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PREFACE

N this book the authors have endeavoured to produce

a text-book which will be of use alike to the student
and to the practical surveyor. No attempt has been
made to deal with geodesy, on which subject several
excellent treatises are available, but the work is
confined to an explanation of the principal methods
of making such astronomical observations and com-
putations as.will require to be made by geodetic and
topographical surveyors, prospectors, and explorers
and others interested in the application of astronomy
to surveying.

These methods can be applied without a detailed
theoretical analysis of the underlying principles in-
volved, but the guthors have thought it well to include
a certain amount of such analysis for the benefit of
those who wish to understand the theoretical as well
as the practical side of the subject.

The authors are ,indebted to Sir Henry Lyons,
F.R.S, Dr. J. Ball of the Egyptian Desert Survey,
and Dr. H, Knox-Shaw, for many helpful suggestions.

M. K. R.-0.

W. V. S,
Octobey 1928



CHAPTER I

GENERAL

Plane Surveying.—In plane surveying it is assumed
that the mean surface of the earth within the area sur-
veyed is a horizontal plane, i.e a plane normal to the
direction of gravity as indicated by a plumb line, and no
account is taken of the fact that, owing to the curvature
of the earth’s mean surface, the direction of a plumb line
at one point on such a survey is not, in normal circum-
stances, parallel to the direction of a plumb line at another
point on the same survey.

This assumption is justified where the area of the survey
is small, and errors arising from it may be neglected.
However, it is obvious that in the survey of large areas
or in the setting out of inter-state boundaries or long
lengths of railway and other lines the curvature of the
earth must be taken into account and its surface can no
longer be considered as a horizontal plane.

Geodetic Surveying.—Surveying which takes the earth’s
curvature into account is known as Geodetic surveying.
In general, the area over which the earth’s surface may
be considered as a plane for survey work may be taken
as about 20 square miles; for an area of 20 to 20,000
square miles it may be considered as part of a sphere,
and as part of a spheroid for an area of over 20,000
square miles.

I
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Geodetic surveying necessitates the determination of
not only the relative positions of a number of points on
the earth’'s surface but also their absolute position, re-
ferred to certain definite axes. and for this latterpurpose
recourse must be had to astronomical observations. o

It will also be apparent that in plane surveying it is
sometimes necessary to know the absolute position on
the earth’s surface of one or more stations in the survey,
* as, for example, to fix the location of a proposed line of
railway in a country where pegs would be quickly obliter-
ated by tropical growth or other circumstances.

Field Astronomy.—Observations for these and similar
purposes, and the interpretation of their results, come
under the heading of Field Astronomy and deal inter
alia with the determination of true meridian, latitude,
longitude, and time. The principles involved are the
same as those in daily use in aerial and marine
navigation, but, the circumstances being different, the
methods are naturally somewhat different and different
instruments are used.

Earth’s Relation to other Heavenly Bodies.—In order
to understand fully the methods used in Field Astronomy
it is necessary to have a clear conception of the relation

in which the earth stands, as regards position and motion,
to the other heavenly bodies, viz. the sun, moon, stars,
and planets, as observations on these bodies supply the
data for com

) putations by which the required results are
obtained,

The apparent movements of these bodies having been
observed from the remotest times, the conception of what
may be called the mechanism of the system has been
deduced and so firmly estab

: lished that there is no doubt
as to its correctness, and the results of every observation
are consistent with it.

The solar system consists of the sun with a
planets, of which the e number of

A arth is one, moving around it,
some of which planets have attendant satellites. The
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distances separating the bodies forming the solar system,
though great, are as nothing compared with the dis-
tances which separate the solar system from the stars.
The latter, therefore, form a background on which the
sun, moon, and planets appear to move in consequence
of their own movement and that of the earth from which
we view them.

As before mentioned, the apparent movements of the
bodies forming the solar system have been studied from
the earliest times, and from the results of the mass of
observations Kepler (b, 1571) deduced the following laws
governing their movements.

Kepler’s Laws.—1. Each planet moves in an elliptical
orbit of its own round the sun, the latter being in the
plane of the ellipse and in one focus thereof.

2. The radius vector, or line joining thc centre of a
planet to that of the sun, describes equal areas in equal
times. Thus (Fig. 1) if the planet moves in a given time
from E, to E,, and from E, to E, in the same length of
time, the area A, will be equal to the area A,.

3. The square of the time that each planet takes to
complete its orbit varies as the cube of the semi-axis
major of that orbit.

From these laws Newton (b. 1642) deduced the law of*
gravitation, namely, that each planet is acted on by a
force of attraction towards the sun, the magnitude of
this force being inversely proportional to the square of
the distance of the planet from the sun.

From the second law it will be seen that the angular
velocity of a planet varies inversely as the square of its
distance from the sun. Let the planet, distant R from
the sun, move from E; to Eg (Fig 1) in a small interval
of time 4¢ with linear velocity v and angular velocity «
around S; then since d¢ is small the path of the planet
from E; to E; may be considored as straight and - of

length vdf. ) ) )
The area described by the radius vector in the time
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dt is the area of the triangle E;SE,, which is $vdiR sin 4,
where § is the angle between the radius vector- and the
tangent to the curve at E;; but the component of the
velocity of the planet at right angles to the radids vector
is v sin 4, and this is equal to R xa.

Therefore the area of the triangle =4R%yd?; but for
any given interval of time d¢ the area of the triangle
described by the radius vector is, by Kepler’s second law,

constant, therefore R2y is constant, or, in other words,
o varies inversely as R2,

Es B

The foregoing is a statement, necessarily brief, of the
law§ which govern the movements of the -planets in their
orbits around the sun. The same laws apply, mutatis
mutandsis, to the movements of a satellite, such as the
moon, around its primary, the earth.

The Earth’s Orbit.—As in the case of the other planets
the earth’s orbit around the sun is an ellipse. The plané
of this ellipse is called the ecliptic; the eccentricity, e
of the ellipse is small, as is therefore also its elh'pticityv E.
since, as shown below, the ellipticity is” equal to one-im.lf
the square of the eccentricity,
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In the ellipse (Fig. 1), SB =0A

- 0
d th t ===
an e eccentricity ¢ OA

Vai—pE _ b b
=0 (=)) (24
where OA =g, and OB =5,
or ¢ =(I—-§)(I +Z) ; but the ellipticity E =u_—;b =I—-b ;

‘; ’
therefore ¢? =E<I +g>.

If the eccentricity be decreased, b approaches inore
nearly in value to a, and in the limit ¢2 =2E.
The eccentricity of the earth’s orbit is 0-01679, or about

I : . T
%o’ and the ellipticity therefore about 7200
0S

SE, OA+0S TTOA 1+e

In the ellipse (Fig. 1), SA "OA=OS O 1—¢
;08

T 0A
The ratio of the greatest and least distances of the
earth from the sun is therefore 1:+001679 or 10341 : 1.
I1—0-01679

1t will be seen (Fig. 2) that the earth is nearest to the
sun at A; it is in this position on 1 January and is then
said to be in perihelion, the sun being in perigee. The
earth is farthest from the sun when at C on 2 July, and is
said to be then in aphelion and the sun in apogee.

The line joining A to C is called the apse line and the
points themselves, situated at the ends of the major axis,
the apses of the orbit.

The movement of the earth in its orbit is accompanied
by a rotation about its own axis, the earth making approx-
imately 365} turns in the period of describing the orbit,
i.e. in one year. The points at which the axis of rotation
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meets the surface of the earth are termed the ferréstrial

poles, North and South respectively.
The ferrestrial equator is the plane at right angles to the

axis of rotation and passing through the centre of the eqrth.
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The terrestrial meridian of any place on the earth is
the p}ane Passing through that place and containing the
earth’s axis. The angle between the terrestrial meridians
of two places is called the difference of longitude between
the places.
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Obliquity of the Ecliptic.—The plane of the ecliptic is
not coincident with that of the equator; the angle between
the two planes is called the obliguity of ihe ecliptic, and
has a value of about 23° 27/, which is subject to a small
and slow periodic change. The axis of the earth is ob-
vipusly inclined to the plane of the ecliptic at an angle
of 9o° minus the obliquity, i.e. at about 66° 33/, and remains
practically parallel to itself during the period of describing
the orbit.

On or about 22 June and 2z December, i.e. about nine
days before the earth in its orbit reaches aphelion and
perihelion respectively, the plane containing the axis of
the earth and the radius vector, i.e. the line joining the
earth and sun, is perpendicular to the plane of the ecliptic
(Fig. 2), the radius vector then making an angle with
the plane of the equator equal to the obliquity of the
ecliptic. The instants at which this is the case are known
as the summer solstice and winter solstice respectively.

On or about 2z March and 24 September the axis of
the earth is at right angles to the radius vector; the sun
is therefore in the plane of the earth’s equator and, as
will be seen, day and night are then of practically equal
duration all over the world. The corresponding positions
of the earth and sun are therefore known as the equingxes,
vernal and autumnal respectively.

The line joining the equinoxes is obviously at right
angles to the line of solstices.

Celestial Sphere.—The movement of the earth around
the sun and the rotation of the former on its axis having
been considered briefly, the conception of the celestial

sphere may now be introduced. .

It may be stated here that any plane containing the
centre of a sphere cuts the surface of the sphere in what
is called a great circle, and any other plane, ie. not con-
taining the centre of the sphere, cuts the surface in what
is called a smail circle. In the case of the celestial sphere
any great circle passing through the zenith is called a
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verlical civcle, the zenith being, as explained later, the point
vertically above the observer.

It is to be noted that the earth’s orbit, large as it is, is
but a point compared with the distances separating the
solar system from the stars, since the mean distance of
the sun from the earth is only about 1/125000 that of
the nearest star, so that straight lines from a star to all
points on the earth, at all positions in its orbit, may for
all practical purposes be considered parallel.

The angular positions of the stars. and not their linear
distances from the earth, are observed, and hence it is
convenient to consider them as fixred upon the inner
surface of an imaginary sphere, called the celestial sphere,
at the centre of which the observer is stationed. It is
obvious that as a result of the rotation of the earth the
observer’s view of the celestial sphere appears exactly
the same as if the earth were stationary and the celestial
spbere rotating around the same axis, with the same
angular velocity, but in the opposite direction, ie. from
East.to West. It is clear that the points called the North
and South celestial poles, where the axis of the earth if
produced would meet the celestial sphere, would appear
stationary and the stars would preserve their angular
distances from these points and from each other constant
appearing to travel along concentric paths or dz’uma‘r
circles with uniform angular velocity.

Rotation of the Earth on its Axis.—The earth may be
regarded as a nearly spherical body rotating on an axis,
the rotation being capable of experimental proof apart
from astronomical observations, and the axis of rotation

femaining nearly parallel to itself during the earth’s
revolution round the sun.

) It must here be observed that the figure of the earth
15 not a true s

¢ phere but very nearly an oblate spheroid.
If it were a true sphere, the resultant attraction of the
sun and moon would pass through the centre of the earth
and codld have no effect on the direction of the earth’s
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axis, and the position of the equinoxes would remain
fixed. The effect of the equatorial protuberance is that
there is a disturbing couple which would tend to put the
axis perpendicular to the ecliptic if the earth were station-
ary, but as the earth is in rotation gyrostatic action con-
sequently causes the axis to describe a cone, the axis of
which is perpendicular to the plane of the orbit. If the
earth were hollow its axis would describe this cone in a

FrG. 3.

comparatively short period, but since it is loaded with a
heavy interior the rotation in the cone is slow and takes
about 25,800 years.

In Fig. 3 is shown the ecliptic, of which 7 is the pole,
and in consequence of the conical movement of the earth’s
axis the celestial pole P is not fixed relative to the stars,
but describes a small circle PP'P on the celestial sphere
in the period of about 25800 years above mentioned.
The plane QR of the equator is always perpendicular to
OP. The intersection PO== of the planes of the equator
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and ecliptic therefore also rotates in the same direction
about the point O, causing the point of intersection ¥ to
move towards the left and the other point of intersection
= to move towards the right, as shown by the arrows
adjacent to these points. This slow movement of these points
of intersection is known as precession. The apparent move-
ment of the sun in the ecliptic being in the direction of the
arrow at S, which may be called the forward direction, the

point 7, known as the First Point of Aries, has a retrograde
movement ; consequently the sun S arrives af ¢ slightly
before it, the sun, has completed an entire circuit of its

orbit relative to the stars; the equinox thus precedes its

position in each revolution relative to its former position.
When the sun in its orbital movement reaches the point ¥

it is in the plane of the equator and crossing it from South

to North, ie. the point ¥ is the vernal equinox, about

21 March; and when at the point ==, the First Point of
Libra, the sun is again crossing the plane of the equator,

now from North to South, i.e. the point == is the autumnal

equinox, about 21 September ; and the line P== is the line

of equinoxes. )

The point  is highly important, as it is used as a
reference point for cataloguing the positions of stars in the
system in general use.

The phenomena arising from the rotation of the earth -
about its axis may now be considered,

Let Fig. 4 represent the earth with an observer situated
at A. The observer has a movement of translation with
the earth in its orbit round the sun, and also a movement
of rotation about the axis PP’
owing to the dimensions of the orbit being small com-
pared with the distance to the nearest star, has little
effect on the appearance presented by the celestial sphere,
but the daily rotation about the axis PP’ causes the
celestial sphere to appear to have a movement of rotation
in the opposite direction about the axis PP’ produced to
meet the celestial sphere at the celestial poles. There

The former movement,



GENERAL 1n

fore the points where PP’ produced cut the celestial
sphere appear to be fixed points.
If aline Ap of infinite length be assumed drawn through

b

Fi16. 4.

A parallel 'to PP’ it will cut the celestial sphere in the
same point as the latter produced, since the sphere is of
infinite radius, and to the observer at A the celestial
sphere will appear to rotate about the axis Ap; likewise,
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to an observer at B the celestial sphere will appear to
rotate about Bp, $ being one point for all possible positions
of the observer at any time of the day or year, although
he cannot see the whole celestial sphere at any one time,
since the solid earth below him hides one half. For
example, the view of an observer at B is bounded by his
horizon, which is a tangent at B to the sphere.

Altitude of the Celestial Pole.~OQbviously only one of
the celestial poles is visible to the observer at B, unless
be is on the equator, and it will be 4t an angle of elevation
@ above his horizom, i.e. its altitude will be ¢ and it will.
be directly above the north. point of his horizon for the
northern hemisphere. Twelve hours later the observer
will have been carried to B’ by the rotation of the earth,
and the celestial pole will still be at the same altitude @,
and similarly for any intermediate time, i.e. the altitude
of the pole will remain fixed.

Celestial Equator.—Fig. 5 represents the appearance
presented by the celestial sphere to the observer at O,
the celestial pole P being elevated at an angle PON above
his horizon.

The celestial eguator QR is the great circle, perpendicular
to PP, in which the earth’s equatorial plane, when pro-
duced, cuts the celestial sphere. The line EW is the
Intersection of the plane of the equator with that of the
horizon,

Zenith.—The point Z on the celestial sphere vertically
above the observer is the zenith, OZ being-perpendicular
to the horizon plane NESW. OZ is the direction of a
plumb_hne at O. Z8, is the zenith distance of the star S,

Meridian Plane.—The plane containing ON, OP, and
OZ is a vertical plane and is called the meridian plane,
Le. the meridian plane is a vertical plane passing through
the pole and the zenith, and therefore also passing through
the North and South points of the horizon. .

Since the meridian plane contains both the lines OP
and OZ, it is perpendicular to each of the planes QERW
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and NESW), i.e. to the plane of the celestial equator and
to the plarie of the horizon, and therefore to their inter-
section EW. From this it follows that the line EW is
at right angles to the line NS. The vertical circle EZW
is known as the prime vertical.

The line NOS in which the meridian plane cuts the

M Z

FiG. 3.

plane of the horizon is called the meridian line, and is
the line of true or geographical North and South.

Diurnal Circles.—The celestial sphere then appears to
rotate irf a period of 24 hours about the axis POP’, and
each star describes a circle having P as its centre. Any
star not actually on the celestial equator describes a small
circle of the sphere, and the paths of all stars are small
parallel circles of which P is the pole; except that those
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on the celestial equator have a path which is a great
circle, )

The circle described by a star such as S; in the neigh-
bourhood of the pole P is entirely above the observer’s
horizon NESW, and the star never sets, but would
always be visible to him if atmospheric conditions were
favourable and its light were not obscured by that of
the sun.

The circle described by a star such as S, lies partly
above and partly below the horizon, and the star rises
and sets daily, rising at 4 in the North-East and setting
at b in the North-West. being above the horizon for the
greater part of the 24 hours,

A star situated exactly in the plane of the equator rises
in a due easterly direction at E and sets in a due westerly
direction at W, being above the horizon for 12 hours.

A star such as S; south of the equator is obviously
above the horizon for a few hours-only, its path being
for the greater part below the horizon.

A star such as S, has its path entirely below the horizon
and is never visible to an observer whose horizon is NESW.

Culmination or Transit.—If the -path of a visible star,
such as S,, for example, be followed it will be seen that
when it crosses the meridian NPZS, as defined above, at
M, it reaches its greatest altifude above the horizon.
Crossing the meridian is known as culminatiom, transit,
or meridian passage.

Stars in the neighbourhood of the pole, the paths of

which lie entirely above the horizon, evidently cross the
meridian above the horizon twice in the 24 hours, once
above the pole P and once below it. The term culmina-
tion is limited to the upper crossing of the meridian or

upper transit, e.g. the upper transit of S, is at #, the lower
transit at o.

. In the figure, S, represents the position of a star at any
instant in its daily path. The latter is described with
uniform velocity, as the earth rotates with uniform angular
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velocity, and the position of the star with reference to
the horizon and with reference to the meridian is con-
tinually changing, in fact such change is apparent to a
casual observer in an hour or two.

Altitude and Azimuth.—The angular elevation of the
star above the horizon, viz. the wvertical angle S,OH
(Fig. 5) or the arc S,H of the vertical circle ZS,H, is called
the altttude of the star; the horizontal angle PZS,, or
the arc NH, is called the azimuth of the star, being the
angle between the meridian plane and the vertical plane
containing the star. Both the altitude and the azimuth
refer to a particular instant, since their values change
as the star moves in its diurnal circle. The maximum
altitude is the altitude at transit, and is known as the
meridian altvtude. The instrument in general use in field
astronomy is the theodolite, which is adapted for the
measurement of these vertical and horizontal angles.
Azimuth is always measured in the clockwise direction,
and usually from the elevated pole.



CHAPTER II
TIME

Hour Angle—As the earth rotates with uniform
angular velocity, and as the stars maintain their positicns
relative to one another over long periods with only minute
changes, the interval between successive tramsits of any
star would be the same as for any other star, if the-earth’s
axis kept parallel to itself, i.e. if the position of the pole
were constant.

The diurnal movement of any selected star might clearly
be used for the measurement of time, e.g. the time of the
star’s upper transit over the meridian might be called
oh om os and the interval to the next transit be divided
into 24 hours. A clock set to read oh om os at one transit
and having 24 equal hour spaces on its dial could then

- be so rated as to read oh om os again at the next upper
transit. The time at any instant between the transits
would be measured by what is called the hour angle of
the star, which may be defined as follows :

Let S, (Fig. 6) represent the position of a star a short
time, say an hour or two, after it has crossed the meridian.
The great circle passing through S, and containing the
axis OP rotates with uniform velocity about the axis
OP, and at the instant of the star’s transit this great circle
coincides with the meridian PZS, and the time according
to the notation indicated above would be oh om os,

When the star is at S, the spherical angle ZPS
hour angle at that instant, and obviously bears the same
ratio to 360° as the time elapsed since its transit bears
to 24 hours of the kind sho»:n by the clock; in fact, the

) is its
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clock can be regarded as having an hour hand synchronizing
with the arc PS; and showing oh om os when the star is
on the meridian, and supplemented by a minute and a
second hand to define the exact position of the hour hand
at any instant.

For the sake of uniformity, the hour amgle is always

Fic. 6.

reckoned westwards from the meridian, but for the pur-
poses of computation it is sometimes convenient to state
it the shortest way from the meridian, provided that it is
expressed so that there can be no ambiguity.

Sidereal Day.—A day of the length described above
would be very nearly what is called a sidereal day; there
is, however, a small difference, due to the fact already

2
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mentioned that the direction of the axis of the earth,
owing to precession, does not remain absolutely un-
changed. )

The variation in the direction of the earth’s axis intro-
duces a corresponding slight deviation from the other-
wise strictly circular path of a star, and consequently
an inequality in the intervals between successive transits
of a star and in the length of the day so measured; the
extent of such deviation would depend on the position
of the selected star on the celestial sphere. For the
measutement of a day of absolutely uniform length it
becomes necessary to select, in place of the transits of
any star, the transits of a point so situated on the celestial
sphere that the interval of time between successive transits
is not affected by the change in the direction of the earth’s
axis, small though such change may be. It may now be
stated that the point selected to define by its transits
the sidereal day is one of the two points of intersection
of the equator and ecliptic, viz. the First Point of Aries,
P, of Fig. 3, which point, owing to the precessional move-
ment of the pole P, moves slowly along the ecliptic with
a motion corresponding to that of the pole P in the small
cucle PP'P. The intervals between successive transits
of this point are so nearly equal that they may for all
practical purposes be treated as being exactly so. The

selecteq point, P, therefore makes a complete circuit of
the ecliptic in the same period, about 25,800 years, as
the pole P takes to describe its path (Fig. 3), which, being
d}lt;l’;:r the conical movement of the earth’s axis, is also
cir .

Sun’s Apparent Diameter.—The earth’s orbit4round

the sun has already been stated to be an ellipse with the
sun in one focus. The sun being in the plane of the earth’s
orbit, the sun’s centre as seen from the earth appears in
consequence to describe a great circle on the celestial
sphgre, and as the distance from the earth to the sun
Varies, the sun’s apparent angular diameter likewise varies,
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being greatest where the distance is least, and vice versa.
The apparent or angular semi-diameter is given for each
day of the year in the Nautical Almanac, and the method
of dealing with it in observations on the sun is explained
on page 84 of this book,

The Nautical Almanac, published by the. Admiralty
for three years in advance, contains., in common Wwith
similar foreign publications, particulars of the varying
positions of celestial bodies and other data required for
the reduction of observations, and is in constant use for
field astronomy and all astronomical work. An abridged
edition, which will be found sufficient in many cases for
field astronomy, is also published. Further details of the
information given in the Nautical Almanac will be found in
Appendix II. -

Whitaker's Almanack gives, in necessarily restricted form,
some useful astronomical information.

Declination and Right Ascension.-—Referring to Fig. 7,
which shows the apparent diurnal path of a star S;, let §;
represent the position of a star at an instant. Join ZS,
by a great circle and produce it to cut the horizon at
A. The star's altitude above the horizon is measured by
the arc.AS,, which is the elevation which must be given
to the telescope of the theodolite in order to bring the
star-to the cross wires. The star’s aliitude is, however, in
general changing continuously. The angle between the
meridian plane ZPN and the vertical circle ZS5;A has
already been defined as the star’s azimuth at the instant,
which is also in general changing continuously as the
star describes its diurnal circle._The co-ordinates altitude
and azimuth therefore depend on time and on the position
of the observing station )

In order that the position of a body on the celestial
sphere may be catalogued, it is necessary to select planes
of reference which are independent of the location of the
observing station, and as far as possible independent also

of time,
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The planes of reference selected are (1) the equator and
(2) the plane passing through the poles and through the
First Point of Aries, V. . ] i

The angular distance from the equator is called the
declination, which may be either North or South. PS,M

[
Fic. 7.

(Fig. 7) being a great circle, the arc MS,, expressed in an-
gular measure, is the declination of S;. The great circle

PS\M is called the star's declination circle or hour circle,
and it accompanies the star during its diurnal rotation.

The arc PS,, also expressed in angular measure, is the
bolar distance, and is the complement of the declination-
The angular distance of M from the plane PYP, ie. the
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arc PM, is known as the right ascension (R.A.) of the star,
S,, or of any other star on the great circle passing through
P and M.

The R.A. is always measured eastwards from ¥, and is
always expressed, not in degrees, minutes, and seconds
of arc, but in hours, minutes, and seconds o1 time, 360°
corresponding to 24 hours. since a complete revolution
of the celestial sphere with reference to the earth takes
24 hours.

The angular distances, such as ¥M, measuring the right
ascension, are accordingly converted into hours, minutes,
and seconds at the rate of 15° per hour, and catalogued in
that form as right ascensions.

It is to be noted that owing to precession the pole P
is not an absolutely fixed point on the celestial sphere,
but is moving slowly in a small circle around #. Con-
sequently the plane of the equator, and with it 7, is also
moving with respect to the stars, i.e. both the declination
and the R.A. are affected by a gradual slow change. The
co-ordinates of stars are given in the Nautical Almanac
for every tenth day—in some cases for every day.

Sidereal Time,—The approximate sidereal day has
already been referred to. A sidereal day is strictly defined
as the interval between successive transits of ¥, and a
clock showing sidereal time should mark oh om os when
% is on the meridian. Stars succeed one another across
the meridian in the order of their right ascensions, and
as the latter are measured from % the declination circle
of %P synchronizes with the hour hand of the sidereal clock,
and the sidereal time when any star is on the meridian
is the same as the star’s R.A.

The sidereal time at any instant is the hour angle of 1
reckoned westward- from the meridiam

Fig. 8 represents the earth in plan with an observer at
any point « in the plane APA’ and a star S in his meridian.
The same star as seen by an observer at b in the plane
BPB’ would not be in his meridian, but would be at an
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hour angle of 4, and the angle 4P, the difference in
longitude between the points 4 and 3, is also equal to 4.

i ees
The sidereal times at 2 and b would differ by 8 (in degrees)

I3
hours.

If R.A. be the right ascension of the star, the L.S.T.
(local sidereal time) at a for the instant represented, viz.
when the star is on the meridian, is also R.A.

And the LS.T. at 5=R.A. +i~°
or LS.T. =R.A. +hour angle.

Fic. 8.

The observer will in all cases be provided with a clock,
from which he knows the approximate local time at any
instant, but the clock will in practically all cases have an
error, ie. it will be either fast or slow, and in order to
determine its error, the L.S.T. can be ascertained by an
observation for the hour angle of a suitable star.

The hour angle cannot be directly observed with a
theodolite, but the altitude of the star can be observed
and the clock read at the same instant.

The declination being known, the hour angle can be
computed by the methods of spherical trigonometry, and
this added to the R.A. gives the L.S.T,
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If a sidereal clock is used, the-difference between the
L.S.T. thus ascertained and the clock reading is the
clock error; if a mean time clock is used, its readings
‘mmust be corrected to reduce them to sidereal time by
methods which will be explained later.

In the above remarks the meridian is to be regarded
as a plane rotating with uniform angular velocity about
the axis PP’ ) '

Using the ordinary conception of longitude, it is seen
that if the difference of longitude expressed in degrees,
minutes, and seconds between two places be converted
into hours, minutes, and seconds at the rate of one hour
to 15°, the result expresses the difference between the
local sidereal times at the two places.

Apparent or Solar Time.—The sun as seen from the
earth appears to describe a great circle of the heavens in
the course of the year, viz. the ecliptic, but as the actual
angular velocity of the earth about the sun is not uniform,
the apparent angular velocity of the sun is also not
uniform. In addition, the ecliptic is inclined to the
equator.

The effect of these two circumstances on the solar
day, ie. the day as measured by the sun, can be readily
seen.

In Fig. 9 the outer circle represents the earth as seen
from a point in the direction of the axis produced, P, the
north pole, being in the centre of the circle.

The sun, if in the direction of the dotted line I, ie.
if anywhere in the plane containing the axis of the earth
and the dotted line 1, would be on the meridian of any
point such as A in that plane. When the earth has
rotated 360° relatively to the celestial sphere, the same
part of the celestial sphere will again be on the meridian
of A; but the sun has in the meantime moved to a position
indicated by the dotted line 2, and the earth has still to
rotate through a small angle before the meridian of A
will overtake the sun, ie. before it will again be apparent
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noon at A, apparent noon being the instant at which the
centre of the true sun is on the meridian. The angular
distance between the lines I and 2 represents movement
in right ascension; any change in the declination of the
sun would make no difference to its meridian passage.
Now since the earth is rotating with uniform angular
velocity, if the sun were moving with uniform angular
velocity in right ascension the intervals between its suc-
cessive meridian passages for any one place would always

Fic. 9.

be equal, and the sun could be used as a time measurer
with perfect accuracy and great simplicity. However,
t}ns 15 not, in fact, the case. The two circumstances
Just mentioned, viz. the fact, firstly, that the apparent
movement of the sun on the celestial sphere is not per-
formed with uniform angular velocity, and secondly that,
even if it were so performed, the fact that the ecliptic 15
inclined to the equator, would cause the movement of the
sun in right ascension to be variable.

Accordingly, the intervals between successive meridian
passages of the sun are not equal, and if the sun is to be
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used as an exact measurer of time for civil purposes,
allowance has to be made for this.

Mean Time.—The sun completes its apparent path in
the ecliptic relative to the First Point of Aries in a definite
interval of time, called a #ropical year, which is found to
be 366-24222 sidereal days, ie. the earth has rotated
366-24222 times relative to 9 in a tropical year, or the
point T on the celestial sphere appears to have made
366-24222 revolutions during one tropical year. Now as
the sun has, during the same period, described its orbit
once in the opposite direction, the earth has rotated
366-24222 — 1, i.e. 3652422z times relative to the sun,
and the tropical year accordingly contains 365-24222 mean
solar days, which is therefore the period of the annual
return of the seasons.

The actual days as measured by successive meridian
passages of the true sun are not equal in length, owing
to its unequal motion in right ascension. Accordingly,
an imaginary body called the mean sum is introduced,
having a uniform motion in R.A. equal to the mean motion
of the true sun in R.A.

In order that the mean sun may never at any time of
the year differ greatly in R.A. from the true sun, its relation
to the true sun is fixed as follows :

When the true sun is in perigee, a body called the
dynamical mean sun is assumed to be started off along the
ecliptic with a uniform angular velocity equal to the
mean angular velocity of the true sun. The dynamical
mean sun would, owing to the orbit being symmetrical
about the major axis, again coincide with the true sun
at apogee. However, the time intervals between suc-
cessive meridian passages of the dynamical mean sun
would not be equal, in spite of its uniform angular velocity,
on account of the inclination of its orbit to the equator.
At the instant when the dynamical mean sun passes
through the First Point of Aries, a second imaginary body,
called the astronomscal mean sun, is assumed to be started
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off from 7 along the celestial equator with the same angular
velocity as the dynamical mean sun. The motion of the
astronomical mean sun in R.A. is accordingly uniform,
and the intervals between successive meridian passages
thereof are equal.

The astronomical mean sun thus defined is generally
referred to simply as the mean sun.

Mean time is measured by the hour angle of the mean
sun, the instant when the mean sun crosses the meridian
above the horizon of any station being local mean
noon for that station or local mean time (L.M.T.)
12h oom o0s.

The instant when the centre of the true sun is on the
meridian of a station is local apparent noon (L.A.N.) of
that station, and the hour angle of the true sun, measured
westwards from the meridian, gives local apparent time
(L.A.T.), it being observed that when the hour angle is
zero the L.AT. is 12h oom oos.

At any instant the local mean time is the hour angle
of the mean ‘sun, measured westwards from the meridian,
+12 hours, the instant when the mean sun is on the
meridian being mean noon, or 12 hours L.M.T.

Equation of Time,—In general the hour angles of the
true sun and of the mean sun will differ, i.e. the L.M.T.
and L.A.T. will not agree. The difference between them,
expressed in minutes and seconds of time, is called the
equation of time. The equation of time is to be regarded
as a correction to be applied to L.A.T. to derive the
LMT. at any instant, or by applying it with the
opposite sign to L.M.T. the L.A.T. is obtained. The
equation of time has to be applied in all cases of observa-
tions on the sun. Being the difference between the
hour angles of two bodies, each of which has a definite

position on the celestial sphere, the equation of time is
consequently the same at any given instant for all parts
of the earth. -

Longitude.—The difference of longitude between two
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places is the angular distance between their terrestrial
meridians. The meridian of Greenwich is taken as the
zero of longitudes, longitudes being expressed either as
hours, minutes, and seconds of time, or degrees, minutes,
and seconds of arc, east or west of Greenwich.

From the foregoing it will be seen that if two places
differ in longitude by say 30°, i.e. if their terrestrial meri-
dians are 30° apart, the difference between their local
times, whether sidereal or mean, is 2 hours, for the reason
that the time interval between the meridian passages of
the First Point of Aries at the two places is-two sidereal
hours, and the time interval between the meridian passages
of the mean sun is two mean time hours.

Standard Meridian Time.—To avoid the confusion
which would result from the use of the local mean times
-of a large number of places, the world has been divided
into a number of #me zones, each of which uses a mean
time differing from that of Greenwich, or G.M.T., by an
integral number of half-hours, according to the longitude
of the place or country concerned. For instance, G.M.T.
is used in the British Isles, France, Belgium, Spain;
Germany and various other countries use the time of the
meridian 15° E., ie. one hour ahead of Greenwich, and
S0 on.

Each country thus uses for ordinary civil purposes what
is called standard meridian time, being the L.M.T. of the
most convenient meridian differing from that of Greenwich
by a multiple of half an hour- The standard time adopted
in various countries is given in Appendix IV; a somewhat
shorter list can be found in the N.4.

Exambples.—A place is situated in longitude 40° E. of Greenwich.
Find tkfe GM% (Greenwich mean time) when the L.M.T. is
3h 30m 00s P.M. . . o

It should be noted that in all cases the day begins at midnight,
noon being 12h oom 00s, consequently the given time is LM.T.
15h 3om 00s.

SNS\: 40° of longitude when converted into time at the rate of
15° per hour corresponds to zh gom 003, which is the difference
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between the L.M.T. and the G.M.T. at any instant. The place
being east of Greenwich, the L.M.T. is ahead of the G.M.T., since
the earth turns from west to east ; therefore to obtain the G.M.T. the
difference of longitude must be subtracted from the L.M.T.

The conversion, therefore, is as follows :

h. m. s.
LMT.=15 30 o0
long. E.= 2 40 00"

GMT.=1z 50 oo

The following example involves both the equation of time and
the longitude.

Find the L.A.T. corresponding to L.M.T., 4 March 1928,
8h sm A.M., in longitude 60° 45 W,

h. m s
LMT,, 4 March= 8 05 00
long. W.= 4 03 00

GM.T. =1z 08 o0

Equation of time (E)at G.M.N., from N.4., =11m 525-05 (decreasing)
Variation in 1 hour=0-5548

Therefore E at 12h 08moos=11m 525:05— (0-554 X 6%)
=Itm 525 to be added to apparent

time or subtracted from
mean time.

h. m. s
But GM.T.=12 08 o0
= 11 52

GAT =11 356 08
long. W.= 4 03 o0

LAT~= 4 53 o8

. Conversion of Time.—The fundamental ideas of time—
§1derea1, apparent solar, and mean—having been discussed,
it becomes necessary to show how the time at any instant,
expressed in one of the three systems named, can be
converted into either of the other systems. ' )

The necessity for such conversion arises from the fact
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that star observations depend on sidereal time, apd sun
observations depend on appareat time, whereas the
chronometer in use may be either 2 mean time or a sidereal
time chronometer.

The conversion of sidereal to mean time and vice versa
will be dealt with first.

It has already been stated (p. 25) that the tropical
year contains 366-24222 sidereal days, and therefore
365-24222 mean solar days.

The actual interval of time is the same, viz. a tropical
year, in both systems of time measurement, but the
numbers expressing it differ in the two systems, the ratio
of the numbers being 36624222 : 365-24222.

This ratio is therefore the ratio between the numbers
expressing any time interval in sidereal or mean time.

Let M be the expression of a time interval in mean
time.
Let S be the expression of the same time interval in
sidereal time.
M _365-24222 _
Then g =36624222

S _366-24222 _
and M~ 36524222 =I-0027379L

099726957

The mean time clock thus loses on the sidereal clock,
the rate of the sidereal clock relative to the mean time
clock being 1-00273791 :1. This rate when reduced to
minutes and seconds shows that in I hour of mean
time the sidereal clock registers Th oom 09s-8563, i.e. the
sidereal clock gains 9-8565 sidereal seconds on the mean
time clock in 1 hour of mean time.

Correspondingly, in T hour as registered by the sidereal
clock the mean time clock will register 9-8296 mean time
seconds less than T hour.

The quantity 9-8505 seconds represents what is called
the acceleration of the sidereal clock per M.T. hour, and
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9826 seconds represents what is -called the refardation
of the M.T. clock per S.T. hour.

The N.A. gives for each day of the year the Greenwich
sidereal time at Greenwich mean noon (S.T.G.M.N.). This
figure thus forms the starting-point for conversion of
mean time to sidereal time at that or any other place for
which S.T. is required. -

The first step in all time conversions is to apply the
difference of longitude to the given local time and thus
obtain the corresponding Greenwich time of the given
kind. The conversion of this corresponding Greenwich
time into the required kind of time for the longitude of
Greenwich is then made, and finally the difference of
longitude is applied to obtain the required local time.
The latitude of the station has no effect on the local time,
which depends on the longitude only.

Example.—A station is situated in longitude 24° 40’ 30" E. and

latitude 25° N. Find the L.S.T. when the L.M.T. is 4b jom P.M.
on 30 December 1927. .

h, m. s
24° 40" 30"= 1 38 42

LMT.=16 3 o0
long. E.= 1 38 42
GMT.=14 5118

M.T. interval from G.M.N, = 2 51 18
From N.4., ST.GMN.=18 3r

G 340

acceleration in 2h = ?9-71 3
s » Sim== 8-378
» » 185 = 0'049

GS8.T.=21 23 2954
long. E=1 38 42

LS.T.=23 oz 11'34

Example.~At a station in longitude 1sm 43s W. the L.M.T.
:is %‘n t35m 408 A.M. on 19 October 1928. “Find the L.S.T. at the
ant. )

The difference of longitude being here expressed in ti i
be applied directly. gl g xpressed in time, it can
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h. m.
LMT.= 9 35
long. W.= 15
GMT.= 9 51
< M.T. interval from G.M.N,, 18 Oct.=21 31
acceleration for 21th = o3
» o SIm =
» o 258 =
S.T. interval from G.M.N,, 18 Oct,=21 5§
From N.4., S.T.G.M.N,, 18 Oct.=13 46
G.S.T.=35 41
The clock reads only to 24h, so
24h is subtracted from the foregoing
G.S.T, to give
G.S.T.=11 4I
long. W.= 15
LS.T.=11 26

3.
40
45

25

28

26-986
8-378
0-068

00:432
5414

54-572

54:57
45

0957

81

Instead of working from the previous G.M.N., as has been done
above, the G.S.T. at the following G.M.N. might bave been used,
as the time interval to that instant is shorter, thus:

h, m. s

LMT.== 9 35 40

long. W.= 15 48

GMT.= 9 51 25

M.T. interval to GM.N,, 19 Oct.= 2 08 35
acceleration for 2h = 19-713
. ' 8m = 1314
" » 358 = 0-096
§.T. interval to G.M.N., 19 Oct,.= 2 08 56:123
From N.4., S.T.G.M.N,, 19 Oct.=13 50 50690
G.S.T.=11 4I 54567

long. W.= 15 45

LS T.=11

26 0957 as before.
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Example.—At a station in longitude 13m 488 W., the L.S.T.

is gh 33m 4o0s, the date being 19 October 1928. Find the corre-
sponding G.M.T.

h. m. s
LST.= 9 35 40
long. W.= 15 45
G8.T.= 9 51 2%
S.T.G.M.N, 19 Oct.=13 50 50-69

S.T. interval to GMN.= 3 59 2569

retardation for 3h = 29-489
, som = 9-666

o o 258 = 0-068

s 0-69s = 0-002
Total retardation= 39-225

S.T. interval fo GMN.= 3 89 2569

M.T. interval to GM.N.= 3 58 464653
GMT.= 8 or 1334

It will be found, as already stated, that in all cases the
most direct method of performing any time conversion is
by at once converting the given local time into the cor-
responding Greenwich time by application of the longitude
with the appropriate sign. Methods are sometimes used
in which the LST. at LMN. is deduced from the
GS.T. at G.MN. given in the Nautical Almanac; such
methods have little to recommend them and should be
avoided.

In conmection with what has been stated so far the
following points should be borne in mind :

1. The true sun moves along the ecliptic (inclined at
about 23° 27’ to the equator) with a variable motion in
R.A., the want of uniformity being due to two causes,
viz,, firstly the unequal velocity of the earth in its orbit,
and secondly the inclination of that orbit to the equator.

2. The mean sun moves along the equator with a uniform
motion in R.A. .

3. The equation of time, ie. the difference between
apparent solar time and mean solar time, is the same all
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over the earth at any instant. It is the difference between
the hour angles of the mean sun and the true sun.

4. The difference between L.S.T. and L.M.T. is the
same all ‘over the earth at any instant, being the difference
between the hour angle of the First Point of Aries and that
of the mean sun, plus or minus 12 hours, as L.S.T. is
measured from the upper transit of 9, whereas the upper
transit of the mean sun is 12 hours L.M.T.

For observations on the sun it is usually necessary to
know both the sun’s declination and the equation of time
at the instant.

Interpolation of ‘“ N.A.’’ Values.—It has already been
shown (p. 7) that the sun is in the plane of the earth’s
equator at the vernal equinox, ie. on or about 22 March ;
at that time the sun’s declination is therefore 00° 00’ og”.
Again, at the autumnal equinox, ie. on or about 24
September, the sun is also in the plane of the earth’s
equator, and its declination is therefore again 0o® 00’ 00”;
but at the summer solstice, i.e. on or about 22 June, the
line joining the earth to the sun makes an angle with
the plane of the equator equal to the obliquity of the
ecliptic (Fig. 2), so that the sun’s declination is then
about 23° 27° N.; at the winter solstice, ie. on or about
22 December, the sun’s declination is, for the same reason,
about 23° 27’ S.  The sun’s declination thus changes during
the year between the values of 23° 27" N. and 23° 27’ S.

The N.4. gives the declination and the equation of time
both for mean noon and for apparent noon at Greenwich
for every day of the year, with the variation in one hour
at G.A.N. in each of these quantities. The variation in
one hour from G.M.N. may be taken as being the same
as the given variation in one hour from G.AN. The
declination or the equation of time at any other instant
of Greenwich time can be readily derived.

For example, suppose that an observation on the sun
has been taken at a station in longitude 2h o5m 0os East,
20 October 1928, at 16h 30m 20s standard meridian time

3
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—2 hours East—and it is required to find the sun’s de-
clination at the instant of the observation.

h m_s
S.M.T. of observation . . 16 30 20
Longitude of standard mendlan, E. . 2 oo oo
G.M.T. of observation . . . I4 30 20

ie. 2 30 20PM

By reference to the Nautical Almanac it is found that
on 20 October 1928 the sun’s apparent declination at
G.M.N. is 10° 21" 16”7 S. (the explanation of the use of the
word “apparent’’ in the precept or heading to this column
is given in Appendix II), and that the variation in 1 hour
at G.A.N. =53"-86.

When the interval between Greenwich noon and the
instant of observation is short, it will be sufficiently
accurate for most purposes to multiply the variation in
one hour by the length of the interval, in hours, from
Greenwich noon, to obtain the total variation which has
occurred since Greenwich noon.

Thus : variation in 1 hour = 53"-86

" 2 hours =107"92

» 30 mins. = 26793
» 20 secs. = 0730
Total variation since G.M.N. =134"-95 = 2’ 14"
Declination at GM.N.  =10° 21 16 S.
Declination at instant of observation =10° 23’ 3176

This method is only approximate, as the rate of varia-

tion is not constant. If a more accurate value is wanted,
the procedure is as follows:

The quantity 53”86 is the actual variation in 1 hour
at G.ANN.; but what is required is the mean rate of
variation over the period separating the instant of observa-
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tion from G.M.N., as this mean rate multiplied by the
length of the interval (zh 3om 20s in this case) gives the
total varjation in declination since G.M.N. to be applied
to the declination at G.M.N. in order to obtain the de-
clination at the instant of observation. The mean rate
of variation over the period of zh 3om z2o0s elapsed since
G.M.N. may be taken as being the variation at the middle
of the said interval, i.e. at G.M.T. 1h 15m 105 P.M.

The declination of the sun is increasing, and the
Variation in 1 hour at G.A.N. 20 Oct. is 53”-86 from N.4,
¥ 3 31 21 OCt iS 53”‘46 “ay .

Therefore change in rate in 24 hours 0”40 (decreasing)
1h 15m 108 07021

" " 1

Hourly variation at G.AN. 53786

Therefore hourly variation at th rsm ros =53"84
Total variation in zh 30m 208 =134"-9 or 2’ 1479
Declination at G.M.N., from N.4., 10° 21" 16”7

Therefore declination at instant of observation, 10° 23" 3176

The result is in this case the same as that obtained by
the approximate method, but had the observation been
made at another time of the year, when the hourly varia-
tion was changing more rapidly, the results would have
shown a small difference.

Even this method is not mathematically strictly accurate,
but the error will amount at the most to a fraction of a
second of arc, and sun observations are not relied on for
observations requiring such a degree of accuracy. That
the error is small may be seen by computing, from the
sun’s declination at G.M.N. of one day, the declination
for the following G.M.N. The result will be found to differ
but slightly from the declination given in the N.4. for
that day. A precisely similar method is used in inter-

lating for the value of the equation of time at any instant
of G.M.T. other than G.M.N. or G.A.N.
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Example.—To find the equation of time (E) at local apparent
time 3h 45m 20s P.M. in longltude 95° W. on 31 October 1928,

LA’I--3 45 20PM
long. W.= 6 20 o0

GAT.=10 0§ 20 PM.

m. s

From N.4., variationinequationof time’in 1 hr.atG.A.N. = 0099
” " » MR, = 099
” »”» ” sm »» = 0008
s » 5 208 ” = 0-000

From N.4., equation of time at G.A.N. {increasing) =16 1929

., required value of E=16 2029

Alternatively : s.
From N.4., variationin Ein 1 hour at G.A.N,, 31 Oct.= 0-099
» » » M 1 Nov.= 00635
*. change in variation in 24 hours= 0034
. variationin 1 hr.at middle of interval, viz.at s .M., is
m. s
0'099—(552 xo-034) = 0092
/. variation in 10h = 0-92
» sm = 0-008
” 208 = 0-000

Eat GAN.=16 1927

.. required value of E=16 20-20

“The difference in the results obtamed by the two methods is in
this case only in the second place of decimals.



CHAPTER III
SPHERICAL TRIGONOMETRY

In observations for the purposes of field astronomy the
body observed, for example, a star or the sunm, gives a
line of sight of indefinite length, the origin of this line of
sight being the centre of the imaginary celestial sphere.
To fix the direction of this line of sight, two others,
also of indefinite length, are observed or deduced, one in
the direction of the zenith Z, the other in the direction of
the pole P, both also having their origin at O (Fig. 10).
Sides and Angles of Spherical Triangles.—Thus OZ, OS,
and OP define three planes passing through one point O
and inclined to each other, and to obtain the desired results
from the observations it is necessary to determine the
plane trigonometrical ratios which obtain between the
angles at which these three planes are inclined to each
other, as measured in planes perpendicular to their lines of
intersection. As already stated, it is assumed in astro-
nomical work that the points S, Z, and P are on the surface
of an imaginary celestial sphere, and therefore it is con--
venient to assume that the three intersecting planes are
bounded by a spherical surface having its centre at the
common point of origin O. The three planes therefore
cut the bounding sphere in great circles, the radius of
which is the same as that of the sphere. The arcs of these
great circles on the surface of the bounding sphere, namely
the arcs PS, SZ, and PZ, form the sides of the spherical
triangle PZS, but these arcs or sides are measured by the
angles, namely, POS, SOZ, and ZOP, which they subtend

at the centre, O, of the sphere. .
The angles between the three planes, measured in planes
37
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perpendicular to their lines of intersection, are called the
angles of the spherical triangle. In astronomical work
they are usually denoted by the capital letters P, Z, and S,
indicating the points at which the lines of intersection of
the planes cut the bounding sphere ; thus the angle SZP is
the angle between the planes SOZ and ZOP, the angle ZPS
is the angle between the planes ZOP and POS, and the
angle PSZ is the angle between the planes POS and SOZ.

0

F1c. 10.

Bearing in mind the definitions already given, and
referring to Fig. 10, which may be compared with Fig. 7,

Angle SZP is the azimuth
» ZPS , hour angle =¢
. PSZ | parallactic angle
Side PS , codeclination or polar distance
=go°—3=p
» SZ ,, zenith distance =z
» PZ ,  colatitude =g0°—@p =c.

Some of these quantities being given or observed, it
becomes necessary to determine one or more of the others
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in order to obtain the desired results, and to this end
spherical trigonometry is made use of.

The formule necessary for the solution of a spherical
triangle’ may be obtained by the methods of analytical
geometry. This will necessitate making use of the relation-
ship between the co-ordinates of a point, as referred to
two different pairs of axes in the same plane, which relation-
ship may, as a preliminary, be seen by reference to Fig. 11,
where P is a point whose co-ordinates with reference to the
axes OX and OY are x and y, and with reference to the

L Y

e
0 M X

F1G, 11.

axes OK and OL are % and /, the axes OX and OY being
in the same plane as OK and OL, and being in fact the
axes OX and OY rotated through an angle 4.
The relationship between the co-ordinates is
£ =0N =OM cos § +PM sin § =x cos §+y sin ¢
1=PN =PM cos §—OM sin ¢ =y cos §—=x sin 4
Now let ABC (Fig. 12) represent a spherical trigngle on
the surface of a sphere the radius of which is 7 and the
centre of which is at O. Take three rectangular axes OX,
0Y, OZ such that the side AB of the spherical triangle
lies in the plane OX, OY, and let the co-ordinates of C be ,
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y, and 7. Let OX’ and OY’ be the position of the axes
OX and OY when-rotated through an angle ¢ in the plane
OX, OY, and let #’, 4, z be the co-ordinates of C with
reference to OX’, OY’, OZ. Draw CN perpendicular to
the plane OX’, OY’, and CS perpendicular to OX and
CS’ perpendicular to OX’. Join $'S.

2
/
/
/
’
Ol
% N X
’y,'-' [ \\
PAS
8~
N
N
N
4 )'d
FiG. 12.

Then %=0S=7cosCOS=rcosb .
y=8N=CS cos A =#sin b cos A
z=CN=CSsinA =rsinbsinA;

but, as shown above, % =xcosc+ysine,
y’ =y cos c—% sin c,
2=z
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Further, 2 =08’ =7 cos 2
y' =—S'N=—(CS cos B=—rsina cos B
2’ =CS' sin B =r sin a sin B.
Sabstituting in the three previous equations,
rcosa=rcosbcosc+rsinbcos Asine
—r sina cos B=7 sin & cos A cos c—7 cos b sin ¢
7 sin a sin B =7 sin b sin A.
Therefore, dividing by 7,

cosa=cosbcosc+sinbsinccosA . . . . (I)
sin @ cos B=cosbsinc~sinbcosccosA . . (2)
sinasinB=sindsinA. . . . . . . . (3
Dividing equation (2) by sin b gives
. sin 4 cos B
€0s ¢ cos A =sin ¢ cot b—————
sin b
=sin¢ccotb—sin AcotB . . . (4)

In the triangle ABC, for simplicity each angle has been
made less than go° and the point N therefore falls between
OX and OX’, thus giving ¥ and ¥’ opposite signs, ie.
y=SN, and y’=—SN.

Fundamental Equations.—The equations (1), (2), (3),
and (4) are the fundamental formule of spherical trigono-
metry, and are true for every spherical triangle, whatever
be the values of the sides and angles, and therefore may
be applied to the special case of a triangle with one angle,
such as A, a right angle, in which case sin A=I and
cos A =o0.

Right-Angled Triangles.—Substitution of these values
in equations (1), (2), and (3) gives

cos a=cos b cos ¢ from equation (1),

tan ¢
cos B _m 3 23 (I) and (2)1
tan b
tan B "'m . » (2) a'nd (3))
sin =22 .. B
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To apply the equations obtained above, it is only
necessary to substitute the astronomical nomenclature f9r
that employed, for generality, in these equations; thus in
Fig. 13, if Z is the zenith, P the pole, and S a star, 'ghe
great circles forming the meridian circle, the declination
circle, and the vertical circle passing through these points
form a spherical triangle ZPS identical with the spherical
triangle ABC, and the equations for the latter can be
applied to the astronomical triangle. Thus from equation (1)

cosa=cosb cosc+sinb sinc¢ cos A,

AL

and applying this to the astronomical triangle, the equation
becomes

€OS 2 =C08 ¢ €OS P +sin ¢ sin p cos P.
Similarly, cos $ =cos z cos ¢ +sin z sin ¢ cos Z.

Equation (1) can therefore be applied to any case in

w_hich two sides and the included angle, or three sides, are
given, ' '

*“Cot ’’ Formula.—Equation {4), viz.
cos ¢ cos A =sin ¢ cot b—sin A cot B,

i_s sometimes known as the cof Sformula, and may be memor-
ized as follows. If any four comsecutive parts, i.e. sides
and angles, of the spherical triangle be taken, either clock-
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wise or anti-clockwise, such as angle B, side ¢, angle A,
side b, i.e. B, ¢, A, b, then cos (inner side) cos (inner angle)
=sin (inner side) cot (other side)
—sin (mnner angle) cot (other angle).
Therefore, applying this to the four consecutive parts
B, ¢ A, b,
cos ¢ cos A =sin ¢ cot b—sin A cot B.

In applying this rule, the first of the four consecutive
parts may be a side ; thus for the four consecutive parts
b, C, 4, B the equation becomes

cos a cos C =sin a cot b—sin C cot B.

Some of the applications of these equations for practical
purposes will now be given for reference.

Formulz for Time Observations—For time observa-
tions such as described later in Chapter VII the
fundamental formula

€0s z=c0s ¢ cos p+sin ¢ sin p cos P
can be modified to obtain the desired results.
The quantity observed is zenith distance, ZS=z
The N.4. gives the declination & from

which : PS=go°—~8 =p
A known quantity is the latitude ¢ from
which PZ =g0°—p =¢

ie. each of the three sides of the spherical triangle
PZS (Fig. 13) is known, and the angle ZPS is to be com-
puted.
The above-mentioned fundamental formula gives
€08 z2—COS € COS P COS z—sin @ sin §
singsinp ~  cos@ cosQ
=cos z secd sec p—tand tanp . . . {5)
The two terms of the right-hand side of the equation are
computed separately by log tables, and their difference
gives the natural cosine of the angle ZPS. The log of
this natural cosine is then taken and the corresponding

cos P=
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angle looked up in the tables of log cosines to obtain the
value of ZPS,

A formula more suitable for logarithmic computation
may be derived as follows :

€OS 2 =C0S ¢ €0s p+sin¢ sin p cos P
P
and  cos P=1—72 sin2_ >
P cos z—cos ¢ cos P
1—2 sing- S22 0 F
2 sin ¢ sin p
., P €OS 2—CO0S ¢ €03
2s8in? - =1 : - ?
2 sin ¢ sin p
sin ¢ sin p+4-cos ¢ cos p—cos z
B sin ¢ sin p
cos (p—c)—cos z
" sncsing
. p—ct+z . p—c—
NIPYRIY i NS ol i
_ 2 2
- sin ¢ sin
. Z—C o 2T C—
2 smi)—j—z— . sin +2 ?
2sin? = = - -
2 sin p sin¢
Let 25 =ptc+tz;
then sbtete
2
and  s—p2top
2
and s—c=% +p—c
2
P _ 2 sin (s—¢) sin (s—
2 sz _2 8in (s—¢) sin (s—p)
sin ¢ sin p
or P ~/5m (s—¢) sin (s—p)

sinc.sinp  © (©)
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This form of the equation is suitable for direct logarithmic
computation, as p, ¢, and z are all known. The form given
in equation (5) has, however, certain advantages, as, if
observations are to be made for several days at one station,
the values of tan @ and sec ¢ remain constant, and the
values of tan  and sec § change but slightly for any par-
ticular star.

An analogous expression for cos P can also be found,
as follows : 2

Since cosz=cosp cosc+sinp.sinc.cosP
€OS #—C08 P Cos ¢

cos P="— :
sinp.sinc
g €OS 2—C0S P . COS ¢
2¢08f ——T =
2 sin p . sin ¢
P _cos z—(cos p cos c—sin p sinc¢
2 cos? == ( p : 4 )
2 sinp sin¢
_cos 2—cos (p+¢)
sinp sin¢
—zsin DX G BPTC
2 2
sin p sin ¢
_2sins sin {s—2)
sinp sin¢
P sin § sin (s—2
. COS = = sins sin (s-2) v
2 sinp sin¢

The value of 21; may thus be found from either its sine

or cosine, and consequently also from its tangent, as

\/sm (s—¢) sin (s— ;b) . @

m ——
sin s sin (s—2)

2 P
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Formula for Determination of Latitude by Observa-
tion of Polaris.—~In the method to be described on
page 115 for the determination of latitude by observa.tlon
of Polaris, the fundamental equation, No. (I), is reduced

to the form
sin h=sin (h+%) . cos p +cos (h+%) . sin p . cos ZPS,

and it is required to find the value of x in terms of
h and .

Since $ and x are both small, Taylor's theorem may be
applied :

sin (h+%)=sin h+x cosh——~ smh—s cosh. . . (a)

E
cos (h+x)= coshaxsmh—)—cosh+3smh N ()]

The substitution of these values in the above equation
for sin A gives

sin k& =cos p x (a) +sin p x (b) xcos £,

¢ being the angle ZPS; or

sin =(1—P—3+1i4

+(p-L

=sin A+x cos h+p cost . cos h_E sin k—px cos £ sin A
. il
~=~sink .

lz

)(sm b+« cos h—rsm h—Ecos h. )

—!3 )(cos h—x sin h—l—cosh+§smh )cost

2 2
So—%cosh=p costcosh—lxz sin A—px cos £sin h—‘—i— sink...

3 2
.‘,x=—poost+r5tan h+px cos ¢. tan h+%—tan k...
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The first approximation is x =—p cos .
Substituting this value for % in succeeding terms,

% =-p cos t-+3p2 cos® ¢, tan h—p? cos® £. tan h +3p? tan k
=—p cos t—4(p? cos? ¢ . tan h—p? tan k)
=—p cos ¢t +3p? tan & (1—cos? ¢}
=—pcost+iptsin®t.tank . . . . . . . (9)

Computation of the Position of a Star for a Pre-
arranged Instant.—When it is required to compute the
position of a star at a prearranged instant for cbservation in
daylight or twilight, as described on page 149, the following
quantities are known :

The polar distance (go°—8) =f =PS (Fig. 13)
The colatitude (9o°—@) =c=PZ
The angle ZPS ~ (L.S.T.—R.A. for a west star, or
24— (L.S.T.—R.A.) for an east
star)
ie. in the triangle ZPS the two sides PZ and PS are
known, and also the included angle ZPS.
The quantities required to be computed are :
the zenith distance .oz
the azimuth angle . . PZS
2 can be found conveniently by the fundamental formula

€0s 2 =c0S $ C0s ¢ +sin  sin ¢ cos P

By formula No. (3) :
sinz _ _sing_
sin P sin PZS

. _sinp sinP

In this equation the quantities p, P, and z are known,
z having just been computed, and therefore sin PZS can
be computed, but as sin A =sin (180°—A) there will be a
doubt as to which of the two possible values of PZS is
the correct one ; in fact, one of the two values will be the
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angle PZS, and the other the supplement of that angle.
It will frequently happen that the surveyor will know
from his acquaintance with the stars which of the two
values is the correct one. The two values will, of course,
correspond to two azimuths equally inclined to the prime
vertical, one being north and the other south of it.

However, a definite single solution for the angle PZS
can be found by alternative methods.

%z having been computed as above, on page 44 it was
shown that

in P_ /sin (s—9) sin (s—¢)
o 2 h\/ st p sin ¢

and likewise it may be shown, or by analogy it may be
seen, that

. Z_ /fsin (s—z) sin (s—2)
maz= sin z sin ¢ « . (10)
Z _ [/sins sin (s—p)
further, cos _\/W PN & 4

from either of which g may be found; and as its value

will never exceed go°, the value of PZS is obtained without
ambiguity ; but as the angle PZS may be measured either
eastwards or westwards from P, it is necessary to determine

from the star's R.A. whether it is east or west of the
meridian.

Formula for Azimuth Determination.—In observa-
tions for azimuth as described in Chapter VIII, the differ-
ence of azimuth between a terrestrial reference mark and
a heavenly body is observed at a known instant of time ;
it is then necessary to compute the azimuth of the heavenly
body at that instant. In the preceding paragraph methods
for this computation have been given, but an additional
method largely used is as follows :
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In the triangle PZS (Fig. 13), applying the cot formula
to the four consecutive parts Z, ¢, P, and p,

*€os ¢ cos P =sin ¢ cot p—sin P cot Z
sin ¢ cot p—cos ¢ cos P

sin P

Soeot Z=

Multiplying numerator and denominator by sin p gives
_sin ¢ cos p—cos ¢ sin p cos P
cot Z= sin p sin P
Let ksin x=sinp cos P
and % cosx=cosp;

then tan x=smb 0% p cos® =tan p cos P,
cos 14 ]
and  cot Z _ksine cos x——'k cos ¢ sin ¥
sin p sin P
_k sin (c—x)
sin p sin P

Multiplying numerator and denominator by cos P gives

_ksin (c—x) cos P
oot Z="Gi % sin P cos P
_sin (c—:x) cot P (12)

Sl X

Accordingly, to compute the azimuth angle Z the sub-
sidiary angle x is first determined from the equation
tan x=tan p cos P; Z is then computed from equation
12).
( lz‘ormula. for Latitude by Circum-Meridian Altitudes.
_In observations for latitude by the method described
in Chapter VI, known as circum-meridian altitudes, it is
necessary to compute the difference between the altitude

of a star a few minutes before or after its transit and its

altitude at transit, Le. its meridian altitude.
The known quantities are the star’s declination and

4
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therefore its polar distance, its altitude at an instant, and
its hour angle at that instant. The star is describing a
small circle about the pole, and it is required, as stated
above, to find an expression, or an approximate expression,
for the difference between its altitude at the instant of
observation and its meridian altitude, the instant of

observation being separated by only a short interval of
time from the transit.

Let &, be the meridian altitude of the star.
w B be the altitude when the star is at a small
hour angle ¢ before or after transit.
» Zmand z be the zenith distances corresponding to
hw and h respectively.
Equation (1) gives cosz=cos $ cos ¢ +sin $ sin ¢ cos ¢,

or, sin A =sin @ sin +cos @ cos & cos ¢,
and %, 3, and ¢ being known, ¢ could be computed.

This equation holds for all values of ¢ however great,
but for small values of ¢ a more convenient approximate
expression can be found, as follows :

sin % =sin @ sin § +cos @ cos 6(1—2 sin? 2)
2. sin & =cos (p—3)—2 cos ¢ cos § sin® é
and ¢—8=2,=090°—A,
. sin h=sin ky—2 cos @ cos § sin? 2
of, sin hy,—sin =2 cos ¢ cos  sin? 2

hy+h . —
J. 2C0s "‘Z . sin o

j .
=2 C0S ¢ €OS B sin“%

Now if the altitude be observed near the meridian,

Byt h -h .
2 (approximately),
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and sin }{hm—h) =}{hn—h) (approximately, as h,~h i
)

sm
then cos h x 4(h,—h)=cos @ cos § sin? g
and hm__h=<:£p_co_sa 2sin2?
cos h 2

In this expression h, and % are in radians, and the
difference %,—#% is also in radians. In order that the
difference may be in seconds of arc the expression for
hw—h must be multiplied by the numbers of seconds in
one radian, or it may be expressed thus :

P /
2 sin? ~
2

G " _cos @ cos b

coskh © sn1”

The above is the approximate expression for the
difference of altitude of a star when at an hour angle
¢t from its meridian altitude, provided the hour angle
be small. The expression is known as the reduction lo
‘the meridian.

Formula for Calculation of Azimuth from Latitudes
and Difference in Longitude.—To find the remaining
angles when two sides and an included angle are known.
From equation (11)—

tan _Z‘ﬂx/sin (s—2) sin (s—¢)

2 sin s sin {(s—p)
This may be written in general terms

A sin (s—¢) sin (s—b)

tan? —=— !
2 sin s sin (s—a)

tan 3A +tan 3B

But tan f(A+B)=I—~—-—-——————__tan T tar 1B
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Substituting in this equation for tan A and tan 3B their
values obtained from the above equation, viz.
A _sin (s—c) sin (s—b)
2 sin s sin (s—a)

sin (s—c) sin s )} sin (s—b) +sin (s—a)
tan }(A+B) = <sm (s—a)sin (s—b) ( sin s—sin (s—c)

2 sin 2————5_2 =% cos (a—;—b) .
= . cot EC

. C 25—c¢C
2sin -, cos
z 2

tan® and reducing, gives

. C a—b
smg.cos—z— 1
2 ot =
. C a+b otz(l
sin - . €08 ——
2 2

_cos #(a—b) 1
—m cot *‘C v e e e . . (13)

Likewise tan }(A—B) _2%%%;% cot C v (14)



CHAPTER IV
INSTRUMENTS

Transit Theodolite,—The observer in the field will in
most cases be restricted to the use of one form of theodo-
lite only, namely the ordinary portableytransit theodolite,
and-a more complete equipment, such as a geodetic the-
odolite for azimuth, a zenith telescope for latitude, or a
prismatic astrolabe will not be available on account of
expense and questions of transport. These instruments
will therefore not be referred to, as all the observations
described in this book can be made with the ordinary
portable transit theodolite.

All sizes of transit theodolite from 3 in. to 12 in. are
employed for the purpose of field astronomy, but, bearing
in mind the degree of accuracy required and the question
of portability, the s-in. or 6-in. micrometer instrument,
reading direct to 10 secs. and by estimation to 1 sec,, is
probably the most useful.

A good engineer’s vernier theodolite may be used for
field astronomy, but micrometer reading of the circles
instead of by verniers is very desirable, as is also the
provision of a sensitive spirit level on the T-arm carrying
the vertical circle micrometers or verniers. In addition,
a striding level should be provided to ensure that the
horizontal axis is horizontal, or to measure its departure
from the horizontal.

Various accessories not always found with the transit
theodolite will be required, such as:

{(a) A diagonal eyepiece for use when the altitude

exceeds about 45°; and in this connection it may be noted
53
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that the proportions of the instrument should be such
that it can be transited without the focus of the eyepiece
having to be altered. In observing with the diagonal
eyepiece the prism inverts the image, so that with the
ordinary Ramsden type of eyepiece the image appears
inverted, but correct as regards right and left.

(b) Means for illyminating the field of view. A small
electric lamp is best for this purpose, the rays being pro-
jected through a lens in the hollow trunnion axis on to a
small mirror which reflects them on to the wires. The
lamp-socket is attached to ome of the standards. A
small oil lamp should be available in case of failure of the
dry battery used for the electric lamp. If the instrument
is not provided with a hollow trunnion, a papér reflector
may be attached in front of the object glass. It is bent
over the glass and provided with an opening to enable
the light from the star to enter the telescope, the lamp
being placed so that its light is reflected down the tube.
Another method of illuminating the wires is to place a
blob of white wax on the object glass, and the light from
ztx lgmp shining on this will be diffused down the telescope

ube.

() Sighting points fixed to the upper and lower sides
of the telescope tube to give a line of sight parallel to
the line of collimation, to facilitate pointing to a star.

(d) A-dark glass to be attached to the eyepiece when
observing the sun.

Mechanical Condition.—In order that satisfactory
results may be obtained with an instrument such as that
indicated above, it is essential that it should be kept in
good mechanical condition and in a satisfactory state of
\ad]ustr_nent. The tripod should be examined carefully
from time to time in order to see that there is no shake
n it. The nuts and screws of the metal-work should be
tightened up and also the shoe fastenings, the shoes being
sharpened up if necessary. When placing the instrument
on its tripod it may be turned in the direction of unscrewing
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until a slight click is heard indicating that the threads
have come to the correct position where they will engage
on screwing up. When carrving the instrument, tighten
all clamps so that no movement can take place; the
clamps should also be tightened after the instrument has
been put into its case with the clamps loose. If the
instrument is on its tripod but not in actual use, it should
be covered with a waterproof hood.

When handling a theodolite it should be lifted by the
tribrach and not by the standards or micrometer arms.
In general, care and cleanliness are essential for keeping
the instrument in order.

If the instrument does not revolve smoothly on its axes,
these should be cleaned with a piece of fine wash-leather
and a light oil.

If the focusing tube of the telescope appears to move
harshly, a piece of grit has probably got on to the tube
bearing ; this should be attended to at once, as the damage
will increase.

The slow motion tangent screws should be cleaned
periodically with an old toothbrush and petrol or paraffin,
and replaced with vaseline or tallow on the threads.

The graduations on the horizontal .and vertical circles
should be cleaned when necessary with a piece of clean
soft rag and light oil after first dusting off all grit with a
camel-hair brush. If the graduations require re-blacking
a little black oil paint from a tube should be smeared over
the divisions and cleaned off with a piece of soft tissue

aper.

P ’Il)‘he lenses should always be kept clean and their sur-
faces free from moisture and dust.

If the inner surfaces of the object glass require cleaning,
it should be taken to pieces very carefully and the glasses
replaced in exactly the same position relatively to each
other ; most object glasses have a slot and a mark on
the edge to facilitate assembling. Care must be taken
not to screw the counter-cell too tightly or the glass may
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become strained. There is usually a mark on the ontside
edge of the object glass cell so that it can be screwed
back into the telescope in the original position.

The focusing lenses of internal focusing telescopes
can be cleaned by removing the object glass and the
diaphragm ; each side of the glass is then cleaned in turn
with a small stick round which a piece of wash-leather
is wrapped.

A glass diaphragm or graticule can usually be cleaned
with a camel-hair brush, but if not it should be cleaned
in the same way as a lens. If the ruled lines of the
diaphragm appear too faint, they can be blackened in
with a piece of soft tissue paper that has first been rubbed
with a very soft blacklead pencil, the surface being then
cleaned with the newly torn edge of a piece of card.

If the wire of 4 web diaphragm is broken, it may be
repaired as follows with a spider line. A cardboard frame
18 made and a spider placed on one edge. The frame
is then gently shaken so that the spider hangs from it,
the fibre being wound up with the turns wide apart and
the end secured in a notch. To fix the wire the diaphragm
ring is taken out, the old wire removed, and the varnish
cleaned from the notches with spirits of wine and warm
water. A clean uniform piece of line is then selected and
two little balls of wax attached to the ends, one of the
balls being held while the other hangs freely in order to
untwist the fibre. The line is then cleaned by rubbing it
gently with a paint brush dipped in clean water. The
diaphragm ring is placed on a block of wood and the line
stretched across the ring and adjusted by means of a pin
to be exactly in the notches, the wax balls hanging freely
on either side. One end of the line is fixed by a small
drop of shellac, and when this has hardened the other end

is fixed Yikewise, care being taken that the line remains
faut. Sealing-wax dissolved in spirits of wine may be
used instead of shellac,

Requirements in the Non-adjustable Parts.—In spite
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of attention to the mechanical and optical condition of
the instrument, defects will develop by constant use, and
owing to these and imperfections in workmanship the
ideal requirements of a theodolite are only partially ful-
filled, and there will always be instrumental errors due to
defects in different parts of the instrument.

A particular routine in observing may be adopted for
reducing or eliminating the effect of small defects in the
non-adjustable parts, whilst provision is made for adjusting
other parts to eliminate fhe more serious errors.

Requirements in the non-adjustable parts are as follows :

1. The whole instrument should be stable. To test for
this, set up the instrument and sight a well-defined point,
fixing all clamps lightly. Apply 2 firm but gentle lateral
pressure to the eyepiece. The intersection of the cross
wires will probably leave the sighted point, but should
return to it on removing the pressure. '

2. The inner and outer vertical axes should have the
same geometrical axis of rotation, namely the vertical
axis of the instrument. To test for this, set up the instru-
ment, and with the lower plate clamped bring the level
on the vertical circle T-arm parallel' to two foot-screws,
and bring the bubble to the centre of its run by means
of the foot-screws alone. Turn through go°, and bring
the bubble, if necessary, to the centre of its run by, the
third foot-screw. Repeat uptil the bubble is central in
these two positions. Turn through 180° from the original
position ; if the bubble has left the centre of its run, bring
it half-way back by the foot-screws and half-way by the
T-arm clip-screws. Repeat until the bubble remains central
in all positions. Now loosen the bottom horizontal plate,
and clamp the top and turn the plates round. If the
bubble does not remain central, the outer axis of rotation
is not vertical, and therefore not parallel to the inner
axis. If the error is large, the instrument must be sent

for repair. . ) )
3. The division of the horizontal and vertical circles
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should be accurate. The accuracy of the divisions cannot
be readily tested, but with  modern methods pf division
the errors are unlikely to be large, and their effect can be
reduced to any desired extent by repeating the measure-
ment on.different parts of the horizontal circle and taking
the average of the results. In the case of the vertical
circle, since this is fixed to the telescope this procedure is
not possible, and the only precaution that can be taken
to lessen the resulting error is to read both verniers as
explained later.

4. The zero readings of the verniers should be at the
opposite ends of the same diameter. To test, read both
verniers in any position and note the difference between
the readings. Move the verniers, and again note the
difference. A constant difference other than 180° indicates
that the required condition is not fulfilled. Error from
this source will arise if one vernier is used for orienting
and the other for reading the angle. Either vernier will
give the correct measurement if the same vernier is used
for orienting and reading the angle. -

5- The centre of graduation of the horizontal circle
should be in the vertical axis and that of the vertical circle
in the horizontal axis. To test, read both verniers in any
position and note the difference, then rotate the verniers
through about go® and again ascertain the difference in
their readings. If the difference is constant there is no
eccentricity.. TIf there is a difference, the error is elimin-
ated by averaging the values of the angle given by each
vernier.

In Fig. 14 let O be the centre of the graduated circle

and O, the centre of the vernier circle or axis of rotation.
When the line of sight is in the position CO,D the vernier
Teadings at A and' B differ by 180° If the line of sight
IS now turned through an angle « into the position EF,
the vernier at A moves through an angle e to G and that
at B through the same angle to H, but neither vernier re-
cords the angle . The reading at H is BOH or (z—error),
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and that at G is (180°+AOG) =(180° +« +error), since
OHO, =0GO, =error {¢). The readings differ, therefore,
by 180°+twice the error, If both verniers are read,
. o Q
the mean is (@—e) +(Ij° +“+e), ie. the error due to
eccentricity of the circle is eliminated.

6. The plane of the graduated edge of the horizontal
circle should be at right angles to the vertical axis, and

Fic. 14.

that of the vertical circle at right angles to the horizontal
axis. This condition is easily satisfied by the instrument
maker within limits of error which will have no appreci-
ablé effect on the readings. If the condition is not
satisfied, for example, in the case of the horizontal circle,
then when the vertical axis is vertical the horizontal
circle is oblique and an observed horizontal angle is not
measured in the horizontal plane ; the error will, however,
be so small as to be negligible.
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7. The relation between the greatest magnification of
the telescope and the pitch of the tangent screw should
be such that a just perceptible movement of the tangent
screw will cause a just perceptible movement of the wires
across an object observed. A similar relation should exist
between the magnification of the micrometer lenses and
the pitch of the micrometer screws. To test for this
condition, centre the cross wires on a well-defined point
and read the vernier or micrometer with all clamps fixed.
Move the vernier or micrometer through its least count,
or a fraction of it, if discernible, and note if the line of
sight has moved perceptibly.

Adjustable Parts.—The above are the more important
requirements. in the non-adjustable parts of the transit
theodolite, and the question of the examination and
elimination of errors in the adjustable parts will now be
considered.

The adjustment of the portable transit theodolite as
used for field astronomy does not differ to any great
extent from that of the ordinary transit theodolite, except
that a striding level is suppli§fl with the former for
horizontal axis adjustment.
- Parallax,—If the image formed by the objective is not
in the plane of the cross wires, the image will appear to
move relatively to the cross wires as the .observer moves
his eye, and accurate sighting will be impossible, as the
line of sight may be made to appear to intersect different

: points.according to the position of the eye. This state
of affairs is known as eyepiece parallax and is eliminated
as follows :

L. It is first necessary to focus the eyepiece for distinct
vision of the cross wires: to do this, point the telescope
to the sky or turn the focusing screw until no object can
be distinguished in the field, and adjust the eyepiece until

~ the wires are sharply defined and on closing the eye and
| Ieopening it the wires appear perfectly distinct at once
~ without the eye having to accommodate itself. If




e
- INSTRUMENTS : 61

necessary, light may be reflected down the telescope tube
- with a piece of white paper to illuminate the cross wires.
The posifion of the eyepiece for correct focus depends on
- the individual’s eyesight.

2. It is next necessary to bring the image of the object
into the plane of the cross wires. To satisfy this condition,
sight the telescope on to the object and, keeping the eye
on the eross wires, turn the focusing screw until the image
appears sharply defined and until, on moving the eye
slightly, there is no apparent movement of the wires over
the image since they are in the same plane. The position

" of any particular object glass for correct focus depends
only on the distance of the object observed, and is in-
dependent of the observer’s eyesight.

Adjustment of the Horizontal Plate Levels.—Set up
‘the instrument and bring the level attached to the vertical
circle T-arm parallel to two foot-screws, and bring the
bubble to the centre of its run by these screws. Turn
through go°, and bring the bubble to the centre by the

_ third foot-screw. Repeat until the bubble is central in
both these positions. Naesv turn through 180° from the
first position, and if the bubble has left the centre of its
run bring it back half by the foot-screws and half by the
clip-screws.  Repeat until the bubble remains in the
centre of its run when the horizontal plate is turned into
any position. The vertical axis being now vertical, the
bubbles on the levels of the horizontal plate should be
brought to the centres of their run by their own adjusting
screws alone, when the axes of the tubes will be at right
angles to the vertical axis.

The T-arm level is used as being more sensitive than
the levels on the horizontal plate, but its use may be
dispensed with as follows : /

Set-up the instrument and bring the longer level on the
horizontal plate parallel to two foot-screws, and bring the
bubble to the centre of its run by these screws. Turn
through go°, and bring the bubble to the centre of its run,
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by the third foot-screw. Repeat until the bubble is
central in both these positions. Now turn through 180°
from the first position, and if the bubble has left the
centre of its run bring it back half-way by the foot-screws
and half by its own- adjusting screws. Repeat until the
bubble remains at the centre of _its run when the plate
is turned to any position. If the bubble of the shorter
level on the horizontal plate is not at the centre of its
run, bring it to the centre by means of its own adjusting
screws alone.

Adjustment of the Striding Level.—The object of
the- striding level, as already stated, is to test the hori-
zontality or otherwise of the horizontal axis of the tele-
scope. The V-foot of each leg of the level gives two
points of support on the horizontal axis; it is necessary
that the level axis, ie. the horizontal line tangential to
the surface of the centred bubble, which lies in the vertical
plane through the axis of the bubble tube, shall be parallel
to the line joining the points midway between these two
points of support in each V.

To adjust, place the striding jevel in position on the
pivots of the horizontal axis and bring the bubble to the
centre of its run by the foot-screws. Test for wind by
rocking the level slowly backwards’ and forwards. If the
bubble does not remain at the centre of its run, then the
bubble axis and the horizontal axis of the telescope lie
at an angle to each other when projected upon a horizontal

plane, and the striding level is said to have wind. Correct.
this wind by the lateral adjusting screws at the end of
the bubble tube.

The second step is to level the instrument as before
and place the striding level on the horizontal axis, and if
the bubble.is not exactly at the centre of its run bring it
central with the foot-screws. Lift off the striding level
and carefully replace it end for end. If the bubble is
not now in the centre of its run, bring it half-way
back by means of its vertical adjusting screw. Re-level
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with the foot-screws and repeat until the adjustment is
perfect. .

Adjustment of the Horizontal Axis. —When the
instrument is levelled up the vertical axis is truly vertical,
and it is desirable, but not absolutely necessary, as ex-
plained in Chapter V, that the horizontal axis of the
telescope shall then be truly horizontal, ie. at right
angles to the vertical axis.

If the level on the horizontal plate is but little inferior
in sensitivity to the striding level, as is often the case,
the adjustment may be made as follows, after having
adjusted the plate and striding levels as already described.

Make the vertical axis truly vertical, and place the
striding level in position. If the bubble of this level is
not at the centre of its run, bring it to the centre by means
of the adjusting screws alone which control the trunnion
support in one standard.

If the vertical axis is not made truly vertical, then the
amount by which the striding bubble is displaced on
Totating the telescope in azimuth through 180° must be
corrected half by means of the trunnion adjusting screws
and half by the foot-screws, and the adjustment continued
unti] the bubble remains in the centre of its run.

In the case of a theodolite not provided with a striding
level, the horizontal axis of the telescope may be adjusted
after the collimation adjustment (which is described later)
as follows :

Level up the instrument and sight on to a well-defined
object at a considerable altitude, such as the top of a
lightning conductor, and clamp the horizontal circles.
Now depress the telescope, and note the exact reading of
the vertical wire on a staff laid horizontally on the ground
in front of the telescope as far from it as convenient. If
the horizontal axis is horizontal, the vertical wire should
intersect the staff truly vertically below the object sighted,
since the collimation adjustment will have put the line of
collimation at right angles to the horizontal axis. Loosen
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the top plate and turn it approximately 180° and again
sight the observed object at high altitude ; this obviously
will necessitate transiting the telescope. Clamp the hori-
zontal plates and again depress the telescope, and take
the reading of the vertical wire on the staff. If the hori-
zontal axis is horizontal, the reading will be the same as
before. If not, the mean of the readings is the one which
is truly vertically beneath the observed object, and the
trunnion axis is adjusted ontil on sighting the observed
object and depressing the telescope this true reading is
given by the vertical wire.

Adjustment of the Vertical Circle Zero Reading.—
It is obvious that the vertical circle reading should be
zero when the line of sight is horizontal. This condition,
however, is not absolutely essential if the mean of face-
right and face-left readings is taken, as a reversal of face
will cause a reversal in sign of the error, which will conse-
quently be eliminated, as may be seen from an examina-
tion of Fig. 15. It is, however, preferable to adjust the
instrument so that the reading is zero when the line of sight
is horizontal, and this adjustment is carried out as follows :

Level up the instrument by means of the foot-screws
and horizontal plate levels, and having brought the bubble
of the T-arm level to the centre of its run by the clip-screws,
take the mean of the vertical circle readings when the hori-
zontal wire intersects a well-defined point as far away as
possible. Transit the telescope in order to reverse face, and
on turning the telescope in azimuth through 180°, having
again adjusted the bubble of the T-arm level, bring the
horizontal wire to the same point as observed previously
by means of the vertical circle tangent screw, and take the
mean of the vertical circle readings. The mean of the
face-right and face-left readings is the true reading. Set
the telescope by means of the tangent screw to give this
reading ; this will cause the horizontal wire to move off
the observed point, and it is brought back to this point by
means of the T-arm clip-screws. This eliminates the €IT0r,
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and the vertical circle reading will be zero when the angle
of elevation of the line of sight is zero, i.e. when the line of
sight is horizontal. The bubble of the level attached to

Foce Right

the T-arm will not now be at the centre of its run ; bring
it to the centre by the adjusting screws at the end of the
bubble tube.

QOwing to the difficulty of making the above-described

S
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adjustment perfectly, it will nearly always be found that
the F.R. and F.L. readings on one and the same point,
even with the T-arm level truly centred for each pointing,
will differ slightly. The difference of either reading from
the mean of the two readings is the error of collimation in
altitude, or what is called frequently sndes error. It is
eliminated by reversal of face. It is due partly to the
fact that the line of collimation (which joins the inter-
section of the cross wires to the optical centre of the object
glass) does not coincide exactly with the optical axis
(which joins the optical centre of the eyepiece to that of
the object glass), and partly to the fact that, even if the
line of collimation did so coincide, the circle reading would
not be exactly zero if the optical axis were truly horizontal.
In the case of pointings made only on one face, the correction
for collimation in altitude may be applied, this correction
being constant and known for a particular instrument,
and equal to half the difference between the F.R. and F.L.
readings on a point.

Adjustment of the Line of Collimation.—The object
of this adjustment is to make the line of sight or line of
collimation- at right angles to the horizontal axis. The
adjustment is made by means of the diapbragm screws,
and it is convenient to test first whether the wires are
horizontal and vertical respectively when the instrument
is levelled up.

To do this, level up the instrument and clamp the
vertical circle. Sight a well-defined point at one end of
the horizontal wire. Turn the telescope slightly so that
the wire moves across the point until the latter is at the
other end of the wire. If the wire is still on theé point, it is
horizontal ; if not, loosen the diaphragm screws and rotate
the diaphragm around the longitudinal axis of the telescope,
and test again until the desired horizontality is obtained.
The vertical wire is fixed relatively to the horizontal wire,
and should therefore be truly vertical when sighted to a
plumb line suspended in front of the object glass,
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Next, level up the instrument on fairly level ground
midway between two staffs placed horizontally at the same

e
A 15" Line 90-¢
of Sight
A {i’ Liﬁ‘
of Sight
3¥ine
A s
of Sight
A 128 3% Lines
of Bight —
X4 s
e
Line of Sight after St
adjysting vertical wice
| o |
A Correct Line T3+ Correct Line, B
of Sight I A of Sight

Fic. 16.

level (Fig. 16), the staffs being as far as convenient from
the instrument, and as nearly as possible in the plane of



68 ASTRONOMY FOR SURVEYORS

the horizon of the instrument to obviate errors due to
incorrect levelling.

Sight on to staff A, and take the reading of *he vertical
wire on the staff after clamping the horizontal movement,
Transit the telescope, and take the reading of the vertical
wire on staff B. Unclamp the upper plate, and rotate the
instrument in azimuth until the vertical wire reading on
staff A is as before. Again, keeping the horizontal move-
ment clamped, transit the telescope, and if the reading of
the vertical wire on staff B is as before, the line of sight is
perpendicular to the horizontal axis. If the reading is not
the same, correct one-quarter of the difference with the side
diaphragm-adjusting screws, and repeat till as nearly
perfect as possible. The length of sights being equal, no
change of focus is required. ~One-quarter of any residual
difference divided by the distance of the staff from the
instrument will give in angular measure the collimation
error ¢. If there is any defect in the focusing mechanism,
collimation error may arise when the focus is altered. To
test for this, the above test may be repeated with the
instrument much nearer to one staff than the other ; and
if there is an error it may, in some instruments, be adjusted
by lateral screws bearing on the slide.

If the construction of the instrument be such that the
telescope can be reversed in the wyes, the collimation
adjustment may be made as follows:

Level up the instrument. The clip-screws being slack,
point the intersection of the cross wires to a well-defined
object on which an accurate pointing can be got. With
the horizontal plates clamped, lift out the telescope
carefully from the wyes, rotate it 180° about its
longitudinal axis and replace it in the wyes, so that
the pivots are now interchanged in the bearings and
the telescope directed towards the object. If the object
is not now intersected by the vertical wire, correct half

the discrepancy by the diaphragm screws and again
cause it to intersect the object by means of the hori-
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zontal plate tangent screw. Repeat the test to check
the adjustment.

With regard to all the above adjustments it may be
said that in general the routine of the observations should
be such that, although the instrument has been carefully
adjusted, any residual instrumental errors are eliminated
as far as possible; and to this end the observations must
consist of an equal number of face-right and face-left
sights, and the circle readings must be obtained on all
the verniers or micrometers concerned. It must, how-
ever, be remembered that in the case of observations such
as those of equal altitude where the aim is to preserve
constant conditions of the instrument, a change of face
is not required.

Micrometers.—It has already been stated that the
theodolite employed should preferably have micrometers
for reading the horizontal and vertical angles. The micro-
meter consists essentially of a compound microscope with
a micrometer box mounted between the objective and
eyepiece at such a distance from each that movable wires
in the micrometer box can be brought into the focal
plane of each lens system. The mechanical arrangements
of the micrometer box vary slightly on different instru-
ments, but it consists essentially of a metal box into
which the eyepiece and objective tube are screwed on
opposite sides. The box contains a slide which can be
moved laterally by turning a graduated drum (3, Fig. 17).
Across the opening of the movable slide are stretched
two closely spaced vertical wires, and the slide is acted
on by two light springs to prevent backlash when it is
moved by turning the graduated drum. The distance
of the objective from the vertical wires, and the distance
of the microscope as a whole from the graduated circle
which it is desired to tead, are so arranged that the
image of the circle graduations is formed in the plane of
the wires, and the width of the image of one graduated
circle division is such that an exact number of turns of
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the graduated drum will carry the vertical wires exactly
across this division, i.e. from one graduation to the next.
Thus fractional parts of a graduated circle division can
be measured. In reality, the fractional part is measured
on a chord (since the vertical wires are caused to move
in a straight line) instead of on an arc, but the error 1s
not appreciable,

There must obviously be a line of reference from which
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to obtain the readings; this point is usually the imaginary
line midway between the vertical wires when they occupy
the centre of the field of view, the reading of the graduated
drum being zerg. This point is located approximately
by a V-shaped notch in front of the plane of the wires
as shown in Fig. 17, and this notch gives the approximate
reading.

Least Count of a Micrometer.—The graduated circle
of the theodolite should first be examined to determine
the value of one division: this will usually be 1o minutes.
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On turning the graduated revolving drum, the number
of turns required to move the vertical wires from the
image of one graduation to the next is measured, the
fact that there are two vertical wires instead of one
facilitating the centring over a graduation. If » turns
are required, and the circumference of the drum is divided
into $ divisions, then the value of each division on the
drum is ;LI— of a circle division.

In 5-in. and 6-in. theodolites with the circles graduated
to 10 minutes, #» is usually 1, and the graduated drum has
6o divisions, so that the value of each of these 60 divisions
is 1o seconds. ’

To Read the Micrometer.—Referring to Fig: 17, in
order to obtain the micrometer reading, it will be observed
that the notch reading is between 181° 1o’ and 181° 20"
The vertical wires are moved laterally until they lie one
on each side of the image of a circle graduation adjacent
to the notch, e.g. 181° 20, it being immaterial on which
side of the notch the selected graduation is situated.

The minutes and seconds are now read off on the gradu-
ated drum; in the figure this reads 6’+ between 20"
and 30”, or by estimation 24”, so that the complete reading
is 181° 167 24"

The same procedure is then followed for the graduation
on the other side of the notch, the drum being revolved
in the opposite direction when bringing the wires to the
graduation, ie. in the final centring of the wires over
the graduations the direction of motion of the wires
should be contrary in the two cases. The mean of the
two drum readings is taken as the micrometer reading.

Adjustment for Parallax and Focus.—It is seldom
that this adjustment is required, but it applies to every
micrometer microscope and should be carried out in con-
junction with the adjustment for run which is referred to
below. A piece of white paper should first be placed on
the graduated circle under the microscope and illuminated
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by the reflector, and the vertical wires then brought into
sharp focus by adjusting the eyepiece. As in,the case of
the eyepiece of the theodolite, this is an adjustment de-
pending on the eyesight of the observer., The paper is
now removed, and if the graduations of the circle are
not distinct the microscope must be moved bodily nearer to
or away from the circle. To do this, the clamp-screw of
the microscope socket must be eased. One of the gradua-
tions of the circle is then brought to the centre of the
field of view and the vertical wires moved to lie one on
each side of it by tuming the gradvated drum. If on
moving the eye to the left or right there is no apparent
movement of the wires relative to the graduation, there
is no parallax; but if there is movement, the microscope
must be moved slightly away from or to the circle until
such movement is elimmated. :

Taking Runs.—As stated above, an exact number of
turns (usually 1) of the revolving drum should carry the
vertical wires exactly across one division of the graduated
circle, and this should be tested occasionally, the test
being known as taking runs. If it is found that, on moving
the wires exactly across one circle division, the reading
of the revolving drum shows that exactly one complete
revolution of the drum has not been made, ie. the first
and second readings differ, the difference between the
readings and the nominal value of the space is known as.
the run of the micromeier.

In testing, the mean of two or three runs should be taken,
and if the error is not more than 2 or 3 seconds it can be
neglected.

The microscope can be adjusted for errors of run, but
the adjustment is a delicate one for field purposes, and
if the defree of accuracy required warrants it the effect
of the error may be ehminated by applying a correction,
but this is seldom necessary for field astronomy purposes
except for the most precise work.

To eliminate errors due to backlash in the parts of
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the micrometer, back and forward micrometer readings
should be taken and averaged as explained. This will also
reduce the error arising from lack of precision in centring
the wires on the graduations.

Timekeepers.—The most precise portable timekeeper
either for mean or sidereal time is the box chronometer,
such as employed on board ship and in observatories.
Such an instrument is suitable for field astronomical
purposes if it can be kept stationary, but is too delicate to
maintain a constant rate during transport.

The best timekeeper for field use is a good watch with
lever escapement, and a useful accessory is a good stop-
watch registering to 0-01 second.

A chronometer watch differs from a chronometer in the
following details :

I. The fusee is eliminated.

2. A lever escapement s used.

3. A different form of compensation balance is used,
but the general working principles are the same. The
lever escapement, as compared with that of a chronometer,
gives two impulses to the latter’s one, and with this escape-
ment it is practically impossible to stop a watch by any
such turning about as would stop one with a chronometer
escapement ; it also has the advantage of being self-starting.
The lever escapement action involves sliding friction in the
mechanism, viz. between the escape wheel teeth and the
pallets, which have to be oiled, and this is a disadvantage,
as the thickening of the oil must in time affect the going
of the watch.

However, a good chronometer watch, with careful and
intelligent handlihg, is capable of giving results practically
equal to those of a chronometer. Such a watch is tested
for position error by the makers, as it is not shang in gimbals
like a chronometer, its going being observed with the
figures XII, III and IX successively uppermost, and the
results compared with each other and with the results when
horizontal, dial uppermost. A good quality watch will
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have practically no position error ; but, to reduce the wear
on the mechanism as far as possible, and to give its time-
keeping qualities the best scope, it should bg kept hori-
zontal with the dial uppermost, and it should be wound
carefully at the same hour each day. The watch should
be exposed as little as possible to change of temperature or
atmospheric humidity.

Watch Error.—In spite of the precautions suggested
above, the watch will not always register correct time,
owing to various imperfections, ie. there will always be an
error. The watch ervor at any instant is the difference
between the correct time and the time as indicated hy the
watch, and this error will not, as a rule, maintain 2 constant
value.

‘1t is required of a good watch that, when subject to
a particular set of conditions, it shall go at a uniform speed
so that jts error changes uniformly.

Watch Rate.—The daily change of error is known as the
waitch rate, and it may be either a gaining or a losing one.

The rate will differ according as the watch is stationary
(i.e. standing rate) or travelling (i.e. travelling rafe).

Determination of Standing Rate.—The standing rate
is determined by obtaining, at the place where the watch is
sitnated, not less than two sets of time signals or observa-
tions, as explained in Chapter VII, separated by an interval

of a few days, each time observation being made as far as
possible in the same manner.

Example~—A time observation on 12 June at about 23h Iom
GM.T. showed the watch to be 1om 19s-6 slow, and at the same
g‘ace on 17 June at about 22h jom the watch was 10m 54s-8 slow.
ind the watch rate.
d. h m
June 17 22 30
June 12 23 10

Interval between observations=4 23 20=4-972 days.
Change of error =10m $48-8 —Iom 19s-6 =‘§59$Z2 los{s

. 352 : :
.. rate= =25.08
a 973 7508 losing, daily.
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The constancy of the rate may be checked by taking
time observations every second night for a period of say
seven to ten'days.

Determination of Travelling Rate.—The conditions
under which the watch will be travelling will be as follows :

1. Between two stations, the difference of longitude of
which is known.

2. Returning to the starting station.

3. Not returning to the starting station, and longitude
en route not being known.

In case 1 the watch error is determined at starting and
on arrival by time observations or from wireless time
signals, and any charige of error is obviously then partly
due to the difference between the local times of the two
places, ie. to the difference in longitude, This difference
being known, the change in error due to this is allowed for,
and the remaining difference is divided by the time interval
between the observations to get the rate.

Travelling rate conditions include the normal stationary
period at night, but if a halt be made for several days the
period of the halt must be allowed for in computing the
’;lravelling rate if the watch is kept stationary during the

alt. ‘

In case z the calculation is performed as for standing
rate, since the time observations are taken at the same
place.

In case 3 the travelling rate must be determined before
the journey is commenced, and the calculations are as for
standing rate, but during the interval between the observa-
tions for error the watch must be carried on a daily march
under as nearly as possible the same conditions as those
likely to be met with on the journey, and of the same
average daily duration.

Exampie.—Before commencing a survey tour a time observation
showed the chronometer watch to be 4m 13s:8 fast. At the end
of the tour the error was found to be om §3s slow, the time interval
being 11-34 days.
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The difference in longitude was 2° 0’ 197:6, and the tour east-
wards, Find the travelling rate.

Difference of longitude expressed in time

2° 07’ 19”6
=———15———=8m 2983,

and since the journey was eastwards the difference in longitude
makes the watch 8m 29s-3 slower than it apparently was.

Apparent change of error={4m 13s-84-om 558)=75m 8s-8 lost.

.. change of error due to rate

=(8m 29s 3—5m 8s-8)=3m 20s-5 gained.
. . 2005 s
. travelling rate=u.34=x7s-68 gaining.
Wireless Receiving Sets.—As described in Chapter IX,
wireless time signals are broadcast from various stations
in different parts of the globe, and there are now few
localities in which the surveyor with a comparatively
small receiving set cannot pick up a time signal from one
or other of these stations. Constant improvements are
being made in receiving sets, and an intending purchaser
is well advised to consult a firm of reputable manufacturers
- as to the best type for his particular locality. In general,
the manufacturers will require to know what transmitting
stations are likely to be made use of, the nature of the
country to be surveyed, the means of transport available,
and facilities for maintenance or remewal of dry batteries
or accumulators. The manufacturer, with this information
at hand, can then design the receiving set with due regard
to the wave length of the signals available, the strength of
signal required so as not to be unduly interfered with by
atmospherics, the best type of aerial and earth, the best
source of power for the valves, and the desirable size and
weights of the various components.




CHAPTER V

ASTRONOMICAL AND INSTRUMENTAL
CORRECTIONS TO OBSERVATIONS

UNDER the heading of astronomical corrections to observa-
tions are included two corrections which have, in certain
cases, to be applied to the observed positions of heavenly
bodies in order to obtain their true positions. These
two corrections are (a) astromomical refraction, (b) geo-
centric pavallax. They are independent of instrumental
corrections and would exist even if the instruments used
were in perfect adjustment and free from any errors.

Astronomical Refraction.—In passing from one medium
to another of different density, light is, in general, deflected
or refracted, on account of the fact that the velocity of
light differs in media of different density, being, with few
exceptions, less the greater the demsity of the medium.
If light is passing from a medium in which its velocity is
vy into another medium in which its velocity is v, and if
the incident ray makes 4n angle s with the normal to the
surface of separation at the point of incidence, and if 7
is the angle between the refracted ray and the said normal

sins_v,
siny v,
the ratio%j—1 is the coefficient of refraction, and is usually
2
denoted by the symbol w.

Further, the plane containing the incident and refracted
rays contains the normal to the surface of separation at
the point of incidence, or, in other words, the refracted
ray always lies in the plane containing the incident ray,

i
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and the normal to the surface of separation at the point
of incidence.

The atmosphere is extremely rarefied in the upper
regions, its density increasing continuously in the down-
ward direction owing to the increased pressure due to the
superincumbent layers ; this increase is approximately in
geometric progression. Accordingly a ray of light in
passing from one point to another at a different height
above the earth’s surface is traversing a medium of varying
density and is, therefore, refracted. Since the deflection

is towards the normal when the second medium is denser
than the first, if the observer is at a lower level than the
object observed, the light reaching him has been deflected
towards the normal to the surface of separation, that is,
it has been deflected towards the vertical, ’

Thus the rays by which an object M (Fig. 18) is seen
at O have not travelled in the straight Yine MO, but they
have been deflected or refracted continuously as the
atmospheric density increases downwards and have followed
a curved path as shown by the curved dotted line MO.
The tangent, OT, at O to this curved line is the direction
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in which the object M is seen by an observer at O, being
the direction in which the rays meet his eye.

The apparent altitude of M as seen from O is greater
than its trué altitude by the amount of the atmospheric
refraction. To obtain the true altitude the apparent
altitude has to be ‘cleared of refraction,” or the apparent
altitude is  affected with refraction.’

If O were observed from M, the path of the ray of light
would also be the curved dotted line OM, and the true
altitude would still be less than the apparent altitude.
It ‘may happen in hot climates that the lower strata of
the atmosphere, on account of their proximity to the
heated ground, are less dense than the strata for some
distance above them, and in this case the true altitude will
be greater than the apparent altitude; this is unlikely
to apply to astronomical observations, but may be the
cause of obscure errors in levelling operations.

In the case of light which reaches the earth from a
celestial body, the rays undergo the entire refraction due
to passing from the vacuous surrounding space through
the increasingly dense strata of air to the observer. If
the atmospheric density were a function only of height
above sea-level, and if a sufficient portion of the earth’s
surface, with the overlying strata of air, might be con-
sidered plane surfaces, the question of refraction would be
comparatively simple. But the question is complicated
by the cutvature of the earth’s surface and the correspond-
ing curvature of the atmospheric strata above it; how-
ever, even under these conditions the amount of refraction
for any given altitude would be the same for all points
of the compass. But the density is by no means a function
only of the height above the earth’s surface, but is con-
stantly varying at any one point, due to temperature
changes and to the movements of the air, and the amount
of refraction may, therefore, vary in different compass
directions. Astronomical or atmospheric refraction thus
introduces a serious difficulty into astronomical work.
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As far as possible, observations should be so arranged in
pairs that the effect of an error in the assumed refraction
may be eliminated. .

It will readily be seen that if it be assumed that the
atmospheric density is a function only of the height above
sea-level, the refraction will be entirely in a plane con-
taining the plumb line and only altitudes of an observed
body will be affected, the refraction having no effect on
azimuth, While this assumption is not always correct,
it is nearly so in most cases; any effect of refraction on
azimuth would be eliminated by taking a number of
observations under different meteorological conditions, as
it is not possible to allow for it otherwise.

There are several formule for refraction, based partly
on theoretical considerations as to the rate of change of
density with altitude, and partly on the results of observa-
tions for the values of the constants which appear in the
formulze. )

Depending as it does on the density of the atmosphere,
refraction is a function of those quantities which affect
the density, viz. the atmospheric temperature and pres-
sure, increasing with increase of barometric pressure, and
decreasing with increase of temperature. Its value is very
nearly proportional to the tangent of the zenith distance
for zenith distances up to about 60°, being, of course, zero
at the zenith itself.

A formula which gives its value accurately enough for
most purposes is

refraction =58”-2 cot &,

to be subtracted from the observed altitude .

The most accurate refraction tables are those of Bessel,
which are given in various mathematical tables with the
method of applying the corrections for pressure and
temperature. An abbreviated table of mean refraction

with the corrections to be applied for pressure and tempera-
ture is given in Appendix V.
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Geocentric Parallax.—The term parallax is applied
in general to the apparent displacement in the position of
an object resulting from a change in position of the point
from which it is viewed. Quantitatively, it is the apparent
change in the direction of the body resulting from such,
change in the view-point. Direction is measured by
reference to a line assumed to be fixed in space ; the nearer
an object is, the greater will be its parallax for a given
change in the position of the view-point. If an object
at a moderate distance be seen against a more distant back-
ground, any movement of the observer except in the
direction of the line joining him to the object, will cause a
parallactic displacement of the object relative to the back-
ground, which displacement will be the greater the nearer
the object is to the observer; and if the distance of the
background be known, the amount of the apparent dis-
placement due to a known movement of the observer
provides a means of determining the distance of the object
from the observer. Further, if the directions of the object
as seen from two view-points at a known distance apart
can be compared by referring them to a definite unvarying
direction in space, the distance of the object can equally
well be determined. Such parallactic displacements form
the basis of all determinations of distances of inaccessible
objects, both in terrestrial and in astronomical work ; for
instance, the distance of the sun from the earth is deter-
mined by a comparison of its apparent position as seen
from two widely separated stations on the earth, and the
distances of stars are determined by comparison of their
apparent positions when observed from opposite points of
the earth’s orbit, i.e. from two points about 185,000,000
miles apart.

Geocentric parallax, as its name implies, is the angular
difference between the directions of a celestial body as seen
by an observer on the earth, and its position as it would be
seen from the centre of the earth. All celestial bodies,
with the exception of those forming the solar system, are

6
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at such vast distances that even when observed from
opposite points of the earth’s orbit the apparent change in
their directions (annual parallax), due even to this large
displacement of the observer, does not in any case amount
to one second of arc, consequently their geocentric parallax
is absolutely negligible. This is, however, not the case
with the sun, the moon, or the planets, which have an
appreciable geocentric parallax. Their apparent places,
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tabulated in the N.A4., are as they would be if seen from
the centre of the earth, which is the most convenient form
in which to express them, as observations taken at any
part of the earth can readily be reduced to the corre-
sponding values for the centre of the earth, as will presently
be shown, and this reduction or correction is to be applied
to all observations on the sun, moon, or planets. In Fig. 19
the circle represents the earth, assumed spherical, and S a
celestial body, seen from A in the direction AS. Its zenith
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distance is the angle ZAS, and its altitude is the angle HAS.
If it could be seen from C and referred to the same zenith Z,
its zenith distance would be the angle ZCS, and its altitude
the angle DCS, and the geocentric parallax is ZAS — ZCS,
i.e. the angle ASC.

The geocentric parallax is accordingly the angle ASC,
which is the angle subtended at S by the radius joining A
to the centre C of the earth.

This angle is zero for an object in the zenith, and to
obtain its value at any zenith distance

AC sin ASC  sin parallax
€S "sin CAS " sin zenith distance

. AC
sin parallax =Cg xsinz

The parallax for the observer at A is therefore a maximum
when sin z =1, i.e. when z =go0°, and its value for that case
is termed the horizontal parallax. Accordingly

sin (horizontal parallax) =%%
and sin parallax =sin (hor, parallax) xsin 2,

The horizontal parallax is in all cases a small angle, and
the above may therefore be written

parallax in secs. of arc
=hor. parallax in secs. of arc xsin z.

In the case of the sun, the horizontal parallax is given on
page I of the N.A. for every tenth day of the year, to two
places of decimals. It varies between about 8”-66 and 8”95,
the latter value corresponding to the earth’s perihelion on
1 January: a mean of 8”80 may be taken for field work.

The effect of parallax on a body at a measurable distance
from the earth is to make its apparent zenith distance
greater than its true zenith distance as seen from the
earth’s centre, and referred to the same zenith. The
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correction is, therefore, additive to apparent altitudes, and
of opposite sign to refraction, which is subtractive fror.n
apparent altitudes. For a spherical earth; geocentric
parallax would have no effect on the azimuth of a heavenly
body.

Ir§17 the foregoing, a spherical earth was assumed. As the
true figure of the earth departs to some extent from a
sphere, the results are not strictly applicable; in fact,
geocentric parallax causes an errot in both altitude and
azimuth, in general, but the parallax in azimuth is so small
as to be negligible in field work. , Further, as the correction
for geocentric parallax is only applicable to members of
the solar system, and in particular to the sun and moon,
which are not relied on for precise work, it is unnecessary
to consider parallax in azimuth, which is only the smail
component, due to the ellipticity of the earth’s figure, of
the total parallax, whereas the parallax in altitude is an
appreciable quantity and is always to be corrected for in
sun or moon observations.

The apparent displacement, due to parallax of any kind,
whether geocentric or otherwise, is always towards the
point from which the observer moves. For a spherical

earth the assumed transference of the observer from the

surface of the earth to its centre therefore displaces the

observed body towards his zenith ; for a spheroidal earth

the transference of the view-point from the earth’s surface
to its centre would cause an apparent displacement towards
the geocentric zenith, which is at an angular distance from
the geographical zenith equal to the reduction of latitude.
This will be referred to later in Chapter VI. The displace-
ment is therefore mainly in altitude, but partly also in
azimuth, except when the observed body is on the meridian,
when there is no parallax in azimuth,

Correction for Sun’s Semi-Diameter.—In observations
on the sun, which presents a disc the apparent diameter
of which varies during the year fr

,Which v om about 31’ 307 to
32" 357, it is usual to make the observation on the limb or
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edge of the disc, which is brought into contact with the
horizontal wire for an altitude observation, or with the
vertical wire for an azimuth observation. The angle sub-
tended at the earth’s centre by the sun’s radius is known
as the sun's semi-diameter, and its value obviously varies
inversely as the distance of the sun from the earth ; when
the sun is nearest to the earth, i.e. on or about 1 January,
the semi-diameter is @ maximum, when the sun is farthest

¥16. 20,

from the earth, i.e. on or about 2 July, the semi-diameter
is a minimum, hence
sun’s minimum semi-diameter -sun’s maximum distance
sun’s maximum semi-diameter sun’s minimum distance ’

The latter ratio was shown on page 5 to be 10341 : 1.
The sun’s semi-diameter is given in the Nautical Aimanac
for G.M.N. for every day of the year to 0-01 of a second of
arc, and in the abridged edition to one-tenth of a minute
of arc. The altitude of the centre of the disc is clearly



86 ASTRONOMY FOR SURVEYORS

equal to the altitude of the upper or lower 1i.mb,‘dimi.nished
by or increased by the semi-diameter, which is therefore
the correction to be applied to an observed altitude of
the limb, to obtain the altitude of the centre.

The azimuth of the centre differs, however, from the
azimuth of the limb by a quantity which depends mnot
only on the semi-diameter, but also on the sun’s altitude,
as will be seen from consideration of Fig. 20 in which S 1
the centre of the small circle representing the sun’s dise,
ZSA is a vertical circle through S, ZTB is a vertical circle
tangential at T to the limb of the disc, and ST is part of
a great circle and is therefore perpendicular to ZT.

The difference in azimuth between the centre S and
the limb at T is the angle SZT or AZB, which may be
called 3A.

Let the angular semi-diameter be s. Then in the
triangle ZTS

sin ST _sinSZ |
sin SZT sinSTZ ** sin 3A sin go°
where SZ =z, the zenith distance,

sin A =sin s. cosec 2,

or, since s is a small angle, and as azimuth observations
will only be done when z is large and consequently SA
small,

0A =s. cosec z
=5.8ec k, if & be the altitude.

_The correction to the horizontal circle reading, if a
hnib has been observed for azimuth, is therefore + s. sec &.
n

strumental _Etrors.-~When all the relative adjust-
ments discussed in Chapter IV have been made as nearly

perfect as possible, the conditions as to perpendicularity
of axes 10 one another will still not be tulfilled with mathe-
matical accuracy, byt slight residual errors will always
be present, which can in most cases be eliminated either
by making observations on both faces of the instrument,
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or by the application of appropriate corrections to the
readings of the circles; the nature and amount of such
corrections are determined from the bubble tube readings,
which indicate the magnitude of the errors, by methods
explained in the following pages. Even if the instrument
itself were in perfect adjustment, there would still in all
probability be a slight error in the setting up and levelling,
as a result of which the vertical axis, instead of being truly
vertical, would be inclined at a small angle to the vertical,
producing a corresponding deviation of the other axes
from their correct positions. The effect of these errors
on both horizontal and vertical angular measurements
will now be considered. The errors will be treated in
the following order :

(@) Collimation error, ~ »

(b) The horizontal axis not being perpendicular to the

vertical axis,

(¢) The vertical axis not being set up truly vertically ;
and it will be assumed in each case that the instrument
is free of errors other than the particular one under con-
sideration.

(a) Collimation error.—This exists when the line joining
the. intersection of the wires to the optical centre of the
object glass is not perpendicular to the horizontal axis,
but is inclined to one side or the other of the true per-
pendicular. When this is the case, the rotation of the
telescope on -the horizontal axis causes the line of sight
to generate a conical instead of a plane surface, the inter-
section of which with the celestial sphere will be a small
circle parallel to the vertical great circle which it ought
to sweep out. Thus, in Fig. 21, let HR represent the
horizontal axis of the theodolite. If there were no col-
limation error the line of sight would sweep out the
vertical circle AZA’, but a collimation error will cause it
to sweep out a small circle BZ'B’ parallel to the great
citcle AZA’. The angular distance AB is the collimation
error ¢ referred to on page 68.
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The magnitude of the errors in the measured values of
horizontal and vertical angles arising from an error of
collimation is determined as follows : o

Let S represent an object the image of which is observed
to be on the intersection of the cross wires ; its true zerlnth
distance is ZS, but its observed zenith distance is ZS’ or
the angle ZHS’, where S5’ is part of the great circle through
H, S, and R, and is therefore perpendicular to ZA. .

In azimuth observations on a star, the quantity which

Fi16. 21,

it i5 usually desired to determine is the comparative
azimuth of the object referred to that of a fixed terrestrial
reference object, that is, the horizontal angle between
the fixed terrestrial point and the object. Such terrestrial
point will usually be chosen as near to the horizon as
possible ; it may be supposed for the present purpose to
be on the horizon and represented by E. In order to
measure the horizontal circle reading between E and the

object S, the telescope is first directed towards the point
E so that the image of E appears on the vertical wire.
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On account of the collimation error the true axis of
collimation does not intersect E, but cuts the horizon
at a point D at an angular distance c¢=AB .along the
horizon from E. The instrument is then rotated until
the image of S is brought to the intersection of the cross
wires, which will necessitate a rotation about the vertical
axis until the true axis of collimation reaches the vertical
circle ZA, when the vertical wire will intersect the object
S on the telescope being tilted. The horizontal angle as
measured is therefore DZA or the arc DA, which is equal
to the arc EB. The observed difference in azimuth is
therefore the arc DA or the angle DZA, or EZB, whereas
the true difference in azimuth is the angle EZS or the
arc EC.

Consequently the error in the value of the measured
horizontal angle between E and S is EC—EB=BC=AC
—AB.

Then from the triangle SZ&'

sin ZS  sin 8§’
sin 2SS~ sin SZS’

sinzg sine¢ . sin ¢
b S e et . sin AC==—
sin go°® sin 'AC sin z

¢
and as ¢ and AC are small angles, AC =g = ¢ cosec 2.

. the error in the measured value of the horizontal angle,
viz. AC —AB, is ¢ cosec 2 —¢, or ¢{cosec z—1), i.e. ¢(sec A -1},
where ¢ cosec z=AC and ¢c=DE =AB.

The correction to be applied to the horizontal circle
reading for a collimation error ¢” is ¢” sec & for an object
at an altitude 4. The correction must also be applied
to the horizontal circle reading on the fixed reference
object ; it will be ¢” for a reference object on the horizon.

If as in Fig. 21, the line of sight lies to the observer’s
right of the true axis of collimation, each reading of the
horizontal circle requires to be increased to obtain the
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true reading, i.e. the correction is +¢ cosec z, whereas
if the line of sight be to the left of the true axis of collima-
tion the correction is —c cosec 2, 7 being in each case the
zenith distance of the object observed, i.e. of the reference
mark or the star.

So far as collimation error is concerned, no error would
exist in the values of measured horizontal angles between
objects at equal altitudes, as the correction would be the
same for both, and one pointing on either face to each
object would give the true horizontal angle between them.
If the objects are at different altitudes, the error in the
measured horizontal angle is obviously eliminated by taking
readings of the angle both F.R. and F.L., as the errors
will be equal, but of opposite signs in the two cases.

For the error in observed zenith distances, from the
triangle SZ8’,

€08 ZS =cos Z8' cos SS' +sin ZS' sin SS’ cos Z5'S

€0s z =c0s z’ ¢os ¢, since cos ZS'S =cos 90°=0

#' being the observed zenith distance.

If, then, ¢ be a small angle, cos ¢ is very nearly 1, and

€0s z=cos z' or z=2, that is, a small collimation error
produces no appreciable effect on measured zenith dis-
tances or altitudes.

{8) Error due to the horizontal a
to the vertical axis—In Fig. 2

horizontal axis, inclined at an angle & to the true horizon
HR: If the telescope be rotated about H'R’ the inter-
section of the cross wires will sweep out the great circle
AZ’A’., the angular distance from the true zenith Z to
Z' being b. Let S represent the position of an object
the mmage of which is on the cross wires, As in treating
of collimation error, it will be supposed that it is desired
to measure the difference in azimuth between S and a
fixed reference mark, which may be supposed to lie on
the true horizon. Draw ZSC, the vertical circle through
Z and S cutting the horizon at C,

or

%1s not being perpendicular
2 let H'R' represent the
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If the azimuth of A referred to that mark be 4, then
the correct azimuth of S referred to the same mark is
#+AZS, but on account of the tilt of the axis the observed
azimuth of S will be the same as that of A, viz. §. The
error in the horizontal circle reading for the point S is
therefore AZS, or the arc AC.

In the spherical triangle ASC, from the four consecutive
parts SC, SCA, CA, CAS,

cos CA cos SCA =sin CA cot SC—sin SCA cot CAS.

Z< 652

But SCA = =90” and CAS =90 °—b& and SC =altitude = 4.
sin CA cot & =cot (g0°—&).

sin CA cot A =tan &.

or sin CA =tan & tan 4.

Therefore, since CA and b are small,
CA” =b" tan A.

That is to say, if the horizontal axis be inclined at an
angle b to the true horizon, and if the telescope be directed
to a point S at an altitude 4, the reading of the horizontal
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circle differs from the reading which would be obtained
if the horizontal axis were truly horizontal by an amount
b tan %, which is the correction to be applied:to the circle
reading : positive if the end of the trunnion axis on the
observer'’s left is the higher, and negative if lower. The
value of b is measured by means of the striding level, as
explained on page 100.

For the error in observed zenith distances,

let z =ZS, the true zenith distance,
and 2’ =Z'S, the observed zenith distance.
Then, from the triangle ASC,

sin SA ___sin SC
sin go°  sin (go° —b)
cos z

cos b

cos 2’ =

and as b is small cos b=1 and z=2', i.e. there is no
appreciable error in the measurement of zenith distances
due to a small inclination of the horizontal axis,

(€} Ervor due to the vertical axis not being set up verti-
cally.—In the following it will be assumed that the instru-
ment is in perfect adjustment as regards the perpendicu-
lant.y of its axes to one another, but that owing to the
setting up being faulty the vertical axis is inclined at a
small angle v to the true vertical, In Fig. 23 the position
of. the true zenith is indicated by Z, while Z’ at an angular
distance v from Z is the point where the vertical axis, as
Set up, cuts the celestial sphere. If the instrument had
been set up accurately, its horizontal circle would have
me.t the celestial sphere in the true horizon FKC, but
owing to the inclination of the vertical axis the hori-
zontal circle is tilted and cuts the celestial sphere in

the great circle F'KC’ inclined at the small angle v to
the horizon FKC and intersecting it in the horizontal
diameter KK’.

LetP Tepresent an elevated point which is to be observed,
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Draw the great circles ZPD and Z’PEH. The true azimuth
of P referred to K and its true zenith distance are respec-
tively KD ‘and ZP, whereas its azimuth referred to K
and its zenith distance, both measured by the instrument
as set up, are KE and Z'P respectively. The errors in
the observed azimuth and zenith distance are therefore
KE—KD and:Z’P--ZP respectively.
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The error in azimuth, viz. KE—KD, will be dealt with
first, and it is required to find an expression for the magni-
tude of this error. In order to do so, the position of the
horizontal axis of the instrument will be considered. If
the setting up had been accurate, the position of the hori-
zontal axis in order to sight P would have been AB, in the
plane FKC, and such that DA =go®; the actual position
of the horizontal axis when P is sighted is, however, A’B’,
in the plane F'KC’, and such that EA’=go°. If F'C
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represent the line of greatest inclination in the plane F'KC’,
then F’K and FK will each be go°, i.e.

FD +DK =go°, and DK + KA =go°, . FD =KA
F'E+EK =q0°, and EK + KA’ =go0°, ", FFE=KA’,

The horizontal axis A’B’ has therefore a definite position in
the plane F'KC’, such that KA’ =F'E, and it is inclined at a
small angle to the horizon, which angle may be called b as
before. The maximum value of b, viz. », will occur when
the position of the point P is such that A’B’ coincides with
FC.

Draw ZM part of a great circle perpendicular to Z'P.
A’ and B’ are the poles of the great circle Z'PEH, and the
inclination of A’B’ to the horizon is therefore equal to the
inclination of Z’PEH to the vertical, ie. b=arc ZM.

Further, M is the point of Z’PEH nearest to the true zenith,

and is therefore the highest point of Z’PEH, consequently
HM =go°.

It was shown in discussing the error DH in azimuth due
to an inclination b of the horizontal axis that the error

DH =} tan h, where A=PD. In the right-angled triangle
KEH, applying the cot formula to the four consecutive
parts HK, HKE, KE, and KEH,

cos KE . cos HKE ~sin KE . cot HK —sin HKE , cot KEH ;
and as KEH =q0°, and HKE =y,

cos KE. cos v =sin KE . cot HK.
As v is small, cos v may be taken as 1, and then

tan KE =tan HK, or KH = KE.

Therefore the error in the measured azimuth, viz. KE—KD,
is equal to

KH-KD=DH =} tan k.

The error in azimuth is therefore in this case, as in the
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case where the inclination is due to non-perpendicularity of
the axis, also b tan h, where b is the inclination of the hori-
zontal axis and % is the true altitude of P, viz. PD, which
differs by only a small quantity, negligible for the evalua-
tion of the correction, from its measured altitude PE.

The inclination b of the horizontal axis is measured in
seconds of arc by means of the striding level, as will be
explained presently, and it is a matter of indifference
whether such inclination be due to error of adjustment or
error of setting up. The correction b fan k is to be applied
with the appropriate sign to the actual circle reading, in
order to eliminate the errors due both to faulty adjustment
and to faulty setting up. The sign of the correction de-
pends upon which end of the axis is the higher. If, as in
Fig. 23, the end of the axis on the observer’s right be the
higher. and if, as is usual, the horizontal circle is so gradu-
ated that the readings increase from K towards E, the
correction is negative, as KE is greater than KD; con-
versely, if the left-hand end of the axis be the higher, the
correction is positive. A change of face of the instrument
will not alter the inclination of the horizontal axis due to
this cause, and the error cannot be eliminated by that
procedure ; but the actual inclination of the axis is to be
measured for the pointing on each face, and the corre-
sponding correction applied to each circle reading, when the
mean of the corrected F.R. and F.L. readings will give the
true reading of the azimuth circle. In general, the inclina-
tions of the axis will differ for the F.L. and F.R. pointings,
as part of the error will be due to the horizontal axis not
being perpendicular to the vertical axis; but the error, to
whatever cause it be due, is eliminated by the procedure
described above,

‘When the horizontal angle between two points, whether
at'the same or at different altitudes, is being measured on
one face of the theodolite, the difference between the
readings of the horizontal circle will not in general give
the true horizontal angle between the points; but in all



26 ASTRONOMY FOR SURVEYORS

cases the correction b Zan k is to be applied to the circle
reading for each pointing.

As regards zenith distance, it has already* been shown
that index error or collimation in altitude is eliminated by
reversal of the instrument, and as it is assumed that, except
when special reasons for the contrary exist, all observations
will be made on both faces, it may be supposed that the
index error is zero. The vertical circle will then read zero
zenith distance when the telescope is directed towards Z’,
and the observed zenith distance of P will be Z'P, while the
true zenith distance is ZP ; the error is therefore Z’P—ZP,
and if the instrument be reversed, the second reading will
also be affected with the same error, which is not eliminated
by the reversal. The point M, being, as has been shown,

the highest point of the circle Z'PEH, is the point from
which zenith distances ought to be measured ; they would
then be affected with only the very slight error PZ—PM,
which was shown, in tre

ating of inclination of the hori-
zontal axis, to be negligible. M in Fig. 23 corresponds in
fact to 7’ of Fig. 22, in discussing which it was shown that
25 =2'S, consequently, in F ig. 23, ZP =PM.

The error in the observed zenith distance is therefore

zero if measured from M, and Z'M i measured from Z’,

I altitudes are being read, the true altitude of P is PD,

the difference between which and PH is negligible. If a
spirit level were attached to the vernier arm with its axis
parallel to the plane of the vertical circle, the centre of its
bubble would occupy the position corresponding to M in
Fig. 23; and if the diameter joining the zero points of the

verniers were at right angles to IM, the circle reading
would give the altitude correctly, apart from index error.
The diameter joining the

) zero points will not usually be
exactly at right angles to IM, but its inclination to that
position is given by the displacement of the bubble. In
order to make this clear, the use of the spirit level will now
be explained.

Spirit Level.—The spirit level consists essentially of a
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glass tube, the bore of which is either barrel-shaped or
curved axially to a circular arc of large radius, and sealed
at the ends after being nearly filled with a liquid such as
alcohol, ether, or petroleum ether. The glass tube is fixed
in a tubular brass casing, open at one side to allow the upper
side of the glass tube to be seen, in such a way that when
the level is in use the plane of the arc is vertical with the
convex side of the arc upwards. The vacant space, termed
the bubble, always occupies the highest part of the tube,
which is graduated on its upper side ; the graduation corre-
sponding to the highest part of the tube can consequently
be read. Various systems of graduation are in use, the most
usual having a central zero. Any alteration in the inclination
of the longitudinal axis of the level causes a displacement
of the bubble, the amount of such displatement being pro-
portional to the change of inclination and also to the radius
of curvature of the tube, Thus if a change of inclination
of 7 radians causes the bubble to move a distance 4 along
the tube, the radius of which is 7, d =7 xt. :

If the change of inclination be 7 seconds of arc, as 1
radian =206265" ’

_ rxi 4 ., 206265 xd
206265’ 7

The displacement for a change of inclination of one

second of arc is therefore ——— ; the radius 7 is thus
206265

determined for any required degree of semsitivity; the
greater the radius the greater the sensitivity, i.e. the smaller
the change of inclination corresponding to one division of
the level scale.

Usually for the ordinary 5-inch theodolite the scale
divisions are about one-tenth of an inch long, and the value
of one level division may be from 10 to 20 seconds of arc,
being, as already explained, the angle subtended at the
centre of curvature of the arc by the length between
adjacent graduation marks.

7
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A level may be an extremely ser_lsitive iI‘lstrument for indi-
cating changes of inclination, but its readings are not always
reliable for quantitative determinations gf inclination,
owing to temperature changes causing distortion of t].:le‘ t_ube,
with a consequent change in the value of a level division.

The bubble being usually of considerable length, the
position of its centre is derived from the scale readings at
the ends of the bubble; with a central zero, the distance
of the centre of the bubble from the zero is evidently half
the difference between the scale readings at the bubble
ends, provided that the two ends of the bubble are on
opposite sides of the zero, as ought to be the cage.

The method of determining an inclination by means of
the level will now be explained. For convenience it will
be supposed that the inclination of a surface is to be deter-
mined, and that each end of the level tube is supported by
a foot resting on that surface. In an ideal level the zero
of the graduations would be exactly at the middle point
of the arc of the tube and the feet would be of exactly
equal length, and consequently the two ends of the tube
would be equidistant from the points of contact of the feet
with any surface to which the level were applied. If such
a level were placed on a horizontal plane surface, the centre
of the bubble would coincide with the zero of the gradua-
tions, and would do so, however the feet were moved about
on the surface, even if the level were reversed end for end.
Such a state of affairs cannot be realized in practice, and it
becomes necessary to inquire how the non-fulfilment of
these conditions affects thy

e level, and how its readings are
used to measure the inclination of a surface. Referring
to Fig. 24, 1t will be assumed that the feet AC

and BD are
of unequal height, that the zero O of the graduations does
not coincide with the middle point O’ of the arc CD, apd
also that the line AB on the surface to which the level is
applied is inclined at an angle ¢ to the horizontal.

The centre of the bubble occupies the highest point E
of the tube,
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Let V be the value in seconds of arc of one division of
the level scale.
On account of the inclination ¢ of AB, the bubble is dis-

placed through %, scale divisions from the position it would

have if AB were horizontal.

The displacement due to the inequality of the feet may
be called d divisions.

If these two causes of displacement were removed, the
centre of the bubble would be at O, the mid-point of CD.

Consequently O'E =‘—z,+d.
Let the scale readings of the right and left ends of the

00E
D
c
L_I B
A T T T T Rorizonrat Tiine T TN T T =
Fi1G. 24.

bubble be R and L respectively ; the distance OE is then
R-L
T

OE-00+0E
s +a=00 +5_E and R—L =2 ! 2d—2(00")

. 1f the level be now reversed end for end, the bubble will,
on account of the fact that AB is not horizontal, change its
position. Let the readings of the right and left ends, as
reversed, be now R and L.

The above expression for R—L will still apply if the
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necessary changes of sign be applied to such quantities as
are reversed, and the equation becomes

R—L' =224 +2(00")
v
Adding the two expressions,

4 . 2R-JL
SR-3L ot — x V.
The inclination of the line AB is therefore obtained by
applying the level direct and then reversed, and evaluating
2R—32L xV, which eliminates both the error due to the

zero not being at the centre of the tube and also that due
to the line CD not being paraliel to AB,

In the case.of the theodolite, the rotation about the
vertical axis, which is necessary in order to take both face
right and face left readings, reverses the bubble tube end
for end in exactly the same way as assumed above, and
consequently the tilting of the axis in the direction of the
line of sight is obtained by the same method, from the
bubble readings,

The value of a division of the level scale is best deter-
mined by a level-trier, in which the level is rested in a
frame one end of which is supported by a micrometer
screw of known pitch, so that any desired inclination can
be given to the frame and to the level resting in it, and the
value of one division thus found.

1t can be determined in the field, in the case of the Jevel
on the miscroscope arm, in the following way, Set up the
theodolite, bring the bubble carefully to the centre of the

graduations, make a careful pointing on any object, and
take the vertical circle readings. Now displace the bubblé
through any convenient number of divisions by means of

the clip-screws; this will throw the cross wires off the
object. Bring the cross wires back to the object by the
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tangent screw; this will change the reading. The differ~
ence between the new reading and the original reading is
the angle through which the level has been tilted for a
bubble displacement of a number of divisions known from
the readings of its ends, and the angle of tilt for one division
is readily obtained.

The procedure for eliminating the effect of an inclination
of the vertical axis on observed zenith distances affords
an example of the use of a spirit level for measuring
inclinations.

The inclination of the axis may be regarded as being
the resultant of two component inclinations, one in the
plane of the vertical circle and one at right angles thereto.
The effect of the latter component is to produce a slight
tilting of the horizontal axis, equal in amount to the
said component, and therefore never greater than the
setting-up error of the vertical axis. ‘

The error in observed zenith distances due to this cause
has already been shown, in dealing with inclination of the
horizontal axis, to be megligible. There remains, there-
fore, to be considered only the component of the in-
clination of the- vertical axis in a plane parallel to the
vertical circle.

In Fig. 25, let OZ' represent the projection of the
vertical axis on the plane of the vertical circle, OZ the
true vertical, and OP the direction of the line of sight to
an object P, and ROH the position of the vernier or
microscope arm carrying the reading microscopes.

Reversal of the instrument brings the line of sight into
the position OP’, and in order to bring P again on to the
cross wires the telescope has to be rotated about its hori-
zontal axis through the angle P'OP =2(Z’0OP). The micro-
scope arm will now be in the position R'OH’ as it also
has rotated about the axis OZ’, and the reading of the
vertical circle will have changed by an amount indicating
a zenith distance Z’OP, differing from the true zenith

distance by Z07Z’. If QZ’ were measured and

Pl
N
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applied as a correction to the observed zenith distance,
the true zenith distance would be obtained. A level
attached to any portion of the alidade, with its axis parallel
to the vertical circle, would effect this measurement ;
the level carried by the microscope arm is usually more
sensitive than a plate level, and is therefore used for the
purpose. As explained in connection with the spirit level,

the formula 2&;—2—15 xV determines the amount of the

\ ! i
’ — -
H\ \F’ ﬁﬂ\ -
~ Nl N7
}.\\\ \3”‘" -
:\’ \\\[/ ‘l’
o <
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ti}ting of the vertical axis in the direction of the line of
sight.

The ends of the bubble are in this case usually referred
to as eye end E and object end O, and the angle of tilt
in the direction of the object observed is —E—Q:E xV

>

. - e - 4 N
the correction being additive to altitudes and subtractive

from zenith distances when O is greater than E, and
vice versa,

Accordingly, in the observing of an altitude on both
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faces of the instrument, the application of the level correc-
tion eliminates error due to faulty setting up of the vertical
axis, and as’the change of face also eliminates index or
collimation in altitude, it may be taken that an altitude
so observed is the true altitude, apart from flexure of the
telescope tube, which will be referred to in dealing with
latitude observations. .

It is advisable, however, for each pointing to bring the
bubble as near as possible to the centre of its run by means
of the clip screws to avoid large level corrections, which
may be unreliable. This virtually transfers the correction
for the bubble displacement to the circle readings. The
adjustment of the bubble should be done before the
pointing on the object, and the bubble ends ought to be
read immediately after the pointing and before the circle
readings are taken, lest any further displacement due to
temperature changes should occur,

Summary of Corrections.—For the practical work of
observing, the foregoing corrections may be summarized
as follows :

AsSTRONOMICAL ‘CORRECTIONS :
Refraction, applicable to all observed altitudes,
—58”-2 cot k for values of % from 35° to go°, where
# 1s the observed altitude. See Appendix V.
Payallax, applicable to observed altitudes of bodies
of the solar system, particularly the sun, for
which it is +8”8 cosec h.
Sewmi-diameter, applicable to sun observations both
in altitude and azimuth.
In altitude, +s as given for each day in the N.4.
In azimuth, +s.sec h, where 4 is the altitude and
s the semi-diameter.
INSTRUMENTAL CORRECTIONS :
Collimation in azimuth.—In azimuth, correction
4 ¢” sec h, necessity for correction eliminated by
reversal of face.
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Collimation in altitude, or index error.—In altitude,
eliminated by reversal of face.

Horizontal axis error—In altitude, redulting error
neglible.

In azimuth, correction +b fan & to whatever cause
due, where b is the inclination of the axis as
measured by the striding level.

Vertical axis error—~—In altitude, error eliminated by
reversal of face and application of T-arm level
correction.

In azimuth, correction included in 4 tan h as above.



CHAPTER VI
LATITUDE AND LONGITUDE

Latitude and Longitude. —The co-ordinates used in
defining the position of a point or station on the earth are
its latitude and lomgitude. As a first approximation, the
form of the earth may be assumed to be that of a sphere,
as shown in Fig. 26, in which PP’ represents the axis of
rotation, P and P’ being the poles, and A a station situated
on the great circle PAP".

AT, the tangent plane at A, represents the horizon at
that point, and it has been shown that the angle TAp or
¢ is the altitude of the elevated celestial pole at A. As
the two lines AO and OQ are respectively at right angles
1o the lines AT and Ap enclosing the angle @, the angle
AOQ also is equal to @. This angle ¢, being (for the
assumed spherical earth) both the altitude of the celestial
pole, viz. the angle TAp, and the angular distance of the
station A from the equator, viz. the angle AOQ, is called
the latitude of the station A, and is either north or south
according to whether the station A is north or south of the
equator. A plane parallel to the equator and passing
through A cuts the surface of the sphere in a small circle
called a parallel of latitude. For purposes of computation
north and south latitudes must be given opposite signs;
usually north latitudes are treated as positive, and south
latitudes as negative.

The longitudz of A is the angular distance between its
terrestrial meridian plane QAR and the meridian plane
of .Greenwich, ie. the longitude of the station A is the

108
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angle GPA (Fig. 26, b). Longitudes are, for astronomical
work, usually stated in hours, minutes, and seconds of

|
!
|
] (®)
FiG. 26.

tijpe East or West of Greenwich; if stated in degrees,
minutes, and seconds of angle they are converted into



LATITUDE AND LONGITUDE 107

hours, minutes, and seconds of time by reckoning 15° of
angle to one hour of time. The conversion is most .con-
veniently done by division or multiplication by 15, as
the case requires, thus:

Example.—Convert 84° 45’ 30" difference of longitude
into time :
5)84° 45" 30
3)16 357 ob
sh 3g9m ozs

Example—Express 3h 35m 42s difference of longitude
in angular measure :

3h 35m 425
5

17 58 30
3
53" 55" 307

The difference of longitude between two meridians
expressed as above in time represents the mean time
interval between the passage of the mean sun across the
two meridians, or the sidereal time interval between the
passage of a star across the two meridians ; further, it repre-
sents the difference between the hour angles of any heavenly
body at the two places at any given instant.

Figure of the Earth.—The actual circumstances are,
however, not quite so simple, careful measurements of the
earth by geodetic methods having shown that the form of
the earth is not quite spherical, but approximates closely
to an oblate spheroid, i.e. the figure formed by the revolu-
tion of an ellipse about its minor axis, the polar diameter
being the minor axis, and the equatorial diameter the
major axis.
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The most recent determinations of the dimensions of the
earth give the following result :

The semi-axis major = 20,925,871 feet.
» s Tminor=20,855721 ,,

The radius R for a given latitude ¢ may be taken as
R =semij-axis major (1—C sin? @), where C is the com-
pression or ellipticity and is equal to :

semi-axis major--semi-axis minor
semi-axis major

I
2083

This departure from the spherical form does not affect
the definition of longitude, which remains as for the
assumed spherical earth, viz., the angular distance between
two meridian planes, one passing through the place, the
other through Greenwich, but the question of latitude
becomes slightly more complicated, as will be shown.

If a non-rotating homogeneous fluid earth be imagined,
of which the particles are subject only to their mutual
gravitational forces, such an earth would assume a spherical
form and the direction of the plumb line at any point of
it would be radial, the attraction on the plumb bob being
directed towards the centre. Now if such a sphere could
be rotated, the particles of the earth as well as those of the
plumb line would be affected by centrifugal force. It can
be shown mathematically that for a rotating fluid mass, of
which the particles are subject only to gravitational forces
amongst themselves, one figure of equilibrium is a spheroid,
of which the minor axis is the axis of rotation, correspond-
ing to the polar axis of the earth., The ocean surface of
such an earth would, owing to rotation, assume a spheroidal
fom_l, Le. all meridian sections would become ellipses,
having the polar diameter as their common minor axis.
The plumb line will not be directed towards the centre of
the ellipse, as both the centrifugal force and the altered

and consequently has the value
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disposition of the particles of the earth will operate to
cause it to be directed towards a point such as N (Fig. 27)
on the polar axis, but the plumb line will still be normal to
the free liquid surface, which latter is, in fact, an equi-
potential surface, while the plumb line takes the direction
of a line of force and is therefore normal to the liquid
surface.

P!
|

Fie. 27.

Fig. 27 represents a meridian section of such a rotating
body, PP’ being the polar axis and A any station on the
surface. The horizon plane at any point will be the
tangent plane to the free liquid surface, i.e. to the spheroid
and the plumb line will be the normal to the surface at the
pomt. AT is a tangent at A to the ellipse and represents
the horizon at A, while AN, perpendicular to AT, is the
normal and represents the direction of. the plumb line
at A; NA produced gives Z, the zenith of A. OA pro-
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duced gives Z', the geocentric zenith. 1f a spirit level were
placed at 4, its bubble would take up a position as near to
Z as the tube would permit, the liquid in the tube being
virtually a part of the free liquid surface of the earth.
Although the earth as now existing has not a surface all
of which is liquid, the foregoing represents fairly accurately
the existing state of the earth as regards mean surface,
rotation, and resultant direction of gravity. However,
according to the most precise determinations, the actl}al
figure of the earth, i.e. of the mean surface, is not _qulte
what it should be for a fluid mass rotating in the period of
one day, but it is at least approximately so. .

Latitude.—Returning now to the question of latitude
on a spheroidal earth, as shown in Fig. 27, and considering
a station at any point A, the altitude of the celestial pole
is the angle TAp. This is called the astronomical, geodetic,
or geographical latitude.

The angular distance of A from the equator, ie. the

angle AOQ), is called the geocentric latitude, and is clearly less
than the geodetic latitude TAp, because

angle TAp =angle AMQ =angle AOQ +angle OAM.

The angle OAM, the quantity by which the astronomical
or geodetic latitude exceeds the geocentric latitude, is
called the reduction to geocentric latitude.

The latitudes in general use and shown on maps are
geodetic not geocentric, and correspond in general to the
angle TAp, ie. to the altitude of the celestial pole, but
there may be a slight apparent difference at any station
arising from a local deviation- of the plumb line due to
irregularity in the distribution of matter in the earth in the
neighbourhood.

The objects of work in field astronomy are in all cases
purely terrestrial, i.e. observations are not done with a

view to investigations in astronomy, but they have for
their object :
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Determination of co-ordinates (latitude and longitude of
a station),

meridian or azimuth of a line,

» ,»  local deviations of the plumb line.

Determination of Latitude by Meridian Altitudes.—

- "H
/’4,/ '
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F1G. 28.

The determination of latitude to a moderate degree of
accuracy is one of the simpler operations in field astronomy
and, as a knowledge of the latitude is usually required
before the results of any other observations can be com-
puted, it is also one of the first operations to be carried out
on arrival at a station.

Fig. 28 represents the celestial sphere as seen by an
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observerat O. P isthe elevated pole, NESW the observer’s
horizon, Z his zenith, and SZPN his meridian plane.

The latitude, being the altitude of the €levated pole,
is the angle PON.,

As there is no star precisely at P it becomes necessary,
in order to find the latitude, to deduce the altitudé of
P by means of observations on other heavenly bodies of
known polar distance. The most obvious method of doing
so is by measuring the altitude of a star at the instant of
its culmination or transit; for if § be The declination of a
star culminating at &', the angle QOS’ =3¢, and if A, be
«its altitude at transit,

then the angle PON =g0°—P0Z
=90°—Q0S
=g0%~(5'0S—5'0Q)
=g0°—ly, +9
=2y +0, where 2, is the meridian
zenith distance,
or go°—angle PON =,,—3.

But go°—angle PON is the complement of the latitude

and is known as the colatitude.

Hence colatitude =meridian altitude—declination. The
declination is to be treated as positive if it is of the same
name (i.e. north or south) as the latitude, and as negative
if of different name.

In any particular case a rough diagram of the relative
positions of pole, zenith, equator, and observed star will
obviate any possibility of error.

Procedure in Observing.—If a star is to be observed
on the meridian with a theodolite, as the star is on the
meridian only for an instant, it cannot be observed both
F.R. (face right) and F.l. (face left) at that instant.
The best procedure is to observe the star alternately F.R.
and F.L. for some minutes before and after the previously
computed clock time of transit. The pair of consecutive
observations giving the highest mean is taken, and the
53id mean treated as the observed meridian altitude.
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The observation is quickly carried out, and this method
has the advantage that the approximate latitude is
obtained quickly with a minimum of computation. The
declination of the star is taken from the N.A., from the
section giving apparent places of stars, in which section
the R.A. and declination are given for every tenth day
throughout the year, or in the case of circumpolar stars
for every day of the year, at the instant of upper transit
at Greenwich. The declination at the instant of observa-
tion is got by interpolation from the tabulated declina-
tions, which need not be done with great accuracy, as a
single meridian observation, i.e. a pair of pointings F.R.
and F.L., with an ordinary theodolite would not be ex-
pected to give a result correct to within a few seconds
of arc, more precise methods being available if greater

accuracy is desired.

The star’s observed altitude has to be corrected for
refraction.

The observation may be carried out on the sun, in which
case the declination at the instant of observation has to
be obtained by the method given on page 33.

The alternate F.R. and F.L. pointings should, in the
case of the sun, be made alternately on the upper and
lower edges or limbs of the disc, as this eliminates the
correction for semi-diameter and also tends to eliminate
errors arising from the difficulty of making a perfect
contact with the horizontal wire of the theodolite, as it is
likely that these errors on upper and lower limbs will
balance one another.

For the sun, the correction for parallax will have to be
applied.

Balancing of Observations.—Any error in the assumed
refraction will affect the computed latitude by the amount
of the said error. This error can be partially eliminated
or reduced. in the case of star observations, by observing
two stars, one north and one south of the zenith a}ld at
as nearly as possible the same altitude. The errors in the

8
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deduced latitudes arising from the error in the assumed
refraction will then be equal, but of opposite sign, in the

two cases, and the mean of the two deduced latitudes will
be free of refraction errocs,

For, let z;and 7, be the observed zenith distances affected
with refraction ;
#; and 7, the assumed refractions ; .
¥ the error in refraction being equal in
the two cases, provided that z, and
2y are nearly equal ;
8 and 3, the declinations ai the moment of
observation ;

then (s, +7,—7) and (z,+7, —7) are the true zenith distances,
and the latitude is (z,+7, —#) +8; OF —(23 +73—2) +3;

- +0
or, taking half the sum, latitude = 1772 + 01 . (2 +72) +0g
Now the latitude deduced from the first star observed is-

D1=21+7;+8;,
and the latitude deduced from the second star is

Po=—(z,+7y) +3,
and the mean is M‘M

which is the
2
for the true latitude, i.e. the

1 eliminated by observing two
south of the zenith and of nearly

expression just deduced
Tefraction error has bee
stars, one north and one
equal zenith distances,

If a constant instrumenta] error exists in the altitudes
given by the instrument, such as an index error, this has,
of course, been eliminated by the described procedure,
as each star has been observed on both faces ; but if two
stars, one north and one south of the zenith, are to be
Observed, it will be sufficient to observe each star on one
and the same face, and to take the mean of the deduced
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latitudes ; in this case each of the deduced latitudes will
be affected with the index error, but with opposite signs
in the two cases; the mean will then be the correct
latitude.

It frequently happens that latitudes determined from
observations north and south of the zenith differ by an
appreciable amount, however carefully made. This is
accounted for by droop or flexure, which is present in
most theodolites. Its effect is not eliminated by reversal
of face, but is, however, eliminated by balancing observa-
tions on both sides of the zenith.

The stars for observing should be selected beforehand,
and should be such that the interval separating their
transit is not more than 10 or 15 minutes, if possible, so
that there may be little or no change in the refraction
forthe two observations.

This method can be relied on to give a result correct to
within a few seconds with a field theodolite reading to 20”.
For more accurate work a special instrument called the
zenith telescope having a micrometer eyepiece is used;
-two stars which transit at nearly the same time and at
very nearly equal altitudes, one north and one south of the
zenith, are observed at transit on one face of the instru-
ment, the difference in their altitudes being measured
by the micrometer eyepiece without reference to circle
readings, from which difference the latitude can readily
be deduced. The method is known as Talcott’s method,
having been first used by Captain Talcott.

Latitude from Polaris.—An alternative method for
finding latitude is by an altitude of the Pole Star. This
method has the advantage that it can be adopted at any
time when the Pole Star (Polaris) can be seen in the
theodolite, without waiting for the transit of any particular
star. The method consists in observing the altitude of
Polaris and noting the clock time of the observation, from
which the star's hour angle can be deduced, and the
latitude computed by an approximate formula, applicable
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only to stars of small polar distance, which is given
below.

In observing, the usual procedure for determining a star’s
altitude and the corresponding clock time is followed,
viz. a pointing on one face, two on the other face, and
finally onme on the original face, the clock time being
recorded for each of the four pointings. The micrometer
or vernier readings for each pointing are corrected for
level error, and the mean of the four altitudes is taken as
being the observed altitude at the mean of the clock times.
The level correction may, of course, equally well be applied
to the mean of the circle readings, in one operation, which
is simpler.

This observed altitude is corrected for refraction to
obtain the true altitude at the instant of observation ; the
clock time is corrected for the known error of the clock,
and the star’s hour angle deduced from the right ascension

given in the N.4. and the longitude, which will be known
at least approximately,

Let z be the true zenith distance of Polaris,

¢, polar distance of Polaris,
¢ ,, colatitude of the station,
t ,, hour angle.

The latitude @ of the place of cbservation will differ from
the altitude % of Polaris by a quantity which may be

called x, and which will in no case exceed the polar distance
p of Polaris.

Then ¢=h+x
Then in the triangle ZPS (Fig. 13) from equation (1)

€0S z=c0s p ¢os ¢ +sin p sin ¢ cos ZPS,
Ot sin b =sin @ cos p+cos P sin $ cos ZPS
=sin {h+2} cos p+cos (h+1) sin p cos ZPS,

The angle ZPS will be equal either to £ or —¢.

sin & =sin (h+x) cos $ +cos {h+x) sin $ cos &
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The solution of this equation is given on page 47, where
it is shown that

x=—p cos t+4(p sin 7)? tan 4,

which is the correction to be applied to the altitude # to
obtain the latitude ¢.

In this-equation the angle # is in circular measure, ie.
in radians, and the resulting value of the correction x»
will also be in radians, which is inconvenient.

To obtain the value of x in seconds of arc, let # be the
number of seconds of arc in one radian. Then, since 17
is a very small angle, sin 1”=numerical value of 1” in

. I
radians =—,
n

Y s 1e3(E) st
W " c05t+%(7—1) sin? £, tan A.

”

x” = —p” cos {+4(p” sin #)* tan A sin 17,
The expression for the latitude ¢ then becomes
@ =h—p cos t+3(p sin #)* tan k. sin 17,

where $ is in seconds of arc. The angle ¢ is most con-
veniently taken the shortest way from upper transit; e.g.
if the computed hour angle is 18h 25m 358, the value of ¢
used in the formula will be the equivalent in angular
measure of 24h—18h 25m 35s, ie. 5h 35m 255 <15, or
83° 5T 15",

It can be shown that in the case of Polaris, the polar
distance of which is about 1° 5, the error due to admitting
the approximation as used in deriving the ahove expres-
sion for x cannot amount to as much as 1”7 of arc. The
formula can therefore be used for any latitude determina-
tion in which greater accuracy is mnot required, but in
low latitudes the uncertainty of the amount of refraction
at the low altitude of Polaris in such latitudes renders the
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method unsuitable for accurate work. It is, however,
susceptible of considerable accuracy in latitudes higher
than about 35° N. The method is less useful for field
work in the southern hemisphere, as the stars in the neigh-
bourhood of the south celestial pole are not sufficiently
bright to be picked up readily.

Example—
OBSERVATION ON POLARIS FOR LATITUDE

. . . Mean

Clock Times.|Facel Level, Vertical Circle. of Circle.
P.M. E ©

hm s
4 32 30 |FL120-8/22:8) 51° 26" 517| 26’ 56”| 25’ 227[ 25’ 27" 51° 26’ 0g"
4 36 33 [FR|220[21] 51 27 09127 12 (28 31 (28 37|51 27 52
4 338 54 |[FRlazola17| 51 27 47127 49 )29 15 (29 21}51 28 33
4 42 32 |FL|20-0(240] 51 29 42 [29 40 |28 0B |28 0951 28 55
4]150" 29” 848902 4111’ 29"
4h 37m 3752 51%27" 52”2

The mean of the circle readings, viz. §1° 27 5272, is affected
with the level error, and a level correction, as explained on page 102,
has to be apphed to obtain the observed altitude,

The value of a level division for the particular theodolite used
was 10" ; accordingly the level correction is
L2848 5 848 X107 =6"7

and is positive for altitudes, since 20 is greater than 2E,
. Th:: correction for refraction, taken from tables of mean refraction,
15 45" (for a temperature of 50° F. and pressure of 296 in.).
Accordingly, mean circle reading is 31°27" 52”72
level correction+ 00 00 6-7
refraction— 0o 00 45
True altitade = §1° 27" 13”9
Next, taking the mean clock reading, the h i
to be evaluated for that instan, & our angle of Polaris
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A correction for the clock error on G.M.T. is applied, and the
hour angle computed thus :

m s
Clock {(mean time)= 4 37 372
error, fast=0 00 37
GMT.= 4 37 002z
ST.GMN.=14 30 3562
add for $.T.=00 00 39-426.
00 00 06078
GS.T.=19 28 41904
long. west=00 ©0 4I-§
LS.T.=19 2% 004
RA=1 36 31
Hour angle, HA.=17 31 294 West
or = 6 08 306 East

The value of the R.A. is that given in the N.4. for the date of

the observation.

The dechnation, from the same source, is

88° 35’ 04", therefore the polar distance, p, is 1° 04" 56”=3806""

t=6h 08m 3086
or 92° 07’ 39"

log p=3-59062
log cos ¢=2-56965 %

log 1st correction=2-16027 n

1st correction= 144”6+
=2’ 2476+

h=51°27" 13"
1st correction=_ +2° 24"
2nd = 4 46"

=31° 30" 24"

9
6
1

6

log p=3-59062
log sin #=1-99970

359032

X2=7-18064
log tan h=0-09867
log sin 17=6-68557

log $=1-69807

=1-66385
2nd correction =461+

which is the latitude deduced from the observation.
1t will be noticed that the letter # is written after the value of

log cos¢. This

used.

is to indicate that the quantity, viz. cos?, of which
it 1s the logarithm, is negative.
It may here be observed that
second, five-figure logarithms are, 1n ge
greater accuracy is required, seven-igh

to obtain a result correct to one
neral, sufficient, but where
re logarithms should be
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Use of Pole Star Tables,~—Both the Nautical Almanac
and the corresponding American publication, the American
Ephemeris, give Pole Star tables for facilitatirg the reduc-
tion of observations on Polaris for latitude, by dispensing
with the computation.

The Tables in both publications are based on the equa-
tion given on page 114, but they are constructed some-
what differently. In the N.A., the value of the 1st correc-
tion, viz. —p cos ¢, is given in Table I for values of ¢
increasing by 2z minutes of S.T. from oh to z4h. The
quantities given in this table have been computed for
a mean value of p; 9 is, however, not in fact constant,
as the position of the celestial pole varies on account of
precession and nutation.

The quantities in Table I, therefore, require a small
correction, given in Table III and called the 3rd correction,
to reduce them to the true values corresponding to the
actual values of the polar distance and R.A. of Polaris
on the date of the observation. ’

The 2nd correction is given in Table II.

The quantities for the 3rd correction would be negative
in some cases; but in order that the tabular correction
may in all cases be positive, Table III has been constructed
in such a way that the observed altitude is to be reduced
by 1 minute of arc before application of the corrections.

Application of the tables to the observation just com-
puted, which was taken on 4 November 1927, gives

Altitude reduced by 1 minute 51° 26 1379

1st correction (for LS.T. 1oh 28moos) . o 2 16

2nd ' . . . .0 o 46

3rd » . . . . 0 I 09
Latitude . . 51 30" 24”9

The tables do not give such accuracy as the computation,
but even if the degree of accuracy is not sufficient for the
purpose of the observation, they afford a ready means of
¢hecking the computation for any large error.
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An observation on Polaris for latitude ought, if con-
venient, to be combined with a meridian observation of
a star south of the Zenith for the reasons already explained,
viz. that errors in the assumed refraction are largely
reduced and any instrumental errors eliminated.

For the reduction of the observation it is necessary to
know the L.S.T. in order to compute the hour angle, ¢, of
the star at the instant of observation. The clock will give
the standard meridian time, whether sidereal or mean,
of the instant of observation; the longitude will be
known at least approximately, and may be applied to
the standard meridian time to obtain the local time.

A small error in the assumed local time will not affect the
computed latitude to an appreciable extent, but in any
case the computed latitude will be sufficiently near the
true latitude to enable the observer to take observations
for local sidereal time by the methods to be described in
the chapter on time determinations, and the longitude will
then be found from the difference between the local time
and the standard meridian time. This longitude may then
be used for a more accurate determination of latitude.
In fact, the observations form a series of successive approxi-
mations, and this applies to most, if not to all astronomical
observations, the number of the observations in the series
increasing with the accuracy required.

Latitude by Circum-Meridian Altitudes.—The method
and principle of finding the latitude by the meridian
altitude of a star have already been explained. It is
. possible, however, to obtain a more accurate and more
reliable determination by observing a series of altitudes of
a star, with the corresponding clock times, for a few minutes
before and after the transit or culmination of the star, and
applying a correction to each altitude to reduce or correct
it to the altitude the star would have at its transit, the
hour angle corresponding to each observed altitude being
known. In other words the altitude of the star is observed

at a known small hour angle, and a correction corresponding
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to the hour angle is applied. the amount of the correction
representing the difference between the star’s altitude at
the instant of observation and its meridian altitude.

From each separate pointing on the star, with the ‘corre-
sponding known hour angle, the latitude can be computed,
and the mean of the series is taken as being the latitude
deduced from the observation.

The expression for the amount of the correction, or the
reduction fo the meridian, is given on page 51 and is

ot
cosposd ¥
cos k sin 17

2 sin? ‘
The factor o I,,z depends only on the hour angle 4, and
its value can be tabulated for values of f advancing by one

(I’Qr mo;e seconds. Such a table will be found in Appendix
o. VI,

In the factor 3‘%;’;_5. 3 is known, and 4 is known from

the observation. ¢ is, however, not known, being in fact
the latitude which it is desired to obtain. An approximate
value of ¢ is, however, obtained by treating % as a meridian
altitude, from which @ is derived by the formula
9~8=00°—h. The best procedure is therefore to take
the pair of conmsecutive pointings which give the highest
altitude, to treat this highest altitude as 4 in the factor
€0s P cos § . B
"oosk — @nd the value of ¢ is then got from @p—d=

90°—h.
Accordingly for all the pointings the value of %&;—s—g
is constant,

In proceeding to determine a latitude by this method,
a star is selected which will transit at a convenient time,
and at a convenient altitude, say about 30° to 50°. Point-
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ings on the star are taken from about 1o minutes before
transit to about the same interval after transit, and the
altitudes and corresponding clock times booked. The
pointings are best taken alternately face right and face left,
but face may be changedafter each two pointings if preferred.

If %, be the first observed altitude, after correction for
refraction, the hour angle being then ¢#;, the corresponding
meridian altitude % is

P 1
2t
cos @ cos d z2smty
h =h1 + - : 7
cos A sin I
&SC%S_CI‘;P} is constant and may be represented by A.

2 sin® 2
T depends only on the hour angle # and may be

represented by ;.
S o k=h +Am
Similarly h=hy + A,
and h=hy+Am,
or h=h,+Am,

The meridian altitude corresponding to each pointing is
thus computed, and if there were no instrumental or
observing errors these meridian altitudes ought all to be
equal. Their mean is taken as being the true meridian
altitude, and from it the latitude ¢ is deduced by the
formula @—8&=9o°—k. Such a series of circum-meridian
altitudes gives a more accurate result than a single observa-
tion on the meridian, or a pair of observations one on each
side of the meridian.

Any pointing which gives a value of % differing greatly
from the mean may be rejected as unrelisble. The values

]
2 sin? ;
of m, ie. T Mo already stated, most conveniently
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taken from tables (Appendix V1), ¢ being for each pointing
the actual hour angle at the instant of pomnting.
Accordingly, if a star is being observed, ¢'is the sidereal
interval between the instant of pointing and the transit.
1t a mean timé clock is being used, the clock time of transit
is first computed, and the clock time of each pointing
booked. The intervals obtained by subtraction will be
mean time intervals, from which the corresponding sidereal
intervals must be computed or taken from tables, to obtain
the value of ¢ for each pointing. It will usually be suffi-
ciently accurate to perform the reduction to sidereal
i'ntervals by adding 10 seconds per hour to the mean time
Intervals, the accurate quantity being 9-8565 seconds per
hour. An equal mumber of pointings should, if possible, be
taken before and after transit ; if this be done, the effect of a
smallunknown errorof the clock on local timewill be reduced.
If the observation is being done on the sun, the clock
time of transit, being local apparent noon, L.A.N., is first
computed. The clock will probably be a mean time clock,
and the sun’s hour angle for any pointing will then be given
directly by the difference between the clock time of the
transit and the clock time of the pointing. It should be men-
tioned here that the sun’s hour angle at an instant separated
by a mean time interval of ¢ from transit is not exactly ¢, as
'ghe equation of time has, in general, changed during the
Interval £, but the change in the few minutes interval will
In all cases be so small as to be negligible in field work,
The declination to be taken in the case of the sun is,
for each. pointing, the actual declination at the instant of
that pointing, but it will be sufficiently accurate to take
for" all the pointings the value of the declination at the
mean of the times of the pointings. The pointings should
preferably be done half on the upper limb and half on the
lower Limb, as any error in making th% contact between the
limb and the horizontal wire will probably be of the same

kind in the two cases, and the error will cancel out in taking
the mean,
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Observation for Latitude by Circum-Meridian Altitudes.

STAR OBSERVED 4% CETI

R.A. 2b 30m 3353
5 2° 55" 54"2 N,

Mean
((Iill[o%k) Face| Level Vertical Circle | Altitude | Level %?gi;‘:ﬁd
o Readings
E O

P.M,
h m s o ¢ 4 7 i Qo ’ ” ” © ’ ”
62738 | R|I70{65[47 3600 5600|420400| — 5| 420355
6 29 52 R [72({60[47 §5C0 55 30| 42 04 45 | —I12 | 42 04 33
6 33 32 L {71]60|42 0700 07 30| 42 07 15| —1I | 42 07 04
63609 | L |76|60|4207 30 0800|4207 45| —16 | 42 07 29
63939 | R|G2|70)47 5330 $400( 4206 15| 4 8|42 06 23
64129 | R|[68168 |47 5330 5400|4206 15 0| 42 06 15
644 105] L | 70| 62]42 06 20 06 40| 42 06 30 | — 8 | 42 06 22
6 46 15 L [70|61|42 0500 05 30| 42 05 15| — 9 | 42 05 06

Value of 1 division of level=20",

hm s
L.S.T. of transit= 2 39 333 Take forﬁc—ﬁs—c;—s—s best pair of F.R.

Long, W,= 371
¢ and F.L. readings:

G.S.T. of transit= 2 40 106 F.L.=42°07" 29"
S.T.GMN.=20 02 243 F R =42 06 23

2 (84 13 52
42 06 56 log cos $=1-80040

Sidereal interval= 6 37 463

M.T. interval, 6h = 5 59 0102}
3ym = 36 53938 | Refrac- -
46s = 45874 | tion = 01 04 ,, ¢€OS38=1'93943
083 = -299 —_— —
h=42 05 52 =179983
GMT.= 6 36 #11 L
Clock fast= 3: 33 3 5= 2 55 54 , cosh=1-87040

Clock time of transit= 6 37 56 —
c=39 09 58 log A=1-92943
¢ =50° 50’ 02" A= 850
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The meridian altitude (42° 07’ 02”
considerably from the other values.
the meridian altitude separately for ea
pointing such as the one for 6h 46m 155

Mean F.R.=42 06 347

» Flo=42 07 32:3:
2 ‘84 14 071
. 42 07 035
Refraction= 01 o4
42 05 593
3=02 55 542
€=39 10 053

=50 49 543
e —

too far from the mean of all the pointings,

that there is no particular reason to
is a poor one, the reduction of the ob:
somewhat by takmg 2 mean value
applying to 1t the corresponding level
and addimg to it the quantity A multi
m for all the pointings, This
but does not permit of the rej

For b =h‘

+Am,

hm=hy+Am,
hm=hy+Am,, etc.

b= hyths+hyt. .
No. of pomntings T~

hm=mean value of A--A Xmean value of n

ie.

procedure is correct
ection of a poor poin

or hm=h0+Amﬂ

A Myt mytmyt-, .,
* No. of polntings

M.T.mt.| S.T. int. Altitude
Clock {Face| to to m Am |, S k+-Am
transit | transit
hms m s |{m s ” ’ L
62738 | R|10 18]10197 | 2093 ]| 178 42 03 55 | 42 og 53
62052 {R| 8 04| 803 128:3 | 109 42 04 33 | 42 06 22
639391 R 1 431 143 58 1 49142 0623 | 42 06 28
64129 | R\ 3 33| 3336 | 249 211 | 42 06 15 | 42 06 36
6333211 | 4 24| 4247 | 382 | 325 | 42 07 04 | 42 07 36
63609 L | 1 47| 147 62 52 | 42 07 29 | 42 0734
64410 |L| 6 14| 615 767 | 652 | 42 06 22 | 42 07 27
64615 | L | 8 19] 8203 ] 1364 1150 | 42 05 06 | (42 07 02)
¢ 4w

) has been rejected, ag deviating
- The advantage of computing

ch pointing is that a poor
Can be rejected as deviating
Provided, however,
suspect that any pointing
servation can be shortened
of the altitude readings,
and refraction corrections,
plied by the mean value of
mathematically,
ting.
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Applying this procedure to the present observation :

Mean M.T.int.|S.T. int.
%}Io%k) Face| Level Circle to to m
(M.T. Reading | transit | transit
_ | E (o}
hm s e m s |m s ”
6 27 38 R |70|65]|42 04 00 | 10 18| 10 197} 209'3
6 29 52 R | 72|60 04 45 8 04| 8 o053 128-3
6333 |Liz1i60o) o715 | 4 24| 4247 382
6 3609 | L |76]|60 07 45 I 471 147 62
63939 | R162|70 06 15 | 1T 43| I 43 58
6 41 29 R |68|68 06 13 3 331 3336 249
6 44 105 L | 70|62 o6 30 6 14| 6 13 767
646 15 | L |70]|61 05 1§ 8 19| 8 203| 1364
§5:0 506 848 00 816258
42° 06’ 00" my= 782
Level correcﬁon=%9-'-6 X20=~—6"6 A= -85
Amy= 66"3
Refraction = —1 04
Total correction= —1 106
Mean observed altitude = 42 06 00
= 42 04 494
Amy= 66-5
By +Amy= 42 05 559
o= 2 55 542
c= 39 1o Ol17
= 50° 49" 8”3

The reduction by this method is accordingly somewhat shorter,
but the longer method, viz., by reducing each pointing separately,
is to be preferred if tume permits of its use.

Methods for determining longitude are given in Chapter
IX.



CHAPTER VII
DETERMINATION OF LOCAL TIME

General.—The determination of local time is frequently
necessary in the operations of field astronomy and naviga-
tion. The determination of the longitude of an observing
station resolves itself into a determination of the difference
between local time and Greenwich or other standard
meridian time, as explained. Conversely, if the longitude
of a station is known accurately, an observation for local
time will, when corrected for longitude of the station,
give the Greenwich time at the instant of observation, and
the difference between this and the chronometer time of the
observation gives the error of the clock on Greenwich time.
It is to be understood that in all cases what is meant by -
determination of time is in reality determination of the
clock error on local time, and a chronometer or clock is an
essential part of the equipment.

Time by a Single Altitude.—The method in general
use in field astronomy consists in measuring with a theo-
dolite the altitude of a star and noting the corresponding
clock time. At any definite station, any star reaches a
particular altitude at two definite instants of local sidereal
time, one instant when the altitude is increasing and the
other when the altitude is decreasing. The transit of the
star occurs at the middle of the interval between these two

instants, and the hour angles of the star at the two instants
are such that their sum is 24 hours,
228
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According to equation (s),
cos, P =cos z sec @ sec d—tan @ tan &

2z is determined by the observation,
@ is known for the station,
and 9§ is known from the N.4.
P is then computed by one of the methods given

on pages 43 to 45.

Selection of Stars.—The selection of suitable stars
for time observations is based on the following considera-
tions. It is obviously necessary that the star should be
changing its altitude rapidly, in order that the instant of
its intersection by the horizontal wire of the telescope may
be noted with precision; a star the altitude of which is
changing slowly will remain for an appreciable time inter-
sected by the wire and is unsuitable for time observations.
Further, as the latitude of the station enters into the
formula by which the hour angle is determined, and as the
latitude may not be known with exactitude, stars should
be selected such that an error in the assumed latitude will
produce the least possible error in the local time deduced
from an observation of the star’s altitude. It will now be
shown that these conditions are best fulfilled by stars in
the prime vertical.

The first condition as regards suitability for time observa-
tions is, as stated, that the star’s altitude, and therefore
also its zenith distance, should be changing rapidly. The
rate of change of zenith distance is i;; which is therefore to
be a maximum.

From equation No. 1,

cos 2=¢05 $ cos ¢ +sin p sin ¢ cos P.

The star’s polar distance p is practically constant for
long periods, and may be treated as constant for the purpose
of any one observation. The colatitude ¢ is constant for
any one station. The variables are the angle P and the

9
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zenith distance z. P changes uniformly with the time,

e — is constant, being in fact 15° per hour, or 15” of
arc per sidereal second in the case of a star.
Differentiating the above equation with respect to ¢,
.odz . . . apP
—~s1nzaz—o——sm1>.smc.smP. W

sin z z—j=sin P sin ¢ sin P xa constant,
dz_sin psincsin P
dt sin z

sinp sinz, . . . .
J =——, Or sin $ sin P =sin z sin Z,
sinZ sin P

x constant ;
but

dz sinz.sinZ.sinc
', 5= —————————— x constant,
at sin z

=sin Z sin ¢ x constant.

The value of the constant % is 15” of arc per second of

time; accordingly, if 3 represent a short interval of time,
in seconds, and 6z the change in zenith distance, in seconds
of arc, during that interval,

92" =15 sin Z sin ¢ 8 in seconds of time.

As sin ¢ is constant, Z—’: is obviously a maximum when

sin Z has its maximum value, i.e. when Z=go°, i.e. when
the star is on the prime vertical. ’

The zenith distance, and therefore also the altitude, of
a star is therefore changing most rapidly when the star is
on the prime vertical,

From the equations it is seen that all stars in the same
vertical circle have the same rate of change of altitude, and

stars in the prime vertical have the greatest rate of change
of altitude,
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If the above expression be written

32"
15sin Zsinc
it is clear that a small error in the measurement of 2 pro-
duces least effect on the resulting value of ¢ when sin Z is a
maximum, i.e. when Z =go°.

Taking now the second condition for suitability for time
observations, viz. that the effect of a small error in the
assumed latitude on the resulting computed time is to be
a minimum, we have, as before,

&4 in seconds of time =

oS z =C0S p €os ¢ +sin ¢ sin ¢ cos P.

Assuming now that the zenith distance z has been correctly
observed, z and p are constant, and the variables are cand P.
Differentiating with respect to ¢,

=—C0s p sin ¢ +sin p(cos ¢ cos P—sin ¢ sin P‘%)
or cos g sin c—sin  cos ¢ cos P = —sin p sin ¢sin Pé—f )
Applying the cotsformula to the four consecutive parts
» P Z :
cos ¢ cos P =sin ¢ cot p—sin P cot Z.
cos ¢ cos P =sin ¢ M;—sin Pcot Z
sin p

sin ¢. cos p—cos c.sin p.cos P
sin $

sin ¢ cos p—cos ¢ sin p cos P =sin p sin P cot Z.

from equation () above,

sinPcotZ=

. . . .. odP
sin $ sin P cot Z=—sin p sin ¢ sin P?E
dP_ cotZ
d smnc
which is a minimum, and is zero, when cot Z=0.

or
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Now the meaning of %1; being a minimum is that for a

small change in ¢, the resulting change in ‘P is a mini-
mum, and as P is the hour angle (east or west), the
resulting computed value of the local time has the least
error when cot Z=o, ie. when Z=¢o°. The error
will, in fact, be 0 i Z is exactly go° i.e. if the star
is observed on the prime vertical. The error is clearly
a minimum when sin ¢ has its maximum possible value,
viz. 1, when ¢ =90° ie. when the observing station is on
the equator.

Accordingly, for both the reasons mentioned, the best
stars to select for time observations are those on or near
the prime vertical.

Balancing by East and West Stars.—Apart from ob-
serving errors, an error in the assumed value for the
refraction will have a direct effect on the corrected altitude,
and therefore also on the deduced local time. For in-
stance, if an east star is being observed, and too high a
value be assumed for the refraction, the corrected altitude
will be lower than the true altitude, and the computed
hour angle, measured eastwards from the meridian, will
be too great. The deduced instant of observation will
therefore be earlier than the true instant of observation,
being in fact the instant corresponding to a lower altitude
than the true one. If now a west star be observed at
about the same altitude, and if, as is likely, too high a
value be assumed for the refraction in this case also, the
computed hour angle, measured westwards from the
meridian, will also be too great. The deduced instant of
observation will therefore, corresponding as it does to
too great an hour angle, be later than the true instant
of observation. An error in the assumed refraction is
therefore largely eliminated by taking an observation on
both an east and a west star; and this should be done in

all cases, if cor_wgnient. Instrumental errors such as
drobp are also eliminated by this procedure.
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An example of a time observation, taken or 19 January 1928,
in latitude 51° 29’ 57” N., on east and west stars, with a 6-in.
micrometer theodolite reading direct to 10”, and by estimation to
fl', altitude level reading 107 per division, using a sidereal clock,
ollows :

WEST STAR—VEGA (¢ LYRAE) RA. 18h 34m 2788
38° 42’ 47" N.

Sgg;f.‘l Face; Level. Vertical Circle. Mean.
E O
hm s

23 18 49'5 | FL |22'2{20°0] 40° 10’ 55”10 51°! 9’ 44"| 9’ 48”| 40° 10’ 19"
23 21 54'5 | FR(22°3122°01 39 43 48 |43 36 [42 10 |42 18| 39 42 584
23 24 23 | FR 218|230 30 21 20 |21 24 !19 54 |19 53| 39 20 37°S
23 27 55'5 | FL |23'2[21°1| 38 48 04 |48 oI [49 09 |49 13 33 48 37

4193 02§ 4158 02 32 °4
23 23 156) 10" x(BSBOL)_ i poel 39° 307 3871
—1’ 10” refraction
—1'14"2 -1 14 2
Sing_—.‘ /w h= 39°29' 24"
2 sin psin ¢ z= 50 30 36
logs _ c= 38 30 03
sin (s—p) 1°5005908 sin p 18922548 p= 51 17 13
sin (s— B ) P
! (s—¢) T-y190111 s 17941575 a0 17 52
m 0°3135877 1°6864123 s= 70 08 56
s—p= 18 5I 43

2 11-5430896 s—c= 31 38 53

P2
log sin — =1'7715448
—1:=36°I3'z6'
P=72°26' 52"
h m s
t=4 49 475
RA.=18 34 278
LST. 23 24 153
Clock 23 23 156
Slow co oo 597onLS.T.
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EAST STAR (« TAURI)

RA. 4h 58m 4789
§ 21°2¢" 20" N.

§
Sidereal Level. . .
Clock. Face) Vertical Circle. Mean.
E O
h m s
00 44 50-5| L [231121-1133% 137 49" 13’ 46"} 127 47" (12" 537{ 33° 13 18”7
00 49 36 | R [22:6{22:0133 7 47 57 31|58 21 {58 20 | 33 58 o§
00 53 07:5} R 122-8l22-0{34 30 45 {30 50|30 14 {30 13 | 34 30 30§
01 00 28:5| L J211123:3435 38 0T [37 S5 136 44 |36 40 ] 35 37 21
4{3 28 025 £ g, 4f137° 19" 1572
Io'x(896 8 4): —1"5 level BT
00 52 00-6| B 34° 19" 48
—1'23"  refraction
— 124§
—1"24"5
h=34° 18" 243
logs _ ~ Z=55 41 357
sin (s—p) 1-3468501  sing 19687111 =38 30 03
sin (s—¢) 1-8324752 sinc 17941575 p=68 30 40

1
$npsmec 02371314
2 lr-4165567
log sin 3 1-7082783

L)

5=30% 43" 09"5
P=61 26 19
hm s

= 4 05 453 East

=19 54 147 West
RA =4 38 477

LS.T.=00 53 02:4
Clock =00 §2 006

Slow=o00 1 018

Note.—The star being faint
up for each pointing,

17628686

25=162° 42’ 18"-7
s= 81 21 093
s=p= 12 50 293

S—c= 42 51 06}

m s
West star=00 59-7 slow
East star=01 01-8

i
——

Mean 1 00 , onLST

in twilight aceounts for the delay in piékiﬂg



CHAPTER VIII
DETERMINATION OF AZIMUTH

General.—In making a survey, other than a compass sur-
vey, covering a small extent of ground, it is usual te
observe the magnetic bearing of one line of the survey,
ie. the inclination or direction of that line referred to the
magnetic north and south line. This magnetic bearing is not
used except to plot on the map of the ground the direction
of magnetic north ; generally a line is also drawn inclined
to the direction of magnetic north at an angle equal to the
declination ot variation of the compass, and therefore showing
the direction of geographical north, This declination or
variation is not constant, but for any one place it is subject
to periodic changes, both of short and of long periods ;
further, its amount differs at different places, the lines of
equal declination being curved in a rather irregular manner.
In London, the magnetic compass pointed due north about
the year 1657; the declination then became westerly,
and reached a maximum of about 24° in 1816 ; since then
it has been decreasing, the declination being at present
(1928) about 14° W., with an annual decrease of about 10°
Apart from this long-period change, the declination has
also changes of shorter periods, of respectively eleven
years, one year, and one day. Admiralty charts show
the amount of the declination for the area covered by the
chart, together with its rate of annual change.

In view of the perturbations to which it is subject, the
magnetic compass is not to be regarded as a means of

determining direction with precision, and the direction
138
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of the geographical meridian deduced from it by correction
for declination is liable to considerable error, In addition
there is, in all probability, an error due to the magnetic
axis of the needle not coinciding with its axis of figure.

For the purposes for which a survey of a small area is
usually undertaken, an accurate determination or plotting
of a north and south line is unnecessary, and the accuracy
of the survey itself is not affected.

When a survey over an extended area is undertaken,
the directions with reference to one another of the various
lines forming the network of the survey are determined
by angular measurements, as, for example, in triangula-
tion or traversing. The lengths of the lines are either
computed or measured, and, their lengths and, relative-
angular positions being known, the network can be plotted,
due regard being paid to the figure of the earth. For
the details of the method, the reader is referred to any
standard work on Geodetic Surveying.

It will obviously be necessary to fix the absolute position
of this network on the earth’s surface by the determina-
tion of the latitude and longitude of one point or more,
and by the determination of the directions of ome line
or more from such a point referred, for convenience, to
?he geographical meridian of that point. Such a direction
Is the azimuth of the line and is the horizontal angle
between the meridian plane through the point and the
vertical plane at the point and containing the line. Methods
for the determination of azimuth for this and other pur-
poses will now be described.

It will be clear on reference to Fig. 5 that for any definite
latitude, at any definite instant of local time, both the
altitude and azimuth of any star have definite values, and

vary continuously with the time ; consequently if any one
of the three quantities time, altitdde, or azimuth be
known, the remaining two can be computed by solving the
spherical tnangle concerned; it being remarked that for

any value of the altitude above the horizon there are two
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corresponding values for the time, at equal intervals before
and after the time of transit of the star.

It is thus possible to compute the azimuth of a star from
a knowledge of either the L.S.T. or the star’s altitude, and
either quantity may be used as the basis of an observation.

The observation in either case consists essentially in
observing the intersection of the star by the vertical wire
of the theodolite, taking the reading of the horizontal ciicle
and comparing it with the reading of that circle when the
vertical wire of the telescope is directed to the terrestrial
object the azimuth of which is to be determined.

To provide the data necessary for the computation of
the star’s azimuth at the instant of intersection, either the
clock time of the intersection or the altitude at intersection
has to be noted, as has been explained. According to
whichever of these procedures is adopted, the method may
be called azimuth by hour angle or azimuth by altitude.

The former method is to be preferred in general, for the
reason that the observation is simpler ; the computation is,
however, rather longer. As it is probable that the observa-
tion will have to be done after dark, it is necessary to
arrange for the illumination of the terrestrial object the
azimuth of which is to be determined; this object is
usually called the reference mark (R.M.) or reference object
(R.0.). Any convenient box having a vertical slit about
3 in. to } in. wide, according to the distance at which it is
to be placed, and a lamp which can be set inside the box, is
all that is necessary. The wires of the diaphragm will, of
course, also have to be illuminated, as in other night observa-
tions. A great deal of this inconvenience may be avoided,
and the observations taken while-there is still sufficfent
daylight to point accurately on the RM., by making a
rough determination of the meridian by sun observations
.of the same kind as the star observations under discussion.
The sun observation, although less accurate than star
observations, will give a result of a fair degree of accuracy,
by means of which the star can be found and obsgrved
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before dark, and greater accuracy obtained than from the
preliminary sun observation. In the determination of
azimuth it is assumed that the latitude and longitude of the
observing station are known.

Azimuth by a Star at Elongation.—An azimuth
observation may be made on any star, but there are certain
circumstances which will influence the observer in his
selection. The most obvious of these is the condition that
at the time of the observation the star should not be moving
rapidly in azimuth, otherwise a small error in the assumed
time of the observation may produce a considerable error
in the computed azimuth. It is therefore advisable to
select a star which has the slowest possible motion in
azimuth. Further, as the latitude of the observing station
enters into the computation, the star selected should be
such that an error in the assumed latitude produces a
minimum error in the resulting azimuth. It will now be
explained that certain stars, at two particular points in
their diurnal paths, have no motion at all in azimuth, their
motion being at those points entirely vertical.

Referring to Fig. 2g, which represents the celestial
sphere, the apparent daily path of a star S in the vicinity
of the elevated celestial pole P is the small circle shown
as an ellipse. The star will always be in an approximately
northerly or southerly direction, according to whether the
latitude is north or south ; if its motion be followed with
the telescope of the theodolite from the instant of its lower
transit, when it has no motion in altitude, the star will be
seen to be moving eastwards in azimuth and upwards in
altitude. When the star has reached a position such as S,
the vertical plane containing the axis of the telescope is in
the position ZS in Fig. 29 (b), i.e. the azimuth of the star is
the angle PZS. As the motion of the star progresses, its
azimuth increases, ie. the angle PZS increases, until after
the lapse of some hours from the instant of lower transit
the telescope will have been turned in azimuth until the
line ZS is tangential at ¢.to the ellipse representing the
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path of the star. Af that instant the star has no motion
in azimuth, its motion being entirely vertical. The star is

(6)
Fi1G. z9.
said to be then at eastern elongation. Similarly, the other

tangent from Z to the ellipse at w gives the azimuth of the
star at western elongation ; and if it were possible to see
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the star during the whole sidereal day, the telescope of the
theodolite would have to be swung about the vertical axis
through an angle limited by the two tangents to the ellipse.
For some time before and after each elongation, the motion
of the star in azimuth is very slow: a star at or near
elongation is therefore a very suitable object for observing
for determination of true meridian, as during the interval
required to take pointings on the star on both faces of the
theodolite the azimuth of the star will not have changed
appreciably. It will easily be seen that only stars fulfilling
certain conditions will elongate at all. If a star be so far
from the pole that the point Z falls within the ellipse repre-
senting the plan of its path, it will be impossible to draw a
tangent to the ellipse from the point Z. This will be the
case if the star’s polar distance is greater than the co-
latitude ; the star's upper and lower transits will then be on
opposite sides of the zenith. and in order to follow the
star’s motion with the theodolite during a sidereal day -
the telescope would have to be turned completely round the
vertical axis. If the polar distance of the star were equal
to the colatitude, the star would pass through the zenith
at upper transit, and the point Z in the plan would lie on
the ellipse representing the plan of the star’s diurnal circle.

The hour angle at elongation is ZPe. To determine its
value, consider the spherical triangle of which the plan is
PZe. Zebeing tangential to the circle described by the star,
the angle PeZ is go°. Applying the four-part or cot formula
to the four consecutive parts ZP, ZPe, Pe, and PeZ,

cos Pe cos ZPz =sin Pe cot ZP~sin ZPe cot PeZ.

Now Pe =, the polar distance of the star,

ZPe =1, the hour angle of the star at elongation,
ZP =¢, the colatitude,
and Pez =q0°,
. €O p cost=sin p cot c—o,
cost  =tanp cotc
=cot ¢ tan @,
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From this equation the hour angle of the star at elonga-
tion is computed, and if this hour angle be applied with
positive and negative signs to the R.A. of the star, which is
the L.S.T. of its upper transit, the results are respectively
the L.S.T. of western and eastern elongation.

The computation is made beforehand ; suitable stars for
both northern and southern latitudes are given in the
N.A., in which the apparent places of a number of close
circumpolar stars are given, for both north and south
celestial poles. In the northern hemisphere a very suitable
star for azimuth observations is Polaris.

For some minutes before and after elongation the motion
of the star in azimuth is so small that for approximate work it
may be neglected. The rate of motion in azimuth obviously
depends on the latitude of the station and on the declination
of the star, being less in low than in high latitudes, and less
for stars near the pole than for stars further from the pole.

The expression for the azimuth of the star at elongation
is easily obtained by consideration of the spherical triangle
PZe in Fig. 29, Z¢P being in this case a right angle.
sin ZP _ sin Pe
sin ZeP sin PZs

sinc _ singp
sin go° sin PZe
sin PZe =220

Y7 osine

This expression for azimuth at elongation is identical
with the correction for the sun’s semi-diameter in azimuth
given on page 86, viz.

sin §A =sin s cosec z,
where s corresponds to the star’s polar distance =go®—3,
and z corresponds to the colatitude go°—¢ ;
whence sin A =sin (90°—2) cosec (g0°—@)
=cos d sec .

or

=cos § sec @.
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In making the- observation the star is observed on the
vertical wire, and it is of course necessary to take pointings
on the star both F.R. and F.L. in order to eliminate such
instrumental errors as are eliminated by that procedure.
Consequently it is probable that meither the F.R. nor
the F.L. pointing will have been made at the precise
instant of elongation, but as the rate of change of azimuth
is very slow for several minutes before and after that
instant, the observation will give a result correct to within
a few seconds of arc. If the instrument be provided with
a striding level, it should be used for this as for all azimuth
observations, to obtain the correction b fan 4 correspond-
ing to the inclination of the horizontal axis.

To avoid the necessity for refocusing the telescope
when the latter is redirected from the star to the R.M. or
vice versa, the R.M. ought in all azimuth observations to
be at as great a distance as can be arranged. This will
also reduce the error due to inaccurate centring of the
instrument over the observing station, as even a slight
inaccuracy in setting up the instrument over the station
may produce an appreciable difference in the azimuth of
a near R.M. compared with its azimuth from the true
position of the observing station. The R.M. should also
preferably be near the horizon to obviate the necessity
of applying the striding level correction to the horizontal
circle readings on the R.M., which correction, viz. b tan &,
15 zer0 on the horizon. The line of sight to the R.M.
ought to be well clear of any buildings or other objects
likely to cause lateral refraction due to local variations
of temperature,

As at any instant other than that of elongation the
angle PZS is less than at the instant of elongation, the
readings of the horizontal circle will all lie on the one
side of the true reading corresponding to the instant of,
elongation. When the computed azimuth at elongation
1s applied to the observed horizontal circle readings on
the star to obtain the circle reading corresponding to the
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direction of the meridian, a small error in the latter will
result, but the error will usually be so small as to be
negligible provided that the polar distance of the star is
small, and that all the pointings are made within a few
minutes before or after elongation. If greater accuracy
be required, a correction costesponding to the reduction
to the meridian in latitude observations, and based on

similar considerations, may be applied, but for most -

purposes the correction is unnecessary.

Azimuth by a Star at any Hour Angle. — Observa-
tions for azimuth may be made on a star at any hour
angle, in which case it is necessary to have a knowledge
of the clock error on L.S.T. as well as of the latitude.
In the chapter on spherical trigonometry, on page 47 it
was shown how the true azimuth of a star may be com-
puted for any instant of L.S.T.

The procedure in observing is as follows. The tele-
scope is directed, say F.R., to the reference mark, the
azimuth of which is to be determined, and the reading
of the horizontal circle is taken. The telescope is then
directed to the star, and the latter is brought by the
tangent screws to such a position that it will cross the
vertical wire, near the horizontal wire, in a few seconds,
The booker is warned to stand by at the clock, the observer
removes his hand from the instrument, and at the instant
when the star is intersected by the vertical wire he gives
the signal ‘ Up’ to the booker, who notes the clock time
and then prepares to book the level and horizontal circle
readings which the observer calls out to him. The
observer then applies the striding level to the horizontal
axis and gives the readings of the bubble ends, left and
right ; he then reverses the striding level end for end,
and gives the corresponding left and right readings of the
bubble ends., He then gives the readings of the hori-
zontal circle, followed by an approximate reading to the
nearest minute of the vertical circle, to be used in con-
junction with the striding level readings for the determina-
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tion of the correction. This completes the F.R. observa-
tion, and he changes face and points to the star F.L.,
allowing the star to make its intersection ‘as before and
giving the readings, followed by a pointing F.L. to the
R.M.

The four pointings, face right and face left on star
and R.M., may be treated as one observation, on the
assumption that the mean of the horizontal circle readings
on the star, each duly corrected for the inclination of the
horizontal axis, corresponds to the circle reading at the
mean of the noted clock times, which is equivalent to
assuming that the star’s motion in azimuth is uniform.

The computation is done by the formula given on
page 49, viz.

cot Z=sin (c—-‘x) cot P
sin x
where tan x =tan $ . cos P.

The most suitable stars for azimuth observations by
this method are those the azimuth of which is changing
most slowly, viz. stars at or near elongation, or in any
case stars as far from the meridian as possible. As
the altitude does not enter into the observation, the
result is free from any possibility of error due to
refraction.

The method may be applied to the sun, in which case
the pointings F.R. and F.L. will be made to the leading
and following limbs respectively, or vice versa, to eliminate
the correction s sec & for the difference in azimuth between
the sun’s centre and the limb. The elimination is not
perfect, as in the interval between the two pointings on
the sun the altitude, and consequently also s sec h, will
have changed, but the error may be neglected except for
precise work. The sun’s declination should be taken for
the mean of the times of the two pointings on the sun.
. An example of an azimuth observation by this method
Is given on page 147.
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Azimuth by Altitude.~For an azimuth observation
by this method, both the altitude of the star and the
horizontal angle between it and the reference mark have
to be observed. It is therefore necessary to observe the
star at the intersection of the cross wires. The procedure
in observing is as follows. A reading on the R.M. is first
taken on one face of the theodolite ; the telescope is then
pointed towards the star so that the image of the latter
is approaching the horizontal wire. The vertical wire is
then brought on to the star and moved with it in azimuth
by means of the tangent screw of the upper motion. At
the instant when the image of the star is on the horizontal
wire the observer ceases to move the tangent screw and
calls ‘ Up’ to the booker, who notes the clock time and
records the level and circle readings given to him by the
observer. Although it is advisable to book the clock
time, it is not essential, because the observed altitude of
the star provides the data for a time computation, as has
been shown; in fact, the observation of both horizontal
and vertical angles supplies the data for both a time and
an azimuth computation, and a knowledge of the longitude
of the station is not required. The observation may with
advantage be done when the star is near elongation. and
when therefore its motion in azimuth is small, or, for a
star which does not elongate, when the star is on or near
the prime vertical. Both these conditions may be covered
by the statement that in all cases the star should be as
far from the meridian as possible.

This method may also be applied to the sun, provided
the longitude and local time be known so that the sun’s
declination at the instant may be found, in which case
for the F.R. and F.L. pointings contact with the limbs
of the image should be made with the sun in opposite
quadrants of the cross wires, which will eliminate the
semni-diameter so far as altitude is concerned, and will
practically eliminate it also in azimuth. A repetition of
the observation, in which the leading and following limbs are

I
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observed in the reverse order, will further reduce the
€ITOr.

For approximate work, to the order of about 1’ of arc,
the observation may be done on the sun’s centre instead
of on the limbs. Either the vertical or the horizontal
wire is brought to the sun’s centre by estimation, with
the centre of the image approaching the other wire. The
motion is followed by the one tangent screw, keeping the
centre of the sun’s image on the wire until the image is
bisected by the other wire, when the pointing is complete.
The bisection of the disc can be done with greater accuracy
than might be supposed, giving a result sufficiently accurate
for many purposes.

An example of an azimuth determination from a star
by this method is given on page 151,

The method of determining the azimuth by hour angle
has the advantage, as compared with the method by
altitude, that the star has to be observed on only one
wire, the instant of its intersection by which can be
observed with great accuracy, and the clock time noted.
As an erroneous value for the clock error will, of course,
affect the resulting computed azimuth of the star, the
azimuth observation ought to be accompanied by time
observations on east and west stars, one taken before
and one after the observation for azimuth.

In determining azimuth by altitudes, the image of the
star has to be followed with one of the wires by means
of the tangent screw ; this necessitates the observer having
his hand on the instrument, whereby a possible source
of inaccuracy is introduced. In sun observatioms, it IS
always somewhat difficult to make a perfect contact
simuitaneously with two limbs on the two cross wires;

consequently, if the time be known accurately, it is prefer-
able to make the observation on the vertical wire only,
on the two limbs in succession, and to base the com-

putation for azimuth on the sun’s hour angle, as already
explained,
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Example of an Azimuth Observation on the Sun (by Hour Angle}.

Date: 16 December 1626. Latitude of Station: §1°2¢ 57" N,
Value of 1 level'division: 12”. Longitude of Station: 4155 W.
M.T. Clock fast on GM.T.: 1m 39s-2.

sin (c—x)cot P

Formula : cot Z= , where tan x=tan p . cos P.

sin
. Striding Horizontal Circle
Object [Face| Clock Level Micrometers Mean
L R
hms o v a|r ol a|l s nioe s &
RM | L 74106 (4106]4100140 54 7 41 0I'5
¢ o8 ’

o} L |142354 { i?; 2,8 43320513204)3200 31 52 143 32 002
od | L |a2rszsl{ s DeHaar a4 sty s2|araslus ar a0
RM. | L 7450214101140 56(40 52 7 40 57°7
RM. | R 74117(4113]4120 4122 74118

R , 98 |11°3 ~
ol 14354751 99 n.1}463743 3737(37 30| 37 27 [46 37 342
o | R 14381 {;‘;Z Toella6 3502 134 58134 54| 34 53 146 34 567
RM | R 74122{4122 41264127 741 242

Mean altitude (for striding level correction): 8°.

The angles, etc., entered above are the readings booked at the
time of the observation, and it will usually be conventent to enter
them at the ime into a special book kept for the purpose of recording
observations. The taking of means and the computation and
application of level corrections may with advantage be done in the
same book. The method of applying the level correction to the
circle readings has already been explained, but will be repeated
here in full for convenience.

In the present case, as the altitude was only about §° the level
correction is small, and the value of tan 5 has been taken as constant
for all the pointings.

For the first F.L. pointing ou the sun,

bmzL:EOxV_” 24—18 6xx2"=10"3;
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and as the left-hand end of the axis is the higher, the correction
is positive. Tan 8°=o0-14, and the correction=10"-8 X0-14= +1"-5.
This procedure has been followed for each pointing on the sun,
with the following result :

Face LErr—
Object Mecaix:c{?r. b tank | btank [ Corrected Circle
o s x .o » o v
RM. | 740396 . . 7 40 596  being the mean
of 2 pointings.
o [4332002| 4108|014 | +16 43 32 01:8 } Mean .,
o |444749 | +144 014 | +20 | 444751 44° 09" 56™4

Mean angle from R.M. to sun’s centre : 36° 28 56"8.

Face RIGRT—

Object | MR RO} 4 g | b tan b Corrected Circle

o 1 7 “

RM. | 741211

14 Qs ”

741 21-1  being the mean
d P of 2 %(innungs
40 37 342 { —8-1 0341 —I-1 ] 4637331 ean

b |4634567| ~36 | 014 —o05 | 4634 562} 46° 36" 1476

Mean angle from R.M. to sun’s centre : 38° 54’ 53™5

CoMPUTATION FOR HOUR ANGLE

F.L. F.R.

h m s h m s
Mean of clock times . 14 25 337 14 36 592
Clock fast . . 1 392 .1 392
GMT. . 14 23 545 14 35 200
Equation of time . . 4 308 4 306
GAT. . 14 28 253 14 39 506
%onghtude W 415 41°5

14 27 438 14 39 091
Hour angle, w. | .2 27 4;8 ; -39 091
‘Angle P (ZPS)" . . 36° 5% 5770 39° 47" 1675
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The sun’s declination for each of the above instants of G.A.T.
has next to be found by interpolation from the value given in the
N.4. for G.A.N., with the variation in 1 hour. This has been
done by the method shown on page 33; the computation is con-
tinved as follows:,

F.L. F.R.

3 . . . 23° 18 25”98, 23° 18’ 27"2S.
P . . . . 113 18 259 113 18 272
P, . . . 3% 55 570 39 47 168
log tan . .- . 036571 m 0365701
logcos? . . . Y0273 1-88560
logtanx . . . 026844 n 025130 %
E . . . . 118° 19/ 22" 119° 16’ 39"
[/ . . . . 38 30 03 38 30 o3
c—% . . . . =79 49 19 —80 46 36
log sin (¢ —%) . . loo3iin f.99435n
logcotP . . . 012395 0:079435

- 011706 1 007380 n
logsinz - . . 194462 1.94065
logcotZ . . . 017244 m 0-133I5 %
. sun’sazimuth from south 33° 54’ 43" 36° 21’ 05"
Angle R.M. to sun . 36 28 3568 38 54 53°5
R.M. east of south . 2 34 118 2 33 485

Mean . . . . . 2° 3¢ 00" 7

”

.. azimuth of R.M. from south=357° 26’ 00

The approximate azimuth of the RM. having been
found, a suitable star can be selected for a more precise
determination of azimuth, its altitude and azimuth com-
puted for a convenient time, and the star observed before
dark. The selection of a star for observation and the
computation of its altitude and azimuth for a convenient
prearranged time can, of course, be done at any time
beforehand, so.that when the sun observation has been
carried out and computed it is only necessary to set the
theodolite to the star’s computed altitude and azimuth
and to await the prearranged time, when the star will be
found in the field of the telescope. The computations for
finding the star can be done as shown on page 150.

As regards the selection of a star, if it is to be abserved
before dark it ought to be of not less than the second
magnitude, and preferably of the first, so that it may be
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seen without difficulty. In the present instance w Arietis

was selected, and its altitude and azimuth .computed for
4 p.M GM.T. as follows :

Example : Computation of Altitude and Azimuth of o Arietis at 4 p.m.

G.M.T. (16h oom) on 16 December 1926 in Latitude 51° 29" 57° N. and
Longitude 4155 W,

RA. 2bo3m 0258  cosz=cosp cosc4sin p sin ¢ cos P
8 23° 07" 04"6N. logs:
p 66° 52" 5574 cos p 159398 sinp 196364
ST.G.MN. 17h 37m 2859 cosc I-89354 sinc 179416

cos P §:60244
Sid. Int. to 4 P.M. 4 00 394 148752 -
i:36024
GS.T. 21 38 o083 antilogs 030727 4-0-22921
Long. W. 41 5
LST. 21 37 268
RA. 2 03 o028 nat cosz 053648
Hourangle 19 34 240 log cosz 172955
P@EPSy 4 25 36 z 57° 33° 20
or 66° 24 oo” h 32° 26' 40"

Using formula No. 11 :

cos £ o /sm.s sin (s —p)
2 Sin 2 sin ¢

2= 57° 33’ 20" logs:
c= 38 30 o3 sins f-99517 sinz 192630
Pp= 66 52 55 sin(s—p) Dg0115 sin¢ 1-79416
=16 S S 192046
2s=162 6 18 Tareng 027954 1-7204
5= 31 28 o9 2167586
S—p= 14 35 14 183793

z
;:46° 29’ 05"

or =92° 58’ 10
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Example on Determination of Azimuth by Altitude.

Date : 4 March 1928. Station : Lat. 50° 49’ 58" N.
Star : ¢ Tauri. Long. 378 W,
Level Horizontal
: Vertical Mean Circle
Object{Face| Clock Circle AL
E|O Mean
P.M. e r 7 P o s o o v om o ’ ”
RM. (FR| « |..].. e . .. |3232820(2800|32328 10|
Star | FR 9 19 50|60 60|54 37 30| 37 30{35 22 30{ 167 06 00 |05 20167 05 40
Star | FL|g23 12|6-2{ 5834 53 401 53 50(34 53 45| 167 5300 {52 20167 §2 40
RM. |FL{ .. |..{.. . .. .. 132327 30|2800[323 27 45
2|70 16 15
Level cm-rection:‘—2'2——1—‘13 x20"=—2" 3508 075
Refraction —121
Level - 2
Corrected alt. 3506 44°5
N E=54 F=5455155 155
Formula sm._ \/ SIn (s—z) s1n (s—0)
sin ¢ sin ¢
h m s
RA. 4 31 466 logs: L.
8 16° 217 6”9 N. sin (s—z) 168408 sinz 191277
p 73 38 031 sin( —¢) 784702 sinc¢ 1-80043
' . JR 171320
£ 54 53 155 sin z sin ¢ 028680 73
¢ 39 10 02 2I1~81880
L
25 167 41 206 sin > 1-90940
Z P
s 83 50 403 - 54° 15" 50
s—z 28 57 248 Z 108° 31" 40"

s—¢ 44 40 383
6° 22 135° 35057 ) ar
Angle between star and RM.= Iﬁ—-———p—_*_—‘—-—‘ 155° 58’ 48

Angle between star and north=108° 31’ 40"
.-, Angle from north to RM.= 47°27 08"
j.e. RM. is 47° 27" 08" E. of N,
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Convergence of Meridians.—Let AP in Fig. 30 be
the meridian through a point A on the terrgstrial sphere,
and let BP be the meridian through a second point B, not
necessarily in the same latitude as A, and let AB be a great
circle passing through A and B; then the azimuth of AB
from A is given by the spherical angle PAB =, and the
azimuth of A from B is (360°—spherical angle PBA),
ie. B +180°

The azimuth of B from A, ie. angle w, differs from the

Fi16. 30,

angle 3, which is the (azimuth of A from B—180°), unless
AB is an equatorial arc, or A and B lie on the same meridian,
or the latitude of A is equal to that of B but of opposite
sign. This difference is due to the fact that the great circles,
of which the meridians AP and BP are arcs, are not parallel,
but converge and intersect one another at the pole P ; and
this difference between the angles & and 3 is called the
Convergence of the Meridians. The line of sight of a
theodolite traces out a vertical plane when the telescope is
turned about its horizontal axis, provided of course that
the instrument is in accurate adjustment. This vertical
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plane, if the earth be re arded as a sphere, is a plane passing
through the centre of the earth so that a straight line set
out by a theodolite is in reality the arc of a great circle on
the earth’s surface. It follows from what has been said
above that, owing to the convergence of the meridians, the
azimuth of such a straight line is not, in general, constant,
The convergence of the meridians can be seen on any map

Fic. 31.

of a moderately large area, and even on the area repre-
sented by the 6.inch Ordnance Survey of England sheets,
on which the longitude is given on the top and bottom
margins. The true north and south line through any
point is not a line parallel to the margin, but one drawn
‘through the point and intercepting equal longitudes at
the top and bottom of the sheet.

The effect of the convergence of meridians may be seen
in the following example. Suppose in Fig. 31 XY is a
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survey line running approximately east to west and in
approximate latitude 50° and about 370 chains in length.
If the azimuth of XY at X had been found astronomically
to'be 274°, i.e. N. 86° W.. at Y the azimuth of XY produced
as determined astronomically would be about 273° 53/,
ie. N. 86° o7’ W, the difference of 07’ being due to the con-
vergence of the meridians XP and YP.

Formula for Convergence of Meridians.—In Fig. 30,
P is the terrestrial pole and A and B two stations in
latitudes L and L, respectively ; the azimuth of AB being
@, it is required to find the convergence 4.

PAB is a spherical triangle in which the angle PBA =
180°—f3, and

sin (180°—(3) _sin PA o sinf3 _cosL

sin ¢ sinPB % sin a cos L,
Let L,—L=/; then B~a=4.
Substituting these values,
sin (& +4) _cos (L,—1)
sin g cos L;

or sin (¢ +6)—sin o _cos (L,~!)~~cos L,

sin (¢ +6)+sin & cos (L;—2) +cos L

si'n %cos (a+—g) sin é sin (Lr‘ é)

Therefore — =
cos — sin (oa +g~) cosf cos (L —-Z)
2 2 2 12
tan?
2 . +
or — =tan (a +Q) tan (—L—+—I—1), since Ll—_l L L‘
tan < 2 2 2

The above holds good whatever 4 and / are, but if 4 and
{ are small, then

, andtan (m +g> =tan o,



DETERMINATION OF AZIMUTH 155

except when o is approximately go° or 270°.

“Therefore ¢=I[tan ¢ tan L+L,

¢ and ! will be in the same units, and if L and L, are of

L’:L1=o and 4 =o.

When A and B are on the equator, both & and 3 are
obviously go°, and 4 is therefore zero.

This formula should not be used for values of o greater
than 75°, or when the azimuth is within 75° of 9o° or 270°,
as tan o becomes indefinitely large as & approaches go°.

Alternative Formula for Convergence.——In some cases
the difference of longitude 4 of the two stations A and B
may be known instead of the difference in latitude, in
which case the cot formula may be applied to the spherical
triangle PAB in order to determine 4, as follows :

cos AP cos d =sin PA cot PB—sin 4 cot

equal magnitude but opposite sign,

or sin L cos d =cos L tan L;—sin & cot
. . L,
or sin 4 cot & =cos L tan L;—sin L (I—z sin? 5)
sin (L, 1) +2sin L sin® d
2

cos L
=sin { sec L, +2 sin L sin? g
1f 4 and ! are small,
2 sin L sin? ‘—ZZ-=L¢¢2 sin L,
which can be neglected, and then
d=Itan e sec L.

But it has already been shown that

d=Itan ¢ tan L+l
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Therefore ¢ =d tan (L-F——ZL‘) cos L,
(L+L,) cos L,

=d sin «—
cos L, cos L e y:
But L = 1 =1, if I is small.
cos v(Li") cos (L —i) -
2 r2
Therefore f=dsin L :I‘l

This formula therefore requires oiﬂy‘the knowledge of the
mean latitude and the difference in longitude. )
If A and B are on one meridian, then d =0 and 4 =o.
It may readily be determined whether ¢ is greater than
f or vice versa from the relationship
sinf8_cosL
sine cos L,
. . L+L,
Another convenient form of the result 4 =d sin Py
expresses the convergence in terms of the departure between
A and B, ie. their distance apart measured in an east and
west direction. The parallel of mid-latitude is a circle of
radius R cos L.:Ll, where R is the radius of the assumed
spherical earth. Therefore, if X denotes the departure,

4 (in circular measure) =

Rcos(]"h:_.‘j
. X . (L+Ly
Sod=
R cos L+l ”.sm 2
-—5—-—-51111
Xtanl,;-;_l'l

Rsing”
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It is to be noticed that the formule for convergency
have been derived on the supposition that the earth is a
true sphere, ?.nd are fot, in fact, exact owing to the spher-
oidal shape of the earth, but results obtained from their use
are sufficiently accurate except for refined geodetic work.

The following example will illustrate the application of
the above principles,

Example.—The terminal points A and B of a survey line are in
latitude 51° 10’ 30” and 51° 13’ 46” respectively. The longitude
of A is 2% 00’ 00” W. and that of B 0° 09’ 30” W. Find the great
circle distance AB, and the azimuth of B from A and of A from B.
Referring to Fig. 30:

PA=38° 49’ 30"
PB=38° 46" 14”7
APB= 1° 50’ 30"

To obtain the azimuth of B from A it is necessary to calculate
the angle PAB, i.e. a.

This can be done by means of equations (13) and (14) for a
spherical triangle, viz.:

. cos §(b—a), P

[See Fig. 30] tan i(B*'A):EEE%('b?E)“ cot =
sin }(b—a) cotg

2

and tan }(B—A):m
where b—a=00" 03" 16"

bta=77° 35 44" and §=ss’ 15

Therefore b_'z‘_‘.‘=oo° o1’ 38" and 1%5=38° 47’ 52°
log cos $(b—a)=1'9999999 log sin §(6—a)=§-6768009
logcot 1—; =17939047 log cot .i-? =1-7939047
17939046 2.4707056
log cos #{b+a)=1-8917396 log sin §(b+4)=1-7969720
log tan §(B-+A)=1-g021650 log tan {B—A)=2:6737336
$(B+A)=389° 16" 54" $(B—A)= 2° 42" 04"
and HB4A)=89° 16’ 54"
Therefore B=g1° 58" 58"

A m86° 43" 507
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The azimuth of B from A is consequently 86° 34’ 50%, and of
A from B (360° 00" 00" —91° 58 587}, or 268° 01’ 02", ’

The azimuth of A from B can also be determined by calculating
the convergence of the meridians and applying this convergence
to the value of the azimuth of B as determined from A, as follows :

Let B (i.e. 180° 00’ 00" —B)=a -6,
where ¢ is the convergence then from the equation
o= sin (1)
2

where 4 is the difference in longitude between the stations A and B,
and L, L, their respective latitudes

#=110"5 sin 51° 12’ 08"
86"

= r2”

But a= 86° 34’ 50"

Therefore B= 86° 34’ 350" 4 1° 26’ 12*
= 88° o1’ o02”

Therefore the angle PBA=180° 00’ 00” — 88° o1’ 02"
— 9[° 58/ 8"

i.e. the azimuth of A from% is 268° 01’ 02”7, as before.
To obtain the great circle distance AB, the formula
sin AB - sin PB
sin APB sin PAB
in AB = sin PB sin APB
s sin PAB

may be used

sin PB I-7967153
sin APB  Z-5070136
23037289

sin PAB 1-9992261

sin AB  Z-3045028
. AB=1° og’ 19"



CHAPTER IX

DETERMINATION OF LONGITUDE—WIRELESS
TIME SIGNALS

General, — The difference of Iongitude between two
places has been defined as the angular distance between
their terrestrial meridians, the meridian of Greenwich
being taken as the zero of longitudes.

Longitudes are expressed either in hours, minutes, and
seconds of time or in degrees, minutes, and seconds of arc,
east or west of Greenwich ; and the difference of longitude
of two places is the difference, at any instant, of their
local mean or sidereal times. ’

Formerly the method of determining the longitude of a
place was to determine the local time of some celestial
phenomenon. such as the occultation of a certain star by
the moon, or its angular distance from the moon, and by
comparing this with the Greenwich time of the same
circumstances the difference, at a certain instant, in the
times was obtained, and hence the longitude. Such a
method may be called absolute, and the celestial pheno-
mena made use of may be, amongst others, moon culmina-
tions, lunar distances. and occultations of stars by the
moon.

Lunar distances were given in the N.A. up to 1913, but
they are not now of sufficient use to justify their retention,
and are omitted.

The surveyor interested in absolute methods can find
these described in the earlier editions of various treatises,
but further reference to such methods will not be made

here, as the introduction of wireless telegraph time signals,
159
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has revolutionized the determination of longitude; and
even if such signals are not made use of, a relative method’
of some kind depending on the connection of two places,
one of known longitude, either by measurement or by
astronomical observations at both places, is made use of.

Relative Methods in General Use.—1. Triangulation,
ie. a place of known latitude and longitude is connected
by triangulation to the place the longitude of which is to
be determined. The azimuth of one ray from the initial
station being observed and the triangles solved, having
regard to the true shape of the earth, the unknown longi-
tude can be calculated.

2. Latitudes and azimuths.—If A and B be two mutually
visible stations the latitudes of which are known or can
be determined astronomically, and if the azimuth of AB
be known or determined, then it is clear that the length of
AB and the difference in longitude between A and B can
be calculated; or, if only an approximation is required,
these values may be obtained graphically. For the calcu-
lations involved, the reader is referred to any standard
work on Geodetic Surveying. .

3. By transport of chronometers—In principle this
method of determining the difference of longitude is ex-
tremely simple. If the error of the chronometer on local
time at one place is determined, and the chronometer
transported to a second place where the error on the local
time is again determined, then, assuming that the chrono-
meter has neither gained nor lost, the difference in the
errors will be the difference between the local times of the
two places, and will therefore be a measure of the differ-
ence in longitude. In practice, no chronometer can be
relied on neither to gain nor to lose, and the travelling
and standing rate of the chronometer must be determined
and allowed for as explained in Chapter IV. Where great
accuracy is required, at least five chronometers should

carried and the difference in longitude determined from
each, the mean value being adopted finally.
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4. Longitude by telegraphic signals over wires.—For
ordinary field work purposes with chronometers the follow-
ing proceduré will meet requirements.

The errors and rates of chronometers at two stations
A and B are determined, and the observer at station A
sends a telegraphic signal at a known time by his chrono-
meter, the observer at B noting the time of receipt by his
chronometer ; the difference of longitude of stations A
and B can then be computed by calculating the correct
local times at which the signal was despatched and received,
which will give the difference in the correct local times at
- the same instant, and therefore the difference in longitude.

In order to minimize errors, the following amplification
of the above should be arranged for :

(@) The error of the chronometer at both stations should
be determined before and after the exchange of signals,
the exact times at which the signals were exchanged being
found by interpolation.

(8) A series of signals should be sent, in order to reduce
any error in sending and receiving a single signal.

(¢) In order to prevent bias, a mean time chronometer
can be used at one station and a sidereal at the other.

(d) A series of signals should be sent in each direction
(i.e. E. to W. and-W. to E.) so that any error due to lag
in the instruments will be eliminated, since the difference
in longitude will be in the one case too large and in the
other case too small, the mean giving the true result.

For sending the signals a sounder is the most satis-
factory instrument, the armature making a distinct tap
when the key is depressed and again when it is released.

The observer at each station computes his local mean
or sidereal time at which the various signals were sent
and received, and the difference between the means of the
correct local times of receiving and sending gives the
difference of longitude in time.

The computations are similar to those employed when
wireless time signals are made use of.

II
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5. Longitude by wireless time signals.—Before describing
the application of wireless time signals to the determination
of longitude, it will be necessary to describe the nature of
these signals, and the procedure for determining from
them the chronometer error.

Wireless Time Signals.—The improvements in the
transmission and reception of wireless time signals in
recent years have simplified the surveyor's work con-
siderably, especially for the determination of longitude,
which formerly was one of the most difficult and trouble-
some observations which the sufveyor was called upon to
make ; for, even in the rare event of its being possible to
connect up with overland telegraph wires to an observatory
or other station as previously mentioned in order to
compare the beat of the travelling chronometer with that of
the observatory or station at the other end, errors would
be introduced due to time lag in the line itself and in the
necessary relays, magnets. etc. Now, however, nearly
every natioh transmits time signals at scheduled times,
and there are few places on the globe where the time signal
from one or other of these transmitting stations cannot be
obtained with certainty with a simple type of apparatus.
In the tropics, atmospherics may cause considerable
trouble at times, but it will rarely be impossible to get one
or more signals during the course of the day. In general,
the times of transmission of W.T. (wireless telegraph) time
signals are given in Standard Mean Time, but sidereal time
is used in the case of some rhythmic time signals.

_ Methods of Transmission.—A great number of W.T. time
signals are operated automatically by precise mechanism
connected to the standard clock at an observatory which,
through electrical contacts, controls the emitting apparatus

of the station which is broadcasting the signals. These
signals may be relied upon, and should be correct to a
tenth of a second.

At smaller stations and those not comnected to an

observatory the signals are sent by hand, the operator
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obtaining the time from the standard clock at the station,
which is checked periodically by astronomical observations
or teliable wireless signals from another station. Signals
sent by hand should be correct to 0-25 second.

Some of the more powerful stations broadcast short and
long wave length signals simultaneously.

Systems of Signals.—There is still a lack of uni-
formity in the systems used for the transmission of time
signals, but most countries use one or other of the four
systemns described below.

Some stations, however, use individual systems; for
example, Daventry at present (1928) transmits time
signals consisting of six dots representing successive
seconds, the final dot, which is xpade at roh 30m, 16h oom,
and 22h oom, being the time signal. The wave length
employed is 1604-3 metres.

(@) The International System.—This is also known as the
Onogo system from the sequence of Morse letters used in
the time code. In this system the transmission takes three
minutes, as follows :

1st Minute.—The letter X (~--~) sent from 0 to. 45
seconds every five seconds; six seconds’ silence, followed
by the letter O (~--), each dash being of one second’s
duration, commencing at the 55th, 57th, and 59th seconds.

ond Minute.—The letter N (- ) sent every ten seconds,
commencing at the 8th, 18th, 28th, 38th, and 48th seconds,
each dot being given at every ten, ie. at the Ioth, zoth,
30th, and 4oth seconds; five seconds’ silence, followed
again by the letter O (——— ) as in the first minute.

3rd Minute.—A series of the letter G (-~ - ) sent every
ten seconds, commencing at the 6th, 16th, 26th, and 46th
seconds, each dot being given at every ten; five seconds’
silence, followed by the final signal, the letter O (-~~) as
in the second minute.

In the transmission of these signals each dash =x second
and each dot =0-25 second.

The particular signal that is taken as the exagt time
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signal varies; sometimes the end of the last dash in the
letter O (—--) representing an even minute is taken,
whilst Germany takes the dot of the letters N (~-) and
G (-~ ) as representing the exact time, but either method
can be employed with confidence.

The above system is employed by Ceylon, Germany,
India, Java, South Australia, and Western -Australia on
wave lengths which range from 600 metres to 18,900 metres.

(b) The New International System.—In 1925 the system
described above was amended by substituting six dots
sent at the 55th, 56th, 57th, 58th, 59th, and 6oth seconds of
each minute for the three one-second dashes that commence

at the s5th, 57th, and 50th seconds of the three minutes in
sys$tem () which constitute the time signals. .

The New International System is employer‘l by, Brazil,
France, Russia, Portuguese East Africa, and Vlctor}a. )

A diagrammatic representation of this system 1s given
here (Fig. 32). .

In systems () and (b) call or warning signals, which also
serve to identify the transmitting station, are broadcast
prior to the actual time signals,

(¢} The United States System.—In this system ’ghe dura-
tion of the signals is five minutes, and warning signals are
dispensed with. The signals consist of the transmission of
a dot (- ) for every second, omitting the 2gth, 55th, 56th,
57th, 58th, and 59th during each of the first four minutes ;
“in the ffth minute the dot is omitted at the zgth, 50th, 51st,



WIRELESS TIME SIGNALS 165

s2nd, 53rd, 54th, 55th, 56th, 57th, 58th, and 59th seconds,
and at the Soth second a one-second dash (- ) is sent, the
beginning of which is the exact time signal. As a rule this
is followed by the call signal of the station and the letters
O.K. which signify that the signal is correct.

This system is used by the Hawaiian Islands, Panama
Canal Zone, and the United States of America.

The same system is used by Chile, except that a dot (-)
replaces the final one-second dash ( ~ ) of the last minute.

(d) The Rhythmic or Vernier System.—If greater accuracy,
say of the order of a hundredth part of a second, than that
afforded by the above described systems is required,
Rhythmic or Vernier time signals are available. Such
accuracy would be out of proportion for ordinary field
purposes, but it may be convenient to make use of these
signals, which are therefore described here. These signals
were first transmitted by the Eiffel Tower, and it was
followed by stations in French Indo-China, Germany, and
Russia. The principle of this system is as follows :

The number of signals sent is about 300 and the length
of the transmission approximately five minutes, the trans-
mission being automatic. A pendulum clock is arranged to
send a series of beats, represented by dots, at the rate of
50 every 49 seconds, the interval between consecutive dots
being approximately 0-08 second. Every 6oth interval
is denoted by a dash ( - ), representing two beats, in order
to facilitate counting. By counting the number of intervals
which occur between the first dot (or beat) of the pendulum
and that dot (or beat) which coincides with a beat of the
chronometer, a chronometer comparison is obtained, i.e.
the chronometer time corresponding to the time of the
first signal is obtained by subtracting from the chronometer
time of éoincidence the time interval represented by the
number of intervals multiplied by the length of each
interval. Disregarding the coincidences at the half
seconds, it should be possible to obtain six comparisons by
coincidences at the whole seconds during one trangmission,
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and the mean of the deduced chronometer times for the
time of the first signal is taken. It is to be observed that
signals'sent out on this system are sent out at no stipulated
time, and in order to utilize them it is necessary to listen
in for the times of the first and last signals, as observed at
an observatory, which are broadcast some time later, in
some cases on the following day.

(¢) The New International System of Rhythmic Time
Signals.—This is a modification which began in 1926 of
the previous system and consists of 306 signals transmitted
in 300 seconds of mean time. At the beginning of each
of the five minutes a dash (~-) is transmitted; this dash
is followed by 60 dots (..... etc.), the final signal at the
sixth minute being signalled by a dash (—), commencing
at the beginning of this minute. There are therefore
305 intervals in 300 seconds of mean time, the length of
each interval is therefore 300/305 of a mean time second
or 0-9836 mean time seconds. .

This system is used at Bordeaux, Eiffel Tower (Paris),
La Fayette, Saigon, Rugby, Moscow, and Leningrad.
At the present time (128) the final dash, i.e. the 306th
signal from Rugby, is given at 1oh oom oos and at
18h oom o0s on a wave length of 18,740 metres.

One of the chief advantages of the new system over the
old is that the signals are transmitted at a definite instant
of mean time, as accurately as the time is then known at
the controlling observatory. This has the added advantage
that the signals are available as ordinary, i.e. not thythmic,
signals. For most purposes a comparison obtained by
disregarding the dots and using the commencement of
the dashes only (given at the exact minute) will be suffi-
ciently accurate. FHowever, if it is desired to make use
of the greater accuracy obtainable from the rhythmic
coincidences it is not necessary actually to count the
signals. The nearest whole second on “the chronometer
preceding the beginning of -each dash is booked, and the

chronometer time of the coincidence following each dash
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is also booked. The difference in seconds of these times
gives the number of the coincident rhythmic signal from
the commencement of the corresponding dash, which is
transmitted at a known instant of time. -

The signal number of coincidence from the dash being
known, the number of intervals, #, is likewise known and
is, in fact, the same as the signal number, Each interval

. being as stated above 0-g836 second in duration the time
elapsed from the commencement of the dash to the
time of coincidence is % x0-9836 seconds of mean time,
which quantity if subtracted from the clock time of co-
incidence gives the exact clock time corresponding to the
known time of the commencement of the dash, and hence
the chronometer error is determined for each dash and
the mean error is taken.

The example on previous page will make this procedure
clear.

In the Admiralty List of Wireless Signals may be found,
tnier alig, particulars of the transmitting stations of over
thirty countries throughout the world which transmit time
signals. The particulars given include the latitude and
longitude of the station, the wave length or lengths em-
ployed. the system used, and the times of transmission
with full details of the procedure. The particulars given
may vary from year to year, so that those contemplating
the reception of signals should obtain the latest information
from this or a similar publication,

Longitude by Means of W.T. Signals.—The computa-
tion for determining the longitude, the clock error having
been obtained by means of wireless signals, is as in the
example below. As long as possible before the time
signal“is to be received, the chronometer should be
placed on a table convenient to the theodolite, and 2
set of time observations should be taken just- before and
Just after the receipt of the signal. The procedure and

computations for these time observations are described
elsewhere.
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The following example gives the result of an observation
for longitude :

An observer with a S.T. chronometer received the Daventry
wireless time signal at 16h com G.M.T., and his chronometer time

was 23h 4om 31s-8.
The results of time observations gave the following :

Before Signals After Signals
Star Chron. Error Star -Chron. Error
m s m s

aLyrae W. 00 597 slow ¢Cygni | oo 589slow

¢ Tauri E. 1 o018 B Tauri 1 0263 ,,

Mean I 0075, Mean 1.00-77 o

The chronometer had therefore no appreciable rate, and was
1m 00s76 slow on L.S.T.
h m s
Chronometer S,T. time of receipt of signal =23 49 3I1-8
Chronometer error=00 I 00-76

Correct 1.8 T. of receipt of signal=23 50 32§
G.M.T. of signal=16 00 000
Corresponding G.S.T. of signal (from N.4.)=23 5I 140
G.S5.T.~L.S.T.=00 00 4I‘§
from which, longitude=10" 22%-5 W.

The calculations for the chronometer error from the time observa-
tion before the arrival of the signal are given on page I33.

Tt is obvious that for ordinary field purposes a time
observation shortly, say about half an hour, before the
arrival of the signal is sufficient unless there is any reason
to suspect that the chronometer has a very appreciable

rate.



APPENDIX 1
EFFECT OF ERRORS IN ASSUMED VALUES

It is evident that all the quantities which the observer
will make use of in his computation to obtain the final
desired result cannot be known or determined with
absolute accuracy, but all are liable to errors due to various
causes. The effects of such errors for any particular
magnitude of error can obviously be determined for any
given case by a comparison of the results obtained by
varying one of the quantities by a definite amount equal
to the error likely to occur. Alternatively, from the
general expression employed for the computation of any
particular observation, the effect of an error 87 in one
quantity ¢ may be determined by differentiation. .

For convenience of reference, the formule expressing
the effect of the errors most hkely to occur in the more
tommon observations are given below :

Time Observations by Star Altitudes. — (#) The ob-
served quantity is the altitude.

() Latitude is assumed to be known. .
_ The effect of an error in each of these will be considered
in turn. .

(a) Effect of an Error in the Observed Altitude—This was
shown on page 130 to be
32"
815'15 sinZ.sinc¢
where 82" is the error in seconds of arc in the observed
altitude and 8 is the error in the resulting time in seconds.

e.g.if 32" be 10
and Z =60°
” $=40° or ¢c=350°
Then s 1o =100 SECS.

" 15 sin GO° sin 50°
170
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(8) Effect of an Evror in the Assumed Latitude—This was
shown on page 131 to be

3P = L2

sin ¢
where 8" is the error in the assumed latitude in seconds
of arc

. . —&¢” . cotZ
o e s
T 8P in seconds of time T5sin ¢
eg if ¢=40° or c=50°
3" =10"
Z=175°

—10” cot 75°

W:wz};}, secs.

then 6P (in secs. of time)=

Azimuth Observations by Altitude.—In this case the
azimuth is found by computation from the three sides of
the triangle, p, ¢, and z, of which p, the polar distance, got
from the N.4., may be taken as correct ; but the assumed
colatitude ¢ and the observed zenith distance may both
be in error, and the effect of an error in each of them will

be considered in turn. )
(&) Effect of an Error in the Assumed Latitude—This may
readily be found from the fundamental formula

cOs p=Ccos z COS ¢+sin z.sin ¢. cos Z,

from which the formule (10) and (11) on page 48 are
derived.
By differentiating the above formula with respect to c,

0= ~Cc08 z sin ¢ +sin z(c05 c.cos Z—sinc.sinZ. %)
. . . . d.
cos z.sin ¢ =sin z(cos ¢.cos Z—sin ¢ sin Z. 22)
iz

—cot z.sin c+cos ¢. cos Z =sin ¢.sin Z 7

sinc.sinZ.%:cosc.cosZ—-sinc.cotz.
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Now applying the cot formula to the consecutive parts
%z, Z,c, and P,
cos c.cos Z=sin ¢, cot z—sin Z . cot P
sin Z.cot P=sinc¢.cot 2—cos¢.cos Z
. . d
=~sinc¢.sinZ a
az cot P
dc” Tsinc
" » cot P
SZ =8¢ . ?15_0

e.g. if 6¢"=10"

and P=g5 hours=73°
¢=20° or c=70°
cot 75°
S goe = 2785

(8) Effect of an Error in the Observed Zenith Distance.—
From the fundamental formula
€OS H =C0s Z cOS c+sin zsin ¢. cos Z

by differentiation with respect to z, ¢ and p being constant,

82" =—10" X

. . . . dz
0= —C0s £.sin z+sin c(cos z cos Z—sin zsin Z . T

or—cosc¢.sinz+sinc.cosz.cos Z=sinc.sinz.sinZ T

The left-hand side of this equation can by spherical trigo-
nometry be shown to be = —sin ¢ . cos S.

. . . : az
—smp.cosS=smc.smz;.st.7i§

dZ sinp.‘ cos S

dz- sinc sinz.sin Z

L

_ _sinZ . cos S
sin S sin 27 sin Z

__cot$S

T Tsinz -

82" = —52' . cot S . cosec z.
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82" will be a maximum when S=0° or 180° and is zero
when S =qo°, i.e. when the star is at elongation; and for
a star which _ddes not elongate, 8Z” is a minimum when S
is as nearly as possible go°.

Azimuth Observations by Hour Angle.—In this case
the azimuth is computed from the hour angle obtained
from the clock, the latitude being known. Both these
quantities are liable to be in error. The effect of an error
in the latitude has already been considered.

Effect of an Error in the Hour Angle.—Applying the cot
formula to the four consecutive parts Z, ¢, P, and 2,

cos ¢. cos P=sin ¢. cot p—sin P . cot Z,

in which ¢ and $ are constant.
Differentiating with respect to P, .

—cos ¢ sin P=0—cos P. cot Z+sin P . cosectZ g—%

sinP.cosecZZ.g—gzcosP.cotZ—cosn.sinP

az . cosc.sin P
b =cot P.cos Z.sin Z—m
=cot P.cos Z.sin Z-—cos ¢.sin®Z
=sin Z(cot P . cos Z—cos ¢ . sin Z)

sin Z ; .
=on P(cos P.cos Z—cos ¢ .sin Z.sin P).
The quantity in brackets can, by spherical trigonometry,

be shown to be = —cos S
dZ sin Z . cos S

dPT 7 Tsin P
dz sin p
AP~ Tsimz ©% s
» sin p "
or 82" = —Snz o S . 8P

.which, for any given value of z, is a minimum when
S =go® or 270°, i.e. when the star is at elongation.



APPENDIX II
THE ‘NAUTICAL ALMANAC®

General.—The Nautical Almanac was first published in
1767 by the Board of Longitude, but is now published,
for three years in advance, by His Majesty’s Stationery
Office, by order of the Admiralty. In addition to the
complete edition, an abridged edition for the use of sea-
men is also issued. In the latter edition, the places of
the sun and stars are not given to the same degree of
accuracy as in the former; the number of stars given is
smaller, and various other information is omitted as
unlikely to be required for navigational purposes. A
careful study of the quantities tabulated in the N.4. as
regards such points as their maximum and minimum
values with their dates of occurrence, and the relationship
between the quantities given in the various columns, will
be well repaid by the clearer conception of the mechanism
of the celestial sphere which such study will give the
observer.

Referring to the unabridged edition, the first page
gives particulars regarding obliquity of the ecliptic, pre-
cession, nutation, horizontal parallax of the sun, aberra-
tion, etc.

Page T for each month gives the sun’s apparent R.A.
and declination at the instant of Greenwich apparent noon,
with the variation in one hour of each of these quantities.
The use of the word apparent in the precepts or headings
to these columns is explained later. In brief, it means that
the position of the sun as indicated by the co-ordinates
given includes the apparent displacement necessarily
resulting from the fact that the observer sees the sun from

74
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.a moving earth, and also that the position is referred to the
true position of the equinox and of the equator at the
instant and not to their mean positions.

The variations in one hour are to be applied as explained
in Chapter IL

It should be observed that at apparent noon, as the
sun’s centre is on the meridian, his apparent R.A. is also
the hour angle of the First Point of Aries, and therefore
also the sidereal time at apparent noon.

On the same page, in an adjoining column, is given the
sidereal time of the semi-diameter passing the meridian,
i.e. the sidereal interval between the transit of the limb
and the transit of the centre, which is sometimes useful, as
it enables the observer to determine readily beforehand
the time when either limb of the sun is on the meridian,
or, for a rough determination of the L.A.T. if the meridian
be known from previous observations.

It will be noticed that except for a slight discrepancy
the interval decreases with decreasing declination, that is,
as the sun approaches the equator. That this should be so
is obvious from elementary considerations, as the time
interval concerned depends mainly on the angular dis-
tance between the two declination circles touching the
sun’s limb and passing through the sun’s centre respec-
tively, which angle increases with increasing declination,
being equal to the semi-diameter multiplied by the secant
of the declination.

The angular distance between the two declination circles
referred to is not exactly equivalent to the time of the
semi-diameter passing the meridian, on account of the
sun’s motion during the interval of passing the meridian,
which prolongs the said interval by several seconds. The
time of the semi-diameter passing the meridian is, of course,
independent of the latitude, and varies only slightly with
the longitude.

The last two columns on page I of each month give the
Equation of Time and its variation in 1 hour. The tabu-
lated quantities are to be applied to apparent time to
obtain mean time ; the precept at the head of the column
states whether it is additive or subtractive, i.e. whether the
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sun is behind the mean time clock or ahead of it. The
variation in one hour is to be applied as explained in
Chapter II. .

Page II for each month gives, for G.M.N., the sun’s
apparent R.A. and declination and the semi-diameter, It
will be observed that the semi-diameter is a maximum on
or about 1 January, when the sun is nearest to the earth,
that is, in perigee. The minimum occurs on or about
1 July.

Column 5 gives the Equation of Time at-G.M.N., and
column 6 the Sidereal Time at G.M.N. The latter quantity
being the hour angle of the First Point of Aries, and the
apparent R.A. of the sun given in column 2 being the
angular distance of the sun from the First Point of Aries,
their difference is the hour angle of the true sun when the
mean sun is on the meridian which is the Equation of Time
at GM.N. Accordingly, if the Equation of Time be applied
with the correct sign to the sun’s apparent R.A., both
quantities being for mean noon, the result is the sidereal
time at mean noon, as may be seen-by an inspection of the
tabulated values in the N. 4.

The sidereal time at G.M.N. being the hour angle of
the First Point of Aries when the mean sun is on the
meridian, is also the R.A. of the mean sun at G.M.N. In
the abridged NV.4. the R.A. of the mean sun is given in the
column headed R.A.M.S. for two-hour intervals ; the value
for 12h, or mean noon, agrees with the sidereal time at
G.M.N. given in the complete edition. .

The S.T.G.M.N. is used in all cases of conversion of
M.T. into S.T. and vice versa. In the interval from one
GM.N. to the next, i.e. in 24 M.T. hours, the sidereal
clock gains 3m 36s'555, as will be seen by subtracting
t&he ST.G.M.N. for one day from its value for the next

ay; s

Pages III and IV for each month contain quantities
not generally necessary for surveying purposes, such as the
long1tude and latitude of the sun and moon (their co-

ordmgtes measured along the ecliptic from the First Point
of Aries and at right angles to the ecliptic), also the mean
time of the transit of the First Point of Aries, and do not
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call for any reference so far as the subject of Field Astro-
nomy is concerned. They are given in the IN.4. for
observatory work.

Pages V'to X1I for each month give the moon’s position
in R.A. and declination for each hour of every day of the
month, and are useful in the case of observation on the
Moon, but the surveyor will rarely have occasion to use
them.

The positions of the planets, in apparent R.A. and
decl}{nation, which follow are occasionally of use in field
work.

The portion of the N.4. which gives the places of stars
is necessary for field work. The mean places for the
beginning of the year are first given, but the quantities
which the surveyor uses are the apparent places, ie. as
affected with aberration and measured from the true
equinox and equator, which are given for every day of
the year for a number of circumpolar stars, for the instant
of their upper transit at Greenwich, and for every tenth
day in the case of other stars, the values at intermediate
dates being found by interpolation. The stars are arranged
in the order of their R.A. )

The tables given for the conversion of time intervals,
mean into sidereal and vice versa, are useful.

Every few years the N.4. gives in an appendix the
Derivation of the tabulated quantities, showing how they
have been obtained. .

The quantities given on pages I and II of the Nautical
Abmanac for each month for the R.A. and declination are,
of course, geoceniric, i.e. they correspond to the position
of the sun as it would be seen from the centre of the earth,
which differs in general from its position as seen by an
observer on the earth’s surface by the amount of the sun’s
parallax, as explained in Chapter V, where it was shown
that the observed altitude after being cleared of refraction
has to be corrected for parallax to obtain the true altitude,

referred to the rational horizon. ..

Aberration.—The use of the word ‘apparent in the
precepts or headings to the columns for R.A. and declina-
tion requires explanation. The earth is moving in its

1z
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orbit round the sun with a mean velocity of about 18 miles
per second ; the view-point from which an observer on
the earth sees the celestial bodies is consequently not
stationary, and this movement of the view-point has
an effect on the apparent direction in which celestial
bodies are seen, because the velocity of light (about
180,000 miles per second) has to be compounded with
the velocity of the earth in its orbit to obtain the relative
velocity.

Suppose an observer to be moving in the direction AB

Fie. 33.

with a velocity », and a particle to be moving in the
direction PB with a velocity V (Fig. 33). If the lengths
AB and PB be taken proportional to the velocities v and V
respectively, the particle P and the observer A will reach
the point B at the same instant. When the observer is
at the point A, the particle appears to him to lie in the
direction AP, and if the motion of the observer and the
motion of the particle are uniform, the particle P will
always appear to the observer to lie in a direction parallel
to AP, until it strikes him at B, In fact, PA represents
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in magnitude and direction the velocity of P relative to
the observer.-

If a ray of light from a star be substituted for the particle
P, the same argument still holds, and the observer, when
at the point B, will be receiving light from the star the
true direction of which is PB, while its apparent direction
is parallel to PA. In other words, the effect of the motion
of the observer combined with that of the light reaching
him is to cause an apparent displacement of the star
towards the point in the direction of which the observer is
moving. This effect is known as the aberration of light,
and the consequent apparent displacement of a heavenly
body is referred to in general as aberration, The actual
motion of the observer is the resultant of his motion due
to the earth’s rotation combined with the movement of
the earth in its orbit. The component due to the earth’s
rotation, known as diurnal aberration, is comparatively
small (the velocity at the earth’s equator being only about
0-3 mile per second), and is negligible for most purposes;
but the component due to the earth’s velocity of about
18 miles per second in its orbit produces an appreciable
effect on the positions of the heavenly bodies, which is
taken into account in preparing the values of the apparent
right ascension and apparent declination given in the columns
of the N.A. The apparent R.A. and declination are in each
case affected with aberration, i.e. the position of the
sun as given includes the apparent displacement due to
aberration.

The amount of the aberration in the case of the sun is
about 20”.

Referring again to Fig. 33, let the angle APB =g, i.e.
o is the angle between the true direction PB and the
apparent direction PA, or it is the apparent displacement
due to aberration.

Na

Since g= ::n ]

<

. v .
sin a=vsm0
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The aberration a being a small angle, a in circular
measure may be substituted for sin a.
v .
J.a=y xsin 9.

v sin 6
Vsin 1™

% is called the constant of aberration.

.. a in seconds of arc =

| Displacement
Pt " due fo Aberration

of Sun n Orbit.

F1G. 34.

The maximum value of a occurs when @=go° and
. . . - v
sin 6 =1, in which case sin o =y

If the observer’s motion be at right angles to the true

direction of the observed body, tan a =%.

To consider the effect of aberration on the sun’s apparent
position on the celestial sphere, let Fig. 34 represent the
earth’s orbit, S being the sun and E the position of the
earth at an instant.

If the earth be moving in the direction shown by the
arrow against E, the

direction of the apparent annual
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motion of the sun in the ecliptic is also that shown by the
arrow. The true direction of the sun from the earth is
ES, but owing to aberration the apparent direction is ES'.
The direction of the apparent annual motion of the sun on
the celestial sphere being that of the arrows, the effect of
aberration, displacing the apparent direction of the sun
from ES to ES’, is to cause the sun to lag behind its true
position on the ecliptic. The aberration, depending as it
does on the velocity of the earth in its orbit, varies slightly,
being a maximum at perihelion and a minimum at aphelion ;
its mean value is about 20”-5. The apparent, displace-
ment due to aberration is in the case of the sun in the
plane of the ecliptic.

Equation of the Equinoxes.—In addition to aberra-
tion, there is another reason why the R.A. and declination
of the sun given in the N.4. are called apparent R.A. and
declination. This is to be found in the circumstance that
the First Point of Aries, from which right ascensions are
measured, has a motion which is not uniform along the
ecliptic. The precession of the equinoxes was referred to
and briefly explained in Chapter I, where it was stated
that the sun’s attraction on the equatorial protuberance
produces a couple tending to bring the plane of the earth’s
equator into coincidence with the plane of the ecliptic, but
that in consequence of the earth’s rotation the effect is
that the pole of the equator moves slowly in a circle about
the pole of the ecliptic. Precession is, however, in reality
rather more complicated. At the equinoxes, for instance,
the sun being in the plane of the earth's equator, the tilting
couple referred to as causing the precession disappears
entirely. The precession due to this cause, therefore,
ceases at the equinoxes. But the moon has also an effect
in producing precession, similar to that of the sun, and
due to the atfraction of the moon on the equatorial pro-
tuberance. The moon does not move in the ecliptic, but
in a plane inclined at about 5° to it, and the nodes of the
orbit, i.e. the points where the orbit cuts the ecliptic, are
not fixed but move backwards along the ecliptic, making a
complete revolution in about 18 years and 7 months. The
motion is accordingly somewhat complicated, but the
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result, so far as the motion of the First Point of Aries is
concerned, is that that point moves along the ecliptic with
a non-uniform motion.

The actual point of intersection of the ecliptic and the
equator at any instant is the #rue equinox. An imaginary
point moving along the ecliptic with a uniform velocity
equal to the mean velocity of the true equinox is the mean
equinox, and the ‘correction to bé applied to the position
of the true equinox to obtain the position of the mean
equinox is called the equation of the equinoxes, in the same
way that the equation of time is the correction to be applied
to the position of the true sun to obtain the position of the
mean sun (so far as R.A. is concerned at least).

As the position of the true sun gives apparent time, so
the apparent R.A. and declination at any instant are

measured from the true equinox and equator at that
instant.



APPENDIX III

NOMENCLATURE AND MAGNITUDE OF STARS—
STAR CHARTS—HINTS ON OBSERVING--
OUTFIT REQUIRED

Nomenclature.—It is necessary that the observer shatl
be able to identify the star observed, whether a previously
selected star is observed or one which appedrs suitable
at the time of observation. To this end the following
remarks on the nomenclature, magnitude, and location of
stars will be of help to the observer.

The ancients divided the stars into groups or constella-
lions, and these have been extended in later times for
convenience in designating any particular star. The
names of the groups in some cases are based on a real or
fancied resemblance to some animal or inanimate object
as outlined by the stars in the group, as, for example, the
constellations of Cygnus (the Swan), Scorpio (the Scorpion),
Crux (the Cross). In order to distinguish the stars forming
any particular gfoup from one another they are each
assigned a letter of the Greek alphabet, beginning with a
for the brightest ;- these letters indicating the degree of
brightness refer only to the particular constellation, and
do not compare the brightness of stars in different con-
stellations ; and, further, the magnitude is not in all cases
according to the order of the letter. For example, a
Leonis is the brightest star in the constellation of Leo,
B Aquile is the second brightest in the constellation of
Aquila, but a Canis Majoris is a brighter star than o Urse
Minoris (Polaris). If the 24 letters of the Greek alphabet
do not suffice for any ome constellation, the Roman
alphabet is employed when8 they are exhausted. The

*83
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fainter stars in a constellation are designated by numerals,
increasing in the order of their right ascensions, but these
are seldom necessary for survey work. Stars are sometimes
referred to by quoting their index number in one of the
various star catalogues which have been compiled. Thus
B.A.C. 7504 is the star so numbered in the British Associa-
tion Catalogue.

Many of the more important stars have had special
names allotted to them thus: e Ursz Minoris (Polaris),
a Tauri (Aldebaran), « Geminorum (Castor), o Aurige
(Capelia), o Canis Majoris (Sirius), etc.

Magnitude.—For further convenience the brightness or
magnitude of a star is indicated in the Nautical Almanac
by a number : the smaller the number, the brighter the
star. The magnitude of Polaris is given as 21, the bright-
ness of a star of magnitude m being approximately 2%
times that of a star of magnitude (m+1). Ten stars are
brighter than the first magnitude, indicated by unity,
and their magnitude is indicated by decimal fractiohs;
thus, the magnitude of o Centauri is 0-9, indicating a bright-
ness 0-I of a magnitude greater than the unit.

Sirius and Canopus have magnitudes of —1-4 and
—I'0 respectively, ie. their brightness is 2'4 and 20
magnitudes greater than a star of unit magnitude. Know-
ing the magnitude of the various stars, the observer can
select one which, ceteris paribus, is most suitable for
observation,

Stars up to the 6th magnitude are visible to the naked
eye under favourable conditions, but for theodolite work
those brighter than the 4th magnitude are best.

Star Charts.—In order to help to identify the stars,
numerous Star Charts have been prepared ; knowing the
R.A. and § of any star, its position is plotted on a celestial
map or globe, R.A. circles and declinations being made
use of instead of longitude circles and latitudes as used
for plotting the position of a place on a terrestrial map or
globe. From these charts the relative positions of the’
various stars are seen at once, their position in the celestial
sphere being found by referring them to imaginary lines
joning well-defined stars or groups of stars, The seven
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bright stars of the constellation Ursa Major, for instance,
form good guides to determine the position of other stars.

Two star charts (Figs. 35 and 36) are given at the end
of the book, for the northern and southern hemispheres re-
spectively. The principal constellations are shown, which
may be used as a guide for the location of any required
star, bearing in mind that the chart is merely a diagram
representing the declinations and right ascensions, and is
not a true projection of the celestial sphere ; for example,
three stars in a straight line on the chart do not in general
lie on a great circle in the sky. The charts are prepared
from the view-point of an observer at the centre of the
celestial sphere. The following points concerning the
relative positions of some of the various stars may be
noted on the charts as an aid to the observer in locating
any desired star, it being understood that when a straight
line between two stars on the celestial sphere is referred
to the portion of a great circle passing through these
stars is meant. :

Northern Hemisphere—1. The two stars a and g Ursz
Majoris are known as the Pointers. The line joining 8
to o Urse Majoris when produced passes very near to
the Pole Star, which is at the end of the tail of Ursa Minor
(the Little Bear). The seven bright stars of Ursa Major
form a group called the Plough.

2. If the curve joining the stars forming the handle of
the Plough be continued away from the Pole, it will pass
through o Bodtis (Arcturus), about 30° away from 5 Ursz
Majoris.

3. If the line of the Pointers be produced to the Pole
and an imaginary line be traced perpendicular to this
line, and on the opposite side of it to the Plough, it will
;S)ass through o Aurigz (Capella), about 45° from the Pole

tar.
4. If this perpendicular line be traced on the same side
as the Plough from the Pole Star it will pass near a Lyrae
(Vega), about 50° from the Pole Star.

5. The diagonal a and y Ursz Majoris when produced
passes close to o Virginis (Spica), about 30° beyond a
Boétis (Arcturus).
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6. The line through the Pointers, if produced about 60°
past the Pole Star, forms one side of the Great Square of
Pegasus, passing as it does through 8 and « Pegasi.

7. The Great Square of Pegasus is conspicuous, with
one side produced through cerfain stars in the constella-
tion of Andromeda, ending in « Persei.

8. a Lyre (Vega) and a Aquile (Altair) form a nearly
isosceles triangle with o Ophiuci.

9. The constellation of Cygnus (the Swan) lies between
e Lyra (Vega) and the Great Square of Pegasus.

10. a Bootis and « Virginis (Spica) form an equilateral
triangle with 8 Leonis (Denebola). .

Southern Hemisphere—1. The constellation 6f Scorpio
{the Scorpion), with three bright stars in both the head
and body with a tail of smaller stars, is very conspicuous.

2. o Scorpii (Antares) forms a right-angled triangle
with a Ophiuci and o Serpentis, the right angle being at
the last-named. .

3. The three stars in the Belt of Orion point to « Tauri
(Aldebaran) and in the opposite direction to a Canis
Majoris (Sirius). The magnitude of the last-named is
~—I'6, it being the brightest star in the heavens.

4. a Canis Majoris (Sirius) and 8 Orionis (Rigel) form
an equilateral triangle with o Columbe.

5. o Canis Majoris (Sirius) and 8 Geminorum form an
isosceles triangle with « Leonis (Regulus).

6. a Leonis (Regulus), « Canis Minoris (Procyon), and
o Canis Majoris (Sirius) form a trapezium with o Hydre.

7. o Canis Minoris (Procyon) forms an equilateral tri-
angle with o Orionis (Betelgeuse) and o Canis Majoris

(Sirius).

8. Two stars a and B Centauri point to the constellation
of Crux (Southern Cross) which is formed by four stars a,
B, y.and 8. The line ya Crucis points to the South Pale of
the celestial sphere, so that when the Cross is upright it is
on the meridian. The South Pole lies about 30° from the
centre of the Cross.

9- The line from @ Orionis (Rigel) to « Columba if
grgggtczgn ;?asses through e Argus (Canopis), 8 Argus, and
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10. The line from o Argus (Canopus) td o Eridani if
produced pagses through o Piscis Australis (Fomalhaut).

The eye chould be accustomed to estimate correctly an
angular distance, as, for example, the angular distance
between the two pointers of Ursa Major, viz. about 53°;
the length of the Swan, i.e. from. a to 8 Cygni, is about
24°, and the depth of the Southern Cross, i.e. from a to y
Crucis, about 6°.

A star chart may be prepared on the supposition that the
observer is at the centre of the celestial sphere, as in fact
he is, and in this case the stars will appear in their proper
position when the chart is viewed ; or the observer may be
assumed to be outside the celestial sphere, vertically over
his position on the earth, in which case the E. and W. points
on the chart will correspond with the true E.and W. points,
but the relative positions of the stars will be reversed when
the chart is viewed. To avoid confusion, the position of a
s’;lar should be considered by its R.A., and 8 shown on the
chart. ’

Hints on Observing.—Whenever possible, star observa-
tions should be done while there is still sufficient daylight
to permit of the observer and the booker going about their
work by its aid, and for the observer to see the cross
wires clearly without artificial illumination thereof. A
torch may be used without inconvenience for reading the
levels and circles.

If star observations in daylight are to be done, the star
must be sufficiently bright to be seen by the theodolite
in use, i.e. probably of the 1st magnitude; but even stars
of the znd and 3rd magnitude may be seen in the theodolite
while there is still enough daylight to read circles, book
angles, etc. For daylight observations the azimuth and
altitude of the selected star are to be worked out before-
hand for a convenient clock time: an example of such
working out is given on page 151. It is obviously neces-
sary, in order that the theodolite may be set to the com-
puted azimuth, that the azimuth of the R.M. should be
known ; it may be determined in the earlier part of the

day by a sun observation, with an accuracy greater than

necessary.
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It need hardly be stated that star observations are in
general more accurate than sun observations, but a good
observer can get Surprisingly good results from the sun.
In low latitudes the twilight is of short duration, but in
higher latitudes the long twilight makes the above remarks
particularly applicable.

In malarial districts it may be necessary to rely on
sun observations, as mosquitoes may make night work
difficult.

The theodolite should be supported on well-driven pegs
when it is necessary to have the observing station on
yielding ground, and should at all times be kept well
sheltered and free from temperature differences. The
theodolite should be set up about half an hour before any
observing is to be done, so that all the parts may, as far as
possible, have reached a steady temperature before the
mstrument is used. The eyepiece and the reading micro-
scopes should be focused for the observer’s eye, so that
no delay may occur between the different pointings. For
star observations in daylight it is necessary to set the object
glass tq stellar focus, as quite a smali difference in the
focus will render the image of a star invisible. It may be
focused on the sun (not forgetting to use a dark glass on
the eyepiece) or on a distant object. Observations in
windy weather should, for obvious reasons, be avoided if
possible.

Outfit Required.—In Chapter IV the type of theodolite
suitable for observation has been mentioned, and in the
same chapter time-keepers have been discussed. In
'ix{(iltdltlon to these the observer will require the following

Barometer, for which a watch aneroid is suitable.

Thermometer, which may be combined with the aneroid.

Electric torch with refills : also an oil lamp, if there is any_
chance of dry batteries not being available.

The Nautical Almanac for the current year.

Tables of Logarithms.

Star Charts.
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A lamp for the R.M. for azimuth observations, consisting of
“a lamp placed in a box with a vertical slit, the width
of slit varying from § of an inch for a sight  of a
mile in length to £ an inch at one mile.

Forms for booking angles.

Forms for computations.

A small portable folding table is convenient for the booker.

Pegs and mallet.
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STANDARD TIME OF VARIOUS COUNTRIES

Time Zones

Fast on Greenwich Time—

12 hrs

113,
I 13

I0 33

9%

9 EEd
8 »

7% .
7 1

6% b2
5% .

5 12
4 It
3 .

2} "

- Fiji Islands.

Chatham Is., New Zealand.

Caroline Is, East Santa Cruz, Marshall Ts,,
Nauru, New Caledonia, New Hebrides.

Caroline Is. (west of 154° E.), Lord Howe Is.,
Marianne Is. (except Guam), New Guinea, New
South Wales, Queensland, Tasmania, Victoria,

Northern Territory of Australia, part of New
South Wales, South Australia.

Corea, Japan, Jap (Caroline Is.).

East China, Formosa, Hong Kong, Labuan,
Macao, North Borneo, Philippine Is., Port
Arthur, Portuguese Timor, West Australia.

Sarawak.

Federated Malay States, French Indo-China, Hoi-
hau, Siam, Straits Settlements.

Andaman Is,, Burma, Nicobar Ts.

Ceylon, India (except Calcutta and Portuguese
India), Laccadive Is.

Archipelago, Chagos, Portuguese India.

Mauritius, Reunion, Seychelles.

Eritrea, French Somaliland, Iraq, Italjan Somali-
land, Madagascar, Russia, Tanganyika.

Kenya, Uganda.

19>



STANDARD TIME OF VARIOUS COUNTRIES 191

2 hrs. Bulgaria, Cyprus, Egypt, Esthonia
(except Reval), Finland, Greece, Easi
Latvia, Palestine, Portuguese East| as
Africa, Rhodesia, Rumania, Syria, ’;’?1"’“”
Turkey, Union of South Africa, ime.
Western Russia.

I hour Angola, Albania, Austria, Belgian
Congo, Cameroons, Czecho-Slova-
vakia, Denmark, French Equa-
torial Africa, Hungary, Italy. Mid-

Libya, Lithuania, Luxemburg, Malta, Eu/ an
Nigeria, Norway, Poland, Por-| T?Pe
tugnese West Africa, Sardinia, ime.
Sicily, South-West Africa, Sweden,
Switzerland, Tunis, West Africa,
Yugo-Slavia. J

Greenwich Time—

Algeria, Balearic Is., Belgium, Channel Is.,
Corsica, Dahomey, Faroe. Is., France, Gibraltar,
Gold Coast (January to August), Great Britain,
Irish Free State, Ivory Coast, Morocco, North-
ern Ireland, Portugal, Princes Is., Spain, St.
Thomas I., Togoland.

Slow on Greenwich Time—

I hour Ascension I., Canary Is., French Guinea, Iceland,
Liberia, Madeira, Mauritania, Portuguese
Guinea, Senegal, Sierra Leone.

2 hrs. Azores, Cape Verde Is., Fernando I., Trinidad 1.

3 ,, [Eastern Brazil.

3% ,, Uruguay.

4 ,, Argentine, Barbados, Brazil (Cen-
tral), Canada (E. of 67° long.),| Maritime,
French Guiana, Grenada, Guade-| Aflantic,
loupe, Leeward Is., Martinique, ; or Inter-
Nova Scotia, Porto Rico, Prince| Colonial
Edward I., St. Lucia, St. Pierre, Time.
St. Vincent, Tobago, Trinidad.
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4% ,, Venezuela.

5 ,, Bahamas, Brazil (Western), Canada
(from 67th to 8gth meridian), Cuba,| Eastern
Haiti, Jamaica, Panama, Peru, Time.
U.S.A. (Eastern States of).

6 ,, Canada (Central parts), Costa Rica,
Florida, * Honduras, Mexico (parts} szntr:l
of), USA. (Central parts of). =~ J  Lime:

7 . Canada (West of 10o3rd meridian), .
Mexico, U.S.A. (Mountain States} M:;;:Z:Zam
of). :

8 ,, British Columbia, Californja, Nevada, Pacific
Oregon, Washington, } Time.

9 ,. Yukon, Sitka.
10 ,, Alaska, Austral Is.,, Low Archipelago, Marquesas,

Society Is.
104 ,, Hawalian Is.
11} ,, Western Samoa.

In Canada and the United States five standard times are
used, these territories being divided into zones approxi-
mately 74° on either side of five central meridians.
Brazil is divided into three zones in which the times 3,
4, and 5 hours slow on Greenwich are standard respectively,
and the Soviet Government have made a similar arrange-
ment for Russian Territory in Europe and Asia. In the
Tonga Is., the time 12h 20m fast on Greenwich is used ;
though the longitude of these islands is about 11h 4om west
of Greenwich, the Date Line passes to the east of them.

The standard time of Aden and British Somaliland is
2h 59m 54s fast on Greenwich, that of Calcutta sh 53m z0s'8
ﬁast, Holland oh 19m 32s'1 fast, and of Reval th 38m 57s

ast.

The Date or Calendar Line,—The line where the change
of date occurs as adopted by the British Admiralty is a
modification of the 18oth meridian, and is drawn so as
to include islands of any one group on the same side of
the line or is modified for political reasons.
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The line joins up the following eight points :
1. Lat. 60° S. Long. 180°

then through the centre of

2. , s513°S.
3, #1°S .
4. 15:} S,
5 » 5 &
6. ,, 48 N. ,,
7. . 528°N.
8 , 65 N. ,,

Lat. 70° N., Long. 180°.

13

180°
1723° W
1724° W
180°
180°
170° E.
169° W.

193

Bering Strait to a point
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MEAN REFRACTION
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Use_oF TaBLEs.—In the above table of Mean Refractions the
value is given for the temperature 50° F., and pressure. 296 inches.

The refraction, for example, for an altitude of 32° 10/, is found
opposife to it in the next column, and is 1 307,

Apparent altitnde=32° 10’ 00”
Mean refraction= o o1 3o

True altitude=32° 03' 30"

‘When the temperature and pressure differ from the above values
the correction involved can be obtained from the table of Correction
of Mean Refraction, thus:

Correction for altitnde 32° 10’ and temperature 60°=-—0° 00’ 04"
Correction for altitude 32° 10’ and pressure 30°35=-40 00 02

Correction for both=—0. 00 02
Mean refraction= o o1 30

Troe refraction= o or 28
Apparent altitude= 32 10 00

Therefore true altitude= 32° 08’ 32”

The above tables are accurate enough for most practical
surveying purposes, but where greater accuracy is desired
Bessel’s Relractions may be used. Tables of these can
be found in Chambers’s Seven Figure Mathematical Tables,
from which publication the above tables have been taken.
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REDUCTION TO THE MERIDIAN
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A

Aberration 177
Constant of 180
Absolute methods for deter
mination of longitude
159
Acceleration 29
Adjustment of instrument 60
Admiralgyé list of wireless signals
1
Almanac, Nautical 19, 174
Whtaker's 19 917
Altitude 15, 128, 136, 145, 150
of celestial pole 12, 112
at prearranged instant 150
Rate of change of 129
Angles of spherical triangle 38
Aphelion 5, 181
Apogee 3
Apparent declination 174, 177,
1

79
diameter, Sun's 18, 176
movements 2
woon 24
places 82, 113, 174, 177
right ascension 174, 179
solar fime 23
Apse line §
Aries, First Point of 10, 176, 182
Astronomical corrections 77,
103
refraction 77
triangle 42
Autumnal equinox
Axis of earth 7
Azimuth 135, 38, 5T, 13§
by altitude 137, 145, 171
by hour angle 137, 143, 173
observations 171

Azimuth (continued )—
from Polaris 48, 141
at prearranged instant 149
by a star at elongation 138

by sun observation 144,
145
B
Balancing of observations 113,
132

Barometer correction to mean
refraction 8o, 197

Bearing, Magnetic 133

Bessel’s refractions 8o, 198

C

Calendar line 192
Celestial equator 12-
poles 8, 12
sphere 7
Charts, star 184
Chronometer 73
error and rate 74
Circle, Great #
Small 7
Circum-meridian altitudes 123
observations 125
Circum-polar stars 14
Co-declination 38
Coefficient of refraction 77
Co-latitude 38, 112
Collimation, Adjustment of line
of 66

error 66, 87, 103, 104
Compression of earth 108
Constant of aberration 180
Convergence of meridians 152

Formule for 154, 155
Conversion of time 28 |
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Co-ordinates, right ascension
and declination 20, 21
Corrections, Astronomical 74
Instrumental 86, 103
Summary of 103
for sun’'s semi-diameter 84,
103
Cot formula 42
Culmination 14

D

Date line 192

Daventry time signals 163

Daylight observations on stars

149, 187

Day, Mean solar 25, 29
Sidereal 17, 21

Declination 19, 174, 177, 179
Apparent 179
circle 20
Interpolation for 33
Magnetic 135

Departure 156

Distances of stars 8

Diurnal circle 8, 13

E

Earth, Figure of 8, 107, 1
Orbit of 4, 177 7157
Eccentricity of orbit g
Ecliptic 4, 7, 181
Obliquity of 7
Effects” of errors in assumed
values 170
Ellipticity of orbit 5
Elongation 139, 145, 173
Altitude, azimuth, and hour
angle at 138
Time of 141
Equation of the equinoxes 181
of time 26, 173
Equator, Celestial 12
Terrestnal 6
Equinox, mean 182
true 182
Equinoxes, vernal and autumnal

7
equation of 181

ASTRONOMY ¥FOR SURVEYORS

Error of collimation 87

of collimation in altitude 66

in assumed values, Effects of
170

in horizontal axis go

Index 66

Instrumental 86

in vertical axis 92

of watch 74

Example of computation of

altitude and azimuth at
prearranged time 150

of convergence of meridians
157

of conversion of longitude to

" time 107

of conversion of time 30, 32

of determimation of standing
rate 74

of determination of travelling
rate 75

of effect of an error in altitude
in time determination 170

of effect of an error m latitude
in time determination 171

of effect of an error in latitude
on azimuth by altrtude

172

of mnterpolation of N.A, values
for declination 34

of interpolation of N.A. values
for equation of time 36

of observation for azimuth on
the sun 147

of observation for azimuth by
altitude 151

of observation for latitude by
circum-meridian altitudes

125

of observation for longitude
by wireless signals 169

of observation on Polaris for
latitude 118

of observation for time on
east and west stars 133,

134
of time determination from
Rhythmictime signals 167
of use of Pole Star tables 120
Eyepiece 53, 60
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¥ K
Field astronomy: 2 Kepler's Laws 3
Figure of the edrth 107, 157 L

First Point of Aries 10, 176, 182
of Libra 10
Formula for azimuth of a line 51
for azimuth of a star 48
for circum-meridian altitudes
49
for convergence 155
for latitude 46, 49
for posttion of a star 47
for refraction 8o
for time 43
Fundarmental equations 41

G

Geocentric latitude 110
parallax 81
zenith 110
Geodetic surveying 1, 157
Geographic latitude 110
Gravitation, Newton's law of 3
Great circle 7
Greenwich mean time 27, 190
sidereal time 30

H

Horizon 12
Horizontal axis adjustment 63
axis error 9o, 104
parallax 83
plane 1
Hour angle 16, 38
circle z0

1

Tllumination of field of view 54
Index error 66
International system of wireless
tune signals 163
Interpolation of N.A. values 33
Instrumental corrections 86, 103
errors 86
Ipstruments §3

Latitude 103, 110
Astronomical 110
by circum-meridian altitudes
49, 121
Geocentric 110
Geodetic 110
Geographical 110
by meridian altitudes 111
from Polaris 46, 115
Least count of micrometer 70
Lenses, Cleaning 55
Level correction Ioz
Spirit 96
Libra, ¥irst Point of 10
Line of Collimation, Adjustment

of 66
Local apparent time 26
mean time 26
sidereal time 22
Logarrthms of negative quanti-
ties 119
Longitude 6, 26, 105, 128, 159
Determimation of 159
by é.:titudes and azimuths
1

by telegraphic signals over
wires 161

by tégnsport of chronometers
1

by triangulation 160
by wireless time signals 162,
168
Lunar distances 159

M
Magnetic bearing 135
variation or declination 135
Magpifying power of telescope
60

Magnitude of stars 184
Mean equinox 132
noon 26
places 177
sun 25, 176
time 2§
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Mechanical condition of theo-
dolite 54
Meridian altitude 15, 111, 123
Determination of 123
line 13
passage 14
plane 12
Reduction to the 51, 122, 200
Terrestrial 6
Meridians, Convergence of 152,
155
Micrometers 53, 69
Least count of 70
Run of 72
Moon’s motion 181
Motion of sun in right ascension

24, 174 .
Movement of earth in orbit 4,
177
N

Nautical Almanac 19, 21, 32, 174

Negative quantities, Logarithms
of 119

New international system of
wireless signals 164, 166

Newton's law of gravitation 3

Nomenclature of stars 183

Noon, Apparent 24

Mean 26

o

Obliquity of the ecliptic #

Observations, balancing of 113

Observing, Hints on 112, 1 37
145, 187

Orbits of planets 2

Outfit required 188

P

Parallactic angle 38

Parallax, Adjustment for 60
Eyepiece 60
Geocentric 81, 103
Horizontal 83

Paraltel of latitude 10§

Path of stars 13

Perigee 5, 176

Perihelioq 5, 181

ASTRONOMY FOR SURVEYORS

Plane surveying 1
Planpets 2
Polar distance 20, 38
Polaris 141, 183
Latitude by 115
Pole Star tables 120
Poles, Celestial 8
Terrestrial 6
Precession 10, 18, 181
Prime vertical 13

R

Radius vector 3
Rate, watch 74
Reduction to the meridian s1,
122, 200
to geocentric latitude 110
Reference mark or object 137,
142, 189
Refraction, Astronomical 77
Formule for 80, 103
Lateral 142
tables 194
Relative methods of determina-
tion of longitude 160
Residual errors 86
Retardation 30
Reversing face 69
Rhythmic or Vernier system of
wireless time signals 165
Right-angled spherical triangles
1

4
Right ascension 19, 21, 174, 176,
182

Rising and setting 14
Rotation of the earth s, 8, 181
Rugby time signals 166

S

Semi-diameter, Sun’s 19, 103,
. 175, 17
Sidereal clock 16, 21
day 17, 21
time 21, 176
time at mean noon, 30, 176
Sides of spherical triangle 37
Sighting points 54
Small circle 7



INDEX

Solar system 2
time 23
Solstices, Summer and winter 7
Solution of spherical triangles 39
Sphere, Celestial 7
Spherical triangles, Sides and
angles of 37
trigonometry 37
Spirit level 96
Stability of theodolite 57
Standard meridian-time 27, 190
Standing rate, Determination of

74
Star charts 184
magnitudes 184, 187
observations in daylight 149,

187
Stars, Co-ordinates of 19
Drurnal circles of, 8, 13
Selection of 129
Striding level 53
Adjustment of 62
Use of 98
Summary of corrections 103
Sun, Apparent orbit of 23, 180
motion in R.A. and de-
clination 24, 33, 174, 179
Declination of 174
Mean 235
Semi-diameter of 18, 84, 175,

176
Surveying, Geodetic I, 157
Plane 1

T

Tables, Correction for tempera-
ture and pressure in
refraction 196

Mean refraction 194
Reduction to meridian 200
Standard meridian time 190

Talcott’s method 115§ .

Telegraphic signals for longitude
161

Telescoépf, Magnifying power of

Terrestrial equator 6
pole 6

207

Theodolite 53
Accessories for 53
Adjustable parts of 60
Adjustment of horizontal axis

o1 63
of line of collimation 66
of micrometers 71
for parallax 6o
of plate level 61
of striding level 62
of vertical circle zero read-

ing 64

Non-adjustable parts of 56
Time 16

Apparent or solar 23

Conversion of 28

Determination of 128, 170

Equation of 26, 175

Mean 25

Sidereal 21

signals 162

Standard meridian 27, 180

zones 27, 190
Timekeepers 73
Transit 14

theodolite 53

Upper and lower 14
Transport of chropometers 160
Travelling rate, Determination

of 75
Triangulation 160
Trigonometry, Spherical 37
Tripod 54
Tropical year 25, 29
True equinox 182

U

United States system of wireless
signals 164

v

Variation in sun’s declination 33,
174

Vernal equinox 7

Vernier system of wireless sig-
nals 165
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Vertical axis error 92, 104
circle 8

zero, reading, Adjustment

of 64
w
Watch error 74
rate 74

Whitaker’s Almanack 19

Wires, Cross 54, 56

Wireless receiving sets 76
time signals 162

ASTRONOMY FOR SURVEYORS

Wireless time signals, Methods
of transmission 162
signals, Systems of 163

Z

Zenith 7, 12
distance 12, 38
Rate of change of 129
Geocentric 110
telescope 53, 115§
Zones, Ti\me 27, 190
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Farta (Fourteenth FEdition). 2s. net.
RELATIVITY (Fourth Edition). 1s. net.



Lucas (niv.) 5
TrE L oF C Lams. 2z Vols.
= L1 Is. net. WIN AUSTIN ABBEY,
RA. 2 Vols. L6 6s. mnet. THE
COLVINS AND FRIENDS. 125.6d.
net. VERMEER OF DELFT. 10s. 6d. net.
A WANDERER IN ROME. A WANDERER
IN HoOLLAND. A WANDERER IN LON-
DON. LONDON REvisiTED (Revised).
A WANDERER IN PaRis. A WANDERER
IN FLORENCE. A WANDERER IN VENICE.
Each 10s. 6d. net. A WANDERER AMONG
PICTURES. 8s. 6d. net. E. V. Lucas’s
LONDON. L1 7et. INTRODUCING LON-
DON. INTRODUCING PARIS. Each 2s. 6d.
net. 'THE OPEN RoAD. 6s. net. Also,
illustrated by CLAUDE A. SHEPPERSON,
ARW.S. 10s. 6d. net. Also, India
Paper. Leather, 7%s. 6d. net. THE
Jov oF LirE. 6s. net. Leather Edi-
tion. %s. 6d. net. Also India Paper.
Leather. 7s. 6d. met. FIRESIDE AND
SUNSHINE. CHARACTER AND COMEDY.
Each 6s. net. THE GENTLEST ART. 6s. 6d.
net. And THE SECOND POST. 65. net. Also,
together in one volume. 7s. 6d. net. HER
INFINITE VARIETY. GoobD COMPANY.
ONE DAY AND ANOTHER. OLD LAmPS
FOR NEW. LOITERER'S ~ HARVEST.
CLouD AND SILVER. A BOSWELL OF
BAGHDAD. ’TWwiIXT EAGLE AND DOVE.
THE PHANTOM JOURNAL. GIVING AND
RECEIVING. LUCK OF THE YEAR. EN-
COUNTERS AND DIVERSIONS. ZIGZAGS
IN FRANCE. EVENTS AND EMBROIDERIES.
365 DAYS (AND ONE MORE). A FRONDED
Jste. A Rover 1 WourLDp BEe. Each

6s. met. URBANTTIES. Illustrated by
G. L. STAMPA. s5. net. You KNow
WHAT PreopLE ARE. Illustrated by

GEORGE MORROW. _ 55. 7iet. THE SAME

STAR: A Comedy in Three Acts.

3s. 6d. met. LITTLE BOOKS ON GREAT

MasTERS. Each ss. net. ROVING EAST

. aND RovING WEST.  55. net. PLAYTIME
~ AND COMPANY. 7s- 6d. met. Mr:
_Punch’s COUNTY SONGS. Illustrated
" by E. H. SHEPARD. 10s. 6d. net. ‘' THE
MoRE I SEE OF MEN . . .” OUT OF A
CLEAR . Each 3s. 6d. net. See
also Dolls* House (The Queen’s)
| and Lamb (Charles).

Lucas (E. V.) and Finck (Herman)
TWELVE SONGS FROM ‘‘ PLAYTIME AND-
ComPANY.” Words by E. V. Lucas.

~ Music by HERMAN FINCK. Royal 4to.

N 5. 6d. net.

_Lynd (Robert) . :

~y¥mz LITTLE ANGEL. G6s. met. THE
GoOLDFISH. 'THE PLEASURES OF IGNOR-

MESSRS. METHUEN'S PUBLICATIONS 5

Orp Frienps IN  FICTION.
FEach 5s. net. THE BLUE LION. THR
PeaL oF BeLrs. THE MoNEY Box.
THE ORANGE TREE. Each 3s. 6d. net.

McDougall (William)

AN INTRODUCTION TO SOCIAL PSYCHO-
LoGY (Twenty-first Edition). 10s. 6d.
net. INATIONAL WELFARE AND NA-
TIONAL DECAY. 6s. met. AN OUTLINE
oF PsvcuoLocy . (Fourth Edition).
105. 6d. net. AN OUTLINE OF ABNOR-
MAL PSYCHOLOGY. 155, net. BODY
AND MIND (Sixth Edition). 12s. 6d.
net. CHARACTER AND THE CONDUCT OF
Lice (Third Edition). 1os. 6d. net.
ETHICS AND SomE MODERN WORLD
PROBLEMS (Second Edition). 7s. 6d. net.

Mackenzie (W. Mackay)

TrE MEDIZEVAL CASTLE IN SCOTLAND.
(The Rhind Lectures on Arch=alogy.
1925-6.) Illustrated.. Demy  8vo.
155. net.

Mallet (Sir C. E.)
A HisTory OF THE UNIVERSITY OF
OxFORD: In 3 vols. Illustrated. Demy
‘8vo. Each £1 15, net.

Maeterlinck (Maurice)

Tue BLUE BIRD. 6s. net. Also, illus-
‘trated by F. CAYLEY ROBINSON. I10s. 6d.
niet. DEATH. 3s. 6d. net. .OUR ETER-
NITY. 6s. net. THE UNKNOWN GUEST.
6s. net. POEMS. s5s. net. THE WRACK.
OF THE STORM. 6s. net. THE MIRACLE
OF ST. ANTHONY. 3s. 6d. net. THE
BURGOMASTER OF STILEMONDE. 55. net.
THE BETROTHAL. 65, net. MOUNTAIN
PATHS. 6s. net. 'THE STORY OF TYLTYL.
£1 1s. net. 'THE GREAT SECRET. 7s. 6d.
net. 'THE CLOUD THAT LIFTED and THE
POWER OF THE DEAD. 7s. 6d. net. IVIARY:
MAGDALENE.  25. net.

Masefield (John) i
ON THE SPANISH MAIN, 85. 6d. net. A

ANCE.

SAILOR’S GARLAND. = 6%. 7ez and 3s.6d.

net. SEA LIFE IN NELSON'S TIME. g@s&
Mcthuen (Sir A.) S s

AN ANTHOLOGY OF MODERN ' VERSE

137th Thousand.

SHAKESPEARE TO HARDY : An Antio e
ogy of English Lyrics.  xoth Thousand.
Cloth, 7

FEach Fecap. 6s. nets

SiDE. s
ONCE A WEEK. THE HoLl-
's PLAY. Each
'E WERE VERY
160th

MYSTERY.
pay Rounp. THE D.
" gs. 6d. net. WHEN
Younc.  Sixteenth Edition.




Thousand. WINNIE-THE-POOH,  Sixth
Edition. otst  Thousand. Now W
ARE SIX. Fourth Edition. 10qgth Thou-
sand. THE HOUSE AT PoOH CORNER.
Each illustrated by E. H. SHEPARD.
7. 6d. met.  Leather, 10s. 6d. net. FOR
THE LUNCHEON INTERVAL. 1s. 6d. net.
‘Milne (A. A.) and Fraser-Simson H.)
FOURTEEN SONGS FROM ** WHEN WE
WERE VERY YOUNG.”  Twelfth Edition.
7s. 6d. net. 'TEDDY BEAR AND OTHER
SONGS FROM ““ WHEN WE WERE VERY
YOUNG.” 75.6d. net. THE KING’S BREAK-
FAST. Third Edition. 3s. 6d. net.
SoNGs FROM ‘“‘Now WE ARE SIx.”
_Second Edition. 7s. 6d. net. MORE
" SoNGs FROM ‘“‘Now WE AR Six.”
7s. 6d met. Words by A. A. MILNE.
Music by H. FRASER-SIMSON. Decora-
tions by B! H. SHEPARD.
Montague (C. E.)
E DRAMATIC VAEUES. Cr. 8o. 7s. 6d. net.
| Morton (H. V.)
THE HEART OF LONDON. . 3s. 6d. net.
(Also ‘illustrated, 7s. 6d. net.) TuE
SPELL OF LONDON. 'THE NIGHTS OF
LONDON. Each 3s. 6d. net. THE
LONDON YEAR. IN SEARCH OF ENGLAND,
THE CALL OF ENGLAND. Each illus-
trated. 7s. 6d.met. r
Oman (Sir Charles)
A HISTORY OF THE ART OF WAR IN THE
MIDDLE AGES, A.D. 378-1485. Second
Edition, Revised and Enlarged. 2 Vols.
Illustrated. = Demy Svo. £1 165 net.
Oxenham (John) 3 3
BEES IN AMBER. Small Pott Svo.  zs.
met. ALL’S WELL, THE KING’S HIGHS
WAY. THE VISION SPLENDID. = THE
FIERY Cross. HIGH ALTARS. - Hearts
COURAGEOUS. AL CLEAR | Each Small
Pott 8vo. Paper, 1s. 3d. net. Cloth,
' 2s.met.. WINDS OF THE DAWN. _ 2s. ez,
Perry (W. J.)- :
THE ORIGIN OF MAGIC AND RELIGION.
THE GROWTH OF CIVILIZATION. Each
0. met. THE CHILDREN OF THE SUN.
L1 s met. &
etrie (Sir Flinders) 3
HISTORY OF EGYPT. In 6 Volumes.
ol. L. “FRoM THE IST TO THE XVITH |
DYNASTY. 114/ Edition, Revised. 125. net.
Vol. I, THE XVIITH AND XVIIITH

MEssRs. METﬁUEN's PUBLICATIONS

By J. G, MILNE. 3rq Editioly, Revised
125, met. |
Vol. VI, EGYPT IN ﬁm MIDDLE AGES-—
By StanLEy LaNg PooLE. 4tk
Edition. 10s. net. ' 7
Ponsonby (Arthur), M.P.
ENGLISH DIARIES. £t 1s. net.
ENGLISH DIARIES.  12s. 6d. niet.
. TISH AND IRISH DIARIES.
Raleigh (Sir Walter)
THE LETTERS OF SIR WALTER RALEIGH.
Edited by LADY RALEIGH. Two Vols.
Illustrated. Second Edition. Demy Svo.
18s. met. SELECTED LETTERS. Edi‘ed
by LADY RALEIGH. 7s. 6d. net.
Smith (C. Fox)
"SAILOR TOWN DAvs. SEA SONGS AND
BALLADS. A BOOK OF FAMOUS SHIPS.
SHIP ALLEY. Each, illustrated, 6s. net.
FuLL Sam. Illustrated. 55.  met.
‘TALES OF THE CLIPPER SHIPS. A SEA
CHEST. Each s5s..net. THE RETURN OF
THE “ CUTTY SARK.” Illustrated. 3s. 6d.
net.. A BOOK OF SHANTIES, ANCIENT
MARINERS.  Each 6s. net.
Stevenson (R. L.)
TBE LETTERS. Edited by Sir SIDNEY

MoRe |
Scot-
10s. 6d. net.

-

‘COLVIN. “ 4 Vols. Fcap, 8vo. Each
6s. net. g

Surtees (R. S.)
HANDLEY CRoss. MR.  SPONGE’S
SPORTING. TOUR: Ask MAMMA.
FACEY ROMFORD’S/HOUNDS. PLAIN OR

RINGLETS 2 HILLINGDON HALL. Each
illustrated; 7s. 6d: net) JORROCKS'S
JAUNTS AND JoriiTies.  HAWBUCK
- GRANGE. Each, illustrated, 6s. met
‘Taylor (A. E.) _
"PLATO: THE Man anp His WORK.
Second Editiog. Demy Svo. £1 1s. net.
Tilden (Willlam T.)
THE ART OF LAWN TENNIS. SINGLES
{ AND DOUBLES. THE TENNIS RACKL‘TI;
~ Each, illustrated, 6s. net. THE CoM=
MON SENSE OF LawN TENNIS. MAaTeH
PLAY AND THE SPIN OF THE BALEL.
Ilustrated. ss. net.
Tileston (Mary W.y N
* DAILY STRENGTH FOR DAILY NEEDS.
"32nd Edition. 3s.6d.net. India Paper.
Leather, 6s. net. 4 i
_Trapp (Oswald Grat)
THE ARMOURY OF THE CASTLE OF CHUR-
BURG. Translated by J. G. MANN.
Richly illustrated. Royal 4to. Limitedy
10 400 copies. L4 145, 6d. net, - it

VS

Underhill (Evelyn)®

 MysTiCiSM (Eleventh Edition). 155. net.



Urwick (E. J.)

- MESSRS. METHUEN S PUBLICATIONS

LiFE ds THE SPIRIT AND THE LIFE
0-paAY (Sixth Edition). 7s. 6d.
mt AND' THE §UPERNATURAL,
wys. 6d. n CONCERNING THE INNER

~ Lire (Fourﬂz Edition). 2s. net.

THE SociAL Goop. - Demy 8vo.
10s. 6d. net.

Vardon (Harry) .
How TO PrLAY Gou-‘, Tllustrated.
10th Edition."- Crown 8vo. - s5s. net.

Waterhouse (Elizabeth)

Wilde (Oscar)

A LiTTLE BOOK OF LIFE AND DEATH.
23rd Edifion. Small Pott 8vo. 2s. 6d. net.
THE WORKS. In 17 Vols Each 6s. 6d.

net. S
1. LorRD ARTHUR SAVILE’S CRIME AND

7

II. THE

THE PORTRAIT OF MR. W. H.
IV.

DucHEss OF PADUA, IT1. POEMS.
LaDpy WINDERMERE'S FAN. ol AN
WOMAN OF NO IMPORTANCE.  VI. AN
Ipear Huseanp. VII. THE IMPOR-
TANCE OF BEING EARNEST. VIIL. A
HoOUSE OF POMEGRANATES. IX. IN-'
TENTIONS. X. DE. PROFUNDIS AND
PRISON LETTERS. XI. Essays. XII.
SALOME, A FLORENTINE TRAGEDY, and
LA SAINTE COURTISANE. XIIL A
CriTicIN PALL MALL. XIV. SELECTED
PROSE OF OSCAR-WILDE, XV. ART AND
DECORATION. XVI. FOR LOVE OF THE
KING. (5s.met:) XVII. VERA, OR THE
NIHILISTS.
Williamson (G. C)

THE BooK OF FAMTLE ROSE. Richly
Illustrated. Demy 4to. £8 8s. net.

PART II.

‘The Antiquary's Books

Each, illustrated, Demy 8vo. 10s. 6d. net.

The Arden Shakespeare

Classics of Art

|

Edited by W. J. CraiG and R. H. CAsE.
Each, wide Demy Svo. bs. net.

. The Ideal Library Edition, in single
plays, each edited with a full Introduc-
tion, Textual Notes and a Commentary
at the foot of the page. Now complete
in 39 Vols.

Each, pro-

Edited by J. H. W. LAING.
155.

fusely illustrated, wide Royal 8vo.
net to £3 3s. net.
A Library of Art dealmg with Great

Artists and with branches of Art. "

The Connoisseur’s Library

With numerous - Illustrations. de«
Royal 8vo. £1 115. 6d. met each vol.
EuroPEAN ENAMELS. . FINE  BOOKS.
Grass. GOLDSMITHS’ AND  SILVER-
smiTHS’ WORK. IVORIES. JEWELLERY.

TURES.  MEZZOTINTS.  PORCE-

MINIA”
LAIN. - SEALS. MUSSULMAN PAINTING. |

“WATCHES.

English Life in English "Literature
Gen Editors: EILEEN POWER,
M.A., D.Lit., and A, W. ReeD, M.A.,’
. Lu. Each, Crown 8vo, 6s, net.
A series of source-hnoks for students el'
history and of literature.

‘Fhe Faiths: . VARIETIES OF CHRISTXAN
mm:%on. Edited by L. P. Jacks,
“MA., D.D,, LL.D. Eack, Crown 8vo,
5¢. net each volume. I
‘are: THE ANGLO-CATHOLIC FAITH
e t LACEY) ; MODERNISM IN m

%

‘A SELECTION OF+SERIES

ENGLISH CHURCH (P. GARDNER) ; THB
FAITH. AND PRACTICE OF THE QUAKERS
(R, M. JONEs) ; CONGREGATIONALISM
(Ws B. Smm), THE FAITH OF THE
ROMAN CHUREH (C: C. MARTINDALE) ;
THE LIFE AND FAITH OF THE BAPTISTS
(H. WHEELER ROBINSON) ; THE PRES-
BYTERIAN CHURCHES (JAMES IVIOFFATT) ;
MeTHODISM (W. BARDSLEY BRASH) ;
THE EVANGELICAL MOVEMENT IN THE
“ENGLISH CHURCH (L. ELLIOTT BINNS) ;
" THE UNITARIANS (HIENRY Gow).

'I'he Gateway Library
.'Fcap. 8Bvo. 35.6d. each volume.
Pockctable Editions of Works by
HILAIRE BELLOC, ARNOLD BENNETT; *
E. F.BENSON, GEORGE A. BIRMINGHAM,
Marjorie-BoweN, G. K. CHESTERTON,
A. CLUTTON-BROCK, JOSEPH CONRAD,
*J. H. CurLE, GEORGE GISSING, GERALD ~
+ GouLp, KENNETH _ GraHamEe, A. P.
HERBERT, W. H. HupsoN, RUDYARD
KIPLING, E. V. KNox, JAck LoNDON,
E. V. Lucas, RoBgrT L¥ND, ROSE
MACAULAY, JOHN IMASEFIELD, A A.
MILNE, ARTHUR MORRISON, EDEN.
PHIELPOTTS, MARMADUKE Plcm
CHARLES G. D. RORERTS, R. L., STE
SON, and OSCAR WILDE.

' A History of Englandin Seven Volumes
Edited by Sir CHARLES OMAN, K.BE.,
M., MA, F.SA. With Maps.

v 125. 6d. net each volume.

ENGLAND BEFORE THE NORMAN CON-

.. QUEST (Sir C. OMAN] ; ENGLAND UNDER

*" THE NORMANS AND ANGEVINS (H. W.

¥




The Library-of nevouon %
Handy editions of the great Devotional’
. books, well edited. Small Pau 8w.
3s. net and 3s. 6d. met.”
Methuen's. Half-Crown Library
Crown Svo and. Fcap 8vo."
Methuen's Two-Shmlng ubrary
; Fcap. 8vo. .
- Two series uf cheap' editions of popular

Wnufdr cqmpleu h.ru

"

MESSRS. METHU’EN s PUBLICAT.IONS
_Dnvm)" &«;an IN 'n-nz LATER

- The

Wnymar Serleg Booky' for
Crown- Svo 7s." 6d. o “each. Well
illustfated and with maj “The val«

S umes are +—Algeria, oes A Austrﬁ 5
C Slovakit, The.}- Dolo
'Egypt, French Vmeyards, .,H\mgary,
The Loire, Portugal, = Provence,

Pyrenees, The_ Seine, Spaixi", Sweden,
Switzerland, Unfamiliar Japan, Un-
‘*known Tuscany, The West Indies.
The Westminster Commentaries
Demy 8vo. 8s. 6d:net t0163. net.
+Edited by Wz Locxk, D.D,, and D. C.
SivpseN, D.D.
The object of 1hesé-.commentanea is
= pnmhnly to mterpretthe author’s mean-
ingto the present generation, taking.
" the Enahsh text in the'Revised Version
as their basis, .

THE LITTLE GUIDES

Small Pott 8vo.” Tllus

strated and with Maps

. 0 .
THE 65 VOLUMES IN THE SERIES ARE ;—

45, net.
BERKSHIRE 45, net.
BRITTANY 45, net,
. BUCKINGHAMSHIRE 48, net.
CAMBRIDGE AND COLLEGES'4s.. net.

" AND  HuNTIN

AND Wmom.um 6s. net. |
DERBYSHIRE 45. net,
DEVON 4s. met.
DORSET 6s. net.

FRENCH RIVIERA 6s. net.
'GLOUCESTERSHIRE «55. net,
GRrAY’S INN AND Lmd,’om’s INN s, n!t.

| NOTTINGHAMSHIRE  6s. met

|- MIDDLESEX 4s. net. 35
MONMOUTHSHIRE, 6s. nef. -
NORFOLK 5s. net.
NORMANDY 55.-net.
NORTHAMPTONSHIRE 4%+ net.
NORTHUMBERLAND %5. 6d. net.
NorTH WALES 65. net.

OXFORD AND Cou_xcss 45. net,
OXFORDSHIRE 4s. net :
PARIS 65 net. .
ROME ss, net. 3
ST._ PAUL'S .CATHEDRAL 45, net.

-

“| “SHAKESPEARE’S COUNTRY: 45. net:

SHROPSHIRE 55. net.’

7| SICILY 45. net.

SNOWDONIA 65. nefs
(SOMERSET 45. net. .
| SOUTH WALES %s. net.
S'rmonnssmx 55. net.
Smou: ‘4s. net.

|. SURREY 55. net,
*Susszx 4s. net.

Hnmnnmn;a Gd'ne:.
HERTFORDSHIRE 45, net. *
- ISLE oF MAN-6s. net.

Iste or ‘WIGHT 45. net.

"FEMPLE 4s. net,
'VENICE 6s. net. o
%WAIWICKSKIRS 55 net.

A WESTMINSTER ABBEY. 58
'WILTSHIRE 65, net.

‘WORCE Gs. met, .
% Yom RIDING ss. net.
“YORKSHIRE' NORTH. i:. net.
YORKSHIRE ‘WEST ;s. 6d. net. - ¥,
b YORK 6s. net. © I




