


1,. . 7 ' .  = 3iffe : :ence c o n v e r t e d  i n t o  

,I )r.!',-? t i a n  f o r  d i f f - ? r e n z e  k sl7ij<en 
n st. 1 2 1 ~  135, arid s tandard  -- - 

-.-. -. --.-- 

S t  i.1Cil.d 'Tine o f  ~ b s e r v ~ t t i o n  x ; ' c  L j i ,  L :  



yxarn:,le :! ( See para  ;?:j 'l 

S i d e r e a l  Tirce f r ~ m  N.d. p .  14 a t  C hrs. on 3 l a t  J : i l y  i 5 S i  
!:l .; 

a = : .:iC -i';,'. ,l 

;iL,cr2:ll 'i;. . I me " I; C ?ir :3-  

. ,. .L:j i, Auzus t 1951 - - L = :,C A., 2,;. C; -7 
-. - -. . -- - ---- .- 

.!,;~ngc i n  2% i l o : ~ r s  = ( a - b )  - - c  :; r ,,- . \ 
I h m s  h - 
lan~e in 5 1 2  1 3  = 5 . 2  a:?A.#rox. - C .  

- - ( 2 , - t )  x :I.:.. - - -.-1-..%5 . . 

2 4 

o f  Local .  I.:enn i ,I idri ight ( O  hrs.) - - j j  1'3, , j r :  

~ i d 2 r e s l  3quivaler.  t o f  1 2  hrs. f r o m  

'?..I,+ I t :  111 o f  lT..-1. f o r  1931 ;>. 71L7 - ' C  - I A .  1. 5 .3 . 2?, 
---- --- - - ----. --- 

? <  , L, t . 7  ;,, 1 ..i. :'irne o f  Local  ?Jean >Toon = ; 3:j  4 j .,:q 

<'., \ 

. , - . I  ?~:qui;'cl.l t o  l i : . l l  t h e  L o c a l  , ; i~.lerezl i; i.::c: or" A L L  r ; b s e ~ ' v a t i o n  

11 Ti1 
? o r  D ~ f ; e r e n c e  between 1 Li 11 1.3 
o f  3~ h r x  bnd Standard  1 5h 3Cm. - - - - 1': 1'7 





NOTES ON SPEIERICAL TRIGONOMETRY 

Spherical Trigonometry deals wlth triangle8 whose eidee are port- 

ions of  p e s t  c iro leg .  
-- - 

Jxanple L. (see 11x-a L ? )  

Z e a r  t h e  , / a l k a r  O b s e r v a t o r y ,  Dehra ilk, l o n g i t u ~ i e  
7 ; 3 ° - , 5 1 - 1 5 N ,  t h e  Local lggarent Time on 1st August 1931 i s  26 hours, 
1~lh;it is t h e  L o c a l  Lean Tiine a n d  n h s t  is the ,S tandard  Time? 
 art^ 2 4  of D.P. 13). 

n :A s 
T y q o x ?  7 6 1 1  = 5 13 1 17 in < : i m p  

-?yoin 1931 tl;e f u r r : ~  of th: l :aut i  c : ;? , i  Xl!;e.;~nc A~~ 'i.,';:'.:' I L: .*. :-, ti g c CI . 
. - >;x.~.ey; t in the Xl;ricl;:i:ed s_di t i a n ,  , ti-is ,Yo;;pl.ii;; o .; d ' ~  , # A  , . I O ! I Y I ,  I.;; 

mor.Lil i n t c ;  , ; ~ , g s  I ,  '[I . . . . .<I1 i n  no  .Lct?:.!;.r T i l . ; . i ) . r ?c l ;  .L;::.: ,,c:-id, 
,. L r l c :  , i l i  cf ; . : ~ . ~ ? n t  dn'ttt are n o a  ' i d k i l l  , t ~ d  ,?;)a;..ll'ic?~:\~, :::I& ;I:-? : - : :~ - i~n  
coli,  t ~ : i ~ ~ o u ~ l : ~  ;'or tiie 1;nole Lx r .  Tl:5 e;:Ji~.~;:~. r..Lt: o i '  ~ i . 2  ..i l!i :i. ,L: 

. . 
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h m s  
D i f f e i - s n c e  het-;:een 5 1% 13 

the &ti tude of sun or- ;tar 
observed. 

PS, the 10. Polar Dl stance A , 
n = go'* 6, 6 be in ,  

the declination of sun or 
star observed. 

Aleo the angle at P is the hour angle t, and the angle at Z ,  +&e 

~aimuth(or true bearing) A. Theae term. are more fully explained 





NOTES ON SPHERICAL TRIGONOMETRY 

Spherical Trigonometry deals w l t h  triangles whom eidee are port- 

, ions of p e a t  circleg. 
- - .. 

I I x a r r p l e  1. ( s e e  :Ijara ;,.I) 

B e a r  t h e  . / a l k z r  O b s e r v a t o r y ,  D e h r a  $ i n ,  l o n g i  t uLe  
72°- ,5r-15" ,  t h e  Local A 2 ~ a . r e n t  Time on 1 s t  A u g u s t  1 9 5 1  i s  2,G h o u r s ,  
llrhi;t is tile L o c h 1  I8,;ean T i i n e  a n d  v r n z t  is t h e  i j t a n d a r d  Tine? 
( ~ ~ i r ; :  24 of D.2. 1 3 ) .  

n ~n s 
IThe e q u a t i o n  o f  Tiine for 1 4  47 47 at. Green;vich i s  r e q u i r e d .  

2q l l - t t lon  o f  Tiri le  f roi l l  p .  1 4  c f  N.A.  f o r  l ( . i J l  

h - Zhsnge i n  1 4 . 8  - - Ls 1.7e 
s 

a p p r o x .  a t  . 1 2 C  
, p e r  h o u r .  

Sciudtior,  o f  Tiille 
r e q u i r e d ,  = r 6 1 3 . 4 8  

T,.I:.T. requi r e d  
h m s  

Dil ' i 'c-~rencr: he t;:een 5 1 13 
l:?r.,p:it.uri.e c f  3cthr.a a n 1  !iii 30r 
f o r  sland;..r'J, ,ncl?rillian = , :\ 17 47 

the Lltitude of 'kun ;;--:tar 
observed. 

PS,the fl.Polar Diatance A, 

A = 9 0 ' t  6, 6 being 
the declination of sun or 
star observed. 

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

~zimuth(or true bearing) A .  These term. are more fully explained 





NOmS ON SPEIERICAL TRIGONOMETRY 

Spherical Trigonometry dea l s  w l t h  triangles whose eidee a r e  port- 

, ions of great circ lep.  

A m e a t  o i r c l e  on a sphere i s  a o i r c l e  traced out by the in tersect -  

ion of the sphere by a plane paseing through i t s  centre.  If the 

plana does not paas through the centre of the sphere, its in te r -  

section with the sphere i s  cal led  a -. small . c i r c l e .  

The neoeesity f o r  the appl icat ion o f  Spheribal Trigonometry a r i s e s  

; I )  i n  astronomical work and aleo ( 2 )  i n  survey work on the earth's 

surface, when the s ides  of a t r iangula t ion a r e  of an extensive qize. 

In the l a t t e r  case however, the actual  uee of Spherioal Trigonometry 

; s  generally obviated by the use o f  Legendre's ~heorem(vide p.13 of 
b 

-hem notes),which enables ue t o  t r e a t  the solut ion of  a spherical 

t r i ang le  as tha t  of a plane one, a f t e r  applying Spherical Excess. 

1) A ~ ~ l i c a t i o n  t o  astronomical work- The object  - sun or  star- 

& which an astronomical observation is taken, ( S  i n  the figure),  

ff,-.rns with the zenith -- - ( ~ ) , a . n d  elevated pole (P),R spherical  t r i m e  

.iTJZ, whose aides a r e  a r c s  of great c i r c l e s  of t h e c e l e e t i a l  sphere. 

Yhese s ides  a r e  PZ, the colatitude"l, 

Y= (go0 - A), being Z 
the l a t i t u d e  . 

5 = ( 90'- h), h being 
the a l t i t u d e  of sun or  star 
observed. 

PS, the N. Polar  Dl stance A ,  Y' 
A = go'* 6, 6 baing 

the decl inat ion of sun o r  
s t a r  observed. 

Also the angle a t  P i s  the  hour angle t, and the  angle at  Z ,  +he 

~ z i m u t h ( o r  true bearing) A. Theme terms a r e  more f u l l y  explained 



in the Eotee on Astrononry, but for the present it may be merely 

stated that, if any three of these elements be known, the other 

three o m  be deduced..Thus we can determine time( or error of a 

wotoh or chronometer), latitude or azimuth, certain element e being '6 

known or taken from the Nautical Almnao etc. and the otilers aotual 

-1y observed. 

(2) A~ulication to Survey work on the earth1 s surface. The curvat-. 

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

survey, but when its limits are extended, curvature has to be 

taken into acoount. It is therefore necessary to use Spherical 

Trigonometry instead of the more familiar Plane Trigonometry, 

though Legendre's theorem in most cases enables us to treat the 

solirtion of triangles by Plane Trigonometry(as already stated, v i d e  

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 are of a great circle. Hence a parallel of latitude, 

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

I meaeurement, nor does a movement due East or Best correspond with 
1 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, ~ E F  a 

section made by a plane at a conetant distance CN from the centre 

end perpr to CP. Then,as CX=constant & CD=oonatant= radius 
n 

a a DIP= CD - CN = constant 
DN = conetant 
Therefore D i a  on a circle 
Similarly PD is conetant 
Henoe the arc PD is conatant 

='-I' It may be here noted that only one great circ e can be drawn 
through 2 points on a sphere , unless the 2 points are the ends 
of a diameter, when the number is infinite. 



In the f igure  C and P are the  oentre and pole of the  ephere, ae  

before, AB a portion of the equator, interoepted between two merid- 

ians AP,BP, ab being t h e i r  oorresponding in tercept  on a smell airo le  

of latitude i . e : -  the angle bCB isX . 
NOW / abc = /ABC p , ~  = A cl -l".-.,43 ~4) Big. 3 

ab = ABsin bCo 
= ~ ~ e i n ( 9 0 ~ -  bCB) 
=ABcos), , (A the lat i tude) . . . . . (1) 

A s  already stated,  the s ides  of spherical  t r i ang l e s  are the a r c s  of 
great  c i r c l e s .  The angles between two such aurved s ides  i s  the angle 
between the tangents, a s  explained i n  Fig.4 below. The angle C of the 
t r i ang le  ABC i s  the angle TCt,ewhere TC i s  perpr t o  OC, and tC also 
perpr t o  OC, 0 being the centre of the spher0.i.e:- T C t  i s  the angle 
between the planes OAC, OBC. 
In a spherioal t r i ang le ,  i t  may a l so  be noted t h a t  the arc AB i s  pro- 
portional t o  the  angle AOB, and therefore instead o f  speaking of  AB 
as a length, i t  i s  legit imate t o  represent it by the angle AOB. 

Thue i n  Spherical Trigonometry the /AOR represents the s ide  C,/AOC 
the side b,and /COB the s ide  a , these being the angles subtended 
by these s ides  st the centre of the sphere. 
We thus speak of s i n  a or aos b or  tan c eto.,meaning s i n  COB o r  
cos AOC o r  tan AOB etc, .  Also to convert such angles, i f  i n  c i rcu lkr  
measure,to seaonds,it  is  necessary t o  divide them by the  o i rou l a r  
measure of l n , o r  approx by the sine of I", o r  multiply .them bx c o s e o l q ~  -- - 

A 
RIGHT-ANGLED SPHERICAL TRIANGLES 

Let ABC be a right-angled spherical  t r i ang le  with the r i g h t  angle a t  

C. Take any point  P i n  OA A .  
/ 

Fig. 5 .  
Draw PM perpr t o  OC 

MN perpr to  OB C 
0 - t R t  L 

Join PN 
n 



Since C i s  8 right angle, the plane OAC 

i s  p e r p r  t o  the plane OBC, and MP is  drawn 

*from a point  i n  the  l i n e  of in tereect ion A Big 6 ( f r o m  P. 3) 

perpr to  the l i n e  of in tersect ion 

OC of the two p lanes ,  

Then PM is p e r p r  to  the 0 

plane OBC and therefore perpr t o  MN 

Then 2 2 2 
PN = Phi + MN 

Therefore / PNO is a r igh t  angle and PN is p e r p r  to OB 

A s  then PN and MN a re  both pe rp r  t o  OB, the angle PNM = angle B. 
= a, op 9" POM sin AOC 

'Ow PN OF PN - s i n  PON ein  AOB 
s i n  b , as we speak of the angles AOC,AOB, subtended at e in  B = s in  c 

the centre 0 as represented by the sides b,c, r eepectivgly(vfdep p y  : 
Therefore sin b = s i n  c s in  B no e side- lne 

m . .  l m .  . . . . . . . (218 ' 
Simi la r ly  

a i n  a = a i n  c s i n  A 

0 
and thus we have, as C i s  90 and s i n  C =  1 

s i n  A - ein B s i n  C - - - - ........ ( 2 )  
s in  a e in  b e i n  c 

PM PM OM 
Again = X 

tan b tan B = -.r 
8 n a 

tan b = e in  a tan B 
S i m i l a r l y  lee ( 3 )  

tan a = s i n  b tan A 

COB B = e in  b tan A hot c , 
tan A coe o = r 6  

= sin B tan A coa a . . (6) ,  

om ON , OM .*. c o t  B = t a n  A COB c 
7jF = m  7iF Simi l a r l  I . e . * * ( 7 )  

cot  hY r t a n  B coe c 
COB c = C O B  a coe  b m m . ( 4 )  

-. 
MA hTN ON - = - X  

e i n  b C O B  C 

PN ON PB COB A = c n  s i n  c 
s B = tan a c o t  c ) m m ( 5 )  

Simila!& A = t a n  cot  c 
- einE cos g cosb - C - . in B $o"e Yg . 0. (8 )  - 



The formulae of the preceding page may be easily remembered by 

N a ~ i e r ' ~  Rule~jwhich are as follows:- 

A Fig.  6 
Leave out C, the right angle,  i n - t h e  tr iangle  

ABc, shown in t h e  diagram, and consider the h 
parts a,b,c,A,B. Whenever you come to an 

angle or the hypotenuse, write (go0- angle) 
0 

or ( 90 - hypotenuse), and we have:- 
Sin(any part) = Product of cosines of o ~ ~ o s i t e   art^ ; 

~in(any part) = Product of tawents of adjacent a a r t ~  
0 

Thus sin a = cos (90°-~) cos (90- c) 

= sin A sin c, which conJ'esponds with r e s u l t s  (2)a,(2), 

on previous page 
0 

sin a = tan (90- B)tan b 

= cot B tan b,which corresponds with result (3), popage 
0 0 

sin b = cos (90-B) cos (90- c) 

= sin B sin c,which corresponds with (2)a,(2), popage 
0 

sin b = tan (90 -A) tan a 

= cot A tan EL, which correspond8 with (3), popage 
0 0 

sin(90 -A) = cos (90 -B) cos a 

coe A = ein B cos a, which corresponde with (8), p,pa.ge 
0 

sin(90 -A) = cos A o = tan b tan (90 -c) 
o = tan b cot c, which corresponds with (5), p.page 

sin(90 -c) = cos a cos b 
COB c = coo a coe b, whi* corresponds with (4),p.paa;e 

sin(90°-c) = tan( 90'-A) tan(90 -B) 
COB c = cot A c o t ~ . ~ w h i c h  corresponds with (7), p.page 

sin(90°-B) = cos b cos(90 - A )  
oos B = cos b  sin'^, whiih corresponds with (a), p.page, 

the formula being for cos B'instead of cos A 
.in(90° -B) = tan a tan(98-C) 

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



ORDINARY TRIANGLXS 

In the f igure draw CN perpr t o  AB-and call i t  p.  

Call AN x , then BN= c-x 

C Flg 7 
C a l l  mgle ACN 8, then BCN = C-8 

0 
s i n  p = cos( 90-a) coQi 98-B) by Napierl 

= sin a sin B 
s i n  p = cos (9&b)coe (90=~)  

= s i n  b s i n  A 
Theref ore  
sin a s i n  B = s i n  b sin A 
Simi la r ly  
s i n  o s i n  A = sin a s in  C 

Henoe 
s in  A - s i n  B sin C ...... ma-=m ( 9 )  

0 
sin(90-a) = C O B  p cos(c-x) by Napiert s rules 

coe a = coe p (aoe c cos x + ein c s i n  x )  
= COB c cos p C O E  x + sin c s i n  x cos p 

But o 
COB b = sin(90-b)  

= 00s p cos x 
s i n  x = tan p tan(90-A) 

= tan p c o t  A - sin I, cos A - 
sin A cos p 

Theref ore  s i n  p 
s i n  x cos p = cos A 'm 

= cos A sin b 
Hence 

cos a = c o s  b coe c + sin b s i n  c cos A 
COB b =  cos a aos c + s i n  a s i n  c cos B ......... ( 101 
cos c = cos a cos b + sin a s i n  b cos C 

0 
sin ( 90-B) = a06 90-(C-8))cos p b y  Napierls m l e e  

cos B = e in  
= sin C cos 8 cos p - COB C s i n  8 aos p 

But o o 
s i n  ( 90-A) = coe(90-8)coe p 

0 = s i n  8 aoe p , 
ein ( 90-8) = tan p tsn(90-b) 

c06 9 = tan p c o t  b s ln  i .e.  008 e C O ~  p = cmg 006 b 

- sin A cos b - 
Henoe 

coe B = - COB A 00s C + s i n  A sin C cos b 
cos C = - coa A cos B + sin. A s i n  B cos c ......... (11) 
cos A = - aos B cos C + ain B s i n  C cos a 



0 

ein(o-x) = t a n  p tan(90 -B) by Napier9 e rulee C 
s i n  c  cos x - cos c s i n  x = tan p cot B 
cot B = s i n  c cos x cot p  - cos c s i n ' x  cot5 p Fig. 7 
But s i n  x =tan p cot 'A 
Theref ore 
oot B = s i n  c cos x cot p - cos c cot  A 

s i n  c cos b - cos c cos A 
=- - A  

or -t 

and so we h v e  :- 

oot B s i n A  = s i n  o cot b -  COB c co3,A 
N c-x 

cos c cos A = s i n  o cot b - s i n  A oo t  B i ., ,.(12) 
cos c cos B = s in  c cot a - s i n  B cot A 

cos a cos C = sin a cot b - sin C o o t  B 1 ..,,,,,,,,(13) 
nos a cos B z s i n  a cot c  - s i n  B cot C 

a .  

Pa:;? 7 l r n c  2.2 f r o m  t o p ,  r e a d  t h e  r k , d i t l o n  i s  - 
'30s A = ~ 0 2 1 1  c o s  c t s l n  1) air, c cor,  A cus\ulruud- -----,  

sin(midd1e side) cot(other side)- sin(midd1e anglelx 
cot(other angle) . . . .. . .. . , . (15) 

cos a = coe b cos c + e in  b e i n  c cos A . . . . from (10) (r> 
cos a - cosb cosc 

00s A = sin b s inc  

1- co,s A , cos b cos c + s in  b s i n  c  - cob a 
sin D s l n  c , 

cos(b-c) - cos s 1, - - A 
n b % s i n  c 

2 sinl:+b-c - 1 ain(a-b+c ) 
2 s in2  A 2 

T =  s i n  b s i n  c 
= A  - 

2 C O S T 5  2 2 
e in  b sin c 

Let a+b+c = 2s , then a+b- & - a-d+o = ( 8-E ) ~ ~ l d  ( 9-b) r e ~ p e ~ t i v e l ~  
2 2 

theref ore also b- = .-a 

s in ( s -b)  e in  (s-c) A e n e e  s n's-a 
s in  b sin o z= /- s i n  b 81n .o  ...(16) 

s i n  (s -a )  ain(s-0)  
s i n  a s i n  a s i n  a sin a 

co&i/"~n s ~ = n i ~ - c j  
s i n  a s i n  b s i n  b aln a . (18) 



0 

ein(o-x) = t an  p tan(90  -B) by Napier 's  r u l e s  C 
s i n  c cos x - cos c s i n  x = tan p c o t  B 
co t  B = s i n  c cos x c o t  p - cos c sin-x c o t  p F i g .  7 
But s i n  x = t a n  p c o t  'A 
Therefore 
oot B = s i n  c cos x co t  p - C 0 6  c c o t  A 

s i n  c cos b - cos c con A 
=- 

o r  
- A  

t 

and so we have:- 

o o t B  s i n A  = s i n  c c o t  b -  COB c co$,.A 

cos c cos A = s i n  o c o t  b - s i n  A co t  B i ..w.., ,,,, (12)  
cos c cos B = s i n  I: c o t  a -- sin B cot  A 

cos a cos C = s i n  a c o t  b - s i n  C oot  B 1 ..,,,,,,,,(13) 
coa a cos B -- s i n  a c o t  c - e i n  B cot C 
eos b oos A = s i n  b oot  c - e i n  A co t  C , . a . .w.* . . (14)  coe b coe C = sin b c o t  a - s i n  C c o t  A 

Formulee (12)  (13) (14)  may. be eummaxized thus:- 
Take any f o u r  consecutive p a r t s ,  2 s i d e s  and 2 angles .  
Then 

cos(midd1e s ide)xcos(middle angle)  = 
sin(midd1e side) c o t (  o the r  s i d e )  - sin(midd1e anglelx 
c o t ( o t h e r  angle) ......... , .  (15 )  

cow a = coa b ccs  c + sin b e i n  c cos A .,... from (10) 
cos a - cosb cosc 

0- 
cos A = s i n  b s i n c  

- -  - cos b cos c + sin b s i n  c - cob a 
s i n  D sln c , 

cos(b-c) - cos a - - n b x s i n  c 
2 sinr:+b-c) - s in(a-b+c)  

.-i 7 - - 5 1; 

s i n  b s i n  c 

Simil&rlycO a 
+ coe A = - cos(b+o) 

s n b s n c  
= A  2 s i n  I f -  - a+b+c ein(b+c-a) 

2 c o s y =  2 2 
s i n  b s i n  c - 

Let a+b+o = 2s , then a+b- g, -- a-b+o - (go,) and (s-b) reepeot ively,  
2 2 a l s o  .* = ,-a 

theref ore  
i n ( s - b )  e i n  ( s - c )  A e n . 6  s n's-a 

sin b s i n  o z= /- s i n  D ~ 1 n  . o  ...[16) 

sin (s -a )  s i n ( s - u )  
sin a s i n  c e i n  a sin (J 

s i n  a s i n  b sin b s in  a . (18) 



By divi  s ion  from the formulae ( 16 ) , ( 1 7 ) ,  ( 18 ) , the value of 
A in( a-b) sin( a-c) 

tan z - s i n  s sin(s-a1 
tm 4 =$-y s i n  s sin a-b .. ...... ( 1 9 )  

&ain from formula (11 )  we have 

cos a =  COB A + COB B C 0 5  C 
sin B s i n  C 

1- C 0 6  a e s i n  B s i n  C - cos B COB C - cos A 
s i n  B s i n  C 

- - - C O S ( B ~ C ) - c o s  A 
s i n  B s i n  C 

sin B s i n  C 

- cos S cos (s-A) 
sina $ - - . . . . . (20 )  

sin B sin C 

where S = A+B+C 
2 

Similarly by taking l+cos a w e  get 

?L a cos g - COS(S-B) COS(S-C)  - . . . . . (21) 
sin B s i n  C 

From (20)  (21) by d i v i s i o n  w e  ge t  

*a - -COB s cos(8-A) tan - 
2 - **.....(22) 

coe(S-B) c o e ( ~ - C )  

A 
(A+B) , tan 2 + tan 5 

tan .T - 
1 - tan $ t m g  

By substituting from (19),after some reduction,we getr- 
ein( s-b )+sin-(e-a) 

sin(e-a) sin(s-b) e in  s - s in(e-c)  



That i s  
2 sin(2e-a-b) COB 

t an  y = c o t + -  
/. 

2 coo(2sic) s i n  + 

Simi lar ly  - 
a b  s i n  4j- 

4-* = ........... . C c o t  - (23)b 
tan T a+b 2 s i n  - 2 

Also 

a+b co s (4-B ) c ......... t a n  - - T tmg ..(24)a 
-cos(A+B) - 

a-b sin(&$ C .......... t an  -5 - - tm 3 (24)b 
 sin(^+^) 

7- 

Most of the formulae a l r eady  explained a r e  summarized i n  A u x i l -  
i a r y  Tables (1928) Survey of Ind ia  P a r t  111 p 67, There a r e  how- 
ever  a few v a r i a t i o n s  i n  borne of t h e  formulae f o r  computing 
purposes, which remain t o  be explained, 

- 

Thus from formula (10)  w e  have as i t  stands:- 

cos a = cos b C O B  c + s i n  b s i n  c cos A : 

Transposing cos A = cos a - cos b cos c 
s i n  b s i n  c 

- cos(a+e)  - 
s i n  b s i n  c COB 8, where t a n  8 = [ cos b coe c 

sin a 
as on p 67 Aux Tab P a r t  111 1928 Sph As 2 ( i )  ( 25 )  

I .......... 
Again cos c = C O B  a cos b + s i n  a s i n  b oos C from (10) 

- - ooe e coe(b-8) . where tan 8 = tan 8 Co. C .... (26) cos 8 

If c be not near 90' , take cos n = cos a cos(b-G), then 

..... tan23 C .  t an  * ( n + ~ )  tan g(n-8)  (27)  
as on p 67 Aux Tab Part I11 1928 Sph/\e 3(1) 



From formula (15)  w e  have 
s i n  C c o t  A =  sin b co t  a - COB b cos C 

Henoe t a n  A = , e i n  a s i n  C 
sin b cos a - s i n  a cos b coe C 

- - tan , where tan 0= tan a C O B  C 
s in(b-0)  , 

t t . ( 2 8 )  

as on p 67 Aux Tab P a r t  111 1928,Sph A s , 3 ( i i )  

I n  Spher ica l  ae i n  Plane Trigonometry, an Ambiguous Case a r i s e s  i n  
aolving a t r i a n g l e ,  i n  which two e ides  and the  angle  opposi te  one 
of them a r e  given, e.g.- a,b,A. 
We have by formula (10)  

C O B  b COB c + s i n  b s i n  c cos A = cos a . . . , (29)  
To eolve t h i e ,  pu t  k s i n  8 = s i n  b coa A 

k coe 8 = coa b 
Equation (29)  becomes 

k cos(c-8)  = cos a 

Put (c -e )=  8' 
k COB 8' = C O B  8 ... .... (30) 

c = 8 + _ d  

The a u x i l i a r y  angle  8 i e  f u l l y  determined by (30), being taken 
between OO and 180° and alwaye poe i t ive ,  but ,  as t he  cosine of an 

L = cosine of t h e  negat ive of that L, we can taka 0' i n  ( 3 0 )  as 
posi  t i r e  o r  negative, s o  that c = @ t 0' . There asp thus  2 values of 
c,both of which a r e  admiesible,  except, when 848 exceeds ;80°,  i n  
which case the  only so lu t ion  i s  c=8-@,and except when 8 exceeds 
8, which would,make c negative.  I n  the l a t t e r  case the  only so lu t -  
ion  i e  c = 8+0 . 
Eliminat ing k f r o m  ( 3 0 ) ,  we have f o r  f i n d i n g  c, 

t a n  8 = t a n  b ccs  A 

r C O B  8 cos a cos 0 = ..,.(31) c . f .  Awc Tab P a r t  I11 
coe b 

1928 p 67, Sph A s , 4 ( 1 )  
I 

When 8 is mall, take mzo p = e e c  b cos 8 
I 

9 Q  

Then tma+ 8 = tan *(a+p) tam *(a-p). ... (32) r, 

The o the r  eidee and anglee are found from formula ( 3 ) .  



Prom the formula (11) 

11 11 1 1  2 f r o L  t o p ,  r e a d  t h e  numerator. as 
0 ,  ,I 4 *LLL; eq l  9. 

c o s  A + c o s  B c o s  C 

-  sin(^+^ ) - . (33) 
s i n  B s l n  C s i n  8 

cos B cos C 
where c o t  8 = s i n  A 

as on p 68, Aux Tab Part 111 Sph As 6 ( i )  
(1 9 28) 

From the  formula 7 I I )  
cos  C = - cos A cos B + s i n  A s i n  B cos a 

- oos A  sin(^-- 8)  - **.... ( 34 )  
s i n  8 

where c o t  8 = cos c tan A 

as on p 68,Aux Tab P a t t  I Sph As 7 ( i )  
1988 ) 

s i n  b = a sin vide p 68,Aux Tab Part  111 Sph 
s in  A As 8 ( i )  (1928) 

0 

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

Then 
tanz( 45-*b b) = 

s in  a s i n  B 
1 - - - e i n  A 

1 + s in  a sin B 
s i n  A 

- s i n  A - e in  p - 
s i n  A + sin p 

(A- 1 - - 2 c?s w s i n  ,+' 

- # A m \ - - -  /A-Dt ' f .  J irbm k a t t a n ,  f o r  : p r e a d  s r c  g .  
" " s b b ~ r 4  y - = o o t  p \ - U I W ~  v i f i - y ~  vlae p btr A= Tab Psrt 

111,1928 Sph As 8 ( I ) .  , . ~.....(35) 
From the formula (11)  
oos A =  - oos B cos C + aln B eln C coe a 



From the formula (11) 
I 

COS a = cos A +cos B cos C 

s i n  B sin C 

-  sin(^+^ ) - . (33) 
s i n  B sin C s i n  €3 

where c o t  8 = cos B cos C 
s i n  A 

as on p68,Aux Tab Part I11 Sph As 6 ( i )  
(1 9 28) 

From the formula (11) 

cos C = - cos A cos B + sin A e i n  B cos a 

- 00s A e i n ( ~ - -  8)  - ***... (34 )  
s i n  8 

where c o t  8 = 00s c tan A 

a a  on p 68,Aux Tab P y t  I ~ p h  As 7 ( i )  1988 ) 
s i n  b = 'In a sin vide p 68,Aux Tab Part  111 Sph 

s i n  A As 8 ( i )  (1928) 
0 

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

Then 
tan2( 45-*b ) = 

s i n  a s i n  B 
1 - - - s i n  A 

1 + s i n  a sin B 
sin A 

- s i n  A - s i n  p - 
s i n  A -I- sin p 

From the formvla (11) 
COB A =  - cos B cos C + sin B s i n  C coe a, 



If w e  put  

h sin 8 = cos B 

h cos 0 = sJn B cog a 

a l s o  C - 8 = 0 '  

We have h s i n  8 ' =  oos A 

C = 8 + 8 '  

Eliminating h,we have 

c o t  8 =  tan B cos a 

s i n  @I= 
cos B 

J 
C = 8+  8' , as on p 51 Aux Tab Part 111 Sph A s  8 b i )  

Ae 0' is  deterMned by i ts  s ine ,  i t  w i l l  have two supplemental 

values,  which w i l l  both be added to or both subt rac ted  from 8 ,  

aocording t o  the sign of s i n  0 1 ,  thus giving 2 va lues  of C ,  exc- 
ep t  when one of them exceeds 168, o r  when one of them is negative. 

When 8' i s  nea r  go0, take cos p = coe B coeec 8 

Then tal1>(45~- 0 ' )  = t an  *(A+P) tan +(A-p) 

This relation can be easily obtained i n  a manner similar to the 

formula (35) on preceding page 

The three angles being now known, the o the r  parts can be found by 

formulae (20)  (21)0r(22) cf the  above para o f  Aux Tab, 

The formula given i n  p.68 Aux Tab 1928 Part I11 Sph As 7(iii) i~ 

merely a s l i g h t  v a r i a t i o n  of formula (15) 

By formula (15) we have 

cos o cos B = e i n  c co t  a - e i n  B c o t  A 

o r  c o t  a sin c = cos B cos  c + oot A sin B .., ., (37)  

o r  oot  a = cos B c o t  c + c o t  A sin B cosec c 

= sot c cos (B- B)eec 8 . . ..,, (38) 
where c o t  8 = cos c tan A 



The o the r  rule r e l a t i n g  any f o u r  ad j acen t  parts  of the t h r e e  

sides and three  angles  of a spher i ca l  a , given in p . 68 of 

Aux Tab 1928 Part I11 Sph a 6 7 ( 1 i i ) ,  is merely another  way 

of s t a t i n g  formula ( 1 5 ) .  

The adjacent  par ts  are here deaignated A, , sl , Al , 8 , .  

and i f  so outer  s i d e ,  A, o u t e r  / 
81 inner  s i d e  , A1 inner  / 

then co t  so s i n  s l  - cot A, s i n  Al . c o s  al cos al . . . . . . . (39) 

SPHERICAL EXCESS 

The eum o f  t h e  angles  of a s p h e r i c a l A  exceeds 180' o r  the sum 

of the  angles of a plane A by a n  amount c a l l e d  t h e  spherical  

excess.  

The moat important theorem concerning the  s p h e r i c a l  excese of a 

triangle i e  Legendrevs Theorem which s t a t e s  that if  we have a 

s p h e r i c a l  A A B C  and we make a plane A A ~ B ~ c ~  aides al,b',o'. 

1 e o  t h a t  A' = A - I r d  Sph e x c e e s ,  B' = B - -rd Sph excese, 
3 3 

1 C 9  = C - -rd Sph excess, t h e n  a = a ' ,  b t b', c = c ' ,  This 
3 

theorem is proved on pages 14 and 1 5 .  Two pre l iminary  propoai-  

t i o n s  have however first t o  be ee t ab l i shed .  

Fig 8 
In t he  f igure ,  the por t ion  PAPfBP i s  c a l l e d  a lune.  

Iunes are t o  one another  as t h e i r  ang le s  

Lune 8 8 
Lune 4 r t  / a  " ' r ~ s  

,?y9 - - 8 m 
h n e  8 = 2 r2 0 . . b . m . m m . o b m m  (40) 

1 



In the figure ACDF and B W  are great clrcles 

It can be seen by symmetry that the 
F i g  9 

H 

t r imla  ABC = triangle DEB> at opposite 
side8 of the diameter. 

T~iannls ABC +-BCDK = lune A 
1' 11 1 1  i i- 

t- f r 3 ~  ~ S P .  :'*I- 2Ar r  EfiL J qy. 
~r%&ngle mu I- fib-.. - - ---- - - 

= 2Br 2 
Triangles ABC+ CDE = lune C 

a = 2Cr C 
2 (triangle ABC) + hemisphere = 2 ( ~  + B +c)ra K 

Triangle ABC = ( A + B + C  - n ) r a  

A + B + C  -'IT is called the Spherical Excess ...... ( 41) 

Area of Triangle ABC - A + B + C  - TT , S h Excess 
Area of bemiuphere - 2 I1 - - 9 . .  m(42) 

Very few eidee of a triangulation exceed 100 milea. The circular 

measure of this is,(tslting the earth1 s radius roughly as 4000 miles) 

term6 w.taAer than this for our purpose. 

Let d , B , s  be the length0 of the sides a,b,c,  of the triangle ABC 
COB 8 - COe b COB C 

coe A = 
sin b sin c 

the right hand a i d e  by the expansions for sine and cosine 

In the above axpreesion the expansions are only orrrled as far as 
4 4 ' 4  the terms d,B,11 for the reaeons already stated above. 



After some eimplification and neglecting terms above the 4 t h  order, 

the expression(43 on tne P ~ ~ V ~ O L S  ~ a a e  becomes:- 

Let A 1 , B ' , C 1  be the angles of a plane t r i ang le ,  whose sides ared,A,a. 

6 t L  

Now A' differs from A by only a amall quanti ty  say) 

cos A = cos A '  cos 8 - sin A' s in  8 

A s  8 is a very small angle cos 8=1, s i n  8 = 8  

Theref ore 
cos A = cos A t  - sin A' 8 

Pa - o r  8 = 6r' ain A' 

= -  where S area of the triangle A I B I C 1 .  
3rx ' 

Hence 
S S 

A = A '  + and similarly EL = B1 + - and C = C' + - 
3rs 3ra 

S 
3r= 

Adding A+B+C-(AI+B' + C' ) = = Area of a ABC 
r= 

= A+B+C-IT o r  the Spherical excess 
Henae we have Le~endre 's  theorem ( vide ( 41 ), p.page) 

via:- that i f  we have given the side c o f  a spherical  triangle and 
vie form a, plane t r iangle  with the side c t  c and subtract 4 6  of 
the spheriaal exoess from each o f  the 3 spherical  anglea A ,B C , 
t o  obtain the w l e s  A',B', C ' ,  o f  a uorresponding plane t r iangle ,  

a d  solve the l a t t e r ,  we obtain a'= a , bu=b,  . . . . . . . . . . (45 ) 

If the observed angles were f ree  porn error ,  we would only have t o  
add AJ!! together and subtract  180 t o  obtain the  spherical  excess. 
A s  however t h i o  i s  not the oase, we must obtain i t  by other means. 

9 1 The epheriosl excess = -r, = -b'o' s in  A' 
2rb 
1 9' ein A' sin B' = -,C 

2r  . . . . . . .( 46) 
eln C' 

In t h i s  formula it i s  suffioient t o  put AcA', B=Bt, CrC' 



In the figure ACDF and BCEF are great c i r c l e s  
F i g  9 

I t  can be seen by symmetry that the Ii 

triangle ABC = triasgle DEF, at 

eidee of the diameter. 

T-v-18 ABC +-BCDK = lune A 

= 2 ~ r *  
T r i d n g l e  ABC $. ACEH = lune B 

= 2Br 2 
Triangles ABC+ CDE = lune  C 

2 (triangle  ABC) + hemi sphere = 

Triangle ABC = ( A + B + C  - n ) r k  

d + B + C  -IT I s  celled the Spherical Excess ......( 41) 

Area of  Triangle ABC - A+ B +  C - TT , S h Excess 
Area of hemisphere - 2 11 

Very few aide6 of a tr iangulation exceed 100 miles. The circulor 

measure of this is, (t-in(l the earth1 s radius roughly as 4000 miles) 

and i t  i s  unnecessary to  retain e" = p r  000 

terms m l e r  than this for our purpose. 

L e t  4 , B , 8  be t h e  length0 of the sides a ,b ,c ,  of the triangle ABC 
cos a - C O B  b cos c 

coe A = 
s in  b s i n  c 

-dl- t h e  right hand side by the expaneions f o r  sine and coeine 

fi-d+i*- B~ B" ( r2 + a4 
COB 1(= z f i  24+ . .. .. 143) 

In t h e  above axpreesion the expansions are only oarried as far ae 
5r + *  the terns 4 ,  b,g for the reaeons already etated above. 



After some simplification and neglecting terms above the 4th order, 

the expression(43 ) on tne previolts page becomes:- 

Let A ' , B ' , C '  be the angles of a plane t r iangle ,  whose sides are4,A,a. 
a  sin'^' = 1-cos A' 

- - 
- BY- d*- P*- l - 4A ' rL  

COB A =. cos A t  - &a sin A1 
6PL 

Now A' differs f r o m  A by only a s m a l l  quanti ty  say) 

oos A = c o s  A' cos 8 - s i n  A' s in  8 

As 8 i s  a very s m a l l  angle COB 8 =1, s i n  8 = 8  

Theref ore 
cos A = cos A' - s in  A'  8 

Ax - o r  8 = e r a  sin A1 

= -  where S area of the t r i ang le  A8B'C' .  
3rx ' 

Hence 
S S 

A = A '  + and similarly B = B' + - 
3ra 

and C = C f  + - 
3ra 

S 
3r = 

Adding A+B+C- (A'  +B ' + C ) = = Area of a ABC 
r l  

= A+B+C-IT o r  the Spherical excess 
Henoe we have Legendre's theorem ( vide ( 41 ), p. page) 

viz:- that if w e  have given the s ide  c of a spherical triangle and 
we fonn a plane t r iangle  w i t h  the side c*  = c and subtract 3rd  of 
the spherioal exoess from each of the 3 spherical  angles A ,B , C , 
t o  obtain the angles Ag,B ' ,  C ' ,  of a corresponding plane t r i ang le>  
and solve the lat ter ,  w e  obtain at=a , bg=b,  .......... ( 4 5 )  

If the observed angles wer.e f r e e  afrom error ,  we would only have t o  
add 4BP together and subtraot  180 t o  obtain the  spherical  excess. 
A s  however t h i a  i s  not the oase, we must obtain i t  by other means. 

3 me ~pheritxit excess = 7% = 2+Lbfio' sin A' 

- ACp2 .In A' s i n  B' - 
2 r  .....*.(46) 

s in  C' 
In this f o m l a  i t  i s  suffioient t o  put AtA: B=B1,CrC' 



Also t o  oomrert the angle, which i s  i n  ci r c u l m  measure t o  seconde, 
it has t o  be divided by the oircular measure of 1 second o r  approx 

by fhe elne of 1 seoond, o r  mutiplied by coeec 1'. 

Thus finally the Spherical excess = oaein A s in B 
s i n  C 

cosec l" a ,  (471 
2rh 

other formulae a r e  
coaec 1" 

Spherioal exoess = bc s i n  A x 
2ra *.*.(48) 

'Oeec 1" e e o m ( 4 9 . 4  = ares of A x 
! ,r' 

SUMMARY of Important Formulae i n  Spheri c a l  
T r i ~ o n o m e t r ~ ( v i d e  p.pages) 

i.ab= AB oos(1at )  
2.Rt L SphAs. Write f o r  L o r  Hyp, ( 9 6 4 )  or(9;-Hyp) omi t t ing  the 

rt L .Then Napierle Rules are:- 
s in (any  part) = product cosines opp parts 

I - n (I - tangents  adj " 
3 mi - Spheri c a l  AS 

s i n  A - -  - sin B - z  s i n  C - ..... (a) 
ein a s i n  b s i n  c 

cos a = cos b cos c + s i n  b s i n  o cos A 
COB b = COB a 00s c + sin a s i n  c 00s ~.....(b) 
00s c = cos a cos b + s i n  a s i n  b C O B  C 

cos A = - cos B cos C + s i n  B s i n  C cos a 
uoe B = - C O B  A cos C + sin A sin C cos b e .  ( c )  
COB C =  - cos A cos B + sin A sin B cos c 

Taking any f o u r  consecutive p a r t s  
, c o s ( d d d l 3  s i d e ) x  cos(midd1e L ) = ein(midd1e s i d e ) x  co t  (o the r  

s i d e )  - sin(midd1e / )  c o t (  other / )  . . . . ( d )  
. A  /s in(s -b)e in(s -c)  
s in  = \I s i n - b e i n c -  

A s i n [  e-a) s i n  a e in  e s i n ( s - a )  
COB 5 = ' 

" \I s i n  b sin 8-by 

= 
C O B  (T C 

J co t  - 2 . * . ( f )  

A-B) - C 
-(2 - cot--  . . . ( g )  

a+b ) s i n  (-T 
2 

V 

oos (A-B) 
a+b T 

2 - s i n  B s i n  C 

=os  3 

tulif- . . .~(h) 



S-Y of Important Formulae in Spherioal 
Tri~onometrv.(continued) 

Area of lune = 2; e ....... ( j  ) 
S 1 ,  

Spherioal Excess=A+B+C-TI = Fz,..... (k) 

If we have a sphA ABC and we make a p l a n e n  AwBwC' aides  a', 
1 

bw, cl, so that A t =  A - 3 rd Sph Excess , B w =  B - ed Sph Excess 
1 

C w =  C -3rd Sph Excess, then a = a v ,  b = b 9 ,  c= ow...... (1) 

The Spherical Excess i n  seconds is given by:- 

................ cSsin A sin (,,,) 
s i n  C 2rz 

...... - cOseC ln (n) or bo sin A x 2r, 

cosec 1" ....... or area of A x - (0) 
r2 

~h~ formulae(25) to 139) on pages 9 to 13 should also be remem- 

bered, which are modification8 of formulae ( l o ) ,  (111, and (13). 

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

vious. ) 



Convergency, as appl ied  t o  a t r a v e r s e ,  p l o t t e d  on the Cassini  

To ca r ry  ou t  a system of r ec t angu la r  coordina tes  based on the  ass. 

umption that t h e  e a r t h  up t o  a l i m i t  of abou* 2 degrees e i t h e r  aid! 
---. 

of a c e n t r a l  o r i g i n  is a plane, as i s  done on t h e  Cass in i  project-  -- 
ion,  we have t o  t r e a t  the  meridians a t  succeseive s t a t i o n s  of a 

t r a v e r s e  as a l l  p a r a l l e l  t o  one another ,  and t h e  l i n e s  of departun 

Eas t  and West a l l  as perpendicular  t o  t h e  meridians. 

The t r u e  bearing a t  the  o r i g i n  of the survey i s  astronomical ly , 

determined and adopted as t h e  working bear ing  i n  our t r a v e r s e  cal- 

cu la t ions ,  I t  i s  c l e a r  however t h a t  t he  t r u e  bearing astronomicalQ 

observed a t  o t h e r  p o i n t s  E o r  W of t h e  o r i g i n  cannot be introduced 

i n t o  our  ca l cu la t ions ,  s ince  they a r e  observed from converged mer- 
-- \ 

id ians .  The amount of convergency must theref-ore be el iminated from 
d 

an observed bearing before  we can use itLThe obaerved bearing,  thus 

dives ted  of convergency i e  c a l l e d  the reduced bearing. The bearing 

o f  any l i n e  deduced from t h e  bear ing  a t  the  o r i g i n  through success.' 

i ve  s t a t i o n s  by the  observed angles  of the  t r a v e r s e  c i r c u i t  is  call 

-ed the  deduced bearing. If the  observed angles  of the  t r ave r se  

were a l l  abso lu te ly  c o r r e c t ,  t he  deduced and reduced bearings would 

be exac t ly  the  same, bu t  we cannot assume t h e  angular  work t o  be 

f a u l t l e s s , n o r  can we t e l l  i n  which p a r t i c u l a r  p a r t  of the t raverse 

nor t o  what ex ten t  co r rec t ions  t o  the  angles  a r e  needed without 

tak ing  azimuth observat ions a t  c e r t a i n  i n t e r v a l s ,  

Azimuth observat idns a r e  necessary about every 5 t o  10 mi le s  East 

o r  Weet of the  o r i g i n ,  according as the  ordinary l eng th  of the  

Legs of t h e  t r ave r se  a r e  s h o r t  o r  long. The method of applying 

the oor rec t ion  f o r  convergency i s  as fo l lowst -  



Let & be the starting point and origin of a treverae and aN be 

the true meridian at thie point. 

The eurvey prooeeds E or W, ab, bc , cd , de to e 
Fig. 10 

At e, we determine the N ' 

-true meridian eN1 by an 
n I 

+. 

azimuth observation, which 

is inclined to the paralle 

to the original  meridian,^ 

to en. 
I 

The measure of the convergency 16 therefore the angle Nen 

Now the true forward bearing of the next station f is the angle 

N* ef. Theref ore the reduced bearing ~~LNv ef f - '  en,according as e 
W 

is E of the station of origin = / nef 
But the deduced 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 1s clear that the difference between the reciproc 

-a1 true bearings(~zimuths) 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 given 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 ~rthomor~hic in which the formulae diff er. 



Let  A and B be t w o  points on the e a r t h ' s  s u r f a c e .  The s t r a i g h t  

line between them, being thc s h o r t e s t  d i s t a n c e  between them, is 

part of a great oi rc le .  

w e  Azimuth of  B from A = /A ,( '' ') , * : . % . . '. 
0 

The r ec ip roca l  Azimuth o f  A from B = / 180-R, measured i n  the ga 

0 
s e n s e a m e  convergency i s  thus 180-A-B. J 

--- 
Now the meridians through A and B of t h e  Sph /\ PAB converge and 

i n t e r s e c t  a t  the pole Pa  f Pig.  1' 

/P = /\L, the  d i f f c e  o f  longi tude  

AP = 90-A,  , A ,  baing l a t i t u d e  of A 

BP = 9 0 - A 2 ,  A2being latitude of B 

A+B - cos*(a-b) 
t a n T  - c o t  

cosh(a+b) 

co t ( ~ O - A - ~ B  - co s+(A, -Ad A L  co t  
~in&(A,+4) 7 

- - 

~ i n + ( h , ~ h J  , tanL = AL 
2 

tan - ,where c' i s  the convergency. 
cosh(h,-~-\ 2 

When AB i e  small, compared w i t h  the  r ad ius  of the e a r t h ,  we may 

substitute f o r  the tangents  of the  angles the i r  value i n  radian 
measure, so that 

' AL .i n.w~ .......... J ~ =  (50)  
Al-Xr 
2 

, When A and B lie on the same p a r a l l e l ,  t h i e  reduces t o  

I 
, When A and B l i e  on the  same meridian A L = O  and c = 0 :.' 

# 

/ When A and B l i e  on the equator X , = h , =  0 and c = O  



Another d i r e c t  proof of the 
I ' F i g .  12 

formula (51)  i s  given below. I 

In t h e  f i g u r e  TO i s  the  i n i t -  

i a l  meridian of the  survey, P 

i s  a poin t  on t h e  spheroid,  TP 

i t s  meridian, Pp i s  the p a k a l l e l  

of l a t i t u d e  through P: GP a.nd Gp 

= t a r e  tangents  and PH=Vh i s  

the normal , r e spec t ive ly  i n  the  1 

/ 
l a t i t u d e  of P; PM and pM = r a r e  

r a d i i  of the arc Pp, and the angle 
1 

P M ~ =  /\L. Let the  angle  PGp = c,  the  

length of the  a r c  P p = l  and the  l a t i t u d e  of P = Ah. 
Then i n  A MPH r=rh cos hh 

and 'I " GPH t =vhcot  

Now about the cen t re  M, we have l=  r AL e in  1" ' 

and :I 11 I 1  fl I1  I 1  G 11 11 I t  11 I 
l = t c  s i n  1" 

Subs t i tu t ing  f o r  r and t from above 
I 

c v h c o t  A/,, = AL V b  cos ah 
I 

o r  c ( t h e  convergency) = & sin Ah, . . (51) 
When the convergency a t  t w o  po in t s  not  i n  the  same l a t i t u d e  is 

A 1  + A ,  required,  the  convergency a t  the  mean l a t i t u d e  o r  AL  sin^ 1s 

usual ly taken. This d i f f e r s  but  l i t t l e  from formula (50) on the 

previous page, as the  d i f f e rence  of l a t i t u d e  i u  usua l ly  very small, 
At -Ar  

and c o e T  p r a c t i c a l l y = l  

The convergency i s  sometimes given i n  a s l i g h t l y  d i f f e r e n t  form. 

As the x coordinate  has the  value O ~ V i c o e h  on the  Caesini system 

of coordinates  we have (x coordindinate)~ t a n  A cosec 1" = convergency 
i n  seconds . .t52) I tr 





N.A. Nautical Almanac 

A.E. America Ephemeris 

tronamical No tation and Symbols used in this pamphlet. 
(in conformity with those adopted in the Survey P r o f 1  forms 

h Latitude 

')' Colatitude 

L ~ o n ~ i  tude( in arc) - -L ~ongi tude (in time ) 

Declination 

ANorth Polar Distance o r  N.P.D. 

h Altitude 

fo2eni th Distance (observeas Corrected Z OD* 

t Hour Angle 

A Azimuth 

R.A. Right Ascension 

R .M. Referring Mark 

H Bar one ter 

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 T i m e  

G .A.T. Greenwich Apparent Time 

L .M. T. Local Mean Time 

G.M.T.Greenwich Mean Time 

L.A.N.Loca1 Apparent Noon 

C . A  .N. Clreenwi ch  Apparsn t Noo.1 

G .A .M.  (1925) Greenwich Apparent hfidnight (vide 16) 

L.M.N. Local Mean Nocn 

C .M.N. Greenwich Mean Noon 

G . M O M .  (1925) Greenwjch Mean ~ i d n i ~ h t  (vide para16 ) 





NOTE8 ON ASTRONOMY 4 

1. A l l  c e l e s t i a l  bodies  excep t  t h e  sun,  moon, p l a n e t s  e t c . , o f  t h e  

s o l a r  system, a r e  a t  euch v a s t  d i s t a n c e s  
Fig 1 

( e . g . t - d i  Centaur i ,  20 m i l l i o n  m i l l i o n  i? Zenith - 
m i l e s ) ,  t h a t , e v e n  when viewed 

from oppos i t e  p o i n t s  of the  

e a r t h ' s  o r b i t ,  t h e  appa ren t  

change i n  t h e i r  d i r e c t i o n s  

never exceeds 1'' of a r c .  The 
H R 

change i n  d i r e c t i o n  i n  view-  

ing  a f l x e d  star t h e r e f o r e ,  

due t o  a n  observer  be ing  a t  

the  e a r t h ' s  s u r f a c e  and no t  (S pol 

a t  i t s  c e n t r e  ( g e o c e n t r i c  p a r a l l a x ) ,  - 

N Nadir 
i s  e n t j  r e l y  n e g l i g i b l e .  Wherefore,  The plane o f  the paper i s  supposed 

t o  coincide with the  lane o f  the meridian 

a l though  t o  a n  observer  a t  a  s t a t i o n  of obse rva t i on  on t h e  e a r t h ' s  

s u r f a c e  the  heavens appear  as a v a s t  concave sphere  drawn round h i s  

a c t u a l  s t a t i o n  as c e n t r e ,  f o r  a l l  i n v e s t i g a t i c n s  r ega rd ing  star3 we 

can suppose t he  sphere  drawn w i t h  i t s  c e n t r e  a t  t he  c e n t r e  of  t h e  

e a r t h  and no t  a t  t h e  s t a t i o n  of observa t ion .  When we have t o  d e a l  

wi th  the  sun ,  moon, o r  p l a n e t s ,  however, which a r e  c l o s e r  t o  t h e  

e a r t h ,  we have t o  in t roduce  a c o r r e c t i o n  f o r  ( g e o c e n t r i c )  p a r a l l a x ,  

which w i l l  be exp la ined  h e r e a f t e r .  The p o i n t s  i n  which t h e  e a r t h ' s  

a x i s  P P '  c u t s  t h e  c e l e s t i a l  sphere  a r e  c a l l e d  tile Po le s  of t h e  ce-  

l e s t i a l  ephere .  (v ide  F ig  1.) Theae are f i x e d  p o i n t 3  on t h e  c e l e s -  

t i a l  sphere .  I f  we draw a l i n e  t h r o ~ e h  t h e  c e n t r e  of t h e  sphe re  0 t o  

any po in t  z on t he  e a r t h ' s  s u r f a c e ,  and produce i t  t o  c u t  t h e  c e l e s -  

t i a l  sphe re  i n  Z ,  t h i s  p o i n t ,  v e r t ~ c a l l y  above t h e  p l a c e ,  i s  c a i l e d  

the  Zeni th .  Tf produced i n  t h e  o t h e r  d j r e c t i o n ,  i t  c u t s  the  c e l e s -  

t ia l  sphere  In  t h ?  p o i n t  v e r t i c a l l y  beneath ,  o r  Nadir ,  N. Thug i f  we 

can l o c a t e  a p l ace  on the  e a r t h ' s  s u r f a c e ,  we know t h e  p o s i t i o n  of 

i t s  z e n i t h ,  and v i ce  ve rsa .  I n  f u t u r e  t h e r e f o r e  the p o s i t i o n  o f  a 



p l a c e  \iill be denoted by the  p o i n t  Z. 

2, The e a r t h ' s  Equator"eq11is the g r e a t  c i r c l e  i n  which a plane 

through the  c e n t r e  of the  e a r t h ,  perpendicu la r  t o  t he  axis, 

c u t s  the  e a r t h ' e  s u r f a c e .  This p l ane  produced cu t6  the  c e l e s t i a l  

sphere  i n  t he  C e l e s t i a l  E ~ u a t o r  o r .Equ inac t i a1  EQ. The g r e a t  

c i r c l e s  through t h e  c e l e s t i a l  poses ,  which t h e r e f o r e  c u t  the  

c e l e s t i a l  equator  a t  r i g h t  ang le s ,  a r e  c a l l e d  C e l e s t i a l  Meridiane, 

Now we knovr t h a t  t h e  angle,which t h e  p a r t  of a  t e r r e s t i a l  meridia 

"ze1\ i ~ t e r c e p t e d  between a p lace  z and the  t e r r e s t i a l  equator, 

subtends a t  e a r t h ' s  cen t r e  0, is t h e  La t i t ude  h o f  the  p l ace .  Simi- 

l a r l y  t he re f  o re  the La t i t ude  of a p l ace  i s  the angle  subtended a t  

t h e  cen t r e  by the a r c  o f ' t h e  C e l e s t i a l  Neridian Zl3,intercepted 

between the Zenith and the  C e l e s t i a l  Equator ,and the Colatitude 

Y i s  the  angle  subtended a t  the  cen t r e  by the  a r c  of the  Cel- 

e s t i a l  Meridian ZP, in te rcep ted  between the  Zeni th  and the  Pole, 

(Y = 90' - l a t i t u d e  h ) . 
3, If a plane be drawn through t h e  c e n t r e  0 of the  e a r t h  per- 

pendicu la r  t o  OZ, i t  c u t s  the  c e l e s t i a l  sphe;.c i n  a g r e a t  c i r c l e  

c a l l e d  the  C e l e s t i a l  Horizon,HR. This i s  r e a l l y  p a n l l e l  t o  the  

t e r r e a t i d l  ho r i zonwhrM,bu t ,  as the s i z e  of the e a r t h  i s  so  small 

corrpared w i t h  the  d i s t a n c e  o f  the  stars, they m y  be considered 

i d e n t i c a l  f o r  our purpose. 

The poin ta  i n  which the  obeerver 's  rneridia-n cu t s  t he  

horizon a r e  t he  I & S p o i n t s .  

, Great c i r c l e s  through the  Zeni th  a r e  of course perpendi- 

c u l a r  t o  the  horizon and a r e  c a l l e d  Ver t i ca lp .  The v e r t i c a l ,  

whose p lane  i e  perpendicu la r  t o  t he  p lane  of the  m e r i d i s n , i s  

c a l l e d  the Prime V e r t i c a l  and meets the horizon i n  the  

E & W p o i n t s .  



J '4.~raw a line from the earth's centre to a star. Let it cut 

the celestial sphere in 3. SZ is the Zenith ~istance2,and SP the 

North Polar Distance A,of the star. 

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 

star's position is determined 

if we know the distance SK 

measured along the meridian 
The plane o f  the paper ia 

between the star and the 

equator, and also the distance 

T K  meamred from a fixed point T up to K along the equator. 

T K  is called the star's Right Ascension,or R.A. 

SK . . . . . . . . . . . . . . . . . . . . Declination, 8. ( v i d e  Fig 2) 

yis called. the First Point of Aries and its position will be 

determined later on,(vide para 9) 

The ~eclination$= 90'- North Polar Distance, A. 

The /PZS is the starts Azimuth,A, measured from north. 

j 5.The earth rotates on its axis once in 24 hours, but we are 

not cognisant of the fact except indirectly. What wa 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 juat what 

we would observe if the stare were fixed and the earth turned 

on its axis from W to E. It l a  much more likely that *earth 

rotates than that the rest of the universe turns round it, and 

it can be proved t h t  it does. All the same it is more conven- 

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

in 24 hours. 



,/ 6. A star whoseN.P.D. i s  90' w i l l  t h e r e f o r e  appea r  t o  t r a v e l  on 

t h e  equa to r  and any o t h e r  s tar  w i l l  t r a v e l  on a small c i r c l e  
z 

p a r a l l e l  t o  t h e  equa tor .  A s  a s ta  

cannot  be seen ,  when i t  i s  below 

t h e  ho r i zon ,  i t  w i l l  appear  

t o  r i s e  at one o f  t h e  p o i n t s , E ,  

where i t s  small c i r c l e  c u t s  H Horizan 

t h e  ho r i zon ,  and s e t  a t  W, t h e  
-The plane ofthe paper is  

o t h e r .  AS a s tar  does a  corn- suppo~sd to coincide with 
the plane of the meridian 

p l e t e  r e v o l u t i o n  o r  360' i n  2 4 3 i d e r -  

eal hm., i t  does 15' pe r  hour ,  and 

t h e  L SPZ, reduced t o  hours  a t  t h e  r a t e  

o f  15' p e r  hour, will give the t ime a f t e r  which t h e  star w i l l  .be 

on t he  meridian.  The L SPZ i s  t h e r e f o r e  c a l l e d  t h e  Hour Angle t. 

/ 7 . ~ s t r o n o m i c a l  t r i a n g l e .  It i s  t hus  c l e a r  t h a t  a star ( o r  o t h e r  
J 

heavenly  body) a t  any moment forms a 
B i g  4 

s p h e r i c a l  t r i a n g l e  w i t h  t h e  z e n i t h  

and e l e v a t e d  po le  ( v ide  F i g  4), 

t h e  s . ides  be ing  arcs of t h e  

mer id ian  ZP, t h e  v e r t i c a l  c i r c l e  ZS a/" 
and the  d e c l i n a t i o n  c i r c l e  PS. 

The s i d e  PZ=Co la t i t ude  T'/ ( o r  90'-h,the h t i t u d e )  

t he  s i d e  P S = N . P . D . A  ( o r  90'- 8,the ~ e c l i n a t i c n )  

t he  s i d e  ZS=Zeni t h  d i s t a n c e  3 o r  90'- h, t h e ~ l t l t u d e )  

t he  s i d e  PZ i s  g e n e r a l l y  knnwn approx imate ly  m d  can be found 
acci i ra  tely, as expla ined  a f  terwarda.  

t h e  a i d e  PS i 3  ob ta ined  from the  va l l te  o f  Deo l ina t ion  g iven  i n  
t h e  n a u t i c a l  Almanac. 

t h e  s i d e  ZS i s  ob ta ined  by obse rva t i on  w i t h  t h e o d o l i t e  o r  o t h e r  
i n a t r u m e n t , i f  r equ i r ed .  



5 

The a n g l e  ZPS i9 the  Hour w l e  t 

The a n g l e  PZS i s  t h e  Azimuth Angle A 
A 

The a n g l e  ZSP i s  t h e  P a r a l l a c t i c  A n g l e  pg ' 
Given any 3 of t h e s e  p a r t s ,  t h e  o t h e r s  can be deduced by formulae  

of s p h e r i c a l  t r igonomet ry .  

We thus  a r e  a b l e  t o  determine L a t i t u d e ,  Time (chronometer  e r r o r )  

and Azimuth, which a r e  the  problems most f r e q u e n t l y  o c c u r r i n g  i n  

F i e l d  Astronomy. 

8, Bes ides  t h e  d i u r n a l  motion round i t s  a x i s  t h e  e a r t h  h a s  an-  

o t h e r  motion.  I t  r e v o l v e s  round t h e  sun f rom E t o  W once a year. 

We a r e  n o t  aware of t h i s ;  what we do s e e  i s  t h a t  t h e  sun moves 

among t h e  s tars  from W t o  E. For supposing t h e  sun  had no appa- 

r e n t  motion,  t h e n  noon would always be t h e  same, and t h e  t ime 

between noon and  t h e  r i s i n g  of any s tar  would always be t h e  same. 

But a s t a r  r i s e s  e a r l i e r  every  n i g h t ,  wliich means t h a t  t h e  i n t e r -  

v a l  i s  g e t t i n g  s m a l l e r  every  day,  o r  t h a t  t h e  sun is  g e t t i n g  f u r -  

t h e r  E a s t  each day. 

We s h a l l  speak of t h e  s u n  moving round t h e  e a r t h ,  o r  t h e  

e a r t h  moving round t h e  sun,  j u s t  as i t  s u i t s  us .  The e a r t h  i s  n o t  . 
always e q u i d i s t a n t  f r o m  t h e  sun.  It i s  n e a r e r  i n  w i n t e r  and  f u r -  

t h e r  away i n  summer. I n  f a c t  t h e  e a r t h  moves r o u w  the sun i n  sfi 

e l l i p s e  w i t h  t h e  sun i n  one f o c u s ,  and in consequence o f  t h i s ,  

f l  e q u a l  a r e a s  must be, d e s c r i b e d  i n  e q u a l  t i m e s ,  hhe e a r t h  moving 

f a s t e r  a t  some t imes  t h a n  a t  o t h e r s .  

9 ,The p l a n e  of t h e  e a r t h ' s  o r b i t ,  as t h i a  e l l i p s e  is  c a l l e d ,  

o r ,  which i s  t h e  same t h i n g ,  t h e  p l a n e  of t h e  sun ' s  a p p a r e n t  mo- 

t i o n  i s  no t  p a r a l l e l  t o  t h e  e q u a t o r .  I t  c u t s  i t  a t  a n  a n g l e  of 
0 

about  23#, s o  that t h e  g r e a t  c i r c l e  i n  which t h i s  p l a n e  c u t s  t h e  

c e l e s t i a l  s p h e r e ,  and which is  c a l l e d  t h e  Ecl ipt ic ,  i s  i n c l i n e d  



t o  t h e  e q u a t o r  a t  a n  L o f  a b o u t  2s'. T h i s  is c a l l e d  t h e  

O b l i q u i t y  3f  -- ti=e - -- i3c l lp t ic_ .  The s u n  t h u s  a p p e a r s  t o  move i n  the 

e c l i p t i c  a n d  t h e  ~ o i n t  where it c r o s s e s  t h e  e q u a t o r ,  when ascend. 
--- . -. - 

i n g , i s  c a l l e d  t h e  - 1st -- P o i n t  o f e r i e s  and i s  d e n o t e d  b y r , a n d ,  

when descend ings  by a. 
---. . P F i g  5 

10, A star 's  R i g h t  A s c e n s i o ~  or R . A . i s  

t h e  a r c  YK of  t h e  e q u a t o r  measured 

f r o m y e a s t w a r d  t o  t h e  p o i n t  K, 

where t h e  s t a r t s  d e c l i n a t i o n  c i r c l e  

S K  c u t s  t h e  e q u a t o r .  Right Asceq- 

s i o n s  s r e  reckoned f r o m  0 t o  360': 

o r ,  which  i s  t h e  same t h i n g ,  from 

0 t o  24 h o u r s .  

11,If we t a k e  t h e  p o l e  o f  t h e  

e c l i p t i c  and draw a g r e a t  c i r c l e  th rough  i t  and th rough  a star 

"S", meet ing  t h e  e c l i p t i c  i n  Ill,say, t h e n  the  s t a r ' s  p o s i t i o n  w i l l  

a l s o  be known, i f  we knowY IG and 1 5  :- - - 
vkl 1s t h e  s tar ' s  C e l e s t i a l L  ong i  tud: 
i d s  . . . . .. . . . . . . . C e l e s t i a l _ - L a t i t u d e  

These c o o r d i n a t e s  a r e  n o t  wanted f o r  

the  s i m p l e  c a l c u l a t i o n s  we w i l l  con- 

s i d e r .  
I 

12. The l e t  P o i n t  of A r i e s  is n o t  

a c t u a l l y  a f i x e d  p o i n t .  I t  h a s  a 

r e t r o g r a d e  mot ion  of 50.22'' s econds  

a n n u a l l y ,  moving,as i t  were, t o  meet 

t h e  e a r t h .  When t h e  s u n  i s  a t r a n d  a,it is on t h e  e q u a t o r  and 

t h e r e f o r e  - - nigh t  & day are o f t h e  same l e n g t h .  Theee two p o s i t i o n s  

a re  c a l l e d  t h e  E ~ u i n o x e s -  The mot ion  of r a l o n g  t h e  e c l i p t i c  i e  

c a l l e d  t h e  P r e c e a e i ~ n  of  t h e  Equinoxee .  



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,the 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 r 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 T reckoned westward from 0 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 lo 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-. 

The solar time at any instant is the hour angle of the sun's 

centre,reckoned westward from 0 to 24 h. This is called Apparent 

Solar 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 is 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 ima~inaqyJ&an Sun, Sl,move in the ecliptic with the true 



s u n p a  mean o r  average angu- 

lar v e l o c i t y ,  and l e t  i t  coin-  

c i d e  w i t h  t h e  eun when i t  
Fig 7 

i s  n e a r e s t  the  e a r t h ,  and 

t h e r e f o r e  a l s o ,  when i t  is  

f u r t h e s t  away- 
Solstice 

Le t  a second Nean gun S2 

move i n  t h e  equator ,  s o  t h a t  

T S 2  always= y S l , t h e n  S2 i s  

t h e  Man  Sun t h a t  we r e q u i r e -  - 
Mean Noon i s  t h e  i n s t a n t  

when t h e  Mean Sun i s  on t h e  

meridian,and Mean T i .  is  

t h e  hour  ang l e  of t h e  Mean 

Sun,reckoned westward e i t h e r  from 0 t o  24 hours ,or  i n  2 t w e l v e  

hour ly  pe r iods .  Astronomical  Time 1s always on t h e  24 houq and 
* 

not  on t h e  1 2  hour system,cormnonly used f o r  c i v i l  purposes.  

16 . P r i o r  to 195 W Nau t i ca l  Almanac, American Ephemeris, e tc.,used 

t o  reckon t h e i r  d a t e s  i n  Astronomical  T ime , s t a r t i ng  each day 

at 12 noon, b u t ,  as f o r  c i v i l  purposes  i t  has been found more 

convenient  t o  begin  t h e  day a t  midnight ,  the Almanacs have 

c a r r i e d  ou t  t h i a  change,commencina w i t h  t hose  i s sued  f o r  1925, 

so  as t o  avo id  t h e  confusion between C i v i l  and Astronomical  

d a t e s ,  caused by t h e  o ld  system. 

17,Suppoee f o r  a moment we n e g l e c t  t h e  f a c t  t h a t  the  t r u e  sun 

move8 a t  d i f f e r e n t  r a t e 8  i n  h i s  o r b i t .  Under t h i e  auppoe i t ion  

t h e  true sun ' s  Righ t  Ascension (owing t o  its moving i n  the  

e c l i p t i c )  will be eometimee g r e a t e r  and sometime8 l e s e  than t h a t  

of t h e  Mean Sun. They would co inc ide  a t  the  Equinoxes and 90' 



from them a t  p o i n t s  c a l l e d  t h e  S o l s t i c e s .  Apparent Time will 

t h e r e f o r e  be sometimes ahead of, and sometimes behind, Mean Time 

and t h e  d i f f e r e n c e  between them is  c a l l e d  t h e  Equa t ion  of Time. 

The Equat ion of t ime i s  t h u s  t h e  value ,  expressed i n  time of t he  

ang le  between t h e  t r u e  and mean suns.  The f a c t  t h a t  t h e  t r u e  

sun t r a v e l s  a t  varying r a t e s  i n  h is  o r b i t  z l t e r s  t h e  amount of 

t h e  Equat ion of Time,and a l s o  t he  d a t e s  on which i t  van i shes ,  

bu t  n o t  t h e  number of t imes (viz:-  4 )  on which i t  vanishes. 

The Equat ion of Time is g iven  f o r  every day i n  t h e  y e a r  i n  t h e  

Naut ica l  Almanac ( f i r s t  2 pages of each month) and we need n o t  

concern ou r se lve s  w i t h  i t s  value  beyond no t ing  t h a t  i t  v a r i e s  

from 0 t o  about  5 15m. 

l8,The nex t  u n i t  of time is t h e  year .  A y e a r  i s  t h e  p e r i o d  

of t h e  e a r t h ' s  r evo lu t i on  about  t h e  sun from some de te rmina te  

p o s i t i o n  beck t o  t h e  same. If t h e  s t a r t i n g  p o i n t  be a s tar ,  t h e  

i n t e r v a l  is called a Sidereal year .  If we start from the 1st 

po in t  of ~ r i e s , % h i c h  has  a r e t r o g r a d e  motion of 50.22'! p e r  

annum, moving as it, werc t o  iiicct t he  ea.rt.h, t h e  pe r iod  &ill no t  

be so  long. This is  c a l l e d  t h e  Trop ica l  yea r ,  and,  as i t  d e t e r -  

mines t he  commencement of t he  seasons  and a l l  the  important  

phenomena of vege t a t i on  and l i f e ,  i t  i s  the  u n i t  marked out by 

na tu re  f o r  the  use of man. 

1g.From observa t ions  separa ted  by a long i n t e r v a l  i t  has  been 

found t o  c o n s i e t  of 365.242216 Mean Solar days* A s  t h i s  is a n  

awkward number, t h e  o rd inary  c i v i l  year is made t o  consist of 

an exac t  number of days e i t h e r  365 or  366. 

Now 4 Trop ica l  y e a r s = 4  yea re  of 365 d a y s +  -968864 day 
=3 y e a r s  of 365 d a y s +  one y e a r  o f  366 

days  - -031136 day,  

80 t h a t  i n  t he  o rd inary  way of having every f o u r t h  year  a l e a p  

y e a r ,  we should g e t  an  e r r o r  of .031136 days i n  4 y e a r s , o r  of 



3.1136 days i n  400 yea r s .  Hence the  f u r t h e r  c o r r e c t i o n  of not 

count ing a s  a leap  yea r  any century,  un leae  i t s  number i s  d i v i -  

s i b l e  by 400. ( ~ h u s  1900 was not  a l e a p  yea r ,  but 2000 w i l l  be) .  

The e r r o r  then i n  t h e  ca lendar ,  a s  a t  p re sen t  reckoned, is -1136 

day i n  400 years .  

20,Reduction and Convereion of T a : -  A s  t he  e a r t h  t u r n s  uni- 

formly on i t s  a x i s ,  one meridian a f t e r  another  i s  brought oppo- 

s i t e  the sun and d i f f e r e n t  p l aces  have t h e i r  noons i n  succession 

according t o  t h e i r  l ong i tude -  The S o l a r  Time a t  a g iven  p l ace ,  

being the  angle  made by the sun ' s  declinaticm circle with the meridian 

at t h a t  p l ace ,  it  fo l lows  t h a t  the d i f f e r e n c e  between the S o l a r  

Times a t  2 d i f f e r e n t  p l aces  a t  the  same i n s t a n t  w i l l  be exac t ly  

the  angle  between the meridians  of t he  2 p l aces  ( i . e .  t h e i r  

d i f f e r ence  i n  l ong i tude ) .  The same w i l l  be t r u e  of t h e i r  Mean 

S o l a r ,  or  of t h e i r  S i d e r e a l ,  t imes,  end g e n e r a l l y  the  d i f f e r ence  

of Longitude will be equa l  t o  the  d i f f e r e n c e  of Hour Angles of  
4 

any ( the  same) c e l e s t i a l  p o i n t  a t  the  same i n s t a n t .  Therefore  t c  

f ind  the time a t  any meridian,  corresponding t o  a given time a.t 

eome o the r  meridian,  we mus t  convert  the  Longitude i n t o  time a t  

the r a t e  of 15' per  hour,  and add t o ,  or  s u b t r a c t  from, the  given 

time . 
21. Bear f n  mind t h a t  t h e  e a r t h  t u r n s  from W t o  E and t h e  heaven- 

l y  bodies t r a v e l  from E t o  W apparen t ly ,  so  t h a t . t h e  more e a s t e r -  

l y  meridian w i l l  have i t s  noon f i r s t ,  and t h e r e f o r e  t h e  more 

advanced time. e  .ge The Longitude of Dehra i s  78' .5' .4211 E,what 

is Mean Time a t  Dr hra,when i t  is Mean Noon e.t  Greenwich? We must 

d iv ide  78°e5'.42n by 15. The r e s u l t  is  5h. 1 2 ~ .  22.en, and,  as 

i Dehra i s  E of Greenwich, i t  i s  5h. 12m. 22.8s, Mean Time a t  Dehra, 
/' 

when i t  i s  Mean Noon a t  Greenwich. 



Conversely.if t he  d i f f e rence  of time were given,  and we wanted 

the d i f f e rence  i n  longi tude,  w e  should mult iply the  d i f f e rence  o f  

time, Sh- 12m- 22-66, by 15, and g e t  the r e s u l t  78' 5' 42"- 

.22,The i n t e r v a l  between 2 success ive  returns o f r t o  the same 
; 

meridian is  a S i d e r e a l  day and t h a t  between 2 successive r e t u r n s  

of the mean sun is a Mean Sola r  dax- Now the  sun completes an 

apparent revolu t ion  round the e a r t h  i n  a t r o p i c a l  y e a r c o n s i s t i n g  

af 365.242216 mean s o l a r  days. 

Daily motion - 1 day 
360° -- 365 a242216 

Da i ly  motion = 59 '  8IB.33 

The l ength  of the Mean Solar  day the re fo re  d i f f e r s  from the 

l ength  of the  S ide rea l ,  because, when the  mean sun i n  i ts  diurnal 
* It 

motion r e t u r n s  t o  the meridian, i t  i s  59 8.33 sdvanced i n  R.A. 

eaatvrard, i.e:-an arc of the  equator of 360' 59' 8.3311 passes the 

meridian i n  a Mean Solar  day,while one of only 360' passes  i n  a 

Side r e a l  - day. 

1. Mean So la r  day - 360' 59' 6-33" - 24h. 3m. 56.555s. - lh.9.8565~ - - - 
1 Sidereal day 360 O 24 hr .  1 hr .  

2 3 , I t  now remains t o  show how t o  convert  S ide rea l  i n t o  Mean 

So1a.r time, and v i c e  versa.  The e a r t h '  t u rns  on i t s  axis, so  t h a t  . 

the sun a n d ' r  appear t o  revolve round the e a r t h -  Every time t h e  

mean sun croases  the  meridian is a Mean S o l a r  -,and every  t i m e r  

c rosses  the meridian i s  a S i d e r e a l  day. Now the  mean sun advances 

among the s t a r s  i n  the  same d i r e c t i o n  as the earth revolves,vizt- ,  

from W t o  Em Therefore the m a n  sun will be a l i t t l e  l a t e r  cross-  

ing  the  meridian each day,and,f inal ly ,as  the mean sun goes once 

completely round the e a r t h  in a t r o p i c a l  year, the mean sun w i l l  

be 8 whole day l a t e r  croseing the  meridian than" r  is. Thus t h e r e  

w i l l  be one l e e s  Mean Solar  day i n  a t r o p i c a l  yea r  than there are 

Siderea l  days. 



Number of Mean S o l a r  days  i n  a T rop i ca l  y e a r  = 365.242216 .............. S i d e r e a l  .................... = 366.242216 

, Therefore  365.242216 Mean So l a r  days = 366.242216 S i d e r e a l  days. , 
* 

51 J u 4 l  
1 Mean S o l a r  day = 1 + .00273791 S i d e r e a l  days 

,,I S i d e r e a l  day = 1 - .0027304$ Mean S o l a r  days. 

Tab les  f o r  t h e  convers ion a r e  g iven  i n  t h e  N a u t i c a l  Almanac, 

American Ephemeris, Chamber's Log Tab le s  and A u x i l i a r y  Tablea,Part 

111, Tables  22,23 Sur. 

24.In o r d e r  t o  g e t  a c l e a r  concep t ion  of t h e  v a r i o u s  k inds  o f  time i n  

u s e ,  a few examples should be worked such as t h e  fol lowing:-  

Near the Walker Obaervatory,Dehra Dun, l ong i tude  75' 3 ' 15It, the 

L o c a l  Apparent Time on 1st August 192? i s  20 hou r s ,  what i s  the 

Local  Mean Time acd  what i s  t h e  Standard Time? 
ii iji 3 

L 78' 3' 15"  E = 5 12 13 E i n  t ime 
h  h r d s  h  m s 

G.A.T. at 20 h r s .  = 20 - 5 12 13 = 14  47 47. 
h m  s 

The Equat ion  of Time a t  2 47 47 after noon a t  Greenwich is  required 

Equa t ion  of Time from p  1 of August 1929 N.A.  
m s 

at  Apparent Noon = + 6 11.70 
h  

change i n  2.8 approx.  a t  .I39 = - .39 

Equat ion  of Time r equ i r ed  = + 6 11.31 

Equa t ion  of Time - + 6  11.31 

L.M.T. r e q u i r e d  -.- 20 6 11.31 . 
h m  3 

Dif f e r ence  between 5  12 13 
l o n g i t u d e  of Dehra 
and 1 ongi tude 5 30 0  +I7 47 
f o r  s t anda rd  mer id ian .  

S tandard  t ime r e q u i r e d  20 23 58.31 

25. Bow in ae t ronomica l  probleme we of ten r e q u i r e  t o  know the  

S l d e r e a l  T ime  of Mean Hoon i . 8 .  t h e  Right  Aeceneion of t h e  Mean 



Sun, when i n  t he  meridian.  The S i d e r e a l  Time of Mean Noon f o r  -a 
v 

Greenwich i s  given f o r  every  day i n  t h e  y e a r  i n  t h e  N a u t i c a l  ~ l m 6 k c  

p  I1 of each month, b u t  we want t h e  S i d e r e a l  Time of Local  Mean Noon, 

a t  Dehra Dun, say.  Now t h e  only  d i f f e r e n c e  between t h e  S i d e r e a l  

Times of Mean Noon a t  Greenwich and Dehra is  t h e  amount t h e  sun ' s  
h m  s 

Right Ascension has  i nc r ea sed  i n  5 12  13. Suppose t h e r e f o r e  we want 

the  S i d e r e a l  Time of Local  Mean Noon a t  Dehra Dun on 1st August 1929 

We know t h a t  Dehra Mean Noon i s  about  5  h r s  e a r l i e r  than  Greenwich 

and t he r e fo re  between t he  Greenwich Mean Noons of 31a t  J u l y  and l e t  

A U ~ U S  t , 1929.  
h m s  

Take S i d e r e a l  Time a t  G . M . N .  from N.A. on 31st a 8  34 29.27 
. . **-* . . .  ..............*..*---.*.-..... 1st b  8 38 25.83 

D i f f e r ence .  -3 56.56 
h m s  h  

Row 5 12 13 5.2 approx.  
- - 

5 2 
8 

Bul t ip ly  a - b  by Resu l t  c  = -51 -25 
h  m s24 

Then b + c  = 8 37 34.58 = S i d e r e a l  Time L.M.N. a t  Dehra Dun on 
( a l g e b  a i c  

swnf  
l e t  August 1929. 

26. comparison of c locks  and watches.  I t  is r equ i r ed  t o  compare a n  

~ r d i n a r y  mean time watch s e t  i n  Standard t ime w i t h  a S i d e r e a l  c l o c k  

i n  t h e  Observatory a t  Dehra Dun on t h e  same date ,  viz. 1 a t  August 1929, 
b 

before s t a r t i n g  s tar  observa t ion .  

We make two comparisons of t h e  watch and c lock  thus:- 
h  m ' s  h m s 

S i d e r e a l  c lock  15  59 27 16  1 25 
M.T. watch 7 35 35 7 37 33 -- 

8 2 3 5 2  8 2 3 5 2  

Ihe d i f f e r e n c e  being t h e  e rne  i n  each c a s e  shows t h a t  our  r ead ings  

lave been c o r r e c t l y  taken.  



Taking t h e  second observat ion:-  
h m s  

16 L 25 - 48 Rate c o r r e c t i o n  t o  S i d e r e a l  c lock  obta ined 
from obse rva to ry  

16 0 37 T i m e  S i d e r e a l  Time of obse rva t i on  
8 37 34.58 S.T. of  L.M.N. from para 25 
7 23 02.42 Time -- a f t e r  noon i n  i n t e r v a l s  of S .T. 

I Conver- 6 58 51.193 or Conversion by Table 2 3  Sur  7 23 02.42 
22 56.232 

''On by % 0 1.995 
A u x i l i a r y  Table P a r t  I11 - 1 8.807 

Table p - 3.768 
562 N.A. 0 0  0.419 - .006 

1929, - 

7 21 49.84 - True L.M.T. 7 21 49 .84  
& 

+ O  17 47.CO  or Standard  Time d i f f e r e n c e  te twe n 
4 5h. 1%. 13s. Dehra and s t anda rde l  $9 

7  39 36.84- True watch t ime ( s t a n d a r d )  
7 3 7  33.00 Watch t i m e  observed 
0 2 3 .84-  Watch e r r o r  slow 

27. If a a a i n  a n  obse rva t i on  i s  t o  be made a t  Dehra -. Dun a t  20 hrs 

,St;andard T~me on 1 s t  August 1929 and we w a ~ t  t o  f i n d  t h e  Local 

S i d e r e a l  Time of obse rva t i on .  

h m s  
20 0 0 h m  s - 0  17 47 b 5 12  13 Dehra and 

19 42 1 3  
-12 0 0 

o r  7 4 2 1 3  p.m. -- 
7 4 3  28.93 Converted t o  S i d e r e a l  e q u i v a l e n t s  by Table 

p 560 N-A. 1929 or  Table 22 Sur  
8 3 7  34.58 S.T. of L.M.N. f r o m  p a r a  26 

3bm 16 21 03.51 L.S.T. of - o b s e r v a t i o n  r e q u i r e d .  

h  m s  
Converselv ~ i v e n  Side7 .a1 Time of Observat ion 16 21 3.51 t o  

f i n d  the Standard  Time of Observat ion a t  Dehra Dun on 1st A U E U S ~  



h m 
16 21 3.51 S.T. of Observat ion 
8 37 34.58 S.T. of L.1f.N. from para  25 
7 43 28.93 Dif fe rence  

7  42 13 Converted t o  M.T. e q u i v a l e n t s  by 
Table p  562 N.A. o r  T a b l e  23 S u r  

+ 12 For 24 hrs system of time h m  s 
4-17 47 Cor rec t i on  f o r  d i f f e r e n c e  between 5 12 1 3  

Dehra and S tandard  5h. 30m. 

20 00 00 Standard Time of observa t ion  r equ i r ed  . * 
28. Let  us novr i n t roduce  a star 

The star  d A q u i l a e  I s  observed E of t h e  meridian at Dehrq Dun a t  

20 h r s  Standard Time on 1st A u m s t  1929 f i n d  i t s  Hour A n ~ l e ,  

A s  i n  pa r a  27 16 21 03.51 S i d e r e a l  Time o f  observa t ion  o r  t he  
\Right  Ascension of t he  Meridian 

19 47 21-46 Right  Ascension of s tar  from p 404 
N.A. 1929 

Dif fe rence  3 26 17.95 Hour Angle 

h m  s 
Conversely g iven  the Hour A n ~ l e  3 26 17-94 of the star d - 

Aquilae t o  f i n d  t h e  Standard Time of observa t ion  a t  Dehra Dun o t  

19 47 21.46 R.A.  of s t a r d A q u i l a e  
3 26 17.95 Hour Angle do 

Di f fe rence  16 21 03.51 S i d e r e a l  time of observa t ion  

whence the  Standard Time of Obeervation i s  found as i n  para  2.7. 

29.If requ i red ,Loca l  S i d e r e a l  T i m e  m y  be conver ted t o  Local  

Apparent Time and v i c e  ve r sa  by one o f  two methods. 

1st Method. Apply Equat ion of Time tc! L.A.T. and b r i n g  i t  i n t o  

L.M.T. Turn t h e  L.M.T. i n t o  L . S . T . ,  as already explained in paras 

24 and 27. 

Converselyt  Turn t he  L.S.T. i n t o  L.M.T. as i n  thk Last 4 l i n e s  

of t h e  working i n  para 27. Apply t h e  Equa t ion  bf T i m e  t o  the 

L.M.T. t o  ob t a in  L.A.T. 

2nd Method! 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 t h e  Sun. is g iven  eve ry  day I n  the N.A. f o r  

Greenwich and w e  have t o  i n t e r p o l a t e  f o r  any other place for the 



Hints on Astronomical Observations with the Theodolite, 

30. Set up the theodolite complete, tighten the joints, see 

:he legs firmly planted in the ground and have it ready at l eae t  

15 minutes before the time when observations are to commence. 

Foci~s the micrometers, see the s l o w  motion and footscrews are in 

the centre of their runs. adjust the eyepiece for parallax and 

focus telescope on a star. If observing the sun by day, see that 

t he  dark glass is affixed to the eyepiece. 

Tf observing by night,erect the sights. The axis reflector and 

lampon many theodolites are unaatisfactory- 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 

ill~iminate the cross-hairs without obscuring the view. Level the 

instrument and see that the top bubble remains readable during 

the observations. 

31. The stars for observation can generally be identified by 

mans 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,unlesa it is a large one. 

The sight vanes require illuminating by a lamp from behind,while 

the observer searchee for a star. The approximate time and alti- 

tude of a star can also be worked out beforehand. if considered 

nccpnsary, and the star picked up by merely alightly rotating 

the telescore in azimuth. 

32. If no chronographic method i 3  available for nating the time 

when the sun or star traneits the cross-wiree, there are several 

methods by which the time m y  be eetimated and recorded to the 

ntareat tenth of a second. 



The booker may merely keep his eye on the chronometer,while the 

abaerver says *up" at the time of transit, the booker noting the 

time to the nearest tenth of a ae c o n d , ~  the booker may count 

seconds and the observer interpolate the time mentally to the 

nearest tenth of a Second. When there ia no booker, the observer 

must necessarilyncarry the countnof 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 aa the star crosses 

the wire, and stop it as soon 8.9 possible afterwards, on some parti- 

cular second 3f the reference chr~nometer~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 in the programme for 

each star. 

Wait f'or the booker to say 'right' before giving him sny readings. 

The sequence in which readings should be given (according to the 

nature of the observations in hand) should be as follows:- first 

"times", than level readings, object-end eye- end; vertical angles 

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

The booker should examinethe readings throughout the observaticns 

and vrarn the observer of discrepancies- The altitude of a star 

varies but little during a series of observati~ns~and any large 

discregancies generally indicate that 2 different stars are being 

obeerved 

34. ' In observing, when possible, al\uays let the heavenly body 

make contact with the wires with the hands off the theodolite. 

When contact must necessarily be made by the tangent screvr, as in 

azlmuth or latitude observations, do not preee on f t ,  so as to 

dist~irb the level. 



I n  the case of eun azimuthe, where contac ts  have t o  be observed 

i n  apposi te  quadrants as 6hown i n  the  diagram - g e t  the  sun i n t o  

t h e  quadrant requi red  and 

c s l  wire in contact with the 

apparent ( r i g h t  o r  l e f t )  limb 

o f  the sun, 8e necessary, and 

l e t  the o ther  limb (upper o r  
I 

work with one tangent screw 

lower),  make i ts  own contac t  . 
in a star 

l p p a ~ n f  right and 

only, eo as t o  keep the  v e r t i -  lower limb 
Apparent Is* and 
lower l imb 

the  star is made t o  pass through 

upper l im b 
azimuth by the  method i n  which 

the cent re  of the cross-wires, - work with one tangent screw 

upper l imb 

only and keep the  v e r t i c a l  wire on or a l i t t l e  i n  advance of the  

s t a r ,  so t h a t  when the a t a r  reaches the  hor izon ta l  wire i t  will 

of i t s e l f  pass through the  cen t re  of the cross-wires.  

35.  Immediately before and a f t e r  observing, record the  barome- 

t e r  and thermometer readinga. The record i n  the angle book should 

be complete so  t h a t  the r e a u l t s  can be worked out by an indepen- 

dent person, i f  necessary. 

The information t h a t  ohould be given i n  the angle book s l ~ o u l d  

include,according t o  the type of observat ion r -  

Natllre and purpoee of o b s e r t r a t i ~ n s  
Date and place wi th  approximate l a t i  tude a.nd longitude ' 
Number of theodol i te  & descr ip t ion .  
Chronometer used - r a t e  and correc t iona ,  i f  known 
Barometer and themome t e r  readings 
Name of object  and face and limb observed ( f o r  sun on11 
E o r  W, bl o r  3 cjf zen i th , i f  passing the meridian 
Referr ing mark uaed and i t s  hor izon ta l  readings 
Observed times 
Leve 1 readings 
Observed a1 t 1 tude s ' 

I 
Horizontal  angles o f  object  obeerved 



State of weather and sky 
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 enabling single observations to be worked out in 

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

ording, 

J 
,Time-keepers, For astronomical observations a good watch or chro- 

nometer  r refer ably sidereal) with a uniform rate is essential, 

The rate in no case should exceed 12 secs per day. Time observat- 

ions 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, azim17th, 

etc, A large rate in a chronometer, even if uniform,is very incon- 

venient, as it has to be applied throughout the observations, 

Obsemations should be taken as quickly as consistent with prec- 

ieion in view of chronometer rate, as well as of the fact that, 

strictly speaking, star altitudes, etc. do not vary linearly with 

time except for short periods, as, for instance, is assumed, when a 

mean altitude,from two face right and t w o  face left observations 

with a theodolite to a star,is taken for computation purposes as 

oorresponding to a nlean time. 

Note re theodolite eyepieces . In Sun observations it is best to 
reoord the apparent and not the true lixbs 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 eyepiece8 may do one or the 

other,which can be easily asoertained by obeerving the Sun's 



movement. This so~uetimes causes mistakes in Sun ob8ervations,whep 

only one limb is observed and correction for Sun's semi-diameter 

is applied. 

38,Corrections to observed altitudes. The following correctiona have 

to be applied to the altitudes of heavenly bodies observed by 

theodolite, before they can be used for computation. 

fa) For level error oftheodolite,vide para 101 Chapter 111 
Topo Handbook- 

-., 
(b) For refraction. Refraction makes a heavenly body appear 

higher than it actually is, 

therefore refraction correction is subtractive from altitude 
additive to Z.D. 

To obtain refraction correction we should know the barometer 

and thermometer readings at the time of observation, which should 

be booked by the observer. 

The correction is obtained from Tables 19 & 20 Sur. A u y  

Tables Part TI1 1928- 

Refraction is liable to variation and does not always corre6J 

pond with its tabular values. In order to minimize the effect of 

using erroneous values, it is advisa,ble to balance en observation 

to an E stax by one to a W star, or one to a N star by one to a 

Sm etar, so as to elimina.te the effect of refraction in the mean 

of observati0ns.i Refraction increases rapiCly at low altitudes and 

its value becomes uncertain, so that observations should never be 
0 

taken to heavenly bodies below 10 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 t s . ,  eo derived, as the Z.D.  of 

the sun'e centre at the mean of the times when it is observed. 

This i e  the method alwaye to be recommended,but it sometimes 



happen6 that only one limb is  ibserved and t h e  c o r r e c t i o n  f'or -- 

sezi-dianeter has t o  be asp l i ed  f r o m  p 11 o f  the N.A. f o r  each 

month t o  reduce i t  t o  t h e  sunma cent re .  listakee a r e  apt t o  nccur 

with r eve r s ing  eyepieces (vide para  37 ),so it i e  bea t  t o  record 

what you a c t u a l l y  see  Q o r  u 
(d) For parallax. As t he  sun ia not so far away f r o n  t h e  

e a r t h  as a star, a co r rec t ion  f o r  geocent r ic  p a r a l l a x  has t o  be 

appIied,when t he  sun i s  the  objec t  observed, an a l ready mentioned 

in para 1 ,page I. F i g  9 

The observed Z.D.is the LZOS 

ins tead  of the  LzCS. The 

d i f f e rence ,  t h e / ~ S C  is  the  

geocentr ic  p a r a l l a x  and i s  

sub t rac t ive  from Z . D f s .  

It may be noted t h a t  re f rac-  

t i o n  and p a r a l l a x  cc r rec t ions  

a r e  o f  opposite s ign .  

When the sun is  on the obaer- 

ver's horfzon, i t s  p a r a l l a x  is 

at  i t s  maximum and is ca l l ed  horizonta.1 p a r a l l a x  (LOHC) 
In the f i g u r e , i f  l-r be the  hor i zon ta l  pa ra l l ax ,  p the p a r a l l a x  o f  

I 

the Sun at  any other  Z.D., ( being I t s  observed va lue)  ,r 

the e a r t h ' s  rad ius ,  and D the d is tance  of the  Sun. 

We have 

s i n T  = r B 
sin P - - Z = , i n n  
sin t' D 

If we consider  (except  i n  tlie case o f  the moon) that,as 

, are small, approximately. 
s n r r  TT =F=" 



We have p = r s i n  4' 
or  Parallax = (Horizontal parallax) x (sin Z - D - )  . . . (I) 

This diminishes with altitude and vanishes at the zenith. 

The mean parallax of the sun at various Z .D'Y is given in Table 

21 Sure 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 -..... (1) 

A note regardine, the signs of the quantities 6, A ,  9 e t c .  

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 f i g .  10 it is clear 

that the latitude of a 
Fig 10 

place & = decln. of 

the zenith EOZ. It is 

also equal to the alti- 

tude o f  the pole NOP 
s1 

for ZE = h and PZ 

90'- ~ P K L T ~ ~  ZD, fl 0 N 

is when the heaven- 

ly body (s) is ; of 
zenl th.  

De c ln  
are * when N of equator 8 

For obeervations in N latitude. 

If heavenly body (s)  i s  between zenith 8 equator 

If heavenlp body ( s ~ )  is between equator and 



If heavenly body (SZ) i s  between zenith and pole is -ve CGr is +ve 

If heavenly body (S3) is below the pole f l a  -re 6 =  180~-true6 

For observat ions i n  S latitude ( f i g .  11) 

If heavenly body be as 

at s*, A. = f + 

s o  that,if f + S be given Pig 11 

t h e i r  proper signs. A,if 
South ,wi l l  come out  ne- 

g a t i v e .  

We thus ge t  the general 

r u l e  f o r  latitude 

h= 4 + 8, giving 

4 ,  8 , and h the i r  

proper eigne. 

~ l s o  colat .  7"= 900-h. 
0 = 90 - - 8 and 

n = go0- 8 

30 t h a t  Y = A -  2 
Here a l s o  % has  t o  be given jts proper sjgn according t o  the 

r u l e s  above s o  t h a t  "r may be A + - 4 ,as the rule indicates. 
In cases of doubt a figure should be drawn in order ta decide 

c o r r e c t  signs t o  be applied. 

* 8 is here measured f r o m  E through t he  zenith and elevated p o l e  
and is equivalent to tlle angle 33 OE, that is to say,when a star 
is taken at its -. lower transit,the 6 is obtained by taking the 
supplement of the  value given  i n  the ' N a v - t i c a l  Almanac1. 



'I\ 
4' ~ i m e  by observation(Form No .15 Topo. ) - 

39, What is  meant by f i n d i n g  the  time by observa t ion  is  f ind ing  

how much your  watch o r  chronometer i s  f a s t  o r  s low- We have already 

seen  t h a t  i f  we know the  hour angle  of a s t a r , w e  can f ind  the  

c o r r e c t  time a t  which it had that hour angle. Therefore  i f  by any 

meana,we can make an  observa t ion  which w i l l  g ive  t h e  hour angle ,  

and i f  w e  note t he  time a t  which w e  made t h e  obse rva t ion ,  we can 

f i n d  the  true time of t h e  observa t ion ,and  t h e r e f o r e  t h e  amount 

t h a t  t h e  match o r  chronometer was f a s t  o r  slow a t  t h a t  time. We 

t h e r e f o r e  have t o  c a r r y  out an observa t ion  t h a t  w i l l .  g ive u s  the  

hour angle.  

A glance a t  t h e  f i g u r e  will 

at once show the  observa t ion  

necessary,  for, i n  t he  SPZ, 

ZP = t h e  C o l a t i  tude Y of t h e  

p l ece  is known; SP = N . P . D .  of 

star i s  known, =A 

SPZ t he  hour angle  t is t o  be 

found . I  

now wi th  the  t h e o d o l i t e  i t  

i s  poss ib l e  t o  determine h, 

the  a l t  i tude of t h e  e  tar, and ZS = (90'- a l t  i tuds  "h") = 

We then  have t h e  3 eides o f  t h e n  SPZ and can det ,emine the hour 

a n g l e ' t ' b y  spherics': tr igonometry.  

Tke procedure i s  ae  fc l lowa t-  

S e t  up the t h e o d o l i t e  - l e v e l  c a r e f u l l y .  P o i n t  the  t h e o d o l i t e  a t  

the  a t a r , p l a c i n g  t h e  ho r i zon ta l  wi re  so t h a t  t h e  star w i l l  i n t e r -  

s e c t  i t  near the c e n t r e  of the  f i e l d .  Allow the  s t a r  t o  make i t s  

own i n t e r s e c t i o n  wi th  t h e  h o r i z o n t a l  wire  and  nc t e  the  t i n e  t o  

the  n e a r e s t  1/10th cf a second (v ide  wra 32 y 16 ). 



* 
Read 1evel.s on vertical arc. Read vertical circle. 

Change face, point the theodolite at the star & allow the star to 

make its own intersection with the k.-.=lrizontal wire as before.. Rote 
* 

the time to the nearest l/lOth of a second. Read levels 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 face;and the mean can be taken for 

the time of intersection of the mean wire. The check of wire in- 

'ervals is a good indication of the precision with which time is 

bc,:lg 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 its original position, 

to balance it and eliminate collimation error. Row in order to 

obtain refraction correction, vie must know the baronieter and ther- 

mometer readingsH & T. These should also be booked at the time 

of observation. 

The method of conputation of the results on forml5Topo 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 watch time 

T, correepanding tc the n~ean Z.D. (on the laat line but one sf the 

form). 

now refraction makes a star appear higher t$an it actually is. 

Therefore the refraction 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 I s  being 

taken by a stop watch,aa there ie a chance of the I.evels moving, 

while the cbrn?arieon of the stop watch with reference chronometer 

l a  being made. 



Having applied these corrections me have the corrected Z.D. of 

the star, 

Ve also know N.P.D. = (90 - S,the~eclinatior, of the stnr from A . A . )  

=A j and the Colatitude = (90 -)L ) = T, 

so that, if t be the hour angle, and we write 28 = ( f +  A +T),. 

we have by ordicary spherical trigonometry:- 

sin(a-AIsin(s-T ), 
sin s sinls- f ) 

ahence t is determined logarithmically in form15Top0,and divided 

Sy 15 to convert it to time equivalents. Table 34 Su~.Auxy Tables, 

1928,Part 111, (old 14 Math), is convenient for this conversion. 

Let oCbe the Right Ascension of the star fron; the N. Almanac. 

Local Sidereal Time of observation a + 4 ,  if W of the meridian 
15 
t - - , if E of the meridian 
15 

Now look u? the Sidereal. Time of Greenwich Mean Noon G,(say) 

Sidereal interval of time of ~bservation from Greenwich Mean moon 

W 
d f t5 - G I  if - of the meridian = rn, 

E 
and this has tc be converted into mean time by applzV-ing a retarda- 

tion for (1-m),wklere I is the longitude of the place of observa- 

tion. This method of conversion combines the correction for longi- 

tude,converticg the Sidereal Time of G.M.N. to L.M.N.,with that 

converting the interval between L.M.B. and the time cf observation 

into mean time equivalents, (vide paras 25,26 on pages 13, 14). 

We thus obtain the true mean time of observation or TI. 

Ther. T-T, aniount the watch or chrocometer is hat if &. ZlzZ 

Now in such observations pereonal errors in timing cannot be 

eliminated, but other consistent errors in one direction,due to 

uncertain refraction.slip in the inetrument,reading of graduation, 

ctc,, may cauee Z . D . ' s  to be observed a lways  too large or too 

small, 



Now i f  t he2 .D . i~  t o o  great,the hour a n g l e  is aleo too great, s o  
- 

t t h e  s i d e r e a l  i n t e r v a l  

d - -G is t oo  small, if t h e  s tar  is E .of  meridian 
- 15 

I 
d + -G is t oo  l a rge ,  if t h e  star is W. . . . . . . . . . 

15 
( v i a t e  this t w o  stars a r e  observed one E and one W and the  

r e s u l t  i s taken.  

of a l l . t h e  va lue s  o f  T-TI i s  t aken  as t h e  c lock  e r r o r  a t  

ean of a l l  t h e  c o r r e c t  t imes.  

i r' -- 
, t h e  sun is observed i n s t e a d  of a s t s r , t h e  p rocedure  i s  some- 

I 

: t we cannot observe s u n ' s  c e n t r e ,  s o  we must observe  t h e  edges  
> 

i 1 )  pi the r : -  
4 
d 

I Put t h e  h o r i z o n t a l  wi re  a l ong  one edge and  no t e  t he  t ime ,  and 
u ' 4  

I '  move t h e  wi re  w i t h  t h e  t angen t  screw and i n t e r s e c t  t h e  o t h e r  
< ,z 
-I I Q i  I 

I and note  t h e  t ime.  The mean Z.D. gives t h e  Z.D. of t h e  sun ' s  z c, - -1 

'5 !re a t  t h e  mean o f  the  t imes.  

: I ,  11f t h e  above i s  n c t  p o s s i b l e  o b a e r ~ e  on ly  one l i m b  and apply 
m ' 

( e c t i r n  f o r  semi-diameter , (v ide  para 3 8 ( c )  ~20). ' r 
I 
re r t io r i  f o r  l ~ a r a l l a x  must a l s o  be a p p l i e d , ( v i d e  para38(d) p 21). 

Ll 
4 ' 

) r  t h i s  t h e  computation on form 15Topo proceeds  as b e f o r e , t i l l  
: I 

b t a i n  t he  h o u r  a n g l e  t ,  

I t  Then t i n  t ime = 

Equat ion o f  t ime = from 17.A. p I 
j 

(-r ide examsle f o r  method o f  
. i n t e rpc l . a t i on  in p a r a  24 of 
t h e s e  n o t e s )  

True mean time of observa t ion  = 
1 

T = Observed time 

-I= T-TI amount watch or chronometer i 6  fast if  -. 
ZizZ - 



11, Now supposing we make a mistake of x in finding , and we want 

to find in wbat position of the star this will cause the lesat 
t 

mistake y in t; 

we have 

cos = COB Ycos A + ain sin A cos t 
coa ( ? + x) + coe r COED +, a i n y  sinA coa ( t+y)  

S ince x & y are small, 

Therefore x sin !: = y siny s i n A  sin t. 

Y = x sin '/ siny sinn sin t 

sing ( -  sin7 sin A 
But - sin PSZ 

) = - where A is Azimuth. 
sin A 

siny sin t - sin t sinA Therefore sin f = - s i n  -PSZ - sin A 

Y =  X - X 
sin PSZ einA - ein A s i n y  

Therefore y will be least when 

sin A ie greateet i.e. when A z i -  

m t h  A is 90°,0r when the star 

ie on the prime vertical. There- 

fore for this observation stars 

ahould be as near the prime ver- 

tical aa poeaible,and their altl- 

tude not leas than 1c0,.as other- 

wiee uncertainties of refraction come in. 

Big 13 
S 

~ - 

2,0ccasionally,in eome out of the way place,there nay be some doubt 

about the latitude and it may be well to show how this affects 

the time . 
Let t = true hour angle corres~~onding to true latitude h 

t + y = the hour angle . . . . . . . . . . . . .. . . . . . .. latitude + x 

Thcr! cos t = cos A sin h + ein A COS X con t 



and cos = coaA sin(h + x) + a i n  A COB( A +  x) coe (t + y), 

where x and y are small. 

= c o d  s i n h  + sin Acoa h coe t 

+ x cos A cos )L - x sin A sin coa t - ainncos k 
sin t 

~y subtracting the above equations 

Y - - cos A cos X- sinnsinh cos t 
x - a i n n  c03 A, sin t 

But C O ~  t e i n ) c =  cas A c o t A  - sint cot A, where A in - - 2 - -  .- 

- 

sinAcos h 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 - cot A,? - , in arc; 
; 1 (1-o,:, t o p ,  read L f l t  e l l d d t l o r l  a:,  

C C S (  5 L TP c o s  ,I C O G  A ;:r, y s 2 n  L. 23.3 

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

W,are nearly the same. 

Approximate method of obtaining Time and Latitude by 
observation. 

.If neither tim8,latitude nor azimuth are known,latitude could be 

accurately obtained, if we had a theodolite in perfect adjuet- 

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. 

A11 that would then be necessary, would be to observe the z.D.'& 

of a star at that instant when it croeeed the vertical wire. This 

Z .D f;$orrected for refraction,and added to or subtracted from A, 

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



and cos = c o d  s i n (  + x) + e i n  C O B (  A +  x) aoe ( t  + y ) ,  

where x and y a r e  small. 

= c o d  s i n h ,  + s i n  Acoe A coe t 

+ x c o s A  c o s h  - x s i n A  s i n k c o a t  - y s i n & o s h  
s i n  t 

~y sub t rac t ing  t h e  above equations 

Y - - cos coa X- s i n A  a i n h  cos t 
x - s i n n  c o a h  sin t 

But cos t a in)L= cos h c o t A  - s i n  t c o t  A,  where A is t he  azimuth - 
I 

& = ( cosA cos A - cos A cosh) + e i n  A s i n  t coa A 
X 

s i n A  cos h s i n  t 

- co t  A - -  
cos A, 

If then we have a n  east  and a west s t a r ,  t h i s  e r r o r  w i l l  have 

an opg.oslte aign f o r  them, and t h e  mean e r r o r  

X = [cot 4 - c o t  Aw - I cos X ' i n  a rc ;  

s o  t h a t , i f  t he re  i s  reason t o  f e a r  the  l a t i t u d e  is not  w e l l  

known , it  is edvantageoua t o  s e l e c t  2 stars whose azimuths,E and 

W,are nearly the same. 

Approximate method of obtaining T i m e  and Lat i tude  by 
observat ion.  

,If n e i t h e r  t ime, lat i tude nor  azimuth a r e  known,latitude could be 

accura te ly  obtained, if w e  had a theodo l i t e  i n  p e r f e c t  a d j u s t -  

ment, s o  t h a t  t h e r e  wae no col l imat ion  e r r o r  i n  e i t h e r  the ho r i -  

zontal  o r  v e r t i c a l  wires,and we could p lace  the  t h e o d o l i t e  wi th  

i t s  v e r t i c a l  wire  i n  the  meridian. 

A l l  t h a t  would then be necessary,  would be t o  observe the  Z . D . ~ ~  

.of a s t a r  a t  t h a t  i n s t a n t  when it croeeed the  v e r t i c a l  wire.  This 

Z OD fgorrec ted  f o r  r e f r ac t ion ,and  added t o  o r  subt rac ted  from A, 

the N.P.D.,would at  once give the  colatitudeYJvide note  P 22.23 b 



or , i f  we had a p e r f e c t l y  ad jus t ed  t h e o d o l i t e  and knew t h e  time 

a c c ~ i r a t e l y , a l l  t h a t  would he necessary would be t o  keep the  s t a r  on 

the  h o r i z o n t a l  wire  and s t a p  a t  the  c o r r e c t  time of meridian tran- 

s i t .  Though we never have a t h e o d o l i t e  i n  p e r f e c t  adjustment  as 

regards collimation,we can adjust  t he  inst rument  f o r  c o l l i m t i o n  

e r r o r  as f a r  as possible ,and f i n d  the  amount and s i g n  of t he  r e s i -  

a u a l  co r r ec t ion ,pos i t i ve  o r  nega t ive , to  an ang le  observed on a 

p a r t i c u l a r  face .  We can then  ob ta in  an approximate l a t i t u d e  as 

w e l l  as time as follows:- - 
Se t  up the t h e o d o l i t e  and i n t e r s e c t  P o l a r i s .  Clamping the  horizon- 

t a l  c i r c l e ,  swing the  te lescope  on its t r a n s i t  axis and s e l e c t  a 

a t a r ,  recognisable  i n  t he  star c h a r t ,  of sou th  a spec t  and of con- 

v e n i ~ n t  z e n i t h  d i s t a n c e  which is  a l i t t l e  e a s t  of t h e  v e r t i c a l  

p lace  of the  te lescope .  W a i t  t i l l  t h i s  i s  observable  i n  the  t e l e s -  

cope, and then t ake  i t s  Z.D. I f  t h e  Z.D. i s  d imin ish ing ,  i t  i s  

c l e a r  t h a t  the  s t a r  has not y e t  reached the  meridian,  i t  cnn then 

b e  followed up u n t i l  the  s t a r  no longer  appears  t o  rise,and the  

Z.D. remains s t a t i ~ > n a r y ,  whec the  s t a r  ie i n  the meridian,  and the 

va t ch  time of t h i s ,  f, and t h e  Z.D. at  the same moment,f correc-  
0 J 

t c d  f o r  l e v e l ,  c o l l i m t i o n  and r e f r a c t i o n  m y  be e n t e r e d  i n  the  

equa t ions  0 

A- 5 = 90- h ( < and 8 w i t h  proper 
signs.  vide no te  p 

8 + 4  = A, 22, 23) 

and R . A . - t  watch e r r o r ,  slow i f +  
f a s t  i f  - 

ln v i h i c h n  l a  n o r t h  p o l a r  d i s t a n c e  of t h e  atar, 8 i a  its dec l ina -  

t i o n ,  R.A. i s  i t s  r i g h t  ascens ion  and is t h e  l a t i t u d e  of the  

place.  

If,however, the  Z.D. of t h e  star,when f i r e t  observed,ie found 
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to be increasinc, it has clearly passed the meridian, and a slight- 

ly more easterly star sl~ould be 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 t k i t  of Polaris, if the latitude is 

,lot less than 15',. when uncertainties of refraction come in. 

The above rne,thod should give a value of latitude oorrect to perhaps 

3OU,and a rough value of time correct t o  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 h t i t u d q ,  B o r n  13 

Togo. 

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

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

uoe it to the meridian, 

The true time that the star crosses the meridian is found by sub- 

tracting the Sidereal Time of Mean NO& from the R.A. of the star 

and, if necessary, reducing to mean time. If we apply to th is  tho 

clock error eo at this time, we g e t  the clock time of the star's 

transit over  the meridian. Call this To. 

A l s o  if T1 be the clock time at which we observe the star, 

TI = True time of observation, the clock error corresponding being 
el. Now the interval TI - To ia small, so that unless the clock 
rate is very large, eo = el 

To - TI = True tlme of tmneit- true time of observation 

= t, the starts hour angle. 



. - 
Now cos 3 = coe T cos A + s i n Y  sin A cog to 

and coe t = 1-2 sin2 4 
2 

Therefore coa 3 = coi ( 7  - A  ) - a i n T  sinh 2 sin2 4 
2 

Now T- A = meridian Z.D. I' 
I 

= 2 z) r whire x i s  small. 
"/. 

cis ( r-A ) = coa ( 3 sx) = cos S + x sin 1" s i n 2  

Therefore x = ainfiina '2 sin2 ' ......................... d (a) sin2 

The values of m = 2 sin2 are given in Table 24 Sur. Au&y Tablu, 6 
Part I11 1928. 

The above formula (a) i a  that used i n  form 13 Tap0 to get A (m) 01 

C1, the first correction, in lines 37-43 of the form. \rr 
A secondary correction is given in Tables 25, 26 and 27 Sur. A v o  

Tables, Part 111 1928, which m y  be omitted if the intervals t fr~ 

trmsit are k e p t  sufficiently small, (vide explsnationa on form 13 

Top0 and on p 35 Auxy. Tables Part I11 1328). 

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

F.L. ......................I ................................... 
The mean Z.D. corrected for refraction and level, 
= Z.3. corresponding to mean of times tl. 

TWJ mere observations give Z.D. 2 corresponding to t2 and 8 0  oh 

Five or six such sets should be taken and the nearer they are t o  

the time of trznsit the better. 

None of the t *s should be greater than 20 mins, and, by taking Rome 

the observations on one side and some on the other side of the me! 

disn, it is possible t o  get'all the tt8 l e s s  than 10 mins. 

Beginners ought to compute out each eet separately, and the accolder 

of the re8ults will furnish a check. There should not be rngrf! thG 

between the greatest and least of them. Aftemards,when the ctsen 

l a  aulte familiar with the method it is quite sufficient to take' 

mean of the 3 's as corresponding to the mean of the inve ,  nct the 



. - 
NOW cos 3 = coe T cos A + s i n  Y sin A coa t. I 

l 

and coe t = 1-2 =in;? 4 
I 
t 

2 
Theref ore  aoa 3 r= ooa ( - A ) - in r sin A sins 4 I 

I 

2 
NOW r- A = meridian Z.D. 

: 

e -- /-- = S & ] X  where x i~ --.-q7 

/ 

2. , .ind a f i z r " '  l S  

adnacre i t  
con\rcnl  2nt t o  ., - . t 

t ' 
rule o f  a i  

--ns . 7 1 ~ t 2 n  on P a d r ?  
' 

1 
Id ......................... -- - ( a )  

The values of m i n  Table 24 S u r .  Auxy T a b h ,  
I 

Part I11 1928. 

 he abo;e formula (a) ia that used i n  form 13 Lop0 t o  ge t  A (a) or' 

- # C1, the  f i r s t  co r rec t ion ,  i n  l i n e s  37-43 of the form- 

L a u ~ t . 8 ,  Part I11 1928, which may be omitted i f  the intervals t frol 

transit a r e  kept s u f f i c i e n t l y  smal l , (v ide  explanations on form 15 

To20 and on p 35 Auxy. Tables P a r t  I11 1328). 

In  p r a c t i c e  you observe the  Z .Do on F.R., note  the time t o  the . 

n e a r e s t  t c n t h  of a second; 
F.L. ...................*..I ................................... 

The mean Z.D. co r rec ted  f o r  r e f r a c t i o n  and l e v e l ,  
= Z.D. corresponding t o  mean of times tl. 

Twa m o r e  o b s e ~ a t i o n s  give Z.D. 3 corresponding t o  t2 and s o  on. 

Five o r  s i x  such s e t s  should be taken and the nearer  they  a r e  t o  

the  time of t r a n s i t  the b e t t e r .  I 
t 

None of the t v s  should be g r e a t e r  than 20 mina,and,by taking some i 
the  observations on one a ide  and some on the other  s i d e  of the neb 

d i s n ,  i t  i 3  poss ib le  t o  g e t - a 1 7  the  t ' a  less than 10 mins. 
\ 

Beginners ought t o  compute out each eet eegarately, and the accodanl 
I 

of the  r e s u l t a  v r i l l  f u r n i s h  a check. There should not be m9re that 

between the greatest and l e a s t  of them. Aftemard8,when the  cbsen 

1s a u i t e  f a m i l i a r  with the  method i t  is  qu i t e  s u f f i c i e n t  t o  take t 
! mean of the 3's as corresponding t o  the  mean of t h e  in's, nc t  the1 



mean of t h e  t 's,  and  compute o u t  one B j n g l e  d e d u c t i o n .  

f f  a mean t ime  ch ronomete r  is used f o r  o b s e r v a t i o n ,  t , ' s  s h o u l d  be 

conver ted  into S i d e r e a l  Timc i n t e r v a . 1 ~  by 22 Sur ,be fo re  m's are  

taken o u t  from t h e  tab le .  

In form 13 Top0 a n  approx ima te  Value of m r r l d i a n  Z.D. i a  used.  T h i e  

is obtained f rom t h e  mean of the s i n g l e  p a i r  o f  o b s e r - l a t i o n s ,  occu- 

r r ing  nearest the t ime o f  t r a n p l i t .  Then Y a = A -  3. 
The o t h e r  s t e p s  i n  Form 13 pop0 s h o u l d  be c lear  from the  explans- 

tions on t h e  fo rm i t s e l f  and p r e c e d i n g  n o t e s .  

If t h e  s u n  i s  the  o b j e c t  observed,  t h e  a l t i t u d e  must  be measured to 

the upper a n d  lower  l imbs a l t e r n a t e l y ,  and  mean valueo taken as 

r e f e r r i n g  t o  t h e  c e n t r e .  Parallax c o r r e c t i o n s  must a l s o  be a p p l i e d  

t o  sun o b s e r v a t i o n a  . 
When a sLar c r o s s e s  the m e r i d i a n  on t h e  Same s i d e  o f  t h e  p o l e  

opyos i  te 
as t h e  z e n i t h ,  a t  t h e  time o f  its t r a n s i t  i t  i s  said t o  be at upper 

1.0xer 

Consider a star a t  upper  c u l m i n a t i o n  a n d  Nor th  o f  the  z e n i t h ,  then 

if' we m k e  a mis t % k e  in r e a d i n g  t h e  Z .D., 

If however t h e  s tar  is at u p p e r  c u l m i n a t i o n  and S o f  the  z e n i t h  

and t he  saxe m i s t a k e  i s  made, 

Colatitude = A - 3 - X 

= Trtte value -f -x 

Therefore t h e  mean i a  freo f rom e r r o r .  

We th i ls  see  t h a t  2 stars s h o u l d  be used, one S and  the o t h e r  W of 

z e n i t l l ,  ~ l n d  the l a t t e r  either a t  l o w e r  o r  u p p e r  c u l m i n a t i o n ,  t h e  

star's p o s i t i o n  b e i n g  s u b j e c t  t o  t h e  r e s t r i c t i o n  that the  star 

rmlst be high enough t c  a v o i d  e r r o r s  of r e f r a c t i o n .  Luckily w e  have 

a star which answe1.s a d m i r a b l y  down as far a6 latitude 20' and that 



is Polaris. 

Below 20' stars at upger culmination,one N and the other S of the . 

zenith,should be used. 

General remark-, regarding observations t a  Polari~ -- for latitude or 
azimuth. 

Time cannot be determined with precision by Polaris: and con. 

veraely precise t i m e  is not an essential for the reduction of ob- 

servations to Polaris. Thus an error of 3 seconds of time will sel. 

&om cause en error of 1" in azimuthp and less in latitude. From 

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

particular accuracy af deduction. Approximte valiles of the time or 

latitude are required in the observations for latitude or azimuth, 

Observati3n for latitude from Polnis out of the meridian, the tiw -- 
being known, Form 14. Topo. 

Having obtained time by a time observation either precisely a8 - 
In paras 39-40, or rough.ly, as in para 43, intersect P o l z r i e  

on both faces with the horizontal wire of the theodolite,noting thr 

time. The mean of 4 intersections will give a good result. 

The computation of the observations to Polaris is simplified Q 

the fact that the N.P.D. of Polaris is small itself,viz:- about l i o n /  
: 

We have :- cos 5 = coe Y cos h + Sinr sin a cos t f 

Let Latitude = altitude - x, where x i a  small 
= h ; x  I 

-,A = 90-3 - x 
or colstitnde Y = 5 + X  , 

- x3 cos 5 - FOBS (1- x2) - 81.2 (X - - ) (1 - - 
2 6 2 

( I  - z2) + coe 3 (x - x3)] (A- a3) cos t rn 

2 6 6 L 

=cot32 - x sin3 - - 3 F ' ( x 2 + a 2 !  + sin2 rg + 1 2 i 
i + hein f cos  t + x A cos5 cos t - sins cos t 1 

1 x = Acos t - cot 5 (x2 + a2 - 2xAcoe t ) , 

+ (x3 +SX ~2 - 3x2A coa t - a3 coa t ) 
6 

l a  t approx. x = cos t 

2nd approx. x = acost-,&d ain2t cots 



is Polaris. I 
Below 20' stars at upper culmination,one N and the other S of the I 
zenith,should be used. I 
General remarks re~arding observations to Polarif3 for latitude 

azimuth- I 
Time cannot be determined with precision by Polaris: and can- 

vereely precise t- is not an essential for the reduction of ob- 

serrations to Polaris. Thus an error of 3 seconds of time will ael. 

dm cause rn error of 1" in azimuth, and less in latitude. From 

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

particular accuracy ~f deduction. Approximte values of the time or i  

latitude are required in the observations for latitude or azimuth, 

Observati7n for latitude from Polais out of the meridian, the tint -- 
be lng 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 P a l a r i s  

on both faces with the horizontal wire of the theodolite,noting tho 

time. The mean of 4 intersections will give a good result. 

The computation of the observations to Polaris is sinplified b 

the fact that the N.P.D. of Polaris is small itself, viz:- about 13~1 

We have:- cos 5 = coaYcosh+ S i n r  sinacos t 
Let Latitude = altitude - x, where x is small 

= h - x  
= on0 c V 

I' , , :.. _J f--!-: rc t t r , -1 ,  t n  r r ,  , . t  ] I c j  r 1)1 L ~ c  1 :s : C ~ ~ C \ ; S ; -  
i 

( = [-,, - ~ ) - ; ~ r ,  ( r -  2 )]:l- -4-0 

+ sin3 I - 5 )  + COB 3 ( - ) (a- COB t [ 2 6 
=coa2 - x sin2 - - 3 ' (x2+ A'? + sin 5 (g + 2 

+hain2 cos t + x A c o e 3  cos t - sin3 cos t 

+ (x3 +3x A2 - 32A cos t - A3 eoa t ) 
6 

1s t approx. x = A coa t 

2nd approx. x = A c o a  t - &d sin2t cot2 



put this In the 2nd term and 1st approx. In third. 

3rd approximation 

3 x  cost- +a2 s inz t  c o t j  + 5 ,  cos t sine. 

l o w  the greateet value cos t sin2t can have i u  when 3 cos2t = 1 

and as a is less than the circular measure of 1°.301 the last term 

is less than *'-- of arc,and may be neg lec ted  unless great accura- 

cy ia required. 
0 

Therefore latitude =(90 - 3)- Acos t + : ain2t cot 3 
These are all i n  circular measure, therefore in arc 

0 N ?/ 2 
Iatifude =(90 -3)- Acos t + a s i n Z t  cot 3 sin 1' 
The coqutation of d or A'' cost is effected in lines 25 to 27 of 

form 14 Topo. 
I 

The computation of ;3 (line 29 of form 14 ~ o p o )  or +LL2 eln2tcot 5x 

sin l W  i a  effected by means of Table 28 Sur. A u y .  Tables- Part I11 

1928, instead of by Tables, which now only appear in tlle abridged 

Nautical Almanac. 

2 Table 28 Sur. givee values  of ,30= t(3960)~ sin t c a t  \ sin I*  for 

N.P.D. lo - 6 l ,  3960 being the number of seconds in the standard N9.D 

1'. S t  and r , the correctior. for difference of 1 minute to N.P.D. 
from lo 6 ' .  

P i- + f comection~), where f = (N.P.D. - lo 6') in minutes, ( 
(vide ale0 explanation of Table 28 Sur on p XIV Auxy. Tables part 

111 1928) 

The remainder of the computation on Form 14 Topo follows principles 

already explained and should be easjly intelligible. 



Azimuth by observation. I 
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 traverea 

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 a-vi berrrings. As the azimuth observation unlees 

taken t the sun k s  to be generally made after dark and as it is 

not al-mys convenient to s c t  up a lamp at the other extremity of 

the ray of the traverse ar triangulation iteelf, 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 

preferably over a mile from the station of observation, and de- 

tennine the angle which the ray joining the station of observation 

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 ie 

large it should be covered with a piece of brown paper with a small 

hole cut in Its centre, so as to leave a emall point 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 

azinruth or else next morning. 



In figure ( 14 ) ,  e is the station Fig. 14 

of observation; ef the next for- N 

ward ray of our traverse (de, ef) 

or ray of our triang~lation~the azim- R 

uth of which is to be determined; 

and R i s  the referring mark. By , f 

astronomical observation we f ind 

the angle N1eR betweer. true 

north and the R . X - ,  and we also 

observe the angle Ref between 

the R.M. and the next forward 

station. We thus get the angle N'ef the true bearing or azimuth of 

the ?:;ward ray ef, which can be compared with that obtained by 

triangulation or traverse (after elimlnatlng the correction for 

convergency 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 T x o  --' ---- 

Level the theodolite carefully,~~ the error of dislevelment affects 

the azimuth. This error increasee ae the tan(a1titude) of the atar 

to vtnioh observations for azimuth are taken, 

In thie oase Polaris is the star to whioh obeervatlons are to be 

taken, The procedure is as followsr- 

Intersect the R , M , w i t h  tho vertical wire,read the horizontal angles, 

Intersect Polaris with the v e r t i c a l  wire, not ing  the time- read the 

horizontn.1 angles. Complete the round of angles by reintersecting 

the R.M. and again observing the horizontal angles. h h r ~ g e  face and 



repeat &;he sane observations, swinging the theodolite in the 

opposite direction to that first adopted. 

The oomputation depends on the following approximation. 

In the figure S is the star,P the pole, Z the zenl th, ST? the 

portion of a great circle through S perpr to PZ, 

We have e i n  SN= einAsin t 
Fig. 25 

tan PN= tanAcoe t 

tan A = t a S N  cosec ZN 

= tan SN cosec ( 7 - P N )  

AeAand A are s m a l l  in the case of 
R 

Polarie, A = SN co.seo (T-~cos t) 
0 

= A sin t sec (90- r+ A cos t) 

= A sin t sec ( h+Acos t) 

In f g r m  25 Topo we compute first a = A c o s t  & then A the azimuth 

Prom the formula hsin t sec ( A  + a ) .  

A little care must now be taken to verify whether Polaris was 

3 or IV of the meridian at the time of obsentation,.,:~l~ich may be 

done by comparing the sidereal time of observation against the 

R.A. The azimuth from south (180 2 A h s  entered in the 28th line 

afform 25Top0,the plus sign if east and the minus if west of the 

mcriclian an2 the angle between R.id, & the star S (~01aris)being 

x??lied with the correct ~ign(~rhich is best ascertainedlifrom a 

r5-.1~;!1 diagram made at the time of observation in the angle book 

n.i:l sho.;iing tlie relative positione of the R.M., Polaris and true 

nor%; as observed) the azimuth of the referring mark from south 

is derivrd. In the figure,for instmce,Z,the zenith,representing 

tho oboerverl s posltion,k R the referring mark) 180 - A+/-SZR 

18  the azinuth of R.M. from south in this oaee. 
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Azimuth by a circum~olar star at elongation, 
--1- 

If we know the latitude and time, azimuth can be determined. by 

obeerving the horizonta.1 angle RZS between the referring mark R , .  

and a star S,at Z,the zenith;nrhich repreoents the observers posit- 

ion. The observation ~ ~ . u s t  be taken on both faces of the theodolite 

and the times noted a'. which we intersect the star. Prom the mean 

of the times and the starts R.A. we can find the hour anglejand 

then,from the astronomical triangle SPZ,the azimuth angle SZP can 

be calculatedjand hence the angle RZP, t h e  az imuth  of the referr- 

ing mark R. The question is which is the best star t o  observe 

and at what time it should be observed. z Big. 16 

If a star transits between the pole and 

the zenith, we can draw a tangent frorr. Z 

to its path so that the angle ZSP is a 

right angle. ':/hen 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. W e n  at S, 

the star is moving directly towards 2, and for some time before and 

after it reaches S, it is moving very slowly in azimuth with resp- 

e o t  to Z. If therefore we can observe the star when it is at S, e, 

considerable error in time ;:ill cause a comparatively small error 

in aaimuth. Also the nearer the pole , the slower the star moves, 
so that the ideal object ie a close circumpolar star at elongation, 

If we are going to observe such a star,we must know when i t  is at 

elongation. The sidereal time of the starts transit R.A. - S.T. of 

L.M.N., and if P be the angle SPZ,we must eubtract from this the 

L P ,reduced to houre for eastern elongation and add it for weet- 
e r n a h  is derived Iron t h o  equation coa P= t s n h  tan 
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repeat Qle same observations, swinging the theodolite in the 

opposite direction to that first adopted. 

T h e  computation depends on the following approximation, 

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

portion of a great circle through S perpr to PZ, 

We have ein SN= sinasin t 

tan FN= tanAcos t 
Fig. 

tan A =ta-SN cosec ZN 

= tan SN cosec (Y-PN)  

Asn and A are small in the case of 

Polaris, A = SN cosec (T-~cos t) 
0 - A s i n  t sec ( 9 0 - ~ + h c o s  t) - 

= A sin t sec ( h+Acos t) 

,AA 
R 

South 

In form 25 Topo we compute first a=Acoat & then A the azimuth 

from the formula A s i n  t sec ( A  + a). 
A little care must now be taken to verify whether Polarfs was 

3 or N of the meridian at the time o f  obser~ation,~~~hich may be 

d o n e  by comparing the sidereal time of observation against the 

R.A. The azimuth from south (180 +. A )is entered in the 20th line 

afform 25 Topo? the plus sign if east and the minus if nest of the 

meridian 3n.i the angle between R,il[, & the star S (~01aris)being 

322lied vii th the correct sign(vfhich is best a~certainedl~from a 

r o - 1 ~ 1 1  Gixgram made at the time of observation in the angle book 

a-14 sh3-:iing the relative position8 of the R.M., Polar is  and true 

nor% as obse~ed) the azimuth of the referring mark from south 

i s  derivrd. In the figure,for instance,Z,the zenith,representing 

the oboerverl s position,& R the referring marks 180 - A+LSZR 
i e  the azinuth of R.M. from south i n  thie case. 
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Azimuth bv a c i r c u r n ~ o l a r  star a t  e l o n ~ a t i o ~  --- - - - 

If we know t h e  l a t i t u d e  and t i m e ,  azimuth can be determined. by 

observing t h e  horizonta.1 angle RZS between the  r e f e r r i n g  mark R , .  

and a star  S,at Z ,  t h e  aer.ith,which r e p r e s e n t s  t h e  observerb p o s i t -  

ion. The observa t ion  ~ ~ . u s t  be taken on both faces  of t h e  theodolite 

and the  t imes noted a t  which we  i n t e r s e c t  t he  star. From the  mean 

of the  times and t h e  etart s R.A. w e  can f i nd  t h e  hour angle ;and 

then,from the  astronomical  t r i a n g l e  SPZ,the azimuth angle  SZP can 

be ca lcu la ted jand  hence the angle  RZT, the  azimuth of the re fer r -  

ing mark R, The ques t ion  i s  which i s  the b e s t  star t o  observe 

and a t  what time i t  should be observed. Z 
pig. 16 

If a star t r a n s i t s  between the  pole  and 

the zen i th ,  w e  can draw a tangent  frox Z 

t o  i t s  path so t h a t  t he  angle  ZSP i s  n 

right angle.  ':{hen the star is at this 

po in t  S ,  i t  i s  s a i d  t o  be a t  e a s t e r n  o r  

western e longat ion ,  according t o  which 

s i d e  of the  meridian i t  is. When a t  S, 

the star i s  moving d i r e c t l y  towards Z,and f o r  sonit? time before  and 

a f t e r  i t  reaches  S, i t  i s  moving very slowly i n  azimuth w i t h  resp- 

e o t  t o  Z. If t h e r e f o r e  w e  can observe the star when it i s  a t  S, a, 

cons iderable  e r r o r  i n  time sill cause a comparatively small e r r o r  

i n  azimuth. Also the  nea re r  the  pole  , t he  slower the star moves, 

s o  that the  i d e a l  o b j e c t  ie a c l o s e  circumpolar star a t  e longat ion ,  

If we a r e  going t o  observe such a s t s r ,we must know when i t  i s  a t  

elongat ion.  The s i d e r e a l  time o f  the s tar ' s  t r a n s i t  R.A. - S O T ,  of 
L.M.N., and i f  P be t h e  angle  SPZ,we must a u b t r a c t  from this t h e  

/- P ,reduced t o  lloure f o r  e a s t e r n  e longat ion  and add i t  f o r  west- 

e r n a h  i s  der ived  from tho equat ion cos ?= t a n h t a n  x 



Also to find the position of the star( often small) we can 

determine its altitude at time of elongation which is derived 

frsm the  equation sin h = eecA eink (whl ch hac to be correct- 

ed for refraction)to give the altitude to be s e t  on lhe t h e o d -  

oli te 

Tho azimuth A or /SZF is derived from equ~tion s inA= s i n n s e c i  

For ordinary purposes I t  is sufficiently accurate to take an 

obeervation or a pair of observations on each face within 5 

minutes of the computed time of elohgation on either z i d e ,  

The azimuth A is then easily computec! from t he  above formula, 

To obtain the azimuth of the referring mark, the angle A i g  

added to or subtracted fro111 the a,ngle bctv;een t h e  rcfcrring 
+ 

and star, the sign - being best Cete~?nined from a diagram 

drawn in the angle book , showing the relative position of 
R,~,~(observer'8 poeitjon) and P at the time o f  ol)servatioli ,  

Unfortunately the clone circumpolar stars except Polariv are 

small stars, so that gener~lly n theodolite with a powerful 

telcecope is required for the observation. Also for the hjgJ1- 

eat precieion a e  in Geodetic azimuths, as it is irnposoible to 

obrcrvo both fnces at the oxaot moment of elonga,tion , a 
modification of the rnetht~d h ~ s  t o  be made E O  as to i n t r o d u c e  

a correction of each obsarvation to the t j m e  of elongation, 

(vide Old Handbook of Proflm Instructions Trig1 Branch C h  I1 

Azimuth from star obecrvations(East & Wect) star), time an,d 

latitude beim known. F o m  12 Topo, The" star at elongationl'me th- 

o d d  the lastpara ic not always poseible, as the circmpolar 

stars except Polaris are 6-11, so that wo are ubfhlly compel- 

led to fall back on some other method, The method which at once 



suggeete  i t s e l f  i e  t o  t s k e  a e t a r  f u r t h e r  away from the  p o l e  

and t o  tske i t  a0 n e a r  e l onga t i on  as you can g e t  it, 

In t h i s  case we have c o s ~ c o e  t=  s i n T c o t A  - e i n  t c o t  A 

Put t a n v  = t a n A  cos  t and w e  g e t  
s i n 7  toe@ 

a o t  A = c o t  t ( - c o e y  ) 
s i n y y  

- - 'In ('-' ) , a form s u i t a b l e  Z O ~  logs, 
.in@ P 

This formula  i e  t h a t  g iven  i n  most t e x t  books, b u t  ,as i t  f a i l s  

when hour anglk  t = go0, ano the r  formula  i s  used i n  f o r m  12  Tope. 
L 

A-B 
v j z : -  f a n  2 = 

s in  A+Y 
-- 

A+B - cosA-y 8 o t  5 , t a n  - - 2 
Z 
C O B  A+y 
7- 

, whence A ,  t h e  Azirnutll i s  ob ta ined .  

Now supposing f o r  example t h a t  the R.M. i s  w e s t  of t h e  meridian, 

tllr: ang l e  R . M .  - mer id i an  = / ( R , M , - s t a r )  - A , i f  st*r is E 

But i f  we make a mis take  of x i n  fntersecting t h e  star, we have 

R,M.-meridian = /R,M.-(3tar-x)- A s i f  star is e a s t  

L R.M.-meridian = A -.@.M.- (star -xa, i f  we I n t e r s e c t  a 

seoond star 'Vlr of mer id ian  and make t h e  eame 

mis t ake  i n  intersection, 

In the mean x w i l l  oance l  o u t  and we c e t  t h e  az imuth  free f r o m  

e r r o r s  of  oboerva t ion .  The procedure  w i l l  then be as f o l l o w s : -  

S e l e c t  two otars E & W as n e a r  the  po le  as possible,and as 

near e l o n g a t i o n  as p o s s i b l e ,  Level  t he  t h c o d o l i t c  c a r e f u l l y ,  

as d i s l eve lmen t  i n c r e a s e n  as the t a n  ( a l t i t u d e  o f  s t a r )   h hen 

(suppoeing t he  R.M. is botween t h e  t w o  s t a r s )  i n t e r s e c t  t h e  

R . M .  f i r s t ,  and read t h e  h o r i z o n t a l  anglee, t h e n  i n t e r s eo ' t  (say) 

the west star n o t i n g  the t ime of i n t e r s e o t i o n  & read t h e  1 l o r i ~ -  

o n t a l  a n g l e s , t h e n  t h e  e a s t  star n o t i n g  t he  time o f  i n t e r s e c t i o a  



& read the horizontal aneles, 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 t h e  west star and close on the referring rnark,It is best in 

observing these two rounds of angles to work face left,swing 

tight and face right, swing left,respectively. Mean angles ofboa 
faces are taken for computing. 
The fonnula on which the computation depends has already been 

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

In traverse nork ,  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 is carefully levelled, as before, and the refer- 

ring nark 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- 

ical circlc Imving first been recorded. Then a similar obeervat 

ion is carried out on the e a s t  star, the level, vertical & horjz- 

ontal angles being read and the round is closed on the referring 

mark and the horizontal angles read, Pace is then reversed and 

observations are carried. .out wl th the o p p o s i t e  swing i n  the rev- 

eree order,The means ofthe readings P.R. and F,L.are used in the 

computations, We now know the three sides of the astronomical 

triangle SPZ viz:- A,Yand 2 , and A the azim~th is computed on 
form 11 Topo-by the formula:- 

sin(=-y) sin ( 3 - 2 )  tan -- = 
2 * J , where 23 =A + +S 

sin s sin (3 -A)  

The computation should be easily intelligible from the form. 



Corngutation of Azimuth from Sun - Horizonta l  and V e r t i c a l  
Angles observed s imultaneously Fornls 11 Tapo 

and 4 Trav. 

Tn a topographica l  p a r t y  t r a v e r s e r s  u s u a l l y  g r e f e r  t o  take 

sun i n s t e a d  o f  star observa t ions  f o r  azimuth,  a s  t h i s  obv ia t e s  

t h e i r  having t .o sit up late a t  n igh t  a f t e r  t h e i r  day 's  work. The 

sun gives s u f f i c i e n t l y  good r e s u l t s  f o r  t h e i r  purpose, as they  

should not be i n  e r r o r  by more than  30" with a t h e o d o l i t e  r ead ing  

t o  30n, and an e r r o r  of 1 minute i s  pe rmis s ib l e  i n  t r a v e r s e  work 

f o r  1 - inch  survey.  The v a r i a t i o n s  i n  procedure i n  observing 

bo th  limbs of  t h e  sun a l r e a d y  r e f e r r e d  t o  on page 18 must be 

adopted,  o r , i f  only one limb of t h e  sun i s  observed,a c o r r e c t i o n  

for t he  s u n ' s  semi-diameter must be app l i ed .  For sun obse rva t i ans  

a dark glass is f i t t e d  over  tlie eyepiece o f  t h e  t h e o d o l i t e .  

Azimuth should  be observed t o  t he  sun E , e a r l y  i n  the  norn ing ,or  

t o  the sun W,late i n  the  af ternoonj 'and not w i t h i n  3 hours of  t he  

time it t r a n s i t s  t h e  meridian,  as ,dur ing t h e  middle of t he  day , i t  

i s  moving too  r a p i d l y  i n  azimuth. The sun ' s  a l t i t u d e  at the  time 

of observa t ion  should ,  if 2 o s o i b l e ,  be between 20° and 40°- The 

2 forms,on which sun  azimuths(from Hor izonta l  and V e r t i c a l  ang le s  

observed s i n ~ ~ ~ l t a n e u u s l y - )  can be computed,are f orrns 11 Topo. and 4 

Trav., t he  h t t e r  being s i m p l i f i e d  f o r  o rd ina ry  t r a v e r s e  work. 

If t h e  zero of the  t h e o d o l i t e  be s e t  t o  magnetic n o r t h  be- 

f o r e  the  R.M. is  i n t e r s e c t e d ,  t h e  needle  bea r ing  of the  l a t t e r  

can be en t e red  a t  the head o f  Form 4 Trav., and the  dil ' ference be- 

tween t h i s  Bnd the  working az i rmth  from nor th ,  obtained by com- 

p u t a t i o n  i n  the  las t  l i n e  o f  t h e  form, g ives  t h e  v a r i a t i o n  o f  

the needle.  



The o rde r  of  observat ior is  i n  t h e  f i e l d  u s u a l l y  is as f o l l p w a ~ .  

R a f e r r i n g  o b j e c t  o r  mark (R.O.  o r  R.N.)- ~ o r i z l  a r c r e a d ,  

sun  ( ~ p p a r e n t  r i g h t  
& upper l imbs)  - Level ,  v e r t l  & ~ o r i z l  a r c s  r e a d ,  

mce & swing changed,  

Sun (Apparent  l e f t  
& lower l i m b s )  - Leve l ,  v e r t l  &  oriel a r c s  read, 

R.O. o r  R.M. - ~ o r i z l  a r c  r e ad .  

The quadranl;s , in which t h e  sun i s  observed above , a r e  f o r  af- 

t e rnoon  obse rva t i ons .  For morning obse rva t i on3 , t he  sun  would 

be observed i n  t h e  o t h e r  quadran t s , and  sun  ( ~ p p a r e n t  r i g h t  

and Lower l imbs )  and ( ~ p p a r e n t  left a n d  upper l imbs )  would 

be the o b s e r v a t i o n s  t o  be recorded.  

The obse rva t i ons  may be r epea t ed  on a seccnd zero .  

An a l t e r n a t i v e  method is .to r e p e a t  t h e  r e a d i n g s  t o  each l imb 

of the  sun be fo re  t h e  second i n t e r s e c t i o n  of t h e  R.M.,instead 

of t a k i n g  a second round on a n o t h e r  ze ro .  

The formula,on which form 11 Topo.ia baged,has a l r e a d y  been 

expla ined,  and that uaed i n  form 4 Trav, i s  t h e  same. The only 

differences i n  form 4 Trav ,a re  s i m p l i f i c a t i o n s ,  a3 t h e  form 

doe3 n o t  aim n t  s u c h  a h igh  atandard of accuracy  as form 11 

Topo. Thue i n  form 4 Trav. r e f r a c t i o n  i e  t aken  from t a b l e  42 

Sur. Part I11 Aux Tables  1928, f o r  a f i x e d  barometer  p r e s s u r e  

o f  23 incheg and tempera tu re  75'3; whereas i n  f o r m  11. Topc i t  

i s  computed from t a b l e s  19 and 20 Sur, f o r  t h e  a c t u a l  barome- 

t r i c  p r e s s u r e  a n d  t empera tu re  recorded  a t  t h e  time o f  obser-  

v a t i o n .  P a r a l l a x  c o r r e c t i o n  is a l s o  n o t  a p p l i e d  i n  f o r m  4 

Trav.  rra i n  form 11 Topo. Th i s  c o r r e c t i o n  s h o u l d  genera  lly 



4 5  

be a p l ~ l i e d  i n  o b s e r v i n ~  t o  a heavenly body as c loee  t o  t h e  

e a r t h  zs the sun ( v i d e  pace 21 ) ; but  i n  fo rm 4 Trav. the 

c o r r e c t i o n ,  being smal1,is n o t  included.  Also i n  form 4 Trav. 

the  N.?.D.comguted f o r  Local Apparent noon d i r e c t l y  from the 

decln a t  a p p a r e n t  noon (given i n  N.A. p I), and a c o r r e c t i o n  

t o  the azimuth appl ied  for Dec. changes from the char t  in 

Table 33 Sur  i n s t e a d  of t h e  N.P.D. - e l n g  computed from the 

I ]ec l i r i a t iun  i n t e r p o l a t e d  f o r  t he  e x a c t  t ime  of observation 

as i n  form 11 Topo.  The az imuth  i n  form 4 Trav. is measured 

from n o r t h  -;;hereas that i n  f o r m  11 Topo. i s  measured from 

south. F o r m  4 Trav, has a s p e c i a l  l i n e  a t  the end f o r  app l i ca -  

t i o n  o f  the Convergency f r o m  table 11 Sur. 



hti  tude by T a l c o t t  method 
wi th  the  Zenith Telescope. 

The z e n i t h  te lescope  is  a por t ab le  instrument s p e c i a l l y  

adapted  S o r  t he  meaourenent o f  small d i f f e rences  of zen i th  dis- 

tances. It 1s t h e  i n v e n t i o ~ l  of Capt. T a l c o t t ,  of the  United S t a t e s  

Corps of Engineers, and has been much used for p r e c i s e  determina- 

t i o n s  of  l a t i t u d e  i n  t h e  department. For a d e t a i l e d  desc r ip t ion  

r e f e r e n c e  may be made t o  the Handbook of ~ r o f l .  I n s t r u c t i o n  f o r  
. . 

the Trigonometr ical  branch, P a r t  I V ;  but i n  i t s  p r i n c i p a l  charac- 

t e r i s t i c s  it may be descr ibed as having:- 

(1 ) In the eye-piece of the t e lescope  a micrometer capable 

of measurjng smal.1 ang les  t o  a n  accuracy o f  1 of a second of 
20 

( 2 )  A s e n s i t i v e  l e v e l  by means of which the  te lescope m y  

be kept a t ,  o r  nearly a t ,  a cons tant  angle  to  the  v e r t i c a l  during 

observa t ions  b o t h  N. and S. o f  the zeni th .  

( 3 )  A v e r t i c a l  axis round which the instrument can be re- 

volved t o  bear  N. o r  S .  o f  the zeni th .  

T a l c o t t ' s  method of determining l a t i t u d e  by the  zen i th  

t e l e scope  is as follows:- 

A p a i r  of  stars 18 s e l e c t e d ,  one D. and one S. of zen i th ,  

b u t  of nea r ly  equal  zen i th  d i s t a n c e s  ao that they may both be 

seen  i n  the f i e l d  3f t h e  te lescope a t  one s e t t i n g  of the level, 

1.e. without  a l t e r i n g  the a l t j t u d e  of t e lescope .  The R.A. o f  

t h e s e  two stars should be nea r ly  equal  s o  that t h e i r  t r a n s i t  may 

occur wi th in  the  s h o r t  per iod of one another ,  but l eaving  e u f f i -  

olent  time t o  read the l e v e l  and micrometer between the t w o  ob- 



With the best value of sidereal time available, the stars 

are followed by the observer with the micrometer wire until t h e  

exact moment of bansi t ,  and the level and micrometer read for 

each one. 

L e t m  = 
Il l '  - - 
1 - - 
1' - - 
3" - - 

- - 2 = 
r - - 

- r' - 

micrometer reading of sauthss tar 
11 o north star 

lcvzl correction in arc, of south star 
I) 1q north 

zenith distance of zero of micrometer 
II af south star 
11 " of north star 

carr- for refraction of south star 
11 tt north 

Assuming that the micrometer readings increase as the zenith 

dis tw.cc.5 decrea.;e - 
Then we have:- 

j,=Z:-m+l+ r 
I = $ , - m ) + l  + r  ........... and 5 -3 = m t - m + 1 - 1 ' + r  - r* 

I 
But if 8 and 8 are the declinations of the south and north 

stars respec tive1y:- 

and combining equations i and it :- 

The simplicity of this determination is apparent without 

any further explanation. Its weak point is that in the choice of 

pairs of etars it may be necessary to use some stare of which 

the places are indifferently known. 

Both the portable transit, and the transit theodoIite may 

be used as a zenith telescape,ff t h e y  are fnrniahed w i t h  micro- 

meters in the eye-piece. 



In the T a l c o t t  method it ie eornetimee neceeeery t o  obeerve 

t h e  tramit of a star over one of the v e r t i c a l  aide-wiree and 

reduce the time t o  w h a t  it .rrould have Seen if the t r a n e i t  had 

been obeerved over the cent re-wire .  

For t h i s  purpose it  i e  necessary t o  f i n d  the i n t e r v a l  of time 

which an e q u a t o r i a l  star vrould take t o  p a e s  f r o m  the  side wire 

t o  the c e n t r a l  wi re .  

To f i nd  this interval.  a, clrcumyclax s t a r  f a i r l y  l o w  i n  the 

sky, o f  d e c l i n a t i a n  8 is observed. 

Then Equa to r i a l  i n t e r v a l  "I" = Observed i n t e r v a l  ? i y  of 
stare' paeaing f r o m  side 
wire  t o  central wire x 
00s S 6 

Brm thie the interval lulfor a star o f  d i f f e r e n t  

d e c l i n a t i o n  p u s  from side-wire t o  cen t re  wipe can be 

determined. 
I 

as i1 = I see 8 
In computing Ta lco t t  observations tk.e e t a r  places  (decln & 

ROAD) my be taken from the  F . A . , A . E .  e tc .  Sometimes s tar  

place8 which are not g i v e n  i n  the  Almanacs for a11 the a m 1 1  

e t n r e  have t o  be worked out frorrr a etar catalogue such 2 s  

Newcombs'. A note  on t h e  working of s tar  place:; is here given, 

as t h e r e  i s  some c o n f u s i o n  in t h e  n o t a t i o n ,  w i ~ i c h  l e  expla ined  

In the f o l l m r i n z  n o t e .  
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Star Pl+c_e-s_-f rom Catalome . 
A atar as observed i a  in its appare-nt place. 

fts true plaz is the above freed from aberratian. 

~ t g  mean ............................. ,nutation. 
Secular changes are progressive but slow from year to year and 

proportional to tine during short periods as they take seculae 

(or centuries) to conplete a cycle. 

Periodic changes complete their cycle comparatively quickly and - -  
are only praportional to tine for very short periods. 

Precession is due to the slow shift of the first point of Aries 

(from which Right Ascension is nessured, 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- 

tcr along the ecliptic; and planetary motion, a motion of the 

ecliptic along the ewator. 

Nutation is an irregularity in the above motion which produces 

periodic and comparatively small but rapid changee. 

Aberration is due to the earth's motion combined with the finite -- -- 
velvcity of light, causing an apparent displacement of a star 

from its true position. 

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

ble aa a rule and due either to the star actually ehiftlng in 

space or to the motton of our solar system. 

ln catalogues the ~~reczssions- are the values of the chanaes in 

R . A .  - and declin_aat_i.oOnn at the period of the catalogue per year or 

100 y z a r s  according to the catalogue used. 

Secular variations are the irregularities in the above in 100 

years. In some star catalogues, such as Newcomb's, proper motion 



(.a i s  g i v e n  botll s e p a r a t e  arid conibined wi.th p r eceas lon  ( p ) 

under t h e  g e n e r a l  heading Centennia l  V a r i a t i o n  ( c ) ,  where 

c = P + p, t h e  u n i t  adhered t o  being 100 y e a r s  throughout .  Other  

ca t a logues  use  t h e  term annua l  motion (m) = c/100,  and p also 

being g i v e n  wi th  t h e  y e a r  as u n i t .  

T o  o b t a i n  -- t h e  appa ren t  p l a c e  of a star, which i s  what is c'>served, 

we use  form 3 Lat .  The procedure  carried out  i n  t h e  form m y  be 

exp l a i ced  as fol lows:-  

(1) We t ake  the mean p l ace  of t h e  star  f o r  t h e  date of t h e  
ca t a logue .  

( 2 )  lNe then app ly  p r cpe r  motion p r eces s ion  & s e c u l a r  va r i a -  
t i o n  t o  t h e  mean p l a c e  t o  reduce t h e  va lues  t o  t h e  co- 
mnencement of the  r e q u i r e d  year .  

(3)  We t h e n  employ B e s s e l l s  formulae as modif ied f o r  any 
epoch i n  Turner ' s  t a b l e s  t o  reduce star 's  p l a c e  t o  t he  
e x a c t  d a t e  o f  the  y e a r  % t ime,  i nc lud ing  the  sma l l  pe r io -  
d i c  changes f o r  rutation & a b e r r a t i o n  neces sa ry  t o  con- 
v e r t  t he  mean t c  t h e  appa ren t  p lace .  

dd If m, be t h e  annual motion of a s t a r  i n  R.A.=md+ pd= - 
d t  

sd be t h e  s c u l a r  vaxi.at,ion I' I( II = I 0 0  - d 2cd 
d t  

d o  be t h e  mean 3 . A .  f o r  t ime t , o r  d a t e  of c a t a logue  

S imi l a r l y ,u s ing  cor responding  symbols and s u b s c r i p t  l e t t e r s  d f o ~  

t h e  annual motion and secular variation i n  N.P ,D: -  

iJ .P.D.  = d = do+ y 

If  the ca t a logue  gives D e c l i n a t i o n  instead of N,P ,D ,  , t h e  s i g n s  

of md & q must be reversed. 

The r e s u l t s  (I), ( 2 )  give  the mew p l a c e s  of a s tar  a t  t h e  c o m -  

encement of the  p a r t i c u l a r  y e a r  f o r  which i t s  appa ren t  p l a c e  is 

r equ i r ed .  ( v i d e  t h e  f i r s t  15 l i n e s  of form 3 Lat). 

I t  now remains t o  app ly  Besscl's  formulae ,  as modif ied f o r  any 

cpoch , in  T u r n e r l s  Tab les , inorder  t o  o b t a i n  the appa ren t  place. 



The formulae f o r  these  c o r r e c t i o n s ,  given on p V of the  in-  

troductior.  t o  Turner 's  Tables ,  ( i n c l u d i ~ g  t w  , t+! t o  b r i n g  the  

s t a r  p l aces  up t o  the  a c t u a l  da t e  and time t,frorc the  commence- 

ment of t h e  y e a r ) ,  are:- 

Correc t ion  t o  R.A. = t h +  Aa t B b  + .......... . = ~ A J +  ~ a * +  Bb'+ 
* * * .  (3) 

These formulae a r e  merely modi f ica t ions  of those used i n  t he  

Naut ical  Almanac. The day-numbers A, B, C ,  D however a r e  n o t  i n  

Besse l ' s ,  bu t  i n  B a i l y l s  n o t a t i o n ,  which was d e f i n i t e l y  abandoned 

by t h e  Nau t i ca l  and o t h e r  almanacs, which r eve r t ed  t o  B e s s e l ' s  

no ta t ion  i n  1916. 

B a i l y  s t a r t e d  h i s  confusing n o t a t i o n  i n  the  B r i t i s h  Associa- 

t i o c  star ca ta logue  f o r  no b e t t e r  reason  t h a n  t h a t  he considered 

i t  formed a good 'memoria t echn ica '  i f  t he  Besse l  f a c t o r s  were 

a l t e r e d  so  t h a t  A,  B represen ted  the  q u a n t i t i e s  whereby U e r r a -  

t i o n  was determined, C those whereby p reces s ion  w a s  determined 

and D those whereby - Deviat ion ( n u t a t i o n )  was determined (v ide  

D o o l i t t l e l s  Astronomy p 616 f o o t n o t e ) .  

Thus i n  order  t c  b r i n g  Turner 's  formulae t o  accord w i t h  the 

presen t  Besse l ' s  n o t a t i o n  of t h e  Nau t i ca l  Almanac. A has  t o  be 

interchanged wi th  C and El wi th  D. The formulae of form 3 L a t . ,  

which a r e  adopted f o r  Turner 's  Tables t hus  becomer- 

Correc t ion  t o  R.A. = I&, + C a  +Db+ ( n ~ )  c+ Bd + f .. .... .. . . . N.P.D. = tn* + ~ a ~ + ~ b * + ( n ~ ) c ' + ~ d * + i . s a ~  (4 )  

I n  the f o r r ~ ~ u l a e  ( 4 )  A,B,C,D rep re sen t  t h e  Nau t i ca l  Almanac 
/I 
Besse l ' s  day nturtbers and f & i o t h e r  f a c t o r s  (computed from t h e  

formulae on pages 631-34 N.A. 1925) .  which depend on the  moon and 

sun's l ong i tude ,  t h a t  of t h e i r  pe r igee ,  moon's ascending node, 

o b l i q u i t y  of tke  ecliptic, e t c .  They a r e  publ ished i n  the N A. f o r  

each day of t he  yea r  e g g # -  N.A. 1930 p 211-26. 



The formulae  ( 4 )  may be w r i t t e n  out i n  ful-1 as:- 

1 -a n b  
Correc:t:or, t o  R.A. (1) = ta + ~ ( g j j e c  & ) c o s d  + ~ [ i ~ e c c f ) s i n d c  

n c  d-d 
+ A (k7, t a n  8) a i n d  +B (&tan 8) c  o s d  + f 

a a '  b ~ b .  @ . . . . . . . . . . . 1J.P.D. (2) = taJ +C s i n &  s i n d  + D s i n d c o s d  + ( n ~ ) c o s d  
Cs> + B s i n d  +i cos 6 

0 . .  (5) 

Turner utilises t he  f a c t o r s  

i = C t a n  W , w h e r e  t is reckoned from 1900, 

( vlde g EL: P .A.  1925 and Turner ' s  Tables In t rodu-c t ion  p IV k V)and 

thus his Tables are convenien t ly  adapted t o  su i t  any epoch. 

I n  h i s  Y.P.D. Tables he t a b u l a t e s  

aa'= COS a I 
In  h i s  R.A.  Tables  he t a b u l a t e s  

s i n d  as b,c, a,'d,' 
c o s d  a d  yi,b:c,' 

By conparing ( 6 )  & (7 )  w i t h d 5 )  t he  remainder of t h e  computation 

on fn r r r .  3 Lat.  w i l l  he e a s i l y  i n t e l l i g i b l e  from the  form i t s e l f  

t oge the r  ivith the  e x p l a r a t i o n s  in t h e  foo tno t e s .  

The f i c t i t i o u s  y e a r  

',Ye !iave h i t h e r t o  sgoken of t he  yea r  wi thout  d e f i n i t e l y  stat- 

ing which of t he  var ioue  pe r iods  c a l l e d  a y e a r  was t o  be under- 

etood.  n e i t h e r  t h e  common y e a r  (with every  f o u r t h  year a l e a p  

year) nor  the  Juliaxi y e a r  of 3652 days is w e l l  adopted f o r  as- 



tronomical calculations so Bessel introduced the fictitious 

year to obviate the difficulties which would arise from using 

the conunon or Jlulian year in these compi~tations. 

The fictitious year commences when longitude of mean sun is m0 - 
(or R.A. = 1Bh 40m) 

I3-y 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 365 days 5.8 hours. 

Catalogues give values of T or itc 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 fictitioue meridian for the sidereal 

time 18h. 40m., without any reduction of the date. 

For any other meridian at the sideral time 18h. 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 increased 
B 

by E - ii; 4om* which must be always taken < 1 and positive 

or by 

g' - ~ 4 3 .  , omitting one whole day if g + 5h 201. ; 2 4 1  



h t i t u d e  and t i m e  by the Prismatic Astrolabe. 

The p r i n c i p l e  of this obse rva t ion  is es fol lows:-  If any 

3 o r  more s t a r s  a r e  observed t a  r each  the  same a l t i t u d e  a t  times 

Which a r e  no ted ,  then i t  i s  - , a s i b l e  t o  c a l c u l a t e  (1) the  a l t i -  

tude a t  which t h e  stars were observed ( 2 )  t h e  chronometer e r r o r  

( 3 )  the l a t i t u d e .  I t  i s  u s u a l  t o  observe groups of 4 s tars,  one 

i n  each quadrant  of  t he  heavens,N.E., S.E., S.W. ,  N.W. 

The ins t rument  c o n s i s t s  of a h o r i z o n t a l  t e l e scope  w i t h  an 

e q u d a t e r a l  glass pr i sm f i x e d  i n  f r o n t  of the  ob jec t  end, w i th  

t h e  s i d e  next  t h e  ob jec t  g l a s s  v e r t i c a l .  Under and i n  f r o n t  of 

t h e  p r i s m  is p laced  an a r t i f i c i a l  hor izon,viz: -  a shal low d i s h  

of mercury. The instrument  i s  cons t ruc t ed  t o  observe stars a t  

a cons tan t  e l e v a t i o n  of about  60°, and the  t ime they r each  t h i s  

eLeva t i o n  is noted  by means of an observa t ion  o f  the coincidence 

of 2 images of t h e  star, one coming d i r e c t  from the  s t a r  through 

the  upper i n c l i n e d  f ace  of the  pr i sm and refracted t o  the eye of 

the  observer ,  t h e  o the r  coming from the  s t a r ' s  r e f l e c t i o n  i n  t h e  

a r t i f i c i a l  hor izon  through the lower i n c l i n e d  f a c e  of t h e  pr ism 

and a l s o  r e f h c t e d  t o  t he  eye of t he  observer .  An e l e c t r i c  

chronograph , s top  watch, o r  o t h e r  accu ra t e  means of  no t ing  the 

t imes is e s s e n t i a l .  A l i s t  of the  more important stars f o r  obser- 

v a t i o n  a r e  given i n  a book on the  P r i s m a t i c  As t ro labe  by Messrs. 

J .  B a l l  & Knox Shaw and a programme (on forms 1 & 2  st.) can be 

made up from t h i s  o r  from the  s p e c i a l  diagram by M r .  J. B a l l .  

The computation of t he  azimuths and times a t  which the  s t a r s  

a t t a i n  the  e l e v a t i o n  of 60' approx., the  cons t an t  angle  f o r  the  

ins t rument ,  i s  a f a i r l y  s imple  one, v i d e  form 3 A s t .  



L a t i t u d e  and time by the Prismatic AS 
, 

trolabe. 

The p r i n c i p l e  of this  o b s e r v a t i a n  is as fol lows:-  If any 

3 o r  more stars a r e  observed t o  r each  the  same a l t i t u d e  a t  times 

which a r e  no ted ,  then i t  i s  - , s s i b l e  t o  c a l c u l a t e  (1) the  a l t i -  

tude a t  which t h e  stars were observed ( 2 )  t h e  chronometer e r r o r  

( 3 )  the l a t i t u d e .  It i s  u s u a l  t o  observe groups of 4 s t a r s ,  one 

i n  each quadrant  o f  the  heavens,N.E., S.E., S.W. ,  N.W. 

/ - - - - 2 - + -  hf 9 h o r i z o n t a l  t e lescope  w i t h  an 

1 1  1 . 15 f ~ o m  t o y ,  for r e f i d i t a a  r iad  rc:ri 2 c t  :?,: 1, - -- -- 
he s ide  next  t h e  ob jec t  g l a s s  v e r t i c a l .  Under and i n  f r o n t  of 

t h e  p r i s m  is p laced  an a r t i f i c i a l  hor izon,viz: -  a shal low d i s h  

of mercury. The ins t rument  is cons t ruc t ed  t o  observe s t a r s  a t  

a cons tan t  e l e v a t i o n  of about  60°, and the t ime they r each  t h i e  

c'leva.tion i s  noted by means of an observa t ion  o f  the coincidence 

of  2 images of t h e  star,  one coming d i r e c t  from the  s t a r  through 

the upper  i n c l i n e d  f ace  of the  pr i sm and ref i tacted t o  the  eye of 

the  observer ,  t h e  o the r  coming from the  s t a r ' s  r e f l e c t i o n  I n  t h e  

a r t i f i c i a l  hor izon  through the lower i n c l i n e d  f a c e  of t h e  pr ism 

and a l s o  r e f k c t e d  t o  t he  eye of the  observer .  An e l e c t r i c  

chronograph , s top  watch, o r  o t h e r  accu ra t e  means of  not in& the 

t imes is  e s s e n t i a l .  A l i s t  of t he  more important stars f o r  obser- 

v a t i o n  a r e  g iven  i n  a book on the  P r i sma t i c  As t ro labe  by Messrs. 

J. B a l l  & Knox Shaw and a programme (on forms 1 & 2 A s t . )  can be 

msde up from t h i s  o r  from the s p e c i a l  diagram by M r .  J. B a l l .  

The computation of t he  azimuths and times a t  which the  s t a r s  

a t t a i n  the e l e v a t i o n  of 60' approx., t he  cons t an t  angle  f o r  the  

ins t rument ,  i s  a f a i r l y  s imple  one, v i d e  form 3 A ~ t w  



We have slt h = 60° ( p r o ) .  = 30° ( a p p r o x ) , ~ . ~ . ~ .  = 0 
r o u  h value 

c o , k t .  = T. ( a s a 8 m d  1 
t o  - tan - - s i n  (s - A )sin(e - Y )  
2 s i n  s s in(s  - j ) 

tan L = sin (s - 5 ) cosec (s -A) tan 3 
2 2 

also to in a r c  x 15 = to i n  tine. 

The azimuths of the 4 stars are p l o t t e d  i n  the 4 q u a d r a n t s  

o n  a diagram p a p e r  

f r o m  a p o i n t  0 as 

shown a n d  p e p  rs. 

drawn t o  t h e s e  d i -  

r e c t i o n s  through 

p t s  t lQt3t4 repre- 

s e n t  i n g  t h e  t ime 
yr Line o f  assumed lofitude 

E 
e r r o r s  ( d e r i v e d  

f r o m  d i f f e r e n c e s  

be tween  computed 

and o b s e r v e d  t i m e s )  

p l o t t e d  t o  s c a l e  

f r o m  the l i n e  of  I 
assumed w a t c h  

r . r r o r  0 N. e .g. :- If t h e  

I 
s Fig. 17 

watch  e r r o r  i s  known t o  be a b o u t  1 m a n d  some odd seconds ,  we 

can assume the e r r o r  a s  1 m i n u t e  and  o n l y  plot the odd s e c o n d s ,  

s o  as n o t  t o  carry o u r  d j a s r a m  t o  an i n c o n v e n i e n t  d i s t m c e  from 

0 ,  t h e  c e n t r e  of t he  p a p e r .  

The lines s o  drawn e i t h e r  meet  i n  a p o i n t  o r  form a q i l ad r i l a - t e -  

ral i n  which a c i r c l e  can be i n s c r i b e d .  The x c o o r d i n a t e  o f  t h e  
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p o i n t ,  o r  o f  the c e n t r e  of the  c i r c l e ,  d iv ided  by 15, i s  the 

c o r r e c t i o n  t o  t h e  es t imated  time ;and t h e  (y coord ina te )  x (cos h)  , 
t h e  c o r r e c t i o n  t o  t h e  rough va lue  of l a t i t u d e  assumed a t  the 

commencenent. With a l i t t l e  p r a c t i c e  time should be determinable 

w i t h i n  l / lOth of a second m d  l a t i t u d e  w i t h i n  about 1' ky about 

a couple of hcurs  observation.  - . . 
Form 4 A s t .  is i n t ~ n d e d  f o r  use ,  when observa t ions  go on from 

I' 

day t 3  d a y  =d adap t s  computations on 3 Bst .  f o r  one day t o  

success:ve days, so  as t o  avoid  recomputation. R.A. i s  a l s o  

computed here .  Form 5 A3t. coribines forme 3 & 4 A s t .  and g ives  

the  L.S.T. of observat ions .  

The above coolpletes a  b r i e f  d e s c r i p t i o n  of the graphic  method 

of u s i n g  the P r i s n a t i c  Astrolabe f o r  l a t i t u d e  ar,d time observa- 

t i o n s .  Forms 6 t o  1 0  A s t .  a r e  intended f o r  combining observa- 

t i  ob ta in ing  probable e r r o r s ,  e r r o r s  of clock r a t e s  e t c . ,  

and a r e  a p p l i c a b l e  nore  e s y e c i a l l y  when r igorous  and not  graphic 

methods a r e  employed. 

An ex1:lanation of these  is outs ide  the  sco2e o f  these  no tes .  



Determination of Longitude. 

The methods of determination of longitude will here only . 

he briefly described, as these notes onljr aim at giving the de- 

tails af those field astronomical observations which the Topogra- 

phical Surveyor is likely to have to carry out ordinarlly. 

Differences of longitude correspond to differences of time. We 

have a1.rea.d.y shown how to obtain the local tipie of a place by 

astronomical observation ,and we merely nave tc know tile local 
a 

time of the place of reference at the sane instant for which we 

know our own local time,to be able to compare the lorigltude of 

Lhe place of observation with the longitude of the place of re- 
0 

rererlce. Each hour of time = 15 of longitude, 

The place or meridian of reference usually employed is Greenwich, 

but it may be any other place or meridian where we are enabled to 

~btain 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 eection of practical astronomy. 

The principal methods of determining longitude are:- 

Electric telegraph 
Wireless signals 
Transport of chronometers 
Triangulation 

and azimuth. 

Relative methods 

Occultation of stars by moon 
Eblipse of sun by moon 
Moon culminating stars 
Moon photographs 
Moon altitudes Absolute methods. 
Lunar distances 
Eclipse, occultatian, or 
trapsit of Jupiter's sate- 1 

11 t e s  . 1 
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I n  t h e  f i r s t  2 methods, d i f f e r e n c e s  of l ong i tude  a r e  obtaineci 

b:; comparing the  ~ o r r e c t  l o c a l   tin:^ at one s t a t i o r !  wlth that  

a t  t he  other,  by t r a n s r - i s s i a n  01 s 1gi .3is  bet-ween t n e  s t a t i o n s ,  

c e r t a incco r r ecYi ,n s  belng necessary  ~ ' d r  p e r s o n a l  equz t i on  be- 

tween t h e  observere ,  c l ock  r a t e s ,  ra tes  o f  w l r e l e s s  transmission,  

e t c .  For  d e t a i l s  01 method ( l ) , v l d e  o ld  Hand book of prof1. 

I n s t r u c t i o n s f o r  t h e  ~ r i ~ l .  b r m c h  19Q2,p 75; a l s o  Topo Chapter 

VXI 1924,para 21. I n  t h e  t h i r d  method a number of chronometers 

a r e  t r a n s p o r t e d  between p l a c e s ,  t h e  a c c u r a t e  de t e rmina t i on  of 

d i f f e r e n c e  of l ong i tude  between which i s  r equ i r ed , and  t h e  mean 

r e s u l t s  g iven  by t h e s e  c l~ronometers  t aken  f o r  comparison wi th  

t h e  l o c a l  t ime. 

When ~coving  from p l a c e  t o  p l a c e  w i t h  chronometers they  develope 

t r a v e l l i n g  r a t e s , a n d  t h e s e  r e q u i r e  t o  be c a r e f u l l y  determined 

snd  applied. I f  t h e  camp h a l t s , t ~ l e  chronometer should be s e n t  

out f o r  a normal d a y ' s  march du r ing  t h e  days of h a l t ,  or, if t h e  

halt  i s  extended, the  r a t e  a t  r e s t  should be determined.  

Methods ( 4 )  2nd (5 )  a r e  normal methods,(vide Topo Hand book, 

Chapters  111 &  and r e q u i r e  no exp l ana t i on  here .  

Method (6) i s  d e s c r i b e d  i n  Topo Chapter  VII 1924,paras  25 (a)  

and  ( b ) .  

The remaining methods (7)  t o  (13) f o r  de te rmin ing  l ong i tude  de- 

pend an t h e  obse rva t i on  of  c e r t a i n  phenomena ( e i t h e r  of e f f e c t  o r  

o f  t h e  r e l a t i v e  p o s i t i o n s  o f  t h e  c e l e s t i a l  bod ies ) , the  Greenwich 

t ime o f  which cac be c a l c u l a t e d  f r o m  the  d a t a  given i n  the 

N a u t i c a l  Almanac and compared w i t h  t h e  tlme a t  t h e  p lace  when 

the  phenomena were observed,  so  as t o  o b t a i n  t h e  long i tude .  
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