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PREFACE

This book is intended for students in civil engineering who have
had no other course in astronomy and for other students who wish
to do some observational work in praetical astronomy. The
principal aim has been to present fundamental ideasratherthanto
include various methods of observing. The simple exercises at
the end of each chapter are designed to emphasize these ideas.
The data for these exercises are so chosen that the sample pages of
the American Ephemeris included in this book are made available
for their solution. _

If a shorter and more elementary course is desirable, thé para-
graphs marked with an asterisk may be omitted, also Chapters
XII and XIV which are of somewhat more advanced character.

It has been assumed throughout the book that the observer
is in the northern hemisphere.

I am indebted to Mr. Sidney McCuskey for his general assist-
ance in the preparation of the manuscript and help with the
proof. For the preparation of all the line drawings I am indebted
to Professor W. E. Nudd, and to Mr. Frank Herzegh for Figs.
33, 38 and 41. I take pleasure also in expressing my sincere
thanks to Dr. John K. Merrill, who has carefully read and
criticized the complete manuscript and has offered valuable
suggestions.

JasoN JoHN Nassauv.

CLEvVELAND, OHIO,
December, 1931.
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PRACTICAL ASTRONOMY

CHAPTER 1
INTRODUCTION

1. Practical Astronomy.—Practical astronomy deals with
the theory and use of astronomical instruments, methods of
observing, the reduction of observations, and discussion of
astronomical data. That part of practical astronomy, in which
we are interested here, deals with the determination of time,
latitude, longitude, and azimuth, and with the instruments used
in these determinations.

2. Heavenly Bodies.—Astronomy in general includes the
study and dcscription of different bodies, such as the sun and
moon, which are commonly known as heavenly bodies. These
bodies are:

The stars that shine in the sky like bright points of light.
They are immense bodies giving off both light and heat. To
the unaided eye not more than 2,500 of them are visible at
one time, but it has been estimated that the 100-in. telescope
on Mount Wilson could reveal over one billion. They are so
far away that we are hardly able to detect their relative motions,
and for this reason they are called fired stars. The nearest star,
Proxima Centauri, is twenty-five million million miles away.

Nebulae are composed of great masses of matter, usually
incandescent gases, at distances comparable to those of the
stars. Some are spherical or elliptical in shape, some spiral,
still others quite irregular. Very few are visible to the
unaided eye although tens of thousands are known to exist.

The sun is a star without which life on the earth would be
impossible. It is an average-size star with a mass 333,000 times
that of the earth.

The planets, nine in number, are opaque spheres revolving
about the sun in elliptic orbits with the sun at one of the foci. As
viewed from a far-off northern point in space, they move about

1



2 PRACTICAL ASTRONOMY

the sun in a counterclockwise direction. They shine by reflected
light from the sun and to the naked eye look much like stars.
The earth is one of the planets.

Mean Time of
distance Mean revolution Number
Planets from sun | diameter of known
in millions| in miles around satellites
. the sun
of miles
Mercury.............. 35.9 3,009 88 days None
Venus................ 67.1 7,575 225 days None
Earth ... ......... 92.9 7,918 365 days One
Mars........ ... .... 141.5 4,216 687 days Two
Jupiter. .......... . . 483.2 | 86,700 11.9 years | Nine
Saturn AU 885.9 | 76,500 29 5 years | Nine
Uranus . 1,782.2 | 30,900 84 0 years | Four
Neptune 2,792 7 33,000 164 8 years | One
Pluto. 3,680 (?) | 5,000 (?) | 248 (?) years| None

Satellites resemble the plancts and revolve about them in
elliptic orbits. The Moon, which is 2,160 miles in diameter, is
the satellite of the earth and revolves about the earth in a
counterclockwise direction in about a month, at an average
distance of 239,000 miles from it.

Comets are bodies of small mass and very low density, revolv-
ing about the sun in elliptic or parabolic orbits. Like the
planets they shine by light from the sun. Bright comets
appear in the sky as hazy spots with tails of pale light streaming
from them.

Meteors are usually very small bodies weighing but a fraction
of an ounce. When they strike our atmosphere they become
luminous and remain visible as bright streaks of light for 1
or 2 seconds. The sun, the planets with their satellites, the
comets, and the meteors form the solar system.

3. The Earth as an Astronomical Body.

1. The earth is nearly spherical and is 7,918 miles in diameter.

2. It rotates on its axis in 24 sidereal hours in a counterclock-
wise direction (as viewed from a far-off northern point in space).
This is the direction from west to east.

3. Its mean density is about 5.5 times that of water and its
mass 6 - 102! metric tons.
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4. It revolves about the sun in an ellipse at an average speed
of 18.5 miles per second. This revolution, like its rotation,
is counterclockwise. Its average distance from the sun is
92,900,000 miles. About January 3 it is nearest the sun and its
speed is greatest, about July 3 it is farthest from the sun and its
speed is least (Fig. 1).

The earth’s axis of rotation makes an angle of about 23%°
with the perpendicular to the plane of its orbit. It is clear
that when the earth is at A (Fig. 1), the sun shines vertically
downward on points 2334° north of the earth’s equator. This
occurs about June 21 and marks the beginning of summer for

8
AN

""';, i March21

APHELION PERIHELION
(July1) (Jan. 1)
Dec. 22

Sept. 22 N4

Fia. 1.—The scasons.

the northern hemisphere. About Sept. 22, the earth is at B,
the sun shines vertically downward on points on the equator,
and oblique rays just reach the north and south poles. This
position marks the beginning of autumn. Three months later,
the earth is at C where conditions are opposite to those at 4,
that is, the sun shines vertically downward at points about
234° south of the earth’s equator. This occurs about Dec.
22 and marks the beginning of winter for the northern hemi-
sphere. On March 21, the beginning of spring, the north and
south poles again just receive light as they did at B.

4. The Celestial Sphere.—As we look at the heavens ona clear
night the stars appear to be fixed on the inner surface of a vast
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sphere known as the celestial sphere and we appear to occupy
the center of this sphere. In reality, the stars are scattered
in space and we, in their midst, project their images on this
imaginary sphere. The stars are so remote from the observer
that the celestial sphere is assumed infinite in radius, with its
center either at the observer on the surface of the earth, or at
the center of the earth, or at the center of the sun.

After watching the sky for some time, we see that some stars
have disappeared below the western horizon and others have
appeared above the eastern
horizon, but the relative posi-
tions of the stars visible
remain the same. Hence we
conclude that the celestial
sphere apparently rotates on
an axis. This rotation of
the celestial sphere, making
stars rise in the east and set
in the west, is due to the
rotation, from west to east,
of the earth on its axis. The
celestial poles are the two points

Fic. 2.—Apparent positions of the where the axis of rotation of the
heavenly bodies. To the observer at O, earth, extended, pierces the
the heavenly bodies a, b, and ¢ appear on .
the celestinl sphere at 4, B, and C, celestial  sphere. Each star
rorecivly o and b appeis v sove appears to describe a cirdle
separated by a vast distance. having its center on the line

joining the celestial poles;
these circles are known as diurnal circles. Figure 3 shows a
photograph of arcs of diurnal circles. Work in practical astron-
omy is immensely simplified by making use of the apparent
rotation of the celestial sphere in preference to the actual rota-
tion of the earth.

6. Apparent Path of the Sun among the Stars.—The circle
KLM in Fig. 4 represents the intersection of the celestial sphere
with the plane of the earth’s orbit ABC. Let K, L, and M be the
projections of stars on the celestial sphere. 8’ is the projec-
tion of the sun S on the celestial sphere when the earth is at A.
Twenty-four sidereal hours later, the earth will be at a position
such as B, the stars will appear in the same position as before,
but the projection of the sun will be S””. Hence, on account
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Fra. 3.—Star trails. This photograph illustrates the apparent rotation of the
celestial sphere. It was made by pointing a camera in the direction of the north
celestial pole, and required an exposure of nearly twelve hours. The arcs of
concentric circles are trails of stars. The bright arc near the center was made by
the North Star. (Photographed by Wilson at the Goodsell Observatory.)

M

Fra. 4.—The sun projected on the celestial sphere. As the earth moves
from A to B, the sun appears to move from S’ to S'. This motion is toward the
east and about 1° per day.
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of the motion of the earth in its orbit about the sun, the sun
appears to move among the stars from west to east. Since
the earth completes one revolution in about 365} days, the
apparent motion of the sun among the stars is about onc degree
per day. The ecliptic is the intersection of the plane of the earth’s
orbit with the celestial sphere, or the great circle described by
the sun in its apparent motion during the year.

North 20
xn \
kot
u . West
East I 6
- %
-
i » 10
ho :
:"Ir » »
L ,(’/
g
- HXIH Eq\:atiar“.x' ;
South

Fru. 5.—Apparent motion of the sun among the stars. The sun has moved in the
interval of ten days about 10° toward the east.

6. Constellations.—The stars as they appear on the celestial
sphere have been divided into groups, which are known as
constellations. At present, the entire surface of the celestial
sphere is divided into 88 areas or constellations.

Most of the names of the constellations come to us from the
ancients. Many names are those of animals, others represent
characters in Greek mythology. The stars in a constellation are
designated by letters of the Greek alphabet. Usually the brightest
star in the constellation receives the letter a, the second brightest
B, and so on. For example, in the constellation Ursa Minor
(the Little Bear), the North Star is the brightest and is named
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a Urse Minoris (the genitive case being used); the second
brightest is 8 Urse Minoris. A few prominent stars have
individual names, e.g., @ Lyra is known as Vega, and 8 Orionis
as Rigel. When the naked-eye stars of a constellation are so
numerous as to exhaust the letters of the Greek alphabet, the
Roman letters are used. It is apparent that this method will
fail in the case of tclescopic stars. In this case, a star is referred
to by its number in some catalogue. For example, B.1353
means the star so numbered in Boss’s ‘“Preliminary General
Catalogue.”

7. Magnitude of Stars.—Inasmuch as distances of the stars
from the observer are different and their intrinsic brightness is
different, their apparent brightness is different. To classify the
stars according to their brightness, the ancient astronomers
adopted an arbitrary scalec known as “magnitude” of stars. A
modified form of this scale used at present may be explained as
follows:

Let a bright star A be one hundred times as bright as a star
B; then we assume, in forming our arbitrary scale, that A is
five magnitudes brighter than B. Let B rcpresent a star just
visible to the unaided eye; such a star is said to be of the sixth
magnitude, and hence A is of the first magnitude. Altair and
Aldebaran are approximately first magnitude stars. The scale
may now be completed as follows:

A star of fifth magmtude is \7 100 or 2.512 times as bright as a star
of sixth magnitude.

A star of fourth magnitude is (\5/1—(3_0)2 or 6.31 times as bright as a star
of sixth magnitude.

A star of third magnitude is (\5/ li()f))s or 15.85 times as bright as a star
of sixth magnitude.

A star of second magnitude is (\5/ 100)4 or 39.81 times as hright as a star
of sixth magnitude.

A star of first magnitude is 100 times as bright as a star of the sixth
magnitude.

The scale may be extended above and below the limits given.
That is, a star of zero magnitude is 2.512 times as bright as a
star of first magnitude. Vega is about zero magnitude.
Fractional magnitudes may likewise be introduced.

8. Units of Angular Measurements.—The apparent separation
of one heavenly body from another is usually measured on



8 PRACTICAL ASTRONOMY

the celestial sphere in degrees, minutes, and seconds (° ' ”).
For example, we say that the distance between Sirius and
Procyon is 25°. (The real distance between them is here
disregarded.)

Another system of angular measurement which is very con-
venient in astronomy is that of hours, minutes, and seconds
(" ™"), in which the circle is divided into 24 units called hours.

The relation between the two systems is:

1" corresponds to 15°.

1™ (one minute of time) corresponds to 15'.
1° (one second of time) corresponds to 15”.

Tables for conversion from one system to the other are given
in many of the logarithmic tables.
Thus 55° 40’ 44"’ may be converted to the other system by
means of Table I, as follows:
h m s
55° is equivalent to 3 40 O

40’ is equivalent to 2 40
44" is equivalent to 2.93

55° 40’ 44" is equivalent to 3» 42™ 42793,



CHAPTER 1I
ASTRONOMICAL SYSTEMS OF COORDINATES

9. Points and Circles of Reference.—To determine the position
of a point on the celestial sphere we imagine circles and points of
reference on its surface as follows:

1. The fundamental circle, an arbitrary great circle of the
sphere.

2. The poles of this great cirele.

3. Secondary great circles, the great circles through the poles
and therefore perpendicular to the fundamental circle.

4. The origin, an arbitrary point on the fundamental circle.

One coordinate of a given point on the celestial sphere is
measured from the origin along the fundamental circle to its
intersection with the secondary circle through the point; the
other is measured on the secondary circle, from the intersection
to the given point. This system of reference is analogous to
the geographic system. The fundamental circle corresponds
to the equator, the poles to the north and south poles of the
earth, and the secondary great circle to the meridians.

By assuming different fundamental circles we have different
systems of coordinates. There are four in common use: the
horizon, equator, ecliptic, and galactic systemns. We are mainly
concerned here with the first two.

10. The Horizon System.—The point at which a plumb line
produced upward pierces the celestial sphere is the zenith.
The opposite point, below, is the nadir. The plumb line does
not in general point to the center of the earth (Fig. 10) because
the earth is an oblate spheroid and rotates on its shortest axis.

The intersection of the celestial sphere and the plane per-
pendicular to the line joining the zenith and nadir and half
way between these points is the horizon; this is the fundamental
circle of this system, the zenith and nadir are the poles.

Since the surface of still water is always perpendicular to the
direction of the plumb line, we may define the horizon (for
any position of the observer) as the intersection of the celestial

9
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sphere and the plane tangent to the level surface at that
point.

Vertical circles are great circles passing through the zenith and
nadir; they are secondary great circles of the system.

The vertical circle which passes through the celestial poles
(Art. 4) is called the celestial meridian, or simply the meridian.
The prime vertical is the vertical circle at right angles to the
meridian. The two intersections of the celestial meridian with
the horizon are known as the north and south points, and those
of the prime vertical with the horizon, as the east and west

points.

Fia. 6.—The horizon system of coordinates. The observer is at O, with his
zenith at Z. P marks the celestial pole, and N and S are the north and south
points, £ and W the east and west points. ZRC is a vertical circle, through R.

The azimuth (A) of a heavenly body is the angular distance
measured westward on the horizon from the south point to the

1 2 3
foot of the vertical circle through the body. It is also the angle
4
at the zenith from the meridian westward to the vertical circle
through the body.

The altitude (k) of a heavenly body is the angular distance
measured upward on the vertical circle through the body from the

1 2 3
horizon to the body.
4

Observe that a complete definition of a coordinate of a body
must include essentially four things: (a) the circle on which it is
measured, (b) the initial point on that ecircle, (c) the direction of
the measurement, and (d) the terminal point.
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It is important to note the following:

1. The coordinates of a body in the horizon system are not
constant. That is, principally on account of the diurnal motion,
the altitude and azimuth of a star continually change.

2. The horizon system is local. That is, the altitude and
azimuth of a star at a given instant are different for two observers
situated at different places.
Just as soon as an observer
changes his position, his
zenith changes, hence also,
his horizon and meridian.

"The zenith distance (z) of a
heavenly body is the arc ZR,
Fig. 6, and is equal to the
complement of its altitude,
1.e.,2 = 90° — h.

Let us consider a perfectly
adjusted engineer’s transit, prop-
erly leveled. Its horizontal plate
produced will intersect the celes- I16. 7.—The celestial equator is the
tial sphere in the horizon. When intersection of the earth’s equator with
the vertical circle reads 90° the the celestml.sphcro. . The (-el.estml poles

. ; are the points of intersection of the
telescope points to the zenith. If  agr4’s axis of rotation produced with
the telescope is plunged, the line  the celestial sphere.
of sight describes a vertical circle
on the celestial sphere. When the zero of the horizontal circle is
exactly toward the south point, and the tclescope points to a star, the
horizontal circle reading will be the azimuth of the star, and the vertical
circle reading its altitude.

11. The Equator System.—The celestial poles or simply the
poles have been defined as the points of intersection, with the
celestial sphere, of the axis of rotation of the earth produced.
The intersection of the celestial sphere and the plane through
the center of the earth perpendicular to the line joining the two
poles, is the celestial equator, i.e., it is the great circle in which
the plane of the earth’s equator cuts the celestial sphere. Small
circles parallel to the equator are known as parallels of declination
and they are the diurnal circles.

The equator is the fundamental circle in the system and the
celestial poles are its poles. The secondary great circles are
the great circles perpendicular to the equator and are known as
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hour circles. The hour circle through the zenith of an observer
is the meridian of the observer. That is, the meridian of the
observer is both a vertical circle and an hour circle.

The points of intersection of the equator and meridian corre-
spond to the north and south points in the horizon system.
The one nearest to the zenith corresponds to the south point;
we shall name it the Z-point.

w

Fi1a. 8.—The equator system of coordinates. The observer is at O, P is the
north celestial pole. Part of the equator is shown as the arc EZW. Arc PRB
is part of the hour circle of R.

The hour angle (t) of a heavenly body is the angular distance

measured westward on the equator from the point of intersection
1 2
of the meridian and equator (2-point), to the foot of the hour
3 4

circle through the body, or the angle at the pole from the meridian
westward to the hour circle through the body. The hour angle
is usually expressed in hours. For example, the hour angle of
the west point is 90° or 6"

The declination (8) of a body is the angular distance measured
on the hour circle through the body from the equator to the body,

1 2 3
It is positive when measured northward from the equator and
4

negative when measured southward.

The hour angle and declination of a heavenly body at a given
tnstant determine its position on the celestial sphere at that instant.
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It is important to observe that the coordinates of a star in this
system are not constant. The hour angle continually changes
since it is measured from a point on the meridian of the observer,
the =-point, which is not carried along in the diurnal rotation.

12. Equinoxes and Solstices.—To obtain a system in which
the coordinates are not affected by the diurnal motion, we
assume a point on the celestial sphere which is carried along
by the diurnal rotation and which is therefore fixed (as far as
possible) with respect to the stars. This point is called the
vernal equinox (%¥), and is defined as that intcrsection of the
ecliptic (Art. 5) with the equator, at which the sun crosses
the equator from south to north. This crossing occurs about
March 21.

%
\y \)‘b‘p

Fia. 9.—Right ascension and declination. The observer is at O, P and P’
are the poles of the equator. V represents the vernal equinox, and the arc
through it is part of the ecliptic. R is a star.

The other intersection of the ccliptic and the equator is known
as the autumnal equinox. The sun crosses that point about Sept.
22. The points on the ecliptic midway between the equinoxes
are the solstices (Fig. 4). The obliquity of the ecliptic (¢) is the
angle between the planes of the equator and the ecliptic; the
magnitude of this angle is about 233° and varies slightly, its
current value being given in the American Ephemeris.

13. The right ascension (a) of a heavenly body is the angular
distance measured eastward on the equator from the vernal

1 2 3
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equinox to the foot of the hour circle through the body. Right
4
ascension is usually expressed in hours.

The right ascension and declination of a star remain practically
constant for years, hence they are wecll adapted for defining
the position of a body on the celestial sphere.

14. The astronomical latitude (¢) of an observer is the angle
between the direction of the plumb line and the plane of the earth’s
equator. Latitude is positive when measured north and negative
when measured south of the equator.

Fig. 10.—Astronomical latitude. The altitude of the celestial pole P measures
the latitude of the observer at O.

The ellipse pep’e’ in Fig. 10 represents the terrestrial meridian
of the observer at 0. The direction of the plumb line makes
the angle ¢ with the line ee, -where e and ¢’ are points on the
terrestrial equator. Since ZO is perpendicular to the horizon
NS, and OP is perpendicular to ee’, angle NOP is equal to ¢.
That is, the altitude of the pole is equal to the latitude of the observer.
Figure 10 also suggests another definition of latitude as the
zenith distance of the Z-point.
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16. Meridian Zenith Distance.—When a heavenly body
crosses the meridian of the observer its altitude is the greatest
and its zenith distance is the least. The passage of a heavenly
body across the meridian of the observer is known as its transit
over the meridian, or its culmination. When the body crosses
that part of the meridian which is nearest to the zenith, it is
said to be at upper transit or upper culmination; when it crosses
the part farther from the zenith, lower.

At a given place there arc certain stars that have both upper
and lower culmination above the horizon; such stars are known
as circumpolar for that place. For example, the stars in Fig.

2 R
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Fiu. 11. Zm = ¢ — 5._J The rclation between the latitude of a place, the

meridian zenith distance of a body, and its declination, when the heavenly body
is south of the zenith.

3 are circumpolar where the photograph was taken. Many
observations of heavenly bodies are made at the meridian and
a simple relation between the latitude of the observer, the declina-
tion of the body, and its meridian zenith distance will be given here.

Suppose in Fig. 11, SZN represents the meridian of the observer
and R a star just crossing the meridian, then:

2Z = latitude of observer = ¢.
RZ = meridian zenith distance of star = z,,.
>R = decclination of star = 6.

and

zZn = ¢ — § for star south of the zenith (1)

In case the declination of a star is negative the same relation
holds true, provided & is substituted in the equation with its
proper sign.
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When the declination of the star R (Fig. 12) is greater than
the latitude of the observer the star will eross the meridian
north of the zenith. In this case we have:

z» = & — ¢ for upper transits north of zenith 2)

When the star crosses the meridian below the pole we have:
¢ = NR' 4+ R'P = 90° — 2,/ 4+ 90° — ¢&';
that is,
2m = 180° — (¢ + &) for stars at lower transit. 3)

R M eﬁd"!n

R’
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Fia. 12. Zm =0 — ¢. The relation between the latitude of a place, the

meridian zenith distance of a body, and its declination, when the heavenly body
is north of the zenith and above the pole.

16. Geographic longitude () is the angular distance measured

onthe terrestrial equator from the intersection of a fixed meridian
1 2

and the equator to the foot of the meridian through the observer.

3

The meridian through Greenwich (England) is usually taken

as the fixed meridian. Longitude is reckoned positive westward
4
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and negative eastward. It is expressed in hours by astronomers
and in degrees by navigators. That is, the longitude of Cleveland
is +81° 34’ or +5" 26™ 16".

17. A summary of the systems of coordinates explained is
given in the table below.

The celestial sphere

The earth Horizon system Equator system
11 B
Fundamental circle| Equator Horizon Equator Equator
Poles .......... North and || Zenith and nadir Celestiul poles | Celestial poles
south terres-
trial poles

Secondary great
circles ....| Meridians Vertical circles Hour circles Hour circles

Names of coordi-

nates. . ...|Longitude (\) || Azimuth () Hour angle (¢) | Right ascen-
and Altitude (k) or s1on (a)
latitude (¢) zemth distance (:) | Declination (8) | Declination (8)

Origin ~ of first

coordinate . | Intersection of || The south point Intersection of | Vernal equinox
meridian  of meridian with [ (T)
Greenwich equator (=-
with equator point)

Positive direction
of first coordi-
nate. ... . | Westward Westward Westward Eastward

18. Astronomical Triangle.—In a great many problems of
practical astronomy it becomes necessary to transform from
one system of coordinates into another. This involves the
solution of a spherical triangle.

When any three points 4, B, and C, on the surface of a sphere
are joined by arcs of great circles, the figure so formed is a spherical
triangle. The arcs AB, BC, and CA are the sides, and the
spherical angles at A, B, and C are the angles of the spherical
triangle. The sides will be denoted by a, b, and ¢, and the
opposite angle by A, B, and C, respectively. Spherical trigo-
nometry deals with relations between the sides and the angles
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of the spherical triangle. To avoid ambiguity it is customary
to take the sides each less than a semicircle.

Three most important formulas in the solution of the spherical
triangle are:

a. Law of Sines.

sin a sin b sin ¢
sSmA snB snC )
b. Law of Cosines.
cos a = cos b cos ¢ + sin b sin ¢ cos A. (5)

c¢. Relation between Two Angles and Three Sides.

sin @ cos B = gin ¢ cos b — cos ¢ sin b cos 4 (6)

¥F1a. 13.—Astronomical trinngle, with the heavenly body west of the meridian.

1 Vertices: North Pole P, the zemth Z, the heavenly body R
2 Siudes: PZ = ¢

ZR = z = 90° - h

PR = p = 90° —
3 Angles:at P, =t at Z, = 180" — A.

From the law of cosines the functions of the half angles in terms
of the sides are obtained. The relation for the tangent is,

tan 34 = i\/gm (s—b)sin (s — o) @
sin s sin (s — @)

where s = 1(a + b + ¢).

The spherical triangle having the pole, zenith, and a heavenly
body as the three vertices is called the astronomical triangle
and is of great importance in practical astronomy. The altitude
of the pole P (Fig. 13 or 14) is equal to the latitude of the place,
hence, the side ZP of the astronomical triangle is equal to the
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co-latitude of the place. The zenith distance ZR is equal to
the co-altitude of the star, and the polar distance (p) PR is
equal to its co-declination. The angle of the triangle at the

pole is equal to the hour angle (¢) of the star when the star is
west of the meridian (Fig. 13) and 24" — ¢ when the star is east
of the meridian (Fig. 14). The angle at Z is cqual to 180° — A4
for stars west of meridian and A — 180° for stars east of meridian.
The angle at the star K is known as the parallactic angle and

F1a. 14.—Astronomical triangle, with the heavenly body east of the meridian.
Angles: at P, = 24» — ¢, at Z, = A — 180°.

is not of particular importance here. Observe that, for con-
venience, the angles of the astronomical triangle have been
measured by arcs 90° away from the vertices. That is, the
angle at the pole is measured by an arc of the equator, the angle at
the zenith by an arc of the horizon.
From the law of sines of the triangle PZR, we have, for Fig.

13,

sint? _ sin (180° — 4)

sin z  sin (90° — §)

and for Fig. 14
sin (24" —¢) _ sin (4 — 180°)
sin z = sin (80° — 5)
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which gives for both cases,
sin ¢ cos & = sin z sin A. (8)
From the law of cosines, we may write for Fig. 13
cos z = cos (90° — ¢) cos (90° — &) +
sin (90° — ¢) sin (90° — &) cos ¢
and for Fig. 14
cos z = cos (90° — ¢) cos (90° — &) +
sin (90° — ¢) sin (90° — 5) cos (24" — )
which gives for both cases,
cos 2z = sin ¢ sin § + cos ¢ cos & cos &. 9)
Again making use of the law of cosines we have from either
figure,
cos (90° — 8) = cos (90° — ¢) cos z — sin (90° — ¢) sin z cos 4
. sin § = sin ¢ cos 2 — cos ¢ sin z cos 4. (10)
Performing the following substitutions in equations (6) and
(7):
A=tor24" —{,B=180°— AorA — 180°%a = z,
b=290°—35c=90 —¢
we have,
8in 2 cos A = sin ¢ cos & cos ¢ — cos ¢ sin & (11)
and

_ sin 3[z — (¢ — )] sin 3[z + (¢ — 9)]
tan } ¢ = i\/cos = G F e et 6 ¥ 02

Performing the following substitutions in Eq. (6),
A = 180° — A or A — 180° (the A of the right-hand side stands
for azimuth), B = tor24" —t,a =90° — 5, b = z, ¢ = 90° — ¢,
we have,

cos 8 cos { = cos ¢ cos z + sin ¢ sin z cos A. (13)

The formulas derived above are those most used in this course;
others will be derived as they are needed.

19. Orienting the Coordinate Systems on the Celestial
Sphere.—It is of great importance that the student should
master the systems of coordinates and be able to imagine readily
the circles and points of reference on the celestial sphere.
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Directly overhead is his zenith, the north pole will be located
easily by locating Polaris, the North Star. This is done by
having in mind that the altitude of Polaris is approximately
equal to the latitude of the observer and that it lies on a line
through the pointers of the Big Dipper and 30° from them.
(The distance between the pointers is 5°.) There is no other
bright star in that region. The great circle through the zenith
and Polaris will be his meridian. The south point is now located,
and 90° on either side of it along the horizon are the east and
west points. The Z-point is 90° minus the latitude above the
south point. A great circle joining the east, =, and west points
will determine the equator. There is no bright star near the
vernal equinox. Imagine it south of the Square of Pegasus,
on the equator. The autumnal cquinox is approximately half
way between the bright stars, Spica and Regulus. Having
thus the circles and points of reference, the coordinates (4, k),
(t, 8), and (e, 8) of a heavenly body may be estimated.

It is also important to be able to draw figures similar to
those given in this chapter. Draw such figures' for different
latitudes and estimate the coordinates of stars placed on them.

Example: Consider Fig. 14 with ¢ = 60°. The star at R has A = 290°
and b = 40°. It is required to estimate ¢ and a.
We have: NP = 60°, hence,

ST = 30° A = 270° + 20°, and CR = 40"
Therefore, by drawing E X and PB and roughly estimating from the figure
we have
=B = 45°or 3" 0™ ort = 21" 0™ and BR = & = 25°.
A rough solution with the slide rule will give from Eq. (10), 5 = 25°; and
from Eq. (8), t = —52°.

Exercises

1. Give the azimuth and altitude of the west point, the north pole, and
the =-point.

2. Give the hour angle and declination of the east point, the zenith, and
the south point.

8. Give the right ascension and declination of the autumnal equinox
and the summer solstice.

4. Give the approximate right ascension and declination of the sun on
March 21; also on Dec. 22.

1 Instead of sketching these figures, they may be drawn on a hemisphere
using a spherical protractor. A 4}-in. hemisphere, known as the Willson
Hemisphere, and a protractor to fit it are sold by the Eastern Science
Supply Company, Boston, Mass.
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6. Find a, 8, and ¢ of the east point, at the instant when the vernal
equinox is at the west point.

6. Find a and & and z of the north point, at the instant when the autum-
nal equinox is at the west point.

7. What is the meridian zenith distance of Sirius (5 = —16° 37’) to
an observer whose latitude is 40° N?

8. Give the zenith distance at upper and lower transit of « Ursae Majoris
(8 = 62° 8’) for Washington (¢ = 38° 55').

9. The meridian altitude of Regulus (8 = 12° 19’) above the south
horizon is 70°. What is the latitude of the observer?

10. Determine whether or not Capella (5 = 45° 56’) is a circumpolar
star in latitude 42° N?

11. What is the approximate meridian altitude of the sun on June 21 at
Cleveland (lat. = + 41° 32')?

12. The meridian altitude of the sun above the south horizon was observed
from a ship at sea, on Dec. 22 and found to be 20°.  Find the ship’s latitude.

In the following exercises sketch figures similar to Fig. 13 or 14 and esti-
mate from them the required parts. It is, of course, impossible to expect
much accuracy from your estimates. Compute the values of these parts
from Eqs. (8), (9), and (10). The slide rule or a table of functions to three
decimals will be sufficiently accurate for a comparison. If the Willson
Hemisphere is used for these exercises, the results will be accurate within
2 or 3 degrees.

18. Find the hour angle and declination of a star, if its azimuth is 50° and
its zenith distance 50° at a place in north latitude 40°. *°

14. Given ¢ = 50° ¢t = 22" 5 = 0°. Find 4 and =.

16. In latitude 30° N, the sun was observed west of the meridian and its
altitude was found to be 40°. The declination of the sun at that time was
—10°. Find its azimuth and hour angle.

16. The latitude of a place is 45° N. Find A and z of Procyon (a = 7
36™, 5 = 5°24’), at the instant when the vernal equinox is at the west point.

17. Find the azimuth of Capella (8 = 46°) at the time of setting, at a
place of north latitude 35°.



CHAPTER III
TIME—GENERAL PRINCIPLES

20. Measurement of Time.—The unit for measuring time
is based on the rotation of the earth on its axis or, as it has been
considered in the last chapter, on the diurnal motion of the
celestial sphere. This rotation will be assumed to be uniform.
To observe this rotation we choose any object in the heavens
and note the time interval between two of its successive passages
over the meridian of the observer. The object so selected
defines the particular kind of time.

21. Sidereal Time.—A sidereal day 1is the interval of time
between two successive upper transits of the vernal equinox over
the same meridian. On account of the slight westerly movement
of the vernal equinox (Precession of the Equinoxes, Art. 31),
the length of the sidereal day is slightly less than if it were
defined by a fixed point among the stars. This difference is
so small that it will be neglected.

The sidereal day is divided into 24 hours and it begins when
the vernal equinox crosses the upper meridian of an observer;
at that instant the sidereal clock of the observer reads 0" 0™ 0
(sidereal noon). When the vernal equinox is at lower culmina-
tion the sidereal clock of the observer reads 12" 0™ 0° (Fig. 15).
Stidereal time at any instant is the hour angle of the vernal equinox.
That is, if the hour angle of the vernal equinox is 3", the sidereal
clock of the observer reads 3". If the sidereal time is denoted
by 6 and ¢ stands for hour angle, then by definition,

0 = t(of the vernal equinox) (14)

22. Apparent Solar Time (7.).—Apparent solar day or solar
day is the interval of time between two successive lower transits
of the sun’s center over the same meridian. The lower transit is
used so that the change of date will occur at midnight.

The apparent solar day is divided into 24 hours beginning
with the instant the center of the sun is at lower transit (apparent

23
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midnight). The instant the center of the sun is at upper transit
is known as apparent noon. Previous to 1925 the usage was
to reckon the beginning of the solar day from the instant of its
upper transit.

Fi1a. 15.—Sidercal time. The meridian of the ohserver at O is the great circle
2PX'P'. The instant the vernal equinox (™ is at 2 his sidereal clock reads 0b,
and 12® when “Fis at 3’, while the sidereal clock of the observer at 0, with the
meridian Z1P2'1P’, will read 0" the instant the vernal equinox is at Zi.

Apparent solar time or apparent time is the hour angle of the
sun’s center plus 12", or,

Tq = t(of sun’s center) + 12t (15)

For example, when the apparent time is 17" or 5 P.m., the hour
angle of the sun’s center is 5°, and again, the instant when the
hour angle of the sun’s center is 22" or —2", the apparent time
is 10" or 10 A.m.

It has been stated in Art. 5 that the sun moves eastward among
the stars about a degree per day on account of the revolution
of the earth about the sun. But the motion of the earth is
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not uniform, hence the sun does not move uaiformly among the
stars. ‘This will cause the apparent solar day to vary in duration.
This variation is really due to two causes: (a) the slow easterly
non-uniform movement of the sun, referred to above, which is
most rapid when the motion of the earth is most rapid, and (b),
even if the sun moved uniformly, the length of the solar day
could not be constant, for the sun moves along the ecliptic and
the rotation is measured along the equator. Angles at the
cclestial pole measuring cqual arcs on the ecliptic are not,
in general, equal. For example, the angles at the pole P of

Fra. 16.

the ares SR and S’R’ (Fig. 16) are measured respectively by
the arcs on the equator AB and CD. Arc 8'R’ is near the vernal
equinox V and arc SR, equal to S'R’, is about 90° from it; it
is evident that arc CD is not equal to arc AB.

23. Mean Solar Time or Civil Time.—To avoid the variation
of the solar day, a fictitious sun is assumed moving uniformly
toward the east on the equator and completing one revolution
in the same time that the true sun completes a revolution on
the ecliptic. This interval of time (365.2422 mean days) is
called the tropical year, and is defined as the interval between two
successive passages of the sun through the vernal equinox. The
time given by the fictitious sun or the mean sun is such that
every day is of exactly the same duration and is equal to the
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average solar day. A mean solar day or civil day is defined as
the interval of time between two successive lower transits of the
mean sun over the same meridian. Previous to 1925 the usage
was to reckon the beginning of the mean day from the instant
of its upper transit, the astronomical day beginning 12" earlier.
That is, when referring to almanacs previous to 1925, 8 aA.m. of
Tuesday, June 4, civil reckoning, ¢s Monday, June 3, 20" by the
old astronomical reckoning. Mean solar time or civil time (T) is
the hour angle of the mean sun plus 12°. That is,

T = t(of mean sun) + 12" (16)

Mean noon at any place is the instant of upper transit of the
mean sun over the meridian of that place. Mean midnight refers
to the lower transit. The mean or civil day is divided into 24
hours beginning at midnight. To obtain civil time in which
the designations A.M. and p.m. are used, write A.M. after the
given mean time when it is less than 12"; subtract 12" and write
p.M. after the result, when the given mean time is more than
12"; e.g., 5" mean or civil time is 5 A.m. and 15" is 3 P.M.

24. Equation of Time. (E).—Inasmuch as time observations
are possible only on the true sun, it will be necessary to introduce
a method for changing apparent time to mean or civil time.
This is done by a quantity known as the equation of time, which
is defined by,

Apparent time — mean time = equation of time a7

In reality the equation of time is a correction to be applied to
either time to obtain the other. It depends on how much the
true sun is ahead or behind the fictitious sun. In Fig. 17 the
true sun S is behind the fictitious sun M, hence, we must add
the numerical value of the equation of time to the observed
apparent time to obtain the mean time.

Figure 18 shows that the equation of time for the year 1930
is zero on April 16, hence the hour angle of the two suns is the
same on this day. The same thing occurs on June 15, Sept. 2,
and Dec. 26. The maximum difference between apparent and
mean time occurs on Nov. 4. These dates vary a little from
year to year. The value of the equation of time is given in
many almanacs. In the American Ephemeris (Chap. IV), it is
given for 0" Greenwich Civil Time for every day in the year. The
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7

F1a. 17.—Apparent and mean time. The instant the mean sun A is at X',
the civil clock of the observer at O reads O and 12" when M is at . The
instant the true sun is at S, the apparent time is 12" + ¢, and if the mean sun is
at M the corresponding civil time is 12" +t,. While M and S are carried
along with the diurnal motion of the celestial sphere, both A and S move about
1° per day in the opposite direction, the first on the equator and the second on the
ecliptic.
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problem of converting apparent time to civil time will be taken up
in Chap. V, as it is necessary first to know how to use the
Ephemeris.

25. Relation between Mean Time and Sidereal Time.—As
the mean sun moves eastward on the equator it is evident that
at some time during the year it will pass over the autumnal
equinox. This occurs each year about Sept. 21. Suppose, for
the sake of simplicity, that on Sept. 21, at the instant when
the vernal equinox (V, Fig. 19) crosses the meridian of the
observer, the mean sun M is exactly on the autumnal equinox,

hence is just crossing the lower meridian, Z’. At this instant
the sidereal clock of the observer at O will read 0° 0™ 0" and the
civil clock will read 0" 0™ 0.

Twenty-four sidereal hours later, the vernal equinox will again
be at =, but the mean sun will not have come quite to 2, because,
during this interval it has moved in a direction opposite to the
diurnal motion about 1° or 4™ and will therefore be at M’, so that
the civil clock will read about 23" 56™. From this we observe
that the sidereal clock gains on the civil about 4~ per sidereal day.
In a month it will gain 2"; that is, when the vernal equinox is
at = on Oct. 21 the sidereal clock of the observer will read zero
and the civil clock about 22", The mean sun at that instant
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will be at M”’, where the arc M”’%’ = 30° or 2". In 6 months,
about March 23, the sidereal clock will be 12" ahead of the civil.
At the end of a tropical year (from equinox to same equinox),
the mean sun will be again at the autumnal equinox and the
sidereal clock will be 24" or one day ahead of the civil clock,
i.e., the two clocks will agree again.

The tropical year contains 365.2422 (Art. 23) mean solar days,
and from what we have just seen 366.2422 sidereal days.

365.2422
3660422 0.99726957 solar day.

366.2422 )
3652423 1.00273791 sidereal days.

The same relations exist between any two time units, for example,
one sidereal second = 0.99726957 mean second. Let I repre-
sent the number of mean units in a certain ¢nterval of time, and
I’ the number of sidereal units in the same interval, then,

One sidereal day =

One mean day =

I 365.2422
7 = 366.9125 = 1 — 0.00273043
or
I =1 — 0.00273043 ' (18)
and
I' 366.2422
T = 3650493 = 1 4+ 0.00273791
or
I' = I+ 0.00273791 I (19)

Equations (18) and (19) convert from one system to the other.
For instance, if I = 24", Eq. (19) will give I' = 24" 3™ 56555,
or a gain in the sidereal clock over the mean of 3" 56:555 sidercal
time in 24 mean hours.

Ezample: If the cvil clock reads 0 0™ (* when the sidereal clock reads
3" 5™ 22'35, what would be the reading of the clocks; (a) 2 civil hours
later, (b) 2 sidereal hours later?

a. From Eq. (19) we obtain I’ = 2" 0™ 19%71, when I = 2". Hence,
the respective readings of the clocks will be 2® 0™ 0° and 5" 5™ 42°06.

b. From Eq. (18) we obtain I = 1 59™ 40°34, when I’ = 2", Hence,
the respective readings of the clocks will be 1* 59™ 40734 and 5" 5@ 22135.

In the place of Eqs. (18) and (19), Tables IT and III may be used. Also,
Tables II and III of the American Ephemeris and Nautical Almanac are
for the same purpose and more extensive.
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26. Approximate Relation between Sidereal and Civil Time.
We have just seen that at sometime during Sept. 21, the sidereal
and civil clocks have the same reading. Some years this coin-
cidence occurs in the morning of the twenty-first, other years,
in the afternoon, and in still other years, at about 2 A.M. on
the twenty-second. This difference depends on the leap year.
We will assume that on an average, the coincidence will occur
at about 5 p.M.; .e., on Sept. 21.7. We have seen also that the
sidereal clock’ gains on the mean 3™ 56°56 in 24 mean hours.
This gain may be expressed simply, by the quantity 4™(1 — -%,).
In D mean days the sidereal clock will gain on the mean
4"(1 — ,4)- D. Hence, if T represents the reading of the
mean clock at a given date and 6 the corresponding reading of
the sidereal clock, we will have,

9=T+4™1 — })D, (20)

where D now represents the number of days from Sept. 21.7
to the given date.
This formula will yield an accuracy of about two minutes.

Example: When the Greenwich mean clock reads 10* on May 17, 1929,
find the approximate reading of the sidereal clock.
We have, T = 10"; the number of days and tenths of day hetween Sept.
21.7 and May 17.4 (10® = 0%4) is 237.7 days; hence, D = 237.7.
Substituting in Eq. (20), we have,
0 = 10" + 4™. % - 237.7 = 25" 3772,
or
6 = 1t 3772
27. Relation between Time and Longitude.—The three kinds
of time that we have considered, sidereal, apparent, and mean,
have been defined in terms of the hour angle, that is, by means of
a quantity measured from the meridian of the observer; hence,
they are local times. In other words, as soon as an observer
changes his position his meridian changes and hence the readings
of his clocks must change to conform with the new meridian.
In Fig. 20 let C be west of G and let A\ represent the difference
in their longitude, which is an angle measured by the arc BA or
Z,21. When the vernal equinox is at V the sidereal clock at G
reads i;, and that of C, ¢{;. Hence,

ty — 1, = AN (21)
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Or, the difference in longitude between the two places is equal
to the difference in the readings of their sidereal clocks. A (or
its equivalent {; — ¢;) is essentially the angle af O and may be
expressed in either degrees or hours.

If we assume the mean sun at V instead of the vernal equinox,
the reading of the mean clock at C will be 12" + £, and that at G,
12" 4+ t;. The difference of the mean times will be ty — ¢,
which is again equivalent to AN and may be expressed in hours
or degrees. Therefore it is immaterial what kind of time we are
using—sidereal, apparent, or mean—the difference between the
corresponding local times of two places gives their difference in

-~
Diurnal Motion

F1a. 20.—Relation between time and longitude. The terrestrial meridians of
C and @ are respectively pCA and pGB, and their corresponding celestial meri-
dians are P2, and P2:; eABe' is the terrestrial equator, and EX,Z.E’ the celes-
tial equator. The instant the vernal equinox V is at Z_, the sidereal clock of G
reads O and some time later the vernal equinox will be at Zi, and the sidereal
clock of C will read 0B. Hence, the clock at G is ahead of the clock at C when
C is west of G.

longitude. Observe that in Eq. (21), A\ is positive because C
is taken west of G, hence #;, the local time at G, must be greater
than t,, the local time at C; i.e., the more easterly place will have
the later time. (See Table 2.)

28. Standard Time.—To use local time under the present
facilities of travel would be very inconvenient. In order to
avoid having different times at practically every city, a system
of standard times has been devised. The United States and
Canada have been divided into five zones and the times of adjacent
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zones made to differ by one hour. Throughout each zone the
same time is used and is known as standard time. It is the
local civil time of a meridian passing approximately through
the center of the zone. Thus the same time is used over a wide
area, and this time usually differs from the local time at any
place in the zone by less than 30 minutes.

TaBLE 1.—TIME ZoONES

Standard
Meridian west Zone Standard Time of zone equal to
of Greenwich

60° Atlantic Greenwich Civil Time minus 4°
75° Eastern Greenwich Civil Time mimus 5
90° Central Greenwich Civil Time minus 6
105° Mountain | Greenwich Civil Time minus 7"
120° Pacific Greenwich Civil Time minus 8"

This system of standard time is used practically throughout the
world. East of Greenwich, the successive zones have standard
ti.ne one, two, three, . . . hours faster than Greenwich.

Pacifye Easter™

Mountain Central

105° 90°

F1s. 21.—Standard time in the United States.

The following table shows the readings of some local, civil,
and standard clocks when the Greenwich civil clock reads 12"
{mean noon).
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TaBLe 2
City Longitude Local Civil Time [Standard Time
h m 8 h m 8
Berlin . 0 53 34 80E| 12 53 34 80 1p.M.
Chicago . . 5 50 26 84 W| 6 9 33.16 6 A.M.
Cleveland. 5 26 16.36 W| 6 33 43 64 7 AM.
Denver 6 59 47 72 W| 5 0 12 28 5 AM.
Paris 0 9 20.93E| 12 9 20 93 12 noon
San Francisco 8 9 42 86 W| 3 50 17 14 4 AM.
Tokyo 9 18 58.22E|21 18 58 22 9 p.M.
Washington 5 8 15.78 W| 6 51 44 22 7 AM.

“Daylight-saving’’ time is the usual standard time of a given
zone tncreased by one hour. It is used during the summer months
in some sections of America and Europe in order that the day’s
work be done with as little artificial light as possible.

The meridian 180° from Greenwich is known as the date line;
proceeding westward from Greenwich, the time at that line
will be 12 hours slower than that at Greenwich, and proceeding
eastward, 12 hours faster. This produces a discontinuity
of 24 hours, or one day; thercfore steamers sailing west when
crossing the date line, omit one calendar day; e.g., if a steamer
leaving San Francisco for Japan, crosses the date line on June
25 at 10 p.M., then according to the ship’s calendar, 2 hours later
June 27 begins. If the crossing is made in the opposite direction
a day is repeated.

29. At Any Instant, the Sidereal Time Is Equal to the Right
Ascension of Any Heavenly Body Plus Its Hour Angle.—The
sidereal time (6) has been defined as the hour angle of the vernal
equinox (V, Fig. 22). The right ascension () of a heavenly body
S is measured by the arc VB and its hour angle by the arc ZB.
Hence, remembering that o was by definition measured positive
toward the east and 6 and ¢ positive toward the west, we have,

0=a+t (22)

This equation is true for all positions of S. In a case where
a + t is greater than 24", 6 must be increased by 24".

Ezample: Let the hour angle of S’ be required, given its right ascension
equal to 7" and the sidercal time 5°. Adding 24" to the given sidereal
time, we have 29" and subtracting 7" from this we obtain 22" for the hour
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angle. If we substitute directly in Eq. (22), 6 = 5% and o' = 7", we obtain
¢’ = —28 which is of course equivalent to 22".

Fia. 22. rl}-= o+t

When a heavenly body is at upper transit, its hour angle is zero,
hence,

0 = a, the instant of upper transit (23)

and when at lower transit,
0 =a+ 12" (24)

Exercises

1. What is the sidereal time of a place at the instant (a) the hour angle of
the vernal equinox is 10"; (b) when the autumnal equinox is at upper transit;
and (c) when the vernal equinox is at the east point?

(The equation of time which is required in the following four exercises
may be obtained from Fig. 18.)

2. What is the approximate apparent and civil time at which the sun
sets on March 21 (approximate declination of sun, 0°)?

3. Find the civil time of apparent noon for June 1.

4. What is the hour angle of the sun on Nov. 1 when the civil clock of a
place reads 7 A.M.? When it reads 1 p.m.?

6. Find the approximate sidereal, apparent, and mean time at sunrise on
Sept. 21 (approximate declination of sun, 0°).

8. On what date will the civil clock of a place read 5" when the sidereal
cloek reads 10°?

7. On what date will the civil elock of a place read 22° when the sidercal
clock reads 4*?
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8. What is the approximate reading of the sidereal clock when the mean
clo~k reads 13® 12™ on Oct. 18?

9. What is the approximate hour angle of the mean sun on Nov. 5, the
instant the sidereal clock reads 9® 54™?

10. The sidereal clock of a place reads 3® 5™ 11°2, when the mean clock
reads O

a. What is the reading of the sidereal clock 3 mean hours later?

b. What is the reading of the mean clock 3 sidereal hours later?

11. The sidereal clock of a place reads 22" 37™ 15%5 when the civil clock
reads 0B. What will be the reading of the sidereal clock when, later in the
day, the civil clock reads 11 10™ 5%0?

12. The sidereal clock of a place reads 20" 55™ 15% when the civil clock
reads 0®>. What will be the reading of the civil clock when, later in the day,
the sidereal clock reads 14® 10™ 54°0?

13. The mean clock of a place reads 12" 49™ 10%0 when the sidereal clock
reads 0. What will be the reading of the sidereal clock when, later in the
day, the mean clock reads 18P 20™ 40%0?

14. What is the rcading of the Greenwich mean clock at the instant the
mean sun crosses the upper meridian of a place of longitude 8* 50™ 10%0 W?

16. What is the sidereal time at Greenwich and at Washington the instant
the vernal equinox crosses the upper meridian of Ottawa (long. 5" 2™ 51°94
w)?

16. Make a table similar to Table 2 for the following places:

h m ]

Princecton (long. 4 58 37.61 W).

Oxford (long. 0 5 0.40 W).

Rome (long. 0 49 56.34 E).

St. Louis (long. 6 0 49.26 W).

17. The right ascension of an cquatorial star is 18®. What will be the
reading of the sidercal clock of an observer (a) when the star is at upper
transit? (b) when it is setting?

18. What is the sidereal time of a place at the instant when Arcturus
(a = 14" 12™) is at upper transit?

19. The sidercal time of the upper transit of a circumpolar star is 58 20™,
its altitude at upper transit is 80°, at lower transit 40°. Find (a) the latitude
of the place; (b) the R.A. and declination of the star.

20. Dctermine at about what date Fomalhaut (e = 22° 54™) will cross the
upper meridian of a place at midnight.

21, On March 21 (app. decl. of sun, 0°), a star of 0° declination rises at
sunset. Find the approximate (a) R.A. of the star, (b) sidereal time of its
rising, (c) the civil time of its rising, and (d) the civil time of its rising on
April 21,



CHAPTER 1V

SECULAR AND PERIODIC CHANGES—THE AMERICAN
EPHEMERIS AND NAUTICAL ALMANAC—STAR
CATALOGUES

30. Aberration of Light.—If the earth were stationary, and an
observer on it pointed his telescope directly at a star, the rays
from the star would come through the tube of the telescope and
emerge at the eyepiece. But since the earth is moving, carrying
the observer with it, it will be necessary for him to tilt his tele-

Direction of Motion  E’ E
of Observer

Fi1a. 23.—Aberration. The telescope does not point exactly in the direction
of the star R but is tilted slightly (angle S — S’) in the direction of motion of the
observer.

scope slightly in the direction of his motion, in order that the
rays from the star, after passing the objective, will come to the
center of the eyepiece. This apparent displacement of a star
is known as aberration and is-due to the fact that the velocity
of light is finite compared to the velocity of the observer. It
is here assumed that light consists of material particles and
not waves; this is done for the sake of simplicity. It can be
shown that waves are affected in the same manner. Let OF
36
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(Fig. 23) be the position of the telescope when the ray of light
from R strikes the objective O. The angle that the ray of light
makes with the direction of motion of the observer is S, and
the angle that the telescope makes with the direction of motion
of the observeris S’. Hence the telescope is tilted in the direction
of this motion by the angle S — §’, in order that at the instant
when the observer reaches the position E’ the ray of light will
reach the same point.

Let ¢ represent the time required for the observer to move from
E to E, then,

EE' = tv (where v is the velocity of observer)

and
OE' = tc (where c is the velocity of light).

If we denote the angle of aberration S — S’ by K, we may write
from triangle EE’'O,

sin K FKE'

sin 8’ OF’

——v.
¢

Since K is very small, we write sin K = K sin 1", and hence,

>

E—sinllr’ sin §', (25)
which is therefore the correction for aberration, expressed in
seconds of arc.

The aberration resulting from the annual revolution of the
earth around the sun is called annual aberration, and is included
in the star places of the American Ephemeris. The diurnal
aberration is caused by the daily rotation of the earth on its
axis. This will presently be seen to be a function of the latitude
of the observer, and therefore it is different for different places.
*To Compute the Effect of Diurnal Aberration when the Star
Appears to Cross the Meridian of the Observer.—According to
Eq. (25) there are two quantities we must consider: the velocity
of the observer (v) and the angle (S’) that the telescope makes
with the direction of his motion. This angle is evidently 90°
since the observation is to be made on the meridian.

The observer’s velocity in miles per second is,

27+ R cos ¢

Y= 266060
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where R is the mean radius of the earth and equal to 3,959 miles,
and ¢ the latitude of the observer. Hence, v = 0.288 cos ¢.
Then Eq. (25) gives

K= 1;6%%?6% = 07319 cos ¢ = 02021 cos 6.  (26)
Since the value of K is due wholly to the eastward motion of the
observer, it is the same at a given latitude for all declinations of
stars. It is an eastward displacement perpendicular to the
meridian of the observer (Fig. 24).
It is evident that the star R will appear to be on the meridian at

a somewhat later time than if the aberration did not exist (Fig.

w

Fra. 24.—Diurnal aberration. On account of the aberration of light the
telescope should be tilted in the direction of motion of the observer (from west to
east) by the angle K. However, the telescope is permanently mounted on the
meridian, hence stars crossing the meridian are observed somewhat later by an
amount shown by the angle K’.

24). This interval is measured by the hour angle K’ of R.
From the law of sines in the spherical triangle PAR, and having
in mind that the polar distance PR is equal to 90° — §, we have

gin K’ _ sin 90°

sin K sin (90° — &)
and hence, since K’ and K are small angles, we write
K' = K sec é.
Combining this with Eq. (26) we obtain,
K' = 07021 sec 6 cos ¢ 27)
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which is the correction erpressed in seconds of time, to be subtracted
from the observed time of meridian passage of the star.

31. Precession.—The vernal equinox has been defined as
one of the intersections of the ecliptic with the celestial equator,
and has been used in the definition of the right ascension of stars.
But neither of thesc two circles of reference remains in the same
position with respect to the stars; hence both the right ascensions
and declinations of the stars change. The motion of the ecliptic
in relation to the stars as a whole is so slow that it may be

Equutor (1900 /-
V'(2000)

Fia. 25.—Precession of the equinox.  and Q' are the poles of the celiptic and
P is the north celestial pole in 1900, On account of the precession of the equinox
the celestial pole describes approximately a circle about @; this makes the vernal
equinox appear to move westward on the ecliptic effecting a continuous change
in the coordinates of the star R.

neglected; the motion of the equator is such that it materially
affects the coordinates of the stars and will be considered here.

It is known that the direction of the earth’s axis of rotation
changes, causing the celestial poles to move among the stars,
and therefore, the celestial equator. If @ and Q' (Fig. 25)
represent the poles of the ecliptic, the celestial pole P has been
found to be describing a circle of about 23%° radius about the
pole @ in 25,800 years. In other words, Polaris will not
always be our pole-star, @ Draconis was our pole-star some
4,000 years ago, and Vega will be near the north celestial pole
some 12,000 years hence. P represents the position of the pole
in 1900 and P’ in 2000, and V and V' the corresponding positions
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of the vernal equinox. This motion of the vernal equinoz on
the ecliptic is toward the west and is known as the Precession of
the Equinoz.

Since the earth’s polar diameter is shorter than its equatorial,
it may be considered as a sphere with a protuberant ring of
matter around the equator. The sun and moon attract this
ring and tend to make its plane coincide with the planes of their
respective orbits. The rotation of the earth on its axis resists this
tendency, with the result that the axis of the earth is made to
generate a cone.

As the sun and moon change their positions relative to the
earth, the rate of precession varies. For this reason we divide
this rate into two parts:

a. Precession, which is a uniform westerly motion of the vernal
equinox amounting to about 50"/2 a year.

b. Nutation, which is the small periodic variation of the motion
of the vernal equinox.

32. Definitions.—The right ascensions and declinations of
stars are subject to a number of small changes. These changes
are divided into two classes.

a. Secular changes are progressive and very slow, requiring long
periods of time to complete their cycles; they may be considered
proportional to time. Precession is a secular change.

b. Periodic changes are those which complete their cycles in a
comparatively short time and therefore pass quickly from one
extreme value to another. Nutation is a periodic change.

After long study of old and new observations it has been
found that the “fixed” stars do move on the celestial sphere
with reference to their stellar neighbors. This motion of the
stars, which tends to change their coordinates slightly, is known
as proper motion. It is a secular change, and exceedingly small.
Relatively few proper motions are known.

When the right ascension and declination of a star are accu-
rately observed by a suitable instrument and the observations
reduced to the center of the earth, the place of a star so deter-
mined is called apparent place. From this definition it is evident
that the apparent place of a star is always used when such a star
is observed for the purpose of determining latitude, time, and
azimuth. The mean place of a star at a definite epoch is obtained
by applying to its apparent place corrections due to precession,
nutation, aberration, proper motion and annual parallax.
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33. American Ephemeris and Nautical Almanac.!'—By an
ephemeris is meant a catalogue in which the positions (usually,
the right ascension and declination) of heavenly bodies are given
at equidistant intervals of time. Without such a book of
reference astronomical work is almost impossible. The data
published are obtained by means of telescopes situated at the
principal national observatories. The American Ephemeris
and Nautical Almanac consists mainly of the following parts:

1. Ephemeris for the Meridian of Greemwich, in which the
apparent positions of the sun, moon, and planets are given.

II. Ephemeris for the Meridian of Washington,in which the mean
and apparent positions of 825 stars are given for the instant
of their upper transit at Washington, as well as the apparent
position of the sun for Washington apparent noon.

III. Phenomena, containing predictions of eclipses, occultations,
ete., with data for their computation.

Tables, containing data for computing latitude and azimuth
from observations of Polaris and tables for converting sidereal
time interval to mean solar and vice versa.

The Nautical Almanac Office (U. S. Naval Observatory) is
also publishing the American Nautical Almanac? which contains
some of the tables of the American Ephemeris. This small book
consists maznly of the following:

a. Ephemeris for the Meridian of Greenwich, giving the sidereal
time of 0" civil time; the sun’s declination, equation of time and
semidiameter; the Ephemeris of the moon, Venus, Mars, Jupiter,
and Saturn; and the apparent places of 55 stars.

b. Tables containing data for computing latitude and azimuth
from observations of Polaris and tables for converting sidereal
time interval to mean solar and vice versa.

Another useful little table is the Ephemeris of the Sun and Polaris
and Tables of Azimuth and Altitudes of Polaris® which is published
by the U. S. Department of the Interior, General Land Office.

1 The American Ephemeris is published by the United States Govern-
ment every yecar, two years in advanee of the year of its title, and is sold
by the Superintendent of Documents, Government Printing Office, Wash-
ington. The price is $1.00. Other books of similar character are Nautical
Almanac (British), Berliner Astronomisches Jahrbuch, and Connaissance
des Temps.

2 8old by the Superintendent of Documents, U. S. Government Printing

Office, Washington. Price 15 cents.
3 Also sold by the Superintendent of Documents. Price 5 cents.
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34. To Obtain from Ephemeris Data Relating to the Sun.—
Page 44 shows a page from Part I of the American Ephemeris.
It gives the apparent right ascension, apparent declination, and
semidiameter of the sun, and the equation of time, for 0" Green-
wich Civil Time together with the variations per hour for these
quantities. The meaning of the last column will be given in Chap.
V. As has been explained in Art. 32, the word apparent signi-
fies, ‘‘as it appears or as it actually looks from the center of the
earth.”

To obtain any one of these quantities for a given time, it is
evident that an interpolation is necessary between the values
for two successive days.

Example: Consider the problem of obtaining the apparent declination of
the sun for July 17, 1930, 20" G.C.T.
We have from the Ephemeris,

Date App. dechination Var. per hour
h o ! 7 ”
July 17, 0 21 22 20.6 —24 56
July 18, 0 21 12 20.2 —25 47

I. If we assume that the declination varies proportionally with the time
during the 24", we obtain for the required declination,

21° 22’ 2016 — (21° 22’ 2076 — 21° 12’ 20"2) - gg =
21° 22 2076 — 8’ 20”3 = 21° 14’ 0/3.
II. If we work with July 17, 0" using the variation per hour of —24”56,
we have,
21°22' 2076 + (—24'/56) - (20) = 21°22'20"/6 — 8'11'/2 = 21° 14’ 9'/4.
IIL. If we work with July 18, 0" using the vanation per hour of — 25747
and considering the given time as 4® before July 18, 0%, we have,
21° 12’ 202 + (—2547) - (—4) = 21°12'20"/2 + 1" 4179 = 21°14' 2"/ 1.
This disagreement is due to the fact that the declination does
not vary quite in proportion to time during the interval of 24"
and that the given variation per hour is in each case an instan-
taneous value of the variation of the tabulated quantity, that is,
a first derivative value for the beginning of each day. Figure
26 clearly shows that in the case of the first interpolation the
point lies on the chord; in the second case it lies on the tangent
to the curve at the point for 0", July 17; and in the third case,
on the tangent to the curve at the point for 0", July 18. It is
therefore evident that, of the three given methods of interpola-
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tion, the greatest accuracy is obtained by using the tabulated
value for the 0" nearest to the given time with the corresponding
variation perhour. Forstill greater accuracy consult Chauvenet’s
or Doolittle’s ¢ Practical Astronomy’’ and the illustrations given
in the American Ephemeris under the heading, Use of Tables.

21° 1220.2"
121°14’0.3"
IIT 21° 14° 2.1"

o

AN

A
&q“
L

6 T 21 147 9.4

\ o)
5 \:)\')" pet W

21°22'20 6”ll -
O*,July 17 July 18
(0} _Iu ly

L 204 -4k

Fra. 26.—Interpolation.

Ezample: Let the sun’s equation of time be required for May 24, 1929,
19" G.C.T.
We have from the Ephemeris:

Date Equation of time Var. per hour
h m 8 8
May 24, 0, +3 25.04 -0.204
May 25, 0, +3 19.89 —0.225

Inasmuch as the given time is nearer to 0°, May 25, we will compute
backward from this date.
m s
Equation of time at Greenwich 0P, May 25/+3 19.89

Changein —58 =(—0%225) - (—5) = «-+-- + 113

Required equation of time -« +« « v v v v e v e +3 21.02

Always have in mind that the required value must lie between the
tabulated values given for the two days. In this case, 3™ 21°02 is
between 3™ 25:04 and 3" 19°89.

In the above illustration we have considered the problem for
Greenwich time; for any other local time, change the given time
of that place into the corresponding time of Greenwich. That
is, to secure from the Ephemeris data relating to the sun for any
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SUN, 1929.
FOR 0* GREENWICH CIVIL TIME.

Date.

Ag{uenmn t
Asoens|

fon.

Var.

Hour.

Dellaation.

Var.
Hour.

Semi-
diameter.

Hor.
Par.

E&?“.ﬁm

IApp.—Mean.|

Var.

Hour.

Sidereal Time.
(Right Ascen-
sion of Mean
Sun+12b.)

Mo
Tu
We

Th
Fr
Sa
Su
Mo

Tu
We
Th
Fr
Sa

Su
Mo
Tu
We
Th

Fr
Sa
Su
Mo
Tu
We
Th
Fr
Sa
Su

Mo

2| Tu
Norx.—0» Greenwich Civil Time{s twelve bours before Greenwich Mean Noon of the same date,

hbm s
333 2.717
337 077
3 40 59.31
3 44 58.39
48 58.00

3

3 52 58.15
3 56 58.82
4 1 0.02
4 5 173
4 9 3.9

413 6.67
417 0.89
4 21 13.59
4 25 17.78
429 22.39

4 33 27.47
4 37 32.98
4 41 38.91
4 45 45.24
4 49 51.94

4 53 59.00
4 58 6.40
5 2 14.10
5 6 22.09
5 10 30.33

5 14 38.80
5 18 47.49
5 22 56.36
527 5.38
5 31 14.53

5 35 23.80
5 39 33.16
b 43 42.59
5 47 52.08
5 52 1.59

5 56 11.11
6 0 20.62
6 4 30.10
6 8 39.52
12 48.88
16 58.15
21 7.30
25 16.32
6 29 25.18
6 33 33.87

6 37 42.37

6
6
6
6

6 41 50.65

8
9.905
9.928
9.950
9.973
9.995

10.017
10.039
10 061
10.082
10.103

10.124
10.144
10.164
10.183
10.202

10.220
10.238
10.255
10 272
10 287

10 301
10.315
10 327
10 338
10 348

10.357
10 365
10 373
10 379
10 384

10 388
10 392
10.394
10 398
10.397

10 397
10.396
10.3%4
10.391
10.388

10 384
10 378
10.373
10.366
10.358

10.350
10.340

+1910 6.0
19 23 41.7
19 36 57.5
19 49 53.2
20 228.6

+20 14 43.6
20 26 37.8
203811.0
20 49 22.9
21 0134

+21 10 42.3
2120 49.4
213034.4
2139 57.1
2148574

+21 57 35.1
22 549.8
2213415
2221 10.0
2228152

+22 34 56.8
2241 14.6
2247 8.6
22 52 38.5
22 57 44.3

+23 225.8
23 6429
23 10 35.5
2314 3.6
2317 7.1

+23 19 45.9
2322 0.0
2323494
23 25 13.9
23 26 13.7

+23 26 48.8
23 26 59.1
23 26 44.5
2326 5.2
2325 1.2

+23 23 32.6
232139.1
231921.2
2316 38.7
2813317

+2310 0.3

+23 6 4.5

"
+34.30
33.57
32.714
81.90
31.05

+30 19
20.32
28.44
27,55
26.65

+25 75
2484
23.91
22 98
22.04

+21.00
20.14
19.17
18.20
1722

+16 24
1525
1425
13.24
12.24

+11.22
10.20
9.18
8.16
713

+ 6.10
5.07
4.04
3.01
1.8

+ 0.04
~ 0.00
112
2.15
3.18

~ 4.21
5.24
6.28
7.28
8.30

~ 0.32
i~10.33

15 50.63
15 50.45
15 50.26
15 50.08
15 49.90

15 49.72
15 49.56
15 49.38
15 49.21
15 49.04

15 48.87
15 48.71
15 48.55
15 48.39
15 48.24

15 48.09
15 47.95
15 47.81
15 47.67
15 47.54

15 47.41
13 47.29
15 47.18
15 47.07
15 46.96

15 46.86
15 46.77
15 46.68
15 46.59
15 46.51

15 46.44
15 46.37
15 46.30
15 46.23
15 46.17

15 46.11
15 46.06
15 46,00
15 45.95
15 45.91

15 45.87
1545.83
1545.79
15 45.76
1545.73

15 46.71
15 45.69

8.70
8.70
8.70
8.70
8.69

8.69
8.69
8.69
8.69
8.69

8.68
8.68
8.68
8.68
8.68

8.68
8.68
8.68
8.67
8.67

8.67
8.67
8.67

867

8.67
8.67
8.66
8.66
8.66

8.66
8.66
8.66
8.66
8.66

8.66
8.66
8 66
8.66
8.66

8.66
8.66
8.66
8.66
8.66

8.66
8.66

m s
+3 46.38
3 44.94
3 42.96
3 40.44
3 37.39

+3 33.80
3 29.68
3 25.04
3 19.89
3 14.23

+3 8.06
3 140
2 54.25
2 46.64
2 38.57

+2 30.05
2 21.09
2 11.72
2 1.96
1 51.81

+1 41.31
1 30.47
119.32
1 7.89
0 56.20

+0 44.28
0 32.16
0 19.86

+0 7.40

-0 5.20

-0 17.91
0 30.71
0 43.59
0 56.52
1 947

-122.43
1 35.38
1 48.30
2 117
2 13.97

-2 26.67
2 39.26
2 51.72
3 4.03
3 16.16

-3 28.10

~3 89.82

+0.049
0.071
0.004
0.118
0.138

0.161
0.183
0.204
0.225
0.247

-0 267
0.288
0 308
0327
0 346

-0 364
0382
0399
0413
0 430

-0.245
0.458
0.470
0 482
0 492

1-0.501
0.500
0 518
0.522
0.527

-0.532
0535
0.538
0.539
0.540

-4.540
0.539
0.537
0.535
0.531

-0.527
0.522
0.516
b.500
0.502

-0.493
~0.484

hm s
15 36 49.16
15 40 45.71
15 44 42.27
15 48 38.83
15 52 35.39

15 56 31.94
18 0 28.50
16 4 25.08
16 8 21.61
16 12 18.17

16 16 14.73
16 20 11.29
16 24 7.84
16 28 4.40
16 32 0.96

16 35 57.52
16 39 54.08
16 43 50.63
16 47 47.19
16 51 43.75

16 55 40.31
16 59 36.87
17 3 33.42
17 7 29.98
17 11 26.54

17 15 23.10
17 19 19.68
17 23 16.22
17 27 12.77
17 31 9.83

17 35 5.89
17 39 2.45
17 42 59.01
17 46 55.57
17 50 52.12

17 54 48.68
17 58 45.24
18 2 41.80
18 6 38.368
18 10 34.92

18 14 31.47
18 18 28.03
18 22 24.59
18 26 21.15
18 80 17.71

18 34 14.27
18 38 10.82
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local time, we must first change the given local time into the corre-
sponding Greenwich time.

Ezample: Find the right ascension of the sun for July 1, 1929, 3" 35™ p.m
at a place whose longitude 1s 5" west of Greenwich.

a.

Local Cwil Time (12" + 3" 35™). .
Longitude from Greenwich (to be added)

Corresponding Greenwich Civil Time

b. This time is 3%.417 (24® — 20® 35™) before Greenwich 0" of July 2.

h m 8
Sun’s R.A., July 2 (from Ephecmeris) 6 41 50.65
Change in —3".417 = (—3.417) -
(+10°.340) = —35.33
Required R.A.........ooiiiiiiett, 6 41 15.32
SUN, 1929.
FOR WASHINGTON APPARENT NOON
Sidereal
Apparent Var. Var. Equation | Var. Lesm'l‘ of 'l‘t%::ol
Da fed * | . Apparent . ! - |  Bemi- Civi)
| dscoita, | o tlon. | P [t o] e, | tsmoter. [PegEcEase | CivilTime.
h m [ s . ’ ” ” m 8 8 ’ ” m 8§ h m s
May 17]3 35 52.04| 9.921]+19 19 48.3 | +33.81 | —3 45.41 | +0.085] 15 50.50 f 1 7.34 | 15 37 39.80
18 § 3 39 50.43( 8.944] 1933 9.9| 3298] 3 43.568| 0.088]1550.31] 1 7.42 | 15 41 36.35
19 | 3 43 49.36] 9.967] 194611.5| 32.15] 3 41.22| o0.110]1550.13] 1 7.49 | 15 45 32.91
20 | 3 47 48.83 | 9.989] 1958562.8| 31.30] 3 38.33| 0.132]1549.95] 1 7.57 | 15 49 29.47
21 ] 3 51 48.83 | 10011] 201113.7( 3044] 3 34.89| 0.154]115 49.77} 1 7.65 | 15 53 26.03
22 | 3 55 49.36 | 10.033 | +20 23 13.9 | +20.57] —3 30.92 | +0.176 1 15 49.60] 1 7.72 } 15 57 22.58
23| 3 59 50.42| 10.055] 203453.2] 28.70] 3 26.43| 0.198]1549.43} 1 7.79 |16 119.14
2414 352.00]|10076] 204611.4| 27.81] 3 21.43| o.219§1549.26f 1 7.87 {16 515.70
2504 754.09|10007] 2057 8.2( 26.02] 3 15.91| 0240}1549.09] 1 7.94 |16 912.25
2614 1156.69|10.18] 21 743.4| 26.01] 3 9.88] 0.261]1548.92] 1 8.00 ]1613 8.81
27 | 4 15 59.78| 10.139 | +21 17 56.8 | +25.10] —3 3 36| +0.282} 15 48.76] 1 8.07 | 16 17 5.37
281420 3.36|10159) 212748.2| 24.18] 2 56.36| 0.302]1548.60] 1 8.14 | 1621 1.93
29| 424 7.42{10079) 213717.4( 23.25] 2 48.88| 0.321]1548.44] 1 8.20 ] 16 24 58.48
30§ 428 11.95| 10.198] 214624.2| 22.31] 2 40.94| 0.340] 15 48.28] 1 8.26 ] 16 28 55.04
81]43216.92|10217] 2155 8.4| 21.37] 2 32.55| 0.359]1548.13] 1 8.32 | 16 32 51.60
June 1] 4 3622.33)10.235§+22 3 29.8|+20.42] —2 23.72 | +0.377] 15 47.99 ] 1 8.38 | 16 36 48.16
21440 28.17 | 10.252] 221128.3| 19.45] 2 14.46| 0.394]1547.85] 1 8.44 ] 16 40 44.72
344434411028 2219 3.6| 1848] 2 4.80| 0.410§1547.71| 1 8.49 | 16 44 41.27
40448 41.03{10.283] 222615.5] 17.51] 1 54.76| 0.426] 15 47.58] 1 8.54 | 16 48 37.83
5] 452 48.0210.208] 2233 4.0 16.53] 1 44.35] 0.441]1547.45] 1 8.58 ] 16 52 34.30
6 ] 4 56 55.36 | 10.312 | +22 39 28.7 | +15.5¢ | —1 33.61 | +0.45¢] 15 47.33] 1 8.63 | 16 56 30.95
715 1 8.01|10335] 224529.5| 14.54] 1 22.55| o.467]1547.21] 1 8.67 |17 027.51
815 510.95| 1033 2251 6.3] 13.53] 1 11.20 0.478}1547.20| 1 8.71 | 17 424.06
915 919.15|10.347] 225619.1| 12.52] 0 59.58| o0.489]1546.99) 1 8.75 | 17 8 20.62
10513 27.60| 10357} 23 1 7.6] n.s) 0 47.73| o.498]1546.89] 1 8.78 | 17 1217.18
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Thus far in securing data for the sun, we have referred only
to the meridian of Greenwich. Part II of the American Ephem-
eris gives similar data for the meridian of Washington, for
Washington Apparent Noon (see page 145). The tables are
especially convenient when it is required to obtain data for a
given apparent time. The longitude of Washington is 5" 8"
15°78 west of Greenwich.

APPARENT PLACES OF STARS, 1929.

CIRCUMPOLAR STARS.
FOR THE UPPER TRANSIT AT WASHINGTON.

43 H, Cephet, | @UmMRMinors. | g ouanys | Groombridge 750. | Groombridge 944.
Mag. 4.52 ﬁ;%’“’z"‘lg Mag. 5.63 Mag. 6.70 Mag. 6.41

Wash| Right | pogy. [Weab| Right | p.0 Iwash| Rignt Wash | Right Wash| Right
Civil | Asoen- " | Civil | Ascen- - | Civit | Ascen- | Decli* I Cyvi1 | Ascen- | Do¢U- | Ciwal | Ascen- | Decll-
Time.| ‘ston. |80l yme | ‘sion. |28tionLyimg | “sion. |28tion.|ime | “sion, | 284100 | Time, | sion. | Dation.

hm e/ hm * hm v hm ° v hm .
June| 058 |+855% Tune| 135 |+8855Tune| 141 |-85 7Tune 413 +85Z!TJ‘u.ne 538485 0
8 " 8 " s " 8

0.8|28.24(2494] 0.4|19.04| 1418 0.4]11:20 | 24.07] 0.5|19.36 | 6262

1.3|28.47 | 24.81] 1.4|19.81{14.00] 1.4]11.48(24.69{ 1.5]|19.41|62.36] 1.5|45.28| 64.73
2.328.71|24.66] 2.4|20.6613.81] 2.4|11.63 |24.43| 2.5]19.46 | 62.07] 2.5|45.24| 64.44
3.3 28,00 [24.52| 5.4|21.60|13.62] 3.4| 1070|2417 ] 55| 10.54|61.78] 355]|45.23| 6412

"

s
0.5 |45.31| 65.00

4.3|29.30 | 24.41| 4.4|22.63]13.43| 4.4]|11.93]23.91| 4.5/19.63 | 61.46] 4.5]45.22| 63.80
6.3|20.61|24.30| 5.4]23.7413.28] 5.4)|12.0723.65] 5.5(19.76 | 61.14] 5.5 |45.24| 63.48
6.3]29.94 | 24.21] 6.4|24.91(13.13] 6.4]{12.20|23.38] 6.5|19.91|60.84} 6.545.28| 63.11
7.3)0.27 | 24.16] 7.4|26.08|13.01| 7.4]|12.33]|23.08] 7.5|20.08 | 60.55] 7.5|45.34| 62.79

8.3|30.59 | 24.13} 8.4|27.21 |12.92| 8.4|12.48|22.76] 8.5]|20.25|60.30] 8.5|45.43| 62.560
9.3]30.89 | 24.12| 9.4(28.28[12.86] 9.4|12.66|22.44] 9.5]|20.43|60.06] 9.5|45.51| 62.21
10.3 | 81,18 | 24.11] 10.3 | 29.27 | 12.80 | 10.4 | 12.86 | 22.12 | 10.5 | 20.57 | 59.86 ] 10.5 | 45.68 | 61.97
11.3 | 31.44 | 24.08 | 11.3 | 30.18 | 12.72 | 11.3 | 13.08 | 21.81 | 11.5 | 20.71 | 69.66 ] 11.5 | 45.64 | 61.72

12.3 | 81.68 | 24.04 ] 12.3 | 31.05 [ 12.63 | 12.3 | 13.30 | 21.53 | 12.5 | 20.83 | 50.43 | 12.5 [ 45.60 | 61.48
13.3|31.92 | 23.99 | 13.3 | 31.92 | 12.53 | 13.3 | 13.52 | 21.27 | 13.4 | 20.93 [ 59.21 | 13.5 | 45.72 | 61.22
14.382.19 { 23.93 | 14.3 | 32.83 | 12.40 | 14.3 | 13.73 | 21.03 | 14.4 | 21.04 | 58.97 | 14.5  46.73 | 60.94
15.3 | 32.46 | 23.86 | 15.3 | 33.80 | 12.29 | 15.3 | 13.93 | 20.83 | 15.4 | 2115 t58.70 15.5 | 45.76 | 60.65

36. To Obtain from the Ephemeris the Apparent Place, at a
Given Instant, of a Circumpolar Star.—The apparent places of
17 northern and 18 southern circumpolar stars are given in order
of their right ascensions in Part II of the Ephemeris for every day
in the year, for the time of their upper transit at Washington.
To obtain their apparent places at any other time, a direct
interpolation is necessary.
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Example: Compute the apparent declination of Polaris for June 3, 1929,
9" 45™ p.M. at a place whose longitude is 8" west of Greenwich.

h m 8
Given longitude.......................... ]
Longitude of Washington.................. 5 8 15.78
Difference in longitude or time ............ 2 51 44 22
Given civil time (12" + 9" 45™) ........... 21 45 000
Corresponding Washington Civil Time...... 24 36 44 22

This is equivalent to June 4, 0" 36™ 44122 or approximately, June 490.
From the Ephemeris (sce page 46, of this book), we have:

o ’ ”n
June 3%.4, declination of Polaris ........... 88 55 13.62
June 4.4, declination of Polaris . .......... 88 55 13 43
Variation moneday. . . ............ 019
Variation in 0.6 day = (0.19) - (0.6)....... 011
Hence, required declination... ........... 88 55 13.51
Observe:

a. Our first task was to change the given time into the corre-
sponding Washington time.

b. June 34 means that on June 3 at approximately 10"
(0.4 - 24") Washington Civil Time, Polaris will cross the meridian
of Washington.

36. To Obtain from the Ephemeris the Apparent Place, at a
Given Instant, of the Ten-day Stars.—The apparent places of
790 stars are given in order of their right ascension in Part 1I
of the Ephemeris for every 10 days throughout the year, for the
times of their upper transits at Waghington. In the first
column (see page 48 of this book) of each page is given the
day and tenths of day of the approximate Washington Civil
Time of their upper transits. In the computation of the places
for these stars, the short-period terms of the nutation were not
included. If great exactness is required, these terms must be
included.

Approximate apparent places of 10-day stars (correct to about
a tenth of a second in R.A. and one-tenth of a second in dec-
lination) may be obtained from the tabulated values by direct
interpolation.
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APPARENT PLACES OF STARS, 1929.
FOR THE UPPER TRANSIT AT WASHINGTON.
@ g‘;v.'j:‘)'- 9 B. Urse Minorts.| 70 Virgints. ¢ Virgints.
Whlagn AT Msg. 6.07 Mag. 5.18 Mag. 3.44
Right Right Decl i
= ten | acmeht, | Do | ety | Do | psiee. | D
h m * h m LIS h m L h m s ¢
18 21 | -1047] 13 24 | +7244] 13 24 | 414 9] 13 31 | -0 18
[ ”n [ ” ] n s ”
Jan. 13)2s763_ |22.30 | 1887 | 79.72 56935 |24.20, | 3212 |58.44
139
113 | 26.106 20 | 20,48 0| 1011 %[ 78.33 " w677 20 2200 % | 3.548 50 | 60.57 20
21.2 | 28.442 1 26.58le 20.58 5 | 77.50 | 57.014 s 200 1o 3.880 3 | 6261 77
312 | 26.762 1o | 28.62 s | 2140 5| 77.62—| 57,330 o | 18.50 |0, | 4.199 .0 | 64.48 1]
Feb. 10.2 | 2r.057, |s055 | 2210 | 7811  |sv.640, |17.96 4} 4485, | 6611
20.1 | 27.323 3 | d2.91 o] 291 | .38 57.010 77 | 1642 4764 50| 67.60 1)
Mar. 2.1 | 27.657 1oy | 33.87 10 | 2852 o) | 811117 58149 2 15.96 | 5.002 0 f68.50 '
121 | 27.754 1 35.22 30| 2403 7| 8336 | 58.351 0 | 15.88 | 5.204 1 69.39
221 |2r.05  |36.34 | 2041 , 8590 |s8514  |1614 | 5371, [69.82 o
Apr. 10| 280002 | 3723 D1 2066 ,, | 888722 s8.640 1 | 1670 0| 5.503 117017
110 | 28134 3700 ¢f 2477 5| o800 571 117.50 f 5.003 L} 7020 <5
12 12 Ths 1hs 57 |13 L M 68, 13
209 28,108 ,;[38.97 5| 2478 | [0493 58788 4| 18.49 el 5671 4 [002
30.9 | 28.220 3865 15| 20.62 13| 97.867% | s8.817 — |10.01 7] 5712 | 6968
May 109 28208 | 38.78 = | 2437 % 10059 7" | 58.816 | 2070 0} 5726 ) 69.21 (¢
200 |28.228 % as7r | 2001 5 os007  osros 2108 T} 5717 6865
309 |28.08r  [ases | 2367  Jios.04  [se7as  |2312 | s.6ss | 68.04
June 9.8]28.133 31 38.37 3] zor 2100.64::‘1’ 58.684 o | 2419 "oy | 5.635 w8740 o
10.8 | 28.061 . 3802 5| 2252 % o775 58603 ol 2515 of 567 oM 65 o
208 |27.0m5 % |37.00 9] 21002 & 108.34 % se.512 0112595 ¢ 546 o[ 6612
iy o8lezres  |su | 21s1 08307 Jesos 2658 | 5392, |65.88
10.7 | 22773 1% | 3657 1] 2060 o [107.89 1 68.296 |71 27.04 o | 5.288 001 64.99
2.7 | 27,088 110 35.00 0| 20.08 7 f106.87 1% 58181m 21.98 ,| 5179 06453 3
Aug. 87 |21.652 1 | 35.39 | 19.50 o, [106.34 0 168.068 ;101 27.50 | 5.069 | 6415
187 |2r.447 oo 3481 | 1808  f0832, [o7.058 o |27.08 | 4.963 o] 6380
28.6 [ 27.354 75| 34.27 55| 18.47 §f [100.86 70| 57.861 o[ 26.64 0] 4.805 g | 63.74 —
Sept. 7.6 |21.210 (,(33.80 5| 18.08 5, | 98.01 7 57.770 | 25.05 0] 4.786 o5 63.75 ¢
17.6 | 222 | 92,44 o] 172 31| 947975 | 57.728 jod P2 ] 4727 5| 6398
278 | o8| sa.24 | w47 3| o0 T ren | 22 4609~ 6431 o0
oct. 7.5|2r.208 fssnT | w2 |erer  Joros Mo23e N oame oo
175 | 21,288 %' ss.a1 X 17,20 | 88703 7755 (0| 20,64 00 4753 06574 %
275 | 2398 10 | 33.88 30| 17.99 2| 79.77 7 67.850 411870 Y 4,846 | 66.84 0
Nov. 6.4 |27.547 2% [34.60 ™| 17.61 7| 75.86 7, | 57.001 16.55 1o | 4.985 Lo | 68.17 "
164 |27.7148 2% | 3561 ' | 17.96 | 72.05 05 | 88180 0 | 14.20 7] 5171 01 69.75
26.4 | 27.993 38.91.» 1843 | 6847|8412 {1173 | 5401, |71.54
Dec. 6.4 28275:’ 38.48 1| 19.02 o 65.19 2] 58.685 7 | 9.10 7y | 567057 | 73.52 2
16.3 | 28.580 24| 4023 17| 10.70 17| 62.32 7] 58.980 6.65 2| 5.971 0, [ 75.64 517
2.3 | 28,0223 | 4217 24| 2048 | 0.7 o  89.914 S| 41870} 6203 T8 77827
36.3 | 20.266 **| 44.22 ™| 21.28 2| s8.17 "] 50.658 | 1.6 ] 6.620 ** [ 79.99
Mean Placo | 26,048 28.95 | 19318 9569 |57.363 2696 | 4371  60.44
Secs, Tans| 1.018 0191 | 8374 +3.222 | 1031  +0.252 | 1.000  —0.004
Dya, Doa  |+0.088  —0.012 | +0.030 +0200 |+0.059  +0.016 [+0.06L  0.000
Dy Da |-037 -035 |-097 -036 |-037 -036 [-0.37  -0.39

Notz.—0* Washington Civil Time is twelve hours before Washington Mean Noon of the same date.
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Ezample: Obtain the right ascension of Spica, Jan. 6, 1929, for the upper
transit at Denver (long. 6® 59 47572 W).
From the Ephemeris we have,

Date Right ascension Declination
d h m 8 ° ! "
Jan. 1.3 13 21 25 763 —-10 47 22 39
0 343 —2.09
Jan. 11.3 13 21 26.106 —10 47 24.48

The transit at Washington will occur throughout the interval of 10 days,
0.3 of a day after Washington 0" Civil Time. The transit at Denver
will occur throughout the interval of 10 days, about 2" (6" 59™ 47772 —

5% 8™ 15%78) later, or 0.4 (0.3 + 224) of a day after Washmgton 0" Civil

Time. That is, the required transit will occur on Jan. 64 Washington
Civil Time, hence the coordinates of Spica will be:

R.A. for Jan. 614
Decl. for Jan. 6.4

13" 21™ 2576 + 5.1+ (0%034) = 13" 21™ 25%0.
—10° 47’ 22739 + 5.1 (—0209) = —10° 47’ 23”5.

*To Obtain from Ephemeris the Apparent Place of Ten-day
Stars.—In the above example the short-period terms for nutation
were not included. These terms attain two maxima and two
minima during a month. At maximum and minimum they
may amount in right ascension to + (0020 + 07008 tand) and
in declination to +0"/13.

To compute the apparent place of a star at any instant we
must first interpolate for the given date from the 10-day Ephem-
eris, and second apply to this the correction Aa for the effect
of the short-period terms in right ascension and Aé for the corre-
sponding effect in declination. From the American Ephemeris:!

Aa = Dya- 8"V + Dya - 8.

AS =Dy5- 8"y + Db+ ' (28)

Dya, D,a, D,8, and D, are the coefficients of the short-period
terms of the nutation and are given for each star at the foot
of the page of Apparent Places (see foot of page 48 in this
book). &'y and 8w are the terms of short period in nutation
and are given in the Ephemeris under that title.2

1A.E,, p. 201, 1929.
2 A.E, pp. 215 and 216, 1929.
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Ezample: Compute the apparent place of Spica, Jan. 6, 1929, for the
upper transit at Denver (long. 6® 59™ 47°72 W). We interpolate first,
for the 5.1 days [as before].

Jan. 64 o = 13" 21™ 25763 4 5.1+ (0°034) = 13" 21™ 25%936.
5 = —10° 47’ 22”39 4 5.1 (—07209) = —10° 47’ 23"46.

From the foot of the same page of the Ephemeris (sec page 48 of this
book), we obtain,
Dya = 0.063 Dya = —0, 012
Dys = —0.37 D,5 = —0 35.
We obtain from the Ephemeris for the nutation terms of short period the
following:

Date 8"y ' 5w
Jan. 6 -0.17 —-0.01
Jan. 7 -0 16 —0.05
Hence, for
Jan. 6.4 -0 17 —-0.03
Equation (28) gives
Ac = 0.063 « (—0.17) 4+ (—0.012) - (—0.03) = —0%011.
AS = —0.37 - (=0.17) + (—0.35) - (—0.03) = + 0.'07.

Therefore,
a = 13" 21™ 50°036 + Aa = 13" 21™ 50°025.
5 = —10° 47 23746 + As = —10° 47’ 23739,

37. Double Interpolation.—The last part of the American
Ephemeris contains many useful tables to facilitate the deter-
mination of approximate latitude and azimuth from observations
on Polaris. These tables present the tabular values in terms of
two variables, and to obtain the value required a double inter-
polation is necessary. The tabular intervals are small, hence,
a straight-line interpolation is made for each variable beginning
with the nearest tabulated value.

Example: Suppose it is required to find the azimuth of Polaris in 1930,
when its hour angle is 8" 34™, at a latitude of 38° 40’ N. Table IV of the

1930 Ephemeris gives
AzIMUTH OF POLARIS

Lat. ° o
HA. 38 40
h m o ! o !
8 30 1 391 5.7
8 40 1 1.7|1 3.4
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For the hour angle of 8" 34™ and lat. of 38° N the azimuth =1°30
Tor the hour angle of 8" 34™ and lat. of 40° N the azimuth =1°48
Hence

For the hour angle of 8" 34™ and lat. of 38° 40’ N the azimuth = 1° 3'6.
The interpolation may also be effected as follows. The table shows
that the azimuth decreases with hour angle and increases with latitude.
The decrease due to hour angle is , - 2.2 = 0.88. The increase due to
latitude is 1% + 18 = 0.6. Hence the required value is,
1°39 - 09 + 06 = 1° 36

and the star is 1° 3.6 west of north. This method is well adapted to cases
where more than two variables are involved.

38. Star Catalogues.—For ordinary observations the list of
stars given in the Ilphemeris is usually sufficient, but occasionally
it is desirable to employ stars not included in this list. If we
observe such stars, star catalogues must be consulted to obtain
their coordinates. These catalogues contain many thousands
of stars whose positions have been accurately observed and
their mean places computed for the beginning of a stated fictitious
year. The beginning of the fictitious year differs from the begin-
ning of the ordinary year by a fraction of a day, and it is defined
as the instant at which the celestial longitude of the mean sun
is 280° (celestial longitude in the system of coordinates where
the ecliptic is the fundamental circle corresponds to right
ascension in the equator system).

Stars in these catalogues are arranged according to their

right ascensions. One of the most important catalogues is
Boss’s “ Preliminary General Catalogue.” It is computed for the
epoch of 1900, and contains 6,188 stars.
*39. Reduction of Mean Place of a Star from One Epoch to
Another.—Usually catalogues give the mean place for the
beginning of the fictitious year of the catalogue. To change
this to the mean place of some other year, with a high degree
of accuracy, is a long and involved piece of work, and the method
is not to be given here. However, for the purposes of the
astronomer in general, a sufficient degree of accuracy may be
obtained by using the reduction formulas given in modern
catalogues.

The work of reduction is expressed in the form of two formulas,
one for right ascension and the other for declination. These
are usually explained at the beginning of the catalogue. They
may be given in the form:
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ag (epoch T) = a¢’ (epoch Ty) + (annual variation) - ¢ +

(337 secular var.) - %
o (epoch T) = &' (epoch 7o) + (annual variation) - ¢ +

(33w secular var.) - %

Where a, and 8, are the mean coordinates of the star for the
beginning of any year T, and «,/, and §,’ are the coordinates of
the star given in the catalogue of the year To. The annual and
secular variations are given for each star in the catalogue.

T — T, = t, number of years since the epoch of the catalogue.

In some catalogues, e.g., Boss’s ‘Preliminary General Cata-
logue,” the annual variation includes u and u’, the annual proper
motions in right ascension and declination, respectively. If
they are not included add ut to ao and u't to .

Ezxample: Tind the mean place of B.3080 for the epoch of 1929.
From Boss’s General Catalogue, we obtain:

Magn. R A, 1900 An var | Sec var Decl., 1900 An. var. | Sec. var

B.3080| 5.3 |11 36™ 445204 |+2%877 (4070181 || —31° 56’ 38"'71| — 20”010 — 0”036

and from the above formula, we have:

ao(Jan. 096, 1929) = 11" 36™ 442204 4 2°9877 - 29 +
253(020181) - (29)2 = 11® 38™ 117013,
—31° 56" 38771 + (—20."010) - 29 +
s35(—07036) - (29)2 = —32° 6’ 19715,

5,(Jan. 0%, 1929)

*40. Reduction of Mean Place at the Beginning of a Year, to
the Apparent Place at Any Given Instant.—Having the mean
place (Art. 39) for the beginning of the desired year, to obtain
the apparent place for the instant required, we must correct for
precession and proper motion for the fraction of the year and
likewise for nutation and annual aberration. The formulas
for this reduction, together with explanations are given in the
American Ephemeris, (see pages 200 and 201 of year 1930).
There are two sets of such formulas given; the second set is a little
more desirable when reductions are to be made for only a few
stars. This set is:
a=a+f+f 4+ + 759 sin (G + ao) tan §, +

15h sin (H + ag) sec 8 (in time).
8 =8+ 7u + gecos (G + an) + hcos (H + a) sin &, +

7 cos (in are).
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The significance of the symbols used, and an example worked
in detail, may be found on page 761 (year 1930) of the American
Ephemeris.

Ezample: Star: B.5283 Date: July 30, 1930
° ’ h m s
G 317 46.2 Cleveland Sidereal
Time............. 20 31 39
ag 307 54.0 Correction to Washington 0 18
H 146 0.4 Washington Sidereal
Tme............. 20 49 39

@ + a0) 625 40 2
(H + o) 453 54 4

u = +0°.0028 u’' = —0".003 7 = 0.5754

log g 1.0784
log X5 8.8239 ~ 10 log cos (G + a) 8.8780 — 10 (n)
log g 1.0784 _
log sin (G + ay) 9.9988 — 10 (n) 9.9564 — 10 (n)
log tan & 0.0220 —07905
9.9231 — 10 (n) logh 1.2987
—0:838 log cos (H + a;) 8.8333 — 10 (n)
log sin & 9.8602 — 10
log {5 8.8239 — 10 _
log 1.2987 9.9922 — 10 (n)
log sin (H + @) 9.9990 — 10 —07982
log sec & 0 1618
_— log ¢ 0 6834
10.2834 — 10 log cos & 9.8382 — 10
+1:920 _—
10.5216 — 10
+37324
h m 8 ° ! "
ay 20 31 37.393 8o 46 27 9.929
™ +0.002 Tu' —0 002
/ +1.356 —0.905
A +0.003 —0.982
—0.838 +3.324
+1.920 _
—_—— 5 = 46 27 11.36
a = 20 31 39.836
Exercises

1. The angle that the line joining the earth and a star makes with the
direction of the earth’s motion is 90°. The orbital velocity of the earth is
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18.5 miles per second, the velocity of light is 186,300 m.p.s. Find the angular
displacement of the star due to annual aberration.

2. The following stars were observed as they appeared to be crossing
the upper meridian of Cleveland (lat. 41° 32" N):

Declination
a Andromedse .. ... ... aaae. +28° 42’
BCeti . & i i e e ... —18°22'
38 Cassiopei®.. . ..... +o. oot e caann .. +69° 54’

Find how late they crossed the meridian on account of the diurnal
aberration.

8. How many years would it take the vernal equinox to move 10°?

4. Obtain the apparent R.A., declination of the sun, and equation of time,
for June 11, 1929, 7* G.C.T.

6. Obtain the cquation of time for June 1, 1929, 4" 30™ p.M. Local
Civil Time at a place whose longitude is 6" 30 west of Greenwich.

6. Obtain the apparent declination of the sun for Dec. 11, 1929, 9h
Washington Apparent Time.

7. Obtain the apparent R.A. and declination of Groombridge 750 (see
page 46 of this book) for June 6, 1929, 5P 15™ A.m. at a place whose longitude
is 2" 10™ cast of Greenwich.

8. Obtain thc apparent place (give results to tenths of seconds) of 70
Virginis (sce page 48 of this book), Nov. 7, 1929, for the upper transit at
St. Louis (long. 6" 0™ 49726 W).

*9. Obtain the apparent place of 70 Virginis, Nov. 7, 1929, for the upper
transit at St. Louis (long. 6° 0™ 49726 W). Include in your result the short-
period terms of nutation.

10. The following data were taken from the American Ephcmeris:

AzmvorH oF Poraris, 1930

Lat. ° o
HA 448 +50
h m o ’ o ’
7 0 1 32.0 1 357
7 10 1 308 1 344

By means of double interpolation, compute the azimuth of Polaris when its
hour angle is 7" 8™ 15%, at the latitude of 48° 51’ N.

*11. From Boss’s *Preliminary General Catalogue,” we obtain the mean
place of v Leonis for the epoch of 1900. Find its mean place for the epoch
1930.

Coordinates ‘ An. var. ‘ Sec. var.
R. A, 1900...... 11k 31™ 49716 +3%0716 +0°0004
Decl., 1900....... —0° 16° 18710 —197861 —07046

*12. Obtain the result of Exercise 9 from the mean place of 70 Virginis,
given in the American Ephemeris.



CHAPTER V
CONVERSION OF TIME

We have seen in Chap. III, that the common mode of time
reckoning in everyday life is Standard Time, and that in astron-
omy, we deal largely with three other systems of time reckoning
which, by the nature of their definitions, are local times. These
are:

1. Apparent Solar Time (T%).
2. Mean Solar or Civil Time (T').
3. Sidereal Time (6).

In this chapter we are concerned with two main problems:

a. Given the local time of a certain instant at one place in one
system of reckoning, to find the corresponding local time of the
same instant for another place.

b. Given the local time of a certain instant in one system of
reckoning, to find for the same place the local time of the same
instant in another system of reckoning.

41. To Change Local Time of a Place of Given Longitude, to
Greenwich Time and Vice Versa.—The relation between the
local times of two places and their respective longitudes has
been explained in Art. 27. The method of converting time
where one of the two places is Greenwich will be illustrated
by the following examples:

1. What is the Greenwich Civil Time, when the civil time of a place of
longitude 5" 10™ 15° W is 72 15™ 12°?

h m s
Given civil time. .. ............ .. .l 7 15 12
Longitude west of Greenwich................ 5 10 15
Corresponding civil time at Greenwich . .... 12 25 27

2. Change April 12, 22" 5™ 51° civil time of a place of longitude 6" 25™ 13°
W, into corresponding Greenwich Civil Time.
55
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h m s
Given civil time, April 12. . .. .12 5§ 51
Longitude west of Greenwich ..l 6 25 13
Corresponding Greenwich time.. . .. ........ 28 31 4

or
April 13 ... ..... P S 3 S |

3. The Greenwich Sidereal Time of an instant is 17® 41™ 52°. Find the
corresponding time of a place of longitude 4" 38™ 12° W.

h m s
Given Greenwich Sidereal Time . . .| 17 41 52
Longitude west of Greenwich . . 4 38 12
Required sidereal time .. . . .. 13 3 40

Observe that the difference in time between Greenwich and the given
place s equal to the longitude of the place west of Greenwich, and
that the more easterly place has the later time.

42. To Change Standard to Civil Time and Vice Versa.
(See Art. 28.)

Ezample.

1. What is the civil time of a place of longitude 5" 26™ 16° W, when the
Eastern Standard Time is 7% 12™ 15° a.m.?

h m s
Given Eastern Standard Time.... . ..... .. 7 12 15
Longitude west of 75° meridian . e 26 16
Civil time. . . . .. .6 45 59

2. What is the Pacific Standard Time of 15" 12™ 19° civil time at a place
of longitude 7" 58 42° W?

h m s

Given civil time. .. . . ... 15 12 19

Longitude east of the 120° meridian. R 1 18

Pacific Standard Time.. ............ ...... .15 111
=3 11 1pmMm

43. To Change Mean Time into Apparent Time (T — T,).—
As has been explained in Art. 24, apparent time and mean time
are connected by the equation,

T,—T=E. (29)
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The American Ephemeris gives the equation of time at 0"
G.C.T. for every day in the year; to obtain its value for any other
instant an interpolation (Art. 34) is necessary.

Ezxample.

Find the apparent time of 6® 30™ 0%, Greenwich Mean Time, May 20,
1929.

h m 8
Equation of time of 0" Gi.C.T., May 20, 1929! + 3 40.4
Change of E in 6 30 = (6.5) - (—0'116) = - 0.8
Equation of time at 6 30™, (E).. . . .. + 3 39.6
Given Greenwich time, (77). . .| 6 30 0.0
Apparent time (To = E + T). o .. 6 33 396

To change mean time of any place into apparent time, we must
first convert the given mean time into the corresponding Green-
wich Mean Time (Art. 41) for the purpose of obtaining the
equation of time for the given instant. Having the equation
of time, substitute in Eq. (29) as before.

Ezample.

The Cleveland Civil Time is 1929, July 19 14" 11™ 10°0. What is the
apparent time?

h m 8

a. Cleveland Civil Time, 1929, July 1...... 14 11 10.0

Longitude of Cleveland.. . . .. .... .| + 5 26 16.4

Greenwich Civil Time, July 1... .. ....... 19 37 26.4
b. Equation of time at 0" G.C.T., July 2 -3 39.8

Change of equation of time in 4® 22™ 336

(24" — 19" 37™ 26%4) before 0" =

(—4.376) . (—0%484) = + 2.1

Equation of time at given instant, (E) = -3 37.7
¢. Cleveland Civil Time, 1929, July 1, (T') = 14 11 10.0

Apparent time (T, = E+T) = 14 7 32.3

Observe that there are essentially three steps in the conversion.
a. From the given civil time obtain the corresponding Green-
wich Civil Time.

! See American Ephemeris; or, for this illustration, p. 44 of this book.
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b. With this time secure the equation of time from the Ephem-
eris.

c. Add this equation of time, algebraically, to the given
civil time.

44. To Change Apparent Time into Mean Time (7.— T).
First Method.—Since the Ephemeris gives the equation of time at
0" G.C.T., to secure the equation of time necessary for the conver-
sion from apparent to mean time, we must have at least an
approximation of the Greenwich Civil Time of the given instant.
This may be obtained accurately enough for our purpose by
applying to the given apparent time the equation of time for the
nearest 0" G.C.T. Having this approximate Greenwich Civil
Time, the correct equation of time may be obtained and, hence,
from T, — T = E, the required mean time.

Example: The Cleveland Apparent Time is, 1929, May 25, 5" 30™ 070.
What is the mean time?

h m s

Cleveland Apparent Time, 1929, May 25 . 5 3 00 (€3]
Longitude of Cleveland . ................ 5 26 16 4 (2)
Greenwich Apparent Time, May 25, (1) 4+ (2| 10 56 16.4 3
Equation of time, May 25, at 0" G.C.T ..... +3 19.9 “
Approximate  Greenwich Civil Time

(T =Te=E), & — Ueeeee oo ... 10 52 565 @
Change of equation of time in 10" 52™ 56°5 =

10.882 - (—0"225) = -2 5 G)]
Corrected equation of time at the given

instant, () + @) ........ ... ... ... +3 17.4 (7)
Required Cleveland Civil Time, () — (0)....| 5 26 42.6

Second Method.—The Ephemeris also gives the equation of time
for Washington apparent noon (Part II; see page 45 of this
book); therefore, we may. proceed as follows:

a. Change the given apparent time into that of Washington.

b. Inasmuch as the tabular values given in this table are for
the instant of Washington apparent noon, obtain the interval of
time before or after Washington apparent noon.

¢. Modify the tabulated equation of time nearest to the given
date for this interval. This will be the equation of time of
the given instant. Using this method for the above example,
we have:
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h m 8
Cleveland Apparent Time, 1929, May 25 ....| 5 30 0.0 (1)
Longitude of Cleveland minus longitude of
Washington .. ce. e 18 06 (2)
Corresponding Washington app. time, (1) +
(€ P e ... .. 5 48 0.6 ®
Equation of time for Washington app. noon!
May 25,1929...... . .. ..oiiiiiiia.. -3 15.9 4)
Change in equation of time in 6® 11™ 594
= (—6.200) - (+0:240) = -1.5 ®
Correct equation of time for given instant,
W+ G .... e e -3 17.4 ()]
Required Cleveland Civil Time, 1)+ (©). . 5 206 42.6

45. To Change Mean Time into Sidereal Time (7 — 6).
First Method.—We have seen in Art. 25 that the sidereal clock
gains on the mean, 3™ 56°56 i 24 mean hours and that this gain
for any interval may be obtained from Eqs. (18) or (19) or from
tables. (See Tables II and III of this book or IT and III of the
American Ephemeris.) It is therefore necessary in obtaining
the reading of the sidereal clock for the instant when the mean
clock reads a given time, to know the readings of the two clocks
at some one instant. The American Ephemeris (pages 2 to 17)
gives,? for every day in the year, the reading of the sidercal
clock at Greenwich when the mean clock at Greenwich reads 0".

Ezample 1: When the Greenwich mean clock reads 10° on May 17, 1929,
find the reading of the siderecal clock.

The instant the civil clock at Greenwich
reads O, on May 17, the sidercal clock h m 8
reads .. ..... e e e 15 36 49.16
In 10 mean hours, the sidercal clock will
gain on the mean clock (Table III)..... 1 38.57
+10
The required sidereal timeis............. 25 38 2773
or 1 38 2773

If the given civil time is the local time of some place other than
that at Greenwich, it is first changed into Greenwich time (Art.
41) and the problem is solved as before.

1In this part of the Ephemeris, the equation of time is defined by

mean — apparent = equation of time.
2 See last column, p. 44 of this book.
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Ezample 2: The Chicago Civil Time on 1929, June 6, is 15® 10™ 0%00.
What is the sidereal time?

Chicago Civil Time (7). .. o
Longitude of Chicago.. .. . ......... ...

Corresponding Greenwich Civil Time, (1) +

Sidereal time of 0* G.C.T., June 6.. . .

Gain of sidereal clock in 21 O™ 26784
(Table ITI). .........coovvivin vunn.

Greenwich Sidereal Time, (3) + (4) + )...
or

Longitude of Chicago.....................

Required sidereal time, (6) — (1), § = |

h
15
5

21
16

37

13
5

8

10
50

9

8
0.00
84

26.84
40.31
27.06

34.21

34.21
26.84

7.37

1)
2)

3
4)

5

6)
(¢}

Second Method.—The same result will be obtained if we first
find the reading of the sidereal clock of the given place when the

civil clock of this place reads 0".

The civil clock at Greenwich

reads N\ hours when the civil clock of a place of longitude \ west

reads 0"

It is therefore necessary to obtain the reading of the

sidereal clock of Greenwich when the civil clock of Greenwich
reads \" and from it subtract the given longitude of the place.
This will be the reading of the local sidereal clock when the mean
local civil clock reads 0".

From the example given above:

The sidereal time for Junc 6, 0® G.C.T. is...
and 5" 50™ 2684 (long. of Chicago) mean
time interval later it willbe.............
plus the reduction of this mean time interval
into sidereal (Table III).................

Hence the reading of the sidereal clock of|
Greenwich, when the mean clock reads
5" 50™ 26284 ds. ..... ..... .

Longitude of Chicago.... .. ...

Or the reading of sidereal clock of Chicago
when the mean clock reads 0®is .... ....

16

50

47
50

56

40.31

26.84

57.57

4.72
26.84

37.88

The difference between the readings of the sidereal clocks

of Chicago and Greenwich when their mean clocks read 0" is
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57°57, which is evidently the quantity used in reducing 5" 50"
26’84 mean time interval into sidereal. Therefore, to obtain
the sidereal time of a place of longitude \* west of Greenwich, when
the local civil clock of the place reads 0", add to the sidereal time
of Greenwich O the quantity used in reducing ' mean time interval
into sidereal. This is computed once for all for a given longitude
and, in fact, is printed in the Table of Observatories, in the
American Ephemeris, for the principal observatories under
the heading Reduction from Greenwich to local S.T. of 0"
For longitudes east of Greenwich this quantity is subtracted
as the sign of the table indicates.

The solution of the above example, according to this method, is:

h m ]

a. Sidereal time of 0 G.C.T., June 6..... .... 16 55 40.31
Reduction for 5" 50™ 26°84 from Table III.. +57.57
Sidercal time of June 6, 0" Chicago Civil

Time. . . .. . e 16 56 37.88 )
b. The given civil time (T').. .1 15 10 0.00
To reduce the interval of 1 5 10‘“ into sxdcrea.l
interval (Table III) by adding..... ... 2 29.49
We obtain. . . . .. ... AP 15 12 29.49 (2)
¢. Required sidereal time (9) is (1) + ®... ... 32 9 7.37
orf, 8 9 7.37

There are three steps in the above solution:

1. The reduction of the sidercal time of 0" G.C.T. of the given
date into local sidereal time of 0" local civil time.

2. The change of the given civil time interval after 0" into
sidereal interval.

3. The addition of this interval to the local sidereal time of 0"
civil time.

46. To Change Sidereal Time into Mean Time (8 — T).
First Method.—The process is exactly the reverse of that given for
changing mean time into sidereal.

Ezample: On June 10, 1929, the sidereal clock of a place of longitude
60° W reads 18®. Find the reading of the civil clock at that instant.
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Given local sidereal time (8)...............
Given longitude west of Greenwich.........

Corresponding Greenwich Sidereal Time,
June 10. ... ...l
Sidereal time of 0® G.C.T., June i0..... ..

Sidereal time interval after 0 G.C.T., (1) —

Reduction to mean time inte I'V.Ll from

Table II, for 4* 48™ 33%46..

Greenwich Civil Time, () — (H... ... ..
To obtain from this the required local civil
time (T), subtract the longitude of the

place .. .. ... .. .o Ll

Required Civil Time, T (6) — 6)...........

18

22
17

4

48

47

0

33.46

47 27
46.19

0.00

0 47 46.19

1)
(@)

(3

(4)
%)

6)

Second Method.—As in the second mecthod of the converse
problem (Art. 45), obtain for the given date the local sidereal

time of 0" local civil time.

The difference between the given

sidereal time and the sidercal time just obtained is the time

interval after 0" local civil time.

This interval is expressed

in sidereal units; when changed into mean time units by Table
I1, it will give the required mean time.

Ezxample:

10™ 10°00. What is the reading of the mean clock at that instant?

a. Sidereal time 0" G.C.T., June 30 R

Reduction for the longitude of Cleveland of
5" 26™ 1636 from Table ITI. ..........

Sidereal time of 0" Cleveland Civil Time,

b. The given sidereal time (6) .........

To obtain the interval after O® C. C T
subtract (1) from (2); to do so add to (2).

Sidereal interval after 0® Cleveland Civil
Time, &) — ) ...o.ooo0 il

¢. Reduction of 20° 38™ 5869 to mean interval

(Table II)..........ocovvven i

h
18

18

15

24
39

20

20

m
30

31

10

10

35

8
17.71

53.60

11.31

10.00

10.00

58.69

22.98
35.71

On Junc 30, 1929, the sidereal clock of Cleveland reads 15°

3
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47. Some Hints in Methods of Computation.—In performing
numerical computations, it is well to have in mind the following:

1. Do all your work in ink.

2. Arrange a convenient outline of the computation to be per-
formed, preceding each number to be shown by a statement orname.

3. Do not carry unnecessary decimals. Be guided in this
matter by the accuracy required in the result and by the limit
of accuracy of the tables you arc using.

4. Secure all the numbers wanted from the same page of your
tables at the same time.

Exercises

1. What is the reading of the civil clock at Greenwich, the instant, (a)
the civil clock of a place of longitude 4" 50™ W reads 3 p.m.?  (b) the Eastern
Standard Time is 6 A.m.?

2. What is the Central Standard Time the instant the Greenwich civil
clock reads (a) 8°? (b) 2"?

3. Change 1929, June 25¢ 5° 0™ 0?0 (i.C.T. into Creenwich Apparent
Time.

4, On May 21, 1929, at a place whose longitude is 7" 35™ W, the civil
clock reads 5% 31™ 12°1 p.m.; what is the corresponding apparent time?

B. Change 1929, Junc 2! 16" 0™ 0:0 Washington Apparent Time, into
Washington Civil Time.

6. On April 30, 1929, at a place whose longitude is 105° W the apparent
time is 14" 12™ 41%7. Find the corresponding civil time. Check result by
another method.

7. What is the civil time of apparent noon, on Junc 1, 1929, at a place
of longitude 5% 3™ 27°3 W? What is the Eastern Standard Time at the same
instant?

8. On May 30, 1929, the civil clock of Greenwich reads 7®. What is the
reading of the sidereal clock?

9. On July 2, 1929, the civil clock of Greenwich reads 21", What is the
reading of the sidereal clock?

10. If, on May 20, 1929, the civil clock of a place of longitude 6" W reads
0", what is the reading of its sidercal clock at the same instant?

11. Change 1929, June 22%, 0" civil time, into sidereal time, at a place of
longitude 30° E.

12. The civil time of a place of longitude 5" 30™ W is, on 1929, June 184,
12P 5™ 39°72. What is the sidercal time?

18. The Greenwich sidereal clock on June 1, 1929, reads 19 0 0°0. What
is the reading of the mean clock?

14. The sidereal clock of Cambridge, Mass. (long. 4* 44™ 31%°05 W) on
June 11, 1929, reads 21" 20™ 5173. What is the reading of the civil clock?

16. On June 12, 1929, at a place whose longitude is 10" 0™ 11°83 W. the
sidereal time is 6" 53™ 12'81. Find the civil time of the instant.

16. On May 20, 1929, the sidereal clock of Greenwich reads 0. What
is the corresponding reading of the civil clock? What is the reading, at the
same instant, of the civil clock at a place of longitude 4h 50™ 1071 W?



CHAPTER VI
CORRECTIONS TO OBSERVATIONS

Practical astronomy deals essentially with the solution of the
astronomical triangle. Observed data to be used in the solution
of this triangle must be corrected for instrumental and other
errors. In Chap. VII we shall consider the corrections due
to the imperfect adjustments of instruments; and in this chapter,
corrections due to other causes. The correction for aberration
was considered in Chap. IV.

48. Refraction.—On account of refraction, a ray of light from
a heavenly body passing through the atmosphere suffers a change

z

=

Fiac. 27.—Earth’s atmospheric refraction of light.

\

in direction. If we assume the atmosphere in horizontal layers
of increasing density as we approach the surface of the earth,
the light ray, as it passes from one layer to a denser one,
will bend toward the normal to the interface of the two layers
in the manner shown in Fig. 27. When the ray reaches the
observer at O the object S will be seen in the direction from which
its light enters the eye of the observer so that the heavenly
body appears at S’. For this reason all objects appear higher
above the horizon than they actually are. This displacement
64
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is known as astronomical refraction. The angular amount
of the displacement is called the refraction correction (r) and must
be added to the observed zenith distance.

A simple and tolerably accurate formula may be developed
by neglecting the earth’s curvature and by assuming that all
the refraction takes place at the upper surface of the atmosphere.
Figure 28 shows the ray of light SA refracted at A toward the
observer at O. The angle ZAS is the true zenith distance 2

z Z

N

Vacuum

-~

NANWAAN N NO - v v v ay ANV ONSAN

Fra. 28.--Refraction correction.

of the heavenly body and ZOS’' or ZAS' the observed zenith
distance z’. Hence,

z=2 4. (30)

The physical law of refraction from a vacuum to air may be
expressed by the equation

sin 2 = u sin 2/, 31)

where p is the index of refraction. For air at zero degrees

Centigrade and pressure of 76 cm. u is 1.000294. Substituting
Eq. (30) in Eq. (31) we have,

sin (2 4+ r) = usin 2’
or
sin 2’ cos r + cos 2’ sin r = p sin 2'.

Since r is very small (under average conditions not greater
than 35" near the horizon) we may write 1 for cos r, and r (in
radians) for sin r, hence the last equation becomes

sin 2’ 4+ r cos 2’ = usin 2’
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or
r=(u— 1) tan 2.

Substituting the value of u and reducing r into seconds
(1 radian = 206265''), we have

= 0.000294 - 206265" tan 2’

r = 60.6 tan z’ (32)

The error in this formula of mean refraction becomes greater
as the zenith distance increases and for 70° zenith distance is
about 8. Table IV gives a more accurate value of mean refrac-
tion. As the index of refraction u depends upon the atmospheric
temperature and pressure, a formula expressing the refraction
correction in terms of these two quantities will yicld more accu-
rate results. For example, a closer approximation to the refrac-
tion correction is given by Comstock’s empirical formula
983-b . tan?’

460 + ¢

where b is the barometric pressure in inches, ¢ the temperature
in degrees Fahrenheit, and 2’ the observed zenith distance. For
zenith distances under 75° this formula will seldom be over 1” in
crror.

49. Dip of the Horizon.—When the altitude of a heavenly body
is observed at sca, its angular distance above the visible horizon
or sea line is measured. But, owing to the curvature of the
earth, the visible horizon is below the true horizon. Hence
the angle between the visible horizon and the true horizon,
known as the dip of the horizon, must be subiracted from the
observed altitude of the heavenly body to obtain its true altitude.
The magnitude of this correction depends upon the elevation
of the observer above sea level. Let the observer at O (Fig. 29)
be d ft. above sea level; k' be the observed altitude of the star S,
and & its true altitude (refraction is neglected for the moment).
If the earth is regarded as a sphere of radius R, the dip of the
horizon D will equal the angle OCV. From triangle OCV, we

have
R 1 d\1!
COSD——__F‘d—-—-——d—(l-{—R) .
L4 N

r (in seconds of arc) = (33)
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Expanding (see Note 3, page 192),

D2 D4 d -1
cosD=1——§!—+E— S and(l+R)
d , d?
=1-g+@m— """
d
and since both D and R are small we may retain only the first
| 3
| d
| /,’
/"):\h
ol<Z ' | True Honzon
d D
\4
/ plslb,
%,7?%
R R
=D
c

F1G. 29.—Dip of the horizon.

two terms of each expansion. Therefore

D2 d
or
D (in radians) = 2d,
R
Since 1 radian = 3438’ and R = 20,900,000 ft., we have
D’ = 1.064/d.

This formula, however, does not take into account the fact
that due to refraction the visible horizon seems higher, and thus
the dip is less than the geometrical drawing shows. An approxi-
mate formula for the dip with allowance for the effect of refraction

is

D' =4/d. (34)
That is, the dip in minutes of arc is equal to the square root of the
observer’s elevation in feet.
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60. Parallax (geocentric) is the angle af the heavenly body
formed by two lines, one drawn to the center of the earth and
the other to the place of observation. In other words, it is
the difference in direction of the heavenly body as seen from the
center of the earth and from the place of observation. When
the heavenly body is at the horizon this angle is maximum
(considering the earth a sphere) and is called the horizontal
parallaz (Fig. 30).

Fra. 30.—Geocentric parallax.

To find the horizontal parallax = of the sun, consider the earth
as a sphere and let R be the earth’s radius and p the sun’s distance
from the center of the earth; then from Fig. 30

. R
sin w = > (35)

To find the parallax p of the sun at any observed zenith distance
2/, let z represent the corresponding geocentric zenith distance
and from triangle OS’C we have

sin p _ sin (180° — 2’)
R p
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or

sin p = -1; sin 2’ (36)

and from Eq. (35)
sin p = sin 7 - sin 2’. 37

The horizontal parallax of the sun is given in the American
Ephemeris for every day in the year (see page 44 of this book);
it is never greater than 895 and the average value is 88.
Since the value of p is less than this, we may write in the place
of Kq. (37)

p = 88sin 2. (38)
We see from Fig. 30 that
2 =z+ .
Hence,
z =12 — 8'8sinz. (39)

That is, the parallaxr correction should be subtracted from the
observed zenith distance.

Similarly the parallax correction for the observed zenith
distance 2’ of the moon may be obtained. From Eq. (37) we
have

sin p,, = sin =, - sin 2’.
Hence
Pm = Tmesin 2’ (40)

when 7, is the horizontal parallax of the moon, which is tabulated
in the American Ephemeris.

The mean horizontal parallax (¥.) of the moon may be
obtained from its average distance from the center of the earth
and Eq. (35). That is
sin 7, = Qg%gg—o and 7,, = 56’ 57",

61. Semidiameter.—The angle made at the center of the earth
by the sun’s semidiameter is known as the angular (geocentric)
semidiameter of the sun. If p represents the distance from the
center of the earth to the center of the sun and r the mean
radius of the sun, then we have from Fig. 31 for the angular
semidiameter of the sun S,
sinS ="

P
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or since S is small

(e . r
S (in radians) = - -
p

The Ephemeris gives the value of S for every day in the year;
it also gives the angular semidiameter of the moon for 0" and
12" G.C.T. of each day.

I1a. 31. — Relation between angular and linear semidiameter of the sun or moon
and their distance from the carth.

a. Correction To Be Applied to the Observed Altitude or Zenith
Distance.—Since in making observations of altitude on the sun or
moon it is difficult to sight with accuracy at the center, the limb
or edge is observed. This limb is well defined and the setting
can be made with great exactness. The position of the center
is obtained by correcting the observation for angular semi-
diameter. This is somewhat different for different altitudes, on
account of the fact that the object is nearer to the observer
than it is to the ecenter of the earth (Fig. 30). In the case of the
sun, this difference is too small to be considered; however,
in the case of the moon the difference may be as large as 15”
and must be considered.

Let S be the semidiameter of the sun as obtained from the
Ephemeris, and 2’ the obscrved zenith distance of ils upper or
lower limb (corrected for refraction); then the corresponding
zenith distance of the center of the sun is

z=2+8 (41)

When the upper limb is obscrved the plus sign must be used;
and when the lower, the minus sign.

b. Correction to Be Applied to Angles Measured in the Horizon.—
To obtain the azimuth of a line from observations on the sun
(Art. 99) the horizontal angle from the line to the eastern or
western limb of the sun is measured. This angle is usually
recorded clockwise from the line and is denoted here by A’.  Fig-
ure 32 shows the vertical eircle ZD tangent to the limb of the sun
at B, and the vertical circle ZE through its center C. The
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angle A’ must be corrected by the angle s to reduce the observa-
tion to the center. In the right spherical triangle ZBC the
angle at Z is equal to s, the semidiameter S is obtained from
the Ephemeris, and the side opposite to the right angle is the
zenith distance z of C. From the law of sines,

sin s _ sin 90°
sin S sin 2

Since both s and S are small angles, we may write,

S
® = sin 2 (42)

The correction, s, s to be added to the horizontal angle, A’, when
the eastern limb of the sun is observed, and subtracted when the
western limb is observed. From KEq. (42) we see that z must

Z

North
Pont

Fra. 32.—Horizontal angle correction for sun’s angular seimdiameter.

not be very small, hence the sun must not be observed near the
zenith.

62. Personal Equation.—The error duec to the inability
of an observer to determine the exact instant at which a star
crosses a certain wire in the field of his telescope is more or less
systematic and is known as personal equation. 1t is a trouble-
some correction as it differs not only for different observers but
also for varying physical conditions of the same observer and
varying brightness of stars. It is usually less than one-tenth
of a second of time and hence too small to be included in ordinary
observations with the engincer’s transit, the sextant, or theodo-
lite. It is applied, if known, when accurate determination of
time is made with the astronomical transit (Chap. XII).
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63. Sequence of Corrections to Observed Altitude.—The
corrections considered in this chapter mainly refer to observa-
tions of altitude made with the engineer’s transit, the sextant,
or theodolite. They should be applied to the observed altitude
in the following order: (a) dip of the horizon, (b) refraction, (c)
semidiameter, and (d) parallax. However, inasmuch as the
instruments used do not attain a high degree of precision, they
may be applied in any order. The altitude or zenith distance
thus corrected is usually known as the true altitude or zenith
distance. In the case of land observations on a star the only
correction to be applied is that for refraction.

If the mean of a large number of observations is used for the
altitude, the above corrections may be computed to the nearest
tenth of a second; otherwise they should be carried to the nearest
second.

Exercises

1. Compute the corrected zenith distance of a star, given the observed
altitude equal to 21° 0’ 30"".

2. The height of a ship’s bridge above sea level 18 50 ft.  Find the true
altitude of a star when its altitude as observed from the bridge is 35° 12'.

8. What is the distance in miles of the horizon to an ohserver at an
altitude of 400 {t?

4. What is the greatest horizontal parallax of Mars? Use, for the
required parts, mean values given on page 2.

6. Find the angular semidiameter of the moon using the mean distance
and mean diameter of the moon given on page 2.

6. What is the true zenith distance for the center of the sun on July 1,
1929, when the altitude of its lower limb as observed with the engineer's
transit (free from instrumental errors) is 32° 177 0?

7. The altitude of the sun’s lower limb when observed from a ship's
bridge (45 ft. above sea level) on June 1, 1929, was found to be 25° 26’ 10",
Find the true altitude of the center assuming that there were no instrumental
€rrors.

8. The meridian altitude (south of the zenith) of the moon’s lower limb
is 34° 50’. The declination of the center of the moon 1s +5° 12’ 10”’.  Find
the latitude of the observer. (Use the mean radius of the carth and the
moon and their mean distance given on page 2.)

9. Find the latitude of the observer and the declination of a north cir-
cumpolar star, given:

Observed altitude at upper transit = 55° 42’ 10",
Observed altitude at lower transit = 21° 11’ 45",

10. Find the corrected zenith distance and azimuth of the center of the
sun, at the instant the observed altitude is 40° 47’ 30’ and the azimuth of
the eastern limb is 302° 12’ 15", on July 1, 1929.



CHAPTER VII
INSTRUMENTS

The engineer’s transit, the sextant, and the theodolite are the
principal instruments used in the work of practical astronomy
outlined in this book. The complete theory of these instruments
together with their adjustments is outside the scope of this book;
however, a general description of them and of their ordinary
adjustments will be given. A discussion will also be given of
the attachments used with these instruments to facilitate
astronomical observations. The solar attachment used with the
engineer’s transit will be described in Chap. XI.

64. The Engineer’s Transit.—It is assumed that the student is
familiar with the appearance and ordinary use of this instrument.
It is composed essentially of a horizontal plate and reading circle
carrying one or two levels, two vertical standards resting on
the plate to support the horizonial aris on which a telescope and a
vertical circle are mounted. A level is usually attached parallel
to the telescope tube. The tangent at the center of the inner
surface of the level tube is called the aris of the level. The
horizontal plate is accurately made perpendicular to the axis
of the spindle which carries the weight of the entire instrument;
this axis is the vertical azxis of the instrument.

In the focal plane of the objective of the telescope are placed
two perpendicular cross-wires. The line joining the geometrical
center of the objective and the point of intersection of the cross-
wires is known as the line of sight. If the engineer’s transit is to
be in perfect adjustment the following conditions must be obtained:

a. The azes of the plate levels must be perpendicular to the vertical
azxts of the instrument.

b. The vertical cross-wire must be in a plane perpendicular
to the horizontal axis.

c. The line of sight must be perpendicular to the horizontal axis.

d. The vertical and horizontal azes must be perpendicular.

e. The axis of the level attached to the telescope, and the line of sight,
must be parallel.

73
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f. When the line of sight is horizontal the vertical circle must read
zero.

On account of mechanical imperfections it is highly improbable
that any of these ideal conditions will be fulfilled. They are
regarded as errors and made as small as possible by careful
adjustment. Their elimination is sought by suitable methods
of observation and reduction. For example, to eliminate the
error introduced to a measurement of altitude by the fact that
the vertical circle does not read zero when the line of sight is
horizontal, two observations are made, one with the telescope
direct and the other with the telescope reversed, and their mean
taken. There is of course 180° difference between the two
corresponding circle readings due to the reversal itself.

66. Adjustments of the Engineer’s Transit. a. To Make the
Axzes of the Plate Levels Perpendicular to the Vertical Azis.—Set
up the instrument, bring each of the levels parallel to a line
joining two of the opposite leveling screws, and bring both
bubbles to the center by means of the corresponding leveling
screws. Rotale 180°; correct half the error in each level by
means of the leveling screws and the other half by means of
the adjusting screw at the end of the tube of each level. Repeat
if necessary.

b. To Bring the Vertical Cross-wire into a Plane Perpendicular
to the Horizontal Axris—First obtain a sharp focus of the cross-
wires, by pointing the telescope to the sky. The wires are
properly focused when there is no relative movement between
them and a distant object as the eye is moved across the eyepiece.
Level the instrument and by means of the vertical wire bisect
some small distant object at the upper edge of the field of view,
move the telescope in altitude, and see whether or not the object
remains bisected. If not, adjust by means of the four screws that
hold the ring on which the cross-wires are fastened.

¢. To Make the Line of Sight Perpendicular to the Horizontal
Azis of the Telescope.—Level instrument and bisect with the verti-
cal wire an object a few hundred feet away. Clamp the plates
and reverse telescope on its horizontal axis, and bisect another
object at about the same distance from the instrument. The
two objects are chosen approximately level with the instrument.
Turn the instrument in azimuth and sight at the first object.
Again clamp the plates and reverse the telescope on its
axis. If the cross-wire bisects the second point, no adjustment is



INSTRUMENTS 75

necessary; if not, move the cross-wires laterally one-fourth of
the amount of the deviation by means of the screws which hold
the ring of the cross-wires. Repeat in the same order, also repeat
adjustment b.

d. To Make the Vertical and Horizontal Axes Perpendicular.—
Suspend a plumb line 20 to 25 ft. long, about 15 ft. from the
instrument. Immerse the weight in a pail of water to avoid
excessive swing of the line. Level the plate carefully and bisect
the upper part of the line. If the plumb line remains bisccted
throughout while the telescope is moved in altitude, no adjust-
ment is necessary. Otherwise, adjust by raising or lowering
the adjustable end of the horizontal axis.

e. To Make the Axis of the Level Attached to the Telescope
Parallel to the Line of Sight.—Level the instrument half way
between two points about 300 ft. apart and nearly on the same
level with it. Drive a stake at one of these points, bring the
level bubble to the center of the tube and obtain the reading on
a rod set on the stake. Direct the telescope toward the other
point, again bring the bubble to the center of the tube and drive
a stake near the second point until the rod over this stake gives
the same reading as it gave over the first stake. Now the tops
of the two stakes are at the same level. Set the instrument
outside of the line joining the two and as near to the first stake
as it can be, and still focus clearly on it. Level, and read the rod
set, on the first stake when bubble of level of telescope is centered.
Likewise read rod on second stake. The difference of these
two readings must be made zero. Raise or lower the telescope
by means of its tangent screw so that the reading at the distant
stake is the same as that at the nearer stake. With the telescope
still clamped, center the level bubble by raising or lowering the
adjustable end of its tube.

f. When the Line of Sight Is Horizontal the Vertical Circle Must
Read Zero.—Having made adjustment e, bring the bubble of the
level attached to the telescope to the center of its tube and
adjust the vernier of the vertical circle to read zero. If it is
impossible to make this adjustment, the reading of the circle
at this position, known as the indezx error, is applied as a correction
to all vertical-angle readings made.

66. Reflector.—When the engineer’s transit is used for night
observations, various means are used to illuminate the cross-wires.
Perhaps the simplest method is to throw light from a flashlight
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Fra. 33.—Observing the sun by projecting its image and the image of the cross-
wires of the transit on a piece of paper.
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down the telescope tube through the objective, being careful
not to obstruct the line of sight. The cross-wires appear dark
against the illuminated field.

Most transits are fitted with a special reflector which is mounted
on a ring that fits around the objective and is inclined about 45°
to it; an opening in the center of the reflector allows the use
of the telescope. The light for illuminating the cross-wires is so
held near the inner surface of the reflector that it does not shine
into the face of the observer.

67. Prismatic Eyepiece.—Such an eyepiece is used with the
engineer’s transit in order that great vertical angles may be
observed. It consists of a prism which may be attached to the
eyepiece and which reflects light at right angles; it makes possible
the measuring of altitudes as great as 70°. The prismatic eye-
piece inverts the image in the up-and-down direction but does
not invert it right and left, so that, when the sun or the moon is
observed, care must be excrcised not to confuse the upper and
lower limb.

When the telescope is directed toward the sun, a dense colored
glass attached to the prismatic eyepiece is moved over its open-
ing to protect the eye from the sunlight. Never attempt to observe
the sun without such protection. An equally satisfactory result
may be obtained without the colored glass, by projecting upon
a piece of paper (Fig. 33) the images of sun and cross-wires as
follows:

Bring the sun into the field of view. Pull out the eyepiece and
move the paper toward or away from the eyepiece until the
image of the wires is sharp. Then, by means of the focusing
screw, secure a sharp edge of the sun’s image.

68. The sextant is an instrument for measuring angles,
especially useful because it requires no fixed support, is light,
and is easy to handle. It is well adapted for observations at
sea and for reconnaissance and hydrographic survey.

The sextant consists essentially of a graduated arc ABC
(Figs. 34 and 35) of radius about six inches, with center at O.
An index arm OB is pivoted at O and carries the index mirror M
perpendicular to the plane of the arc. In the line of sight of the
telescope T is the horizon-glass H, fixed at right angles to the
plane of the arc and parallel to the index mirror when the index
arm is set to read zero. The lower half of the horizon-glass H
(.e., the half nearer to the plane of the are) is silvered, while the
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upper half is left clear. One set of colored shades is mounted near
the index mirror and can easily be brought in front of it to reduce
the excessive brightness when observing the sun; a similar set

F1a. 34.—The sextant. (Courtesy of The Warner and Swasey Co.)

is placed near the horizon-glass. The arc is graduated to 10’
and the vernier reads to 10”.

s

sl

Fra, 35.—Principle of the sextant.

69. The Principle of the Sextant.—Let us suppose the instru-
ment in perfect adjustment. Then, to illustrate the principle of
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the sextant let us measure the angle ST'S’ (Fig. 35) between two
stars or two distant terrestrial objccts S and 8’. Point the tele-
scope at the star 8. The pencil of light S’T comes through the
clear part of the horizon-glass I/ and forms an image of the star S’
at the focal plane of the telescope. Rotate the sextant about the
axis of the telescope so that the star S comes into the plane of the
instrument. Slowly swing the index arm until the pencil of
light from S following the path SODT is brought into the field
of the telescope, forming an image in the focal plane. Clamp
index arm and bring the images of the two stars into coincidence
by means of the slow-motion screw. The circle is so graduated
that the reading obtained gives the angle ST'S’. It ¢s erident that
the two images will not coincide unless S and S’ are in the plane of
the instrument. This fact permits aceurate measurements to be
made with the sextant without requiring a firmly fixed support.

If OF and FD represent the normals to the surfaces of the
mirrors M and H, respectively, we have from optics

n=n"and k =k,
and from the triangles ¥DO and ODT,
p'+k=mnand 2k + 2 = 2

where z is the angle ST'S’, and »’ the angle between the normals.
Eliminating n from these equations we have

If p represents the angle of rotation of the index mirror, then
p = p’, since they have their sides respectively perpendicular.
Hence,

x
p=gy
from which we sce that to be able to read directly on the are
of the sextant the angle between the two objects whose images
coincide (¢.e., the angle ) the graduations of half degrees are
numbered as whole degrees (Iig. 36).
60. Adjustments.—The following adjustments should be made
in the order given:
a. To Make the Index Mirror Perpendicular to the Plane of
the Sextant.—Remove the telescope and place the instrument
on a table with the arc away from you. Set index at about the
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middle of the arc and look into the index mirror in such a way
as to see, at the same time, part of the arc by reflection and part
direct. If the two images form a continuous arc, no adjustment
is necessary; if not, tip the mirror by whatever means has been
provided on that particular instrument.

b. To Make the Line of Sight of the Telescope Parallel to the
Plane of the Sextant.—Place the instrument on a table about
twenty feet from a wall and sight along the arc. Mark on the
wall a line in the plane of the arc. Measure the distance from
the center of the telescope to the plane of the arc and mark a
second line on the wall as much above the first as the distance
just measured. Usually the telescope of the sextant is provided
with four cross-wires to mark the approximate center of the
field. Rotate the eyepiece until two of the parallel wires are
horizontal. Now see if the image of the second mark bisects
the space between the parallel wires. If so, the telescope is
adjusted; if not, adjust by means of the screws in the ring which
carries the telescope.

¢. To Make the Horizon-glass Perpendicular to the Plane of the
Seztant.—Point the telescope to a well-defined object: a star,
the sun, or a distant terrestrial mark. Move the index arm
slowly back and forth past the zero mark. If the reflected
image of the object does not coincide with the direct in passing it,
the horizon-glass is not perpendicular to the plane of the sextant.
Adjust by means of the screw provided for that purpose at the
back of the horizon-glass.

d. To Make the Two Images Equally Distinct.—If the direct
image of the object is brighter than the index image, the tele-
scope receives more light through the plain glass and, therefore,
the distance between the telescope and the frame of the instru-
ment should be decreased. The adjustment is made by means
of a screw in the reverse side of the frame.

e. To Make the Vernier Read Zero When the Index Mirror and
Horizon-glass Are Parallel.—The error arising from this is usually
called the index error. Set index at zero and observe a very
distant, well-defined object. If the two images coincide, no
adjustment is necessary. If not, turn the horizon-glass about
the axis perpendicular to the frame by means of the proper screw,
until the two images coincide.

61. The Index Correction.—Since the index error cannot be
depended on to remain zero or even constant from day to day,



INSTRUMENTS 81

it is usually determined before each series of observations. The
amount to be added to the measured angle is called the index
correction (2).

The index of the vernier is said to be on the arc when it is to
the left of the zero mark of the graduated arc, and off the arc when
it is to the right. To determine the index error, make the direct
and reflected images of a star or a well-defined distant object
coincident and observe the reading R of the are. If the index is
on the arc we shall have for the index correction:

Fi1a. 36.—The vernier index is to the right of the zero mark and hence it is said to
be ‘‘off the arc.”” The approximate reading of the angle shown is 359° 15'.

1 = 0° — R, that is, 7 is negative (43)
When the index is off the arc:
1 = 360° — R, that is, 7 is positive (44)

To avoid confusion in reading the vernier when the index is off
the arc, the angle is not read negative but as positive and nearly
360° (Fig. 36).
Erample: Find the index correction (z) from the following six readings
on a star.
359 57 00 359 57 10

56 40 56 50
57 10 57 40
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The mean of the six readings is 359° 57’ 5/, and hence,

7 = 360° — 359° 57’ 5" = 42’ 55".
For solar observations point the telescope to the sun and make the
two images externally tangent. Never observe the sun without
protecting your eye with the dense shades of the sextant. First,
put the direct image below the reflected image, in which case
the vernier index will be on the arc (Fig. 37). It is assumed

Reflected Direct
Image Image
Direct Reflected
Image Image

Vernier Index “on the arc” Vernier Index " off the arc

Fru. 37.— Position of the two images of the sun for determining the index error
of sextant, using the inverting telescope.

here that the inverting telescope is used. The angular diameter
of the sun (D) will equal the vernier reading R, plus %,
i.e.,

Second, put the direct image above the reflected image, in which
case the vernier index will be off the are. If R, is the vernier
reading, 360° — R, expresses the angular diameter of the sun,
provided the index error is zero. However, in this case the
index error affects the result in the opposite direction and, hence,

D = (360° — R,) — 1.
Eliminating D and solving for 7z, we have
i = 180° — }(R, + R») (45)

Ezample: The following readings were taken on the sun for the
determination of index correction:

Onthe Are Off the Arc

0 36 10 359 33 20

20 40

30 30

Mean for R, =0 36 20 Mean for R, = 359 33 30

i = 180° — 180° 4’ 55" = —4' 55".
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62. Measuring Altitude with the Sextant.—When the sextant
is used at sea, the altitude of a star is obtained as follows: holding
the instrument in the right hand, point the telescope at the
horizon directly below the star and move the index arm so that
the reflected image of the star is brought to the horizon in the
middle of the field. To bring the instrument into a vertical

sl

F1a. 39.—Double altitude. The angle that the ray of incidence SA makes
with the mercury horizon is the altitude of the star and is equal to the angle that
the reflected ray AT makes with the horizon. If TH is drawn parallel to the
horizon the angle HTS’ is also equal to the altitude of the star, hence the angle
ATS'’ which is measured by the sextant is twice the altitude.
plane, rotate it slightly about the axis of the telescope by a small
movement of the wrist. This will cause the star image to
describe an arc. By means of the slow-motion screw make
the arc tangent to the horizon. When the altitude is changing

rapidly, as it is in case of stars away
Image of the sun from the meridian, pro.ce.ed thu.s: for a
fromindexmuror  gtar east of the meridian, with the
slow-motion screw slightly increase the
altitude and wait until the arc deseribed
Imageofthesun by the image of the star is tangent to
reflected 1n mercury . T
the horizon; for stars west of meridian,
diminish the altitude and wait for the

F1g. 40.—When the alti-
tude of the upper limb of the tangency as bef(?re‘
sun is observed with the in- When observing the sun, the color
verting telescope, the image . .
rofleoted in the mereury am. sht‘zdes are plac'ed in front of. H.w .mdex
pears below the image from mairror and horizon-glass to diminish the
index mirror. brightness of thefield. Thearcdescribed
by the lower limb of the sun is made tangent to the
horizon.
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When the altitude of a heavenly body is measured on land, the
artificial horizon is used. This is a rectangular shallow basin of
mercury, protected from wind by a sloping roof of glass. The
observer so places himself (Fig. 38) that he can see the image
of the body whose altitude is to be measured reflected in the
mercury, and points the telescope toward'the artificial horizon

o

F1g. 41.—The theodolite. The diameter of the horizontal circle of this
theodolite is 8 inches, the horizontal circle is read by two reading microscopes
to seconds, the third reading microscope gives the degrees and the nearest five
minutes.

so that for “direct image’’ he uses a second image of the heavenly
body, in the place of the horizon. By moving the index arm, the
two images are made to coincide. The reading of the circle gives
twice the altitude; this is clear from Fig. 39. The index correction
must be applied to the double angle.

When the sun’s altitude is measured the two images are made
tangent externally or allowed to move into external tangency.
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This gives the double altitude of the upper or lower limb. Sup-
pose that the inverting telescope is used and that the image
reflected from the mercury is made red by means of the red color
shade, and the other image blue. Then if the red image of
the sun is below (Fig. 40), the upper limb of the sun has been
observed, and if the red image is above, the lower limb. '

63: The Theodolite.—This name is usually given to an instru-
ment designed to measure horizontal and vertical angles much

— — more precisely than the engi-
neer’s transit, although the name
is reserved more correctly for in-
struments in which the telescope
cannot be reversed without being
lifted from its supports. A
theodolite (Fig. 41) is mainly
used for the accurate measure-
ment of horizontal angles.
When it is provided with a large
vertical circle, it is called an
altazimuth instrument and is
especially adapted for astronom-
ical observations for latitude
and azimuth.

In general the theodolite is
larger than the engineer’s transit
and has three levelingscrewsand
a0 a horizontal circle of 8 to 12 in.

F16. 42.—The reading microscope. diameter graduated with 5 or
g;"’“”“u of The Warner and Swasey 1/ divisions. The horizontal

*) angles are read either by vernier
to 5" or 10" or by micrometer microscopes (Art. 64) to a single
second. The plate level or levels are more accurate than those
of a transit, and a striding level (Art. 66) is provided for the
horizontal axis of the telescope. The standards are short and the
telescope much larger than on a transit. The adjustments are
much the same as those of the engineer’s transit.

To level instruments with three leveling screws, set the level
parallel to two of them and bring the bubble to the center by
turning these screws equally and in opposite directions; turn
the level perpendicular to the same pair of leveling screws and
center the bubble by the third screw.
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64. The Reading Microscope.—When it is required to read the
horizontal or vertical circle of the theodolite closer than 5", the
vernier is replaced by the reading microscope (Fig. 42), which
reads to single seconds. It consists essentially of a microscope
which forms an image of the graduations at the focal plane MN
of the objective. In this plane a pair of parallel fine wires
(spider lines) AB (Fig. 43) are placed, and made to move by
means of a micrometer head M. The graduations and wires
are observed with a magnifying eyepiece. The micrometer
screw has a very fine thread and the head is graduated into 60
parts. The circle of the theodolite is usually graduated into

B
0
| 0
| | | =
1 1T
3
“8
A M
Fia. 43.

5’ spaces and when the microscope is properly adjusted five turns
of the screw will move the wires over one space. Hence, one
complete revolution of the screw carrics the parallel wires 1’ and
one division of the screw head corresponds to 1”’. To facilitate
the counting of the whole turns there is in the field of view a saw-
toothed index on which the distance between adjacent teeth
corresponds to one turn of the screw. The center of the field is
marked by a circle on this index. When the micrometer head
is turned in the direction of increasing reading (positive direc-
tion), the micrometer wires move in the direction of increasing
reading of the graduations of the limb.

To read an angle, turn the micrometer head in the positive
direction from the center of the field to the nearest graduation of
the limb. The number of complete turns is obtained by counting
the depressions of the sawteeth which will give the minutes;
and the reading of the micrometer head, the number of seconds.
Figure 43 shows the reading 3’ 38'/7, the 3’ being given by the
sawtoothed index, the 38’7 by the micrometer head. To avoid
lost motion in the screw, the exact placing of the wires over the
graduation is made in the positive direction. The degrees
and the nearest 5’ are read directly by means of the index micro-
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scope which is of lower power and larger field and is mounted on
another part of the limb (Fig. 41).

66. The Error of Runs of the Reading Microscope.—As in
the previous paragraph, suppose we consider an instrument with
horizontal circle divided to 5’ of are. If the microscope is prop-
erly focused and adjusted, five complete turns of its screw will

o

Tra. 44.

carry it from one division of the limb to the next. It is evident
that this can be realized only approximately. The discrepancy
is known as the error of runs and is determined from time to time
by measuring 5’ spaces in different parts of the circle. To
illustrate, let the average reading of 20 divisions be 5 revolutions

T1a. 45.

and 1.5 divisions of head. This will give for error of runs per
minute 1’5 + 5 = 0’3. Suppose it is required to correct
the measured angle of 95° 44’ 30’’2. The correction is to be
applied to 4’ 30"'2 and it is equal to —1'/4. Hence the angle cor-
rected for runs is 95° 44’ 28''8.

Fic. 46.

66. The Spirit Level.—The inclination of the rotation axis
(horizontal axis) of a theodolite or astronomical transit (Chap.
XII) is determined with a spirit level. It consists of a closed
glass tube, nearly filled with alcohol or ether. The upper inner
side of the tube is accurately ground so that the longitudinal
section is an arc of a circle of large radius. The bubble of
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air formed in the tube has the tendency to occupy the highest
position of the arc so that a small change in the inclination of
the tube will cause a motion of the bubble. A graduated scale
on the surface of the glass or on the frame holding the tube
indicates the position of the bubble. Some levels have the
zero at the center and are numbered both ways from it. The
more modern levels have the zero at one end. Figure 44 shows
an ideally adjusted level graduated with the zero at the center,
resting on the supports of the axis of rotation of an instrument.
For convenience in the following description, this axis is placed
in an cast-and-west direction.
Let

w = reading of west end of bubble.

e = reading of east end of bubble.

d = the given angular value of one division of the scale.

b = the vertical angle between the horizon EW and the line
joining the ends of the supports.
The center of the bubble will be 1 (w — ¢) divisions from the zero.
This expression will be positive when the west support is higher,
and negative when lower. Hence,

b= 3w — e)d.

Usually the level is not ideally adjusted: Fig. 45 shows this
case.

Let = be the error of adjustment expressed as an angle.
Then,

b+z=%(w—e)-d. (46)

To eliminate r, the level is reversed as shown in Fig. 46. If ¢
and w’ denote the reading of the east and west ends of the bubble,
respectively, for the level reversed, we have:

b—z =13 —¢)-d. 47
Adding the last two equations, we have:
b=ilw+w)—(e+e€)-d (48)

It is therefore evident that to obtain the inclination of the axis of
rotation of an instrument, we must read the level direct and reversed.
If the zero of the graduations of level is at one end of the tube,

we have:
b=1%lw+e — @ +e)]-d (49)

In this case, we consider level direct when zero of level is east.
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Ezample: The following readings of the level were made at the Warner
and Swasey observatory for determining the inclination of the axis of the
3-in. astronomical transit (d = 0”/85):

Level Direct Level Reversed

w € w' e

82.5 714 92 5 103.6

From Eq. (49) we have:
b = 1(153.9 — 196.1) - 0875 = —8797.

The negative sign indicates that the west support of the instru-
ment is lower than the east. The length of the bubble is the
difference betwcen the east and west readings. In this case
it is 11.1 divisions for both the direct and reversed position. It
is well to check this when level readings are taken.

>

90°ry
Fic. 47.

*67. Correction for Level.—When the axis of rotation of a
theodolite is not horizontal the line of sight will not describe a
vertical circle and therefore the horizontal-angle reading will
require a small correction. Figure 47 shows the axis of rotation
CD when produced piercing the celestial sphere at A and the
telescope pointing to the star S. The angle that CD makes
with the horizon is b, while A4S is an arc of a great circle and equal
to 90°, as it measures the angle between the horizontal axis of
the instrument and the line of sight. If y is the required correc-
tion, we have:

Angle AZS =90° + y, AS =90° ZS =2, ZA = 90° — b.

From the law of cosines of the triangle AZS, we have:
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cos 90° = cos (90° — b) cos z + sin (90° — b) sin 2 cos (90° + 7),
or

sin y sin 2z cos b = sin b cos z.
Since b and y are small, we may write,
y = b cot 2, (50)

where y is in the same units as b, and the value of b is determined
from q. (48) or (49). The cquation shows that the correction
is very small for objects near the horizon. When the observed
star is near the north pole, we may substitute in this formula
for the zenith distance z, 90° — ¢; hence we obtain, :

y = b tan ¢. (51)

68. Chronometer.—Broadly speaking a chronometer is a
large and well-constructed watch used principally in connection
with the determination of longitude at sea. TFor this purpose
it is supported in a ring by two bearings, and the ring is supported
by two bearings at right angles to the first set, so that the
chronometer remains horizontal whatever the inclination of the
ship. A modern chronometer, with ordinary care on board ship,
is capable of an accuracy in the variation of its rate of one sccond
or less per 24 hours.

69. Instructions for Taking and Recording Observations.—
Before beginning a determination, study carefully the directions
and know what you have to do not only to begin but to finish
your work. Always have in mind the object of the determination
and the quantities you have to measure.

Prepare your field book to receive the measured quantities
and have it as complete as possible. Never depend on your
memory for any necessary data, no matter how obvious it may
seem at the time. Assume that someone else at some future
time will do the computing.

As a rule, observations include the time element. The
observatory clock or chronometer is compared with the watch
which is to be carried in the field, just before beginning and
after finishing the observations. Before comparing the two,
set the minute hand of the watch on a minute division mark
when the second hand reads zero.

Focus the telescope with great care so as to secure a sharply
defined image. Keep fingers off graduated circles. They
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tarnish. Take time to level the instrument carefully, and do
not disturb it during the observations. If the engineer’s transit
is used, it is a good plan to read and record the index error of
the vertical circle. Usually the altitude or azimuth of a heavenly
body is observed a number of times. If there is a doubt as to the
correctness of an observation, reject it. Do not permit one poor
observation to spoil a number of good ones.

When the engineer’s transit is used, care must be exercised not
to mistake the stadia wires for the middle horizontal wire.

When the altitude of a star is observed, point the telescope
toward the star selected and get it in the field near the center.
Clamp both vertical and horizontal circles, and, with the tangent
screws, adjust so that the star will be crossing the horizontal
wire near the vertical. After placing the horizontal wire a little
ahead of the star, call to the recorder ‘“Get ready.” The
instant the star is on the horizoutal wire (very near the vertical
one) call “Time.” The recorder records the time of this observa-
tion and also the reading of the vertical circle, which the observer
reads just after he calls “Time.”

A similar procedure is followed in observing the sun.
Observe the limb which is moving off the wire and eall ““Time”
when tangency is reached. The point of tangency should be
near the vertical wire.

The azimuth of a star or the sun is observed in a similar way.
With the horizontal tangent screw, place the vertical wire a
little ahead of the star and call to the recorder ‘“Get ready”;
the instant the star is on the vertical wire (very near the horizontal
one) call “Time.”

Read all horizontal angles clockwisc. For the direct
observations record the reading of vernier A, and for vernier B
record what it actually reads minus 180°. For the reverse
observations record the reading of vernier B, and for vernier A
record what it actually reads minus 180°. This will facilitate
averaging the whole set together.

It is well to plot the observations on cross-section paper before
you begin to compute. Make the r-axis the time axis, and the
y-axis the altitude. The plotted points should be on a straight
line (Fig. 48) if there is no index error for the vertical circle.
Otherwise the direct readings should be on a straight line parallel
to another straight line through the reverse readings. When
azimuth is observed, plot it on the y-axis. If the line of sight



INSTRUMENTS 93

of the instrument is adjusted all the points lie on a straight line,
or two parallel lines, one for the direct and the other for the
reverse readings. If the plotted points are scattered it is well
to repeat the observations. If only one point is definitely off,
reject it.  Plot also the mean point by averaging all the times and
corresponding altitudes or azimuths.

20'
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30’
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10
33° 0 /
o e
whb—

30'p#

Average time with average altitude

20’

10" — —

320 o'
21Mm g™ gm 4m 5™ g™ g™ gm 9™ 0™ 1™ 12™ 13™
Fia. 48.—The altitudes of the star are plotted here against the corresponding
times. All six observations lie on a straight line showing that no error was made
in any one of them. If the index error of the engineer’s transit were not equal to
zero the three direct observations would lie on a line parallel to the line through
the reversed observations.

Exercises

1. a. Find the index correction of a sextant given the following readings
on the upper and lower limbs of the sun:

On the Arc Off the Arc
0 36 50 3569 33 10
37 00 33 30
36 50 33 30

b. From the above readings find the diameter of the sun.

9. To determine the error of runs of the reading microscopes of a theodo-
lite, 10 measures of the 5’ divisions around the circle were made with the
microscopes as follows:

Microscope 4, average of 10 divisions: 4 revolutions 58.3 divisions of head.

Microscope B, average of 10 divisions: 4 revolutions 59.1 divisions of head.
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The head of each microscope is divided into 60 divisions. The angle
of 105° 12’ 17”3 was read with microscope 4 ; find its corrected reading.

3. Find the inclination of the axis of rotation of a transit instrument given
the following level readings:

Level Direct |Level Reversed
W E w’ E’
First Reading: 50.5 10.9 50.8 90.3
Second Reading:| 50.2 10.5 51.9 91.6

The value of one division of level = 0"057. Zcro of level at one end of tube.
*4. Find the correction due to the inclination of the axis of rotation of a
theodolite when the azimuth of Polaris was measured at a latitude of 38°
50’ N. The following arc the readings of the striding level.

w E
Direct: 14.1 11.2
Reversed:| 14.8 11.9

The value of one division of level = 275. Zero of level at middle of tube



CHAPTLER VIIL
DETERMINATION OF TIME

The most accurate means of determining time is by the transit
instrument which will be taken up in Chap. XII. Here we shall
consider methods suitable to the engincer’s transit, the sextant,
and the theodolite.

The problem of the determination of time consists in finding the
error of the timepiece used at the instant of the astronomical observa-
tion. At a certain time according to the clock or chronometer
used, an astronomical observation is made which yields the
correct local time; this time compared with the reading of the
clock will give its error. By the correction of the clock we mean
the amount to be added to the reading of the clock to obtain the correct
time. The correction is positive when the clock is slow and
negative when fast.

When we are correcting a mean time clock we write

T =1+ AT (52)

where T is the reading of the mean clock at the instant of the
astronomical observation, AT is the clock correction, and T
the correct mean time. Similarly, for a sidereal clock we have

0 =0 + A6 (53)

The rate of a clock is the amount that it gains or loses per day; it
is positive when it is losing and negative when it is gaining.
Astronomical observations yield local time, either apparent
(T.) or sidereal (6). In case of apparent time, change it into
civil by use of the equation of time (T, — T = E).
The different methods of obtaining the local time may be
grouped as follows:

I. TYime by meridian transits.
II. Time by equal altitudes.
III. Time by single altitudes.
95
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I. TIME BY MERIDIAN TRANSITS

0=«

70. Time by Meridian Transits of Stars.—The sidereal time
at the instant a star crosses the meridian of a place is equal to
its right ascension (6 = a). If, thercfore, an engineer’s transit
or a theodolite is set so that when rotated about its horizontal
axis its line of sight describes the meridian, and if the reading
of the sidereal clock is noted at the instant of the transit of a star
of known right ascension, the clock correction will be given by the
equation,

A =a— 0.

The stars to be used in this determination must move rapidly,
and hence only those near the equator should be chosen.

71. Observing List.—The table of Mecan Places of Stars given
in the American Ephemeris is consulted for stars suitable for
this determination. For proper choice of stars the following
points should be kept in mind:

a. Stars must be brighter than the fifth magnitude.

b. The difference in R.A. between stars to be observed must be
greater than 4, to allow time between observations.

c. The declination of stars should be between —30° and +30°,
since rapidly moving stars will yield a better determination.

d. Stars with altitude greater than 55° cannot be scen with the
engineer’s transit. However, with the prismatic eyepiece,
stars with altitudes up to 70° could be observed, although it is some-
what difficult to use the prismatic cyepiece, especially at night.

72. Preparing for Observations.—Let us consider the following
example: With the engineer’s transit find the correction to the
sidereal clock on Jan. 10, 1930, in Cleveland (¢ = 41° 32' N
and N\ = 5" 26™ W). The latitude and longitude are known
approximately; they may be obtained from some good map.
The azimuth of a line at the place of observation is assumed
to be known; from this azimuth the direction of the meridian is
obtained. It is also assumed that the observations will com-
mence at about 8:00 p.m., E.S.T. The local civil time corre-
sponding to 8:00 p.m. is 12" + 8" — 26™ = 19" 34™. To change
this into sidereal time we use the approximate relation given in
Eq. (20). Here D = 111.1 days and 7 = 19" 34%; this gives
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9 = 26" 527, or the sidereal time corresponding to January 10,
8:00 p.M., ES.T,, is 2" 52". Stars to be observed are obtained
from the list headed Mean Places of Ten-Day Stars in the
American Ephemeris. Beginning with the R.A. of 2" 52" and
having in mind the requirements set out above, the following
observing list is prepared:

No. Name Magnitude R.A. Declination Me!"xdum
altitude
h m s ° 4 ° !

1 » Eridani 4.05 2 53 0 -9 11139 17
2 a Ceti 2.82 2 58 37 + 3 49| 52 17
3 ¢ Eridani 4.90 3 12 26 -9 5139 23
4 o Tauri 3.80 3 21 3 + 8 47 | 57 15
5 f Tauri 4.28 3 27 0 +12 42| 61 10

Notice that the stars selected are brighter than the fifth magni-
tude; the difference in R.A. is greater than 4®; they are situated
near the equator and no altitude is greater than 70°. The merid-
ian altitude is obtained from the equation A = 90° — z = 90° —
(¢ — 3).

73. Directions for Observing.

1. Level instrument over the station of azimuth line.

2. Point telescope to azimuth mark and clamp both hori-
zontal plates.

3. Read horizontal circle.

4. Compute the circle reading for the south point from this
reading and the known azimuth of the line. Set horizontal
circle to this new reading; the instrument is now on the meridian.

5. Correct leveling in this position.

6. Set the vertical circle to the altitude of first star.

7. Call “Time” when star crosses vertical wire.

8. Reverse instrument and repeat process with the second star.
Observe four stars.

In cases where the theodolite is used, the striding level is read
direct and reversed after each star, to find the inclination of the
axis of rotation. To correct the time of the meridian passage
for each star for this inclination, use (from Art. 109) equation

&, = b cos (¢ — 8) sec §,
where 1, is the correction in seconds; b is the inclination of the
axis (Art. 66); and & is the declination of the star used. If the
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azimuth of the line is known within 2”7 and a theodolite
is carefully oriented in the meridian, a clock correction deter-
mined by this method should be in error less than a second.

First-magnitude stars may be observed in daylight in a clear
gky, if the instrument is in good focus. Great care must be
exercised in focusing the instrument upon a distant terrestrial
object if it is desired to make a determination in the daytime.

74. Computations.—The apparent right ascension of the stars
observed is obtained from Apparent Places of Stars of the
Ephemeris.

Ezample: In Cleveland on January 10, 1930, the following stars were
observed with the engineer’s transit:

A N Observed sidereal

Star Apparen time of meridian Ad
R.A.
passage
h m s h m s 8
» Eridani 2 53 0 2 53 6 -6
a Ceti 2 58 37 2 58 38 -1
¢ Eridani 3 12 26 3 12 31 -5
o Tauri 3 21 3 3 21 13 —-10
Mean value of A0 = — 5.5.

Hence the clock 13 5°5 fast.

76. Time from Meridian Transit of the Sun.—In this case the
meridian transits of the sun’s western and eastern limbs are
observed and the average of the two clock readings is obtained.
This will be (with sufficient accuracy) the reading for the meridian
transit of the sun’s center. When the correction of the sidereal
clock is desired, the apparent R.A. of the sun’s center is obtained
from the Ephemeris. When the correction of the mean clock is
desired, the apparent time (12") is changed into mean (T') and the
clock correction is then given by AT = T — T,

II. TIME BY EQUAL ALTITUDES

0=«

76. Time by Equal Altitudes of a Star.—For any given place
there are two positions, one on ecither side of the meridian,
where a star has the same altitude. If, therefore, the sidereal-
clock reading 6/, when a star is east of the meridian, is noted,
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and the reading 6, when the star has the same altitude west
of the meridian, the average of 6, and 6;’ will give the clock
reading when the star was on the meridian. Since the sidereal
time at the instant a star is on the meridian is equal to its right
ascension, we have for the correction of the sidereal clock

A0 = a — %(011 + 02’).

If the correction of the civil clock is required, the R.A. of the
star (i.e., the sidereal time of the meridian passage) is changed
into civil time (Art. 46) and the civil-clock correction will be
given by

AT =T — (T + TY).

The advantage of the method is that neither the latitude of
the place nor the declination of the star enters the determination,
and the error of graduation of the instrument does not affect
the accuracy of the determination. The disadvantages are
the long wait between observations, and the possibility of
clouds interfering with the seccond observation.

In the above equations the rate of the clock was not included; it
may casily be allowed for, if necessary. The method is not
suitable for observations on the sun, as its declination changes
between the two observations, so that the meridian passage does
not occur half way between the instants of equal altitude.

Directions for Observations.—Choose a star not near the merid-
ian. The engineer’s transit, the theodolite, or the sextant may
be used; with the first two instruments care must be taken to
set them on ground where no obstructions will interfere with the
second reading. Place the star image in the field of view so
that it is about to cross the horizonial wire near the vertical
wire. Clamp the vertical circle. Record the time when the star
crosses the horizontal wire. Do not change the setting of the
vertical circle. Tor the second reading, if the instrument is
not quite level, level it. Again record the time when the star
crosses the horizontal wire near the vertical. The accuracy
of the determination depends on the adjustments of the instru-
ment and the care taken in leveling.

Ezxample: Vega was observed at equal altitudes east and west of the

meridian in Cleveland (long. 5" 26™ 16° W) on May 31, 1929. The readings
of the civil chronometer were:

7', = 228 18™ 10%; T2 = 29" 36™ 4° (5" 36™ 4%, June 1).
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Determine the correction of the chronometer.

Reference
h m s
Vega crossed the meridian of Cleveland at
Wry + 1) . . .o =25 57 7
That is, according to the chronometer, on June 1 1 57 7
The Ephemeris gives the apparent R.A. of Vega

forJune 1............... « .ol . =18 34 34| Art. 36
Changing this into mean time, we obtain.. T = 1 57 24 | Art. 46
as the true local civil time of meridian passage.
CAT = + 17 | Eq. (52)

Or the chronometer is 17° slow.
III. TIME BY SINGLE ALTITUDES

Given ¢, z, and d to find ¢

77. Time by Altitude of a Star.—The observation consists in
noting the clock time 6’ or 7" and the corresponding altitude
k' of a star near the prime vertical. Knowing the altitude, the
declination of the star, and the latitude of the place, the three
sides of the astronomical triangle are immediately obtained.
From these the hour angle £ of the star at the moment of observa-
tion is computed from Kq. (12). The R.A. of the star is obtained
from the Ephemeris and 6 = « + ¢ gives the true sidereal time
of the observation. 1f the correction of the civil clock isrequired
we change the sidereal time into civil (§ — T), and from AT =
T — T’ we obtain the clock correction.

78. Procedure when the Engineer’s Transit or Theodolite Is
Used.—Place the reflector over the objective for illuminating the
cross-wires. Set the star image near the center of the field
of the telescope and clamp both vertical and horizontal circles.
With the tangent screws adjust so that the star will cross the hori-
zontal wire near the vertical. Call “Time” to the recorder at
the instant when the star is on the horizontal wire and near the
vertical. Then the recorder puts down the observed time with
the corresponding reading of the vertical circle. Three observa-
tions may be taken with the telescope direct, and three with
the telescope reversed. If the readings are taken in close succes-
sion the average of the vertical angle readings and the average
of the observed times are used in the computation. It is some-
times impossible to reverse the instrument. In this case, to
avoid instrumental errors, two stars may be observed, one
about due east and the other about due west; the average of the
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two clock corrections will be nearly free from instrumental
€ITOrS.

SCHEDULE OF OBSERVATIONS

1. Take three observations on star with telescope direct,
reading watch and vertical circle each time.

2. Take threc observations on star with telescope reversed,
reading watch and vertical circle.

OUTLINE FOR REDUCTION OF OBSERVATIONS

Reference
1. Plot on cross-section paper the observed ‘‘times”
against the corresponding “altitudes’ to see if linear
relations hold. Art. 69
2. Average watch time and obtain average clock time (7").
3. Obtain average altitude (A4').
4. The average zenith distance 2’ = 90° — &',
5. Correct 2’ for refraction, z = 2’ + . Eq. (32)
6. Obtain from Ephemeris apparent place of the star. Art. 36
7. Compute ¢ and reduce it to time units. Eq. (12) and
Table I, or
Eq. (9) when
calculating
machine is
used.
8. Obtain sidereal time (6) from 8 = a + .
9. Change 6 into local civil time (7). Art. 46
10. Clock correction A7 =T — T,

Ezxample: To find the time from single allitudes of a star with the engineer’s

transit.
Warner and Swasey Observatory (lat. 41° 32’ 13" N; long. 5" 26™ 164 W).

Date: June 3, 1929. Star: Vega.
Transut: No. 2. Position: East of meridian.
OBSERVATIONS
Telescope Watch Vertical circle
h m s o ’ 1”7
21 1 10 32 30

10 4 34 0
Reversed.... ... 11 14 34 12
12 46 34 28
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Reading of Before observing | After observing
h m s h m s
Clock (local civil) .... 20 28 O 20 499 O
Watch.... .. . ..... 20 54 28 21 15 28
REDpUCTIONS

Figure 48 shows that there are no particular irregularitics in the
observations.

h m 8
Average watch time . ... ... ... L. 21 7 37.5
Correction, watch to clock . R —26 28 0
Average clock time 7. ... . . .. ... 20 41 9.5
Average altitude b’ . e 33° 35" 20"
o ’ "
A = 33 35 20
2= 56 24 40
r = +1 31| logsin }[z + (¢ — 8)] = 9 694076
¢ = 41 32 13 log sin i[z — (¢ — 8)] = 9.654155
5= 38 42 48 log sec 3z + (¢ + 8)] = 0 432922
6— 5= 2 49 25| logsec 3z — (¢ + 8)] = 0.009446
z= 56 26 11 —_—
6+ 6= 80 15 01 log tan? 3t = 9.790599
log tan it = 9.895300
z+(6—28 = 59 15 36 1t = 38° 934"
z— (6 —38) = 53 36 46 t = 76° 19’ 08"
z+ (¢ +08) = 136 41 12 hm s
z2—(¢+8) = —23 48 50 t=-5 5 16.5
Hz+ (6 —8)]= 29 37 48 aof Vega = 18 34 33.8
Hz—(6—0)= 26 48 23 0 =a+t= 13 29 17.3
z+(p+08)]= 68 20 36| (6-T)* T= 2041 9.2
3z — (¢ +98)]= —11 54 25 T = 20 41 9.5
AT = - 0.3
h m 8
* Sidereal time of Greenwich, Q% Junc 3..| 16 43 50 6
Reduction to Cleveland meridian......... +53.6
Sidereal time of Cleveland, 0%, June 3 ....| 16 44 44.2
Sidereal time of observation, (6).......... 13 29 17.3
Sidereal interval after O*................ 20 44 33.1
Reduction to mean time interval......... 3 23.9
Local mean time (7).................... 20 41 9.2




DETERMINATION OF TIME 103

79. Time by Altitude of a Star When Sextant Is Used.—When
the observations are made at sea the instrument is held in the
right hand and the telescope is pointed at the horizon. The
image of the star received from the index mirror is brought to
the horizon. Slightly rotate the sextant about the axis of the
telescope (by twisting the wrist) so that the star will appear
to describe an arc. When this arc is tangent to the horizon call
“Time.” The observation must be made early in the evening
or morning, or during bright moonlight, to enable the observer to
see the horizon.

If the observation is made on land, the artificial horizon vs used.
The two images (from the mercury and from the index mirror)
are moving with respect to each other; separate them in such a
direction that they appear to be coming together, and at the
instant they come together call ““ Time.”

It will be found convenient to keep the image reflected from
index mirror oscillating slightly by twisting the wrist, and to
call “Time’ when its arc crosses the image of the star from the
mercury. It is never good policy to make observations while moving
the tangent screw.

The following suggestions are for land observations with the
artificial horizon:

1. Take at least four readings on any conveniently located star
to determine the index error of the sextant (Art. 61).

2. Observe the star to be used for the time determination and
read angle and corresponding watch time. Make at least two
such readings.

3. Reverse the glass roof of the artificial horizon.

4. Observe the same star again, as in 2.

OvutLINE OF COMPUTATIONS

1. Plot on cross-section paper the observed ‘‘times’’ against the corre-
sponding ‘‘double altitudes’ to see if linear relation holds.

2. Average watch readings and obtain average clock reading (7).

3. Average double altitudes (R).

4. Correct for index error using 2h’ = R + ¢ (Art. 61).

5.2 =90° —n

The rest is the same as in Art. 78.

Ezample: To find the correction to the civil clock from single altitudes of a
star, with the sextant.

Warner and Swasey Observatory (lat. 41° 32’ 13”’N; long. 5" 26™ 1624 W).

Date: June 5, 1929, Star: Vega.

Sextant: No. 5. Position: East of meridian.
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OBSERVATIONS
Reading of Before After
h m s h m s
Clock ..... 20 5 O 20 24 O
Watch .. ... 20 31 36 20 50 36
Corrcetion, watch to clock = —26 36 —26 36

Index Observations

’ ” ’ ”

1. 5 40 3. 5 30
2. 5 40 4. 5 30
Roof Double altitude| Watch reading
v 7 | hom s
A 60 10 10 20 39 2
: ’ 61 16 30 42 21
B 61 47 40 43 53
62 24 10 45 43
Average watch reading .
Watch correction. .
Average clock reading (local civil), T’/ = ... . . .
o ’ n
Average of double altitudes, R = 61 24 38
Index correction. . . . .. 1 o= -5 35
2h' =61 19 3
A =30 39 32
2 =59 20 28

Completion of this example is left to the student.

h m s

.20 42 45

—-26 36

.20 16 9

80. Time by Altitude of the Sun.—The observation consists in
noting the clock time (7" or 6') and the corresponding altitude
(') of the sun. Since we then know the altitude and the latitude
of the place and the declination of the sun at the approximate time
of observation, the three sides of the astronomical triangle are
determined. As will be explained in Art. 81, it is better to
make the observation when the sun is away from the meridian.
The hour angle (f) is found by solving this triangle, Eq. (12),
and from it the apparent time is obtained (7, = 12* + ¢). The
equation of time (E) for the approrimate time of observation,
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applied to T, will give the local civil time (7T') of the observation
(E = T, —T), from which the correction of the clock may be
obtained.

Procedure When Engineer’s Transit Is Used.—Use shade glass
to diminish iniensity of the sun’s light or project image of the sun
and crosswires on a piece of paper as described in Art. 57.

" Get ready ”

* First placing the sun”

A M.

F1a. 49.

Fias. 49 and 50.—Observing the sun with the telescope and prismatic eyepiece
invertaing. The lower limb is observed in the morning and the wpper in the
afternoon.

Place the sun’s limb in such a position that it will be leaving
the horizontal wire (Figs. 49 and 50). Clamp both motions,
and focus accurately the combined image of sun and cross-wires
of transit. The instant the sun’s disk becomes tangent to the
horizontal wire call ““Time.” The recorder puts down the
watch reading with the corresponding reading of the vertical
circle. Secure three readings direct and three reversed. The
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average of the altitudes is to be corrected for refraction, parallax,
and semidiameter.

OUTLINE FOR REDUCTION OF OBSERVATIONS
Reference
. Plot observations on cross-section paper, altitude
against time. Art. 69

—

2. Average watch readings and obtain clock reading (717).

3. Average altitudes (4').

4. 2/ =90° — M.

5.z =2 + 60’6 tan 2’ — 8!8 sin 2’ + &S. Chap. VI

6. Obtain declination () of sun from Ephemeris with the

known approximate time of observation. Art. 34

7. Compute hour angle () and reduce it to time units. |Eq. (12) and
Table I, or
Eq. (9) when

calculating
machine is
used.
8. Secure from Ephemeris the equation of time (E) with
the known approximate tiume of observation. Art. 34
9. T =12" +¢t - E.
10. Clock correction AT =T —~ T".

If the approximate time, assumed for the purpose of finding the
declination of the sun and the equation of time, differs by more
than 3™ from the value found in step 9, a recomputation is
necessary. This is made by first getting a new value of the
declination and equation of time, using the improved approxi-
mate time of the obscrvation just found.

Procedure When Sextant Is Used.—The method is the same as
that used for a star (Art. 79). The index correction is obtained
by observing the upper and lower limbs of the sun as has been
explained in Art. 61. The double altitude for both the upper
and the lower limb of the sun is observed, and the average
yields the double altitude of its center.

Ezample: Find the correction of the local civil clock of the Warner and

Swasey Observatory from single altitude of the sun with the sextant.
Lat. 41° 32’ 13" N; long. 5" 26™ 164 W.

OBSERVATIONS
Date: June 18, 1929, Sextant: No. 3,
Reading of | Before Observations | After Observations
h m 8 h m 8
Clock....... 15 59 00 16 43 00
Watch ...... 16 24 30 17 8 30

Correction of watch to clock —25™ 30°0
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Observations for Index Error
On the Arc Off the Are

o ! ” o ’ ”n
1./10 29 10 | 359 46 50
2.10 28 40 [359 46 00
Lower limb | Upper limb
No. Roof A Roof B

Watch reading | Double altitude | Watch reading I Double altitude

—-—h m s ° ’ ” h m s ° ’ "
1./16 56 13| 63 16 50 17 0 37 62 39 40
2.116 59 1 62 14 10 17 1 49 62 13 20
REpUCTION
h m 8
Average watch reading............. 16 59 25.0
Correction of watch to clock........ -25 30.0
Average clock reading T"........... | 16 33 550
o ’ ”
Average double altitude R.......... . 62 36 00
R, 0 28 55

R, =359 46 25

o ’ "

R| 62 36 00| logsin iz + (¢ — 8)] | 9.793710
% —7 40 | logsin [z — (¢ — 8)] | 9.540983
2n'| 62 28 20 | logsec iz + (¢ + 8)] | 0 326582
Al 31 14 10 | logsec [z — (¢ + 8)] | 0.000629
2| 58 45 50 _—
r +1 40 | log tan? §t 9.661904

. —8 | log tan }t 9.830952
z| 58 47 22
o] 41 32 13 it 34° 7 13"
5| 23 25 08 t 68° 14’ 26"
_— h m 8
6—58| 18 7 05 ort 4 32 57.7
é6+35| 64 57 21| To=12"+1t 16 32 57.7
E —55.4

Local civil time (T)...| 16 33 53.1
z+ (¢ — 8| 76 54 27 |Clock time of observa-
z2— (¢ —98)| 40 40 17 | tion (T')............ 16 33 55.0
z+ (¢ +8)| 123 44 43 | Clock correction (AT).. -1.9
z—(6+08| -6 9 59

iz+(¢p—8)]| 38 27 14

dz—(p—28)]| 20 20 09

Hz+ (6 +8)]| 61 52 22

z—(o+®]! -3 5 00
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81. Position of Heavenly Body Most Favorable for Determina -
tion of Time by Single Altitude.—It has been indicated above
that the best position of a star or the sun for the determination
of time by single altitude is near the prime vertical. This can be
shown as follows: Differentiate Eq. (9)

sin A = sin ¢ sin § + cos ¢ cos & cos ¢
considering h and ¢ as variables; we obtain
cos h+dh = — cos ¢ cos & sin §+ dt.

That is

—cos h 5
cos ¢ cos dsint

Since from the law of sines

cos h _ sin ¢

n )
cos 8 sind

we have on substitution,
-1
cos ¢ sin 4

]

dt dh

From this we see that the error df in the computed hour angle is
numerically a minimum for a given error dh in the observed altitude,
when the azimuth A 1s 90° or 270°.

Exercises

1. Prepare an observing list of four stars for determining the sidereal
time by meridian transits of stars with the engineer’s transit, assuming the
direction of the meridian given. The latitude of the place is 40° 10’ N and
the longitude 5° 50® W. The observations are to be made at about 10
p.M, C.8.T., on June 5, 1930.

2. In Cleveland (long. 5 26™ 16° W) on Aug. 30, 1930, Altair was observed
at equal altitudes at the following readings of the E.S.T. clock:

h m s
East of meridian 7 56 19 p. M.
West of meridian 11 22 37 p. M.

Find the clock correction assuming the rate of the clock to be zero.

8. Complete the example given in Art. 79.

4. Find the correction of the civil clock of Cleveland (lat. 41° 32’ 13" N;
long. 5® 26™ 1624 W) from the following altitude measures on the sun’s
upper limb, made with an engineer’s transit on June 17, 1929.
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Telescope Watch reading Vertical circle
h m s (-3 !’ ”n
16 24 26 5 38 10 00
Direct.......... 25 41.0 37 55 40
27 85 37 39 00
16 29 51.5 37 9 00
Reversed. ...... 30 56.0 36 58 40
31 36.5 36 51 20
Reading of | Before observing | After observing
h m s h m ]
Clock. . ... 15 53 00.0 16 8 00.0
Watch 16 19 35.0 16 34 35.0

109



CHAPTER IX

LATITUDE

The methods for determining the astronomical latitude of a
place may be grouped as follows:

I. By meridian altitude.

I1. By circummeridian altitudes.
II1. By altitude of a star not on the meridian, when the time s
known.
IV. By the zenith telescope.

The first three methods yield approximate determinations and
are best adapted to the engineer’s transit, the sextant, or the
theodolite. In fact, the second will yicld fairly precise results
with the theodolite. The fourth method is by far the most
precise; it will be described in Chap. XIV.

Since the latitude of a place may be defined as the altitude
of the pole, the average of the altitudes (corrected for refraction
and index) at the upper and lower culminations of a eircumpolar
star will give the latitude. This, of course, requires a wait of
12 hours and for obvious reasons is not usually a suitable method
for determination.

I. LATITUDE BY MERIDIAN ALTITUDE

This method is based essentially on Kqgs. (1), (2), and (3),
that is:

zn = ¢ — & for upper transits south of the zenith.

zn = 8 — ¢ for upper transits north of the zenith.

Zn = 180° — (¢ + &) for lower transits of circumpolar stars.
Knowing the declination of the heavenly body and observing the
meridian altitude or zenith distance, we obtain the latitude.

82. Latitude by Transit of Polaris.—Twice in 24 sidereal hours
Polaris is on the meridian of the observer, hence it can usually be
observed at either upper or lower transit. Since it desecribes a
small circle, only a little over one degree in radius about the
pole, its altitude change is very small during an interval of a
few minutes before or after transit. For this reason it is suitable

110
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for determining latitude with instruments of the precision of the
sextant, engineer’s transit, or even the theodolite. Also, it is
easily identified, as it is a relatively bright star (second magni-
tude) with no other bright star near it.

Since the pole, Polaris, and § Cassiopeis, in the order given
are approximately in a straight line, the two stars will be at

Mendian
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* l“ CASSIOPEIA
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7 l*t
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F1a. 51.—Principal stars near the north celestial pole. Showing Polaris and §
Cassiopei® at upper culmination and ¢ Urse Majoris at lower culmination.

upper or lower culmination approximately at the same time
(Fig. 51). This cnables one to tell by the appearance of the sky
when Polaris is approaching a culmination. The apparent place
and the civil time of upper culmination of Polaris may be obtained
from Table VII of the American Ephemeris. The time of lower
culmination is 12 sidereal hours later or 11" 58™ 2" later in mean

time reckoning.
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In the evening, long before Polaris is visible with the unaided
eye, it may be observed with the engineer’s transit if the approxi-
mate latitude is known. With this and the declination of
Polaris its meridian altitude is obtained; if the vertical circle
is set to read this altitude and the telescope swung in the direction
of the north, Polaris may be easily found. Care must be taken
to have the telescope well focused on a distant object before
attempting to see the star under these conditions.

If the engineer’s transit or the theodolite is used, follow
Polaris for a few minutes before culmination, using the tangent
screw of the vertical circle, until it has reached the highest or
lowest altitude and appears to move on the horizontal wire.
This is the meridian altitude from which the meridian zenith
distance is obtained and when corrected for refraction is sub-
stituted in Eq. (2) if at upper transit or in. Eq. (3) if at lower.
The apparent declination of Polaris is obtained either from
Table VII of the Ephemeris or from the Table of Apparent Places
of Circumpolar Stars. A number of other tables give the
declination and other useful data for Polaris; the ‘‘Ephemeris
of the Sun and Polaris” is very convenient (see p. 41.)

Ezxample: In Cleveland (long. 5" 26® W), on June 4, 1929, Polaris was
observed at upper culmination for determining the latitude.

o ’ ”
Observed altitude 42 38 30
Index error . .. . . 00
Altitude . . . 42 38 30
Zenith distance (z,) e .| 47 21 30
Refraction correction (Table IV) +1 03
Corrected zenith distance (z,). . 47 22 33
Declination of Polaris (8) .. 88 55 13
Latitude (¢). . . . . 41 32 40

When the time is known within a minute it is well to take one
observation with telescope direct, a minute or more before cul-
mination, then reverse the instrument and take another observa-
tion. In the latitudes of the United States, the altitude of Polaris
near culmination remains practically unchanged for about eight
minutes. The average of the two altitudes yields a value free
from index or collimation error. Other circumpolar stars may be
obgerved and the latitude computed in exactly the same manner.
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83. Latitude from Meridian Transit of Stars.—A star attains
its greatest altitude at the instant it crosses the upper meridian.
Hence, if we observe it continuously and record altitudes with
the corresponding times for about fifteen minutes before it
crosses the meridian and continue observing for about the same

63° o'

69'

58’ - ———— -

57" I I S

56’

62° 55'

54’

63’

Altitude

52'

51’

62° 50'|-

49'

48’

47’ s
461___ ——— L - o RNESEESIN SN
62° 45’ J

107 15™ 20m 25™ 30™ 3™ 0™ %" 50™
Time
Fia. 52.—Change in altitude of a Herculis while crossing the meridian.

time after it has crossed the meridian, the highest altitude
recorded is approximately the meridian altitude. This, corrected
for index error and refraction and substituted in Eq. (1) or (2),
will yield the latitude. The time corresponding to the greatest
altitude will be the time of meridian transit, hence a rough cor-
rection of the clock may also be obtained.

Inasmuch as more than one star is to be observed, an observing
list is necessary. To prepare such a list, follow the directions
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given in Art. 71. (Of course here it is not necessary to use fast
moving stars.) For the latitude necessary in preparing the list,
use the best approximate value known.

If all the observations for each star are plotted in rectangular
coordinates, using time for abscissa and altitude for ordinate,
the resulting smooth curve is approximately a parabola. Hence,
if a parabola is drawn as nearly as possible through the plotted
points, a better value for the meridian altitude and time may be
obtained (Fig. 52). Have in mind that the longest ordinate
divides the parabola symmetrically.

Ezample: In Cleveland (long. 5" 26™ 1624 W) on July 7, 1930, « Herculis
was observed near the meridian with the engineer’s transit. The altitudes
and the corresponding times were both recorded in order to determine the
latitude of the place and the correction of the clock.

Eastern . Eastern .
Standard Time Altitude Standard Time Altitude
h m s e v h m s e
10 21 36 p.m. 62 45 00 10 35 05 p.Mm. 62 56 00

23 01 47 00 37 32 56 00

24 50 49 30 39 08 55 30

26 39 51 00 41 23 54 30

28 23 52 30 43 05 53 30

30 40 54 30 45 36 51 30

32 39 55 30 47 56 49 00

51 03 45 00

Figure 52 shows these observations plotted and a parabola drawn through
the points.

RepucTtioNn
° o Reference
Estimated highest altitude .......... ... 62 56 10 Fig. 52
Zenith distance (zm) ............. .. . 27 3 50
Refraction ()........... ... ...... +29 Table IV
Corrected zenith distance (2p) . ........ 27 4 19
Apparent declination of star from Eph. (8) 14 28 4 Art. 36
Latitude. ¢ = 2, + 6., ........... . 41 32 23
h m 8
Apparent R.A. of « Herculis from Eph. (a) 17 11 29 5 | Art. 36
Local sidereal time (6)....... e 17 11 29 5 a =0
Change ¢ — T, July 7, 1930....... 22 10 08 | Art. 46
Difference in longltude between Clevoland
and 75° meridian...... ......... . +26 16 4
True Eastern Standard Time of tmnsxt .. 22 36 17 2
Observed time of transit............ .. 22 36 10 0 | Fig. 52
Clock correction (AT)......... ..... ... +7 2
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*84. Latitude by Circummeridian Altitudes.—The observations
given in the above illustration are usually referred to as circum-
meridian altitudes and can be used for a still more precise deter-
mination of latitude by reducing each altitude to the meridian.
If the time is known, the result is nearly as accurate asif all the
observations were made on the meridian, provided they are
taken sufficiently close to it, say not more than 15 minutes away.
Equations (1) and (2) may be combined by considering, for the
northern hemisphere, the north meridian zenith distance as
negative; that is, the equation

¢ =20+ 2n (54)
holds for stars both north and south of the zenith. For stars
off the meridian a correction must be applied to their zenith
distance 2, to reduce it to z,.

From trigonometry, we have
cost =1 — 2sin? .
Substituting this Eq. (9), we obtain
cos z = sin ¢ sin § + cos ¢ cos 6— 2 cos ¢ cos & sin? ¥,
or
cos z = cos (¢ — &) — 2 cos ¢ cos § sin? 3¢,

or by Eq. (54)

CO8 Zm — COS 2 = 2 CO8 ¢ cos & sin? 3.
From trigonometry, we have
COS 2, — €08 2 = —2 sin $(2m + 2) sin 3 (2 — 2).
Hence,
sin 3(zm + 2) sin 3(z» — 2) = —cos ¢ cos § sin? 3t.  (55)

Since the observations are to be made within 15 minutes on
either side of the meridian, 2, and z are very nearly equal, and
we may write

sin 3(zm + 2) = sin 2z

sin 1(zm — 2) = 3(z2m — 2) sin 17,

since sin = 2’ sin 1", when z is very small.
Hence Eq. (55) takes the form

(2m — 2) 8in 1" sin z = —2 cos ¢ cos & sin? ¢
or
2 sin? &t

Zm = % — COS ¢ CO8 & CSC 2 —————
¢ sin 1”7

(56)
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The value of the hour angle ¢ for each observation is obtained
from 6 = a + ¢t. If the civil time (7) is used when observing,
change the right ascension of the star into civil time, T, (Art. 46),
and find 7 — To. Change this civil-time interval into sidereal
reckoning; the result is the hour angle (¢) for the star at the
instant of observation. An approximate value of ¢ is required;
this may be obtained by the method of Art. 82 or of Art. 83;
or it may be already known. If the computed value of ¢ differs
materially from the assumed one, a recomputation is necessary
using this computed value instead of the original in Eq. (56).

H 1
Let A = cos ¢ cos & csc z and m = 2___~§1n2/?t’

sin 1
then Eq. (56) becomes
Zn=2—A -m. (57)
To facilitate the work of computing, tables have been prepared
for A and m (see Chauvenet’s ‘ Manual of Spherical and Practical
Astronomy,” or other works of similar naturc). Table VI gives
values of m.

Ezample: Using the data of the example in Art. 83, and assuming the

correction of the clock AT = —2'8, and the latitude as 41° 32’ N, we have:
Zenith Reduced
distance t A m Aem merl(.l ian zenith
. ! distance,
Zm
o ’ ”n l]l s ” n o ’ ”
27 15 29 14 46 1 58 428.01 676 27 4 13
13 29 13 21 1 58 359 84 569 00
10 59 11 32 1.58 261.12 413 06
9 29 9 43 1.58 185 35 293 36
7 59 7 58 1.58 124.61 197 42
5 59 5 41 1.59 63.42 101 18
4 59 3 42 1 59 26 88 43 16
4 29 1 15 159 3.07 5 24
4 29 1 12 1.59 2 83 4 25
4 59 2 48 1.59 15.39 24 35
5 59 5 04 1.59 50.40 80 39
6 59 6 46 1.59 89.89 143 36
8 59 9 18 1.58 169.80 268 31
1 29 11 38 1.58 265.68 420 29
15 29 14 45 1.58 427 04 675 14

o ’ ”

Average of z, =27 4 24

Apparent declination of « Herculis, § = 14 28 04
¢ =0+znm =41 32 28



LATITUDE 117

No recomputation is necessary as this value agrees well with the
one assumed.

Column 1. The zenith distance is obtained from the observed altitude
and corrected for refraction by means of Table IV.

Column 2. The true standard time of the transit of a Herculis over the
Cleveland meridian was computed in the example of Art. 83. It is
Ty = 22" 36™ 17°2. To each observed time, the known clock correction
of —2'8 is applied; for example, for the first observation, T, = 22"
21™ 36° — 2°8 = 228 21™ 33'2. Then, disregarding sign 71 — To =
14™ 44°; on reducing this into sidereal interval, we have ¢ = 14™ 46°.

Column 3. The value of A = cos ¢ cos & ese z may be computed directly
or it may be obtained from tables. The approximate value for the
latitude is used.

Column 4. The value of m is given in Table VI.

Jolumn 6. The reduced meridian zenith distance is 2w =2 — Aem
[Eq. (57)].

The method described above furnishes a good determination of
latitude (correct to about 2"), if the theodolite is employed
and the time known within one second. In such a case, the
following additional refinements must be considered:

1. To avoid instrumental errors, observe one star with telescope
direct, the next with telescope reversed, and so on.

2. Observe the same number of stars with about the same
zenith distances north and south, to eliminate errors due to
refraction.

86. Latitude from Meridian Transit of Sun.—The method of
observing is exactly the same as for a star (Art. 83). The sun’s
lower limb is observed. No appreciable error is introduced
by assuming the declination constant during the duration of
observations, as its rate of change is always less than 1’ per
hour. It is convenient to know the approximate time of transit
so as to know when to commence observing. This may be
found by changing 12" apparent time into civil time (Art. 44),
assuming that the latter is the time available. Begin observing
10 or 12 minutes before the sun crosses the meridian, and continue
for about the same time after the crossing. The highest altitude,
corrected for semidiameter, refraction, and parallax, will be the
approximate meridian altitude. Or, as has been explained in
the case of a star, all the observations may be plotted and the
meridian altitude and civil time of transit chosen from the figure.
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Example:

OBSERVATIONS OF SUN FOR LATITUDE DETERMINATION
Cleveland (long. 5" 26™ 16° W) fale;;' Jl:l ly 7&_119 3(?
Engineer’s transut: No. 4 K'L mo o serv(;c - lower
Indez error = 00" nown cloc ‘correc-

ltion = —3
No. Enstor’n ‘Standard Altitude
Time
h m s e
1 12 23 49 70 45 30
2 24 46 46 30
3 25 50 47 30
4 26 55 48 00
5 28 01 48 30
] 28 50 49 00
7 29 53 49 00
8 31 36 49 00
9 33 07 48 30
10 33 59 48 00
11 35 04 48 00
12 35 57 47 00
13 36 54 47 00
14 37 51 46 00
o ? n
Observed maximum altitude
(h"y ..... 70 49 00
Zenith distance (2') 19 11 00
Semidiameter (S). —15 46
Refraction (r). . + 21
Parallax (p) .. - 3
Corrected zenith distance
(2m) .. 18 55 32
Declination of the sun for
apparent noon (8) .1 22 37 23
Latitude ¢ = 6 + 2z, =| 41 32 55

*The method of circummeridian altitudes (Art. 84) may be
employed here for a more precise determination. The observed
times are corrected by the known clock correction and changed
into civil time (7'). By use of the equation of time, T is changed
into apparent time (7,). From T, = 12" + ¢, the hour angle
() is secured which is needed for the reduction of the zenith
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distances to the meridian [Eq. (56) or (57)]. From the above
example, we have

. Zemth distance
Zenith

- reduced to

distance, t A m A-m g
. meridian,

Zm
o ’ ”n m s ” ” ° ’ "
18 59 02 7 09 212 100 4 212 18 55 30
58 02 | 6 12 2 12 75.5 160 22
57 02 5 08 2 12 51.7 110 12
56 32 4 03 2.12 32.2 68 24
56 02 2 57 2.12 17.1 36 26
55 32 2 08 2.12 8.9 19 13
55 32 1 05 2.12 2.3 5 27
55 32 0 38 2 12 0.8 2 30
56 02 2 09 2.12 9.1 19 43
56 32 3 01 2.12 17.9 38 54
56 32 4 06 2 12 33.0 70 22
57 32 4 59 2.12 48.8 103 49
57 32 5 56 2 12 69 1 146 06
58 32 6 53 2.12 93 0 197 15
Average of z,. . 18 55 27

Declination of the sun for apparent,

noon (8) . AU . 22 37 23
Latitude, ¢ = 6 + 2z, = 41 32 50

Column 1. The zenith distance is obtained from the ohserved altitude
and is corrected for semidiameter, refraction (Table 1V), and parallax
(Table V).

Column 2. For example, the Eastern Standard Time given for the first
observation is 12" 23™ 49°. Applying to this the known clock correction
of —3 and the difference in longitude of 26™ 16, we have for the local
civil time of the observation 7' = 11" 57™ 30°. The equation of time
for this instant is —4™ 39". Hence the corresponding apparent time
T, = 11" 52™ 51° and thercfore t = T, — 128 = —7" 09",

Column 3. The value of A = cos ¢ cos & csc z may be computed directly
[see Eq. (56)], or obtained from tables. The approximate value of
41° 32’ is used for the latitude and the declination is taken from the
Ephemeris for the instant of each observation.

Column 4. m is obtained from Table VI.

Column 6. The reduced meridian zenith distance i8 2z, =z—A-'m
[Eq. (57)].



120 PRACTICAL ASTRONOMY

II. LATITUDE BY ALTITUDE OF A STAR WHEN TIME IS KNOWN

Given ¢, §, and z to find ¢

86. This method is based on observing the altitude of a star
(preferably Polaris) and the corresponding time. From the
altitude, the zenith distance z is obtained; from the time and
the right ascension of the star, its hour angle . The declination
5 is taken from the Ephemeris. We therefore have two sides
2z and 90° — & of the astronomical triangle and the angle ¢,
from which we may solve for the other side 90° — ¢, and hence
find the latitude. From the law of cosines, we have Eq. (9):

cos 2 = sin ¢ sin § + cos ¢ cos 6 cos ¢

with ¢ the only unknown. To sccure a suitable formula for its
solution we make the following two assumptions

siné = fcos F (58)
cos 6 cost = fsin F (59)

where f and F are auxiliary unknowns. They give, when sub-
stituted in Eq. (9),
cos z = f cos F sin ¢ + f sin F cos ¢,
= fsin (F + ¢).

Substituting the value of f from Eq. (58) in the last equation,
we get

sin (F + ¢) = cos F cos z csc 4. (60)
Dividing Eq. (59) by Eq. (58), we have
tan F = cot & cos t. 61)

Equation (61) gives the value of F which is taken in the first or
fourth quadrant according to the algebraic sign of the tangent;
and Eq. (60) gives the value of (F + ¢), and hence, ¢. The
proper quadrant for (F + ¢) is chosen from knowledge of F
and the approximate latitude.

Schedule of Observations for engineer’s transit and theodolite:

1. Take three or more readings of the altitude of Polaris and the corre-
sponding time.

2. Reverse telescope and take the same number of readings.
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OuTLINE OF REDUCTION OF OBSERVATIONS

Reference

1. Average watch readings and obtain aver-

age civil time (7).
2. Apply the known clock correction (AT) to

T’ to obtain the local civil time (7). T =T + AT
3. Change T to sidereal time (6). Art. 45
4. Average altitudes (A’) and obtain 2’. Z =90° - K
S5.z2=2+r. Table IV
6. Obtain the apparent place of Polaris at the

time of observation. Art. 35
7. Find ¢ from equation 6 = a +¢ and

change it into angular units. Table I
8. Compute F from Eq. (61), and ¢ from

Eq. (60).

Table I of the American Ephemeris, which gives the difference
in altitude between Polaris and the pole, may be used here to
advantage if a shorter but less accurate computation is desired.
Compute ¢ as above, and with it and the declination of Polaris
secure from this table the quantity to be added to or subtracted
from the corrected average altitude to get the latitude. A similar
table is to be found in the ‘ Ephemeris of the Sun and Polaris’’
(see Art. 33).

Ezxample: In Cleveland on June 11, 1929, the following altitudes of
Polaris were measured with the engineer’s transit. It is required to find the
latitude.

Telescope Watch time | Vertical circle

h m s e

21 28 18 40 29 30

Direct... . 30 58 29 30

32 33 29 30

36 38 30 00

Reversed . 38 00 30 00

39 25 30 00
h m s
Average of watch readings................. 21 34 19
Known wateh and clock correction....... .. —-29 23
Local civil time (T).............. e e 21 4 56

Average altitude (B’)...... ... ....... ....| 40° 29’ 45"

= 1* 35™ 31

. .«
Coordinates of Polaris: { 5 = 88° 55 13”.
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RebucTION
o 7 ”
tan F = cot & cos ¢ ¢ +F = 40 28 39
F=-1 3 18
¢ = 41 31 57N
cot 5 = 0 018847
cos t = —0.977092
tan F = —0.018415
sin (¢ + F) = cos F cos zcsc &
cos F = 0.999830
cos z = 0.649142
csc & = 1.000178
sin (¢ + F) = 0.649148

REDUCTION BY MEANS

We have from Ephemeris,

OF TABLE 1 OF EPHEMERIS

88° 55 107 | 88° 55 207 /
’ n ’ ”n h m
63 16 63 6 | 12 51
63 27 63 17 | 12 48

For t = 12" 49715 we have the interpolated values 63’ 23" and 63’ 13",
8o that for & = 88° 55’ 13" we have, on interpolating again, 63’ 20”".

Corrected altitude..... .......

From interpolation. . .. ..

Latitude. .

o ’

40 28
+ 63

41 31

”

37
20

57

Table I of A. E. has been computed for altitude of 45°. For other
altitudes, corrections taken from Table Ia, A. E., may be applied when
greater accuracy is required.

87. Selection of Stars.—It has been pointed out above, that

Polaris is preferred for latitude determinations.

here that any other star near the meridian is suitable.

It will be shown
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Differentiating Eq. (9) considering ¢ and z as variables, we have
— sin z2.dz = (sin § cos ¢ — cos & cos ¢ sin ¢) d¢.

The expression in the parenthesis is —sin z cos A by Eq. (11):
hence, substituting and solving for d¢, we have

d¢ = sec A - dz,

from which we see that a small error dz in measuring the zenith
distance, or altitude, will have the least effect in the determination of
latitude when the azimuth (A) is 0° or 180°.
Differentiating Eq. (9), considering now ¢ and ¢ as variables
and making the same substitution [Iiq. (11)] we have,
ginzcos A.dp + cos ¢ cos dsint-dt =0
or

sin ¢ cos ¢
sin z cos 4 cos ¢ - dt.

do = —

Since
sin ¢ cos § = sin z sin A [Eq. (8)], we have

d¢ = — tan A cos ¢ - di,

from which we see, that a small error (dt) in the assumed time will
have the least effect in the determination of latitude when the azimuth
s 0° or 180°.

88. Latitude from Polaris without the Ephemeris, the Time
Being Known. (From Comstock’s ‘‘Field Astronomy’’).—If
Polaris were exactly at the pole, its altitude corrected for refrac-
tion would be the latitude of the place, and its azimuth would
always be 180°. Since Polaris describes a small circle of about
one degree radius about the pole, some correction must be
applied to its altitude and azimuth to reduce them to the pole.
These corrections are given in Table VII for the year 1930 and
for latitude 40° N. That is, for the ycar 1930 and for latitude
40° N, the altitude and azimuth for Polaris willbe A = 180° + a,
and h = ¢ +b. The table naturally shows a negative when
Polaris is seen west of the meridian, zero when at the meridian,
and positive when seen east; b is positive when Polaris is above
the pole; and negative, below. The refraction is included in the
value of b. The hour angle of Polaris (£), which is an argument in
this table, is obtained from 6 = a +¢. The given time of observa-
tion, which is assumed to be known with an accuracy not necessa~
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rily greater than one minute, is changed into sidereal time () by
Eq. (20), and the right ascension of Polaris is given in Table IX.
Since the declination of Polaris varies from year to year,
chiefly on account of the precession of the equinoxes (Art. 31),
the values of a and b will change with time. Also these values
will differ for different latitudes; hence, we may write for the
coordinates of Polaris for any year and at any latitude,

A

180° + Fia (62)

h ¢ +Fb (63)

where F, and F, are factors used to modify the values of a and b
of Table VII; they are given in Tables VIII and IX, respectively.
The results obtained by this method may in some cases be more
than one minute of arc in error.

Ezxample: Without the Ephemeris, compute the azimuth of Polaris for
1931, September 29? 20 6™ local civil time of Cleveland, and also the latitude
of the place if the observed altitude is 41° 48’.

To change the given local civil time into sidereal without the Ephemeris
we use Eq. (20), 0 = T +4™-(1 —4)-D; T = 20" 6™ and D = 29%8
— 2197 = 8%1; hence, § = 20" 38™,

From Table IX we obtain @« = 1" 38 and t = ¢ — a = 19° 0™

Table VII givesa = +81’and b = +417’, while Tables VIII and IX give,
respectively, F1 = 1.03 and F; = 1.01. Substituting these values into
Egs. (62) and (63), we have

A
h

[

180° + 81'-1.03 = 181° 23'.
¢ + 17’ 1.01.

i

or
¢ =h — 17 = 41° 31",
Exercises

1. On June 3, 1929, in Cleveland, Polaris was observed at lower transit
with the engineer’s transit as follows:

. Telescope direct. . ........coovvieniiniiennn.. 40 28
Altitude {Telescope reversed............ ...l 40 29

Find the latitude of the place.
2. In Cleveland, on July 15, 1930, the following circummeridian observa-
tions were made with the engineer’s transit on « Ophiuchi:
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OBSERVATIONS
No. | Eastern Standard Time Altitude

h ln s o ’ 144

1 10 15 28 61 0 00
2 16 26 1 00
3 16 52 1 30
4 17 35 2 00
b 20 29 3 30
6 22 43 4 30
7 24 39 5 00
8 26 32 5 00
9 28 23 4 30
10 30 41 3 30
11 32 44 2 30
12 34 59 0 30
13 36 13 60 59 30

The index error of the transit is 0”'.
Plot the observations and obtain the meridian altitude of the star, and hence
the latitude. Also find the correction of the chronometer.
Apparent place of a Ophiuchi from Ephemeris: [a =17 31" 433
’ T8 =12°36" 31"
Longitude of Cleveland = 5" 26™ 16°W.

*3. Reduce the circummeridian observations of Exercise 2 to the meridian
and obtain the latitude, assuming the correction of the chronometer to
Eastern Standard Time to be —23°,

4. The following circummeridian altitudes of the sun’s lower limb were
observed on July 2, 1930, in Cleveland (long. 5" 26™ 16° W) with the engi-
neer’s transit:

Eastern Standard Time Altitude
h m s ° rer
12 18 9 71 6 00
20 2 8 30
22 16 11 00
24 11 13 00
27 46 15 00
29 12 15 00
32 57 15 00
35 27 14 00
37 50 12 30
40 05 10 00
41 27 8 30

Index error = 00”’.
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Plot the observations and find the highest altitude, and from it obtain the
latitude. Also obtain the correction of the chronometer used.

6. On June 14, 1929, in Cleveland, the altitude of Polaris and the corre-
sponding time were ohserved in the manner explained in Art. 86. The
average uncorrccted altitude is 40° 27’ 57"’ and the average corrected time
is 20" 34™ 42°4. Dectermine the latitude.



CHAPTER X
AZIMUTH

89. General Principle.—One of the astronomical determina-
tions most important to the civil engineer and surveyor is that
of azimuth. The azimuth of a line may be defined as the horizontal
angle which the line makes with the north and south line, measured
clockwise and usually from the south point. Knowing the azimuth
of a line, the direction of the meridian may be laid out on the
ground by simply setting off an angle equal to the azimuth of
the line and in the counterclockwise direction from it.

> | Mendian

Fra. 53.

If the North Star were exactly over the north pole, the horizon-
tal angle formed at the instrument between a distant signal mark
and the North Star would give at once the azimuth of the line join-
ing the instrument and the mark. This, of course, is not the case.
If, however, the deviation of the North Star from the north line
is known for the time of observation, the azimuth of the line
can easily be found. Broadly speaking then, the problem of
finding the azimuth of a line may be divided into two parts:
first, the measuring of the horizontal angle between the azimuth
line and the heavenly body; and, second, finding the azimuth of
the heavenly body. Figure 53 illustrates this. The azimuth
of the line OM, is required. The observer at O measures the

127
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horizontal angle between the azimuth mark M, and the star R
(angle M,0T). He records the time of sighting on the star, or
reads the altitude on the vertical circle of his transit; from this
and other data the angle SOT is computed. By subtracting
from angle SOT the angle M,OT, he obtains the azimuth of the
line.

Let A,, = the azimuth of a line measured clockwise from the
south point.

A = the azimuth of the heavenly body measured in the same
manner.

M = horizontal circle reading on the mark.

K = circle reading on the heavenly body, obtained by releasing
the upper plate, sighting on the heavenly body and reading the
angle in the clockwise direction.

K — M = angle M, 0OT.

Then we may write

A, =A— (K- M). (64)

This equation holds for all positions of the azimuth mark and
star, provided the angles are read in the clockwise direction, and
the azimuth is reckoned clockwise from the south point.

This chapter deals primarily with the methods of observing
circumpolar stars and the sun together with different methods of
computing their azimuth (4).

90. Azimuth Marks.—The end of the azimuth line on which
the instrument is set is called the station, the other, the azimuth
mark. It is well to have the mark set as far away from the
station as possible so that no refocusing is necessary in changing
from mark to star. In the daytime, a pole will be found suitable,
or a box painted with black and white stripes and accurately
lined with a more or less permanent ground mark (stake, or
stone, or concrete monument). At night, a lantern placed
in a box with a hole bored in the front of the box will be found
suitable. The size of the hole and the brightness of the lamp
depend on the distance from the station. The ideal arrangement
is to make the azimuth mark and star look nearly alike. A
10-watt lamp without any covering, placed at a distance of a
mile and a half, has been found quite satisfactory by the writer.
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91, Azimuth by Circumpolar Stars at Elongation.—There are
two points on the diurnal circle of every circumpolar star at
which the star appears farthest east and farthest west. These
points are called the poinis of elongation. They are points
of tangency with two vertical circles (Fig. 54); hence the triangles
PRZ and PR'Z have right angles at R and R/, respectively.

The time of eastern or western elongation of a star is obtained
by computing the angle at the pole in the astronomical triangle,
as follows:

Angle at the star R or R’ = 90°.

I

N L

F1a. 54.—A circumpolar star at eastern elongation R’ and at western elonga-
tion R. The vertical circles ZL and ZL’ are tangent to the diurnal circle of the
star at R and R’.

Angle at the pole P = 360° — {, (eastern elongation) or i,
(western).
Arc PZ = 90° — ¢.
Are PR or PR’ = 90° — .
From the relation of the angles of a spherical triangle and its
three sides [Eq. (6)], we have for both cases:

sin z cos 90° = sin (90° — §) cos (90° — ¢) —
cos (90° — &) sin (90° — ¢) cos ¢,

or

cos & 8in ¢ — sin 6 cos ¢ cos t. = 0.
Solving for cos ¢, we have

cos ¢, = cot & tan ¢. (65)
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For western elongation, ¢, is in the first quadrant; and for eastern,
in the fourth. The latitude (¢) is assumed to be known and the
coordinates of the star (o, 8) are secured from the Ephemeris.
From 6 = a + t., the sidereal time of the elongation is obtained,
which may be changed to civil.

Ezample: Find the local civil time of eastern elongation of Polaris in
Cleveland (A = 5" 26™ 1694 W, ¢ = 41° 32’ 13" N) for July 25, 1930.

. Reference
—_ m
Coordinates of Polaris, July 26.0{ “Z ;8?{?5, 3‘{3} Art. 35
Hour angle of Polaris at castern elongation, {, = 270° 57’ 05”. | Eq. 65

t, (in time) = 18® 3™48°3. | Table I
Sidereal time of eastern elongation, 9 =19 40 38.3. |0 = a + .
Civil time of eastern elongation, T =23 27 58.8. | Art. 46

o

Table VII of the Ephemeris gives the civil time of elongation
of Polaris. Making use of this table to obtain the above, we have:

Civil time of upper culmination, meridian of Greenwich, h m s
July 26, 1930 5 24 05
To reduce it to the Cleveland meridian, interpolate for
5% 26™, 1.e., 5.44 - (—9°78) —53
Civil time of upper culmination, meridian of Cleveland 5 23 12
To reduce this to the civil time of eastern elongation, subtract
(last column, Table VII, for lat. 41° 32’ N) 5 55 15
Cleveland Civil Time of eastern elongation 23 27 57

The azimuth at the instant of eastern or of western elongation
of a star is obtained from the law of sines for the astronomical
triangle (Fig. 54), 7.e.,

\ . .sin (180° — A4,) _ sin 90°
For western elongation: sin (00° —3) _ sin (90° — ¢)
_sin (A. — 180°) _ sin 90°

For eastern elongation: sin (90° — 3) — #n (90° = @)

Hence,
sin A, = + cos d sec ¢, (66)

where the sign must be chosen so that, for western elongation,
A, is in the second quadrant; and for eastern, in the third. The
declination of the star is obtained from the Ephemeris and the
latitude from a map (it is not necessary to know it with great
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accuracy) or from a previous determination. Table V of the
Ephemeris gives the azimuth of Polaris at elongation as does
Table X of this book.

The civil time of clongation of Polaris and its azimuth are
also given in the ‘ Ephemeris of the Sun and Polaris” published
by the U. 8. Department of Interior, General Land Office.

92. Procedure for Determining Azimuth by Observing Polaris
at Elongation, the Time Being Known.

Reference

. Compute time of elongation. Art. 91

. Carefully set and level instrument over station.

. Read horizontal circle when telescope is pointing on
mark. M of Eq. (64)

4. A few minutes before elongation, release upper plate and

point on Polaris.
5. Read horizontal circle clockwise with Polaris on vertical

N

wire near horizontal, at the instant of clongation. K of Eq. (64)
6. If the theodolite is used, read striding level direct and
reversed. Art. 66

7. Read on mark as in 3.

The above directions may be slightly modified to increase the
accuracy by eliminating instrumental errors as follows:

In view of the fact that the azimuth of Polaris from about four
minutes before to four minutes after elongation, differs from its
azimuth at clongation by less than one second of are (in latitudes
of the United States), it is clear that the time nced not be accu-
rately known. As a matter of fact two sets of observations may
be made during this time; one with telescope direct, and the other
with telescope reversed.

DirecTiONS FOR COMPUTING

Reference

1. Obtain coordinates of Polaris from Ephemeris or other
source. Art. 35

2. Compute the azimuth at elongation, or secure it from
Ephemeris; for western elongation, A. is in the second
quadrant; and for eastern clongation, in the third. Eq. (66) or

Table V, A.E.

3. Average the readings on the mark to obtain M of Eq.
(64).

4. K = average horizontal angle reading on Polaris.

. If the striding level is used add to K, b tan ¢. Art. 67

. The required azimuth of the mark will be

A=A, - (K - M). Eq. (64)

[= ]
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*93, Azimuth of Circumpolar Star near Elongation.—To
increase the accuracy of the determination of azimuth at elonga-
tion, observations may be taken before and after the time of
elongation, and the azimuth of the star in these positions reduced
to the azimuth at elongation. This has the effect of increasing
the number of readings at elongation, just as in the determination
of latitude, circummeridian altitudes were observed and reduced
to the meridian.

The reduction is effected by the following equation, which
was taken from Campbell’s “Practical Astronomy’:

sin d cos & 2sin® 3(t. — t) (67)

A, — A =+ : -
¢ =  sin 2, sin 1”7

where A, — A is the correction to be applied to the horizontal
circle reading of the star when its hour angle is &. The upper
sign is for eastern elongation, § is the declination of the star,
and f, the hour angle of the star at elongation. The zenith
distance at elongation, 2., is computed from

sin 2z, = cos ¢ sin ¢.. (68)

(Law of sines for the right spherical triangle PRZ.)

If for convenience, we replace the last fraction of Eq. (67)
by m, we have

sin & cos & )

A, — A = +—
sin 2,

The value of {, — ¢ is equivalent to the sidereal time difference

between the time of elongation and the observed time; the value

of m may be obtained directly from Table VI. To shorten the

work, let the average of the values of m be denoted by mo; then

the last equation becomes

sin & cos &
sin z.

Ae — A4 =+ mo. (69)

This correction is now applied to the average horizontal reading
on the star instead of correcting each reading and averaging the
results.
SCHEDULE OF OBSERVATIONS
1. Compute time of elongation.

2. Carefully set and level instrument over station.
3. Read horizontal circle when telescope is pointing on mark.
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4. About 15 minutes before elongation, release upper plate and point
toward star.

5. Read striding level direct and reversed.

6. Call “Time” when star crosses vertical wire near horizontal and
record the horizontal angle and the corresponding time.

7. Make three or more such pointings on the star.

8. Read striding level as in 5.

9. Point on mark.

10. Reverse telescope and repeat process.

The required azimuth of the mark is given by Eq. (64),
A,=A, — (K- M).

The time and azimuth at elongation are computed as before
(Art. 91). The value of M is the average of the four readings
on the mark. To the average of the readings on the star, the
following corrections are applied to obtain K: (a) 4, — A as

explained above, (b) for level [Eq. (51)], (c) for aberration (Art.
96), and (d) for error of runs of microscopes (Art. 65). The time

Station: * New” Theodolite: Troughton and | Star: Polaris at eastern
Simms elongation
Lat. 41° 32’ 13’1 N | Striding level: d = 2'!5.
Long. 5" 26™ 16°4 W| Sidereal chronometer correc-| Date: July 25, 1930
tion: +9°
No. Sight Siderecal ' Horizontal Re:ading Re:ading
chron. reading angle micr. A micr. B
Telescope Direct
h m s o ! ’ ” ’ ”n
1 |Mark | .......... 110 10 4 40 2 4 44.0
2 | Read level
3 | Star 19 20 34 144 10 0 489 0 54.0
4 |Star 19 29 20 144 10 0 558 1 02.1
5 |Star 19 31 57 144 10 1 00.7 1 06.9
6 | Read level
7 [Mark | .......... 110 10 4 43.0 4 48.1
Telescope Reversed
8 |Mark | .......... 110 10 4 45.0 4 480
9 | Read level
10 | Star 19 44 48 144 10 1 08.8 1 15.6
11 | Star 19 48 20 144 10 1 08.8 1 15.6
12 | Star 19 51 41 144 10 1 00.6 1 069
13 | Star 19 58 29 144 10 0 52.5 0 57.0
14 | Read level
16 |Mark | .......... 110 10 4 48.0 4 54.0
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must be known with an aceuracy of three or four seconds, and
if a sidereal timepiece is not available, the intervals T, — T
should be changed into sidereal intervals. When the engineer’s
transit is employed it is not, of course, necessary to apply correc-
tions (b), (c), and (d), the time need not be known more accurately
than within a minute, and the timepiece need not keep sidereal
time.

When observing Polaris, reduction to elongation may be further
simplified by use of Table XI. First compute the azimuth at
elongation A, (in this table the azimuth is referred to the north
point), and with this and ¢, — ¢ obtain the correction A, — A from
thistable. Table V,of the American Ephemeris ismore extensive.

Other stars well adapted for observation are § and X Ursz
Minoris and 51 Cephei (Fig. 56).

To illustrate the above a complete determination is given begin-
ning on page 133.

LevEL READINGS

N Direct Reversed
o W | E W B
2 1 22 12 11
6 0 23 12 11
9 2 21 16 7
14 0 23 18 5
Zero of level at center of tube.
REDpUCTION
Reference
The time of eastern eclongation, 6, = 19" 40™ 38". Computed in
Art. 91
sin A. = +cos §sec ¢. Eq. (66)
Azimuth of eastern elongation, 4, = 181° 26’ 05"2.
sin 2z, = cos ¢ sin ¢,. Eq. (68)
t. = 270° 57’ 05”. Computed in
Art. 91
gin 2, = +40.748425
No. | Circlereading | 6. ~6 | m
o ’ ”n m 8 ”n
3 144 10 51.4 19 55 778.4
4 10 59.0 11 09 244 .1
5 11 03.8 8 32 143 0
10 11 12.2 —4 19 36 6
11 11 12 2 -7 51 121.0
12 11 03.8 -11 12 246.3
13 10 54.8 -~18 00 635.9

Avarams — 144° 11/ 09"R m. = 1870
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The circle readings are for the average the two reading microscopes.
6, — 0 =t. —t is the sidercal time interval between elongation and the
instant of observation. The values of m are obtained from Table VI.

sin & = 0.999824.
cos § = 0.018742.

Reference
Ao— 4 = 45nB00SE o, Eq. (69) plus
(@) + 8In 2, My = + ‘“for eastern
elongation.”
®)
2) ‘ 6) 9) (14) | Mean
Eq. (48)
b = —423, —13"8 | —63 | —6'3 | —977
y= — 977 -tan ¢ = —876. Eq. (51)
(c) Aberration = +0.31 cos A = —0.3. Art. 96
K =144°11' 256 + 779 — 876 — 073 =
o ’ ”
144 11 01.5.
M =110 14 46.3. Average of 1
7, 8, and 15.
An =A.— (K — M) =147 29 50.0. Eq. (64).

94. Azimuth by a Circumpolar Star at Any Hour Angle, the
Time being Known.—This method is based on the solution of
the astronomical triangle, (Fig. 53). After the circle reading
on the azimuth mark (M) is recorded, the instrument is turned
toward the star, and the horizontal circle reading (K) and
corresponding time (7" or 6') obtained. The coordinates of the
star, o and §, are sccured from the liphemeris. The clock
correction and latitude arc assumed known (Chaps. VIII and
IX). Apply to 77 or ¢ the clock correction and obtain the true
sidereal time (§) of the observation. 6 = a + ¢ then gives the
hour angle (¢).

From triangle PZR, we have

PZ = 90° — ¢ and PR = 90° — 5.
Angle at P = ¢, when the star is west of meridian, and 360° — ¢
when east of the meridian. The angle at Z is required and is
equal to 180° — A or A — 180° according as the star is west
or east of the meridian.

To derive a suitable equation for computing the azimuth (4),
divide Eq. (8) by Eq. (11),
tan A = sin ¢ cos & .
sin ¢ cos 6 cos ¢ — cos ¢ sin &

(70)
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Another expression may be obtained by dividing the numerator
and denominator of Eq. (70) by cos ¢ sin 3, z.e.,

_ _sintcotdéseco
tan 4 = tan ¢ cot scost — 1 (71)
Let
a = tan ¢ cot & cos ¢. (72)
Then we have
tanA=—sintcotésec¢-—1_a- (73)

The advantage of this equation over Eq. (70) is that tables have

been prepared for finding log directly from log a, when

l1—a
log a is computed from Kq. (72).

ScHEDULE FOR ()BSERVING

1. Set instrument over station and level carefully.

2. Point to mark and record circle reading.

3. Release upper plate and point to star; read circle (clockwise) and
time when star crosses vertical wire near horizontal.

4. Repeat 3.

5. Point to mark and record circle reading.

6. Reversec telescope and repeat process.

To illustrate the method of observing and computing, the following
determination will be treated in full:

OBSERVATIONS
Station: Howe Date lgg(x)l e 23, Reading of Before After
hms|hms
Lat.: 41° 32’ 13" N | Star: Polaris Watch 23 22 42 | 23 39 41
Long.: 5® 26™16° W | Transit: No. 4 | Local cwil
clock 22 58 00 | 23 15 00
Sight | Watch time | Vernier4 |  Vernier B
Telescope Drirect
h m 8 -] ! n o ’ ”n
Mark | .......... 0 0 O 0o 0 O
Star 23 35 00 23 31 45 23 32 00
Star 23 37 10 23 32 15 23 32 46
Mark | ..ol 0o 0 O 0 0 O
Telescope Reversed
Mark eereeaae 0o 0 O 0 0 O
Star 23 27 20 23 30 156 23 30 30
Star 23 30 00 23 31 00 23 31 15
Mark | .......... 0O 0 O 0 0 0

Correction, watch to clock = —24™ 41%5.
Known civil clock correction = +11°4.
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RepuctioN
Reference
h m 8
Average watch time............| 23 32 22.5
Watch correction............. —24 41.5
Civil clock time .. ............ 23 7 41.0
Civil clock correction.. ... +11.4 | Given
Local civil time of obsorvatlon
T)..... oo 23 7 52.4
Corresponding sidereal tmw (0) 17 14 18 8 | Art. 45
aof Polaris......... e 1 36 12.1 Art. 35
tof Polaris......... .. 15 38 06.7 |0 =a+t
o ! ”
t of Polaris (in arc) .. 234 31 41 Table I
5 of Polaris .. ... 88 55 32 Art. 35
Latitude (¢)... . ...l 41 32 13 Given
i B __sintcot dsec ¢
tan 4 = tan ¢ cot dcost — 1 Eq. (71)
sint = —0.814400 tan ¢ = 0.885875
cot 6 = 0.018754 cot 6 = 0.018754
sec ¢ = 1.335955 cos ¢t = —0.580304
-0. 020404
tan A = 0009641 =1 = 0.020209;
e A is in the third
A = 181 9 28 quadrant since
¢t = 15" 38
Average circle reading on star (K) = 23 31 28
Average circle reading on mark (M) = 0 0 0
Azimuth of line (A,) = 157 3800 | A = A ~ (K — M)

Figure 55 shows the observed and computed angles.

96. Some Approximate Methods for Comp

uting the Azimuth

of Stars.—1. The American Ephemeris gives in Table IV the

azimuth of Polaris at all hour angles. This

table may be used

when a value of the azimuth is required correct to about 6.
The latitude of the station and the hour angle of Polaris are the
arguments in the table; the azimuth from the north point

is obtained by double interpolation (Art. 37).
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North

South
Fig. 56. Am = A — (K — M).

Ezample: Consider the data given above:
t = 15" 38 06°7 and ¢ = 41° 32’ 13",

Table IV, American Ephemeris, gives:

o o Lat.

40 42 HA.
o ’ o ’ h m
179 1 100 | 15 40
175 1°91 1 96
1 5.7 1 7.7 | 15 30

The underlined numbers are computed by interpolation.
A =180°+1°9'1 = 181° 9L
Table IV has been computed for a declination of Polaris of 88°

55’ 55’ (year 1930). For other declinations the correction given
in Table IVa should be applied to the azimuth taken from Table
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IV. This correction in the case given above is equal to + 04;

hence, we have
A = 181°9'1 4+ 04 = 181° 9'5.

2. The Ephemeris of the Sun and Polaris, published by General
Land Office, gives the azimuth of Polaris for mean-time hour
angles instead of sidereal hour angles, as given in Table IV of
the American Ephemeris. It also gives, for every day in the
year, the civil time of the upper transit of Polaris for the Green-
wich meridian; for any other meridian a simple interpolation
is necessary. Having thus the local civil time of the upper
transit of Polaris for the local meridian and the local civil time
of the observation the mean-hour angle of Polaris is obtained.

In the example given above we have:

h m
Local civil time of observation. . . .. T =23 7.9
June 23, 1930, local civil time of upper tmnsnt of Po]ans = 7 323
Mean-time hour angle of Polaris. .. ................... t,,, =15 35.6

The interpolation for the azimuth is the same as in the work
given above.

3. When the latitude of the station is not known, the altitude
of the star at the beginning and the end of each set of readings
on the star is recorded. The average of the readings, changed to
zenith distance and corrected for refraction, will yield the true
zenith distance z. Then Eq. (8) gives the azimuth

sin ¢ cos §

sin A = —_—STI_I—Z_— (74)

Example: The average altitude in the illustration of Art. 94, is 40° 55’ 30"';
hence, z is 49° 4’ 30" + 1’ 6’ = 49° & 36’". As computed above, ¢ =
234° 31’ 41”7 and & = 88° 55’ 32”. Hence, using natural functions, we have

. 4 - —0.814400 .0.018751
sin A = 0.755777

A = 181° 9’ 28".

= —0.020206

4. Azimuth of Polaris without the Ephemeris.—This method
was explained in Art. 88.
*96. Precise Azimuth by Observing Circumpolar Stars.—
The most precise determination of azimuth is made with the
theodolite by observing a circumpolar star a number of times
in succession. This method yields results correct within 1’
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or less. The general method of observing and computing has
been explained in Art. 94; here we will consider only a number of
additional refinements and corrections.

1. Schedule of Observations.—Take two readings on azimuth
mark; point to star; read striding level direct and reversed; take
four readings on star, recording time and horizontal circle reading;
read level; take two more readings on mark. Reverse telescope
and repeat, beginning with sighting at the mark.

2. Curvature Correction.—In the illustration of Art. 94, the
mean of the observed times was used in obtaining the hour angle
(t) and from it the azimuth. This mean value of the azimuth
requires a correction on account of the fact that a circumpolar
star appears to describe an appreciable arc and not a straight line.
The U. S. Coast and Geodetic Survey, Special Publication 14,
gives the following equation for this correction and a table to
facilitate its computation.

. 1 2 sin? ir
Curvature correction = — tan 4 -~ —2
n sin 1

in which

n = the number of pointings on the star.

r = the interval of time between each pointing and the average

of the times for the set, expressed in sidereal units.

A = the mean azimuth reckoned from south point clockwise

and computed from Eq. (73).
Of course, the negative sign of the correction becomes positive
when the star is west of the meridian, as the sign of tan A is
negative. The correction is applied to A and is expressed in
seconds.

3. Correction for Aberration.—On account of the diurnal
aberration (Art. 30), a star appears to be displaced from its real
position by an amount given in the following equation (U. S.
Coast and Geodetic Survey Special Publication 14):

cos A cos ¢

Correction for diurnal aberration = —0.32
cos h

The altitude necessary is either roughly obscrved or computed
from Eq. (8).

4. Level Correction.—The inclination, b, of the horizontal axis
of the theodolite is obtained by taking readings with the striding
level (Art. 66) when the telescope is pointing on a star. Equation
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(48) gives the value of b when the striding level is graduated
with the zero in the middle, and Eq. (49) when the zero is at one
end.

Level correction = b tan h [Eq. (50)].

The correction is applied to A and is in the same units as b,
usually seconds of arc. If the azimuth mark is not on the same
level with the instrument, a similar correction is applied to read-
ings on the mark. Ordinarily the altitude of the mark is too
small to affect appreciably the horizontal readings made on it.

5. Error of Runs. (Art. 65).—This correction is applied to
the mean circle reading on the mark (M), and to the mean circle
reading on the star (K).

97. Position of Stars for Most Favorable Determination.—
Differentiating Eq. (10), considering A and ¢ variables, we have
cospcosz-de +singsinzcos A dp 4+ cospsinzsin A dAd =0
or solving for d4,

cos ¢ cos z + sin ¢ sin 2 cos A

4 = - cos ¢ sin z sin A - o,

cos & cos !

~ o5 g cos oEnt’ d¢ [making use of Egs. (13), and (8)].

cot ¢
cos ¢

dé

From this we see that an error (d¢) in the assumed latitude will
have the least effect on the computed azimuth when the hour angle
(t) of the star is close to 90° or 270°.

Similarly differentiating Eq. (8), considering ¢ and A variables,
we have

costcos d+dt =sinzcos A-dA,

from which
cos ¢ cos &
sinzcos A

dA

sin A cos ¢
= s oos 4 . dt [from Eq. (8)],

= tan A cot ¢- dt,

from which we observe that an error in the hour angle (dt), that
is, an error in the assumed time, will have the least effect on the
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computed azimuth when the hour angle (¢) is 90° or 270° provided
the azimuth (A) is nearly 0° or 180°. These two conditions are
nearly fulfilled when we choose circumpolar stars and observe
them near elongation.

The effect of the error in the declination of the star will be
insignificant if the declination is taken from the Ephemeris.

98. Circumpolar Stars for Azimuth Determination.—It was
shown in the last article that a close circumpolar star not

To é CASSIOPELE

21
a URSA: MIN
(Polans)

g

Fi1a. 56.—Circumpolar stars suitable for azimuth determination.

near the meridian affords a most favorable determination of
azimuth. On account of its brightness and nearness to the pole,
Polaris is usually chosen. When Polarisis near the meridian, three
other stars may be used, 5 and A Urse Minoris and 51 Cephei.
Figure 56 shows their positions relative to Polaris, their distances
from the pole, and their magnitudes. To find these stars in the
sky, proceed as follows: (a) Orient Fig. 56 relative to meridian
at the time of observation, remembering that the pole, Polaris,
and 6 Cassiopeim are in a straight line. (b) Having the direction
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of the meridian in the figure, estimate the difference in altitude
and azimuth between Polaris and the star to be observed. (c)
Point telescope to Polaris and change its altitude and azimuth by
the amounts estimated. This will bring the star sought into
the field of the telescope.

99. Azimuth by Observation of the Sun at Any Hour Angle,
the Time Being Given.—The method of observing and the
process of computing are much the same as those given in Art.
94. Inasmuch as it is impossible to point on the center of
the sun, observe the castern limb, 7.e., wait until the limb of the
sun leaves the vertical wire with the point of tangency near the
horizontal wire (Figs. 57 and 58). This will give better timing

Fia. 57. Fia. 58.
F1a. 57.—Observing the eastern limb of the sunin the forenoon, a few sec-

onds before it becomes tangent to the vertical wire, near the horizontal. (Non-
inverting telescope.)

F1g. 58.—Observing the eastern limb of the sun in the afterncon, a few
seconds before it becomes tungent to the vertical wire near the horizontal.
(Non-inverting telescope.)
and will avoid confusing the limbs. No matter in what manner
the observation is made, with inverting telescope, prismatic
eyepiece, or image projected on paper (Art. 57), the eastern limb is
always observed when the disk of the sun appears to leave the vertical
wire. ‘This will cause the correction for semidiameter, s (Art. 51),
always to be added to the horizontal angle reading on the sun K,
provided the angles are mecasured in a clockwise direction. The
altitude of the sun may be observed, or computed from Eq. (8)
or (9); it is required for the semidiameter correction. If civil
time is used, change it into apparent by the equation of time and
obtain the hour angle ¢ (T, = 12" 4+ ¢). Either Eq. (71) or
(73) may be used for computing A.

ScHEDULE FOR OBSERVING

1. Set instrument over station and level carefully.

2. Point to mark and record circle reading.

3. Release upper plate and point to the sun. Read circle (clockwise),
and time when sun leaves the vertical wire near the horizontal.
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4. Repeat 3.

5. Record approximate altitude.

6. Point to mark and record circle reading.
7. Reverse telescope and repeat process.

If the instrument lacks a complete vertical circle it will be well
to make a morning and an afternoon observation and average
the results. The time most favorable for accuracy is when the
sun is more than two or three hours from the meridian, preferably
near the prime vertical. To illustrate the method of observing
and computing, the following determination will be treated in
full.

Station: No. 3 Dateig.lzlsne 4 Reading of Before After
° a6 1orr . . | Local cival h m s h m s
LL“t",45l,, ;‘62,,, 11?; 413‘, L”"é’ﬂ":ﬁ‘::wd' clock: 15 55 00 | 16 16 00
ong-: ‘ ste Watch: 16 21 02 | 16 42 02
Sight Watch time Vernier 4 Vernier B Vertical
angle
Telescope Direct
h m 8 o ’ ” o ’ ”n o ’
Mark......| .......... 0 0 O 0o 0 0
Sun....... 16 25 26 327 13 20 327 13 20 36 40
Sun....... 16 27 02 327 29 40 327 29 40
Mark......| .......... 0o 0 O 0o 0 O
Telescope Reversed
Mark......| ......... 0 0 0 0 0 0
Sun....... 16 31 00 328 9 20 328 9 20
Sun....... 16 33 21 328 32 20 328 32 20 34 15
Mark..... e e 0 0 0 0o 0 o
Watch correction = —26™ 02%
Known civil clock correction = —6%0.
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. 4

20’

10'

328° 00'

A Time
verage { Angle

327° 10’ /

16h25™  26™ 1™  28™ 29m  16h30m 31m agm 3zm 34m
Observed Time
Fi1a. 59.—Showing that the four observations are consistent.
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RebucTioN
h m 8 Reference
Figure 59 Art. 69
Average watch time 16 29 123
Correction, watch to clock -26 02.0
Average clock time 16 3 103
Clock correction. . —6.0
Local civil time (7') 16 3 43
Equation of time (E) +1 52.9 Art. 34
Apparent time of ohservation (7's) 16 4 57.2 T« —T=E
Hour angle of sun (t) 4 4 57.2 To =128 + ¢
° ! n
tin arc . 61 14 18 Table I
Latitude of station (¢) +41 32 13
Declination of sun () +22 27 32 Art. 34
Tan A = sin ¢ cot & see ¢ a =tan ¢cot dcost |[Eq. (71) and
tan pcotdcost — 1 Eq. (73)
log sin ¢ = 9 942816 log tan ¢ = 9.947373
log cot & = 0.383658 log cot & = 0 383658
log sec ¢ = 0 125792 log cost = 9 682296
0.452266 log @ = 0.013327
a = 1.03116
log (1 — a) = 8.493597
log tan A = 1.958669
o ’ n
A... ... . 89 22 12
S = semidiameter of the sun from
Ephemeris 15 48
sin z(z = 54° 33"") = (.8146.
Correction for horizontal angle
reading of sun (8)......... 19 24 Eq. (42)
Average of horizontal readings on
the sun e . 327 51 10
Corrected horizontal angle (K). 328 10 34 Corrected for
semidiameter
Average of horizontal angle read-
ings on the mark (M) 0 0 0
K-M .. 328 10 34
Azimuth of line (4,,). 121 11 38 An =
A~ (K-M)

See Fig. 60




AZIMUTH 147

100. Azimuth by Observing the Altitude of the Sun When the
Time Is Not Known.—The azimuth (4) of a heavenly body as
given by Eq. (10) is a function of the latitude () of the station,
the zenith distance (z) and the declination (8) of the body in
question. Therefore, if the altitude of the sun or a star is observed
at the instant its horizontal angle reading (K) is observed, the azi-
muth of a line (4,) can be computed by Eq. (64), as before.

Place the image of the sun in the quadrant in which it wsll
appear to be leaving both the vertical and horizontal wires. This will

North

SUN
O

s=0°19'24"

F1a. 60.

always secure good results and give certainty as to the limb
observed regardless of the manner of observing. In the fore-
noon, the eastern and lower limbs are observed; and in the
afternoon, the eastern and the upper (Figs. 61 and 62). To
avoid altogether the correction for semidiameter, the sun may
be placed tangent to both wires in one quadrant, and the hori-
zontal and vertical angles read; and then the image placed in the
diametrically opposite quadrant, and the angles read. The
mean of the horizontal readings and the mean of the vertical
readings will yield the horizontal and vertical readings for the
center of the sun.
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From the observed altitude obtain the zenith distance (2') and
correct it for semidiameter (S) if necessary, refraction (r) and
parallax (p). This gives the true zenith distance (z). From the
approximate time of observation the declination () of the sun is
obtained from the Ephemeris. The latitude (¢) is known. The
azimuth of the sun may be computed from Iiq. (10), ¢.e.,

cos 4 =

sin ¢ cos z — sin &
cos ¢ sin 2 ’ (75)

a simple formula for natural functions and a calculating machine.
The data of the determination establish the quadrant; if the sun

/

Fia. 61. Fia. 62.
Fia. 61.—Observing the eastern and lower limbs of the sun in the forenoon,
a few seconds before they become tangent to the vertical and horizontal wires.
(Non-inverting telescope.)
F1a. 62.—Observing the castern and upper limbs of the sun in the afternoon,
a few seconds before they become tangent to the vertical and horizontal wires.
(Non-inverting telescope.)

is observed west of the meridian, 4 is less than 180°; if east, 4 is
greater. For a logarithmic solution use Eq. (7) which, when
the parts of the astronomical triangle are substituted, becomes:

_ cos 3 [z + (¢ + 0)] sin 3 [z + (¢ — 9)]
cot 34 = & \/cos%[z —GF it =9

The data of the problem establish the quadrant of 34; that is,
if the sun is observed west of the meridian, 34 is in the first
quadrant; if east, it is in the second.

ScHEDULE OF OBSERVATIONS

1. Point to mark and read horizontal circle.

2. Release upper plate, point to sun, and read horizontal and vertical
circles.

3. Same as 2.

4. Same as 1.

5. Record approximate time.
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6. Reverse telescope and repeat process.
7. Record approximate time.

The average of the readings on the mark gives M of Eq. (64);
the average of horizontal readings on the sun corrected if neces-
sary for semidiameter [Eq. (42)] gives K. The value of A is
computed from Eq. (75) or (76). Then the required azimuth
of the mark is, as before,

An=A - (K- M).

If the time is accurately recorded, the correction of the clock
may also be obtained by the method of Art. 80 or by first com-
puting the hour angle of the sun (¢) by Eq. (74); from which the
apparent time is obtained (T, = 12" + £), and hence the local
civil time (7. — T = E).

Ezxample:
Station: No. 1 Date:lg;;;e 20, Reading of | Before After
Lat.: 41° 32 13" N | Observed lLimbs: hm s |hms
N * | Wateh: 8 45 23 | 9 57 25
castern and lower Local civil
. rh m s , .
Long.: 5* 26™ 16° W | T'ransit No. 3 elock : 8 18 00 | 9 30 00
Horizontal angle
Sight | Watch time | Vertical angle
Vernier A Vernier B
Telescope Direct

h Ill 8 o ’ " o I ”n o ! n

Mark...] ......... | .. ... ..., 0 18 20 0 18 20
Sun....] 9 39 37 50 17 00 293 45 20 293 45 20
Sun....| 9 42 14 50 44 30 294 19 40 204 19 40
Mark...] ......oo0 ] ool 0 18 20 0 18 20

Telescope Reversed

Mark...] ....cooov | il 0 18 20 0 18 20
Sun....| 9 50 55 52 19 00 296 18 20 296 18 20
Sun....| 9 53 23 52 45 30 296 52 40 296 52 40
Mark...| .... .... | ..... .. 0 18 20 0 18 20

Watch correction = —27™ 24°.
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Rebuction
Reference
Average altitude (A’) . 51 31 30
Average zenith distance (2') 38 28 30
Refraction (r) . 46 | Table IV
Parallax (p) 06 | Art. 50
Semidiameter (S) 15 46 |A.E.
Corrected zenith distance (z) 38 13 24 |z=24+r—p—8
Declination of the Sun (8) 23 26 40 | Art. 34
Given latitude (¢). 41 32 13
- 8in¢cosz —sin §
cos 4 = cos ¢ sin z Eq. (75)
cos A = 0.265746; A | 285 24 41. |Observation made
Average horizontal angle reading on cast of meridian
the sun 295 19 00
S
=Sz 25 29 | Eq. (42)
K 205 44 29 | Average +s
Average reading on mark, M 18 20
K-M 295 26 09
Azimuth of the line, A, —-10 1 28 |A,.=A—-—(K—-M)
or 349 58 32

101. Azimuth by Observing the Altitude of the Sun When

the Time Is Known.—KEquation (74)
sin ¢ cos 6

sin A =

when the time and the altitude are known.

sin 2z
suggests a simple method of computing the azimuth of the sun

From the given

standard or civil time obtain the apparent time (Art. 43), and
from it the hour angle (¢) of the sun (7 = 12" + t). The rest of
the work follows exactly the lines of the previous article.

Ezample: In the above illustration, the local civil clock was 6°3 fast.
From the time and altitude compute the azimuth of the sun.

Average rcading of watch. ... .

Watch correction..... .. ..
Reading of the local civil clock
Civil clock correction.......

Correct civil time of observation (7') .

Equation of time (E).
Apparent time (7,)
Hour angle of the sun (¢)

tinarec....... ..........
Declination of sun (8) . ..

Corrected zenith distance (2)

h m 8
9 46 32.3
—27 24.0
9 19 08.3
—6.3
9 19 02.0
-1 17.4
9 17 44.6
—2 42 15.4
o !’ n
—40 33 51
+23 26 40
38 13 24
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From Eq. (74), and the above values, we have

sin A = —0.964257
A = —74° 38 06"
= 285° 21’ 54",
Observe that the latitude of the station does not enter this

computation.

102. Azimuth by Observing a Star near the Prime Vertical.——
Any one of the three methods given above for observing and
computing the azimuth of a line by means of the sun are appli-
cable in the case of a star. Preferably observations should not be
made near the meridian; to increase the accuracy observe two
stars, one east of the meridian and the other west. In the
first case (Art. 99), 7.e., when the horizontal angle and time
arc observed, place the star so that it will cross the vertical
wire near the horizontal and call “Time’’ as it crosses. In the
second case (Art. 100), the star is placed at the intersection of
the cross-wires. It is not necessary to record the approximate
time, as the declination of the star does not change appreciably
in one day. In the third case (Art. 101), the time when the
star crosses the intersection of the cross-wires must be known.
The altitude is corrected for refraction only. To obtain the hour
angle (¢) of the star, change the corrected observed time (if civil or
standard) into sidereal time (6), get the right ascension («) of the
star from Ephemeris and solve for ¢ from the equation 6§ = « + ¢.

Exercises

1. Compute the azimuth of Polaris at western elongation for June 10,
1929, at Cleveland (Iat. 41° 32/ 13" N; long. 5 26™ 16®° W); also the local
mean time for same.

2. Check result of Exercise 1, by means of the table in the American
Ephemeris or in the Ephemeris of Sun and Polaris.

8. Compute the azimuth of Polaris for 1929, June 2¢ 22" 50™ 10°, local
civil time of Cleveland.

4. Check result of Exercise 3 by means of some table.

6. Determine the azimuth of a line from the following observations on
Polaris.

Date:

Station: South Wilson June 23, 1930

Reading of |  Before After

hm s8] hm s
Lat.: 41° 32’ 13" N | Star: Polaris. | Watch: 21 911|122 310
T.ocal civil
Long.: 5" 26™ 16®° W | Transit: No. 2 | cloek: 20 43 00 | 21 37 00
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Sight Watch time Vernier A Vernier B
Telescope Direct

h m s o ! ”n o ’ ”n
Mark e e 0 0 O o 0 0
Star. .... 21 32 43 22 57 00 22 57 00
Star 21 37 01 22 58 30 22 58 30
Mark .... . .... | ... 0o 0 O 0 0 0

Telescope Reversed
Mark | ... 0 0 0 0 0 o0
Star. ... . . .| 21 51 53 23 3 30 23 3 30
Star e . . 21 55 43 23 5 00 23 5 00
Mark 0 0 O 0 0 O

Known civil clock correction = +11%4.

6. Without the usc of the Ephemeris, compute the approximate azimuth
(Art. 88) of Polaris for 1932, August 107 22® 10™ 30° local civil time of
Cleveland.

7. Determine the azimuth of a line from the following observations on
the sun:

Station: No. 4 Date:l.;gge 20, Readingof| Before After
hm s | hm s
Lat.: 41° 32’ 13" N | Limb observed: | Watch: 17 7 47 | 17 36 45
Long.: 5" 26™ 16° W | castern Local civil
clock: 16 41 00 | 17 10 00
Sight Watch time Vernier A Vernier B Vertical
angle
Telescope Direct
h m s o ! ”n o ’ ”n o ’
Mark...... e e o 0 O 0 0 O
Sun....... 17 16 36 331 58 00 331 58 00 28 20
Sun....... 17 19 25 332 23 20 332 23 10
Mark......[| .......... 0o 0 O 0 0 O
Telescope Reversed
Mark.. ...| ..... ... 0o 0 O 0 0 O
Sun....... 17 25 56 333 23 20 333 23 20
Sun... . .| 17 28 44 333 48 20 333 48 20 26 5
Mark. ... | ......... 0o 0 O 0 0 O
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Known civil clock correction = +11%0. v

Equation of time for the time of observation = —1™ 17°4.

Declination of sun at the time of observation = 23° 26’ 42”". -

Sun’s semidiameter 15’ 46",

8. Compute the azimuth of the sun in Exercise 7, using as the average
altitude of its center 27° 12’ 30" instead of the given time.

9. Compute the azimuth of the sun in Exercise 7, using the given time and
the average altitude of its center (27° 12’ 30").

]



CHAPTER XI
THE SOLAR ATTACHMENT

An instrument usually mounted upon the telescope of an
engineer’s transit and used primarily for determining the azimuth
of a line by observations on the sun, is called a solar attachment.
Its particular advantage lies
in the fact that practically no
computation is involved in
determining the azimuth.
It is capable of attaining an
accuracy of about one minute
of arc provided no observa-
tions are made when the sun
is within one hour of the
meridian. Time and latitude
may also be determined with
the attachment.

103. Description.—Various
forms of solar attachments
are made but all are about
the same in principle and in
use. They consist essentially
of a polar azis perpendicular
to the plane formed by the
line of sight of the telescope
of the transit and the hori-

| zontal axis of that telescope; a

Fia. 63.—The Burt type of solar small telescope, known as the

?:;i::’tme'('gv Z“:;zteg Gurteyy oo " solar telescope, which has two

motions at right angles toeach

other corresponding to the two motions of the transit; and either

a level attached to the solar telescope or a graduated arc on which

the declination of the sun may be set. Figure 63 shows the Burt

type of solar attachment having in the place of the telescope a

small lens, and in the place of the eyepiece and cross-wires a
154
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metallic surface with lines ruled on it to facilitate the centering
of the sun’s image. A magnifying glass may be used to observe
the reflected image of the sun on this surface. There is also an
hour circle graduated to five minutes of time and a declination are.

il B

Fia. 64.—The Saegmuller type of solar attachment mounted on engineer’s
transit. (C. L. Berger and Sons.)

Figure 64 shows another common type of attachment. The
upper part of the polar axis is Y-shaped and holds the solar
telescope. The level, mounted parallel to the solar telescope,
is provided with two sights; when the shadow of the one sight
appears on the other the solar telescope is directed to the sun.
Both the vertical and horizontal motions have clamps and
tangent screws. The prismatic eyepiece of the transit, which is
provided with the colored glass, fits the eye end of the solar
telescope. The line of sight is marked with the usual cross-
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wires and on either side of each cross-wire still another wire is
placed. This set of wires forms a square with the intersection
of the first wires at its center. By setting the image of the sun
nearly tangent to all four sides of the square (as in Fig. 65) the
center of the sun may be brought into the line of sight.

104. Adjustments.—Before adjusting the solar attachment
itself, all the adjustments of the engineer’s transit must be
carefully checked.

1. To Make the Polar Azxis Perpendicular to the Plane Deter-
mined by the Line of Sight of the Transit Telescope and Its Hori-
zontal Azis.—Carefully level the transit and bring the bubble
of the level of the main telescope to the center. Since the

horizontal axis and the line of sight of
% the transit are now parallel with the
A/ % v horizon, the polar axis must be made

—t

E Y, vertical. Level the solar telescope over
/é % one pair of adjusting screws (they are

under the plate that holds the polar
F1a. 65.—System of wires axis), a.nd turn it 1800. If the bubble
of solar telescope showing is out of center bring it back half way
the image of tho sun sy, f the adjusting screws and
placed that its center is in DY IMeans o justing
the line of sight of the the other half by means of the vertical
telescape. slow motion of the solar attachment.
Repeat a number of times over each set of adjusting screws.

2. To Make the Vertical Cross-wire Truly Vertical—This
adjustment is exactly the same as in the case of the cross-wires
of the main telescope (Art. 55).

3. To Make the Azis of the Level Parallel to the Line of Sight.—
Make the lines of sight of the two telescopes parallel by pointing
both telescopes on the same distant object. Level the main
telescope and bring the level bubble of the solar telescope to the
center of its tube by means of the adjusting screw on the tube.

106. Use of the Solar Attachment.—Suppose that the telescope
of the transit is pointed at the intersection of the meridian with
the plane of the equator (¢.e., the =-point, Fig. 66) and that all
motions are clamped except that which allows the solar telescope
to turn about the polar axis, then the line of sight of the solar
telescope will describe a diurnal circle. In particular, if the
angle between the two telescopes, when both are in the meridian,
equals the declination of the sun at the instant (neglecting,
for a moment, refraction), then the line of sight of the solar
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telescope will follow the sun for a time until the sun’s declination
changes appreciably. Now suppose that the eract direction
of the meridian is not known, that the horizontal motion of
the transit is unclamped, and that the sun is at least an hour from
the meridian; then the only time when the sun may be centered
in the solar telescope is when the transit telescope is in the plane
of the meridian. This is the fundamental principle of the use
of the solar attachment.

106. Determination of Azimuth.—The latitude of the place
and the approximate time are assumed to be known. From the
Ephemeris obtain the declination of the sun (Art. 34) for the

90°- ¢

time of observation. To allow for refraction, the altitude of
the sun is roughly observed (or computed from the approximate
time) and the amount of the refraction is obtained from Table
IV and added algebraically to the declination. The correction
may also be obtained from handbooks published by a number of
instrument makers, in which it is given for different latitudes
and hour angles of the sun. Having the latitude of the place
and the declination of the sun, we are ready to begin observation.

The transit is set up at the station and the two telescopes are
pointed on a distant mark to bring them into the same vertical
plane. Clamp the horizontal motion of the solar telescope. Set
the vertical circle of the transit to read the corrected declination
of the sun (for § negative, objective end of transit telescope up;
for & positive, down); then level the solar telescope and clamp
its vertical motion. This completes the work of making the
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vertical angle between the two telescopes equal to the corrected
declination of the sun.

Set the two plates of the transit at 0° and by use of the slow
motion of the lower plate point the transit on the mark, the
azimuth of which is required. Raise the transit telescope to the
co-latitude of the place and clamp this vertical motion.

We are now ready to observe the sun. The transit telescope
is turned to the approximate known direction of the meridian. The
vertical motions of the two telescopes are kept clamped, as well
as the lower plate of the transit, while the upper plate of the
transit and the horizontal motion of the solar telescope are left
free. By means of these two frce motions observe the sun
through the solar telescope. The disk of the sun is placed in the
manner shown in Fig. 65 and the sun will move parallel to one
set of wires, as shown, when the transit telescope is on the meridian.
The reading of the horizontal circle gives at once the azimuth of
the line.

107. Determination of Time.—When the transit telescope is
in the meridian and the sun’s center in the line of sight of the
solar telescope, the angle between the two telescopes measured
in a plane perpendicular to the polar axis is evidently equal
to the hour angle of the sun. To measure this angle, point
the transit telescope to a distant mark nearly on the same level
as the instrument and read the horizontal circle. Carefully
level this telescope, point the solar telescope to the same mark
and again read the horizontal circle. As a rule this will necessi-
tate slightly raising or lowering the line of sight of the solar tele-
scope. The difference between the two readings gives the hour
angle of the sun; hence, by comparing the clock time of observa-
tion with the time computed from the hour angle of the sun, the
correction of the clock may be obtained.

Exercise

Describe the method of determining the latitude of the place and the
clock correction by meridian observations with the solar attachment.



CHAPTER XII

DETERMINATION OF TIME BY THE TRANSIT
INSTRUMENT

108. The transit instrument is designed primarily to be used
for the accurate determination of time. It consists essentially
of a telescope, a horizontal axis perpendicular to the telescope,
and a reticle at the focal plane of the objective. The horizontal
axis, or the axis of rotation, rests on Y’s and is mounted in an
east-and-west direction which makes the telescope move in the
meridian. A graduated circle is attached to the instrument in
order to set the proper zenith distance. The reticle (Ifig. 69)
consists of an odd number of vertical threads, or wires, generally
placed symmetrically with respect to the middle wire, and two
horizontal wires. Suppose there are five vertical wires, and
let ¢, to, t3, ts, s represent the times of transit of a star over
these wires; then the average of the #'s will give the time 0
that the star will cross a fictitious wire called the mean wire, i.e.,

=t1+i2+ta+t4+t5

Om 5

77

The instrument is said to be in perfect adjustment when the
mean wire lraces the meridian, as the telescope rotates on its
axis. If the telescope is in perfect adjustment we have for the
correction of the clock,

A =a — On (78)

To adjust the instrument and keep it in perfect adjustment is
not possible; therefore, the time 6, must be corrected for three
principal instrumental errors. For the sake of simplicity we
assume that the east support of the axis of rotation is fixed.

1. Azimuth constant a is the horizontal angle that the axis
of rotation makes with the true east and west line. It 7s assumed
lo be positive when the west end of the axis is toward the south.

2. Level constant b is the angle that the axis of rotation makes
with the plane of the horizon. It is assumed to be positive when
the west end is high.

159
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F1e. 67.—Four-inch transit instrument. There are three foot-screws support-
ing the instrument, one at A and two on the other side. The axis of rotation
LL’ rests on the supports B and C. The frame of the level D is U-shaped and
rests on the axis of rotation at L and L’. The circle E is to set the zenith dis-
tance. The light from the lamps passes through the hollow axis of rotation and
is reflected by means of a mirror within F to illuminate the field. The instru-
ment is reversed by means of the arm G. (The Warner and Swasey Co.)
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The line through the optical center of the objective, and
perpendicular to the axis of rotation, is called the collimation
aris. The line joining the optical center of the objective with
the mean wire is called the line of sight.

1
= |

F1c. 68.—Broken-telescope transit. A prism in the optical axis of the tele-
scope directs the rays of light at right angles through the hollow horizontal axis
of the instrument to the eye end. With this arrangement it is possible to make
all observations from one position. In all other respects this instrument is
the same as the one shown in Fig. 67, (The Warner and Swasey Co.)

3. Collimation constant c is the angle formed by the collimation
axis and the line of sight. It is positive when the mean wire 18
west of the collimation axis.

From the above it may be seen that when we are observing a
star south of the zenith and when a is positive, the star will
cross the mean wire too early. Likewise, for any star above the
pole, when b or c is positive, the star will be observed too early
and hence the correction to 6., should be positive.
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109. Theory of Instrumental Errors.—From Figs. 71 and 72
and the above definitions of a, b, and ¢, we may write

PZ = 90° — ¢. PR = 90° — 4.
LHZM = 90° — a. HZ = 90° — b.
&
8
g
_—
|
$ 1
r / 71 b Clamp L
f i 17? | n
toH 4 9 W ] Uy &
T I
E West ’|'° East
[} ~— ]
! ° M| [F
|
5 |43 ]2 |1
B
Fia. 69. Fia. 70.

F1a. 69.—Reticle of the transit instrument. When the star appears in the
field it is made to move hetween the two horizontal wires by slightly changing
the zenith distance. The time is noted as the star crosses each of the five verti-
cal wires. The average of the time of these transits gives the time that the star
will cross the fictitious wire AB (mean wire).

F1a. 70.—The line GF through the optical center of objective G and perpendic-
ular to the axis of rotation LL’ is the axis of collimation. The line GM through
@ and the mean wire M is the line of sight. The collimation constant, the
angle ¢, is shown positive (sce page 161). If the axis LL’ is turned end to end
M will be east of F and hence ¢ negative.

Figure 70 shows that the angle HOR is 90° + ¢. This angle is
measured by the arc HR of Figs. 71 and 72. Hence,

HR = 90° + c.

Let ¢ be the hour angle of R, measured toward the east and in seconds
of time. For convenience let ZM = n, MR = f, ZPMR = m.
From the law of sines in the spherical triangle PM R, we have
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F1a. 71.—SZN represents the meridian, P the celestial pole, WE the cast and
west line, I and H' the points where the axis of rotation produced pierces the
celestial sphere, and R the position of a star as it crosses the mean wire of the
telescope.

F1a. 72.—The projection of Fig. 71 on the plane of the horizon. PR is the hour
circle of R and HR an arc of great circle connecting H and R.

sin £ _ sin m

sin f sin (90° — &)
or

sin m sin f = sin £ cos & 79)

and from the law of cosines in the spherical triangle HMZ, we
have

cos HM = cos (90° — b) cos n + sin (90° — b) sin n cos ZHZM
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or
cos (90° + ¢ — f) =sin (f — ¢) = sin b cos n +
cos b sin n sin a.  (80)

Since a, b, and c are very small (they are usually less than 1°),
we may write in Eq. (79)

¢t in the place of sin ¢,
f in the place of sin f,
1 in the place of sin m,
that is,
f=tcoss. (81)

Likewise, in Eq. (80) we may write

f — c in the place of sin (f — ¢),
b in the place of sin b,

1 in the place of cos b,

@ in the place of sin a,

¢ — & in the place of n,

so that Eq. (80) takes the form,
f—c=0bcos (¢ — ) + asin (¢ — 8). (82)
Subtracting Eq. (81) from Iq. (82) and solving for f, we have
t =asin (¢ — 8)sec d + bcos (¢p — ) sec § + ¢ sec 6.

It is evident that a, b, and ¢ are here expressed in seconds of
time, inasmuch as ¢ was assumed to be expressed in those units.
To abbreviate the coefficients of a, b, and ¢, let

A = sin (¢ — 9) sec 4. (83)
B = cos (¢ — 8) sec 8. (84)
C = sec . (85)
Therefore,
t=ad + bB + cC. (86)

Inasmuch as ¢ is the hour angle of the star R, and 6,, represents
the observed time at which the star crossed the mean wire, the
time that it will cross the meridian will be 6, + t. Therefore,
the correction of the clock is

A0 =a — (0m + 0). (87)
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110. Clock Correction.—To determine the clock correction
A9, a number of stars are observed and the average Af obtained.
This, however, does not take account of the rate of the clock.
The correction due to rate may be obtained as follows: let

6, be the time of transit of the first star, in hours and fractions

of hours.

0, be the time of transit of the nth star, in hours and fractions

of hours.

dé be the rate of the clock per hour in seconds; positive when

the clock is losing, negative when the clock is gaining.
Therefore, the clock time of each star should be increased by

(6~ — 6,) - db.

It has been indicated in Art. 30 that the time of transit of a star
should be corrected for the effect of aberration. Equation (27)
gives for this correction —0:021 sec 6 cos ¢, which, by Eq. (85),
becomes —0:021C cos ¢.

Tke final form of the correction of the clock A6 as given in Eq. (87)
will be

aberration clock rate
Af = a — [0, — 02021C cos ¢ + (0, — 6,)d6 +
t
Bb 4 Cc + Aa]. (88)

Equations (83), (84), and (85) are known as Mayer’s formulas
and in the form in which they are given refer to stars at upper
transit. For stars at lower transit substitute for &, 180° — .
They become

A, = sin (6 + ¢) sec §, B, = cos (6 + ¢) sec 9,
C. = —secd. (89)

A, B, and C are functions of ¢ and & and for a fixed observa-
tory tables! are made with 6 as the argument.

111. Determination of Instrumental Constants. Level Con-
stant b.—The level is supported at the ends of the axis of rotation
as is shown in Fig. 67. It has been assumed that the east end
of the axis of rotation is fixed; hence, in the case where the zero of
the graduations of level is at one end of the tube, the level is

1 A table for A, B, and C is given in Special Publication 14, U. 8. Coast
and Geodetic Survey.
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considered direct when the zero is east. This has been explained
in Art. 66. Recadings must be taken with level direct and reversed,
to eliminate the error of adjustment of level in its frame.

The value of b may be computed from Eq. (48) or (49). This
value, however, cannot be assumed to remain the same during
a long interval of time (say one hour). To obtain the value of b
at the time a given star is observed, we record the approximate
sidereal time when level readings are taken, and interpolate for
the time required.

Collimation Constant c.—Neglecting the rate of the clock, the
terms of Eq. (88) may be grouped for convenience as follows:

0
A0 = & — [6n — 0.021C cos ¢ + Bb + Cc + Aa]  (90)

or
Ag = a — [ + Cc + Aal. (91)

Equation (83) shows that the value of A approaches zero when
the zenith distance of a star approaches zero, so that Eq. (91)
for a star near the zenith becomes approximately

Af = o — [8, + Cc). (92)

If the telescope is reversed and another star is observed the
mean wire will move to the other side of the collimation axis (see
Fig. 70). This will change the sign of the collimation correction
Cc. Hence, to keep track of the proper sign of this correction,
we must keep track of the reversals of the instrument. For this
reason we make an arbitrary assumption as follows: When the
clamp of the telescope is east, ¢ will be assumed positive when the
mean wire s west of the collimation axis.

That is, we have
Af =o' — [0, + C'c]
for a zenith star with clamp east. When the instrument is
reversed, we must have,
Af = o — [0 + C'"(—0)]

for a zenith star with clamp west. These last two equations have
two unknowns, namely, Af and ¢ (for clamp east). Eliminating
A6 and solving for ¢, we have
(o — 8) — (" — 8Y))
c = C+C”

(93)
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This gives the value of ¢ for clamp east. To obtain the value
for clamp west take the negative of this result.
Azimuth Constant a.—Neglecting the rate of the clock, and
regrouping all the terms now known, of Eq. (88), we have
00

A8 = & — [6,, — 02021C cos ¢ + Bb + Cc + Aa]  (94)

or
A6 = a — [6. + Aal. (95)

A similar equation for a second star will be
Af = o — (6! + A'a). (96)
Subtracting Eq. (95) from Eq. (96) and solving for a, we get

o= (@ — 6;) — (o — 6)
- A - A’

(97)

It is evident that to make the error of the determination of a
as small as possible, the denominator of Eq. (97) must be numer-
ically as large as possible. This is accomplished by choosing
stars for which A and A’ have large values opposite in sign. A
study of Eq. (83) shows that we must choose one star near the
pole and the other as far south as possible, or two circumpolar stars,
one at upper and the other at lower culmination.

112. Adjustments of the Transit Instrument.—In the above
discussion it has becen assumed that the instrument has been
adjusted and that the values of a, b, and ¢ were made as small as
possible. Here we shall consider these adjustments.

1. To Make the Axis of Rotation Horizontal.—Take level
readings both direct and reversed and obtain the value of b.
By means of the leveling screws raise or lower the west end
of the axis in accordance with the sign of b. Repeat the process
until b is nearly zero.

2. To Make the Line of Sight Perpendicular to the Axis of
Rotation.—Point the telescope toward a well-defined mark and
bisect it with the middle wire of the reticle. Reverse instrument
and point the telescope upon the same mark. If the middle wire
still bisects the mark, no adjustment is necessary; if not, move
the wire half way toward the mark by means of the slow-motion
screws that adjust the azimuth. Then bisect the mark with
the middle wire by moving the whole set of wires, using the
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screws on the eyepiece tube. Reverse the instrument and repeat
the process until the adjustment is made.

3. To Make the Axis of Rotation Point in the East and West
Direction.—Let us suppose the instrument set so that the tele-
scope swings approximately on the meridian. To obtain the
approximate correction of the clock observe the time of transit
of a star within 10° of the zenith. Having already made the
values of b and ¢ very small, the difference between the R.A. of
the star and time of its transit will give a good approximation
to the clock correction. Now observe a slow-moving star
(declination about 75° or more). When the star is near the
middle wire bisect it by means of the azimuth slow-motion screws.
Follow the bisection by means of the same screws until the clock
indicates that the star is on the meridian. Repeat with another
star.

113. Observing List.—The requirements of a good set of stars
for determining time can be outlined as follows:

a. The same number of stars north and south of the zenith, for
the error in azimuth will then be practically eliminated.

b. Two zenith stars, one clamp east and the other clamp west,
thus eliminating the azimuth correction as far as possible from
the determination of c.

¢. One star near and above the pole and the other as far south
as possible or below the pole. This will tend to make the
denominator of Eq. (97) as large numerically as possible.

The observing list has the following headings:

Declination| Setting l NorS

No. ’ Star ’Magn. R.A.

] o

Columns 2, 3, 4, and 5 are obtained from the Ephemeris. The
magnitude serves to identify stars. The right ascension can be
taken to the nearest second and the declination to the nearest
minute.

The sixth column is obtained from

2 = ¢ — o for south of zenith stars,
2z = § — ¢ for north of zenith stars, and above pole.

The last column designates whether the star is south or north
of the zenith.
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114. Directions for Observation.—It is clear that the object
of this determination is to find the correction A§ of the clock.
Hence a clock is indispensable. The seconds of the clock are
automatically recorded by means of an electric circuit on an
instrument known as a chronograph (Fig. 73). Usually the
beginning of each minute is indicated on the sheet or tape of
the chronograph by a mechanism in the clock. Before the
work of observing stars begins, the hour and minute corre-
sponding to this particular mark are noted on the sheet of
the chronograph.

e e N

F1a. 73.—A Chronograph. The cylinder A rotates, by means of a clock
arrangement B, once a minute. The beat of the clock is transmitted by an
electric circuit to the electromagnet C' which releases the pen D for a small
fraction of a second, thus marking the seconds of the clock on the sheet of paper
wrapped around the cylinder. (The Warner and Swasey Co.)

Another electric connection from the chronograph leads to a
key at the telescope. By pressing the key the observer inter-
polates signals among the clock markings on the sheet. Thus
the exact time at which the star crosses each wire of the reticle
can be estimated to the nearest .01 of a second.

After reading the level direct and reversed, the circle for reading
zenith distance is set for the first star. The clamp of the axis of
rotation had better not be used, as there is a slight tendency to
raise one end of the axis. When the star appears in the field it
can be brought between the horizontal wires of the reticle (see
Fig. 69) by gently tapping the telescope. Center the eyepiece
opposite the five wires, and press the key when the star passes
over each vertical wire.
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SCHEDULE OF OBSERVATIONS

1. Have clamp of tclescope cast and level with zero east.

2. Take level readings and record approximate sidereal time. (Care
should be taken to give time for level bubble to come to rest before
reading.)

. Observe half the stars, at least one star to be within 8° of the zenith.

. Take level readings as before.

. Reverse telescope.

. Take level readings.

. Observe the remaining stars, at least one star to be within 8° of the
zenith.

. Take level readings.

NO oW

[0 ]

116. Example for Reducing Observations.—Page 171 gives a
set of eight stars for the determination of the clock correction.
Their declinations are given to the nearest minute and are to be
used for obtaining the corresponding values of 4, B, and C.

The apparent right ascensions are given in line marked “a”
and they are computed correct, as far as possible to the nearest
five-thousandth of a second.

The chronograph readings (¢, t2, . . . ,) for the time of transit
of stars over the five wires of the reticle are read to the nearest
hundredth of a second and are recorded on the lines marked ‘‘Wire
transits.”

The values of A, B, and C arc obtained (correct to three
decimals) from the observatory book of star constants.

0 is the mean of the ¢’s and is computed to the nearest five-
thousandth of a second.

The aberration is computed (to nearest five-thousandth) from
equation K’ = —0.021 C cos ¢.

The rate of the clock was too small to be included in this deter-
mination.

The Value of b.—The four values of b are computed from Eq.
(49), d = 07057. The value of b for each star is obtained by
interpolating, using 6, for time.

The Value of c.—The value of ¢ is determined from Eq. (93).
Choose one clamp-east star nearest to zenith, in this case »!
Bootis, which gives

o = 15" 28™ 24'800.
8, = 15" 27™ 43'455 [6, defined in Eq. (90)].
C’' = 1.326.

It
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Similarly, the nearest-to-zenith clamp-west star is ¢ Herculis,

so that
o = 16" 06™ 347120.

6 = 16" 05" 527195.
C" = 1.417.
Therefore
41°345 — 417925 .
c= W = —0.211.
For clamp west,
¢ = +07211.

The Value of a.—To obtain a, Eq. (97) is used. The star
nearest to the pole is ¥ Urse Minoris, so that

o = 15" 20™ 541085,
6, = 15" 20™ 11°235 [0, defined in Liq. (94)].
A = —1.653.

The most southern star is B! Scorpii, for which

o = 16" 01" 207125.
6. = 16" 00™ 397025.
A’ = 0.930.
So that
42850 — 417100 _ .

More Accurate Values of ¢ and a.—In computing the value of ¢
it was assumed that the term Ag for the zenith stars was zero;
however, this is not the case. To compute a more accurate
value of ¢, Eq. (91) may be used for the two zenith stars. That is

Af = 15" 28™ 247800 — [15" 27™ 43°455 + 1.326¢ +
(0.012) - (—0678)].

Af = 16" 06™ 347120 — [16" 05™ 52°195 — 1.417¢ +
(—0.088) - (—0°678)]

Solving for ¢, we obtain ¢ = —07186 for clamp east.
Having this new value of ¢ a new value of a is computed as
before from Eq. (97), which is

a = —0°637.
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Cc and Aa.—These two lines are now computed correct to
the nearest five-thousandth of a second.
#’.—Includes all the terms in the bracket of Eq. (90).

Al =a— 0.

Observe the following:

1. The sign of b was found to be negative, hence the west end
of the axis of rotation was low.

2. The sign of ¢ for clamp east was found to be negative, hence
the mean wire was east of the collimation axis when the clamp
was east.

3. The sign of a was found to be negative, hence the west end
of the axis of rotation was towards the north.

116. Least-squares Solution..—A more accurate reduction
of the above observations may be made by least squares. Equa-
tion (90) involves three unknowns, A6, ¢, and a. Since we have
as many such equations as stars observed, the values of these
unknowns may be obtained by forming their normal equations.

To avoid dealing with large numbers, let A6, be an approximate
known value of the clock correction Af. Let z be the unknown
correction to Af, then

A0 = Aby + z. (98)

Hence Eq. (90) takes the form:

z+ A6 =a — (6 £ Cc + Aa)
with the plus sign before Cc for clamp-east stars and the minus

for clamp-west, or
known

iCc+Aa+x=a—8;,,—A00.

Assuming in the above illustration A8, = +41°000, the corresponding
observation equations are:

1.202¢ + 0.166a + =z = 0.295
3.251¢c — 1.653a +z = 1.165
1 955¢ — 0.594a + z = 0.640
1.326¢c + 0.012a + & = 0.345
—1.007¢ + 0.576a + =z = 0.460
—1.062¢ + 0.930a + z = 0.325
—1.417¢ — 0.088a + z = 0.925
—1.001c + 0.709a + =z = 0.395.

Assuming unit weight for each of these equations, we have for the normal
equations
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22.746¢c — 8.473a + 3.247x = 3.336 normal for ¢
—8.473c + 4.820a + 0.058z —1.487 normal for a
3.247¢ + 0.058a + 8.000x = 4.550 normal for =.

Solving simultaneously, we obtain
¢ = —07184; a = —0%639; z = 0°648;

and
A0 = +41°648.

The agreement with the previous solution is somewhat unusual.



CHAPTER XIII
LONGITUDE

117. General Considerations.—The astronomical longitude
of a place is the angle between an arbitrarily chosen initial merid-
ian plane, and the meridian plane of the place. The meridian
through Greenwich Observatory, near London, England, has been
almost universally adopted as the zero meridian.

The determination of the longitude of a place is made by deter-
mining the local time at the place and comparing that time with the
local time of the same tnstant at Greenwich or at some other place
of known longitude. This has already been expressed in Art. 27
thus: The difference between the corresponding local times of two
places gives their difference in longitude. In the United States
all local times are compared with the local time of the U. S.
Naval Observatory (Washington), the longitude of which is
taken as 5" 8™ 15:784 W. In 1926 a more accurate determi-
nation (5" 8™ 15751 W) was made by wireless, but for the
sake of consistency all longitudes are referred to the older
value.

The principal method of determining longitude may be out-
lined as follows:

1. Determine the local time at two stations, at one of which
the longitude is known and the other unknown.

2. Signal the local time of the former station to the latter.

3. The difference of the two local times expresses the difference
in longitude of the two stations.

118. Longitude by Meridian Transit of the Moon.—Just as
the sun appears to move among the stars and its right ascension
and declination change continually, the moon, on account of
its revolution about the earth, appears to move among the stars,
but much faster than the sun. The right ascension of the moon
is given in the American Ephemeris for every hour of Greenwich
time. If, at the station whose longitude is to be found, the
sidereal time is known (Chap. VIII), observation of the sidereal
time of the moon’s meridian transit yields its right ascension.
From the Ephemeris the Greenwich time corresponding to this

175
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right ascension is obtained. The difference of the two times
(both expressed in the same units, sidereal or civil) gives the
longitude required. This is, of course, a very rough determina-
tion but is still used in remote places.

119. Transportation of Chronometers.—If a number of chro-
nometers keeping the local time of the station whose longitude is
known are transported to another station of unknown longitude
and compared with the local time of this station, the difference
between the two times will give the difference in longitude
between the two stations. A number of chronometers are used
in both stations simply to increase the accuracy of the determina-
tion, and the errors and rates of the chronometers are carefully
determined. Before the laying of the first Atlantic cable the
longitudes of New York and of other Atlantic ports were deter-
mined by this method. Essentially this same method is used
in determining the longitude of a ship at sea; one or more chro-
nometers on board ship give Greenwich Civil Time and from
astronomical observations the ship’s local time is obtained.

120. Telegraphic Method.—The most exact method of deter-
mining longitude previous to the introduction of the wireless
was by telegraphic signals. A night’s observation at each
station consists in determining the local time by means of the
transit instrument as explained in Chap. XII, using the same
list of stars at both stations, if possible. Then, at the time
previously agreed upon, the observer at the western station sends,
by tapping the telegrapher’s key, 15 or 20 signals which are
recorded at the chronographs of both stations; after this the
observer at the eastern station sends, in the same manner, about
twice as many signals which are recorded at both chronographs;
and then the western observer sends 15 or more signals. Finally,
another set of stars is observed at each station for a second time
determination. Each chronograph records also the second-beats
of the local chronometer. The error of the chronometer is
computed from the transit observation, and thus the true local
ttme of each arbitrary signal of the exchange may be ascertained.
This is done at each station and the results sent to the other.
The difference of the two local times for each signal gives the
difference of longitude between the two stations except for the
error due to the time of transmission between the stations, which
is eliminated by averaging the recorded times of the signals sent
both ways. The personal equation (Art. 52) may be eliminated
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by exchanging observers, although the impersonal transit microm-

eter now used practically eliminates the necessity of inter-

the United
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The work of longitude determinat
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States is carried on by the U. S. Coast and Geodetic Survey
121. Wireless Method.—Radio time signals are now sent out
at specified hours from various broadcasting centers in Europe

with the principal purpose of furnishing data for adjusting the

triangulation nets.
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and America. These signals, received at the station the longitude
of which is required, are recorded on the chronograph along with
the second-beats of the local clock or chronometer, either by ear
and key or automatically by use of a suitable amplifier.' The
difference between the time indicated by these signals and the
local time determined as in the telegraphic method gives the
required difference in longitude. There is only one field party,
since there is no exchange of signals.

The program of star observations is the same as before, that is,
one set of transits is observed before, and another after reception
of the time signals. The approximate longitude of the station
may be obtained from a map; this is necessary for computing
the approximate local sidereal time at the station.

TIME SIGNALS

Domestic
Greenwich Civil
Station Location Frequency, K.C.| Time of trans-
mission
Hours
NAA | Arlington, Va.
Naval Radio Station 113 0 3, 8, 17
4,205.0 3, 17
NSS | Annapolis, Md.
Naval Radio Station 17.8 3, 8 17
NPG | Mare Island, Calif. 42.8 3, 8, 17
66 0 3, 8, 17
108 0 3, 8, 17
Foreign
FYL Bordeaux, France
Government Radio Station 15.7 gk 6"
GBR | Rugby, England
Government Radio Station 16.0 18"

The time signals, as usually sent by American stations, consist
of short dashes every second beginning with the last five minutes

1 For special apparatus see * Wireless Longitude,” Special Publication 109,
U. 8. Coast and Geodetic Survey.
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of the hour. In each minute the 29th second-beat and the 56th
to 59th inclusive, are omitted. To indicate the minute, some
other second-beats are also omitted between the 51st and 55th
second. Figure 74 shows the signals for the last ten seconds of
each minute. The last dash for the 60th second of the last
minute is longer. Some KEuropean stations send out vernier
signals. A list of stations with their broadcasting frequency
and the Greenwich Civil Time of broadcast is given on p. 178.
Signals sent out at 10:00 p.M. E.S.T. are listed 3" G.C.T. of the
following day. The time signals for all American stations listed
above are based on time obeervations at the Naval Observatory.
It is, of course, impossible to send these signals at exactly the
time specified and a small correction, usually less than 0°1, must
be applied. The Naval Observatory distributes, at request,
a list of corrections weekly.

Ezxample: Compute the longitude of the Warner and Swasey Observatory
from observations made on June 23, 1930. The Arlington 10 p.M. (75th
meridian) time signals were rccorded automatically on the chronograph,
together with the beats of the local sidereal clock (Fig. 75).

Clock reading of 10 p.m., radio time signal| h m ]
(average of 10 breaks used). R 15 35 14.31
Clock correction at 10 p.m. (dctermincd
by star obhservations). . ... +43.60
Receiving apparatus lag (approxlmatc) -0 02
Time of transmission of signals. ... . —-0.00
Local time of 10 p.m. (75th meridian) 15 35 57.89

Washington sidereal time of 10 p.M., 75th
meridian (communicated from the
Naval Observatory). .. .| 15 53 58.55

Longitude of the Warner and Swascy
Observatory, west of Washington . . 18 0 66




CHAPTER XIV
THE ZENITH TELESCOPE

122. The Principle of the Zenith Telescope.—The meridian
zenith distance of a star south of the zenith (Fig. 76) is

2 =¢ -0 (99)
and that of a star north of the zenith and above the pole is
2 = ¢ — ¢ (100)

From which we obtain
¢ =3 +8") + 3¢z — 2"). (101)

North

South

Fia. 76.

This equation suggests a method of determining the latitude by
observing the small difference in the meridian zenith distances
of two stars of known declination culminating at about the same
time and on opposite sides of the zenith. It is usually known
as the Horrebow-Talcott method.

123. The zenith telescope is an instrument designed to meas-
ure differences in zenith distance. The type of instrument shown
in Fig. 77 consists of a telescope 7', attached, at right angles,
to one end of a horizontal axis which rests on a vertical axis V.
Two sensitive levels, L and L', known as the latitude levels are
attached to a graduated circle C which is fixed to the telescope.
The levels are used to measure accurately small deviations in

180
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zenith distance and the circle reads zenith distance. The
horizontal axis coincides with the east and west line so when the
telescope is rotated about it the line of sight describes the merid-
ian. The meridian may also be described on the other side of
the vertical axis by simply reversing the entire instrument about
the vertical axis. Therefore, when a certain star is observed
south of the zenith, by revers-
ing the instrument about the
vertical axis and without
reselting the lelescope, another
star of approximately the
same zenith distance and
north of the zenith, may be
observed (Fig. 79). The
ingtrument is provided with
a horizontal circle at the foot
of the vertical axis and a
striding level to rest on the
horizontal axis, both used
when the adjustments are
made.

124. Micrometer.—The
eye end of the zenith tele-
scope is fitted with amicrom-
eter which is designed to
measure difference in zenith
distance of stars. The
micrometer M shown in Fig.
77 has two perpendicular
fixed wires AA’ and EE’ (Fig.
78) placed in the focal plane

of the objective. If the Fia. 77.—A zenith telescope. At the
end of the telescope tube there is placed a

ins.trument /is properly right-angle prism to direct the rays of light
adjusted, A’ remainsin the Jerberialy hroush » ice opeping n e
meridian as the telescope is gnd Swasey Co.)

rotated about the horizontal

axis. The center of the field is marked by the intersection of
AA’ and EE’. In the same plane and perpendicular to AA’
is a wire BB’, moved by means of a graduated micrometer
head H. The angular value of one turn of the screw is denoted

by R and in this case it is equal to 42.879. The head is
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graduated into 100 divisions to read the fractions of a turn;
the whole turns are given by a graduated disk G connected
with the head. Fifty turns will carry the wire across the field;
therefore 50 times 427/879 gives the extent of the field, z.e.,
approximately 36 minutes of arc. When the moving wire
is in the center of the field the micrometer reading is about 25.
Usually other fixed wires are placed parallel to the meridian wire
80 that the instrument may be used for time observations (Chap.
XII). Again, many transit instruments are fitted with a

c
L 15 1
AT SR
/ 77 ; .
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| \ §
R g
A FIE A g
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F1u. 78.—The star R, is bisected with the wire BB’ by turning the micrometer
head H. When the star comes to the meridian wire AA’, the micrometer is
read. In this case the reading is 22.184.

micrometer and with latitude levels so that they may be used
for latitude determinations. The instruments shown in Figs.
67 and 68 are adapted for latitude determinations.

The method of determining latitude by the zenith telescope
yields the best results for the following reasons:

1. It measures differences of zenith distance instead of
absolute zenith distances.

2. All errors of graduation of circles are eliminated. The circle
C simply furnishes the means for setting on a star.

3. Since the pair of stars used in the determination have very
nearly the same meridian zenith distances and only the difference
of these zenith distances enters the computation, the refraction
effect is very small.
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125. Adjustments of the Zenith Telescope.—The instrument
rests on three foot-screws, two of which are set parallel to the
east and west line.

a. To Make the Vertical Azis Truly Vertical.—Place the striding
level N (Fig. 77) on the horizontal axis and rotate the instrument
about the vertical. If the level bubble remains at the same
position throughout, the axis is truly vertical; if not, adjust by
means of the foot-screws. For the final adjustment the latitude
levels may be used.

b. To Make the Horizontal Azis Perpendicular to the Vertical.—
The position of this axis may be tested by reading the striding
level both direet and reversed. The process of adjustment is
the same as in the case of the horizontal axis of the transit
instrument (Art. 112). Adjust by means of the screw just below
and at one end of the horizontal axis.

¢. To Make the Movable Micrometer Wire Horizontal.—With
this wire bisect a distant well-defined object and place its image
at one end of the field. Clamp the telescope in zenith distance
in that position; slightly rotate it about the vertical axis and
see if the object remains bisected; if not, adjust by whatever
means are provided (Fig. 78, adjusting screws a and a’). It is
well to check this adjustment by slow-moving stars after the
other adjustments have becn made. When the telescope is on
the meridian, point to a circumpolar star (i.e., a slow-moving
star) and read the micrometer a number of times as the star moves
over the field. The average of the readings on one side of the
meridian should be the same as the average on the other side.

d. Collimation Adjustment: to Make the Line of Sight Perpen-
dicular to the Horizontal Axis.—The line joining the intersection
F, of the two fixed cross-wires with the center of the objective,
is the line of sight. If the instrument is made so that the hori-
zontal axis is reversible on its supports the adjustment is the
same as in the transit instrument (Art. 112). If it is of the type
shown in Fig. 77 two distant marks are placed side by side, with
the distance between them equal to twice the distance between
the vertical axis and the center of the telescope tube. Sight
to the one mark, rotate the telescope 180° by means of the
horizontal circle and sight on the second mark. If the inter-
section of the cross-wires does not bisect this mark, move the
reticle toward the mark one quarter of the way with the adjusting
screws provided for this purpose (Fig. 78, C and C’). Reverse
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instrument and repeat process. The vertical wire EE’ may easily
be made truly vertical by pointing to a distant mark; bisect
it at the upper edge of the field, move the telescope in zenith
distance, and see if the bisection remains. This necessitates
rechecking the collimation adjustment.

e. Azimuth Adjustment: to Make the Line of Sight Lie Always
on the Meridian.—This is done by adjusting the stops of the
horizontal circle and for this purpose the time must be known
within a second. Follow a slow-moving star with the vertical
wire by means of the tangent screw of the horizontal circle or
the screw of the stop until the clock indicates that the star is
on the meridian, and adjust the stop to this position. Repeat
for the other stop with another star.

When the line of sight is vertical the graduated circle C
must read zero. To do this bring the bubbles of the latitude
levels approximately to the centers of their tubes and adjust the
vernier of the circle to read zero.

It is very important that the eyepiece be carefully focused as the
value of one turn of the micrometer changes with the focus.

126. The Observing List.—Since there are a number of require-
ments which a pair of stars to be observed must fulfill, the stars
given in the American Ephemeris are not sufficicnt. Others may
be obtained from more extensive catalogues. Boss’ ““Preliminary
General Catalogue’’ lists 6,188 stars and is at present the best.

The sidereal time of observation being known, we choose a star
having a R.A. corresponding to this time and a declination such
that its zenith distance is less than 30°. From Eq. (101), we
see that

(8 +0") — 20 = (2" = 2), (102)

i.e., the sum of the declinations of the two stars minus twice the
latitude is equal to the difference in the zenith distances. The
two stars that form the pair must be chosen so that the difference
in their zenith distances is less than the extent of the field of the
telescope.

The difference in R.A. of the two stars must be at least 4
minutes in order to give sufficient time to complete the readings
for the first star, and not more than 20 minutes, as the constants
of the instrument might change during that interval. Stars
fainter than eighth magnitude will be found difficult to observe.

To illustrate the above, consider the following:
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OBSERVING LisT

Mean a, Mean | N or . Micrometer
No. | Star | Magn. 1030 51930 | 8 z | Setting | i ting
h m 8 -] ’ (-] ’ (-] ’
B.5153] 4 7 20 02 31 ) 67 40 N 26 08 18 down
1 26 21
B.5182f 5 0 20 11 02| 14 59 S 26 33
B.5208| 5.1 20 15 12 | 37 49 S 3 43 14 down
2 3 53
B 5230 5.9 20 19 48 | 45 34 N 4 02
B.5267| 6.5 20 28 20| 36 42 8 4 50 4 down
3 4 53
B.5283| 5 8 20 31 36| 46 27 N 4 05

Column 2 gives the name or number from catalogue; in this
case all the stars were taken from Boss’ ¢ Preliminary General
Catalogue.” Column 3 gives the magnitude, which servesto
identify the stars. Columns 4 and 5 give the approximate R.A.
and declination; these are the mean values (Art. 39) for the year
of observation. The R.A.is given tothe nearest second and indi-
cates when the star is on the meridian; the declination is given
to the nearest minute and serves to compute the zenith distance.
Column 6 indicates whether the star will culminate north or
south of the zenith. Column 7 is computed from kqgs. (99) and
(100) using the best known value of the latitude of the place,
which may be obtained from a map or determined by one of the
methods given in Chap. IX. In this illustration it is taken as
41° 32’ N. Column 8 shows the average of the zenith distance of
the stars in the pair.

To obtain the last column proceed as follows: (a) get the differ-
ence between the zenith distance of the first star of the pair and
the ““setting’; (b) reduce this difference to the corresponding
number of turns of the micrometer. For example, in the case
of the first pair, this difference is 13’ or 780"’; the value of one
turn of the micrometer is approximately 43”. Hence, the num-
ber of turns of the micrometer for this difference is 18. This
column indicates the approximate position of the star in the field
and helps to identify it. That is, if the movable micrometer
wire is set 18 revolutions below the center of the field, the star
will appear near this wire. When the setting is less than the
zenith distance of the first star, the movable wire should be set
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the indicated number of turns above the center of the field and
when grealer, below.

From the observing list we see:

a. All the stars used are brighter than the eighth magnitude.

b. The right ascensions in each pair do not differ by much less
than 4 minutes nor more than 20.

¢. The zenith distance of each star is less than 30°.

d. The difference of zenith distance in each pair is less than the
extent of the field, which is 36’ or 50 revolutions of the microm-
eter head in the case under consideration.

127. Directions for Observing.—The vernier attached to the
latitude levels is set to read the average zenith distance of the
two stars (columns 6 and 8 of the observing list). It is evident
that the first star will cross the field above the center and the
second below or vice versa; e.g., in the case of the first pair the
first star will be observed about 18 revolutions below the center
and the second 18 above. Set the movable wire so many revolu-
tions above or below the center according to column 9. In our
case when the micrometer reads 25, the movable wire is at the
center of the field, so the micrometer should be set to read 7
for the first star and 43 for the second star of the pair. Bring
the level bubbles approximately to the center and clamp the
motion of the telescope in the vertical plane with the lower clamp.
Two or three minutes before the time of transit, the first star will
appear to move near and parallel to the movable wire. Turn the
micrometer head so that this wire biseclts the star and see that 1t
remains bisected when the star crosses the meridian. The time of
transit may be recorded and should correspond to the R.A.
of the star; this gives assurance that the proper star was observed.
On account of slight imperfections in adjustment of the instru-
ment, this time might differ by a few seconds from the R.A.
of the star; in such a case a correction may be applied to reduce
the readings to the meridian, although it is very small and is
usually omitted. This observed time may also differ by three or
four seconds on account of the fact that the R.A. given in the
observing list is the mean value. To complete the work on the
first star record the readings for the morth and south ends of
the latitude levels and for the micrometer.

To observe the second star, reverse the telescope by rotating it
about the vertical axis. If the latitude level bubbles are not
in the center of their tubes, center them with the lower tangent
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screw which moves the telescope. Do not change the setting for
the second star. Place movable wire in a symmetrical position
on the other side of the center of the field, i.e., in the case under
discussion 18 revolutions above the center; then proceed as with
the first star.

The following should be kept in mind:

a. Do not change focus of the instrument.

b. Point telescope toward the first star with the head of the
micrometer up (the reason for this will be made clear in the next
article). Figure 77 shows the head upward.

¢. Do not change ‘“setting’’ until both stars of the set are
observed.

d. Do not move micrometer wire back and forth in bisecting
the star image as there is a certain amount of lost motion in the
thread of the screw. Move it in the same direction for both stars.

128. Latitude Equation.—When the micrometer is inclined
with the micrometer head upward, the greater the micrometer
reading, the greater the zenith distance. It is therefore advisable
always to set the telescope so that the micrometer head is inclined
upward, as the formulas for reduction usually are based on that
assumption. Figure 79 shows the head inclined upward.

Let

my

the micrometer reading when the movable wire is in the
middle of the field or, as a matter of fact, at any arbitrary
position. When the movable wire is at F, (Fig. 79),
the micrometer reads mo.
2o = the zenith distance for the line of sight through F,, as
set at the circle C.
b = correction for level, positive when north reading is high,
which indicates that the vertical axis is pointing south
of the zenith. Thus, for stars south of the zenith, b
is to be added to, and for stars north subtracted from
the zenith distance z, [see Egs. (103) and (104)].
m' = micrometer reading for south-of-zenith star, i.e., when
movable wire is at F’.
2’ = the true zenith distance of the star south of zenith.
m'’ = micrometer reading for north-of-zenith star, 7.e., when
movable wire is at F”’.
!" = the true zenith distance of star north of zenith.
refraction correction.
angular value of one turn of micrometer head.

N
~
[

=
]
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The angle f/ = (m’ — mo)R and ' = (m"" — mo)R.
Hence we may write for the star south of the zenith
Z =2+ m —my)-R+b +7 (103)

z R

South

Fi1a. 79.—The average zenith distance, zo, of the stars B, and R, is set on the
cirele C' and the latitude levels centered. The star B, having the smaller zenith
distance (2’) is observed below the center of the field at F'. The horizontal
axis is then reversed so that the telescope will be pointing to the star R, when it
comes to the meridian: having the greater zenith distance (z’’) it will appear
above the center of the field at F'. The micrometer M measures the sum of
the angles f’ and f’ which sum is equivalent to the difference of the zenith dis-

tances of the two stars (2" — 2').

and for a star north of the zenith
2 =20+ (m" —my) R —-0b"+71". (104)
Therefore
2 — 2 = (m'—m”)-R+b'+b”+r'—r”.
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Substituting in Eq. (101), we have:

1 2 3 4
& = 35" + 8") + 4(m’ — m") - R+ }¥ + 1) + 37 — ") (105)
where the “primes” refer to stars south of the zenith and ‘“sec-
onds” to stars north.

1. Declinations.—If the stars are given in the American
Ephemeris, obtain their apparent declinations from it (Art. 36).
If they are given in other catalogues, it will be necessary first
to reduce their coordinates to the mean place for the year of
observation (Art. 39) and from this to the apparent place at the
time of observation (Art. 40). The mean value of the right
ascension for the year is sufficiently accurate. It is to be
used as the sidereal time of the observation for the observing list
and for the reduction of the apparent declination.

2. The micrometer term is equal to one-half of the difference
in zenith distances of the two stars. If the readings were made
with the micrometer head down the sign of the term must be
changed.

3. Level Correction.—Let n’ and s’ be the north and south
readings of the level for the south star and »n’’ and s’ for the north
star, d the value of one division of the level in seconds of arc,
and z the error of the level. Then,

a. If the graduations of the level are numbered in both
directions from the middle,

V=3~ 9)-d+ s
b = _%_(nu _ s//) ed — 2

and
O V) =HW = )+ (0 = $)-d. (106)
b. If the graduations of the level are numbered continuously

from one end to the other with the numbers increasing toward
the eyepiece (when the telescope is inclined)

3 + V) =10 +8)— (" + 8] d (107)

¢. If the graduations are numbered from one end but with the

numbers increasing toward the objective (when the telescope is
inclined)

3O+ V) = (" + ") — (' + ] d. (108)

Figure 79 shows the graduations of the level increasing toward

the eyepiece so that if all the observations are made with the
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head of the micrometer up, I6q. (107) is to be used for the level
correction. To increase the accuracy of the level correction
many instruments are provided with two levels. The value of the
correction is obtained either directly, that is, by averaging the
correction of the two levels, or by averaging the corresponding
level readings and substituting these in the suitable formula.
4. Refraction correction being a function of the difference in the
zenith distances is always very small.
From Eq. (32) we have
: ' 4
' — 1" = 606 (tan 2/ — tan 2’’) = 60"/6 s—lw ,2~
cos 2’ cos z

Or, since 2’ and 2z’ are nearly equal to 2,
sin (2’ — 2'")
' - 7)) = 303 ———"2 109
2( ) cosz Zo ( )
Table XII gives the value of this correction; since half the
difference in zenith distance is equivalent to the second term of
Eq. (105) and is already computed, the table is prepared for
1(2’ — 2”’). The average of the zenith distances (z) may be
obtained from the observing list. The sign of the correction
is the same as the sign of (2’ — 2"').
Ezxample: The following observations were made at the Warner and
Swasey Observatory (lat. 41° 32’ N, long. 5* 26™ W) on July 29, 1930:
R = 42'879, d = 0’/712 for upper level.
d = 0'!743 for lower level.

OBSERVATIONS
Reference
Stars: B.5267, B.5283 From Boss’ ¢ Preliminary
General Catalogue’; see
h m s also Obscrving List, Art.
Sidereal time of ) 20 28 17 126.
meridian tran- QObserved
sits 20 31 39
Micrometer m'’ = 22.184.
m' = 28.767.
LevELs
Star Upper Lower Star Upper Lower
B.5267 n' =64.0| 159.0 B.5283 n'” = 42.0 129.0
s’ =40.5| 129.0 s’ =65.5 159 5
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REepucTiON

, " Reference

From mean place of Boss’
4 58 13 “ Preliminary General Cata-
logue,” 1900 to epoch of
1930 (Art. 39). From this
to the apparent place at the
time of observation (Art.

[l
ggo

5'

8 =46 27 11.36

40).
1. | 38" + 4 =41 34 34.75
2. | $(m' —m")-R = -2 21.14
3 | 3@ +¥") = - 0.32 Eq. (107)
4 | 3@ =) = - 0.04 Table XII, using (2 —

2"") =2 21.14 and 2z =
4°53’ (ohserving list)
¢ =41 32 13 25 Eq. (105)

Exercise

Latstude Determination.—The following observations were made at the
Warner and Swasey Observatory: latitude 41° 32’ N, longitude 5" 26™ W,
on July 29, 1930.

Value of R = 427879, d = 07712 for upper level.
d = 0.743 for lower level.

Levels

Star Micrometer
Upper Lower Upper Lower

B.5208 | m’ = 11.500| n' = 49 5,| 146.0, || <
B.5230 | m” = 37.312 | n” =29.5,| 118.0, || 8" =

It
[

115.5

6 0
3.0,| 148.5

%]

These stars are given in the observing list of Art. 126. The apparent
declinations of the stars at the time of observation were:
8 =37° 48’ 53744,
5 =45 34 10.56.
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CoNSTANTS AND FOrRMULAS
Note 1.
T 3.1415927
1 0.3183099
™
Oneradian............ 322 57.29578
One radian....... 212630 34377747
r”?
One radian........ —l—ggg—?r@— 206264’'8
One degree of arc...... Tgﬁ 0 174533 radian
. T .
One minute of arc. .. 10800 0 0002909 radian
g N
One second of arc. .. .. 548000 0 00000485 radian
Note 2.
If z is a small angle we may write
sin £ = z (in radians) tan z = z (in radians)
sin z = z’8in 1’ tan r = z’ tan 1’
sinz = z'’ sin 1” tan z = z’’ tan 1"/
sin 1’ = 0 00029089 tan 1’ = 0 00029089
sin 1”7 = 0.00000485 tan 1’ = 0.00000485
log sin 1”7 = 4.6855749 — 10 | log tan 1”7 = 4.6855749 — 10
Note 3.
. z3
smx=x—3-!+ —_— e
2 4
cosx=1—g«!+i!— SR
3 2z 1727
tan z —x+-3 + —= +—3—1——5- +
l+z)t=1—z+22—2"+ - - -

¢!

— )"t

l14+z+224+234+ - - -



TABLES

TaBLE I.—DEGREES, MINUTES, SECONDS OF ARC INTO HOoURs, MINUTES,
SeEconDs oF TiME

Degrees Minutes Seconds

°lh m °lh m " lm s " lm s "ls "l

0|0 00}{30(2 00| 0O{0 00| 302 00 010 00I 30 (2.00
1/0 04/ 31|2 04 110 04312 04 110 07| 31 {2 07
2|10 08322 08 2|0 08(32;2 08 210 13| 32 (2 13
3(0 12|33 |2 12 3|10 12(33]2 12 3 |0 20| 33 |2.20
4(0 16|34 |2 16|l 4|0 16 (|34 |2 16| 4(0.27| 34 |2.27
5/0 20352 20 5|0 20352 20 510 33|| 35 (2.33
6/0 24362 24 6|0 241 36|2 24 6 |0 40/ 36 |2 40
7/0 283712 28 710 28| 3712 28| 171|047 37 |2.47
810 32| 382 32 8]0 32382 32 8 |0 53|| 38 |2.53
9|0 36 39|2 36 9]0 36392 36 9 /0.60/| 39 |2 60
10{0 4040 |2 40| 10 |0 40| 40| 2 40| 10 |0 67| 40 |2.67
110 44|/ 41 {2 44 || 11 |0 44 || 41 | 2 44| 11 [0 73]| 41 (2 73
1210 48 || 42 |2 48|/ 12 |0 48 || 42| 2 48| 12 |0 80| 42 |2 80
13|0 52|43 |2 52 13 |0 52| 43 |2 52| 13 |0 87| 43 [2.87
1410 56|44 |2 56| 14 |0 56 || 44| 2 56| 14 |0 93| 44 |2 93
151 001({45|3 00/ 15|1 001! 453 00| 15]|1 00| 45 |3 00
16{1 04|46 |3 04|/ 16 |1 04| 46 |3 04| 16 |1 07| 46 |3 07
171 08147 |3 0817 |1 08| 47 |3 08| 17 |1.13|| 47 |3 13
18|11 12|/ 48 |3 12 18 |1 12| 48 |3 12| 18 |1 20|} 48 |3 20
19(1 16{{49|3 16|19 |1 16| 49 {3 16 || 19 |1 27| 49 |3.27
20|1 201 50|3 20{{20|1 20 50|3 20| 201 33|| 50 |3.33
21 |1 2451 |3 24|21 |1 24 513 24| 21]1 40|[ 51 |3.40
221 28 52(3 28 22 |1 28| 52 |3 28| 22|1 47| 52 |3.47
2311 32533 32(/23|1 32 53|3 32| 23]1.53| 53 |3 53
24|11 36| 543 36|24 |1 36| 54|3 36| 24(1.60] 54 {3 60
251 40 (| 553 40251 40| 55|3 40| 25]|1 67| 55 |3.67
261 44 (|56 |3 44 (/26 |1 44 || 56 | 3 44 || 26 |1 73|| 56 (3.73
271 48|57 |3 48 (|27 |1 48 (| 57| 3 48| 27 |1 80| 57 |3 80
281 52| 583 52|28 |1 52| 583 52| 28 (1 87| 58 |3 87
291 561|593 56| 20|1 56 59| 3 56 || 29 [1.93| 59 {3.93
30|2 00( 604 00 30(2 00| 60|44 00| 30(2.00/| 60 |4.00

193
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TaBLE II.—SIiDEREAL INTO MEAN SoLAR TIME
Mean time interval (I) = sidereal time interval (/') — C

. Side- Side- Side- Side-
Side- 1 al al 1
real c rea [ re « re c real c
hours min- min- sec- sec-
utes utes onds onds
m 8 m 8 m 8 8 8
0 0 000 0 0 000 31 0 5079 0 |0 000,/ 31 |0 085
1 0 9 830 1 0 0 164 32 0 5 242 1 [0 003 32 |0 087
2 0 19 659 2 0 0 328 33 0 5 406 2 |0 005 33 [0 090
3 0 29 489 3 0 0 491 34 0 5 570 3 |0 008 34 |0 093
4 0 39 318 4 0 0 655 35 0 5734 4 (0 011 35 |0 096
5 0 49 148 5 0 0 819 36 0 5 898 5 10 014 36 |0 098
6 0 58 977 6 0 0 983 37 0 6 062 6 |0 016 37 |0 101
7 1 8 807 7 0 1 147 38 0 6 225 7 10 019 38 [0 104
8 1 18 636 8 0 1311 39 0 6 389 8 |0 022 39 [0 106
9 1 28 466 9 0 1.474 40 0 6 553 9 |0 025 40 |0 109
10 1 38 296 10 0 1638 41 0 6 717 10 |0 027 41 [0 112
11 1 48 125 11 0 1 802 42 0 6 881 11 |0 030 42 [0.115
12 1 57.955 12 0 1 966 43 0 7 045 12 10.033 43 [0 117
13 2 7.784 13 0 2130 44 0 7 208 13 |0 035 44 [0 120
14 2 17 614 14 0 2 294 45 0 7372 14 [0.038 45 (0.123
15 2 27 443 15 0 2 457 46 0 7 536 15 (0.041 46 |0 126
16 2 37 273 16 0 2621 47 0 7 700 16 [0.044 47 [0.128
17 2 47 102 17 0 2785 48 0 7 864 17 [0.046 48 [0.131
18 2 56 932 18 0 2 949 49 0 8 027 18 |0 049 49 [0 134
19 3 6762 19 0 3113 50 0 8.191 19 [0 052 50 10.137
20 3 16 591 20 0 3277 51 0 8.355 20 |0 055 51 [0.139
21 3 26 421 21 0 3.440 52 0 8 519 21 |0 057 52 10.142
22 3 36 250 22 0 3 604 53 0 8 683 22 |0 060 53 |0 145
23 3 46 080 23 0 3768 54 0 8 847 23 10.063 54 |0 147
24 3 55 909 24 0 3932 55 0 9.010 24 |0 066 55 [0.150
25 0 4.096 56 0 9.174 25 |0 068 56 |0 153
26 0 4.259 57 0 9.338 26 |0.071 57 |0 156
27 0 4.423 58 0 9 502 27 10.074 58 |0 158
28 0 4 587 59 0 9 666 28 10.076 59 |0 161
29 0 4 751 60 0 9 830 29 |0 079 60 |0.164
30 0 4 915 30 |0 082




TABLES

TasLE III.—MEAN SOLAR INTO SIDEREAL TIME
Sidereal time interval (I’) = mean time interval (I) + C

1

95

Mean Mean Mean Mean Mean
hours C min- C min- C sec- C sec- C
utes utes onds onds
m 8 m s m s [ 8
0 0 000 0 0 000 31 0 5093 0 |0 000 31 |0 085
1 0 9 856 1 0 0 164 32 0 5 257 1 |0 003 32 [0 088
2 0 19 713 2 0 0 329 33 0 5 421 2 |0 005 33 |0 090
3 0 29 569 3 0 0 493 3% 0 5 585 3 |0 008 34 [0 093
4 0 39 426 4 0 0 657 33 0 5 750 4 1|0 011 35 |0 096
5 0 49 282 5 0 0 821 36 0 5914 5 |0 014 36 10.099
[} 0 59.139 6 0 0 986 37 0 6 078 6 |0 016 37 [0 101
7 1 8995 7 0 1150 38 0 6 242 7 |0 019 38 |0 104
8 1 18.852 8 0 1314 39 0 6 407 8 |0 022 39 |0 107
9 1 28 708 9 0 1 478 40 0 6 571 9 10.025 40 (0 110
10 1 38 565 10 0 1643 41 0 6 735 10 [0 027 41 |0 112
11 1 48 421 11 0 1 807 42 0 6 900 11 (0 030 42 [0.115
12 1 58 278 12 0 10971 43 0 7 064 12 |0 033 43 |0 118
13 2 8134 13 0 2136 44 0 7 228 13 |0 036|| 44 [0 120
14 2 17 991 11 0 2 300 45 0 7 392 14 |0 038 45 (0 123
15 2 27 847 15 0 2 464 46 0 7 557 15 |0 041 46 [0 126
16 2 37 704 16 0 2 628 47 0 7721 16 |0 044 47 |0 129
17 2 47 560 17 0 2793 48 0 7 885 17 |0 047 48 |0 131
18 2 57 417 18 0 2957 49 0 8 049 18 |0 049 49 |0 134
19 3 7273 19 0 3121 50 0 8 214 19 |0 052 50 10.137
20 3 17.129 20 0 3285 51 0 8 378 20 [0 055 51 |0 140
21 3 26 986 21 0 3 450 52 0 8 542 21 |0 057 52 |0.142
22 3 36 812 22 0 3 614 53 0 8 707 22 |0 060 53 |0 145
23 3 46 699 23 0 3778 54 0 8.871 23 |0 063 54 |0 148
24 3 56 555 24 0 3943 55 0 9 035 24 |0 066 55 10.151
25 0 4107 56 0 9199 25 [0 068 56 [0.153
26 0 4271 57 0 9 364 26 {0 071 57 10 156
27 0 4 435 58 0 9.528 27 |0 074 58 |0 150
28 0 4 600 59 0 9.692 28 |0 077 59 |0 162
29 0 4.764 60 0 9 856 29 |0 079 60 |0 164
30 {0 4 928 30 |0 082
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TaBLE IV.—MEAN REFRACTION
(For a temperature of 50° F. and barometric pressure of 29.6 in.)

Altitude ?emth Refraction || Altitude Zemth Refraction
distance distance
o o ! ”n ’ n
0 90 34 50 18 72 2 56
1 89 24 22 20 70 2 37
2 88 18 06 22 68 2 21
3 87 14 13 24 66 2 08
4 86 1 37 26 64 1 57
5 85 9 45 28 62 1 47
6 84 8 23 30 60 1 39
7 83 7 19 35 55 1 22
8 82 6 29 40 50 1 08
9 81 5 49 45 45 0 57
10 80 5 16 50 40 0 48
11 79 4 48 55 35 0 40
12 78 4 25 60 30 0 33
13 77 4 04 65 25 0 27
14 76 3 47 70 20 0 21
15 75 3 33 75 15 0 15
16 74 3 18 80 10 0 10
17 73 3 07 85 5 0 05
18 72 2 56 90 0 0 00

TABLE V.—PARALLAX AND SEMIDIAMETER OF THE SUN

A B
Zenith distance Parallax Date Semidiameter

o ”n ’ n
0 0 Jan. 1 16 18
10 2 Feb. 1 16 16
20 3 March 1 16 10
30 4 April 1 16 02
40 6 May 1 15 54
50 7 June 1 15 48
60 8 July 1 15 46
70 8 Aug. 1 15 47
80 9 Sept. 1 15 53
90 9 Oct. 1 16 00
Nov. 1 16 09

Dec. 1 16 15
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TaBLE VIL.—REDUCTION TO THE MERIDIAN*
_ 2sin? jt
sin 17

8 ” ” ” ” ”n ” ” ” ”
0 ) 000 196| 785| 1767 | 3142| 4909 | 70 68| 96 20 | 125 65
1| 000 203| 798| 1787 3168 | 4941 | 7107 | 96 66 | 126 17
2| oo00o| 210| 812| 1807| 3194 | 4974 | 7147 | 97 12| 126 70
8| 000| 216| 825| 1827| 3220 | 5007 | 7186| 97 58 | 127 22
4| o01| 2.23| 839 | 18.47| 32,47 | 5040 | 72 26| 98 04 | 127 75
6| 001 231| 852| 18.67| 3274| 5073 | 72 66| 98 50 | 128 28
6| 002 238 866 | 1887 | 33,01 | 5107 | 73 06| 98 97 | 128 81
7| 002| 245| 8.80| 1907 | 33.27| 5140 | 73 46| 99 43 | 129 34
8| 003| 252 | 894| 1928| 3354 | 5174 | 738 | 99 90 | 120 87
9 | 0.04| 260 9.08| 1948 33.81| 52.07 | 74.26 | 100 37 | 130 40
10| oos| 267| 922| 1969 3400 | 5241 | 74 66| 100 84 | 130 94
11 | 0.06| 275| 936 1990 | 3436 | 5275| 7506 | 101 31 | 131 47
12 [ oo8| 283 950| 20.11| 34 64| 53 00| 7547 | 101 78 | 132 01
13 | 0.09| 291 | 964| 20.32| 34.91| 5343 | 7588|102 25 | 132 55
14 | o.11| 299 979| 2053 | 35.19 ) 53.77 | 76 29 | 102 72 | 133 09
16 | 0.12| 3.07| 994 2074 | 3546 | 54 11| 76.69 | 103 20 | 133 63
16 | 0.14| 3151009 | 20.95| 3574 | 54 46| 77 10| 103 67 | 134 17
17 | o16| 323|1024( 21.16| 36 02| 548 | 77 51| 104 15 | 134 71
18| 018| 332|1039| 21.38| 3630 | 55.15| 77 93| 104 63 | 135 25
19 | 0.20 3 40| 10.54 | 21.60 | 36.58 | 55.50 | 78.34 | 105 10 | 135 80
20 | 022] 349 |10.69| 2182 3687 | 5584 | 78 75| 105 58 | 136 34
21 | 024| 3588|1084 | 2203 3715 5619 | 79 16| 106 06 | 136 88
22 | 02 | 3671100 | 2225| 37 44| 56 55| 79 58 | 106 55 | 137 43
28 | 028| 376 |1115| 2247 37.72| 56 90| 80 00 | 107 03 | 137 98
2¢ | 031 38 | 1131 22,70 3801 | 57.25| 80 42 | 107.51 | 138 53
25 | 034) 394 |1147| 22902| 3830 57.60 | 80 8% | 107 99 | 139 08
2 | 0.37| 403 [11.63| 23 14| 3850 | 57 96| 81 26| 108 48 | 139 63
27 | 040| 4121179 | 23.37| 38 88| 58 32| &1 068 | 108.97 | 140 18
28 | 043 | 422 |1195| 2360 39.17 | 58 68 | 82 10 | 109 46 | 140 74
29 | 046| 432 |1211| 23.82| 39.46| 5903 | 82 52 | 109 95 | 141 29
80 | 049] 442 |1227| 2405| 39.76| 5940 | 82 95| 110 44 | 141 85
81 | 052] 452[1243| 2428 4005| 59 75| 83 38 | 110 93 | 142 40
32 | 056| 462|12060| 2451 | 4035| 60 11 | 83 81 | 111 43 | 142 96
38 | 0.50| 472 |1276| 2474 40 65| 60 47 | 84 23 | 111 92 | 143 52
84 | 0.63| 4.82| 12903 | 24 98| 40 95| 60.84 | 84.66 | 112.41 | 144 08
86 | o67| 4902|1310 2521 | 4125 61.20| 8509 | 112,90 | 144 64
86 | 0.71| 503|1327| 2545 41 55| 61 57 | 85 52| 113 40 | 145 20
87 | 075] 5131344 | 2568 | 41.85| 61 94 | 85 95 | 113 90 | 145 76
38 | 0.79| 524 |13.62| 2592 | 42.15| 62 31| 86 39 | 114 40 | 146 33
8 | 0.83| 534|13.79| 26.16 | 42.45| 62.68 [ 86.82 | 114 90 | 146.89
40 | 0.87| 5.45|13 96| 2640 | 42 76| 63.05| 87.26 | 115 40 | 147 46
41 | 091 556(1413| 2664 | 43 06| 6342 | 87 70 [ 115 90 | 148 03
42 | 096| 567 |14.31| 2688 | 4337 | 6379 | 88 14 | 116 40 | 148.60
43 | 1.01| 578 | 14.49| 27 12| 43.68| 64 16 | 88 57 | 116 90 | 149 17
4 | 1,06 590 | 14.67 | 27 37| 43.99 | 064 54 | 89 01 | 117 41 | 149 74
45 | 110) 6.01]14.85| 27 61| 44.30 | 064.91 | 89 15| 117 92 | 150 31
46 | 115] 6.13[15.03| 27 86| 44 61| 6529 | 89 89 | 118 43 | 150 88
41 | 12| 6,24 |15.21| 28 10| 44 92| 6567 | 90 33| 118 94 | 151 45
48 | 126| 6.36|15.30| 2835| 4524 | 66 05| 90 78 | 119 45 | 152 03
4 | 1.31| 6.48 | 15.57 | 28.60 | 45.55 | 66 43 | 91.23 | 119 96 | 152 61
80 | 136| 6.60| 1576 | 28 85| 45.87| 66 81 | 91 68| 120 47 | 153 19
81 | 142| 6721595 | 29 10| 46.18 | 67 19| 92 12| 120 98 | 153 77
82 | 148 6.8 | 16.14 | 2936 | 46 50 | 67 58 | 92 57 | 121 49 | 154 35
88 | 1.53| 6.96 | 16.32 | 20 61| 46 82| 67 96 [ 93 02 | 122 01 | 154 93
64 | 1.59| 7.09|16.51 | 29.86 | 47.14 | 68.35 | 93 47 | 122 53 | 155 51
86 | 1.65| 7.21|16.70 | 30 12| 47.46| 08.73 | 93 92 | 123 05 | 156 09
86 | 1.71| 734 |16.89 | 3038 47 79| 69.12| 94 38 | 123 57 | 156 67
67 | 1.77| 746 |17.08| 30.64 | 48 11| 69 51 | 94 83 | 124 09 | 157 25

88 | 18| 7 17'28 | 3090 | 48 43| 69 90 | 95 29 | 124 61 | 157
89 | 18| 772|1747| 3116| 4876 | 70 29 | 95 74 | 125 13 | 158 43

* From Chauvenet's *‘Spherical and Practical Astronomy.”
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TasLE VI.—REpucCTION TO THE MERIDIAN.—(Continued)

- 2 gin? §¢
sin 1"’
¢ i gm ' 10m | 11m ] 12m 13m ! 14m | 16m [ 16m
8 ”n ” " ”n ”n " ”n ”n
0 | 150 02 | 196.32 | 237 54 | 282.68 | 33174 | 384 74 | 441.63 | 502 46
1 | 130.61 | 106,07 | 238 26 | 283'47 | 332 50 | 385.65 | 442.62 | 503.50
2 | 16020 | 197,63 | 238 08 | 284 26 | 333.44 | 38656 | 443.60 | 504 55
8 | 160 80 | 19828 | 239 70 | 285.04 | 334'20 | 337 48 | 444.58 | 506 GO
4 | 161.30 | 19804 | 240.42 | 285'83 | 335 15| 388 40 | 445.56 | 506.65
5 | 161.98 | 199.60 | 241 14 | 286 62 | 336.00 | 389 32 | 446 55| 507.70
6 | 102,58 | 20026 | 241 87 | 287.41 | 336’86 | 390.24 | 447.54 | 508.76
7 | 163,17 | 200,02 | 242.60 | 288'20 | 337.72 | 301 16 | 448°53 | 509.81
8 | 16377 | 201,50 | 24333 | 280 00 | 338°58 | 392 00 | 449 51 | 51086
9 | 164.37 | 202'25 | 244,06 | 280 70 | 330 44 | 393 01 | 450 50 | 511.92

10 164 97 | 202 92 | 244 79 200 58 | 340 30 393.94 451 50 | 512 98

14 | 167.37 | 205.50 | 247.72 | 29378 | 343 75 | 397 65 | 455.47 | 517.21

18 167 97 | 206 26 | 248.45 204.58 | 344.62 308 58 456 47 518 27
18 168 58 | 206 93 | 249.19 205.38 | 345 49 399.52 | 457.47 519.34
17 169 19 | 207 60 | 249 93 | 296 18 346 36 | 400 45 | 458 47 520 40
18 169 80 | 208 27 | 250 67 296.99 347 23 401 38 | 459 47 521 47
19 170 41 | 208 94 | 251 41 297.70 348 10 | 402.32 | 460.47 522.53

20 171 02 | 209 62 | 252 15 298.60 348 97 403 26 461 47 523 60
21 171 63 | 210 30 | 252 89 209 40 349.84 404 20 4062 48 524 67
22 172.24 | 210 98 | 253 63 300 21 350 71 405 14 463 48 525 74
23 172 85 | 211 G6 | 254 37 301 02 351 58 406 08 4064 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 | 466 50 | 528 96
26 174 70 | 213 70 | 256 62 | 303 460 354 22 408 90 [ 467 51 530 03
27 175 32 | 214 38 | 257 37 304 27 355 10 409 84 408 52 531 11
28 175 94 | 215 07 | 258 12 | 305 09 355 98 | 410 79 469 53 532 18
29 176 56 | 215.75 | 258.87 | 305 90 356 86 [ 411 73 470.54 533.20

30 177.18 | 216.44 | 259 62 | 306 72 357 74 412 68 | 471 55 534 33
31 177 80 | 217 12 | 260.37 307 54 358 62 | 413 63 | 472 57 535 41
32 178 43 | 217 81 | 201 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
84 179.68 | 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 15 311 65 363 07 418.40 477 65 540 83
37 181.56 | 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 15 | 483 79 547 36
43 185 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

48 186.63 | 226.86 | 271.02 | 319 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 04 552 83
48 188 55 | 228.98 | 273.34 | 321 62 | 373 82 | 429.93 | 489 07 553.03
49 189.19 | 229.68 | 274.11 | 322.45 | 374.72 | 430.90 | 491.01 555.03

50 189.83 | 230.39 | 274 88 { 323 20 | 375 62 | 431.87 | 492.05 | 556.13
51 100 47 | 231.10 | 275 65 | 324 13 | 376 52 | 432.84 | 493 08 | 557.24
62 191 12 | 231.81 | 276 43 | 324 97 377 43 | 433 82 | 494 12 | 558 34
83 191 76 | 232 52 | 277 20 | 325 81 378 34 434.79 | 495 15 | 559 44
54 102.41 | 233.24 | 277,98 | 326 66 | 379.26 | 435.76 | 496.19 | 560.55

86 193 06 | 233.95 | 278 76 | 327 50 | 380.17 | 436 73 | 497.23 | b561.65
56 103 71 | 234 67 | 279 55 | 328 35 | 381 08 | 437.71 408 28 | 562 76
87 194 36 | 235 38 | 280 33 | 320 19 | 381 09 | 438 69 | 499 32 | 563 87
88 195 01 | 236 10 | 281 12 | 330 04 382 90 | 439.67 500.37 | 564 98
59 195 66 | 236.82 | 281 90 | 330.89 | 383.82 | 440.656 | 501.41 566.08
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TapLe VIL—For THE YEAR 1930 AND For Latitupe 40° N
Differ- Differ- Differ- Differ-
t a b t a
ence ence ence ence
h ’ 7 h ? !
0 -0 +65 12 +0 —63
22 2 21 2
1 —-22 -+63 13 | 421 —61
20 7 20 6
2 —42 +56 14 | +41 —~55
18 10 18 10
3 | —60 +46 15 | +59 —45
13 13 13 14
4 | =73 +33 16 | +72 -31
8 16 9 15
5 | —81 +17 17 | +81 —16
3 16 3 17
6 —84 +1 18 | +84 +1
3 17 3 16
7| —-81 —16 19 | +81 +17
9 15 8 16
8 —72 -31 20 | +73 +33
13 14 13 13
9 —59 —~45 21 | 460 +46
18 10 18 10
10 —41 —55 22 | +42 +56
20 6 20 7
11 —21 —61 23 | +22 +63
21 2 22 2
12 -0 —63 24 +0 +65

The refraction

is included in the value of b.

TasLe VIIL—F,

P 1930 | 1940 | 1950 | 1960
20 0.82 0.77 0.74 070
30 0.89 0 84 0.81 0 76
40 1.00 0 95 091 0.86
50 1.19 1.13 1.08 1.02
60 1.53 1.46 1.39 1.32
TasrLe IX.—F; @, § FOR POLARIS
Year | F, o 5
h m ° !
1930 1 00 1 37 +88 56
1940 0 95 1 42 88 59
1950 0.91 1 48 89 02
1960 0 86 1 53 +89 05
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TaBLE X.—AzIMUTH OF PoLARIS AT ELoNGATION, 1930 To 1940.—(Continued)
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In computing the above azimuths the mean declination of Polaris for the beginning of each year was used.

(The above table has been kindly furnished by The United States Naral Observatory )
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TaBLE XI.—For REDUCING TO ELONGATION OBSERVATIONS MADE NEAR

ELoNuATION
Azimuth Azimuth
at elong. ! at elong.
1°0’ | 1°1071°207|1° 30’ | 1°40’|1° 50| 2° 0’ | 2° 10’
* Time Time *
m ”n ” ”n ” " ”n ” ” m
0 00 00 00 0o 00 00 00 0 O 0
1 00 00 004+ 01+01+01/+01/4+01 1
2 + 01+ 02+ 02 02 02 03 03 03 2
3 03 04 04 05 05 06 06 07 3
4 05 06 0.7 0.8 0.9 10 1.1 12 4
5 + 09+ 10+ 11+ 13+144+16+17/+19 5
6 12 14 16 18 21 23 25 7 6
7 1.7 2 0 22 25 28 31 34 37 7
8 22 2 6 29 33 37 40 4 4 48 8
9 2 8 3.2 37 42 4 6 51 56 60 9
10 + 34+ 40+ 46+ 51+ 57+ 63+ 69+ 74 10
11 41 4 8 5.5 6 2 69 76 83 90 11
12 49 5 8 6.6 74 8 2 90 99 107 12
13 5 8 6 8| 7.7 87 97 106, 11 6] 126 13
14 6 7 7 8 90 101 11.2/ 12 3] 13 4/ 14.6 14
15 + 774+ 90,410 3|4+11 6/4+12 8 +1¢ 1]+15 4] +16 7 15
16 88 102 117 132 146 161 175 190 16
17 99 115 132 149 165 182 19 8 21 5 17
18 111 129 148 167 18 5 204 222 241 18
19 12 4] 14.4] 16 5 18.6[ 20.6; 22 7| 24 7/ 26 8 19
20 +13 7|4+16 0/418 3|+420 6/+422 8 +25 1]+4+27 4/+4+29 7 20
21 15 1) 17 6] 201 227 252 277 302 327 21
22 16 6 193] 221 2+9] 276/ 304 332 359 22
23 18 1) 21 1) 24 2{ 27 2] 302 332 362 393 23
24 197/ 230 263 296/ 329 362 395 428 24
25 +21 4|+25 0|+28 5|+32 1{+435 7|+4+39.2{+42 8/ +46 4 25

* Sidereal time from elongation
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TABLES

TaBLe XII.—VaLues or (' — ")
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GREEK ALPHABET

Ao, ...alpha  N,w».. ... ...l nu
B,s.. ... . . beta = E.. et ee.. oxi
T, v . gamma O, o.. . omicron
A, 5. . delta 1, «.. pi
E, e. . epsilon P, p. rho
/9 S . zcta 2, q, . . sigma
H, .. eta T, 7 tau
6,0 . . theta T, v upsilon
I, ... iota b, ¢ phi
K, «.. . kappa X, x. . chi
Ay N lambda ¥, ¢ . psi
M, p.. mu Q w . omega
ABBREVIATIONS
R.A. or a = right ascension. T = mean or civil time.
8 = declination. E = equation of time.
t = hour angle. 6 = sidercal time.
h = altitude. G.C.T. = Greenwich Civil Time.
z = zenith distance. E.S.T. = Eastern Standard Time.
2, = meridian zenith dis- C.S.T. = Central Standard Time.
tance. L.C.T. = Local Civil Time.
= azimuth. r = refraction.
¢ = astronomical latitude. p = parallax.
A = longitude. S = semidiameter of sun.
T. = apparent time.



FORMS

ForM FOR OBSERVATIONS

OBJECT. TIME FROM SINGLE ALTITUDE OF A STAR

WITH THE ENGINEER’S

TRANSIT
Date: Star: —_
Transit No. Position: E- or W. of Meridian
Observer: Recorder:

Before Observing
h m s

Clock Reading (L.C.T.)

After Observing
h m s

Watch Reading

Correction, Watch to Clock

OBSERVATIONS
Telescope Watch Time Vertical Circle
h m s o ’ n
1. Direct
2. Direct .
3. Direct L
4. Reversed
5. Reversed . 3
6. Reversed o i
Average Average
Watch Time___ o ___Altitude__
Correction, Watch to Clock__ Index of
Vertical
Circle
Average Clock
Time (T’) h’

205
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Form FOR OOBSERVATIONS
OBJECT: TIME FROM SINGLE ALTITUDE OF A STAR WITH THE SEXTANT

Date: Star: __
Sextant No. Position: (E. or W. of Meridian)
Observer: Recorder:
Before Observing After Observing
h m s h m s

Clock reading (L.C.T.)
Watch Reading
Correction, Watch to (lock

OBSERVATIONS
Index: 1. 3.
2. 4
Average B_
L= _
Double Altitude Watch Reading
o ’ rn h m s
Roof A { D
Roof B { -
Average o T Average

Double Altitudes — . Wateh Reading

Watch
i Correction
2K’ Average Clock

Reading (7")

h’
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ForM ror CoMPUTATION: TIME FROM SINGLE ALTITUDE OF A STAR

Date:
tan 4t = + \/sm

Computer:

3z + (¢ — 8)] sin 3z — (¢ — 3)]

CcOo8

iz + (¢ + )] cos §[z — (¢ + 9)]

hl

zl

r

¢

)

¢ — 35

¥4

¢+ 8
z+ (¢ —9)
z— (¢ —9)
24 (¢ +98)
z— (¢ + 9)
iz + (¢ — 3)]
iz — (¢ — 9)]
iz + (¢ + 9)]
iz — (¢ + 8]

o

!

n

log tan? 3¢
log tan 3t

by

(are)t

(time)t
a of star
0 =a+t
T@—T)
7"
AT

log sin 4[z + (¢ — 9)]
log sin 3[z — (¢ — 3)]
log sec 3[z + (¢ + 0)]
log sec 3z — (¢ + )]

Sidercal Time of

Greenwich 0® C.T.
Reduction to Meridian
Local Sidereal Time

for 0* L.C.T.

Reduction of Sidereal into Civil Time

Sidereal Time after 0°
Reduction to Mean
Time Interval

Sidercal Time of Obs. (6)

Local Civil Time (7T')
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ForM FOR OBSERVATIONS
OBJECT: TIME FROM SINGLE ALTITUDE OF THE SUN WITH THE ENGINEER’S

TRANSIT
Date: Observer:
Limb Observed: Recorder:
Transit No.
Before Observing After Observing
h m 8 h m 8
Clock Reading (L.C.T.)
Watch Reading
Correction, Watch to Clock _ L
OBSERVATIONS
Telescope Watch Reading Vertical Circle
h m 8 o ’ "
1. Direct
2. Dircet o
3. Direct B
4. Reversed
5. Reversed
6. Reversed o
Average Average
Watch Reading Altitude

Correction, Watch to Clock Index Cor-

rection of

Vertical

Circle

Average
Clock Reading (7") 14
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ForM FOR OBSERVATIONS
OBJECT: TIME FROM SINGLE ALTITUDE OF THE SUN WITH THE SEXTANT

Date: Observer:
Limb Observed: Recorder:
Sextant No. _
Before Observing After Observing
h m s h m s
Clock Reading (L.C.T.)
Watch Reading
Correction, Watch to Clock
OBSERVATIONS
On the Arc (R)) Off the Arc (R,)
Indez:
1. 1.
2. 2. B
Average R, Average R,
1 =
Double Altitude Waltch Reading
o ! n h m S
Roof 4 J -
Roof B
Average Average

Double Altitude
i

2h'
hl

Watch Reading
Watch Correction
Average

Clock Reading (7")
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ForM FOrR COMPUTATION: TIME FROM SINGLE ALTITUDE OF THE SUN

cos 3z + (¢ + 8)] cos [z — (¢ + 3)]

tan 3t = i\/sin iz + (& — 8)] sin 31z — (& — 3]

K * " |logsin §[z + (¢ — 9)]
Z log sin 3z — (¢ — 9)]
r log sec 3[z + (¢ + 9)]
P log sec 4z — (¢ + 3)]
S
¢ log tan? } ¢
5 log tan } ¢
3t
¢ — 8 (arc) ¢
z h m s
¢+ 8 (time) ¢
To=12" +1¢
z+ (¢ —9) Equation of time (E)
z— (¢ —9) Local civil time (T")
z+ (¢ +39) T
z— (¢ +9) AT
iz + (¢ — 9)]
iz — (¢ — 9]
e + (¢ + )]
iz — (o + 3]
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ForM FOR OBSERVATIONS
OBJECT: DETERMINATION OF LATITUDE BY SINGLE ALTITUDE OF A STAR WITH
ENGINEER'S TRANSIT, TIME BEING GIVEN

Transit No. Observer:
Star Used: Recorder:
Date:
SCHEDULE OF OBSERVATIONS
Before Observations A fter Observations
h m s h m s
Clock
Watch _
Correction, Watch to Clock
Telescope Waich Reading Vertical Circle
h m s o ’ ”n

Direct
Direct - -
Direct T -
Reversed - -
Reversed - - -
Reversed T -
Average Watch Reading _~~~~ Average Altitude A’ o

Corrcetion, Watch to Clock __
Known Clock Correction_
Local Civil Time (T')

ForM ror COMPUTATION

LATITUDE BY SINGLE ALTITUDE
Reduction of Observations

tan F = cot 6 cos ¢; sin (¢ + F) = cos Fcos zcsc 8

h m s Logarithms

Sidercal Time (0) cot &

a cos {

{ (time) tan F

t (arc) °e cos F

h' cos 2

4 ese b

r sin (¢ + F)

z

o
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ForM OF OBSERVATIONS
OBJECT: AZIMUTH FROM A CIRCUMPOLAR STAR WITH ENGINEER’S TRANSIT,
TIME BEING GIVEN

Date: Recorder:
Station: Observer:
Transit No. Star Used:

Position: E- or W. of Meridian

Before Observations After Observations
h m s h m s
Clock - Clock
Watch ___ Watch_ )
Correction, Watch to Clock Correction, Watch to Clock

Horizontal Angle
Sight Watch Time Vernier A Vernier B
Telescope Direct

’ ” o ’ ”

h m s °
Mark

Star
Star
Mark

Telescope Reversed
Mark
Star
Star
Mark

Average Watch Time __ Average Reading on Mark (M)
Correction, Watch to Clock
Known Clock Correction__
Local Civil Time

of Observation_

Average Reading on Star (K)
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ForM oF COMPUTATIONS
AZIMUTH FROM A CIRCUMPOLAR STAR, TIME BEING GIVEN

Date: Computer: Station:
tan A = —sin ¢ cot d sec ¢ -
1—a
a = cot 8 tan ¢ cos ¢
h m s
or Logarithms
o ¢+ n

Local Civil Time of Observation. ... ......
Corresponding Sidereal Time.

aof Star. ........ cee e ..
t of Star (Time) .. . e e
¢ of Star (Are) .. e e e e
5 of Star .. .

¢, Latitude of Station.

logecot 5.. ....... .

log tan ¢

log cos ¢. .

loga...

log cot 5. .

log sec ¢.

logsint... . ...

log[l - (1 —a)].. . .o

log tan 4. . . -
A, Azimuth of Star from South Point
Circle Reading on Star (K). .

Circle Reading on Mark (M)..
Difference (K — M)....

Azimuth of Mark (4,.).

s
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ForM OF OBSERVATIONS
OBJECT: AZIMUTH FROM THE SUN WITH ENGINEER'S TRANSIT, TIME BEING

GIVEN
Date: Recorder:
Station: Observer:
Transit No. Sun’s Limb Observed:
Before Observations After Qbservations
h m s h m s
Clock Clock
Watch Watch
Correction, Watch to Clock Correction, Watch to Clock
Horizontal Angle
Sight Watch Time Vernier A Vernier B
h m s Telescope Direct
o ’ ”n ] ’ n
Mark
Sun
Sun
Mark
Telescope Reversed
Mark
Sun
Sun
Mark
Average Watch Time_ Average Reading on Mark (M)
Correction, Watch to Clock___ Average Reading on Sun (K)

Known Clock Correction

Local Civil Time of

Observation Direct Reversed

Approximate Altitude of Sun at ° ! ° ’
Time of Direct and Reversed { —  _ _
Readings
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ForM oF COMPUTATIONS: AZIMUTH FROM THE SUN, TIME BEING GIVEN
Date: Computer: Station:
tan A = — sin fcot dsec ¢ - ﬁ; a = cot 6 tan ¢ costi.
h m s
or Logarithms

o

.

”

Local Civil Time of Observation
Equation of Time........

Apparent Time of Observation

t = Hour Angle of Sun (Time).

t = Hour Angle of Sun (Are).

¢ = Latitude of Station....

5 of Sun (for time of observation) .
cot &

tan ¢

cos .

a..

cot é.

sec ¢.

sin ¢..

1+(0 —a)

—tan A. . . .
A, Azimuth of Sun from South Point

S = semidiameter of Sun from Ephemeris.. .
sin z (z observed or computed zenith distance)
s = correction for horizontal angle
Horizontal angle reading on sun.
Corrected horizontal angle (s correetion) .
Difference: Mark — sun

Azimuth of mark ...
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ForM OF OBSERVATIONS
OBJECT: AZIMUTH FROM THE SUN WITH ENGINEER’S TRANSIT, TIME NOT
BEING GIVEN

Date: Recorder:
Station: Observer:
Transit No. Limbs Observed:
. . Horizontal Angle
» Approximate Vertical
Sight Time Angl
ime ngle A B
Telescope Direct
h m 8 o ’ ” o ’ ”n o ’ ”n
Mark
Sun
Sun
Mark
Telescope Reversed
o ! " o ’ " o ’ ”n
Mark
Sun
Sun
Mark

Average Time
Approximate G.C.T.

of Observation
Average, Vertical Angle

Average, Reading on Mark (M)
Average, Reading on Sun
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ForM oF COMPUTATIONS: AZIMUTH FROM THE SuN, TiIME Not BeiNg GIVEN

ot 4 = 2\ T =
e o ° 7 " | Logarithms
h cos (2 + [¢ + &)
- 2 sin $(z + [¢ — 8])
r sec}(z — [¢ + 8]
B P csc§(z — [o — &) )
S cot? 34
¢ cot 34 o
) 1A -
¢ — 8 A
: - —
¢ +3 - siﬁ z
z + [¢p + 9] Observed horizon-
2+ [ — 8] tal reading on sun
Pt C rending on
sun (K)
Obaiervedd horizon-
tal reading on
igz : }gt g}; Required azi-
muth, A, =

A—-(K-M)
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STAR MAPS
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STAR MAPS 221
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INDEX

A

Aberration, annual, 37
correction for, 37, 133, 140, 165
defined, 36
diurnal, 37
Atlantic time, 32
Altazimuth instrument, 86
Altitude, circummeridian, 115
defined, 10
observations, instruments for, 92
true, defined, 72
Apparent place, defined, 40
reduction to, 52
Apparent solar day, 23
Apparent time, 24
into mean time, 58
Astronomical triangle, 17
Autumnal equinox, 13
Azimuth, constant, 159, 167
defined, 10, 127
determination of, by circumpolar
stars, 135, 139
by Comstock’s method, 123
by solar attachment, 157
the sun time being given, 143,
150
the sun time not being given,
147
at clongation, 129
near elongation, 132
instructions for observing, 92
Azimuth mark, 128

B
Burt, solar attachment, 154
C

Catalogues, star, 51
Celestial sphere, 3

Central time, 32
Chronograph, 169
Chronometer, 91
Cireummecridian altitudes, 115, 118
Circumpolar stars, 15
Civil day, 26
Civil time, 26
into apparent time, 56
into sidereal time, 59
into standard time, 56
Cleveland, latitude, 151
longitude, 33
Collimation axis, 161
Collimation constant, 161, 166
Computing, hints on, 63
outlines, 205-217
Comstock, 123
Comstock’s refraction formula, 66
Constellations, 6
Cross-wires, 73
Culmination, 15, 139
Curvature correction, 140

D

Date line, 33

Daylight saving time, 33
Declination, defined, 12
Dip of the horizon, 66
Diurnal aberration, 37
Diurnal cirele, 4, 11

BE

Earth as an astronomical body, 2
diameter, 2
Eastern standard time, 32
Ecliptic, defined, 6
obliquity of, 13
Elongation, azimuth at, 130
points of, 129
time of, 129
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Engineer’s transit, 73
adjustments of, 73

Ephemeris, 41

Equal altitudes, method, 98

Equation of time, defined, 26

Equator system, 11

Equinoxes, defined, 13
precession of, 39

Error of runs, 88

H

Heavenly bodies, classification of, 1
Horizon, artificial, 85, 103

defined, 9

dip of, 66
Horizon glass, 77
Horizon system, 9
Horrebow-Talcott method, 180
Hour angle, defined, 12
Hour circle, 12

I

Index correction, 80

Index error, 75, 80

Interpolation, 42
double, 50

L
Latitude, defined, 14, 110

determination of, by Comstock’s
method, 123

by circummeridian altitudes,
115

by Horrebow-Talcott method,
180

by meridian transit of sun, 117

Level, 73, 88

axis, defined, 73

correction for, 90, 97, 140, 165, 189
Line of sight, 73
Longitude, 16, 30, 175

determination of, by lunar trans-

its, 175

of a ship at sea, 176

by teclegraphy, 176

by wireless, 177

PRACTICAL ASTRONOMY

M

Magnitude, stellar, 7
Mean midnight, 26
Mean noon, 26
Mean solar day, 26
Mean solar time, 26
into apparent time, 56
into sidereal time, 59
Mean sun, 25
Meridian, 12
altitude, 15
celestial, 10
determination of, 127
zenith distance, 15
Micrometer, 181, 183
Microscope, error of runs of, 88
index, 87
reading, 87
Midnight, apparent, 23
mean, 26
Moon, diameter, 2
distance from earth, 2
longitude by means of, 175
parallax, 69
Mountain time, 32

N

Nadir, 9
Nautical Almanac, 41
Noon, apparent, 24
mean, 26
sidereal, 23
North point, 10
Nutation, defined, 40
short period terms of, 49

(0]

Obliquity of the ecliptic, 13
Observing list for astronomical
transit, 168
for engineer’s transit, 96, 113
for zenith telescope, 184

P

Pacific time, 32
Parallactic angle, 19



INDEX

Parallax, correction for, 69
geocentric, 68
horizontal, 68

Periodic changes, 40

Personal equation, 71, 176

Polar axis, 154

Polaris, 21, 111, 142
coordinates of, 46, 199

Poles, celestial, 4

Preecssion, amount of, 40
defined, 40

Prime vertical, 10

Prismatic eyepiece, 77

Proper motion, 40

R

Rate of clock, 95, 165
Reduction to meridian, of circum-
meridian altitudes, 115, 118
for zenith telescope, 186
Reflector used with
transit, 75
Refraction, atmospheric, 64
correction for, 65
index of, 65
Right ascension, defined, 13

engineer’s

S

Saegmuller solar attachment, 155
Seasons, 3
Secular changes, 40

Semidiameter, correction to azi-
muth, 70
correction to altitude, 70
of moon, 70
of sun, 69

Sextant, adjustments of, 79
description of, 77
principle of, 78

Sidereal day, 23

Sidereal noon, 23

Sidereal time, 23, 28, 30, 33
to mean time, 61

Sigma point, 12

Solar attachment, 154
adjustments of, 156
description of, 154
use of, 156
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Solar day, apparent, 23
mean, 26
Solar telescope, 154
Solstices, 13
South point, 10
Standard time, 31
to civil time, 56
Stars, apparent places of, 40, 46, 47,
52
catalogues of, 51
circumpolar, 15
fixed, 1
mean places of, 40, 51
suitable for determination of
azimuth, 141, 142
of latitude, 122
of time, 108
ten-day, 47
Sun, apparent, 42
apparent motion of, 4
mean, defined, 25
parallax of, 68

T

Talcott’s method, 180
Theodolite, 86
Time, apparent, 24
daylight saving, 33
civil or mean, 26
determination with solar attach-
ment, 158
siderecal, 23
standard, 31
Time signals, 178
Transit of a star, 15
Transit instrument, 159
adjustments of, 167
azimuth constant of, 159
directions for observing with, 169
collimation constant of, 161
level constant of, 159
observing list for, 168

v

Vernal equinox, 13
Vertical circle, 10
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W V/
Washington, longitude of, 175 ch.lth’ 9
distance, 11
Zenith telescope, adjustments of, 183
Y description of, 180
principle of, 180
Year, fictitious, 51 observing list for, 184

tropical, 25 observing with, 186








