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uxarmle 2 ( 3ee para #5)

fqequired to find the 3idereal Time orf Lozal llea:n .loon at Dehra
WDﬁn on lst Augusc 1931. (Fara 25 of J.i. 1)

gidereal Time from Nea. pe 14 at € hrs. on Slst July 1vol

‘- v_]_ll LW
= a = U oL 57 .01

liderenl Tinme t % C 1:’11‘15- 7 . ‘t —_
. lst Auczust 1931 = ¢ = C G Sdeu? -

in 24 hours = la-1) - - C TN

. h m s h -

in ® 12 13 = 5.7 an.rox. = c.

= fo-t) x 5.5 = =0..15
24
Trhea I - ¢ {algekraic sur) = J3idereal Tiie
of Local Mean liidnight (0 hrs.) = 20 33 42,50
Sidereal iquivalent of 12 hrs. from
TaYle IIT of F.aA. Tor 1¢31 p. 710 = 10 1 53.29
3ider<=y Mime of Local llean Xoon = 3L 43.7%9
Txaaple 3. [3ee para 7).

fag Required to fiad the Local diderezl tiase of au cbservation

made 2t Dehra Duan at 20 ars. 3tundard Tine oo 1lst Adise 1931,

(faree #7 of D.¥. 13).

® ~ 3 - l j‘J 1

: Standard Time - ) <
pm n n 53

Tor Difierence between 12 13

L b
of Dehra wad 3tandard 1 5h  30m. = - 17 47

L. M. T. = 13 4 13
Sidercal 3Zjuivalent of L.II.7. Ffrom Tt
warlzs IIT, N.A. for 1931 p. 71¢, or
o L) 3ur, = 1y An 7.5l
SeTe of L.ile waidnight (0 nrs.) I . 3 SR S 04
L.3.T. of orservation = L 1¢ De0

r, onversely, riven L.8.T. of
srearvation 16h o 10m 9,53z, to find Stardard Tise or ’
srrvation at Denra DiAn on Lst Ausust 1001 .

. 1

[N ol observation = 1e 14
LT wddnicht (o nret g

CIET0 1 s






1
NOTES ON SPHERICAL TRIGONOMETRY
Spherical Trigonometry deals with triangles whose sldes are port-
ions of great circles.

jgample 1. (Bee nara “4)

YTear the Jalkar Orservatory, Dehra Diin, longitu@e . ~
7a0_.51.15", the Local Apparent Time on lst Auzust 1961.15 20 hours,
what is the Local liean Time and what is the Standard Time?

(Pare 24 of D.P. 13).
n Hl 5

T 720z 1AM = A 19 17 W in time

addendum to Departrnental Puper No.lo.

Trom 1931 the form of the Jautical Almenanc
Bxcept in the Akridged =dition, the grouping ol da.z gqoniti vy
montil inte pages T, TI <.+ LII is no lonser follovr=d: iunsicad,
the Aifferent data are now tabkulited caparctely, wiad are wiven
contiauously Jor the wnole yzar. The ephemcric of Ui o i
civen in pagses =54, und tiiat of the woon '

LAS LeEN CnnlgCd.

1o pares So=37v.

Another important chnansze, aAs eXpliined in tne Proidaze of the
1031 AMmanac, is that all gaantities tabulat—l bt re:nlar intervals
o1 LA hours are now <iven for midni-at {0 hrs.e) at droonvich
insteadl of noon (12 hrs.) as foraerly.

A I'ew of the examples of Departueatsd Tap v
recommuted with data from .4, 1531
arranzement. - ,

Li.liel e TEYUlTEd T 0 5 10,43

. hm e
Difference hetieen 5 1z 13
longitude of Dehra and Hh 3o

o010 e here
o 1licstrate thie new

for slandard meridian = , -0 17 47
Sravdard Time required = 20 24 0 A
the altitude of sun or star >
observed. A

P3,the N,Polar Distance A,
A=91%2d, § veing

the declination of sun or
star observed.

Also the angle at P is the hour angle t, and the angle at Z, the

Azimuth(or true bearing) A. These terms are more fully explained






1
NOTES ON SPHERICAL TRIGONOMETRY

Spherical Trigonometry deals with triangles whose sides are port-
¢ ions of great cirgles.

ixample 1. (See para o1)

ifear the Jalkaer Observatory, Dehra Din, longitude
720.51.15", the Local Apparent Time on 1lst Auzust 1931 is 20 hours,
what is the Local liean Time and what iz the sStandard Time?
(Para 24 of D.F. 13).

n il 5 ' '
- T, 73%3r 18" = 5 12 1 B in time
! . h h g S h m 5
'G.A.T. at 20 hours = 20 - b 12 13 = 14 47 47
! at Dehra Dun 7
n i S _ ) _
The equation of Time for 14 47 47 at Greenwich 13 required.

gquation of Time from p. 14 of N.A. for 1931

1 5
at 0 ars. = 4 g 15. 76

n
Change in 14.8 = - ¢ 1.7&

approx. at $120
per hour.

Scuation of Time
required.

+ 6 13.48

h 1 8
L T. A T = 24 D 0
Zqudtion of time: =+ ARSI
T,il.T. reyuired = 0 5 1la.4a
h m S

Dilference betieen 5 1% 13

lorngitude ¢f Dehra and Sn A0
for slandard meridian = , O 17 47
standard Time required = SO Rd ol AR
- ] s ey
the altitude of sun or star >
observed . A

P3,the N,Polar Distance A )

o]
the declination of sun or
star observed.

Also the angle at P is the hour angle t, and the angle at Z, the

Azimuth(or true bearing) A. These terms are more fully explained






1
NOTES ON SPHERICAL TRIGONOMETRY
Spherical Trigonometry deals with triangles whose sides are port-
, ions of great circles.
A great gircle on a sphere is a circle traced out by the intersect-
ion of the sphere by a plane passing through its ceptre. If the
plane does not pass through the centre of the sphere, its inter-
section with the sphere is called a small circle.
The negessity for the application of Spherical Trigonometry arises
1) in astronomical work and also (2) in survey work on the earth’s
surface, when the sides of a triangulation are of an extensive glze.
In the latter case however, the actual use of Spherical Trigonometry
‘s generally obviated by the use of Legendre's Theorem(vide p,13 of
hese notes),which enables us to treat the sélution of a spherical
triangle as that of a plane one, after applying Spherical Excess.
‘1) Application to astronomical work: The object - sun or star -
4o which an astronomical observation is taken, (S in the figureL
fo:ms with the zenith (Z),and elevated pole (P),a spherical triangle
3¥%, whose sides are arcs of great circles of the celestial sphere.
‘hese sides are PZ, the colatitude?,

Y=(90"-N), X being 2
the latitude.

ZS, the zenith distance i,

‘§ =( 90°-h), h veing
the altitude of sun or star
obgerved.

PS,the N,Polar Distance A,

A=91 d, § being
the declination of sun or
star observed,

Also the angle at P is the hour angle t, and the angle at Z, the

Azimuth(or true bearing) A. These terms are more fully explained
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in the Notes on Astronomy, but for the present it may be merely
stated that, if any three of these elements be known, the other
three ocan be deduced.Thus we can determine time( or error of a
watch or chronometer), latitudé or azimuth,certain elements being ¥
known or taken from the Nautical Almanac etc. and the otiers actual
-1y observed.

(2) Application to Survey work on the earth's surface. The curvat-

ure of the earth's surface is not an appreciable factor in a small

survey, but when ite limits are extended, curvature has to be
taken into account, It is therefore necessary to use Spherical
Trigonometry instead of the more familiar Plane Trigonometry,
though Legendre's theorem in most caées enables us to treat the
solution of triangles by Plane Trigonometnw%s already stated,vide
also p 13,) A"straight" line in Spherical Trigonometry(e.g.-the
side of a triangle measured on the earth's surface) is represent-

ed by the aro of a great circle, Hence a parallel of latitude,

which is a small circle,does not correspond with a "straight"

- measurement, nor does a movement due East or West correspond with
a movement along a "straight" line on the earth's surface. A tri-
angle set out on the earth's surface with "straight" sides is
termed a "spherical triangle! its sides being arcs of great

ciroles.

In Figure 2, C is the centre of the sphere and P the,pole, DEF a
section made by a plane at a constant distance CN from the centre

and perpr to CP. Then,as CN= constant & CD::O%?BtEnt = radius
2

DN" = CD‘— CN — constant

DN = constant

Therefore D is on a circle

Similarly PD is constant

Henoe the arc PD is constant

Fig 2

It may be here noted that only one great circle can be drawn
through 2 points on a sphere , unless the 2 points are the ends
of a diameter, when the number is infinite, '
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In the figure C and P are the ocentre and pole of the sphere, as
before, AB a portion of the equator., interoepted between two merid-
ians AP,BP, ab being their corresponding intercept on a small cirocle
of latitude A i.e:- the angle bCB is A .,
Now /_ abc = / ABC Pz s ke O rewgthr roulit)

AB _ BC_bC _ 1 _ Lhel Wbk
ab — bec~ be T sin bCec .

Fig.3 .

ab=ABsin ‘ng
=ABsin(90°~ bCB)
=ABC°B>\ ’ (K the latitude) XEEX) (1)

As already stated, the sides of spherical triangles are the arcs of
great circles. The angles between two such curved sides is the angle
between the tangents, as explained in Fig.4 below. The angle C of the
triangle ABC is the angle TCt,. where TC is perpr to 0C, and tC also
perpr to OC, O being the centre of the sphere.i.e:- TCt is the angle
between the planes OAC, OBC,

In a spherical triangle, it may also be noted that the arc AB is pro-
portional to the angle AOB, and therefore insteed of speaking of AB
a8 & length, it is legitimate to represent it by the angle AOB,

Thus in Spherical Trigonometry the / AOB represents the side ¢,/ AOC
the side b,and / COB the side a , these being the angles subtended

by these sides at the centre of the sphere,

We thus speak of sin a or cos b or tan ¢ eto.,meaning sin COB or

cos AOC or tan AOB etc,, Also to convert such angles, if in circular
measure,to seconds,it is necessary to divide them by the circular
measure of 1",or approx by the sine of 1",or multiply them by cosecl" .

c

Fig.4,

RIGHT-ANGLED SPHERICAL TRIANGLES
Let ABC be a right-angled spherical triangle with the right angle at
C. Take any point P in OA
Draw PM perpr to OC
MN perpr to OB
Join PN




Since C is a rignt angle, the plane OAC

is perpr to the plane OBC, and MP is drawn

«from a point in the line of intersection

perpr to the line of intersection
OC of the two planes,

Then PM is perpr to the 0

plane OBC and therefore perpr to MN

Then 2 ) )
PN = PM + MN

= 0F° = oM + MY
= o — O

A Fig 6 (from p.3)

Therefore /_ PNO is a right angle and PN is perpr to OB

As then PN and MN are both perpr to OB, the angle PNM = angle B,

N PM _ EM, QP sin POM ,,. sin AOC
°" PN T OP PN  §in PON  soin AOB
~ sin D
sin B = SIn ¢

, as we speak of the angles AOC,AO0B, subtended at

the centre O as represented by the sides b,c, respectively(videp 6
> P ,ngge fined)

Therefore sin b = sin ¢ sin B
Similarly
sin a

8in ¢ sin A

o
and thus we have, as C is 90 and sin C=1

sin A sin B sin C
sin a gin b =~ s8in ¢
M [0)
Again yyw = %ﬁ x 'ﬁ% cos B
- tan ®
ten B = Tns
tan b = sin a tan B (3)
Similarly oo
tan a = sin b tan A
ON _ ON ., OM <+ cot B
T8 ~WM* TP SimilarlX
cot
c08 ¢ = ¢C08 a co8 boo-(4)
MR MO
PN T ON © PN cos A
. B = tan a cot ¢
s ¢ ..(5)
imlagg A = tan b cot c} (

N £ A L

side-

ceeeenes(2)

— gin b tan A oot ¢

sin ® .
=mtanA coe ©

- sin B tan A cos o ,.(6)

tan A cos ¢

}.....(7)

i

ten B cos ¢

sin ® cos ¢
= cos b* Ein ¢
8inB cos a cosb
sin Bccoe 8 e

i

(8)

il
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The formulae of the preceding page may be easlly remembered by

Napier's Rules;which are as follows:-

Fig.6

Leave out C, the right angle, in -the triangle A
ABC, shown in the diagram, and consider the
parts a,b,c,A,B, Whenever you come to an

angle‘or the hypotenuse, write (90°— angle)

or ( 90° - hypotenuse), and we have:-

Sin(a art) = Product of cosines of osite t8 3
Sin{any part) = Product of tangents of adjacent parts
Thus sin a = cos (90 —A) cos (90- c)

= sin A sin c, which comresponds with results (2)af2),
on previous page

sin a = tan (90— B)tan b

= cot B tan b,which corresponds with result (3), p.page
sin b = cos (QOO—B) cos (900—- e)

= sin B sin c,which corresponds with (2)af2), p.page
sin b = tan (90°—-A) tan a

= cot A tan a, which corresponds with (3), P.page
sin(QOO—A) = €05 (90°—B) cos a

coB A = gin B cos a, which corresponds with (8))p.page

81n(90 —A) = cos A °
= tan b tan (90 —¢)
° = tan b cot ¢, which corresponds with (5), p,page

8in(90 —¢c) = cos a cos b (

cos ¢ = cos a cos b, which corresponds with (4), p.page
8in(90°—c) = tan(90°—A) tan(gggl—B) ’

cos ¢ = cot A cot B, which corresponds with (7), p.page
61n(90°-B) = cos b cos(90°— A) g

cos B =

cos b sin A, which corresponds with (8), p.page,
the formula being for cos B instead of cos A
tan a tan(90 —¢) '

tan a cot c, which corresponds with (5), p.page,

sin(90 -B)
cos B

nn
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ORDINARY TRIANGLES
In the figure draw CN perpr to AB and call it p.
Call AN x , then BN = c¢-x

Call angle ACN 6, then BCN = C-0

sin p = cos(QC?-a)cos(Qd’—B)by Napier's rules
) = s8in a 8sin B o b
sin p = cos(90 b)cos(90-4)
= 8in b sin A

Therefore

8in a sin B= sin b sin A
Similarly

8in o0 sin A= s8in a sin C

Hence

ein A _ sin B _ sin C (9)
slla—sinb_sIme¢ "°°"°°

o
sin(90-a) = cos p cos{c-x) by Napier's rules

cos a = cos p (cos c¢c cos X + 8in ¢ sin x)
= coB c cos p coe X + sin ¢ sin x cos p
But °
cos b = sin(90-b)
= 00S p cos X
sin x = tan p tan(90-=A)
= tan p cot A
- sSin p cos A
= BINK COS D
Therefore sin p
sin x cos p= co8 A 3in X
= co6 A sin ®
Hence
cos a= cos bcos c 4+ sin b sin ¢ cos A
008 b= cos acos 0 + 8in a sin ¢ coS B ..eveea..(10)
cos c = cos a cos b + sin a sin b cos C
-} .
sin ( 90-B) = 005590‘3(0-0))%9 P by Napier's rules
cos B = ein(C-6) cos p
=58in C cos ® cos p - cos C sin O cos p
But ° ° .
sin ( 90-A) = cos(90-8)cos p
o =sin 6 cos p,
sin ( 90-6) = tan p tan(90-b)
cos & = tan p cot b

i.e. o008 O

0Q

= sin A cos ©®

Hence

= =~ cos AcosC 5 Bin A sin C cos b

co8 C= — ¢coS A cos B 4 8in. A 8Iin B COE C ceescoooslll)
= — 008 Bcos C 4 8in B sin C cos a



4

o
sin(o-x) = tan p tan(90 —B) by Napier's rules
g8in ¢ cos x - cos ¢ sin x = tan p cot B
cot B = sin ¢ cos x cot p - cos ¢ sin'x cot p
But sin x=tan p cot A
Therefore b
cot B = 8in ¢ cos x cot p~ cos ¢ cot A
sin ¢ cos b _ cos ¢ cos A
= IIMTEIm & 3K A

or B
cot B sin A = sin ¢ cot b - cos ¢ cog(A

~
e e e — -

N ox

and so we have:-

cos ¢ cos A = sin o cot b - sin A cot B | ,.........(12)
cos ¢ cos B = sin ¢ cot a — sin B cot A

cos 8 cos C = sina cot D - sin C 0ot B ) ,..evevesa(13)
cos a cos B = sin a cot ¢ - sin B cot C

o™
T v

45 R ATA TO DEPARTMENT AL P AP 3T A, 15

Spherical Trigonometry.

Page 7 line 20 from top, read the e ;uation as

C0s a = cosh
CUS\UILGwL v e, b cos 0+°1n"olrc cos A

sin(middle side) cot(other side) — sin(middle angle)x

Cot(other a.ngle) -cooo.oa-co(ls)
cos & — cos becos ¢ + 8ln b sinc cos A .... from (10) Q)
cos a - cosb cosc
cos A = sin b sinc
1- cos A .. oS b cos ¢ + sin b sin ¢ - cos &
' - — sinl D SIN ¢
coe(b-c) — cos a 1+iixgiiu_'-1y cos a - cos{beo)
= n b Xxsin ¢ - sjn b sin ¢
2 2 s1n?a+b c)sin(a-b+ec) 2, 2ainta+b+c$sin(b+c-a)
2 ain” A _ 2 2 cos - 2 2
2 sin b sin ¢ ' 8in b sin ¢
Let a+b+o=2s , then 8"";’ ¢ & a—\21+o = (8-c¢) and (s=b) respectively,
therefore also _b:g_,g;: s-a
oinh. /8inls-b) sin [s-c]™ _ .a n_ 8 sin(s-a) (16)
2 sin b sin ¢ 29 T—B_BﬁT'— '
B in - in(s-
sin.‘,:‘_/ sin {s-a) sin{s-o) cosg:lﬂn 5 8ini{s-b) . (17)
sin a sin ¢ \[sin a 8in o
C_ /sim (s5-&) ® S=
sing: cosh =T ..(18)

sin a sin b sin b sin a
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[o]
sin{o-x) = tan p tan(90 —B) by Napier's rules
8in ¢ cos X ~ cos ¢ sin x = tan p cot B
cot B = sin ¢ cos Xx cot p - ¢038 ¢ sin'x cot p
But sin x=tan p cot A
Therefore b

cot B = 8in ¢ cos x cot p—cosccotA

_sinc¢c cos b _ cos ¢ cos A

=M U BIm X I -+ U A
or .
cot B sin A = sin ¢ cot b - cos c cod A = -G
and so we have:- " ¥ ek
cos ¢ cos A = sin o cot b - sin A cot B § ,,,,.......(12)
cos c cos B = sin ¢ ecot a - sin B cot A
cos & cos C = sin a cot b — sdn C 00t B ) ,,,..00es.(13)
cos a cos B = sin a cot ¢ - sin B ¢cot C
cos b gcos A = sin b cot ¢ - sin A cot C (14)
cos b cos C =s8in b cot a — 8in C cot A =~ °**°°°°*°°°

Formulae (12) (13) (14) may be summarized thus:-

Take any four consecutive parts, 2 sides and 2 angles.

Then
cos(middle side)xcos{middle angle)=

sin{middle side) cot(other side) — sin(middle angle)x

cot(other a-ngle) ....ll..ll'(ls)
cos & — cos bcos ¢ + sin b sinc cos A .... from (10) @
cos a - cosb cosc
cos A = sin b sinc
1- cog A .. ¢0Ss b cos ¢ + sin b sin ¢ - coe a
' - Si1 D SIN ¢
coe(b-¢c) — cos a 1+§;§ii&?ycos a - cos(bsc)
= ~ sln b xsin c - sin b sin ¢
2 2 s1n?a+b c)sin(a-b+c) 2, 231nta+b+c$sin(b+c-a.)
2 sin” A _ 2 2 2 cos B - 2 2
2 sin b sin ¢ ' sin b sin ¢
a+b- ¢ a-bso

= (s-c) and (s-b) respectively,

also _b-_’-cg-_q = 8=8,

sinh_ /8inls-b) sin (s-c) coeA n.s sin{s-a)
2 sin b sin o 8in b sin.c

Let a+b+o=2s , then &

therefore

ere(16)

. B sin (s-a) sin(s-¢)
Sl — —~ /81 -
nz/ sin a sin ¢ cosg\_/:ig : :ig(zﬂ .« (17)

C S s-a) sin(s=- 5
sinz:- co - -C
* sin a sin b /sin b sin a .- (10)
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By division from the formulae (16),(17),(18), the value of
A _ ni{s-b)sin{s-c)
tan 7 sin s sin(s-a)
in(s-c)sin(s-a)
tm‘g’:f sin s Bin(s-b) 0000 vece (19)

_ [sin(s-a)sin(s-b)
tan '& 'Vr sIn s sIni{s-c)

Again from formula (11) we have
cos A + cos B cos C

cos a= sin B sin C
1- cos a ¢ sin B sin C - cos B cos C - cos A
sin B sin C
— cos(B+C)-cos A
- sin B sin C
> g — 2 cos (éigig) cos (2:%:&)
2sing =
sin B sin C
— cos S cos (S-A)
Sinz-g— - ( ooooo(zo)
sin B sin C
where S = A+§+C

Similarly by taking i+cos a we get

2 " -
cos% _ cos(S-B) cos(8S-C) veenn(21)

sin B sin C

From (20) (21) by division we get

tan’-a'- _ ~cos S cos(S-A) e (22)
2 cos(8-B)coa(S-C)

(A+B) _ tan 3 + tan 3

tan B
2 1 - tan %Vt&n-ir

By substituting from (19) after some reduction,we get:-
(A+B) _ /sin s sin(s-c) x gin(s-b)4-sin(s-a)
2  / sin(s-a) sin(s-b) sin s = sin(s-e¢)




ThatAis 2 sin(Zg—afb>cos(§§hl
tan 2B = cot & sz oo g

— co‘sé-gp cot% ..........(23)& \/
" eos 55—
Similarly o
a-
A-B _ 8in F5= 0t & ieiiieve...(23)D
tan S5= = . a+b 2
sin —2—
Also
A-B c
a+b COB(_Z_) tan‘ﬁ-------....(24)a

tan —— -~
2 cos(A+B)
2
- in A—B? c
tangz—bz S ( tan‘f oaoooooac-(24)b

in(A+B
sinlagd)

Most of the formulae already explained are surmarized in Auxil-

iary Tables (1928) Survey of India Part IIT p 67, There are how-
ever g few variations in some of the formulae for computing
purposes, which remain to be explained,

Thus from formula (10) we have as it stands:-

cos a =cos b cos ¢ + 3in b sin ¢ cos A .-

cos a - cos b cos ¢

Transposing cos A _— - -
sin b sin ¢

cos(a+09)

sin b sin ¢ cos 6,[where tan @ — ¢0s b cos a
sin a

as on p 67 Aux Tab Part III 1928 Sph A5 2(1) .iesveesee (25)

Again cos ¢ =cos a cos b 4 gin a 8in b cos C from (10)

_cos a cos(b-0)
cos @

If ¢ be not near 90°, take cos n = cos a cos(b-@), then

tan?4 ¢ = tan #(n+@) tan ¥(n-0) ,.... (27)
as on p 67 Aux Tab Part III 1928 Sph A\s 3(1)

, where tan @ = tan a cos C ..,.(26)
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From formula (15) we have
sin C cot A= sin b cot a - cos b cos C
sin a sin C
sin b cos a - Bin a cos b cos C

Hence tan A =

sir.n ® tan C , where tan @=tan a cos C
Blﬂ(b-e)! 000000(28)

as on p 67 Aux Tab Part III 1928,Sph As,3(ii)

In Spherical as in Plane Trigonometry, an Ambiguous Case arises in
solving a triangle, in which two sides and the angle opposite one
of them are given, e.g.- a,b,A.

We have by formula (10)
cos b cos ¢ + sin b sin ¢ cos A = cos a ,...(29)
To solve this, put k sin & = sin b cos A
Xk cos @ =cos b
Equation (29) becomes
k cos(c-8) =cos a

Put (c-0)= @’ ,
k cos @ = ¢08 a

c = O:G’
The auxiliary angle @ is fully determined by (30), being taken
between 0 and 180 and always positive, but, as the cosine of an

veeeess(30)

/_ = cosine of the negative of that [_, we can take O’in (30) as
poeitive or negative,so that c=@ +@', There are thus 2 values of
c,both of which are admissible, except, when 8+@' exceeds 180°, in
which case the only solution is c = 8-9,and except when @ exceeds
@, which would make c negative, In the latter case the only solut-
ion is ¢ = 0+0" ,

Eliminating k from (30), we have for finding c,

tan @ = tan b ccs A

4
cos @ =C°8 0 cOB A i) o f. Aux Tab Part III

coe b
1928 p 67,Sph As,4(1)

c =03:0'
[
When @ is small, take cos p=s8ec b cos @
’ e ®s

Then tan2f © = tan 4(a+p) tan (a-p)....(32)

The other sides and angles are found from formula (9).
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From the formula (11)
0.1 & Shhes es! Ty

v 11 " o from top, _‘.:‘e.ad ti&e aumerator as
cos A +cosBE cos C
_ gin(A+0) L.(33)
sin B sin C sin ©

¢cos B cos C
sin A

where cot © =

Aux Tab Part II1 Sph As 6 (i
as on p 68, ab Part ISt Sp JAN (i)

From the formula (11)
cos C= - cos A cos B + sin A sin B cos o

cos A sin(B-— @) veeo(34)
sin @

where cot @ = cos ¢ tan A
as on p 68,Aux Tab Pa.é'{,ggél) sph /\s 7 (1)

sin b = 24 :nsi“ B vide p 68,Aux Tab Part III Sph
s As 8 (i) (1928)

° .
When b is near 90, take sin p=sin a sin B

b 2 -]
Then 2 sin (45-+b
tan (45-4b) = Gos -
_  1-cos ’90°-b;
= T+cos -

- 1-sin d
= T+sin ©®
1 sin & 8in B
- sin A

1+ sin a sin B
sin A

sin A - sin p
sin A + s8in p

2 cos (éip-)sin (AEL)

= - . +A*O\ __ _ (A=D©

" lc‘w_&q(ﬂé from rottom, for cos p read sec p.

= 00V § \Avp)Lumi g \n—y, viae p b8 Aux Tab Part
I11,1928 Sph /A8 8 (1)e s « scvess(35)

From the formula (11)
C08 A= -~ cos Bcos C + sin B 8in C cos &
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From the formula (11)

- !

A B
| 3 cos a = cos +4+CO0Ss cos C

sin B sin C

sin(A+9) .. (33)

“sin B sin C sin @
cos B cos C
sin A

where cot © =

A Teb Paxrt II1 Sph s 6 (1
as on p 68, Aux {1628) ph A\ (i)

From the formula (11)
¢c05 C= - cos A cos B+ sin A sin B cos ¢

cos A ain(B-— 0) ...‘.(54)
sin @

where cot @ = cos ¢ tan A
as on p 68,Aux Tab Pa.(rfg%é(I)Sph N\s 7 (1)

sin a sin B

sinb = vide p 68,Aux Tad Part III Sph

sin A As 8 (i) (1928)

When b is near 90, take sin p=sin a sin B

I 3 -]
Then 2 sin (45«#b
tan (45-34b) = Gos -
_  1-cos }90"—‘0;
- +008B -

- 1-sin ®
-~ T¥sin b

sin a sin B

1- sin A
sin a sin B

1+ sin A

sin A - sinp
gin A +sin p

2 oos 4%)a1n (A5E)
2 sin (‘—l?)oos (2589

oot § (A+p)tan 4 (A-p) vide p 68 Aux Tab Part
I11,1928 Sph A8 8 (1)e e « canees(35)

From the formula (11)
Cos A= - cos Boos C + sin B sin C cos &
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If we put
h sin © = cos B

h cos 8= sin B cos a

also C - 0z0'
We have h sin 0'=cos A
c=606+0
Eliminating h,we have
cot © — tan B cos a

Sin © cos A Y eeeveo(36)

sin @' =
cos B

C=0+0" , ag on p 51 Aux Tab Part III Sph A\s 8(i)
Ap 9' is determined by its sine, it will have two supplemental
values, which will both be added to or both subtracted from 6,

according to the sign of sin ©', thus giving 2 values of C, exc-
ept when one of them exceeds 1800, or when one of them is negative,

When O' is near 90, take cos p=cos B cosec ©

Then tan’(45 - 4 ©') = tan #(A+P) tan #(A-p)
This relation can be easily obtained in a manner similar to the
formula (35) on preceding page
The three angles being now known, the other parts can be found by
formulae (20) (21)or(22) c¢f the above para of Aux Tab,

The formula given in p,68 Aux Tab 1928 Part III Sph As 7(iii) is
merely a slight variation of formula (15)

By formula (15) we have
co8 0 cos B = 8in c cot a — Bin B cot A
or cot a sinc —cos Bcos ¢ + 0ot A Sin B ,....(37)
or oot a = cos Bcot c + cot A sin B cosec ¢
= cot ¢ cos (B-0)sec @ ,.....(38)

where cot @ — cos ¢ tan A
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The other rule relating any four adjacent parts of the three
sides and three angles of a spherical.éx, given in p. 68 of
Aux Tab 1928 Part III Sph A\ s 7(1ii), is merely another way
of stating formula (15).
The adjacent parts are here designated A, , 8y » A , 8.+
and if s, outer side , A, outer /

81 inner side , A4 inner /_

then cot s

o 9in s, - cot A, sin Ay = coS 81 COS Ay +er.nne (39)

SPHERICAL EXCESS
The sum of the angles of a sphericallﬁlexceeds 180° or the sum
of the angles of a plane Z& by an amount called the spherical
excess.
The most important theorem concerning the spherical excess of a
triangle is Legendre's Theorem whieh states that if we have a
sphericallﬁ&ABC and we make a planeZCXA‘B'C’ g8ides a’,b’,0"',
so that A’ = A - %rd Sph excess, B' = B - %rd Sph excess,
c’'=¢C - %rd Sph excess, then a = a', b = b', ¢ = ¢'s This
theorem is proved on pages 14 and 15. Two preliminary proposi-

tions have however first to be established.

. Fig 8
In the figure, the portion PAP'BP is called a 1lune. P
Iunes are to one another as their angles J
Lune @ 0
Iune 4 rt /8 " At /s
Lune = 0
4 r 2T

mne 0 = 2!‘29 sseevsoe0ecssss (40)

s




In the figure ACDF and BCEF are great circles

Fig 9
It can be seen by symmetry that the H
triangle ABC = triangle DEF,at opposite

sldes of the diameter, A E

Trianele ABC +'BCDK = lune A

Tr'iinla;e :\Bc -1: AT;?Y;_tCF:.-f—O_E 2art read zar’ ¢ Sphwod Ty,
= 2Br*

Triangles ABC+CDE = lune C D
= 2cr*

2 (triangle ABC) + hemisphere = 2(A+B +C)r K

2(triangle ABC)= 2(A+B+C - II)r"
Triangle ABC = (A+B+C - II)r"
A+B+C - II is called the Spherical EXCOSE  ecooeo(4l)

Area of Tri le ABC _ A+ B+C - TI _ Sph Excess (42)

Area of Eem;sphere = 211 T Tart /s Teee

Very few sides of a triangulation exceed 100 miles., The circular
measure of this is,(taking the earth's radius roughly as 4000 miles)

-i—g—go = {6_-:-(

terms asmailer than this for our purpose.

Let «,B,¥ be the lengthe of the sides a,b,c, of the triangle ABC
co8 & -~ ¢cos b cos ¢ .

e .- 1 a it is u t in
"‘I"‘Wl «<* = W an is unnecessary to reta

co8 A =

sin b sin ¢
Expanding the right hand side by the expansions for sine and cosine

in circula) measure we get:-~

2 " 8 B* y? L‘: )
cos A= I-%"—‘*fgd -(I-Tﬁ +w_") ik Tary L (43)
A3 3)
(4 -FJ)(‘E; —3%

In the above expregsion the expansions are only oarried as far as

the terms 4", ﬁ:l" for the reasons already stated above.
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After some simplification and neglecting terms above the 4th order,
the expression(43») on the previous page becomes:-

- 4 4 | a2 LR Y a

Let A'-.B',C’ be the angles of a plane triangle, whose sides are «, 4.

sin*A'= 1-cos A

- 1 (BeEioC —")
=1 287 Py
22 4 2% +:/3 L« By
- "ﬁa -
cos A = cos A' - £ gin A'
6rn

Now A' differs from A by only a small quantity ©(say).
i.e, A= A'+0
cos A = cos A' cos 8 - sin A' sin @

As © is a very small angle cos 9=1) sin 6=90

Therefore

cos A = cos A' - sin A' O
Ar .

or & = gp2 8in A?

= 3?_—1 , where S area of the triangle A'B'C',

Hence 5
S _
' ._S— i - [] . - ’ -~
A=A +3r’- and similarly B=B +3r’- and C = C' + g
S Area of & ABC

Adding A+B+C-(A'+B'+C') = =& = o

= A+B+C-TT or the Spherical excess
_Henge we have Legendre's theorem ( vide (41), p.page)
viz:= that if we have given the side ¢ of a spherical triangle and
we form a plane triangle with the side c¢'= ¢ and subtract %rd of
the spheriocal excess from each of the 3 spherical angles A ,B , C,
to obtain the angles A',B', C', of a corresponding plane triangle,
and solve the latter, we obtain a'=a , b'=b, ceeeccescse(45)
If the observed angles were free from error, we would only have to
add ABC together and subtract 180" to obtain the spherical excess.
As however this is not the case, we must obtain it by other means,

=3 _ 1 '
The spherical excess = 2r‘_b'o' sin A'
- .1 _.»* sin A' sin B' 6
2'r’c Bjn c' .o.c..t(4 )

In this formula it is suffioient to put A<A’, BsB', C=C'



In the figure ACDF and BCEF are great circles

Fig 9
It can be seen by symmetry that the H
trianzle ABC = triangle DEF,at opposite
sides of the diameter. A E
Trisangle ABC +:BCDK = lune A
= 2ATY
Tridngle ABC 4+ ACEH = lune B
= 2Br?
Triangles ABC+CDE = lune C D
=2cr*
2 (triangle ABC) + hemisphere = 2(A+B +C)r K

2(triangle ABC)= 2(A+B+C - IT)r"
Triangle ABC = (A+B+C - IT)r"
A+B+C - TIT 1s called the Spherical EXCESE  +..e..(4l)

Area of Tri le ABC _ A+ B+C - TT _ Sph Excess (42)

Area of Hem;aphere = 21T T T4t /s Teee

Very few sides of a triangulation exceed 100 miles., The circular
measure of this is,(taking the earth's radius roughly as 4000 miles)

100 _ -
40%0 116 I'GUG,
terms amailer than this for our purpose.

Let «,8,% be the lengths of the sides a,b,c, of the triangle ABC
cos a - cos b cos ¢ .

m%;m and 1t is unnecessary to retain

cos A =

sin b sin ¢
Expanding the right hand side by the expansions for sine and cosine

in ciroulai measure we get--

A" %)
cos A-&:‘i’) ( a7t ‘77‘)' ‘_‘ ""“’ tees.(43)

("‘ 61-')/ 61’)

In the above expression the expansions are only oarried as far as

the terms d‘, ﬂ:x" for the reasons already stated above.
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After some simplification and neglecting terms above the 4th order,
the expression(43.) on the previous page becomes:-

» L' o Ra2 LR a
cos A= _.ﬁx [,91_*‘1_“3._’_ o’+8 -o-II:l :Lz-uﬂ—z.( ,-aﬁ*;} veved.l(44)
2

Let A',B',C' be the angles of a plane triangle, whose sides are « 8.

sin*A'= 1-cos A

- 1- (19__:_:;)
20282 4 27y -o-lﬂ‘a'--("*-ﬁ’-?
= 4p5%y -
cos A = cos A' - A7 gin A!
cre

Now A' differs from A by only a small quantity ©(say).
i.e. A= A'+0
cos A = cos A' cos @ - sin A' sin @

As © is a very small angle cos @=1, sin =6

Therefore

cos A = cos A' - sin A' O
Ay .

or & = g2 sin Al

= 3%,_ , where S area of the triangle A'B'C',

Hence .
, 5 |
- : w8 . s
A=A +3r=— gnd mmilar;y B-z +3r" :nd C=0C"+ 302
Adding A+B+C-(A'+B'+C') = =5 = =2 :.1; ABC

= A+B+C-TTI or the Spherical excess
_Henge we have Legendre's theorem ( vide (41), p.page)
viz:= that if we have given the side ¢ of a spherical triangle and
we form a plane triangle with the side c¢'=c¢ and subtract %rd of
the spherical excess from each of the 3 spherical angles A ,B , C,
to obtain the angles A',B', C', of a corresponding plane triangle,
and solve the latter, we obtain a'=a , b'z=b, cecscssces(4D)
If the observed angles were free from error, we would only have to
add ABC together and subtract 180 to obtain the spherical excess.
As however this is not the case, we must obtain it by other means,

The spherical excess = —s—; = Lb'e' sin A
r 2r*~

=§;1c,’ ein A' sin B' (44
r sin C'

In this formula it is suffioient to put A=A’ B=B', CzC'
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Also to convert the angle, which is in circular measure to seconds,
it has to be divided by the oircular measure of 1 second or approx

by the sine of 1 seoond, or mutiplied by cosec 1",
2
Thus finally the Spherical excess — c“sin A sin

B x cosec 1" --(47)

sin C
other formulae are
Spherical exoess = be sin A x
— area of &

2r*
cosec 1"
T— 0000(48)
cosec 1"
x —IT...—C—.OOOD\(%%)

SUMMARY of Important Formulae in Spherical

Trigonometry(vide p.pages)

1.ab=AB cos(lat)
2,Rt éSphAs

sin(any part) =

Write for / or Hyp,(90-/) or(90-Hyp) omitting the
rt / .Then Napier’s Rules are:-

3 ordinary Spherical A\s,

sin A
gin a
cos a — cos b cos
cos b= cos a ©os
00S ¢ = €08 & COSs
cos A=
cos B =
cos C —

Taking any four

product cosines opp parts
= tangents adj "
sin B — sin C veee (a)

sin b sin ¢

¢ + 8in b sin ¢ cos A

¢ + 8in a 8in ¢ 008 Bessao(D)

b + sina sin b cos C

congecutive parts

cos(middls side)x cos(middle / ) = sin(middle

side) — sin(middle /)

sin 5 =

A [sin(s-b)sin(s-c)

- cos Bcos C + sin B sin C cos a
—co8 A cos C + sin A sin C cos beeses(C)

—~ cos A cos B + sin A sin B cos

c

side)x cot(other

cot(other L) ceeedld)

sin b sin ¢

sin{e-a)sin s

sin

3
0052—

_ tan(Aer—E-)
 tan(FD)
v

a+b

/ tan(=g~)

an(a.b)

sin b sin ?
cos

sin (a-bg
sin (a+b)

ocos (A-B)

tan-é- J 8in (s—b) sin (a-c) .. (e)

s sin(s-a)

oo d£) Bin__@.i/'—coa 5 cos(S-A)4)

sin B sin C

tolo zolo

cos(S-B)cos(S-C) (k)

«odg) Jcos '2-\/

sin B sin C °°

“cos S cos(S-A) (1)

ta.n-%

te.n-g-....(h)

cos(S-B)cos(B-C)



SUMMARY of Important Formulae in Spherical

Trigonometrv, (continued)

Area of lune = 2r 6 cesesesld) .
‘.\ PN
Spherical Excess= A+B+C-TT = %z.,,,,,(k) '

If we have a sph/ ABC and we make a plane/\ A'B'C' sides a',
b'y, ¢', so that A'=A - 'é' rd Sph Excess , B'= B - %"d Sph Excess
c'=C -311‘d Sph Excess, then a=a', b=b', c=0¢"......(1)
The Spherical Excess in seconds is given by:~
c’sin A sin B _ cosec 1" veveeaalm)
sin C 2r>

c_—o;:’c- 1" ......(n)

or be sin A x

cosec 1"
or area of A x —_— cesessel0)
r

The formulae(25) to {39) on pages 9 to 13 should also be remem-
bered, which are modifications of formulae (10),(11), and (15),

of pages 6 and 7,(i.e.- of (b),(ec) and (d) in the summary pre-

vious.)
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Convergency, as applied to a traverse, plotted on the Cassini
Projection
To carry out a system of rectangular coordinates based on the ass.

umption that the earth up to a 1limit of about 2 degrees either siq
of a central origin 1s a plane, as is done on the Cassini projggg
ion, we have to treat the meridians at successive stations of a
traverse as all parallel to one another, and the lines of departum
East and West all as perpendicular to the meridians,

The true bearing at the origin of the survey is astronomicélly
determined and adopted as the working bearing in our traverse cal-
culations, It is clear however that the true bearing astronomically
observed at other points E or W of the origin cannot be introduced
into our calculations, since they are observed from converged mer-
idians, The amount of convergency must therefore be eliminated fron
an observed bearing before we can use iti@he observed bearing, thus
divested of convergency is called the reduced bearing. The bearing
of any line deduced from the bearing at the origin through success-
ive stations by the observed angles of the traverse circuit is call
v-ed the deduced bearing, If the observed angles of the traverse
were all abéolutely correct, the deduced and reduced bearings would
be exactly the same, but we cannot aséume the angular work to be
faultless,nor can we tell in which particular part of the traverse
nor to what extent corrections to the angles are needed without
taking azimuth observations at certain intervals,

Azimuth observations are necessary about every 5 to 10 miles East
or West of the origin{ according as the ordinary length of the
legs of the traverse are short or long, The method of applying

the correction for convergency is as follows:-



19

Let a be the starting point and origin of a traverse and aN be
the true meridian at this point,

The survey proceeds E or W,l&ba bc , cd , de to e Fig. 10
N'

At e, we determine the
_true meridian eN' by an
azimuth observation, which

is inelined to the parallel

to the original meridian,viz:-
to en,

The measure of the convergency is therefore the angle ﬁen

Now the true forward bearing of the next station f is the angle
N'ef, Therefore the reduced bearing is N'ef‘:l@fen,according as e
:lsJ]’Bi of the station of origin = /_ nef - -
But the deduged bearing from the computation form of the traverse
is also the angle nef, If therefore the reduced and deduced bearing
do not agree, the error,or difference between the two,should be
distributed back among the number of stations a,b,c,d,e,less one,
in the bearings of the lines ab,bc,cd,de, plus or minus , as the

case may be,

From the above it is clear that the difference between the reciproec
-al true bearings(Azimuths) between two stations is the measure of
the Convergency, which we must apply to a traverse, based on the
Cassini system of Rectangular coordinates, It is necessary there-
fore to determine a formula for its value at any givgn distance
from the origin, It may be noted however that this formula only
applies to the Cassini system,and not to other projections such as

the Lambert Conical Orthomorphic in which the formulee differ.
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Let A and B be two points on the earth's surface. The straight
line between them, being thc cshortest distance between them, is
part of a great oircle.

Jhe Azimuth of B from A = LA ¢ vy ;

.The reciprocal Azimuth of A from B = /_ 180°-B, measured in the g
sense. The convergency is thus 180-A-B, .~

Now the ni;;;&ians throuéh A and B of the Sph /\ PAB converge an
intersect at the pole P, i Fig, !
/L P= AL, the diffce ot longitude

o

AP = 90-A, , A\, being latitude of A

|
|
}

BP = 90-A\,, A, being latitude of B

A+B cost(a-Db) P
-'z- z — CO

tan t
z
cosi(a+b)
5(90=A, ~90+A)
cos -A -
= ® > ! —Lcos AL
c083(90= A, 4+90-A) 2
or
i \
cot(go-‘.\%g) = cost(A -2 cot AL
sink(A,+4) 2
or \
y j |} L
tan = = EM tan -é— ,where c'is the convergency.

2 7 cost(A-AD 2

When AB is small, compared with the radius of the earth, we may

substitute for the tangents of the angles their value in radian

measure, so that

;o = DU SRR e (50)

A=)
cos
When A and B lie on the same parallel, this reduces to
c‘: Allsil'lA ..o..o..ll(51)
. Whem A and B lie on the same meridian AL=0 and ¢ = 0

/ Wnen A and B lie on the equator A,=\,=0 and ¢ =0 °
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Another direct proof of the 12
formula (51) is given below,

In the figure TO is the init-
ial meridian of the survey, P

is a point on the spheroid, TP
its meridian, Pp is the pakallel
of latitude through P: GP and Gp

= t are tangents and PH=Y, is

the normal , respectively in the

latitude of P; PM and pM = r are

radii of the arc Pp, and the angle  fq
PMp=/\L. Let the angle PGp= c‘, the
length of the arc Pp=1 and the latitude of P=Ap
Then in A\ MPH r=vy cosAp,
and """ GPH t =V cotAp
Now about the centre M, we have l=r /AL sin 1" 7
and R weoona G wnr ouw 1=tc’sin b
Substituting for r and t from above
c"V/,,cotl./.,z AL Vy, cos ah’
or c’ (the convergency) = /\L sin )\/,, vese(B1)

When the convergency at two points not in the same latitude is

AN+)y
required, the convergency at the mean latitude or AL sin—J—is

usually taken, This differs but little from formula (50) on the

previous page, as the difference of latitude is usually very small,
Ar=A
and cos%lpracticallyzl

The convergency is sometimes given in a slightly different form,

As the x coordinate has the value /\LYcos\A on the Cassini system

of coordinates,we ha.ve/jx coordinate)x tan A cose¢ 1" = convergency
in seconds eeel92 v






Astronamical Notation and Symbols used in this pamphlet.
(in conformity with those adopted in the Survey Profl forms

A Latitude

%Y Colatitude

L Longitude(in arc) - U Longitude(in time)
8 Declination

A North Polar Distance or N.P.D,

h Altitude

§°Zenith Distance @bservedLg Corrected Z.D.

t Hour Angle

A Azimuth
R.A.Right Ascension {N.A. Nautical Almanac
R.M Referring Mark A,E, American Ephemeris

H Barometer
T Temperature
"r"Refraction
"P"Parallax
S.T.Sidereal Time
L.S.T.Local Sidereal Time
G.S.T. Greenwich Sidereal Time
L.A.T. Local Apparent Time
G.A.T.Greenwich Apparent Time
L.M.T. Local Mean Time
G.M.T. Greenwich Mean Time
L.A.N.Local Apparent Noon
G.A.N. Greenwich Apparent Nooa
G.A.M. (1925) Greenwich Apparent Midnight{vide para 16)
L.M.N.Local Mean Nocn
G.M.N.Greenwich Mean Noon

G.M.M. (1925) Greenwich Mean Midnight(vide para16 )
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NOTES ON ASTRONOMY V/

1. All celestial bodies except the sun, moon, planets etc., of the
solar system, are at such vast distances

1
(e.g+3—¢5 Centauri, 20 million million Z Zenith

miles), that,even when viewed
from opposite points of the
earth's orbit, the apparent

change in their directions

never exceeds 1" of arc. The

change in direction in view-
ing a fixed star therefore,

due to an observer being at

the earth's surface and not (S Pole) P

at its centre (geocentric parallax),
N Nadir :

is entirely negligible. Wherefore, The plane of the paper is suppose

to coincide with the plane of the meridian
although to an observer at a station of observation on the earth's
surface the heavens appear as a vast concave sphere drawn round his
actual station as centre, for all investigaticns regarding stars we
can suppose the sphere drawn with its centre at the centre of the
earth and not at the station of observation. When we have to deal
with the sun. moon, or planets, howevér. which are closer to the
earth, we have to introduce a correction for (geocentric) parallax,

which will be explained hereafter. The prnints in which the earth's

axis P P' cuts the celestial sphere are calleé¢ the Poles of the ce-
lestial sphere. (vide Fig 1.) Theae arc fixed points on the celes-

tial sphere. If we draw a line through the centre of the sphere 0 to

any point z on the earth's surface, and produce it to cut the celes-
tial sphere in Z, this point, vertically above the pldce, is cailed
the Zenith. If produced in the other direction, it cuts the celes-
tial sphere in the point vertically beneath, or Nadir, N. Thug if we
can locate a place on the earth's surface, we know the position of

its zenith, and vice versa. In future therefore the'position of a
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Place will be denoted by the point Z.
2, The earth's Equatorveq"is the great circle in which a plane
through the centre of the earth, perpendicular to the axis,
cuts the earth's surface. This plane produced cuts the celestial

sphere in the Celestial Equator or Eguinoctial EQ. The great

circles through the celestial poles, which therefore cut the

celestial equator at right angles, are called Celestial Meridians,

Now we know that the angle,which the part of a terrestial meridig
"ze" intercepted between a place z and the terrestial equator,
subtends at earth's centre 0, is the Iatitude A of the place. Simi-

larly therefore the lLatitude of a placeisthe angle subtended at

the centre by the arc of the Celestial Meridian ZEsintercepted

between the Zenith and the Celestial Equator ,and the Colatitude

Y is the angle subtended at the centre by the arc of the Cel-
estial Meridian ZP,intercepted between the Zenith and the Pole,
(v = 90° — latitudeA).
3, If a plane be drawn through the centre 0 of the earth per-
pendicular to 0Z, it cuts the celesatial sphere in a great circle

called the Celestial Horizon,HR. This is really parallel to the

terrestial horizon"hr",but, as the size of the earth is so small
corpered with the distance of the astars, they may be considered
identical for our purpose.

The points In which the observer's meridian cuts the

horizon are the N & § points.

.~ Great circles through the Zenith are of course perpendi-
cular to the horizon and are called Verticals. The vertical,
whose plane is perpendicular to the plane of the meridian,is

called the Prime Vertical and meets the horizon in the

E & W points.
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/ ‘4.Dra.w a line from the earth's centre to a star. Let it cut

the celestial sphere im 3. SZ is the Zenith Distance §,a.nd SP the

North Paolar Distance A, of the star. z Fig 2

Just as the position of a place
on the surface of the earth is

determined if we know its lati-
tude and longitude, so a

gtar's position is determined

if we know the distance SK

measured along the meridian

The plane of the paper is
Supposed lo coincide with
the plane of the meridian

between the star and the
equator, and also the distance .
Y'X measured from a fixed point Y up to K along the equator.

Y K is called the star's Right Ascension,or R,A4,

SK ceenencnans Declination,g.(Vide Fig 2)

Y'is called the First Point of Aries and its position will be
determined later on,(vide para 9)

The Declina.tion,&: 90°- North Polar Distance, A.

The L. PZS is the star's Azimuth,A, measured from north.
\/ 5.,The earth rotates on its axis once in 24 hours, but we are
not cognisant of the fact except indirectly. What we do see is
that the sun and stars travel round the earth once in 24 hours,
rising in the East and setting in the West. This is just what
we would observe if the stars were fixed and the earth turned
on its axis from W to E. It is much more likely that t}he earth
rotates than that the rest of the universe turns round it, and
it can be proved that it does. All the same it is more conven

-lent to suppose that the stars, etc, travel round the earth once

in 24 hours.



\//6. A stdr whose NPD. is 90° will therefore appear to travel on

the equator and any other star will travel on a small circle

parallel to the equator. As a star yeper,

cannot be seen, when it is below
the horizon, it will appear
to rise at one of the points,E,

Horizan

where its small circle cuts H

the horizon, and set at W, the

~The plane of the paper is
supposed to coincide with
the plane of the meridian

other. As a star does a com-

plete revolution or 360° in 24Sider-
eal hrs.,it does 15° per hour, and P
the £ SPZ, reduced to hours at the rate

of 15° per hour, will give the time after which the star will be
on the meridian. The £ SPZ is therefore called the Hour Angle t.

/
/9,Astronomical triangle. It is thus clear that a star (or other

heavenly body) at any moment forms a
spherical triangle with the zenith
and elevated pole (vide Fig 4),

the sides being arcs of the

meridian ZP, the vertical circle ZS

and the declination circle P3.

The side PZ=Colatitude ¥ (or 90°-A,the Iatitude)
the side PS=N.P.D.& (or 90°- &,the Declination)

the side ZS=Zenith distance 5 or 90°- h,theAltdtude)

the side PZ is generally known approximately and can be found
accurately,as explained afterwards.

the gside PS 13 obtained from the value of Declination given in
the Mautical Almanac.

the side Z3 1s obtained by observation with theodolite or other
instrument,if required,



The angle ZPS ig the Hour Angle t
The angle PZS is the Azimuth Angle A

The angle ZSP is the Parallactic Angle.

Given any 3 of these parts, the others can be deduced by formulae
of spherical trigonometry.

We thus are able to determine Latitude, Time (chronometer error)

and Azimuth, which are the problems most frequently occurring in
Field Astronomy.

8, Besides the diurnal motion round its axis the earth has an-
other motion. It revolves round the sun from E to W once a year.
We are not aware of this; what we do see is that the sun moves
among the stars from W to E. For supposing the sun had no appa-
reqt motion, then noon would always be the same, and the time
ﬁetween noon and the rising of any star would always be the same.
But a star rises earlier every night, which means that the inter-
val is getting smaller every day, or that the sun is getting fur-
ther East each day.

We shall speak oflthe sun moving round the earth, or the
earth moving round the sun, just as it suits us. The earth is not
always equidistant from the sun. It is nearer in winter ahd fur-
ther away in summer. In fact the earth moves round the sun in an
ellipse with the sun in one focus, and in consequence of this,
equal areas must be described in equal times, the earﬁi moving
faster at some times than at others.

9 ,The plane of the earth's orbit, as this ellipse is called,
or, which is the same thing, the plane of the sun's apparent mo-
tion is not parallel to the equator. It cuts it at an angle of
about 23&? so that the great circle in which this plane cuts the

celestial sphere, and which is called the Eeliptic, is inclined



to the equator at an / of about 23%°. This is called the

Obliquity of tne Ecliptic. The sun thus appears to move in the

ecliptic and the point where it crosses the equator, when asgcend.
oL SRR

ing,is called the 1st Point of Aries and is denoted by %,and,

when descending, by Jb. Fig 5

10, A star’'s Right Ascension or R.A.is then

the arc 7K of the equator measured
from ¥ eastward to the point K,
where the star's declination circle
SK cuts the equator. Right Ascen-
sions are reckoned from O to 360?
or, which is the same thing, from -
0 to 24 hours.

11,If we take the pole of the
ecliptic and draw a great circle through it and through a star
"S", meeting the ecliptic in M,say, then tiie star's position will
also be known,if we know“iﬁ and M3 :-

“’ Fig 6

YM is the star's Celestial Longitude ' P Pole of Equator

MS «veeevesvso.. Celestial Latitade o .eah

These coordinates are not wanted for
the simple calculations we will con-
gider.
Y

12, The 18t Point of Aries is not
actually a fixed point. It has a
retrograde motion of 50.22" seconds
annually, moving,as it were,to meet
the earth. When the sun is atYyand YY,it is on the equator and
therefore night & day are of the same length. These two positions
are called the Ejuinoxes. The motion of Y along the ecliptic is

called the Precessiocn of the Equinoxes.




13 We are now in a position to determine various measures of
time. As the earth turns on its axis. the obvious unit of time
is the duration of one revolution, or, as we see it, it is the
time that elapses from the transit of a heavenly body over the
meridian till its next transit.

If a star be the object selected,ths interval will be a
Sidereal day. As a matter of fact, for the purpose of measuring
Sidereal time, it is not a star which is selected ,but the 1st
point of Aries. A Sidereal day therefore begins when 7 is on the
meridian. A correct Sidereal clock should then mark 0/h 0/m 0/s,
and,at any other instant,the sidereal time will be the hour
angle of 7 reckoned westward from O to 24 hours.

14,A Solar day is the interval between 2 successive transits of

the sun's centre over the meridian,but we saw that the sun moved
eastward about 1° per diem,so that the earth will have to move
through 361°'to complete a Solar day, which will therefore be

some 4 minutes longer than a Sidereal day.

The solar time at any instant is the hour angle of the sun's
centre,reckoned westward from O to 24 h. This is called Apparent
Solar Time and is the time indicated by a Sundial. If the sun's
motion in right ascension were uniform, Solar days would all be
equal, but this 1s not the case. In the first place the sun's
motion in his own orbit is not uniform, and secondly, even if
it were, the corresponding motion in right ascension would not
be uniform,owing to the inclination of its orbit to the equator.
15,We can however obtain a uniform measure of time,depending
on the mean or average motion of the sun,in the following way:-

Let an imaginaery Mean Sun, Sl,move in the ecliptic with the true



sun's mean or average angu-

lar velocity, and let it coin-

cide with the sun when it Fig 7
is nearest the earth, and

therefore also, when it 1is

A

furthest away.
Solstice
Let a second Mean Sun 82 deke‘ )

move in the equator,so that
'T'S2 .e.lways_—_ Y Sy,then S, is
the Mean Sun that we require.
Mean Noon is the instant
when the Mean Sun is on the
meridian,and Mean Time is

the hour angle of the Mean
Sun,reckoned westward either from O to 24 hours,or in 2 twelve
hourly periods. Astronomical Time is always on the 24 hour, and
nbt on the 12 hour system,commonly used for civiI purposes.

16 ,Prior to 1925 the Nautical Almanac, American Ephemeris,etc.used
to reckon their dates in Astronomical Time,starting each day

at 12 noon, but, as for civil purposes it has been found more

convenient to begin the day at midnight, the Almanacs have

carried out this change, commencing with those issued for 1925,

so as to avoid the confusion between Civil and Astronomical
dates, caused by the old system.

17, Suppose for a moment we neglect the fact that the true sun
moves at different rates in his orbit. Under this supposition
the true sun's Right Ascension (owing to its moving in the
ecliptic) will be sometimes greater and sometimes less thah that

of the Mean Sun. They would coincide at the Equinoxes and 90°
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from them at points called the Solstices. Apparent Time will
therefore be sometimes ahead of, and sometimes behind, Mean Time

and the difference between them is called the Equation of Time.

The Equation of time is thus thé value, expressed in time. of the
angle between the true and mean suns. The fact that the true
sun travels at varying rates in his orbit z2lters the amount of
the Equation of Time,and also the dates on which it vanishes,
but not the number of times (viz:- 4) on which it vanishes.
The Equation of Time is given for every day in the year in the
Nautical Almanac (first 2 pages of each month) and we need not
concern ourselves with its value beyond noting that it varies
from O to about * 15m.

18,The next unit of time is the year. A year is the period
of the earth's revolution about the sun from some determinate
position back to the same. If the starting point be a star, the

interval is called a Sidereal year. If we start from the 1st

point of Aries,which has a retrograde motion of 50.22" per
annum, moving as it werc to mcet the earth, the period will not

be so long. This is called the Tropical year, and, as it deter-

mines the commencement of the seasons and all the important
phenomena of vegetation and life, it is the unit marked out by
nature for the use of man.

19 . From observations separated by a long interval it has been
found to consist of 365.242216 Mean Solar days. As this is an
awkward number, the ordinary civil year is made to consist of
an exact number of days either 365 or 366.

Now 4 Tropical years =4 years of 365 days+ .968864 day
=3 years of 365 days + one year of 366
days — .031136 day, ‘
80 that in the ordinary way of having every fourth year a leap

year, we should get an error of .031136 days in 4 years,or of
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5+1136 days in 400 years. Hence the further correction of not
counting as a leap year any century, unless its number is divi-
cible by 400. (Thus 1900 was not a leap year, but 2000 will ve).
The error then in the calendar, as at present reckoned, is .11326
day in 400 years.

20, Reduction and Conversion of Time:- As the earth turns uni-

formly on its axis, one meridian after another is brought oppo-
site the sun and different places have their noons in succession
according to their longitude. The Solar Time at a given place,
being the angle made by the sun's declinatian circle with the meridian
at that place, it follows that the differernce between the Solar

Times at 2 different places at the same instant will be exactly

the angle between the meridians of the 2 places (i.e. their
difference in longitude). The same will be true of their Mean
Sular; or of their Sidereal, times, and generally the difference
of Longitude will be equal to the difference of Hogr Angles of
any (the same) celestial point at the same instant. Therefore to
find the time at any meridian, corresponding to a given time at
some other meridian, we must convert the Longitude into time at
the rate of 15° per hour, and add to, or subtract from, the given
time.

21, Bear in mind that the earth turns from W to E and the heaven-
ly bodies travel from E to W apparently, so that.the more easter-
ly meridian will have its noon first, and therefore the more
advanéed time. e.g. The Longitude of Dehra is 78°.51 .42 E,what
is Mean Time at Drhra,when it is Mean Noon at Greenwich? We must
divide 780.5'.42" by 15. The result is 5h. 12wr. 22.8", and, as
Dehrs is E of Greenwich, it is S5h. 12m. 22.8s, Mean Time at Dehra,

. when it is Mean Noon at Greenwich.
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Conversely,if the difference of time were given, and we wanted
the difference in longitude, we should multiply the difference of
time, 5h. 12m. 22.8s, by 15, and get the result 78° 51 42,

.22, The interval between 2 successive returns ofy" to the same

meridien is a Sidereal day and that between 2 =uccessive returns

of the mean sun is a Mean Solar day. Now the sun completes an

apparent revolution round the earth in a tropical year consisting

of 365.242216 mean solar days.

Daily motion _ 1 day : _ ' oan :
150° = TEET5I5o1E Daily motion = 859' 8".33

The length of the Mean Solar day therefore differs from the
length of the Sidereal, because, when the mean sun in its diurnal
motion returns to the meridian,it is 55 8:%3 advanced in R.A.
eastward, i.et-an arc of the equator of 360° 59' 8.33" passes the
meridian in a Mean Solar day,while one of only 360° passes in a
Sidereal day.

1 Mean Solar day __ 360° 59' 8.33" __ 24h. 3m. 56.555s. _ 1h.9.8565s

1 Sidereal day 3600 - 24 hr. 1 hr.

23, It now remains to show how to convert Sidereal into Mean

Solar time,and vice versa. The earth turns on its axis, so that

the sun and 'Y appear to revolve round the earth. Every time the

mean sun crosses the meridian is a Mean Solar day,and every timeT

crosses the meridian is a Sideresl day. Now the mean sun advances
among the stars in the same direction as the earth revolves,viz:-,
from W to E. Therefore the mean sun will be a little later cross-
ing the meridian each day, and,finally, as the mean sun goes once
completely round the earth in a tropical year, the mean sun will
be & whole day later crossing the meridian than Y is. Thus there
will be one less Mean Solar day in a tropical year than there are

Sidereal days.



Number of Mean Solar days in a Tropical year

ecescecssnssesss Sidereal

{

1%

-1 Mean Solar day =
-1 Sidereal day =

. Therefore 365.242216 Mean Solar days =

1 + .00273791 Sidereal days
1 - .0027304% Mean Solar days.

12

365.242216
366.242216

366.242216 Sidereal days. y

oW
<14

Tables for the conversion are given in the Nautical Almanac,

American Ephemerils,

III, Tables 22,23 Sur.

Chamber’s Log Tables and Auxiliary Tables,Part

24.In order to get a clear conception of the various kinds of time in

use, a few examples should be worked such as the following:-

Near the Walker Observatory,Dehra Dun, longitude 78° 3' 15", the

Local Apparent Time on 1st August 1929 is 20 hours, what is the

Local Mean Time and what is
L 78° 3" 15" E =

G.A.T. at 20 hrs.
hm

the Standard Time?

n om =
5 12 13 E in time
h h n s h m s

20 - 5 12 13 = 14 47 47.

3

The Equation of Time at 2 47 47 after noon at Greenwich is required

Equation of Time from p 1 of August 1929 N.A.

m s
at Apparent Noon = +6 11.70
h
change in 2.8 approx. at .,139 = - 39
Equation of Time required =+ 6 11.31
L.A.T. = 20.0.0
Equation of Time - + 6 11.31
L.M.T. required - 20 6 11.31 . Lol -
hm s \ Y
Difference between 5 12 13 t ’
longitude of Dehra v s
and longitude 530 0 +17 47 L e e
for standard meridian. Vot i .
! '
Standard time required 20 23 58,31

25. Now in astronomical problemes we often require to know the

oot

gidereal Time of Mean Noom i.e. the Right Ascension of the Mean
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Sun, when in the meridian. The Sidereal Time of Mean Noon for o

-—

Greenwich is given for every day in the year in the Nautical Almﬁigg\
p I1 of each month, but we &ant the Sidereal Time of Local Mean Noon,
at Dehra Dun, say. Now the only difference between the Sidereal
Times of Mean Noon at Greenwich aﬁd Dehra is the amount the sun's
Right Ascension has increased in 5 ;; ;2. Suppose therefore we want
the Sidereal Time of Local Mean Noon at Dehra Dun on 1st August 1929
We know that Dehra Mean Noon is about 5 hrs earlier than Greenwich

and therefore between the Greenwich Mean Noons of 31st July and 1st

August, 1929.

h m s
Take Sidereal Time at G.M.N. from N.A. on 31lst a 8 34 29.27
R E R R E R T T YT e e eeas s v 1stb 838 25083
Difference. -3 56.56

h m s h

Now 5 12 13 5.2 approx.
8
Multiply a - b by 222 Result ¢ = -51 .25
h m s?4

Then b 4+ ¢ = 8 37 34.58 = Sidereal Time L.M.N. at Dehra Dun on
(algebraic 18t Augusat 1929.

sumf

26. Comparison of clocks and watches. It is required to compare an

ordinary mean time watch set in Standard time with a Sidereal clock
in the Observatory at Dehra Dun on the same date, viz. 1st August 1929,
before starting star observation.

¥e make two comparisons of the watch and clock thus:-

h m s h m s
Sidereal clock 15 59 27 16 1 25
M.T. watch ? 35 35 7 37 33

8 23 52 8 23 52

fhe difference being the same in each case shows that our readings

lave been correctly taken.



Taking the second observation:-

h m s
16 1 25
- 48 Rate correction to Sidereal clock obtained
from observatory
16 0 37 Time Sidereal Time of observation
8 37 34058 SQT. Of LOM-NO from pa.I‘a 25
7 23 02.42 Time after noon in intervals of S.T.
Conver- 6 58 51.193 or Conversion by Table 23 Sur 7 23 02.423
sion by 22 56.232 Auxiliary Table Part III -1 8.807
Table p 0 1.995 - 3.768
562 N.A. 0 O 0.419 - .006
1929,
=1 12.581
7 21 49.84 True L.M.T. 7 21 49 .84
+0 17 47.00 (For Standard Time difference betweing,
_ 4 5h. 12m. 13s. Dehra and standard i
7 39 36.84 True watch time (standard)
7 37 33.00__ Watch time observed
0 2 3.84 Watch error slow
]

27. If again an observation is to be made at Dehra Dun at 20 hrs

Standard Time on 1st August 1929 and we want to find the Local

Sidereal Time of observation.

h ms
200 0 Standard Time hm s
- 01747 Efor diffezence between £ 5 12 13 Dehra and

m Standard 5h. 30m.
-12 0 0 LIL{.TI
or 74213 Pem.

743 28.93 Converted to Sidereal equivalents by Table
p 560 N.A. 1929 or Table 22 Sur
837 34.58 S.T. of L.M.N. from para 26

16 21 03.51 L.S.T. of observation required.

Sum

h m s
Conversely given Side~ .al Time of Observation 16 21 3.51 to

~

ind the Standard Time of Observation at Dehra Dun on 1st August

——
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h n _
16 21 3.51 S.T. of Observation
8 37 34.58 S.T. of L.I.N. from para 25

7 43 28.93 Difference

7 42 13 Converted to M.T. equivalents by
Table p 562 N.A. or Table 23 Sur
+12 For 24 hrs system of time hm s
+17 47 Correction for difference between 5 12 13

Dehra and Standard 5h. 30m.

20 00 00 Standard Time of observation required.

4

28. Tet us now introduce a star

The star « Aquilae is observed E of the meridian at Dehra Dun at

20 hrs Standard Time on 1st August 1929 find its Hour Angle.

As in para 27 16 21 03.51 iSidereal Time of observation or the
} Right Ascension of the Meridian
19 47 21.46 Right Ascension of star from p 404
, ' N.A. 1929
Difference 3 26 17.9% Hour Aungle

hm s
Conversely given the Hour Angle 3 26 17.94 of the star o

Aquilae to find the Standard Time of observation at Dehra Dun on

1st August 1929.

19 47 21.46 R.A. of staro Aquilae
3 26 17.95 Hour Angle do

Difference 16 21 03.51 Sidereal time of observation

whence the Standard Time of Observation is fournd as in para 27.

29. If required, Local Sidereal Time may be converted to Local

Apparent Time and vice versa by one of two methods.

1st Method. Apply Equation of Time te L.A.T. and dbring it into
L.M.T. Turn the L.M.T. into L.S.T., 3s already explained in.paras
24 and 27.

Converselys Turn the L.S.T. into L.M.T. as ni‘ the last 4 lines
of the working in para 27. Apply the Equation of Time to the
L.M.T. to obtain L.A.T.

2nd Methods L.S.T. = R.A. of Sun + L.A.T. and L.A.T. = L.S.T.-R.A

of Sun. The R.A. of the Sun. 1s given every day 1in the N.A. for

Greenwich and we have to interpolate for any other place for the

Ainetdelipanuiabtine oorresgondine to time of observation,
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¥ Hints on Astronomical Observations with the Theodolite,

3a, Set up the theodolite complete, tighten the joints, see
the legs firmly planted in the ground and have it ready at least
15 minutes before the time when observations are to commence.
Focus the micrometers, see the slow motion and footscrews are ip
the centre of theilr runs. adJustAthe eyepiece for parallax and
focus telescope on a star. If observing the sun by'day, see that
the dark glass is affixed to the eyepiece.

If observing by night,erect the sights. The axis reflector and
lamp on many theodolites are unsatisfactory. The diaphragm can be
more effectively lighted in some cases by means of a lamp pointed
towards a small metal reflector, or a piece of stiff white paper
can be fastened over the objective with a rubber band, so as to
illuminate the cross-hairs without obscuring the view. Level the
instrument and see that the top bubhle remains readable during
the observations.

31, The stars for observation can generally be identified by
means of a star chart,but,as the sight vanes on the telescope
usually have a slight error, it often requires practice for an
observer to pick up the correct star,unless it is a large one.
The sight vanes require illuminating by a lamp from behind,while
the observer searches for a star. The approximate time and alti-
tude of a star can also be worked out beforehand. if considered
necessary, and the star picked up by merely alightly rotating
the telescore in azimuth.

32, If no chronographic method is available for noting the time
when the sun or star transits the cross-wires, there are several
methods by which the time may be estimated and recorded to the

neareat tenth of a second.



The booker may merely keep his eye on the chronometer, while the
observer says "up® at the time of transit, the booker noting the
time to the nearest tenth of a second; or the booker may count
seconds and the observer interpolate the time mentally to the
nearest tenth of a second. When there is no booker, the observer
must necessarily"carry the count"of seconds to or from the refe-
rence chronometer, either mentally,or with the aid of a separate
stop watch. It is best to start the stop watch as the star crosses
the wire,and stop it as soon as possible afterwards,on some parti-
cular second of the reference chronometer,reckoning the time of
the observation backwards from this point.

33, The booker should warn the observer to be ready to commence
about 8 minutes before the time actually down 1In the programme for
each star.

Wait for the booker to say 'right' before giving him any readings.
The sequence in which readings should be given (according to the
nature of the observations inm hand) should be as follows:- first
“"times”,then level readings,object-end eye-end; vertiecal angles

and then horizontal angles. -Vide however footnote p 25.

The booker should examine the readings throughout the observaticns
and warn the observer of discrepancies. The altitude of a star
varies but little during a series of observations;and any large
discrepancies generally indicate that 2 different stars are being
observed.

34, © In observing, when possible, always let the heavenly body
make contact with the wires with the hands off the theodolite.
When contact must necessarily be made by the tangent screw, as in

azimuth or latitude observations, do not press on it, so as to

disturb the level.
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In the case of sun azimuths, where contacts have to he observeq
in opposite quadrants as shown in the diagram - get the sun intg
the quadrant required and

Fig 8,
work with one tangent screw

Apparent right and Apparent left and
only, so a5 to keep the verti- fower Himb fower limb
cal wire in contact with the
apparent (right or left) limd \\\‘
of the sun, as necessary, and
let the other limb (upper or
lower), make its own contact.

Similarly in observing a star Apparent right and | Apparent left and

upper limb upper limb
azimuth by the method in which
the star is made to pass through
the centre of the cross-wires, — work with one tangent screw

only and keep the vertical wire on or a little in advance of the
star, so that when the atar reaches the horizontal wire it will
of itself pass through the centre of the cross-wires.

35, Immediately before and after observing, record the barome-
ter and thermometer readings. The record in the angle book should
be complete so that the results can be worked out by an indepen-
dent person, if necessary.

The information that should be given in the angle book should
include,according to the type of observation ;-

(a) Nature and purpose of observations
Date and place with approximate latitude and 1ongitude
Number of theodolite& description,
Chronome ter used - rate and correctiona, if known
Barometer and thermometer readings
Name of obJect and face and limb observed (for sun onlj
E or W, N or S of zenithyif passing the meridian
Referring mark used and its horizontal readings
Observed times
Level readings
Observed altitudes

) Horizontal angles of object observed

T o~ Sy g oy,
HRC DR R0 RO D
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m) State of weather and sky
n) Statement whether observations are good or not.

It is also useful to note the vertical and horizontal collima=-

tion error of the theodolite and position of the vertical circle
for which the algebraic signs hold good, as affording a check on
the angles and enahling single observations to be worked out in

doubtful cases in order to locate an errcr in observing or reo-

ording,

J

. Iime-keepers, For astronomical observations a good watch or chro-

nometer (preferably sidereal) with a uniform rate is essential,
The rate in no case should exceed 12 secs per day, Time observat-
lons to ascertain the chronometer error are usually taken at the
beginning and end of a programme, so that the error can be applied
to intermediate observations such as those for latitude, azimth,
etc, A large rate in a chronometer, even if uniform,is very incon-
venient, as it has to be applied throughout the observations,
Observations should be taken as quickly as consistent with prec-
ision in view of chronometer rate, as well as of the fact that,
strictly speaking, star altitudes, ete, do not vary linearly with
time except for short periods, as,for instance, is assumed, when a
mean altitude, from two face right and two face left observations
with a theodolite to a star,is taken for computation purposes as

corresponding to a mean time.

Note re theodolite eyepieges ., In Sun observations it is best to

record the apparent and not the true limbs of the Sun observed,
and to state in the angle book whether the eyepiece reversed vert-
ically, horizontally or both, Direct eyepieces reverse both vert-
ically & horizontally, but diagonal eyepieces may do one or the

other,which can be easily ascertained by observing the Sun's
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movement. This sometimes causes mistakes in Sun observations, whey
only one limb is observed and correction for Sun's semi-diameter
is applied.

38,Corrections to obhserved altitudes. The following corrections have

to be applied to the altitudes of heavenly bodies observed by
theodolite,before they can be used for computation.

(a) For level error of theodolite,vide para 101 Chapter III
Topo Handbook.
.. (b) For refraction. Refraction makes a heavenly body appear
higher than it actually is,

therefore refraction correction is Subtractive from altitude
: a@dltive to Z.D.

To obtain refraction correction we should know the bharometer
and thermometer readings at the time of observation, which should
be hooked by the observer.

The correction is obtained from Tables 19 & 20 Sur. Auxy
Tables Part III 1928.

Refraction is liable to variation and does not always corres
pond with its tabular values. In order to minimize the effect of
using erroneous values, it is advisable to balance an observation
to an E star by one to a W star, or one to a N star by one to a
S star, so as to eliminate the effect of refraction in the mean
of observations. Refraction increases rapidly at low altitudes and
its value becomes uncertain, so that observations should never be
taken to heavenly bodies below 16)in altitude,and preferably not
to those below 15° in altitude.

(c) For semi-diameter. When the sun is the object observed,

it is usual to intersect the upper and lower edges or limbs of the
sun, and to take the mean of the Z.D's., so derived, as the Z.D. of
the sun's centre at the mean of the times whemn it is observed.

This is the method always to be recommended,but it sometimes
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happens that only one limb is cbserved and the correction for
aémi-diameter has to be applied from p II of the N.A. for each
moﬂth to reduce it to the sun'a centre. Mistakes are apt to nccur
with reversing eyepieces (vide para 37 ),so0 it is best to record
what you actually see O or O

(a) For parallex. As the sun is not so far away from the

earth as a star, a correction for geocentric parallax has to be
applied,when the sun is the object observed, as already mentioned
in para 1,page 1. Tig 9
The observed ZD.is the / Z0S
instead of the / ZCS. The
difference, the / 0SC is the

geocentric parallax and is

subtractive from Z.D's.

It may be noted that refrac-

tion and parallax corrections

are of opposite sign.

When the sun is on the obser-
ver's horizon,its parallax is
at its maximum and is called horizontal parallax (Z_OHC)
In the figure, if 7 Yve the horizontal parallax, p the parallax of
the Sun at any other Z.D., £ ( ¢ Leing its observed value),r
the earth's radius, and D the distance of the Sun.
We have
sin'ﬂ" =

sin p _

= sinT I
sing'

o+ Bin

If we consider (except in the case of the moon) that,as

™ gin ) : .
P, are small)ETﬁqg £ approximately
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We have p = T sin 4

or Parallax - (Horizontal parallax) x (sin Z.D.) ..... (1)
This diminishes with altitude and vanishes at the zenith.
The mean parallax of the sun at various Z.D's is given in Table
21 Sur. sufficiently accurately for all practical purposes.
It can also be obtained from the values given on the first

page of the N.A. by means of formula eseec.. (1)

A note regarding the signs of the quantities 87 A, ? etc.

Mistakes sometimes occur in the various problems in field astro-
nomy in applying the correct signs to the above quantities giv-
ing rise to resultant errors in the computations.

From fig. 10 it is clear

Fig 10

that the latitude of a
place A = decln. of
the zenith EQ0Z. It is

also equal to the alti- E

tude of the pole NOP

S1
for ZE = A and PZ =

90°~ X, PNvAThe 7D, ¢ E ¥ —=

is + when the heaven-

ly body (S) 1is % of

zenith.
Decl1® S

are + when g. of equator
Latjitude of placeA

¥or obamervations in N latitude.

1f heavenly body (S) is between zenith & equator[f is + ve
§ is + ve
1f heavenly body (S1) is between equator and horizon gis + ve
3is - ve
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If heavenly body (82) is between zenith and pole €18 -ve
S 1s +ve

If heavenly body (53) is below the pole ¢ is -ve 8= 180%-trued
For observations in S latitude (fig. 11)

If heavenly body be as

at 8., A=§+9

so that if ¢ + S be given Fig 11

their proper signs, A,if

South,will come out ne- T S4

gative.

We thus get the general P

rule for latitude

A= g+8, giving
£, 8§, and N their H

Horizon
proper signs.

Also colat.T= 90°-A N

o (Pole)
=90 - £ -8 and

A = 90°- 8

so that ¥ =A_ &

Here also £ has to be given Its proper sign according to the

rules above so that " may be A + £ ,as the rule indicatec.

In cases of doubt a figure should be drawn in order to decide

correct 2igns to be applied.

* § 1s here measured from E through the zenith and elevated pole
and is equivalent to the angle S3 OE, that is to say,when a Star
is taken at 1ts lower transit,the § is obtained by taking the
supplement of the value given in the 'Nauvtical Almanact.
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V% Time by observation(Form No.15 Topo.)

39, What is meant by finding the time by observation is finding
how much your watch or chronometer is fast or slow. We have already
seen that if we know the hour angle of a star,we can find the
correct time at which it had that hour angle. Therefore if by any
means,wWe can make an observation which will give the hour angle,
and if we note the time at whi¢h we made the ovservation, we can
find the true time of the observation,and therefore the amount
that the watch or chronometer was fast or slow at that time. We
therefore have to carry oﬁt an observation that will give us the

hour angle. Y

Fig. 12
A glance at the figure will

at once show the observation

necessary, for,in the A SPZ, h

ZP = the Coclatitude Y of the Horizon

£,
place is known; SP =N,P.D, of m“éh
star is known,=A

SPZ the hour angle t1is to be

found.'

Now with the theodolite it
is poasible to determine h,
the altitude of the star,and zS =(90°- altitude “h"”)=§

We then have the 3 sides of the A SPZ and can determine the hour
angle't by spherical trigonometry.

Tre procedure is as followss-

Set up the theodolite - level carefully. Point the theodoliite at
the star, placing the horizontal wire so that the astar will inter-
sect it near the centre of the field. Allow the star to make its
own intersection with the horizontal wire and ncte the time to

the nearest 1/10th of a second (vide para 32 p 16 ).
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Read levelg on ;ertical arc. Read vertical circle.

Change face, point the theodolite at the star & allow the star to
make its own intersection with the rorizontal wire as before. Note
the time to the nearest 1/10th of a second. Read levelg on verti-
cal arc. Read vertical circle. If there are (say) 3 horizontal
wires, the time of intersection of each can be noted, provided

the same is done on reverse facej;and the mean can be taken for

the time of intersectior of the mean wire. The check of wire in-
*ervals is a good indication of the precision with which time is
be.ng estimated.

This is a complete observation to one star, but it is usual to
take a second observation on the same face,followed by one more
with the face of the theodolite reversed to ite original position,
to balance it and eliminate collimation error. Now in order to
obtain refraction correction, we must know the barometer and ther-
mometer readingsH & T. These should also be booked at the time

of observation.

The method of computation of the results on form 15 Topo is as
follows:- First reduce all angular readings to Z.D.'s,and enter
the mean observed Z.D.,after correcting for the levels,in form 15
Topo. Enter also the mean value of the chronometer or walch time
T, corfeaponding tc the mean Z2.D. (on the last line but one of the
form).

Now refraction makes a star appear higher than 1t actually is.
Therefore the refractionm correction, obtained by means of

tables 19 & 20 Sur,is additive to the observed Z.D.

% Levels may be read before recording the time,if time is Leing
taken by a stop watch,as there is a chance of the levels moving,
while the cbmparison of the stop watch with reference chronometer

is being made.
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Having applied these corrections we have the corrected Z.D- of
the star,

We also know N.P.D. = (90 - J,theDeclination of the star from N.A.)
=A; and the Colatitude = (90 -A) =7,

so that, if t be the hour angle, and we write 28 = ( £+ 4 +7T),.

we have by ordinary spherical trigonometry:=-

-t _ gin(s-A)sin(s-T)
tan 2 T 3sin s sin(s-¢ )’

whence t is determined logarithmically in form 15 Toposand divided
by 15 to convert it to time equivalents. Table 34 Sun.Auxy Tables,
1928,Part III,{0ld 14 Math),is convenient for this conversion.
Iet o€ be the Right Ascension of the star from the N. Almanac.
local Sidereal Time of observation <« + Ef if W of the meridian
@~ L,if E of the meridian
Now look up the Sidereal Time of Greenwic§5Mean Yoon G, (say)
Sidereal interval of time of c¢bservation from Greenwich Mean Noon
« T %5 - G, if g of the meridian = m,
and this has tc be converted into mean time by applying a retarda-
tion for (l-m),where 1 is the longitude of the place of observa-
tion. This method of conversiocn combines the correctlion for longi-
tude, converting the Sidereal Time of G.M.N. to L.M.N.,with that
converting the interval between L.M.N. and the time cof observation
into mean time equivalents, (vide paras 25,26 on pages 13, 14)

We thus obtain the true mean time of observation or Tr

Then T-T, amount the watch or chrornometer is g%z; ir _+_.

Now in such observations personal errors in timing cannot be

eliminated, but other consistent errors in one direction,due to
uncertain refraction.slip in the instrument,reading of graduation,

etc,, may cause Z,D,'s to be observed always too large or too

small,
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Now if theZ.D.is too great, the hour angle is also too great, so
t @he sidereal interval

d — f%—Gis too small,if the star is E.of meridian

"5. ol + ]t-'s_G is too large, if the star 18 Weessossooase
F éviate this two stars are observed one E and one W and the

iresult is taken.

o«

E ; lean of all.the values of T-T, is taken as the clock error at
s

E q jean of all the correct times.

9 0

ra !

1; the sun is observed instead of a star, the procedure is some-

‘! aifferent.

t: bt we cannot observe sun's centre, so we must observe the edges

% U pither:-

%2<:Ext the horizontal wire along one edge and note the time, and

5;:? move the wire with the tangent screw and intersect the other

§§f§ and note the time. The mean Z.D. gives the Z.D. of the sun’'s

<5§§re at the mean of the times.

LUl

tang the above is not possidble observe only one limb and apply

9

o~

Pt
',ecticn for semi-diameter, (vide para 38(c) pR0).

i
rection for parallax must also be applied,(vide para38(d) p Zﬂ.

e

:‘ br this the computation on form 15Topo proceeds as before,till

: fbtain the hour angle t,

¥
j

Then t in time =
Equation of time = from N.A. p I

A (wvide example for method of
interpclation in para 24 of
these notes)

True mean time of observation = T1

T Observed time

T-T4 amount watch or chronometer is fast ¢ +
s

Tow -_
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11, Now supposing we make a mistake of x im finding ¢ yand we want
to find in what position of the star this will cause the least
mista’ke ¥y in t;
we have

cos? = cosvcosA + siny sind cos t
cos (¢ + x) +cosr cosA + siny sinA cos (t+y)

Since x & y are small,

Therefore x sin { = y sinY sin A sin t

y — X sin (4

— siny sinAsin t 04

1L
sin® = sinY _ 83ind  yhere A is Azimuth.
But sin t (= sinPSZ)_sinA
_ sinysint _ sin t sind

Therefore sin £ = T3 = =T &
Y= X

sinTgf 8InA — Bim A siny
Therefore y will be least when
sin A is greatest i.e. when Azi-~
muth A is 90%,0or when the star
is on the prime vertical. There-

fore for this observation stars

should be as near the prime ver-
tical as possible,and their alt:-
tude not less than 10°,.a.s other-

wise uncertainties of refraction come ine.

2,0ccasionally, in some out of the way place, there may be some doubt
about the latitude and it may be well to show how this affects
the time.

Let t true hour angle corresponding to true latitude A

t + y = the hour angle sceccecccscosssrssase Jatitude A+ x

Ther cos € = cos A sinA + 8in A cos A cost

I
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and cos £ = cosAsain(A+ x) + 8in A cos( A+ x) coal(t + y),
where X and y are small.

cosd sin\ + sindlcos M\ cost

+ x cosA cosA - x 3in A sinAcoat ~ ysinAcos A
sint

By subtracting the above equations

_ cos D cos A- sinAsinA cos t
- sinAcos A\ sin t :

Hi<

But cos t einA= cos A cotdA - sint cot A, where A ia tha ~-*-

ey Al atolr Ol

5 F 205 at tne ond o
" °¢ line & from top, for cos A at t,,Le <+1’ i
the risht-nand side rsad ot A

x
ginAcos A sin t

- cot A
COS A

If then we have an east and a west star, this error will have

an opposite aign for them, and the mean error

= rcot Ar - cot Au—,\_‘}___. . in arc;
"7 line 7 Iroiw top, read the equation as
cos{ { + x ) = cos ; COS A& 4 3in vy sin ¢ 308,

known,it is edvantageous to select 2 stars whose azimuths,E and

W,are nearly the same.

Approximate method of obtaining Time and Latitude by
observation.

.1f neither time)latitude nor azimuth are known)latitude could be
accurately obtained, if we had a theodolite in perfect adjust-
ment, so that there was no collimation error in either the hori-
zontal or vertical wires,and we could place the theodolite with
its vertical wire in the meridian.

All that would then be necessary, would be to observe the z.D._VE,o
of a star at that instant when it crossed the vertical wire. This
Z.D gocorrected for refraction,and added to or subtracted from &\,

the N.P.D.,would at once give the ColatitudeY,(vide note p 22,23 ),
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|

and cos § = coaAsin(A+ x) + 8in A cos( A+ x) cos(t + y),
where x and y are small.

cosd sin\ + sinlcos N cost

+ X cosA cosA - x sin A sinAcoat - ysinAcos A
sint

By subtracting the above equations

y _ cos A cos A- sinAsin\ cost
X sinAco3 )\ sin © :
But cos t ginA= cos A cotA - sint cot A, where A 13 the azimuth
-\._ a
' L _ (cosAcos A — cosA cosA) + ain A sin t coa A
x
g8inAcos A sint
- cot A
COS A,

If then we have an east and a west star, this error will have
an opposite 3ign for them, and the mean error
= cot - cot A] x in arc;
[ Ae Wz cos » '/ ’
80 that,if there is reason to fear the latitude is not well

known,it is advantageous to select 2 stars whose azimuths,E and

W,are nearly the same.

Approximate method of obtaining Time and Latitude by
‘observation.

+If neither time,latitude nor azimuth are known,latitude could be
accurately obtained, if we had a theodolite in perfect adjust-
ment, so that there was no collimation error in either the hori-
zontal or vertical wires,and we could place the theodolite with
its vertical wire in the meridian.

All that would then be necessary, would be to observe the z.D.&,
of a star at that instant when it crossed the vertical wire. This
Z.D gocorrected for refraction,and added to or subtracted from &\,

the N.P.D.,would at once give the ColatitudeY,(vide note p 22,23 ),
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or,if we had a perfectly adjusted theodolite and knew the time
accurately,all that would be necessary would be to keep the star g
the horizontal wire and stop at the correct time of meridian tran.
sit. Though we never have a theodolite in perfect adjustment as

Tegards collimation,we can adjust the instrument for collimation

p)
error as far as possible,and find the amount and sign of the resi-
dual correction,positive or negative,to an angle observed on a
particular face. We can then obtain an approximate latitude as
well as time as follows:-

Set up the theodolite and intersect Polaris. Clamping the horizon-
tal circle, swing the telescope on its transit axis and select a
atar, recognisable in the star éhart, of south aspect and of con-
venient zenith distance which is a little east of the vertical
place of the telescope. Wait till this is observable in the teles-
cope, and then take its Z.D. If the Zz.D. is diminishing, it is
clear that the star has not yet reached the meridian, it can then
be followed up until the star no longer appears to rise,and the
Z.D. remains stationary, whern the star 1s in the meridian, and the
vatch time of this, t, and the Z.D. at the same moment, ga,correc-

ted for level, collimation and refraction may be entered in the

equations o .
A—-F = 90— A ( € and § with proper
signs. vide note p
S +¢ = A 22, 23)
and R.A.—t watch error, slow if +
fast if —

in whichd 1s north polar distance of the star, § 1is its declina-
tion, R.A. is its right ascension and A is the latitude of the
place.

If, however, the Z.D. of the star,when first observed,is found
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to be increaaing, it has clearly passed the meridian, and a slight-
1y more easterly star should he immediately selected, and observed
with the telescope swung a degree or two to the east.
For subsequent pairing of the star it will often be convenient if
the Z.D. is about the same as that of Polaris, if the latitude is
not less than 15%. when uncertainties of refraction come in.
The above method should give a value of latitude correct to perhaps
30", and a rough value of time correct to less than a minute, and
has the advantage that no logarithmic computation is necessary and
the results are available at once, As however we never have an
instrument in perfect adjustment,and we cannot take a face right:
& face left observation at the same time,we have to resort to

another method in order to obtain latitude more precisely,viz:-

The method of Circum-meridian Observations for Latitude, Form 13

Topo,

In this observation we observe the zenith distance(2.D.,) of a

star, when it is near the meridian and apply a correction to red-

uge 1t to the meridian,

The true time that the star crosses the meridian is found by sub-
fracting the Sidereal Time of Mean Noph from the R.A. of the star
andy if necessary, reducing to mean time. If we apply to this the
clock error e, at this time, we get the clock time of the star's
transit over the meridian. Call this To‘

Also if T1 be the clock time at which we observe the star,

Tl = True time of observation, the clock error corresponding being
e - Now the interval Ty = To is small, so that unless the clock

rate is very large, e, = €

T K - T1 True time of transite~true time of observation

t, the star's hour angle.
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Now cos $ Zcos T cosA + sinY sind cos t.

and cos t — 1-2 sin® %

Therefore cos S =cos (¥ —A ) -~ sin¥Y sinA 2 sin?

o Ict

NQW W”—WA = meridian Z.D.

= $@& x where x is small.

—

o
cos (T-A ) =cos ( §Fx) =cosS +xs8in 1? sing

2 - t
sin¥sinA "2 sin® 5
sing A sin 1

2 . . ’
The values of m = =2 8in are given in Tahle 24 Sur. A Table,
S toet 8 Ry Tt

Part IIT 1928.

Therefore x =

D N

The above formula {a) is that used in form 13 Tapo to get A (m) u
Cy» the first correction, in lines 37-43 of the form. »
A secondary correction is given in Tables 25, 26 and 27 Sur. Aux
Tables, Part III 1928, which may be omitted if the intervals t In
transit are kébﬁ sufficiently small, (vide explanations on form 1}

Topo and on p 35 Auxy. Tables Part III 1928).

In practice you observe the z.D. on F.R., note the time to the
nearest tenth of a secon

® 08000 0PPPLLLLELLPIIGOOLELISIOEROREREOCEOIOTOES F-L- e s es0ecsss s Ps LGP

The mean Z.D. corrected for refraction and level,
= Z.D. corresponding to mean of times t,.

Two more observations give Z.D. gl corresponding to t, and so on
Five or six such sets should be taken and the nearer they are to
the time of transit the better.

None of the t's should be greater than 20 mins,and, by taking 3ome
the observations on one side and some on the other side of the me
dian, it is possible to get all the t's less than 10 mins.
Beginners ought to compute out each set separately,and the accords!
of the results will furnish a check. There should not be more th&
between the greatest and least of them. Afterwards,when the cbsen
ls quite familiar with the method it is quite sufficien® to take’

mean of the % 's as corresponding to the mean of the m's, not the
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Now cos $ < cos T cosA + ein? sinA cos t.

and cos t — 1-2 sin? %

Therefore co8 S =ogos (7 —A ) — sinY sinA 2 sin? % !
Now V-4 = meridian Z.D. [
= §5)x where x ia em~" T, , and after"-"'j,sa
read £ L apt to 1EnCre LA
i DL

+ o Xe3- :

i A From LOP for ¢ : 5 conveni arn D2

¢ Lo line O fron h ,p,‘d‘d"r'ﬂere it l‘,j riven on de-" IR
Y Si'llall' [SRe Lrule Of 51_,_-.‘.nS rfil -

'\/ ~ adll

sﬁg A sin 1”
The values of m = Z_Z_i%z_l_g are given in Table 24 Sur. Auxy Table:

T R T RO 9

!

Part III 1928. |
The above formula {a) ia that used in form 13 Topo to get A (m) o

£

Cis» the first correction, in lines 37-43 of the form.
A - )"‘ - §

) s €&+ x) read cos (£ . s s AUXY

' line © froi LOPs for co £ A

.avivs, Part IIT 1928, which may be omitted if the intervals & frg
transit are képﬁ sufficiently small, (vide explanations on form 13.
Topo and on p 35 Auxy. Tables Part III 1928).

In practice you observe the Z.D. on F.R., note the time to the
nearest tenth of a second

® 2600002008000 000 00000 RLEIEERPNODSY FoLo -l.a.-ooo-.‘.ovt.u....l:

The mean Z.D. corrected for refraction and level,
= Z.D. corresponding to mean of timea tj.

Two more observations give Z.D. gl corresponding to t, and so om

Five or six such sets should be taken and the nearer they are to .

i

the time of transit the better. |

None of the t's should be greater than 20 mins,and,by taking somef

the observations on one side and some on the other side of the mel?
dian, it is possible to get-all the t's less than 10 mins. \
Beginners ought to compute out each set separately, and the accordan
of the results will furnish a check. There should not be more thag
between the greatest and least of them. Afterwards,when the cuserv
1s quite familiar with the method it is quite sufficien* to take{

i
mean of the §, 's as corresponding to the mean of the m's, not the:
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mean of the t's, and compute out one single deduction. °
1f a mean time chronometer is used for observation, t's should be
converted into Sidereal Time intervals by 22 Sur,before m's are
taken out from the table.
In form 13 Topo an approximate value of meridian Z.D. is used. This
jg obtained from thé mean of the single pair of observations, occu-
rring nearest the time of transit. Then ¥, = A& — S,
The other steps in Form 13 Topo should be clear from the explana-
tions on the form itself and preceding notes.
If the sun is the object observed, the altitude must be measured to
}he upper and lower limbs alternately, and mean values taken as
referring to the centre. Parallax corrections must also be applied

to sun observations.

When a star crosses the meridian on the —S2M®  gide of the pole
opposite
as the zenith, at the time of its transit it is said to be at upper

lower
culmination.

Consider a star at upper culmination and North of the zenith, then
if we make a mistake in reading the Z.D.,
Colatitude = § + x +A =True value T+ X.
If however the star'is at upper culmination and S of the zenith
and the same mistake 1s made,

Colatitude = A - g - X

True value Y -x

Therefore the mean is free from error.

We thus see that 2 atars should be used,one S and the other N of

zenith, and the latter either at lower or upper culminatlion, the
star's position being subject to the restriction that the star

mist be high enough tc avoid errors of refraction. Luckily we have

a star which answers admirably down as far as latitude 20° and that
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is Polaris.
Below 20° stars at upper culmination,one ¥ and the ather S of the |
zenith,should be used.

General remarks regarding observations ta Polaris for latitude or
azlmuth.

Time cannot be determined with precision by Polaris: and con- :
versely precise time is not an essential for the reduction of ob- |
servations to Polaris. Thus an error of 3 seconds of time will gel
dom cause an error of 1" in azimuth, and less in latitude. From
this it can be seen how nearly the time should be known for any
particular accuracy of deduction. Approximate values of the time o
latitude are required in the observations for latitude or azimuth

Qbservatisn for latitude from Polaris out of the meridian, the tim
‘being known, Form 14. Topo.

Having obtained time by a time observation either precisely as
in paras 39-40, or roughly, as in para 43, intersect Polaris
on both faces with the horizontal wire of the theodolite,noting th
time. The mean of 4 intersections will give a good result.

The computation of the observations to Polaris is simplified bj
the fact that the N.P.D. of Polaris is small itself, viz: about 1}
We have:- cos S = coBT cosA + Siny sinl cost

Let latitude altitude — x, where x 18 small

h - x P
90°—§ - x .

or colatitade v S i
cos § [cosgu (1- E":) ixsing (x — %3) (1 —ézﬂ "
+[sin§ (1 - );f ) + coss (x - X :l (A - ) cos t

{
B
r
=cos§ - x sing — EOZ—g- (x2+A2,‘.+ 1n§ (x XAZ) |
|

A O3
+Aasing cost+ x A cgsg cost — 3in§ cost (g Y5 ) |
x:Acost—%cot§(x2+A2_2xAcoat) 2
+]6-‘ (x2 +3x A2 — 3x2A cost— A3 cost )
1st approx. x =Acost

2nd approx. x = Acos t—f& sin2t cot§
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is Polaris.
Below 20° stars at upper culmination,one N and the other S of the

zenith,should be used.

General remarks garding observations ta Polaris for latitude 2 _or
azimutn.

Time cannot be determined with precision by Polaris: and con-
versely precise time is not an essential for the reduction of ob-
servatiaons to Polaris. Thus an error of 3 seconds of time will sel
dom cause an error of 1" in azimuth, and less in latitude. From

this it can be seen how nearly the time should be known for any

particular accuracy of deduction. Approximate values of the time o

latitude are required in the observations for latitude or azimuth.i
Qbservatisn for latitude from Polaris out of the meridian, the tim
being known, Form 14. Topo.

Having obtained time by a time observation either precisely as
in paras 39-40, or roughly, as in para 43, intersect Polaris
on both faces with the horizontal wire of the theodolite,noting th
time. The mean of 4 intersections will give a good result.

The computation of the observations to Polaris is simplified
the fact that the N.P.D. of Polaris is small itself, viz: about 1}’

We have:- cos § = coBY cos A + Siny sinlQA cos t
Let latitude - altitude — x, where x is small

=h-x
= an®_c ~ :
"4y Tan: 2 from o rettem, tne rrosy ] r:opluced s .Col%ows:—::
’ ros € = cos ‘,—ri)—gm L= z LJa - . ‘(
+|:sin§ (1 - gh) + cosg (x - X )_l (A ) coat
=co8§ - x sing — E.Oz_g (x2+A2) 4 sin§ (x xAZ)

+ _ X o8
Asin§ cost+ x A cgsg cost— sin§ cost (?2( Y )
X = Acost - % cot § (x2 + A2 2x Acos t )
+§ (x2 +3x A2 — 3x2A cost— AS cost )
1st approx. x = Acost

2nd approx. x = Acos t—_é& sin<t cot§
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Put this in the 2nd term and 1ist approx. in third.
3rd approximation

x =Acost— 18 a1n2t cot§ + A% cos t sin?t
Now the greatest value cos t 8in®t can have is when 3 cos2t =1
and as A is less than the circular measure of 1°.30' the last term
is less than fv—— of arc,and may be neglected unless great accura-
cy is required.
Therefore latitude :(900— $)— Acos t + 3 AR 3in®t cot§
Theag are all in circular measure, therefore in arc
latitude =(9o°—§)— A”cos t + 3 A’zsinzt cot § sin 1
The computation of « or A" coast is effected in lines 25 to 27 of
form 14 Topo.
The computation of 3 {line 29 of form 14 Topo) or %st ainzfcotgx
gin 1" ia effected by means of Table 28 Sur. Auxy. Tables. Part III
1928, instead of by Tables, which now only appear in the abridged
Nautical Almanac.
Table 28 Sur. gives values of,ﬁo:;§(5960)2 sin2t cot % sin 1" for
N.p.D. 1°%.6", 5966 being the number of seconds in the standard NRD
19, $' and T, the correction for difference ofl minute to N.P.D.
from 1° 6'.
[ 3¢ T f( correction’Y), where £ = (N.P.D. - 1° 6') in minutes,
(vide also explanation of Table 28 Sur on p XIV Auxy. Tables part
IIT 1928)

The remainder of the computation on Form 14 Topo follows principles

already explained and should be easily intelligible.
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Azimuth by observation.

When we talk of finding our azimuth we mean finding the angle
which one side of our triangulation or one ray of our traverse
makes with the meridian through one of its extremities. In traverse'
work where angular errors tend to accumulate in the resultant bear-
ings, an azimuth observation is necessary every 5 to 10 miles, so
as to ascertain the accumulated error in bearing and correct the
observed angles ani bearings. As the azimuth observation unless
taken * the sun has to be generally made after dark and as it is
not always convenient Lo sct up a2 lamp at the other extremity of
the ray of the traverse uor triangulation itself, it is very often
necessary to put up a lamp as a referring mark (R.M.) or object in
any direction at a convenient distance not less than 400 yards and
preferadbly over 4 a mile from the station of observation, and de-
termine the angle which the ray joining the station of obgervation
to the R.M. makes with the meridian at the station.

The R.M. usually consists of a bull’s eye lamp centred on a peg

(or pole) driven into the ground and so arranged that the light is
directed towards the observer. If the lens of the bull's eye is
large it should be covered with a piece of brown paper with a small
hole cut in its centre, so as to leave a small polnt of light only
to observe to with the theodolite. The angle between the peg and
the ray of the traverse or triangulation whose azimuth is required,

can be observed either in the evening before the observation for

azimuth or else next morning.
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In figure (14), e 1s the station Fig. 14
of observation; ef the neit for-
ward ray of our traverse (de, ef)
or ray of our triangulation, the azim- R
uth of which 1is to be determined;

and R is the referring mark. By

astronomical observation we find

the angle N'eR betweer true e

north and the R.M., and we also

observe the angle Ref between d

the R.M. and the next forward

station. We thus get the angle N'ef the true bearing or azimuth of
the fuyward ray ef, which can be compared with that obtained by
triangulation or traverse (after eliminating the correction for
convergéncy of the meridian in the latter case) and the error dis-
tributed backwards in the rays .of the triangulation or traverse

(vide also Sph. Trig. notes p. 19)

Determination of Azimuth from Polaris. time and latitude being

known, Form 25 Topo

Level the theodolite carefully,as the error of dislevelment affects
the azimuth, This error increases as the tan(altitude) of the star
to which observations for azimuth are taken,

In thie case Polaris is the star to whioh observations are to be
taken, The procedure is as followsi-

Intersect the R M,with the vertical wire,read the horizontal angles,
Intersect Polaris with the vertical wire, noting the time. read the
horizontal angles, Complete the round of angles by reintersecting

the R.M. and again observing the horizontal angles. Change face and
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repeat whe same observations, swinging the theodolite in the
opposite direction to that first adopted,

The computation depends on the following approximation,

In the figure S is the star,P the pole, Z the zenith, SN the

portion of a great circle through S perpr to P32,

We have egin SN=sinAsin t Flg. 15 SAPg"t
tan PN=tanAcos t
tan A = tanmSN cosec ZN g\ |y
= tan SN cosec (v —PN)
AsAand A are small in the case of > A N
Polaris, A = SN cosec (T—Acos t) >/
= Asin t sec (900- Y+ A cos t) z
= Asin t sec ( A+Acos t) -

In form 25 Topo we compute first a=Acost & then A the azimuth
from the formula Asin t sec (A +a),

A 1ittle care must now be taken to verify whether Polaris was
3 or W of the meridian at the time of observation,which may be
done by comparing the sidereal time of observation against the
R,A, The azimuth fromsouth (180 + A s entered in the 28th line
of form 25 Topo,the plus sign if east and the minus if west of the
meridian ani the angle between R,M, & the star S (Polaris)being
applied with the correct sign{which is best ascertained.from a
roagh diagram made at the time of observation in the angle book
a1t shovwing thie relative positions of the R,M,, Polaris and true
nort: as observed) the azimuth of the referring mark from south
is derivrd, In the figure,for instance,Z, the zenith, representing
the observer's poeition,& R the referring markj 180 — A+LSZR

is the azinuth of R.M, from south in this case,
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Azimuth by a circumpolar star at elongation,

e —— w5

If we know the latitude and time, azimuth can be determined by
observing the horizontal angle RZS between the referring mark R,.
and a star S,at Z,the zenith which represents the observers posit-
ion, The observation must be taken on both faces of the theodolite
and the times noted at which we intersect the star, From the mean
of the times and the star's R,A. we can find the hour anglejand
then, from the astronomical triangle SPZ,the azimuth angle SZP can
be calculated;and hence the angle RZF, the azimuth of the referr-
ing mark R, The question is which is the best star to observe

and at what time it should be observed. z Flg. 16
If a star transits between the pole and
the zenith, we can draw a tangent from Z
to its path so that the angle ZSP is a
right angle, Yhen the star is at this
point S, it is said to be at eastern or

western elongation, according to which

side of the meridian it is, When at S,

———

the star is moving directly towards 2Z,and for some time before and
after it reaches S, it is moving very slowly in azimuth with resp-
eot to Z. If therefore we can observe the star when it is at S, g
considerable error in time will cause a comparatively small error
in azimuth., Also the nearer the pole , the slower the star moves,
so that the ideal object is a close circumpolar star at elongation,
If we are going to observe such a star,we must know when it ig at
elongation, The sidereal time of the star's transit R,A, ; S.T; of
LM,N,, and if P be the angle SPZ,we mﬁst subtract from this the
/_ P ,reduced to hours for eastern elongation and add it for west=

ern.‘ZP_ is derived from the equation cos P— tanAtan X



38

repeat ohe same observations, swinging the theodolite in the
opposite direction to that first adopted,

The computation depends on the following approximation,

In the figure S is the star,P the pole, Z the zenith, SN the

portion of a great circle through S perpr to PZ,

We have epin SN=sinAsin t Plg. 15 SAPg’t
tan PN=tanAcos t
tan A = tanmSN cosec ZN g\ |y
= tan SN cosec (v —PN)
AsAand A are small in the case of > A N
Polaris, A = SN cosec (T—Acos t) >/
— Asin t sec (90> v+ Acos t) i
= QAsin t see ( A\+Acos t) -

In form 25 Topo we compute first a=Acost & then A the azimuth
from the formula Asin t sec (A +a).

A 1little care must now be taken to verify whether Polaris was
Z or W of the meridian at the time of observation,which may be
done by comparing the sidereal time of observation against the
R.,A, The azimuth fromsouth (180 + A }is entered in the 28th line
of form 25 Topo, the plus sign if east and the minus if west of the
meridian ani the angle between R.M, & the star S (Polaris)being
applied with the correct sign{which is best ascertained from a
roagh Giagram made at the time of observation in the a._ngle book
and showing the relative positions of the R.M,, Polaris and true
nor:ih as observed) the azimuth of the referring mark from south
i1s derivrd, In the figure,for instance,Z, the zenith,representing
the observer's position,& R the referring mark; 180 — A+LSZR
is the azinuth of R.M, from south in this case.
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Azimuth by a circumpolar star at eloggat;gg,

If we know the latitude and time, azimuth can be determined by
observing the horizontal angle RZS between the referring mark R,.
and a star S,at Z,the zenith,which represents the observers posit-
ion, The observation must be taken on both faces of the theodclite
and the times noted at which we intersect the star., From the mean
of the times and the star's R,A. we can find the hour angle jand
then,from the astronomical triangle SPZ,the azimuth angle SZP can
be calculated;and hence the angle RZF, the azimuth of the referr-
ing mark R, The question is which is the best star to observe

and at what time it should be observed. zZ Fig. 16
If a star transits between the pole and
the zenith, we can draw a tangent from 2
to its path so that the angle ZSP is a
right angle, ‘When the star is at this

point S, it is said to be at eastern or

western elongation, according to which

side of the meridian it is, When at 5, —_—

the star is moving directly towards Z,and for some time before and
after it reaches S, it is moving very slowly in azimuth with resp-
ect to Z. If therefore we can observe the star when it is at §, 4
considerable error in time will cause a comparatively small error
in azimuth, Also the nearer the pole , the slower the star moves,
so that the ideal object is a close circumpolar star at elongation,
If we are going to observe such a star,we must know when it is at
elongation, The sidereal time of the star's transit R.A, ; S.T; of
L.M,N,, and if P be the angle SPZ,we mﬁst subtract from this the .
/_P ,reduced to hours for eastern elongation and add it for west-

ern.ZP_ is derived from the equation cos P= tanAtan X
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Also to find the position of the star( often small) we can

determine its altitude at time of elongation which is derived
from the equation sin h = secAsinA (which hat to be correct-
ed for refraction)to give the altitude to be set on Lhe theod-
olite .

The azimuth A or / SZP is derived from equation sinA= sinlsec)
For ordinary purposes it is sufficiently accurate to take an
observation or a peir of observations on each face within 5
minutes of the computed time of elongation on either =ide,

The azimuth A is then easlly computed from the avove formula,
To obtain the azimuth of the referring mark, the angle A ig
added to or subtracted from the angle between the refcecrring
and star, the esign :t being best determined from a diagram
drawn in the angle book , showing the relative position of
R,S,z{observer's poeition) and P at the time of observation,
Unfortunately the clonse circumpolar stars except Polaris are
small stars, so that generally a theodolite with a powerful
telcacope 1es required for the coservation, Also for the high-
east precision as in Geodetle azimuths, as it is imposeible to
obcerve both faces at the exaect moment of elongation , a
modification of the method has to be made g0 as to introduce
a correction of each observation to the time of elongation,

(vide 01d Handbook of Proflm Instructions Trigl Branch Ch II
1922),

Azimuth from star observatiops(East & West) star),time and

latitude being known. Form 12 Topo, The"star at elongation'meth-
od of the last para 16 not always possible, as the circumpolar

stars except Polaris are small, so that wo are ustally compel-

led to fall back on some other method, The method which at once
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suggests itself is to take a star further away from the pole
and to take it as near elongation as you can get it,
In this case we have cosYecos t= sinY cotd — gin t cot A

Put tanf=tanAcos t and we get
siny cos(ﬂ_ cosY )
sinyy

_sin (Y-0) cot t

sin®) ¢

This formula is that given in most text books, but ,as i1t fails

cot A =cot t (

, & form suitable for logs,

when hour angle t = 900, another formula is used in form 12 Topo,

; t

- oY b

viz:= tan AEE = SInj 2 cov e
sin A+yv

Ay S0t &

tan A—;B — cos=pT cot 3
cos AFY
Sp—

, whence A, the Azimuth 1s obtained,

Now supposing for example that the R,M, is west of the meridian,

the angle RM, - meridian — / (R,M,=star) - A,if star is E

But if we make a mistake of x in tntersecting the star, we have

/_ RM,-meridian = / R,M,~(star-x)— A sif star is east

/_ R.M,-meridian = A._.[;[ﬁ.M.—-(star -xﬂ, if we intersect a
seoond star W of meridian and make the same
mistake in intersection,

In the mean x will ocancel out and we get thc azinmuth free from

errors of obpervation, The procedure will then be as follows!e

Select +two stars E & W as near the pole as possible,and as

near elongation as possible, Level the thcodolite carefully,

as dislevelment increases as the tan (altitude of star),Then

(supposing the R,M, is between the two ctars) intersect the

R.M. first, and read the horizontal angles, then interseoct (say)

the west star noting the time of intersection & read the horige-

ontal angles,then the east star noting the time of intersection
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& read the horizontal angles, then close on the referring mark
and read the horizontal angles,Reverse face and repeat the
observations on the referring mark, then on the east star, then
on the west star and close on the referring mark,It 1s best in
observing these two rounds of angles to work face left,swing
right and face right, swing left,respectively, Mean angles ofboty
faces are taken for computing

The formula on which the computation depends has already been.

given and the working on form 12 Topo should be clear therefrom,

In traverse work, where great accuracy is not required and where
it is not considered advisable to entrust subsurveyors with val-
uable watches, a method is used where time is not required.
The theodolite 1s carefully levelled, as before, and the refer-
ring mark intersected & horizontal angles read, Then the west
star is intersected (say),and,by means of the vertical and hor-
izontal tangent screws,the cross wires are so placed that the
star passes through their intersection, The angles on both vert-
ical and horizontal circles are then read,the level on the vert-
ieal circle having first been recorded, Then a similar observat
ion is carried out on the east star, the level, vertical & horiz-
ontal angles being read and the round is closed on the referring
mark and the horizontal angles read, Face is then reversed and
observations are carried out with the opposite swing in the rev-
erse order,The means of the readings F,R, and F,L.are used in the
computations, We now know the three sides of the astronomical
triangle SPZ viz:- A,vand S , and A the azimuth is computed on
form 11 Topo-by the formula:-

tan%:\/sin(s-'ﬁ sin (S_§) , where 23=0 +7T +%5

sin s sin (3-4)

Tiie computation should be easily intelligible from the fornm,
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Computation of Azimuth from Sun - Horizontal and Vertical
Angles observed simultaneously Forms 11 Tapo
and 4 Trav.

In a topographical party traversers usually prefer to take
sun instead of star cobservations for azimuth, as this abviates
their having to sit up late at night after their day's wark. The
sun gives sufficiently goaod results for their purpose, as they
should not be in error by more than 30" with a theodolite reading
to 30", and an error of 1 minute is permissible in traverse work
for l-inch survey. The variations in procedure in observing
both limbs of the sun already referred to on page 18 must be
adopted, or,if only one 1limb of the sun is observed,a correction
for the sun's semi-diameter must be applied. For sun observatiaons
a dark glass is fitted over the eyepiece of the theodolite.
Azimuth should be observed to the sun E,early in the morning,or
to the sun W,6late in the afternoon;énd not within 3 hours of the
time it transits the meridian, as,during the middle of the day, it
is moving too rapidly in azimuth. The sun's altitude at the time
of observation should, if possible, be between 20° and 40°. The
2 forms,on which sun azimuths(from Horizontal and Vertical angles
observed simultaneously)can be computed,are forms 11 Topo. and 4
Trav, the latter being simplified for ordinary traverse work.

If the zero of the theodolite be set to magnetic north be-
fore the R.M. is interseéted, the needle bearing of the latter
can be entered at the head of Form 4 Trav.,, and the ditference be-
tween this and the working azimuth from north, obtained by com-
putation 1in the last line of the form, gives the variation of

the needle.
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The order of observations in the field usually 1s aa follqwsj.
Raferring object or mark (R.O. or R.M.)- Horizl arcread,

Sun (Apparent right
& upper limbs) - LlLevel, vertl & Horizl ares read,

Face & swing changed,

Sun {Apparent left
& lower limbs) - Tevel, Vertl & Horizl arcs read.

R.0. or R.M. - Horizl arc read.
The quadrants,in which the sun is observed above,are for af-
ternoon obseérvations. For morning observationa,the sun would
be observed in the ather quadrants,and sun (Apparent right
and lower limbs) and (Apparent left and upper limbs) would
be the observations to be recorded.
The observations may be repeated on e seccnd zera.
An alternative method is to repeat the readings to each 1limb
of the gun before the second intersection of the R.M.,instead
of taking a second round on another zero.
The formula,on which form 11 Topo. is bagsed,has already been
explained}and that used in form 4 Trav, is the same. The only
differences in form 4 Trav, are simplifications, és the form
does not aim at such a high standard of accuracy as form 11
Topo. Thug in form 4 Trav. refraction is taken from table 42
Sur. Part III Aux Tables 1928, for a fixed barometer pressure
of 29 inches and temperature 75°F; whereas in form 11 Tope it
is computed from tables 19 and 20 Sur, for the actual barome-
tric pressure and temperature recorded at the time of obser-
vation. Parallax correctlon is also not applied in form 4

Trav. aa in form 11 Topo. This correction should generally
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be applied in observing to a heavenly body as close to the
earth as the sun (vide page 21 )y but in form 4 Trav. the
correction, being small, is not included. Also in form 4 Trav.
the N.P.D.computed for Local Apparent noon directly from the
decln at apparent noon (given in N.A. p 1), and a correction
to the azimuth applied for Dec. changes from the chart in
Table 33 Sur instead of the N.P.D. being computed from the
Declination interpolated for the exact time of observation
as in form 11 Topo. The azimuth in form 4 Trav. is measured
from north whereas that in form 11 Topo. is measured from
south. ¥orm 4 Trav. has a special line at the end for applica-

tion of the Convergencr from table 11 Sur.
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lLatitude by Talcott method
with the Zenith Telescope.

The zenith telescope is a portable instrument specially
adapted ror the measurement of small differences of zenith dis-
tances. It is the invention of Capt. Talcott, of the United States
Corps of Engineers, and has been much used for precise determina-
tions of latitude in the department. For a detailed description
reference may be made to the Handbook of Profl. Instruction for
the Trigonometrical branch, Part IV; but in its principal charac-
teristics it may be described as having:-

(1) In the eye-piece of the telescope a micrometer capable
of measuring small angles to an accuracy of.%a of a second of
arc. |

(2) A sensitive level by means of which the telescope may
be kept at, or nearly at, a constant angle to the vertical during
observations bath N. and S. of the zenith.

(3) A vertical axis round which the instrument can be re-
volved to bear N. or S. of the zenith.

Talcott's method of determining latitude by the zenith
telescope is as follows:-

A pair of stars i1s selected, one N. and one S. of zenith,
but of nearly equal zenith distances so that they may both be
seen in the field of the telescope at one setting of the level,
i.e. without altering the altitude of telescope. The R.A. of
these two stars should be nearly equal so that their transit may
occur within the short period of one another, but leaving suffi-
olient time to read the level and micrometer between the two ob-

ecrvations.
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With the best value of sidereal time available, the atars
are followed by the abserver with the micrometer wire until the

exact mament of transit, and the level and micraometer read for

each one.

Iet m = micrometer reading of southsstar
m! = " " north star
1 = level correction in arc, of south star
1 1 - 11 L1} north ”
§° - zenith distance of zero of micrometer
s, = " " of south star
$ = " v of north atar
T = caorr- for refraction of south star
I" = 1® 1] nar th "

Assuming that the micrometer readings increase as the zenith
distanrces decreaze -

Then we havei-

o

m+ 1+ r

m'+1 +r

m’—m+l—l’+1‘—r. *ses s 60000000

go
5
$

!
But if O and & are the declinations of the south and north

g/
;
g

and

stars respectively:

Ity

XZ 3ty |
M=% (§+8") + 3 (S-5) eveeeenvecerececses 1i

and combining equations 1 and i1 :-

N3 (8+8 ) b m —m +3 (L—1") + % (r-r') ..id1

The simplicity of this determinatlon is apparent without
any further explanation. Its wesk point 1s that in the choice of
pairs of stars it may be necessary to use some stars of which
the places are indifferently known.

Both the portable transit, and the transit theodolite may

be used as a zenith telescope,if they are furnished with micro-

meters in the eye-piece.
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In the Talcott method it is sometimes necessary to observe
the transit of a star over one of the vertical side-wires and
reduce the time to what it would have been if the transit had
been obaerved over the centre-wire.

For this purpose it is necessary to find the interval of time
which an equatorial star would take to pass from the side wire
to the central wire.

To find this Interval a circumpclar star fairly low in the
s8ky, of declinatiocn 8 1s observed.

Then Equatorial interval "I" - Observed interval uin of

gstars' passing from side
wire to central wire x
eos .

From this the interval " {'Vfor a star of different
declination 8’to pass from side-wire to centre wire can be
determined.

as 1' = I sec 8'

In computing Talcott observations the star places (decll! &
R-A.) may be taken from the K.A.,A.E.etc. Sometimes star
pPlaces which are not given in the Almanacs for a2ll the small
atars have to be worked out from a star catalogue such as
Newcombs'. A note on the worrxing of star places is here given,
as there 1s some confuslon In the notation, which is explained

in the following note.
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Star Places from Catalogue.
A 3tar as observed is in its apparent place.

Its true place is the anove freed from aberration.
Its mean S & 50 0 00 2P0 9P OO S0 Q 000N Oe e DS ﬂtatior_]_'

Secular changes are progressive but slow from year to year and

proportional to time during short periods as they take seculae
(or centuries) to complete a cycle.

Periodic changes complete their cycle comparatively quickly and

are anly proportional to tiwme for very short periceds.
Preceasion is due to the slow shift of the first point of Aries
(from which Right Ascension is measured, being the intersection
of the ecliptic or sun's path and the equator) and is a secular
change. Luni-solar precession (due to action of the sun and moon
on the protuberance of the equator) causes a motion of the equa-
ter along the ecliptic; and planetary'motion, a motion of the
ecliptic along the eguator.

Nutation is an irregularity in the above motion which produces
periodic and comparatively small but rapid changes.

Aberration is due to the earth’s motion combined with the finite
velocity of light, causing an apparent displacement of a star
from its true position.

In addition stars have a proper motion which is hardly percepti-

ble as a rule and due either to the star actually shifting in
space or to the motion of our solar system.

In catalogues the precessions are the values of the changes in
R.A. and declination at the period of the catalogue per year or
100 yzars according to the catalogue used.

Secular variations are the irfegularities in the above in 100

years. In some star catalogues, such as Newcomb's, proper motion
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(« ) is given botl separate and combined with precession ( p )
under the general heading Centennial Variation ( ¢ ), where

¢ = #+ p, the unit adhered to being 100 years throughout. Other
catalogues use the term annual motion (m) = ¢/100, .« and p also
being given with the year as unit.

To obtain the apparsnt place of a star, which is what is cuserved,

we use form 3 Lat. The procedure carried out in the form may be
explaired as follows:-

(1) We take the mean place of the star for the date of the
catalogue.

(2) We then apply prcper motion precession & secular varia-
tion to the mean place to reduce the values to the co-
mmencement of the required year.

(3) We then employ Bessel's formulae as modified for any
epoch in Turner's tables to reduce star's place to the
exact date of the year % time, including the small perio-
dic changes for rnutation & aberration necessary to con-
vert the mean tc the apparent place.

If m, be the annual motion of a star in R.,A.zug+ Py= %%
sy be the ggeular variation " " =100 £

“o be the mean R,A, for time t,or date of catalogue

@ seecressssscsscescssesse Ly , ¥y years from it
R,A. =« =d'o+y[md+1_3‘g% cecsoe (1)
Similarly,using corresponding symbols and subscript letters d foi
the annual motion and secular variation in N,P,D;-
W,P.D, = d =d°+y[md+_:_%a s ceseea(2)
If the catalogue gives Declination instead of N,P,D, , the signs
of my & sy must be reversed,
The results (1),(2) give the mean places of a star at the comm-
encement of the particular year for which its apparent place is
required. (vide the first 15 lines of form 3 Lat).

It now remains to apply Bessel's formulae, as modified for any

cpocn, in Turnerls Tables;ﬁlorder to obtain the apparent place.
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The formulae for these corrections, given on p V of the in-
troduction to Turner's Tables, (includirg tw , t&/ to bring the
star places up to the actual date and time t,from the commence-

ment of the year), are:-

tw + Aa'+ Bb'+(nC)c'+ Dd'+ i.sa!

Correction to R.A. (1;
eiecsesse. « N.P.D.{2
e (3)

tw + Aa + Bb +Encgc +Dd + ¢

These formulae are merely modifications of those used in the
Nautical Almanac. The day-numbers A, B, C, D hbwever are not in
Begsel's, but in Baily's notation,'which was definitely abandoned
by the Nautical and other almanacs, which reverted to Bessel's
notation in 1916;

Baily started his confusing notatlion in the British Associa-
tion star catalogue for nc better reason than that he considered
it formed a good 'memoria technica' if the Bessel factors were
altered so that A, B represented the quantities whereby ABerra-
tion was determined, C those whereby preCession was determined
and D those whereby Deviation (nutation) was determined (vide
Doolittle's Astronomy p 616 footnote).

Thus in order tc bring Turner's formulae to accord with the
present Bessel's notation of the Nautical Almanac, A has to be
interchanged with C and B with D. The formulae of form 3 Lat.,
which are adopted for Turner's Tables thus become:-

Correction to R.A. 21;

tw + Ca +Db+(nA)c+ Bd + f (4)
® & & ® % ¢ % a2 809 L] N.P.D. 2

tw/ + Ca'+Dbt+(nA)c'+Bd'+i.sa?

In the formulae (4) A,B,C,D represent the Nautical Almanac
"Bessel's day numbers and f & i other factors (computed from the
formulae on pages 631-34 N.A. 1925). which depend on the moon and
sun's longitude, that of their perigee, mcon's ascending node,

obliquity of the ecliptic, etc. They are published in the N A. for

each day of the year e.gi- N.A. 1930 p 211-26.
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The formulae (4) may be written out in full as:-

Correctzon to R.A. (1)

1 T —a 1 b~ b
tw +C(1-55ec ¢ Jcoscd +D(I55ec d)sine

1 c ¢ 1 d——~d

+ A% tan $)sind +B( an d)cosd + ¢
15 1f '
P 0 b0y

ceesescess o N.P.D.(2) = tu’ +C sind sincl + D sind cos< +({nA)cos«

+ B sincd +i cosd

ses e (5)
Turner utilises the factors
2} - §
- -t
f = {:3.07234 + 0.00186 m:l A
nA= g cos@ = [20 468 0.0085 160 A

i = C tan W ,where t is reckoned from 1900,
( vide F €53 M.A. 1925 and Turner's Tables Intrcduction p IV & V)a.nd
thus his Tables are conveniently adapted to suit any epoch,

In his ¥.P.D. Tables he tabulates

a=>» l- Secs
5

c=d= = tan3
15 LI ] (6)
a': b': sin5
sal- cosé
In his R.A. Tables he tabulates
sind as be,a)d? ceee (7)

coscl and gdblc,
By comparing (6) & (7) with o5) the remainder of the computation
on form 2 lat. will be easily intelligible from the form itself
together with the explanations in the footnotes.

The fictitious year

We liave hitherto spoken of the year without definitely stat-
ing which of the various periods called a year was to be under-
Btood. Neither the common year (with every fourth year a leap

year) nor the Julian year of 365; days is well adopted for as-
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tronomical calculations so Bessel introduced the fictitious

year to obviate the difficulties which would arise from using
the cormornr or Julian year in these computations.

The fictitious year commences when longitude of mean sun is éggo
(or R.A. = 18h 40m)

By this device simplicity is obtained in quantities which are
functions of T. This is the date for which mean places are re-
duced in star catalogues.

The annual precession given in star catalogues is for a mean
year of 265 days 5.8 hours.

Catalogues give values of T or its logarithm reckoned from the
commencement of the fictitious year and reduced to decimal parts
of the mean tropical year.

In tables containing values of A,B,C,D, the argument is the
sidereal date at the fictitious meridian.

To obtain this date it is to be observed that the tables are
immediately available on the fictitious meridian for the sidereal
time 18h. 40m., without any reduction of the date.

For any other meridian at the sideral time ish. 40m._the argu-
ment of the table will be the reduced date, but at any other si-
dereal time g the argument must be this reduced date incfeased

° N .
by & - éiﬁ 40m. which must be always taken <1 and positive

or by

g' = +22h 20m | omitting one whole day if g + 5h 20m = 24
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Latitude and time by the Prismatic Astrolabe.

The principle of this observation is as follows:- If any

3 or more stars are observed ta reach the same altitude at times
which are noted, then i1t 1is - .3sible to calculate (1) the alti-
tude at which the stars were observed (2) the chronometer error
(3) the latitude. It is usual to observe groups of 4 stars, one
in each quadrant of the heavens,N.E., S.E., S.W., N.W.

| The instrument consists of a horizontal telescope with an
equilateral glass prism fixed in front of the object end, with
the side next the object glass vertical. Under and in front of
the prism is placed an artificial horizon,viz:~ a shallow dish
of mercury. The instrument is constructed to observe stars at
a constant elevation of about 60°, and the time they reach this
eievation is noted by means of an observation of the coincidence
of 2 images of the star, one coming direct from the star through
the upper inclined face of the prism and reffacted to the eye of
the observer, the other coming from the star's reflection in the
artificial horizon through the lower inclined face of the prism
and also reffacted to the eye of the observer. An electric
chronograph,stop watch,or other accurate means of noting the
times is eésential. A 1list of the more important stars for obser-
vation are given in a book on the Prismatic Astrolabe by Messrs.
J. Ball & Knox Shaw and a programme (on forms 1 & 2 Ast.) can be
mzde up from this or from the special diagram by Mr. J. Ball.
The computation of the azimuths and times at which the stars
attain the elevation of 60° approx., the constant angle for the

instrument, is a fairly simple one, vide form 3 Ast.
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Latitude and time by theAPrjgmatig Astrolabe,

The principle of this observation is as follows:- If any

3 or more stars are observed ta reach the same altitude at times
which are noted, then it is - .3sible to calculate (1) the alti-
tude at which the stars were observed (2) the chronometer error
(3) the latitude. It is usual to observe groups of 4 stars, one
in each quadrant of the heavens,N.E., S.E., S.W., N.W.

' s-=~f~+e Anf a horizontal telescope with an

o9 . - - ~ ~
T dine 16 o 1¢ from top, for refracted read

_ _ read rerl:cted.
he side next the object glass vertical. Under and in front of
the prism 1s placed an artificial horizon,viz:- a shallow dish
of mercufy. The instrument is constructed to observe stars at
a constant elevation of about 60°, and the time they reach this
cievation is noted by means of an observation of the coincidence
of 2 images of the star, one coming direct from the star through
the upper inclined face of the prism and ref#acted to the eye of
the observer, the other coming from the star's reflection in the
artificial horizon through the lower inclined face of the prism
and also reffected to the eye of the observer. An electric
chronograph,stop watch,or other accurate means of noting the
times is e§sentia1. A 1ist of the more important stars for obser-
vation are given in a book on the Prismatic Astrolabe by Messrs.
J. Ball & Knox Shaw and a programme (on forms 1 & 2 Ast.) can be
made up from this or from the special diagram by Mr. J. Ball.
The computation of the azimuths and times at which the stars

attain the elevation of 60° approx., the constant angle for the

instrument, is a fairly simple one, vide form 3 Ast.
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We have alt h = 60° (a.pprox),Z.D.g = 30° (approx),N.P.D. = A

T h value
Colat. = Y ( assgmed )

tan Yo - / sin (s - )sin(s -Y)
2 \V4 sin s sin(s —g)

tan % = sin (s -3 ) cosec (s -4) tan _t_g_

also t, in arc x 15 = t, in time.
The azimuths of the 4 stars are plotted in the 4 quadrants

on a diagram paper

2

S

{from a polnt O as
shown and perprs.
drawn to these di-

rections through

ine of assumed wateh error

pts t; tptzt, repre-

senti 1
ng the time W Line of assumed latitude

errors (derived

from differences
between computed
and observed times)
plotted to scale o

from the line of

agsumed watch S

Pig. 17

crror 0 N.e.g.t- If the

watch error 1is known to be about 1 m and some odd seconds, we

can assume the error as 1 minute and only plot the odd seconds,
S50 as not to carry our diagram to an inconvenient distance from
0, the centre of the paper.

The lines so drawnleither meet in a point or form a quadrilate=-

ral in which a cirele can be inscribed. The x coordinate of the
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point, or of the centre of the circle, divided by 15, is the
correction to the estimated timejand the(y coordinate)x (cos A),
the correction to the rough value of latitude assumed at the
comencement. With a little practice time should be determinable
within 1/10th of a second and latitude witﬁin about 1" 6y about
a couple of hcurs observation. .
Form 4 Ast. is intended for use, when observations go on from
day to day and adapts computations on 3 Ast. for one day to .
successive days, 8o as to avoid recomputation. R.A.‘is also
computed here. Form 5 Ast. combines forms 3 & 4 Ast. and gives
the L.3.T. of observations. ‘

The above completes a brief description cf the graphic method
of using the Prismatic Astrolabe for latitude and time observa-
tions. Forms 6 to 10 Ast. are intended for combining_oﬁserva-
tions. obtaining probable errors, errors of clock rates ete.,
and are applicable more esjpecially when rigorous and not graphie
methods are employed.

An explanation of these is outside the scope of these notes.
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Determination of Langitude.

The methods of determination of longitude will here only
be briefly described, as these notes only aim at giving the de-
tails of those field astronomical cbservations which the Topogra-
phical Surveyor is likely to have to carry out ordinarlly.
Differencea of longitude correspond to differences of time. We
have already shown how to obtain the local tirie of a place by

astronomical observation,and we merely have tc know the local
‘¢

)
time of the place of reference at the same instant for which we
know our awn local time, to be able to compare tune longitude of
the place of observation with the longitude of the place of re-
ference. Each hour of time = 15° of longitude,

The place ar meridian of reference usually employed is Greenwich,
but it may be any other place or meridian where we are enabvled to

obtailn the longitude and true time, and the ascertaining of the

relative values of the two local times at any two stations for any

one particular instant constitutes the whole difficulty of this
particular section of praetical astronomy.
The principal methods of determining longitude are:=-

1} Electric telegraph
2) Wireless signals
3) Transport of chronometers Relative methods
4) Triangulation
5) Traverse
6) Iatitude and azimuth.
7 Occultation of stars by moon
8 Eclipse of sun by moon
9 Moon culminating stars
10) Moon photographs
11) Moon altitudes ' Absolute methods.
12) Iunar distances
13) Eclipse, occultation, or
trarsit of Jupiter's sate- )
lites. )
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In the first 2 methods, differences of longitude are obtained

by comparing the correct local time at one station with that

at the other, by transmission of signals between the statiaons,
.certain -correc¥%icons being necessary i'or personal equation be-
‘tween the observers, clock rates, rates of wireless transmission,
etc. For details of method (1),vide old Hand book of Profl.
Instructionsfor the Trigl. branch 19Q02,p 75; also Topo Chapter
VII 1924,para 21. In the third method a number of chronometers
are transported between places, the accurate determination of
difference of longitude between which is required,and the mean
results given by these chronometers taken for comparison with
the local time.
When moving from place to place with chronometers they develope
travelling rates,and these require to be carefully determined
and applied. If the camp halts,the chronometer should be sent
out for a normal day's march during the days of halt, or,if the
halt is extended,the rate at rest should be determined.
Methods (4) and {5) are normal methods, (vide Topo Hand book,
Chapters III & IV),and require no explanation here.
Metliod (6) is described in Topo Chapter VII 1924,paras 25 (a)
and (b).

The remaining methods (7) to (13) for determining longitude de-
pend on the observation of certain phenomena (either of effect or
of the relative positions of the celestial bodies),the Greenwich
time of which can be calculated from the data given in the
Nautical Almanac.and compared with the time at the place when

the phenomena were observed, so as to obtain the longitude.
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