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PREFACE TO FIRST EDITION

This book is written consequent upon persistent demand
from several students both past and present preparing for their
certificates of competancy as Second Mates Foreign Going
Examinations. The book covers the existing and the proposed
new Indian MOT syllabus for second Mates. The chapters are
divided into various convenient topics in a simple and logical
sequence so that it can be understood even by a weak student.
Intricate explanations or too involved proofs are avoided. Many
years of contact with the students coupled with several years of
teaching experience in this specific subject have helped me
immensely in presenting the. subject in this lucid manner.

There are four test papers included at the end of the book.
These papers follow the expected pattern for the new syllabus,
wherein Principles of Navigation is a seperate two hour paper
carrying 100 marks, instead of a combined paper with Practical
Navigation under the existing syllabus.

The Indian syllabus differs from the the U.K syllabus, to the
extent that the principle of position fixing by hyperbolic and
satellite navigational systems and bridge equipments are
excluded from the purview of this paper. Indian examinations
will therefore include a two hour paper carrying 100 marks on
"Bridge Equipment and Watch Keeping", wherein practically, all
bridge equipments are expected to be covered. That paper being
a separate paper this book does not cater to this topic.

Practically all calculations on Nautical Astronomy are so
designed as to exclude the use of the Nautical Almanac. If any
data from the almanac is required to solve that question, the data
is supplied in the question itself. By adopting this method,
reprinting of several pages of Nautical Almanac for reference is
avoided.

Though the book is primarily written to satisfy the needs of
candidates preparing for their M.OT certificates as Second
Matks, this book can also serve as an excellent reference book
for those who are teaching or those who are in any way con­
nected with the subject.



I am extremely thankful to Mr. K. R. Bhandarkar for his
encouragement and guidance and for his consistent pressures on

me to complete the book. Without this pressure, the writing of
this book might have taken much longer. I am also thankful to the
staff of Bhandarkar Publications who did much of the typing
work and the artwork required. Above all, 'I am greatly indebted
to my late wife, to whom this book is now dedicated, without
whose encouragement and patience, this book would have
remained a dream for me.

Though every effort is taken to avoid both typographical and
clerical errors in calculations, I request all users of the book to
kindly bring it to my notice if they do find any errors, so that we
may rectify the same in subsequent editions.
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PROPOSED SYLLABUS IN PRINCIPLES OF NAVIGATION­
FOR M.O.T. EXAMINATIONS FOR SECOND MATES (F.G.)

In this paper. candidates may be asked to draw a figure

reasonably to scale and to state the projection used.

(a) The shape of the earth Poles, equator. meridians Parallels of

latitude Position by latitude and longitude. Direction, bearing
distance, units of measurement Difference of latitude, differ­

ence of longitude, riep a rt u re mean and middle latitude, differ­
ence of mer idio n a! parts and the relationship between them

Theory of great circlt- s,Jlllng Calculation of initial and final

course and till' CJfl:a1 circle distance. Small·circle on a sphere

(b) The cpit, st Iill ';P111' r t:, ad 1111 t Ion 0 nth e ceIest iaI sphere, appar ­

ent mO!I<Hl on till' ct:lestla! sphere Declination Azimuth, side­

r eal IHllll dnlJlt; Tl u: PIlsltlon of a body on the celestial sphere;

az uuu t}: With till: altltudt} or declination with sidereal or local
i)[H)I,' TItt' rlslnq. cllll11111atlon and setting of heavenly bodies
CII U 1111 pol, rr S 1,w, M ,IX I IT1U m <:1 Z Im ut h .

(c) Solin sy',lt:ITl. eiJrth moon system Planetary motion Earth's

rot.ltlon dlld ITllJVt:IlJ,:11t III orbit, eclipses. mean sun, ecliptic, first

po uu III A:It H
; . [qllllwx and Sollstice. Sunrise, Sunset and twi­

Ilqll!

(d) l u ru-. C;rl',:nwlch and other standard times, zone time, mean

tilTH:. i1pp,1r "Ill 1Ifill:. Sidereal time. equation of time, relationship

tW1W"t:ll 1,)n\Jllud" ana time. International Date Line

(t:) [oct! ho u r <lngl" of heavenly body in time and arc. Greenwich
hour dllql,' uf Sun, Moon, planets and Aries. Application of right

<lI11jlt:d iJrld qu adr ant a) spherical triangles
-

(f) Corrl!<:lIOll of sextant altitudes including back altitudes; dip,
Jrefractloll, horiz ont al parallax, parallax in altitude, semi-diame­

ter and JIJljf11l'lItiUion Use of artificial horizon.

(g) Geoqr ap hrc al POSit ror: of a heavenly body A circle of position

and Its pr acnc a: application, i.e., position line. Intercept

(h) Simple properties of mercator and gnomonic charts. Latitude

and longitude scales, meusurement of distance. Rhumb lines.
Meridional parts.



PRINCIPLES OF NAVIGATION

CHAPTER I

THE EARTH

The Shape of the earth approximates to a sphere. It is flattened

. at the poles and bulged at the equator The polar diameter
about which the earth rotates is called its axis. The two points

-" .. ---.. ------~-- ---

where this axis meets the surface of the earth are called the
Poles of the earth; one called the North Pole and the other, the

- -_. --.-.'--

South Pole. The direction of rotation as viewed from space on
the North pole is anti-clockwise

The earth IS an oblate spheroid Mathematically this elliptical
shape can be described by the amount bv which it deviates from
a Circle The figure of the earth is then represented as ;_

Equitorial Radius - Polar Radius.

Equitorial Radius.

J

I. e. 6378.16 - 635G77

637816

1-
29825

(values in Kilometers)

This Ir act.on IS called the "Cornpressron" of the terrestrial
spheroid

Definitions (see fig. 1)

Great Circle IS a circle on a sphere whose plane passes through
the ce ntre of the sphere. Thus if one cuts a sphere along aGe,
th« plane will pass through the centre and divide the sphere Into
t vv.: eqlial halves

1



~ro'p,e~es of a G.C. (1) It divides the sphere into two equal
halves. (2) It is the shortest distance between any two points on
a sphere. (3) One and only one G.C. can be drawn between two
points on a sphere unless, the two points are diamerically
opposite in which case, infinite number of G.Cs can be drawn
through these two points. Such diametrically opposite points- _.-
are called the "Poles" of that particular G.c.andtbe!)e poles are
906'awayJ~9rTiarlypointon that G.C,,_. . ..... - ..'-
- ~---

Examples of G.C. on the earth are: (1) Equator (2) All
meridians.

(' mall Circ] s : Any circle on a sphere whose plane does not
~~9h the 'Cerifr'eof thesphe're IS called a- sn-lall circle.

.-.'" ,.- ..--_ .. -.,~--

Examples of small circles on the earth are parallels of latitude.

The Co-ordinates used to indicate any point on the earth are
called the Latitude and Longtitude. ,

( Equator~ a GC. on the earths surface running midway
'-be-t-we-er(the poles and is the reference circle from w)1lch
latitude are measured North or South. It divides the earth into
two equal halves, North & South hemispheres.

Cp~i;~~~heearth-are the two points 90 0 away from any point
orritTe""eqcrn110ra~dare the points through which the axis of the
earth is assumed to pass. All meridians on the earth pass

through both the poles.

<:~P;r~;I~~;~;-~~e are small circles on the earth running
parallet"6 andNorthward or Southward of the equator.

'" , ...~~-'. -~._-,._~._-_.~--_.,....- ~ ," -........,",,,,. -.......

~. Meridians_ar.e half the arc of Great Circles running from Pole to
P61e"'a"r;<f"meeting the equator and parallels of latitude at right
angle.

<...""- .~.: ,,~- ~ .. P.,-"· "~'- .":_....-.~

-Prirne MendJ~Jl.IS that specific Meridian through Greenwich
from-W1'iiC!1Tongitudes are measured east or west. This is the
merdian of zero degrees lonqituda.

2
• •
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P Reps North Pole

WOE Reps The Equator (Zero degree lat)
,

LL' Reps Parallel of Lat of 'G'

II ' Reps Parallel of Lat of 'K'

0 Reps Center of the Earth,

G Reps Greenwich

PGgY Reps Meridian of G (Prime Meridian)

I K&M Reps Two places on Latitude II'

PK k X Reps Meridian of K,

PM m Z Reps Meridian of M,
,,,",

arc g G or GOg Reps Lat of G
"

arc kK or KQ k Reps Lat of K
.....

arc kg or k Pq. Reps Long of k
A

arc 9 mar g Pm Reps Long of M
/'

arc Ll or L'" or K 0 G reps D' Lat between G & k
A ."

arc k rn or k Pm or kOm "D'tonq between K & M

Km Reps Departure between K&M •
(I f ~;
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!.,r' Latitude of a place is the arc of the meridian or the angle at the
•

centre of earth on the plane of the meridian contained between
the equator and the parallel of latitude passing through that
place and is expressed North or South of the equator.

vy·Longi ude of a place is the shorter arc of the equator or the
. '--a"n~ at the pole or the angle at centre of the earth on the plane

of the equator contained between the prime meridian and the

meridian passing through that place and expressed East or West.

VDiffirence of Latitude (D'lat) is the arc of the meridian or the
"angre' at the centre of the earth on the plane of the meridian

between the parallels of Latitude of the tWQ places; and named
North (N) or South (5) depending on the direction travelled.

---------,
Diff)rence of Longitude (D'Lonq.) is the shorter arc of the
equator or the angles at the pole or the angle at the centre of the
earth on the plane of the equator, contained between the
meridians of the two places and qualified East (E) or West (W)
depending on the direction of travel.

.- "_.~-,.-',-- ---------.
v ~epart0"e' The East-West distance between' any two given

merldia ns measured a long a parallel of latitude and expressed in
nautical miles is called departure and is qualified E or W
depending on the direction of travel. ,

As the meridians on the earth's surface converge towards the
poles the departure between two given meridians will
continously decrease with increasing Latitude. At the equator,
the departure will be equal to the O'Long and at the poles the
departure will be zero, The departure & D'Lonq are
mathematically connected by the equation: '

"

f'
f

,

,

4

,
Oeparture

D'Lonq
= Cos, Latitude,
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NS reps axis of earth
A & B reps two places in Lat LL'

00 reps equator
PA aX reps. long of A
P BbY reps. long of B
AB reps departure
ab reps. corresponding D'Lortq

o reps Centre of earth
C reps. Centre of Small circle LL'

Proof
•

•

bO

Oep AS
-

O'iong ab .

Note: ABC & a bO are two 6 son parallel planes with
points C & 0 Iying,on the axis. Angles at C & 0 are each 90 0

which these 6 5 make at the axis. Hence6s ABC & abO are
similar (.: arcs are Proportional to the radii.)

. AS AC' Be.. -'-.- -
ab aO

5



(Proved)

Construction: Join BO

Since bO = BO (both radii of same meridian)

BC BC--
bO BO

'"In6BCO'" C=90°

BC ,./' »:
BO = Sin BOC or Cos, boB

'"But bOB = Lat of B

Hence Dep - C L t
D'I - os aong

In proving the above, two assumptions have been made:

(1) that the places A & B are on the Same parallel of Lat
(2) that the earth is a true sphere,

If the two places A & B are in two different Latitudes, as often
happens, the formula is modified to read,
Dep
D'iong = Cos Mean Latitude, provided that places A & B

are reasonably close together on the earth, i.e, approximately
not morethan about 200 miles apart. This is because, within this
short distance, the curvature of the surface of the earth as a
sphere and as a spheroid does not differ to any appreciable
extent, For greater distances however, this approximation is not
true and hence the forumula is further modified to read as :

Dep - C Mid I'dD'L - os I - antu e,
__~ ong

/ M'i'ddle I~. is defined as that latitude in which the relation ship
Dep ong = Cos midlat truly holds good. One way of finding
this middle lat is to apply a small supplementary correction to the
mean Lat. This correction which is sometimes additive to or
sometime subtracted from the Mean Lat to obtain the middle lat.,

is given in the older edition of Nor ies Nautical Tables.
In the later editions of Norie's this correction table is omitted
because mid-Iat can also be found from the formula

D'Lat ='Cos Mid Lat.
DMP

As will be evident from the principles of Mercator's sailing
Dep b . D'Lat

, ears the same ratio as (See figure 3),
D Long D M P,

6
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,

is the abbreviated form for Difference in Meridional parts

D'Loriq

Dep
Cf-----'-------j

I
,

e, -, III
~ ....J,

•
Clo "-.">

<5'

Co

A

Fig, 3

l1eridional parts are defined as the Latitude Scale of a mercator's
hart. expressed in terms of its Longitude Scale i.e. the number
t rimes one mile of longitude will fall between the equator and a
IV"1l latitude on a Mercator's chart IS the M.P, forth at Latitude.
111'; qu ant uv is tabulated for each minute of Latitude in the
r"rllf'on;i/ parts t able s In Nones or other standard nautical
,>I,,:, TIII""~ t.lhl,!s take Into account the actual compression of
/' ".II til ,I', dl:;iIJ:;',,~d e ar her

l'oC/'nlrl<: I a trt u dr: "; tile angle at the centre of the earth
(W"/'ll r/iI' 1'1.1111' of tilt! equator and the line Joining ·the

,

'"'IV''' I" 111/' CI'ntr,' ( aCE In fig 4).

!Oq'-1pIIlL,.' Lit/tude IS tht~ Latitude of position observed. In fig
,

,'I I) Ill' :111' ()h',I~rver alld K be the centre of curvature of the
'/ '.1,,11' ,II U ,

) ", tlll'l "fIll" t lu: ra.nus of curvature of the meridian and will
"'IIIII"IIUlIllf,'r,!nce atrightanglesatOandhencethisisthe

7
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vertical at O. The Geographicallat. is the OKE' which is equal to
A-

OLE. Geographical lat. of an observer is therefore the angle
between his vertical and the plane of the equator. The earth
being an oblate spheroid: the radius of curvature of this elliptical
shape will be greater at the poles and least at the equator:

In navigation, the term Latitude means Geographical Lat. At the
equator and at the poles there is no difference between
Geocentric and Geographical latitude. Maximum difference of
about 11' of arc occurs in lat. 45° North or South.

" \: '. / The Geocentric Lat. can be expressed by the approximate
,j formula: Geocentric Lat = .0 - 11.6' Sin 2.0 .

Where.0 is the Geographical Latitude.

Measurement of Distance. In navigation, the unit for measure­
ment of distance is called a Nautical Mile. This is defined as the
length of the arc of a meridian subtending an angle of one
minute at the centre of curvature of the meridian. In otherwords
it is the length of one minute of Geographical Latitude.As seen in----- --.__ ., .._---.

the earlier section. since radius of curvature is lonqestat the
'poles and sho'rt'est' atthe-Eq-uato~-and--s'incele'nth-;f'~~c~~re
-proporti6n,~I'fothe' radii,jhe"Ten-gt'fi"oT'the" Nautical 'mile"'is
maXimum at the'poles'a~d lea'st'at' the'eq'Uaio'r~',ATthepoles its

-- -' -- .. -'
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length IS 6108 ft. (1861.7 m) and at the equator it is 6046 ft
(18429 m) In practice, an arbitr arv length equal to 6080 ft
(1853 m) is considered to be the length of a nautical mile

The actual length ot a nautical mile in metres, in any latitude
is obtained from the formula

n.rn =: 1852.3 - 9.4 Cos 2 ¢
Where ¥' is the latitude

Geographical Mile is the length of one minute of arc of the
equator or the length of one minute of D' long on the equator.
This has a constant value of 18553 m (6087 tt).

Statute Mile is an arbitrary length equal to 5280 feet. There is
no scientific basis on which this is arrived at

Knot is the unit of speed and is meant to convey that the given
speed is so many nautical miles per hour

Exercise 1.

I Find D' Lat. and D' Long between the following positions

From (A) To (8)

1 30 0 18' N 100 15' W 39° 32' N 20 0 25' W
2 23 0 52' N 17 0 27' W 32° 15' N 5" 16' W
3 19° 30' N 50° 32' E 8° 16' N 73° 10' E
4 13° 54' N 120° 14' E 2° 10' N 101 ° 09' E
5 35° 22' S 9° 18' E 14° 19' S 30° 12' W
6 03° 19' N 178° 30' E 8° 25' S 167° 18' W
7 14° 53' S 112° 25' E 5° 15' E 80° 30' E
8 12° 17' N 02° 42' E 2° 48' S 9° 30' W
9 22° 12' N 8° 16' W 310 19' N 7° 32' E,-

10 60 0 23' S 150° 35' W 20° 18' S 110° 33' W

II Prove Dep
D' Long.

=: Cos Lat.

III Convert the following Dep. into D' Long.

Dep
,

Lat.In

1 420' W •

30° 40' SIn
, ) 300' E

,

10° 18' N• In

:J 700 E •

00° 54' NIn

9



0' Long. • Lat.In

3° 20' W • 18° 50' NIn

31° 40' E • 7° 18' SIn

5° 30' W •

50° 22' NIn

'IV. Convert the following 0' Long. into Oep. in the given
latitude. :

1.

2.

3.

V. At what rate will an observer in Lat. 60° N be carried round
the earth axis?

VI. Why is the length of a nautical mile at the poles greater than
at the equator.

VII. Find the lenqth of a nautical mile in meters in lat.300 00' S

VlIl.Find the Geocentric Latitude corresponding to the
Geographical Latitude at of 30°.

Answers

I. 1. 0' Lat.9° 14' N 0' Long. 10° 10' W

2. 8° 23' N 12° 11' E

3. 11 ° 14' S 22° 38' E

4. 11 ° 44' S 19° 05' W

5. 21° 03' N 39° 30' W

6. 11 ° 44' S 14° 12' E

7. 20° 08' N 31° 55' W
•

8. 15° 05' S 12° 12' W

9. 9° 01' N 15° 48' E

10. 40° 05' N 40° 02' E

III. (1) 488.3' (2) 304.8' (3) 200.0'

-." IV. (1)189.25 (2) 1887.2 (3) 210.5
• V. 450 m.p.h.

VII. 1847.6 m

-, Vlll.Geocentric Lat =29° 49.96'
•

10
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CHAPTER II

NAVIGATIONAL CHARTS

(A) MERCATOR'S CHART,

A Chart is a representation of the curved surface of the earth
on a flat surface. Whenever this is attempted a certain amount of
distortion is unavoidable, similar to what would happen if a
semi-globular orange peel is flattened out on a table.

The form the distortion would take depends on the type of
projection used. As long as the distortion inhernt in a particular
projection has only a minimum effect upon the use to which the
chart is put to, then such a projection could be selected for that
purpose. The projection selected for Navigational charts is the
Mercator's projection. This is sometimes referred to as a
'Cylindrical' projection.

Principle : Imagine a transparent
globe with all latitudes and
longitudes marked in dark ink and
with a source of light placed in the
centre Imagine also a paper rolled in
Cylinder fashion tanqcntial to the
equatorial plane of the globe Now
observe the shadows cast by the
parallels of latitudes and longitudes
on the paper. If this paper was a
photographic paper this would print
these shadows on the paper and
IN'1i'ton the paper is unrolled, we have
the Mercator's chart (See figure 5).

It will be observed here that all
meridians appear as equidistant
parallel lines and all parallels of
latitudes also appear as parallel lines
at right angle to the meridians, but at
distances further and further away as
we approach the poles.

./

I
I
I ,
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I
v- I

V - . , p ~ 1-- r-,
/

I--'~/-- r\L.- - , - .,- L-'" -, , ., ... I \ -,
... I I \ \ -,

,
<, I I 1\ vI \ \

I, \ "\v
I \

" I
,

I

\ ; I I

1st J ::::rz:I
"-J

-- -- -- >-- r--
~- -- ,

<, )
,

Fig. 5
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The very fact that all meridians are shown as parallel lines, it
becomes obvious that the departure in any latitude has been
automatically stretched out till it becomes D'Ionq.

Since D'Ion9 = Dep x Sec Lat. the E/W distance on the chart has
been increased by the sec. of Iat. in which it occurs on the earth. In
order that all angles and distances can be shown correctly in a
given area, if E/W distances are increased by Sec. of lat. it is
obvious that the N/S distance also have to be increased by the
same ratio. In fact that is exactly what is done. North/South

, measurements being latitudes on the chart, latitude scale is
increased by the Secant of latitude. Distance apart between
equal D'Lonqs. being constant, the longitude scale of Mercator's
chart is constant.

/
(-'I Construction of Mercator's chart

Suppose we have to construct a Mercator's chart of an area
between 20° & 23° N and longitudes 60° & 64° E. First we
select a longitude scale, suitable for the size of the chart paper
we have. This scale will be constant.

There are three methods by which this area could be
represented on a Mercator's chart.

Method I : Graphical ::. Draw a base line to representthe lowest
latitude of 20° North (fig 6). Erect five perpendiculars on this line
at 15 ems apart commencing from the left hand margin. the first
one representi ng 60° E 10 ngitude and the rest will represent 61 °
to 64° E in their serial order. At 60° longitude, on the base line,
make an angle equal to 20%° which is the mean between 20° &
21 ° lat. The length of hypotenuse of this right angled triangle so
formed will represent the distance equal to the secant of the
angle 20%° corresponding to the base of 15 ems. Mark off this
length from the base line on each Meridian and join them. The
line so obtained will represent the latitude of 21 ° N.

On this latitude, now make an angle equal to 21 %0 and cut
off on each meridian again, a length equal to the new

• •

hypotenuse and join them to give the lat. of 22° N.

Repeat the process again on lat. 22° by making a angle equal
to 22V20 to obtain the lat. of 23° N & so on to obtain various
latitudes even over 23° N, if required. We now have a mercator's
chart of the area contemplated. It can be appreciated that. an

12
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Let us say this scale is 15 cm - 10 of Longitude
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10'/1°

23 ~I 23'N

21 'IN 21 )N

22'N 22°N

Fig. 6

angle of 20'/2 or 21 V2 or 22'/2 etc. cannot be drawn very
accurately and hence the chart obtained, though it IS a
mercator's chart, it is not extremly accurate.

Method II. In this method, though the process of drawing the
base line and erecting the meridians etc, are the same as the
graphical method explained above, instead of making an angle
and measuring off the length of the hypotenuse, we calculate
this length Since the length of the hypotenuse is in fact the
distance between given two latitudes corresponding to the
constant long scale, we can say :-

La! scale > Longitude scale x Sec Mean latitude,
Lat. scale between 20° & 21 ON ::: 15cm x Sec 20%° ­
16014cm

No. Log
15 - 1.1 7609-

Sec 20° 30° - 002841-

16014 - 120450-

13
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t;~i,~~fi::;~t.;;~~#ul!~N16.014cm is marked off an meridians from the
:~yt:j.~;f~~~a~;t~,fle;~I~t>N. JOin these points to obtain lat. of 21 ° N. Work
,r;., 7'.1",::"" . ., .!ii.dlstance between 21 ° & 22° usmq the above

formula :- Lat. scale = 15 x sec 21 V2, and draw the latitude of 22°
North. Similarly for lat. of 23° N, use Lat. Scale= 15 x sec 22V2° &
so on. Even the chart so produced is not very accurate because,
the use of mean latitude, though accurate enough for practical
purposes, has its inherent drawback as it assumes the earth to
be a true sphere, whereas in actual fact the earth is a spheroid.
This assumption is overcome by using Method III.

, Method III. Having selected the Long Scale, as before draw the
base line representing 20° N lat. and erect perpendiculars as
before to represent the required lonqitudes.

From the very definitions of the meridional parts (pp 7) it is
evident that the length of one minute of Meridional part is equal
to the length of one minute of Longitude. We utilise this property
of M P to obtain the latitude scale of the chart as follows :-

l,

M P for 20° N

M P for 21 ° N

D M P

1217.14

1280.81

63.67

The scale for our chart being 15 cm = 1° of Long.
We can say 60' of long. = 15 cm

63.67'D.M.f' = 15
x:g.67

=15.918cm(Say15.92cm).
,

We mark off this distance 15.92 cm on each meridian from
the lat. of 20° N andjoi n these points to provide us the lat. of 21 ° N.
Similarly by using DMP between 21 ° & 22°, lat of 22° N can be

•

drawn and DMP between 22° & 23° will provide the 23° N lat &
so on.

The fact the M.P. tables allow for the compression of the
earth, this method of construction is very accurate in
comparison to the first two methods described. Thus we get the
relationship

I

Lat Scale =
Long. Scale x D M P

No : of minutes of Longitude
in the Scale of longitude.

•



Rhumb Line is a tine which cuts all meridians at same angle On
the earth's surface, this will be a curved line spiralling towards
the poles, but never actually reaching the poles. (See fig 7)
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Fig. 7

On a mercator's chart however, all meridians, being parallel
straight lines, a rhumb line will also be a straight line, thus
cutting all meridians at the same angle.

Advantages of a Mercator's chart:

(1) Rhumb Lines can be represented as straight lines

(2) Courses and bearings can be readily drawn and can be
tr ansferred from on epa rt of the cha rt to the other without any
loss of accurcy.

(3) Distances can be readily measured as the scale of latitude is
also the scale of distances.

(4) All positions on the chart are correctly represented in their
relative positions as they appear on the earth

Disadvantages:

(1) Great circle courses cannot be readily drawn.

(2) Mercator's charts of the polar regions cannot be produced, as
the distortion becomes execessive.

15
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(3) Areas of land masses appear to be deceptive. For example on
two charts, of equal scale, a small island like Greenland

situated in a high latitude appears as big as the continent of
Africa, where the equator passes almost through its middle.
This is due to considerable distortion affecting the chart in
high latitudes.

Of these disadvantages only the first viz. the inability to
represent a G.C. course readily on a Mercator's chart, can be
considered as somewhat relevant to the practice of Navigation.
The other two disadvantages are not of any consequence.

Natural scale of a chart or a map is the ratio between one unit of
length on the chart to the actual length on the earth's surface

,
expressed in the same units in a specified latitude.

Example: A natural scale of 1 in lat 40° N will

50,000

imply that one cm on the chart witl be equivalent to 50,000 cms
on the earth in latitude 40° N. On every Admirally chart, a

•
natural scale is given under the title.

Given the long Scale of a mercator's chart in cm the natural
scale in any latitude can be calculated from the formula.

t ' of Long Sea Ie x Sec Lat
Nat. scale =-----'---------

. 100 (1852.3 - 9.4 (cos 2 lat)"

708851
say

.; 708850.8

(B) GNOMONIC CHART

100 (1852.3 - 9.4 Cos 80°)

1

* Note: Cosine values of angles exceeding 90° are negative
• •

Example:- Find1he Natural scale of a mercator's chart in lat 40°,
given that the long scale is 12 cm to one degree of longitude.

12 xsec40° 0.26108
--

185066.77

1

Nat Scale =

One of the material disadvantages we found with Mercators
projection was the inability to represent great circles readily.
This difficulty is overcome by using a Gnomonic chart. As the
narne impfies. this chart is produced on the Gnomonic projection
which is sometimes called the Tangential projection.

16



. Principle of Gnomonic Projection: Imagine a t ra risp ar en ;

globe with all latitudes and mer idians marked In dark ink vvit h d

light source at the ce ntr e Hold a sheet of paper Il.rt i1lHI

tangential to the surface of the globe at one of the pol es d'ld

observe the shadows of the parallels of lat & m er id.a ns on t lus

sheet of paper What you have. IS a Gnomonic chart Pole oell19
the tangent point t hrs chart is the polar Gnomonic chart If the

paper is held tangential to the equator. the resulting pr oj ectron IS

termed Equitorial Gnomonic If anv other lat is the tangent point
then it is called an oblique or "Middle Latitude" Gnomonic at
that specified lat Simplest of these IS Polar Gnomonic

Polar Gnomonic: Most charts used for Navigation, paruculartv

III higher latitudes are pr ojecuons or Polar Gnomonic It IS easy
to visualise how the projection would, appear All m er id.a ns

M

Fig. 8

S' A'
M'
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would appear as straight lines crossing each other at the Pole,
which is the tangent point. The parallels of latitude will appear
as concentric circles with the pole as the centre, but with
increasing radii as you go further away from the pole. (see fig 8)

If we consider anyone meridian, we can show
mathematically, the distance at which various latitudes will be
projected. This is shown in the following illustration. (see fig 9)

Let us consider the meridian M M: A & B are two places on the

meridian.

E

R

p

o

Fig. 9

B'

A

Q

A'

In figure 9.

EO - Plane of Equator.

MPM' - Projection of meridian EPO
P - Pole (Tangent point).
o - Centre of the earth.
A & B - Two places on that meridian.
A' & B' - Points of projection of A & B respectively.

A '"AOO == PA'O == Lat of A.
....... .......

BOO == PB'O == Lat of B.
PO == Polar Radius of earth (R)

It can be seen from the figure that
PA' == R Cot. Lat of A
PB' == R Cot. Lat of B

18



Hence'the Radius of the lat circles on the chart will vary as
the Cotangent of latitude When we come to the equator Cot of
zero being infinity, the equitorial regions cannot be shown on
this chart, as the distortion becomes excessive. Thus the
maximum area that can be projected at one time is just under a
hemisphere The calculated radii of the various latitude circles
on the chart, are reduced to a suitable scale before plotting them
on the chart, In practice however, specified small areas on such,
a projection can be drawn to a larger scale, even though the
tangent point may be outside the chart.

Advantages of a Gnomonic chan

(1) Lats & Longs can be readily lifted off the chart

(2) Great circle courses can be drawn as straight lines joining the
two positions.

(3) Courses can be read off at respective meridians using a
protractor.

Disadvantages:

(1) No compass rows are shown on the chart, as the azimuths are
correct only at the tangent point.

(2) Courses, bearings and position lines can not be transferred
from one part of the chart to another

(3) Distances cannot be readily measured

(4) Rhumb lines cannot be readily shown.

Uses of Gnomonic chart :

Because of several disadvantages, a Gnomonic chart cannot
be used by itself directly for the purpose of Navigation. A
Gnomonic chart is always used in conjunction with a mercator's
chart of the same area. Having obtained the G,C. Track from a
gnomonic chart, by joining the departure and arrival positions by
a straight line, which is the G.C. Track, Lats & longs of several
convenient points along the track are lifted off this chart These·
points are re-marked on a mercator's chart of that area. Short
legs of rhumb lines are drawn between these points on the
mercator's chart and the ship is sailed along these short rhumb
line courses.

19



In the ultimate analysis, it will be seen that a ship is sailing
along an approximate G.C. and not on an exact GC. To steer
exactly along a G.C. will make it necessary to continously keep
altering the course of ship which is very impractical.

Exercise II
,

1. Explain the Principle Mercator's projection.

2. Given the longitude scale of a Mercator's chart as 10 cm to
one degree of long, calculate the distance apart between the
latitude of 22° & 24° on that chart.

3. Define Meridional parts. Explain how this can be used in
constructing a Mercator's chart.

4. What is Natural scale of a chart? Given the Long scale of a
mercator's chart as 10 cm to one degree of longitude find the
Natural scale in the lat of 54° on that chart.

5. Explain the principle of Gnomonic projection.

6. Given the Polar radius of the earth as 6356.5 km, find the
radius of a circle of latitude 60° N on a Polar Gnomonic chart
drawn on a scale of1 0 cm to 1000 Km.

7. Why is it that a Gnomonic chart cannot directly be used for
Navigation? If so explain how that chart is used in practice, for
Navigational purposes.

Answers

0.2 21.6 cm

0.4 1
-=-66'-':2-8-::-8-::-3

0.6 36.7 cm.
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CHAPTER 1[1

THE SOLAR SYSTEM

The Solar Svst e rn refers to the Sun and ViHlOUS planets and- . - --_. - .- -- - _. - '" -- .. - '. '. _.. -. - - _. ,,". , ." _. ._-
their satellites The centre of gravity of the entire system IS near

the centre of Sun The Planets revolve roundthe Sun In well
--~'-'-'" ._-,_. - - - -- - - ---.-_.- .'-- .- ... - -- - .. _ .. - --- .. _-

cJr,fmed orbits Srrn il ar lv varrous sate liit es of the planets also

revolve round their respective parent planets In addition there

ar e also var rc us comets, which also go round the Sun ~n very

elongated orbits The whole system collectively is known as the
Solar svst srn -,

The Planets In the order of distances from the sun are

Mer curv Venus, Earth. Mars. Jupiter. Saturn, Uranus. Neptune

& Pluto Of these only four are bright enough to be easily visible

to the naked eye, and are used for navigational purposes These

dre Venus Mars, Jupiter and Saturn

Be twe e n the orbits of Mars and Jupiter. there are multitudes

of small planets collectively called Aster oids revolvinq round

the Sun similar to other planets These are believed to be broken

:'Iec"'~ of some p'anet that had existed in t his space earlier.

Planets do not emit any light of their own But their presence

Irl the orbit IS seen, because of the sun's rays failing on them and

they refleC:10g the rays to the earth Hence they seem to be

steady lights In the sky

Stars nowever. emit their own light and twinkle in the sky It
IS cuite ccssib!e that manv of the stars we observe m2Y have
the.r own solar system Because of vast distances that seperate

stars trorr us. little IS kno vv n about the stars

Earth s closest neighbour In the skv IS the Moon situated at

an average distance of 240.000 miles from the earth. The mean

distance of the sun from the earth is about 93 million miles All

planets with the exception of Venus & Mercury have their own

moons or Satellites

The following Table gives the sizes of planets and orstances

from the sun and other relevant parameters In the Solar system
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SUN

•• •

• ASTEROIDS

MARS

EARTH

MERCURY

VENUS

...
I • • •

JUPITER

SATURN

URANUS

NEPTUNE

PLUTO

PLANETS IN SOLAR SYSTEM
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SOLAR SYSTEM

Sun
M,=,rcury

Venu"
Earth

Mars

J 'JO ;"1---:>'-, I I ~ .~ ,

Saturn

Uranus

Neptune

Pluto

meter In

Miles

866,400
3.000
7.000
7.927
4200

88.250
74,240
32,000
32.900

MeEHl DiSL
from Sun In

millions of

Miles

36
67
93

142
483
886

1782
2792
3701

Time taken
for 1 Rev

88 days
225 days

365'J days

687 days

11 86 Yrs

294 Yrs

84 0 Yrs
164 8 Yrs

2480 Yrs

No of

Moons

o
o
1

2
1 1
10

4
1
1

The moon take'?~T./}ctaj~t~_gothrough 360 0 of its orbit- ..~-_. ",- - -'--"--.- -.. _--., -----_..-_.
round the earth Its diameter is 2164 miles

All the bodies that go round the sun have two types of motion----
They go round their respective ax.s , This motion IS called

'Rotation' The" go round the sun In well defined orbits This

orbital rnotion is called "Revolution" The sun also rotates on its

axis once in 25 days All the bodies are kept in their relative

aosinons and in their respective orbits by definite mathematical

aws All bodies exhibit a gravitational attraction of each other

<\ccordlng to Newton's t.aw this attraction is directlv proportion
o! to their masses and Inversely proportional IO the square of the

j'st3nce that seperates them

Ceplers Laws ': The orbital motion of bodies is governed by
-~'-'- -'.- -----r -

<epler s laws of planeterv motion These laws are. -

l' The orbits of all bodies around the central body are elips es
•

With the central body Situated m one of the focii

2\ For a body m orbital

equal areas In equal

motion the radius vectors sweep out
<

time.

31 P for all bodies IS a constant
d3

W'lere T IS the sider al period of the body (ie time taken by
---.

18 bodv to go rcund the central body. exactly through 360 c

j rs the mean rnstance from the central body

23
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Ellipse: An ellipse can be drawn. by fixing two pins A & B and a
piece of string looped over the pins. with a pencil point held in
the loop, and tracing a figure on the paper by keeping the string
tight. The resulting figure is an ellipse

o

p
,.

I
I

I

B

,
/

/

E

o

/

/

A

F

Fig, 11

Each of the two points A & B is called a focus of the ellipse.
An ellipse has two focii, unlike a circle which has only one
centre For any point P on the circumference of an ellipse, the
sum of the distances to the focii is constant.

CO is called the major axis, & EF, the minor axis. OC or 00 is
the semi-major axis, & OE or OF is the semi-minor axis.

~~e__Ratio '~~ or ~~ is called the eccentricit~_?_f_~.e:llipse.

This ratio determines_..1he sh9.Q~_QLl.h.? elliPse. Smaller this
ratio. more elongated the ellipse will be. As this ratio appro­
ches. unity. the shape of the ellipse approaches a circle.

The meaning of the 2nd law of Kepler's is illustrated in fig. 12
If 'S' represents the central body situated at one of the f ocii, and
a revolving body moves from A to B in one day thus sweeping out
area SAB. this area swept out will remain constant through out
its revolution provided the interval is constant. It means the body
will move from C to 0 in one day when it is nearest to 'S' and
sweep out an area CSO.
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o

Fig. 12

By this law area SAS = area CSO- - - - - - ... ---- --

Thus arc CD is greater than arc AS. Hence-it follows that
.vhe n the revolving body is closest to the central body it moves
'astest on its orbit and when it is farthest away from the central
»odv. it moves slowest. If we apply this to the earth/sun system,
see fig 13) when the earth is at E it is farthest from the Sun at
about 95 million miles and is said to be in Aphelion, which
occurs around 1st of July each year The earth is now moving at
ts slowest orbital speed When the earth has moved to E, it is
.Iosest to the Sun, at about 92 millions miles and is then said to
Je in Perihelion. This occurs about 1st of January each year. The

- .-

orbita: motion of earth will be fastest at perihelion The line E to
" if indefinitlv produced on each side is called the Line of

l\psides.

\phellon
1st July)

LINE OF APSIDES

S

Perihelion
(1 st January)

Fig.13
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(c) Perihelion

The moon's orbit around the earth is also elliptical when the
mocri.Isclosest to the earth .it IS about 221000. miles away
and It IS said to be rn Perigee and when t~e__moon is farthest
from the earth It is about 253000 miles and IS said to be in
Apogee .

.,.,r'.' -- ,

Exercise III

(1) Write down the names of the planets in the Solar system in
the ascending order of distances from the sun.

(2) State Kepler's laws of planetary motion.

(3) How will you construct an ellipse & what are its properties 7

(4) Define the following terms :-
(a) Eccentricity of an ellipse (b] Aphelion
(d) Line of Apsides (e) Apogee (f) Perigee.

(5) Why does the earth have slowest orbital motion at aphelion
and fastest motion in perihelion and when do these occur in
the ve ar?
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CHAPTER IV

DA Y & NIGHT & SEASONS

The movements of the earth and the consequent effects are
of particular interest to us on the earth

Like all other bodies, the earth rotates on its axis once in 24
hours and simultaneously It also has a motion on its orbit, which
it completes once in 365'4 days ie in one year The earth's axis is
not perpendicular to the plane of its orbit, but is tilted to an angle
of 23'/,'" to the plane at right angles to its orbit and keeps
spinning continous!y in an anticlockwise direction as viewed
directly on the N. Pole from outer space In other words, the
direction of rotation of the earth is from West to East This is a
True Motion. Due to this rotation, all heavenly bodies appear to

,
rise in the East, go across the sky, and set in the West The
passage of a heavenly body from rising to setting across the sky

VERNAL
EQUINOX
MARCH 21 51 ~ /C'

<:;~ . 'D'
<,<y ~

<:;. 66:.
,-" So, II;

JUNE2~st

SU\1MER
SOLSTICe

!

66> i -,
.' 11 ~~

DEC zi«
WINTER
SOLSTICE

UNEGL;AL cHGTH OF DAY & NIGrlT & SEASONS

Fig. 14

27



,

is called the diurnal motion of the body, which is an Apparent
Motion. During the diurnal motion of body, when it reaches the
observer's merlOian, iCaftai-nsits highest altifLJ-deabove the
horlZo~for the day and thisphenomenon is some times referred
to-as culmination but-commonly called the rneridian passage.

". --

Figure 14 represents four specific positions of the
earth on its orbit around the Sun. If may be observed that the
earth's axis is kept pointing in the same direction in space
irrespective of the earth's position in the orbit. The spinning
earth is like a spinning gyroscope and exhibits the same
fundamental properties Because of the inherent property of
rotational inertia the axis keeps pointing in the same direction in
space.

Day & Night

The Sun situated in one of the focii of the elliptical orbit
shines directly on the earth, and as the earth rotates on its axis
various places on the earth's surface are brought in front of the
sun, and some places are rotated away from the sun's rays. At
any instant of time, the sun's ravs light up exactly half the
earth's surface. That half turned towards the Sun experiences
the day, and that half turned away from the Sun experiences the
night. The total of the hours of light and darkness together make
up 24 hours of the day in which time the earth completes one
rotation on its axis.

The duration of day light and dark~ess are~uneg~!ln_most
parts of the earth.---~'-- .. _- ----.--.~- --

___ _ -_I
. .0- _ . __

Consider, the position of the earth at 'A' shown in the fig. 14.
Though the sun is lighting up exactly half the surface of the
earth, the direct line joining the sun to the earth meets the earth
at 23V20 N Latitude and continues to 23V20 S Latitude. This direct
line, in the same plane as the orbit, is the plane ofthe Ecliptic. It
may be observed that the spin axis of the earth is titled at any
angle of 23'/2° to a plane at rigt·,t angle to the orbit. The equator is

_._~---_._-

also making the same angle with the plane of ecliptic and this
inclillation~6ftheecliptictothe-eq-uator IS called the6bli~jty
-._----------------.----,..-------- -- ------" -"_..- ----- ". -------- ..- ._.__ ._---~. '"-'-- -----+..--
of the ecliptic. .

--.- ... - .
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Unequal length of day & night

Refering to fig 14 the position of the earth at A occurs on
June 21 st when the Sun is shining directly over 23'/.,° N
latitude This latitude is called the Tropic of Cancer. If, on this
day, an observer were to travel from the equator to the North
Pole it will be observed that as he increases in latitude, greater
and greater arcs of N Latitudes are turned towards the sun, &
shorter & shorter arcs of corresponding latitudes are turned
away from the sun, thus Indicating the length of day light hours
are longer than night The length of the day keeps on increasing
till lat 66 ,'!'J IS reJ':he,j Any latitude above this is tilted
towards the Sun. thus experrericmq daylight throughout 24
hours and the Sun does not rise or set

Rever se phenomenon takes place in South latitudes on this
day If the observer travels towards South pole from equator, he
Will observe that greater and qr eat er arcs of latitudes are turned
away from the Sun as he Increases in latitude till he reaches
66",° S, and beyond that the entire latitudes are turned away
from the Sun

This illustrates that. the le nqth of the night IS longer than the
day & beyond 66'/,° S It IS night for all 24 hours and the sun
does not rise at all

Thus on June 21 st the sun has reached ItS maximum North
Declination and all Northern latitudes will experience the
longest day ano shortest night whereas. the Southern latitudes
will experience, their longest night and shortest day This
phenomenon IS termed "Summer Solstice",

Since half the equator is turned towards the sun always
there IS equal length of day and night on all day at the equator

The earth moves in the orbit day after dav After 3 months it
would reach a position "8" (fig 14) Now the Sun will be shining
dir ectlv at the equator

To an observer on the earth it would appear as if the Sun has,
,;r3 i j u eJ l ly changed ItS position along the line 'EC' to be at '0' on
!I:c' rquator on this day (See fig 15\ This occurs Of 22nd
·;";':,'mber and all places en the earth's surface vv.!l be having
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equal length of day and night This day is called the Autumnal
Equinox. The term "Equinox" means equal length of day &
night

••

NP

Q'<--

23'12 S

66'/2 S

ARCTIC CIRCLE

\\ I
\ I

TROPIC OF CANCER

\1
0

1
\

TROPIC OF CAPRICORN
\' J

I \
I ,

ANTARTIC CIRCLE

EOUATOR
--~> 0

~C

66'/, N

SP,

Fig, 1 5

Three months later the earth would have reached a position
'C' in fig. 14. To any observer on the earth, it would have
appeared as if the Sun gradually changed its position daily from
o to C In fig. 15 and would now be shining directly over the
latitude C ie. 23'1;'° S which is called the Tropic of Capricorn.
On this day If one was to travel from the Equator to the South
Pole, as he increases in latitude, more & more arcs of latitude
will be turned towards the Sun & shorter arcs will be turned
away from the Sun. This indicates that all places in south
latitude are experiencing longer days and shorter nights. The
reverse phenomenon will occur in Norther n hemisphere Longer
arcs of latitude are turned away from the Sun, & shortest arcs
tur ned towards the sun, indicating, longer nights & shorter davs
At the equator, however, there will be equal length of day and
niqht. CiS exactly half the arc of the equator is turned towards the
sun. This position of the earth is called the "Winter Solstice"
<111d occurs on 21 st December, when longest day will be
exp er iericed in Southern hemisphere.
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Beyond 66 :,':" S, the Sun will not set at all & will remain
above the horizon all day. In the Northern hemisphere, however,
beyond 66 '/)" N, the Sun will not rise at all, and hence no
daylight and all 24 hours cf the day will be night

After a further lapse of three months, the earth would reach
position '0' in Fig. 14 when the sun will again be shining directly
on the equator, thus producing equal length of day & night in all
latitudes. This occurs on March 21st and the day is called the
"Vernal Equinox",

Three months later the earth returns to position 'A' in Fig. 14
thus completing the revolution round the Sun, which takes
365'/4 days ie. one year The cycle repeats over again year after
year

Seasons: Due to the revolution of the earth round the sun,
the sun appears to change in declination and trace out a path on

the earth surface along the plane of the ecliptic When the sun is
shining directly over the Northern latitudes ie when it has
Northerly declination, the Northern hemisphere experiences
"Summer" and Southern hemisphere experiences "Winter".
Six months later, when the position is reversed, ie. when the
Sun is shining directly over Southern latitudes ie when it has a
Southerly declination. the Southern hemisphere experiences
"Summer" & Northern hemisphere, the "Winter". The
transition from summer to winter is called "Autumn" and
winter to summer is called "Spring". The path of the earth
round the sun is thus divided Into four quarters as shown in fig.
14 to indicate the respective seasons. It may be observed that
the seasons indicated therein are those experienced in Northern
hemisphere, and in the Southern hemisphere it will be just the
opposite.

Climatic Zones: (see fig. 16) Since the declination of the Sun
changes from 23 '/:

0N to 23 '/2 0S & vice versa, the Sun will shine
directly overhead at any place within these latitude twice in a
year, once when it is moving South and once while it is moving
North. What is more, the hotest part of the earth will also be
within these latitudes. This area is therefore called the "Torrid
Zone." Between 23V2o N or S & 66V2 N or S, though the sun will

rise & set everyday, it can never be overhead at any time. Hence
the climate will be more moderate and sothis area is termed the
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N.P

NORTH
TEMPERATE ZONE

66V2 NN. FRIGID ZONE

r----------------\23V2 N

TORRID

E~---------------;Q

ZONE

\----------------{ 23'/2 S

Fig. 16

S. FRIGID ZONE

SOUTH
TEMPERATE ZONE

S.P

"Temperate zone", Beyond 66V20 N or S. the Sun is below the
•

horizon for six months in the year. For the remaining six months.
though the sun remains above horizon all day. it is so low in the
horizon. that even at noon its ray are so slanting that it does not
convey much heat to the surface. Thus this area remains rather
cold throughout the year and hence named as the "Frigid
zone",

Exercise IV

(1) What are "True & Apparent motions" of heavenly bodies?
Give one example of each.

(2) How are day and night caused? How and why does the
duration of day light hours vary throughout the earth?

(3) When and where will the length of day & night be of equal
duration on the earth's surface?

(4) Define the following terms:- Ecliptic. obliquity of the ecliptic.
Equinoxes, Solstices, Torrid zone.

(5) Explain with the help of a diagram. how seasons are caused
on the earth's surface.

* (6) In a certain Latitude, the ratio of the longest day to shortest

day is 3 : 1 - find the latitude. (Ans. 58° : 24.7° N or S)

• This question should be attempted only after understanding solution of
quadrantal triangles discussed in chapter XIII.
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CHAPTER V

CORRECTION OF ALTITUDES

In all navigational problems, it is necessary to correct the
altitude of a heavenly body taken with a sextant to True Altitude
of the body before it can be used to solve the problems This is
because of the fact in solving the astronomical triangle PZX, all
sides have to be arcs of Great circles The sides PZ & PX are
already arcs of Great circles,being arc of meridians, whereas
the side ZX will become an arc of a great circles, only after
correcting the observered altitude to True Altitude

V'

R,----4---------kO----LL.-----+---R
c

Fig, 17

The figure is drawn on the plane of the vertical circle passing
through the body '0'
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Definition: Visible horizon is the circular line binding the
observer's view at Sea (W' in fig. 17) HE represents the height
of Eye of the observer above the earth's surface. Higher the
observer, further away will the visible horizon be.

Sensible Horizon is an imaginary horizontal plane passing
through the observer's eye (SES' in fig. 17).

Rational Horizon is an imaginary horizontal plane, parallel to
the sensible horizon and passing through the centre of the
earth. (RCR' in fig. 17).

When an observer takes an altitude of a body, he is in fact
measuring the angular height of the body above his visible
horizon at sea. His eye itself is situated at some height above the
surface of the earth.

Planets and stars are merely pc ints of light and do not
present any visible disc. The sun & moon do present a visible
disc and it is therefore difficult to judge, where exactly their
centre is and so we take the attitude either of the lower limb (LL)
or the upper limb (UL).

Lower limb is that arc of the visible disc, closest to the horizon
used.

Upper limb is that arc of the visible disc, farthest from the
horizon used.

The centre of the body will be exactly half its diameter, called the
"Semi-diameter" away from the Limb observed. If LL is
observed, the SO is additive to the altitude and if UL is observed
the SO is subtracted from the altitude to get the altitude of the
centre. This correction is not applicable to the altitudes of
planets & stars as they are only points of light.

Of all the altitudes we observe the altitude of the moon, has
the maximum number of corrections. Therefore the altitude
correction of the Moon is discussed in detail.

Correction of Altitude of the Moon (Refer to fig. 17)

'"Sextant Altitude - LEV

Index error - + off the arc (-on the arc)

Observed altitude

Dip for HE
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Aooarent altitude of LL
• •

Refr action

Apparent Alt of LL

Cor reeted S. 0

Apparent Alt of centre

Par a II ax -i n -a Ititude

True Altitude

It will be seen from figure that

A

LES

-vp (alwavs vei
....

LES

Are OL (LL + UL -)
....

OES
A

EOC (Always + ve)
"'-

OCR
A A Ao E S + E 0 C " OCR

. ....

Sextant altitude is the altitude as observed on the Sextant (L EV)

Index error if any, is a small instrumental error of the sextant
"Off the arc" errors arc -t- Ve and "On the arc" errors arc - Ve
(Being very small, not specifically shown in figure)

observed altitude is th e ait itude of th e LL or UL above th e visible
A

horizon (LEV in fig).

Dip or depression is the angle of depression of the visible
horizon below the sensible horizon. This IS always a negative
correction and is to be obtained from the nautical tables for the. ....
respective height of eye (S E V in fig)

Apparent Altitude: is the altitude of the point observed above
A A

the sensible horizon. (LES or OES in fig).

Refraction: The earth's atmosphere through which the ray of
light from a body passes, has density. Because of this density, a
ray of light when passing through the atmosphere is bent
towards the normal before 'reaching the observer's eye. as
shown in fig 18 A body situated at a point X will appear to be
positioned at X' to an observer The effect of refraction therefore
is to make the body appear higher than where it actually is.
Hence this correction is always subtractive, to bring the body to
its correct position. The value of refraction is tabulated in any
nautical tables for standard atmospheric conditions which is
taken as a pressure equivalent to 296" of mercury and 50° (F)
temp For any variations from the standard conditions a
supplementary correction is necessary which is also tabulated
In the adjacent tables to the main refraction tables This
supplementary correction is to be applied to the main correction
as per sign given before applying it to the altitude. It will also be
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observed from these tables that refraction is maximum (about
32' of arc) at zero degrees altitutide and nil at 90° altitude. Hence
refraction from the tables has to be taken for the appropriate

apparent altitude.

Being a very small correction it is not specifically indicated in

fig. 17.

x

c

Fig. 18.

Semi-Diameter is only applicable to the altitudes of Moon and
Sun.

In the case of the sun, the S.D. is tabulated for the middle day
of the page in the nautical almanac alongwith the sun's
elements. This is the S.D. for zero hours GMTon that day. If there
is a change of S.D. from day to day, then the S.D. has to be
increased or decreased proportionately for the actual GMT of
observation before applying the correction to the altitude.

In the case of the moon, there are three values of S.D.
tabulated in the nautical almanac under the moons' elements.

•

The S.D., in the order in which they appear, is the S.D. for zero
hours GMT on the first. second & third day respectively on that
page in the nautical almanac. This is also the S.D. when the
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moon is on the observer's horizon. Since the observer is situated
on the surface of the earth, the moon will be farthest away for
him when on the horizon and will be at minimum distance when
on his zenith. There is thus an apparent increase in the SD. as it
rises in altitude The S.D. is least when on the horizon and
maximum when altitude is 90° This supplementary correction
that is applied to the tabular S.D. is called "Augmentation to
Moon's S.D." and is tabulated as a supplementary correction
table in any nautical tables. This apparent increase is illustrated
in fig. 19.

'+/Min S.D

Max SO

1
1
I

/'

I ....-
/'

I /'

I
".-

/
a

""-
"-

V' V
-<; -- '<-, -- -- --- --- -- --

c

Augmentation to Moon'S SO

Fig. 19

Correction to apply to tabular S.D.
before applying to altitude are:

from nautical almanac,

S. D ( from Almanac) •

Correction for +
GMT of obsn -

S.D. for GMT .

Augmentation .

Corrected S.D ..

Proportionate change

- - --
(+ ve)

(Arc OLin fig. 17)
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Augmentation to the S.D. is only applicable to Moon's S.D.
This is because, the moon being a body fairly close to the earth
the apparent increase In the diameter. due to changes in altitude
caused by the observer being situated on the surface of the
earth. is a measureable quanutv Had the observer been situated
at the centre of the earth, there would have been no
augmentation correction for the moon

In the case of the sun. however. even though the observer is
on the surface of the earth, the Sun being so far away, the
displacement of the observer to the surface of the earth, does not

produce any measureable changes in the diameter of the Sun as
it changes in altitude Hence this correction is not applied in the
case of the Sun

This corrected SO. of the moon, when applied to the
apparent altitude (lL. + ve, Ul - ve). we obtain the apparent

"altitude of the centre of the Moon (OES in fig 17)

Parallax-in-altitude is defined as the angle subtended at the
centre of the heavenly body, between the observer's eye and the
centre of the earth, when the body has some altitude.

Parallax is dependent on two parameters: These are
(1) distance the body is away from the observer.
(2) the altitude of the body

(1) Distance: As a body gets further and further away from the
earth the angle at the body between the observer on the surface
of the earth and the centre of the earth gets smaller and smaller,
Thus in the case of stars and the distant planets there is no
parallax at all. The stars are several light years away from the
earth. Hence the displacement of the observer to the surface of
earth does not produce any angle at all at the body The rays
received on the earth will be parellel irrespective of whether the
observer is on the surface of the earth or at the centre. But in the
case of the moon, which is closest heavenly body to the earth,
and the Sun and the two neighbouring planets to the earth viz
Venus & Mars, there is a correction to apply for parallax.

Moon's Horizontal Parallax: As the name implies, Horizontal
Parallax (HP) is the parallax of the moon when it is on the
observer's Rational horizon. Along with the moon's elements,
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Parallax
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•

Fig. 20

1 P is tabulated for each hour of GMT in the nautical almanac
"his tabular value is for an observer on the equator

The earth being not a true sphere, but bulged at the equator
ind flattened at the poles, an observer at the equator will be
losest to the moon when it is on his rational horizon. To an
.bserver at the poles, since he is closer to the centre of the earth,
he moon will be further away for him when it is at his rational
ior izon. Since the H P tabulated is for an observer at the
quater. the tabulated value of H P in the almanac is the
raxirnurn possible value. As the observer increases in
stitude. he is getting closer to the centre of the earth and hence
.irther away from the Moon and hence H P for such an observer
lill be lesser than the tabu!a r va Iue. Th is supplementary correc­
on we apply to the tabulated H P is called the "Reduction to
I P " This is tabulated in any nautical tables with H P and
atitude as arguments for entering the tables. From the above
iscussion we see that H P taken from the almanac is subjected
) two corrections before we can put them to use. The method is
hown below.

39



·~ ;:0 trorn Almanac for

'/,'lc'le No of hours of GMT

Correction for Hly change (if any)

H P for GMT
Reduction to H P

COl r ected Final H P

H P (Tabular)

=-(Proportlonate change)
- - - - -

- ve (from nauttables)

- - --

i21 Altitude: This c or recte d HP vv.}] have to be converted to
r.ar all axun- altitude before applying to the apparent altitude

Par a'Ia»- In- altitude = H P )( Cos of Apparent Altitude

It will be seen from figure, 20. that when the body is on j he
observer's Horizon, Ie. when altitude is zero the

Pax-in-altitude = H P

Ie Pax in altitude = H P x 1....... Eq 1

WileI' the body reaches the Zenith ie when the altitude is 90 0

Pax-tn-attuude - Zero

Ie Pax-in-altltude = H P x 0 ..... '. . Eq II

comparing equations I & II we see that
F'ax-in-alt = H P x a variable quantity between 1 & O.

This varying quantity is the Cosine of App. Alt.
Cos Zero (Alt at Horizon) z: 1
Cos 90 0 (Alt at Zenith) = 0

.', We can say parallax-in-Alt c/.., Cos app alt.
ie parallax-in-alt = H P x Cos App. All.

A

We can now apply this Pax-in-Alt (EOC in fig. 17) to the
'" "-

apparent a It (0 E S in fig 17) to make it the true altitude (0 C R in
fig. 17)

Par a llax -trr-e lt is always additive to apparent alt to make it
the true altitude.

True aItitu de : is defi ned as t he ang Ie at the center of the ea rth or
the arc of the vertical circle passing. through the body between
the Rational horizon and the line joining the body tothe earth's
centre. Being an angle at the centre of the earth it is now an arc
of a great circle
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Zenith distance: is complement of True alt ie. (90-True Alt). This
is the third side of the triangle PZX, which has now become an
arc of a great circle.

In the case of th Sun, HP is not separately tabulated in the,
almanac, Instead, the total correction tables already incorporate
the parallax-in-alt. In case the parallax-in-alt for Sun has to be
separately applied, it is calculated for various altitudes, and
tabulated as a supplementary tables in the Norte's nautical
tables, from which it can be directly taken and applied.

In the case of the planets Venus & Mars, the nautical
al manac gives a supplementa ry correction tables adjacent to the
total correction for stars. This is the Pax-in-art correction to
apply and is directly taken for the altitude concerned,

Back Angles: There may be instances, where it is not possible to
observe the altitude of a body in the normal side of the horizon ie.
on the side where the altitude is smaller. This can be due to the
non-availability of the horizon on the normal side, either due to
being hazy or foggy or due to nearness of land. In such cases, it
may be necessary to take an altitude on the reverse side, ie, on
the back side of the observer. Such observations are called
"Back Angles", and all such altitudes are bound to be in excess
of 90°,

There are two ways of correcting these observations to True
~Ititude. These are :-

1) Keep the altitude in excess of 90° right through. If so, all
:orrections are applied exactly same as a normal observation
-xcept that refraction and parallax are applied with opposite
iqn ie, refraction will be +ve & Pax will be -ve, However to

ibtain refraction from tables and to calculate pax-in-alt. it will
re necessary to subtract the apparent alt. from 180° to obtain an
'pproximate altitude on the normal side,

"J) Use the supplement of the ett. observed for correction.

In this case after allowing for index error and dip as usual,
ind the supplement of the Apparent altitude and apply the
emaing corrections in the normal way, except S.D, for which
he signs are reversed. le. LL. subtract, UL, add. It may be noted
hat sextant is capable of measuring angles only upto 120°
spprox.l Hence the minimum altitude of the body should be
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about 60° in the normal side, in order that the back angle can be
measured

Altitudes measured by Artificial Horizon :-

The equrprnents of an Artificial horizon consists of a jar
containing mercury, a shallow metal trough, a glass shield
whose glass is tested to be free from deformities, a metal
spatula to clear the scum from the surface of mercury, if
necessary Mercury surface is used as the artificial horizion.
Mercury is chosen, because it has a good shining surface which
can reflect light very well, and secondly being a liquid, its
surface will remain horizontal.

The artificial Horizon is set up by placing the metal trough on
the ground or deck, on a stool or on a table. The mercury from the
jar is poured into the trough. If there is any scum on the surface
of mercury, it is removed by gently stroking the surface by the
edge of the spatula. The surface is then covered by the glass

True Sun
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Fig. 21
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In figure :-
HH' :: Artificial Horizon (Surface of mercury).
NN' :: Normal to the surface at Point 'P'.
SS' :: Sensible Horizon Parallel to HH'.
E :: Eye of the observer

A

OPN :: Angle of Incidence.
A

NPE :: Angle of Reflection
A

OPI :: Measured Angle.
A

OPH :: Apparent Altitude

shield. to protect the surface of mercury from outside influence
such as wind etc, so that the surface will remain undisturbed
Fig 21 shows the arrangement.

A r av of light from the object O. (true sun in this case) strikes
the surface of mercury in the trough at a point 'P' and is reflected
to the eye 'E The eye perceives the Image of the sun inside the
mercury at a point T With a sextant. the observer brings the
reflected sun In coincidence with the reflected image of the sun,
inside the mercury He thus measures the angle OPI with his
sextant

Srrice the body is so far away, the ray striking the surface
of lilercliry (OP,' and the ray striking the eye direct from the body
(0 E) are parallel rays

#".... .. Eq II

I & 11.- we have

To sh ow the measured angle is twice the Apparent altitude
-\ ~

Let the angle OPH be x". and HPI beyo

x:: i =90] Eq. I
i:: r (Laws of light)
r :: r'tverticellv opp. angles)

• •

,,/::r'

r ': y :: 90"

Comparing Eq

x: :: y
But angle x :: Apparent altitude

•, .Measur ed anqle > 2x (','x ::y)

".Measured anqle > Twice apparent altitude
(Proved)
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Correction of
(Ref fig. 20)

Sextant Alt
I. Error

Obs. All.
Apparent All.

Apparent All.
Refraction
S. D.

Parallax

True All.

Altitudes taken on an Artificial Horizon

,...
- OPI

- (+ Off the arc and - on the arc)
....

::: OPI (assuming I. E nil)
,... A

::: OPH ::: OPI -:- 2

"::: OPH
- ~ve

- ( + LL;- UL) (optional)

- + ve

- --

Once apparent altitude is obtained the remaining corrections
viz refraction, S.D. and parallax are exactly same as for altitude
taken on the visible horizon. Note that here is no correction to
apply for Dip because as stated earlier rays s~iking the eye & the
surface of mercury are parallel and hence OPH is also the angle,...
OES at the eye, which is the apparent altitude

Another point to note is that the S.D. is an optional
correction

Where bodies do not have a SO. as stars & Planets, the S.D.
is not applicable in any case. But when using an artificial horizon
even, an altitude of Sun or Moon, which present visible discs,
need not necessarily qualify for the S.D. correction. S.D.
correction need not be applied if the reflection of the body
brought down by the se xt ant IS made to coincide exactly with the
irrraqe seen ins ide mercury Then we are automatically making
the centre of hoth rdlec!lons coms ide and any SO. correction is
ruled out. J h-s IS ontv possible If the sextant is fitted with two
distinct coloured ~;h;Hks so that the exact overlap of one over
the other Cdn tlP dlstlrlljUlshed cle ar lv If the sextant does not,

have such drstmct coloulPd shildes, i he n It IS necessary to make
the LL of the reflpctlon coincide With the upper limb of the
image In sucf (1 case. we are III tact measuring the altitude of
one lirn b only and S D correction becomes applicable This is
illustrated In figure 22
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L.L. OBSERVATION
•

Fig. 22

U.L. OBSERVATION

R reps reflection brought down by Sextant.
I reps Image seen inside mercury

It may be observed that the centres of R & I are one diameter
.11l·lrt and yet we only apply S.D correction. This is because of
II,,~ fact. that by dividing the observed all. by two we are
oliitomatically overlapping R 8. I by half its diameter Hence S.D
1 »rrection alone need be applied.

Due to the limitation of sextant. which can only measure
"'lgles upto 120 0 and remembering the fact, that measured
"'lgle is twice the app. All. it is evident that if any altitude
"v;eeding 60: (approx.) cannot be measured using an artificial
Il<1rizon Hence maximum altitude which can be measured using
'"l artificial horizon is only about 60 0

Though we have discussed correction of altitudes using an
,\, t if ici al Horizon at length, its usefulness at sea is practically nil.
'I,Hdly any ships. nowadays carry the Artificial Horizon
"'llilpmenl. Secondly even if some older ships do, it IS extremely
d,!f,cult to obtain an undisturbed surface of rnercur. due to

>

""lerent vibrations on ships, due to engine and ge'~eratQr

",'.'Idtlons Hence the d.scussion on Artlf~clal H,JriZC" 'S [Jwel,!
1 \ ,l d e m ica I_It m J \' be, o f so mel n t eres t o n sr- ere b () sed In ::3 ~ :! : ): ;(1 r- <-~ ,



Excercise V
•

(1) Define Visible, Sensible & Rational Horizon.

(2) What is "Augmentation to Moon's S.D." How and why is it
applied {

(3) What is "refraction correction"? Why is this normally
negative. ?

(4) What factors affect parallax-in-alt ?

(5) What is "Reduction" as applied to H P of moon & why is it
applied?

(6) Show. Parallax-in-alt. = H P x Cos app. alt.

(7) What corrections will you apply to a "Back Angle"
observation?
Why are some of the corrections reversed in this case?

(8) When using an AH, show that the measured angle is twice
the apparent altitude.

(9) What are the limitations, when observing a back angle and an
altitude using an AH. {
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CHAPTER VI

NAUTICAL ASTRONOMY

Celestial sphere: The vast expanse of space that surounds the
earth is called the celestial sphere It has no limit and goes on
endlessly It appears to surround the earth like a vast dome
placed over the earth. Since it has no limit any point can be
taken as the centre of this sphere. For this reason, it is
convenient to assume that the celestial sphere is concentric
with the centre of the earth and. that all astronomical
phenome non that take pi ace on the sphere, occ ur concentric with
the centre of the earth. This assumption helps to understand all
phenomenon without any error for practical purposes.

Celestial co-ordinates : Very similar to the terrestrial
co-ordinates viz. latitudes and longitudes we have also celestial
co-ordinates to express the position of any heavenly body. All
points and co-ordinates on the earth, can be projected outwards
to the celestial sphere and are given distinctive names to
distinguish it from similar co-ordinates on the earth's surface.

Definitions:
Equinoctial: is a great circle, on the celestial sphere in the same
plane as the equator on the earth. In other words, the equator
when projected upwards & drawn on the celestial sphere is
called the "Equinoctial" ,

Celestial pole: Earth's poles when projected on to the celestial
sphere is called the celestial pole, and is 90 0 removed from the
Equinoctial, just as the earth's poles are 90 0 away from the
eq uator

Parallels of Declination: Parallels latitudes on the earth, pro­
jeered on to the celestial sphere are calted parallels of Declina­
non.

Declination: in the celestial sphere corresponds exactly to
latitudes on the earth's surface, and helps to express the posi­
tion of a heavenly body North or South of the Equinoctial.

•
Ecliptic: is a great circle on the clestial sphere drawn in the
same plane as the earth's orbit round the Sun Though the
eart hs orbit is an ellipse, the ecliptic as drawn on the celestial
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sphere is a great circle, in the same plane as the orbit. It is also to
be noted that on the earth's surface, there IS no such thing as
Ecliptic, eventhough a Great circle can be drawn on the surface
of the earth in the same plane as the Ecliptic, to represent the
yea rly apparent path of the su n rou nd the ea rt h Th is line has no
specific name on the earth,

Pole of the Ecliptic: A point 90° removed from any great circle
is called its pole, Similarly Ecliptic, being, a great circle, has its
own pole 90 0 removed from the ecliptic, This point is known as
the pole of the ecliptic This point also does not appear on the
earth's surface, since, ecliptic itself does not appear on the
earth,

-:»: Obliquity of the ecliptic : The angle at which the ecliptic
crosses the equinoctial is called the obliquity of the ecliptic, This
value is 23° 27' approximately and varies very slightly by a few
seconds of arc each year on either side of its mean value quoted
above, But for all practical purposes its value is assumed to the
be constant at 23° 27' of arc without producing any appreciable

•
error,

The first point of Aries: '6' IS the imaginary fixed point on the
celestial sphere where the ecliptic crosses the ecurnoctial when
the sun is moving from South to North in Declination (see fig 23)
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Fig, 23
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In fig. 23
Reps Equinoctial.
Reps Parallel of decl of X
Reps Ecliptic
Reps Celestial pole
Reps 1st point of Aries

A

Reps Lp TO' = obliquity of the Ecliptic
Reps Clestial meridian
Reps A Heavenly body
Reps Declination of body X

Reps SHA of body X

First point of Libra: ("=) is the point where the Ecliptic crosses
the equinoctial when the sun is moving from North to South
Decliniation. This point is diametrically opposite to first pain! of
Aries.

These are also the two fixed points of "Equinoxes" discussed
in the last chapter, where the Decl of the sun is zero.

Celestial Meridians: Any meridian on the earth when projected
upwards to the celestial sphere is a celestial meridian. In other
words they are half great circles running from celestial pole to
pole and crossing the equinoctial at right angles. (see fig. 23)

Of the Infinite number of such meridians which can be drawn
on the celestial sphere, that specific meridian passing through
the first POint of Aries has a special significance It is a reference
meridian from which the East/West co-ordinates on the clestial

.sphere are measured, something similar to the Greenwich
(prime) meridian on the earth's surface from which longitudes
east or west are measured.

Sideral Hour Angle: (SHA) is the angle at the clestial pole or
lhp. arc of the equinoctial contained between the meridian of 1st
po m t of Aries and the celestial meridian passing through the
heave nlv body, always measured westewards and expressed in
degrees minutes and seconds of arc (Arc ~q orll'cpq in fig 23)

Note that, unlike longitudes on the earth, which are mea­
';(Jll~d both East & West of the prime meridian, SHA is always
11I",ISlJred westwards only and will Increase from zero degrees
III .JbO
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First point of Aries being a fixed POint In space the Declina­
tion and SHA of heavenly body Will give the fixed co-ordinates of
that body at any time, and these are given in the nautical
almanac for all heavenly bodies used for Navigational purposes
Thus by knowing the Declination and SHA of a heavenly body,
that body can be pinpointed In the celestial sphere

Right Assension : (R A\ IS toile angle at the Celestial pole for or
the arc of the equinoctial contained between the meridian of 1st
point of Aries and the celestial meridian passing through the
body, but always measured Eastwards and expressed in hours,
minutes and seconds of time (see fig 23)

Hence SHA ... RA In arc = 360 2 always for anvone body.
For purposes of navigation, however. the term RA is not
commonly used.

Celestial Latitudes: are lines drawn parallel to the ecliptic both
north & south of the ecliptic.

Celestial longitudes: are similar to celestial meridians but
drawn from North ecliptic pole to South ecliptic pole and crosses
the Ecliptic at Right angles.

Both clestial Latitude & celestial Longitudes are parameters
not used for the purposes of Navigation.

Navigational Application.
Since position fixing and navigation are done on the earth's

surface, it becomes necessary to co-relate all what has been
said earlier to the known co-ordinates on the earth's surface.
Earth keeps spinning on its axis in West to East direction conti­
nuosly Thus it appears to an observer on the earth, that all
heavenly bodies rise in the east, reach a maximum altitude once
a day when on the observer's meridian and later set In the west.
Thus it makes a diurnal path across the sky each day

local Hour Angle: (LHA) (see fig 24) is the angle at the elevated
pole or the arc of the equinoctial contained between the
observer's meridian and the meridian passing through the body
at that time, measured westwards and expressed in degrees,
minutes and seconds of arc.

LHA is always a Westerly Hour angle, unless it is sp ecif iciallv
indicated as an Easterly Hour angle (EHA) Then it is an angle

so
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measured Eastwards from the observer's meridian to the rner r­

dian of the body. The necessity of this may sometimes arise,
when the body is East of the meridian ie before its meridian

passage.

LHA + EHA of a body::: 3600 (always)
ie EHA ::: 360 - LHA
or LHA ::: 360 - EHA

N,

Q'

M

o

x /--------L-----

c

Q

•

S

Fig.24
In fig. 24
P - Elevated Pole.
QMQ' - Equinocital.
0- Observer

LL' - Latitude of observer
X-Heavenly Body

"'-
Arc Mx ::: MPX ::: LHA.

"Reflex MPX ::: EHA.

Geographical position: of a heavenly body is that point on the
earth's surface which is directly below that body at a given
instant of time. In other words, it is that point on the surface of
the earth, where a line drawn from the body to the centre of the
earth cuts the crest of the earth. It is sometimes referred to as
Sub-solar spot
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Likewise, the G.P of a star IS sometimes referred to as
Sub-stellar spot

If an observer is stationed at the GP of a body, that body will
then be directly at his zenith

Due to the rotation of the earth on its axis. a celestial body is
continously changing its G.P. along its diurnal path each day
The GP will be a fixed point only for that instant at which the
observation of the body is taken •

It IS for this reason that it is not possible to adopt any fixed
POint on the earth as a reference point for fiXing celestial co-or­
dinates for heavenly bodies, and we have to adopt fixed refer­
ence points only in space such as first POint of Aries and the
equinoctial; these being independent of the rotating earth's
surface.

On the earth's surface, the position of an observer can be
expressed in three different ways viz:

(1) By his latitude & longitude with reference to fixed co-ordi­
nates on the earth.

(2) By a Bearing and distance from a fixed point of land.

(3) By a Bearing and the vertical Sextant angle of a tall object
ashore, which will determine his distance off from the object.

Similarly the geographical position of a celestial body can be
expressed In three different ways viz.

(1) By ItS Declination, corresponding to Lat on the earth and its
Greenwich Hour Angle (GHA) at that instant of time.

(2) By its Bearing (Azmimth) and Zenith distance with reference
to the observer.

(3) By its Bearing (Azimuth) with reference to observer and
altitude of the body above the horizon.

The figure 25 is drawn on the plane of the observer's rational
horizon on the principle of equidistant projection. This projec­
non IS the most commonly used projection for figure drawing in
practically all navigational problems involving altitudes and
azmiths of celestial bodies.
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Fig. 25

Observer's Rational Horizon

Obs Celestial meridian

Obs Prime vertical
Equinoctial

Parallel of Dec of the body

Celestial meridian of the body
Heavenly Body

Obs Zenith.
Elevated Pole

Eastely Hour Angle

Azimuth

Zenith distance.

True Altitude of X
•

Zenith: Tile po.nt 'n the celestial sphere which is directly above

the observer is cailed his Zenith.

Nadir: The point diametrically oposite to Zenith.

Vartical circle: is a great circle on the Celestial sprie re which

pus ses through the Zenith and cuts the rational horizon at right

:lllqlt's. hence called :he vertical circle
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C/ Prime vertical : is that specific vertical circle that passes
through the East and West points of the rational horizon and
crosses the observer's celestial meridian at the Zenith at right
angles.

\./ Azimuth: is the angle at the Zenith or the arc of the rational
horizon contained between the observer's celestial meridian
and the vertical circle passing through a specified celestial body
at a specified time. It can be expressed in quadrantal notation of
the compass or in three figure notion measured clock-wise from

A •

North ( PZX or the shorter arc N H in fig. 25 ). In short. it is the
bearing of the body or its G.P at a specified time .

. I Principle of position Iines :
v

~>(In fixing the position of .ar"l_obs,e!\ier on_~hE!,_SU!:f.~c~ofthe

earth, by observation of celestialbodies, we useJhe.G-E.ofJhat
-,---_ ..--

body at a given instant of time, we do this, however, quite
--'rnechanlc:alfy'notquite realising, that, in fact: we"areusing the -

.. -,,"- -- -,---_.._---, _.-.'

G.P. of that body, to determine the position. Hence G.P. of a body-,_..- , .. , .,-

is an extremely important point for navigational purposes .
.- -,,--.. _+------ -",

N

s c
Fig. 26

D

--lHx

z

p

o

D'

AI/lines and points in the figure have the same meaning as
are assigned in figure 25.
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In all navigational problems, what we are mainly interested IS

solving the spherical triangle PZX where

PZ =Co-Lat ie (90 - l.at) QZ bRing latlt',Jde of obs
PX = Polar dist ie (90 - decl) qX being declination
ZX = Zenith dist ie (90 - T, Alt) HX being True Alt

If we shrink this celestial triangle so that it may fall on the
surface of the earth, point 'P' will represent the elevated pole, 'Z'
will coincide with the observer and 'X' will coincide with the G.P.
of the body at that time.

What we do know for certa ina t that insta nt of ti me is the G P
of the body The Lat and Long we use for working out a sight
is only approximate ie it is only a DR. position (Dead Reckoning
position) We are trying to find out the actual position of the
observer.

Referring to fig. 26 with G.P. of the heavenly body as centre,
and the zenith distance (zx) as radius, if we draw a circle, the
circumference of the circle will be very large on the earth's
surface If the observer is situated anywhere on the circumfer­

ence, he will get exactly the same zenith distance. If atthe same

time, the bearing of the GP from the observer ie. the Azimuthof
the bOdy is also known, we can reverse this bearing from the
GP and where it cuts the circumference of the circle will be the
actual position of the observer The circle, described above is
calledthe "Position circle", Tnough the circle is large, we are

_.--_.- -- .

only interested in that part of the circle where the azimuth meets
the circumference since the observer will be there only The

zenith distallce(zxfbeingt~erClsiiusof the,circie~draWCLl[tibe
direction of reversed azimuth from GP will meet the circum­
f~-r-~~~e at Z at right angles c5nt-h-eea'rth~s-~-~~fa~e~i't'ismost

often not practical to draw suchahuge circle, norit islikelytofit
within the limited area of thechart:'the'observer is naviqatinq
on. The G.P Itself may quite often be in entir elva different ocean

- - - .
or on a continent

Since we are only interested in a small part of the circle, near
_ • _ . - • _ ""4

about the observer's position, we only utilise that part of the
circle ThiS tinv par! of the' huge circle can f~r all pra~ti~al_.... -.- ---. -_."' .. -.-_ ..'

purposes be treated as a straight line at right angles to the
az'lmuth -wur.outariverr or. .....

•
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Fig. 27

In fac!,t"hatis_wh~":,,e~QJQ2L~~!l~~~W§dULw_aJineatright

angles to the Azimuth. This line is called a "Position
line". which is a tiny pa rt of ttienuge--pos·it~~~ircle.The.
observer need not necessarily be where the DR. Lat. and Long.
cross. The observer (Z) can be anywhere onth'is-positionii~e,as
a small displacement of '£91o-n]~ne.wm makeno~maTe.r:lal

plotaEle errors iri-tFie-Azimuth or Bearing -Of-G.P. w'hic'h is
fhousands of miles away.'-----.··-'- -----.-- ------.--.-...

Thus in all novigational problems. one observation of a
heavenly body will give on lyonepositionl ine (Pljcfnvvliic'flfhe.... ._.- ..- ... _- -'~ --_.-. - - ,- - . - .. .,---
observer can be. Two such posj!iqn 1!D.l;!s_~~i!!....!~e required to
know the exact posnion ot the observer, which is d'et'ei-'mined by

- _., --. '--""_. - ----- - _.- .~-- - _. - - - _."--. - - .-. ~ ._.~. '-",-

the meeting point' of the two position lines.
- -,' - .----_._-_ .•..---'-- -, .

Marcq st. Hilaire (Intercept) method of Position Lines:

Using a DR Lat. & Long. of the observer, P

the triangle PZX is solved.

PZ =90 -- Lat. =Co-Lat. .
PX = 90 + Dec!. = Polar distance......
ZPX =Hour Angle of body X.

Fig.28
x
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These three par ame ters being known the ZX IS calculated using

the Haversin e formula viz

Hav rx H:JV P se~PZ sin PX + HavlPZ~PXJ

Llklllq complements we can rewrite the formula as

Hav ZX = Hav P Cos Lat. Cos Decl. + Hav[Lat~DeclJ

JVlth this we get a calculated value for the Zenith distance

sssurninq the observer to be at the DR Position

~

We also calculate the PZX ie the Azimuth by 'ABC' Tables in

\Jorie's or Burton's nautical tables.

Having taken the altitude of the heavenly body earlier and

:onverting it into true altitude, we can find the True Zenith

iistance. which will be 90 - True Altitude.

We now compare the true Zenith distance with the

:alculated Zenith distance as follows-

INTERCEPT TOWARDS

L

/
DI I

~
I,,~ Z

~i.' _,. X, / - -, -~

I / G P
I I
! I
I '

o a i x r

DR '-ONG

I
I
I

P
,

/
I

/

P

/ 0'1 LONG

/
I

/
Z ,",il'l"'r (~I J

/

I
IN fERCEPT A'.VAY

•

,_ x--0
GP

(A) Fig. 29 (B)

In figures 29 (A) & 29 (B)

- the GP of the body very far away

X .' the calculated Zenith distance using the DR
\(' the True Zenith distance as obtained by the sight

I Ilq 29 (A) ZX 's shorter than OX By DZ

I fill 79 :B) ZX is longer than OX by OZ
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This quantity DZ, is nothing but the difference between the
Calculated Zenith Distance and the True Zenith Distance.

If as in fig. 29 (A) the Calculated Zenith Dist. exceeds True
Zenith Distance, the Intercept is termed "Towards" but if the
Calculated Zenith Distance is less than the True Zenith Distance
as in fig. 29 (B) we term the intercept as "Away",

Point Z, called the Intercept Terminal Point (ITP). is the point
through which to draw the position line at right angles to the
azimuth. So the rule is :-

-
CZD) TZD Int. Towards.

•

CZO <TZO Int. Away .

Had we used a different DR lat. for the sight, the position line
itself will not change, but the point through which to draw the PL
will change This is illustrated in fig. 30.

DR LONG

p

DR l AT D
--- -

Z'

-----,
DR LAT 0

TO GP
-----

Z

-- - -~
TO GP
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A s shown in fi g. 29, instead of using D.R. Lat. of 0, had we
used D.R. La1. o f 0 ' we woul d have got D'Z' as the in tercept
(towards). P L w ould ha ve been drawn through Z' . Likewise, if
w e had used D.R. Jat. of D"for the sight, the intercept would have
bee n D"Z" (away) and PL would have been drawn through Z".
No tice in all th ese cases, the d irection of Azimuth and the P L
have not cha nged at all. W hat has changed is the quantum of
In tercept and th e position through which to draw the P L

Lo ngitud e Method of Po sit io n lines:
In sol ving tr iangle PZX by the long itude by chronometer

m ethod we calcu late P, using the Haversine formula as stated
below.

•

In 6, PZX

G ive n PZ =Co-tat =90 - Lat .
•

PX = Pol. Dist . ='90 ± Decl .
ZX = True Zenit h dist . as obtained at sight.

p

z

Fig, 3 1
x

Ha v P =[Hav ZX - Hav (PZ,.JPXJ] C osec PZ Cosec PX,
Taki ng complem ents, this formula can be rewritten as :

Hi/V P =[Ha v ZX -: Hav (L at.....DeclJ] Sec Lat. Sec D ec/.

Having got P : if it is EHA this has to be subtracted from 360 0 to
m ake it LHA.
LHA =3 60 - EHA.
For th e GMT of observat ion, GHA of t he body is obta ined from the
Nautical A lmanac.

Lon gitude =GHA""' LHA
GHA .'> LH A = Long is West
GHA <LHA = Lo ng is East

'f ill) Al im ut h is then ca lcu lated fo r t he H.A. as fou nd above. us ing
A BC i ables .
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The PL is then.drawn through a position at the intersecti on of the
D.R. Latitude with the observed Longitude. It should be noted that
this longitude so obtained is correct provided the DR Lat. used for
the sight is correct. If we had used a different 0 RLat.the observed
lonqitudeand the position to draw the P L would also change .

•This is illustrated in fig. 32

OBS LONG (I) r

• DR LAT (2)
Z' •

DR. LAT (1)

Z

" OBS LONG (2) '4,?" ,

•

aBS LONG (3)

DR. LAT (3)

Z"

•
•

I

l

-

. .

•

Fig. 32

Using DR Lat. (1) we get obs. Long. (1) and PL is drawn through Z,
the meeting point of DR Lat . & obs. Long. Hadwe used DR Lat. (2).
we would have got obs. Long. (2) & Z' being the position, through
which the PL would then be drawn. Similarly, if we had used DR
Lat. (3), we would get obs. Long. (3) and position for PL as Z'~

Not'ce in all these cases, provided, the DR, Lat.. is within
re. : .onable limits, the Azimuth & PL do not alter. What alters is
the obs. Long. and the the position through which to drawthe P L.
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On e interest ing observation to note in Longi t ude prob lems is
th a t, as long as th e P L in running more or less N/S even an
app reci ab le d iffer ence in DR Lat., makes very li tt le differenc e in
the obse rve d lon gi tUd e. This is very ev ident from figure 32 The PL
ca n ru n m or e or less N/S only if the Az imut h is more or less E/W ,
si nce th ey are at r ig ht angle to each other.lfthe Azi m uth is exact ly
East or W est. the PL will exact ly be N/S which wi l l then co incide
w ith th e obs erved long itude itself . In al l longitude by
chro no m eter observat ion s, t h is is t he ideal we try to ach ieve . by
taki ng the obse rvation when the body bears, due East or Wes t.
Th is occ u rs if the body is on t he observer ' s pr ime vertical. The
idea l is not a lways achieva ble. So we try to time a long by
ch ro no m eter obs ervat ion at such a time , when the body is as
close to the Prime vert ical as possible , so as to get an Azimuth
almost E/W so that PL wi ll be almost N/S.

A body will be on the observer's prime vertical tw ice a day.
once before m eridian passage and once after meridian passage.
prov ided, the lat . & Dec!. are same names and lati tude is
n um erica lly greater than declination.

Bodies w hose az imuth is closer to N/S, will produce position
l in es runn ing more E/W. In such cases , even a small error in DR
Lat ., w i ll , produce an appreciable error in observed Longitude ,
and hence cannot be relied upon. Therefore bodies , closer to
t he m erid ian are not suitable for Longitude observat ions .
Beca use of t hese limitat ions, one has to be rather selective in
chosing bodies for longitude observations, whereas no such
li m it ati ons exist for intercept method of P L.

Ex-Meridian Method of Position Lines :

Wh en a body is c lose to the meridian w ithin certain limits a
pos it ion l ine & a positi on through which to draw the PL can be
obta ined us ing the Have rsi ne formula or by using Ex-Meridi an
Tab les given in an y nautical tables .

Use of Have rs in e formula is as follows :-

Wh en a body is c lose to the m erid ian, note HA (P) is very sma ll
« ;, ~() f ig . 3 3 )

6 1
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p In 6PZX. given
PZ =90- Lat. =Co- Lat.
PX =90 zDec l. =Pol. dist .

ZX = 90- T. Alt . = Zenith distance.
# , •

Hav (PZv-pXj.:: Hav ZX - Hav P StIl PZ Stf:1 PX.

Tak ing complements. the formula can be

rewr itten as

z

Hav (LetrDect.] ., Hav ,ZX - Hav P Cos Lat. Cos Decl.

(Lat .> Decl .) is the m er idinal zenith di stance

of the body, very close to the mer idian.

From this MZD. and know ing the dec li nat ion,

X the Latitude ca n be computed.

.

Fig. 33

Using the Latitude obtained. Decl in ati on & HA used for the
sight . Azimuth, is worked out f rom ABC tables. PL is + 90°10 t he
Azimuth .
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Z
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TO GP

Fig. 34

DR. LONG (2)

Z"

AZ
TO GP
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Th e P.L. is drawn at r igh t angl es to th e A zimuth thr ou gh the
in tersec tion poi n t of the observed Lat . and 0 R. Lon git ude as
shown in f ig. 34 .

Note th at the observed La titude obta ined is cor rect on ly if th e
O.R Lon g. used for getting the HA is correct. Had we used DR
Lon g. (2). then we would have got observed lat . (2) and the PL
w ou Id be drawn th ro ug h Z' instead ofthrough Z. Notice ag ain, the
A zi m uth &PL have not changed .What has changed is the obs La!
and the position to draw the P.L. Notice also, the fact th at. the
A zim uth being nearl y N/S t h e P.L.is running more or less E (W so
th at even an appreciab le diff erence in DR Long. makes very l ittl e
d iffere nce in th e observed La t itude.

N

p

Z

Q

M

R

sc

x

H

Fig , 35

Principle of Ex- Merid ian Tables .

The exp lanat ion of the figure 35 is same as shown earlier and
h ence n ot repeated.

Construction : W ith Z as centre and ZX as radius cut off an arcon
th e mer idia n at 'R' .

.'. ZX = ZR
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'M' represents the point where the body would be when it
reaches t he merid ia n & ZM wil l be the Meridi nal Zenit h d istance .
A small triangle' MXR is obtained due to the aforesaid
construction . Because the triangle is very small, we take certain
libert ies ~ nd treat the triangle some what like a plane tr iangle and
calculate the value of "MR" by using Ex-meridian tables I, II & III.

ZR - MR =ZM (Meridinal Zenith Dist.) /
ZM '-Decl. = Latitude.

The ca lculated value of 'M R' is called t he " Red uct ion " and is
, '

always subtracted from the Zenith distance to obt ain M er idinal
Zenith Distance. (MZD).

( "
Ex-Meridia n Table I is the rate of change of alt itude per min ute

of time in the H.A.

Ex-Meridian Table II gives the computed cha nge in altitude for
the actual H.A. in use or in other words ,it is the computed value of
'MR'.

Ex-Meridian Table III is a small supplementary correct ion to
be applied to 'MR' for compensating for assumptions made in
solving 6 MXR.

In order that the calculated value of 'MR ' is sufficiently
accurate, it is necessary that the HA is small enough to
make L.\ MXR small. Such limitation of the HA uptowhich a sight
can be worked out as an Ex-Merid ian sight is given under

Ex-Meridian Table IV.

Having obtained latitude the procedure for Azimuth & PL etc.

are as explained earlier. .

Exception : The reason why a P L is at r ight angles to the
Azimuth was discussed at length earlier. However t here is an
exception to this general rule. When the body is on the meridia nit
is either bearing due North or South of the observer. The P L
being at right angles to t he Azimuth, coincides with the latitude.
Hence for all meridian altjtude situat ions, the latitude itself is the
P L except in one situat ion as ill ustrated in fig . 36.

Take the case of a body whose true altitude when on the
meridian is very close to 90°; say 89 056 ' and let the Azimuth of
the body be 1800 when on the meridian.This means that the G.P.
of the body is 4 ' of arc or 4 nautical miles due south of the

•
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obse rve r. Thi s is suc h a short distancethatthe GP . can be plo tted
on the chart, the observer' s merid ian coincidi ng w it h th e
longitude of the G.P. of the body .

With G.P. of body is as centre and radius = M.l.D . (4 ' in th is
ca se) a circle can be drawn on the chart . Reverse the bear ing of
th e body from th e G.P. to meet the circle at Z, w hich is now the
obse rve r 's pos ition . Notice that the PL is not a stra ight, li ne at
right angl es to Azimuth , but arc of circle, pass ing throug h Z (see
fi g . 3 6)

LONG OF GP & OBS

z

4'

GP DECL O F BODY

f ig . 36

We can therefore, say, t hat , if the Zen ith distance is small
enough to be drawn on a cha rt, then it is not correct to say that PL
is at right angles to the Az imuth in that specific case.

Time Am plitude
There is one Azimuth taken at rising & setting of a heavenly

body w hich is ca lled the Amplitude

Definition : Ampl itude is defined as the angle atthe Zenith orthe
arc of th e rat ional horizon contained between the observer's
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prime vert ical, and the vert ica l ci rcle passing th rough the body
w hen the body is on t he observer 's rational horizo n, ie . at ris ing or
setting . In short it is the comp lement of Azimuth at rising and

setting.

"

N

•

x

w

r

Q

o

E

• •

•

s

Fig. 37

Sin Amp = Sin Dec\. Sec lat.
* In the quadrantal L::.. PXZ
PX = (90tdec!.) = Polar distance.
PZ =(90 - Lat.) = Co-Lat.
ZX = 900

....
To find Z
Using the Napeir's Rules for circular parts......
Sin (90 - PX) = Cos Z Cos (90 - PZ).....
Cos Z = Sin (90 - PX) Sec (90 - PZ)

.....
Cos Z = Cos PX Cosec PZ
Taking complements.
Sin Amp. = Sin dec!. Sec Lat.

•

(Proved)

The only two heavenly bodies which can be used for
amplitude is Sun & Moon.

• Proof of this will be better understood after studying quadranta l tr iangles in
chapter'XIII . . .
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.Ihe_correct time to take the ampl itude of the ~11 [lois when its LL

". __ ;' " 4 _ • •. . _ _ _ _ • •

is ha Ifits di ameter above the hor izon. beca u-se on Iy at t ha t ti me its
tr ue ariYt~ucje is zero , Thisisbeca;;;;~ ~f- 'r~f~~ct-i~~ beinq as mu ch-- --- --- '- '---- - - . - - ---_..•- --.. . .,---- . .- _. .

as 32' of arc at zero degrees altitude wh ich is practically equal to
i ii-e dia~~t~e-r~-~(ihe'su-n-(tse !C-~ ~ ~ - ~- ~ --- -~~ ~ ~~ - -- - - - ---- --- - --- ~

- - --.,.- _.- --_ .- . _. . ...- --- - ,~- -_. ~- ..- _.-"

,,

.._-

Excercise VI ,

(1) Define the following terms:
Declination, Ecliptic, Obliquity of the Eclipt ic, Prime vertical ,

First point of Ar ies, SHA, LHA, Geographical posit ion,
Azimuth, Amplitude.

(2) Explain why it is necessary to use fixed points in space as
reference points for expressing celestial co-ordinates?

(3) Express three different ways in which , a terrestr ial posit ion
and a geographical position of a heavenly body can be

indicated,

(4) What is a position circle and how is it obtained?

(5 ) What is a position line and why is it at right angles to the
Azimuth?

,

(6) Under what circumstances will a position line not be at r ight
angle to the Azimuth and why?

(7) What is the most suitable time to observe a body for longitude
by chronometer and why?

(8) Prove the formula: Sin Amp, = Sin Decl, Sec Lat.

(9) What is the best time to obtain the amplitude of the sun

and why?

-,

• •
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CHAPTER VII

SOLAR TIME

For time immemorial people on the earth, have had some
meansio record events and phenomenon in their chronological
order. This is how a layman would define time as, For purposes
of astronomy and navigation we go much more into details.

For civil purposes, we use the true sun as the time keeper,
because of the advantage the sun bestow on us in dividing the
day onto day & ni~ht. '

The unit of measurment of time is. a Solar day which is
_ _ .._ I -l,.

defined as the interval between two successive transits- - -
(meridian passage) of the Sun over the same meridian. Since
this is too large a' unit for practical usage. it is further subdivided
into hours, minutes and seconds.

•

Apparent Solar day: is the interval between two successive
transits of the True Sun (ie the Sun we see) over the same
meridian. Its length is not constant for the following reasons .

T'i1 T

I I
I I

I '
I I
I I
I '

0'1 10

p

Fig. 38
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Fig . 38 is drawn on the pl ane of the equ inoctial.

P reps the N Pole of the earth
o & O' reps the pos itions of t he observer .
PO & PO' reps observer 's meridian
T & T reps positions of true su n .

•
Imagine th e True Sun (T) to be on the observer's meridian

PO on a certa in day. The earth rotates on the axis as indicated
by the arrows on the circumference of the circle . After one
complete rotation of 360°, w hen the observer is brought back
to 0 , the Sun is no lo nger at T, but has moved out to T . Thi s is
the apparent move ment of the Sun due to the disp lacement of
the earth on its own orb it, during that interval. So in order to
bring the Sun on the mer idian again, t he observer has to rotate
through a smal l arc 00 '. Now that the True Sun is on the
meridian again , one Apparent Solar day is complete .

The angular displacement T1' or 00' is not constant each
day, because of Kepler 's second Law of m otion descr ibed in
chapter III.

,

This law states, that radius vectors of planets in orbi tal
motion , sweep out equal areas in equal time .

Aphel ion

(1 day)

T

T'

Perihelion

(1 day)

-
Fig. 39'

For purposes of illustration, we can assume w ithout any
error that the Earth is at one of the focii of the elliptical orbit and
the sun moving round the orbit . It will be.seen from fig . 39 that
the move ment of the Sun T to T in one day at aphelion is a

,
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smaller arc than the movement TT' when in perihelion so as to
keep the areas swept out by the radius vectors same at all times.
Tl" will be smallest at aphelion and largest at perihelion. At
other times, it will be some where between these two values.
From this it IS evident that the length of an apparent Solar day
will not be constant. It wilt have a minimum value at aphelion
and maximum value at perihelion. Hence the true sun is not the
best time keeper , as the length of the apparent solar day varies
---day to day. .

To get overthis difficulty, we introduce anotherfictitious Sun
calledihe "Mean Sun" which moves at a constant rate equal to

• •

the average rate of motion ofthe true sun. Whereas the true sun
• •• • • •

moves at a varying rate along the ecliptic, the Mean Sun moves
. _ __ r, ,\ .

at a constant rate along the equinoctiab'

Mean Solar day : is defined as the interval between two
successive transits of the Mean'Siin over'the same-meridian.

. . .-.

This has a constant length of 24 hours.

Refering to Fig . 40

Imagine the Mean Sun (M) to be on the observer's meridian
PO, on a certain day. The earth rotates on the axis as indicated
by the arrows on the circle and after one complete rotation of
360 0 when the observer is brought back to 0, the Mean Sun
has moved out to M', thus necessitating, the observer to be
rotated further by the arc OO'to bring the Mean Sun (M ') on the
meridian again so as to complete a mean solar day. This. -
interval between two t ransits is divided into 24 hours of Mean
Solar time. This arc MM ' or 00' has a constant value as shown
below. -,

•-,

-. Total time taken for Sun to go round the earth once through
3600 on the orbit = 365% day.

In one day it will cover = 360 degrees
, 365%

Which is just under 1 0 or 3m 565 of Mean Solar. time,
Since the movement MM' is constant. day after day, the

length of a Mean Solar day will be a constant quantity of 24
hours. The clocks -'ii.i e use show Mean Solar time, which is
unive~~~lly used for all civil purposes.

•
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For purp oses of dist inction, however, the tim e reckon ed by
t he Tru e sun, w e call A pparen t tim e, and t im e reckoned by
M ean Sun, w e call M ean t im e.

In naut ical parl ance the t ime is express ed in 24 hours
nota t ion, 00 hours being mi dn ight and 1200 hours be ing noon
and 2400 hours being next midnight . For civil purposes it is
convenient to change date at midnight and commence a new
date at 00 hours .

Ti me measurment es senti all y, is an
posit ion of the Sun re lat ive to the obse rver.

expr ess.on oL .the

M' M

I II I
I I
I I p

I I
0' \ 10

p

Fig, 40 Fig , 41
•

Referrin g to f ig 41, when th e true sun (T) is on the observer' s
merid ian PO, t he H.A. of the su n is zero, but the ti m e is noon or
1200 hours.

A s th e earth ro tat es on its axis and carries the observer away
as shown by the arrows in f ig . 41, the sun appears to moVe
westwards. Say four hou rs later the situation w ill be as in figure
4 2 . .

7 1



--

T

,

_ .' .

p

o

Fig. 42

•

•

A

,

A

OPT reps local Hour Angle of the True Sun (LHATS) which
th is case is 4 hrs.

The local apparent time (LAT) now is 1600 hours. This is
A

represented by the arc O'IA or larger angle a P A.
~ -- - -

-- --_.._.- .

, Thus LAT= LHATS + 12 hours. '. . .. - .-J
.' - '-

Loca l A pparent Time (LAT) : is defined as the local hour angle.'.. . , _.. - _. __. - - - .

of the point opposite to the True Sun. The differeIJce.gL12 hrs.... . . ._- --- . .
occurs between LHATS & LAT (arc O'IA in fig. 42& 43) only
b'eca'use~ 'we ' start the day off when the sun is on -the
.,. --_. -. --

antimeridian ie at midnight.
. - . .. ,.-. --.

If we.substitute Mean Sun (M) instead of the true sun, we
can show.exacttv the same way as aforesaid that,

! LMT = LHAMS ± 12 hours. '.
\ J- -------

Local Mean Time": (Lf\liT) is defined as the local hour angleoL ,
the point opposite to theM'~"an s'un. (Arc OMSin fig. 43).
.- " '-, . ' --- - . ' .". - .

The connecting quantity between the True sun & the Mean
. -

sun is the Equetion of time' (see fig. 43).
_..-. -- . .
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Equation of time: is defined as the sm all an gle at the po le or the
arc of the eq u inoc ital conta ined between the mer idi an s of the
true sun and the mean sun and expressed in time. It is a quantity
to be applied to the position of the True Sun or it opposite point to
arrive at the position of the Mean Sun or its opposite point
respectively. The Equation of time can be positive or negative.
The sig n of Equ ation of time is given in t he sen se stated above .
ie. if the mean sun is ahead (w est) of the tru e sun eq. of t ime
is positive; & if the m ean sun is behind (east) of the true sun the
eq . of time is negative.

In short thi s means
LM T - LAT =:!:Equation of time .
On th e da ily page of the nautical almanac the quantity of

equation of t ime is tabulated for 00 hours & 12.00 hours GMT
on each day along with the L.M.T. of meridian passage of the
Sun. It will be noticed therein, that it does not carry a sign with
it but the sign is implied.

Since LMT meridian passage is given for each day & LAT
meridian passage is always 1200 hours :-

LMT Mer Pass - 1200 = Eq of time.
if LMT > LAT Eq . of time is + ve '
if LMT < LAT Eq . of time is - ve

G

+ve Equat ion

.-\-;--:J~ -of time

LMT

p
-

'.-AT

,

•

+ve Equation

of time~\----:

T

o
Fig . 43
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Referring to fig. 43, if we measure all these ang les, from the
Greenwich meridian (PG) instead of the Local meridian (PO) we
see that .,

. GAT =GHATS + 12 Hours
. -

GMT- GHAMS ±. 12 Hours
." _.-

. Th'e difference between GAT & LAT or GMT & LMT is always
the arc (GO) which is the Longitude of the observer.

GHA > LHA Long West.
•

. GHA < LHA Long East.
There is a little rhyme which helps to remember this

(;HA Best Long West
GHA LEast Long East

local time: is the time corresponding to the lonqitudeof the. - .-. _ . ' - .

observer. As he changes longitude, his local time will change.
This necessitates adjustiri'g ' the clocks each day at sea,
advancing the clocks as he proceeds eastwardsand retarding
tfie"C1ocks as he changes-the - 'fongit ude westwards. it"is
customary at sea on merchant ships to set the clocks to show
correct L.M.T. at noon of each day. This time we call the ship's
time.

Standard time : is a time which is kept throughout a
- - -" ..

specified country, based on the LMT of a specified standard
meridian suitable to that country. This becomes necessary in
order to have a uniform time throughout that country or in
certain areas of the country. Countries which have a large east
west stretch such as, U.S.S.R., U.S.A., Canada, Australia etc.
have different such standard time for different areas. The time
difference between their standard time & GMT are tabulated in
the nautical almanac for all countries.

Zone time : since the length of a mean Solar day is 24 hours
during which time all the 360° of longitude on the earth 'are
rotated on the axis once, the hour angle of the sun increases at
the rate of 360/24~15° per hour. Hence every 15° of longitude,
the time will differ by one hOUL For uniformity of time keeping,

< .

particularly in the Navy the system of keeping zone time is
followed. For this purpose the earth is divided into 24 zones of
15° longitude apart. Zero zone being lV20 of longitude on each
side of the Greenwich meridian and each 15° of long thereafter
on either side will be:one hour zone etc. as shown in fig 44
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Fi g . 44

All sh ips w ith in a specific zone keep th e sam e tim e as ind icated
by th e tim e zon e. Sh ips in zero zon e kee p G.M .T.

It w ill be observed tha t al l Easter ly zones are negative &
W ester ly zones are pos itive. Th e sign is ind ivat ive of the number
of hours to be added or subt ract ed f rom the zone ti me to arrive at

GM T.

If we keep div id ing the earth likewise when w e reach 180 0

long itude agai n there w ill be a Zone of 7V20 longitude on each
side of 180 e as shown in f ig . 45 . This is t he 24th zone, consisting
of 7 V20 of - 12 zone & 7V2o of + 12 zone.

Change of Date wh en crossing the 180 0 meridian
Assum e the ti me at Gree nwich is 0300 hours on 5th of a

month. Ships in - 12 zone w i ll be showing a ti me 1500 hours on
•

t he 5t h wherea s ships in + 12 zone wi l l show a time of 1500
hours on 4th (see f ig. 45). Hence we see that if a ship crosses the
180th mer idian on an Easterl y co urse sh e has to re t ard one day
and if she crosses 1800 merid ian on a w esterly cou rse she has
to advan ce one day in orde r to match w ith the ca lender date.

If a sh ip starts from Greenwich meridian and circumnavi­
ga tes t he ea rt h on an easterly course advancing time each day,
w hen sh e reache s Greenwich meridian again, she w ou ld have
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WESTERLYEASTERLY
------:> LONGITUDES <-------

1800

-12 Zone +12 Zone

1500 HOURS
ON 5th

1500 HOURS
ON 4th

EASTERLY COURSE
-----il >

RETARD ONE DAY
,

\

WESTERLY COURSE
< 1----

ADVANCE ONE DAY

I
Fig. 45

advanced 24 hours of time and her calendar date would have
been one day ahead of Greenwich date. Conversely if she
circumnavigated on a westerly course she would have retarded
'her clocks by 24 hours. When she reaches Greenwich meridian
again, her calendar would be one day behind Greenwich date. It
is to avoid such an anomoly that we have to change the date as

•

the ship crosses the 1800 meridian.

, Internat ional date line' :
•

The 1800 meridian passes through a few islands i.!1 the- " . . _.
ocean and, it is inconvenient for civil purposes to have two dates
on the same island, Hence the 1800 meridian in suitably
modified so as to allow the islands to fall wholly, either East or
West ofthe modified Iine. This modified 1800 meridia n is ca lied
the"Jiiifirnational date line~-For'major ' part 'ofIts len'gtn 'the

I ~ .. ' ' _

'l nternat lonaldefe line coincides with the 1800 meridian. The
actual change of date takes place in fact when crossing the
International date line. This .line is marked on the chart of th

. .
area, and the positions through which it passes are also
indicated in the nautical almanac after the standard time tables.

•
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Equation o f time bec o m es zero four time a year .

We saw ear li er in th e chapter that the Equation of time is
so m et im es posit ive an d sometimes negative, depen ding on
wh et her th e mea n sun is west of the true sun or east of the true
sun In this process of ch anging from positi ve to nega tive or vice
versa , it becom es zero . Th is occurs four times a year . Th e
reasons why Eq. of t ime becomes zero four times a year is
explain ed below.

We know th at th e true sun moves at a varying rat e along the
orbit wh ich is in t he same plan e as the eclipt ic whereas the
m ean sun mo ves at a constan t rate a long the equ inotial. By
def ination Eq of time is the angle at t he pole between the
m eridia ns of the mean & true Sun . W hen Eq. of tim e becomes
zero, both' these suns are on the same merid ian and hence does
not produce any angle at the po le . Since the track and the rate of
mot ion of bo th th e Suns are different, it is not d irect ly possible to
co m pare the movement of Mea n & True su ns. It is therefore
n ecessa ry to in troduce another f ict itious su n called th e
" D y na m ica l M ean Sun" . This im aginary sun is assum ed to
m ov e at a co nstan t rate (ie at the average rat e of the true su n)
al ong th e ecli pt ic. Thus the rate of motion of the Mea n su n &
Dyn ami ca l mea n sun are t he same, but moving on different
great c irc le s. A l l the three suns tak e excat ly one yea r to go ro und
t he earth .

N

I
I

Fig . 46I
I
I L
I 0

TI

Q '
'If I

Q
M
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I
I
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I
I
I
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NS - M eridian of 'J'

Q 'Q - Equinocit ial
EL - Ecliptic,
0 - Dvnarnical Mean sun,
M - Mean Sun,
T - True sun,
L~Q = Q'~ E -(obliquity of the ecliptic)

,
Let us say for conven ience we start all of them toget her at

first point of Aries , Since all su ns are on the same meridian Eq .
of time is zero to start of with , (refer to fig, 46 )

After a certain number of days, Mean Sun would have,
reached point 'M' and the Dynamical Mean Sun would have

. ,

reached point '0', Since their rate of motion..is the sa me arc
1l'M =<rD but their meridians are not same, beca{J~e the meridians
are drawn from the pole of the earth, The small angle that is

produced at t he poles, between the two meridians, is one
component of Eq , of time marked E2 in figure , The quantity E?is
called the component due to the "Obliquity of the ecliptic."
W hen Mean Sun reaches point 'Q ' the Dynam ical mean sun will

, ' -
reach point 'L' since 75 Q = ~ L, Point 'L' is the Summer Solst ic
position of the sun , Here again the mer idians of 0 & M are same,..
and the component E2 is zero, Similarly 90° further away ie,
when 0 & M reaches first point of Libra (~) their meridians will
again coincide, Same thing will repeat when '0' reaches point \
'E', & 'M' reaches Q ' . Thus we see the component due to the
obliquity of the ecliptic vanishes four times le . at Equinoxes &
Solstices,

Let us now compare the movements of the True Sun and the
Dynamical mean sun , We know that the True Sun (T) moves at a
varying rate along the elliptical orbit; fastest at perihelion and
slowest at aphelion . We also know that the Dynamical mean
sun moves at a constant rate along the ecliptic. which is a great
circle in the same plane as the orbit., .
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Fig. 47

Dyn am ica l Mea n Su n at aph eli on a

In fi g . 47

D & D'r eps Posit ions of

perihe lion respec tive ly .

T & T reps POS iti o ns of Tr ue sun at aphe lion & per ihelion
resp ecti vel y.

The directi on of movem ent of the Suns is ind icat ed by
arrows .

At aph el ion , the true sun is moving at its least speed . The
Dynamical m ean sun moving at consta nt speed, overtakes the
True S un at t h is poin t. Both the su ns will t he n be o n the same

mer id ian . (Points 0 & T). Sim ilar ly at Per ihelion, the True su n
movi ng at its fastest ra te overta kes t he Dynamical m ean sun at
th at poi nt (Points D' & T'). Ag ain both are on the same merid ian .
From per iheli on to aphe li on , though the tru e sun in iti ally gains
on the Dynamic m ean su n, but loses speed as it approaches
ap hel ion , letting th e Dynam ical m ean sun overta ke it at
apheli on . Fro m aph elion to per ihelion, though the Dyna mi cal
m ean sun initial ly gains on the true sun , but loses as it

approach es t he peri he l ion th us le tt ing the true sun overt ake ,
th e Dyn am ica l mean sun at per ihel ion. Th us except at
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aphelion and per ihel ion both the suns are on d ifferent
meridians, causing a small angle at the pole between the ir
meridians. This quantity is the other component of equation of
time called the--component due to Eccentricity of the orbit,. -_.. - -- ..'-

rnarkedE i figure 47. This component becomes zero at Aphelion
ii n"d Perihelion.

The equation of the time (E) tabulated in the nautical
almanac is the algebrical sum of El & E2

E =E, + E2
If the values of E, & Ezf or t he whole year are calculated and

plotted on a graph it can be shown that their combined value, the
equation of time (E) becomes zero four times a year, not at
equ inoxes and solstices, nor at aphelion and perihe lion but at
four other times vii. mid-April, mid-June, first of September
and 25th December. This is illustrated in the following graph
(fig . 48). It w ill also be evident f rom the graph, t'h'at equation of
t ime has two positive maximums during mid-Fibruary &
mid-July and two negative maximum during mid-May & early
November each year. The exact date & t ime at which it become ·
zero for a specific yea r has to be taken from the nautical almanac
for t hat yea r.

(See graph on page 8 1)

•

•

. ,-
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Excercise VII

(1) Define the following :-
ApparentSolar day, Mean Solar day. LAT., LMT. Equation of

,

time Dynamical Mean Sun, zone time .
•

(2) Why is it that, the true sun cannot be used as an accurate and
constant time keeper? Explain.

(3) Show with aid of suitable diagrams the truth ofthe following
statements.
GMT - W. Long = LMT

. LHATS ± Eq. of time = LHAMS
LMT - LAT =± Eq. of time.
GHATS ± 12 hours = GAT

(4) No sign is indicated for the tabulated value ~f equation of
time in the nautical almanac. Why? How is the sign deter­

. mined?

(5) Why is it necessary to change the date when crossing 1800

meridian and how is the change effected? .

(6) What is the "International date line" ? Where & how would
you find this?

(7) Explain why equation of time becomes zero four times a year.

(8) What is the relationship between GHA of the Sun and cor­
responding GMT - Discuss.

•

•.... ' .
•

•
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CHAPTER VII

SIDEREAL TIM E

Sider eal t im e is th e t ime reckon ed by stars . Unit used for
m easurem ent of Sidereal ' t ime is a Siderea l day

Sidereal Day is defined as the interval be twee n two
". .-- . . . . . ,

su ccessive trans its of a sta r ov er t he same mer id ian . Thi s has a
constant -value:-'S inc-e, -tllis' is t oo · l a ;- g e_ .-~_ :'y.~ i t Jor practica l

. - . . . ' .-
purposes, it is sub-d ivided into 24 Siderea l hours, minutes and

'0 • - • • •• ----- # - ••• • • • _ . ..

seconds , wh ich is equ ival ent to 23h 56m 4 .1 s of mean solar
tim e.

Even t hough an y star cou ld be used fo r recko ning Sider eal
time. conventionall y, the " Fir st point of A ries " is used for this
purpose. Though th is po in t cannot be visually observed. being a
fi xed point, it not only behaves exactly as any star but also has
th e advantag e of being above the horizon, for exact ly half a
S ide rea l day, for all observe rs o n t he ea rt h, because of the fact it
is on the equinoctia l and hence, ha s no decl iriation.

For c ivil purposes, all clocks show mean solar time . Because
of this , it would appear that all sta r rise culm inate and set fou r
mi nutes ear lier each day ; since we are in fact comparing its
d iurnal mot ion in re la tion to t he sun .

:l< 23 h

24 hrs . .

M'S ' O O M S
• •

S6m 4 .1s

0 ' 0

p

•

MS -Mean Sun
X - A Sta r
PO & PO ' - Observer 's meridian
P - N. Pole of the eart h
o - Observer.
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v On a certain day: Let the Mean Sun (MS) and a Star (X).-
in fig. 49 be on the observer's meridian, PO.at the samet ime. The
observer is rotated on the earth's axis as shown by the arrows.
After an interval of 23 h 56 m 4s of Mean solar time, the observer
is brouqht back to 0 ' i.e. with the star again on t he meridian, thus
corrip letinq a Sidereal day. In that interval of time, the mean
sun MS has moved to M 'S' in keeping with its daily orbital
motion, which necessitates the observer (0) to rotate through a
further arc of roughly one degree to bring t.ie sun on the
meridian to complete the mean solar day of 24 hours . Thus a
Mean solar day is longer than a Sidereal day by 3m 56 seconds
of mean solar time . Hence a star crosses the meridian nearly 4
minutes earlier each day. Consequently, it rise and sets also four
minutes earlier each day. If a star behaves this way, so w ill the-First point of Aries behave. However the times of rising & setting
of stars are further governed by the latitude of the observer and
the Declination of the star.

-_ .----- ~ ._ - --_.. _- - --- - - - -0 -- - .. ..

•

Hence, 24 hours of Sidereal time = 23 h 56 m 4.ls of mean
. -0 _ ~

solar time.
ie. 86400 seconds of Sidereal time =86264.1 seconds of Mean
solar time.

This relationship gives us a yardstick to convert Mean solar
time into corresponding Sidereal time or vic -versa .

•

To convert Mean Sola r time
time we multiply M.S.T. by

into corresponding Sidereal

•

•

Sidereal time '
Solar time

84

86400

86264.1

-
--

= 1.00274

Solar t im e x 1.00274
Sidereal time x 0,99727

'.
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Example :
1 Con vert 14 h 32m 18s of Side re al t ime into Mean solar t ime.

14h 3 2 m 18s of Si dereal t im e = 52338 sidereal sees
Solar tim e =5 2338s x 0.99727 =52195.1 Mean Solar sees .

= 14h 29m 55.1 s M . S. T.

2 . Convert 8h 52m 36s of Mean Solar time into corresponding
Si dereal tim e.
8 h 52 m 36s of MSTime =31956 sec of Mean Solar Time

Sid. t im e = 31956 x 1.00274 = 32043.6 seconds of Sid.t ime

= 8h 54m 3.6s of Sid. time .

It is evident from the above thatthe length of a Sidereal hour,

m inu te or second is slightly shorter than the- corresponding

Mean sol ar hour, minute or second.

•

lJp!ike a Sola r da y, which starts off when theSun is on the
"--- ~ . - - - --_.--- --- .

m idn ight or an t ime rid ian of the obs erve r, a sidereal day starts
when t h e Firs t point of Aries (0) is on th e observers meridi an.

p

0'

Fig . 50
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On a certain day let '0' be on the observer's meridian (PO).

The Sidereal day commences then .The ea rth rotates on its axis as
shown by the arrows in fig . 50. After a certain interval of time,
say the observe is brought to a position (0') in fig. PO' being his
meridian. Aries, being a fixed point, appears to the observer that
it has increased its H.A. by arc 0 '0. .

The arc 0'0 is the L H A 'If' at that time. This arc is also
equal to the local Sidereal time. The only difference is LHA ',,' is
expressed in arc whereas Sidereal time is expressed in time.

- -- - -- --.-- '.. - - - , j
~ LHA'l"' (in arc) = LocatSidereal time JintimeA

This Si ereal time when convertedto the corresponding mean
solar time, will indicate, the number of hours, minutes and
seconds which has elapsed after t x ' was on the meridian of the
observer. •

Since our clocks do not keep Sidereal time, for civil purposes,
-.-.~

the conversion of Sidereal time to Solar time' or vice versa ,
remains purely an academical and arithmetical exercise and has
little practical value. Though we do use Sidereal time constantly
for all stellar observations, we use it as L H A '.' and not as
Sidereal time in the conventional sense .

The following discussion illustrat es its practical use.

*

•

P

•

o
Fig.5 1
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in fig . * reps a star

PO
PX
P-t
PG
Arc 0 ¥

A rc 0 ".

Arc 0 *
Arc GOl(
Arc GO*
Arc GO

-

-

-

Observer's merid ian
Merid ian of star
Merid ian of '6
Merid ian of Greenwich
LHA ll"

S HA ".

LHA *
G HA ll"

GHA ".
Long of observer (W)

Arc 0 l( + arc b' . = arc 0 15' . '

i e. LHA?{ + SHA • = LHA If.

A rc GO "If + arc "If". = arc G -,{ •
ie. GHA (f + SHA .. =GHA.,

• •

It is evident fr om this that GHA 15' rJ LHA"6o r GHA .------ LHA.

gives arc GO which is th e longitudeof the observer .

GHA .> LHA Long . is W est .
GHA < LHA Long is East.
GHA 'If is tabul ated in the nautical almanac for each hour of
GMT for each day. By apply ing the increment to GHA 15' we can
fin d t he GHA 15' for any GMT of observation. Knowing the
longit ude w e can compute the LHA (s' for that time viz:
GHA ..... ± Long = LHA ¥ (- for West Long) (+ for East Long )
LH A "If + SHA .. = LHA •
The LHA ". is wh at is required for all ste llar observat ions.

The naut ical almanac also gives at th e bottom of the column
fo r GHA'IS a para meter called "Meridian passage time of 'll""

Th is is the LM T meridian passage of '?f on the Greenwich
meridian for the midd le date on that page. Since we know that
sta rs.a lso (l' ''come on the meridian 4 m inutes ear lier each day
LMT mer. pass . for the previous day would be 4 minutes later
and for the following day will be 4 minutes earli er than the
tabulated value. Thi s t ime defines precisely t he posit ion of the
mean sun, when ¥ is on the Greenwich meridia n . Since, w e
have already seen how mean tim e is defined, w e can say, that
mer . pass. of ¥ is noth ing but the hou r Angle of the po int
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opposite to the mean sun, when -0 is on the Greenwich meridian.

This is illustrated in fig . 52.

-
."

)
f .

p

--
...... M

•

•

GI
I
I

a

(1700 Hrs.)
•

" '.•

Fig . 52

Say on a certain day that LMT mer. pass. of "lS'" 'at Gr.
was 1700 Hours

•

Figure shows If on Gr. meridia n
PM is th e m eridian of the mean Sun
Arc "lS'" M ,= GHA M S
Arc " MS = GM T

If the ship's longitude is substituted for the Greenwich
meridian the same truth will sti ll hold good viz:

•

LMT mer, pass. of ~. at Ship is the LHA of the point opposite to
the mean Sun, when -( is on the observer's meridian. But LMT
meridian passage of ~ for a given longitude is obtained from t he
LMT mer. pass. of 7f at G after applying a small correction ca lled
t he Longitude Correct ion . The principal of applying this
correction is shown below:
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p

w E

G
1

Mer. pass r
Mer. pass

I
r

Mer. pass
I

r

0

1704 3rd
1700 4th
1656 5th

Fig . 53

In f ig. 5 3

PW - meridian of an observer in W Long
PG - merid ian of an observer in Gr . M eridian
PE - mer idian of an observer in E. Long .

min ute
360

2
-----

3

Sa y on a cert a in day, mer . pass . of <1 at G was 1700 hours .
The n ext day it will be 4 m inutes earlier ie . at 16.56 hours. In this
in terval of one day, the earth has rotated on it s axis once and has
brought al l 360° of Lon g itudes under "ll' . The ea rth rotates in the
di rection of ar row shown in Fig . 53 .

A n observer on Long . PE w i l l com e under 0 before PG comes
u nder ;< . Lik ew ise, an obse rve r on PW will come under () after
PG has gon e past in rot ati on . In a complete rotation rs gains four
minutes in t im e ie. in rotatin g t h ro ugh 360 ° 'b' gains 4 minutes.
Thus depen ding on which lo ng it ude the observer is,the (l' would
ga in proportio nate ly.
Assu me Long . PW represents 60 ° W. Long
and PE represe nts 60° E. Long

4 x 60
Proportionate gain
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•

This proportionate gain is call ed the Longitude Correction. For
Easterly longitudes, this correction is + ve, and Westerly
longitudes it is - ve because ?f is ga ining on time

LMT Mer. Pass. 'it at G
Long 'Corr. for W. Long

LMT mer. pass. ?f at 600 ·W
•

•=1700 Hrs 4th
= - 2 min

3

= 16592.. 4th
3

G.M.T. mer. pass.?5 at G
Long Carr. for E. Long.

\
LMT mer. pass. (5 at 60° E.

•

= 1700 4th
=+2 min.-
. 3 2
= 17003' on 4th

•

It is evident from this t hat for observers on Easterly L9JJgi­
t t,J des -fhe-mendian pa~s~s.a~.9;..;e...:t;i=Q1~e==.__~L~ie~s-:-:Ji~fw~e.!UfS'~p reYiQ!J s
passage and the currentdate's Qilssag~_at Greenwich andjor
W ester ly LongJtudes,jtJi~~J:>~..!""_el!nJh_e current date's passage

•
and the followinq date's passage at Greenwich.----- -- ..- -

•
•

s

"'-J 0'
"-

<,
<,

' .

Mer. pass 1600

. p

M

f ig . 5 4
•
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In fig , 54

~-~ -- -~' .
,

_. - --- - --- ., - ---

•,,
•,
i,
I

PO Observer's m eridi an at t rans it of 'll"

PO ' Observer's m er id ian at trans it of st ar
PM meridi an of M ean Sun
PS M eridian of po int opp . to Mean Sun

.,- "

I
Arc 00' '" OPO' - R.A. St ar . . .

. To s how lMT mer. pass. (1" + RA s ta r = l MT m e r. pass. of s ta r.

I Let LMT merid ian passage of -r; be at 1600 Hours.Since I:l is'
) on observer's m er idian at 1600 Hou rs arc OMS measures the

) LMT at th at instan t. "-

A ft er earth rota tes thro ug h th e angle OPO'which is eq ual to
RA. the observer is brought to 0' with th e star on his meridian.

Arc 0 '0 MS is th e LMT at t hat instant

:. LMT Mer. pass. If + RA star = LMT mer. pass . of sta r .

'- Even though the above formul a is bas ically t r ue an additional
correction call ed 'RA' Correct ion has to be applied in order to
obta in th e correct LMT meridian passage of the Star. As can be
seen from fig. 55, when the star is on observer's meridian PO'
the first point of (f is on a m erid ian PL w hich is furthe r to the
W est of the observer by an amount equ al to the RA of the Star.
Dur ing the per iod of rotation of ea rth , throug h the Arc RA, ?I,

w h ic h was on th e observer 's m er id ian earli er has been ga ining
in time. .

.,, .
. I

I

/
•

I,,,
i
,

,

Fig. 55

p

LI
I
I
I
r

0 ',.....
<,

\

•
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•

Intially only LMT meridian passage of 0 for the observer's
meridian could have been worked out by applying the Longitude
Correction for his longitude. In fact when the star is on
observer's meridian. t he longitude correction applied earlier
should have been for the long of PL. This om mission
is now being made up by applying the RA Correction. This cor­
rection is identically same as a Westerly Longitude Correction

"w hich is always - v~. Hence RA correction is also - ve . It is
/" '~cCl1corateO P.Lo-portionately for the RA as follows:

! Let the RA be 6 Hours
For 24 Hours of RA - "6' Gains 4 minutes

\

1 For 6 H/urs of RA - 6 Gains 4x6 = 1 min.

- - - .~--r\ii'=r;:;2;=;:;4s-r""",,.--;;-r:::
~ ~ubtracftb1S1 min. from LMT mer. pass. of star obta ined earlier

to give the correct LMT mer. pass. of Star.
Worked Example:

Find the LMT mer. pass. of Star "Antares" in DR lat1 5" aO'N
120000 E on 5th March 1976, given the following data from the
Nautical Almanac. SHA .. 1130 00.6°mer. pass. of lr on the 5th
March 1976 (middle day of the page) 13h 6.4.m.

SHA " 113000 .6' = 7 h 32 m 02s.
Therefore RA .. = 24th - 7 h 32m 02s = 16h 27m 58s.

I,

53s

40s
58s
38s
45s

24s
56s

20s
20s

,

10m
1m

36m

06m
+ 3m

+

11 m
27m
39m

- 2m--

=13h
= 16
= 05h

Apporoximate calcula tions:
Approx. LMT. Tr. of l' on 5th = 13h 6.4.m
RA.. . + = 16h 28m

I Appr~x LMT r -. of .. 6th : = 05h 35m
•

Since the final LM T Transit falls on 6th at ship, we will have to
start off with LMT Tr. of ¥ on 4th so that the ultimate transit will
fall on 5th March as required in question.

LMT mer. pass. 7f at G: March 5th = 13 h
V Date' Correction for one day -

LMT Mer. Pass ?I at G: March 4th = 13h
" V Long. Corr. for 1200 E Long . =( 4x8) -

'I 24
I LMT mer. pass 7f at ship Mar. 4;A~

r . /3~/
I LMT mer. pass"at Ship March 5th

\ ; RA correction 4x16.5~ .
\ 24 .

LMT mer. pass. .. at Ship March 5th = 05h

-J •
•. r ,, "-

.-. ,
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Precession of Equinoxes:

So far we had considered the first point of Aries to be a fixed
point in space. For all practical day to day operations, this
assu mption is perfect ly correct. But over a period of time the first
point of Aries has a slow westward motion along the ecliptic by
an average amount of 50" of arc or 3 seconds of time . This slow
westward motion of the first point of Aries is called the
Precession of Equinoxes.

The earth is shaped like a spheroid, the equitorial diameter
being larger than the polar diameter. The earth also keeps spin­
ning on its axis pointing in a N/S direction. The axis is til ted at an
angle of about 23Vz ° to a plane at right angles to its orbit . ie. t he
N. pole of the earth is about 23 V20 away from the pole of the
ecliptic.

The earth behaves exactly like a free gyroscope, and exhibits the
/i~o fundamental propert ies of a free gyroscope viz :

(1) Gyroscopic Inertia (ie. Rigidity in space) .
. (2) Gyroscopic Precession .

Th e Sun and the M oon, attract t he bulging Zone at the Equa­
tor more than they do at the Poles. This difference in attraction
tends to pull t he equa tor in alignment wi th the ecl iptic or in othe r
words, tends to make the axis of the earth coincide wi t h a plane

•

at right angles to its orbit. But the earth, due to its gyroscopic
inertia , resists this tendency, but instead the pole of th e earth
makes small circles of radius about 23V20 around the pole of the
eclipt ic.

This be haviour of the earth can be compared with the action of a
. spin n ing top, if an external force is app lied to the axis of spin

when rotat ing. The point of the top makes small circles around
th e orig ina l point about which it was spi nning.-

Th e effect of the change of position of earth's poles is to
ch ange th e equ inoctial correspondi ng ly thereby ca using the first
poi nt of Ar ies to shift westwa rd along the eclipt ic. Th is effect is
illustrated in the fo llowing diagram.

Outer circle represents the Ecliptic.lnner circle represents
th e path of the earth's poles . P, & Pzare positions of earth's po les
at an interval of a few th ousand years.
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ECLIPTIC

Fig. 56
• •

•

j

~I ===1 reps Equinoctial corresponding to P, (900 away from PI)
T;l. ===;l. reps Equinoctial corresponding to P2 (900 away from P2)
EP reps Ecliptic pole ,900 from Ecliptic.

Wavy line is the modified path of the earth's pole due to
nutation. The time taken by the pole of the earth to complete one
revolution through 3600 round the pole of the ecliptic is about
25800 years. Due to this, after about 16000 years, star Vege will
become the Pole star. .

The direct effects of Precession are:
(1) It changes the Declination of all fixed stars.
(2) R.A. of all fixed bodies increases or SHA decreases.

Left to Luni-Solar precession alone, these changes may be
uniform. But in fact. the changes are not uniform each year due •
to nutation. .
Nutation:

Though the attraction of Sun and Moon is the primary cause
of precession, the planets and to a lesser extent the stars that
suround the earth also attract the bulging zone at the equator
more than they do at the Poles. But this attraction, however
small it may be, is uneven. This uneven attraction makes the
earth's axis wobble a little as it goes round the pole of the
ecliptic, thus producing a wavy path for the poles as shown in fig.
56. This effect is called Nutation. .
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Th e di rect effects o f Nutat ion are that it causes m inu te
chang es in th e obli q u ity o f th e ec l ipt ic & it makes th e precession

its elf uneven .

The combi ned effects of Precession and Nut at io n a re :

(1) The change in RA or SHA of f ixed stars are un even each vear
(2) The cha nges in Decl i nat ion of fixed bodies are also u neven.
Th e indirect effect of Pr ecession is that it causes a diff erence
between a Siderea l year and the Tropi cal year.

Sidereal Year: is the t ime taken by the sun to go 360 0 round the
ea rth once,start ing in lin e wi t h a sta r, back, in line with the same
star . This pet iod is 3 65.25 6 days (356 days 6 h 9m 9s)

Tropical Year: is the time taken by the su n to go rou nd the earth
once, start ing from first point of Aries back again to first point of
A ries . Due to precession, s ince Aries itself has moved nearly 50"
of arc to the westward in the interval, the length of a t ropical year
is sl ightly shor ter than a s idereal year . The Tropical year is
365 .2422 days (365 days 5 h 48m 46s) TQe .Civil _yea r_js
based on t he Tropical year. If not, the season s w ill not recur at
tile 'same-tTm-e'eachyea~.- ·

T he anomalistic yea r is the time taken by the earth to go from
periheli on to t he next perihelion and is equal to 365 days 6h 13m
53s.

Civi l Calender: It is in t eres ti ng to note how a Civ il year is
adjus ted to equa l the Tropica l year . Of necess ity, the year can
only have whole number of days. Hence a Civil year has 365
days.The short fall ofo.240f a day each year adds up to nearly one
day, which is added as one extra day in February, every fourth
year, which is a leap year, But this would be adding too much by

001 of a day each year . So th is one day is removed every 100
years , Hence completion of most centuries are not leap years . To
know whether completion of a centuary is a leap year or not the
number ommitt ing last two zeros, should be exactly divisible by
four, eq . 1700, 18QO. 1900; 2100 are not leap years. 1600,
2000, 2400 are leap years . Every 4th centuary becomes a leap
year because, by taking a year as 365 .24 daysO.0022 days are
missed out each year . To make up for this, one day is added on
every 400 years. The resid ual even after all t hese adju stments
amounts to a day in nearly every 4000 years .
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Exercise VIII

(1) W hy does a st ar co me on the meri dian four m inutes earlier
each day? Explain and illustrate.

(2) Convert 10h 18m 50s of Mean Solar time into its corres--
ponding Sidereal time.

(3) Convert 6h 26m 22s of Sidereal time into its corresponding
•

Mean Solar time.

(4) Prove with the aid of an appropriate diagram that :­
(a) GHA ~ + SHA * - W . Long = LHA *
(b) LMT mer. pass. T + RA * = LMT mer. pass. *

(5) Find LMT r er. pass. of * Sirius at Ship in lat. 10000' N 60 0 W
on 10th Oct6ber 1976 and find also the corresponding GMT
given that LMT mer. pass. "'" at Greenwich for the middle day of
the page in the Almanac 'l Oth Oct. was 22h 41.4m and the SHA *

•
Sirius was 2580 58'.

(6) Explain -what is Precession of Equinoxes and whirt' are its
direct effects.

(7) What is Nutation? What effect has this on Precession of
Equiroxes

(8) Define the following terms: Sidereal day, sidereal year,
-

Tropical year, Anomalistic year.

(9) Why is it necessary to have the basis for a Civil yea r as the
Tropical year? Why not base it on Sidereal Year?

A nswers :

Q. 2.

Q. 3.

Q. 6.
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10h 20m 31.7s.

6h 25m 18.7s.
•

LMT Oct 10d 05h 27m 47s.

GMT Oct 10d 09h 27m 47s.
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CHAPTER IX -

, ,

'/ T HE EARTH - M OO N S YSTEM

Th e M oon is th e on ly nat ural satelli te ea rt-h has. Th e moon
moves ro und the earth in an ellip t ical or bit and follow s the
keple r 's Laws of Planetary motion like any other planet. The
eccentr icity of the moon's orbit is slightly greater tha n tha t of the
earth . In its orbit, when the moon is closest to the earth it is said
to be in perigee and when it is farthest away, it is said to be in
apogee. The line joining apogee to pergee is called the Line of
A psid es. The mean distance be tween Moon and earth is
239,000 mi les . The variation in distance changes the sem i-d ia ­
m ete r of the moon from 14.7' of arc at apogee to 16.4' of arc at
pertgee.

Sidereal period of the moon, is the time taken by th e m oon to
go rou nd the ea rth once commencing' from a positio'n-(n ll'n~-;;';'i th

.- . -.
.?:~ ~ta r and coine back again in line w ith that star after having
covered 360° in its orbit. In terms of mean Solar t ime, thi s period-_...---_... '. - - -

is equa l to 27 1h days (27d 7h 43m 11 .5s to be exact). This gives

a ~"~~~rage rate of motion of t he moon on its orbit as 360
27.33

=13.17°per day.This daily mot ion is much more than any other
ast ronom ical celest ial body . Since th is mot ion is direct, the SHA
of M oon w i ll cont inuous ly decrease at t he rate quoted above.

When w e consider the movem ent of the moon in relation to
the Ea rth -Sun System, the perspective somewhat differs.

Consider the earth in position 'A ' (in fig . 57). The moon 'M' is
in conjuct ionwith the Sun (S ) and a distant star X. When earth
has moved to pos it ion '8' after one sidereal period, the Moon at
M , is in line with Star X, but it is not in conj uction with the Sun . It
wi ll take another day or two for th e M oon to move throug h arc M ,
to M2 to be in conj unction wi t h the Sun again .

This period f rom one conjunct ion w ith Sun to the next con­
j unct ion w iththe Sunls 'caned "a" Syno dic' ped ii a-" -or a· ; iL.u~a-

. -- - - . _- .- - - ' ~-- ' I ' .-._ _ .- • •~- - - -" '~ - "

tion" . It is sometim es aIso referrea to as a Lunar month . The
lengt h of a " Lu nat ion" is not constant. It has an average value of
29V2days ie. 29"d 12h 44m 3s and has a va ri ati on of+ 1'2 ho'urs.

-- -- ._ - - - --- -- --
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The reason why the length of a Lunation varies can be seen
when we compare the movements of the earth at aphelion and
perihelion.

In figures 57 when the earth is in perihelion at position 'C'
let M3 be the position of Moon, in conjuction with Sun (S) and in
line wi t h a distant Star 'Y'. After the completion of a sidereal
period when earth has reached position '0', the moon reaches
position M4 in line with Star 'Y', but it is not in conjunction with
Sun. It has to move a further arc Ma to Msbefore conjuction can
occur.

Compare this exceess arc M4 to Ms with arc Ml to M 2 at
aphelion . Sincethe earth has moved through a larger arc in
perihelion,--t-h-e'-~~on aisohast~-move alarqerarc M4tO Msto .-

--- --" . - - .
co'mplete the conjunction.
-Th ~ s length of Lunation is greater at perihelion than at

aphel ion. At any other part of the orbit its I.ength will be some­
what between the two extremes.- _.--_.. . - - ' . ' " ---_. .

!'<T he plane of the moon's orbit is inclined to the ecliptic at an
anq le of 5%° The points at which these two planes cross are
cal led the Nodes. That point of crossing at which the moon is
moving from South to North decl ination, it is called the'A scend-,
ing Node' and that point diametrically opposites, ie. the point of
crossing at which the moon is moving North to South is called

•
the Descending N ode ' .\

• •
.» <Li ke the first point of Aries and Libra which precess along the

ecliptic each yea r, the moon's Nodes also precess westward
along the ecliptic each yea r taking 18.6 years to comp lete one
revolution round the ecliptic ie. its annual regression is about
19° ',.~

/ -' .

A s a result of this motion the Moon 's maximum declination
changes yea r to year and oscil lates between 23V2o + 5'1<1° =
28 31<1° Nor Sand 23 V2 0 - 5'1<1° = 18%° N or S during one half cycle
of the regression of Nodes.
For example, in a year when the ascending Node coincides with
first point of Aries , the maximum declination of moon will be
23 %° + 5%° =2831<1 °N or S. After 9.3 years, when the ascending
Node has regressed through 180° ie. when it is coincident with
first point of Libra, the maximum declination of moon that year

wi II be 23%° - 5'1<1 ° = 18'1<1 ON or S. Ou ring the next 9.3 years, the
maximum diclination of the moon will again gradually increase
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to 28 3,4 °N /S when t he ascendi ng Node coinc ides w it h firs t poi n t
of Ar ies . This is illust rated in figures 58 (A) & (B).

EClipti c
¥

:;:;-;::::-'/'l4--M oon 'S
~ O rbit

;:Ll~~
-

Moon'S O rb it

"
2 3 Y, O

Fig. 5 8 (A) Fig . 58 (8)

Pha ses of the Moon ;
Dur ing one Lunation , th e moon presents differing arcs of its

lig hted surface to the eart h each day. Th is phenomenon is called

th e phase of the M oon.

Un like the Su n, the M oon does not shin e by its own light . It
merely reflects the light received f rom t he Sun. A t any time ha lf
the surface of the moon is lit by Sun's rays fall ing on its surface.
Fig . 59 represe nts eight pos iti ons of t he moon during one Luna ­
tion . In posit ion 1, t he ent ire l ighted su rface is t urned away from
the eart h. The moon is sa id to be newly born or New Moon. The
day is call ed New Moon day. Sun and Moon are both on the
same mer idian an d on the same side of the earth. They are then
said to in "conjunction". The age of the moon th en is zero.
M oon and Sun rise, cro ss jhe meridian and set together on thi s
day. Day aft er davthe moon moves on its orbit. A few days later
wh en it reaches po sition 2 even t houg h half the su rface of th e
moon is still lit by Sun's rays only a sm all arc of th e li ghted
surface is vi sible from the ea rt h and it then appea rs as a cresent
moon. Each day t h is lig hted arc increases an d w he n it has
cover ed quarter of its journey and reaches posi ton 3, half t he
moon appea rs to be lit as seen from the earth . The moon is said
to be in First Quadrature w ith the Sun ie. Sun and moon making
abo ut 90 0 ang le at t he earth . The age of the moon on th at day is
about 7V2 days. Exactly half moon is visible f rom t he eart h and
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Fig . 59

t he moon is then said to be diC~~to·;;' ised. During the period
between New Moon and 1st Quadrature, the moon is said to be
in its First Qua rter. A s the M oon progresses on its orbit, the
lig hted arc presented to the earth still keeps on increasing. In
pos ition 4 w hen more th an ha lf surface appears to be lighted, it
is said to be a Gibbous m o o n. Nearly 15 days after new moon, it
re ach es position 5, w hen its full lighted su rface can be seen
f rom the earth. The M oon and Sun are then sai d to be in Opposi ­
t ion ie. on opposite s ides of the ea rth . The age of the moon then
is about 15 days. On th is Fullmoon day, when sun rises, moon
w i ll set and vice versafthev being on oppOsife""riier fd ii3ns" then.----- . . - ..--_ . . .' . - '.-. "----.. - --- --------._--.__._-

During the period New M oon to Ful l M oon, the moon is said
to be waxing ie . growing bigger each day. Moon is 'said to be in
its Second Quarter, between t he day of 1st Quadrature and Full
M oon day. '

101



. . . . __.. . _. ..

.. - .

During the subsequ ent" days, following the f ull moon, th~

lighted surface presented to the eart h, keeps on decreasi ng . In
position 6 duri ng th e Third Qua rte r of the orbit, it again appears
as a gibbous moon.

When it reaches position 7, where Sun and Moon are again
at 90°,. to the earth the moon is said to be in its last Quadrature
and only half the lighted surface is been from the earth. The age
of the moon then is about 22V2 days.

From position 7, to position 1, through position 8, the phase
gets smaller and smaller int o a cresent form. During this period
the moon is said to be in the IVth or Last Quarter.

From the new moon in position 1, when the age is nearly 30
days, on completion of t he Lunation, the cycle repeates again . It
will be seen from the above explanat ion that t he age of the

_ . - - . - - .- _... •• _.- + ._ + ._--•• - --_ •• _ . _ -_. . . - - - _ • ••• • • -.__•

moon is the nu mber of days elapsed after the last new Moon.
. .. . . - - - . .. ' . _. . _.. .. .--------._-

The part of the moon fac ing t he earth, but not illuminated by
Sun's rays, is often vis ible as a dim glow. This is due to t he l ight
reflected from the earth falling on the moon.

I

\ If an observer, were to be sit uated on th e moon, and sees t he
earth ; to h im it would appear as if t he earth is present ing sim ilar
ph ases as t he moon, except that it would be in opposite phase
wi th that of the mpon ie . w hen it is New Moon earth would
appear Full and vice versa. ' .

•

;" Th e M oon's Rotation : Sim ila r to ea rt h, t he moon al so rotates
on its axis. The Moon's ax is is t ilted at an ang le of 6V20 from a
plane at right angles to its orbit, un like th e earth whose tilt from
the perpendicular plane is 23V20. The time taken by the moon to
rota te on its axis once and its siderea l period is the same. This is
evident from the factthat thernoon preseritsthe same face to
t he earth always. The rota t ional period and t he sidereal period
have become synchrono us, because of gradua l slowing down of
speed of rotation through millions of years, due to the frict ion
between the tidal wave and the body itself rotat ing under the
tidal w ave. This gradua l slowing down continues till such time
as there is no rotat ion of the body relative to the t idal wave. In
fact, th e same phenomenon is likely to take place in the satel ­
lites of other planets as well. Even the earth is gradually slowing
down its rotation, which accounts for the lengthening of a day by
0 .002 seco nds is a cent uary.
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Because the same face of the moon is turned towards th e
earth, always an observer on the earth ca n see only 49% of the
Moon 's surface at anyone time. However, some t ime or the
other addit ional surface area of the moon has been observed, .

from the earth, provided the Moon and Sun are su itably s ituated .
Whenever the additional area on the fr inges of t he lighted
s~~f~'~ ~ ' i'~ 'seen:l fi e- M 6on- ,s sai o t o b-e " Lib'erated":'Thepbe-Qo ­
rrierion is called Liberation. - ----- - .-.- -- -- --.--- -,--,----- .

. - ---- --_._--/ •

/ Liberation in Latitude: Since the axis of the rotation of Moon is
tilted at an angle of 6 1/2 0 to t he perpe ndicu lar, some times the
moon's north polar region or south polar region is seen from the
earth, depending of which is t ilted towards the earth . The decli­
nation of Sun.and Moon do playa part in it viz : if t he moon has a
high north declination and the sun has a high south declination,
then the South pole of the moon can be seen . If t he declinations
are other way round, the North polar regions will be seen. Th is is
Libera tion in Latitude.

I
! Liberation in Long it ude : Moon's orbit being el ipt ical its angular
i

. veloc ity along the orbit varies, follow ing Keplar's laws of
M oti on. Hence even thouqh it has a consta nt speed of rotation

•

on its axis, which sychronises with its sidereal period, the speed,
of orbi tal revolution gets sl ightly out of step w ith the axial
rotational speed, sometimes lead ing or sometimes laging . Du r­
ing th ese tim es, it is possib le to see a small additional area of the
moon along the Eastern or Western edges of the lighted surface
and thi s is termed the Liberation in Longitude. .. ..

r. ,
Taking all t hese factors into account, a total of: 59%.'of the

surface area of the moon has been observed fro'in the earth
thou gh not all at t he same time. The remaining 4 1% has never
bee n seen directly from the earth . The only way to know tha t
surface is f rom photographs taken of that side by space probes.

D elay in t he meridian passage of the M o on each day.

We are keeping t ime by the Sun . Hence, any delay or gain is
reckoned with respect to the Sun . Referring to Fig . 60, assume
on anyone day the Sun (S) and the Moon (M) are on the meridian
(PO) of the observer (0). After an interval of 24 hours, when the
observer has been rot ated on the axis once and the Sun is again
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on tne meridian, the moon is no
longer at M . It has moved to new
position M ' becau se of its orbital
motion. We saw ea rlier in this
chapter that the daily motion is
about 13.17° per day. Thus the
obs erver.chas !() bEL._rotated
through this additional arc
before he can get the moon on
the meridian. This is just under
one hour. The average delay is
taken as about 50 minutes of
mean solar time. Since the rate
of orbital motion of the moon
along the elliptical orbit is
dependent on kepler 's ,second
law of motion, the actual arc the
moon moves on its orbit varies,
being least in apogee and
greatest at perigee. The delay
can therefore be anywhere
between 40 minute and 63
minutes. Thus we see that

the moon comes on the merid ian approximately 50 minutes
later each day. The exact delay for any given day is obtained by
comparing the meridian passage time of the m oon, tabulated for
each day in the nautical almanac..

. /
/
. Moon Rise and Moon Set: For the same reason, as stated

above there will also be a corresponding retardation in Moon
rise and Moon set. Times of Moon rise and set are further
modif ied by the effects of changes in the declination of the moon
day to day coupled with the latitude of the observer.

The effect of change of declination is greatest in high lati ­
tudes . In extreme cases, the moon appears to rise or set earlier
each day or even some times rise twice on the same day, thus
offsetting completely the normal retardati on due to its orbital
motion. The times of the moon rise and moon set, tabulated for
each day in the nautical almanac is illustrative of this fact.
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Ecl i pses :
Th e ter m s Eclipse is used to denote that particular phe nome non
w hereby th e Sun 's face appears to be covered by the Moon
co m ing betwee n th e earth and the Sun, or when the earth
obst ruc ts th e Sun's rays from reach ing the moon, by coming
be twee n th e Sun and Moon . The former is cal led Solar Eclipse
and the latt er is called Lunar Eclipse.

SUN

SOLAR ECLIPSE

I
UMBRA

PENUMBRA

I
i
I,
•,
••;

Fig. 6 1

Solar Ec lipse : These are of three types (1) Total Eclipse
(2) A n n ualar Eclipse (3) Parti cal Eclipse.

Solar EClipse occurs when the Sun, Moon and Eart h are in
on e d ir ect line,with the moon interposed between Sun and t he
Eart h . The moon casts a dark conical shadow called "Umbra"
w h ich st r ikes the earth over some area 'P' Fig . 61. On each side
of the Umbra there also exists areas of partial shadow called
" Pen u m bra" .

•

Observers directly be low the Umbra will see the entire face of
th e sun covered by Moon and will then be experiencing a Tota l
Ec lip se. The observers in the surrounding areas where on ly
penu m bra reaches, w ill only see a part of the sun cover ed and
Ih uy wi ll be expe r iencin g a Partial Eclipse of the Su n.

1h e m oon being a small body, the length of t h e umbra is just
ll ll ll ll qh to reach the earth when the moon happens to be in
p,'I It lf~(l . But if the eclipse occurs when , moon is in apogee the
li p fl lt h!l umbra stops short o f t he earth and umbra gets div ided

10 5
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and observers directly below the divi ded umbra see th e ent ire
diam et er of the moon . within the f ace of the sun, and there is a
r ing of Sun's di sc outs ide the Moon 's disc. Such an eclipse is
called an Annular Eclipse.

-, i / For a Solar Ecli pse to occur, the conditions necessary are :

/.'\.' ,/ (1} The Sun and Moon must be in conjunction wh ich can happen
_ only on a new Moon dav.

1.' (2 ) In order that all three will be in a direct l ine, the geographical
position of Sun and Moon must be the same ie. their decl ina -
tions and RA or SHA or GHA must be the same. \ _/, .
At every new Moon, both sun and moon are in conjunct ion,

but it does not develop into a So lar Ecl ipse because, eventhough
the ir mer idia ns are the same, at conjunct ion, their declinations
are not the same every tim e, Th is is becau se of the fact that the
moon's and earth' s orbits are not co-planer, ie. on the same
plane. Since the moon 's orbit makes on angle of about 5 1/.:°with
the earth 's orbit, the declinations of the sun and moon will be
same only if conjunction t akes place at or near t he node-s-o--:f -t:-h-e--

- - -- - " .- _._-_._._.- ~--

Moon's orb it. - -- ----_.- ---- . --..- -

From Fig _61 , it wi ll be observed t hat du ring the ec lipse, the
orb ital moti on of moon and eart h are in opposite directions as
shown by the ar rows on th eir respect ive orbits. So they are
passing each ot her at a re lative speed equa l to the sum of the ir
orbi tal rat es of moti on. Hence, the duration of t he totali ty of a
So lar eclipse is ve ry short . Further , during the totality since tl'1 ~ __
earth continues to sp in on its axis~-Sc),th'e-pornt- o(t he c~n~--of
th-e umbra, traces out-a 'pat h aTon-g'ttle -ear t h-'s' surf ace-.T he-pat h
so traced out is called-ihe"Path'of the EClipse. s in ce ~n iy t h ~'tip

-_ . - ... -_ ._--------- - -- --_.' " .- -- - -
of t he cone re aches th e eart h, cover ing only a very small area ,
coupled with the fa ct t hat t he tota lity is also very short lived,
only very few observers situate'd-al on'g 'i fie' path'oTitie 'eclipse­
can observe the total eclipse of the Sun. Other area s will only
see it as a partial eclipse. Hence it appears for a stationary
observer on the earth , that Solar eclipses are few and far
between which in fa ct is not so.
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LUl1 m Ecl ipses are of two types (1) Total Eclipse (2) Partial

c l ipse.

Lu na r Ec lipse occ urs when Sun, Moon and Earth are in one
d irect l in e, w ith the Earth interposed between the Sun and
M oon . Earth bei ng a much larger body than the Moon, the
co n ica l shadow of umbra cast by the earth invariably reaches
th e M oon , ir respective of whether the moon happens to be in
perig ee or apogee. On either side of the umbra, a partial shadow
o f th e pen u m bra region also exists for the earths shadow.

PENUMBRA

•

SUN

LUNAR ECLIPSE
UMBRA

Fig. 62

In Fig. 62, the arrows show the direction of motion of Moon
a nd Earth in their respective orbits. The Moon's orbital motion
b e ing much greater than the earth, it passes through the
sha dow region and overtakes the earth. When it enters the
p e n u m br a, part of the moon begins to get covered by the earth's
sh adow and w he n the moon is in the umbra region ofthe earth's
sh adow , the entire rays of the sun are cut off from reaching the
m oon and t he moon is then totally covered in the shadow. This is
now a Total ecli pse.

•

•
,', For a Luna r Eclipse to occur, the conditions necessary are :-

(1) The Su n and M oo n must be in opposition, which can happen
n ly on a fu ll moon day.

(/ ) In or der that they wi ll all be in one direct line the geographical
posi ti o n o f Sun & M oon must be diametrically opposite ie. the
lit c lm at io n of Su n and M oon must be numerically same, but
Il Il P l •• il l) in na me and t he ir RA or SHA or GHA must be 1800

r I p If I.
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At every full moon, both sun and moon are in opposition and
their SHA. is 180 ° apart ie , they are in opposite meridians, bu t it
does not develop into a Lunar eclipse , This is because the orb its
of Moon and Earth are not co-planer, Since.the two orbits make
an ang le of about 5%° with each other the condition necessary
to make the declination of sun & moon su itable for an eclipse
w ill only take place if opposition occurs when sun & moon are at
or near the opposite nodes of the m-oon. - -- - ---
~---------------------

As may be observered from fig . 62, since the moon and ea rth
are moving in the same direction, the rate at which the moon
w ill be passing through the shadow area will be the difference of
the tw o orbit al speeds. Fu rther, t he earth's shadow region is
also large. Hence the moon takes several hours to pass t hrough
this zone , The totality of a Lunar Eclipse (the time during which
the enti re face of the mo on rernaln tofally"coverediktherefore
~'u-c:h longer t han the Solar Eclipse. During this period the earth

" - . " .
continu es to rotate on . its ax is and brings large number of
observe rs in fron t of th e moon . Thus many observers see a
Lunar Eclipse. Only those observers who pass out of the m oon's
view before tot ality of the ec li pse or those who come into view
att er.totalitv of t he eclipse w ill see it as a Partial Eclipse. Since
large number of observer's see this eclipse, it appears as if
lunar ec lipses are more frequ ent than solar eclipses, which in
fact is not so.

'. ' There is no path for Lunar Ecl ipse, because the umbra of
moon does not fa llon the eart h, but the earth itse lfis procduc ing

\ / .
the umbra through which the moon passes. -'

y Number of Ecl ipses in a year :
If th e pos iti ons of Sun and moon are very favourable with

respect to the Moon's nodes, then there can be as many as
seven eclipses in a period of tw elve months ie . either five solar
and two lunar or four sol ar and three lunar eclipses. When the ir
pos itions w ith respect to th e moon's nodes are least favoura ble,
then there can be only t wo eclipses in a period oftw elve months,,
bot h of which must be sofar eclipse.

Though Solar Eclipses are more frequent th an Lunar
eclipses at anyone place on the earth, Lunar eclipses are seen
by large number of observers over a larger area of the eart h,
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wh ereas th e sola r ec l ipses are on ly seen on a l im i ted area and
hen ce, v isibl e on ly to a few observe rs.

•

O ccultation is th e te r m used to denote an occurance similar to
Sol a r ec l ipse . If the Moo n or Sun in its orb it al motion arou nd the
ea rt h, obstructs t he rays of a planet or star which is in
con j u nc t ion wi th the lumina ry from rea ching the eart h , then that
ph eno m eno n is called an " Occulta tion". For th is t o occur, the
Dec li n ation and SHA of Moon or Sun and the fart her p lanet or
st a r mu st be the sa m e. Occultati on by Moon can be observed.
Thoug h the Sun can similarly occult a farther st ar or even a
p lan et in conjunction with the sun, these cannot be observed
owi ng to the brightness of the sun.

Exercise IX

( 1) Def ine the following terms:

S idereal period of the moon, Lunat ion, Synodic per iod of the
moon , Quadrature, Gibbous moon, Conjunction , Opposi tion

(2) Expl a in w ith a sketch the phases of the moon.

(3) W hy does the moon come on the merid ian approximately 50
minutes later each day?

(4 ) State t he LAT of moon 's merid ian passag e over any m eridi an
o n (a) new moon day (b) full moon day (c) 1st Qu adra t ure (d)
Las t Quadrat u re.

(5 ) ~x p la i n w ith appropriate diagrams : (a ) Solar Eclipse (b ) Lun ar
Ec lipse ?

(6) Wh at cond itions are necessary for : (a) Solar Ecl ipse 7

(b ) Lu n ar Eclipse ?

(7 ) W hy is th ere no eclipse every full moon and new Moon 7

(8) Why does the m oon present t h e same face to th e eart h
a lwa ys 7

( ) Wh at do yo u u ndersta nd by the term " Li ber at ion" of the
M oon) Dist ing u ish between Liberat ion in la ti tu de and Liber­
ntion in Lo ngit ude 7

(IO l Vvhn t is th e max im u m a nd m in imum number o f ec l ipses
th at cnn happen in a yea r ?
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C HA PTE R X

RELATIVE MOTION O F PLA NETS

-
In chapter III, it was discussed how t he n ine planets moving

round t he sun in well defined orbits made up t he solar system .
The posit ion of t he planets in their respect ive orbits, in relation
to t he sun as viewed from the eart h, are given special names.

Inf er ior Planets are those planets wh ose orbits lie c loser to t he
sun then the eart h . These planets are Mercury & Ven us.

Superior Planets are t hose p lanets w hose orbi ts lie fu rt her
away f rom t he sun t ha n the ea rth . These planets are:-
Mars, J upi ter , Saturn Uranus, Nept une & Pluto .

S

•

2 .

E

___--:::r-
Fig . 63 Inferior planets

Position V,
Posit ion V3
Posit ion V2
Pos ition V4

Inferior Conjunction
Superior Conju nct ion
Maximum Elongation (West)
Maximum Elogation (East)
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Fig. 64 Superior planets

Pos ition J ,
Posi tion J 3
J 2& J4

Conj unct ion.
Opposit io n.
Qu adrat ure.

It may be observed from fig . 63 that at no t ime can an inf er ior
p la net and the sun be in opposite si de of t he eart h. This is
beca us e its orbit is smaller than the orbit of t he earth.

Conjunction : A body is in conjunction with the Sun, when both
the Sun & the body are on the same side of the earth on the
sa me merid ian . In the case of an inferior planet, as in fig . 63,
whether it is at V, or V3 the sun & the body are on the same side
of th e earth. Hence both points are called conjunctions . For
purpose of disti nction posit ion V, is called inferior conjunction
& V3 as superior conjunction.

Fig. 64 shows the orbit of a superior planet. In this case the
pos it ion of the planet at J1 alone will satisfy the conditions for a
.nn junct ion because only in t h is position, both sun and the body
.I I' I on th e same side of the earth & on the same meridian .

•
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Opposition: A body is sa id to be in opposition with the sun.
wh en the body and sun are situated on opposite sides of eart h
As stated ea r lier such a situation can never occ ur fo r an infer ior
planet . For a superior planet, as in fig 64, the position J J,
satisfies th is co ndition, where t he body and the sun are In

oppos ite sides 'of the eart h & on opposite mer id ians .

M ax im u m Elongation is th e m aximu m sepa rati on in longi tude
betw een th e su n and th e body and w i ll occ ur when the angle
subtended at th e body between th e sun an d th e eart h is 90° At
t h is po int the line of sight from th e ea rth to th e body is tangent ia l
to th e orbit of t he body. (See posit ions V2 & V. in fig . 63). For
purposes of di st inction and f or reasons to be exp lai ned later in
t his ch apter. posit ion V2 is nam ed maxi m um Elonga t ion (W est)
and positi on V, is named ma ximum Elongation (East ). It m ay be
pointed out. maximum elongation as aforesaid occurs only in the
case of inferior bodies. In case of super ior bod ies. t h e difference
in long it udes betw een t he sun & t he body can be as much as
180° apart', w hen they happen to be in opposition , and hence the
terms m aximu m elon gati on is meaningless in th eir case .

Q uadrat ure : In fig . 64, position J 2 & J4 are the quadrature
position s for the superior planet. In these pos itions, the angle
formed at th e earth between t he sun & th e pla nets w il l be 90°
Such a situation will not ar ise for an infer ior planet .

S iderea l Period of a body is the tim e taken by an orbiting body to

complete 360° arou nd its orbit re lative to a fi xed point in space.

Synodic Per iod of a body is the time taken by an orbiting body to
go from one conjunct ion with t he sun, to the next conjunct ion
with the sun . Because of the earth's orbital mot ion, the synodic
period of an inferior planet will invariably be longer than the
planet's sidereal period. For a superior planet. its synod ic peri od
will be grea ter than the earth's sideral per iod . In fact the gre at er
t he distance of t he su perior pla net from the sun cl oser will it s
synodic period be to t he earth's siderea l pe r iod .

This is because, during .one sidereal period of th e eart h , th e
arc by which a far off planet has moved on its orbit is fairly sma ll
w h ich t he earth traverses is comparatively short er ti m e to form
conjunct ion with the body & sun again .
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Venus as a morning & Evening Star
,
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V, 'Max, Elongat ion (W)
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v, Evening Star

Max. Elongat ion (E)

Fig . 65

Consider the Sun, Venu s (V) and the Earth in the respective
posit ion as show n in fig . 65 . The earth rotates anticlockwise on
its axis as viewed from space on to the North pole. The planet
Ven us goes round its orbit around the sun in the direction of the
arrow show n . When Venus is at V ie. at inferior conjunction ,
both Venus & Sun will ri se, cross the meridian &set together for

. an observer (O) on the earth's su rface. In figure, when observer
reach es pos it io n 04 both Sun and Venus will rise, cross the
m er id ian when observer is rot ated to 0 and set when he reaches
0, For conveni ence let us keep the earth stationary and let
Ven us move on its orbit. Day after day, as Venus prog resses in its
orbit, the rays of Venus & Sun, become more and more divergent
and w hen Ven us reaches posi t ion VI the maximum separation
between the rays takes place. In th is position Venus will rise
whe n obs erver has been rotat ed to a position 03 whereas the
sun will ri se on ly w hen observer reaches 0 4. Thus we see Venus
rises befo re the sun and be haves li ke a morning sta r. In fact.
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Venus begins to be a morning star, no sooner it leaves the
inferior conjunction position, and the interval -between the
Venus rise & Sun r ise keeps on increas ing t ill the ma ximum
interval occu rs at V1. Since Venus rises before the Sun , it must
be w est of t he sun as seen from the earth. The pos ition VI is
hence termed maximum elongat ion (West). As Venus proceeds
on its orbit further, it will be observed that Venusravs and Sun's
rays are again closing on to each other, till when Venus reaches,
superior conjunction , when again Sun and Venus will rise, cross
the meridian & set together.

Subsequent positions of Venus on its orbit wil l again produce
,

d ivergence of Sun 's and Venus's rays, t i ll a maximum sepa ra t ion
occu rs when Venus reaches pos it ion V2. In this pos it ion, it will
be observed from figure that the sun sets when observer
reaches 0 , whereas Venus sets only when observer is rota ted to
02. Thus Venus is seen even well after Sunset. Hence Venus is
now called an evening star. The position of Venus is now East of
the Sun as seen from the earth. The position V2therefore is
termed the maximum elongation (East).

As Venus proceeds on it s orbit further , it will be observed that
rays of Sun & Venus are again closing up till position V is
reaches when they will again rise, cross the meridian and set
together.

Thus we see that Venus behaves as morning star from infe-
•

rior conjunction, through maximum elongation (West) to
superior conjuction . From superior conjunction through
maximum elongation (East) to inferior conjunction it behaves as
an evening star.

Though for purposes of demonstration, we kept the earth
stat ionary in fact the earth also has a motion on the orbit in the
same direction as Venus. Because the rate of motion of Venus
on its orbit is more than that of the earth, Venus will overtake th e
earth at inferior conjunction and the phenomenon explained

•

above will take place, but stretched over a longer period th an
what may be evident from the figure 65. The whole cycle repent s-
again every Synodic period of Venus which is about 584 day s

As Venus closes on to inferior or superior conj uncti on, t l i c
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rays will be so close to the sun th at Venus cannot be visually

obse rved from the eart h due to sun' s br ightness. Its max imum
brig htn ess w i ll occur near the two maximum elongations.

A s Venus goes fro m inferior conjunction to inferior conjunc ­
ti on aga in, at various positions in its orbit, it presents phases
simi lar to that of the moon . Though th is is not directly evident to
the naked eyes, observat ions through a powerful telescope will
reve l the phases clearly.

At maximum elongatio ns, the differe nce in longit udes of Su n
and Venus is about 47°. Hence in tropical latitudes, the earl iest
Venus can rise is about 3 a.m. local time and latest it can set is
about 9 p.m . depending on whether the body is morning or
evening star dur ing tha t peri od . Therefore, Venu s ca nnot be
observed, close to midnight in trop ical latitudes.

In h igh latitudes, depending on the dec lination of Venus,
when it approaches circumpolar conditions, Venus can be

•

observ ed close to midn ight.

Sim i la r phenomenon, can also occu r in the case of Mercury,
w hich is the other inferior planet. Since Mercury is much closer
to the Sun than Venu s, its maximum Elongations are about 20°.
Hence earliest it can rise is about one hour before sun ri se and
latest it can set is about one hour aft er sun. Even at these times,
since t he body will be too clos e to the hor izon, it wi ll be difficult to
observe it, either due to brightness of day light or cloudy skies , or
morning or evening haze close to the horizon. All other times its
rays wi ll be too close to the sun for observation.

Decrease & Increase of S .H .A.of Planets.

Venus: In figure 66, assume earth to be stationary at position E
and Ven us moving on its own orbi t fro m position Vat inferi or
con j unct ion . In this position both Venu s & Sun w ill be projected
at X in the sky & their SHA will be indicated by arc trX. measured
w estw ard as shown by arrow in figure. When Venus moves to
V I, it w ill be projected at Xl and its SHA will be arc oX, having
reg istered an increase. At V2. point of projection is at X2and
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corresponding SHA of Venus is arc rr X2 again show ing an
increase. At V3 Ve nus is at its maximum elongatio n (West) and
its SHA then is arc x X3. Any further advance of Venus on its orbit
will p lace its poin t of projection closer & cl oser to 11" , such as at
posit ion V4, the point of proj ection is X4& SHA is ~X4 . This is less
tha n 'If X3th us showing a redu ction in SHA. At Vs the body is at its
superior conj unct ion, and the point of projection for Sun &
Venus are at Xs. The SHA of both again is 1l" Xs: again a reduction
from the earlier SHA. Similarly at V6the SHA is reduced to 1l" X6
and at V7, the SHA is the larger arc lfX7. Eventhouq h now, the
point of projection is East of z SHA being measured westward,
has registered a decrease, si nce it is less tha n 360°. At VaVen us

has reached its maxim um elongation (East) and is projected at Xa
showing its least SHA as the larger arc 0 Xs. Any furthe r
movement of Venus on its orbit, such as at Va, the point of
project ion falls at Xa, giving If Xs as its SHA, which has now
increased. Finally when Venus reaches V its SHA aga in
increases to cs X, same as that of the sun .We thus see th at from
maximum elongat ion (W) at (V3) t h rough superior con junction
(Vs) to maxim um elongation (E ) at (Va) th e SHA, decreases and
from m aximum elongation (E) at (Vs) to maxim um elonga tion (W )
at (V3) through inferior conjunction IV) the SHA increases.

Since the sum of SHA & RA (R ight Assension) is always 360°
whenever t he re is a decrease in SHA, the RA increases and vice
versa.

At V, Venus appears to be amongst a group of stars situated
in th e di rect ion of X1• Si m i larly at V2it is amongst a group of stars
in th e direction of X2. To an observe r on the ea rth, it would

•

appear as if the planet Venus has moved from Xl to X2. This
apparent backward motion of a planet on its orbit is called the
Retrograde motion . An increase in SHA is always associated
w it h the retrograde motion. W hen SHA is decreasing, t he body
appears to move in its cor rect direction rn the orbit. This mot ion
is called the Direct m otion .

For purposes of demonst ration we kept t he earth stationary
and moved only Ven us on its orbit. In actua l f act the earth is also
moving on its own orbi t, in the same direction as Venus . Since
rate of orbita l motion of Venus is greater than the earth , Venus
will ove rtake the earth at infer ior conjunction and the pheno-

117



menan expl ained above wil l ta ke pla ce . Th e pe r iod du r ing w h ich
t he increase & decrease of SHA taking pla ce will th erefo re be
stretched out to longer du ra ti on than what ma y be apparent f rom
t he figures .

Superio r p la nets - (Jupiter)

The decrease & increase of SHA is not restricted to infer ior
planets alone . Even in t he case of superior planets, Jupit er for
exa mple (See f ig . 66) the SHA can increase at certa in t imes .

Refer ing to fig . 66 t his time let us move the earth on its orbit
and keep J upite r (J) sta tionary at J . At posi t ion J the Sun and
Jupiter are in opposi tion . When earth w as at El th e po int of
proj ect ion of J w as at Y: and t he SHA th en was the ref lex arc ~Yl

m easured w estw ards. When eart h comes to E, J is projected at Y
& SHA then is the reflex arc 1)" Y w hich has shown an increase.
Similarly w hen earth moves to E2, Y2 becomes the point of
project ion of J and t he correspond ing SHA is l5 Y2 indi cat ing a
furth er increase .

In th e case of superior bodies from its position a littl e after
quad rat u re (W est ) to a posit ion l ittle before quadrature (East )
th e SHA w il l increase. A t ot he r t im es it w il l decrease.

Here again an increas e of SHA is associated with the retro­
. grade moti on of the pl anet. beca use viewed against a back
ground of fi xed stars, th e planet Jupit er appea rs to have moved
westwards fro m Yl to Y2

SHA of Sun alway s decrea ses (See Fig. 67)

Let Sun be at verna l equ inox to start w ith . When earth is at E,
th e Sun (S) is projected at X, ie . at Vern al Equ inox. Wh en ea rt h
moves to El th e point of project io n of Su n is at Xl & SHA is t he
ref lex arc '3' Xl m easured we stwards. A t E2, SHA of sun is "lS' X2
m easu red westw ards. Si milarly at E3 it is ''If X3 and so on fo r
var io us positions of the ea rth on its orb it. It is ev ident f rom t he
figure th at the SHA is co nt inuou sly decreas ing.

' v ' correction in th e N autical A lm anac . Th e GHA of t he Sun &
the p lanets are comput ed for ta bulat ion in the a larn anac, assum ­
ing th at they increase the ir HA at th e rate of 15° per hou r.
Though this is true for t he sun, it is not so for planets, because of
th e ir own orbita l mot ion . The hourly increament in th e GHA for
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planets over & above what is allowed for tabulation is termed 'v'
correction for the planets & Moon . This value is always positive
for all bodies except Venus, whose 'v' , can be negative some­
times . This occurs onlv when Venus is moving eastwards rela­
tive to the Sun . At this time its SHA will decrease at a greater
rate than the sun . In the case of all other bodies 'v' correction is
positive.

In the case of the moon, the GHA tables are tabulated for a '
min imum increament of 14° 19' per hour. Any relative orbital
hourly motion producing an excess over this amount is tabulated
as 'v ' correction for moon.

In the case of Aries the GHA tables are tabulated at the rate of
increase of HA at 15° 02.46 ' per hour. Since the sun has to move
from Aries to Aries ie . through 360° in one tropical year, the
hourly decrease in SHA of sun = 360°' 6'

No of hours =2.4 .

in a tropical year

•
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This makes Aries gain on the Sun by 2.46' per hour whi ch

becomes a constant V correction for Aries. This also accounts
for the fact that compared with Sun, Ari es comes on the
meridian about 4 minutes earlier each day. .

-
•

r

• Exercise X

•

(1) Define the following terms :­
Inferior planet, superior planet, inferior conjunction, superior
conjunction, sidereal period, synodic period, retrograde mo­
tion, maximum elongation.

•

(2) Why does Venus sometimes appear as a morning star and
sometimes as an evening star?

(3) Wh~-,is it not possible to see Venus, close to midnight in .
tropical latitudes?

(4) Why does the SHA of Venus sometimes increase & some­
times decrease?

(5) Why does the SHA of Sun always decrease?

(6) On a certain day at 00 hrs. GMT. GI1A of Moon was 1140

30.5' and at 01 hrs. GMT it was 129000.2'. What was the V
correction of moon for that hour? (Ans. 10.7')

•

•
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CHAPTER XI

TWILIGHT

Twi light is the term used to denote that period, befo re sun ­
rise and after sunset, when the observer, on the earth's surface
receives a diff used lig ht. Th is is caused due to the following
reasons. When the sun is just below the horizon before sunrise
and after sunset, the sun's rays reach and il luminate the upper
strata of the atmosphere.· The ato msphere contains millions of
suspended particles of dust, vapour, clouds etc. which scatter
the rays of the sun . A substantial part of these scattered rays
reach t he surface of the earth direct ly below it and i lluminates
the area, which we term as twilight .

•

Theoritically, twilig ht lasts till the su n is 18° vertically below
the horizon. For pract ical pruposes this arc of 18° is divided into
three parts of six degrees each.

When the sun is between 0° & 6° below horizon, the period is
called Civil Twilig ht. & from 6° to 12° below. it is termed
N autical Twilight and from 12° to 18° below it is called Astro­
nomical Twilight. In practice it is difficult to specifically indicate
as to when one type of twilight finishes and the next type starts.
As one gradually merges with the other we can only vaguely
differentiate one from the ot her .

For instance. astronomical twilight for all practical purposes
is total darkness. Sea horizon cannot be clearly distinguished,
and most stars except perhaps 5th & 6th magnitude stars are
visible . To see anything on deck,artificial light will be needed.

During nautical twilight, the horizon can be clearly seen, and
all important stars useful for navigational purpose are still vis­
ible. though majority of dim stars have gone out. This period
therefore is the most suitable time to take star sights and hence
called the nautical twilight. Silh .. ette on deck or outlines of
distant ships can be seen, even though details cannot be made
out.

Civil twilight, for all practical purposes, is day light. Most
objects on deck can be clearly seen without any artificial light,
the horizon is very clear, and most stars have gone out except
perhaps the very bright ones. This period therefore is not suita­
ble for star sights.
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Civil twilight ends w ith sunrise in the morning and begins at
sunset again. The nautical almanac gives the LMT. of sunset or
sunr ise, Civil Twil ight and Nautical Twilight for va r ious lat it udes.
Astronomical twi lig ht is not tabulated th erein because this has
little pract ical use.

- --- - -- - " - - - . " -
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Fig. 68

WOE is the Equinoctial.
OZ =NP =Lat of observer.. .

D X X'D' = Parallel of Declination of Sun.

•

The outer circle represents an arc -18 0 directly below the
horizon, which is shown as if pulled up above horizon for con­
venience of demonstration.

Twilight starts in the morning from the time the Sun reaches
position 'D' and lasts till it rises at X and similarly, in the evening
the twilight starts from the time the sun sets at X ' and lasts until
it reaches D' It should be noted that the latitude (OZl being small
the sun traverses the 180 twilight arc, more vertically from D to X .
and hence twilight lasts for a lesser duration in lower latitudes
as will be seen in comparison with fig . 69 which is drawn for a
higher latitude.
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Given th e same dec lination of the sun, if the latitude (Ol) is
increased to a larger value as seen in fig, 69, the arc OX or X'D' is,

cover ed by th e sun more obl iquely thus taking longer time to
cross the 18 0 vert ical arc below the hor izon . Hence, the twiligh t
last s longer in hig her latitudes than in lower latitudes.

If one keeps on increasing his lat itude, on the same day ie . for
th e same declination of the sun, a stage will be reached when
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Fig . 70
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the pa ra ll el of declination itself will not dip below the 18° vert ical
arc below the horizon. This is illustrated in fig. 70.

. . It will be observed from the fig . 70 that the paratl el ofdecuna ­
tion DX' remains wholely within the 18° arc below the hori'~on.. '. " ..

Though the sun will.rise ar Xand set at X', there wHI not be tPtal
darkness anytime during the night. because 't he sun does 'notgo . ~ .

below the 18° arc vertically below the horizon. Such ·i ath udes
. . .

will experience Twilight all night (TAN).
•,

• ..
•

The lowest Lat. where TAN will occur, wi II be where the declina -
tion circle just skims the 18° arc below the horizon as seen in
fig. 70 where:

NP = Lat. = QZ
ND = 18° Arc
PD = Polar distance of sun = (90-Dec!.)
Lowest Lat. where TAN will occur is:
Lowest Lat = Pol. Dist. - 18° ..

•

The same phenomenon will continue to occur till the latitude
is increased by another 18° ie. when point D, coincides with N.
Such a latitude is the highest latitude where TAN will occur.

At that time PD = PN

:. Highest lat for TAN =Lowest lat + 18°
I , ie. Highest lat for TAN = Polar dist. of sun.

Since we used 18° as the twilight arc, the twi light discussed
so far is for those latitudes where there will not be total dar­
kness during the night.

A similar argument could be used for latitudes, where there
will not be astronomical or nautical twilight. Latitudes where the
sun will not go more than 12° below the horizon will not expe­
rience astronomical twilight. Likewise those latitudes where the
sun will not go beyond 6° below the horizon will not experience
astronomical or nautical twilight.

Conditions necessary for TAN phenomenon to occur are :­
(1) Latitude of observer & declination of Sun must be of same

name.

(2) Latitude of observer must lie between P. D. of Sun and
P. D.-twilight arc.
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Lowest Lat

Worked Examples
(1) Given the dec!. of Sun is 22° N, betw een w hat lat itudes wi ll
t here not be total darkness all n ight le . wi ll have TAN ,

= (90 - 22) - 18

- 68 - 18 = 50° N

Highest lat = 50° + 18° = 68° N

Between 500N & 68°N there will be TAN.
(2) Between whatlats w ill th ere be civil twi l ight all night w hen

Sun's decl is 22°N ?
Lowest Lat =(90-22) - 6° =68° - 60 =62°N
Highest lat =62°+ 6° =68°N.
Between 62°N & 68°N there will be civil twilight all nigh t

(3) Between what latitudes will there not be astronomical twi ­
l ight when the sun's decI is 22°S ?

Lowest Lat for na utica I TAN =(90 - 22) - 12

= 68 - 12 = 56°S

Highest Lat for TAN = (90 - 22) = 68°S

Between 56°S & 68°S there will not be astronomical
twi light, but there will be nautical and civil twil ights.

Exercise - XI

(1) What is twi light and how is it caused?

(2) Distinguish between Astronomical, Nautical & Civil Twilights

(3) W hy does twilight last longer in higher latitudes than in lower
latitudes? What conditions are necessary to have TAN?

(4) On winter solstice day (Dec! 23° 27' S). find between what
latitudes will there not be :
(a) Astronomica l twilight .
(b) Nautical twilight.

Answers:

0.4. (a) Between 54 ° 33'S & 66° 33'S.
(b) Between 60° 33'S & 66° 33 'S.
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- CHAPTER XII

CIRCUMPOLAR BODIES

A body is said to be circumpolar, when it remains above the
horizon all day and therefore. does not arise or set. Such bodies
will have two meridian passages, one called the upper meridian
passage when the azimuth will change from east to west, the
other called the lower meridian passage or crossing of the meri­
dian below the pole when the azimuth will change from west to
east. The meridian passage which is most often observed day to
day is the upper 'meridian passage of a body.

In the last chapter we observed that the highest Lat for TAN is
when the Lat of observer equals the polar dist. of the sun. I(~he

latitude is increased any further, right upto 90 0 t.at, the sun will
be circumpolar in all those latitudes. Though TAN is a pheno­
menon attributable only to the sun; circumpolar situations can
happen to all bodies provided latitude & declination are suitable.
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Fig. 71

NESW - Reps Obs rational horizon.
NZS - Reps Obs Meridian.
WZE - Reps Prime Vertical.
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WOE - Reps Eq uinoct ial
P - Reps Elevat ed Po le .
NP = OZ = Lat i tud e.
PX = PX' = Pol ar d ist of body
X reps Pes. of body at Low er tr an sit
X ' reps Pas of body of Upper transit
NX reps True alt . below pole .
NX 1 'reps True all above pole .

(Proved)

-

--

NP -

From the figure it will be seen that the cond it ions necessary
for a body to be circumpolar are :

(1) Lat . of obse rver and Dec!. of the body m ust have sa me nam es.

(2) Lat .~ Polar d istance of the body

To find Latitude .
If the true a lt itude of a ci rc um pola r body is known bot h at its

upper and low er transi t s. th e lat . of the observer can be calcu ­
lated even without know ing what body it is . This is shown below

L t f th b
Tr.al ta bove Pole + Tr.alt.below pole.

a .o eos = 2

Proof: Refer to f ig . 71 :-
NX I + NX

2
_ (NP + PX J) + (NP -PX)

2
NP+PX1+N P- PX

2
NP =2 NP = NP

2
Nam e the Lat itude same name as Azimuth of body at i ts Lower
Trans it.

Occasions arise. when . the body bears south at upper transit
and North at Low er t ransit or vice versa . In such a case, subtract

• •

the true altitude above po le from 1800 and make it as if the
alt itude is taken f rom t he same horizon as lower trans it and then
apply the form u la given above. Name the latitude as per rule
stated above.

To f in d Declination of the body

Declination of an unident ified body can al so be calcula ted if
the true altitude at upper & lower trans its are known . This is as
follows:
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Pola r Distance = True alt.above Pole +True aCbe l ow--p~l e
, ,-' 2 ..::--

Proof :-Ref er to Fig. 7 1 .
. NX, - NX

PX = 2
_'= (NP + PX,) ~ (N? - PX'f-' . .

2 .
= NP + PX, - NP + PX .

2 .

P~ = . 2 i X = PX . . .<

Declination = (90-PX) (Proved)-
Name Declination same name as Azimuth of the body at its
Lower Transit.

If bearing of body,has different names at its lower and upper
transits as said earlier, convert the altitude at upper transit by
subtracting from 180° to an altitude as if it is measured from the
horizon on the lower transit side, then apply the formula.. .

. Declination can also be found after calculating latitude.
•

Referri ng to fig . 71 :
NP - NX =PX 90 - PX =Decl.

Name declination same as latitude.
M ethod described so far assumes that there is no change of

declinat ion of the body between its upper & lower transit times.
In the case of all stars and certain distant planets, this is true.

,

But, in th e case of Sun, Moon & near by planets, since there will
be a change in declination between the time of upper and lower

. transits the method described cannot readily be applied to such
bodies. ,

This method is therefore, ideally suitable for stars, provided
they are suitable for observation at both transits. Both transits
will differ in time by half a sidereal day viz. 11 h 58m 02s. .

Exercise XII

.,

(1 ) What conditions are necessary for a body to be circumpolar?

(2) Prove that Tr. alt . above pOle; Tr. alt. below pole = Lat. of obs.

How will you name theLat. and why? . •
(3) A star was, observed to have a true altitude on meridian

above the pole 81 ° 04 ' beari~~ and it had true altitude
• ~ !

on meridian below the pole 16° DO' bearinq south. Find
(al latitude of the observer '(b) declination of the body.
(A ns. Lat 48° 32'S Decl. 57° 28'S).
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SOLUTION OF SPHERICAL TRIANGLES

. .
Ori'asphere a spherical triangle is formed by the intersect ion
. .

of the arcs of three Great Circles . All spherical triangles have six
parts viz. three angles and three sides . Whether it be an angle or
a side, they are all expressed in degrees, minutes & seconds of
arc .

The properties of a spherical triangles are:

(1) The sum of the three angles will be anywhere between two
and six right angles.

(2) The sum of the three sides together is less than four right
angles.

(3) As in a plane triangle , the greater angle has the greater side
opposite to it.

(4) When two great circles intersect, the vertically opposite
angles are equal.

A spherical triangle can be : .
(a) A right angled triangle , where one angle is 90 0

(b) A quadrantal triangle, where one side is 900

(c) An oblique spherical triangle where none of the angles or
sides is a right angle.

/ A
,

I bI
/

/
1 c-1- .

./
./ I

/
I

•

/
/

I
I
I
I
\

8
Fig. 7 2
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In fig : 72 E ASCisan oblique spherical trangle .

AB, BC, AC =Arcs of three G.Cs.
It has 3 angles, A. B, & C & 3 sides a, b. and c.

o reps the centre of the sphere.
• •

Right through practical navigation, we continuously apply
the principles of solution of one or the other type of triangles .

<

I Solution of Right Angled Spherical Triangles
•

In many calculations in principles of navigation we may have .
to solve a right angled or a quadrantal spherical traingle.

\

b90-A

c

a

b
A

B

a
./

". 90-B

90-c .

Fig. 73 (a) Fig. 73 (b)

•Consider a right angled triangle ABC as in fig. 73 (a)
It has three sides a, b, c & two angles A & B
Excluding the right angle at C, it has only 5 parts.

J

Write down these five parts as in fig. 73 (b), in the same order
as they appear in the triangle, but omitting 't he right angle. The
sides adjacent to the right angle are written as they are, and the
remaining 3 parts are written as (90 - X) ie. complement .of
respective side or angle.

Of the five parts, if any two parts are given, then the remain-
• •

ing three parts can be found by using the:

•
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"Napier's Rules for Circular Parts", which st at es .
(1) Sine of the middle part =Product of TAN GENTS of ADJA ­

CENT parts .
(2 ) Sine of the middle part = Product of COSINES of OPPO ­

SITE parts .
Consider fig . 73 (a)

Suppose, you are given in the question values of sid e 'a ' and
................. . """
B and that C = 90 0

. You are requ ired to fi nd A , side c & side b.
We place these five parts as in fig . 73 (b). Mark off 'a' & 13 with Cl

tick, to indicate we know these values .
The term adjacent in the Rule means touching each oth er eg o

band (90 - B) are adjacent parts for 'a; similarly 'a ' & (90 =A) are
adjacent parts for 'b ' .

Th e term opposite means, parts which are not touching each
at her eg. fo r 'a', (90 - A) & (90 - c) are opposites - simi larly for 'b.
(90 - c) & (90 - B) are opposite parts & so on.

(Rule 1)
,

tan b x tan (90 - B)
sin a x cot (90 - B)
sin a x tan B

--
--
-

"Since we know a & B, we proceed as follows :
(i) to find 'b '
Sin a
tan b
tan b

(Rule 1)ta n a x ta n (9 0 - c)
sin (9 0 - B) Cot a
Cos B Cot a--

By use of logarit hams we can now find the value of 'b.
To find -e:
Sin(90 -B) -
tan (90 - c) -

Cot c

By using Logs. value of 'c' can be obta ined .
A

To find A
Sin (90 - A)

Cos A
=Cos a x Cos (90 - B)
= Cos a x Sin B

(Ru le 2)

A

Use logs. now & find A

The three unknown parts have now been fou nd. Difficulties
sometimes arise in deciding whether the angles and sides we
just worked out are more than 90 0 or less than 90° To clear that
doubt Some A x io m s have to be remembered.

rjJ " "'I}, c..l-" J

When Sides or Angles are all over or under 90° they are said
to be of "like Affection". When some are under 90 0 and others-
over 90 0 they are said to be of "Unlike A ffection".

C' . , J I...,lI
"::l'.Lu.:",J/,l,o , ,., ~
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The Axioms are:

(1) An angle and a side opposite to it are always of same affection~
•

ie. both over 900 ' or under 90°
(2) W hen two sides are of same affection, the third side is less

than 90°; but when two sides are of unlike affection, the third. .'

.' side is more than 90°
(3) When the included angle between the hypotenuse and a side

is under 90° then the two sides are of same affection ie.
either both over 90° or both under 90°. But if the included
angle is more than 90°. then both sides are of unlike affection

Whenever you decide that the angle is more than 90°. sub-
tract calculated angle from 180° and the resulting value will be
the answer.

In practice however it is not necessary to remember all these
rules. because,the signs of trigonometrical ratios of angles,
exceeding 90° will automatically adjust themselves and a final
positive or negative value will automatically indicate which
quadrant the angle is .

N

x p

X
Fig. 74
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Worked Example: In 6N PX N = 90 °, side NP :: 34 -=' 10' side
PX = 11 2° 15 ', fi n'd all the remaining parts (s ee fig . 74 )

. Given NP = x = 34° 10'
PX = n = 112° 15'

A-

N = 90° .
A A

To find NX, P & X

n) to fin d 'p '
Sin (90 - n)

Cos p'
Cos p

=Cosx cos p
= Cos n secx
= Cos 112° 15' x sec 34° 10'

No. Ra t.
112° 15 ' Cos

34° 10' Sec
62 ° 46 ' Cos

Log .
9.57824
0.08228
9.66052

( - vel
( + ve l
( - vel

Cos (90 -X) Cos (90 - n )

SinX Sinn
Sin x Cosec n/ -

Since final value of Cos is -ve; t he side lies in the 2nd .
qu adrant.
. '. p = (180 - 62 ° 4 6') = 117° 14 ' = NX.....
(2) To find X
Sinx
Sin .x

A

Sin X

( + ve l
( + ve l
( + vel

Log .
9.74943
0.03361
9.78304

Rat.
Sin .
Cosec
Sin

No.
34° 10'

11 2° 15 '
37°-2~1::-Cl;-;V2--;::-:-----:;;;-:::;-=-;::;-T'

=tanx tan(90-n}
= tanx Cot n

Since f inal answer is + ve, value lies in 1st quadrant . Further,
.A

beca use side oX is less than 90°. X has to be less than 90°
. X = 37° 2 1V2, .

'"To f in d P
'"Sin (90 - P)

Cos P

No. Rat .
34 ° 10' tan

112° 15' Cot
73° 52V2 Cos

Log .
9.83171
9.61184
9.44355

( -t- vel
( - vel
( - ve l
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Sincefinal Cos ratio is - ve the ang le falls In Znd quadrant .
.. p = (180 - 73 ° 52 ~/~) = 106" 07b'

Ans : NX = 117° 14'
~

X = 37° 21 1;7 ~

P=106° 071/2'
•

•

Ambiguous cases:
. If a s ide and an angle opposite to it are given. there will be two. .

values for each of the remaining tbree parts. The two values for
each part will be supplementary to each other. This is illustrated
in fig. 75.

- . _ . - -- _.- - - _.... .

.-..~..---_.-- _._ -- ------._-.._-.._-----

1
t ..

A'

,
c

.... .... ...

. b '

. I

•

c

b

c

A

Fig. 75

In the right angled ~ ABC
Given ~; side a & e= 900

•

To f ind side b. side c & '8
~ will ~e seen from the figure tha t even fo r 6 ' A ' B C
A' =, A. si~e 'a' is c~mmon t o both triangles. Hence side'b'
?r b and A B. C or A' B C and side c or c' will satisfy the given data
In the question. .

Hence, ambiguous cases, such as these wi ll produce two
answers for each of the parts to be w orked out.

,
•
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IT Solution of Quadrantal Triangles

Quadrantal trangles are those in which one side IS 90" Thes e
triang les can also be so lv ed by using Napiers Ru le for ci rcular
parts VI Z .

Sine of m id d le p art =(1) Products of Tangents of Adjacent parts
or (2) Products of Cosine of Opposite parts .

The f ive parts omitt ing the quadrantal side are to be placed in
the circ le in the sa me order as they appear in the triangle, the
two angles at the end of t he quadrantal side as they are and
complements of the rema in ing th ree pa rts .

A •

-./

-:
/ c e

/
/ A

eI 8 90-b V-I •
"-

8
"

I
90-A

•

Fig. 76

Example

If in 6 ' ABe in fig 76, side c & '8 are given and side Be is

90
0

(Quadrantal side), to find the remaining pa rts ie. A, sides
b & c.

We go about as follows :-

Tick (-./ ) off the known parts in the circle, then use the
Napier's Rules.

"T o fi n d C

Sin B = tan e tan (90 - c)
tan e = Sin B tan c

Now use logs . for solving C

(Rule 1)
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To find side b
sin (90 - b) = C~ B
Cos b = Cos B

Cos (90 - c)
sin c

(Rule 2)

"To find A
Sin (90 - c) -= tan B

• •

Cot 'A = Cos c
tan (90 - A)

cot B
(Rule 1)

•

The Rules regarding "Like & Unlike affection" etc apply here
also. The only difference is that the angle oppoisite to the quad­
rantal side is more 'than 90°, if the two adjacent sides are of .
unlike affection.

When using "Rule of Signs", insert a minus (-) sign to the
. .

product if two adjacent or opposite parts are both angles or both
sides. This will then determine whether the required value is in
the first or second quadrant.

Worked example.
A

In a quadrantal triangle PQR given p = 90~ P = 70° and
R= 55° find sides 'q' & 'r ' and 6. .

90-P

p =900

•

I P
A ..... ../r Q Rq

90° Q •

90-r 90-q

R

,

Fig. 77

To find side 'r' .
Sin R· = Cos (90 - r) Cos (90 - P)
Sin R = Sin r sin P
Sin 'r ' = Sin R Cosec P

= Sin 55 Cosec 70°
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No.
55
70

-,- - .... _- -
•

Rat.
Sin
Cosec
Sin

Log . .
9 .91337
0 .02701
9.94038

-- .. .- . . ..._. . . ... . - . ..

The Rule of signs will fail in this case because sin & cosec are
"-

both + ve in the second quadrant. Since R is less than 90° side
'r ' is also less than 90°, as the angle and the side opposite to it
are always of same affection.

Side 'r ' =60° 39'12'
-"

To find Q

Sin (90 - P)
Cos P
(-) Cos Q

= Cos Q Cos R
=Cos Q Cos R
= Cos P Sec R

180° 00'­
53° 24'

126° 36'

Put a - ve sign in front of product because right hand side are
both angles. By doing this we are employing the "Rule of Signs".

No. Rat . Log.
70° Cos 9 .53405
55° Sec 0 .24141

126° 36' (-) Cos 9 .77546

6. = 126° 36'
To find side 'q '
Sin (90 - q) = tan R tan (90 - P)
H Cos q = ta n R Cot P

Here also enter a (-) sign in front of the product because the
two values on Right hand side of the equation are both angles . By
doing this we know that the value of 'q' must be more than 90°.
This will also fit in with the "rule of affection", which states that
an angle & the side opposite to it are always of like affection.

-"
Since Q is more than 90°, side '~' also has to be more than 90°.

No .
50°
70

121° 19'

Rat.
Tan
Cot

(-) Cos

Log .
0.15477
9 .56107
9.71584

180° 00'­
58° 41 '
121 19'

Side 'q ' = 12 1° 19'
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. Applications of right angled or quadrantal spherical triangles
do arise from time to time for solving navigational problems
particularly in the examinations. Some of the appl ications are
ill ustrated below.

. .

(1) A f;Jody on prime vertical (Fig. 78)
.> N

•

0 '

w

p
r---.

z .
o

E

e

• •

Fig.78

Q

•
In .Do. PZX, PX = Pol ar dist .

~

PZ = Co-Lat., Z = 90°
S

(2) A body at its Maximum-Azimuth (fig. 79)

N

•

.. -•

In .6. PZX;
E X is body at its ma x.

Azimuth ie. when the
•

vert ical circle through
the body is t angential

. to the para llel of .
decl i nat ion of the body.

/'<.

X = 90°, PX = Polar Dist .
PZ = Co-Lat.

z

Q

s

......-1p
,
•

w

Fig . 79
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Fig. 80

(3) A body at R ising / Setting (fig . 80)
D is the body on the rational
horizon at rising . It w i ll be at
D' at .s e tt ing
In 6.. PZD
PD = Polar dis t.
PZ = Co-Lat.
ZD = 90 0 (Quadranta l side)

III S olu t ion of Oblique Spher ica l Triangles
Spherical t r iang les other than right angled or quadrantal

tr iang les are ob lique spherical t r iangles. Unlike a right angled or
quadranta l triang le. it is necessary to know any three parts, to
find the remain ing three pa rts of an obl iq ue spherical triangle .
Position f inding at sea, and great circle sailing are both depend­
ent on solut ion of oblique spherica l t r iang les.

There are several ways of so lving these triangles.

The fundamental formu la fo r solution of all spherical trian ­

gles is the Cosine f ormula. viz.
Cos a = Cos b Cos c + Sin b Sin c CosA.
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Themosicorri mon m-et hod adopted by rriarl nersIs t he use

of Haversine Form ula. The main advantag e in us ing this for ­
m ula is that Haversine values of all ang les upto 180 0 is + ve.

:. .

A

),.

•

•
,

/

c

•

a

Fig.81

b

•

c

,

In a spherical triangle (fig . 81)
(i) Given the three sides a, b & c. to find all three angles.

Hav A = [Hav a - hay (b~cO Cosec b cosec c

Hav 8 = [Hav b - hay (a~cl] Cosec a cosec c

Hav C = [Hav c - hay (a....bl] Cosec a cosec b

(ii) Given two sides and the included angle
A. " .1\ A

In fig . 81 , if A and side b & c are given to find, side 'a', 8 & C

Hav a =[ Hav A Sin b sin c + Hav (b-cU

This formula is also used in f inding the great cir cle distance
al ong a G.C. track. Having found 'a' w e. ca n apply th e form ula
stated in sect ion (i) above viz:

140
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Hav B =[}1 av b - Hav (a ....... cDCos'ec a Cosec c .

Hav C .= [ Hav c - Hav (a...-b)] c~se~"a 'cosec b .

This can also be solved by use of Napier's Analogies.

/
Tan V2 (B+C) =

Tan V2 (B·''C) =

Cos V2 (b"'C)

Cos V2 (b+c)

Sin V2 (bvoc)

Sin V2(b+c)

Cot V2 A

-Cot V2 A

•

(iii) Of the two angles and two sides opposite to each other, if any
three are given, then the ·t ourt h can be found by use of the
Sine Formula.

Sin A

Sin a
-

Sin B

Sin b
--

Sin C

Sin c
,

(iv) Any four adjacent parts of a spherical triangle is connected
by the "Four Part Formula"

Cot C Sin A = Cot c sin b - Cos A Cos b.

The ABC azimuth tables in Norte's & other nautical tables are
based on this formula.

(v) If a perpendicular is drawn from an angle to the opposite side,
this perpendicular divides the obilque triangle into two right
angled triangles (see fig. 82). BD is a perpendicular drawn from
B to side AC. The two right angled triangles ABD and BCD can
now be solved to find the values of all the required parts
of 6. ABC. '
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Fig. 82
,

. -
GREAT CIRCLE SAILING

c

-
.The lesser arc of Great Circle being the shortest distance

between any two points on a sphere, G.C. sailing is often used
on the earth's surface, particularly for inter-continental ocean
crossing, which involves large distances. Unlikea rhumb line, a
G.C. does not cross all meridians at the same angle. Hence
when sailing along the G.C. it is necessary to continously
change the ship's course in order to head directly for the desti­
nation. Since it is not practical to continously alter the course of
the ship along the track, a number of points, a few degrees of
longitude apart are chosen along the G.C. track and the ship '
sails along rhumb line courses between these points. By doing

. this, she is sailing very nearly along a G.C. track, though not
exactly along the track.

Worked Example: Find the intial & final courses and the G.C.
distance and position of the vertex on a G.C. track from a posi­
tion 'A' in latitude 37°N long. 1400Wto a position 'B' in lat. 52°N
long 160oE.

,.

Construction of figure (fig. 83)

It is always desireable to draw a fairly accurate figure in
order to see the relative positions of the departure and arrival
positions, and position of vertex etc.

•

\
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. It is generally drawn on eq uidistant project ion. Select any
conven ien t radius and draw a circ le. Draw the NS & EW line at
right angles to pass through,the cent re 0 - NS represents the

ce ntral meridian and W OE....the equatoV Draw a l ine OA making
angle EOA = 37°, ~p place 'A', the lower of the two latitudes on
the circumference! The arc NAES"then represents the meridian
of A =140° W/Mark an angle WOL' =52° =Latitude of B, Draw a
perpendicular to OL: at L' to meet NS prod~_~_ed at p/Wit~ Pas
centre and PL' as radius draw an arc L'L torepresent lat itude of

. B/ Make an angle at N equal to D'iong between A & B (60° in this
case) and let this line meet EW produced at some point K · ith K
as centre and radius equal to KN draw the arc NS meeting LL' at
B. Now B represents the position of the destination/ (If the
D'lonq between A & B exceeds 90° then take the supplement of
D'iong and mark the angle at N on the same side as A to find
point K). Produce AO to D to for m a diameter & draw OR right
angles to AD at O. Draw the. r ight bisector of AB to meet the

p
""/ "

""",,/

1

•

s
Fig . 83

•
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,

perpe ndicii lar' to AD-at R~With R as ce ritre andrad iiis equal to
RA or RD draw the arc DBA. Now A B is the G.c. t rack between A
& B. •

. ". . ... -,, . """ I. " ''' ' ',. -.
This G.C. crosses the Eq uat or 'at T ,With T as centre and. . ~ .

radius used for the pr irnarvcircle re presenting 90° mark off a-. . . . '.
point ~ o rl -Wq E. By trial and error draw a meridian passing
throu qh.X t~m.eet t?e G.C. at V. Point V represents the Vertex of
G.C. The centre of t his 'meridian will lie along OW or OW pro-

, duced.

Vertex is the turning point on a G.C. It represents the high­
est Latitude reached along that G.C. The course at the vertex is
always E/W. This would meal") that the angle between the
meridian of the vertex and the G.C. track at V is always a Right
angle.

Point T on the Equator beingthe Pole of the meridian passing
through V, the course of the ship on the G.C. if and when she
crosses point T will always be equal to the Co-Iat of the Vertex.

In triangle NAB given
•

NA = Co-tat of A =90-37° =53° =side 'b'
NB = Co-Iat of B =90-52° =38° =side 'a '
'"ANB = D'iong between A & B =60° (West)

To find :- (i) G.C. Distance: AB
"'-

(ii) Initial course : NAB
A

(iii) Final Course : NBA
(iv) Lat & Long of vertex,

given angle V = 90°

To find G.C. distance '
,

1,.

Hav n =Hav N sin a sin b + Hav (a-b)
No. Rat. Log.

N = 60° Hav· 9.39794
a = 38° Sin 9 .78934
b = 53° sin 9 .90235

9 .08963

• •

a-b = 15° ,
n = 43° 55V2 '

Hav
Hav

•

Nat.

0.12284
0 .01704
0 .13988

G.C. dist. = 43° 55Y2' = 2635V2 miles
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To find initial course:
Hav A =[Hav a - Hav (n ........ .blJC,o~ec !l Cosec b

. 1 ) ~ - .• ' . _ ' .. ' ', '

No. Rat. ':; .: Log.
a = 38° Hav ·,
n-rb = 9° 4V2 ' / Hav -

8 .99884
n = 43° 55V2' Cosec 0 .15882
b = 53° Cosec 0. 09765

•

A = 50° 12.6 ' Hav 9 .25 53 1

Initial course = N 50° 12.6"W(309° 47.4')

Cosec n Cosec a

Final course = S 85° 24' W (265° 24) •

To find final course:

Hav B = [ H.av b - Hav (n~ail

No. Rat.
b = 53° Hav
ri-a = 5.0 55 V2' Hav

n = 43° 55 V2 Cosec
a = 38° Cosec

•

B =85° 24' Hav

Log.

9 .29318
0.15882
0.21066
9.66266

Nat
•

0.19909-
0.00267
0.19642

90°

Note th at in iti al course is
N & W whereas the final course
is S & W. Th is is because the
vertex lies between A & Band
the course t herefore changes
from northwards to sourth­
wards on crossing the vertex. If
vertex was outside AB, then
initial & fina l courses would
have the same names.

-

•

b

90-N

90-v
Y'"

n

90-8

•
Fig. 84

The initial & final courses could have been simultaneously
found out by use of the tangent formula(Napier's Analogies)
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. .To find the position of Vertex :

In.6N BV (fig . 83), given
. ,. ' . , . .,""" ..,. . - . : . . ~ . , ~

B = Fin t cu rse 85'0 24' ' e.; . ,, -~ .. :? ~ . ~ .'. - . ~ q ,-.;; ~._ .. .. .

NB = v =Co.,..lat of B = 38° " . .'" . , ) :. -' " " . ' .. .. ( .
V = 90° ,/

~ . ' . ,.'

T o fin? .Q. ~_So- I at of V and the nce Lat of V.
. N = D'Long between B & V and thence Long of V.

•

Using Napier's Ru les
•

Sin b = Cos (90 - v) Cos (90 - B)
Sin b = Sin v Sin B.

No.
38°
85° 24'

Rat.
•

Sin
•

Sin
j

Log.
9.78934
9.99860 •

•

••-
-.

9.78794

Log.
9 .89653
1.09443

•

Sin

Co Lat of V = 37° 51 Y2'
. Lat of V = 52° 08V2 N.

Sin (90 - v) = tan (90 - B) tan (90 - N)
COS v = Cot B Cot N.

:. Cot N = Cos vTan B.
No. Rat.

38° cos
85° 24' tan

5° 50' cot 0.99096

G.C. dist.
Initial co
Final Co

- 2635V2 miles
= N 50° 12.6 W
= S 85° 24' W

Long of B .
D'iong
Long of V

Answers :-

--
-- •

-

160° 00' E
5° 50' E

165° 50' E

•

Pos. of vertex = Lat 52° 8% N Long 165° 50' E
•

As stated ear li er in th is section, it is necessary to select
convenient points along the track to fac ilitate th e sailing along
the G.C.Choose convenient longitudes, say every 5 or 10 degree
apart. The triangles formed by the meridian of the vertex, the
selected longitudes and the G.C. track will form series of right
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angled triangles in which co- Jat of V isknown, the angle at 'N' is
known,being the D'lonq between Long of'V &:the'cho£'el'ti Longi­
tude and angle at V = 90 0

. It is required to f ind theco-tat of the
chosen points & thence its latitudes.

. . ! . • . ". . " 1 '~ . --

This can be easily w orked out by use of Napier 's R u les for, . ,
circular parts. . ri .'· .. . l/ :

."- ',' ..
' . '. ' ',.' • t · , •

Once the Latitudes and Long itudes of several su ch points are .,
•

known on th e G.C. t rack, the ship sails along short legs of rhumb
lines from point to point. Thus following the Great circle as close

. '-

as possible.

Wireless bearing

When a OfF bearing of a distant station is taken the bearing
we obtain is a Great circle bearing. The wireless waves take the
shortest path along the cu rvature of the earth which 'is a G.C. We
cannot plot this directly on the chart .

The G .C. bearing will have to be converted to Mercatorial
bearinq before it can be plotted on the mercator's chart .

o

The Cor rection we apply to the G.C. bearings for th is conver-
sion is ca lled the " Half C onvergency" . .

Half convergency = O. Long x sine Mean Lat .
2

•

•

N

SHIP

N'

,
\

\
\

\ ,
\ ,

\ ,
\ ,

Fig . 85

•

A
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If a ship at A takes a OI F bearing of a Radio Beacon placed at
point P on the chart, t he W I T w ave tra ve ls along the G.C. arc
P A To.theship at A. the bear i Q,g ! .)NjIJ j~L.along th e t angent to J..he
G.C. at A ie. the ,bearing obtain~~ :p r; , R ~s OIF set wi ll be NAK:

If, on the otherfhand. point P were t o take the bear ing of the,

ship at A. the bear ing indicated at the shore station will be
A

N'PQ. The straight line joining AP is the Mercatorial Bearing,
which can be drawn on the cha rt.

The half convergency correction is the angle KAP at the ship
or QPA at the shore station . Thiscan be calculated once the DR .
position of the ship and the position of the shore station are
known. O'iong between ship & shore st at ion can be calculated
and also the Mean Latitude between t he two points.

•

O'long x sine Mean Lat w ill then give half convergency.
2

Rule for applying the correction .
The convex part of the G.C. always lies facing the po le of the

hemisphere in which the G.C. is. Therefore the mercatorial
bearing alw ays lies on th e Equitor ial si de of the G.C. Hence t he
ha If convergency correction is always applied towards the eq ua ­
tor.

The convert the G.C. bearing of point P, taken by ship A,the
half convergency correction will be added to make it the rnerca-

. torial bearing. If the shore station were to take the bearing of the
ship, then this correction has to be subtracted to arrive at the
mercatorial bearing. This is quite evident from' the figure 85.
The sign of the correction can very easily be judged by drawing a
rough sketch of the relative positions of the ship and the station.
fig . 85 represents a G.C. bearing of the ship & station placed in
the Northern hemisphere.

In the Southern ~_emisphere, the convex part of the G.C.
itself will face southwards. So acorrection which is additive in the
northern hemisphere will be subtractive in southern hemis­
phere and vice versa . Simplest way to accertain the sign of the
correction, is to always apply it towards the equator. In the
Northern hemisphere the equator lies to the South of the

•
observer and in the Southeren hemisphere the equator lies to
the North of the observer.
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Worked exam p le . ,-: , .,.. - " ,: ";, .:' ." .
j ,

A ship in OR posit ion, '46 °\ 'N'~9'0 'W ~ nd : st~e r i n g .a "course of
3 16° (T) takes a OfF bearing of sh ore sta t ion in Lat 500 N 6'?W
and obtains the OfF ' bearing as 078?"~ RE!4ative. Findvthe. . ' . ,

m erca tor iaI bearing, ';, -. . ..~ ," . ' ­
•

Sh ip 's head = 316° (T) " ~ I . • ' C

Rela t ive Brg. = 078°
. OfF Bearing . = 394°

- 360
= 034° (T)

Ship OR Lat 46° N Long 9° W
Stn Pos . Lat 50° N Long 6° W

O'Lat 4 ° N D'Lonq 3° E
Mean Lat = 48° N

Half convergency = 3xo sin 48°
2

= 1.5° x sin 48°
= 1.1 °

It is evident from this rough sketch (fig 86) that the correction
is + ve

, O,F. Beari ng
•

Half convergency

Mercatorial Brg.

90W

SHIP
I

= 034° (T)
= + 1.1 °

= 035.1 ° (T)

Fig. 86
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EXERCISE XIII

(1) How is a spherical t ri angle formed? What are the properti es
of a spherica l t ri angle ? - -. .... : ),: . 1 : " ,

. .
... ... . .., ...... f -

(2) W hat ismeant by the terms "Like-or tJn like Affection". State-the three axioms based on these said affections..' .
. ~ . " , ,0 ... .. .

(3) W hat is die adva n.ta ~e of Great Circle sailing over Mercator's
sai ling ? 'Underwhat dcircumstances are the advantages
most beneficia l?

(4) Can a sh ip sail exactly over a G.C. Track ? If not, w hy ? In
practice how is the G.C. track made use of ?

(5) In a Right angled spherical triangle AB C, given the following
data, find the remaining 3 parts :

-

A-

(a) B = 90°
A-

(b) B = 90°
........

(c) B = 90°

a = 22° 18' c = 45° 35'

A= 44° 20' b = 54 ° 10'
Ao

C=71°05' a= 49° 30 '

(6) Given Dec!. of Sun is 21\° 5 1'S, and its S.H.A . is 67° 37.8' fi nd
the obliquity of the ecliptic.

. A

(7) In a quadrantal triangle ABC, given, A = 67 0 0 2', c = 46° 00'
and a = 90 0

, find the remaining three parts.

(8) When the decl , of sun was 15 0 30' S, its A zimu th w n 2a3°
11 ' at sunset. Find the latitude of the observer.

.'

(9) In a lat. 4901 O'N at Sunrise, su n 's decl. w as 23° 26 'N and it
GHA was 286° 6.0'. Find the longit ude of th e observer.

(10) In an oblique spherical triangle ABC, given a = 65°, b =84°,
c = 92°, find the three angles.

. A

(11) In 6. ABC given, b = 54° 30', c = 103040 ' A = 48° 4 5', find
the remaining three parts.

A
(12) In 6. PZX given PZ = 41°, PX = 67°, P = 28° find ZX.

(13) Find the init ial and final courses and distance along a G.C.
Track and the position of vertex, from a position 'A' . Lat.

- 56°S Long. 67°W to position 'B' in Lat. 37°S, Long 19°E.

(14) From Hawai in Lat. 21 ° 30'N Long. 157° 50'WtoVancouver
in Lat. 48° 20'N, Long 123° 15'W. Find G.C. dist. init ial and
final courses and the position of vertex.
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( I',) I Will 'A' in La t. 34° 00'5, Long 25° 30' Eto B in Lat.. 5°;50' N..
(l ., 35 ' , find G.c.... l;li$L"init ia l and ,f inal coy)~-?e;¥; an~.

po:,ition of vertex. ', ' C,, ; : .. "''''' '" ., .
o. . . . . " I . ' I:

( I I A ship is DR Lat. 23° 1O'N, Long. 1?,3}.)1B:E. observes the,
O/F bearing of a shore station in Lat ..n o12'N. Long 114°

" ,
20'E to be 266° (T). Find the mercator iaI bearing to' be
plotted on chart. '

(17) A Vessel steering 085° (T) in DR Lat . 41 ° 50'N Long 67°
50'W takes a DfF bearing of a shore station in Lat . 44° 40'N
Long 63° 35'W, If the DfF relat ive bearing was 323V2°find
the mercatorial bearing.

b = 49° 36 '
C = 30° 56'
c = '65° 44V2'

C = 69° 42W
c = 27° 19'
b = 74° 31 V2

Answ ers
Q . 5. (a) A = 29° 42' ~

(b) , a = 34° 30W
(c) A = 52° 05W

-.
(6) 23° 26W (7) B = 170° 41 W , b = 112° C = 41 ° 28W
(8) 22° 31 Y2S (9) 46° 12'W
(10) A = 64° 36.2' B = 82° 26 ' C = 95° 02'
(11) a = 67° 23.7' B = 4 1° 29' C = 127° 39'
(12) 34° 5.7'
(13) G.C. dist 3479.3 ' Initial Co. 5 69° 58.8'E (110° 01 .2')

Final Co. N 41 ° 08.3'E (041 ° 08.3')
. Lat of V = 58° 18.2'5 Long of V = 00° 43WW

(14) G.C. Dist = 2307.7' Initial Co. N 37° 21 'E (037° 21 ')
Final Co.N 58° 06.6'E (058° 06.6')
Lat of V = 55° 38'N Long. 83° 28WW

(15) G.C. Dist. 3927.9' Inital Co. N 63° 43.7'E (063° 43 .7)
Final CO.N 48° 21.3E (0.48° 21 .3 ')
Lat of V = 41 ° 59WS Long V = 23° 03.8 'W

(16) Y2 Convegency = -1.7° Mercatorial Brg 264.3° (T)
(1 7 ) V2 Convergency = + 2° Mercatorial Brg 050V2°

I
I
I 1 h 1
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~~ 1:) :: ! , t : l TEST PA'PERS
. JL .. . . ." .. ~ -· l.~ " l -· · · · · 1 ...~ .. .. .~ (1 ' ;

, £rach of the folfc;"wing paper 's are'intended to be w orked out in
. ' . . _ ' , " -; r; O ·1 r; ·

-. 2 Hours an,;! .fC!pies 100 maiks:., . ~hese are based on the pro -
posed nevy sylf!1;buf Any reierence to Nautical almanac is not
"'eq,Llired;1t~ '1ece~~~rY data is' 'gi ven in the question itself. In
exa!J'linat iO'.lJ5....however the data may have to be teken from the
Nautical Alamanac for the appropriate year. .

Test paper I

1. (a ) Discuss the principle of Mercator's projection. Why are
M ercator's chart specifically suitable for Navigational pur­
poses?
(b) A mercator 's chart is constructed to a scale of 15cm =1° of
long itude. What is the length of the latitude scale between
Latitudes 38° 40'N & 39° 50'N, on that chart.

2 . An A.M. sight ofthe sun when worked with Lat 51 ° 55'N gave
. J

an observed longitude 0\20 0 04'W and when worked with Lat
52° 05'N gave a longitude of 19° 54V2'N. What was the tru e
bearing of the sun?

3. Two ships A & 8 in latitude 35° S are 60° Longitude apart .
80th ships now steam towards each ot her along a great circ le
track. If A's speed is twice t he speed of '8' how far w ould '8 '
have moved when thev meet?

4. Define the following te rms:
(a) Meridional parts (b) Sidereal year (c) Qu adrature of the
moon (d) Retrograde mot ion of a planet. .

5. Explain why a star crosses the meridian four minutes earli er
each day?

6. If the earth's axis w as not titled at an angle of 23%° t oa plane
at right angles to its orbit, what effect would it have on the
length of day and night & on the seasons on the earth's surface
and why?

•
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(e) Sta te what project ion NOt;! h~~e- used for the figure, and
w hat each point l .l.i~e ,,~ ~~c. represent in your figure.

2. On 2 1st July 76, for a .~~a1i~rf~?\i~observer·in Long 10° 01.1'E
when GHA Ari es w as 1"4°'0"5:5' astar was obser~ed to bean his

- • ""l '" ~. • • ... .

upper merdian with a true ~l t i t ude of 89°"38I'8earing south .
La ter when the same sta r ~as 6Ahis',IdWef rn eri&an it had a
true altitude of 24° 21' bearing south :'Fihd th~l~fiitude':(;f the
observer andidentify the star. ': ' ' c, ' :-,r"F, , " .\l

. . ' .
3 . Explain with a suitable diagram, why planet Venus some-

ti m es appears as a morning star and sometimes as an evening
star. Why is Venus not observeable close to midnight in tropical
latitudes?

4. Define the following terms :-
(a) Ecliptic (b) Latitude of a place (c) Difference of Longitude '
(d) Synodic period of a clestial body.

,
5. What are 'v ' & 'd' corrections tabulated in the nautical almanac
, , How are they applied? Why is 'v ' correction sometimes nega--

tive for Venus?
6. What is the International date line? Explain & illust rate how

and why the date changes while crossing the International
date line.

, Test paper III

1. Prove the following statements with appropr iate figures
(a) GHA Aries + SHA * - Long (W) = LHA *
(b) LMT - LA T =+ Equation of time
(c) LMT m er. pass. of Aries + RA * = LMT Mer. pass of *

2. If sun's ampli tu de at Su m m er solst ice at rising w as E 29° N
, ,

f ind its true alt itude when on the prime vertica l for the same
,

st at io nary observer.. , '

3 . In fog a vessel anchors in DR. Lat 40° N. When fog cl eared a
sun sight is take n and w hen w orked by Longitude by ch rono­
m eter m ethod, using 40 0 N lat. gave a certain longitude. A t the
sam e time, the position fou nd by sextant angles of shore
objects put the vessel 6 nau t ical miles further Nort h and 5
na ut ica l mi les further East. Find the sun's t rue bear ing.

4, Wri te short notes on the following :
(a) Na ut ical Twi light
(b) Aug mentat ion to M oon 's semidiamete r.
(e) Libe rat ion in Lat itude & Long of moon.
(d) M axi mum elongati on of an inferior planet.

•J , (a) Wh at correct ion is applied to the wireless bearing of shore
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~~~~~~1Jf . ,;;,;,;.,.....~rra~~---cnart? Why.... _ _.... I., . __ .
• .;,.. . ~. • "I;. '4";"J""r " .•r-:'~' . .
~5';tn~§; • .d~plled?'('...:.'"" . "'''1if .. .. ' . . .
r ;~~;;j~':, ~'~~J; ,." , '. . - Ie of a p'olar Gnomonic chart. How is

{~~!r~~ltt~~;~u~~;~~~.~~~ used for the purpose of navigation?
ili!f~,,:): "'~4:':,~~"'~~~cf.;O., . , ",...; ·•.. ;'!:-:-::..··,:.oo ·, .· Test paper IV
~~'1I - ~ 'J.: ...:l~l~z'T . _" _. '" ' .. -. -', 'J'-', • •~~-.. ...~~l· .. .,, ~·ti!,. .. "

~if~~f?i~Jp'(:a·;;)~:G·<~,·vlf-e::n·~:i~~iglli,wi ng back observation of the Sun's LL find
':~~ {!'},'i f"'" . ~ -,.- -:,.':1 ... ,

~i~~titf.f~i1~(ih~fit~~~~ i~itude andoZen~th dista~ce.
it:i2'r~";; :i{~" ' : ~~;:f Sextant altitude 101 34, I.E. 2.5 on the arc, H.E. 11 m.
l'~r~,d;'t~/;3tF (b) When using an artificial horizon, show that the apparent
>::'."-r~.f ,r }, 1 '~ ~" '1.~_. ; 0 " . . ' '.

fi!.:~,' ;:~·?' ;·I. · altitude = Observed altitude '72
""'t....;;·"··.,, " ,.. ",- ·.. or ' . . " .

;~~JJ;~:~;<i, : }: Why & how does equation of time become. zero four times a
.~,~, c' ::.' "'. ';, yea r .,
<·'l "I' .. l ~ · •
'r~:r'-!~· ·· ~' '."~- ', -~ . .
;'~E~,; ~: ; :;:i ; 3: To an observer in North latitude star Arcturus (Dec. 19°
,1'j~i~,;> .,,, : " 25Y2' N) bore 000 0 (T) when on the meridian. Later its true

i."" I '" . .

;;~.~ ~~,':. /"',' \: altitude at maximum azi m uth was 24° 29' Find the observer's
':,}:i::;'{< :' " -. --Latitude: ' . ' -
, .~,,, >, ,, " -.. '

:.:t ·' " . 4. Explain & illustrate how solar eclipse takes 1?!~~lYVhatcon-
,. . . ditions are necessary to have solar eclips~" i" ere no

solar eclipse every new moon day? Wha!i . t by th of
an eclipse? J ~~. f.

5. Write short notes on the following: ":"" I . j.
(a) Superior & Inferior conjunction, ~'"

(b) International date line.
(c) Vertex of a Great Circle track. t
(d) The nodes of the m?on. .J~ ~ \1 : ':"'~

6. Find the difference in the speed of earth s rdration be:t-Ween
two places on the earth in Lat 25° & 48°.

ANSWERS TO TEST PAPERS '

Paper I
O. 1 (b) Ans. 22.5 cm.:
0, 2 120Y2°(T)
O. 3 967 Miles.

Paper II

Q. 1 (d) Approxi True Alt, 31 °
. .

AZ 134° (T) as measured.

(e) Equidistant projection.
2. Lat 57° (S) star Achnar.

Paper :11
0.2 44°10'

O. 3 129 (T)

Paper IV

- I (a) True Alt = 101 ° 4 1 96'

TZD = 11 ° 41.96'
(3) Lat 7° 55 V2N
(6) 213.46 m.p.h.
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