observations

Set ‘/i,

I 1. 431
D e 1. 414
3 e 1. 383
PP 1. 352
Mean._ e 17395

DETERMINATION OF MEAN WIDTH OF CONTACT STRIPS

In following a star with the micrometer eyepiece, the micrometer screw is turned,
thus bringing the metallic strips on the micrometer head into contact with the platinum
point. As soon as the front edge of each strip comes into contact with the platinum
tip, the electric circuit is closed causing a break to be recorded on the chronograph
sheet. After the telescope is reversed, the star is followed with an opposite turning
motion of the micrometer screw, and consequently the other edge of each metallic strip
makes contact first with the platinum point. Hence it is evident that the chronographic
recordings are made too early by an amount corresponding to one-half of the time
required for the whole width of the contact strip to pass the platinum point.

The width of the contact strips can be determined at any time. It is not even
necessary that the transit instrument be set up and mounted. The chronograph,
amplifier and longitude micrometer should be hooked up electrically, similarly as for
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observing. The observations for the determination of the width of contact strips are
made as follows. The micrometer screw is turned very slowly and is stopped at the
instant that the click of the chronograph relay is heard. The calibrated micrometer
head is then read and recorded. The turning of the micrometer screw is continued for
2 or 3 divisions of the micrometer head after the contact is broken. Then the microm-
eter screw is turned in the opposite direction and is stopped at the instant the click
is heard, which is the instant when the contact is made on the other edge of the contact
strip. The micrometer head is again read and recorded. The difference between
these two readings is the effective width of the contact strip in terms of divisions of the
micrometer head. For one determination of the width of the contact strip, at least 5
and preferably 10, observations should be made on each contact strip except the 2
contact strips flanking the zero strip, thus making a minimum of 50 observations.

Continued use of the micrometer with frequent sparking between the strips and the
platinum point causes a wearing of the edges. Therefore, the width of contact strip
determination should be made at least once during each season’s work.

The correction to the observed time of transit of a star due to the average width of

1 Rs

the contact strips is equal to 5 3700
the longitude micrometer screw, § is the declination of the star, and s is the average
width of the contact strips in terms of divisions on the micrometer head.

sec 8, where R is the equatorial value of one turn of

DETERMINATION OF LOST MOTION OF THE MICROMETER SCREW

In any screw working against a spring there is probably always a certain amount of
lost motion. This is true with regard to the two compression coil springs attached to
the slide in the transit micrometer box. When the micrometer screw is turned so
that the slide moves upward, the coil springs are being compressed and when the motion
is reversed, they are partially released.

Itis desired to obtain the actual lost motion during the time the star is being followed,
that is, at the time the micrometer screw is in actual motion. To determine this
dynamic lost motion rather elaborate equipment is required. The simpler method of
determining the static lost motion is therefore used and here described. It is probably
a fair approximation to the dynamic lost motion, actually desired.

The lost motion is determined at different parts of the screw by making a set of
observations on each of the fixed wires as follows:

Pointings on a fixed wire are made by turning the screw so as to bring the movable
wire down into coincidence with the fixed wire. It is understood that the movable
wire is actually moving down. At coincidence, the reading of the micrometer head is
recorded, and then the same screw motion is continued for a short distance. The
screw motion is then reversed, and when the movable wire has been brought up into
coincidence with the fixed wire, the reading of the micrometer head is again recorded.
The difference between these two micrometer-head readings in the sense “down” minus
“up” is the lost motion in terms of divisions of the micrometer head.

To show how the correction to the time of transit for this lost motion is deduced
and how it should be applied to the observed time of transit, let us suppose for eyepicce
East, that 1, 2, 3, and 4 in figure 12 represent four successive recording positions of the
movable wire while following a star going in the direction indicated by the arrow. The
movable wire is stopped after the fourth recording. Now let 4, 3, 2, and 1 represent
the same posmons of the movable wire after reversal of the telescope on the assumptlon
that there is no lost motion in the screw.
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Figure 12.—Correction for lost motion.

However, since there is lost motion, as the observer follows the star (still going in
the same direction), the movable wire will lag behind its proper position and instead
of taking the positions 4, 3, 2, and 1, it will be at the points indicated by the dotted
lines 4’, 3/, 2’, and 1’. It is evident that all the star observations after reversal will
be recorded too soon by the time required for the star image to traverse each of the
spaces 4'~4, 3’-3, 2’—2 and 1’-1, and the correction to be applied to the observed time
of transit of a star will be one-half of the time interval represented by the mean of
these spaces. Similar reasoning shows that if the observations on a star are begun
with the telescope reversed from the above position, the same correction must be
applied, the first half of the positions having been made too soon. Hence, the correc-

tion for lost motion is % If)i() m sec 8, where m is the lost motion expressed in terms of

one division on the micrometer head.

Since the corrections for lost motion and width of contact strips each involve
1 R . . . N .
3100 and sec §, it is convenient to combine these two corrections into one correction I,

which would then become:

lzé llgo (m—+s) sec § )]

or since sec. § is by definition the collimation factor O, see page 41,
1 R
I=5 155 C(m+s)- (8)
The constant—lé 11()30 (m+s) should be determined at least once every season.

Warning: The method described above for determining lost motion measures this
effect at three widely separated points on the screw; furthermore, it measures the lost
motion at these points when the screw is practically stationary, since a careful pointing
or bisection requires a very slow motion of the screw. Experiment indicates that this
“stationary’” lost motion may vary quite unpredictably between these three points;
also, it is possible that the “stationary’’ lost motion differs from what might be called
the ‘“dynamic” lost motion, this being the lost motion at a point on the screw when
the screw is rotating rapidly enough for a star to be tracked across the field.

It is believed that if the stationary lost motion is close to zero, the effect of the
dynamic lost motion can be ignored. As this publication goes to press, instrumental
changes are being made in order to reduce the stationary lost motion, but if these
fail, it will be necessary to resort to a more elaborate procedure capable of measuring
the dynamic lost motion for the speeds encountered in actual observations.
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Determination of mean width of contact strips, Bamberg Transit No. 21, Range, Tex.,
May 12, 1945, F. R. Gossett, Observer

Up Down Diff. Up Down  Diff. Up Down: Diff.
28.9 29.6 +40.7 28.8 20.6 +40.8 28.8 29.6 -0.8
38.8 39.6 -+0.8 38.7 39.7 410 38.7 39.7 +4+1.0
48.9 49.3 +40.4 48.8 49.5 +0.7 48.9 49.5 +40.6
58.9 59.4 0.5 58.8 59.4 0.6 58.8 59.4 +40.6
68.9 69.4 0.5 68.9 69.4 -+0.5 68.9 69.5 -40.6
78.8 79.8 +1.0 78.7 79.8 1.1 78.8 79.7 +0.9
88.9 89.7 0.8 88.8 89.6 +40.8 88.8 89.5 +0.7
98.9 99.4 +0.5 98.8 99.4 +40.6 98.8 99.3 0.5
08.8 09.6 -0.8 08.8 09.6 +40.8 08.8 09.5 +0.7
18. 8 19.5 +0.7 18. 8 19.6 +0.8 18.8 19.6 0.8

Mean__..____.__ +0.67040.040._____ +0.7704+0.039_______ +0.720+£0. 633

Mean width of contact strips, s, from these three sets and seven additional sets is
+0.693 division on micrometer head.

Determination of lost motion, Bamberg Transit No. 21, Range Tex. May 19, 1945,
F. R. Gossett, Observer

Lower Wire Middle Wire Upper Wire
Up Down  Diff. Up Down  Diff. Up Down Diff.
1.2 1.9 +4+0.7 1.1 0.9 —-0.2 97.7 97.8 4+0.1
1.9 2.1 0.2 0.9 1.0 +40.1 97.7 97.8 +0.1
2.2 .9 —0.3 1.1 0.8 —0.3 97.6 97.8 +0.2
1.9 2.1 +0.2 1.2 0.9 —0.3 97.1 97.6 +0.5
2.1 1.6 —0.5 0.6 0.9 40.3 97.6 97.3 —0.3
2.1 1.5 —0.6" 0.9 0.8 —0.1 97.2 97.2 0.0
2.1 2.2 40.1 0.7 0.7 0.0 97.1 97.5 4+0.4
1.9 2.2 +0.3 0.9 0.7 —0.2 97.2 97.3 +0.1
1.8 1.9 +0.1 0.8 0.9 0.1 97.1 97.1 0.0
1.8 2.2 40.4 0.8 1.1 40.3 97.0 97.3 4+0.3

Mean__._._____. +0.064+0.072_ . _______ —0.034+0.048________. +0.14 4-0.050

Mean lost motion, m,=-0.057 division on micrometer head. Combining the
corrections for mean width of contact strips and lost motion and reducing the fraction
of a division to seconds of time, we have

110.54
l=+3 155 (m+8)C

1=+40.0527(0.057 4+0.693)C= +0.0395C in seconds of time.

LAG IN THE AUDIO FILTER

The lag in the audio filter described on page 14 was determined by H. G. Dorsey with
a cathode ray oscilloscope and a special sweep circuit. The lag in the filter circuit was
found to be 0.008 second which agrees satisfactorily with the computed lag of 0.0073
second.
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CAMP LOCATION, STATION SITE AND INSTRUMENTAL SETUP

It is most desirable for the party to be camped at the station site whenever pos-
sible. This practice facilitates the observations and is the most economical one for the
members of the party. Tent camps may be used; or in the case of a house trailer, it is
an easy matter to unhitch and block up the trailer in any desired location. At the pres-

_ent time, with the existence of good roads in most sections of the country and with care-
ful selection of sites for astronomical stations, trucks and trailers usually may be driven
directly to the station sites. In Alaska and other less developed territories, various
conditions and difficulties may be encountered in transportation, and other methods of
transportation such as launches and airplanes may be used.

Fraure 13.—Observing tent and trucks at station site.

(a) Selection of transit location. A level area free of any large boulders or other
obstructions should be chosen for the transit location. It is not necessary to place the
astronomical transit at the triangulation station. In this case, the eccentric station
must be determined with respect to the triangulation station. This may be done in
several ways. One way is to measure the distance between the triangulation station
and the eccentric station and turn the angle at the triangulation station between the
eccentric station and the azimuth mark. One may also measure the angle at the
eccentric station between the north or south point and the triangulation station. When-
ever the astronomical station is eccentric to the triangulation station, a sketch should be
entered in the record book, showing all measured distances and angles. The horizontal
distances and angles should be measured accurately enough so that the eccentric reduc-
tion can be made with an accuracy of about an inch.
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The observatory should be placed so as to have an unobstructed view of at least 50
degrees north and south of the zenith. A good way to ascertain whether the tentatively
selected location for the observatory is satisfactory is to bolt the tent frame together and
place it approximately in position, the long side in an East-West direction. After shift-
ing the frame about so that the opening in the tent top comes above the instrument it
can readily be seen whether the place chosen will be satisfactory.

(b) Methods of Orientation. The first field operation in setting up an astronomical
observatory is the establishment of a true North-South line through the instrument
position for the purpose of placing the instrument roughly in the local meridian. A
stake placed some 500 feet to the north or south of the station site will suffice for this
orientation.

There are several methods by which the stake can be set in the approximate
meridian of the transit location. It has been found through practice that if all precau-
tions are taken to insure as accurate an orientation as possible with the means at hand,
the final placing of the transit in the true meridian will be simplified.

If the station occupied is a previously determined triangulation station, the true
azimuth of the reference marks, of the station azimuth mark, or of some distant tri-
angulation station visible from the ground may be used and a North-South line estab-
lished through the instrument position by means of a small engineer’s transit. Using
the reference or azimuth marks affords the quickest and easiest method of orientation.
If the triangulation data are not available, a magnetic compass may be used for ori-
entation. Observations on the sun or Polaris will also give the desired azimuth.
When using Polaris, the hour angle is ascertained from Table VII of the American
Ephemeris and Nautical Almanac and then Table IV of the same publication is used
to find the azimuth of Polaris corresponding to this hour angle.

(c) Placing tripod, and. instrument setup. A very rigid support should be provided
for the Bamberg transit. Concrete piers are undoubtedly the best type of support
but considerable time is required for their construction and seasoning. It has been
the custom in this Bureau for several years to support the instrument on a special
metal tripod constructed so that it may be made very rigid by tightening the cross
braces with turnbuckles. The tripod consists of a triangular head plate supported
by three adjustable legs. Horizontal members and diagonal rods with turnbuckles
in each panel keep the tripod rigidly braced. Care should be exercised to make sure
that the tripod head rests snugly on the tops of the legs at all points. The head may
be drawn down into proper position by means of the turnbuckles on the diagonal rods,

The tripod head has one pointed corner and two rounded ones. When placing the
tripod over the mark, the pointed corner should be toward the south in the Northern
Hemisphere. After the Bamberg transit has been centered, leveled and lined up with
the orientation stake, the ground is marked at the base of each tripod leg and a small
circular hole is later dug at each mark. These holes should be dug from 18’/ to 24’/
deep depending upon the nature of the ground. Six to eight inches of very wet plaster
of paris or concrete should be poured into the bottom of each hole and allowed to set
firmly. If the mix is very wet it will make much better bond with the soil and provide
a more stable support. The top of the plaster or concrete in each hole should be at least
10"’ to 12’/ below the surface of the ground so that the observer walking about the in-
strument will not disturb it. Upon setting, this plaster or concrete provides a smooth
surface over which the tripod legs may slide in making the necessary shifts to place the
instrument in the meridian.

While the plaster is setting, the canvas tent may be placed over the frame in the
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position such that the slot in the tent top is in a North-South line directly over the in-
strument location. See figures 10 and 14. As soon as the plaster has hardened, the
tripod is placed in position and again lined up with the orientation stake. The transit
is set up on the tripod. It is not necessary that the transit be exactly centered over the
mark for latitude and longitude observations. In fact, there is no direct way of plumb-
ing the Bamberg transit over the mark. It will be sufficient to have the tripod plumbed
over the mark within one inch and the transit centered on the tripod head.

Ficure 14.—Catwalk and arrangement of instruments.

The three footplates should be set on the tripod-head first, with the smooth surfaced
footplate at the south end, the plate with the small hole in it at the west end, and the
plate with the V-shaped groove at the east end. These plates are placed thus so that
the instrument can be moved through a small arc about the west foot screw as a center.
After the instrument has been set up and leveled, the telescope should be lined up with
the orientation stake and the instrument shifted if necessary. The line of sight will
then lie very nearly in the true meridian. Wet plaster of paris should be poured around
the bases of the tripod legs in order to provide rigid instrument support. The three
footplates are also fastened rigidly to the tripod head with plaster of paris before the
final adjustment into the meridian is made.

It will be found that, if the foregoing procedure has been followed closely, very little
further shifting of the instrument will be required to bring it finally into the meridian.
Sometimes, especially if the ground is springy, a 12-inch wide platform should be built
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around the transit, so that the weight of the observer will not bear directly upon the
ground near the tripod. See Figure 14. In fact, some observers use such a ready-
built platform at all stations. This platform may rest on 2 by 4 inch pieces of lumber
whose support points are well away from the instrument, preferably at least 3 feet from
any tripod leg. The boxes or seats upon which the observer sits during observation,
one at the east end and one at the west end, should be placed on this platform. When
the tripod is being set up, the legs should be adjusted for length with respect to the
depth of the holes and height of platform so as to leave the observer in a comfortable
position for observing. For complete details for placing the instrument in the meridian
See page 34.

(d) Electrical Instrument Table and Hookup. A table with detachable legs should
be set up along the east wall of the tent for holding electrical equipment. A 1 by 5
foot table is quite satisfactory. A 12-inch board set under this table will be useful for
giving the table a steady support and for providing a place for the “B”’ and “C” bat-
teries, tools and other paraphernalia. From north to south, the instruments are lined
up in this order on the table: receiver, amplifier, chronometer and chronograph. This
arrangement is the most convenient for the electrical hookup. See fig. 8. Some
observers find a different arrangement more convenient.

The “B’ batteries are usually blocked into place in wooden boxes specially built
for carrying the required number of batteries. They are transported in these boxes
from station to station. Separate “B’’ battery connections are necessary for the re-
ceivér and amplifier. The “C’” batteries for the amplifier may be placed in this box
also. Some type of plug and socket may be assembled and fitted to the end of the bat-
tery box for convenience in making and breaking connections. The ‘“A” storage
batteries are placed in any convenient location, usually along the north wall.

A 3-inch square hole is cut near one end of the table through which a small pulley
line runs down from the chronograph gear box. The weights for driving the chrono-
graph mechanism are attached to the lower end of the line.

The orientation for and the method of erecting the antennas have been discussed
on page 11. The observer should check the guying of the poles carefully, so that they
will not be blown over and fall upon the observatory tent and thus cause damage.

During the summer months, in temperate or warm climates, the recorder may sit
outside of the tent for his recording. However, in winter in the temperate climates
or in summer in the arctic regions, some kind of tent should be erected for the recorder.
A silk triangulation observing tent has been found quite satisfactory for this purpose.
It should be set east or west of the observing tent, not in the meridian of the instrument.
When observations are made in cold weather, the electrical instrument table may be
set up in the recorder’s tent. However, care should be used if this tent is heated since
the heat waves may interfere with the astronomical observations. A heater should
never be placed in the observer’s tent. The multiple wire connection between the
transit and the instruments in the recorder’s tent is strung between the two tents.

ADJUSTMENTS OF THE INSTRUMENTS

(a) Adjustments of the Transit. After the transit is set up, it should be inspected.
The pivots and wyes of both instrument and level should be cleaned with watch oil,
which must afterwards be wiped off to keep it from accumulating dust. The pivots
and wyes 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
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dusted off with a camel’s-hair brush, and when necessary may be cleaned by rubbing
gently with soft, clean tissue paper, first moistening the glass slightly by breathing on it.

Focusing the Eyepiece. The eyepiece should be focused by turning the telescope to
a light surface such as the sky and the eyepiece moved in and out until that position
is found in which the most distinct vision of the micrometer wire is obtained.

Focusing the Objective. The objective should then be focused by directing the
telescope to some well-defined object, not less than a mile away, and moving the transit-
micrometer draw tube in and out, thus changing the distance from the objective to 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 sideways or up and down in front of the eyepiece. The purpose of the adjust-
ment, namely, bringing the image formed by the objective into coincidence with the
micrometer wire, has then been accomplished. The focus of the objective will need to
be checked at night, using a star as the object, and corrected if necessary. Unless the
focus is made nearly right by daylight, none but the brightest stars will be seen at all
at night, and the observer may lose time trying to learn the cause of the trouble. If
the objective is focused at night, a preliminary 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 bright star. A planet or the moon is an ideal object on which to make
a preliminary focusing of the objective. A scratch upon the drawtube to indicate its
approximate position for sidereal focus will be found convenient. After a satisfactory
focus has been found, the drawtube is clamped in position with screws provided for
that purpose.

The illumination of the cross hairs is controlled by a screen grid in the telescope
axis between the light and the prism. By turning the knurled knob, which is on one
of the square faces of the telescope, more or less light may be cut off from passing through
the grid, thus decreasing or increasing the illumination of the cross hairs at will. The
final adjustment of the illumination of the cross hairs is made by turning the rheostat
knob on the base of the frame.

Hanging-level Adjustment. The hanging level is first adjusted for wind (pro-
nounced to rhyme with find). The bubble is brought to the center by the leveling
- foot screws. The level is tested for wind by slowly rocking the level forward and back-
ward on its supporting arms. If the bubble does not remain centered, then the bubble
axis and the horizontal axis of the instrument lie at an angle to each other when pro-
jected upon a horizontal plane, and the level is said to have wind. The adjustment for
wind is by means of the screws which permit a lateral adjustment of one end of the tube.
The adjustment for wind is very important, because any wind introduces a serious
error into the result.

After the adjustment for ‘wind is perfected, the bubble is brought to the center
again by the leveling footscrews. Then the hanging level is reversed. If the bubble
does not return to the center, half of the diserepancy is corrected for by the foot screws
and half by the vertical adjusting screws on the level. This process of adjustment is
repeated until the lack of adjustment does not exceed one or two divisions of the level.

Adjustment of Cross Hairs. The two wires which define the path of the star should
be parallel to the telescope tube. This adjustment is made by means of the small
screws which butt against the lug on the side of the drawtube. These wires are cor-
rectly adjusted if an equatorial star appears to move centrally between them as it
crosses the field of view.
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Adjustment for Collimation. The middle wire of the fixed field of the transitis set
in the line of collimation by the customary method of direct and reverse pointings on
a distant object and correcting for half of the difference by adjusting the two small
collimation screws on the collar of the drawtube. An alternate method is to record
the readings of the micrometer head when the movable wire is set on an object near the
center of the field with the instrument in both the direct and reverse positions. Setting
the micrometer head at the mean reading puts the movable wire in the line of colli-
mation. The fixed middle wire should then be made to coincide with the movable
wire by adjusting the collimation screws.

Wherever practicable, the adjustment for collimation should be made at sidereal
focus on a terrestrial object at least one mile distant, or on the cross hairs of a theodolite
or collimator which has previously been adjusted to sidereal focus. The theodolite or
collimator is set up just in front of the telescope of the transit. If necessary the cross
hairs of the theodolite are artificially illuminated. Ocecasionally, 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. A rapid and careful observer may sometimes be able
to make this collimation adjustment on & slow-moving close circumpolar star. In so
doing he will have to estimate the amount the star moves while he is reversing his in-
strument and securing the second pointing. No attempt should be made to reduce the
collimation error to zero. If it is already less than 0.2 second of time it should not be
changed, for experience has shown that frequent adjustment of an instrument causes
looseness in the screws and the moving parts.

Adjustment of the Setting Circle. To test the setting circle which reads zenith
distances, point upon some object, bringing the image of the object midway between the
two horizontal lines (guide lines); bring the bubble of the setting circle level to the cen-
ter and read the circle. Next reverse the telescope and point again on the same object;
bring the bubble to the center and read the setting circle as before. The mean of the
two readings is the true zenith distance of the object, and their half difference is the
index error of the circle. The index error may be made zero by setting the circle to
read the true zenith distance, pointing on the object, and bringing the bubble to the
center with the setting circle level-adjusting screw. At night if the latitude is known,
this adjustment may be made by keeping a known star between the horizontal lines as
it transits. While the telescope remains clamped in this position the setting circle is
set, to read the known zenith distance of the star and the bubble is brought to the middle
position of the tube as before by means of the setting circle level-adjusting screw.

The preceding adjustments cannot always be made in the order named, as, for
instance, when no distant mark can be seen in the meridian. Not all of these adjust-
ments need be made at every station. The observer must examine and correct them
often enough to make certain that the errors due to them are always within allowable
limits.

(b) Setting the Chronometer. To set the’chronometer on local sidereal time or very
nearly so, local sidereal time must be determined.

If the approximate longitude is known within three minutes of are, either from a
map or otherwise, a very practical way for determining local sidereal time is based upon
receiving a scientific radio time signal some time before star observations are begun.
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The local sidereal time for the instant of the time signal to be used for setting the
chronometer, is computed beforehand in the following manner:

Example
Given: Longitude of station is 119°15/10"" W.

Time signal at 3 P. M. Pacific standard time, June 5, 1944
To Find: The local sidereal time for the instant of the time signal

Pacific standard time, June 5, 1944 _ _________________________________ 15-00-00
Difference between P. S. T.and G. C. T______________ ... __._. 8-00-00
Greenwich civil time______ ___ ____ o ____.._ 23-00-00
Greenwich sidereal time of 0* G. C. T. (RAMS+12 hr.), June 5, 1944____ 16-53-10. 4
Cor., mean solar to sidereal time (for 23 hrs.)_. _____________ . _______._ 03—46. 7
Greenwich sidereal time of the timesignal__-______________________.___ 15-56-57. 1
Longitude of station (if west, subtract; if east, add).__ .. ___________.__ 7-57-00. 7
Local sidereal time of time signal .__ ____ ____________________________. 7-59-56. 4
Abbreviations:

P. S. T., Pacific standard time.

G. C. T,, Greenwich civil time.

RAMS+12, Right ascension of mean sun+-12 hrs.

The hands of the chronometer are set beforehand at this predetermined local
sidereal time for the instant of the time signal preferably for one whole minute or two
whole minutes before the final time signal. The setting is done by turning the hands
clockwise by means of a key which fits the end of the axis on which the hands rotate.
The minute hand should be set so as to agree with the position of the second hand, that
is if the second hand is on thirty, the minute hand should be set midway between two
minute divisions. When the time for the predetermined minute of the signal ap-
proaches, the signal is tuned in, and at the instant of the minute break, the chronometer,
already wound, is started with a gentle rotary movement. As the second hand cannot
be set, allowance is usually made for this by starting the chronometer after the signal,
either by counting seconds or using a hack watch. With care the chronometer can be
started within a few seconds of local sidereal time. The chronometer is then checked
at the next minute break.

If, for the purpose of setting the chronometer, the radio time signal cannot be
obtained at that time, star observations may be used for that purpose. With the instru-
ment leveled and properly adjusted for collimation, the telescope is set for a zenith
star which is about to transit. The chronometer time of the instant when the image
of the star crosses the line of collimation is recorded. The instant of transit is approxi-
mately local sidereal time, differing from it only by the effects of the collimation and
azimuth error. Since the star is nearly in the zenith, its time of transit is affected but
very little by the azimuth error of the instrument. Hence the chronometer correction
is approximately equal to the right ascension of the star minus the chronometer time
of transit. To avoid waiting for stars very close to the zenith the chronometer correc-
tion may also be estimated closely by comparing observations of two stars not very
distant from the zenith, one north and one south; the difference of the chronometer
correction obtained from these two will give some idea of the amount and direction of
the azimuth error.

(¢) Putting Transit in Meridian. The transit must be put in the meridian with an
accuracy of one second of time or better before the longitude observations are started.
Proceed as follows: Level the instrument accurately. Select a slow moving north star
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that is about to transit and compute the time of transit. Pick up the star in the
telescope one or two minutes before the time of transit. Keep the star on the cross
hairs until the instant of transit by shifting the instrument on the tripod or, if necessary,
shifting the tripod on the plaster base. Repeat with another north star if necessary to
place the instrument in the meridian within an accuracy of ten to twenty seconds of
time. Then fasten the tripod legs securely in position by pouring a smail amount of
wet plaster of paris about the foot of each leg, being sure that it makes good bond with
the metal leg and with the plaster or concrete base upon which it rests. The three
foot plates should also, at this time, be fastened securely to the tripod by placing a
small amount of wet plaster under each plate. As soon as this plaster has set (10 to
20 minutes) the final adjustment of placing the instrument into the meridian can be
made. Proceed as follows: Level the instrument very accurately, reversing as necessary.
Select two stars, one north and one south of the zenith that will transit one to five
minutes apart. Record the time of transit for each star. Write an equation for each
star as follows:

AT+ Aa— (a—1)=0. )]

To be exact and complete this equation should be written
AT+ Aa+Bb+ Ce— (a—1t)=0.

However, if the instrument is leveled very accurately the Bb term, the inclination
correction, may be neglected and if the instrument has been accurately adjusted for
collimation the Ce term, the collimation correction, may also be neglected.

The symbols in the above equations are:

AT is the chronometer correction,

A is the azimuth factor, sin { sec §,

a is the azimuth of the line of collimation in seconds of time,

a is the right ascension of the star,

t is the chronometer time of transit,

5 is the declination of the star,

¢ 1s the zenith distance of the star at culmination, that is, latitude of station minus
declination of star, ¢ - 8 , where ¢ is the latitude. In north latitudes { is positive
for stars south of the zenith, negative for stars north of it.

AT and ¢ are the two unknowns in these equations and by subtracting one equation
from the other, AT cancels out and the azimuth @ may be computed directly. The
value of ¢ may then be substituted in either equation and A7 computed. If stars are
selected with A factors of 0.5 or larger and if ¢ is known to ¥ second, @ will be deter-
mined with an accuracy of one second or better. If a is positive, the telescope point-
ing north is too far to the west and if negative too far to the east. Let r equal the
value of one turn of the east foot screw in seconds of time, and n equal the number of
turns to be applied to the foot screw to bring the instrument to the meridian.

Then n=g-- (10)

The value of one turn of the east foot screw is approximately ten seconds of time for
Bamberg transits Nos. 20 and 21. The instrument should then be turned through an
azimuth a, by turning the east foot screw n turns in the proper direction.
This process should be repeated until the azimuth, @, of the instrument is less than
1.0 second of time. After having placed the instrument in the meridian, it is desirable
to reverse the instrument and check with one pair of stars to verify that the collimation
748077°—48——4
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error is still within the desired limits. The instrument should always be tested for
azimuth before beginning work on any evening, and if necessary it should be adjusted
to make ¢ less than 1 second of time.

LONGITUDE DETERMINATION *?

Basically, a longitude determination consists of measuring the difference between
the local sidereal time at the base station and the local sidereal time at the field station
at the same instant of absolute time. The local sidereal time at the field station is
determined by observations of transits of stars across the local meridian. At the
instant of transit of a star across the meridian, the local sidereal time at the field station
is equal to the right ascension of the star. Since the longitude of the base station is
known, the local sidereal time at the base station can be computed for any given instant.

In practice, a radio time signal is received and from the Greenwich civil time of the
broadcast of that signal, the local sidereal time at the base station is computed for the
instant of the reception of the time signal. The time interval between the transit of
the star and the reception of the time signal is carried by a good sidereal chronometer
and thus the observed local sidereal time for the field station and for the base station
are reduced to a common instant.

The determination of time in any latitude is based on the observation equation
already given on page 35, known as Mayer’s Formula,

AT+ Aa+Bb— (a—t)=v. (11)

There should be also a term, + Cc, on the left to take care of the collimation unless its
effect is eliminated by reversal of the instrument as is done with the Bamberg transit.
In this equation A, B, a—t, and & are known. It is therefore necessary to determine
the two unknown quantities, AT and @, from the observation equations.

A and B are constants for the star depending on its declination and zenith distance,

a is the right ascension of the star,

t is the observed chronometer time of transit of the star,

b is the observed inclination of the horizontal axis,

AT is the chronometer correction and

a is the azimuth of the line of collimation.

The field computation to determine these two quantities is made by giving each
star unit weight even when the station is located in high latitudes, say above 50°. A
more elaborate and accurate process is preferable for the office computations in all
latitudes, although the field method has sometimes been used in the low latitudes.

GENERAL INSTRUCTIONS FOR WIRELESS LONGITUDE DETERMINATIONS WITH
BAMBERG TRANSIT IN LOW LATITUDES

1. A determination of a difference of longitude normally will consist of at least
three separate determinations, not all of which are made on the same night. If obser-
vations are being made in an area where very unfavorable weather conditions exist,
and if one separate determination has been made on each of two nights, and it is found
that the two separate determinations differ by less than 0.05 second, the observer may
proceed to the next station if the weather reports indicate that several days of unfav-
orable weather are expected. Three nights of observations with at least one determi-
nation each night shall constitute a complete longitude determination, even if the com-

% Bince this section was written some of the procedures have been altered. For a discussion of this, see the ‘‘Appendix to Longi-
tude Determinatioa”, p. 121,
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putations have not been completed before leaving the station. A single determination
of longitude should normally consist of observations of two time sets. Each time set
should consist of observations on from five to eight stars, preferably about equally
divided between north and south stars. All of these are to be time stars; 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 0.75, while a time star is one
whose azimuth factor is less than 0.75. Preferably the azimuth factor for time stars
should be held to less than 0.60.

2. The observer should select the stars for each time set with great care. He
should endeavor to secure the maximum number of stars per hour subject to the fol-
lowing requirements. The algebraic sum of the A factors for any time set should be
less than unity and the sum for the two sets that constitute a longitude determination
should also be less than unity. It-is desirable to have this sum as small as possible.
Each time set should have about an equal number of north and south stars. A three-
three or a three-four combination is the ideal one. A two-five combination is unde-
sirable even though the A factors may balance satisfactorily. Sufficient time must
be allowed between successive stars for setting the instrument, reading the level, revers-
ing the instrument etc. The ideal time is about 5 minutes but some intervals may be
4 minutes or even slightly less. The observer must remember that two equatorial
stars may be observed upon if their times of transit are 3% minutes apart but two north
stars with that same interval between their times of transit cannot be observed upon.

3. The detailed observing program for any night will depend principally upon the
weather conditions and the number of time signals available. If only one time signal
is available it should be near the center of the two time sets. If time signals are avail-
able at hourly intervals, or even more frequently, then a night’s program should consist
of time signal, time set, time signal, time set, etc., ending with a time signal. In this
manner two or more longitude determinations may be made in one night under favorable
weather conditions. There is, however, little to be gained in making more than two
complete longitude determinations in any one night, for at least one more night’s work
is required under any circumstances.

4. Observing List for Longitude. In making an observing list, it is necessary to
know the approximate latitude of the station. If the latitude is not known from the
triangulation data, it may be obtained by scaling from a good map or obtained from
astronomical observations. It should be known within one minute of arc. The
observing list should be made up beforehand according to the general instructions in
paragraphs 1, 2, and 3. The stars should be selected from ‘“Apparent Places of Funda-
mental Stars”’ produced under the auspices of the International Astronomical Union
and published annually by His Majesty’s Stationery Office in London.

5. The position of the ocular of the transit (east or west) should alternate for the
beginning of observation on each star. It may be in either position for the first star,
but most observers prefer to start with ocular east. The position of the ocular should
be given in the records for the first star at least.

6. When a longitude station is referred to a triangulation station, the measure-
ments of angle and distance should be made and checked with such an accuracy that
the position of the longitude station may at any time be reproduced within one inch.

7. The field computations should be kept as closely up-to-date as practicable and
the method shown on pages 48, 51-53 of this publication should be followed.

8. Radio Time Signals. If possible, the scientific short-wave radio time signals
transmitted by the Naval Communications Service or the continuous short-wave
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standard-frequency signals by the National Bureau of Standards should be used. In
any case, only signals monitored by the Naval Observatory may be used.

If other than the Annapolis or Bureau of Standards time signals are used, the
observer should verify from this Office, before leaving the station, whether the Naval
Observatory has received the particular signals.

About 20 second breaks of each radio time signal should be scaled from the chrono-
graph sheet to the nearest hundredth of a second, rejecting any whose residual is 0.05
second or more from the mean.

9. Chronograph Record. The observations upon each star are given unit weight
regardless of the declination of the star and regardless of whether or not the observation
of the transit is complete. Ten consecutive transit breaks (identification breaks
excluded) corresponding to one complete revolution of the micrometer contact wheel
before reversal of the instrument and the ten corresponding breaks after reversal con-
stitute a complete observation. (For identification of the zero mark there are two
extra marks one on each side of the zero mark.) In secaling the chronograph sheet for
star observations, each star-transit break should be scaled from the chronograph sheet
to the nearest tenth of a second. See figure 5.

The limit of rejection for an observation on a star is a residual of 0.20 second.
No observation corresponding to a residual smaller than this should be rejected unless
rejection is made at the time of observation for reasons stated in the record.

DIRECTIONS FOR OBSERVING

Before starting to observe, the electrical hookup and recording apparatus should
be carefully checked to insure proper recording. All outside binding-post connections
on the amplifier should be tightened and the switch placed in the transit position.
With the transit recording switch on, the two handwheels of the micrometer eyepiece
should be given a few turns in order to test the action of the recording pen. The hanging
level should be inspected for proper bubble length, wind and parallelism with horizontal
axis. See page 32. The chronograph should be started and the chronometer breaks
recorded for a few turns to check the speed of the chronograph cylinder and the marking
action of the armature pen. The speed of revolution of the cylinder should be adjusted
either by increasing or decreasing the number of weights or by adjusting the governor
balls. It is very desirable that the cylinder should make very nearly one revolution
per minute so that the corresponding chronometer second breaks will line up approxi-
- mately horizontally across the paper. If the chronograph operates appreciably too
fast, or too slow, the scaling of the sheets becomes more difficult because of the diagonal
slant of the line of chronometer breaks.

In setting for the first star it is immaterial whether the eyepiece is in position East
or position West. It is general practice to start with eyepiece East. The first position
in every time set should be noted on the record. The proper zenith distance angle is

north ast .

set on the vertical setting circle for stars —— of the zenith when the eyepiece is 22> ;
south west
south

and the explement of the zenith distance angle for stars north of the zenith when the
ea;

eyepiece is wes:;,' The bubble of the setting circle level is then brought to the center

by tilting the telescope, making the final adjustment by tapping the telescope with the
finger tips. Depending on whether the zenith distance or explement of the zenith
distance angle has been used in the first case, the opposite one for that same star is
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then set on the setting circle, so as to have the setting ready for the reversed position
of the instrument. By using this procedure the instrument will be ready for centering
the setting circle level immediately after reversal of the telescope in the wyes. '

By turning the micrometer wheels, with the transit switch off, the movable slide of
the transit micrometer is brought into proper position with respect to the entrance of
the star’s image into the field of view. With the transit micrometer eyepiece in the
position East, all stars above the pole will come into the field of view at the apparent
top. Subpolar stars will come in at the apparent bottom. With eyepiece West,
exactly the opposite is true, stars above the pole coming in at the apparent bottom and
subpolar stars coming in at the top.

The usable field of view is taken as that between the outer wires of the fixed reticule.
The time of entrance of the image of the star into the telescope field of view depends
upon its declination, circumpolar stars of course traveling much slower than equatorial
stars. When the star enters the usable field of view, tap the telescope to bring the star
between the two guide wires. It should be followed with the cross wire of the movable
slide, bisecting the star at all times and attempting to make the motion of the hand-
wheels as uniform as possible. The star image should be followed well into the field
of view, 20 to 30 breaks, but enough time should be allowed between corresponding
breaks before and after reversal to read the hanging level and to reverse the telescope.
Upon reversal, if the circle setting has been made beforehand the telescope can be
brought quickly into the proper position by tilting the telescope until the bubble of the
setting circle level is centered. After the star has been followed across the field of view
and the hanging level read, the proper setting for the next star should be made. From
time to time the chronograph sheet should be inspected to see that all of the transit
breaks are recording properly. Occasionally, a time identification should be marked
on the sheet at the beginning of some whole minute and the information given to the
recorder, who should record it on Form 34A. About two or three identifications of the
chronometer minute should be made during each time set and at least one during the
time when the chronograph is running at double speed for the reception of the radio
signal.

& REdEPTION AND RECORDING OF TIME SIGNALS

About ten minutes before the start of the time signal the radio receiver should be
turned on to allow the tube filaments to warm up properly.

After the last star before the signal has been observed the chronograph should be
changed over to double speed and the amplifier switch turned to “RADIO”. Some
time shortly before or after the time signal broadcast a chronometer time identification
should be recorded at double chronograph speed. If during the radio time signal
recording there is interference between the chronometer breaks and the radio time-signal
breaks, the cut-out switch should be used, as previously described in this publication.
After the record of the time signal has been completed, the second set of stars should be
observed and recorded in the same way as the first set.

METHOD OF AND FORMS FOR RECORDING

At the field station the star observations and time signals are recorded on the chrono-
graph sheets and other pertinent data are entered on Form 34A. As each star is ob-
served, the readings of the hanging level are recorded on Form 34A opposite the name
of the star. A glance at the difference between the west and east readings of the level
will show the amount of inclination of the horizontal axis and whether the bubble needs
adjusting. A west reading is considered positive. Under “ Remarks” on this Form the
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chronometer time identifications are recorded as given by the observer from time to
time. They are placed in consecutive order and numbered consecutively to correspond
with the proper identification on the chronograph sheet. Any remarks pertinent to
some particular star, such as “very dim,” “brighter of two,” “thin clouds,” should also
be entered in the ‘‘ Remarks’ column, or if space permits, under the star name itself. It
is especially important to note any irregularities in following the star, so that these may
be kept in mind when scaling the chronograph sheet. It is also helpful to indicate the
type of star such as north, south or azimuth. A sample is shown on page 42. At the
bottom of this Form, information is entered with regard to the time, frequency and call
letters of the time signal or signals received.

The chronograph sheet, 33 by 63 centimeters, covers the record for about two hours
of observing. Normally one longitude determination will be recorded on one chrono-
graph sheet. The following information should be placed on the chronograph sheet
before leaving the station: Name of station, State, local Standard Time of signal,
both hour and date, transmitting station and frequency of signal. Since the date chang-
es at midnight, it is very important that the date is carefully noted and the dates of
evening and the following morning distinguished.

As soon as possible after the longitude is observed, the chronograph record should
be “marked up.” The proper hour and minute are entered for each identification
mark. The name of each star is entered just before the transit record of that star.
All of these data have been recorded on Form 34A as the longitude observations were
made, and so they may be copied directly onto the chronograph sheet.

RADIO TIME SIGNALS

The Naval Observatory Time Signals broadcast by the Naval Communications
stations, NSS at Annapolis, NPG at Mare Island, and some others are monitored by
the Naval Observatory. These signals are sent out at one second ‘intervals during the
five minutes preceding the hour for specified hours of the day. Each signal or beat is
0.4 second in duration. The beginning of the beat is the beginning of the second.
For identification every 29th second is omitted; at the end of the first minute the 51st
and 56th to 59th are omitted, in other words, there are four successive beats before the
last five second gap of that minute, signifying that there are still 4 minutes left before
the full hour; at the end of the second minute, there are three successive beats before
the last five second gap; at the end of the third two, and at the end of the fourth one.
At the end of the last minute the 51st to 59th beats are omitted. The last beat on the
full hour is a decidedly longer beat.

The National Bureau of Standards furnishes continuous time signal service through-
out the 24 hours of a day. These signals are broadcast from the Bureau of Standards
station WWYV by high-frequency radio waves. The Naval Observatory monitors
these signals at twelve hour intervals.

The WWYV signal is transmitted by impulses of 0.005 second duration at precise
second intervals. The 59th second of each minute is omitted for identification purposes.
The standard audio frequencies which are transmitted throughout the day are inter-
rupted precisely on the hour and each five minutes thereafter; after an interval of
precisely one minute the audio frequencies are resumed. At the hour and the half hour,
a detailed announcement is given by voice.

Several weeks after the time signals, the Naval Observatory furnishes upon request
the corrections to the monitored time signals.
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LONGITUDE RECORD AND FIELD COMPUTATION )

As an example for longitude determination, station Wills, Arkansas, has been
chosen. The observations were made by Lt. J. P. Lushene on Dec. 18 and 20, 1935.

On Form 34A, the readings of the hanging level have been recorded for the different
stars. At the bottom of the sheet, the hour, frequency and station are shown for the
time signal received. Under ‘“Remarks”, the hours and minutes are given for the
corresponding identification marks on the chronograph sheet. These data under
“Remarks” and the corresponding identification marks on the chronograph are all”
recorded at the time of observation. Thus the time by the chronometer and the
chronograph record are positively linked with each other.

The entire longitude computation is in one book, Form 256. This book contains
the various forms necessary for the computation of the longitude.

On pages 4 and 5, Form 256, are shown the magnitude, right ascension, declination,
meridian zenith distance of the star, the star factors (4, B and C) and the corrections
l and «, for width of contact strips combined with lost motion, and for diurnal aberration
respectively.

The factors A, B, and C are taken directly from the table on pages 156-171.

The factors are defined by the following formulas:

Azimuth factor=A-=—sin { sec =sin ¢—tan & cos ¢ (12)
Level factor=B=cos { sec §=cos ¢-}+tan & sin ¢ (13)
Collimation factor=C=sec & (14)

where ¢=(¢—38) is the zenith distance of the star at culmination, & is the declination of
the star, and ¢ is the latitude of the station. In the northern hemisphere ¢ is positive
for stars south of the zenith, negative for stars north of it. For lower transits 180°—3&
is used instead of é. ‘

For north latitudes, 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.

For observations with the Bamberg transit, the factor C is used for computing the
correction ! for lost motion and average width of the contact strips. See page 26.
The correction [ is positive for all stars.

For observations with an instrument, such as the meridian telescope, where the
telescope is not reversed between transit observations on the same star, the factor C
is necessary for computing the collimation error of the instrument. In this case:
Ois _plus minus

—— for stars at upper culmination and for stars at lower culmination
minus plus

west
east

when observations are made with the instrument, band (clamp or illumination)

The correction for diurnal aberration, «, is explained on page 46.

The data relating to the station (date, observer, etc.) are copied directly from
Form 34A onto pages 6-29, Form 256. The names of the stars and the level data are
also copied from Form 34A.

The chronograph sheets are usually read in the field before leaving the station.
A set of 10 transit breaks before transit of a star and the corresponding set of 10 breaks
after transit are selected and the chronometer time of each break is read to the nearest
tenth of a second and entered in the proper columns on pages 6-29, Form 256. The
reading is done by the use of a glass scale with uniformly spaced converging lines.
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PASTE THIS SHEET ON.TO THE CHRONOGRAPH SHEET

U. 8. COAST AND GEODETIC SURVEY

DEPARTMENT OF COMMERCE
COAST AND GEODETIC SURVEY

LONGITUDE RECORD

ORIGINAL TRANSIY LEVEL READINGS

mv.l}'e‘b.lm
Statién: wiLLS ; Instrument: B8AmBsee No.z)
State: ARKANSAS ; Chief of party: J.P. LuSHENL
Local date: bec 1, 1935 ; Observer: J P.LUSHENE
SET I S8ET II
STARS v, [EVELS . STARS w, Vs e
_ 1) ANDROMEDAE N 57.9 185 » Arigmis S 208 599
gl 572 539, 19.8 |
39.5 38.7 1N #0 1
P PERsE| H 8.2 574 | o rPeasei N 539 191
58.8 19.4 208 J9%¢
40. 6 38.0 34, | 407
|_o TRIANGULS S | .81 86| 1 Pemses N 9.8 {81
19.0 58.2 59.5: 20.2
39.1 39.¢ 39.7; 35.6
' ANpgomEpag N | /8.5 514 | e amiems S| i 200
5 594 20 |8 203 192
€ 4.9 37.0|E 358 392
S o Amieris S S9.4: 204 é_P PERSE! N 201 J$9.1
€ 1.2 S35 8 59.0 20.0
yo.2 | 384 389 39.
b PERSE| N 19.8 990 | £ Agiens s 14 9.8
59.0 19.6 2049 J$9.%
< 39.2 394 310 400
Y TRIANGUL! 585 19.1
) /9.8 | 539
38.7 39.%

Greenwich date and G.

C. T. of signal: 03 00 00

Chronometer: 3479

Frequency of signal:

NAA 4250 KC

__Remarks: (/) 1 29 oo . (L) 2 30 oo
(2) 1 a2 oo (N 2 31 oo
(31 1__5¢ oo {8) 2 #4 a0
(4) 2 15 00
(5) 2 22 00 {s16NAL)

U, 5. SOYERNNINT PRINTING OFPICK

Ficure 15.—L6ngitude record.
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FIELD COMPUTATION
Form 256 STATIONS WILLS, ARK -

Tf ¢= 39’_:;:'“‘.'30 sin ¢= cos ¢r=

CAT. STAR MAQ. a s Z.D. A c 3514
fy AnoRomspax | . | 1%33"04T w17 05" |N #4°38'|- 0|32 | 132 .02] .07
¢ PERSE! wo |1 39 40| 50 22 |N /3 55|~ -38|/57 | /53 |-.03]|.08
& TRIANG UL 36 |1 49 27| 29 16 S 7 I+ ag) i85 | L1y |.02].06
&' AnprOMEDAE | 23 |2 00 00| uz o2 |-N 5 35|— 13|/35 | )34 |-02).07
x ARigTIS 222 03 35 23 40 |S 13 17|+ .25|/09 |/)oe |-02/.08
6 PERsEl sw|2 09 22| 50 4e |N /w19 |- 39| 459 | 163 |.03|.08
¥ TRIANGUL) Y02 13 32| 33 33 |S 2 54|+ .06 /20 |/)20 |02 00
v ARIETIS Sul2 35 )3 21 w1 |S 14 w6+ .28{/08 | Jo4|.02|-05
8 PERSKI B2l 3"1 5i 49 58 (N 72 3)|=.33|/52 | 148 |.08|-08
T PERSZI 41|12 49 45| 52 30 [N /603 - % )oq | 158 |.03).08
€ ARIETIS 6|2 55 35| 21 05 |S /5 22|+ -29|/07 | /.03 |.00!.05
@ PERSEI VAE| 3 04 02| #0 &3 [N 4 Jol|—-10]|732 |31 |.02]07
4 ARIETIS 4513 08 oo| /19 &9 |S /6 58|+ 31| /06 | s02 |02 -0F

Ficure 16.—Star factors and corrections for diurnal aberration and width of contact strip, field
computation.

There are 21 converging lines, uniformly spaced, on this glass scale; and the spacing
is such that at some point of the scale, the two outer lines can be made to coincide
with the beginnings of successive chronometer breaks, thus dividing the two second
chronometer interval into twenty equal parts or tenths of seconds. The transit breaks
can then be read directly to the nearest tenth of a second.

The chronometer times of ten breaks before transit (before reversing the telescope
in the wyes) are recorded in the first column successively from the top down, and the
chronometer times for the corresponding ten breaks after transit are recorded in the
second column from the bottom up. In that way the first scaled break of the set before
transit and the last scaled break of the set after transit are recorded on the same line.
The mean of the chronometer times for each such pair of breaks will then yield a chronom-
eter time of transit of the star. In practice, for each pair the sum of the seconds in
the first and second columns is entered in the third column, a mean is taken of these
sums and this mean is divided by two. The result will be the mean observed chronom-
eter time of transit of the star based on ten observations.

Correction for Inclination of Axis

If the horizontal axis of the telescope is slightly inclined to the horizon and the tele-
scope is otherwise in perfect adjustment, the line of collimation describes a plane which
passes through the north and south points of the horizon, when the telescope is rotated
about its horizontal axis. This plane will make an angle with the meridian plane
equal to the inclination of the horizontal axis with respect to the horizon. If the east
end of the axis is too high, the transits of all stars above the pole (apparently moving
westward) will be observed too late, and the transits of all subpolars will be too early;
it is therefore necessary to correct the observed times of transit by means of the readings
of the hanging level.
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Station, WILLS ARKANSAS Observer, J.PLUSHENE
. Date, DEc (8. 1935 Recorder, J.P.LUSHENE

Instrument, BAMBERG NO. 2] Chronometer, 3479 Temp., 13°C

Level value, 1,"20p GREENWICH C1VIL DAY 4.1
Star: Y ANDROMEDAE @ PERSE| A& TRIANGUL| y’ANoeoM:ou
IClamp. ’
Level: '

W B w E w E w E
579 18:5 /8.2 S14 581 18.6 18.5 576
18.4 572 58.8 19. 4 /149.0 58.2 59.4 20,1

+39.5 -38.7 + 40.6 - 380 +39.1 - 39.6 + 409 -37.5
+ .8 + 2.6 -.5 +3.4
+ .0l/6 + ,052 -, 0]0 + ,068
B /.32 /.52 1.4 1.3%
/ h. 33 m, /h 39 m. 1 h 44 m, 2h 00 m.
32 33 38 4o 48 5o 59  ¢o

a 8 - Sums 8 [ Sums [ B Sums 8 s Sums
177 49-8| 869 | 479|526 | 700.5 |41l 255 ] 736 153 | 629 | 787
1851683 | 86.8 | 497|508 ] /00.5 |#9.2| 243 | 73,5 | 17,2 | 61.5]| 78.7

| /49.8(¢7.0| 8¢.8 | 51.2|49.3 | 100.5 | 50.3| 230 | 734 /8.8 |60.2 | 79.0
2216561 86.8 529 | 41.7{ /00,6 | 51.8| 21.8 73.6 20.2 | 58.8 | 79.0
22.8|64.2) 87.0 4.5 | 46,0 | 100.5 53.0 20.5 73.5 2161573 78.9

L 240 62.8) 8¢.8 56.1 | 443 100.% 54} 19.5 73.6 230 | 55.8 78,3
54| C1.3) 867 | 578 | 42.8 ) /oo | 553 | 184 ) 737 | 242|544 786
268[¢o.1 | 869 |593 |#.0]| /003 |S566 | 170 | 736 | 253 | 53.1 | 789
282| 53.7] 8649 ¢1.0 {393 /00,3 57.8| /1549 73.7 212|517 73.9
29.6]57.2] 868 |cas| 378 | 1006 | 590 | 18| 7358 | 268 s0.2 | 79.0

Mean | $¢.84 Mean | /00.48 Mean | 73.60 Mean | 7%.85

Mean/2 13.42 Mean/2 50.24 Mean/2 3(. 80 Mean/2 09.42

1 + .07 + .08 + .06 + .07

k ~ .02 — .03 ~ .02 - .02

Bb + .02 + .08 - .0/ +,09

t 1 33 13-49 ! 39 50.37 } 49 36.33 2. oo 09.56

a ) 33 03.6171) s 39 yo.113} 4 49 27.293 ! 59 59.632

Aa (sherporisd tem) | —~ 012 - 0% -~.0lo|’ - .0/2

Rirara = +.00112)] ~ .025 - .018 - .007| +.005

_latda~+R) [ =9.36 -10.25 -9.54 ~9.94
- ““7_;;" o “"“T -q9.27 ~’0.26 ~9.54 ~9-93

Firoure 17.—Computation of the chronometer correction for each star.
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¥orm 856
Station, WILLS ~ ARKANSAS Observer, J- P LUSHENE
Date, DEC 18, 1935 Recorder, JP. LUSHENE
—Instrument, BAMBERG NO-21  Chronometer, 3479 Temp., [3°C
Level value, /%200
L L
Star: O ARIETIS 6 PERSE) Yy TRIANGULL
Clamp,
Lovel:
W E w E w E w E
59.4 2.0-1 19-8 59.0 58.5 191
19.2 538.5 59.0 196 19.8 53.9
+ 4o.2 - 384 + 39.2 -394 + 337 - 349.3 + -
+1.8 ~.2 =11 dy=—.n
+ ,036 ~. 004 - ,022 dw=+ .08
B /.06 1,5% /,20
2h. 03 m 2h. 09 m. Zh, /3 m, h. m.
oz o4 08 10 . /2 /4
L] 8 Sums 8 8 Sums 8 8 "Sums 8 8 Sums

53.5} 308 | 893 29.7 | 355 | é65.2 50.8 | 32.6 83.4

59.5| 9.6 849.1 373 | 3338 65.1 520 | 3/4 83.4

6o.8] 285 | 9.3 330 | 324 | 54 53.3 | 30.0 83.3

618 274 892 346 | 30.5 65.1 Shée | 288 83.4

63| 262 | #.3 36 | 289 | 65.1 S58 | 2724 83.2

th2| 25.1 59.3 3s8.0 | 2721 65.1 S22 | 2.3 835

(53| 240 £9.3 39.5 | 255 ¢5.0 S84 | 50 PEY S

63| 229 84q.2 o2 | 238 | 650 59.6 | 23.8 834

L7.6] 28| 9+ 430 | 223 65.3 60.8 | 22.6 83.4

£8.3| 206 | 59.4 45 | 206 65.1 62.0 | 2.3 §33

Mean | 349.-238 Mean | 65./4 Mean | 8§3.37 Mean
Mean/2 Wi, eu Mean/2 32.57 Mesan/2 3/.63 Mean/2

1 + .05 + .08 + .06

k ~ . 02 - ,03 - .02

Bb + . 04 ~ .0l — .03

t 2 03 4471 2 09 32.61 2 13 4,69

a 2 03 352338 2 o9 22.337| 2 3 32,025

Aa (hert-prried trw) | —~ 009 - .04 - .9/1

R + .009 + .616 + .020

atda—(t+R)| ~9.39 ~/0.30 -9.70 |« mgem pisa
~9-37 ~10.27 ~4. 66

—dlga0n
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The divisions of the hanging level are numbered consecutively from one end of
the level to the other. Let w and e be the readings of the west and east ends of the
bubble, respectively, when the lower readings of the level are toward the east; and let
w’ and ¢’ be the corresponding west and east readings when the telescope is reversed
in the wyes, that is, when the lower readings are toward the west. Let d be the value
of one division of the level in seconds of arc, then 1% will be the value of one division in
‘seconds of time. Then the apparent inclination of the telescope axis, b, expressed in
seconds of time will be:

b=[w—w)+e—e)] &
and the inclination correction becomes
b(cos ¢+tan & sin ¢)=bB. (15)

Correction for Diurnal Aberration

The effect of the annual aberration due to the motion of the earth in its orbit is
taken account of in the apparent positions of the stars as published in any star catalogue
giving apparent places, such as the American Ephemeris or Apparent Places of Funda-~
mental Stars. Therefore, a correction for this effect is not needed.

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

k=08021 cos ¢ sec & (16)

where ¢ is the latitude of the station and 6 is the declination of the star.® This correc-
tion is minus for all stars observed at upper culmination and plus for all stars observed
at lower culmination. Table I for diurnal aberration is given on page 154.

The three corrections, ! for lost motion and average width of contact strips, « for
diurnal aberration, and bB for inclination of the horizontal axis are applied to the
observed chronometer time of transit to obtain a partially corrected chronometer time
of transit, £. :

The apparent right ascension of the star, , is obtained directly from a star catalogue
giving the apparent positions of the stars for every ten days. This Office used the
American Ephemeris for the right ascensions of the longitude stars until the year 1940,
inclusive. Since that date the Apparent Places of Fundamental Stars, prepared under
the auspices of the International Astronomical Union, has been used for obtaining the
apparent right ascensions. The apparent right ascension, «, is computed or rather
interpolated for the mean epoch of the observations between two successive published
values. The short-period terms in right ascension need not be considered in the field
computation. However, they must be included in the final office computation. See
page 54.

The chronometer corrections are now computed for each individual star by tak-
ing the difference:

Chronometer correction=a—1 n

where ¢ has been corrected for lost motion and average width of contact strips, diurnal
aberration and inclination of the axis.

3 Bee William Chauvenet, Spherical and Practical Astronomy, Vol. I, p. 640.
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Collimation Correction

No correction is needed for collimation in observations with the Bamberg instru-
ment. The collimation error is eliminated by making observations on each star in
both positions of the telescope, eyepiece East and eyepiece West.

Azimuth and Chronometer Corrections

In general, there is still one more error left in the chronometer correction, a—t,
as defined above and that is the error due to the fact that the instrument is not exactly
in the meridian. If the instrument is otherwise in adjustment, but has a small error
in azimuth; the micrometer wire in its mean position will describe a vertical circle on
the celestial sphere at a small angle with the meridian. The correction in seconds to
an observed time of transit for this azimuth error is:

Azimuth correction=a¢ sin { sec §=a(sing —cos¢ tand)

in which @ is the angle expressed in seconds of time between the meridian and the
vertical circle described by the mean position of the micrometer wire.! Tt is consid-
ered positive when the collimation axis is too far to the east with the telescope pointed
south. In north latitudes, the factor A is positive for all stars except those between
the zenith and the pole.

The computations of the azimuth errors and the most probable chronometer correc-
tions are made on pages 34-41, Form 256. One star set is computed on each page.
For each star, the chronometer correction, a—t¢, is listed as computed on pages 6-29,
Form 256, and the factor A as computed on pages 4 and 5, Form 256. If the chro-
nometer correction, a—t, is large numerically, a constant (the approximate mean) is
subtracted from all the (a—t)’s, so that most of the residuals will be near zero. This
is only a matter of convenience, so that one may work with smaller numbers; as the
final results will be the same whether the constant is subtracted or not. In the sample
given on page 48, —10 seconds are subtracted from each a—t, and the results are
entered in the column, headed d.

Each observation equation may now be written:

st+Aa—d=v, (19)

The following field method of computation was devised shortly after 1905, the year
when the transit micrometer was adopted by this Bureau for time determination. It
consists of combining all observation equations with positive A factors into one equation
whose coefficients are the sums of the corresponding coefficients of the observation
equations, and whose constant term is the sum of the constant terms of the observation
equations. Similarly all equations with negative A factors are combined into one
equation. In each set of equations, the sum of the ¢’s on the right hand side is assumed
to be zero.

The two equations will be:

ndt-+[+ Ala—[+d]=0 (20)
8+~ Ala—[—d])=0 | 21)

4 In practice there always exists an error of collimation, so in general a is the angle between the meridian and the axis of collimation.
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FIELD COMPUTATION

Form 286
Station, WILLS, ARKANSAS Observer, J.P. LUSHENE
Date, DEec./8,1935 Set, 1 Computer, J-P LUSHENE

STAR Clamp
- 10.00

R ) ANQKOM:Mﬁ' -9871|{+ .13 - .10 = .4 |-9.73| .00
® Perse -1026]— -26 - .38 - .53[=973| .00
A TRIANG UL =~ 454+ -4 + .14 +.20 |-9.7%{+ .01
y'ANDRoMgMF - 9.93|+ .07 -.13 - .18 |-975|+ .02
A ARIETIS " |-4q.37]+ .63 +.z§ +.35|~-972|-.01
6 PERSE) —l027|~ .27 |- .29 - .55|-972|- .01
§ TRIANGULI -~ 466(+ .34 + .06 + .08 [—9.74 |+ .01

asl+ 15398

St alt 0267

AT =}~ 9°737

v

34t +0.45a ~ /43 = ©

4 4t ~ f.00a + -33 =0

{24t + ).80a —5.72.=0

1248t — 3.600a + -99=0

4 80a — b.7/=o0

a = + /.53‘78

34t + .29 -1 43 =0

§t = +0'267

AT = -1000+.267 % ~9.733

Ficure 18.—Field computation of the chronometer correction for a set.

where n is the number of equations with positive A4 factors,
n’ is the number of equations with negative A4 factors, -
[+.A4] is the sum of the positive A factors,
[—A] is the sum of the negative A factors,

[+d] is the sum of the chronometer corrections, (a—t), for the equations whose

A factors are positive,

[—d] is the sum of the chronometer corrections, (a—t), for the equations whose

A factors are negative.

In other words, equation (20) is the resultant of all observation equations whose A
factors are positive, that is, for south stars; and equation (21) is the resultant of all
the observation equations whose A factors are negative, that is, for stars between the

zenith and the pole.
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In the example, equation (20) becomes:

38t+(+0.14+0.254+0.06)a— (+0.46+0.631+0.34)=0
36t40.45a—1.43=0" (22)
Equation (21) becomes:

46t+(—0.10—0.38—0.13—0.39)a— (+0.13—0.26 +0.07—0.27)=0
46t—1.00a+0.33=0. (23)

By multiplying equation (22) by 4 and equation (23) by 3, the coeflicients of 8¢ become
equal, and by subtracting one of the resulting equations from the other, 8 is eliminated.

126¢4-1.80¢—5.72=0

128—3.00a+-0.99=0

4.80¢—6.71=0
a=-+12398.

By substituting +1.398 for a in equation (22), we solve for 8¢ as follows:

38t=+40.629—1.43=0
ot=-+02267
AT=—10.000+0.267=—92733

which is the chronometer correction, a—t, for the mean epoch of the star set.

The azimuth correction A,a is now computed for each star and added, with the sign
reversed, to its (ay—t,;) in order to obtain the chronometer correction, AT, for each
star. The difference between the mean AT and the individual AT, in the sense,
AT—AT,, gives the residual, v,, for the individual star.

Remainder of the Computations

The scalings of the radio time signals are recorded on pages 30-33, Form 256.
The first column is the radio time of the break counted from the beginning of the signal.
For example, for a five-minute Naval Observatory time signal, the first column gives the
number of minutes and seconds elapsed since the beginning of the signal. For the 10
P. M. signal, the designation 1™ 35 in the first column corresponds to one minute and
35 seconds after 9:55 P. M. or 97 56™ 35°. In the second column, only the scaled fraction
of the second is recorded. For a first approximation, it is assumed that the chronometer
is set on sidereal time. The correction of mean time to sidereal time for the mean-time
interval between each scaled break and the final second is entered in the third column.
The idea is to reduce each scaled break to the final break at the full hour. At 1™ 35°, the
correction for 3 minutes and 25 seconds of mean time, the interval between the break
at 17 35¢ and 10 P. M., is 02561.

This correction added to the scaled chronometer time will give the fractional second
of the final signal for that particular break. The mean of all the reduced fractional
seconds is the fractional second of the chronometer time for the particular time signal.

The mean epoch for each star set is computed. If the stars in a set are fairly
uniformly spaced with respect to time, it is sufficient to take the mean of the chronometer
times of transit of the first and last star in the set as the mean epoch of the set, T,.
However, if that is not the case, the mean of the chronometer times of transit of all the
stars will have to be computed.
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Station, wreLs ARKANSAs Observer, J.P.LUSHENE Recorder,

Date, pee 18 1935 E.S. time of sig., ;0 PM. Freq. of sig,, NAA 9250
* RADIO TIME SIGNALS
wppese | tagicmmonter | cormimto St | sotnptme [ toorommte | cmetonse | okt
b P Y final signal bt U T I h final signal b om,
) i o .04 ] 1% LB65 o . o - - -
0 20 +10 . 766 .866
d o 23 _.l0 T4y s 44
o] 30 210 2739 . 839 /
o] 35 .13 . 726 . §5¢
Lo 39 .Je .75 . 875
0 4 o . 704 . 3¢
1o 45 I8 . 698 . 878
0 43 .18 . 690 . 370
s} L) .18 L84 . 364
] 00 _.20 | .657 .857
1 os W21 . 643 . 353
] .22 . 632 .352
! 13 .25 621 -5
[} 15 A4 616 . 356
1t __ s .26 . 608 ges
11 20 Z6 | . 602 52
BT 27 . 575 . 388
N .30 . 561 . 86/
! K] -3 550 . 360
I N . .- -3 .539_ .344
I . £ N Y. 1 «I34 854
U . -33 526 | . 856
Lt ___3Jo 233 | _.520 350
2 05 o <419 . 879
2.0 Mo | L Hes . 868
42 .3 4o W87 - 857
4-2. B R 1. 852 86z
1.2 18 42 . L . S
2 23 .45 . He =366
1.2 3 e Y 851
1.2 3% .48 . 38 . 866
12 [T So_| .37 .870
2 Tus -50 . 36! L 861
-] 00 S8 .329 .3¢9
4 3. s . .57 ] .287 - 357
1.3 3 | .60 246 846
| 4 o0 | o | .ied | .de4
L4 30 | 0 .77 ..082 . 852
5 00 .85 - 000 350
_|. erronomerte Time 4T 10lem. = 27 1297 237860
~L_Cnrone, RATECORRECTION » - 007
P { i _2._2.1__&1-157! - —

Ficure 19.—Computation of the chronometer time of a radio time signal.

The chronometer rates with respect to sidereal time and the chronometer correc-
tions for the radio time signals are computed on pages 42 and 43, Form 256.

In the first column are given the mean epochs of the first and second time sets and
the epoch of the time signal. In the second column, the chronometer corrections,
AT, for the first and second time sets are entered on the corresponding lines. The
rate of the chronometer is usually expressed in seconds per minute; it is obtained by
dividing the difference in the chronometer corrections by the difference in the mean
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negative

positive if the chronometer is

epochs of the two time sets. The chronometer rate is

gaining
losing
(chronometer time) of the time signal.

on sidereal time. The chronometer correction is now interpolated for the epoch

Fomm 88 CHRONOMETER CORRECTIONS AND RATES
FIELD COMPUTATION Station, WILLS, ARKANSAS
ATE ote T Minure T o MinuTe
1438 -
_ | pee 12 { 55.69|-9. 733
2 52.23|-9.688 + .00080
/0 PM. 2 29.%0| -9 706
Dec /8 4 06.23|-9,615
4  56.381-9.609 + . o00d2
12PM. | & 29.72|=9.6i2
DEC 20 2 ob.y2[t21.852
2 571.09[*21.995 + .00282
oM. | 2 36.7(+21.938

Ficure 20.—Field computation of chronometer corrections and rates.

The longitude of the station is computed on pages 44 and 45, Form 256. The first
two columns are self-explanatory. In the third column, the local chronometer time
of the final signal is entered as computed on pages 3032, Form 256. The chronometer
correction for the epoch of the time signal as computed on pages 42 and 43 is entered
in the fourth column. The sum of columns 3 and 4 is the corrected local chronometer
time of the final signal as given in the fifth column. In the sixth column, the Green-
wich sidereal time of the time signal is entered for field computation. A sample of the
computation of the Greenwich sidereal time for any given Standard Time is given on
page 34. '

The difference between the fifth and sixth columns'is the difference in longitude
between Greenwich and the station. Hence it is the longitude of the station.

If the triangulation station and the station occupied for astronomical observations
are not identical, the necessary data for the geodetic connection between these two sta-
tions should be given on page 44, Form 256, under that heading. If the stations are
identical, that fact should be stated.

LONGITUDE DETERMINATION AND FIELD COMPUTATION FOR HIGH LATITUDES

For high latitudes such as over 50° the selection of a good observing list of stars
is less simple than for lower latitudes. This is because of the convergence of the
meridians toward the pole and the consequent inherent uncertainty of all longitudes
near the pole. In fact, at the pole itself longitude has no meaning. All meridians pass
through the pole.

The rule of using approximately the same number of north and south stars and of
balancing the A factors, as is done in low latitudes, becomes infeasible as one approaches

748977° 48~
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Form 256
FIELD COMPUTATION COMPUTATION OF
Btation, WILLS, ARKANSAS RADIO
Eastern . C tion to C ted
Dars standard time Loc-.lot{:hg::]otpentz time chmtz:r:ne:te:l:t time local chrg::fn:ter time
of sigual sigl of final signal of final signal
1935 h m, . m. . h. m, [
DEc I8 ‘ 10 EM. 2 29 238601 - 9.706 | 2 29  i4.15%
DEC 18 12 M. 4 29 43484 - q.612 4 29 33372
DEc 20 1o PM. 2 36 us3o + 21938 | 2 37 0723

Geodetic connection:

ASTRO.

WILLS

- INLVvIIa o4

Fieure 21.—Field computation of difference of longitude.

the pole. There are only a few stars between the zenith and the pole. Moreover,
the numerical values of the A factors increase very rapidly as the stars approach the
pole. :

This Office has found the following system quite satisfactory for latitudes 50° or
55° to 70°.

Each time set should consist of 5 or 6 time stars and of one or two azimuth stars.
The time stars should fall between 5° north of the zenith and about 20° or possibly
25° south of the zenith. The azimuth stars should be either above or below the pole
with A factors of about 3 or 4 units. It is inadvisable to have the azimuth stars much
closer to the pole, because of their slow movement.

The field adjustment is made by setting up two equations. One equation should
have as its coefficients, term for term, the sum of the corresponding coefficients of all
equations for time stars and the other equation should have as its coefficients, term for
term, the sum of the corresponding coefficients of all equations involving azimuth stars.

Warning. Any equation derived from the coefficients of azimuth stars should involve
only azimuth stars whose A factors are all of the same sign. If thig precaution is not
observed and the azimuth equation is derived from the sum of the coefficients of an
azimuth star with a negative A factor and an azimuth star with a positive A factor, the
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DIFFERENCE OF LONGITUDE

SIGNALS
CREENICH
Sidereal time at Na-nlq
Obeervatory-—toender Difference of time Cor ion for Diff of longitud "
of —station lag AN v
final signal GRESNWICH
A, m. 8 h. . s [X h. m. .
8 47 09355 6 17 _S55.200
10 47 29.068 & 17 55,196
8 55 02.463 6 17 55.224
Mean
Transmission time for __._..........__.. miles,
Longitude of Naval Observatory (center of clock room), 5 08 15.784

Longitude of astronomical station in time,

Longitude of astronomical station in arc,

Reduction to geodetic station,

Astronomical longitude of geodetic station,

Geodetic longitude of geodetic station,

A—@G (astronomical — geodetic),

Siﬂ ¢, (¢,= o ’ " ) COS ¢
(A=Q) sin ¢, : Cot ¢

Laplace azimuth computation:

A factors will tend to cancel each other and the azimuth will be poorly determined by
the resulting equation. If a time set includes both an azimuth star above the pole and
one below the pole, that is, one azimuth star with a minus A factor and one with a plus A
factor, the equation involving the time stars and the equation involving either one of
the azimuth stars may be used for solving for AT and @. There is, however, no objec-
tion to using both azimuth equations in the final least-squares adjustment in the Office.
In fact, there is an advantage in using both azimuth equations, for the additional
azimuth equation will strengthen the least-squares adjustment whether the signs of
the A factors are the same or different.

The solution of these two equations is identical with that shown on page 48. The
remainder of the longitude computation is identical with that for low latitudes.

OFFICE COMPUTATION OF LONGITUDES AT LOW LATITUDES

In general, the office computation is identical with the field computations, except
that various refinements of computation and additional small corrections are included.
These points will be stressed in this section. Where the procedure is the same as in
the field computation, it will not be repeated.
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Computation of A Factors. If the azimuth error is greater than 1% seconds of time,
the A factors should be recomputed to three decimal places by the formula:

A=sin ¢—cos ¢ tan 4. ' (24)
For convenience, the factor B may be computed at the same time by the formula:
B=Ccos ¢-}sin ¢ tan é. (25)

It should be noted, that ordinarily the accuracy obtained for the factor B from the
table on pages 156 to 171 is sufficient.

Short-Period Term in Nutation. The apparent right ascension of each star, as inter-
polated for the particular fraction of the day for the date of observation, should be
corrected by the short-period term in nutation according to the formula:

Aa=da(P)dy+da(e)de. (26)

OFPICE COMPUTATION
STATION ' WILLS, ARKANSAS

Form 256

o= 36° 26" #5530 sino= . 5941 congm . BOGH
CAT. STAR MAG. a : zp. .| A c RN
_ lo AnpromEpaE | 42 | 1% 33T 04*|41° 05"29"|N 4 39 |-.jo7 | 133 | /.32 |.02|.07]
& PERSE! 4.2 (1 33 40|50 22 22 |N 13 56 |~377 | L57 | /.52 ],03].08
A TRIANGULL | 3:6 [1 %9 27 |29 16 19 [S 7 10 0wt | 145 | 114 ).0L).06
YA 2.3 12 00 00 {42 01 43 [N 535 [-131 | 135 /.34 ].02].07

L4

a ARIETIS 2.2
PERSE! 5.4

N ¥ TRIANGUL) .1

YARETIS |54

03 35 |23 09 52 |S 13 17 |+.251 | 09| /06 |.02|.05
09 22 |50 46 30 |N 14 20 [~.390 | 1.58 | /.53 |.03].08
13 32 (33 33 23 (S 2 53 j+.0a | 120 /.20].02].06
35 I3 |21 1 21 |S 14 45 |+.275) /.08| /.04 | .02(.05

8 PERSEI 4.2 48 57 50 [N i2 3 |-.329] /.52 /.49 .0%].08
PERSE! 4.1 49 45 152 30 24 (N 16 O |=.usy| Lew | 1.58),03],08
€ ARIETIS 4.6 55 35 |2) 05 19 |S 15 21 |¢.284| J.07) 103].02]|.05

04 02 |40 y2 52 (N 4 fe |-.098 /32| /32| .02/.07
08 00 [19 29 19 |S le 57 |+.309] Los | 1.01].02|.08

B PERSE( VAR,
4 ARIETIS 4.5

WL (p o i [ (v v e
(7
D
bl

Ficure 22,—Star factors and corrections for diurnal aberration and width of contact ‘strip, office
: computation.

The coefficients dy and de are taken from the table of Short-period Terms of
Nutation, in the ‘“Apparent Places of Fundamental Stars’ for the year in question. The
quantities da(y) and da(e), which depend on the position of the star, are given at the
bottom of the page for the particular star. The notation for these quantities is different
in the ““American Ephemeris’’ than that used here, which follows the “Apparent Places
of Fundamental Stars.” The “American Ephemeris”’ uses Dy and D.«a instead of da(y)
and da(e).

Correction for Rate of Chronometer. If the rate of the chronometer with respect to
sidereal time is not zero, the chronometer correction changes during the progress of
the time set. In order to reduce each observed time of transit to the same instant, such
as the mean epoch of the time set, the following rate correction is applied:

B=(t—to)r 27
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where t is the chronometer time of transit of a star, {, is the mean epoch of the time set
(mean of the chronometer times of transit of all the stars of the set), and r is the rate
of the chronometer with respect to sidereal time, expressed in seconds per minute. The
difference in chronometer time, t—t,, should therefore be expressed in minutes.

The rate, r, is considered positive, if losing, and negative, if gaining. The above
is the correction as applied to the observed time of transit, . Ordinarily, the rate
correction should be applied if the rate is numerically greater than 02001 per minute.

The observed chronometer time of the time signal should also be corrected for rate.
As explained on page 49, each scaling of a radio break has been reduced to the final
break of the time signal at the full hour. That reduction takes care of reducing mean
time to sidereal time. If the chronometer does not keep exact sidereal time, then each
break should be corrected for the chronometer rate on sidereal time for the interval
between the individual break and the final break. But instead of computing the
correction for each separate interval, it is considerably simpler to apply one correction
to the mean of the radio times of all breaks. The rate correction to the observed
chronometer time of the signals will then be:

R=(t—t)r (28)

where tis the mean of the radio times of all breaks, ¢, is the time of the final break of the

signal, and 7 is the rate of the chronometer with respect to sidereal time per minute,

plus, if losing, minus, if gaining. It is again expressed in seconds per minute.
Solution of the Time Sets. As stated before, an observation equation of this type:

AT+ Aa— (a—t)=v (29)

is set up for cach star observation. The term Ce, correction for collimation, does not
occur in this equation for observations made with the Bamberg transit, sinee collima-
tion is eliminated by reversing the instrument between observations on cach star.

If the average chronometer correction, a—t, is large numerically, it is convenient

to add a constant so that the average chronometer correction will be nearly equal to
zZero.

The time set at Wills, Arkansas, is again used as a sample (see figure 23). If
—10%000 is added to each a—t, the seven observation equations become:
6t—0.107a—0.14 =1,
6t—0.377a+0.25=1v,
81+4-0.144a—0.46=wv;
6t—0.131a—0.06 =1,
6t+4+0.251a—0.61=wy
8t—0.390a+0.30=0v,
8t+0.061a—0.30=2,.

'In symbols, the normal equations will be:
| nbt-+[Ala—[(a—1)]=0 (30)
[A)st+[AA)a— [A(a—t)]=0. (1)
In our example, they become:
76t—0.549a—1.02=0
—0.5496¢+0.4103¢—0.4261=0.
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These normal equations are solved by the Doolittle method or any other method for
solving simultaneous equations. The solution of these equations gives 18378
for a, +0$254 for &, and —98746 for AT.

The products Aa are computed for each star and subtracted from the individua}
(a—t), to obtain the individual chronometer corrections A7. The difference between
the individual AT and the final AT, in the sense, —9.746 minus individual AT equals
the residual v for the individual star.

Form 356 OFFICE COMPUTATION BY LEAST SQUARES
Station, wites ARxANSAS Observer, J.P. LySHENE.
Date, DEC 18, (935 Set, Computer, F.W.DARLING .JLA-DUERKSEN
STAR Clamp a—t r C A Ce As AT v v?
~/0.00
- NOROME ~9.86 | + .14 - 107 - %7 9.713 |-.033 |.00/089
P PERsEL -Jo2s| — .25 - 317 ~.520 F4.730 |-.01b | 000256
A TRIANGULY —9.5%| + .46 + 14y +,198 }9.738 |- 008 |.00006+
_Qcmgmnem ~9.94| + .06 ~ 131 -. 181 9.759 |+.013 |.000069|
| ARiETIS -9.39 | + .6} +. 251 +.346 [9.736 |-, 010 |.00000
b _PERSE) -/0.30 | — .30 - 390 ~.537 +9.7¢3 [+.017 |.000289
Ly TRIANGUY -9.70 | +.30 +. 064 +.084 [9.784 [+.038 |, o010
Z v&.00341
as|+/i78
St=l+ 254
AT ={~9 746

Ficure 23.—Office computation of the chronometer correction for a set.

The chronometer correction for the instant of each time signal is computed on
pages 42 and 43, Form 256, see figure 23a. The office computation of the longitude is
shown on pages 44 and 45, see figure 24. The local sidereal time at Naval Observatory
(center of clock room) is computed for the instant the radio time signal is received
there. It is simply, the longitude of the center of clock room, Naval Observatory
(5™ 08™ 15* 784), subtracted from the algebraic sum of the sidereal time for 0* Greenwich
Civil time, the correction for the change in nutation between 0 hour and the hour in
question, the Greenwich Civil Time of time signal reckoned from 0%, its reduction to
sidereal time, and the correction for signal being early or late.

Probable Errors

The probable errors are computed according to the standard formulas:

e,, the probable error of an observation on a single star, is :i:0.6745\/ 1% " (32)

——
ear, the probable error of the chronometer correction, AT, is +e, \/ ;z_[;‘ll—{ 33)
[A4]
o
eq, the probable error of the azimuth a, is :l:e,‘/ [AA]— (AT (34)
' ' n
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omm 858 CHRONOMETER CORRECTIONS AND RATES
OFFICE COMPOTATION Station, WILLS , ARKANSAS
g L i _—*_
CuroNoMETER No. CaRONOMETER No.
DATE RATE PER Rﬁ" PER
-’E.t. AT MiNuTE T AT INUTE
Iz
DEC I8 1 55.69|-9.746
2 S2.23|-9.688 +.00/03
topM. |2  29.40|-7 7/
DeC I3 4 06.23|-9.612
4 56.38|-9.6006 + .000i2
1% PM. & 29.72|-9.609
DEC 20 2 06 .42142| 849
2 57.09Kk2i.995 + .00288
10 B, 2 36.76 +21.93

Ficure 23a.—Office computation of chronometer corrections and rates.



58

U. S. COAST AND GEODETIC SURVEY

Form 386
OFFICE COMPUTATION OF
Btation, WILLS, ARKANSAS RADIO
-
ATD E.::em Local chronometer time [4 (i':’orlrl:“gnlw me ccogoe:m T time
L mold ligc:):llm of fnal :gul hr%‘ ﬂnl{'esigntu%i lo‘mlo!hilioml lil':lelltl
1438 h. m. . m. .. h. m, .
Dec I3 10 PM. 2 29  23.857 - 4.1 2 29 | Hike
DEc 18 12 PM. 24 43434 - 9,609 4 29 338715
pec 20 10 PM. 2 36 45.29¢ + 21,936 2 37 07232
QGeodetic connection:
ASTRO: STATION
wieLs
AZIMUTH! WILLS TO DECATUR as2’ s’ 3
ANQLL 108 32 §
WILLSTO ASTRO 100 #7 3;
"
s
A P = +.406 cos (100°%7')= ~ 2.134 m = ~0]07 g
AAw= 1406 sin (106%47') = = 11.208 +m = —0'HS \
Freurg 24.—Office computation of difference of longitude.
In our example - -
€= j:0.6745\/(ig%—1*1= + 090261
1
¢ p—1 . e o 'S
ar=+£0 0261‘/7-0.3014 +050104
0.4103
1
e.= £0.0261 = 40%0431.
= 03014~ T
0.4103—~T
Sidereal Time of Final Signal at Naval Observatory, Dec. 18, 1935, 10 p. m.
G.S.T. Dec. 19, 0% 1935_ __ - .__- 5" 46™ 39786
G.C.T. Dec. 19, 3% 1935_ e 3 00 00.000
Reduction, mean time to sidereal ___ _ _ ________________ . ________. -. .. 29.569
Correction for change in nutation__ ______________ . ...« - --0.000
Time signal correction_ _ . ___ . _ e . +0.008"
G.S. T.of final signal _ _ _ ___ ___ ___ . 8 47 09.363
Longitude at Naval Observatory . _____ ... ___. 5 08 15.784
Sidereal Time of final signal at Naval Observatory

_________________ 3 38 53.579
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DIFFERENCE OF LONGITUDE

SIGNALS
"B bl | it ot | Comton s | Diers g gt |y |
final signal ) rz::lu:‘n‘:unu

h. m. LN h. m. s. 8. h. m. .

3 38 53.51q{+! 09 aqu33|l +.005 + 1 09 37434 -.007

5 39 13.293]+/ 09 394/83| + .o00s 39423 +.008

3 %6 46658+1 09 39424l + .00s 39431 -000 |

Mean +] 09 3943fft.003

Transmission time for __________.______. miles,
Longitude of Naval Observatory (center of clock room), 5 08. 15784
Longitude of astronomical station in time, 6 17 58215
Longitude of astronomical station in arc, gy° 28° ug.22"
Reduction to geodetic station, - .45
Astronomical longitude of geodetic station, 94 28 4771
Geodetic longitude of geodetic station, gy 28 43,603
A—G (astronomical —geodetic), A4 17
Sin ¢, 5940 (= a2 24 #.236 ) Cosg | 804y
(A—G) sin ¢, +2-#8| Cot¢ | 4-35u4

Laplace azimuth computation:

Longitude Computation

After the difference of longitude has been computed, there is one correction to be
applied and that is the correction for the difference in transmission time of the radio
signal from the broadcasting station to the observer and to the Naval Observatory.
For our purposes, it is sufficiently accurate to use the approximate speed of light, namely,
300,000 kilometers per second, in deriving this correction.

The correction for the difference in transmission time as applied to the difference
in longitude is:

Here A is the distance between the field station and the broadcasting station, and B
is the distance between the Naval Observatory and the broadcasting station, where
A and B are expressed in kilometers. .

The mean of the differences of longitude is computed, and the residuals between
the mean difference of longitude and the individual differences of longitude are found
and entered in the column headed ». The residual is here defined as the correction to
be applied to the observed difference of longitude in order to obtain the mean. The
probable error of the difference in longitude is computed according to the standard
formula:

[0}
n(n—1)

e=+0.6745 (36)
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In our example, the probable error is:

0.000113
=+40.674 =
e=10.6745 @@ 4 0:003.

If the instrument has not been set up over the triangulation station, the observed
astronomic longitude must be reduced to it, by applying the east-west component of
the distance between the transit station and the triangulation station. The geodetic
reduction in longitude in seconds of arc is equal to—2 s;)n 4 where @ is the distance
between the stations in meters, b is the length of 1 second of arc along the parallel for

- the latitude of the station, and A is the azimuth of the transit station, reckoned from
south, at the triangulation station. The length of one second of arc along the parallel
may be taken directly from ‘Tables for a Polyconic Projection of Maps,” Special
Publication No. 5.

OFFICE COMPUTATION OF LONGITUDES AT HIGH LATITUDES

So far as the office computation is concerned, the only difference between the
computations for low and high latitudes is in the weighting of the star observations.
In low latitudes, unit weight is given to each star. This procedure is justifiable for
low latitudes, since only time stars are used and their weights for time observation do
not vary greatly. In high latitudes, azimuth stars are needed to determine the azimuth
of the instrument quite accurately, but since these azimuth stars move so slowly, they
should receive much less weight than time stars for determining the clock correction.

Relative Weights of Time Observations Depending on the Declinations of the Stars

The relative weights to be assigned to the time observations as obtained from the
transits of stars are based on a study of the probable errors, ¢, of the transit of a star
over a single line from 1047 transits taken by G. Davidson at San Francisco in February
and March 1869 with the large transit C. S. No. 3 and 875 transits taken by A. T. Mos-
man and F. Blake with the large transit C. S. No. 5. See Coast and Geodetic Survey
Report, 1872, App. No. 12; also Astronomical Report Vol. IV, pp. 294-310 (not
published).

According to Albrecht,5 the mean square error of an observation of a transit of
a star may be expressed in this manner:

p==+ \/a,z—{—(%)z sec? 8 37)

where v is the magnification power of the telescope, & is the declination of the star
and ¢ and b are constants.
This mean square error may be transformed into:

u= :};\/aﬁ—;—(%)z(l -+-tan? 8)

=4 \/ a2+(%)2+(%)2 tan? 5. (38)

2 2
If we now substitute m? for a2+<—g) and n? for (%) we have

p= =4 ym?*+n? tan? § 39)

5 Th. Albrecht, Formeln und Hilfstafeln fiir geographische Ortsbhestimmungen, p. 21, 1908 edition.
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‘the form actually used for the study of the relative weights, except that the probable
error was used instead of the mean square error, which is perfectly legitimate.

Table of Probable Errors, ¢

Transit No. 3 Transit No. §
é € 8 €
87? +0:74 86°9 +0266
86. 6 +0. 49 80.0 +0. 20
83.0 +0. 38 76.3 +0.19
81.0 +0. 31 72.6 +0.12
68. 4 +0.12 68.8 +0.11
62.9 +0. 088 3.2 3 0. 066
48. 6 +0. 075
28.5 +0. 058
7.8 40. 060
These tabular probable errors are fairly well represented by the expression:
Transit No. 3, e= =+ +/(0.060)?+ (0.036)? tan? 5 (40y
Transit No. 5, e= = +/(0.066)2+ (0.036)* tan? 3. (41)
Or combining the probable errors for these two transits,
e= + /(0.063)2+F (0.036) tanZo. 42)

Now the weight of an observation is inversely proportional to the square of the
probable error; the actual magnitude of the weight is immaterial. We may, therefore,
define the weight p, as follows:

C

P=10.063)"F (0.036) tan® 5 “43)
For convenience, let p=unity for equatorial stars.
That is:

c . C
(0.063)%+ (0.036) tan?0° - (0.063)?
From which, C=(0.063).
Hence the weight for stars for any declination will be;
2
(0.063) 1 (44)

P=10.063)>+ (0.036)? tan’ 8 1+0.32653 tan® s
Table I1, Weights of Star Transits, on page 155 is computed by formula (44).
Computation of Time Set

Each time set is now adjusted by assigning weights, p, to the observation equations
depending on the declination of the stars as given in table 11 on page 155.
Each observation equation will now be of the type:

Vpit+ VpAa—Vpla—t)=o. (45)

The two normal equations will be:
[plt+[pAla—[pd]=0 (46)
[pAlst+{pAAdja—[pAd]=0. 47

These normal equations are solved by the standard method.

A convenient arrangement of this computation is shown below. This example is
based on a time set observed by Lieut. H. J. Seaborg, on Sept. 1, 1944, at Steese West
Base, Alaska, with Bamberg Transit No. 21.



ADJUSTMENT OF TIME SET

STEESE WEST BASE, ALASKA
SEPTRMBER 24, /944
H.J. SEABORG, OBSERVER

c9

JrA a-t ] A A bA" q pAJ ] v
700} |
Yéni | + 19|51 + [2(sBIH /05 447 om op4q]| 411309 |~ 11487 | + 4 (e, Q
Gyt | + 171806 + 86 |H (496 7 F 13gals ] + 11 853) + 16476 | € 31 | 1212 N o o
Cebuki| + 1914 | + 46 1+ 1145 47 s gal + 0099 +1i1611 | + 1 1+ 16 - L )
yé a +47{56] + H |&8§1 03 + l4825] + {2438 ] + 449 + 1247, T2.i5. - 0 9
Cyguy | + 171961 + | 196 |+ 723 1 + [334o] + 17543 + 16941 | + (3208 | +2}/ 4 3 0 o
Cyk +7l68 ]+ | 64 |H isls 77d | ¥ 13966 | + 120422] 4 14928 | + 2§ +23 + 6l 056 o
Cyeai [t 17138 1 £ | 134 ]H {574 + l4l7ig] ¥+ l2og ] + 12195 | 4 +216 + P o 9
Lpf_ + Joles ] + (6135 ]+2]052 287 1 4 ql 4/12bsle | +7.8224 | 4317395 | 14i4 + q 0
slo7z 4217226 | +2{28/6 | +310333 | 42/ 94
4t a d

+5.077 +2.7226 -3.0333
' — ., 53626 + .59746
+2.2816 +2.(487

+. 8216 +37753
a =-459506
St =T3.06161
At =+20.062%

Ficure 25.-—Adjustment of time set using weights.
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PART 11

DETERMINATION OF LATITUDE BY THE HORREBOW-TALCOTT
METHOD

INTRODUCTION
HISTORICAL NOTE ON THE HORREBOW-TALCOTT METHOD

Although what is now known as the Horrebow-Talcott method of latitude deter-
minations was first publicly announced by Peter Horrebow in his Airium Astronomiae,
published in 1732, nevertheless very little attention was paid to it until over a hundred
years later when Captain Andrew Talcott of the United States Engineers rediscovered
and developed the method independently and demonstrated its practicality with the
zenith telescope.® .

The Horrebow-Talcott method was introduced in the Coast Survey by Superin-
tendent A. D. Bache in 1846, and after numerous trials was finally adopted in 1851 as
the standard method for the determination of latitude by the Coast Survey. The
first complete set of observations by this method made for the Coast Survey was
obtained by T. J. Lee? at Thompson, Mass., in 1846, with a zenith telescope loaned
by the United States Military Academy. In 1847 the Survey acquired an instrument
of its own known as zenith telescope No. 1.

The Horrehbow-Talcott method of measuring the difference in zenith distances for
the determination of latitude superseded the methods formerly used which depended
on the measurcment of absolute zenith distances with the zenith sector or on observa-
tions of the transit of stars over the prime vertical with a prime vertical transit.®

DESCRIPTION OF THE HORREBOW-TALCOTT METHOD

The salient feature of the Horrebow-Talcott method is the measurement on the
meridian of the small difference of the zenith distances of two stars which have nearly
equal altitudes and which culminate on opposite sides of the zenith at about the same
time. This measurement is made by an eyepiece micrometer and two sensitive latitude
levels.

The latitude determined by observations on such a pair of stars is the mean of
the declinations of the two stars combined algebraically with the following quantities
expressed in arc, namely, one-half of the observed micrometer difference, one-half of
the difference in meridional inclination of the collimation axis during the observations
as measured by the levels, and one-half of the difference in refraction of the two zenith
angles. If either of the stars is not on the meridian when observed, there will be an
additional term to be applied in order to reduce the observations to the meridian.

Because of its simplicity, great accuracy, rapidity and convenience in making
observations, the method is generally preferred to other field methods.

¢J. E, McGrath. A Question of Priority in Originating a Very Important Astronomical Method. Journal of the Royal Astro-
nomical Society of Canada, Vol. 8, No. 8, Jan.~Feb., 1814, pp. 36-40.
7 Capt. T.J. Lee, U. 8, Corps Topographical Engineers, Assistant on the Survey of the Coast. On the Use of the Zenith and
Fqual-Altitude Telescope in the Determination of Latitude. Topographical Bureau of the War Department, 1848.
8 U. 8. Coast and Geodetic Survey Special Pub. No, 14. Edition 5, p. 103, Special Pub. No. 110, pp. 47-48, and Appendix 14,
Report of the Superintendent of the Coast and Geodetic Survey for 1880, p. 245. Also, Special Pub. 173, p. 16.
63
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The high degree of accuracy attained by the Horrebow-Talcott method follows from
the fact that the method depends entirely on differential measurements. The measure-
ment of the small meridional difference with the eyepiece micrometer is capable of great
precision; likewise, the measurement of the difference in meridional inclination of the
collimation axis with the two sensitive latitude levels will be of high accuracy when
proper precautions are taken; while the difference in refraction for two stars at nearly
the same altitude is small and can be computed without appreciable error.

GENERAL INSTRUCTIONS FOR LATITUDE WORK

1. The purpose of these instructions is to insure uniformity in records and computa-
tions and in the precision of the results, and also to serve as a guide to the latitude ob-
servers of the Coast and Geodetic Survey.

2. The Horrebow-Talcott method should be followed, using the Bamberg broken-
telescope transit (see description, p. 1ff). If a Bamberg instrument is not available,
a zenith telescope or a meridian telescope may be used. (For descriptions of these
instruments and the procedure, see Special Pub. No. 14, fifth edition, p. 103 ff.)

3. A standard first-order latitude should, in general, depend on the observations of
sixteen pairs of stars with a minimum requirement of 12 accepted observations, and a
probable error not greater than 072.

4. The stars to be observed upon should be selected from “The General Catalogue of
33342 Stars for the Epoch 1950’ by Benjamin Boss, published by the Carnegie Institu-
tion of Washington in 1937.

5. The pairs to be observed upon at a station should be so selected that the algebraic
sum of the measured micrometer differences in turns of the micrometer is less than the
total number of pairs, that is, the algebraic sum divided by the number of pairs should
be numerically less than one turn.

6. A pair of stars should be observed only once at a given statlon 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. If a star is observed on
inore than one night, it must be paired with a different star each night, but it is better
to have a complétely different star list for each night.

7. No determination of the micrometer value should be made in the field, as this
value is computed in the office from the observations themselves.

8. All observations should be entered immediately at the time of observation in the
field record book, Form 255.

9. Abstracts of the latitude records on the latitude computation Form 33 should be
made and checked in the field. No field computations are required.

10. The abstracts of the latitude records should be sent to the office by registered
mail as soon as practicable after the completion of the occupation of a station. Soon
after the abstracts have been forwarded, but by a later mail, the corresponding original
records on Form 255 should also be forwarded by registered mail. 1t is desirable that
these records be sent to the office promptly, so as to avoid their possible loss.

11. Original descriptions of stations should either be inserted in the original latitude
record book, Form 255, or written on an astronomical description card, Form 525a.
If, however, the station has been described before, a recovery note should be made.
The description or recovery note should be sent to the Office promptly after the com-
pletion of the occupation of the station.

These General Instructions will be referred to from time to time in the succeeding
text.
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THE BAMBERG BROKEN-TELESCOPE TRANSIT

The Bamberg transit has already been described in connection with longitude
observations on page 1ff. For latitude observations the instrument has been provided
with detachable twin levels and a counterpoise which can be attached to the horizontal
axis of the telescope, and with a latitude micrometer which has no electrical connections.
Figure 26 shows the Bamberg instrument equipped for latitude work.

B

1. Twin levels for latitude work. 4. Latitude micrometer box.

2. Twin-levels adjustment screw. 5. Graduated micrometer drum for latitude.
3. Clamp for twin-levels attachment. 6. Counterpoise for twin-levels attachment.

Fiaure 26.—Bamberg broken-telescope transit set up for latitude observations.

The same support for the instrument and the same observing tent are used in
latitude work as are used in longitude work. (See p. 29.) The same is true for the
platform on which the observer stands when observing. (See p. 30.)

ADVANTAGES IN THE USE OF THE BAMBERG BROKEN-TELESCOPE TRANSIT FOR
LATITUDE

There are several advantages in using the Bamberg instrument instead of the zenith
telescope for observing latitude, although the accuracy of the results is about the same.
These advantages are: The Bamberg instrument is more stable in azimuth; less care is
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necessary in the use of the eyepiece micrometer in preventing pressure which might
cause flexure of the telescope; the observer may make observations while comfortably
seated, as his eye is always at the same elevation; when latitude is done in connection
with longitude work, the use of the same instrument for both results is a great saving
of time, since it will require but 15 to 30 minutes to make the change for latitude work
after the instrument has been set up in the meridian for longitude work. Hence, it is
possible on the same night for a single observer without undue effort to make a night’s
observations for longitude requiring from 3 to 5 hours’ time and latitude observations
requiring from 2 to 4 hours’ time.

ADJUSTMENTS

Figure 27 shows a side view of the latitude micrometer head and the field of view
as it appears through the eyepiece. The salient parts are all lettered and will be re-
ferred to by letter.

When the instrument has been set up in the meridian (see p. 34), the crosshair A
parallel to the comb is put in the line of collimation in the customary manner by sight-
ing on a distant object or collimator in the direct and reverse positions and correcting
by one half of the difference; and the movable wire g perpendicular to the comb must
be made truly perpendicular by means of the small screws which butt against the lug on
the side of the draw tube. This latter adjustment is very important and should be
so accurately made that the star will follow exactly along the wire across the middle
part of the field of view.

= .
—
GEE o -
DA MM MMM 5 ® b

Ficure 27.—Diagram of micrometer head and field of view.

When the wire ¢ is set in a notch in the comb the micrometer head ¢ should read
zero. If it does not, loosen the screw a, hold b and turn ¢ until it reads zero. Then
tighten a. :

Care should be taken to keep the position of the eyepiece unchanged during a set
of observations, since otherwise there will be a change in focal length resulting in a
change in the value of one turn of the micrometer screw, thus producing an uncertainty
in the measurements. ‘

OBSERVING LIST FOR LATITUDE

Before starting the observations, a list of all the stars to be observed should be made.
See example, page 67. The stars should be taken from the “Boss General Catalogue of
33342 Stars for the Epoch 1950.” (See paragraph No. 4 of the General Instructions,
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p. 64.) The mean declination for the year of observation should be computed to the
nearest minute and the corresponding mean right ascensions to the nearest second.
The latitude of the station should be obtained to the nearest minute from such sources
as 8 map, triangulation data, or preliminary observations on the sun or stars.

To find from the catalogue all available pairs of stars for a given latitude, one may,
for each star in succession within the zone of observation, that is, 45° or preferably 30°
each way from the zenith, subtract the declination from twice the latitude and then
compare this difference with the declination of every star in the catalogue within the
following 20 minutes of right ascension. Any star whose declination (or, in the case of
a subpolar, the supplement of whose declination) is within 20’ of the above difference,
will combine with the star in question to make a pair, provided other conditions stated
below are fulfilled.?

DIPANTMINY or COMMERCE
U 3. COAST AND GEODETIC SURVEY

rm 485
Rev, April 1939

OBSERVING LIST FOR LATITUDE
Station: UNIVEKSITY, MISS. Date: /qpl'l'/ 2/, 1935 Instrument: Bomécrg /VO 20

o a3y’ gglo 2w 68° wyho Value of one turn: 78."94 a 7
. X X inati Difference 26=spm £-Wz Star north or !_Setting
Slg'%l;o. Mag. | Right ascension Decl;aton b“;'?en of ;iizcr:;na- z¢-28 a(Zf-tS) w;{l:,}}:’ie:e e%?rgf/:’ M‘;’;’m”.
A " B ° ’ ° ’ ° : v

12565 | 4719 02 24|38 43 N E 22
/2593 | 84 |9 o4 06129 S5|8 48 |¢8 38| t6 tS IS W |y 248
y2722 | 61 19 09 55|21 33 S W /8
J2799 18119 13 10|47 05|25 32|68 38| +6 tS | N E {12 %6 | 22
/3157133 |9 28 31|51 s8| » NW 9
/3277 | 59 |9 33 28| /6 44|35 14 |8 #2| t2 +2 | S E |3¥2 23!} 24

* This quantity should not exceed
**The l(lnbnlc sum of the number o! turns should not exceed the number of psirs, 11—10538 v . CoVIRNNENT PINTING OPPICE

Ficure 28.—Observing list for latitude.

Some observers in making their observing lists prefer to use the latitude star-
finder chart prepared by the Coast and Geodetic Survey for the epoch 1940. It com-
prises four sheets, each covering six hours of right ascension and each containing stars
whose declinations are between — 10° and +90°. Since the catalogue used in making
the chart was the Boss Preliminary General Catalogue (or P. G. C.) the chart contains
the star numbers of that catalogue and it will therefore be necessary to identify these
numbers with star numbers in the Boss General Catalogue (or G. C.). A concordance,
G-35, entitled “P. G. C. and G. C. Star Numbers of Identical Stars’” will serve this
purpose. The change in declination has to be taken into account also.

¢ At stations in Alaska there are but few stars In the zone extending 45° northward from the zenith as compared with the corre
sponding zone to the southward, and the above process may be improved by taking in succession only stars to the north of the zenith
and comparing each with stars in both the preceding and the following 20m. To make the search with a subpolar star, subtract 180°—8
from twice the latitude and pair the star with any star whose declination 18 within 20’ of this difference, provided the right ascension
differs from that of the subpolar anywhere from 11» 40m to 124 2(m,

T48977°—48—8
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To use a sheet of the chart, it is folded along the line of the declination equal to the
latitude of the station. Then by placing the chart where light will show through it,
stars can be paired whose zenith distances differ by not more than 20’ and whose right

ascensions differ by not more than 20 minutes.
The above chart for the epoch 1940 is now becoming obsolete.

The observing list is made on Form 485 as shown in the illustration, page 67.
The first column contains the catalogue numbers of the stars; the second column their
magnitudes. The third column contains the mean right ascension to the nearest second
for the year of observation. This is obtained by applying to the right ascension given

"in the catalogue the product of the annual variation in right ascension by the number
of years from 1950. If the observations are made before 1950 this number of years
must be treated as negative. The mean declinations in the fourth column to the nearest
minute for the ycar of observation are obtained from the catalogue by using the annual
variation in declination in the same way. The fifth and sixth columns contain, re-
spectively, the differences and sums of the declinations of each pair. The seventh
column contains the differences in minutes of arc between twice the latitude and the
sum of the declinations of the stars of each pair, namely, 2¢—Z=§. This expresses the
zenith distance of the south star minus that of the north star. The next column headed
E-W expresses these differences in number of turns of the micrometer screw, that is,

a(2¢—Z38), where a is the number of turns of the micrometer screw per minute of arc.
4

In other words, a=6—10i,—; where R is the value of one turn of the micrometer in seconds of

arc. Column 9 states whether the star is north or south of the zenith and whether the
position of the ocular is East or West. In column 10 are given the settings for the
vertical circle. For ocular East and the star North or ocular West and the star South,
the setting angle is one half the difference of the declinations of a pair. For ocular
East and star South or ocular West and star North, the setting angle is the explement
of one half the difference of the declinations of a pair.

The last column in the observing list contains the setting of the micrometer for
the point at which the image of each star will appear in the field of view. To avoid
negative readings, the center of the comb is called 20. Then, regardless of the position
of the star with respect to the zenith, the micrometer setting for ocular East is
20+—E;_§W and for ocular West 20—&;17-

In the description of the observing list it was shown that E—W=a(2¢—28),
where a(2¢—28) represents the zenith distance of the south star minus that of the
north star of the pair in turns of the micrometer head. Consequently, E— W is posi-
tive when the zenith distance of the south star is greater than that of the north star,
in which case the setting of the micrometer for ocular East will be greater than that
for ocular West. The reverse will be true when the zenith distance of the north star

is the greater of the two zenith distances.
' Furthermore, the Bamberg broken-telescope transit is so designed that for ocular

East an increase in the micrometer reading, Mg, corresponds to an increase in the
zenith distance of a south star or a decrease in the zenith distance of a north star,
and for ocular West an increase in the micrometer reading, My, corresponds to an
increase in the zenith distance of a north star or a decrease in the zenith distance of a
south star.

It follows, therefore, from the above considerations, that ¥%(Mz—My) expressed
in arc measurement is to be added algebraically to the mean of the apparent declina-
tions of the pair of stars.
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DIRECTIONS FOR OBSERVING

Although it is not absolutely essential, it will nevertheless be definitely to the ad-
vantage of the observer to have a recorder, for with a recorder the observer will be
able, not only to have a faster observing schedule, but also to devote his entire time
and attention to the observing.

After the Bamberg instrument has been properly prepared for observing latitude
(see p. 66), turn to the next to last column of the observing list and set the small setting
circle for the first pair of stars to be observed on.

Then put the telescope in position for the first star with the eyepiece or ocular
to the East or West as indicated in the observing list. Tilt the telescope until the
setting circle bubble is centered. After temporarily loosening the clamp, rotate the
twin level attachment on.the horizontal axis until the bubbles of the twin latitude
levels are brought to their approximate centers. Reclamp and perfect the centering
by the use of the tangent screw acting directly on the level holder.

Set the' micrometer for the appearance of the first star in the field of view by plac-
ing the movable wire at the point on the comb indicated in the last column of the observ-
ing list. Then watch the chronometer carefully so as to be ready«or the arrival of the
star. When the star appears, place the movable wire on it and then when it is nearly
in the center of the field, bisect it carefully as it crosses the middle wire, calling “tip”’
for the recorder to note the time of transit. Thereupon while still seated, read both
ends of the latitude levels promptly, the number of turns of the micrometer from the
comb and the number of divisions from the micrometer head, estimating the tenths of
a division. The recorder enters these data in the field book on Form 255.

Warning: Always bisect the star carefully, being sure that the final motion is
always in the same direction and preferably in that direction which compresses the
springs in the micrometer box.

To prepare for the observation on the second star of the pair, reverse the telescope
in its wyes by rotating it about its vertical axis. After reversal, if necessary, bring the
latitude level bubbles back to center by means of the tangent screw, which changes the
inclination of the axis of the telescope. However, do not touch the tangent screw that
acts directly on the level holder. ‘

Set the micrometer for the second star following the procedure described above for
the first star and proceed as before. This will complete the observation for latitude
on one pair of stars.

Repeat the operations described above until the required number of pairs has been
observed upon.

The observer should place in the column headed “Remarks’ such data as comparison
of chronometer with radio signal, weather and atmospheric conditions or any unusual
condition prevailing during the observations, as well as stating in the case of two or
more stars very close together which one was observed on, whether it was the first or
second, the brighter or fainter. Also make note, when a star is not observed on the
meridian, approximately how long before or after transit it was observed.

It is very important that the position of the eyepiece micrometer in the telescope
axis remain unchanged during a set of observations. A change in this adjustment will
change the focus, which in turn changes the value of a turn of the micrometer in seconds
of arc. If a change is made, the recorder should make a note at the time it occurred.
Furthermore, if a second night’s observation is made, the recorder should note at the
beginning of the observations whether the eyepiece micrometer has been removed or
the adjustment changed since the previous night’s observations.
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* Form 233

ZENITH-TELESCOPE RECORD FOR LATITUDE

SraTioN: UIIVERSL}’ Date: 4gﬂ'/ 21,1938 CHRONOMETER: 20 2. OsssnanﬁKllN«Aﬂf
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Ficure 29.—Zenith-telescope record for latitude.
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While observing avoid letting the warmth of the observer’s breath or face, or that
of a flashlight disturb the bubbles of the latitude levels. Heat will affect the position
of the bubble ends and hence tend to cause erratic level readings. In fact, by heating
one end of a level vial holder more than the other, the whole bubble may be moved
several divisions.

DEPARTMENT OF COMMERCE
COAST AND GEODETIC SURVEY

Form 608
(Rev. June 148)

COMPARISON OF CHRONOMETER AND RADIO SIGNALS

o 7

sutions{J piversity Latitode: 34 22 Longitude: (54587 098

Chief of party: Qézg,s ﬁ Wb[ﬁ‘n Observer: ‘Zf lsaad“mni

Year: /935 . Chr ter No.: 202 (msrg._uxdzmnn__
{Strike out one)

Loca! dato ﬂ[”'/'/ 2/ /IP"// a2

T . T R A— N 2 £ 3 % £ 7
Standard time of signat, .29 Mer| /9 00 00 Lo 00 00
Chronometer time of signal 7 58 /90 |/2 59 090

Transmitting station

| Freguency of signal

April 22 | April 22
T 7, .2 m

G. C. T. of signal Date

) T 3 T N N (3 12 T 3 LN [0 (]
Time Q0 00 00015 00 000

Sidereal time of 0% G. C. T. /3 56 2981I3 56 298

Cor., mean solar to sidereal time 00.0 493

A Transmission time

Correction to signal

G. S. T. of signal /3 56 29.8//8 57 /9./

Longitude of station S 58 098] 5 S8 098
Local sidereal time 7 58 200[/2 $9 093

Chironometer time of signal 7 58 /9.01/2 59 09.0
Chronometer correction + 010 + 00, 3
Rate per minute ) -0.0023

Rate per hour

Remarks:

Figure 30.—Comparison of chronometer and radio signals.

The accumulated sum of the micrometer differences of the pairs should be recorded
in the record book, Form 255, after each pair as observed. If necessary, near the end
of the set of observations, those pairs should be chosen which will reduce this accumu-
lated sum to less than the number of pairs observed.

The correction to the sidereal chronometer used in obtaining the times of observa-
tions should be known, or sufficient data should be given for the correction to be com-
pnted in the office. A comparison of the chronometer with a radio time signal immedi-
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ately before or after or during the observations will suffice, or even a comparison with
some timepiece accurate enough to give the correction to even seconds. Enter these
data in the remarks column, Form 255. The correction should be computed on
Form 605.

Upon completion of the latitude observations which have been duly entered on
Form 255, the data are abstracted on Form 33 (see example, p. 73) and sent to the Office
in accordance with paragraphs 8 and 9, page 64 of the General Instructions.

Examples of thie record and the several steps in the office computation for latitude
follow.

LATITUDE COMPUTATION
FORMULA
The formula for latitude by the Horrebow-Talcott method with the Bamberg
broken-telescope transit is

=3 O+ ROG— M)+ (P 5%) 3 (0t ot ada— @b met st odul+

3O+ (mtm). M

Here é and 8’ are the apparent declinations of the stars of a pair, at the time of observa-
tion; My and My are the micrometer readings with the ocular East and West,

respectively; %R is the value in seconds of arc of one half turn of the micrometer;

d and d, are the values in seconds of arc of one division of the two levels, respectively;
n, Ny, 8, 8; are the readings of the north and south ends of the two levels, respectively, the
letters without subseript pertaining to the level, numbered from 0 to 40, whose level
value is d, and those with the subscripts pertaining to the one numbered from
50 to 90 whose level value is d;; the subscripts E and W pertain to the posi-

tion of the ocular; (r—r’) is the difference in refraction of the two stars; and

% (m~+m') is the sum of their meridian distance corrections. The unprimed letters in
the first and the last two terms refer to the star observed with ocular East and the
primed letters pertain to the star observed with ocular West. %—(r—r’) will have the

same sign as the difference of the micrometer readings.

The U. S. Coast and Geodetic Survey owns two Bamberg instruments, Nos. 20
and 21. The value R of one turn of the latitude micrometer screw is 78794 for No. 20
and 79708 for No. 21. These values for R are sufficiently accurate for the first approx-
imation. A final value for R is obtained from the final adjustment of the results
themselves in the manner explained later.

COMPUTATION OF MEAN PLACES FOR THE YEAR OF OBSERVATION

The first step in the computation of the apparent places is to obtain the mean place
of each star for the year of observation from a standard star catalogue. The best
available star catalogue at the present time is the “General Catalogue of 33342 Stars
for the Epoch 1950,” by Benjamin Boss. In the Horrebow-Talcott method the right
ascensions need be accurate only to the nearest second.
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Stgtion {Zﬂ[[ﬂﬂgit‘g Chief of party C/)aS/q u@f/ﬁ) Date_April 21,1935 Instrument Eamhrq 20  Chronometer 202 Chron. correction obovl 036
— Eleoation of station Approx. 450 ft Obeerrer _J £ Bordurant ’ Value of half-turn of micrometer 3947 Level value —B' (d'd;lz 7%
MicroMETER Levern HRONOME' Me- " ConaxcTions
s«::?q.,_ : : Rendin: ow_ Z.D x E3 i ZI{’.‘&JTT: :’ﬁ{i’: Drewsaion {i;ﬁ{,?},‘:ﬁ: Microm Yevel | Refr. | Merid. Lo ruanes
t. d t. d. [ d. d. h. m s 5. ° ’ . M . . ’ . . . . . 4 .
L) 256N £ |22 853 779,579 9 02 27 -3 138 42 4865 i dio
+4.837134.1|/0.0| - 12.% : 34 _18 5332}+3 r092| -207| %05 34 22 02228 7PM. EST April 21
2593 |S |W /8 o6 ¢0.7/807 9 04 091-3 |29 54 5799 £ST. Chror, 202
139 |37.0 7-00-00 __7-58-/90
2112722 1S |wW 17 794 ¢0.1|80.3 9 0957 -2 }2/ 33 c299
+4 310 1139[370] - (.7 34 19 /1347 |+2 s042| —.28 |+.05 0336
1279 £ |22 101 800|598 9 i3 12 | -2 J47 05 2485
3671131
313157 N W ]l20 217 59.7|80.0 9 2835|-3 |5 58 323
. #1449 |120(358[ +).2 34 2f 064240 5688 +.20 |+.02 0322
/3277 S | E |21 658 80.5/60.0 9 3329|-1 |/ 43 3993
36.0]72.2 )

Ficure 31.—Latitude computation.

NOILVNIWYILHd AAALILVI



74 U. 8. COAST AND GEODETIC SURVEY

This accuracy will usually be attained by adding algebraically to the catalogue right
ascension the produet of the annual variation by the number of years between the year
of observation and the epoch of the catalog. If the year of observation is earlier than
the epoch of the catalogue, then the difference in years must be considered negative.

If we denote by «,, the mean right ascension for the beginning of the year of obser-
vation, ¢,, and by a, the catalogue right ascension, then the complete formula for use
with the Boss General Catalogue, Epoch 1950, is:

1 1 t,—1950\* ’
a,=an+ (t,—1950) An. Var.+§ (t,—1950)2 (100> Sec. V&r.+(~—-100 ) 3t (2)

In the case of circumpolar stars it may be necessary to use more than two terms
of the above formula., ,

If 5, represents the catalogue declination and §, the mean declination for the begin-
ning of the year, {,, then the complete formula for mean declination is:

1 1 t,—1950\?
8=8nt (t,—1950) An. Var.+4 (t,,——1950)2<—1——00) Sec. Var.—{—(—ﬂ o ) 3% (3)

All the terms of the above formula will be needed to determine the mean declinations
with the accuracy required by the latitude. Usually the mean declinations are com-
puted accurately to the nearest hundredth of a second. '

The above formulas for reducing the mean right ascension and declination of a star
from the epoch of the catalogue to the year of observation contain all the elements
necessary for the reduction. These elements consist of first- and second-order terms
of the precession and proper motion. The terms of formulas (2) and (3) are arranged
according to ascending powers of the time interval from the epoch of the catalogue to
the year of observation in the manner indicated in these formulas.

Specimen Computation of Mean Place

For example, consider the first star observed at University, Miss., namely, 12565in
the General Catalogue. From the catalogue we have

a,=9"03"21'337 8m=238°39"12"08
An. Var.= 438154 An. Var.=—147401 @
Sec. Var.=— 010304 Sec. Var.=—0%381
34t=+40"24
The year of observation is 1935, hence ¢,—1950=—15 years.
Then for mean right ascension for 1935, we have by (2)
o= 9703721337+ (— 15) (+3'8154) + = (—15)? (71) (—010304) =
2 100 5)

9%03m21'337 — 57123 — 0703 =9"02"24°.

(The third term is inappreciable.)
And for declination
1 ”
3,—38°39'12708 -+ (—15) (— 147401) + 5(— 15)? (Tdﬁ) (—0"381)+
(—.15)3(+0"24) =38°39/12"08+3/367015— 074286 — 070008 = (6)
38°42/47"67.
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Form NO. Y73

REDUCTION, MEAN TO AFPARENT DECLINATION, WITH BESSEL'S STAR NUMBERS

Latitude Statioa: _(niversity

state: _Mississippi

Cnter of Party: _Chas, A. Whitten

= Bot7Tu +1cos8, +Xsinag, + Ycos a,

a'/cos a_20.0439

: Formulas: <X = (B +C sin §,)
Date: _ﬁFLLLZL,Ji&___ ovserver: _J £ Bondurant. Y = Dsin §, +4 _a’ _
. . cos a
Cat, Bass Xoe N
6.C. . * ao 8o 8in 8o cos 5o » X sin ao Y cos ao $ Remarks
. . ] - ] [ "

2565 | 47 | 9 od* of 38 42 4767|6254 | 7802 |- 023 |+ /4,384 |+ .6997 |+5.098 | -.7/45 | 38 42 Y48LS

12593 Sy 19 o4 o 29 55 0009 4987 | .8668 |-~ ocos |+/2.346 L6943 |+ 6.436 | ~-7196 29 54 57199

12722 [N 9 09 S5 2/ 33 0743]| .3673 | .930/ ~.0/4 |+/0.233 L6758 1+7825 [-.7370 | 21 33 0209

12799 5.7 9 13 0o 47 05 2184| .7324 | .c808 |+.008 +/e./08 o653 113.967 |-.7465 47 0O5 2485

13157 33 g9 28 31 S/ 58 2900 1877 | .6l60 |-.543 [+/699% 6138 |+3383 |-.7894 |51 S8 3230

13277 59 9 33 28 /6 43 u4g22| 2878 | .9577 l-.0/0 |+ 8954 | .5967 |+8665 |-.8025 | /6 43 3993

he me he =m. Star numbers and constants The mean epoch should be for a

Mean epoch of observation 1L 03 A _+0 5840 period not exceeding 4 hours, Use

Corr cngit 5 58 B_- 4325 all sines and cosines to 4 decimal

ection for 1 ude . g places; use X and Y to 3 decimal

Greenwich sidereal time 17 ol ¢ L6084 places,

Sidereal time, O hr, G.C.T._ /3 356G p 2/0.5¢66

Interval 3 a5 § =697

Greemrioh day April 22.128 r_.0.3035 e

Ficure 32.—Reduction, mean to apparent declination, with Bessel’s star numbers.
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REDUCTION FROM MEAN TO APPARENT DECLINATION

After the mean places of the stars for the beginning of the year of observation have
been obtained, and entered on Form 772, the apparent declination of each star is com-
puted by means of Bessel’s Star Numbers and entered on Form 33. Using the trig-
onometrical expressions for Bessel’s star constants (Formulas For the Reduction of Stars,
American Ephemeris and Nautical Almanac, any year) the formula for apparent declina-
tion customarily expressed in terms of Bessel’s Star Constants and Bessel’s Star Num-
bers has been transformed for the purpose of machine computation on Form 772, into

8=8,+ru’+1 cos §,+X sin a,+ Y cos a, 7
where X=—(B+C sin §,)

. a’
Y=D sin §,+ A (cos ao).
See the specimen computation, page 75. For further and more detailed discussion of
the subject see pages 128 ff.

EXPLANATION OF LATITUDE COMPUTATION

If paragraph 9, page 64, of the General Instructions has been followed, the latitude
computation Form 33 already contains:

At the top of the form, the names of the station, Chief of Party and observer,
the date of observation, the kind and number of instrument used and the number
of the chronometer. .

In the designated columns for each star, the star catalogue number, the posi-
tion of the star with respect to the zenith N or S, the position, E or W, of the
ocular during the observation on the star, the micrometer reading in turns of the
screw and in divisions and tenths of division of the micrometer head, the respective
readings of the north and south ends of the two latitude levels, and the chronometer
time of observation. :

In the office. the approximate elevation of the station is usually entered at the top
of the page along with the value of one half turn of the micrometer and the level value.
If the field party is able to obtain the approximate elevation of the station, it should
be entered on Form 33.

The apparent declinations computed on Form 772 (see p. 75) should be entered
on Form 33 in the column designated ‘“ Declination,”” and the half-sum of these declina-
tions, for each pair, computed and entered in the next column.

The algebraic difference of the micrometer readings for each pair in the sense ocular
East minus ocular West is then placed in the “Diff. Z. D.”” column, usually in decimal
form. This difference is then converted to seconds of arc by multiplying by the value
of one half turn of the micrometer and the result placed in the micrometer correction
column.

Next, the algebraic difference of the sum of the level readings for the star with ocular

East minus the sum of the level readings with ocular West is set down in the designated
. . . 1 /d+d .
column. This difference multiplied by the level value, i. e., by % —%—'): constitutes
the level correction.
The approximate meridian distance is computed by the formula a,— (t+ At), where ,
is the mean right ascension, ¢ the chronometer time of observation and At the correc-
tion to the chronometer time obtained from a radio time signal. Actually, the appar-
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ent right ascension should be used, but since, with the exception of polar stars, the
difference between mean and apparent right ascensions of all stars is about of the
same order of magnitude, the mean of all the differences of the mean right ascensions
minus the corrected chronometer time may be considered to be approximately the
mean of the differences between mean and apparent right ascensions for the stars of
the set. Hence, by applying the mean «,— ({4 At) with reverse sign to each individ-
ual a,— (t+At) a better meridian distance is obtained. This distance is entered in
the proper column on Form 33 and the meridian-distance correction is obtained from
Table X, p. 177.

If, for any reason, the observer has not observed the star on the meridian, he should
note it under ‘“Remarks,”” giving his estimation of the time of observation before or
after transit. The a,— ({+At) of such stars then would not be used in taking the mean
a,— (t+ At).

For explanation of meridian-distance computation, see page 78.

When the micrometer, level, refraction and meridian-distance corrections have been
combined algebraically with the mean of the declinations of a pair of stars, the latitude
from observations on that pair is obtained.

Correction for Differential Refraction

Although the difference in refraction of a pair of stars used in the Horrebow-Talcott
method is small, it is usually not negligible and must be applied as a small correction
to the latitude. The refraction for each star of a pair is very nearly proportional to the
tangent of the zenith distance, so that the differential refraction will be very nearly
proportional to the square of the secant of the mean zenith distance. In addition,
the differential refraction depends upon the pressure and temperature of the atmosphere
at the time of the observation. For a mean state of the atmosphere (pressure 29.9
inches or 76 em. and temperature 50° F. or 10° C.), the correction to be applied to the
latitude for differential refraction will be given by the formula:

r—r’_ 5779

5779
S g Sin (z—2") sec? z (8)

where r and z are the refraction and zenith distance, respectively, of the star observed
with ocular East, the primed letters referring to the star observed with ocular West.
Differential refraction will therefore have the same sign as half the difference of the
zenith distances as measured by the micrometer. The.two zenith distances of a pair
of stars used in the Horrebow-Talcott method are so nearly equal that either may be
used in sec? z in formula (8), although for accuracy the mean of the two zenith distances
should be used; such refinement, however, is unnecessary.

Table VIII, page 176, has been computed by means of formula (8) with half the
difference of the zenith distances as measured by the micrometer for one argument and
the mean zenith distance for the other.

Inasmuch’ as the differential refraction obtained from the above table is only valid
for the assumed mean state of the atmosphere, it will be necessary to apply to this
differential refraction, factors obtained from the regular refraction Tables VI and VII,
in order to reduce it to the differential refraction for the pressure and temperature at
the time of observation. ‘

Accordingly, it is important that the observer should always have a barometer
and thermometer as part of his regular equipment. A reading just before beginning
the observations and another at the completion of them should ordinarily be sufficient.

Only in an emergency should the rough correction based on the elevation of the
station above sea level be permitted. '
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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 zenith distance is in error on account of the
curvature of the apparent path of the star. Let m be the correction to reduce the
measured zenith distance to what it would have been if the star had been observed upon
the meridian.

Then,
mne 1
=2 sin 2 ©)

in which 7 is the hour-angle of the star. The signs are such that the correction to the
latitude, %", is always plus for the stars of positive declination and minus for stars of
negative declination (south of the equator), regardless of whether the star is to the north-
ward or to the southward of the zenith. %L or 1_n2_’ is, then, always applied as a cor-

rection to the latitude, with the sign of the right-hand member of the above equation.
For a subpolar, 180°—5 must be substituted for §, making the correction negative for a
northern subpolar and positive for a southern subpolar. Table X, page 177, gives the
corrections to the latitude computed from the above formula. If both'stars of a pair are
observed off the meridian, two such corrections must be applied to the computed latitude.

ADJUSTMENT OF LATITUDE RESULTS

The correction to the mean latitude and the correction to the value of one-half
turn of the micrometer are computed for each night’s observations separately by the
method of least squares. See remarks on page 69. It is understood, unless stated
otherwise by the observer, that the adjustment of the eyepiece micrometer remains
untouched during the night’s observations.

Form 663, Summary of Latitude Computations, should be used for the adjustment.
The data in the first four columns are obtained directly from Form 33, the micrometer
differences being taken to the nearest tenth.

Before proceeding further with the adjustment, it is necessary to find out which, if
any, of the results are to be rejected. An absolute rejection limit of 3’/ from the mean
of all the latitudes in column 4, each considered to have unit weight, is first used.
Then a mean of the remaining latitudes is taken, and the probable error of a single
observation, ¢,, is computed. Any latitude with a residual, A¢, equal to or greater
than 5 e, is automatically rejected. Furthermore 3% ¢, may be used as a doubtful limit
beyond which rejection is to be made if evidence exists in favor of rejection, other than
the residual itself. Such evidence may consist of positive notes indicating bad condi-
tions during the observations of the particular pair concerned, contradictions in the
record indicating a probable misreading, or a mean declination of a star with a probable
error so large that it might account for the large residual. (Consult the appropriate
column in the star catalogue used.)

Another criterion for rejection is discussed on page 136. For a small number of
observations its use will increase slightly the number of rejections.

After all rejections have been made, the accepted observations remain to be ad-
justed in order to determine from the observations themselves the most probable value
of a turn of the micrometer and the most probable latitude of the station. The infor-
mation at the foot of the third column is now entered. Then a mean ¢, is taken of the
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state: Mississippi

LATITUDE DETERMINATION

Date: April 21,1935

SUMMARY OF LATITUDE COMPUTATIONS

Chief of Party: CA. W/)I'itéﬂ

¥. 5. GOVERNMINT PAINTING OFFICT

Ficure 33.—Summary of latitude computations.

Station: Um'ycrs/' 'Lq Instrument: Bamberg Vo.20 Observer: JE.Bondvran?
G o950 Mt [t | o | ® | e [ome] W | g
j2565 | 12593 | +48 | 0222 | + 46 -(2 | o020 | +.58
12722 | 12799 +43 03.36 - .68 = 0325 -.51
13157 13277 + 1.4 03,22 - 54 ~.04 03.8 -.50

/3406 | 13573 +/1,0 0330 =62 -.28 0302 -. 34

* /3836 | /4423 | -97 | o4i2 E’g‘cct%d
1#{70 | /14357 -89 0239 +.29 +.23 0262 | +.06
14389 14625 +24 0268 .00 -.06 0262 +.,06
/4688 | /4789 =638 0258 | +.10 +.17 0275 | -.07
1496/ 15006 -9.5 03.24 -.56 +.24 0348 | -.80
/5032 IAYE Y +47 0221 t 4/ - 12 0215 +..53
/5302 -1 /5340 | +97 0294 | *.26 -. 25 0269 | -0/
154941 /5485 | ~79 0222 + .46 +.20 0242 | +.26
15600 15745 +10.1 02,718 -.10 -.26 02.52 +.16
16437 | 16173 |+ 1.0 | o029/ |-,23 -.03 | 0288 |-.20
16524 | 16871 | -jo.l 0196 | +.72 +.26 0222 "| +.46
[696S | /2127 | - 7Q | 0244 |*+.24 +.18 0262 | +.06
17342 17769 - 0.8 0233 +.35 +.02 0235 +.33
* endix

+sum + 49.4 +3.03 | 2.966% +250 | 24173
—sum -51,Q@ -2.99 | -2.49

Algebraic sum ~ 6 + .04 | | t+,01

Mean - 04 l|o268 [ | 0268 |

Uncorreeted Corrected

Value of half-turn of micrometer as used in field 39.47 39. 4444
(1) Meah ¢, ..ol pairs with plus micrometer differences 02.85 02.171

(2) Mean ¢, e pairs with minus micrometer differences 0245 02,64
Difference, (2)—(1) - .40

- 5 " pe—2M r +2A¢=0 —EMc+3SMr —ZM Ap=0

ANOTHTET BquuuUHB

16C +/br + 04 =0 l.bc +8/9.20r +20.934% =0

¢c=_0.00 r=_ - "025¢

%=1 0.28 = + 0.07 &= + 0098
Latitude of 4..(../!11_}’_61,5‘1'1'5._ latitude station 34 ° 22’ 02"t8
Reduction to sea level (elevation of station .._/35 meters) 1, - .02
Reduction to mean position of pole ’
Final latitude of ..University. latitudg station 34 22 02,66
Reduction to geodetic station University - . /0
Latitude of geodetic station Universi t_S‘ 3y 22 02.5% .

79
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unrejected latitudes in column 4 and the difference A¢=¢,—¢ entered in the next
column and summed algebraically at the foot of the column.

If p is the number of accepted latitudes, ¢ the amount in seconds by which the
mean latitude deviates from the most probable latitude, and r the amount by which
the preliminary value of one half-turn of the micrometer is to be corrected, then there
will be p equations of the form

c—Mr+Ap=v. (10)

Inserting the condition that [v*] or [w] must be a minimum, the normal equations
to be solved for ¢ and r are

pe—[Mir+1a¢]=0 | (11)
— [Mlo+[MMlr—[Mag]=0

where [ ]is the standard symbol indicating summation in operations with least squares.
The details of the solution of the normal equations and the computation of the probable
errors are explained on pages 141 and 142.

In the example, page 79, there are 16 equations of which the first two are

c—4.8 r4+0.46=10, (12)
¢c—4.3 r—0.68=v0;

The resulting normal equations are

16 ¢+1.6 r4-0.04=0 (13)
1.6 ¢+819.20 r+20.934=0.
Solving
¢=0"00
r=—0"0256
and
3 R==39747—0"0256=39"4444. (14)

That is, 39”4444 is the value of % turn of the micrometer determined by the observa-
tions themselves

Each micrometer difference, M, of the accepted latitudes is now mulmphed by the
value of 7 and the results placed in the proper column. Then to each preliminary
latitude ¢ there is added algebraically the corresponding Mr to produce the corrected
latitude which is entered in the designated column of Form 663. A mean of these
latitudes is now taken and entered at the foot of the column. In the next column the
difference, mean latitude minus individual latitude, is set down for each pair of stars.
The sum of the squares of these new A¢’s is entered in the next column.

The mean of the corrected latitude is the mean observed astronomical latitude of the
latitude station, uncorrected however, for elevation of station above sea level or varia-
tion of the pole.

As indicated by the value of c=0.00, the mean latitude of University was unchanged
by the adjustment. It is

34°22/02"68 +0707. (15)
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To reduce this latitude to sea level see Table XI, page 178. 'The correction is found
to be —0%02 for an elevation of 135 meters at this latitude. See discussion below.
Regarding the correction for the variation of the pole, see discussion below.

The latitude of the latitude station or point of observation is therefore

34°22/02766 +0707. (16)

From data furnished by the observer it was found that the instrument was set up
at a point 0710 in latitude north of the geodetic (triangulation) station. The astronomi-
cal latitude of the geodetic station, therefore, is

34°22/02756 £ 0707, an

The probable errors have been computed by means of the following formulas
with data used in the adjustment

= \/0 455[A¢2] (18)
0.455[A¢7]
= b3 (19)
: *\/@—m(p i
0.455[A47] _ 20)
(e

For detailed explanation of adjustment and probable errors, see pages 78 and 141.

GENERAL REMARKS

Correction to the Latitude for Elevation of Station

The correction to the latitude to reduce it to sea level is given by the formula -
Ad=—0"000171 h sin 2¢ 1)

where A¢ is the correction in seconds of arc, h the elevation of the station in meters,
and ¢ is the latitude. )

This is a correction for the curvature of the vertical or, otherwise stated, for the
fact that two level surfaces at different elevations are not parallel but converge slightly
as the poles are approached.

Since this correction has been regularly applied in the past, for the sake of uni-
formity, it should continue to be applied. It is very doubtful, however, whether this
correction in its present form accomplishes its purpose. It is based on two assump-
tions: (1) that the rate of change of gravity with latitude is normal; (2) that the space
between the geoid and the place of observation is empty. Neither assumption is
generally valid.

The correction to reduce the latitude to sea level according to the above formula
can be obtained directly from Table XTI, page 178.

Correction to the Latitude for the Motion of the Pole

It was the original intention when the variation of latitude was discovered to
apply a correction for the motion of the pole. This has proved impracticable, since
there are many years for which no definitive reductions of the motion of the pole are
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available and since it is not always clear whether the effect of the published definitive
reductions is always to reduce the latitudes to the same mean position of the pole on
the surface of the earth. It is hoped, however, that the International Latitude Service
will soon make available the necessary data for making definitive reductions to the same
mean pole. -

In that case it will be desirable to apply the correction to all latitudes observed
within the period covered by the reductions.

Probable Error and Weights

The probable error of the latitude derived from a single pair of stars is the resultant
of the probable errors of observation and of the mean declination of the pair, the former
probable error being, in general, greater.

In previous editions of this manual much attention was given to the weighting
of pairs of latitude stars under various possible arrangements of the program of observa-
tion. This was because star catalogues were then less accurate and more variable from
star to star and because it was the practice to put in several nights of observation
at a single station. Schemes of weighting were devised that depended on whether a
given star pair was observed on more than one night.

It is the present practice of the Coast and Geodetic Survey to neglect the differ-
ences between the probable errors of the mean declinations for various star pairs and to
assume that, with equal care and under equally good conditions of observation, the
resultant probable errors of all star pairs taken from the Boss catalogue are equal.
A pair recurring in alater observing list is treated as if it were a different and independent
pair.

It is good practice, however, to note in the Boss catalogue the probable errors of
the declinations in 1950 and, if the probable error of the mean declination of the pair
is much larger than for the other pairs in the list, to give that pair a little less weight.
The probable error of the mean declination of the pair is, of course, not the sole source
of error of the latitude. As a rough estimate, the probable error of observation on a
pair and the probable error of the mean declination of the pair for the less accurately
determined stars of the Boss Catalogue contribute about equally to the resultant
probable error.

Note: The probable error of the mean declination of a pair is given by the formula

2 2
€ +62
/,_2 (22)

€=

where ¢, and e, are the probable errors of the declinations of the separate stars and e
the probable error of the mean deelination of the pair.



PART III

DETERMINATION OF THE ASTRONOMIC AZIMUTH OF A
DIRECTION

GENERAL REMARKS

Various methods have been employed by the Coast and Geodetic Survey for
determining astronomically the azimuth of a triangulation line or, what is the same
thing, the direction of that line with respect to the meridian of the station at which
observations are being made, and there is, perhaps, no other geodetic operation in
which the choice of the method, the perfection of the instrument and the skill of the
observer enter so directly into the value of the result. It is intended to give here in a
concise form an account of the two principal methods now in use by this Bureau and
to present the formulas involved as well as specimens of record and examples of com-
putation.

These two methods are: (1) the direction method with a direction theodolite for
low latitudes and (2) the micrometer method with the Bamberg broken-telescope
transit for high latitudes. For other methods the reader is referred to Special Publica-
tion No. 14, fifth edition, or, in the case of observations on the sun at any hour angle,
to Serial No. 166, Directions for Magnetic Measurements. Both are publications of
the U. S. Coast and Geodetic Survey.

DEFINITIONS

The meridian of an observer is the great circle passmg through both poles of the
celestial sphere and the zenith of the observer.

The astronomical azimuth is the angle which the plane of the meridian through the
astronomical zenith of the observer makes with the vertical plane passing through the
observer and the object whose direction is to be determined. It is the practice of this
Survey to reckon the azimuth from the south in a clockwise direction.

For purposes of consistency in the computation of the triangulation net of a coun-
try, it is necessary, first, to adopt a surface of reference which is assumed to fit closely
the sea-level surface of the earth and, second, to choose after adequate investigation
an initial station, the adopted position of which is assumed to be ils true position on
the adopted surface of reference.

In North America the adopted surface of reference is that of the Clarke Spheroid
of 1866, and the initial point is Meade’s Ranch, Kansas, the adopted position of which is
assumed to be its position on the surface of the Clarke Spheroid. See Special Publica-~
tion No. 110, pages 87-92.

In a triangulation net, computed latitudes, longitudes and azimuths referred to the
surface of reference and to the initial station are called geodetic lat@tudes, longitudes and
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azimuths respectively, and at the stations involved the geodetic zeniths are considered
to be defined by the directions of the normals to the spheroid of reference at those
stations.

On account of the variation in horizontal attraction caused by irregularities in the
physical surface of the earth and the variable densities beneath the surface, the direc-
tion of the plumb line does not in general coincide with the direction of the normal to
the spheroid at a station, and therefore the astronomical and geodetic azimuths are
not in general identical. There is, however, a definite relation between the two kinds
of azimuths at a station. The astronomical azimuth and the geodetic azimuth, con-
sistent with the adopted surface of reference and the initial station, differ by a quan-
tity called the Laplace correction which is obtained from the expression

(Aa—Xg) sin ¢ )

where ¢ is the geodetic latitude of the station and where M4 and \q are, respectively, the
astronomical and geodetic longitudes of the station. See also p. XI.

The azimuth obtained by adding the Laplace correction to the astronomical azi-
muth is called the Laplace azimuth or geodetic azimuth of the station.

Since in the computation of the positions in a triangulation net, the computation of
the azimuth involves a greater accumulation of errors than the longitude, it is necessary
at frequent intervals, usually of from six to ten quadrangles, to observe the Laplace
azimuth to control the computed geodetic azimuths.

The use of the Laplace correction assumes that all the error is contained in the
computed geodetic azimuth, but that the computed or geodetic longitude is flawless.
There have been some proposals to give some weight to the computed geodetic azimuth,
but so far these have not been adopted by this Bureau.

With the above intervals, the accumulation of errors in azimuth between con-
secutive Laplace stations will not be large and when distributed properly will have a
minimum effect on the azimuths of the intervening stations.

. SPECIFICATIONS FOR LAPLACE AZIMUTH

It follows, therefore, that at stations selected for Laplace azimuths, astronomical
observations must be made for both longitude and azimuth.

For use in triangulation a Laplace azimuth must be observed with first-order
accuracy. The specifications for this are:

(1) In the northern hemisphere, except near the equator, Polaris preferably
should be used, though any circumpolar will do, especially near elongation. With
time determinations better than one second, Polaris may be used at any hour angle.
If the point of observation is close to the equator, however, Polaris is too near the
horizon for practical use. In high latitudes it is difficult to observe on Polaris with
the theodolite. It is more satisfactory at high latitudes to use the micrometer method
by making observations on Polaris with the broken-telescope transit.

(2) Observations should be made on at least two nights.

(3) No observation which gives a residual of 5’/ or greater from the mean should
be accepted.

(4) The azimuth should depend upon at least 24 acceptable observations, not less
than 12 of them being on any one night.

(5) The probable error of the azimuth should not exceed 0’/.30.
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Ficure 35.—Parkhurst theodolite.
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INSTRUMENTS

The principal instruments now used by the Coast and Geodetic Survey for observ-
ing azimuth are the direction-theodolite in low latitudes and the Bamberg broken-
telescope transit in high latitudes such as occur in Alaska.

The theodolite in general use at present is the Parkhurst theodolite,” which was
designed and developed in the Coast and Geodetic Survey just prior to 1930. See
illustration, page86. This theodolite hasa 9-inch horizontal circlegraduated to 5 minutes.
The micrometer head reads to 1’. The instrument has a 13-inch telescope with an
objective of 2% inches clear aperture and is fitted with a 6-inch vertical circle read by
verniers to 10’’. This theodolite has several unusual features and has proved very
satisfactory. ‘

The Bamberg broken-telescope transit has already been described in connection
with longitude and latitude observations. See pages 1 to 5.

INSTRUMENT SUPPORT AND PROTECTION

If, as is customary, the triangulation party observes azimuth, the instrument, its
support and its means of protection are standard equipment of the triangulation party.

On the other hand, if the astronomical party observes azimuth with a direction
theodolite, support and protection must be provided both for the theodolite and for
the Bamberg transit used in the observations for longitude and latitude. This is
necessary because the two instruments are set up in different locations, so that obser-
vations for azimuth, longitude and latitude may be nade all on the same night. The
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Fiaure 36.—Sectional view of Parkhurst 9-inch direction theodolite.
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theodolite is set up at the station itself and the transit a short distance away. A type

of tripod stand for the theodolite that is commonly used is pictured below.
When the tripod is set up on the ground a catwalk should be constructed for the

observer to move about on. The walk should be supported far enough away from the
legs of the tripod so that there is no danger of the instrument being disturbed by move-
ments of the observer. Such a catwalk is described and illustrated on pages 3¢ and 31.

The theodolite should be protected by a tent, as in triangulation. On towers it
is well to have a tarpaulin about 5 feet high fitted with ties and of a proper length to
fasten around the observing platform.

Vi

Ficure 37— Tripod stand for theodolite.

Where the observing is done on the ground, a hexagonal silk tent of standard type
is used. This tent is supported by a frame of thin steel tubing and is very light.
Whatever type of tent is used, it should be pitched before any observing is done.
If heavy winds are anticipated, the guy ropes should lead straight out from the stand
and poles, with two extra ropes leading from the top of one of the poles to the two
adjacent tent pegs in order to prevent the tent from swinging in azimuth. In moderate
or light winds the pegs may be driven on lines passing out from the station mark mid-
way between each pair of poles and a single long rope used for the guys, passing alter-
nately behind a peg and then in a hitch over the top of the next pole.

In windy regions it will be advisable to carry as a part of the observing outfit,
usually as a wrapping for the poles of the tent, a piece of canvas about 6 by 16 feet,
which can be used as a windbreak. When the soil around the stand is soft and dry,
the dust is often bothersome, and a piece of light canvas used as a floor in the observing
tent will prove helpful. Another piece of light canvas laid outside the tent to wind-
ward, close to the bottom of the wall, will also decrease the annoyance from dust.
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Ficure 38.—Bilby steel tower.

If wind of considerable strength is permitted to strike the theodolite, it delays
the observing and may also cause errors by deflecting the telescope from its proper
_position in the wyes. For that reason the flaps of the observing tent are usually kept
tied down on the windward side when the wind is strong, except for small openings
on line to the stations to be observed. If the wind is especially constant and bother-
some, a strip of muslin of the proper size to cover the windward openings of the observ-
ing tent may be tied or pinned in place and a hole 4 or 5 inches in diameter cut on line
to the station through which the mark may be observed.

When the Bamberg transit is also used for azimuth observations by the micrometer
method, the instrument should be accurately plumbed over the triangulation station
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as described on p. 109. All three types of astronomical observations are made on the
same support and with the same protection. See pages 29 to 31.
Electric signal lamps, standard equipment for a triangulation party, are used at
the azimuth marks.
DETERMINATION OF AZIMUTH

GENERAL FORMULAS

Two methods of determining azimuth will be treated in detail in this manual,
namely (1) the direction method of measuring horizontal angles using a direction
theodolite; (2) the micrometer method, using the Bamberg broken-telescope transit.
Certain formulas which are common to these methods will be stated here for convenient
reference.

The computation of the azimuth of a terrestrial line of sight from a set of azimuth
observations consists essentially of the computation of the azimuth of a star at the
instant of observation, the computation of the horizontal angle between the star and
the mark, and the combination of these two results by addition or subtraction. The
general practice of the Coast and Geodetic Survey is to prefer the use of Polaris, though
any other close circumpolar star would serve.

The astronomical triangle is defined by the pole, the zenith of the observer and a
star. The side zenith-pole is the co-latitude, the side star-pole is the polar distance
or complement of the declination of the star, and the angle at the pole is the hour angle
or its explement. Starting from these three as known parts, the astronomical triangle
may be solved by the ordinary trigonometrical formulas. The solution to obtain the
azimuth of a star, which is the angle of this triangle at the zenith, may without any
approximation, be put in the form

sin ¢

tan Az*cos ¢ tan §—sin ¢ cos ¢

(2)

in which A is the azimuth of the star reckoned from the north in a clockwise direction,
and ¢ is the hour angle reckoned westward from upper culmination continuously to
24" at the next upper culmination. This is the most convenient formula for use with
either of the two methods. The first term of the denominator changes very slowly
on account of the very small change in the declinations during the period of observa-
tion and hence may be assumed constant during a period of observation not exceeding
four hours. The second term, for a close circumpolar star, may be computed with
sufficient accuracy by five-place logarithms.

The computation of the azimuth from this formula may be considerably shortened
by transforming it, as indicated below, and using the table given on pages 183 to 191.

cot & sec ¢ sin ¢

tan A=—7— ot tan ¢ cos ¢

@)

. 1
=—cot § sec ¢ sin t(ﬂ) 4)

in which a=cot & tan ¢ cos &

The second form of this formula, equation (3), is about as convenient as the first.
It involves the same number of loganthms as the first and one less reduction from
logarithms to numbers.

The third form, equation (4), in connection with the table given on pages 183 to
184 gives a much quicker computation process than either of the other two. In using
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this form and the tables, log cot & sec ¢ sin ¢ must be carried to six decimal places and
log cot 8 tan ¢ cos ¢ to five decimal places. A convenient arrangement of the computa-
tion is shown on page 104. The formula and tables involve no approximations, and the
only errors resulting from their use are those arising from the cast-off decimal places
(logarithms limited to six decimal places). These errors are of the accidental class, and
will seldom exceed 0704 for any case covered by the table, and for most observations
made below latitude 50°, the error will not exceed 0701. These quantities are so small
in comparison with the errors of observation as to be negligible. A few observations
made in Alaska may be beyond the range of the table on pages 183 to 191, and when that
is found to be the case, one may easily substitute formula (2) for formula (4), page 90.

Various other formulas for computing the azimuth of circumpolar stars have been
proposed and used, but this Office prefers the use of the above formulas, and the tables
and forms in this manual have been prepared for that purpose. Furthermore, these
formulas are accurate and applicable to any star at any hour angle.

CURVATURE CORRECTION

In the diréction method, an observation on a star consists of two pointings, one
with the instrument direct and the other with the instrument reversed. The resulting
azimuth is computed by means of formulas (4) or (3) using for hour angle ¢ the mean of
the hour angles of the two pointings. The azimuth so computed will be the azimuth
corresponding to the mean hour angle of the observation, but will not be equal to the
required mean of the azimuths corresponding to the hour angles of the separate pointings
of the observation, since the rate of change of the azimuth is constantly varying on
account of the curvature of the apparent path of the star. The difference is small but
not always negligible.

The general formula for computing the correction for curvature is:

2 sin? ;

(tan 4) ~ 2 )

sin 17

where A is the azimuth of the star; n is the number of separate pointings; and 7 is the
interval between the mean hour angle of all pointings and the hour angle of a single
pointing. The general formula is used in computing the azimuth by the method of
repetitions which is discussed on pages 155 to 157 of Special Publication No. 14, Fifth -
Edition.

In the direction method, n=2 and 2+ is the interval between the direct and reverse
pointings on the star.

For Polaris and other circumpolar stars the correction for curvature may be taken
directly from Table XIV, which has been computed by means of formula (5) for n=2

2 sin”% T

with the help of Table XII, in which are tabulated the values of —sin—lT .

The sign of the curvature correction is always such as to decrease numerically the
azimuth reckoned from the north, that is, if the azimuth is reckoned clockwise, the
algebraic sign of the correction will be positive when the star is west of north and nega-
tive when the star is east of north.
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. The above formula (5) is approximate, but for circumpolar stars and for the inter-
val of time usually covered by a complete observation, the errors involved are negligible.
If the star observed is Polaris, a convenient check on the computation for azimuth
may be obtained from Table IV of the American Ephemeris and Nautical Almanac,
entitled Azimuth of Polaris at all Hour Angles.

DIURNAL ABERRATION

Because of the rapid motion of the observer, due to the rotation of the earth on its
axis, a star 1s seen slightly displaced from its real position. The required correction
for diurnal aberration is:
cos 4 cos ¢

”
0732 cos h

(6)
The sign of the correction is always positive when applied to azimuths reckoned
clockwise. For Polaris and for latitudes not greater than 74°, the greatest variation of
the correction from its mean value of 0732, is 0702. The correction -for diurnal aber-
ration need not be applied to the separate results but simply to the mean result for a
station.
LEVEL CORRECTION

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 where d is the value of one
division of the level and 4 is the altitude of the star:

(a) If the graduations on the striding level are numbered continuously in one
direction, the level correction is

%[(w~w’)+ (e—e’)] tan h : (7N

where w, ¢, w’, ¢’ represent the west and east readings of the striding level in the two
positions of the level, the primed letters referring to readings taken in the position in
which the numbering increases toward the east.
Practically all of the striding levels now in use are numbered continuously in one
direction. .
(b) If the graduations are numbered in both directions from the middle, the level
_correction will be

%[(w-{—w')—(e—}-e’)] tan A (8)

where w, e and w’, ¢’ are the readings of the west and east ends of the striding level be-
fore and after reversing it, respectively. ’

If the azimuth station and mark are at different elevations, the angle of elevation
or depression of the mark from the station should be measured twice.

It is necessary to know A only approximately. An occasional reading of the
vertical circle will give it with abundant accuracy.

If Polaris is the star, h may be obtained with sufficient accuracy by means of Table
I of the American Ephemeris and Nautical Almanaec, using the declination and hour
angle for arguments and applying to the latitude the tabulated correction with sign
reversed.

If the mark i3 not in the horizontal plane of the instrument, a similar correction,
if appreciable, must be applied to readings on the mark. The same formula is used
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as for the star except that tan h is replaced by tan H, where H is the angle of elevation
or depression of the mark. Ordinarily the mark is so nearly in the horizon of the instru-
ment, that tan H is nearly zero and the corrections required to pointings on the mark
are negligible. If the mark is elevated or depressed more than 1° from the horizon,
the striding level readings should be taken on the mark in the same way as on the star.

The formula as written gives the sign of the correction to be applied to the readings
of the horizontal circle of which the numbering increases in a clockwise direction.
This is also the sign of the correction to the computed azimuth (reckoned clockwise)
for level readings in connection with pointings upon the mark, but in connection with
pointings upon Polaris the sign must be reversed to give corrections to the computed
azimuth of the mark.

DIRECTION METHOD
ADJUSTMENTS

The measurement of an azimuth by this method is essentially similar to the process
of measuring a difference of two horizontal directions with a direction theodolite. The
quantity measured in this case is the difference in horizontal direction between a circum-
polar star and a mark instead of that between two triangulation signals. The fact
that the azimuth of the star is continually changing adds new features to the computa-
tion, 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 reading of the striding level a
necessity and decreases 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 triangulation.

It is important that the level adjustment of the instrument be carefully watched
throughout the observations. The inclinations should be kept small and preferably
should vary in sign so that they will tend to cancel out. When inclinations are large,
any -lack of uniformity in the graduations of the level vial will produce sizable errors
in the azimuth.

The adjustments required are identical with those which are necessary when the
instrument is to be used for the measurement of horizontal directions. The adjust-
ments, of the focus of the telescope to eliminate parallax between image and wires,
of the line of collimation for bringing the vertical lines of the reticule into vertical
planes, of the setting circle (if used), and of the striding level may be made as described
in connection with a transit on pages 31 to 33. The vertical axis of the instrument must
be made to point as nearly as is feasible to the zenith by bringing the striding level to
the proper reading in each of two positions at right angles to each other.

The microscopes with which the horizontal circle is read must be kept in adjust-
ment. Ordinarily it will be found necessary to adjust the eyepiece alone by pushing
it in or pulling it out until the most distinct vision is obtained of the micrometer lines
and of the circle graduation. If the micrometer lines are not apparently parallel to
the graduation upon which the pointing is to be made, they should be made so by rotat-
ing the micrometer box about the axis of figure of the microscope. If, to do this, it is
necessary to loosen the microscope in its supporting clamp, great caution is necessary
to insure that the distance of the objective from the graduated circle 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 nominal value. The value of the micrometer may
be adjusted by changing the distance of the objective from the graduation. The
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nearer the objective is to the graduation the smaller is the value of one turn. A change
in this distance also necessitates a change in the distance from the objective to the
micrometer lines, these lines and the graduation being necessarily at conjugate foei
of the 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.

SELECTION OF THE LAPLACE STATION AND THE AZIMUTH MARK

Inasmuch as the Coast and Geodetic Survey at the present time observes precise
azimuth only for use in triangulation and traverse, the observations are usually entrusted
te a triangulation party since the two triangulation stations to be used for observing
station and mark are often not intervisible from the ground and therefore the towers
in use by the triangulation party are needed for the azimuth observations. Further-
more, the instruments and equipment required for these observatigns are already part
of the standard equipment of the triangulation party.

As a first consideration, a triangulation station selected for a Laplace station should
be readily accessible, if possible by truck, because of the heavy instruments and the
numerous pieces of equipment that the astronomical party requires for longitude
observations. In the case where the stations of the main scheme are too inaccessible,
a supplemental point may be chosen. This point must then be connected to the main
scheme with first-order accuracy. This may be done by means of a single well-shaped
triangle whose angles are measured with first-order accuracy.

If the astronomical party is to observe azimuth as well as longitude, the triangula-
tion stations selected for Laplace station and azimuth mark should be, if possible,
intervisible from the ground, or, if not, the mark should be so chosen that a minimum
of tower construction is necessary.

When the triangulation party observes azimuth any convenient station of the
scheme may be chosen for the azimuth mark. If the observer intends to observe on
Polaris during the course of the observations of the horizontal angles, he must arrange
his program so that Polaris will be observed last in order that the time interval between
the direct and reverse pointings on it will be a minimum. It is advisable also that the
last station observed on before Polaris should be the one chosen for the mark, in order
to keep the instrumental changes between the pointings on the mark and Polaris as
small as possible.

DIRECTIONS FOR OBSERVING AZIMUTH

Point on the mark and read the micrometers; then point on Polaris, bringing the
star to within a half minute or so of arc of the vertical wires in the middle of the field;
clamp the horizontal motion; place the striding level in position on the standard, at
the same time calling “‘stand by’’ to the recorder; perfect the pointing, calling “tip”
sharply at the moment of bisection; read striding level, the west end always first.
Now reverse the striding level; read the micrometers in order and finally read the re-
versed striding level, again west end first.

Next loosen the horizontal clamp, turn the instrument 180 degrees, plunge the
telescope and point again upon Polaris, going through the same procedure as for the
first pointing. This routine permits the striding level bubble to come fully to rest
without delay to the observing. With an extra man to read one micrometer, 16 posi-
tions can be observed on Polaris and the mark in a little more than an hour,

The principal precautions to take in observing upon Polaris are to train the recorder
to note accurately the chronometer time corresponding to the call of “tip,” and then
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to give him sufficient time to make a record of it before he is confused by other readings.
The recorder should be trained to carry mentally a staccato count of the seconds of the
chronometer, as, “twenty’ half, twenty-one’ half, twenty-two’ half,”’ —the accented
word or syllable and the word ‘“half”’ synchronizing with the half-second beat. It is
then easy for him to note within a quarter of a second the time of the observer’s “tip.”

If a sidereal watch is used instead of a chronometer, its fifth-second beat can not
readily be followed, but with practice the mental staccato half-second count can be
regulated so that the count of the whole second can be made to coincide with the passage
of the second hand over each successive second division of the dial as registered by the
eye and the time of the ‘““tip”’ noted with reference to the count. This is more accurate
than noting the time by the eye alone.

To avoid errors due to the instrument being out of level, the azimuth mark should
be as nearly as possible in the horizon. If it is elevated or depressed more than 1 degree
out of the horizon, striding-level readings should be taken when observing upon the
mark in the same manner as when observing upon Polaris.

In northern latitudes, such as Alaska, particular care must be taken that the
instrument stand is stable and not disturbed by the movements of the observer about .
it. Because of the high altitude of Polaris the striding level used should be very sensi-
tive and care taken that the bubble has come to rest before the readings are made.
A 2-millimeter division on the vial should have a value of not to exceed 4 seconds of
arc for azimuth work in high latitudes. ’

The record book in which are recorded the observations upon Polaris should always
contain a record of the eccentricity of both the light and the theodolite. If there is no
eccentricity of either it should be so stated. Often there is uncertainty as to whether
the eccentricity recorded for the regular angle observations should be applied to the
azimuth observations also. This applies in particular on the occasions when the azi-
muth observations are made on a different night than the other horizontal directions.

As stated on page 84, the observations for a first-order azimuth should be made
on at least two nights and must consist of 24 acceptable observations, not less than 12
of them being on any one night. Usually a night’s azimuth program consists of one
or two sets of observations, each set for 16 positions of the circle.

TIME DETERMINATION

Generally, the timepiece used in the azimuth observations is a sidereal chronometer.
It is usually set approximately at local sidereal time, though this is not absolutely
necessary. 'The observed chronometer time must be corrected to obtain local sidereal
time. Two principal methods of obtaining the chronometer corrections and rate will
be discussed.

1. Time by Radio. The simpler and more accurate method of obtaining the chro-
nometer corrections and rate is by means of radio time signals. A radio-chronometer
comparison should be made just before the azimuth obscrvations begin and for every
two hours thereafter, including a comparison immediately after the conclusion of the
observations,

Any scientific time signals, such as the Navy time signals, NSS or NP@, or the
National Bureau of Standards’ signal, WWV, will be satisfactory. The latter is par-
ticularly convenient because it is transmitted continuously throughout the 24 hours of
the day. It is sufficient to obtain the chronometer times of several identifiable breaks
" by ear to the nearest quarter of a second. This method requires that the astronomical
longitude of the place of observation be accurately known.
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The chronometer correction should be computed on Form 605. The astronomical
longitude should be used. A sample computation is given on page 114.

2. Time by Zenith Distances of Stars Near the Prime Vertical. This method is
recommended when the party observing azimuth does not have the use of a radio.

The method consists in the observation of the zenith distances of an east and a
west star, each of which is within 30° of the prime vertical and not less than 15° above
the visible horizon. Four observations should be made on each star. The above
combination of stars is commonly known as a time set.

For the reduction of observed chronometer time to local sidereal time in the
azimuth observations, two time sets must be observed, one immediately preceding
the azimuth observations and the other immediately following them. For each set
the difference between chronometer time and local sidereal time is then computed.
By means of the rate of change of this difference from the first set to the second, it will
be a simple matter to compute the local sidereal time of each azimuth observation.

The observations may be made with any instrument having a good vertical circle
and a fairly sensitive level.

Since the observed zenith distances must be corrected for refraction, it is essential
that barometer and temperature readings be taken for each time set.

. DIRECTIONS FOR OBSERVING ZENITH DISTANCES

The method of observing depends upon whether the level vial is attached to the
vernier or to the frame of the graduated circle. With either method the star is brought
near the intersection of the middle vertical and horizontal wires, the horizontal wire
brought just ahead of the star in the direction in which the star is moving and the star
allowed to make contact, thus eliminating the error due to the thrust upon the instru-
ment when the horizontal wire is moved into contact with the star:

Level Vial Attached to Vernier. With circle right bring the star near the intersection
of the middle wires, as described above; call ““tip” to the recorder for the noting of the
chronometer time to one-half second as the star makes contact with the horizontal
wire; bring the bubble to the center of the tube with the vernier screw, watching it
three or four seconds to see that it remains centered; read the verniers; loosen the
vernier clamp; plunge the telescope and with circle left bring the star into approximate
position with the vernier screw, calling “tip”’ to the recorder as the star makes contact;
bring the bubble to the center and read the verniers. This constitutes one measure of
zenith distance. The next measure should be made beginning circle left and ending
with circle right.

Level Vial Attached to Frame or to Graduated Circle. With circle right read the
verniers; bring the star near the horizontal wire with the tangent screw, which operation
does not change the vernier readings; call “tip”’ to the recorder as the star makes con-
tact; then read the level, objective end first. Loosen the vernier clamp; reverse instru-
ment; plunge the telescope; and with circle left bring the star into position with the
vernier slow-motion screw; call the contact; read the level and then the verniers.

If one end of the bubble falls beyond the graduations after reversal, it can be
brought back by moving one or more of the foot screws of the instrument before point-
ing upon the star. During a single measure of the zenith distance, the relation between
the line tangent to the axis of the bubble and the line passing through both the zero
and the 180° mark on the graduated circle must not be changed in the period between
two star contacts.
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If a repeating circle is being used, the reading of the circle should be changed by
at least a degree between each two measures; otherwise, an error in a single reading
would cause the rejection of two measures of the zenith distance. See U. S. Coast and
Geodetic Survey Special Publication No. 120, Manual of First-Order Triangulation,
page 152. ,

As far as possible, only the brighter stars which can be easily identified should be
chosen, whose apparent places appear in the American Ephemeris and Nautical Almanac
or the Apparent Places of Fundamental Stars.

In every instance for the purpose of checking the identification of the star, the
approximate azimuth of the star from Polaris should be observed and recorded along
with the time of such observation.

It is recommended that the observer compute in the field the results of at least
one observation on each star.

Errors in Time Observations

Some of the more common sources of error in time observations with the vertical
circle are mentioned below, with the remedy for each indicated:

1. Incorrect noting of time. An inexperienced recorder should be trained in the
way explained in the paragraphs relating to the observations on Polaris. Do not
confuse him by calling out the readings of the verniers or levels before he has finished
recording the time.

2. Incorrect circle readings. The difficulty of securing an adequate illumination
of the verniers by flashlight increases the chances of incorrect readings. Check care-
fully the minutes of each vernier reading, for the mistakes are more apt to occur in the
minutes than in either the degrees or seconds. "

3. Wrong star. The approximate azimuth from Polaris and the time of its measure-
ment will serve to correct the identification of the star.

4. Refraction errors. 'The zenith distances must be corrected for refraction by
means of Tables V-VII, pages 173 to 175, in accordance with the barometric pressure
and temperature at the time of observation.

The differential effect of using one temperature and barometer reading for the
whole time set’ instead of separate temperature and barometer readings for each
observation will be lessened by having the zenith distances of the east and west stars
as nearly equal as possible. Usually, however, the error from this source is negligible
if no star is used whose altitude is less than 15°,

5. Poor selection of stars. More serious errors will be introduced by selecting stars
too far from the prime vertical. For instance, at 30° from the prime vertical the effect
of an error in zenith distance on time is 15 percent more than it would be exactly in
the prime vertical; at 20° from the prime vertical the effect on time is 6 percent more
than exactly in the prime vertical. In the early evening there is always the tempta-
tion to use the first stars visible in order to begin the night’s work. A delay of a quarter
of an hour is usually not serious and will often result in securing time stars that will
give a much more accurate chronometer correction.

6. Parallax. The effect of parallax is almost invariably opposite in sign for east
and west stars. Hence, to eliminate this effect, an east star and a west star should
always be observed, as the mean of the computed times for the two stars will then be
measurably free from the effect of parallax, unless there is a great difference in their
zenith distances.

All of the foregoing observation data are entered in the field book for Double
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Zenith Distances, Form 252. A sample for station Doyle in Ohio is given on page 97.
The mean of the two chronometer readings corresponding to one observation, namely,
for circle left and for circle right, is computed. Then the zenith distance is computed
by subtracting vertical circle reading for circle right, from the vertical circle reading
for circle left, and dividing the difference by two. This procedure of computation is
based on the assumption that the circle is graduated continuously from 0° to 360°;
the circle reading 0° for the telescope pointing to the zenith and reading 90° for the
telescope pointing to the horizon, when the vertical circle is on the left.

These mean chronometer readings and the corresponding zenith distance observa-
tions for the observations on the stars are then entered on Form 381a and computed
as explained in the following section.

Computation of Time From Observations on a Star With Vertical Circle

This computation is made on Form 381a. Specimens of the record and the com-
putation will be found on pages 100 and 101. The formula, used is:
' sin 5 [z+(¢ 8)] sin 5 [z-—(¢——5)]
gin? § 1= )
2 co8 ¢ cos §

where t is the hour angle of the star, z is the zenith distance of the star corrected for
refraction, ¢ is the astronomical latitude of the station and é is the declination of the
star. If the star is a west star, sin %t will be positive, and %t will be in the first quad-
rant. If the star is an east star, sin %t will be negative and %t will be in the fourth
quadrant.

Knowing the mean barometric pressure and temperature for each star, the refrac-
tion is computed from Tables V, V1, and VII, in the manner explained below.

To obtain the refraction from Tables V, VI, and VII, first enter Table VII with the
temperature reading as argument to obtain Cp. Then enter Table VI with the barom-
eter reading as argument to obtain Cp. Take the product of Cr by Cs.

Next using the zenith distance, z, as argument enter Table V for r, (the mean
refraction for 29.9 inches pressure and temperature 10° C.).

The refraction for the temperature and barometer readings at the time of obser-
vation will now be the product:

Cg times Cr times r,,. , (10)

After the hour angle has been found from formula (9) the local sidereal time is
found by the formula:

LST =att (11)

where « is the right ascension of the star.

Note: When the star is east and the hour angle, as defined on page 100, is in the third
or fourth quadrant, it is often convenient to use, instead, the explement of the hour
angle as a negative small angle. For instance, in the sample computation on page 100,
for the first observation on « Arietis, ¥t=—(24°51’57"7) would be used in place of
Yt—(335°08"02"3). The sidereal time would then be (2°04™00:7)4[— (3"18™557)]+
24" =22"45™05°0, as in the sample computation.

The chronometer correction will now be local sidereal time minus chronometer time.

If it is desired to keep the chronometer correction always positive, 24 hours should
be added to the local sidereal time before making the subtraction when the sidereal
time is less than the chronometer time.

T48977°—48—8
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u.l.commnclglmcw
Rev. Jan. 1948 » .
COMPUTATION OF TIME, OBSERVATIONS ON A STAR WITH VERTICAL CIRCLE

Srare ____0.!7_[9__,_,_....... SraTiON D oﬁ/& BAROMETER READ. 28.7 G 0.959
Dare . D¢€. 3,193 Curonorzrer ..../}Q’.-..g.ég ....... TEMPERATURE ' 35C C, 1023
INSTRUMENT Y A LxveL vALUE C.XC; ... 0781

4 ’
APPROX. ANGLE BETWEEN STAR AND POLARIS ..2.62...._0.??:-»-

Curer or party... AL Ra .

herm
CHHO. TIME OF ANGLE READING /8 ..Eié....,..................

CHRONOMETER

4 L.Tucker CHRO.~WATCH COMPARISON
 WATCH (e MER. TIME)
Sran f‘v‘:&}, & Arietis Srum}; a(/lrie/:i.s
| Chron, Beadine,  zewnDs | /8" 56~ 582 | 45 00 200! /9" o/ 270 | w4 s0 288
Refraction + 5‘:.8 + 554
= 45 01 17 44 (1 24
log coa & e | 98779372 | 40 58 34
log cosd i 19963 3858 23 11 53
| tog con ét\og con amiog D, a=s_| 98413230 | 17 46 Y1 | 28413230 17 46 41
| Jog sin i lr+ (ool s tr+ (o1 9.7/6 8423 3/ 23 59 197116378 | 30 59 025
| Jogain 3 1r— (-8l 3 lt—(o—8)_| 9.372 0087 /3 37 18 |9.3587956 /13 12 215
| Sum two log sincs=log N 908885/0 9 0704334
log N—log De=log sint 4 ¢ 9.2475280 9229 /104
r.ludn_t.t___.__u_(gu)_ﬁ.bf37&.‘7‘0 . 335 08 023 9.(0/,#55&.52 '.‘ 335 4] 235
| 4 (time) tare) | 20 4] 04313/0 (6 0%6] 20 45 311131). .22 470]
|_Right ascension of star _ 2 0% 007 2 04 00.7
| Bidereal time . {22 Y5 050 22 4% 3.8
Ch ter raadi 8__5¢6 582 /9 o1 27¢
| Cheonometer sorrsetion *3 48 063 +3 48 043

16—GTHO~E V. 5. GOVERNNLAT PRINTING OPPICR

‘The correction is plus if the chronometer is slow, and minua if fast.
Carry all angles to seconds oply, all times to tenths of seconds, and all logarithms to seven decimal places.
In space below, pute rate of ch ete.

Figure 40.—Computation of time, observations on a star with vertical circle.

East star,

The mean chronometer time and the mean chronometer correction of each set
are obtained by first taking the means for each star and then the means of these
respective means. The rate of the chronometer then will be the difference in the mean
corrections for the two sets divided by the difference in the mean chronometer times
for the sets, or expressed symbolically, the rate of the chronometer per hour with
respect to sidereal time will be:

__01_00
R“T;— To

where T, and T, are the mean chronometer times expressed in hours for the first and
last sets, respectively, and C, and C, are the mean chronometer corrections at 7', and
T, respectively.
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If C,—C, is expressed in seconds of time, R is the rate in seconds per hour. If R
is positive, the chronometer is losing. If negative, the chronometer is gaining.

In the sample computation, page 100, the east star of the first set is « Arietis. The
first observed zenith distance is 45°00'20%0. The barometer reading is 28.7 inchesand

DEPARTMENT OF COMMERCE
U. 5. COAST AND GEODETIC SURVEY
Form 3881 &
Rev, Jan. 1M6

COMPUTATION OF TIME, OBSERVATIONS ON A STAR WITH VERTICAL CIRCLE

StaTE 0/7’0 ____________ SraTioN Dofj/e ................. BaroMeTER READ. . 29.8 . C 0963....
o
Darg DecB,_/‘?‘/.B_ CHRONOMETER /\/o.g.35 ...... TEMPERATURE _..._. aSC ..... C /027._.
InsTruMENT ... 308 . LEVEL VALUE ..ot CaXCe ool 098? .......................
o ’
X APPROX. ANGI.E BETWEEN STAR AND POLARIS ?02'5
c ¢ PARTY ..... A.P.Ratl;
FIER oF PARTY CHRo. TIME OF ANGLYE READING /9/'/7'"._ .
CHRONOMETER oo coveenrecmaneseans
OBSERVER . RL Tucker CHRO.~WATCH COMPARISON
Waten (. coeeveveeeeeoo.. MER. TIME)
S-un{m}; ﬁ Cyjn‘ ; Sr/«n{m}; /)’ Cygné
h, ", X ° ' ' h. m, 8 ° ‘ '
Chron. Reading, Zenith Dist. /9 /5 /0:‘0 ‘?‘5 26 288 19 /8 458 qw_m
Refraction + \587 598
Corrected Zo 1. =¢ ! L/S 27 27 17‘6 07 57
og-00e s .. 98779372 | 40 58 34

2199465609 27 S0 39
9824 4981 13 07 5519824498 | /3 07 55

log ¢og § o

log cos ¢+log cos s=log D, p—3

log sin § [t+(s=-8), § £+ (6~ 96895771 29 (7 4 96941055 |29 37 5@_1
log sin § [t~ (s—8), 15— to—8)] | T.744 6180 J6 09 Y6 94533489 |16 30 0f

Sum two log sines=log N 9134195/ QI4TYS Y4

log N—log D=log sin’ 4 t 9.3096970 93229543

log sin 4 1 1 t (arc) 96{‘/8’-’["85 " 26 5] 097 9.6%/‘*282' 27 17 593
+ (time) vy | 3 34 493| 53 42 /94| 3 38 239| S4 35 58.6]
Right ion of star /9 28 257 19 28 257

| Sideeal tima 23 03 |50 23 06494

cn rer readi 19 15 100 19 /8 4538

(-Chropometer correction t3 48 050 +t3 48 038

18—U7340~1  U. 5. GOVERMMLNT PRINTING OFFICE

The correction is plus if the chronometer is slow, and minus if fast.
Carry all angles to seconds only, all times to tenths of seconds, and all logarithms to seven decimal places.
In space below, pute rate of chr T, ete,

Ficure 41.—Computation of time, observations on a star with vertical circle. West star,

temperature is 3°5 Centigrade. From Table VII, page 175, we find Cr=1.023 and from
Table VI, page 174, we obtain C5=0.959. The product of Cy by Or=0.981. The
altitude is 90°— (45°00720"0) =44°59’4070. Consulting Table V, page 174, r,, is found
to be 5779. Hence the refraction correction is (0.981) (5779)=56"8.
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Summary of Time Computation

Doyle, Ohio

Star Mean chronomeler time Mean chronometer correction
First Set

East (dobs.). oo .. 19* 03717 +3* 48™ 0590

West (40bs.)_ ___ . .- 19  20.74 43 48 04.28

Mean, 1stset. .. __________________ 19 11.96 +3 48 05.09
Second Set

East 4dobs.) ... 22 02.61 43 48 04.38

West (30bs.) .o ___. 22 23.12 +3 48 03.40

Mean, 2nd set - - . _____________ 22 12.86 +3 48 03.89

Difference. . - . _______ 3  00.90 —1.20

Rate = —0f3980 per hour or —0?00663 per minute

COMPUTATION OF AZIMUTH, DIRECTION METHOD

For the purpose of explaining the computation of an azimuth observed by the
direction method, the.azimuth from Doyle to Barberton was chosen. The observations
were made on two nights, Dec. 3, 4, 1943, sixteen observations being made on each
night. The correction for rate from the observations with the theodolite has already
been explained. (See p. 100.)

There follow samples of the record of the observations on Polaris and the mark
on Form 251a; computation of the azimuth on Form 380; and the summary of azimuth

computations.
Explanatien of Computation

The first step in the computation for azimuth is to abstract on Form 380, the neces-
sary data from the horizontal angle record book Form 251a. Then, with the chrono-
meter correction and rate computed on Form 381a, correct the chronometer time for
each observation on Polaris to obtain the local sidereal time of the observation. Next,
compute the Greenwich civil time of the mean epoch of the observations expressed in
a fraction of a day, as follows.

Usually, it is sufficient to take the mean of the local sidereal times of the first and
last observations of the night’s observations, provided the period is not greater than 4
hours. To this mean, add the longitude of the station if west, subtract if east of
Greenwich. The result is now the Greenwich sidereal time of the approximate mean
epoch of the observations. Subtract from this the Greenwich sidereal time of the
nearest, preceding 0” civil time and express this difference as a fractional part of a civil
day, taking into account that there arc 24.066 sidereal hours or 1444 sidereal minutes
in a civil day. In the example this computation is as follows: '

Mean epoch of observations (1. S. T.)____________.____ 0* 00™ 397

Astro. Longitude (W) __>________ ... +5 26 45.9
G.S.T.of meanepoch_________________________..___ 5 27 25.6

0b Dec. 4, 1943, G. S. T oo 4 47 444 -
Difference. _ . oo 0 39 41.2=39+687

39m687+1444=0.027 day after 0 Dec. 4.
Hence, the mean Greenwich civil time of the mean epoch of the observations is Dec.
4.027, 1943.
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DEPARTMENT OF COMMERCE
COAST

AND GEOOXTIC SURVEY
COMPUTATION OF AZIMUTH, DIRECTION METHOD

Form 380

Ed. Jan. 1943 D
State: Ohio STATION: oy le EocE InsTR.: Mo
MARK: Bagrberton INSTRLNO-: 368 _ NTRIC :
CHRONOMETER No.: 235 - .507 OBSERVER: R.L Tucker

Ast. POSITION OF STATION, $: __ 40° 58’ 33408 >:  8/° 4/ 29738 - GREENWICH CIVIL DAY: 4.63

Date, 1943 , position > , _J 2 ., 3 L, 4

Chronometer reading, | (9 40 /3.5| 19 45 582| [9 50 /70| /5 54 /32
- correction, [+ 3 48 049 |+ 3 48 0491+ 3 48 0481t3 48 048
Sidereal time, 23 28 /84|23 34 03/| 23 38 2.8|23 y2 /80

« of Polaris, 46 06
+ of Polaris (time), 21 42 j68 | 2l 48 015121 52 202|221 S6 [64

t of Polaris (arc),

3 of Polaris, 89° 00’ 0/.”77

log cot 3, 8.24171- ) 1 8./8051

log tan g, 9.93880 J

log co8 t, 991636 9.92362 9.92882 9.93338
log a (to 5 places), 8.09687 8./04/3 8./0933 8.1/1389

log cot 3, 8.241708) -+—8.303770

log sec ¢, 0,122.062 ) )

log sin t, q.752355 n | 9736036 n | 92.723(87n | 97109761
log & = colog(l-a) | 0.005462 0,005555 0.005622 0.005082

log(—tanA)(tobplaces),| 8, /2/ 587 h | 80536l n_| 8092579 n_| 8.080428 n
A=t aricnimwit [+ 0° 45’ 28°9 | 0" 43" 488| 0" 42’ 326| 0" 41 222

Wiewoin i bwaddt, |2 530 . |) 3¢S 11 300 1/ 395 .
Curvature correction, - 0./ 0,0 0.0 0.0
| Altitude of Polaris=h, |4/ 48 i N Y/ 50

Stan he . | L'ysy

Inclination, +2.8 t 4.4 + 4.4 Y .t /S
Level correction, + 04/ + 064 + 064 067
Circle reads on Polaris, 308 Il 084 /39 /0 /78 330 /0 549 16 10 458
Corrected resding on Polaris, 308 41 127 /139 _jo 242 330 [/ 0.3| /6] /0 525
Circle reads on Mark, 0 00 408\ /91 Of 282 22 03254 2|3 0% 250
Difference, Mark —Polaris, 51 _H9 281 Sl _S51_040 5152 238 3/ 53 325
_Corrocad asinath of Pelari, from warth, _ 0 Y45 2388 0 43 488 0 42 326 04/ 222

_ 180 00 00.0 180 00 00.0 180 00 00.0 180 00 00.0
| Azimuth of 232 34 569) 232 34 528\ 232 34 Sp4| 232 34 S47
{Clockwise from south)

To the mean result from the above computation must be applied corrections for diurnal aberration, elevation of mark, and
eccentricity (if any) of station and mark. Carry times and angles to tenths of seconds only.

® Give volume and page of record for eccentricity, if any. t Minus, if west of north. e 0P
" N W, 5. SOVERNNENT PRINTING Ice 10—14000-3

Ficure 43.—Computation of azimuth. Direction method.

Although theoretically the longitude used in the above computation should be
the astronomical one, the use of the geodetic longitude in this computation will not

essentially change the result.
The next step is to obtain from the table in the American Ephemeris the right

ascension « and declination & of Polaris for the Greenwich civil time just computed,
being careful not to overlook the corrections for the short-period terms in the table.
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The right ascension is taken out accurate to one-tenth second to conform with the
practice for the local sidereal time. The declination, however, is taken out to hun-
dredths of a second.

In the designated places, the logarithms of the tangent and secant of the astro-
nomical latitude, ¢, and the logarithm of the cotangent of the declination & of Polaris
can now be entered on the form.

The right ascension a of Polaris is subtracted from the local sidereal time, the
result being ¢ the hour angle of Polaris in units of time. If there is available a 6- or 7-
place logarithm table of trigonometric functions with time as an argument, log cos ¢
and log sin ¢ can be taken directly from the table without first going through the tedious
process of converting time to arc. Such a table is that of Shortrede, which is standard
equipment in this Office. It is important that the trigonometric functions be used
with the proper signs.

The expression for @ will have the same sign as cos t. Colog (1-a) is taken from
Table XIII, page 183 ff., using log a as argument. There are two parts to this table, one
for positive a, the other for negative a.

Next, we obtain log tan (—A4). The sign of tan (—A) will depend on the sign of sin ¢.
If sin ¢ is positive, tan (—A4) will be positive; hence, the azimuth A will be negative, when
Polaris is west of the meridian. If sin ¢ is negative, tan (—A) will be negative; hence,
the azimuth A will be positive, when Polaris is east of the meridian.

The azimuth of Polaris from the north, that is, azimuth A, must now be corrected
for curvature. The sign of the curvature correction is always such that it diminishes
the size of the angle of Polaris from the north. The correction is found in Table XIV,
page 192. On page 91 there is a discussion of the curvature correction.

Ordinarily, the altitude of Polaris is not observed in the field, since for the purpose
of obtaining % tan h, the value of the altitude, , as taken from Table I in the American
Ephemeris to the nearest minute will be sufficiently accurate. The arguments are the
hour angle and declination of Polaris. It will usually suffice also to compute this factor
for one in every four observations and to interpolate between the computed factors.
To obtain the altitude of Polaris the quantity found in Table I is applied to the latitude
with its sign reversed. .

Later (p. 115) in connection with the micrometer method of determining azimuth
in high latitudes, it will be shown how the altitude can be obtained with greater accuracy.

Each circle reading on Polaris must be corrected for the inclination of the horizon-
tal axis. 'This correction is obtained by multiplying the inclination, expressed in divi-

sior_ls of the level vial, by % tan h seconds of arc.

If H the angle of elevation or depression of the mark from the station is greater
than 1°, level readings should be made when observing on the mark, and the correction in
. seconds to be applied to the circle reading on the mark is obtained by multiplying the incli-
nation expressed in divisions of the level vial by % tan H. The angle of elevation, H, is
positive; the angle of depression, H, is negative. This factor is constant for all the
observations.

The corrected circle reading on Polaris is now subtracted from the corrected circle
reading on the mark, the result being the direetion of the mark measured from Polaris.
To this direction, add algebraically the corrected azimuth of Polaris from the north.
The result is the azimuth of the mark from the north. To reduce the azimuth from the
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north to an azimuth from the south, add 180° if the former is less than 180° and sub-
tract 180°if it is greater than 180°.

On the summary sheet the mean of the 32 results (all observations being considered
of equal weight) is 232°34’55775.

There were no rejections, as the largest residual was —4%9, which is less than the
rejection limit of 5/ from the mean.

The probable error of the result is 40729, so that the azimuth conforms to the
criterion of first order accuracy.

The mean observed azimuth has now to be corrected for diurnal aberration,
eccentricity of instrument or light, if any, elevation of mark and variation of pole.

The correction for diurnal aberration is explained on page 92. The correction
for eccentricity when it occurs is computed on Form 382 as in triangulation. The
correction for variation of pole and the reasons for not applving it at present are dis-
cussed on page 136.

The correction for elevation of mark. When the mark is at a, considerable eleva-
tion, it is necessary to apply a correction to obtain the projection of the direction of the
mark on the surface of the spheroid of reference. This correction in seconds of arc is:

eth o,
+§délh 177 cos? ¢ sin 24 , (12)
where e is the eccentricity and a the semi-major axis of the spheroid of reference; ¢ is
the latitude of the station; % is the elevation of the mark and A the mean observed
azimuth of the mark.

Summary of Azimuth Computation

Date: Dec. 3, 4, 1943

Observer: R. L. Tucker

Inst.: Theod. No. 368
Doyle to Barberton, Ohio

Position Azimuth v v?2 Position Azimuth v v?
232°34/ 232°34/

Dec.3,1__________ 56"9 —1"1 1.21 Dec. 4, 1. _______ 5079 +4"9 24.01
2 52.8 +3.0 9.00 2 ______ 57.7 —1.9 3.61
P, S 56.4 —0.6 0.36 b S 53.0 +2.8 7.84

4. . 54.7 1.1 1.21 4 _______ 51.3 +4.5 20.25

L J 59.5 3.7 13.69 L S 53.7 +2.1 4.41
6 ___ 56.0 —0.2 0.04 6. .. 58.1 —2.3 5.29
(O 55.5 +0.3 0.09 (R 54.4 4+1.4 1.96

- F 54.0 +1.8 3.24 8 e 55.1 4+0.7 0.49
9 __ 58.0 —2.2 4.84 9 54.1 +1.7 2.89
10 ... __ 55.9 —0.1 0. 01 100 _____._ 60.5 —4.7 22.09
) ) S, 58.7 —2.9 8.41 11 _____._ 56.8 —1.0 1.00
12 .. 55.1 +40.7 0.49 12 ___. 54.2 +1.6 2.56
18 . 57.4 —1.6 2.56 13...._ .. 51.2 44.6 21.16
14__________ 58.3 —2.5 6. 25 14_______. 54.8 1.0 1. 00
15, _____ 57.9 —2.1 4.41 15 . ____ 55.9 —0.1 0.01
16 .. 58.7 —2.9 8.41 16 ... 56.4 —0.6 0.36

Z¥*=183. 15
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Mean observed azimuth________________________________. 232°34’55%75 +0729
Corrections for:
Diurnal aberration . _ _ - e +0. 32
Elevation of mark (300 m.)__ _________ . __ . . ________ +0. 02
Eccentricities_ - - _ e 0. 00
Variation of pole: *____ __ __ ...
Final astronomical azimuth: _____________________________ 232°34’56709 +0"29

32 observations
No rejections
Probable error of a single observation= 41764,
For A in -meters and the dimensions in meters of the Clarke spheroid of 1866, the
formula (12) becomes

+0.000109 % cos? ¢ sin 24 (13)
or +[6.0392—101h cos? ¢ sin 24,

where the expression in brackets is a logarithm.

The sign of formula (13) shows that the correction will be positive when the
azimuth of the mark is in the first or third quadrants and negative when the azimuth
is in the second or fourth quadrants. In other words, the sign will be positive when the
mark is northeast or southwest of the station and negative when the mark is northwest
or southeast of the station. The correction may be obtained by use of the formula or
by means of the nomogram, Table XVIII, facing page 196.

The corrections to the mean observed azimuth at Doyle are indicated on the
summary sheet, page 106. The final astronomical azimuth is 232°34’56709 £ 0729.

Note: For the International Sphei‘oid of reference the formula with numerical coeflicient
is 4070001087 h cos? ¢ sin 24 or when the coeflicient is expressed as a logarithm
[6.03623—10] A cos® ¢ sin 2A. The elevation k is expressed in meters. .

The nomogram, Table XVIII, is based on the formula for the Clarke spheroid of
1866. By means of the nomogram the correction may be found quickly and with suffi-
cient accuracy. For futher explanation, see page 133.

MICROMETER METHOD

Azimuth Determinations in High Latitudes With the Bamberg Broken-Telescope
Transit

GENERAL STATEMENT

Precise azimuth determinations become increasingly more difficult with increasing
latitude, especially beyond latitude 50°. In Alaska, for instance, there are only
limited areas (in- Southeast Alaska and along the Aleutian Islands) where the standard
method of Polaris observations with a theodolite can be used at all satisfactorily.

The method which has been used in the past until recently for azimuth determina-
tions in Alaska is preferable to the standard theodolite method, but is not entirely
satisfactory. It involves the use of an astronomical transit, as does the method about
to be described, but does not lend itself to convenicnt repetition of observations or to
high accuracy. In this older method a pointing is made on a mark set north or south
of the station, in the collimation axis of the instrument, after each longitude deter-

18 No correction has been made for variation of pole. Seep. 136.
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mination at a station. The azimuth of this pointing is then derived by taking into
‘account the azimuth and collimation errors of the instrument as obtained from the
longitude computations. One azimuth observation is thus obtained for each longitude
determination or, under normal conditions, from three to five observations at each
station. .

In the method here described, the azimuth observations are entirely independent
of the longitude observations. They can be made quite rapidly and with any desired
_ number of repetitions. About 40 repetitions can be made in about three hours. The
method consists essentially of measuring with the eyepiece micrometer used in time
determinations, the small angle, never greater than about 25’, between the horizontal
direction of Polaris and that of a mark set nearly in the same azimuth (or 180° dif-
ferent). It is desirable to make the observations when Polaris is near elongation in
order that its movement in a horizontal direction will be slow and thal many observa-
tions may be made before Polaris moves beyond the safe range of the instrument, that
is, moves too close to the edge of the field of view.

With the exception that the angle measured is necessarily small, the method is
almost the same as the standard method using a theodolite. For high latitudes, how-
ever, the astronomical transit, particularly the ‘“broken-telescope’” type, has several
advantages over the theodolite. It has greater stability due to its size and weight.
It has a longer horizontal axis and a longer and more accurate level, a very important
consideration in bringing the direction of Polaris down to the horizon from an altitude
of 60° or more. The eyepiece is conveniently located for the observer and is always
in the same location whether the instrument is pointed on Polaris or on the mark.

One technical detail should be mentioned as a caution to anyone wishing to use
the method. The micrometer reading on Polaris must be multiplied by the secant of
the altitude to reduce it to the corresponding angle on the horizon. Only the collima-
tion axis projected moves along a great circle of the celestial sphere when the telescope
is turned on its horizontal axis. The pointing wire, if away from the collimation axis,
will move on a small circle parallel to the great circle described by the collimation axis
and a correction must therefore be applied. Also, if the mark is al an elevation different
from that of the instrument a similar correction may have to be applied to its microm-
eter reading. In practice the reduction is made to the difference of the micrometer
readings on Polaris or on the mark, as the case may be, rather than to each micrometer
reading separately.

The method has one requirement which is sometimes difficult to meet. A mark
must be set about 2° away from themeridian and at a distance of two Lo fivemiles from the
station, if possible. This mark may be either north or south of the station occupied
but must have nearly the same azimuth as Polaris at elongation (or 180° different).
It should be placed, if possible, where it can be made a station of the triangulation net
or, at least, where it can be accurately connected to the net, by a closed triangle, if
possible. Except in flat, wooded terrain, this requirement can be met without too much
difficulty by a little care in the selection of the Laplace station.

Two different orientations of the instrument are required at each station, one in
the meridian for the longitude and latitude observations and the other about 2° out
of the meridian for the azimuth observations. In orienting the transit for the azimuth
observations it is desirable to have it point from 5’ to 10’ to the westward or eastward
of Polaris at elongation, as the case may be, in order that the observations may extend
over a fairly long period and have the mean position of Polaris near the collimation
axis. The mark is placed near this desired azimuth of the collimation axis.
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SETTING THE AZIMUTH MARK

If the triangulation party precedes the astronomical party, the triangulation party
should preferably establish the mark, since it has better facilities for tying the mark
into the triangulation with the accuracy required. However, to establish the mark
properly it is necessary for the triangulation observer to know in advance the time of
year at which the astronomical observations are to be made in order to be able to select
a site appropriate for the particular elongation of Polaris that will occur at night.

With this knowledge, Table VII of the American Ephemeris and Nautical Almanac
will furnish the observer with the desired information concerning the particular elon-
gation of Polaris that can be observed. With declination obtained from Table VII
and knowing the latitude from the triangulation, the observer may then find in Table
V the azimuth of Polaris at elongation for that latitude.

In order to have the observations extend over a fairly long period, the azimuth of
the proposed mark (or its supplement if the mark is to the south of the station) should
be from 5’ to 8’ less than the azimuth of Polaris at elongation. By means of this
azimuth of the proposed mark and the geodetic azimuth of some convenient triangu-
lation station in the scheme, the angle between that station and the proposed mark can
be determined. Then when this angle is turned off from the above triangulation sta-
tion by means of an engineer’s transit or a small theodolite, the direction of the proposed
mark from the observing station is found.

The mark may now be set in the direction just found, either to the northward or
to the southward of the observing station. The mark may be set in the daytime by
signalling with flags for proper alignment.

If the astronomical party has to set the mark and if it has received the triangula-
tion data from the triangulation party, the manner of selecting the site of the mark is
" the same as just described above. If there are no triangulation data available, the
astronomical party will have to rely almost entirely upon the results of the astronomical
observations. The latitude could be obtained accurately enough by scaling from a good
map or by observations on two or three pairs of stars. Using Tables VII and V as
before and turning the proposed azimuth of the mark from north in the direction of
the elongation of Polaris, the alignment of the mark with the observing station is found
and the mark can be set up as described above.

It is assumed in the above that the Bamberg broken-telescope transit has been
plumbed over the observing station. (It is very important that the transit be accurately
centered over the station mark.) Since the Bamberg transit is not designed as an
azimuth instrument, it has no special means for plumbing it over the observing station
mark,

The plumbing may be done with a small engineer’s transit from two points about
100 feet away from the instrument, the lines from which make an approximate right
angle at the station. The telescope of the transit is pointed to the zenith during this
operation and a small rod at the base of the cubical part of the telescope tube is taken
to be identical with the collimation axis. The error in this assumption is undoubtedly
very small.

DETAILED INSTRUCTIONS FOR OBSERVING

Local sidereal time should be determined preferably by the reception of radio
time signals, but may be determined also by some method of star observations.

In what follows, by collimation axis is meant the line of collimation passing through
the object pointed on and extending in opposite directions from the station.



110 U. S. COAST AND GEODETIC SURVEY

In these instructions for the sake of simplicity it will be assumed that the azimuth
mark is northward of the observing station.

First read and record the temperature and barometric pressure. Then measure
the angle of elevation or depression of the mark at the station to the nearest minute of
arc. These three details need be recorded only twice during a night’s observations,
namely, near the beginning and the end of the work, but must not be omitted.

Plunge telescope to the mark. Record whether mark is north or south of station.
Record position of instrument, whether the eyepiece is east or west. Set micrometer
wire on mark by turning the hand wheels of the longitude micrometer; read and record,
both the index which shows the number of turns and the micrometer head which records
the fraction of a turn. Without changing the instrument in azimuth, raise the telescope
until it is in line with Polaris. Set micrometer wire on Polaris. At the instant the
pointing is perfected and the wire bisects Polaris exactly, call “Tip”. The recorder
should then note and record the chronometer time to the nearest half-second. Read
and record the hanging level.

Next reverse the telescope in the wyes, and again point on Polaris. Read and
record micrometer and level readings and record the position of the instrument. Point
on the mark and repeat the observations as before. This will complete one observation
of azimuth.

Ordinarily 32 such observations should be made for the determination of a Laplace
azimuth. A minimum of 25 observations with a probable error of 0730 will be acceptable.

The observations may be made on a single night if terrain and weather conditions
are such as to indicate that horizontal refraction effects are apt to be negligible. Other-
wise, they should be made on two different nights with not less than 8 observations on
either night.

The angle at the azimuth station between the mark and a triangulation station,
preferably one of the main scheme, should be measured with a theodolite with first-
order accuracy. Great care should be used to guard against any possibility of blunders
in this measurement.

If it can be done without too much difficulty, the mark used for the azimuth
observations (or a station a few feet away) should be observed with first-order accuracy
from one or more additional triangulation stations, besides the azimuth station itself.
This will make it possible to use the Laplace azimuth directly in the adjustment of the
triangulation and thus avoid the loss of accuracy, likely to be involved in turning
through an angle between the mark and a triangulation station. The triangulation
party should, if possible, arrange for this connection.

Earlier in these instructions it was stated that the value of one turn of the microm-
eter must be known or determined. It is desirable to have it determined immediately
before or after the azimuth observations at each station. It can be done very simply
by connecting the instrument to the chronograph and following equatorial stars with
the micrometer. For this determination, of course, the instrument should not be
reversed in the middle of the observations, as for time work, but instead the star should
be followed continuously across the central part of the field, including about 8 or 10
turns of the micrometer. Observations on at least 4 different fast-moving stars should
be sufficient. The stars must be identified, of course, for use in the computations.
See page 20 ff.

If there is much change in temperature during the azimuth observations, it will
be desirable to determine the micrometer value at two different temperatures in order
that the effect of temperature on the micrometer value may be eliminated. This
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need not be done at every station. The focusing of the transit must not be changed
between the determination of the micrometer value and the azimuth observations,
since this will affect the micrometer value.

In the azimuth observations considerable care must be used to guard against
variable personal equation between the pointings on the star and on the mark. Since
Polaris is at a high elevation, the movable wire during the pointing on it will appear
to be inclined to the vertical at an angle equal to the latitude. For the pointing on
the mark the wire will appear nearly vertical. Personal equation is apt to differ con-
siderably for these two conditions. The observer should try to keep it as constant as
possible by turning his head sidewise for the pointing on the star, if he can do so without
assuming a position so awkward as to introduce other errors of pointing.

The Bamberg transits are equipped with two sets of pointing wires, one consisting
of a single wire and the other of two closely spaced parallel wires. The observer may
use either the single or double wires, as he prefers. However, he should not use one
for the star and the other for the mark, as the distance between the two sets of wires
is not well enough determined.

Since the small angle between the collimation axis and Polaris, measured by the
pointings on Polaris in the two positions of the instrument, is in a line that is at an
angle with the plane of the horizon, the measured angle has to be multiplied by sec 4,
in order to bring it into the plane of the horizon. Similarly, if the mark is elevated or
depressed 1° or more with respect to the horizontal plane, the measured angle between
the mark and collimation axis, resulting from the pointings on the mark in both posi-
tions of the instrument, must be divided by the cosine of the angle of elevation or
depression, so that the measurement will be brought into the plane of the horizon.

The difference between the above measurements in the horizontal plane combined
with the azimuth of Polaris from the north, computed in the usual way on Form 3804,
will give the azimuth of the mark.

Let My and My be the readings of the longitude micrometer with ocular East and
West, respectively, when pointing on the mark. Now, since the mark is stationary,
the mean of the above readings on the mark is the micrometer reading of the collimation
axis, That is, if S represents the micrometer reading on the collimation axis, then

ME+MW_

S= 5

(14)

Then Mz—S represents the angle between the collimation axis and the mark in
turns of the micrometer for ocular East and S—AMy for ocular West. Then the mean
angle in turns of the micrometer between the mark and collimation axis is

(Ma—8)+(S—Mw)_Mz—My
2 2

(15)
If this difference is positive, then the mark is east of the collimation axis and if

negative, the mark is west.
The correction for the inclination of the axis is

¢ tan Hl(w-+e)— @/ +¢)l=5 tan Hlow—w/)— (') (16)

where d is the value of one division of the level in seconds, H is the altitude of the
mark, w and e are the west and east readings of the bubble of the hanging level in the
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position in which the numbering increases from east to west, and the primed letters
refer to the corresponding readings when the position is reversed.

Hence the total angle in the horizontal plane between the collimation axis and
the mark is

%(M,—MW) sec H—I—% tan H[(w—w’)— (¢’—e)]. an

If the mark is to the northward of the station, this angle, when positive, will
represent the direction of the mark measured in a clockwise direction from the north
with respect to the collimation axis. If negative,.the explement of this angle will
represent the direction of the mark. '

If the mark, however, is to the southward of the station, the above angle will
represent the direction of the mark from the south with respect to the collimation axis.
Therefore the direction of the mark in a clockwise direction from the north with respect
to the collimation axis will be the supplement of the angle expressed by (17).

The direction will then be expressed by

1so°—{§ (Mz—Mp) sec H+% tan H[(w—w')—(e'—e)]]- (18)

Formula (18) may be rewritten
180°+{§ (My— M) sec H+ tan H[(w'+¢/)— (w+e)]}- (19)

The expression in brackets is the direction from the north with respect to the colli-
mation axis, of the line of sight on the mark extended backward through the station.
Hence to obtain the direction of the mark from the north with respect to the collimation
axis 180° must be added, just as is indicated in formula (19).

If M represents the difference of the micrometer readings in (17) and (19); and
Or=w-+e, Ow=w’'-+¢’, while 1 represents the level difference, then it follows that:

Mg— My OE—OW].

North . ]
Moy— M)’ and ¢ equals 0w— 05

When the mark is {Sou th

p |

The above procedure is followed on Form 380 B. See the specimen computation on

this form, page 116. '
If Pz and Py are the micrometer readings on Polaris with ocular East and ocular

West, respectively, & is the altitude of Polaris, and w, w’, ¢ and ¢’ have the same meaning

_ as before, then

;—2 (Pg—Pyw) sec h+g tan h [(w—w')— (¢’ —eé)] (20)

if positive, or, if negative, its explement will represent the direction of Polaris measured
in & clockwise direction from the north with respect to the collimation axis.
A sample azimuth computation is shown on pages 116 and 117.

COMPUTATION OF AZIMUTH, MICROMETER METHOD, FIELD AND OFFICE

The computation of the directions of the mark and Polaris from the northward
extension of the collimation axis are made on Form 380B as shown on page 116. The
computation of the azimuth of Polaris from the north and of the azimuth of the mark
from the north and south are made on Form 380A, as shown on page 117.
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As stated previously on page 108, the directions measured by the longitude microm-
eter must be reduced to directions in the plane of the horizon; in the case of Polaris,
by multiplying by the secant of its apparent altitude, #; and in the case of the mark,
by multiplying by the secant of the angle of elevation or depression of the mark with
respect to the station, this angle being designated H. Since H remains constant and
is comparatively small, it need be determined only twice, the second determination
for the purpose of checking the first.

On the other hand, since the apparent altitude of Polaris is constantly varying
and since the effect of multiplying by its secant will have a very appreciable effect, it
is necessary to obtain it for each-observation to within a very few seconds of arc.

DEPARTMENT OF COMMERCE
COAST AND GEODETIC SURVEY

rm 608
{Rev. June 1046)

COMPARISON OF CHRONOMETER AND RADIO SIGNALS

Station; Ke daubi‘ /qSLLro Latitude: 60 ‘ 29 ' 02.’:57 Longitude: 452 ‘ 17 ' 5\3."61’
Chiet of party: _H.J. Seaborg Obeerver: /. J; Sea borg
kL“n 1944 Chronometer No.: 3479 m" A !ojudz :omme]_)
ocal date ﬂuq. 31 Se,ot / )
B ™. (3 [ m. [B . . T ke ., 8.
Standard time of signal, I35 Mer] 23 00 00 / 00 00
| Chronometer time of signal 20 32 075|222 32 275
| Transmittios station N P& AL
| Frequency of signal 9255 ke., 9255 kc.
G. C.T. of signal Date n.Sc'en.t‘ /l. k. sc;ﬁpf /a. k. m 8. I m [2
Time 8 00 000]/0 00 000
Sidereal time of 0 G. C. T. 22 40 074122 40 074
Cor., mean solar to sidereal time / / 89 / 386

A Transmission time

Correction to signal

G. 8. T. of signal 30 H/ 26,3 32 41 46.0
Longitude of station . /10 09 11.6]/10 09 116
Local sidereal time _ 20 32 /47122 32 34y
Chronometer time of aignal 20 32 075122 32 275
Chronomater correction + 72 +69
Rate per minute - 00,0025

Rate per hour - 015

Remarks:

Ficure 45.—Comparison of chronometer and radio signals,

The observation of the apparent altitude, k, of Polaris is not required, in the field,
gsince the true altitude, &', can always be computed directly from the declination, hour
angle and the azimuth, and when refraction is added, the result is the apparent altitude.
Although the argument in the refraction tables is the apparent altitude, the difference
between the true and apparent altitude is so small, except when the star is close to
the horizon, that sufficient accuracy is obtained by using the true altitude as argument.
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The method of obtaining the true altitude of Polaris by means of Tables I and TA
of the American Ephemeris with the hour angle as argument is not considered quite
accurate enough, principally because the quantities in these tables are given to whole
seconds only and because in addition, double interpolation is necessary.

The Office, therefore, has adopted the method which makes use of the following
formula: ’

cosdsint_  cosdsint @1
—sin 4 —tan A cos 4 )

cos b/ =

Formula (21) for the true altitude of Polaris will give all the accuracy required
and is simple to compute. The following methods of computing formula (21) in con-
nection with the computations on Form 380A have been found expeditious and to give
the necessary accuracy.

First, formula (21) should be expressed in logarithmic form, as follows:

log cos &’ =log cos §+log sin t—log (—tan A)—log cos A. (22)

It will be noted that log sin ¢ and log (—tan A) are parts of the computation on
Form 3804 ; that log cos 8 may be taken from the table at the same time as log cot 9;
and that log cos 4 may be taken from the table at the same time as the antilogarithm
of log (—tan A).

With a little practice it will be found simple to perform the subtraction, log sin ¢
—log (—tan A), mentally and write down the result directly on the line reserved for
the purpose on Form 380A.

Formula (22) gives the true altitude, h’, but, since the telescope is pointing at the
apparent altitude, A, it is necessary to convert from the true to the apparent altitude
by adding to the true altitude the refraction at the observed temperature and baro-
metric pressure. The computation of A’ and & is shown on Form 380A page 116.

The refraction is computed by means of Tables V, VI and VII, pages 174 and 175.
A sample computation of refraction follows, with the first observation at Eedoubt Astro,
being chosen for the purpose.

The barometer reading is 29.26 inches; the temperature is 46° F' and the true alti-
tude is 60° 43 4875.

For the barometer reading 29.26 inches, Table VI, page 174, gives

Cp=0.978. (23)
For the temperature 46° ¥, Table VII, page 175, gives
»=1.008. (24)
For the true altitude, 60° 438, Table V, page 174, gives
rm=0'32"6. (25)

The refraction is then

(Cs) (Cr) (rm)=(0.978) (1.008) (32”6)
=(0.986) (32"6) =32"1. (26)

Hence the apparent altitude is
h=60°43'48"5-+32"1=60°44"21"". ) @n

T48977° ~48—-9
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NC SJANTMENT OF COMMERCF
LOAST AND GLODETIC SURVEY
Form 3808

U. 8. COAST AND GEODETIC SURVEY

COMPUTATION OF AZIMUTH, MICROMETER METHOD

(Directions to Polarls and Mark)

Station: Reo[oul)t ﬂstro Btate: /4/03 ka. Chief of party: HJ. Scaéorg
Mark: M [% th Instrument: .Bamétrg No, 2] Observer: HIS eaéorg
Chronometer No.: 3479 Level value,d: __/ .”366 .
Date: ﬂug (93] t 31 , 1944  Value of half turn of micrometer, % R: 79. 0515
Position | / | 2 { 3 | 4
POLARIS
Micrometer dif., M - 0.388 -0.58] -0.826 -0.9¢/
Level difference, 1 -0.9 +2.0 - 11 +2,6
A 6o w4 21" | 60" 45’ 17" | 60° 46 35" | 60° 47 09"
tan h 1.71848 /.7859 1.7876 /. 7883
g tanh 0,610 0.6/0 0.6/0 0.611
| cos h 0.488 786 0.488549 0.788219 0.488075
v ~M | -30"4720 | -45.9289 — 052965 | -75.9085
RM = cos h -42"75 -9/ - /33.74 - /55.65
igtnh - 055 + 122 -~ 067 + 159
Direction in seconds - 6\3 30 - ‘72.79 - 1317‘4/ ‘/5L/,Oé

_Birection

359° 58 5670

359° 58 2721

359° 57 4559

359°57 2594

MARK (nor&b—south) (strike out one)

Micrometer dif., M* -0.731 -0.686 -0.716 - 0.724
Level difference, {*

" 0’ 215

tan H 0.0063

T L0022

cos H 0.999980

1~y +57.79 + 5423 +56.60 + 57.23
14 RM + cos H +57.79 +54.23 +56.60 +57.23
i—'}-tan H :

Direction in seconds +57.79 +54.23 L +56.60 +57.23

Directiont

180° 00' 57.79

/80° 00" 5423

180° 00" 56 60

/80° 00" 57723

REMARES: Skt Ql:ﬁrcgit “5 ! ! f: iUfé é 7_ of:

Boram ¥ 240 = 29°2¢

Recorder: J.D.Harrow

Dovble crosshair.

¢ When Mark is {“‘""’} + M equals {"’"“M'} and { equals {01—01}

south

t When Mark is south, add 180°,
FicurE 46.—Computation of azimuth, micrometer method.

Mw—DMa,

Ow~0us

1927

U 5. GOVERNMENT PRINTING OFPICE

(Directions to Polaris and mark)
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DEPARTMENT OF COMMERCE
COAST AND GEODETIC SURVEY

COMPUTATION OF AZIMUTH, MICROMETER METHOD

state:  Alaska VoOL. AND PAGE OF | INSTR:

INSTR. NO.: Bamberq Ne.ol ECCENTRIC LIGHT:
CHIEF OF PARTY : bT%EE E"E " OBSERVERT [.J. Seabora
2 4,1:: G

o0° 29 0257 A+ j52° |7 53 REENWICH CIVIL DAY: 3‘ept 138

Form 380A

sramon: Redoubl Astro.

MARK: Muth
CHRONOMETER NO.: 3479
POSITION QF STATION, &

A4

A3
Date, 1944 , position,

/ 2 : 3 o
Chronometer reading, | 20% 46™ 78| 20" 49" 57°5| 20" 55" 02°8 | 20" 57" 2/%
“ correction, + 072 +07.2 +07.1 +07]/

Sidereal time, 20 46 250120 50 047120 55 099120 57 28/
« of Polaris, L A6 1260 | Yo 126! | %6 126 | He 126
t of Polaris (time), /9 00 2419 03 524119 08 5723|119 L] 55
t of Polaris (arc), 285" 03" 06.0|285 58 0/'5|287° 14 195 |287° 48 5275
§ of Polaris, 38° 59 ‘f7,”2/

log cot 8, 8.25‘3"/6 2

log tan ¢, 0.24708) | 849054 8 49054 8.49054

log cos t, 9 Hi446 943947 947181 948563
log a (to 5 places), 7.90500 | 79300/ 7.96235 | 797617

log cot 8, 3.243462)

log seC ¢, -0.307448] | 8.5509/0 8.5509/0 | 8.5509/0
log sin t, 9.984 839 n| 9982 913 n 9.980039n | 9.978660 n
colog (1—a), 0.003504 0,003 7/2 0,004 000 0.004 13
"log(—tenA)(to6places),| 8539253 n.| 8537535Nn | 85349495 | 853370/ n
A=simbatuinionwd, | /° 58" 568 | /° 58" 2811 1° 57 46’5\ /° 57 26.2
Difersen it buimosn D.1od R, | / "53.5 0590 )" 205 o 430
Curvature correction, -o. / O.’O -0./ 0,"0
| logsint—log (—tand),| /. 445586 | | 445378 | /445090 | /444959
log cos 3, & 243395 3243395 3.243395 8243395
colog cos A, 0,000 260 0000258 0,000255 0. 000253

log cos h’, 9.689 241 9689031 9.688 740 7.688607
True altitude, I, 60° 43" 49" | o0 44 44" | 60" 46" 02" | 40° 4o 37"
Refraction, -+ 32 + 32 + 32 + 32
Apparent altitude, h, b0 H4 2} L0 45 16 0 46 34 60 47 09
Direction of Polaris, |359° 58" 54'70 | 359° 58" 27.21|359° 57" 4559|359° 57 2594
Direction of Mark, /80 00 5779 |/80 00 54231/80 00 5660}/80 00 57.23
Difference, Mark — Polaris, /80 02 0/} /80 02 270 |/80 03 110 |/80 03 313
Correcod wsimath of Pelri, from norh, | 58 56.7 | 58 287 | 57 4HoM | 37 2,2

(Minus 1t weet of north) 180 00 00.0 | 180 00 000 | 180 00 00.0 | 180 00 000 |
amimuthot Myth | 2" 00 578 | 2" 0o’ a5 | 2° 00 s74| 2° 00" 575
lockwise from sout!

eccentricity (if any) of station and mark.

U. 5. GOVERNMENT PRINTING OFFICK  16—48850-1

To the mean result from the above computation must be applied corrections for diurnal aberration, elevation of mark, and

Ficeure 47.—Computation of azimuth, micrometer method.
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After the apparent altitudes of Polaris for all the observations have been computed,
the remainder of the computation for azimuth follows in the manner illustrated below
for the first observation on August 31, 1944 at Redoubt.

The instrumental constants for this night’s observaticn were

31R=179"0515
1d=0"3415 (28)

where R is the value of one turn of the longitude micrometer screw and d is the value
of one division of the level.

The longitude micrometer value is determined for each continuous set of azimuth
observations, but the level value need not in gencral be determined more often than
once a year.

For Polaris the data will now be:

h=60° 44’ 21"/ Pgz— Pyp=—0.388 of a micrometer turn

cos h=0.488786 1= (w—w')— (¢’ —e)=—0.9 of a level division. (29)
tan h=1.7848
Then
(30)
% tan h=07610,
Hence it follows that )
%R(PE—PW)SGC h=—62"75
31

% 1 tan h=—0"55.

The direction of Polaris from the north with respect to the collimation axis, will
therefore be
—62775—"55=—63730

or 359°5856"70. (32)
For the mark the data are:
Mg— Myp=—0.731 of a micrometer turn .

H=small enough to be ignored. (33)
‘Then

%R(ME—MW)= —57"79

or AR(My—Mg)=+57"79. (34)

Since the mark is to the south of the station, the direction of the mark from the
north with respect to the collimation axis is

180°4-57"79=180°00"57"79 by (19). (35)

The direction from Polaris to:the mark will then be (35)—(32). This and the
remainder of the computation are tabulated on the next page.
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Direction of mark _ - e 180°00/57"79
Direction of Polaris_ . _ e 359 58 56. 70
Direction from Polaris to Mark_ _ _ __ . 180 02 01.09
Azimuth of Polaris East of North_ _ __________ ... 1 58 56. 7
Azimuth of Mark East of North_ _ _ ___ .. 182 00 57.8

—180
Azimuth of Mark from South________ . __ 2°00/57"8 - (36)

Summary of Azimuth Computation—Muicrometer Method
Redoubt Astro to Muth, Alaska
Date: Aug. 31, 1944
Observer: H. J. Seaborg
Instrument: Bamberg No. 21

Azimuth Azimuth
Position 2° 00’ v V2 Position 2° 00/ v v?
) 57"8 +1"4 1.96 21_______.______ 60”8 —1"6 2.56
P 55.7 4+3.5 12.26 22 _____________ 59. 4 —0.2 0.04
S S 57.4 +1.8 3.24 23 _ ____________ (49.1) Reject _.__.
. S 57.5 +1.7 2.8 24_____________. 61.0 —1.8 3.24
S S 50.6 —0.4 0.16 25_.____.______._ 59.9 —0.7 0.49
. 62.3 —3.1 9.61 26______. __.____._ 60. 5 —1.3 1.69
(P 59.9 —0.7 0.49 27 __________.__ 58. 8 4+0.4 0.16
8 e 58.5 0.7 0.49 28 _____________. 59.4 —0.2 0.04
¢ 58.4 40.8 0.64 29_________._____ 59. 9 —0.7 0.49
10 oo 56.0 3.2 10.24 30_..____________ 57.5 +1.7 2.89
11 e 56.3 +2.9 8.41 31__.__ .. _____.___ 58.0 +1.2 1.44
12 - 58.8 +0.4 0.16 32_____.______.___ 58. 4 +0.8 0.64
183 oo 58.2 +1.0 1.00 33 _ . 62. 2 —3.0 9.00
) I 61.0 —1.8 3.24 34_____________. 57.5 +1.7 2.89
| T 58.4 +0.8 0.64 35 _____ . _______ 58. 6 4+0.6 0.36
16 e 59.4 —0.2 0.04 36.______.______ 59.3 —0.1 0.01
17 e 62.2 —3.0 9.00 37_________.__... 58.5 +0.7 0.49
18 e 61.6 —2.4 5.76 38_ . ___________. 61.3 —2.1 4.41
19 - 59.5 —0.3 0.09 39_._________.._ 59.3 —0.1 0.01
20 e 59.5 —0.3 0.09 40______________ 61.1 —1.9 3.61
Tv?*=104. 86
Mean observed azimuth__________________ .. 2°00/597224+0"18
Corrections for:

Diurnal aberration_ _ _ __ . +0.32

Elevation of mark (120 ft.). . _____ . __________ 0. 00

Eccentricities . . e 0. 00
Variation of pole ! .- -
Final astronomical azimuth_ _ . _____.__ 2°00’59"54-+0"18

39 observations
1 rejection
Probable error of a single observation= 1712

11 No correction has been made for variation of pole. See p. 136,
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REMINDERS

(1) Micrometer value should be determined from observations in the field at each
station as explained on page 20.

(2) Barometer and temperature readings should be made before and after each
set of observations.

(3) The position of the mark whether to the north or to the south of station should
be noted in the record.

(4) The date and the local time of the beginning of the observations should be
recorded. The 0-24-hour system of recording time should be used so that there will
be no confusion about date and time of day.



APPENDIX
LATEST PROCEDURE IN LONGITUDE DETERMINATION

The introduction of continuous time-signal service has made it possible to modify
to advantage the procedure for comparing the chronometer with the time signal.
Because this continuous time signal may not always be available and because of the
delay involved in recasting completely the pages dealing with this subject, they have
been left unchanged and the following explanation, applicable to continuous time signal,
has been incorporated in this appendix. The procedure here given, when applicable,
supersedes that explained on pages 36 to 59.

Since December, 1944, the U. S. Naval Observatory has furnished corrections for
the radio time signals transmitted by WV, the National Bureau of Standards station.
This has made available throughout the continental United States and usually in
Alaska a practically continuous time service of sufficient accuracy to be used by this
Bureau for its longitude determinations. With this time service, it is possible to obtain
radio-chronometer comparisons as frequently as desired, and this in turn makes it
possible to determine chronometer rates directly from the radio-chronometer compari-
sons. The rates so determined are unquestionably more reliable than those obtained,
as in the past, from the star sets themselves.

Radio-chronometer comparisons are now to be made immediately before and after
each set of six stars. This results in comparisons at intervals of 45 to 60 minutes.
It is sufficient to make all radio-chronometer comparisons at the normal speed for the
chronograph of one centimeter per second of time. Considerable time will be saved
by this method in that it will not be necessary to change the speed of the chronograph
between star observations and radio time signal recordings or to make extra identifica-
tions of minute breaks either for the radio or for the chronometer.

1t would be better yet to have even more frequent radio-chronometer comparisons.
This could be accomplished by making a radio-chronometer comparison between every
two consecutive stars which are far enough apart to allow a one- or two-minute radio-
chronometer comparison. If an extra man is available, he could switch the amplifier
to ‘“Radio” between star observations and then switch back to “Transit” again for
the star observation. This method would give excellent time control for all star
observations.

A set of six stars bracketed within two radio-chronometer comparisons shall
constitute a single longitude observation previously called a time set. Additional
radio-chronometer comparisons within the set shall be obtained when possible. The
composition of each set remains as stated in the General Instructions. (See p. 37.)
A longitude determination shall consist of at least six longitude obsérvations as defined
above, of which at least two shall be observed on a night separate from the others.

This revision in observational procedure is accompanied by a natural revision in
computational procedure. Other slight changes have been made as well.

Only about 20 radio breaks are scaled from the chronograph sheet for each com-
parison. By correcting for the difference between mean and sidereal time, the breaks
are reduced to the whole second nearest the mean epoch of the breaks. For this,

121
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Table XV, p. 193, is convenient. Previously when the Navy signals were being used,
the reduction was made to the final break which was sometimes two or three minutes
distant from the mean epoch of the breaks. The new procedure eliminates the effect
of the chronometer rate over such a period.

The chronometer corrections are computed on Form 605 for each comparison,
using an assumed longitude of the station. See page 124. Almost any longitude may
be assumed. However, for convenience of working with small numbers, it is desirable
to use the best longitude available, such as the geodetic longitude or the longitude
scaled from a map. The transmission time, the Naval Observatory correction to the
signal, and the change in nutation between midnight and the time of the signal should
all be included in this computation. The chronometer rates are determined from the
chronometer corrections for each of the intervals between successive radio-chronometer
comparisons and with these data, the chronometer correction At is computed for each
star. See page 125.

For field computation, two equations are to be formed from the six star observations
of the type:

3AN—a|+A]l+[a—t—At]=0 (1)
3AN—a[-A]+[a—t—At]=0 (2)

These equations are very similar to those discussed on pages 47 to 49 and they are
solved in the same manner as illustrated there. In these equations, AN represents the
correction to the assumed longitude. The value of A\ for each set is then applied to
the assumed longitude used on Form 605 p. 124, to obtain the individual observed
longitudes of the station. In the field computation of Form 605, the Naval Observatory
correction to the signal and the corrections for nutation and transmission time need
not be applied.

For office computation, an observation equation of the type:

AN—Aa+ (a+Aa—t—At)=vp 3)

is formed for each star, and a least-squares adjustment made for each set. The values,
for each set, of A\, the correction to the assumed longitude, and of a, the azimuth of the
collimation axis of the instrument, are then used to compute the residuals for each star

réemase STATIoN: famn Wasr Bass, lpane

= 45057'41" . sing= . 71887 cos p= 6514
_“
CAT. STAR MAG, « s | zb A c | B |k (_‘:

72 Hameures | 8.6 | /7 1838 | 3232 | S /325 w.275(1./9 ) 1/5|.02] .08
77 Herevrss | 5.8 | /17 2518 45 I8 No2zi F.oex|r.50|7-50|.02].00
B Draconts (30 | /7 2912 | 52 20 Nob2s F./82|7.641.63|.02|.07

Lt Hereuris | 33 | /7 37 56 | 4¢ 02 NO0oOS F.002|/. 44 |].44{.02].0e
M Hereours | 3.5 | /7 4420 | 27 45 | S35 [+.353|/.13|/.07].02] .08
& Hercours |38 |17 5539 | 2a 15 |S1ca2 330|105 1.10].02].08

* 1« connticrion |por mian wiorm ol cowracr sngs(- *o41] one -

Ficure 48,—S8tar factors and corrections for diurnal aberration and width of contact strip.
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Form 356
_— Station, FeNw WEST gase _ Observer, CR.Regp Recorder, w.g. gAMsAY
Date, 2.74ury, 1946 E. 8. time of sig., Freq. of sig., wWwv some
it
RADIO TIME SIGNALS
Sendingtime | Logalcbrotomete | Comection to no{lﬁcte‘r umeot | Senfogume  Loolchronomster | Corection to oot cbro
_Z_Z h .l -h fanl signal u i B h finl signal fioal signal
P.5.T MEAN Epock [ u- oeh oon- b oo .
-.ﬂ 1 m s ) m, & St . [ L
{9 30 S4 45 .23|+.077 1‘5.307
31 21{+.074 .284
32 .21 |+, 071 .28
33 A1+, 068 278
34 21+, 066 L276
35 220+ . 063 .283
36 2314 . 060 .29¢0
37 23|+ . 057 287
38 .24+ 0S5 .295
39 24|+ 052 .292
40 |54 55261+ 049 .309
49 |55 04.27|+.025 .295
50 28+ 022 302,
52 28]+ 016 296
53 27|+ . 014 284
55 27|+ . 008 L2718
56 28|+, 005 . 288
57 .29+ ,003 .293
19 58 | 55 13 .29+ 000 ,290
20 [o]] 30]— 005 295
ol 30[~ po08 292 -
i 02 31 |=_011 .299
03 3|~ .0/4 . 296
04 31— .0/6 294
05 30|~ .0/9 281
07 - .025 285
[} ] 32— .027 .293
09 .321— .030 .29¢0
10 33{- 033 2497
2 .33[— 036 ~ 294
2 |55 27.34|- 03¢ 302
49_156 0442~ 140 .280
EY) 43]- .42 .188
5t 43— /45 L2885
20 52 56 07.43|— . /48 LA82
ean_, 290*
weaN EPoc|- 22" /9™ 5855 PsT.
MEAN SCALER READING S « L2917
1 cormEcTion, MFAN YO 310.TinE (£igc)s—i. 0015
: .290%
ADOPTED MERN EPOCH s 2d" 197 58PS
1 _correspon nomerde Timg = 18 55™ 137290
i U I SR (SO (U NV -

Ficure 49.—Computation of the chronometer time of a radio time signal.

in the set. As before, if the residual for a star exceeds 0120, that star is to be rejected.
A sample adjustment is given on page 127.

The algebraic mean of the six or more AN’s is applied to the assumed longltude,
yielding the mean observed longitude of the station. The probable error of this mean
is obtained by treating each A as a single observation for longitude. The same weight
is assigned to each set regardless of its apparent internal probable error. If there are
only a very few sets, the probable error computed in this way is quite uncertain but it
is believed that this procedure is preferable to a system of weighting according to ap-
parent internal probable error because it takes account of possible night error and even
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of “set” error, a possible systematic difference between observations at different hours
of the night.

The following example for station Fenn West Base in Idaho illustrates the method.
Attention should be called to the seventh column (headed AM) in the adjustment of the
set of six star observations, see page 127. These quantities are the corrections to the
assumed longitude, one for each star observation. Then the residual, v, for any given
star will be equal to the adjusted value of AX for the given set, namely, - 07004 minus
the value of A\ for that star. The residuals can also be obtained directly from the
observation equation given at the top of this adjustment, without computing the
individual values of AX for each star. ‘

The AN’s in the “Summary of Results’ are the adjusted AN’s obtained from the
adjustments of the six sets of six stars each. The first one, 402004, is the value of the
A obtained from the set illustrated in this example.

e RS SOl
(Boe-Tone 1946
COMPARISON OF CHRONOMETER AND RADIO SIGNALS
Station: FENN WEST BASE Latitude: 4-5° 574" Longitude: /76877877 *
Chief of party: AR, GOSSETT Observer: FR.GOSSETT CR.REED
Year: /446 Chronometer No.: /77 ] jﬁ sideregl)
Strike out one)
=
Local date JuLy 2’7 JULV 27 JULY 27 JuLy 27
Standard time of signat, /20T Mer. 22 24 zs a’; 15 07 2’5 I:in 51 23 4om z7
Chronometer time of signal 17 04 194935118 00 13203 /8 55 13290 20 /5 55610
| Transmittiog station wwy wwy _wwv wWv
Freguency of signal Jome /0 me. /ome /10 m¢
Time 4— 9 2.3 5 25 071 6 19 S8 7 40 27
Sidereal time of 0." G. C.T. 20 20 /3331 20 20 /3-23[20 20 3.3/3/ 20 20 /3313
Cor., mean solar to sidereal time 44.253 53408 ol 0249 01 15640
e T— oo oo Loa Lo
Correction to signal i - ,0/3 - 013 - ,013 - .013
G. 8. T. of signal 24 50 20.5¢85| 25 46 13.720| 26 41 13.732] 28 o1 55453
Longitude of station (45$uME0) 7 45 11800 7 45 11.2000 7 45 11.8000 7 45 11.800
Local sidereal time 17 05 O%.765| /8 O/ 019200 18 56 01932 20 /b 44153
Chronometer time of signal 17 04 1993518 00 /3203 /8 S5 /3290 20 /5 554610
Chronomster correction + 4 8.830, +48.717 +4.8.042 +48.543
Rate per minute . ~.002022 =, 001364 -.00)227
Rate per hour
Remarks:

Ficure 50.—Comparison of chronometer and radio signals.
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APPENDIX

dya + .21
Ad g =~ .06

Station, Fenn WesT Base, Iparo

Observer, F.R.GosseTy

125

Date, Joury 27,1946 Recorder, W.4.Ramsay
Instrument B:Mel&a &21 , __Chronometer, *177 Temp., 64°F
Level value, /.353
Star: 72 Herculls 77 HereuLls A DRAcONIS Lt Hepcuris
Clamp.
Level:
w E w E w B w E
50.0 23.0 23.0 500 Jo.! 230 213 4 8.8
24.2 -1 50.2 23.1 2.2.1 44.2. S/ 2 2.8
+2 5.8 -28! +272 -26.9 + 280 -262 +29.9 - 25.0
- 2.3 + .3 + ;.8 + 449
= .05 + .007 + .04 + 10
B |15 1-50 7.63 /. 44
!7 he /7 m. 17 h. 24 m. /17 b. 28 m. /7 h. 37 m.
1™ 1™ 23" 2s5™ 27™ La 3™ 1™
8 [} Sums 8 3 Sums 8 8 Sums [ B Sums
563} 475 /103.8 | 276 | 346 2.0 /50 | 354 J0.4 177 | 613 79.0
57,5 |4¢2 /03,7 | 291 | 33| 2.2 | Je.b | 340 | 507 4.1 | 593 | 78.4
590 | 450 | /040 | 3085 | 370 2.1 | /83 324 | 50.7 |2/.1|3580 | 79.1
Lio | 424 ) 1040 13241299 2,3 | 19.8 305 ]| 50,3 |22.3 | 568 | 7.7
62,7 | 41.1 703.8 | 3391284 €23 | 2.5(288 | 50,3 |35 |552| 747
6391399 | /03.8 |35.5|2¢.6] 62,1 230|270 | 500 |25 |I3.8 | 759
(501388 | /033 |37.0|250] 62,0 | 253|254 |50.7 |28.2 |S0.8| 79,0
66.1 137.6 | fo3.71 [389 | 23.3| é2.2 | 270 |23.8 | J0.8 [29.7 |49.0 | 73.7
674363 | 7637 [40.4|21.9] 623 288 |27 |So. 5 |3/.21976 | 788
68.77 (351 1038 41,9 ] 20.8) €24 [306 (/9.7 |506.3 [32.7 [4t0 | 787
Mean | /03.81 Moean| 6221 Mean | 50.44 Mean | 75.24
S 90 3110 2522 3,42
Mean/2 l5‘l.‘70 Mean/2 31.10 Mean/2 25.22 Mesn/2 09.42
1 + .05 + .06 + 07 + .06
k - .02 - .02 - .02 - .02
Bb = +0b + 0! + .07 + 1k
v T S8t 17" 247 3ius| 1Y 287 25.34 | 177377 cd.ez
o« 17 2™| 39.930] ;9" 25™ 20022 175 297 ja37] s7* 37T 58285
Ace (hoperid term) |+, 009 + ooq +  005] + 007
B onarcvion | +43 803 + 42,789 +43.78) +48.764
wtda— (t+R) [~ . 734 + 209 + 52| = .22
11~-9108 k3

Fieure 51.—Computation of the chronometer correction for each star.
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Form 356
Station, Fenn W &ST Base, [DAHO

U. S. COAST AND GEODETIC SURVEY

Observer, F.R.GossaTT

Date, Jory 27,1946

Recorder, W-G-Ramsay

Instrument, BAmBgRa %21 gz_l;ggnomegh‘l77 Temp., 64°F
Level value, /353
Star: K HERcuLIS é HERCULIS
(Clamp, :
Level:
\id E w E w E w E
44.3 2/-8 2,9 - 498
229 502 50-3 22-8
+ 264 =284 |4289 - 270 - -
- 20 + /-9
- L0458 -+ . 043
B 107 /70
/7 h. 43 m. /7 h. 54 m. h, m, h. m
427 44 4™ 557 )
8 8 Sums ] 8 Sums 8 [ Sums 8 8 Sums
403 | 230 @93 102 | 374 | 47¢
47.3| 22, L9 .4 /1.5 | 36,2 47.7
48.6| 20.8| (9.4 | /725|350 475
44.8| 1.7 64.5 /3.8 1338 | 47.6
50.8) /8.2] 69.0 /44 | 32.6 | 47,5
S19| 175 9.4 [l [ 314 47.8
53,0 | /61| 4.2 | /7.2 ]|30.3] 47.4
J4.4| /4.5 68.9 /84 12931 477
557733 9.0 [2/0 |[R66 | 476
s8] 69.2 223 |as.a | 277
Mean | 6923 Mean | 47.59 Mean Mean
34.02 23.80
Meen/2 3462 Mean/2 53.80 Mean/2 Mean/2
1 + .05 + .05
k - .02 - .02
Bb - .08 + .08
e 17437 40| 177547 | 5388
« 177447 22301 177857 | 41700
Ao hotpind term) | + 010 + .00
R, connuerion | + 48,750 +48.728
atda—(t+R)| ~ .949 - 838
11—0208




OBSERVATION EQUATION: aA-Aa+(a+aa-1-At)=v

APPENDIX

LoNGiTupe GCOMPUTATION

STATION: Fenn WestT BASE [paso
Cuicr or PagTy: FR GosserT
OBSERVER: FR Gosséry & CR.Reno

Dave : Jury 27,1446

S57ar A laeaa-t-af AA @raat-s) Aa AR r
72 Hege | +.275 | — .734 0786 | ~.2018 | —.730 | +.9004 . 000
77 Hare | —.062 | +.209 | .0038 [-.0130 |+.165 | ~.044 .048
A Drac | —.182 | +.521 033) |~.0048 | +.483 | ~.028 -042
¢_Hirc | —.002 | - .122 -0000 | +.0002 | +.005 | +./127 123
M Here | +.363 | —.949 246 | ~.3350 | -.937 [+ 012 .008
! Hsre| +-330 | — 438 1089 | ~.2765 | —-876 | —.038 . 042
Som +.712 | -1.913 -3460 | -.9209 .00t
n Al 4[A]l a+ [(«+An-ti-at){ =0
4"""“" e aaid -[A]a A 4[AA] & - [|A(eeas-t *At)j“ =0
LUT ION O A ATIONS
Al a n
6.0000 | ~.7/20 |~[.9130
AA=|4 118074 31883
+.3460 |+ 9209
~.0848 |~ .2270
+.26/5 |+ €93
Qa w ~2.65354
AA = + 00393
Summary of SULTS
TPNm0nrs Ogssrver a. aA '
Jurr2g&e| BRG. |- 2.“54 +0°004 [+ o‘,o;f
282 PRG 1-2.351 |+ .672 |- ,034
agsf CRR |-2.193 |+ .029 |+ .¢09
283l car [-2.301 |+ .085 |- o047
30.3 FRG. |—2.146 |- .012 |+ .050
304 PmRG |-2.266 [+ .053 |~ 0I5
Mgan Al = |+ 038 4 o
v's 001327
Mean A + $o03s8
Conggcriof Por [ AG 14 Aupig Ficter + loos
Assumip 7"+5""//‘8oo FRoM FORM Go§]
ve rudE (Timd) 72458846 +% J
bevED LoNGITUDE 116°11'87.69
10879 Geooslic Stariod | A 20
STRONOM|IC LoNGITUDE GgopJ-nc S'ra‘narl e 17 i 7.49
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REDUCTION OF MEAN TO APPARENT PLACE

Each year the American Ephemeris and Nautical Almanac publishes in Part 11
Stars, two sets of formulas for reducing the mean place of a star to the apparent place.
One set uses the Besselian Star Numbers and Bessel’s Star Constants and the other
uses the Independent Star Numbers. There are two tables for the Besselian Star
Numbers, one giving the numbers themselves, the other their logarithms. There is
also a table of Independent Star Numbers for every Greenwich civil day.

FORMULAS

With Besselian Star Numbers and Bessel’s Star Constants. If @ and & represent
the apparent right ascension and declination, respectively, and a, and &, the correspond-
ing mean places then the set using the Besselian Star Numbers and Bessel’s Constants is:

a—-a,,-{—rp—f—Aa—{—Bb—l—O’c—l—Dd—l—E (in time) : 1)
§=58,+7u'+.Aa’ +Bb’ +Cc’4+Dd’ (in arc). @)

The Besselian Star Numbers are A, B, C, D and E and the Bessel’s Star Constants
area, b,c,d,a’,b’, ¢, and d’ which are quantities depending on trigonometric functions
of @y and 3, and are defined in the Ephemeris. The table for Independent Star Numbers
contains r, the fractional part of a year elapsed from the beginning of the Besselian
Fictitious year.!?

The annual proper motions, x and p’, in right ascension and declination respectively,
are in the star catalogue used, namely, the Boss General Catalogue of 33342 Stars for
the Epoch 1950.

With Independent Star Numbers. The set of formulas involving the Independent
Star Numbers is

o= o+ a5 sin (G+ar) tan 5,4 5h sin (H-+ar) sec 3, (in time) ~ (3)

8=8,+7u’ +g cos (@+ o) +h cos (H+a,) sin §,-+1¢ cos §, (in arc). “4)

The quantities f, f/, 7, log g, log &, @, H, and ¢ are all found in the table for Inde-
pendent Star Numbers.

In order to make use of the four formulas, it is necessary to know the fractional
part of the Greenwich civil day '* accurately, so that the values of the Star Numbers
can be taken from the tables by interpolation.

An example using a modification of formula (2) for reduction of mean declination
to apparent declination will be shown before illustrating the use of formulas (1) to (4).
This modified formula is the one now used by this Bureau.

REDUCTION USING BESSELIAN STAR NUMBERS AND BESSEL’S STAR CONSTANTS
Mean to Apparent Declination

Modified Formula. It is now the standard practice in this Office to use the Bes-
selian Star Numbers and Bessel’s Constants in reducing the mean to the apparent

12 The Besselian fictitious year is the solar year which begins at the inst&nt the right ascension of the mean sun is 280° or 184 40™,
The beginning of this year coincides very nearly with that of the Gregorian calendar year. The Besselian fictitious year is used in
computations relating to fixed stars.

13 Prior to 1925, the astronomical day was reckoned from noon of the civil day of the same name. One purpose of this practice
was to avoid a change of date during a night’s work. Beginning with the year 1925, however, the astronomical day has coincided
exactly with the civil day. For instance, May 5.0, G. C. T. is also May 5.0, astronomical time. From 1925 to 1938 in the American
Ephemeris astronomical time was also called Greenwich civil time. 1In 1939, however, the American Ephemeris, introduced the
expression ‘‘Universal Time or Greenwich civil time.”

Since in the system now used the date often changes during a set of observations, this change of date should be carefully noted
in the records of observations.
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declination. For the purpose of machine computation formula (2) above has been
modified to become

8=8,+7u’+1 cos 8,+X sin a,+ Y cos a, (5)

where
X=—(B+Csin é,)
and 6)

Y=

cos a,,

Form 772 has been arranged for this computation.

a, and 8, are computed for the year of observation, as explained on page 74, and
entered on Form 772, along with their natural sines and cosines, cach in its designated
column.

Four place tables will give sufficient accuracy for the trigonometric functions.
Watch the signs of these functions.

The proper motion in declination, p’, is taken from the star catalogue (G. C.).
(If the change in proper motion per hundred years, namely, 100 Ay’, is large enough
it must be taken into account in taking the value of u’ from the catalogue.)

Usually when the period of the observations does not exceed four hours, the values
of A, B, C, D, =, and i can be obtained with sufficient accuracy by using the mean
Greenwich civil time, commonly abbreviated, G. C. T. of the observations. If the
mean right ascensions of the set of stars are spaced with approximate regularity, the
mean of the first and last right ascensions will give a sufficiently accurate mean local
sidereal time of the observations. Sometimes when there is a pronounced break in
the regularity, the set should be divided and the mean epoch computed for each part.

To the mean local sidereal time add the longitude if west of Greenwich, subtract
if east, thus obtaining the corresponding Greenwich sidereal time. From this Green-
wich sidereal time or as abbreviated, G. S. T., subtract the Greenwich sidereal time
of the nearest preceding 0*, G. C. T. Divide this interval if expressed in hours by 24.066
or if in minutes by 1444, and the result will be the fractional part of a civil day from
the 0%, G. C. T. chosen.

In the example, page 75,

Mean of the first and last richt ascensions_ ______________.____... 11* 03™

West longitude - - .. 5 58
Greenwich sidereal time_ __________________________ . ________ .17 01
Greenwich sidercal time of 0%, April 22_ __ ____________________.. 13 56

Sidereal interval after O*_______________________ ... 3 05 = 3083

3*083-+24066=0%128
Hence mean G. C. T. of observations=April 22.128.

After quantities A, B, C, D, r, and 7 have been found, it is a simple matter to
compute X and Y for all the stars by machine. When these have been entered in the
proper places on the form, all the necessary information for computing the apparent
declination of a star is on the same horizontal line with the exception of » and 7 which
are at the bottom of the form.
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By machine all the steps of the computation from mean to apparent declination
may be carried through without setting down anything but the result. The signs of
the products must be watched.

In the example page 75 for star No. 12593, we have

§=29° 54’ 60”09+ (0.3035)(—0.005)+ (—6.97)(0.8668)
+ (12.346)(0.6943) 4 (6.436) (—0.7196)
=29° 54’ 57"99.

Regular Formula:
6=8,+ '+ Aa’+Bb'+Cc’+Dd’ (in arc). 2

The Bessel’s Star Constants in declination for 1935 are defined by -

a’=20"0439 cos «a, ¢’ =tan w cos §,—sin «, sin §,
b’ =—sin a, d'=cos a, sin §,.

The formula for the mean obliquity of the ecliptic is given under Astronomical
Constants, American Ephemeris, as

w=23°27/08"26— (0”4684) ({— 1900).
Hence in 1935
w=23°27/08"26—16"39=23°26'51"87.

Note: The true obliquity is given in the American Ephemeris as part of the ephemeris
of the sun. (See page 18, et seq. of the 1945 American Ephemeris.)

In the computation of the Bessel’s Star Constants, either the true or the mean
obliquity may be used. \

log 2070439= 1.30198 log tan w= 9.63722—10
log cos a,=  9.85712—10n log cos 8,= 9.93789—10
loga’= 1.15910n log (1) 9.57511—10
‘a'=—14"424 (1)= 0.37593
log (—sin a,)=  9.84158—10n=Ilog b’ log sin a,= 9.84158—10
b= —0.69435 log sin 8,= 9. 69787—10
log (2)= 9.53945—10
log cos a,=  9.85712—10n (2)= 0.34630
log sin §,= 9. 69787—10 (1)= 0.37593
log d’=9.55499—10n ¢’ =(1)— (2) = +0. 02963

d’'= —0.35891

Example: Computation af Apparent Declination
The quantities A, B, C, D, 7 and p’ are taken from Form 772, page 75.

8,=29° 54" 60709

Ad' = —08. 424
BY = -+03. 003
Ce'= —00. 477
Dd'= +03. 792
Ty = —00. 002

§=29° 54’ 577982
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The same computation by means of logarithms. The logarithms of A, B, C, and D,
are taken from the first part of the table for Besselian star numbers in the American
Ephemeris.

log A =9.76637—10  log B =0.6360n  log C =1.20642n
loga’ =1.15910n log &’ =9.8416—10n logc¢’ =8.47173—10
log Aa’=0.92547n log Bb'=0.4776 log C¢’=9.67815—10n

log D =1.02384n
logd’ =9.55499—10n

log Dd’=0.57883

5,=29°54" 60709

Aa’ = —08.423
BY = +03.003
Ce' = —00.477
Dd' = +03.792
Tu' = —00.002

6=29°54" 577983

The value of § obtained on Form 772 is 29°547577987 before being rounded off to
two decimals.

Mean to Apparent Right Ascension

Bessel’s Star Constants are, as the name implies, practically constant for any
given star for a period of at least a year. If the apparent place of a star is needed
many times during the year, the formulas based on the Besselian Star Numbers and
Bessel’s Star Constants are, in general, more convenient than the formulas involving
the Independent Star Numbers. The latter, on the other hand, are more convenient
if the computations for the same star are to be made only once or twice.

To illustrate the computation of the Bessel’s Star Constants, let us take Star No.
12593 for 1935 with

a,=9"04™06*
8,=29°55'00"09.
The formula for apparent right ascension is:
a=a,}ru+Aa+Bb+Ce+Dd+ E (in time). 1)

The Bessel’s Star Constants in right ascension for 1935 are defined by

a=-3507299+4 1833626 sin «, tan §, C=T15 cos a, sec 3§,
1 1.
b=ﬁ cos a, tan §, d——ﬁ sin a, scc §,

748977°—48——10
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log 1.33626=0.1259 log 15 =8.8239—10
log sin «,=9.8416—10 log cos @,=9.8571—10n
log tan §,=9.7600—10 log tan §,=9.7600—10
9.7275-210 log b=8.4410—10n
Number=0:5339 =—0.02761
a=307299+40:5339=23:6069
log —=8.8239—10 log |-=8.8239— 10
15 15
log cos a,=9.8571—10n log sin «,=9.8416—10
log sec 8,=0.0621 log sec 6,=0.0621
log ¢ 8.7431—10n logd 8.7276—10
c=—0.05535 d=-10.05341
Example: Computation of Apparent Right Ascension
For April 22.128, 1946:
A=+ 0.5840 a,=9"04™ 06:184
P=— 4.325 ThH= — 0.001
- C=-—16.084 aA= 4+ 2.106
D=-—-10.566 bB= + 0.119
E=-+4 0:002 cC= 4+ 0.890
r=- 0.3034 dD= — 0.564
u=— 0.0022 L= + 0.002

a=9"04" 08°736
REDUCTION USING INDEPENDENT STAR NUMBERS

Example: Computation of Apparent Declination

8=08,+ 11 +g cos (G+a,)+h cos (H+a,) sin §,+1 cos 5, (4)

log cos (G4 a,)=9.6379—10n 8,—=29°54" 60709

Jog ¢ =1.0961 i = - —0.002

Jog (1) =0.7340n 1)= —5.420

log cos (II+a,) =9.9892—10 2)= +9.363

log A =1,2843 1 €08 8,= —6. 046

log sin §, =9.6979—10

log (2) 0.9714 5=29°54" 577985

If the computation is to be made in the field where multiplying machines are not
available, the computation with logarithms as shown above would be most convenient.
Summary of results of the different computations for apparent declination.

By Besselian star numbers and star constants 5

Form 772 _ e 29°54/ 577987
Regular formula (Numbers) _ _ _ ________ o ._.__ 57. 982
Regular formula (Logarithms) . _ ________________________________ 57. 983

By Independent Star Numbers 57. 985
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Example: Computation of Apparent Right Ascension

a=a0+f-|—f'+-rp,+T1-5 gsin (G+a,) tans,+55 b sin (T+a) secs, ()

a,= 9" 04”1 colog 15 =8.8239—10 colog 15 =8.8239—10
G=22 389 logg =1.0961 log A =1.2843
H=15 46.8 log sin (@4 a,)=9.9546—10 log sin (/714 «,)=9.3430—10
G+a,= 7 43.0 log tans, =90.7600—10 log sec §, =0.0621
H4+a,= 0 50.9 log (1) 9.6346—10 log (2) 9.5133—10
a,= 9*04™06°184
= +1.807
f'= —0.010
= —0.001
()= +0.431
2=  +0.326

a=9"04"08'737
CORRECTION TO AZIMUTH FOR THE ELEVATION OF THE MARK

Since the verticals of an ellipsoid of revolution do not meet at its center but inter-
sect the axis at points whose position varies with the latitude, the verticals of the point
of observation and of the mark will not in general lic in the same plane; the exceptions
occur when both the point of observation and the mark lie on the same meridian or the
same parallel of latitude. Since the two verticals are not in the same plane, a plane
containing the vertical of the point of observation and the mark will have to be rotated
slightly to pass through the point where the vertical of the mark intersects the ellipsoid.

This means a correction in seconds to the azimuth dependent on the elevation of
the mark. To a first approximation the correction is:

kke“’h i 2 in2A4 1
+2a gin 177 08 ¢ sin : 1)

-‘where e is the eccentricity and a the semimajor axis of the spheroid of reference; ¢ is
the latitude of the station and A the azimuth from station to mark; 4 is the elevation of
the mark expressed in terms of the same unit as a.

For the Clarke Spheroid of 1866, and with k expressed in meters this expression

+0%7000109 A cos? ¢ sin 2A. (2)

To 4 first approximation it is thus independent of the distance of the mark from
‘the point of observation.

{CORRECTION FOR THE DISPLACEMENT OF THE POLE

The direction of the earth’s axis of rotation is subject to changes of various sorts.
‘"The direction of the axis is conveniently specified by the coordinates of the pole of the
.axis; accordingly when in the following brief discussion the position of the pole is
referred to, it should be understood that it is really direction of the axis of rotation that
s involved.

The direetion of the axis or position of the pole shifts in space. This shift in space
.causes changes in the position of the coordinate axes to which the stars are referred
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and these changes in the coordinate axes cause changes in the coordinates, that is, in
the right ascension and the declination of the stars. These changes in the coordinates
are taken care of by the corrections for precession and nutation, which are elsewhere
discussed. In connection with these corrections for precession and nutation it is
convenient to apply corrections for proper motion and for aberration, although these
two latter corrections are corrections for displacements, real or apparent, of the stars
themselves, not of the coordinate axes to which the stars are referred.

In addition to the shifts of the axis or the pole in space, the axis or pole is subject
to a small shift in the body of the earth. This shift leaves the coordinates of the stars
practically unaffected but changes astronomical latitudes and longitudes of points on
the earth by small amounts. It also affects astronomical azimuths.

These shifts of the pole are small. If the position of the terrestrial pole, north or
south, could be laid down on the ground and followed as it changed, it would be found
to wander only perhaps about thirty or forty feet from some mean position. The
laws of this displacement of the pole are known only in the most general way. This
motion can be represented by an annual term and by a term with a period of about
14 months but these terms are subject to unexplained changes of amplitude and phase.

The annual term represents the aggregate effect of all the various seasonal mete-
orological effects having a period of one vear, annual changes in barometric pressure,
load of ice, etc. The 14-month motion, the so-called Chandlerian motion, named
from its discoverer, S. C. Chandler, represents the motion in the natural free period
of a body having the size, shape, physical properties and angular velocity of rotation
of the earth, when such a body is set rotating about an axis not quite coincident with
its axis of figure, that is, with the axis about which the moment of inertia is a maximum,

The study of this shift of the pole within the body of the earth is the special task
of the International Latitude Service, a cooperative international organization. Special
observatories are maintained for this purpose. They have been'in operation since the
autumn of 1899. Since this shifting of the pole is so unpredictable, the only way of
correcting for it is to make use of the published results of the International Latitude
Service. These are:

Resultate des Internationalen Breitendienstes. Th. Albrecht and B. Wanach.

Band 1 Fall, 1899 to Jan. 4, 1902 1903

Band IT  Jan. 5, 1902 to Jan. 4, 1905 1906

Band ITI Fall, 1899 to Jan. 1, 1906 1909

Band IV 1906-1908 1911
Resultate des Internationalen Breitendienstes. B. Wanach.

Band V 1899-1912.0 1916

The definitive results in Band V are to be taken as superseding those
published in earlier volumes of the series.
Ergebnisse des Internationalen Breitendienstes. B. Wanach and H. Mahnkopf:

1912.0-1922.7 1932
This volume is really Vol. VI of the series although not so designated on its
title page.
Results of the International Latitude Service, Hisashi Kimura.
Vol. VII  1922.7-1931.0 1935
Vol. VIII 1922.7-1935.0 1940

Provisional Results of the Work of the International Latitude Service in the North
Parallel +39° 08’ for the year 1935 by Hisashi Kimura are published in Vol. XII,
No. 5, 1936 of the Proceedings of the Imperial Academy, Tokyo, Japan.
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Provisional results of the work of the International Latitude Service by Luigi
Carnera are published under the following titles:

Il movimento del Polo di rotazione terrestre in the Astronomische Nachrichten:
For 1936 in Vol. 263, pp. 17-32; for 1937 in Vol. 266, pp. 181-196.

Le variazioni della latitudine osservate durante il 1937. Risultati provvisorii
dedotti dalle Stazioni boreali ed australi, Rendiconto della R. Accademia delle
Scienze Fisiche e Matematiche della Societd Reale di Napoli. Serie 4, Vol. VIII,
1937-1938—XVI.

Risultati tratti dallo studio delle variazioni di latitudine negli anni 1936 e 1937.
Rendiconti della R. Accademia nazionale dei Lincei. Vol. XXVII, Serie 6a, May
1938-X VI, :

Il movimento del Polo durante il 1938 dalle osservazioni delle Stazioni Inter-
nazionali. Rendiconto della R. Accademia delle Scienze Fisiche e Matematiche
della Societd Reale di Napoli, Serie 4a, Vol. IX, 1938-39-XVII.

Le variazioni di latitudine osservate nel 1939 dalle Stazioni Internazionali,

"~ Rendiconto della R. Accademia delle Scienze Fisiche e Matematiche della Societd
Reale di Napoli, Serie 4a, Vol. X, 1939-1940-XVIII.

Le variazioni della latitudine negli anni 1935 e 1940 dedotte dalle osservazioni

delle Stazioni Internazionali. Rendiconto della R. Accademia delle Scienze Fisiche

e Matematiche della Societd Reale di Napoli, Serie 4a, Vol. XI, 1940-41-XIX.

Because of two world wars these published results are far from being up to date
or even approximately so. There is the further difficulty that, though these published
results afford corrections to be applied to reduce latitudes, longitudes and azimuths to
some mean position of the pole, it is not always to the seme mean position. Occa-
sionally corrections are published to reduce from one assumed mean position of the pole
to another but ordinarily it is difficult to determine to just what mean position of the
pole the published figures refer.

The problem of defining and determining a mean position of the pole and of
referring all current positions of the pole to that assumed mean position is a problem
of considerable technical difficulty and the results, when obtained, will be somewhat
uncertain at best.

The present Director of the International Latitude Service intends to publish a
systematic discussion which will provide the means of reducing astronomical latitudes,
longitudes and azimuths to the same mean pole, as nearly as may be. It seems there-
fore best to await the appearance of this discussion before actually applying the correc-
tions.

The results, when available, will give means for computing (at least with the aid
of previously published results) the rectangular coordinates of the north pole from
1900.0 on. The coordinates of the instantaneous north pole, # and ¥, expressed in
seconds of arc will be referred to the assumed position of the mean pole as origin.
The positive direction of the axis of z is southward along the meridian of Greenwich.
The positive direction of the axis of y is southward along the meridian of 90° west
longitude.

When the z and y of the instantaneous north pole are known for a given date, the
reduction to be applied to an astronomical latitude observed in west longitude A to
reduce it to the mean pole is

Ap=—(x cos Aty sin ),

x and y are in seconds of are.
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In some of the discussions published by the International Latitude Service an addi-
tional term, 2, independent of the longitude has been introduced. Presumably the
2-term represents a combination of seasonal effects in refraction, with periodic and other
more or less systematic errors in the declinations of the stars.

Whether to include this z-term at all, and if so, how to apply it, is a question that
may be left open for the present. Some sort of answer may be given in the publication
referred to. »

The correction to an astronomical azimuth in latitude ¢ and west longitude A is
given by

Aa=(zr sin A\—y cos \) sec ¢.

An observed difference of longitude involves two stations. Formerly, both were often
field stations. At present one of the stations is more commonly the fixed observatory
that furnishes the time signals. Let ¢, M be the latitude and longitude of the observa-
tory furnishing the time signals and ¢, \; the latitude and longitude of the field station.
The correction to the difference of longitudes, N\;—X;, for the displacement of the pole is

A(h— A\ =(x sin \—¥ eos \;) tan ¢, —(r sin \,—y cos \;) tan ..

Ordinarily no correction for the shifting of the pole is applied to the corrections to
the radio time signals published from time to time by various observatories. In
particular no correction for the shift of the pole has been applied to the time signals
of the U. 8. Naval Observatory. An obvious reason is that the necessary data for
such a correction are usually not available until long afterwards. However, the Inter-
national Time Service (Bureau international de ’Heure) has studied the effect of
applying a correction for the shifting of the poles and found that the corrections for
polar shift tend to smooth out the irregularities of the recorded signals. The effect
of the polar shift on the longitudes of various observatories is published in the Bulletin
Horaire of the International Time Service. "

REJECTION OF DOUBTFUL OBSERVATIONS

In general the process of the rejection of doubtful observations involves two stages.
If the observations are of a familiar kind and are presumed to be of a certain average
quality, a rejection limit for observations of that kind and quality or order of accuracy
will usually have been established. This rejection limit frequently forms part of the
definition of the quality or order of accuracy. Any residual exceeding the rejection
limit is to be rejected without further question. This is the first stage.

For instance, in the case of latitude, those results having residuals of 3’/ or more
are rejected without question. This is the first stage for latitude and is an important
part of the definition of the order of accuracy.

For azimuth, a 5’/ rejection limit for a residual is the first stage. It also defines
the order of accuracy.

Even after the residuals are rejected in the first stage, there may still be residuals
whose size suggests a blunder or an error of a kind not contemplated by the theory of
probability. We have no satisfactory means of evaluating the probability, large or
small, of the occurrence of these blunders or special errors. Hence any criterion for
further rejection must be somewhat arbitrary. The following process which represents
a possible second stage is given by Chauvenet (Manual of Spherical and Practical
Astronomy; Vol. 11, page 564, et seq.) and allows for the fact that, even if only the errors
contemplated by the theory of probability are considered, the probability of the occur-
rence of a large resultant error increases with the number of observations.
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Chauvenet derives a rejection limit for a single doubtful observation based on the
number of the observations and the fundamental theorem of the theory of least squares,

namely,
, =l 34 o =1f}t' 2
0(pt") ‘/"-rj; e tdi vy A e~ dt @)
where p is found from the solution of the equation,
%Lpe-'zdt':%- @)
1t follows that
_0.6745 '

The quantity ¢’ is the ratio of the limit of doubtful observations to the probable
error of a single observation.

The above formula (1) represents in general the number of errors less than a=rt’
which may be expected to occur in any extended series of observations when the whole
number of observations is taken as unity, r being the probable error of a single observa-
tion. If this is multiplied by the number of observations, n, we shall have the actual
number of errors less than r#/. Hence it follows that

n—n0(pt’) =n[1—06(pt")] @)

expresses the number of errors to be expected greater than the limit r#/. But if this
quantity is less than %, it will follow that an error of the magnitude 72’ will have a
gredter probability against it than for it and may therefore be rejected. The limit of
rejection of a single doubtful observation which is r’ according to this rule is obtained
from

%=n[1——9(pt')] (5)
or
opt) =221 ®)

and Table IX. A (Chauvenet’s Practical Astronomy, Vol. IT) which gives the value of
t’ for values of 6(pt').

To facilitate the use of this criterion, a table on page 138 has been prepared for this
publication based on formula (4) and the above-mentioned Table IX.A, whereby ¢’
may be found directly for values of n.

Evidently, it would be unreasonable to apply this process to a very small number
of observations, since these would give no adequate determination of the probable
erTor.

Example of Application. At University, page 79, the latitude determined from the
pair of stars Nos. 13836 and 14123 has an outstanding residual of —1736. Here
n==17 and r=4-0737. The residual is less than 5¢, or 5r and slightly larger than 3% e,.
The record gives no special ground for rejection but from the table on page 138 the value
of ¢’ when n==17 is 3.229.

Hence
A rt' =e,t' = +0737X3.229 =+ 1"19. )

Thus by Chauvenet’s criterion, the rejection of the above pair of stars is justified.
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Table for ¢
Based on Table IX.A for 6(pt’) (Chauvenet, Practical Astronomy, Vol. IT) and
n 2n—I1

O (pt" )= on
n 4 n 14 n 124 n 4
< S 2,76 14 ________ 3.11 20._________ 3.32 26 ________._ 3.47
9 . 2.8 15 ________. 3.16 21._________ 3.35 27_ _ . __._.._ 3.49
100 2.91 16_____.____. 3.19 22__________ 3.38 28_._____.__ 3. 51
11 2.97 17_______._. 3.23 23_______.___ 3.40 29__________ 3. 53
12 . 3.02 18._________ 3.26 24__________ 3.43 30_________. 3. 55
13 __ 3.07 19__________ 3.29 25_________. 3.45

This table shows that as a rough working rule, if the number of observations is
moderately large, 20 or over, a residual greater than 3% times the probable error should
be rejected.

The probable error to be used in applying the test should be the probable error
computed by including the questioned observation. This practice will diminish the
number of rejections, especially when the number of observations is small.

PROBABLE ERRORS OF ADJUSTED VALUES

In the great majority of cases, the observational procedures used to obtain precise
physical data lead to more or less complicated functional relations amongst the quan-
tities which are desired and those which it is possible to measure. The observation
equations obtained from the determinations of latitude and longitude according to the
methods discussed elsewhere in this publication are rather simple examples of this type
of relation.

If the functional relation is non-linear, it is usually reduced to linear form by an
expansion in Taylor series in which terms of the second and higher orders are
neglected. We may therefore consider observation equations of the form

ax+by+cz—Il=v, 1)

from which it is desired to obtain the most probable or adjusted values of z, ¥ and z
as well as the probable errors of these values.

The coeflicients @, b, and ¢ are presumed to be known to the degree of accuracy
required, and [ is cither a directly observed quantity, or one which is derived from
an observed quantity but which is not sensibly affected by the as yet unknown quan-
tities z, ¥, 2.

The method to be employed is a general one which will hold for any number of
unknowns, but the procedure will be apparent from its application to the problem with
three unknowns. The theory underlying this method is given in Wright and Hayford,
“The Adjustment of Observations,” pages 121 to 137.

From the observation equations of the form (1), we obtain three symmetric normal
equations, namely,

I [aa)z+-[ably +[ac)z—[al]=0,
11 [able+-[bb]y + [belz— [bl]=0, 2)
111 [acle+ [bely +[ec]lz— [el]=0.

As is customary, the square brackets indicate a summation of all the products of the
type indicated. At the same time we obtain the quantity [lI], which will be used to
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obtain [v0], the summation of the squares of the residuals, by an extension of the solution
of the normal equations. Since [vw] can also ba obtained after substitution of the un-
knowns into the observation equations, this affords a valuable check on the solution.

The normal equations are now treated in the usual schematic way known as the
“forward solution’’ of the Doolittle process, with the inclusion of three additional col-
umns headed R, 8, and 7. The numerical or absolute values of certain quantities
later to be obtained from these columns are designated u., 4,, and %,, and are the so-
called weight coefficients, which together with ¢, the probable error of a single observa-
tion, will enable us to determine the probable errors e, €,, ¢, of the adjusted values x, y
and z.

Forward Solution) 3)
T Y 2z l R S T
1 +laa}+[ad]  +lac] —|al] +1 0
_ _lad]  _Jac] lad) 1
2 ™= “lal Tlea] Viea [ad] 0 0
3 - [bb] +[be] — 8] 0 +1 0
[ad] [db] [ad] lad]
4 " [aal [a b]_[aa] ac] +[aa] [al] " laa] 0 0
5 +[bb4] +[bey] —[bl,] —[bR)] +1 0
— [bei] [64] [bR:] 1
6 e L A (% N 7 B 1
7 -lec] —[el] 0 0 +1
[ac] lac] [ac]
8 ~ laa] [9¢] +[gg] [al] —%;] 0 0
[be] [b61] [bm] [501]
10 -+ [002] — [Cl2] - [ch] - [cSz] +1
_ LCM CR?] [eSe] -
1 = gl e e [ccl
12 [ 0 0 0
13 lal) oy 0 0
" [aa] [aa]
14 {2}, } [bl,]— [&’Z' BRI~ 5] 0
[¢l2] [cR, [082]
15 [cc ] e lﬂ]"‘”[zz [eR,]— [cc] [eS]— [cc]
16 {v0] Uy Uy Uy

Lines 1, 3, and 7 through column [ are simply the coefficients in the normal equa-
tions I, II, and III, respectively, the terms to the left of the main diagonal being
omitted because of the symmetry of the normal equations. The three additional
columns contain, for line 1, the numbers 41, 0, and 0, respectively; for line 3, the
numbers 0, +1, and 0, respectively; and for line 7, the numbers 0, 0, and -1, respec-
tively. Line 12 consists of the quantity [/{], which is entered in column I.
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Line 2 is obtained by dividing each term of line 1 by the negative of [aa]. Note
that —1 which would have been the leading term of line 2 is replaced by x. This
process is of course equivalent to dividing by the leading term, and then transposing
all but the first term of line 2 considered as an equation. Note also that the three
additional columns are treated exactly as are the preceding columns.

Line 4 is the product of each term of line 1 by the leading term of line 2. Again,
a term at the beginning of line 4 is omitted. The sum of lines 3 and 4 is line 5, in which,
for compactness, this summation is indicated by the subscript, as [bb], [be)], etc.
Examination will show that the terms omitted in lines 3 and 4 sum to zero.

The above process, resulting in line 5, is one complete cycle which is repeated as
many times as necessary, the number of times being determined by the number of
normal equations to be solved.

Line 6 is obtained from line 5 just as line 2 was obtained from line 1, that is, by
dividing line 5 by the negative of its first term, —[bb;,]. Lines 8 and 9 correspond to
the single line 4, line 8 being the result of multiplying each term of line 1 by the second
term of line 2, and line 9 the result of multiplying each term of line 5 by the first term
of line 6. Note that these multipliers lie in the same column and that they are in
corresponding rows of the two cycles. (This correspondence is emphasized by the
practice of underlining such rows, although the underlining serves a further purpose
in that these are the only rows required for the “back solution”.) Just as line 5 was
the sum of lines 3 and 4, so line 10 is the sum of lines 7, 8, and 9, the summation being
indicated by the subscript 2, as [cc], ete. This completes the second cycle. Again,
the terms omitted in 7, 8, and 9 sum to zero.

We start the third eycle by dividing each term of line 10 by the negative of its
first term, thus obtaining line 11. This, however, completes the forward solution, since
L?clj} in line 11 is obviously the value of z.

Lines 12 through 16 represent the additional computation required to obtain [rv],
U,y Uy, and 4,. This portion of the computation is carried out vertically, column by
column. _ ) :
Note that [v] is the result of carrying out one more cycle, or rather, completing
the cycle just started at the completion of the forward solution. The summation of
lines 12 through 15 is indicated by [vv] rather than by a subscript.

The weight coeflicients are now obtained in the following manner. Imagine each
term of column [ through line 12 replaced by those of column R. With these terms,
repeat the process for obtaining [mw]. The absolute value of the result is u,. The
weight coefficients u, and u, are obtained analogously from columns § and T.

We can now, even before obtaining the values of y and z obtain the required prob-
able errors. For ¢, the probable error of a single observation, is given by

. 0.455 [or]
=+ \/ Tk @)

where 7 is the number of observations and £ is the number of unknowns, in this case,
three. The probable errors of the adjusted values are then given by

the quantity

=€/ Us,
o=cVll,, 6))

€g=¢€ Us.
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The “back solution”, to obtain the values of ¥ and # may now be carried out in
the usual fashion, the additional columns and lines being ignored. For completeness,
we outline this briefly. '

The value of z obtained in line 11 is multiplied by the quantity in line 6, column
2z, and this product is added to the quantity in column [, line 6. This results in the
value of y. With the values of y and 2, z is obtained from line 2 in a similar way, two
products being added to the quantity in column [, line 2.

The method outlined above for obtaining the weight coefficients and the summa-
tion of the squares of the residuals can be expressed explicitly in terms of the quantities
indicated in the forward solution. We now give these expressions of the weight coef-
ficients for the case with two unknowns z and y:

1 | bR, __[ab]
U= [aa] -{'— [ bb1 ] y Wh@!‘e [le = [Tld] and
[ab][ab]
[bbx]:[bb]—”‘[d'd]—' (6)

u —__1._—.
Y [bby]

If more than two unknowns are involved, the expressions become more complicated,
although the weight coefficient of the unknown found first by the forward solution
(i. e., the unknown written last in the observation equations) will always be the recip-
rocal of the quantity analogous to [bb].

The expression for [v], due originally to Gauss, is

() _[bL1*_lellt_ .
| " aal T [66) [eed T ** ™
which is valid for any number of unknowns.

As a practical example of this method, the details of the computation for determin-
ing the adjusted latitude at Station University are given.

[eo]=[1l]

EXAMPLE OF LATITUDE ADJUSTMENT FOR STATION UNIVERSITY

Normal equations

I. 16¢+41.6r40.04 =0
, )
II. 1.6¢++819.2r+20.934=0
Forward Solution 9
¢ r Ad R S
+16. 0000 4+ 1.6000 4+ 0.0400 +1.0000 ©
¢c=-— 0.10000 — 0.00250—0. 06250 0
4+-819.2000 +20.9340 O +1. 0000
— 0.1600 — 0.0040 —0.1000 O
+819. 0400  420. 9300 —0. 1000 +1. 0000
r= — 0. 02555+40. 00012—0. 00122
+ 2.9664 O 0
— 0.0001 —0.0625 O

Computation of [»] and the weight coeflicients — 0.5348 —0.0000 —0. 00122
: + 2.4315 0.0625 0.00122
[o] Ue Uy
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Back Solution

r=—0.02555
¢=(—0.10000) (—0.02555)—0.00250 (10)
= -+-0.00006

Probable Errors

e=e,— i‘/ 0.455(24315) _ 1 or28

e.=¢,=+¢,+/0.0625= 10707

. (11)
e;=¢,= +¢,+/0.00122= 1070098
It is frequently required to calculate the probable error of a function of the adjusted
values. This value can in practice be reduced to the probable error of a linear function
of the adjusted values. The actual calculation is very similar to the calculation, just
explained, of the probable errors of the adjusted values themselves, the numerical values
of certain partial derivatives being substituted for the zeros and ones in the “R’’ and ““S”
columns. For the details see comprehensive treatises on the method of least squares,
in particular Hayford.
One caution, however, may be given here in regard to a not uncommon fallacy in
the computation of such probable errors. Suppose we have a linear function of z, y
and z, namely
px+qy+rz

and that we have the probable errors of z, y, and z, themselves. Denote by e, ¢, and
e., the probable errors of x, y, and z, and by ¢, the probable error of the function

pr+qy+ra.

The following simple relation then holds under certain conditions
e=p’E+ g+, (12)

The fundamental condition is that x, y, and 2z, are completely independent of one
another. This condition is not fulfilled in the problem under discussion. Our z, y,
and z, are not independent but are connected by observation equations of the form

ax+by+ez—1=0. (13)

The simple formula for ¢, does not apply and the more complete calculation given
in Hayford and other treatises must be made in order to determine ¢, The fallacious
application of formula (12) to cases where it does not apply is not the fault of the
authors of treatises on least squares but of their readers who do not give sufficient
attention to the underlying assumptions.

ASTRONOMICAL REFRACTION

This article of the Appendix is intended to explain the use of the elaborate tables
of refraction prepared by astronomers, and more especially the assumptions on which
these tables are based and the limitations on their accuracy imposed by these under-
lying assumptions. Many elaborate mathematical developments of the theory of
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refraction have been given but it has not been found necessary to reproduce them.
The general characteristics and the limitations of the tables can be explained in a
general way without going beyond a treatment of refraction given by Laplace, who
was to a certain extent anticipated by Oriani. Laplace’s discussion showed that the
refraction may be expanded into a series, the first two terms of which are practically
independent of the assumed law of density of the atmosphere.

RELATION BETWEEN THE INDEX OF REFRACTION AND THE DENSITY OF AIR

The index of refraction for air, relative to a vacuum, is a quantity slightly greater
than unity, say 1-+e, where ¢ is a small quantity. The quantity ¢ depends on the
composition of air, and the amount of water vapor present, but above all on the den-
sity. It is not the same for all wave-lengths of light but within the visible spectrum
it does not vary greatly. For air at 0° C and a pressure of one atmosphere, ¢ is about
0.0003, and the index of refraction is 1.0003. Various laws connecting the index of
refraction with the density of the air have been suggested but within the limits of
experimental error it has been found that e varies directly as the density of the air,
regardless of the particular combination of pressure and temperature that has given
rise to that particular density. We may also assume that pressure, temperature and
density are connected by the equation for a perfect gas

kp

P—_"T
where p is the density, p is the pressure, 7T the absolute temperature, and k a constant
depending on the units used and on the gas. With another value of £ we may there-
fore write
kp,

T

We may call ¢ the approximate refractive power of the atmosphere with reference to a
vacuum.

The treatment follows in general that of Simon Newcomb, Compendium of Spheri-
cal Astronomy, Chapter VIII, 1906, and John E. Willis, Transactions of the American
Geophysical Union, 22nd meeting, Part II, 1941, pages 324-336. The tables here
reproduced by permission of the author are those of Willis. Neither Newcomb nor
Willis, however, confines himself to two terms of an expansion of the refraction in
series. Both of them make the necessary assumptions about the atmosphere and carry
the series out to many terms.

All tables of refraction are based on the assumption that the atmosphere is stratified
horizontally, strata of equal density being level surfaces. In most theories the elliptic-
ity of these level surfaces is neglected. If the strata of equal density are not horizontal,
then anomalous refractions in any direction may occur in any part of the sky including
the zenith, where all tables assign to the refraction a zero value.

Up to a zenith distance of 60° or so the refraction B may be expressed to a high
degree of approximation in the form

B=%2 tan , 1)

where B is the barometric pressure at the point of observation, T the absolute tempera-
ture there, z the zenith distance and K a constant, the value of which depends on the
units in which B and T are expressed. Some refinements having to do with the accu-
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rate specification of the barometric pressure will be mentioned later. The refraction
thus computed is independent of any hypothesis about the constitution of the atmos-
phere, except that it is horizontally stratified. The factors for reducing from standard
pressure and temperature to the actual pressure and temperature are thus very simple.

A second term may be added to the refraction formula, thus extending its applica-
bility to a zenith distance of 70° or somewhat beyond. This second term involves the
constitution of the atmosphere only to a very slicht extent. In the notation of New-
comb the formula for refraction extended to two terms may be written

R=T§:(mn@{L—@—%ﬁbw2a @

This formula is of the type assumed by Willis but his formula includes further terms
in ascending even powers of sec z. The quantity (—1—:1—_—&> is very nearly equal to the

refractive power of air under the assumed conditions. Willis and Newcomb start
from different hypotheses, both equally valid as far as experimental verification is con-
cerned, regarding the connection between density and index of refraction. 1n both, «
is approximately proportional to the density. It can be shown, however, that New-
o

—

comb’s i and Willis’ log n, are the same up to and including quantities of the order

of o
(24

The quantity « or may be considered to vary, as in equation (1), directly

l—a
as the barometric pressure and inversely as the temperature.

The quantity » is equal to l—:}’; where r is the radius of curvature of the ievel sur-

face in the direction of ohservation and H is the so-called “height of the homogeneous
atmosphere,”” that is, the height to which the atmosphere would extend if its density
were the same as at the point of observation and the pressure (or total mass per unit
area above the point of observation) were equal to the observed pressure (or mass),
The first alternative, based on pressure, assumes gravity to be constant throughout
the atmosphere; if the second alternative definition, based on total mass per unit area,
is adopted, some knowledge of the constitution of the atmosphere and of the variation
of gravity with elevation must be assumed.

Let o be the density of mercury, let B be the height of the mercurial barometer
and p; the density of the atmosphere at the place of observation. Then according to
the first definition (pressure)

H=£B. (3)
According to the second definition (mass)
H'=>B] 3%

where g, is the acceleration of gravity at the place of observation and g,, is some average
walue of gravity between the point of observation and the upper limit of the atmos-
phere. Since 0=13.6 gm/cm? approximately, and in the same units p;=1/800, we
have approximately by either definition for B=0.76 meter, H=8 km=>5 miles; and

since r is roughly 6400 km, "'—"I—f:g(l)T)'
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The full formula for refraction requires an infinite series of the form

R=i—a—& (tan 3) (1—e¢,; sec? z-+-¢, sec* z—cg secd z2___ ) (4)

_The coeflicient ¢;= u—% a, a8 we have seen, is almost independent of atmospheric

conditions, except those at the place of observation, always assuming horizontality of
the strata, but the remaining coefficients depend, and to an increasing degrec as the
subseript increases, on the constitution of the atmosphere. Even after these coeflicients
have been determined for some assumed state of things, the series ceases to converge
long before the horizon is reached and special transformations are needed. Willis’
numerical series ceases to converge for practical computations at a zenith distance of
about 83° or 84°. )

Some idea of the peculiarities of the more elaborate tables of refraction may be de-
rived simply from a study of the two-term formula that stops with the term in ¢,.

Since the discussion that follows deals mainly with the peculiarities of the cocflicient

(l—f—t_—&> c; sec® 2, it may as well be said at once that Willis’ value of this coefficient is

0706692 sec? z for conditions not quite identical with those on which Table XXa is based.
At z="75° this amounts to less than one second.of are. If we deal with zenith cistances
less than 75°, we are dealing with the variations (due to departure from standard atmos-
pheric conditions) of a quantity that is less than one second.

The tables for the practical computation of refraction used by astronomers, such as
Bessel’s tables and the Pulkovo tables, also those of Willis here reproduced, are all
based on formulas of the same general type, though with diflerences of notation.

Willis writes

logyo R=logy, tan 2+ oy, +B+v+ (A— 1)(7_}.1_%). (5)

The terms in 8 and v represent corrections to the refraction for departures from
the assumed standard conditions of pressure and temperature. We pass these over for
the present in order to discuss the quantitv ay.

The quantity o, of Willis’ formula is obviously not the « of equation (4) but is
related to it. We have temporarily applied a subscript w (for Wellis) to the a of Willis’
formula. If we limit our refraction formula to the term in tan 2, a, is constant and
we have approximately

logio ( i f a>= Qg 6)

The quantity a, is not, of course, strictly constant but an inspection of Willis’ principal
table on p. 332 or our Table XXa shows that it varies slowly for moderate zenith
distances. It is easy to show that this variation can be approximately accounted for
by equation (4). Taking logarithms of both sides of the equation, this gives

logy, R=Ilog, tan 2+log, (ﬁ)—}—logm (1—e,; s6C? 2)

=logy, tan z+log, (&)—M@ sect z | - (7)

[+
l—a

=log), tan z+log, ( )'—MCQ—'MCg tan® z
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by expanding the logarithm to one term only, where M is the modulus of common
logarithms. Thus we would have for the zenith to a slightly greater degree of accuracy
than by (6)

ap=logi, (ﬁ)—Mcz ®

and for the variation in a, from the zenith to zenith distance 2
Me,; tan? 2. 9)

On p. 329 equation (19) Willis gives ¢, as 0.00115062, which will serve for illustra-
tion, although his equations (18) and (19) do not correspond to the mean state of the
atmosphere assumed in his Table 8, which is our Table XXa. The following shows
that the simple expression (9) represents the change in a, satisfactorily up to z==70°
and not too badly at z=75°.

(o for zenith) — (e, for given 2)

z Table XXa Expression (9)
30° 0. 00017 0. 00017
45° 0. 00050 0. 00050
60° 0. 00150 0. 00150
65° 0. 00229 0. 00230
70° 0. 00373 - 0. 00377
75° 0. 00679 0. 00696

The presence of the second term in the expression for the refraction shows why
the whole refraction may not be taken as directly proportional to the barometric pressure

and inversely proportional to the absolute temperature. The quantity Ti}-; may be
so taken with sufficient accuracy but the quantity » which is dominant in the expression

,,._% a, since % a is only about one-eighth of », depends only on the pressure and not on

the temperature. Thus the expression I—ﬁ& (v—% a) depends on pressure and temper-

ature in a rather complicated way. Thisis taken account of by the term (A—1) ('y-l-r%)-

The proof is omitted but the fact may be verified in a numerical example. Newcomb
gives the proof for an analogous formula for the correction for departure from standard
conditions.

The same term shows why in strictness the refraction at a mountain station,
where barometric pressure is low because of altitude, can not be computed simply by
reducing the refraction in proportion to the lowered pressure. If the ratio of the
i 2 _ is reduced in the ratio f but the term i_a_ (v—1 a) is

—a —a 2
reduced in the ratio f?, apart from considerations of temperature, so that no single
reduction ratio applies to the entire refraction. What has been said about the correc-
tions for departure from standard conditions and about the unequal reduction-factors
for elevation in the two terms of the formula applies with even greater force to the next

¢ sect z tan 2. For ¢, Newcomb gives the expression c.-——# —%{5 ua+% a?,

pressures is f, the factor

term i—=
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Willis’ value of (Tg;) ¢4 is 07000215 which is to be multiplied by sec* z. This

amounts to only 0705 for z=75° but to 0724 for z=80°.

The reduction factor for this term would be f* instead of f? or f. Of course, the
value of ¢, corresponds to special assumptions regarding the atmosphere but any reason-
able set of assumptions will lead to the same general conclusion.

If our place of observation is elevated above the sea to a height that is a considerable
fraction of H, the “height of the homogeneous atmosphere,” not only does the value of
H change because the new ‘height of the homogeneous atmosphere’” depends only on
the mass of air above the level of the observer, but the coefficients of »*, v and o® in
the formula may change also, because we are dealing with only a part of the atmosphere,
not with the whole of it.

For aviators the Nautical Almanac Office of the U. S. Naval Observatory has worked
out a table of refraction for various zenith distances and various large elevations above
sea level. 'This table is Table XXI on p. 200, and is the same as that given in the
American Air Almanac. This refraction table is valid only under average atmospheric
conditions. At a particular time and place actual atmospheric conditions may vary
widely from the average, and thus errors of several minutes of arc may occur at low
altitudes. Similar computations were made on a somewhat different set of assumptions
regarding the atmosphere; some of the results, especially for large zenith distances,
differed from those in the table by several tenths of a minute of arc.

The definition of » involves 7, the radius of curvature of the level surface of the
atmosphere in the direction of observation and at the point of observation. At the
surface of the earth this radius would be the radius of curvature of the earth itself.
Here there is the possibility of & variation of about one percent between pole and
equator and between meridian and prime vertical. As may be seen by Willis’ Table 5
on page 331, a variation of one percent might affect the value of a, by a few units in
the fifth decimal. The effect of elevations attainable on the surface of the earth would
ordinarily be negligible.

Explanation of the Use of Willis’ Tables of Refraction

The formula for computing the refraction for pressures and temperatures not too
far from standard conditions is

logi, R=log;, tan z+a+ﬁ+7+(k—1)(7+%)' (10)

The subscript @ has been dropped from the @ as now unnecessary, since the law of
variation of @ has been sufficiently discussed. We simply take it from Table XXa
for the approprlate zenith distance, correcting it in extreme cases for the radius of
curvature in the direction of observation.

" The quantity B represents the effect of the departure of the barometric pressure
from assumed standard conditions. To pass from the observed height B of the mer-
curial barometer to the quantity 8 in formula (10) requires several steps. The observed
barometer reading B is corrected for humidity by adding to it the term eC, where the
factor C is obtained from Table XXd using the wave-length of light as argument.
The quantity e is the vapor pressure of water in millimeters of mercury.

Then B’=B-eC is the equivalent height of the barometer after allowance has
been made for the humidity or pressure of water vapor.
748977°—48——11



148 U. 8. COAST AND GEODETIC SURVEY

In order not to interrupt the discussion of refraction some brief notes on wave-
length and color of light and on the relation of vapor pressure to humidity have been
placed at the end of this discussion on p. 149.

Having corrected B to obtain B’ we use B’ as argument to obtain 8, What is
really important in the computation of refraction is the atmospheric pressure in abso-
lute units, such as dynes per square centimeter. Before the observed height of the
barometer can be considered as proportional to the pressure in dynes per square centi-
meter it must be reduced to some standard temperature to allow both for the expan-
sion of the mercury itself and for the expansion of the scale. In a fixed observatory
the barometer may be in a warm room, whereas the observation is made at nearly the
temperature of the open air. Table XXc is computed on the assumption that the
scale is made of brass; the temperature of the brass scale is denoted by ¢z in this table
and it should be used as argument for taking out AB,; this is the correction AB; needed
for the argument, Table XXb. If the scale is of another material, proper allowance
must be made, and if an aneroid barometer is used the corrections appropriate to the .
particular instrument must be applied in order to allow for the temperature.

The quantity 8, in Table XXb is based on the theoretical value of gravity at the
elevation and latitude of the U. S. Naval Observatory, Washington, D. C. An addi-
tional correction to refraction is therefore needed for the effect of the ratio of the
gravity at the station to that at the Naval Observatory. Table XXe gives the cor-
rection, AB,;, to the logarithm of the refraction, for this change in gravity which in
turn is due to change in elevation and latitude. The arguments for Ag; in Table XXe
are elevation and latitude.

The effect of the elevation of the station on gravity is computed on the assumption
that the decrease in gravity is due simply to the normal vertical gradient of gravity
with no allowance for the intervening masses of the earth’s crust; this is the so-called
“free-air”’ hypothesis. It will probably give better results on the whole than an
allowance for the intervening masses in the crust at full face value, which is the so-
called “Bouguer hypothesis,” although the Bouguer hypothesis has hitherto been
preferred by astronomers. If gravity at the place of observation has been observed,
the observed value should, of course, be used in preference to any computed theoretical
value.

The readings of the ordinary aneroid barometer should need no reduction to
standard gravity. If there is such a reduction, the instrument maker should supply it.

There is also a correction for the wave-length of light. For convenience Willis
treats it as a correction to B, although it would be quite as logical to treat it as a
correction to . The correction AB, is given in table XXd where w refers to wave-
length of light. We have finally 8=8,+A8,+AB8,+AB,.

The quantity v is simple. It is the logarithm of the ratio of the observed absolute
temperature to the standard absolute temperature. It is obtained from Table XXe¢
using ¢, the temperature of the local outside air, as argument. If the formula (10)
stopped at this point, that is, if it were written simply

logye R=logy, tan z+a+- B8+,
we would have the refraction directly proportional to the barometric pressure and

inversely proportional to the absolute femperature. The additional term (A — 1)<7+ 1%)

represents the departure from this simple proportionality. This term in A—1 does not
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become important except at the larger zenith distances. It takes account principally
of the fact that the quantities 1ia’ (1’3}) ¢s, (1'—9—[71 ) ¢, in equation (4) do not change
in the same ratio when actual conditions depart from the assumed standard condition
of the table.
Color and Wave-length

In Table XXd the wave-lengths are given in microns (1 micron=10"% millimeter—
10-¢ meter). To convert wave-length in microns to wave-length in ﬁngstrom units
multiply the length in microns by 10,000. To the large majority of human eyes light
is readily visible between wave-lengths of 0.33 micron (violet) to 0.77 micron (red).

The maximum sensitiveness for low intensities is near 0.50 micron (green). The
following wave-lengths are typical of the colors ordinarily recognized.

red. __..____ 0.693 micron
yellow______ 0.575
green.._.__.._._ 0.505
blue..__.._. 0.475

Vapor Pressure

The following table gives the vapor pressure corresponding to safuration at various
temperatures.
Pressure of Saturated Water Vapor

Teomg. mm. of mercury

—5 (over ice) 3.02
o 4.58
+5 6.54
10 9.21
15 12.79
20 17.55
25 23.78
30 31.86
35 42.23
40 55.40

For the determination of vapor pressure by readings of wet and dry bulb ther-

mometers see treatises on practical meteorology or the Smithsonian Meteorological
Tables.

Example of Computation of Vertical Refraction, Using Willis’ Formulas and Tables

Kormulas: log B=log tan z4a+g+v+(A—1) (7+%)

B=Bot+AB:+AB,+AB,
B’'=B+eC

Where R is astronomica) refraction in seconds of arc
z is apparent zenith distance
B is observed brass scale barometer reading in millimeters of mercury
¢ is vapor pressure in millimeters of mercury
t is local air temperature, °C
ip is temperature of barometer, °C.
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Given:

2=81°
B=720 mm.

t=—5°C
t5=20° C

¢=3 mm.

¢=20°

h=400 meters

w=0.60 micron

Computation

log tan z =0.80029
From table XXd, C =-—0.1566
B’=720+3(—0.1566)=719.53 mm.
From table XXb, 8, =-0.01801
From table XXe¢,AB, =—0.00141
From Table XXd, AB,= —0.00056
From Table XXe, Ag,=—0.00093
Hence = —0.01801—0.00141—0.00056 —0.00093 = —0.02091
From Table XXa, a=+41.73993 and (A\—1)=+40.0488
From Table XXe¢, y=-+40.02372
Hence log R=0.80029-1.73993 —0.02091-+0.02372 4 (0.0488)(+0.02372—0.00209) =
2.54409
R=350"02. ‘
The refraction as computed by the simplified method, using Tables V, VI, and VII
is 351%0.



TABLES

No. Page
I Correction to Longitude for Diurnal Aberration, « __.._ .. ___________ 15g4

II Weights of Star Transits, p_ . _____ 155
I A, B, C Factors for Reduction of Transit Observations._____________ 156
IV Parallax of the Sun for the First Day of Each Month______________. 172
V  Mean Refraction, 7, - - e 173

VI Pressure Correction Factor, Cp_ - ___. 174
VII Temperature Correction Factor, Cp.. . ____ . _______. 175
VIII Correction to Latitude for Differential Refraction, % (r- ¢ PO 176
IX - Elevation Factor for Differential Refraction________________________ 176
X Correction to Latitude for Reduction to Meridian_ _____ ... _.______ 177
X1 Reduction of Latitude to Sea Level ... _________ . . ____________._ 178
XII Valuesof( 2 S‘nl},é,’) _____________________________________________ 180
XII Log gy [=colog (1—@)]- - --ooooooooooo 183
XIV Curvature Correction, for Azimuth Observations on Polaris.____.____ 192
XV Mean Solar into Sidereal Time____.__ . _.___ ___ ________._..____._ 193
XVI Factors for Bessel’s Probable Error Formulas_ . _______ .. _ ______ 194
XVI1 Factors for Peters’ Probable Error Formulas. ______________________ 195
XVIII Reduction of Horizontal Directions to Sea Level (Nomogram)_(facing) 196
XIX Nomogram for Obtaining Star Factors. ____. ______________________ 196
XXa Principal Table for Computing Refraction_________________________ 197
XXb Correction for Pressure . ___ . o 198
XXec Correction for Temperature ... ___.____________._ 199
XXd Correction for Wave-Length of Light . .. - _________________________ 199
XXe Correction to Log R for Gravity , ABe -« oo .. 200
XXI Refraction Table for High Elevations_ . __________________ s 200

EXPLANATION OF TABLES
Table I. Since the diurnal aberration is computed by means of the formula
x=—0:021 cos ¢ sec & 1)

the sign of x will always be negative for stars at upper culmination, and positive for
stars at lower culmination. In the latter case 8 is replaced by 180°—4é in formula (1).
Consult page 46 for further discussion.
Table II. For explanation and discussion, see pages 59 to 61.
Table III. The following formulas were used in computing this table:

A=sec § sin z=sec § sin (¢—8)=sin ¢—cos ¢ tan & (2)
B==sec 8 cos 3=s8ec § cos (¢—8)=cos ¢-+sin ¢ tan & (3)
C=sec & (4)
A B=C )

where d=declination of the star
¢==latitude of the station
2=¢—d=zenith distance at time of transit at upper culmination.

The second expression for A in (2) shows that for upper culmination, 4 is negative
for a star transiting north of the zenith and positive for a star transiting south of the
151
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zenith. The second expression for B in (3) shows that at upper culmination B is
always positive.

In high latitudes, where there are fewer stars culminating between zenith and pole,
it is sometimes found necessary to observe the transit of a star at lower culmination,
in which case 180°—§ must be used in the above formulas. For such a star, then, A
will be positive and B negative. ‘

However, although sec & is a factor of the expression for /, the correction for the
lost motion and width of contact strip, [, is always positive.

Table IV. This table replaces the table on page 60 of Special Publication No. 14,
Fifth Edition. The new table is based on the solar parallax of 8780 which was the
value adopted at the Paris Conference. The new table gives the horizontal parallax
to two decimal figures and is computed for altitudes from 0° to 42° by 3° intervals
and from 42° to 90° by 2° intervals.

The parallax for h=0° for the first day of each month was taken from the American
Ephemeris and Nautical Almanac. Then to find the parallax for the first day of each
month at different altitudes, the following formula was used:.

Parallax=H cos h (6)

where & is the altitude, and H is the parallax at h=0° for the first day of the month
under consideration.

Table V. Mean refraction, r,—The table for mean refraction in this publication
supersedes the one in Special Publication No. 14, Fifth edition, page 58.

The mean refraction in this table is computed for an assumed standard condition of
the atmosphere for the latitude and elevation of the U. S. Naval Observatory in Wash-
ington, D. C. The assumed standard condition is: barometric pressure 760 mm.,
temperature 10° C., and relative humidity 609%. This is equivalent to computing the
table for a station at sea level in latitude 38° 37’ 20”’.

The new table presents some innovations. For instance the argument given is
zenith distance, z, instead of altitude; then too, the new table is computed for every
ten minutes of arc for zenith distances from 0° to 90°, whereas in the previous table the
interval of the argument was different in different parts of the table.

For zenith distances from 0° to 85° the new table is computed by means of the data
and formulas furnished by Mr. John E. Willis,"* who kindly permitted their use for this
purpose. The formula used is

Logi rw=1logu tan z-+a+8+7+0—1) (v+4) @

in which r,, is mean refraction, z is the zenith distance of a star, and a, 8, v, (\—1) are
quantities taken from John E. Willis’ article mentioned above.

As Mr. Willis in his article did not furnish data for any zenith distance greater
than 85°, it was decided to compute the remainder of the table from 85° to 90° by
means of the data and formula given in the “Pulkovo Observatory Refraction Tables,
Third edition, 1930”. A comparison between values computed with the data and
formula of Willis and those computed with the data and formula of the Pulkovo tables
for the same zenith distances from 83° to 85° show an almost complete agreement.

Table VI. See page 99.

Table VII. See page 99.

16 John E. Willis, A Determination of Astronomical Refraction from Physical Data. American Geophysical Union Transactions
of 1941, Part II, pp. 324-336.
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Table VIII. See page 77.

Table IX. These factors should be applied only as a last resort when there are
no barometer or temperature readings at the station.

Table X. See page 78.

Table XI. See page 81.

Table XII. See page 91.

Table XIII. See pages 90 and 105..

Table XIV. See pages 91 and 105.

Table XV. See page 49.

Table XVI. These factors are coefficients of +/[ev].

Table XVII. These factors are coefficients of +/[o].

Table XVIII. By using the latitude, azimuth, and elevation of the mark, and then
following the directions placed on the nomogram, the correction to the azimuth for
elevation of mark may be readily obtained.

For formula and discussion of this correction see pages 106 and 107.

Table XIX. This nomogram was devised many years ago by Mr. C. R. Duvall, a
computer in the U. S. Coast and Geodetic Survey, for the purpose of obtaining graphic-
ally the star factors A4, B, and C and the correction for diurnal aberration. It has two
advantages over Table III: it is more expeditious and it eliminates double interpolation.

At present this nomogram is not being used in the Office as more precision is
required in the computations for longitude than is possible with either the nomogram
or Table III. However, for field computations either of these will give sufficient
accuracy.

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

The graduated line on the under surface of the transparent arm passes through
the center of the axis about which the arm revolves. A secant graduation is made
upon this line, measured from the center of the axis of revolution. That is, the gradua-
tion corresponding to any angle is at a distance from the center equal to the secant of
the angle in question. This center of the axis of revolution is the common center of
the concentric circles and also the origin of the two systems of parallel lines.

The graduations on the arm are for the declinations. In the nomograms used
the graduations 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
distance from the center. In the instrument shown in the illustration the distance
is 25 centimeters. Since stars are never observed at zenith distances approaching
90°, 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 the graduated line of the arm coincides with the star’s zenith distance on the gradu-
ated arc. Holding the arm in this position, place a needle point at that point of the
graduated line which corresponds to the star’s declination. The position of this point
in the three systems of equidistant lines gives the three factors, A being the ordinate,
B the abscissa, and ' the radius vector. '
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The nomogram shown is of thin bristol board pasted smoothly on thick cardboard.
The transparent arm is of celluloid one-sixteenth of an inch thick. The axis of the
arm is a solid metal cylinder with a head which fits against the back of the cardboard.
The axis is made long so that the arm can be placed on it and revolvea without being
made fast.

The correction for aberration may be taken from the same nomogram, as follows:
Set the revolving arm at that angle on the graduated circle which is equal to the lati-
tude of the given station. From the graduated line of the arm read off the declination
at each intersection with a broken-line ordinate. These declinations are the limits
between which « has the values 0500, 0501, 05 02, etc., for the latitude of the station in
question. By means of these limits the « of any star can be immediately written down
from its declination. The broken-line ordinates are drawn at distances from the

. . 005 .015 .025 .
origin equal to 021 021’ 031’ ete.. _ _decimeters.

Tables XXa—-XXe. The use of these tables is explained in the text on pages 147
to 150.

Table XXI. This table is a table of refraction for high elevations, such as attain-
able by an airplane. It is published by the U. S. Naval Observatory on the back
outside cover of its 1947 Air Almanac.

Table 1.—Correction to longitude for diurnal aberration, x

(«k=0g 021 cos ¢ sec 8)

(Negative for stars at upper culmination, positive for stars at lower culmination)

\ ¢
C=\_ 0° 10° 20° 30° 40° 50° 60° 70° 80°
se6 & \ .
8
1.00 | 002 ( 002 | 0.02 { 0.02 { 0.02 [ 0.01 | 0.01 | 0.01 | 0.00
1.20 03 02 02 02 .02 02 01 01 00
1.40 03 03 03 03 .02 02 01 01 01
1.60 03 03 03 03 .03 02 02 01 01
1.80 04 o4 04 03 .03 02 02 01 01
200 } 004 | 0.04 | 0.04 | 0.04 | 0.03 | 003 | 002 | 0.01 | 0.0t
2.20 05 05 04 .04 .04 03 02 02 o1
2.40 05 05 05 .04 .04 03 03 02 01
2.60 05 05 05 06 .04 04 03 02 01
2.80 06 06 06 05 .05 04 03 02 01
300 | 006 | 0.06 | 0.06 [ 0.06 | 0.05 | 0.04 | 0.03 [ 0.02 | 0.01
3.20 07 .07 06 . .05 o .03 02 01
3.40 o7 07 07 06 .05 05 .04 02 o0l
3.60 08 07 07 07 .06 05 04 03 01
3.80 08 08 08 07 .06 05 o4 03 01
400 | 008 | 0.08 | 0.08 | 0.07 | 0.06 | 0.05 | 0.04 | 0.03 | 0.01
4.20 .09 . .08 .07 . 04 .03 02
4.40 .09 09 09 08 .07 06 05 .03 02
4.60 10 10 09 08 .07 06 05 03 02
4.80 10 10 09 09 .08 06 05 03 02
500 | 010 | 010 | 0.10 | 0.09 | 008 | 0.07 | 005 | 0.04 | 0.02
5.20 11 11 10 .09 .08 07 05 .04 .02
5.40 11 11 11 .10 .09 o7 06 .04 .02
5.60 12 12 11 10 .09 08 06 .04 .02
5.80 12 12 1 11 .09 08 06 .04 .02
6.00 { 013 | 0.12 | 012 | 0.11 | 0.10 { 0.08 | 0.06 | 0.04 | 0.02
6.50 14 13 13 12 10 07 .05 .02
7.00 15 14 14 .13 11 09 07 .05 .03
7. 50 18 16 15 .14 12 10 08 .05 .03
8.00 17 17 18 .16 13 11 08 .06 .03
850 | 018 } 018 | 0.17 | 0.15 | 0.14 | 011 | 0.09 | 0.06 [ 0.03
9.00 19 19 18 16 .14 12 09 03
9.50 20 20 19 17 .15 13 10 07 03
10. 00 21 21 20 18 .16 14 10 07 04
11.00 23 23 22 20 .18 15 12 08 04




Table II.—Weights of star transits, p

TABLES

_ (.063)% 1
P (063)74-(.036)2 tan? 8 1-.32653 tan? &
Tab. Tab. Tab.

8 P Diff. 3 ? Diff. ’ » Diff.
o o o

0 1.0000 30 0.9018 60 0. 5052

1 9999 1 31 '8945 73 61 4848 204

2 9996 3 32 18869 76 62 4640 208

3 -9091 5 33 -8780 79 63 4429 211

4 9984 7 34 8707 83 84 4215 214

5 0.9975 9 fl 85 0. 8620 87, 85 0.3997 218

8 9064 11 36 8530 90 66 .3778 219

7 9051 13 37 18436 94 &7 3556 222

8 9936 15 38 -8338 98 68 3333 223

9 9919 17 39 18236 102 8 3108 224
10 0.9899 2 40 0.8131 105 70 0. 2886 223
11 9878 21 41 8021 110 71 2664 292
12 9855 23 4 7907 114 72 (2443 221
13 9829 2 43 -7788 119 73 12225 218
14 9801 28 4 - 7666 122 74 “2012 213
15 0.9771 30 45 0.7538 128 75 0.1802 210
16 9739 32 46 L7407 131 76 -1500 203
17 9704 35 47 7270 137 77 11403 196
18 9667 37 8 “7129 141 78 “1215 188
19 .9627 40 4 . 6983 148 79 11037 178
20 0.9585 42 50 0. 6832 161 80 0.0869 168
21 9541 4 51 -6676 156 81 -0713 156
22 9494 47 52 6515 161 82 -0570 143
23 9444 50 5 16349 166 83 J0441 128
24 9302 52 54 -6178 171 84 L0327 114
25 0.9337 55 55 0. 6002 178 85 0.0229 98
26 9279 58 56 5822 180 86 .0148 81
7 9219 80 57 5636 186 87 - 00834 646
28 9156 64 88 5446 160 88 100372 462
29 67 59 5251 195 80 - 000832 2788
30 0.9018 70 60 0. 5052 199 90 0. 000000 932

See Special Publication No. 14, 5th edition, pp. 38, 39.

Coast Survey Annual Report, 1872,
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Table II1.—A, B, C Factors for reduction of transit observations
TOP ARGUMENT=STAR'S DECLINATION, §

SIDE ARGUMENT=STAR’S ZENITH DISTANCE, ¢

[For factor A4 use left-hand argument. For factor B use right-hand argument. Factor C is on bottom line of next page]

A /
}6\ 0° 10° 15° 20° 22° 24° 26° 28° 30° 32° 34° 36° 38° 40° 41° 42° 1 &/t
o ©

1§ 0021 002 002} 002] 0.02| 002 002 0.02| 0.02! 0.02f 0.02| 0.02] 0.02| 0.02 0.02| 0.02 89
2 .04 .04 .04 .04 .04 .04 .04 .04 .04 .04 .04 .04 .04 .05 .05 .05 88
3 .05 .05 .06 .06 .06 .06 .06 .06 .06 .06 .06 .08 .07 .07 .07 .07 87
4 .07 .07 .07 .07 .08 ..08 .08 .08 .08 .08 .08 .09 .09 .09 .09 .09 86
5 .09 .09 .08 .09 .09 .10 .10 .10 .10 .10 .10 .11 A1 11 11 .12 85
6 11 .11 11 1 11 L1 .12 12 .12 .12 13 .13 13 .14 .14 .14 84
7 12 .12 .13 .13 .13, .13 .14 .14 .14 .14 .15 .15 .15 .16 .16 .16 83
8 .14 .14 .14 .15 .15 .15 .16 .16 .16 .16 .17 .17 .18 .18 .18 .19 82
9 .18 .16 .16 .17 .17 .17 17 .18 .18 .18 .19 .19 .20 .20 .21 .2 81
10 17 .18 .18 .19 .19 .19 .19 .20 .20 .21 L2l .21 .22 .23 .23 .23 80
11 .19 .19 .20 .20 .21 .2 .21 .22 .22 .23 .23 .24 .24 .25 .26 .26 79
12 .21 .21 .22 .22 .22 .23 .23 .24 .24 .25 .25 .26 .26 14 .27 .28 78
13 .22 .23 .23 .24 .24 .25 .25 .26 .26 .27 74 .28 .29 .29 .30 .30 77
14 .24 .2 .25 .21 .26 .27 .27 .27 .28 .29 .29 .30 .3t .32 .32 .33 76
15 .26 .26 .27 .28 .28 .28 .29 .20 .30 .31 .31 .32 .33 .34 .34 .35 75
18 .28 .28 .28 .29 .30 .30 .31 .31 .32 .33 .33 .34 .35 .36 .37 .37 74
17 .29 .30 .30 .31 .31 .32 .33 .33 .34 .34 .36 .36 .37 .38 .39 .39 73
18 .31 .31 .32 .33 .33 .33 .34 .35 .36 .36 .37 .38 .39 . 40 .41 .42 72
19 .33 .33 .34 .35 .35 .36 .36 .37 .38 .38 .39 .40 .41 .42 .43 44 71
20 .34 .35 .35 .36 .37 .37 .38 .39 .40 .40 .41 .42 .43 .45 .45 .46 70
21 .36 .36 .37 .38 .39 .39 .40 .41 .41 .42 .43 .44 .45 .47 .47 .48 69
22 .37 .38 .38 .40 .40 .41 .42 .42 .43 .44 .45 .46 .48 .49 . 50 . 50 68
23 .39 .40 .41 .42 .42 .43 .44 . 44 .45 . 46 .47 .48 . 50 .51 .62 .53 67
24 .41 .41 .42 .43 .44 .45 .45 . 46 .47 .48 .49 . 80 .52 .53 . 54 .56 66
25 .42 .43 .44 .45 .46 .46 . 47 .48 . 49. .50 .81 .52 .54 .55 .56 .57 65
26 .44 .45 .45 .47 . 47 .48 .49 .50 .51 .52 .53 .54 . 56 .57 .58 .59 64
27 .45 .46 .47 .48 .49 . 50 .51 .51 .52 .54 .55 . 56 .58 .59 . 60 .61 63
28 .47 .48 .49 .50 .51 .61 .52 .83 . 54 . 85 .57 . 58 .60 .61 .62 .63 62
29 .48 .49 .50 .52 .52 .53 .54 .85 . 66 .87 .58 .60 .61 .63 .64 .65 61

30 .50 .81 .52 .53 .54 .55 .56 .57 . 58 .69 .60 .62 .63 .65 .66 .67 60
31 .52 .52 . 53. . 55 . 56 . 56 .57 .58 .59 .61 .62 .64 .65 .67 .68 .69 59
32 .53 .54 .56 . 56 .57 .58 .59 . 80 .61 .63 .64 .65 .67 .69 .70 .71 58
33 .55 .56 . 56 .58 .59 . 60 .61 .62 .63 .64 .66 .67 .69 .71 .72 .73 57
34 .56 .57 . 58 .59 .60 .61 .62 .63 .65 . 66 .67 .69 NN I ] .74 .75 56
35 .57 .58 .59 .61 .62 .63 .64 .85 . 66 .68 .69 .71 .73 .75 .76 .77 56
36 .59 .60 .61 .63 .63 .64 .65 .67 .68 .69 .71 .73 .75 W77 .78 .79 54

.37 .60 .61 .62 .64 .65 .66 .67 .68 .70 .71 .73 .74 .76 .78 .80 .81 53
38 .62 .63 .64 .66 .66 .67 .69 .70 .7 .73 .74 .76 .78 .80 .82 .83 52
39 .63 .64 .85 .67 .68 .69 .70 .71 .73 .74 .76 78 .80 .82 .83 .85 51
40 .64 .85 .67 .68 .69 .70 .72 .73 .74 .76 77 .79 .82 .84 .85 .86 50
41 .66 .87 .68 .70 .71 .72 .73 .74 .76 .77 .79 .81 .83 .86 .87 . 88 49
42 .67 .68 .69 .71 .72 .78 .74 .76 W77 .79 .81 .83 .85 .87 .89 .80 48
43 .68 .69 .71 .73 .74 .75 .76 .77 .79 .80 .82 .84 .86 .89 .90 .92 47
44 .69 .71 .72 .74 .75 .76 .77 .79 .80 .82 .84 . 86 .88 .01 .92 .93 46
45 .7 .72 .73 .75 .76 .77 .79 .80 .82 .83 .85 .87 .90 .92 .94 .95 45

0° 10° 15° 20° 22° 4° 26° 28° 30° 32° 34° 38° 38° 40° 41° 42°
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Table I11.—A, B, C Factors for reduction of transit observations
TOP ARGUMENT=STAR’S DECLINATION, §
SIDE ARGUMENT=8TAR’S ZENITH DISTANCE, ¢

[For factor A use left-hand argument, For factor B use right-hand argument. Factor Cis on line opposite =90°]
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\Ia\ 0° 10° 15° 20° 22° 24° 26° 28° 30° 32° 34° 36° 38° 40° 41° 42° %
° \ 0

1] 0.72| 0.73| 0.74| o.77] 078} 0.79| 0.80 | 0.82] 0.83 | 0.85| 0.87} 0.80] 0.91 0.94| 0.95| 0.97 44
47 .73 .74 .76 .78 .79 .80 .81 .83 .84 .86 .88 .90 .93 .95 .97 .08 43
48 .74 .76 .77 .79 . 80 L8l .83 .84 .86 . 88 .80 .92 .94 .97 .98 | 100 42
49 .75 77 .78 .80 .81 .83 .84 .86 .87 .89 .01 .93 .96 .99 100 | 102 41
50 W77 .78 .79 .82 .83 .84 .85 .87 .89 . 90 .92 .95 .97 LOO| 1.01] 103 40
51 .78 .79 .80 .83 .84 .85 .87 .88 .90 .92 .94 . 86 .09 101 103 105 39
52 .79 .80 .82 .84 .85 . 86 .88 .89 .91 .93 .95 .97) 100 | 103] 104 | 106 38
53 .80 .81 .83 .85 .86 .87 .89 .91 .92 .94 .96 ,99F 1.01| 104 106 107 37
54 .81 .82 .84 .86 .87 .89 .80 .92 .93 .95 .98 L00] 1.03| LO6| 1.07| 109 36
55 .82 .83 .85 .87 .88 .90 .0 .93 .95 .97 ,09) 1.01f 104 1.07| LO8| 110 35
56 .83 .84 .86 .88 .89 .01 .92 .94 .96 L9081 100 1.02] 1.05] 1.08) L10] 1l.12 34
57 .84 .85 .87 .89 .80 .92 .93 .95 .97 99| 101 | to4] 106 109, LIl 113 33
58 .85 .88 .88 .90 .01 .93 .94 .88 L8| 1.00{ 1.02| to5)] LO8| L11] 112} 1L.14 32
50 .86 .87 .89 .01 .92 .94 .95 .97 .99 | 101 | LO3; LO6] 1.09) Li2]| L1141 L15 31
60 .87 .88 .90 .92 .93 .95 .96 ,98] 100| 1L02] LO4§ 1.07] 110§ L13| 115] 117 30
61 .87 .89 .91 .93 .94 .96 97 oo ot} 103 105 o8] 111 | L14[ L16| L18 29
62 .88 .90 .91 .94 .95 .97 98| 1.00] 102 1.04| 1.06| 1LoO9| 112| 1L15| 117} L19 28
63 .89 .90 .92 .05 .96 .98 09| o] o3| 105| 107 110 1L13| L16| L1i8) 1.20 27
64 .90 .91 .03 .96 .97 98] 1.00] 1.02) 04| 106 LoO8} 111} L4} LI7] L1091 121 26
65 .91 .92 .94 .96 .98 90] 1o1) 1.o3f 105| LO7) 109| 112} 115 1.18| L20| 1.22 25
66 .91 .93 .95 .97 99| 100) 1.02{ Lo4] 1.06| 108} 1.10f LI3f Li16; L19| L21| 123 24
67 .92 .94 .95 .98 .99 [ LOL Lo2! 1.04] ro6| 109! 1.11| 1.14% 117} L20} 1.22| 1.24 23
68 .93 L4 . 96 99] 1oo!l 1.02| 1o3| nos| 1.07| to9| 112} L15f L18) lL21, 1231 L2 22
69 .93 .95 .97 go) 1o1| 102] 104) Lo6] 108 | 110} L13} L15] L18} L1220 124} 1.26 21
70 .94 .95 ‘o7| ool o1 Lo3| Losl| 106§ 1.09) L1l1| 1.13| L16| 1.19) 1.23| 1.25| L26 20
71 .96 .96 .98 | LO1 Lo2! L04] 1.05| ro7| Lo09| L12] 1L14| L17f L20) 1.23| 1L25| 127 19
72 .95 .97 ‘o8| Lo1| 1.03] 1.04| 1.06| 2OR} L10| L12| L15| L17] 121} 124 126 1.28 18
73 .96 .97 ‘99| 1.02) 03| 105] noe| Los] Lio| 113} Li5| L18F 21| 1250 127} 129 17
74 . 96 ‘e8! 100! 102] 1o4] vos5] Lo7l roo] ru| L3} 116) L9} L2 1251 127} 129 16
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[For tactor A use left-hand argument.

U. S.

COAST AND GEODETIC SURVEY

Table T11.—A, B, C Factors for reduction of transit observations
TOP ARGUMENT=S8TAR'S DECLINATION, &

S8IDE ARGUMENT=STAR’S ZENITH DISTANCE, §

For factor B use right-hand argument, Factor Cis on bottom line of next page]
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Table 111.—A, B, C Factors for reduction of transit observations
TOP ARGUMENT=STAR’S DECLINATION,

SIDE ARGUMENT=8TAR’S ZENITH DISTANCE, {

[For factor A use left-hand argument. For factor B use right-hand argument. Factor C is on line opposite {=80°]
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/
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U. 8. COAST AND GEODETIC SURVEY

Table I111.—A, B, C Factors for reduction of transit observations
TOP ARGUMENT=S8TAR’S DECLINATION, 3

SIDE ARGUMENT=STAR'S ZENITH DISTANCE, ¢
[For factor A use left-hand argument. For factor B use right-hand argument. Factor C is on bottom line of next page]
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430 1251 120} 1.30) 1.32] 1.34( 1.36] 1.30| 141 1.43| 145| 148] 1.s0] 153) 1561 168] 161] 47
440 1.28| 1.31) 1.33| 35| 137 | 139 var| 1a3] 1.46| 148 1s0| 1.53] 156| 158| Le1| 1es] 46
45| 130 1.3 1.35 1.37| 1.39| 141] 1744 | 146] 148 151 1.53] 1.56) 1.58] 161 | 1.64| 1671 45
57° | 88> | ossge | 50 | sed° | 60 | eoko | e1° | enso | 620 | e2pe | 630 [ense | eec | mage | 650
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Factor C is on line opposite ¢ =080°]

63°

634°

63°

f transit observations

624°

624°

ton o

82°

62°

614°

TABLES

61°

614°

61°

Wo

604°

For factor B use right-hand argument.

TOP ARGUMENT=STAR’S DECLINATION, 5
SIDE ARGUMENT=STAR’S ZENITH DISTANCE,

59°
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59°

583°

58§°

Table I1I.—A, B, C Factors for reduct

58°

58°

|For factor A use left-hand argument.

57°
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[For factor A use left-hand argument.

U. 8. COAST AND GEODETIC SURVEY

Table I11.—A, B, C Factors for reduction of transit observations
TOP ARGUMENT=STAR’S DECLINATION, 5

SIDE ARGUMENT=S8TAR’S ZENITH DISTANCE, ¢

For factor B use right-hand argument.

Factor C is on bottom line of next page]

\}‘ 86> | esic | e6° | eop° | 67 | e7vso | e8> | esyo | 69° |60° 10| 69° 20/ 69°30’F69° w |50 00 |70°10|
o
1] o004 004 006 0.04) 0.04| 0.05| 0.05| 0.05] 0.05| 0.05| 005 0.05] 0051 0.05( 0.05| 0.05] 89
2| Gos| osf oo .oo| .esy ce9| o) .10 .10f 10| 10| ‘10| C10f 10| 10| l10] 88
3 .12 .13 .13 .13 .13 .14 .14 .14 .16 .15 .15 .16 .16 .15 .15 .15 87
| 7| | | s| Gy 18| 1| ] 20 Cee| 200 20 ‘200 (20| (20| 20] 86
s| iz} a} la| le2]| 22| 2| l23| l2a] 2a| 24| 25| (2| (2| .25| (25| .26] 8
ol .25} .21 .| .| .27| .2z| . .28] .20 .| .30 .30| .s0| .30] .z;| .| s
7 .29 .20 .30 .31 .31 .32 .33 .33 .34 .34 .34 .36 .35 .35 .36 .36 83
s| 33| ‘sa} 3¢} 35| 36| ‘38| .3r| 38| ‘30| 30| 30l o) l40| 40} 41| ‘4] s2
o a7} ss| 39| ‘ss| ‘a0l ‘ar| 42| a3 44| [aa| l4a] lap] 45| 45| .48| 46| 81
w| al| Jsz| | 3] ‘4] 46| 6] l47] 48| 49| .e9| ‘0| s0| .s0| .m1| .z1] 80
11 .45 .46 .47 .48 .49 .50 .51 .52 .83 .54 .54 .54 .56 .86 .56 .56 79
12| e sof s ise| s3] Isa| Ise| st ss| ss| Ise| se| eo| .eo| .e1| .61l 78
13| 53| sl lss| ] 58| so| 0| e1] e3] 63| ea| 64| ‘es| 65| .e6| .e6] 77
| 57| ss| sef e1] 'e2| ‘es| -es| -es] 67| 68j .e8i .eo) 70| .70} .7m| .| 7
15] 61| ‘e2| 6| 5] e6| e8| eo| .| 72| 73] (73| [74] (74} 75| (76| .76] 75
16 .es| .es| e8| .eol .| .72| .7al .| .wv| .78 L) .me] 78| sl .m| .m]| n
| eel | 72| 73| 5| e | lso| st| sel s3f s3] 84| (85| .s5| .s8| 73
) 73| 7al 7el 7] ve| si) ss| saf lse| 87| e8| .ss] 86| 90| .o0| .m| 72
1) 77| ms| so| s2} s3| ss| s7| se] .er) le2| ez} 93] 94| .e4| .o5] .96] 71
20 .81 .82 .84 . 86 .88 .89 .91 .93 95 .96 97 .98 .98 .99 1.00| LO1 70
a| .s5| .ss| .ss{ .oo] .92| .o4| .e6| .98| roo| 1or| 1oz| noz| ro3| ro4| 105 LOG| 69
22 se| oo| o2| oea] ‘ee| ‘e8| 1oo| voz| 1o5| 1o05| 106| 1o7] vo8| 109| Lo9| LI0f 8
23) o2| leal Toe! es) toof roz| ros| vor] voee| nio| nn| niz| niz| 113) L1l 15| e
24 .96 .98 1.00 1,021 1.04 106 1.09| 1.11 1.14 ) 1.14 1.15 .16 117} 1.18] 1.19| 1..20 66
25| 1oo| toz| tos| vo6] ros| vio| vi3| ris| 8| 119| r20) n2] ne2| 12| L24| L25] 65
26f 104 106{ 108 1] r12| 15| rar| veof v22| 193| 12| r2s| 12| L2 | 28] 12| e
or| vor| voo| ry2| riaf 16} 9| na| vaaf ror| ves! ree| n3of 31| 132) 13| 134] 63
28F L 11 .13 ] 1157 1.18% 1.20] 1.23 1.25 1.28 | 1.31 1.32| 1.33 1.34 1.35| 1.36| 1.37% 1.38 62
20| 15| ta7| r19| v22) vz ra| raw| 2] 135| 136] 137 | 138 140| 141| L42| 1.43] &
30 1.18 ] 1.21 1.23 1.25 1.28 1.31 1.33 1.36 1.39 1.41 1.42 | 1.43] 1.44| 1.45| 1.46) 1.47 60
s1| real ros| 27| no2of 1s2f 1.35) 1as| 140 r44| 145 1.46| 1.47) 148 1400 161 | Ls2| 59
32 1,25 .28 1.30| 1.33 1.36 1.39 1.42 1.45 | 1.481 1.49 ) 1.50 | 1.51 1.52| 1.54| 1.56| 1.56 58
3] 120 13| 13| 137 30| v4a2| 145 | 149] vs2| Lsa| Le4| 1ss) ns7| 18| 1Ls9| 160 a7
34 1.32 1.35 1.37 1. 40 1.43 1.46 1.49 1.53 1. 56 1.57 1.58 1. 60 1.61 1.62 1.63 1.65 56
350 1036 | 1.38| 1.41] 144 1.47( 1.50| 1.53 | 1.5 | 1.60] 1,61 1.62| 1.64| 1.65( 166  1.68| 1.69] &5
36 1.39 | 1.42 1.456 1.47 1.51 1.54 1.57 1.60 1.64 1.65 1. 66 1.68 1.69| 1.70] 1.72{ 1.73 54
a7] ta2| vas| vas| vsi) isa| vs7| ver| vea) ves| veol 1z0f r7e] 173 17| L7 L) 8
38 1.46 1.48 1.51 1. 54 1.58 1.61 1.64 1. 68 1.72 1.73 | 1.74 1.76 1.77 1.79 1.80 1.82 52
30} 140| rs2| 155 vas| 16| 165 168 | ry2] nys| 177) 178| psof 181 182 184 18] 5
40 1.52 1.55 1.58 1.61 1.65 1.68 1.72 1.75 1.79 1.81 1.82 1.84 1.85( 1.86 1.88 1.89 50
41 1.55 1.58 1 1.61 1.64 1.68 1.71 1.75 1.79 1.83 1 1.84 1.86 1.87 1 1.89) 1.90] 1.92| 1.93 49
42 1.58 | 1.61 1.64 1.68 1.71 1.75 1.79 1.83 1.87 1.88 .90 1.91 1.93| 1.94} 1.96| 1.97 48
3] o] real| ves| vz 17s| ves| 1se| use] reo| no2| re3| ros| roes| 1o res| 20] 4
44 1.64 1.67 .71 1.74 1.78 1.82 1.85 1.90 1.94 1.95 1.97 1.98 2.00) 2.02{ 203 2.05 46
a5 167 | v7o| n7a| v7rf vsi| 1ss| 1se| o3} Ler| 1.99| 200 202] 2.04| 205 207) 2.08] 45
65> | 653° | 66° | eoh° | 67° | e74° | es° | esyo | 690 |69°107|69° 20| 69° 307 ]69° 407 | 69°50°| 70° |70°10
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For factor B use right-hand argument.

TOP ARGUMENT=8TAR’S DECLINATION, &
SIDE ARGUMENT=8TAR'S ZENITH DISTANCE, ¢
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Table 111.—A, B, C Factors for reduct

[For tactor A use left-hand argument.
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U. 8. COAST AND GEODETIC SURVEY

Table I11I.—A, B, C Factors for reduction of transit observations
TOP ARGUMENT=STAR’S DECLINATION,

BIDE ARGUMENT=STAR’S ZENITH DISTANCE, ¢
[For tactor 4 use left-hand argument, For factor B useright-hand argument. Factor Cis on bottom line of next page]

‘,‘\ 70°10° | 70°20 | 70°30 | 70°40° [70°50' | 710 | 71000/ |7T1°20 [ 71080 | T1o 40 [ 71080’ | 720 7210t | 72020 720307 720 a0 | 4
o o

1] 0051 0.056| 0.05( 0.05] 0.05( 0.05| 0.06( 0.05] 0.05| 0.06| 0.06( 0.06] 0.06| 0.06| 0.06| 0.06] s
2] .i0) 0| waof rof ar| nf x| o f Tar| w | | af | ooaef oxz| iz ss
3y .15 18| 16| .16} sl .18) .16y .16) 6| .17 17| a7} 7| 7| a7 18] s
41 .200 21| 2| .arf .2t .2f .22| .22| 22| (22| (22| .23| 28| 8| m| ‘=] ss
5) .26| .26| .26| .26 .26| .27| .27| .2w| ‘2| ‘W[ =] .28| 28| ‘2| 20| 2] s
6y .31 .a1| .31) .32} .32| .32) .32| .33] .3| .33 .3¢4| .3a| .34| .34| .s5] .| s
7| .36, .36 .37 .37] .37| .37| .38) .38| 38| (39| (30| 30| 40| ‘s0| ‘41| 41| s
81 .41 41| .42 2] .42| .43 | .48 44| 44| ‘44| (45| a5 45| 46| (46| [a7| 82
of 46| .46y 47| .47] 48| 48| 48| .49] .49 0| 50| .s1] 51| ls2| .62| .62} w1
w) .s1| .s2| .52y .52y .83 .8 .o4| .5a| .55| 55| .s6] .s6| 57| .57] 8| s8] 80
uy .56 .57 57| .s8) .58 .sof 50| .eo} .eo| .e1| .e1| .e2] .62 .e3| .e3| .ea| 7
120 .6l .62 .62| .63} .e3| .e4| .e4| .65] .66| .66| .67| .67] 68| .68| -69| .70 78
By .66| .67 .67 .68} .e8| .e69| .70| .70} .71| 72| ‘72| (73| 7a| ‘7| ‘| 18] W
My .7} o720 .72 .73) .7af .74l .75} o.7e) 7e | l77l l7 | l7s) e lso] so| s} 78
1wy .16 .77| .18 .78 .7e| (7| .so| .si| sr| 82| 83| Ba| sa| 85| 86| s7]| 75
16 .s1| .82| .8 .83} .84 .s5| .85| .s6| .87| .ss| .s8| .se] .e0| .e1| .02| .o2]
17p .86 .87 .88 .88 .so| .90| .o0f .ot lo2| 03| oa| los5| e8| 96| 97| ‘e8] 73
188 01| .92| .93 .3} 04| .o5) 96| .96 .o7| e8| 99| 1oo] 1o1{ oz} 1.03| voa] 72
Iof 96| .o7! 98| .81 99| 1.00| 101 | 1.02] 1.03| 1.04| Lod | Losf 1.o8| To7| 1o8| Loo| 71
20] 100 1.02| 1.02| 1.03] 1.04| 1.05| 1.06| 1.07] 1.08| 109 | L10| L11| r12| 13| 114] 115] 70
21 1.06| 106 207 1.08) 100} r10| 11| ri2| r13| r14| 115| 118] ra7| 118 n19] 120 69
2201 1.10| 111} Li2| L13] 114} 115 116 | n17| 118 | 119 | 120} L21] 22| 124 125 L28| 68
2y L1s5| t16| 17| 1i8) 119 | 120| ror| roz) ve3| 24| v25f 1.26| 1.28( 120 1.30| 1.31] &7
240 L20) 1.21| 122| 1.23] 1.24| 25| 1.26| 127 | 128} 1.29| 1.30| 1.32) 1.33 | 1.34| 1'35] 136] 66
250 1.25| 1.26| 127 1.28) 1.29 130 1.31 | 132§ 133 1,34 1.36| 1.37) 138 1.39] 1.41) 142] 65
26| 1291 1.30| 1.31| 132} 1.3¢| 135 1.36 | 1.37| 1.38) 1.30| 141 | rd2| 143| rae| 148 1a7] 64
27| 1.3¢| 1.35| 1.36| 1.37) 1.38| 1.39| 1.41 | 1.42| 143 | 1.44| 1.46| 1.47] T48{ T50| I's1| 152} 63
280 1.38| 1.40| L4l | L42] 1.43| 1.44| 1.45| 147) 1.48| 140 151 | 1.52] 1'53| 1,55 56| 1.58] 62
20) 143 1.4€) 1.45| 1.48] 1.48} 140 ) 150 | L52| 1.63) L5a| 1.66| 1.57) 1.58 | 1.60| 161} 1.63] 61
30f 147 1.40| 150 | 1.60| 1.52| 154 | 1.55 | 156 1.58| 1.69| 60| Le2| 163| 1.65| 1.66 1.68] 60
st n62| 1.53) 154 156) 1.57| 1.58| 160 | 161 | re2| Les| 165| 167) e8| r7o| L7} | o0
321 156 1.57 1.50| 1.60] 1.61| 1.63| 1.64| 1.66) 1.67| 1e8| L70| L1 173 ] 15| 176 | L7 a8
33| 160 1.62| 1.63| Led] 66| 167 | 160 | r7o| 172 1.73| 1L75| 17e) 178 | vso| 18| 13| &7
341 1651 1.66| 1.68| 1.69) 1.701 1.72| 178 | 175 L76| 178 | 179 | 1.81) 1.83 | 1.84| 1.86| 1.88] 56
35 169 1.70| 172 1.73| 1.75| 176 { 1.78| 179]| 181 | 1.82| 1.8¢| 1:86) r87| 180 | 1o1| 192]| 55
360 173 | 175} 176 1.78) .79 1.80| 182 1.sef 185 1.87| 188 | 1.90] 1.92] 1o4| 1.05| LoT| 4
87] 1771 79| 1.80 | 1.82] 1.83| 1.85| 1.8 | 1.88]| 00| 1or| o3| o5 1o6| 18| 200| 202] 53
38 1.82| 1.83) 1.84| 1.86] 1.88| 1.89| 101 | 192 1.90¢| 1.06| 1.98| 1.09] 201 | 208 2.05| 207| 52
30l 18| 87| 180 19| 192] re3| 195 1.07| 108 | 2.00( 202| 204 206 207! 209 211 51
d0) 189 1o1) 1.03| 194) 1.96] 1.o7| Lo | 201] 203| 204| 206 | 208| 210 212, 214| 26| &0
41| 193] 95| 108 108} 200 201 | 203! 205| 207| 200| 210{ 212] 214 2.16’ 218 220 49
42 Lo7} 1.o9| 200| 202 2.04| 205| 207 | 209] 211 | 213| 215 | 2.16] 218 | 220 292| 225 48
43| 201 f 203} 204 206 208 200 21| 213 215| 217 219| 221] 23] 225! 227] 298|
441 205 206 208| 210} 212| 213 | 215| 217} 219| 221 | 223 22| 227| 220, 231 | 233| 46
46 208( 210) 212 214 218 207 | 219) 221 228 22| 227 | 2| 231 2.33‘ 2.35| 2371 45

70°107 | 70° 207 | 70°30 | 70° 4y [ 70° 50 | 71° 71010 [T1o20 71080 {Tiodwy {T1c k0 | 720|720 107 [ 720 207 | 720307 | 720 40
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Factor C is on line opposite ;=90°]
72°

of transit observat

wWn 0

71° 4071 71° 50/

TABLES

For factor B use right-hand argument.
71010 | 71° 20 171° 3¢

7n°

TOP ARGUMENT=S8TAR’S DECLINATION, 5
SIDE ARGUMENT=STAR’S ZENITH DISTANCE, ¢

Table I11.—A, B, C Factors for reduct

|For factor A use left-hand argument,

70° 107 | 70° 20/ { 70° 307 | 70° 40¥ | 70° 50/

A\

\s

72°10° | 72° 207 ) 72° 30V | 72° 40

72°

71°307 | 71° 40’} 71° 50

71° 20

71° 10/

7n°

70°10° | 70° 207 | 70° 30’ | 70° 40’ § 70° 5¢¢
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U. 8. COAST AND GEODETIC SURVEY

Table 111.—A, B, C Factors for reduction of transit observations
TOP ARGUMENT=STAR’S DECLINATION,
SIDE ARGUMENT=S8STAR’S ZENITH DISTANCE, {

[For factor A use left-hand argument. For factor B use right-hand argument. Factor C is on bottom line of next page]

/
\‘.8\ 72°407 (72°507 | 73° [73°10/ }73°200 |73°30¢ [73°40’ [73°50’ | 74° |74°10' |74° 207 | 74°30 f74°40Y |74°50’ | 75° |75°107 6/{
o o
1) 0.06| 0.06| 0.06/ 0061 0.06( 006 0.06| 0.06f 0.06( 0.06| 0.06 | 006§ 0.07] 0.07| 0.07| 0.07 89
2 .12 L12 12 12 .12 .12 .12 .12 .13 .13 .13 .13 .13 .13 .18 .14 88
3 .18 .18 .18 .18 .18 .18 .19 .19 .19 .19 .19 .20 .20 .20 .20 .20 87
4 .23 .24 .24 .24 .24 .24 .25 .25 .25 .26 .26 .26 .26 .27 .27 .27 86
3 .29 .30 .30 .30 .30 .31 .31 .31 .32 .32 .32 .33 .33 .33 .34 .34 85
6 .35 .35 .36 .36 .36 .37 .37 .38 .38 .38 .39 .39 .40 .40 .40 .41 84
7 .41 .41 .42 .42 .42 .43 .43 .44 .44 .45 .45 .46 .46 .47 .47 .48 83
8 .47 .47 .48 .48 .48 .49 .50 .50 - 50 .51 .52 .52 .53 .53 .54 .54 82
9 .52 .53 .53 .54 .54 .56 .86 .56 .57 .57 .58 .58 .59 .60 .60 .61 81
10 .58 .59 .59 .60 .60 .61 .62 .62 .63 .64 .64 .65 . 66 .66 .67 .68 80
11 .64 .65 .65 . 66 .66 .67 .68 .68 . 69 .70 .71 .71 .72 .73 .74 .74 .79
12 .70 .70 .7 .72 .72 .73 .74 .75 .75 .76 .77 .78 .79 .79 .80 .81 78
13 .76 .76 .77 .78 .78 .79 .80 .81 .82 .82 .83 .84 .85 .86 .87 .88 77
14 .81 .82 .83 .84 .84 .85 .86 .87 .88 .89 .80 .9 .92 .93 .94 .95 76
15 .87 .88 .89 .89 .80 .91 .92 .93 94 .95 .96 .97 98 .99 | 1.00| lLo1 75
16 92 .93 .94 .95 .96 .97 .98 991 1.0 101 1.02{ 1.037] 1.04 1.05 1.06/ 1.08 74
17 98 .99 1.00 1.01 | 1.02{ 1.03| 1.04| 1.05] 1.06| 1.07| 108 1.09] 1.11| 1.12| 1.13| I1.14 73
18y 1.04¢ 1.05| 1.08| 1.07f 1.08}| 1.09| 1.10| L 11 1L12| 1.13| 1L.14| LI16f 1.17 | 118 | 1.18| 1. 21 72
191 1.09| 1103 1.11 1L.12] 114 115 116 1171 1.18| 1.19| 1.21 1.22] 1.3} 1.24} 1.26 | 1.27 71
20F 115 1.16 | 117 | 118 119 | 1.20| 1.22 | 1.23| 1.24| 1.25{ 1.27| 1.28] 1.29| 1.31| 1.32| 1.34 70
21 1.20| L21 1.22( 1.24f 1.25 1.26 | 1.27 | 1.20] 1.30| 1.31 1.33 | 1.34] 1.36 | 1.37| 1.38| 1.40 69 -
22| 1.26 } 1.27 1.28} 1291 1.31 1.2 1.33 | 1.34| 1.36} 1.37] 1.39| 1.40] 1.42| 1.43| 1.45| 1.46 68
231 131 1.32] 1.34| 1.35] 1.36 | 1.38 | 1.39| 1.40| 1.42 | 1.43| 1.45| 1.46§ 1.48| 1.49| 1.51 | 1.53 67
24 1.36 | 1.38 ) 1.39| 1.40) 1.42| 1.43| 1.45| 1.46] 1.48| 1.49 | 1.51 1.52] 1.54 ] 1.556| 1.57] 1.59 66
25| 142} 1.43 ] 1.45| 1.46] 1.47) 1.49| 1.50| 1.52} 1.53 | 1.55| 1.56 | 1.58] 1.60 | 1.62| 1.63 | 1.65 65
26| 1.47 7 1.48 | 1.50| 1.51 3 1.53 | 1.54 | 1.56 | 1.58 F 1.59| 1.61 1.62 | 1.64f 1.66| 1.68( 1.69| 1.71 64
271 1.52 ) 1.54| 1.556| 1.57] 1.581 1.60} 1.61 .63} 1.66] 1.66| 1.68| 1.70} 1.72| 1.74| L.75| 1.77 63
280 1.581 1.59 | 1.60 1.62} 164} 1.65| 167 | 1.60] 1.70| 1.72} 1.74| 176 ] 1.7%] 1.79| 1.81| 1.83 62
201 1.63| 1.64] 1.66 | 1.67] 169 | 1.71 L7211 1.74) 1.76| 1.78| 1.80| 1.81 f 1.83| 1.85| 1.87 | 1.89 61
30f 1.68] 1.69| 1.71 | 1.733 174§ 1.76| 1.78| 1.80f 1.81 | 1.83 | 1.85| 1.87] 1.89| 1.91| 1.93| 1.95 60
31 173 1.74) 1.76| 1.78] 1.80f 1.81 | 1.83; 1.85) 1.87( 1.89| 1.91 193] 1.95| 1.97{ 1.99| 201 59
32F 1.781 180 | 1.81| 1.83) 1.85| 1.87 ) 1.88| 1,901 1.92| 1.94| 1.96; L.98f 200 202]| 205 207 58
33F 1.83 | 1.85) 1.86{ 1.88] 1.90| 1.92| 1.94| 1.96] 1.98] 200] 2.02| 2.04] 206 |-2.08} 210 213 57
34 1.881 1.8 | 1.91 1.93F 1.95| 1.97 ¢ 1.99 ) 2.01 2031 205| 207 | 200 2.12| 2.14| 2.16 | 2.18 56
35§ 1.92| 1.94 1.96| 1.98] 200 202| 204 | 2206 208 210 212| 215 217 219 2.22| 224 55
36 1.97 ¢ 1.99 | 2.01 203) 2051 207 209 211 213 215 | 218 220 222 225 2.27 230 54
374 202} 204 206 2080 210 212 214 | 216 218 | 221 | 2.23| 2.25% 2.28| 2.30| 233 | 2.35 53
3808 2071 209] 211} 213 215| 217 | 219 221 2.23) 226 228 230 233 | 2.35| 2.38| 240 52
300 211 213 | 2157 217 219 | 222} 2.24( 2264 2.28| 231 | 233 | 2.35] 238 2.40| 2.43| 2.46 51
400 216 | 2187 220 2221 224 | 226| 220 | 231 233 236 238 | 240f 243 2.46] 248 251 50
41 2201 222 2241 226 220 231 | 233 | 236 238 240 | 243 | 2.45] 248 | 2.51| 2.53| 2.56 49
42 225 227 | 2.20| 2311 233 | 236 | 238} 240 243 | 245( 248 | 2.50) 253 | 2.56| 2.58 | 2.61 48
431 2.29 | 231 2331 2.36F 238 | 240} 242 245§ 2473 250 | 2.53 | 2551 2.58 | 2.61 | 2.63| 266 47
441 2331 235| 2.38| 2.40) 242 | 2.45| 247 | 250 252 | 2.55| 257 | 2.60] 2.63| 2.66| 2.68| 271 46
45 2.37| 240 | 2.42| 2244 ]| 246) 249 251 254) 256 | 2.59| 262 265 267 270 273 2.76 45
72°400 | 72°507 | 73° |73°10 |73°20 |73°3(Y | 73°40 |73°50' § 74° |74°107 |74°20' |74°30’ 74040 {74050 | 75° |75°10¢
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Factor Cis on line opposite {=90°]

TABLES

For factor B use right-hand argument.

TOP ARGUMENT=STAR’S DECLINATION, 3
SIDE ARGUMENT=8TAR’S ZENITH DISTANCE, ¢

Table 111.—A, B, C Factors for reduction of transit observations

[For factor A use left-hand argument.
72°407 |72°6507 | 73° [73°10°173°207 [73°307 | 73°40/ | 73° 50’} 74° |74°107 | 74° 207 | 74030’ | 74° 407 | 74° 507} 75° [75°10/ %

\

\
3

78° |75°10

74° 50"

T4° 4

T4° 30/

4007

74°10

74°

73° 10’ 373° 20" | 73° 30" | 73° 40’ | 73° 50/

73°

72° 40’ 72° 50/
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Factor C is on bottom line of next page)

of transit observat
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U. S. COAST AND GEODETIC SURVEY

TOP ARGUMENT=STAR’S DECLINATION, 3
SIDE ARGUMENT=S8TAR’S ZENITH DISTANCE, {

For factor B use right-hand argument.
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Table ITI.—A, B, C Factors for reduct

[For factor A use left-hand argument,
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Factor Cis on line opposite t=00°]

f transit observat

wW0N 0

TABLES

For factor B use right-hand argument,

TOP ARGUMENT=8TAR’S DECLINATION, &
SIDE ARGUMENT=STAR’S ZENITH DISTANCE, ¢{

Table II11.—A, R, C Factors for reduct

[For factor A use left-hand argument.

750100 | 750 200 | 750 307 | 750 agy 75°50/ | 716° | 76°10" | 76° 20’ | 76° 207 | 76° 40 | 76° 500 | 770 |77o10|vro 200 |7ros0r 1o o] 8 /
1N i

TI°107 1 77° 200 | 77°300 | 77° 407

76° | 76°107 | 76° 20 | 76° 30 | 76° 40’ | 76°50' | 77°

75° 10 | 75° 207 | 75° 307 | 75° 407)) 756° 50/




170 U. 8. COAST AND GEODETIC SURVEY

Table 111.—A, B, C Factors for reduction of transit observations
TOP ARGUMENT=S8TAR’S DECLINATION, 5
BIDE ARGUMENT=8TAR’S ZENITH DISTANCE, ¢
[For factor A use loft-hand argument. For factor B use right-hand argument. Factor C s on bottom line of next page]

N TT40 | 77°50° | 78° | 78°10 § 78°207 | 78°30" | 78°40Y [ 78°50 | 79° | 79°100 | 790200 | 790307 | 79040 | wpeser | soe }{
© o
11 008 008 0.08 0.08) 0.09/ 0.09]| 0.09/ 0.09] 0.09| 000] 009 o10] 010 o010| o0100] so
21 6| | 7| ] | sl sl s s 19 19 1) 20 88
3 24 25 25 26 26 26 27 .27 .27 28 28 29 29 30 30 87
4} (33| .83( a4l 34| 34| 35| 36| .36| 37 37 38 38 39 40 0] s
5 .41 41| 42| 42| 43| laa| 44| 45| s 46 a7 48 45 49 0} s
6] .49 st sl .s2i k2| s3] .m] s 56 56 57 58 59 60 84
7 57| 88| 59 so| eo| 61| 62| 63l ea 65 66 67 68 69 w| 83
8l .e5f .e6| .67| .e8|] 60| .| 71| .72| 7 74 75 76 78 79 so] s
ol 73| 7| ‘7l el 7| | lsof st] e 83 84 86 87 89 90l =
o) .81 .82 .s4| .85] .86| .s7| .s&| .e0] o 92 94 95 97 98{ 1oof so
ny .set e0q .02 el eaf 96| .97| .08 100/ 1o2| 103] 105] ros| 1os| Liol 7o
12 .97 .99 1.00 1.01 1.03 1.04 1.08 1.07 1.09 1.11 1.12 1.14 1.16 1.18 1.20 78
13 ros| 1o7) tosf riofl L) nis) 14| nie|l 1sf 12| 122| 1| 1| 1zl| ] 7
14l 113 15| Li6| 1L18) 120 12t| 128| Las) 12r| 12| 1.31| 13| 13s| 37| 1| e
15 .21 1.23 1.25 1.26 1.28 1.30 1,32 1.34 1.36 1.38 1.40 1.42 1.44 1.47 1.49 75
16} 1290 1.31) 133 1.34] 1.36| 1.38) 140 1.42] 14e| 147| 149 vm| 1sa| 1] o] e
17l 187 1390 141f 143 ) 1.45| 147 | 149 | st 1s3| rs6| 18| 160 63| 166| 168| o9
181 145 147) 149 a1 1s3f 1s5) 17| neol 12| 16e| 167 10| 72| 178t 18] qe
19 1.52 1.54 1. 57 1. 59 1.61 1.63 1.66 1.68 1.71 1.73 1.76 1.79 1.82 1.84 1.87 71
200 1.60| 1.62) 1.65| 167 1.69| 72| 174 177| 79| tse| 18s| 18] 11| 1o4| Torl 70
21 1687 170} L7z 175f 177 v1so| 1.82] 1.85] 1ss| ne1| 1o4| 1er] 200| 203| 206l e
22 1.75 1.78 1.80 1.83 1.85 1.88 1.91 1.93 1.96 1.99 2.02 2.06 2.09 2.12 2.16 68
2] 1.83( 185 188 1.90f 1.93) 1o6| 1.9\ 202 205 208( 211| 214] 218| 22| 291 e
24 1.90 1.93 1,96 1.98 2.01 2.04 2.07 2.10 2.13 2.16 2.20 2.23 2.27 2.30 2.34 66
251 1.98) 2.00) 203 206) 209| 212 215) 218 Z222| 225| 298| 232| 23| 230| 241 6
26 2.06 2.08 2.11 2.14 2.17 2.20 2.23 2.26 2.30 2.83 2.37 2.41 2.44 2.48 2. 52 64
27| 2121 215| 218) 221 224 | 228 2.31| 2.34] 238| 242! 245 249] o53| 25| o261 os
289 2201 2281 2261 220} 232 236| 239 242| 246| 2m0| 24| 28| 262] 266| 27001 6o
29 2.27 2.30 2.33 2.36 2.40 2,43 2.47 2.50 2.54 2.58 2.62 2.66 2.70 2.75 2.79 61
300 234 237 240 244] 247 | 251 254 258 262| 266| 27| 27| 27| 28| 281 60
S1p 241 244 | 248 251 255( 2581 262 2660 270 274 278 28| 287 22| 207] s
320 248 251 255| 258 2062 266 | 270 274) 278| 2s2| 28| Zo | 205 s00| 5051 . es
33 2. 55 2. 58 2.62 2.66 2.69 2.73 2.77 2,81 2.85 2.90 2.94 2.99 3.04 3.00 3.14 57
340 262 2661 2609)| 273 276 | 280 284 28| 23| 208| 32| For| Fa2| 317| 2| %
31 268 272 276 280 284 288 202 206| 01| 305 310! 315] 320! 395| 3301 28
36 2.75 2.79 2.83 2.87 2.91 2.95 2.99 3.04 3.08 3.13 3.18 3.23 3.28 3.33 3.38 54
37) 282 2.8 200 204| 208) 302| 306 3118 315| 20| 325! 3300 338| 341| 347| 24
38) 288 202 296| 3.00) 304) 3.09] 3.13| 318 323| 32| 333! 33| 33| a40| 38|
391 2954 299} 3.03) 307 311 316} 3201 3250 330 335 340] 345] 61| 36| 3e62] oo
401 301 3.05] .09 3.14) 318 3.22| 327 332) 337 342| 347 s3] 38| 36| 370] 80
a1 307 311 3.96F 3,201 3.24| 3.20( 334/ 3.39) 344| 349! a3.54| 360] 366| 372! 5781 49
421 313 | 3181 3.22| 3.26| 381 | 3.36| 3.41( 3460 51| 356| 361| 367] 373| 37| B8] a8
431 319 3241 328| 333} 337 342| 347 352 357 | 363| 368| 374 30| ase| 39]| 4
4] 3.25| 330 3.34| 3.39] 343) 348) 354 | 350] 364| 370 375| 384 38| zodl 400] 46
451 3.31| 3.36| 340 3.45| 3.60| 355 360| 365 37i| 76| 382| 3ss| 394l sor| 407l 35
T4 | 7507 | 78> | 78°10r § 78°20 [ 78°30r | 78°40r | 78°6507 | 790 | 700100 | 790207 | 79030 | 70040y | 79050 | s0°
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80°

79° 40" | 79° 50/

Factor C is on line opposite {=90°

79° 207 | 79° 30’

f transit observations

01 O
79° 10

79°

TABLES

For factor B use right-hand argument.

TOP ARGUMENT=STAR'S DECLINATION, &

SIDE ARGUMENT=STAR’S ZENITH DISTANCE, ¢

78° 10| 78° 20’ | 78° 30’ | 78° 40 | 78° b0/

78°

Table I1I1.—A, B, C Factors for reduct

[For factor A use left-hand argument.

o4 | 77080

N8
AN

80°

79° 407 | 79° 50’

79° 107 | 79° 20 | 79° 30’

78°107]78° 20’ | 78° 30’ | 78° 407 | 78° 50’  79°

78°

77° 40 | 77° 50/
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U. 8. COAST AND GEODETIC SURVEY

88
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77
69
58
45
11
91
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45
18
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6.39
6.17
. 94
71
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4
17
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Table 1V.—Parallax of the sun for the first day of each month
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Table V.—Mean refraction, T'm
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[Pressure=760 mm,; Temperature=10° C: Relative humidity =80%]
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U. S. COAST AND GEODETIC SURVEY

Table V.—Mean refraction, rp

[Pressure=760 mm; Temperature=10°C; Relative humidity==60%)

z 00’ 10 20 30 40’ 50 60"

(-] " ” ” ” " "

60 100.0 100. 6 101.3 102.0 102.7 103. 4 104.1

61 104.1 104.8 105. 5 106.3 107.0 107.7 108.5

62 108.5 100. 2 110.0 110.8 111.6 112. 4 113.2

63 113.2 114.0 114.8 115.8 116. 5 117.3 118.2

64 118.2 119.0 119.9 120.8 121.7 122.6 123.5

65 123.5 124.5 125.4 128. 4 127. 4 128.3 129.3

66 129.3 130.3 131.4 132. 4 133.4 134.5 135.6

67 135.6 136.7 137.8 138.9 140.0 141.2 142.3

68 142.3 143.5 144.7 145.9 147.2 148.4 149.7

69 149.7 151.0 152.3 153.6 155.0 156. 4 157.8

70 157.8 159.2 160. 6 162.1 163.6 165.1 166. 6

71 166. 6 168. 2 169.7 171. 4 173.0 174.7 176.3

72 176.3 178.1 179.8 181.6 183.4 185.3 187.2

73 187.2 189.1 191.0 193.0 195.1 197.1 199.2

74 199. 2 201. 4 203. 6 205.8 208.1 210. 4 212.8

75 212.8 216.2 217.7 220. 2 222.8 225.5 228.2

76 228.2 230.9 233.7 236. 6 239. 6 242. 6 245.7

77 245.7 248.9 252.1 255. 4 258. 9 262.3 265. 9

78 265. 9 269. 6 273. 4 277.2 281. 2 285.3 , 289.5

79 289. 5 293.8 208. 2 302.8 307.5 312.3 317.3

80 317.3 322. 4 327.7 333.2 338.8 344.6 350. 6

81 350. 6 356. 8 363.2 369. 8 376. 6 383.7 391.1

82 391.1 398.7 406. 6 414.8 423.3 432.1 441.3

83 441.3 - 450.9 460. 9 471.2 482.0 493.3 505.1

84 505. 1 517.4 530.3 543.8 558. 0 572.8 588. 4

85 588. 4 604. 4 621.6 639. 7 658. 8 678.9 700. 2

86 700. 2 722.7 746. 6 771.8 798.7 827.2 857.6

87 857.6 860.0 924.7 961. 6 1,001.3 1,043.9 1,089.7

88 1,089.7 1,138.9 1,192.0 1,249.2 1,311. 4 1,378.6 1,452.0

89 1,452.0 1,531.7 1,618.8 1,714.0 1 818.4 1,933.1 2 059. 6

Table VI.—Pressure Correction Factor, Cs
(Apply to mesan refraction in Table V)
[r=(rm) (C8) (Cr)]
Bsarometer Cg Barometer Cp Barometer Cp Barometer Cp Barometer Csr
Inches mm Inches mm Inches mm Inches mm Inches mm

20.0 508 | 0.670 22.4 569 | 0.749 24.8 630 | 0.829 27.2 691 | 0.908 20.6 752 | 0.989
20.1 511 | 0.673 22.5 572 | 0.752 4.9 632 | 0.832 27.3 693 | 0.912 29.7 754 0. 992
20.2 513 | 0.676 22.6 574 | 0.755 25.0 635 | 0.835 27.4 696 | 0.916 29.8 757 | 0.996
20.3 516 | 0.679 22.7 576 | 0.759 25.1 637 | 0.838 27.5 699 | 0.920 20.9 759 | 0.999
20.4 518 | 0.682 22.8 579 | 0.762 25.2 640 | 0.842 27.6 701 | 0.923 30.0 762 1. 003
20.5 521 | 0.685 22.9 582 | 0.766 25.3 643 | 0.846 27.7 704 | 0.926 30.1 7656 1007
20.6 523 | 0.688 23.0 584 [ 0.770 25. 4 645 | 0.8490 27.8 706 | 0.929 30.2 767 | 1.010
20.7 526 | 0.692 23.1 587 | 0.773 25.5 648 } 0.853 27.9 700 | 0.933 30.3 770 | 1,013
20.8 528 | 0.696 23.2 589 | 0.776 25.6 650 | 0.856 28.0 711 [ 0.936 || * 30.4 772 | 1.018
20.9 531 | 0,699 23.3 592 1 0.779 25.7 653 | 0.859 28.1 714 | 0.939 30.5 775 1. 020
21.0 533 | 0.703 23.4 594 | 0.783 25.8 655 | 0.862 28.2 716 | 0.942 30.6 777 1.023
211 536 | 0.706 23.8 597 | 0.786 25.9 658 | 0.866 28.3 719 | 0.946 30.7 780 | 1.026
21.2 538 | 0.709 23.6 599 | 0.789 26.0 660 | 0.869 28.4 721 | 0.949 30.8 782 1. 029
21.3 541 | 0.712 23.7 602 | 0.792 26. 1 663 | 0.872 28.5 724 | 0.953 30.9 785 1,033
21. 4 544 | 0.716 23.8 605 | 0.796 26.2 665 | 0.875 28.6 726 | 0.956 310 787 1,038
21.5 546 | 0.719 23.9 607 | 0.798 26.3 668 | 0.879 28.7 729 | 0.959
21.6 549 | 0.722 24.0 610 | 0.803 26. 4 671 | 0.882 28.8 732 | 0.963
21.7 661 | 0.725 2.1 612 | 0.806 26.5 673 | 0.885 28.9 734 | 0.966
21.8 564 | 0.729 24.2 615 | 0.809 26.6 676 { 0.889 29.0 737 1 0.970
21.9 556 | 0.732 24.3 617 | 0.813 26.7 678 | 0.892 29.1 739 | 0.973
22.0 559 | 0.735 4.4 620 | 0.816 26.8 681 | 0.896 29.2 742 | 0.976
22.1 561 | 0.739 24.5 622 | 0.820 26.9 683 | 0.899 20.3 744 | 0.979
2.2 564 | 0.742 24,6 625 | 0.823 27.0 686 | 0.902 29.4 747 | 0.983
22,3 566 | 0.746 24.7 627 | 0.826 27.1 688 | 0.908 29.5 749 | 0.986
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Table V1I.—Temperature Correction Factor, Cr
(Apply to mean refraction in Table V)
[r=(rm) (C5) (Cr)]

175

Temperature Temperature Temperature Temperature Temperature
Cy Cr Cr Cr Cr
Fahren-| Centi- Fahren-| Centi- Fahren-| Centi- Fahren-} Centi- Fahren-| Centi-
heit grade heit grade heit grade heit | grade heit grade
] o -] o o ] o . -] o o
—25 | —31.7 ] L.172 81 —13.3 | 1.080 41 5.0 1.018 74 23.3 { 0.955 107 41,71 0.900
—24 | —3L.1| 1,169 9| —12.8 | 1.087 42 5.6 11.016 75 23.9 | 0.953 108 42.2 | 0.898
—23 | —30.6 | 1.166 10| —12.2 ) 1.085 43 6.11 1.014 76 24.4 | 0.952 109 42.8 | 0.897
—22| —30.0} 1.164 11 ] —11.7 | 1.082 44 6.7 | 1.012 77 25,0 | 0.950 110 43.3 | 0.805
—21 | ~29.4 | 1,161 121 —11.1 | 1.080 45 7.2 | 1.010 78 25.6 | 0.948 111 43.9 | 0.804
—~20 | —28.9 | 1.158 13| —10.6 | 1.078 46 7.8 | 1.008 79 26.1 | 0.946 112 44.4 | 0.802
.

-19} —28.3 | 1.156 14| —10.0 { 1.076 47 8.3 | 1.006 80 26.7 | 0.945 113 45.0 | 0.891
-18 | —27.8 | 1.153 16| — 9.4 1.073 48 8.9 [ 1.004 81 27.2 | 0.943 114 45.6 | 0.890
—17 | ~-27.2 | 1.151 16—~ 891071 49 9.4 | 1.002 82 27.8 | 0.941 115 46.1 0. 888
—16 | —26.7 | 1.148 17} — 8.3 | 1.069 50 10.0 | 1.000 83 28.3 | 0.939 1168 46.7 | 0.886
—151 —26.1 | 1.145 18| — 7.8} 1,067 51 10.6 | 0.998 84 28.9 | 0.938 117 47.2 1 0.885
—14 | —25.6 | 1.143 18| — 7.2 | 1,064 52 11.1 | 0.996 85 29.4 | 0.936 118 47.8 0. 884
—13 | —25.0 ] 1.140 20| — 6.7 1.062 53 11.7 | 0.994 86 30.0 | 0.934 119 48.3 | 0.882
—12 | —24.4| 1.138 211 — 6.1} 1.060 54 12,2 | 0.992 87 30.6 | 0.933 120 48.9 0. 881
~11] —23.9 | 1.135 22 | — 5.6 1.058 55 12.8 | 0.990 88 31.1 | 0.931 121 49.4 | 0.880
—10 | —23.3 | 1.133 23| — 5.0] 1.056 56 13.3 | 0.988 89 3.7 | 0.929 122 50.0 | 0.878
— 9 —228] 1130 24 | — 4.4 1.054 57 13.9 | 0.986 90 32.2 | 0928 123 50.6 | 0.877
— 8| ~22.2 | 1.128 25| ~ 3.9 1,051 58 14.4 | 0.985 91 32.8 | 0.926 124 51.1 0.876
— 7| -21.7| L125 26 | — 3.3 | 1.049 59 15.0 1 0.983 92 33.3 ] 0.924 125 51.7 | 0.874
— 6| -21.1|1.123 27 | ~- 2.8 1,047 60 15.6 | 0.981 93 33.9 | 0.923 126 52.2 | 0.873
-~ 5| —20.6 | 1.120 28 | — 2.2 1.045 61 16.1 | 0.979 94 34.4 1 0.921 127 52.8 0.871
- 4] ~-20.0; 1118 20| — 171,043 62 16.7 | 0.977 95 35.0 | 0.919 128 53.3 | 0.870
— 3| —19.4 | 1,115 30 | — 1.1 1,041 63 17.2 | 0.975 96 35.6 | 0.917 129 53.9 0.868
—~ 2| -189 1113 31| — 0.6 | 1.039 64 17.8 | 0.973 97 36.1| 0.916 130 54.4 | 0.867
—1]-183|1L111 32 0.0 ] 1.036 65 18.3 | 0.972 98 36.7 | 0.914

0| —17.8 ( 1.108 33| 4 0.6 1.034 66 18.9 | 0.970 99 37.21 0.912
+ 1] —-17.2 1106 34 1.1 1.032 67 19.4 | 0.968 100 37.8 | 0.911

2| —16.7 } 1.108 35 1.7 | 1.030 68 20.0 | 0.966 101 38.3 | 0.909

3| —16.1 | 1.101 36 2.2 1.028 69 20,6 | 0.964 102 38.9 | 0.908

4| —15.6 | 1.099 37 2.8 1.026 70 21.1 | 0.962 103 39.4 | 0.906

5| —15.0 | 1.096 38 3.3 1.024 71 21.7 | 0.961 104 40.0 | 0.905

6| —14.4 | 1.094 39 3.9 | 1.022 72 22.2 | 0.959 105 40.6 | 0.903

71 —13.9 | 1.092 40 4.4 | 1.020 3 22.8 | 0.957 106 41.1 | 0.902
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U. S. COAST AND GEODETIC SURVEY

[The sign of the correction is the same as that of the micrometer difference]
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{Star off the me

TABLES

Table X.—Correction to latitude for reduction to meridian

the equator and subpolars]

177

ridian but Instrument in the meridian. The sign of the correction to the latitude is positive except for stars south of

5] 6 | 79| 8| 90 | 100 | 15 | 208 | 220 240 | 269 | 285 | 300 | 320 | 348 | 368 | 380 | 400 | 42 | 440 | 460 480 | 500 | 529 | 545 | 560 | 58+ | 60°] &
o ” " ”n 1” " ” ” " " ” ” ” ” ” ”n ” ” ”n ”n 1 12 " ” ” " ” ” -3
1 Ct.otl .o1] .o1] .01} .01 .01} .01| .01} .01 .01l .ol .01 .02] .02 89
2 .o1| .01} .o1| .o1} .01{ .01| .01| .01| .02 .02} .02{ .02} .02 02] .03] .03| .03| .03| .03] 88
3 .o1] .01} .01] .01] .01] .01| .01 .02 .02 .02 .02] .03] .03| .03] .03] .04| .04 .04} .04 .06 . 05] 87
4 L014 .01] .01} .01f .01} .02] .02 .02| .02 .03 03} .03] .04] .04] .04| .05| .05| .06 .06 .06 .07 86
5 .o o1 .o1| .01} .02 .02 .02 .02 .03 .03] .03] .04| .04/ .05| .05/ .05 06| .06] .07| .07] .08| . 09| 85
6 .01/ .01] .01| .02] .02[ .02 .03| .03] .03| .04]| .04 05| .05 .06 .06| .07} .07 .08 .08| .09 .10 L 10| 84
7 .017 .01) .02 .02 .02} .03] .03| .03| .04} .04 ~05] .05) .08| .06| .07| .08] .08 .08] .10 .10 . 11| . 12| 83
8| o1} .02 .02| .02| .03} .03] .03 .04| .04[ .05} .05 08l ,07{ .07} .08] .09} .09] .10 . 11| .12 13| .14} 82
9 co1] .02 .02| .02} .03| .03| .04| .04] .05] . 05| .06 .07| .07| .08 .09| .10{ .11| .11} .12} .13 141 . 15| 81
10 .01 .02 .02| .03{ .03| .04; .04] .05 .05 .06| .07 .07| .08 .09 .10} .11} .12] .13| .14 15| .16 . 17| 80
12! Jott Lott Lo2) o3l .03l (o4l .08) .05 .06( .06} .07 .08 c09) 10! . 11{ .12 (13| .14[ .15] .16 .17| .19 .20 78
14 .o1| .o1f .01} .03] .03| .04{ .04 .05) .06] .07| .07 o8] .08} .10| .11} .12] .14] . 1b 16! .17} .19} . 20| .22] . 23] 76
16 ~o1] 01| .02| .03} .03| .04/ .05} .06[ .07| .07| .08 .09 J10] . 12| 13| . 14| .15} .17} .18 .20( .21 .23] .24] .26] 74
18] .01| 01| .01] .02{ .03| .04 .05] .05]| .06| .07| .08( .00 10| C12f . 13| .14f .16] . 17| .18| .20 .22| 23| .25 .27| .29| 72
20| c01{ 01| .01 .02| .04 .04 .05] .06] .07| .08| .09 .10 .11 13| .14/ (15[ . 17| . 19| . 20| . 22| . 24| .26] .28 .29 .32 70
22 .01] .01] .01 .02] .04] .05| .05) .06] .07] .00 .10{ . 110 .12 .14} .18 .17} .18} .20} .22 24l . 26| .28! .30| .32} .34] 68
24] 01| .o1] .01 .02} .04] .05 .06! .07 .08 .09| .10( .12| .13 15| .16| . 18] .20 .21} .23} .25} .27 29| . 32! . 34| .36] 66
26) .01} .01} .01} .02] .04 .05/ .06 .07 .08} .10| .11| .12 T14| S15] .17 .19 .21] . 23] .25 .27 .29 . 31| .34| .36 .39 64
28 01| .0t} .0t{ .01| .08/ .06 .05 .07| .08 .09] .10 12| .13| .15| .16| . 18| . 20| . 22| .24] .26 28| .31| .33| .35) .38 .41| 62
30| o1} .01} .o1| .o1| .03] .05 .06 .07| .08 .09| .11| .12| . 14) . 15| 17| 19| . 21| .23 .25] .27| .30 . 32| . 34| .37] . 40| .42] 60
32 01} .o1] .ot .01|..03| .05| .06/ .07, .08 .10} .11 13| . 14] .16] .18] . 20| . 22| . 24| . 26| .28| .31| . 33| .36] .39 .41| .44} 58
344 i .01 .01l .01} .03| .05 .06| .07| .08| .10} . 11! .13 "15] 16! .18] .20] .22] .24] . 27| . 29| . 32| . 34| .37] . 40| .42 . 45| 56
36 01| .o1| .01| .01/ .03| .05 .06] .07} .09} .10| .12 13| .15 .17| .19] .21} .23} .25} . 28] .30 321 .35 .38] .41) .44| .47] 34
38| .01/ .01/ .01} .01| .01f .03| .05( .06 .08 ,09] .10| .12| .13| .15] .17| .19] .21 “23! J26| .28 .30 .33] .36] .30 .41 .44] .48 52
40| .o01) .01 .0t} .01} .01 .03 .05 .07| .08 .09] .11] .12| . 14| . 16| .17(,.19 C21] . 24| .26] .28] .31{ .34] .36| .39] .42 .45 .48} 50
45| .o01) .01| .01| .01| .01| .03| .05| .07} .08| .08 .11 “12| 14| .16| .18| .20] . 22| .24 .26| .29| .31| .34 37 .40] . 43| .46 . 49| 45
Table X.—Continued
3 60 660 70+ 75 80 85 90 95 100 1050 1100 115¢ 1200 ]
i . _
o ” " ” 14 " " _ll n r” " " " " [
0 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 90
2 .03 .04 .05 .05 .06 .07 .08 .09 .10 .10 .12 .13 .14 88
4 .07 .08 .09 11 12 14 .15 17 .19 .21 .23 .26 W27 86
6 .10 .12 .14 .16 .18 .20 .23 .26 .28 .31 L34 .37 .41 84
g 14 .16 .18 .21 .24 W27 .30 .34 .38 .41 .45 .50 . b4 82
10 .17 .20 .23 .26 .30 .34 .38 .42 .47 .51 . 56 .62 .67 80
12 .20 .24 .27 .31 .36 .40 .45 .50 .55 .61 .67 .73 . 80 78
14 .23 .27 .31 .36 .41 .46 .52 .58 .64 .71 W77 .85 .92 76
16 .26 31 .35 .41 .46 .52 .59 .65 .72 .80 .87 .96 1.04 74
18 .29 34 .39 .45 .61 . 58 .65 .72 .80 .88 .97 1.06 1.1 72
20 .32 .37 .43 . 49 .56 .63 it .79 .88 .97 1. 06 1.16 1.26 70
22 34 .40 .46 .53 .61 .68 i .85 .95 1.04 1.15 1.25 1.36 68
24 36 .43 . 50 .87 .65 .73 .82 .91 1.01 1.12 1.23 1.34 1.46 66
26 39 .48 .53 .60 .69 .78 .87 .97 1.07 1.18 1.30 1.42 1. 55 64
28 41 .48 .55 .64 .72 .82 .92 1.02 1.13 1.25 1.37 1.49 1.63 62
30 42 . 50 . 68 .66 .76 .85 .96 1.07 1.18 1.30 1.43 1. 56 1.70 60
32 44 .52 . 60 .69 .78 .89 .99 1.11 1.22 1.35 1.48 1.62 1.76 58
34 45 .54 .62 .71 .81 .9 1.02 1. 14 1.26 1.39 1.53 1.67 1.82 56
36 .47 . 55 .63 .73 .83 .4 1.05 1.17 1.30 1.43 1. 57 1.71 1. 87 54
38 .48 56 .65 .74 .85 .96 1.07 1.19 1.32 1.46 1. 60 1.76 1. 80 52
40 .48 .67 .66 .76 .86 .97 1.09 1.21 1.34 1.48 1.62 1.78 1.93 50
42 .49 .67 .66 .78 .87 .8 1.10 1.22 1.36 1.49 1.64 1.79 1. 85 48
44 49 .58 .67 il 87 .98 1.10 1.23 1.36 1.50 1.65 1. 80 1.96 46
45 49 .58 .67 .77 .87 . 98 1. 10 1.23 1.36 1. 50 1. 66 1.80 1. 96 45
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Table XI.—Reduction of latitude to sea level

[The correction is negative in every case]

¢ 5° 10° 15° 20° 25° 30° 35° 40°
A 85° 80° 75° 70° 85° 60° 55° 50°
~

Feet Md”a ” ” ” rr ” r” ” ”
100 30 0.00 0.00 0.00 0. 00 0.00 0.00 0.00 0.01
200 61 .00 .00 .01 .01 .01 .01 .01 .01
300 91 .00 .01 .01 .01 .01 .01 .01 .02
400 122 .00 .01 .01 .01 .02 .02 .02 .02
500 152 .00 .01 .01 .02 .02 .02 .02 .03
600 183 .01 .01 .02 .02 .02 .03 .03 .03
700 213 .01 .01 .02 .02 .03 .03 .03 .04
800 244 .01 .01 .02 .03 .03 .04 .04 .04
900 274 .01 .02 .02 .03 .04 .04 .04 .05
1000 305 .01 .02 .03 .03 .04 .05 .06 .06
1100 335 .01 .02 .03 .04 .04 .05 .05 .06
1200 366 .01 .02 .03 .04 .05 .05 .06 .06
1300 396 .01 .02 .03 .04 .05 .08 06 .07
1400 427 .01 .02 .04 .06 .06 .06 .07 .07
1500 457 .01 .03 .04 .06 .06 .07 07 .08
1600 488 .01 .03 .04 .05 .06 07 .08 .08
1700 518 .02 .03 .04 .06 .07 .08 .08 .09
1800 549 02 .03 .05 .06 .07 .08 .09 .09
1900 579 .02 .03 .05 . 06 .08 .08 .09 .10
2000 610 .02 .04 06 .07 .08 .09 .10 .10
2100 640 .02 .04 .05 .07 .08 .09 .10 .11
2200 671 .02 .04 .06 07 .09 .10 L1 11
2300 701 .02 .04 .06 .08 .09 .10 L1 .12
2400 732 .02 .04 .06 .08 .10 .11 .12 .12
2500 762 .02 .01 .07 .08 .10 11 12 .13
2600 792 .02 .05 .07 .0y .10 .12 .13 .13
2700 823 .02 .05 .07 .09 11 12 .13 .14
2800 853 .03 .05 .07 09 .11 13 14 .14
2900 884 .03 .05 .08 10 .12 .13 .14 .15
3000 914 .03 .05 .08 .10 .12 .14 .16 .16
3100 045 .03 .06 .08 .10 12 .14 .15 .16
3200 975 .03 .06 .08 11 .13 .14 .16 .16
3300 1006 .03 .06 .09 11 .13 15 .16 .17
3400 1026 .03 .06 .09 .11 .14 .15 .17 .17
3500 1067 .03 .08 .09 .12 .14 .16 .17 .18
3600 1097 .03 .06 .09 .12 .14 .16 .18 .18
3700 1128 .03 .07 .10 .12 .15 .17 .18 .19
3800 1158 .03 .07 .10 .13 .15 W17 .19 .20
3900 1189 .04 .07 .10 .13 .16 .18 .19 .20
4000 1219 .4 .07 .10 .13 .16 .18 .20 .21
4100 1250 .04 .07 L1 .14 .16 .19 .20 .21
4200 1280 .04 .07 L1 .14 .17 .19 .21 .22
4300 1311 .04 .08 .11 .14 .17 .19 .21 .22
4400 1341 .04 .08 .11 .15 .18 .20 .22 .23
4500 1372 .04 .08 .12 .15 18 .20 .22 .23
4600 1402 .04 .08 .12 .15 .18 .21 .23 .24
4700 1433 .04 .08 .12 .16 .19 .21 .23 .24
4800 1463 04 .09 .13 .16 .19 .22 .24 .25
4900 1494 .04 .09 13 .16 .20 .22 .24 .25
5000 1524 .05 .09 .13 .17 .20 .23 .24 .26
5100 1554 .05 .09 .13 .17 .20 .23 .25 .26
5200 1585 .06 .09 .14 17 .21 .23 .25 .27
5300 1615 .06 .09 .14 .18 .21 .24 .26 .27
5400 1646 .06 .10 .14 .18 .22 .24 .28 .28
5500 1676 .06 .10 .14 .18 .22 .25 .27 .28




TABLES

Table X1.—Reduction of latitude to sea level

748977°—48——13

¢ 5° 10° 15° 20° 25° 30° 35° 40°
\ 45°
h ~ 85° 80° 75° 70° 65° 60° 55° 50°
\ o

Feet Meters " " o " " ” " " ”
5600 1707 0,05 0.10 0.15 0.19 0,22 0.25 0,27 0.29 0.29
5700 1737 .06 .10 .15 .19 .23 .26 .28 .29 .30
5800 1768 .06 .10 .15 .19 .23 .26 .28 .30 .30
5900 1798 .06 .11 .15 .20 .24 14 .29 .30 .31
6000 1829 .05 .11 .16 .20 .24 .27 .20 .31 .31
6100 1859 .06 .11 .16 .20 .24 .28 .30 .31 .32
6200 1890 .06 11 .16 .21 .25 .28 .30 .32 .32
6300 1920 .08 A1 .16 .21 .25 .28 .31 .32 .33
6400 1951 .06 1 17 .21 .26 .29 .31 .33 .33
6500 1981 .06 .12 .17 .22 .26 .29 .32 .33 .34
6600 2012 .06 .12 .17 .22 .26 .30 .32 .34 .34
6700 2042 .06 .12 W17 .22 .27 .30 .33 .34 .35
6800 2073 .06 12 .18 .23 .27 31 .33 .38 .35
6900 2103 .06 .12 .18 .23 .28 .31 .34 .36 .36
7000 2134 .06 .12 .18 .23 .28 .32 .34 .36 .36
7100 2164 .06 .13 .19 .24 .28 .32 .35 .36 .37
7200 2195 .07 .13 .19 .24 .29 .33 .35 .37 .38
7300 2226 .07 .13 .19 .24 .29 .33 .36 .37 .38
7400 2256 .07 A3 .19 .25 .30 .33 .36 .38 .39
7500 2286 07 .13 .20 .26 .30 .34 .37 .38 .39
7600 2316 .07 .14 .20 .25 .30 .34 .37 .39 .40
7700 2347 07 .14 .20 .26 .31 .35 .38 .40 .40
7800 2377 .07 .14 .20 .26 .31 .35 .38 .40 .41
7900 2408 .07 .14 .21 .26 .32 .36 .39 .41 .41
8000 2438 .07 .14 .21 .27 .32 .36 .39 .41 .42
8100 2469 .07 .14 L21 .27 .32 .37 .40 .42 .42
8200 2499 .07 .15 .21 .27 .33 .37 .40 .42 .43
8300 2530 .08 .15 .22 .28 .33 .37 .41 .43 .43
8400 2560 .08 .15 .22 .28 .34 .38 .41 .43 .44
8500 2591 .08 .15 .22 .28 .34 .38 .42 44 .44
8600 2621 .08 .15 .22 .29 .34 .39 .42 .44 .45
8700 2652 .08 .16 .23 .20 .35 .39 .43 .45 .45
8800 2682 .08 .16 .23 .29 .35 .40 .43 .45 .46
8900 2713 .08 .16 .23 .30 .36 .40 .44 .46 .46
9000 2743 .08 .16 .23 . .30 .36 .41 .44 . 46 .47
9100 2774 .08 .16 .24 .30 .36 .41 .45 .47 .47
9200 2804 .08 .16 .24 .31 .37 .42 .45 .47 .48
9300 2835 .08 .17 .24 .31 .37 .42 .46 .48 .48
9400 2865 .09 17 .24 .31 .38 .42 .46 .48 .49
9500 2806 .09 .17 .25 .32 .38 .43 .47 .49 .50
2926 .09 .17 .25 .32 .38 .43 .47 .49 .50
9700 2957 .09 .17 .25 .32 .39 .44 .48 .50 .51
9800 2087 .09 W17 .26 .33 .39 .44 .48 .50 .51
9900 3018 .09 .18 .26 .33 .40 .45 .48 .51 .52
10000 3048 .09 .18 .26 .33 .40 .45 .49 .51 .52
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Table X1I.—Values of ?—3"“———"2%’)

stn 17/
T o= 1= 2m 3m in 5= 6™ 7w
3 ” " ” ” ” ” ” ”
o 0 1.98 7.85 17.67 31.42 49.09 70.68 96.20
1 0 2.03 7.98 17.87 31.68 49,41 71.07 96. 66
2 0 2.10 8.12 18.07 31.04 49.74 71.47 97.12
3 0 2,16 8.25 18.27 32.20 50.07 71.86 97, 58
4 .01 2.2 8.39 18.47 32.47 50. 40 72.28 98,04
5 .01 2.31 8.52 18.67 32.74 50.73 72.66 98. 50
6 .02 2.38 8. 66 18.87 33.01 51.07 73.06 98.87
7 .02 2,45 8.80 19.07 33.27 51.40 73.48 99.43
8 .03 2.52 .94 19.28 33. 54 51.74 73.86 99.90
9 .04 2.60 9.08 19.48 33.81 52.07 74.26 .
10 .05 2,67 9.22 19.69 34.09 52.41 74.66
11 .06 2.75 9.36 19.90 34.36 52.75 75.06
12 .08 2.88 9.50 2.11 34.64 53.09 75.47
13 .09 2.91 9.64 20.32 34.91 53.43 75.88
1% 11 2.99 9.79 20. 53 35.19 63.77 78,28
15 .12 3.07 9.94 20. 74 36.46 54.11 76.68
16 14 3.15 10.09 20.95 35.74 54.46 77.10
17 .16 3.2 10.24 21.16 36.02 54,80 77.51
18 18 3.32 10.39 21.38 36.30 55.15 77.93
19 .20 3.40 10. 54 21.60 36. 58 55.50 78.34
20 .22 3.49 10.69 21,82 36.87 55. 84 78.75
21 U 3.58 10. 84 22.03 37.15 56. 19 79.16
2 .2 3.67 11.00 22.25 37.44 56. 55 79. 58
23 g 3.76 .15 22,47 37.72 56.90 80.00
24 .31 3.85 11.31 22.70 38.01 57.26 80.42
1 25 .34 3,04 11.47 22,92 38.30 57.60 80.84
2 .37 4.03 11.63 23.14 38. 59 57.96 81.26
7 .40 4.12 11.79 23.37 38.88 58.32 81. 68
1 = .43 4.22 11.95 23.60 39.17 £8.68 82.10
29 .46 4.32 12,11 23.82 39.46 59,03 82, 52
1 30 .49 4.42 12.27 24.05 39.78 50. 40 82.95
3 .52 4,52 12,43 %.28 40.05 50.75 83.38
1 32 .56 4,62 12.60 2. 51 40.35 60.11 83, 81
33 .59 4.72 12,76 24,74 40.65 60.47 84.23
34 .63 4.82 12.93 24.98 40. 95 60. 84 84.66
1 35 .67 4,02 13.10 25.21 41.25 61.20 86.09
' 35 .71 5.03 13.27 25.45 41. 55 61. 57 85, 52
37 .75 5.13 13.44 26. 68 41.85 61.94 85.95
38 .79 B.24 13. 62 25.92 42.15 62. 31 86. 39
39 .83 5.34 13.79 26. 16 42,45 62.68 86. 82
1 40 .87 5.45 13.96 26. 40 42,76 63.05 87.28
41 .01 5.56 14.13 26. 64 43.06 63.42 87.70
1 42 0.96 5. 67 14.31 26. 88 43.37 63.79 88. 14
43 1.01 5.78 14.49 27,12 43.68 64.16 88, 57
44 1.06 5.90 14.67 27.37 43.99 64. 54 89.01
45 1.10 6.01 14.85 27.61 44,30 84.91 9. 45
46 1.15 6.13 15.03 27.86 44,61 65. 20 80,89
47 1.20 6.2 15214 28.10 44.92 65. 67 20.33
48 1.26 6.36 15.39 28.35 45.24 66.05 90. 78
49 1.31, 6.48 15. 57 28, 60 45.55 66.43 01.23
| b0 1.36 6.60 16.76 28,85 45.87 66.81 91.68
51 1.42 8.72 15.05 20.10 48.18 67.19 92,12
52 1.48. 6. 84 16.14 20.36 46, 50 67. 58 92,57
53 153 6.96 16.32 20. 61 46.82 67.96 93.02
54 1.69 7.09 16. 51 2. 86 47.14 68.35 93.47
55 1.65 7.2 16.70 30.12 47.46 68.73 93.92
1 58 1.7 7.34 16.89 30.38 47.79 89.12 94.38
57 .77 7.48 17.08 30. 64 48.11 69. 51 94.83
58 1.83 7.60 17.28 30. 90 48.43 60. 90 95.29
o8 1.80 7.72 17.47 31.18 48.76 70.29 05. 74




Table X11.—Values of (L3 ")

TABLES

r gm o= 1= 12m 13~ H“= 15m 16 ™
2 " " " " " " " "
0 159. 02 196. 32 237. 54 282. 68 331.74 384,74 441. 63 502. 46
1 159. 61 196. 97 238. 26 283. 47 332, 59 385, 85 442,62 503, 50
2 160. 20 197,63 238. 98 284, 26 333, 44 386, 56 443. 60 504, 55
3 160. 80 198,28 239.70 285, 04 334.20 387.48 444. 58 605, 60
4 161. 39 108. 94 240, 42 286. 83 335,15 388, 40 445, 56 506. 65
b 161.98 199. 60 241,14 286. 62 336.00 389,32 446. 55 507.70
8 162, 58 200, 26 241,87 287. 41 336.86 390, 24 447 54 508, 76
7 163.17 200. 92 242. 60 288, 20 337.72 361,16 448. 53 509, 81
8 163,77 201. 59 243.33 289. 00 338. 58 392. 09 449, 51 510. 86
9 164. 37 202. 25 244. 06 280.79 339, 44 393. 01 450. 50 511,92
10 164.97 202, 92 244,79 200. 58 340.30 393.04 451. 50 512.08
11 166. 57 203, 58 245. 52 201,38 341, 16 394, 86 452.49 514. 03
12 166. 17 204. 25 248. 25 292.18 342,02 395. 79 453. 48 515, 09
13 166. 77 204, 92 246.98 202. 98 342.88 396. 72 454.48 516.15
14 167,37 205, 59 47,72 203.78 343.76 397.65 456, 47 517.21
15 167,97 208, 26 248, 45 204, 58 344.62 398. 58 456, 47 518, 27
16 168. 58 206, 93 249,19 205. 38 345. 49 309, 52 457,47 519, 34
17 169. 19 207.60 249.93 206.18 346,36 400, 48 458,47 620. 40
18 169, 80 208, 27 250. 67 206. 99 347. 23 401.38 459, 47 521,47
19 170,41 208. 94 251. 41 297.79 348.10 402,32 460. 47 522. 53
20 171. 02 209. 62 252,16 298. 60 348. 67 403. 26 461, 47 523. 60
21 171.63 210. 30 252. 89 209. 40 349.84 404, 20 462,48 524, 67
22 172,24 210. 98 253. 63 300, 21 350.71 405, 14 463. 48 525,74
23 172.85 211, 66 254, 37 301. 02 351. 58 406. 464.48 526. 81
24 173.47 212, 34 255.12 301.83 352. 46 407.02 465, 49 527.89
26 174.08 213, 02 255, 87 302, 64 353. 34 407. 96 4686, 50 528. 96
28 174,70 213,70 256. 62 303. 46 354,22 408. 90 487, 51 530. 03
27 175.32 214,38 257,37 304. 27 355,10 409, 84 468, 52 531.11
28 175, 94 215. 07 258. 12 305. 09 355. 98 410.79 469. 53 532.18
29 176. 56 215.76 258, 87 305. 90 356. 86 411,73 470. 54 533. 26
30 177.18 216, 44 259, 82 300, 72 357.74 412.68 471. 55 534,33
31 177.80 217.12 260. 37 307. 64 258, 62 413.63 472,57 535. 41
32 178, 43 217,81 261.12 308, 36 359. 51 414. 59 473, 58 536. 50
33 179. 05 218, 50 261, 88 309. 18 360. 39 415. 54 474. 60 537. 58
34 179. 68 219, 19 262, 64 310.00 361,28 416, 49 475. 62 538. 67
35 180, 30 219, 88 263. 39 310.82 362,17 417.44 476.64 539.75
36 180. 93 220. 58 264. 16 311, 65 363. 07 418, 40 477.65 540,83
37 181, 58 221,27 264, 91 312,47 363,96 419, 35 478,67 541. 91
38 182.19 221.97 265, 68 313. 30 364. 85 420. 31 479.70 543. 00
39 182,82 222,66 266. 44 314,12 365. 75 421,27 480.72 544. 09
40 183. 46 223.36 267. 20 314.95 366. 64 422.23 481.74 545.18
41 184, 09 224, 06 267. 96 315,78 367. 53 423.19 482.77 546. 27
42 184.72 224.76 268,73 316, 61 368,42 424,18 483.79 547. 36
43 186. 35 225,46 269. 49 317. 44 369. 31 425. 11 484, 82 548, 45
44 185. 99 226. 16 270. 26 318.27 370, 21 426, 07 485. 85 549. 55
45 186. 83 226. 86 271. 02 310.10 371,11 427.04 486, 88 550. 64
46 187.27 227, 57 271.79 319. 94 372.01 428, 01 487.91 551. 73
47 187.91 228.27 272.56 320,78 372.91 428,97 488. 94 652, 83
48 188, 55 228,08 273.34 321,62 373.82 429.93 489,97 553. 93
49 189.19 229,68 274.11 322.45 374.72 430.90 481,01 555. 03
50 189, 83 230. 39 274.88 323.29 375. 62 431,87 402, 05 556. 13
51 190, 47 231. 10 276. 656 324.13 376. 52 432,84 403, 08 557, 24
52 191,12 231,81 276. 43 324,97 377.43 433.82 404. 12 558. 34
53 191,76 232. 52 277.20 325, 81 378.34 434.79 405,15 559, 44
54 192.41 233.24 277.98 326. 66 379. 26 435.76 496. 19 560. 55
56 193.06 233. 95 278.76 327. 50 380.17 436,73 407.23 561, 65
56 193.71 234. 67 279. 56 328,35 381.08 437.71 498, 28 562.76
57 194. 36 235.38 280. 33 320.19 381. 99 438, 69 400. 32 563, 87
58 195. 01 236. 10 281.12 330. 04 382.90 439. 67 500. 37 564, 08
59 195, 66 236. 82 281. 90 330. 89 383. 82 440. 656 501, 41 566. 08
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U. 8. COAST AND GEODETIC SURVEY

2sin? ir
Table XI1.—Values of { ——2-
f sin 1"

r 17m 18m 19m 20m 21m 22m 23m 24m 25m

8 ” ” ” ” ” ” ”n ”n ”

0 567.2 635. 9 708.4 784.9 865.3 949.6 1037.8 1129.9 1225.9

1 568. 3 637.0 700.7 786, 2 866.6 951. 0 1039. 3 1131.4 1227.5

2 569. 4 638. 2 710.9 787.5 868.0 952.4 1040. 8 1133.0 1229.2

3 570.5 639. 4 712.1 788.8 869. 4 953. 8 1042.3 1134.6 1230.8

4 5716 | 640.6 | T713.4 | 7901 | 8708 | 9653 | 1043.8 | 1136.2 | 1232.5

5 572.8 641.7 714.6 791. 4 872.1 956. 7 1045, 3 1137.8 1234.1

8 573.9 | 6429 | 7159 | 7927 | 8735 | 0582 | 10468 | 11303 | 12357

7 575.0 644.1 7.1 794.0 874.9 959. 6 1048, 3 1140.9 1237.3

8 576.1 | 6453 | 7184 | 7954 | 8763 | 9611 | 10408 | 11425 | 1239.0

9 577.2 646. 5 719.8 796.7 877.6 962. 5 1051.3 1144.0 1240. 6
10 578.4 647.7 720. 9 798.0 870.0 963. 9 1052.8 1145.6 1242.3
11 579.6 648.9 722.1 799. 3 880.4 965. 4 1054. 3 1147.2 1243. 9
12 580. 6 650. 0 723.4 800. 7 881.8 966. 9 1056.9 1148.8 1245.6
13 581, 7 651. 2 724, 6 802.0 883. 2 968. 3 1057. 4 1150, 4 1247. 2
14 582.9 652, 4 725.9 803.3 884.6 969. 8 1058, 9 1152.0 1248.9
15 5840 | esa6 | 7er2 | sode | 8860 | o7i2 | 1060.4 | 1153.6 | 1250.5
16 585.1 654.8 728. 4 806. 0 887.4 972.7 1062.0 1155. 2 1252, 2
17 586, 2 656, 0 729.7 807.3 888.8 974.1 1063. 5 1156. 8 1253.8
18 587. 4 657. 2 730.9 808.6 890. 2 975.5 1065. 0 1158.3 1255.5
19 588. 6 658.4 732.2 809.9 801.6 977.0 1066, 5 1159. 9 1257.1
20 589. 6 659. 6 733. 5 811.38 893.0 978.5 1068, 1 1161. 5 1258.8
21 590.8 660. 8 734.7 812.6 804, 4 979.9 1069. 6 1163. 1 1260. 5
22 501. 9 662. 0 736.0 813.9 895.8 981. 4 1071.1 1164. 7 1262, 2
23 593.0 663. 2 737.3 815.2 897.2 982. 9 1072.6 1166. 3 1263. 8
24 504, 2 664, 4 738.5 816.6 898. 6 984. 4 1074. 2 1167.9 1265, 5
25 £95.3 | 6656 | 739.8 | S817.9 | 000.0 | 085.8 | 10757 | 1160.5 | 1267.1
26 596. 5 666. 8 741.1 819. 2 901. 4 987.3 1077. 2 11711 1268. 8
27 597.6 688. 0 742.3 820. 5 902. 8 988. 8 1078.7 1172.7 1270. 5
28 508.7 669. 2 743.6 821. 9 904. 2 990. 3 1080. 3 1174.3 1272.1
29 599.9 670.4 744.9 823. 2 905. 6 991.8 1081. 8 1175.9 1273.7
30 601.0 671.6 746.2 824.6 907.0 993. 2 1083.3 1177.5 1275.4
31 602, 2 672.8 747. 4 825.9 908. 4 994. 7 1084. 8 1179.1 1277.1
32 603. 3 674.1 748.7 827.3 909, 8 996. 2 1086. 4 1180.7 1278.8
33 604. 5 675.3 750.0 828.68 911.2 997.6 1087.9 1182, 3 1280, 4
34 605.6 676.5 751.3 829.9 912.6 999. 1 1089. 5 1183. 9 1282, 1
35 606. 8 677.7 752. 6 831.2 914.0 1000. 6 1091. 0 1i85. 5 1283.8
36 607.9 678.9 753.8 832.6 915. 5 1002. 1 1002. 6 1187.1 1285. 5
37 609. 1 680, 1 755.1 833.9 916. 9 1003. 5 1004. 1 1188.7 1287.1
38 610. 2 681.3 756, 4 835.3 918.3 1005. 0 1095, 7 1190.3 1288, 8
39 611.4 682. 6 757.7 836. 6 919.7 1006. 5 1007, 2 1191.9 1290. 5
40 612. 5 683.8 759.0 838.0 921.1 1008.0 1008.8 1193.5 1292.2
41 613.7 685. 0 760. 2 839.3 922. 5 1009. 4 1100. 3 1195. 1 1293. 8
42 614, 8 686. 2 761.5 840. 7 923.9 1010. 9 1101. 9 1196. 7 1295, 5
43 616, 0 687.4 762. 8 842.0 925.3 1012, 4 1103. 4 1198.3 1297.2
44 617.2 | 6887 | 764.1 | 843.4 | 9268 | 10130 | 11050 | 1198.9 | 1298.9
45 618.3 689. 9 765, 4 844 7 028, 2 1015. 4 1106. 5 1201. 5 1300. 5
46 619.5 691.1 766. 7 846.1 929. 6 1016. 9 1108. 1 1203.1 1302, 2
47 620.6 692. 4 768. 0 847.5 931.0 1018. 4 1108.6 1204. 7 1303. 9
48 621.8 693. 6 769. 3 848.9 932.4 1019.9 1111.2 1206. 4 1305, 6
49 623.0 604.8 770.6 850. 2 933. 8 1021. 4 1112.7 1208. 0 1307.3
50 624, 1 696. 0 7.9 851.6 935. 2 1022. 8 11143 1200.6 1309.0
51 625.3 697.3 773.1 852.9 936. 6 1024.3 1115.8 1211. 2 1310, 7
52 626. 5 698. 5 774.5 854, 3 938.1 1025, 8 1117. 4 1212. 9 1312. 4
53 627.6 699. 7 775.7 855, 7 939.5 1027.3 1118.9 1214.5 1314. 1
54 628. 8 701. 0 777.1 857.1 940.9 1028.8 1120. 5 1216.1 1315.7
55 630. 0 702.2 778.4 858. 4 942, 3 1030, 3 1122.0 1217.7 1317.4
56 631, 2 703. 5 779.7 859. 8 943. 8 1031. 8 1123. 6 1219. 4 1319.1
57 632, 3 T04.7 781.0 861.1 945, 2 1033.3 1125.1 1221.0 1320.8
58 633. 5 705.9 782.3 862. 5 946, 6 1034.8 1126.7 1222, 6 1322.5
59 634.7 707.1 783.6 863.9 948.1 1036.3 1128.3 1224.2 1324.2




TABLES 183

Table XI1T.—Log——{=colog (1—a)]

(1) When ¢ is positive:

log a (1} 1 2 3 4 5 6 7 8 9 10 2 Proportional.parts
9.00 || 0.045758 | 5360 | 5980 | 6092 | 6204 {| 6317 | 6429 | 6542 | 6656 | 6769 | 6883 11| 108 | 1056 | 102 99
—

8.90 || 0.044660 | 4769 | 4878 | 4087 | 5096 || 5205 | 5315 | 5425 | 5536 | 5647 | 5758 1]111.1110.810.51 10.2 9.9
08 3591 ) 3697 | 3803 | 3909 | 4016 || 4122 | 4229 | 4337 | 4444 | 4552 | 4660 2122.2]21.6]21.0)20.4 19. 8
97 2549 | 2652 | 2756 | 2858 | 2062 [; 3066 | 3171 | 3275 | 3380 | 3486 | 3591 3(33.3|32.4|31.5130.6| 20.7
96 1532 | 1633 | 1733 | 1834 | 1936 || 2037 | 2139 | 2241 | 2343 | 2446 | 2549 4| 44.4 | 43.2 | 42.0 | 40.8 30.6
95 || 0.040541 | 0639 | 0737 | 0836 | 0935 [| 1034 [ 1133 | 1232 | 1332 | 1432 | 1532 51555)64.0)52.56 (500 49.5

666.6|648|6301612)| 59.4
04 i 0.039575 | 9670 | 9766 ( 0862 | 0959 1{*0055 {*0152 [*0249 (*0346 |*0443 |*0541 7177775673674 60.3
93 8633 | 8726 | 8819 | 8913 | 9007 || 9101 | 9195 | 9200 | 9385 | 9480 | 9575 8 88.8|86.4]84.0(8L.6| 79.2
92 7714 | 7805 | 7896 | 7987 | 8070 || 8171 | 8263 | 8355 | 8447 | 8540 | 8633 9199.9)97.2/94.5}91.8] 891
91 6818 | 6907 | 6996 | 7085 | 7174 || 7263 | 7353 | 7443 | 7533 | 7624 | 7714

8.90 || 0.035044 | 6031 | 6118 | 6204 | 6201 || 6370 | 6466 | 6554 | 6642 | 6730 | 6818 96 93 90 87 84
89 5002 | 5177 | 5261 | 5346 | 5431 || 5516 | 5601 | 5687 | 5772 | 5858 | 5044 1 9.6 9.3 9.0| 8.7 8.4
88 4261 | 4343 | 4426 | 4508 | 4591 [| 4674 | 4757 | 4841 | 4924 | 65008 | 5092 21192186180 17.4 16.8
87 3451 | 3531 | 3611 | 3692 | 3772 || 3853 | 3034 | 4016 | 4097 | 4179 | 4261 3]28.8(27.9127.0/26.1 25.2
86 2660 | 2738 | 2816 | 2805 { 2974 {1 3053 | 3132 | 3211 | 3291 | 3371 | 3451 4(38.4037.2/36.0)348] 336
85 || 0.031888 | 1965 | 2041 | 2118 | 2195 || 2272 | 2349 | 2426 | 2504 | 2582 | 2660 5|48.046.5) 45.0)43.5| 42.0

6 )57.6) 55.8)54.01 52.2 50. 4
84 1136 | 1210 | 1285 | 1360 | 1435 || 1510 | 1585 | 1660 | 1736 | 1812 | 1888 7167.2 (1651|6301 60.9 58.8
83 [] 0.030402 | 0474 | 0547 | 0620 | 0693 {| 0766 | 0840 | 0914 | 0987 | 1061 | 1136 8| 76.874.4|72.0]69.6] 67.2
82 || 0.029685 | 9756 | 9827 | 9808 | 0970 [[*0041 {*0118 [*0185 {*0257 [*0329 |*0402 9|8.4} 871810783 75.8
81 8987 | 9056 | 9125 | 9194 | 0264 || 9334 | 9404 | 0474 | U544 | 9615 | Y685

8.80 || 0.028305 | 8372 | 8440 | 8508 | 8576 || 8644 | 8712 | 8780 | 8844 [ 8YIS [ 8UST 81 8 75 72 69
78 7640 | 7705 1 7771 | 7838 | 7904 || 7970 | 8037 | 8103 | 8170 | 8237 | 8305 1 8.1 7.8 751 7.2 8.9
78 6990 | 7055 | 7119 | 7183 | 7248 {| 7313 | 7378 | 7443 | 7509 | 7574 | 7640 21162156 150 14.4 13.8
77 6357 | 6420 ) 8482 | 6545 | 6608 || 6672 | 6735 | 6799 | 6862 | 6926 | 6940 3]124.83)23.4{225]2L6 20.7
76 5739 | 5800 | 5861 | 5923 | 5984 || 6046 | 6108 | 6170 | 6232 | 6204 | 6357 471324731.2)30.0)288]| 27.6
75 || 0.025136 | 5195 | 5255 | 5315 | 5375 || 5435 | 5496 | 5556 | 5617 | 5678 | 5739 5140.5)39.0(37.5}38.0; 34.5

6(48.6|46.8| 45601 43,2 | 41.4
74 4547 | 4605 | 4664 | 4722 | 4781 [| 4840 | 4899 | 4958 | 5017 | 5076 | 5136 7(56.7) 54.6]52.5]|50.4| 48.3
73 3973 | 4020 | 4086 | 4143 | 4201 [ 4258 | 4316 | 4373 | 4431 | 4484 | 4547 B (6486241600576 55.2
72 3412 | 3467 | 3523 1 3579 | 3635 || 3601 | 3747 | 3803 | 3850 | 3916 | 3973 9(72.9170.2)67.5]164.8| 621
71 2865 1 2019 | 2973 | 3027 | 3082 |} 3137 | 3191 | 3246 | 3301 | 3357 | 3412

8.70 || 0.022331 | 2383 | 2436 | 2489 | 2543 || 2506 | 2649 | 2703 | 2757 | 2811 | 2865 66 83 60 57 55
69 1809 | 1861 | 1913 | 1964 | 2016 || 2068 | 2121 | 2173 | 2225 | 2278 | 2331 1 6.6 6.3 6.0 5.7 5.5
68 1301 | 1351 | 1401 | 1452 | 1503 || 1553 | 1604 | 1655 | 1707 | 1758 | 1809 2)13.2(12.6}120] 11.4 11.0
87 0804 | 0853 | 0902 | 0952 | 1001 [ 1051 | 1100 | 1150 | 1200 | 1250 | 1301 3119.8 1841180 [ 17.1 16. 5
.66 || 0.020319 | 0367 | 04156 | 0463 | 0512 || 0560 | 0609 | 0657 | 0706 | 0755 | 0804 4126.4)25.2)|24.072281 220
65 [| 0.019846 | 0863 | 0840 | BU87 |*0034 ({*0081 [*0128 {*0176 |*0223 [*0271 |*0310 51330131.5130.0)285) 27.5

6]30.6|37.8|360]34.2 33.0
84 9384 | 9430 | 9475 | 9521 | 9567 || 9613 | 9660 | 9706 | 9752 ) 9790 | 0846 7146.244.1]420)39.9] 385
63 8933 | 8978 | 9022 | 9067 | 0112 || 9157 | 9202 | 9247 | 9203 | 9338 | 9384 81528504480/ 45.6| 44.0
62 8493 | 8536 | 8580 | 8624 | 8667 || 8711 | 8755 | 8800 | 8844 | 8888 | 8933 9| 59.41567]|54.0151.3| 49.5
61 8063 | 8105 | 8148 | 8191 | 8233 || 8276 | 8319 | 8363 | 8406 | 8449 | 84U3

8.60 || 0.017643 | 7685 | 7726 | 7768 | 7810 || 7852 j 7894 | 7036 | 7978 | 8020 | 8063 53 51 49 47 45
59 7233 | 7274 | 7315 | 7355 | 7396 || 7437 | 7478 | 7510 | 7560 | 7602 | 7643 1 5.3 5.1 4.9 4.7 4.5
58 6833 { 6873 | 6913 | 6952 { 6992 {( 7032 | 7072 | 7112 | 7153 | 7193 | 7233 210861102 9.8 0.4 9.0
57 6443 | 8482 ; 6520 | 6550 | 6608 || 6637 | 6676 | 6715 | 6755 | 6794 | 6833 31159153 14.71 141 13.5
58 6062 ) 6099 | 6137 | 6175 | 6213 }) 6251 | 6280 | 6328 | 6366 | 6404 | 6443 4121.2]20.4]19.6§ 18.8 18.0
55 | 0.015680 | 5726 | 5763 | 5800 | 5837 || 5874 | 5912 | 5949 | 5986 | 6024 | 6062 51265255 24.5)235| 22.5

6]31.8(30.6|2.4]282| 27.0
b4 5326 | 5362 | 5308 | 5434 | 5470 || 5507 | 5543 | 5570 | 5616 | 5653 | 5689 701871367 |34.31329]( 3L5
53 4971 | 6006 | 5041 | 5077 | 5112 || 5147 | 5183 | 5218 | 52564 | 5200 | 5328 8142.4)40.8|39.2|37.6| 36.0
52 4624 | 4659 | 4693 | 4727 | 4762 ({ 4797 | 4831 | 4866 [ 4901 { 4036 [ 4471 9(47.71459 [ 44.11 423 40.5
51 4286 | 4319 | 4353 | 4387 | 4420 || 4454 | 4488 | 4522 | 4556 | 4500 | 4624

8.50 (i 0.013055 | 3088 | 402] | 4054 | 4087 || 4120 | 4153 | 4186 | 4219 | 4253 | 4286 43 41 39 37 35

1 4.3 4.1 3.8 3.7 3.5

2| 86| 82 7.8 7.4 7.0

3112.9112.3 1.7 11.1 10. 5

4117.2(16.4 | 15.61( 14,8 14.0

5121.5(20.5}19.5| 18.5 17.5

6/25.8)24.612.4/222) 210

71301 (28.7127.3:25.9( 24.5

8134.4/328|31.2)20.6] 28.0

9]387136.9(35.1]33.3| 3L5
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Table XII1—Log 72— [=colog (1—a)]
When a is positive:

Loga 0 1 2 3 4 5 6 7 8 '] 10 Proportional parts
8.50 || 0.013956 | 3988 | 4021 | 4054 | 4087 || 4120 | 4153 | 4186 | 4219 | 4253 | 4286 34 33 32 31 30
p —
49 3633 | 3665 | 3697 | 3729 | 3761 || 3793 | 3825 | 3858 | 3890 | 3923 | 3955 1 3.4 3.3 3.2} 3.1 3.0
48 3318 | 3349 | 3380 | 3411 | 3443 || 3474 | 3506 | 3537 | 3560 | 3601 | 3633 2| 6.8 6.6 | 6.4 6.2 6.0
47 3010 | 3040 | 3071 | 3101 | 3132 || 3163 | 3194 | 3225 | 3256 | 3287 | 3318 31102 99| 9.6 9.3 9.0
46 2709 | 2739 | 2769 | 2799 | 2820 || 2859 | 2889 | 2019 | 2049 | 2979 | 3010 4]13.6 (13.2]12.8 1 12.4 12.0
45 || 0.012416 | 2445 | 2474 | 2503 | 2532 || 2562 | 2591 | 2621 | 2650 | 2680 | 2709 5117.0 | 16.5{ 16.0 | 15. 5 15.0
6]20.4|19.8(10.2] 18.6 18.0
44 2129 | 2158 | 2186 | 2215 | 2243 || 2272 | 2300 | 2329 | 2358 | 2387 | 2416 712381231224 217 21.0
43 1849 | 1877 | 1905 | 1933 | 1061 || 1980 | 2017 | 2045 | 2073 | 2101 | 2129 8]27.2126.41256|24.8]| 24.0
42 1576 | 1603 | 1630 | 1657 | 1685 Il 1712 | 1739 | 1767 | 1794 | 1822 | 1849 9130.6|2.7) 2881279 27.0
41 1309 | 1335 | 1362 | 1388 | 1415 || 1442 | 1468 | 1495 | 1522 | 1549 | 1576
8,40 || 0.011048 | 1074 | 1100 | 1126 { 1152 || 1178 | 1204 | 1230 | 1256 | 1283 | 1300 29 28 P14 26 25
39 0794 | 0819 | 0844 | 0869 | 0895 || 0920 | 0946 | 0971 | 0997 | 1023 | 1048 1 2.9 2.8 2.7 2.6 2.5
38 0545 | 0570 | 0594 | 0619 | 0644 || 0669 | 0694 | 0718 | 0743 | 0769 | 0794 2 5.8 5.6 5.4 5.2 5.0
37 0302 | 0326 | 0350 | 0374 | 0399 (| 0423 | 0447 | 0472 | 0496 | 0520 | 0545 3 8.7 8.4 8.1 7.8 7.5
36 |} 0.010065 | 0088 | 0112 | 0135 | 0159 || 0183 | 0207 | 0230 | 0254 | 0278 | 0302 4116 11.21 10.8 { 10.4 10.0
35 || 0.000833 | 9856 | 0879 | 9902 | 9925 || 9948 | 9972 | 9995 [*0018 |*0041 {*0065 5114.6 1140 13.5 1 13.0 12.5
61{17.4 ] 16.8 | 16.2 | 15.6 15.0
34 0607 | 9620 | 9652 | 0674 | 9607 || 9719 | 9742 | 9765 | 9787 | 9810 | 9833 7120.3|19.6}18.9{ 18.2 17.5
33 9386 | 9408 | 9430 | 9452 | 9474 || 9496 | 9518 | 9540 | 9562 | 9584 | 9607 8232224 21.6| 20.8 20.0
32 9170 | 9101 | 9213 | 9234 | 9256 {| 9277 | 9209 | 9320 | 9342 | 9364 | 9386 9]26.1(25.2(24.3|23.4 225
31 8059 | 8980 | 9001 | 9022 | 9043 9085 | 9106 | 9127 | 9149 | 9170
8.30 {| 0.008753 | 8773 | 8794 | 8814 | 8835 || 8855 | 8876 | 8897 | 8017 | 8938 | 8959 24 23 22 21 20
29 85562 | 8572 | 8502 | 8612 | 8632 || 8652 | 8672 | 8692 | 8712 | 8733 | 8753 1 2.4 2.3 2.2 2.1 2.0
28 8355 | 8375 | 8304 | 8414 | 8433 || 8453 | 8473 | 8492 | 8512 | 8532 | 8552 2 4.8 4.6 4.4 4.2 4.0
27 8163 | 8182 | 8201 | 8220 | 8230 || 8259 | 8278 | 8297 | 8316 | 8336 | 8355 3 7.2 6.9 6.6 6.3 6.0
26 7976 | 7994 | 8013 | 8031 | 8050 || 8069 | 8088 | 8106 | 8125 | 8144 | 8163 47 9.6 9.2 88 8.4 8.0
25 || 0.007792 | 7811 | 7820 | 7847 | 7865 | 7884 | 7902 | 7920 | 7939 | 7957 | 7976 5]12.0| 11.5 ] 11.0 | 10.5 10.0
6114.4{13.8)13.2] 12.6 12.0
24 7614 | 7631 | 7649 | 7667 | 7685 || 7702 | 7720 | 7738 | 7756 | 7774 | 7792 7116.8|16.1 154 14.7 14.0
23 7439 | 7456 | 7473 | 7491 | 7508 || 7526 | 7543 | 7561 | 7578 | 7596 | 7614 8(19.218.4 | 17.6 | 16.8 16.0
22 7268 | 7285 | 7302 | 7319 | 7336 || 7353 | 7370 | 7387 | 7404 | 7421 | 7439 9121.6| 2.7 19.8 { 18.9 18.0
21 7101 | 7118 | 7134 | 7151 | 7167 || 7184 | 7201 | 7218 | 7234 | 7251 | 7268
8.20 (| 0.006038 | 6954 | 6871 | 6087 | 7003 || 7019 | 7036 | 7052 | 7068 | 7085 | 7101 19 18 17 16 15
19 6779 | 6795 | 6811 | 6826 | 6842 || 6858 | 6874 | 6890 | 6906 | 6922 | 6938 1 1.9 1.8 1.7 1.6 1.5
18 6624 | 6639 | 6654 | 6670 | 6685 [ 6701 716 | 6732 | 6748 | 6763 | 6779 2| 3.8; 3.6 3.4 3.2 3.0
17 6472 | 6487 | 6602 | 6517 | 6532 || 6547 | 6562 | 6578 | 65903 | 6608 | 6624 3 5.7 5.4 5.1 4.8 4.5
16 6323 | 6338 | 6353 | 6367 | A3R2 || 6397 | 6412 | 6427 | 6442 | 6457 | 6472 4 76| 7.2 6.8 6.4 &0
15 |] 0.006178 | 6193 | 6207 | 6221 | 6236 || 6250 | 6265 | 6279 | 6204 | 6309 | 6323 5| 90.5] 9.0 85| 80 7.5
. 6111.4110.8710.2( 0.6 9.0
14 6037 | 8051 | 6065 | 6079 | 6093 || 6107 | 6121 | 6135 | 6150 | 6164 | 6178 7113.3112.6(11.9] 11,2 10. 5
13 5898 | 5012 | 5926 | 5940 | 5953 || 5067 | 5081 | 5095 | 6000 | 6023 | 6037 8152 | 14.4 1 13.6 | 12.8 12.0
12 5763 | 5777 | 5790 | 5803 | 6817 || 5830 | 5844 | 5857 | 5871 | 5885 | 5808 9|17.1]16.2 | 16.3 | 14.4 13.5
11 5631 | 5644 | 5657 | 5670 | 5684 || 5607 | 5710 | 5723 | 5737 | 5750 | 5763
8.10 || 0.005502 | 5515 | 5528 | 5541 | 5553 || 5566 | 5579 | 5592 | 5605 | 5618 | 5631 14 13 12 11 10
09 5376 | 5380 [-5401 | 5414 | 5426 || 5439 | 5451 | 5464 | 5477 | 5489 | 5502 1 1.4 1.3 1.2 1.1 1.0
08 5253 | 5265 | 5277 | 5200 | 5302 || 5314 | 5327 | 5339 | 5351 | 5364 | 5376 2] 28 261 2.4 2.2 2.0
07 5133 | 6145 | 5157 | 5160 | 5181 || 5193 { 5205 | 5217 | 5220 | 5241 | 5253 3 421 39| 3.6{ 3.3 3.0
06 8015 | 5027 | 038 | 5050 | 5062 || 5074 | 5085 | 5097 | 5100 | 5121 | 5132 4 5.6 52| 4.8 4.4 4.0
05 4900 | 4912 | 4923 | 4935 | 4046 || 4957 | 4969 | 4980 | 4992 5015 5 70| 6.5 6.0 5.5 5.0
6] 84 7.8 7.21 6.6 6.0
04 4788 | 4799 | 4810 | 4822 | 4833 || 4844 | 4855 | 4866 | 4878 | 4889 | 4900 71 8.8 9.1 8.4 7.7 7.0
03 4670 | 4600 | 4700 | 4711 | 4722 || 4733 | 4744 | 4755 | 4766 | 4777 | 4788 81112 10.4 9.6 8.8 8.0
02 4572 | 4582 | 4503 | 4603 | 4614 || 4625 | 4636 | 4646 | 4657 | 4668 | 4679 9126 | 11.7 | 10.8 9.9 9.0
01 4467 | 4477 | 4488 | 4408 | 4509 || 4519 | 4520 | 4540 | 4550 | 4561 | 4572
8.00 (| 0.004365 | 4375 | 4385 | 4395 | 4405 || 4416 | 4426 | 4436 | 4446 | 4457 | 4467




Table XI11.—Log 12— [=colog (1—a)]

When a is positive:

TABLES

185

Loga 0 1 2 3 4 5 [} 7 8 9 10 Proportional parts
8.00 || 0.004365 | 4375 | 4385 | 4305 | 4405 || 4416 | 4426 | 4436 | 4446 | 4457 | 4467
7.99 4265 | 4275 | 4285 | 4205 | 4305 || 4315 | 4325 | 4335 | 4345 | 4355 | 4365 I
98 4167 | 4177 | 4187 | 4196 | 4206 || 4216 | 4226 | 4235 | 4245 | 4255 | 4265
97 4072 | 4082 | 4001 | 4100 | 4110 || 4119 | 4129 | 4130 | 4148 | 4158 | 4167
96 3979 | 3088 | 3097 | 4007 | 4016 || 4025 | 4035 | 4044 | 4053 | 4063 | 4072 il e
- 95 || 0.003888 | 3807 | 3906 | 3915 | 3924 || 3933 | 3042 | 3951 | 3961 | 3670 | 3970 AT
94 3709 | 3808 | 3817 | 3826 | 3834 || 3343 | 3852 | 3861 | 3870 | 3870 | 3888 §) 881 3¢
93 3712 | 3721 | 3720 | 3738 | 3747 || 3755 | 3764 | 3773 | 3782 | 3790 | 3709 HEEH
92 3627 | 3636 | 3644 | 3653 | 3661 || 3670 | 3678 | 3687 | 3605 | 3704 | 3712 I
o1 3545 | 3553 | 3661 | 3569 | 3577 || 3586 | 3504 | 3002 | 3611 | 3619 | 3627 81881 &%
7.90 || 0.003463 | 3472 | 3480 | 3488 | 3496 || 3504 | 3512 | 3520 | 3528 | 3536 | 3545 Ry e
80 3384 | 3302 | 3400 | 3408 | 3416 |1 3424 | 3432 | 3440 | 3448 | 3456 | 3463 8l o9l 90
88 3307 | 3316 | 3322 | 3330 | 3338 || 3345 | 3353 | 3361 | 3369 | 3377 | 3384
87 3231 | 3239 | 3246 | 3254 | 3761 || 3260 | 3277 | 3284 | 3202 | 3209 | 3307
86 3158 | 3165 | 3172 | 3180 | 3187 || 3194 | 3202 | 3209 | 3217 | 3224 | 3231 o | s
85 || 0.003086 | 3093 | 3100 | 3107 | 3114 j| 3121 | 3120 | 3136 | 3143 | 3150 | 3158
84 3015 | 3022 | 3029 | 3036 | 3043 || 3050 | 3057 | 3064 | 3071 | 3078 | 3086 1| 0.9 0.8
83 2046 | 2053 | 2060 | 2967 | 2074 || 2980 | 2087 | 2094 | 3001 | 3008 | 3015 I
82 2870 | 2886 | 2802 | 2899 | 2006 || 2012 | 2919 | 2026 | 2033 | 2039 | 2046 2| L& L8
81 2813 | 2820 | 2826 | 2833 | 2830 || 2846 | 2852 | 2859 | 2866 | 2872 | 2879 1201 %3
7.80 || 0.002740 | 2755 | 2762 | 2768 | 2774 || 2781 | 2787 | 2704 | 2800 | 2807 | 2813 i1 38 32
7 2086 | 2692 | 2600 | 2705 | o711 || 2717 | 2724 | 2730 | 2738 | 2743 | 2749 81 031 %3
78 2625 | 2631 | 2637 | 2643 | 2649 | 2655 | 2661 | 2668 | 2674 | 2680 | 2686 8 7'2 6.4
77 2665 | 2571 | 2577 | 2683 | 2580 || 2505 | 2601 | 2607 | 2613 | 2619 | 2625 81 &3 %3
76 2506 | 2612 | 2518 | 2524 | 2530 || 25356 | 2541 | 2547 | 2553 | 2559 | 2565 . ’
75 || 0.002440 | 2455 | 2460 | 2466 | 2472 || 2478 | 2483 | 2489 | 2495 | 2501 | 2606
74 2303 | 2399 | 2404 | 2410 | 2415 || 2421 | 2427 | 2432 | 2438 | 2443 | 2449 7 |e
73 2339 | 2344 | 2340 | 2355 | 2360 || 2386 | 2371 | 2377 | 2382 | 2388 | 2303
72 2285 | 2290 | 2206 | 2301 | 2306 || 2312 | 2317 | 2322 | 2328 | 2333 | 2339
71 2233 | 2238 | 2243 | 2240 | 2264 | 2269 | 2204 | 2269 | 2275 | 2280 | 2285 1l o7l os
7.70 |} 0.002182 | 2187 | 2102 | 2197 | 2202 || 2207 | 2213 | 2218 | 2223 | 2228 | 2233 2| 1.4 1.2
6 2132 | 2137 | 2142 | 2147 | 2152 || 2167 | 2182 | 2167 | 2172 | 2177 | 2182 Uz i
68 2084 | 2088 | 2093 | 2008 | 2103 || 2108 | 2113 | 2118 | 2122 | 2127 ; 2132 5l 35 3'0
67 2036 | 2041 | 2046 | 2050 | 2065 | 2080 | 2065 | 2060 | 2074 | 2079 | 2084 HIFI IR
86 1990 | 1994 | 1999 | 2003 | 2008 || 2013 | 2017 | 2022 | 2027 | 2031 | 2036 81§21 %8
66 |{ 0.001944 | 1949 | 1953 | 1958 | 1062 || 1967 | 1071 | 1676 | 1080 | 1985 | 1980 ore| &k
64 1000 | 1904 | 1909 | 1913 | 1918 || 1922 | 1926 | 1931 | 1935 | 1040 | 1944 el est 54
63 1857 | 1861 | 1865 | 1869 | 1874 || 1878 | 1882 | 1887 | 1891 | 1896 | 1900
62 1814 | 1818 | 1823 | 1827 | 1831 (| 1835 | 1840 | 1844 | 1848 | 1852 | 1857
61 1773 | 1777 | 1781 | 1785 | 1789 || 1793 | 1788 | 1802 | 1806 | 1810 | 1814 5 | e
7.60 || 0.001732 | 1736 | 1740 | 1744 | 1748 |[ 1753 | 1757 | 1761 | 1765 | 1769 | 1773
5 1603 | 1697 | 1701 | 1705 | 1709 || 1713 | 1716 | 1720 | 1724 | 1728 | 1732 | oosl o4
5 1654 | 1658 | 1662 | 1666 | 1670 || 1673 | 1677 | 1681 | 1685 | 1689 | 1603 BRI
87 1617 | 1620 | 1624 | 1628 | 1632 (| 1635 | 1630 | 1643 | 1647 | 1650 | 1654 HEXTIRR
56 1580 | 1583 | 1587 | 1501 | 1594 || 1508 | 1602 | 1605 | 1600 | 1613 | 1617 HIEXI IR
55 || 0.001544 | 1547 | 1551 | 1554 | 1558 || 1562 | 1565 | 1569 | 1572 | 1576 | 1580 HESIEER
54 1508 | 1612 | 1515 | 1619 | 1522 || 1526 | 1520 | 1533 | 1537 | 1540 | 1544 81391 2%
53 1474 | 1477 | 1481 | 1484 | 1488 || 1491 | 1495 | 1498 | 1502 | 1505 | 1508 S I A
52 1440 | 1444 | 1447 | 1450 | 1454 || 1457 | 1461 | 1464 | 1467 | 1471 | 1474 ol 4.5 36
51 1408 | 1411 | 1414 | 1417 | 1421 || 1424 | 1427 | 1431 | 1434 | 1437 | 1440 : :
7.50 || 0.001376 | 1379 | 1382 | 1385 | 1388 || 1301 | 1395 | 1308 | 1401 | 1404 | 1408




186 U. 8. COAST AND GEODETIC SURVEY

1
Table XI1I1-—Log —a [=colog (1—a)]
When « is positive:
Loga 0 1 2 3 4 5 [ 7 8 9 10 Proportional parts
7.50 (| 0.001376 | 1379 | 1382 | 1385 | 1388 || 1391 | 1395 | 1398 | 1401 | 1404 | 1408
49 1344 | 1347 | 1350 | 1354 | 1357 || 1360 | 1363 | 1366 | 1369 | 1372 | 1376
48 1314 | 1317 | 1320 | 1323 | 1326 |} 1329 | 1332 | 1335 | 1338 | 1341 | 1344
47 1284 | 1287 | 1200 | 1202 | 1295 || 1298 | 13G1 | 1304 | 130’ 1311 | 1314
46 1254 1 1257 | 1260 | 1263 | 1266 || 1269 | 1272 | 1275 | 1278 | 1281 | 1284
45 || 0.001226 | 1229 | 1231 | 1234 | 1237 || 1240 | 1243 | 1246 | 1249 | 1251 | 1254
44 1198 | 1201 | 1203 | 1208 | 1209 || 1212 | 1214 | 1217 | 1220 | 1223 | 1226
43 170 | 1173 | 1176 | 1179 | 1181 {| 1184 | 1187 | 1190 | 1192 | 1195 | 1198
42 1144 | 1146 | 1149 | 1152 | 1154 || 1157 | 1160 | 1162 | 1165 | 1168 | 1170
41 1118 | 1120 | 1123 | 1126 | 1128 | 1131 | 1133 | 1136 | 1139 | 1141 | 1144
7.40 || 0.001092 | 1095 | 1097 | 1100 | 1102 |} 1105 | 1107 | 1110 | 1113 | 1115 | 1118
39 1067 | 1070 | 1072 | 1075 | 1077 || 1080 | 1082 | 1085 | 1087 | 1090 | 1092
38 1043 | 1045 | 1048 | 1050 | 1053 || 1056 | 1058 | 1060 | 1062 | 1065 | 1067
37 1019 | 1022 | 1024 | 1026 | 1029 || 1031 | 1033 | 1036 | 1038 | 1041 | 1043
36 0996 | 0998 [ 1001 ( 1003 [ 1005 || 1008 | 1010 | 1012 [ 1015 { 1C17 | 1019 4 3
35 || 0.000973 | 0976 | 0978 | 0980 | 0882 || 0985 | 0987 | 0989 | 0991 | 0994 | 0996 . 03
1 0. .
34 951 953 956 | 958 962 967 969 971 973 21 08 0.6
33 020 | 932 034 | 936 | 938 040 | 942 | 945 | 947 | 949 | 951 3| L2 0.9
32 908 [ 910 | 913 | 915 917 919 | @1 923 1 925 | 927 | 929 4 1.6 1.2
31 800 | 892 | 894 | 896 898 904 | 906 | 908 51 2.0 1.5
7.30 |} 0.000867 | 869 | 871 873 | 875 877 | 879 | 882 884 | 886 | 888 (75 % é % ?
29 848 850 852 | 854 R55 857 850 861 863 865 867 8 3.2 2.4
28 828 | 830 | 832 | 834 ] 836 /38 1 840 | 842 | 844 | 846 | 848 9| 3.6 2.7
27 809 811 813 815 817 819 821 823 825 826 828
26 791 793 795 | 708 | 798 800 | 802 8G4 | 806 | 808 [ 809
25 |{ 0.000773 | 775 777 | /8| 780 782 784 | 786 [ 787 | 789 | 791
24 755 | 757 | 759 | 761 762 764 { 766 | 768 769 | 771 773
23 738 740 742 743 745 747 748 750 752 754 755
22 721 723 | 7251 726 | 728 730 | 721 733 7357 736 | 738
21 705 707 708 710 711 713 715 716 718 720 721
7.20 (| 0.000689 | 690 | 692 | 694 | 695 697 | 698 700 | 702 ) 703 | 705 2 1
19 673 6751 676 678 679 681 683 684 686 687 | 689 1 0.2 0.1
18 658 [ 650 | 661 662 [ 664 665 | 667 669 | 670 ] 672 673 2| 0.4 0.2
17 643 644 646 647 649 650 652 653 655 666 658 3] 0.6 0.3
18 628 | 630 | 631 633 | 634 635 1 637 ) 6381 640 ) 641 643 4) 0.8 0.4
15 {1 0.000614 | 615 617 | 618 | 620 621 6221 624 | 625 627 | 628 (65 %(2) 8 g
14 600 | 601 603 | 604 [ 605 607 | 608 | 610 | 611 612 | 614 7] 1.4 0.7
13 586 588 | 589 580 | 592 503 1 594 | 598 | 5697 599 | 600 8! 1.6 0.8
12 573 574 576 | 577 | 578 580 | 681 582 | 5684 | 5851 586 8| L8 0.9
11 560 | 561 562 | 564 565 566 | 568 | 569 | 570 | 572 | 573
7.10 || 0.000547 | 548 | 550 | 551 552 553 | 655 ) 556 | 557 | 559 | 560
09 535 | 6361 537 | 538 | 640 | mar | 542 543 | bas | sa6| 547
08 522 524 625 | 526 | 527 520 | 530 831 532 | 533 | 535
o7 511 512 513 514 515 516 518 519 520 521 522
06 499 | 500 ) 501 502 | 504 506 | 806 | 507 |. 508 | 509 | 511
05 || 0.000488 | 489 [ 490 | 49] 492 493 | 494 | 495 [ 497 | 498 | 409
04 476 | 478 | 479 | 480 | 481 482 | 483 | 484 | 485 | 486 | 488
03 468 | 467 468 | 469 | 470 471 A72 | 4731 474 | 475 476
02 455 456 457 458 | 459 460 461 462 463 465 466
01 445 | 446 | 447 | 448 | 449 450 | 451 452 1 453 | 454 | 456
7.00 || 0.000435 | 436 | 437 | 438 | 439 440 | 441 442 | 443 | 444 | 45




TAELES 187

Table XIII.—Log 7 ! p [=colog (1 —a)]

When a is positive:

Loga 0 1 2 3 4 5 6 7 8 9 10 Proportional parts
7.00 0.000435 | 436 | 437 | 438 | 439 440 | 441 | 442 ) 443 | 444 | 445 10 9
6.9 3451 353 | 361 | 370 | 378 387 | 396 | 406 4151 425 435 11 10 0.9
8 274 { 280 | 2871 204 1 301 308 | 315 | 322 | 330 | 337 | 345 2| 2.0 1.8
7 218 | 223 | 228 233 | 239 244 250 | 256 | 262 | 268 | 274 3| 3.0 2.7
6 173 177 181 185 190 104 199 | 203 [ 208 | 213 | 218 441 4.0 3.6
5 0.000137 | 141 144 | 147 | 151 154 | 158 | 161 165 | 169 ; 173 65| 50 4.5
61 6.0 5.4
4 109 112 | 14| 117 | 120 122 | 125 128} 131 134 | 137 71 7.0 6.3
3 087 | 089 0011 093} 095 097 | 100} 102 | 104 | 107 | 109 8| 80 7.2
2 69 70 72 74 75 77 79 81 83 85 87 ¢| 8.0 8.1
1 66 56 57 59 60 61 63 64 66 67 69
6.0 0. 000043 44 45 47 48 49 50 51 52 53 55 8 7
5.9 34 35 36 37 38 39 40 41 41 42 43 1] 0.8 0.7
8 27 28 29 29 30 31 31 32 33 34 34 2 1.6 1.4
7 22 22 23 23 24 24 25 26 26 27 27 3| 2.4 2.1
6 17 18 18 19 19 19 20 20 21 21 22 4| 3.2 2.8
5 0. 000014 14 14 15 15 15 16 16 17 17 17 51 4.0 3.5
61 4.8 4.2
4 11 11 11 12 12 12 13 13 13 13 14 7] 56 4.9
3 09 09 09 09 10 10 10 10 10 11 11 8| 6.4 5.6
2 7 7 7 7 8 8 8 8 8 8 9 91 7.2 6.3
1 5 6 6 6 8 6 6 6 7 7 7
5.0 0. 000004 4 5 5 5 5 5 5 5 5 5 6 5
4 0. 000000 1 1 1 1 1 2 2 3 3 4 1] 0.6 0.5
24 L2 1.0
3| L8 L5
(2) When a is negative: 4| 24| 20
5( 3.0 2.5
. 6| 3.6 3.0
4 n || 0.000000 \*9999 [*9999 |*0999 |*9900 ||*0099 *O0OR (*0098 [*0007 *9997 |*9006 7| 4.2 3.5
8| 4.8 4.0
5.0 n || 9. 999996 96 95 95 95 95 95 95 95 95 95 91| 54 4.5
1n 95 94 94 94 94 94 094 94 93 93 93
2 n 93 93 93 93 92 92 92 92 92 92 91 4 3
3 n 91 91 91 91 90 90 90 90 90 89 89
4mn 89 89 89 88 88 88 87 87 87 87 86 1{ 0.4 0.3
2| 0.8 0.6
5 n || 9.999086 86 86 85 85 85 84 84 83 83 83 3] L2 0.9
6 n 83 82 82 81 81 81 80 80 79 79 78 4 1.6 1.2
7n 78 78 77 77 76 76 75 4 74 73 73 51 2.0 1.5
8§ n 73 72 71 71 70 69 69 68 67 66 66 6| 2.4 1.8
9 n 66 65 64 63 62 61 60 59 59 58 57 71 2.8 2.1
8| 3.2 2.4
6.0 n || 9.999957 56 56 53 52 51 50 49 48 47 45 9{ 3.6 2.7
in 45 44 43 41 40 39 37 36 34 33 31
2 n 31 30 28 26 25 23 21 19 17 15 13 2 1
3n 913 [ 911 | 909 | 907 | 905 903 | 901 | 898 | 806 | 893 | 891 ——
4 n 891 | 888 : 886 ( 883 | 880 878 | 876 | 872 | 869 | 866 | 863 1 8 i (0) 1
2 3 . 2
5 n (| 9.099863 | 850 | 856 | 853 | 849 846 | 842 | 839 | 835 | 831 | 827 3| 0.6 0.3
6 n 827 | 823 | 819 | 815 | 810 806 ( 802 | 797 | 792 | 987 782 4| 0.8 0.4
7n 7821 77| 72| 767 | 761 756 | 750 | 744 | 738 | 732 | 726 5 LO 0.5
8 n 726 | 720 | 713 { 706 | 700 693 | 685 | 678 | 671 | 663 655 6| L2 0.6
9 n 655 | 647 | 639 | 631 | 622 613 | 604 | 595 | 585 | 576 566 g } é g 7
. . 8
7.00mn || 9.999566 | 565 | 5664 | 563 | 562 561 | 560 { 55O | 558 | 567 | 556 9 L8 0.9




188

U. 8. COAST AND GEODETIC SURVEY

Table XIIT~Log ;' [=colog (1—a)]

When «a is negative:

loga 0 1 2 3 4 5 (] 7 8 9 10 Proportional parts
7.00n (| 9.999566 565 564 563 562 561 560 | 550 1 558 1 557 | 556
0ln 556 556 554 553 552 551 550 549 548 | 547 | 545
02n 545 544 | 543 542 | 541 540 | 539 | 538 | 537 536 | 535
03 n 535 | 534 533 | 532 531 530 | 528 | 527 526 | 5256 | 524
04n 524 | 523 522 | 521 520 519 | 517 (| 516 | 616 | 514 | 513
05n || 9,999513 512 | 511 510 | 508 507 | 506 | 505 | 504 | 503 [ 502
06 n 502 | 501 409 | 498 | 407 406 | 495 | 404 { 492 | 491 | 490
07n 400 | 489 | 488 | 487 | 485 484 | 483 | 482 | 481 | 479 | 478
08 n 478 | 477 | 476 | 475 | 473 472 | 471 470 | 469 | 467 | 466
0Wn 466 | 465 | 464 | 462 | 461 460 | 459 | 457 | 456 | 455 | 454
7.10n || 9.990454 | 452 | 451 450 | 449 447 | 446 | 445 | 443 | 442 441
11n 441 440 438 437 436 434 | 433 432 430 | 420 | 428 1 2
12n 428 427 425 424 423 421 420 419 417 | 416 | 415 —_——
13n 415 413 412 410 409 408 | 406 405 404 | 402 | 401 1 0.1 0.2
14n 401 400 [ 398 | 397 | 395 3941 393 | 391 390 | 388 | 387 2 8 g 8 é
3 5 3
15n || 9.999387 | 386 | 384 383 | 381 380 378 | 3771 376 | 374| 373 4| 0.4 0.8
186 n 373 | 371 370 | 368 | 367 365 | 364 363 ; 361 | 360) 358 5| 0.5 1.0
17n 358 | 357 | 355 | 354 | 352 351 | 349 | 348 | 346 | 345 | 343 6| 0.6 1.2
18 n 343 342 340 339 337 336 | 334 333 331 329 | 328 7 0.7 1.4
19n 328 | 326 | 325 323 | 322 320§ 319 | 317} 315 314 312 8 8 8 }g
9 . 8 .
7.20n | 9.999312 | 311 309 | 307 306 304 | 303 301 209 | 208 | 296
21n 296 295 203 291 290 288 | 286 285 283 1 282 | 280
2n 280 278 277 275 273 272 270 268 266 265 | 263
23 n 263 261 260 258 256 255 253 251 249 ¢ 247 | 246
24n 246 244 | 242 241 239 237 | 235 | 234 232 | 230 | 228
251 || 9.999228 2271 225 223 | 221 219 ( 218 216 214 | 212 | 210
26 n 210 [ 209 ; 207 2051 203 201 199 198 196 | 194 192
27n 192 190 188 186 185 183 181 179 177 175 173
28 n 173 171 169 168 166 164 | 162 160 158 | 156 | 154
20n 154 152 160 148 | 146 144 | 142 140§ 138§ 136 | 134
7.30n || 9.999134 132 130 128 126 124 122 120 118 | 116 114
i 3ln 114 112 110 108 106 104 102 100 098 { 096 | 094 3 4
32n 094 091 089 087 085 083 | 081 079 077 | 075 072 —— |
33n 0721 070 | 068 | 066 | 064 062 | 060 057 055 | 053 | 051 1 0.3 0.4
34n 051 049 | 047 044 | 042 0401 038 | 036 033 | 031 | 029 % g g (1) g
35n || 9.999029 | 9027 | 9024 | 9022 | 9020 || 9018 | 9015 | 9013 | 9011 | 9009 | 9006 4 1.2 1.6
36 n 9006 9002 | 8999 | 8997 | 8995 | 8992 | 8990 | 8988 | 8085 | 8983 5 1.5 2.0
37n 8083 | 8981 | 8978 | 8976 | 8974 || 8971 | 8969 | 8967 | 8964 | 8962 | 8959 ] 1.8 2.4
38n 8059 | 8957 | 8955 | 8952 | 8050 || 8947 | 8045 | 8943 | 8940 | 8938 | 8935 7 2.1 2.8
38n 8935 | 8033 | 8930 | 8928 | 8925 || 8023 | 8920 | 8918 | 8915 | 8913 | 8910 8 g 4 :?; (2',
9 . 7 .
7.40n (| 9.998010 | 8908 | 8905 | 8903 | 8900 || 8808 | 8895 | 8893 | 8890 | 88K8 | 8885
41 n 8885 | 8883 | 8880 | 8877 | 8875 || 8872 | 8870 | 8867 | 8864 | 8862 | 8859
42n 8859 | 8857 " 8854 | 8851 | 8849 || 8846 | 8843 | 8841 | 8838 | 8835 | 8833
43 n 8833 | 8830 | 8827 | 8825 | 8822 || 8819 | 8816 | 8814 | 8811 | 8808 | 8805
4n 8805 | 8803 | 8800 | 8797 | 8794 |} 8792 | 8780 | 8786 | 8783 | 8781 | 8778
451 || 9.998778 | 8775 | 8772 | 8769 | 8766 || 8764 | 8761 | 8758 | 8755 | 8752 | 8749
46 n 8749 | 8746 | 8744 | 8741 | 8738 || 8735 | 8732 | 8720 | 8726 | 8723 | 8720
47 n 8720 | 8717 | 8714 | 8711 | 8708 || 8705 | 8702 | 8699 | 8606 | 8693 | 8690
48 n 8690 | 8687 | 8684 | 8681 | 8678 || 8675 | 8672 | 8669 | 8666 | 8663 | 8660
49 n 8660 | 8657 | 8654 | 8651 | 8648 || 8644 | 8641 | 8638 | 8635 | 8632 | 8620
7.50n || 9.998629 | 8626 | 8622 | 8619 | 8616 || 8613 | 8610 | 8607 | 8603 | 8600 | 8507




Table XI11.—Log Ti—a [=colog (1—a)]

When a is negative:

TABLES

189

Loga 0 1 2 3 4 5 6 7 8 9 10 Proportional parts
7.50n || 9.908620 | 8626 | 8622 | 8619 | 8616 || 8613 | 8610 { 8607 | 8603 | 8600 | 8507
51n 8507 | 8594 | 8590 | 8587 | 8584 || 8581 | 8577 | 8574 | 8571 | 8568 | 8564
52n 8564 | 8561 | 8558 | 8554 | 8551 || 8548 | 8544 | 8541 | B538 | 8534 | 8531 4 5
53 n 8531 | 8528 | 8524 | 8521 | 8517 || 8514 | 8511 | 8507 | 8504 | 8500 | 8497
54 n 8497 | 8493 | 8400 | 8486 | 8483 || 8479 | 8476 | 8472 | 8469 | 8465 | 8462
1 0.4/ 0.5
55n || 9.908462 | 8458 | 8455 | 8451 | 8448 || 8444 | 8440 | 8437 | 8433 | 8430 | 8426 2 0.8 L0
56 n 8426 | 8422 | 8419 | 8415 | 8411 || 8408 | 8404 | 8400 | 8397 | 8303 | 8389 3 1.2 1.5
57n 8380 | 8386 | 8382 | 8378 | 8375 || 8371 | 8367 | 8363 | 8360 | 8356 | 8352 4 1.6 2.0
58 n 8352 | 8348 | 8344 | 8341 | 8337 || 8333 | 8320 | 8325 | 8321 | 8318 | 8314 5 20] 2.5
59 n 8314 | 8310 | 8306 | 8302 | 8298 ([ 8204 | 8200 | 8286 | 8282 | 8278 | 8274 6 2.4 3.0
7 2.8 3.5
7.60n || 9.998274 | 8271 | 8267 | 8263 | 8250 || 8255 | 8251 | 8246 | 8242 | 8238 | 8234 8 3.2 4.0
6ln 8234 | 8230 | 8226 | 8222 | 8218 || 8214 | 8210 | 8206 | 8202 | 8197 | 8193 9 3.6| 4.5
62n 8193 | 8180 | 8185 | 8181 | 8177 || 8172 | 8168 | 8164 | 8160 | 8156 | 8151
63n 8151 | 8147 | 8143 | 8139 | 8134 || 8130 | 8126 | 8121 | 8117 | 8113 | 8108
64 n 8108 | 8104 | 8100 | 8095 | 8091 || 8087 | 8082 { 8078 | 8073 | 8069 | 8064
6 7
651 |} 9.908064 | 8060 | 8055 | 8051 | 8047 j| 8042 | 8038 | 8033 | 8028 | 8024 | 8019
66 n 8019 | 8015 | BOL1O | 8006 { 8001 i} 7997 | 7992 | 7987 | 7983 | 797 7973
67 n 7973 | 7960 | 7964 | 7959 [ 7955 || 7950 1 7945 | 7941 | 7936 | 7931 | 7926 1 0.8 0.7
68 n 7926 | 7922 | 7917 | 7912 | 7907 || 7002 | 7898 | 7893 { 7888 | 7883 | 7878 2 1.2 1.4
69 n 7878 | 7873 | 7868 | 7863 | 7850 || 7854 | 7849 | 7844 | 7830 | 7834 | 7829 3 1.8 2.1
: 4 2.4 2.8
7.707n || 9.997820 | 7824 | 7819 | 7814 | 7809 1| 7804 | 7799 | 7794 | 7789 | 7783 | 7778 5 3.0 3.5
71n 7778 | 7773 | 7768 | 7763 | 7758 || 7753 | 7748 | 7742 | 7737 | 7732 | 1727 6 3.6 | 4.2
72n 7727 | 7722 | 7716 | 7711 | 7706 (| 7700 | 7695 | 7690 | 7685 | 7679 | 7674 7 4.2| 4.9
73n 7674 | 7669 | 7663 | 7658 | 7652 || 7647 | 7642 | 7636 | 7631 | 7625 | 7620 8 4.8 5.6
74n 7620 | 7614 | 7609 | 7603 | 7598 || 7592 | 7687 | 7581 | 7576 | 7570 | 7565 9 54| 6.3
76n || 9.997665 | 7559 | 7553 | 7548 | 7542 || 7537 | 7531 | 7525 | 7519 | 7514 | 7508
76n 7608 | 7602 | 7497 | 7491 | 7485 || 7479 | 7473 | 7468 | 7462 | 7456 | 7450
77n 7450 | 7444 | 7438 | 7433 | 7427 || 7421 | 7415 | 7409 | 7403 | 7397 | 7391 8 9
78 n 7391 | 7385 | 7379 | 7373 | 7367 || 7361 | 7355 | 7349 | 7343 | 7337 | 7330
79n 7330 | 7324 | 7318 | 7312 | 7306 || 7300 | 7203 | 7287 | 7281 | 7275 | 7268
1 0.8 0.9
7.80n | 9.997268 | 7262 | 72506 | 7250 | 7243 || 7237 | 7281 | 7224 | 7218 | 7211 | 7205 2 1.6 | 1.8
8l n 7205 | 7199 | 7192 | 7186 | 7179 || 7173 | 7166 | 716y | 7153 | 7147 | 7140 3 2.4 2.7
82n 7140 | 7134 | 7127 | 7120 | 7114 || 7107 | 7100 | 7094 | 7087 | 7080 | 7074 4 3.2 3.6
83n 7074 | 7067 | 7060 | 7053 | 7047 || 7040 | 7033 | 7026 | 7019 | 7013 | 7006 5 40| 4.5
84n 7006 | 6999 | 6092 | 6985 | 6978 || 6971 | 6964 | 6057 | 6950 | 6943 | 6036 6 4.8 54
7 561 6.3
85n || 9.996936 | 6029 | 6922 | 6915 | 6908 || 6001 | 6804 | 6887 | 6880 | 6872 | 6865 8 6.4 7.2
86 n 6865 { 6858 | 6851 | 6844 | 6836 || 6829 | 6822 | 6814 | 6807 | 6800 | 6702 9 7.2 8.1
87n 6792 | 6785 | 6778 | 6770 | 6763 || 6755 | 6748 | 6740 | 6733 | 6725 | 6718
88 n 6718 | 6710 | 6703 | 6605 | 6688 || 6680 | 6672 | 6665 | 6657 | 6650 | 6642
89n 6642 | 6634 | 6626 | 6619 | 6611 || 6603 | 6595 | 6587 | 6580 | 6572 | 6564
10 11
7.90n || 9.996564 | 6556 | 6548 | 6540 | 6532 || 6524 | 6516 | 6508 | 6500 | 6492 | 6484
9l n 6484 | 6476 | 6468 | 6460 | 6452 || 6444 | 6435 | 6427 | 6419 | 6411 | 6403
92n 6403 | 6394 | 6386 | 6378 | 6369 || 6361 | 6353 | 6344 | 6336 | 6328 | 6319 1 1.0 11
93 n 6319 | 6311 | 6302 | 6204 } 6285 || 6277 | 6268 | 6260 | 6251 | 6242 | 6234 2 20| 2.2
94 n 6234 | 6225 | 6217 | 6208 | 6199 || 6100 | 6182 | 6173 | 6164 | 6155 | 6146 3 i(O) :2 i
. 4 . .
95n i 9.906146 | 6138 | 6120 | 6120 | 6111 || 6102 | 6093 | 6084 | 6075 | 6066 | 6057 5 5.0 5.5
96 n 6057 | 6048 | 6039 | 6030 | 6021 || 6012 | 6003 | 5093 | 5084 | 59756 | 5966 6 6.0 6.6
97 n 5966 | 5056 | 5047 | 5938 | 5929 }| 5019 | 5910 | 5900 | 5801 | 5882 | 5872 7 .01 7.7
98 n 5872 | 5863 | 5853 | 5844 | 5834 || 5825 | 5815 | 5805 | 5796 | 5786 | 5777 8 8.0 | 8.8
99 n 5777 | 8767 | 5757 | 5747 | 573 5728 | 5718 | 6708 | 5698 | 5689 | 5679 9 9.0 9.9
8.00n || 9.995679 | 5669 | 5659 | 5640 | 5639 | 5620 | 5619 | 5609 | 5509 | 5580 | 5578




190 U. 8. COAST AND GEODETIC SURVEY

Table XI1T.—Log 12— [=colog (1—a)]

When @ is negative:

Log a 0 1 2 3 4 5 6 7 8 9 10 Proportional parts
8.00n || 9.995679 | 5669 | 5659 | 5649 | 5639 || 5629 | 5619 | 5609 | 5509 | 5589 | 5578 10 11 12 13 14
Oln 5578 | 5568 | 5558 | 5548 | 5538 || 5528 | 5517 | 5507 | 5497 | 5486 | 5476
02n 5476 | 5466 | 5455 | 5445 | 5434 || 5424 | 5413 | 5403 | 5392 | 5382 | 5371 1 1.0 1.1 1.2 1.3 1.4
03n 5371 | 5361 | 5350 | 5339 | 5320 || 5318 | 5307 | 5206 | 5286 | 5275 | 5264 2|1 20) 2.2| 24| 2.6 2.8
04n 5264 | 5253 | 5242 | 5231 | 5220 || 5209 | 5198 | 5187 | 5176 | 5165 | 5154 3 3.0 3.3 3.6| 3.9 4.2
4] 40| 44| 48| 52 5.6
05n || 9.995154 | 5143 | 5132 | 5121 | 5110 || 5008 | 5087 | 5076 | 5065 | 5053 | 5042 5 50| 55] 60| 6.5 7.0
06 n 5042 | 5031 | 5019 | 5008 | 4996 || 4985 | 4973 | 4962 | 4950 | 4939 | 4927 6| 6.0] 66| 7.2| 7.8 8.4
07n 4927 | 4916 | 4904 | 4892 | 4881 || 4869 | 4857 | 4845 | 4833 | 4822 | 4810 7| 7.0} 7.7 84| 9.1 9.8
08 n 4810 | 4798 | 4786 | 4774 | 4762 |] 4750 | 4738 | 4726 | 4714 | 4702 | 4690 8 8.0 8.8 9.6 10.4 1.2
09n 4690 | 4677 | 4665 | 4653 | 4641 || 4628 | 4616 | 4604 | 4591 | 4579 | 4567 9| 9.0 9.9110.8]|11.7{ 12.6
8.10n || 9.994567 | 4554 | 4542 | 4520 | 4517 || 4504 | 4492 | 4479 | 4466 | 4454 | 4441 15 16 17 18 19
11 n 4441 | 4428 | 4415 | 4403 | 4300 || 4377 | 4364 | 4351 | 4338 | 4325 | 4312
12n 4312 | 4209 | 4286 | 4273 | 4260 || 4247 | 4234 | 4220 | 4207 | 4194 | 4181 1 1.5 1.6 1.7 1.8 1.9
13n 4181 | 4167 | 4154 | 4141 | 4127 || 4114 | 4100 | 4087 | 4073 | 4060 | 4046 2 3.0 3.2 3.4 3.6 3.8
14n 4046 | 4032 | 4019 | 4005 | 3091 || 3978 | 3964 | 3950 | 3936 | 3922 | 3908 3| 45| 48| 51| 54 5.7
4 60| 64| 6.8 7.2 7.6
15n || 9.993008 | 3894 | 3880 | 3866 { 3852 || 3838 | 3824 | 3810 | 3796 | 3782 | 3767 5! 75| 80! 85| 9.0 9.5
16n 3767 | 3753 | 3739 | 3725 | 3710 || 3696 | 3681 | 3667 | 3652 | 3638 | 3623 6/ 9.0 9.6]10.2|10.8} 11.4
17n 3623 | 3609 | 3594 | 3579 | 3566 || 3550 | 3535 | 3521 | 3506 | 3491 | 3476 70105 11.2| 11,9 12.6 13.3
18n 3476 | 3461 | 3446 | 3431 | 3416 || 3401 | 3386 | 3371 | 3356 | 3340 | 3325 8120|128 | 13.6 | 14.4 15.2
19Yn 3325 | 3310 | 3205 | 3279 | 3264 || 3248 | 3233 | 3218 | 3202 | 3186 | 3171 9113.5]| 14.4115.3]16.2| 17.1,
8.20n || 9.993171 | 3155 | 3140 | 3124 | 3108 (| 3092 | 3077 | 3061 | 3045 | 3029 | 3013 20 21 22 23 24
2ln 3013 | 2997 | 2081 | 2065 | 2949 || 2933 | 2917 | 2900 | 2884 | 2868 | 2852 ||——
2n 2852 | 2835 | 2819 | 2803 | 2786 || 2770 | 2753 | 2736 | 2720 | 2703 | 2687 1) 20| 217 22| 23 2.4
23 n 2687 [ 2670 | 2653 | 2636 | 2619 || 2603 | 2586 | 2569 { 2552 | 2535 | 2518 2 4.0} 4.2 4.4 4.6 4.8
24n 2518 | 2501 | 2483 | 2466 | 2449 || 2432 | 2414 | 2397 | 2380 | 2362 | 2345 3| 60| 6.3| 6.6 6.9 7.2
4| 80| 84| 88| 0.2 9.6
25 n || 9.992345 | 2327 | 2310 | 2292 | 2275 || 2257 | 2239 | 2222 | 2204 | 2186 | 2168 5110.0 1 10.5 | 11.0 | 11.5 12.0
26 n 2168 [ 2150 | 2132 | 2114 | 2096 || 2078 | 2060 | 2042 | 2024 | 2006 | 1987 61120126 13.2 | 13.8 | 4.4
27 n 1987 | 1969 | 1951 | 1932 | 1914 || 1896 | 1877 | 1858 | 1840 | 1821 | 1803 71140 14.7 ] 15.4 { 16.1 16. 8
28 n 1803 | 1784 | 1765 | 1746 | 1727 (| 1709 | 1690 | 1671 | 1652 | 1633 | 1613 8(16.0 | 16.8 | 17.6 | 18.4 19.2
29n 1613 | 1594 | 1575 | 1556 | 1537 || 1517 | 1498 | 1478 | 1459 | 1440 | 1420 9118.0418.9]19.8]20.7| 2.6
8.30 n || 9.991420 | 1400 | 1381 | 1361 | 1341 1322 | 1302 | 1282 | 1262 | 1242 | 1222 25 26 27 28 29
3ln 1222 | 1202 | 1182 | 1162 | 1142 |} 1122 | 1101 { 1081 | 1061 | 1040 | 1020
32n 1020 | 0999 | 0979 | 0958 | 0938 0917 | 0896 | 0875 | 0855 | 0834 | 0813 1 2.5 2.6 2.7 2.8 2.9
33n 0813 | 0792 | 0771 | 0750 | 0729 || 0708 | 0686 | 0665 | 0644 | 0622 | 0601 2| 501 b2 54| 56 5.8
34n 0601 | 0580 | 0558 | 0537 | 0515 |} 0493 | 0472 | 0450 | 0428 | 0406 | 0385 3 7.5 7.8 8.1 8.4 8.7
411001041108 [11.2| 11.6
35n i 9.990385 | 0363 | 0341 | 0319 | 0207 || 0274 | 0252 | 0230 | 0208 | 0186 | 0163 511251 13.0|13.5 | 14.0 14.5
36n || 9.900163 | 0141 | 0118 1 0096 | 0073 || 0051 | 0028 | 0005 {*9982 [*0960 [*9937 6(150]15.6(16.2]16.8 17.4
37n || 9.989037 | 9014 | 9891 | 0868 | 9845 || 9821 | 9798 | 9775 | 9752 | 9728 | 9705 7|17.5|18.2 | 18.9 | 19.6 20.3
38n 9705 | 9682 | 9668 | 9634 | 9611 || 9587 | 9563 | 9540 | 9516 | 9492 | 9468 8(20.0|20.8)21.6]22.4 23.2
39n 9468 | 9444 | 9420 | 9396 | 9372 || 9348 | 0323 | 9209 | 9275 | 9250 | 9226 9122.5]23.4(24.31252]| 261
8.40n || 9.989226 | 9201 | 9177 [ 9152 | 9127 | 9103 | 9078 | 9053 | 9028 | 9003 | 8978 30 31 32
41 n 8978 | 8053 | 8928 | 8903 | 8877 || 8852 | 8827 | 8801 | 8776 | 8750 | 8725
42n 8725 | 86U9 | 8673 | 8647 | 8622 || 8506 | 8570 | 8544 | 8518 | 8492 | 8465 1| 30| 31| 3.2
43n 8465 | 8439 | 8413 | 8386 | 8360 || 8334 | 8307 | 8280 | 8254 | 8227 | 8200 2} 60| 6.2 6.4
44 n 8200 | 8173 | 8147 | 8120 | 8093 || 8066 | 8038 | 8011 | 7984 | 7957 | 7929 3 lg. g ]9. 3 lg. g
4 . 2. 2
45 || 9.987929 | 7902 | 7874 | 7847 | 7819 || 7791 | 7764 | 7736 | 7708 | 7680 | 7652 5150|155 | 16.0
46n 7652 | 7624 | 7506 ( 7568 | 7539 || 7511 | 7483 | 7454 | 7426 | 7397 | 7369 6(18.0(18.6 | 19.2
47n 7369 | 7340 | 7311 | 7282 | 7253 || 7224 | 7195 | 7166 | 7137 | 7108 | 7079 70210217224
48 n 1079 | 7049 | 7020 | 6980 | 6061 || 6031 | 6902 | 6872 | 6842 | 6812 | 6782 8124.0| 24.8 | 26.6
49n 68782 | 6752 | 6722 | 6692 | 6662 || 6631 | 6601 | 6571 | 6540 | 6510 | 6479 9121.0[2.9]28.8
8.50n || 9.986479 | 6448 | 6418 | 6387 | 6356 || 6325 | 6294 | 6263 | 6232 | 6200 | 6169




TABLES 191

Table XIT1.—Log 1 [=colog (1—a)]

When «a is negative:

Log a 0 1 2 3 4 5 6 7 8 9 10 Proportional parts
8.50n || 9.986479 | 6448 | 6418 | 6387 | 6356 )| 6325 | 6204 | 6263 | 6232 | 6200 | 6169 ' 32 , 34 36 38 40
51 n 6160 | 6138 | 6106 | 6075 | 6043 || 6011 | 5080 | 5048 | 5916 | 5884 | 5852
52n 5852 | 5820 | 5788 | 5756 | 5723 || 5601 | 565Y | 5626 | 5503 | 5561 | 5528 1 3.2 3.4 3.6 3.8 4.0
53 n 5528 | 5495 | 5462 | 5429 | 5306 || 5363 | 5330 | 5297 | 5263 | 5230 | 5197 2| 6.4 6.8 7.2 7.6 8.0
54n 5197 | 5163 | 5120 | 5096 | 5062 || 5028 | 4994 | 4960 | 4926 | 4892 | 4858 3 9.6|10.2]|10.8|11.4] 12.0
4128 13.6(14.4(15.2{ 16.0
55n || 9.984858 | 4823 | 4789 | 4755 | 4720 || 4685 | 4651 | 4616 | 4581 | 4546 | 4511 5116011701 18.0119.0| 20.0
56 n 4511 | 4476 | 4441 | 4406 | 4370 1) 4335 | 4300 | 4264 | 4228 | 4193 | 4157 6119.2)20.4)21.6]228) 24.0
57n 4157 | 4121 | 4085 | 4049 | 4013 || 3977 | 3041 | 3904 | 3868 | 3831 | 3795 70224238252 26.6| 28.0
58 n 3705 | 3758 | 3721 | 3684 | 3648 || 3611 | 3573 | 3536 | 3409 | 3462 | 3424 8]256|27.2)28.8]30.4] 320
59 n 3424 | 3387 | 3340 | 3312 | 3274 || 3236 | 3198 | 3160 | 3122 | 3084 | 3046 9]28.8(30.632.4(34.2]| 360
8.60n || 9.983046 | 3007 | 2069 | 2930 | 2892 (| 2853 | 2814 { 2776 | 2737 | 2698 { 2658 42 44 46 48 50
6l n 2068 | 2619 | 2580 | 2541 | 2501 || 2462 | 2422 | 2382 | 2343 | 2303 | 2263
62 n 2263 | 2223 | 2183 | 2142 | 2102 || 2062 | 2021 | 1981 [ 1940 | 1809 | 1858 1 42 44 46| 4.8 5.0
63 n 1858 | 1817 | 1776 | 1735 | 1694 || 1653 | 1611 | 1570 | 1528 | 1486 | 1444 2| 84 8.8 9.2 9.6 10.0
64n 1444 | 1403 | 1361 | 1319 | 1276 ) 1234 | 1192 | 1149 | 1107 | 1064 | 1022 31126113.21138) 144 150
411681176 118.4119.2 | 200
65n || 9.981022 | 0979 | 0036 | 0893 | 0850 || 0807 | 0763 | 0720 | 0677 | 0633 | 0589 5121.0] 220|230 24.0 25.0
66 n 0589 | 0546 | 0502 | 0458 | 0414 || 0370 | 0325 | 0281 | 0237 | 0192 | 0147 6252 26.4)27.6|28.8) 30.0
67 n || 9.980147 | 0103 | 0058 | 0013 |*0968 ||*G023 [*0878 [*9832 |*0787 |*0741 |*9605 7129.4|30.8|322(336| 350
68 n ([ 9.979695 | 9650 | 9604 | 9558 | 9512 (| 9466 | Y420 | 9373 | 9327 | 9280 | 9234 8 33.6 (352368384 40.0
69 n 9234 | 9187 | 9140 | 9093 | 9046 || 8009 | 8952 | 8904 | 8857 | 8809 | 8762 9]37.839.6|41.4|43.2| 450
8.70n || 9.978762 | 8714 | 8666 | 8618 | 8570 || 8522 | 8473 | 8425 | 8376 | 8328 | 8279 52 54 56 58 60
71n 8279 1 8230 | 8181 | 8132 | 8083 || 8034 | 7085 | 7935 | 7885 | 7836 | 7786
72n 7786 | 7736 | 7686 | 7636 | 7586 || 75635 | 7485 | 7434 | 7384 | 7333 | 7282 1 5.2 5.4 56| &8 6.0
73n 7282 | 7231 | 7180 | 7128 | 7077 || 7026 | 6974 | 6922 | 6870 | 6818 | 6766 2]10.4|10.8]1L2}1L6| 12.0
74 n 6766 | 6714 | 6662 | 6610 | 6557 (| 6505 | 6452 | 6399 | 6346 | 6203 | 6240 3115.6(16.2}16.8 7174 18.0
4]20.8]21.6|224|232| 24.0
76 || 9.976240 | 6187 [ 6133 | 6080 | 6026 || 5972 | 5918 | 5864 | 5810 | 5756 | 5702 5120.0127.6(28.0(20.0( 30.0
76 n 5702 | 5647 | 5593 | 5538 | 5483 || 5428 | 5373 | 5318 | 5262 | 5207 | 5152 61312 324]|336|34.8| 360
7n 5152 [ 5096 | 5040 | 4984 | 4928 |} 4872 | 4816 | 4759 | 4703 | 4646 | 4589 7136.4137.8)390.2/)40.6 420
78 n 4589 | 4532 | 4475 | 4418 | 4361 || 4304 | 4246 | 4188 | 4131 | 4073 | 4015 8141.6 | 43.2 1 44.8 | 46,4 | 48.0
7%n 4015 | 3957 | 3808 | 3840 | 3781 |] 3723 | 3664 ) 3605 | 3546 | 3487 | 3428 9]46.8148.6]50.4 | 52.2| 5.0
8.80m || 9.973428 | 3368 | 3309 | 3249 | 3189 || 3120 | 3069 | 3009 | 2049 | 2888 | 2828 62 ) 64 ] 66 ] 68 ) 70
81 n 2828 | 2767 | 2706 | 2645 | 2684 ([ 2523 [ 2461 | 2400 | 2338 | 2276 | 2215
82n 2215 | 2153 | 2000 | 2028 | 1966 || 1903 | 1840 | 1777 | 1714 | 1651 | 1588 1| 6.2 64} 6.6 6.8 7.0
83 n 1588 | 1525 ( 1461 | 1398 | 1334 ({ 1270 | 1206 | 1141 | 1077 | 1013 | 0948 2124 (128132 13.6 14.0
84n 0948 | 0883 | 0818 | 0753 | 0688 || 0623 | 0557 | 0492 | 0426 | 0360 | 0204 3186} 19.2]19.8|20.4 | 21.0
4)24.81256)26.4)27.21 280
851 || 9.970294 | 0228 | 0161 | 0095 | 0028 |{*0962 (*0895 |*0828 [*0760 |*0603 |*0626 5131.0]320|33.0(340| 350
86 n )| 9.069626 | 9558 | 9490 | 9422 | 9354 || 0286 | 9218 | 914Y | 9081 | 9012 | 8943 6] 37,2384 30.6 | 40.8 42.0
87n 8043 | 8874 | 8804 | 8735 | 8666 || 8506 | 8526 | 8456 | 8346 | 8316 | 8245 71434448 146.2 47,6 49.0
88 n 8245 | 8175 ) 8104 | 8033 | 7962 || 7891 | 7819 | 7748 | 7676 | 7604 | 7532 8149.6 | 51.2 | 52.8 | 54.4 56.0
89n 7532 | 7460 | 7388 | 7316 | 7243 || 7170 | 7097 | 7024 | 6951 | 6878 | 6804 9[558]57.6]59.4(6l.2( 63.0
8.90n (| 9 966804 | 6731 | 6657 | 6583 | 6509 || 6435 | 6360 | 6285 | 6211 | 6136 | 6061 72 74 76 78 80
91 n 6061 | 5985 | 5010 | 5834 | 5759 || 5683 | 5607 | 5531 | 5454 | 5378 | 5301
92n 5301 | 5224 | 5147 | 5070 | 4992 || 4915 | 4837 | 4759 | 4681 | 4603 | 4525 1 7.2 7.4 7.6 7.8 8.0
93 n 4525 | 4446 | 4308 | 4280 | 4210 || 4130 | 4051 | 3972 | 3802 | 3812 | 3742 2| 144(14.8 11521156 16.0
94 n 3732 | 3652 | 3571 | 3491 | 3410 || 3329 | 3248 | 3167 | 3086 | 3004 | 2022 3]21.6)22.2] 228 23.4 24.0
. 41288 (20.6130.4)31.2; 320
95m || 9.962022 | 2840 | 2758 | 2676 | 2504 || 2511 | 2428 | 2345 | 2262 | 2179 | 2095 513601370 38.0(39.0| 40.0
9% n 2085 | 2012 | 1928 { 1844 | 1760 || 1675 | 1501 | 1506 | 1421 | 1336 | 1251 6 43.2d44.4 ) 45.6 | 46.8 480
97 n 1251 | 1165 | 1080 | 0994 | 0908 || 0822 | 0735 | 0649 | 0562 | 0475 | 0388 7(50.4|51.8|53.2154.6 56.0
98 n |1 9.960388 | 0301 | 0213 | 0126 | 0038 {[*0050 [*0862 [*9773 (*0685 |*0506 |*0507 8576 1592608624 640
99 n || 9.950507 | 9418 | 9320 | 9239 | 9149 || 9059 | 8969 | 8879 | 8789 | 86Y8 | 8607 9)64.8] 66.6]68.4{70.2] 720
9.00n (| 9.958607 | 8516 | 8425 | 8334 | 8242 || 8150 | 8058 | 7966 | 7874 | 7781 | 7689 82 84 | 86 | 88 I 90
1 8.2 84 86| 88 9.0
2|16.416.8117.2 17,6 18.0
312461252258/ 264 27.0
41328 [33.6]34.4|35.2] 36.0
514101420 43.0] 440 45.0
6149.2(50.4|51.6¢ 528 640
7157.4) 588602616 630
8| 65.6)67.2]68.8 7.4 72.0
0]173.817.6]77.4]7.2]| 8L0O
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U. 8. COAST AND GEODETIC SURVEY
Table XIV.—Curvature correction
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Table XV.—Mean solar into sidereal time
[To be added to mean time interval]

1 mean time second=1.00273791 sidereal seconds

. minutes
AN
N 0 1 2 3 4
seconds \
0 0.000 0. 164 0.329 0.493 0. 657
1 003 .167 . 331 496 860
2 006 170 . 334 498 663
3 008 172 . 337 501 665
4 011 175 . 340 504 668
5 0.014 0.178 0.342 0. 507 0. 671
8 018 .181 . 345 . 674
7 019 .183 . 348 512 676
8 022 . 186 . 350 5156 879
9 025 .189 . 3563 517 682
10 0.027 0.192 0.356 0. 520 0.684
11 030 194 . 359 523 687
12 033 197 . 361 526 690
13 036 200 . 364 528 693
14 038 203 . 367 531 695
15 0.041 0. 205 0.370 0. 534 0. 698
16 .044 . 208 .372 . 537 701
17 . 047 211 .375 539 704
18 .049 214 .378 542 706
19 L0562 .216 . 381 . 545 709
20 0. 0556 0.219 0.383 0. 548 0.712
21 057 .222 . 386 . 550 715
22 060 .225 . 389 553 n7
23 063 227 . 392 556 720
24 066 230 L3094 559 723
25 0.068 0.233 0.397 0. 561 0.726
26 071 .235 . 400 . 564 728
27 074 .238 . 402 . 567 731
28 077 241 . 405 560 734
29 079 244 . 408 572 736
30 0. 082 0. 246 0.411 0. 575 0.734
31 . 085 249 .413 . 578 . 742
32 . 088 252 .416 580 . 745
33 090 255 .419 583 747
34 093 257 .422 586 750
35 0. 096 0. 260 0.424 0. 589 0.753
36 099 263 . 427 591 756
37 101 266 . 430 594 758
38 104 268 .433 597 761
39 107 271 .435 600 764
40 0. 110 0.274 0. 438 0, 602 0. 767
41 112 7 . 441 605 769
42 115 279 .444 608 772
43 118 282 L4468 611 775
44 120 285 .49 613 778
45 0,123 0. 287 0. 452 0.616 0. 780
46 126 290 .454 619 783
47 129 293 . 457 622 786
48 131 206 . 460 624 789
49 134 208 .463 627 791
50 0.137 0.301 0. 465 0. 630 0.794
51 . 140 . 304 . 468 . 632 797
52 . 142 . 307 .47 . 635 . 799
53 . 145 . 309 .474 . 638 . 802
54 . 148 .312 . 476 . 641 . 805
56 0. 151 0.315 0.479 0.643 0.808
56 . 163 . 318 . 482 . 646 . 810
57 . 166 . 320 . 485 . 649 .813
58 . 159 . 323 . 487 . 652 .816
59 . 162 .326 . 490 . 654 .819
60 0.164 0.329 0.493 0. 657 0.821

For reducing a series of scaled radio breaks to mean epoch; before mean epoch, add; after mean epoch, subtract.
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Table XVI.—Factors for Bessel’s probable error formulas

n 6745 6145 . 6745 6745
+Jn=1 Jan—1) Jn—1 Jun—~1)

................ 40 0. 1080 0.0171
................ 41 J . 1066 L0167
2 0. 6745 42 . 1053 L0163
3 . 4769 43 1041 0159
4 . 3894 44 1029 0155
5 0.3372 45 0.1017 0. 0152
6 . 3016 46 . 1005 0148
7 . 2154 47 . 0994 0145
8 . 2549 48 0984 .0142
9 . 2385 49 0974 . 0139
10 0.2248 50 0. 0064 0.0136
11 .2133 51 L0954 L0134
12 . 2029 52 0944 L0131
13 . 1947 53 0935 L0128
14 L1871 54 . 0926 . 0126
15 0. 1803 55 0.0918 0.0124
16 L1742 56 . 0809 0122
17 . 1686 57 . 0901 0119
18 . 1636 58 . 0893 L0117
19 . 1680 59 . 0886 L0115
20 0.1547 60 0. 0878 0.0113
21 . 1508 61 . 0871 0111
22 .1472 62 0864 0110
23 . 1438 63 0857 . 0108
24 . 1406 64 0850 . 0106
25 0.1377 65 0. 0843 0. 0105
26 . 1349 86 . 0837 .0103
27 L1323 67 . 0830 L0101
28 L1208 68 . 0824 . 0100
29 L1275 69 L0818 . 0098
30 0.1252 70 0. 0812 0. 0097
31 L1231 71 . 0806 . 0096
32 L1211 72 . 0800 . 0004
33 L1192 73 . 0795 . 0093
34 L1174 74 . 0789 . 0092
36 0.1157 75 0.0784 0. 0001
36 . 1140 80 L0759 . 0085
37 L1124 85 . 0736 . 0080
38 L1109 80 L0713 . 0075
39 . 1064 100 . 0678 . 0068
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Table XVII.—Factors for Peters’ probable error formulas

n 8453 8453 n .8453 8453
e - e L
v nn—1) nyn—1 Vr(n—1) n+/n—1

...................................... 10 0.0214 0.0034

______________________________________ 41 . 0209 . 0033

2 0.5978 0. 4227 42 . 0204 . 0031
3 .3451 .1993 43 .0199 . 0030
4 . 2440 .1220 4 L0194 . 0029
5 0.1890 0.0845 45 0.0190 0. 0028
8 1543 . 0630 46 . 0186 0027
7 1304 L0493 47 L0182 0027
8 1130 .0399 48 0178 0026
9 0996 .0332 49 0174 0025
10 0. 0801 0. 0282 50 0.0171 0.0024
11 0806 0243 51 0167 0023
12 0736 0212 52 0164 0023
13 0677 0188 53 0161 0022
14 0627 0167 54 0158 0022
15 0.0583 0.0151 55 0.0155 0.0021
16 . 0546 0136 56 0152 0020
17 0513 0124 57 0150 0020
18 0483 0114 58 0147 0019
19 0457 0105 59 0145 0019
20 0.0434 0. 0097 60 0.0142 0.0018
21 0412 0090 61 0140 0018
22 .0393 0084 62 0137 0017
23 0376 0078 63 0135 0017
4 0360 0073 64 0133 0017
25 0.0345 0.0069 65 0.0131 0.0016
26 0332 0065 66 0129 0016
27 0319 0061 67 0127 0016
28 0307 0058 68 0125 L0015
29 0297 0055 69 0123 L0015
30 0.0287 0. 0052 70 0.0122 0.0015
31 0277 50 71 .0120 0014
32 0268 0047 72 .0118 0014
0260 0045 7 ony .0014

B 0252 0043 74 0115 . 0013
35 0.0245 0. 0041 75 0.0113 0.0013
36 0238 0040 80 0106 0012
37 0232 0038 85 0100 0011
38 0225 . 0037 90 0095 0010
39 0220 L0035 100 0085 0008

748977°—48——14
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Table XXa.—Principal table for computing refraction

Log R=log tan +ectftyt0—0 (+5

z a A-1 2z a A1
o ’ ] ’
0 00 1.75828 0.0013 74 10 1.75217 0.0180
5 00 1. 75825 .0013 74 20 1.75204 .0184
10 00 1.75824 .0013 74 30 1.75190 0187
15 00 1.75822 .0014 74 40 1.75176 .0191
20 00 1.75819 L0015 74 50 1.75161 0195
76 00 1.75146 .0199
25 00 1.75814 .0016
30 00 1. 75808 0018 75 10 1.75131 .0203
35 00 1. 75800 . 0020 75 20 1.75115 . 0207
40 00 1. 76790 .0023 75 30 1. 75099 .0211
75 40 1. 75082 .0216
41 00 1.75787 0024 75 50 1. 75064 .0220
42 00 1.75784 .0025 76 00 1. 75046 0225
43 00 1. 75781 .0026
44 00 1.75778 . 0026 76 10 1.75027 .0230
45 00 1.76775 . 0027 76 20 1. 75007 .0235
76 30 1. 74987 . 0240
46 00 1.75771 . 0028 76 40 1. 74966 . 0246
47 00 1.75767 . 0029 76 50 1. 74944 . 0251
48 00 1.75763 . 0030 7 00 1. 74922 0257
49 00 1.75759 .0031
50 00 1.75754 .0032 77 10 1. 74898 .0263
7720 1. 74874 .0270
51 00 1. 75749 . 0034 77 30 1, 74849 . 0276
52 00 1.75743 . 0036 77 40 1. 74823 . 0283
83 00 1.75737 . 0038 77 50 1.74796 . 0290
5 00 1.75730 . 0040 78 00 1. 74768 . 0297
56 00 1.75723 . 0042
78 10 1.74739 . 0304
5 00 1.75716 L0044 78 20 1.74708 .0312
57 00 1. 75706 - 0046 78 30 1. 74676 . 0320
58 00 1.75697 - 0049 78 40 1. 74643 . 0329
59 00 1. 75686 . 0052 78 50 1. 74009 . 0337
60 00 1.75676 . 0055 79 00 1. 74573 . 0346
61 00 1.75662 0059 79 10 1.74536 . 0356
62 00 1. 75648 . 0063 79 2 1. 74497 . 0366
63 00 1.75633 - 0067 79 30 1. 74456 . 0376
64 00 1.75616 . 0072 79 40 1.74413 . 0386
656 00 1.75596 0077 79 50 1. 74369 . 0397
80 00 1. 74323 . 0408
66 00 1. 75674 . 0083
67 00 1.75549 . 0090 80 10 1. 74274 . 0420
68 00 1. 75621 - 0098 80 20 1.74223 . 0433
69 00 1.75489 . 0106 80 30 1. 74170 . 0446
70 00 1.75452 .0117 80 40 1. 74114 . 0460
80 50 1. 74055 0473
70 10 1. 75445 .0118 81 00 1, 73993 . 0488
70 20 1.75438 0120
70 30 1.75431 L0122 8t 10 1. 73928 . 0504
70 40 1. 75424 0124 81 20 1. 73860 0520
70 50 1.75416 0126 81 30 1. 73788 L0537
71 00 1. 75409 0129 31 40 1.73712 . 0554
81 &0 1. 73633 L0573
71 10 1. 75401 . 0131 82 00 1. 73549 L0592
71 20 1. 75303 0133
71 30 1.75385 0135 82 0 1. 73460 . 0613
71 40 1.75376 0137 82 2 1. 73366 . 0635
7150 1.75367 .0139 82 30 1.73267 L0657
72 00 1.75358 0141 82 40 1. 73161 . 0680
82 50 1. 73050 0705
72 10 1.75349 0144 83 00 1. 72931 0732
72 20 1.75340 0146
72 30 1. 75330 0149 83 10 1. 72805 . 0760
72 40 1. 75320 0152 83 20 1.72672 . 0788
72 50 1.75310 0156 83 30 1.72529 . 0819
73 00 1. 75300 0158 83 40 1.72377 . 0851
83 50 1.72215 . 0885
73 10 1.75289 0161 84 00 1. 72041 . 0921
73 20 1.75278 L0164
73 30 1. 75268 0167 84 10 1. 71856 . 0959
73 40 1. 75265 0170 84 20 1. 71657 . 0999
73 50 1.75243 L0173 84 30 1. 71443 . 1041
74 00 1.75230 0177 84 40 1.71213 . 1086
84 50 1. 70966 1132
85 00 1. 70700 1179

197
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Table X Xb.—Correction for pressure

B’'=B+-eC
B=B0+ 8B+ ABu+AB,

B Bo I B Bo
mm, mm.
710 —0.02380 751 -+0.00058
711 —. 02319 752 -4 . 00116
712 —.02258 753 + .00173
713 —. 02197 754 + .00231L
714 —. 02136 755 -+ . 00289
715 ~.02076

756 + .00348
716 —. 02015 757 4 . 00403
717 —. 01954 758 + . 00461
718 —. 01894 759 + .00518
719 —.01833 760 + .00575
720 —.01773

761 -+ .00632
721 —.017113 762 -+ . 00689
722 . 01652 763 4 .00746
723 —. 01592 764 -+ . 00803
724 —. 01532 785 + . 00860
725 —. 01472

766 -+ .00917
726 —.01412 767 + . 00973
727 —.01353 768 + .01030
728 - ~. 01293 769 + . 01086
729 —. 01233 770 -+ .01143
730 —. 01174

77 + . 01199
731 —. 01114 772 + .01256
732 —. 01055 773 + .01312
733 —. 00996 774 + .01368
734 —. 00037 776 + .01424
735 —. 00877

776 + .01480
736 —~. 00818 777 + .01536
737 —. 00759 778 + .01592
738 —. 00700 779 -+ .01648
739 —. 00642 780 + .01703
740 —.00583

781 + .01759
741 —. 00524 782 + .01815
742 —. 00466 783 +4 .01870
743 —. 00407 784 + .01925
744 —.00349 785 + .01981
745 —. 00260

786 + .02036
746 ~. 00232 787 + .02001
747 —. 00174 788 + .02146
748 —. 00116 789 + .02202
;‘é% —. 00058 79 + . 02257
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Table XXc.—Correction for temperature

ts A | . in A8y | ..
e | . ¥ te | aeeeeee- Y
[:3 -]
~30 +0. 00211 +0. 06637 +8 —0. 00057 +0.00309
—29 -+. 00204 +. 06458 49 —-. 00064 -+. 00154
—28 +. 00197 + 06280 +10 —.00071
— +.00190 406102
-2 +.00183 -+ 05926 +11 —.00078 —. 00154
—25 +. 00176 4. 05750 +12 —. 00085 —. 00307
. +13 — 00002 —.00459
—24 4. 00169 -+. 05574 +14 —. 00099 —. 00611
—23 400162 4. 05400 +15 —.00106 ~.00763
—22 +. 00155 +. 05226
—21 +. 00148 +. 05053 +16 —.00113 —. 00914
-—20 -+. 00141 4. 04880 +17 —. 00120 —. 01064
418 —. 00127 —.01214
—19 +.00134 +-.04708 +19 —.00134 —.01363
—18 4100127 -+ 04537 +20 100141 —. 01512
—17 ~+. 00120 +. 04367
—16 400113 +. 04197 +21 ~.00148 ~. 01660
—15 -+. 00106 —+. 04028 +22 —. 00156 —. 01808
+23 —. 00163 —. 01956
—~14 +. 00009 +. 03859 +24 —100170 —.02102
—13 400002 +. 03691 +25 —.00177 — 0224
—12 4. 00085 +. 03524
1 -+ 00078 -+ 03358 +26 —. 00184 —.02305
—10 +. 00071 +. 03192 +2 — 00101 —102540
428 —. 00168 02685
—9 ~+. 00063 —+. 03026 +29 —. 00205 —. 02829
—8 + 00056 -+ 02862 +30 — 00212 —.02073
-7 -+. 00049 —+. 02698
—6 4 00042 -+ 02534 +31 —.00219 -.817
—5 +. 00035 +. 02372 432 —. 00226 -, 03260
+33 —. (00234 —. 03402
—4 +. 00028 +. 02209 +34 — 00241 — 03544
—3 -+ 00021 -+ 02048 435 100248 — 03686
—2 +. 00014 1 01887
—1 00007 401726 +36 —. 00255 ~.03827
] . 00000 +. 01567 +37 —. 00262 —. 03967
+as — 00260 —. 04108
+1 -—. 00007 . 01407 +39 —. 00276 —. 04247
+2 —. 00014 +.01249 +40 — 00283 — 04387
+3 —. 0002t 4. 01091
+4 . 00028 . 00433 441 —. 00290 —. 04526
+5 —.00035 400776 +42 —.00208 — 04664
—+43 —. 00305 —. 04802
+6 —. 00042 + 00620 +44 —.00312 —.04040
+7 — 00049 4. 00484
Table XXd.—Correction for wave-length of light
w C ABew w C ABw
micron micron
0.30 —0.1326 +0.02117 0.70 —0.1586 —0.00243
.35 —. 1415 +.01336 .75 — 1503 —.00309
.40 -, 1471 -+. 00836 .80 —. 1598 —. 00364
145 —11508 +100467 -85 —11603 —100409
250 —1533 +. 00256 ‘90 —.1607 ~100448
\B5 —l1552 £ 00079 105 —!1610 —100478
.60 . 1566 —. 00056 1.00 ~.1613 —. 00506
.65 —s7 ~. 00160
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Table XXe.—Correction to Log R for gravity,AB,

\ i
\ 0m 200 m 400 m 600 m 800 m 1000 m
@
0° | —0.00000 | —0.00003 | —0.00006 | —0.00098 | —0.00101 | —0.C0104
5 —. Q0088 —. 00091 —. 00694 —. 00097 —., 00099 —. MN02
10 —. Q0083 —. 00086 —. 00089 —. (0091 —. 00094 —. 00097
15 -, 00075 —, 00077 —. 00080 —. 00083 —. 00086 —. 00088
2% | - 00066 | —.00068 | —.00071 Zloo074 | —.o0077
25 —. 00049 —. 00052 —. 0054 —. 00057 —. 06060 —. 00062
30 —. 00032 —. 00035 —. 00028 —. 00040 —, (0043 —. 00046
35 —. 00014 —. 00017 —. 00019 -, (0022 —. 00025 —. 00028
40 -+. 00005 —+. 06003 . 00000 —, 00003 —. D05 —. 00008
45 | 400026 | +.00023 | -+00020 | +.00017 | 400015 | - 00012
50 -+. 00046 -+. 00043 +. 00040 . 00037 +. 00035 +. 00032
55 | 400065 | 400062 | L0060 | 400057 | 400054 | 00050
60 | 400083 00080 | +.00m78 | 00075 | 400072 | +.00070
65 +. 00100 -+. 00097 +. 00094 . 00692 —+. 00089 -+, 00086
70 . 00114 4. 00111 ~+. 00109 —+. 00106 -+. 00163 <. 00100
75 | 400126 | 00123 | +.00120 | 0017 | 400115 | 400112
80 -+, 00134 . 00131 —+. 00129 . 00126 4. 00123 -+, 00120
85 —+. 00139 +. 00137 +. 00134 . 00131 +. 00128 =+. 00126
90 +. 00141 ~+. 00138 +. 00136 +. 00133 -+. 00130 -+. 00127
<
A
AN 1200 m 1400 m 1600 m 1800 m 2000 m
¢\
N —
0° —0. 00106 —0. 06109 =0, 00112 —0.00115 ~0. 00117
5 —. 00105 —. 00107 - 00110 —. 00113 —. 00116
10 —. 00099 —. 00102 —. (D105 —. 00108 —. 00110
156 -, (0091 —. 00094 —. 00096 -, ON0YY —. 00102
20 | — 0007 | —.owB2 | —.00085 | —.00088 | —.00080
25 —. 65 ~. 00068 —. 00071 —. 00073 —. 00076
30 —. (0049 -, 00051 —. 00054 — X057 —. 060
35 —. (N030 —. 00033 -—. 00036 —. 00039 —. 0041
40 —. 00011 -. (0014 —. 00016 —. 00019 —. 00022
45 | 400009 | L0000 | +.00004 | 00001 | —.
50 | 400020 | +.0002%6 | +.00024 | 400021 | +.00ms
55 =+. (0049 . 00046 -+. 0643 . 00040 +. 00038
60 | 400067 | .00064 | +.00060 | 400059 | <. 00056
65 +-. 00083 —+. 00081 =+. 0078 4. 00075 +. 00073
70 | 400088 | +.00095 | +.00002 | 400090 | 00087
L 75 +-. 00109 <+. 00107 —+. 00104 +. 00101 4. 60N98
80 +. 00118 —+. 00115 -+.00112 ~+. 00110 ~+. 00107
8 | 00123 | 400120 | +.00118 | 4.0005 |+ 00112
90 -+. 00125 +. 00122 +. 00119 “+. 00117 —+.00114
Table XXI.—Refraction table for high elevations
\\Zen. Dist.
~ 89° 87° 85° 80° 75° 70° 60° 45° 30°
Elev. ~J4 D D N D e I R
F‘eel ’ ’ ’ I ’ ’ ’ 7 ’
4] 24 14 10 b 4 3 2 1 1
5, 000 20 12 8 5 3 2 1 1 0
10, 000 17 10 7 4 3 2 1 1 0
15, 000 15 4 6 3 2 2 1 1 o
000 13 7 5 3 2 1 1 1 0
25, (000 11 6 4 2 2 1 1 0 0
30, 000 9 5 3 2 1 1 1 0 0
35,000 8 4 3 2 1 1 1 ] 0
40, 000 6 4 2 1 1 1 0 0 0
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