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Starpath Electronic Bowditch CHAPTER 15

NAVIGATIONAL ASTRONOMY

PRELIMINARY CONSIDERATIONS

1500. Definition ing principally with celestial coordinates, time, and the
apparent motions of celestial bodies, is the branch of as-
Astronomy predicts the future positions and motionstronomy most important to the navigator. The symbols
of celestial bodies and seeks to understand and explacommonly recognized in navigational astronomy are
their physical properties. Navigational astronomy, deal-given in Table 1500.

L CIOHLLIAL DUUICD

© Sun @ € Lower limb
@ Moon ©€ Center
¢ Mercury BT Upper limb
? Venus @ New moon
® Earth @ Crescent moon
d Mars © First quarter
A Jupiter ;
O Gibbous moon
h Saturn O Full
6 Uranus i moon
W Neptune O Gibbous moon
P Pluto O Last quarter
¢ Star @ Crescent moon
v¢-P Star-planet altitude correction (alti-
tude)
Miscellaneous Symbols
¥ Years > Interpolation impractical
= Months ° Degrees
¢ Days ’ Minutes of arc
® Hours ” Seconds of arc

= Minutes of time

* Seconds of time
mm Remains below horizon
O Remains above horizon
/Il Twilight all night

o Conjunction
& Opposition
[0 Quadrature
& Ascending node
¥ Descending node

Signs of the Zodiac

T Aries (vernal equinox)
¥ Taurus

O Gemini

95 Cancer (summer solstice)
& Leo

m Virgo

= Libra (autumnal equinox)
M Scorpius

7 Sagittarius

¥ Capricornus (winter solstice)
= Aquarius

X Pisces

Table 1500. Astronomical symbols.
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1501. The Celestial Sphere server at some distant point in space. When discussing the
rising or setting of a body on a local horizon, we must locate
Looking at the sky on a dark night, imagine that celes-the observer at a particular point on the earth because the
tial bodies are located on the inner surface of a vast, earttsetting sun for one observer may be the rising sun for
centered sphere. This model is useful since we are only iranother.
terested in the relative positions and motions of celestial Motion on the celestial sphere results from the motions
bodies on this imaginary surface. Understanding the conn space of both the celestial body and the earth. Without
cept of the celestial sphere is most important wherspecial instruments, motions toward and away from the
discussing sight reduction in Chapter 20. earth cannot be discerned.

1502. Relative And Apparent Motion 1503. Astronomical Distances

Celestial bodies are in constant motion. There is no  Consider the celestial sphere as having an infinite radi-
fixed position in space from which one can observe absous because distances between celestial bodies are
lute motion. Since all motion is relative, the position of theremarkably vast. The difficulty of illustrating astronomical
observer must be noted when discussing planetary motiowlistances is indicated by the fact that if the earth were rep-
From the earth we see apparent motions of celestial bodigssented by a circle one inch in diameter, the moon would
on the celestial sphere. In considering how planets follovbe a circle one-fourth inch in diameter at a distance of 30
their orbits around the sun, we assume a hypothetical obnches, the sun would be a circle nine feet in diameter at

Figure 1501. The celestial sphere.
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a distance of nearly a fifth of a mile, and Pluto would 1504. Magnitude
be a circle half an inch in diameter at a distance of about
seven miles. The nearest star would be one-fifth the ac- The relative brightness of celestial bodies is indicated
tual distance to the moon. by a scale of stellamagnitudes Initially, astronomers di-
Because of the size of celestial distances, it is invided the stars into 6 groups according to brightness. The
convenient to measure them in common units such a0 brightest were classified as of the first magnitude, and
the mile or kilometer. The mean distance to our nearesthe dimmest were of the sixth magnitude. In modern times,
neighbor, the moon, is 238,900 miles. For convenienceavhen it became desirable to define more precisely the limits
this distance is sometimes expressed in units of thef magnitude, a first magnitude star was considered 100
equatorial radius of the earth: 60.27 earth radii. times brighter than one of the sixth magnitude. Since the
Distances between the planets are usually exfifth root of 100 is 2.512, this number is considered the
pressed in terms of thastronomical unit (AU), the  magnitude ratio. A first magnitude star is 2.512 times as
mean distance between the earth and the sun. This is apright as a second magnitude star, which is 2.512 times as
proximately 92,960,000 miles. Thus the mean distancéright as a third magnitude star,. A second magnitude is
of the earth from the sun is 1 A.U. The mean distance2.512x 2.512 = 6.310 times as bright as a fourth magnitude
of Pluto, the outermost known planet in our solar sys-star. A first magnitude star is 2.542times as bright as a
tem, is 39.5 A.U. Expressed in astronomical units, thestar of the 21st magnitude, the dimmest that can be seen
mean distance from the earth to the moon is 0.00257hrough a 200-inch telescope.
A.U. Brightness is normally tabulated to the nearest 0.1
Distances to the stars require another leap in unitsmagnitude, about the smallest change that can be detected
A commonly-used unit is théight-year, the distance by the unaided eye of a trained observer. All stars of mag-
light travels in one year. Since the speed of light isnitude 1.50 or brighter are popularly called “first
about 1.86x 105 miles per second and there are aboutmagnitude” stars. Those between 1.51 and 2.50 are called
3.16x 107 seconds per year, the length of one light-year‘second magnitude” stars, those between 2.51 and 3.50 are
is about 5.88x 1012 miles. The nearest stars, Alpha called “third magnitude” stars, etc. Sirius, the brightest star,
Centauri and its neighbor Proxima, are 4.3 light-yearshas a magnitude of —1.6. The only other star with a negative
away. Relatively few stars are less than 100 light-yearsnagnitude is Canopus, —0.9. At greatest brilliance Venus
away. The nearest galaxies, the Clouds of Magellan, arkas a magnitude of about —4.4. Mars, Jupiter, and Saturn are
150,000 to 200,000 light years away. The most distansometimes of negative magnitude. The full moon has a
galaxies observed by astronomers are several billiomagnitude of about —12.6, but varies somewhat. The mag-
light years away. nitude of the sun is about —26.7.

THE UNIVERSE

1505. The Solar System The hierarchies of motions in the universe are caused by
the force of gravity. As a result of gravity, bodies attract each
Thesun, the most conspicuous celestial object in the skypther in proportion to their masses and to the inverse square
is the central body of the solar system. Associated with it are aif the distances between them. This force causes the planets
least nine principaplanetsand thousands of asteroids, com-to go around the sun in nearly circular, elliptical orbits.

ets, and meteors. Some planets like earth have satellites. In each planet’s orbit, the point nearest the sun is called
theperihelion. The point farthest from the sun is called the
1506. Motions Of Bodies Of The Solar System aphelion. The line joining perihelion and aphelion is called

theline of apsides In the orbit of the moon, the point near-

Astronomers distinguish between two principal mo-est the earth is called theerigee and that point farthest
tions of celestial bodiesRotation is a spinning motion from the earth is called thepogee Figure 1506 shows the
about an axis within the body, whereges/olution is the  orbit of the earth (with exaggerated eccentricity), and the
motion of a body in its orbit around another body. The bodyorbit of the moon around the earth.
around which a celestial object revolves is known as that
body’sprimary . For the satellites, the primary is a planet. 1507. The Sun
For the planets and other bodies of the solar system, the pri-
mary is the sun. The entire solar system is held together by = The sun dominates our solar system. Its mass is nearly a
the gravitational force of the sun. The whole system rethousand times that of all other bodies of the solar system com-
volves around the center of the Milky Way galaxy (sectionbined. Its diameter is about 866,000 miles. Since it is a star, it
1515), and the Milky Way is in motion relative to its neigh- generates its own energy through thermonuclear reactions,
boring galaxies. thereby providing heat and light for the entire solar system.
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Pluto

Neptune

m

Uranus

The distance from the earth to the sun varies from
91,300,000 at perihelion to 94,500,000 miles at aphelion.
When the earth is at perihelion, which always occurs early
in January, the sun appears largest, 32.6' in diameter. Six
months later at aphelion, the sun’s apparent diameter is a
minimum of 31.5".

Observations of the sun’'s surface (called fbteto-
sphere reveal small dark areas calladinspots These are
areas of intense magnetic fields in which relatively cool gas (at
7000F.) appears dark in contrast to the surrounding hotter gas
(10,000F.). Sunspots vary in size from perhaps 50,000 miles
in diameter to the smallest spots that can be detected (a few
hundred miles in diameter). They generally appear in groups.
Large sunspots can be seen without a telescope if the eyes are
protected, as by the shade glasses of a sextant.

Surrounding the photosphere is an outerona of
very hot but tenuous gas. This can only be seen during an
eclipse of the sun, when the moon blocks the light of the
photosphere.

The sun is continuously emitting charged patrticles,
which form thesolar wind. As the solar wind sweeps past
the earth, these particles interact with the earth’s magnetic
field. If the solar wind is particularly strong, the interaction
can produce magnetic storms which adversely affect radio
signals on the earth. At such times the auroras are particu-
larly brilliant and widespread.

The sun is moving approximately in the direction of
Vega at about 12 miles per second, or about two-thirds as
fast as the earth moves in its orbit around the sun. Thisis in
addition to the general motion of the sun around the center
of our galaxy.

1508. Planets

The principal bodies orbiting the sun are calpganets
Nine principal planets are known: Mercury, Venus, Earth,

Figure 1506. Orbits of the earth and moon.
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Figure 1507. Whole solar disk and an enlargement of ffigure 1509. Oblate spheroid or ellipsoid of revolution.
great spot group of April 7, 1947.
Courtesy of Mt. Wilson and Palomar Observatories.

Figure 1508a

Mars, Jupiter, Saturn, Uranus, Neptune, and Pluto. Of The orbits of many thousands of tiny minor planets or
these, only four are commonly used for celestial navigationasteroids lie chiefly between the orbits of Mars and Jupiter.
Venus, Mars, Jupiter, and Saturn. These are all too faint to be seen with the naked eye.
Except for Pluto, the orbits of the planets lie in nearly
the same plane as the earth’s orbit. Therefore, as seen froh%09. The Earth
the earth, the planets are confined to a strip of the celestial
sphere called thecliptic. In common with other planets, the eartitates on its
The two planets with orbits smaller than that of the earthaxis andevolvesin its orbit around the sun. These motions
are callednferior planets, and those with orbits larger than are the principal source of the daily apparent motions of
that of the earth are calleiperior planets The four planets other celestial bodies. The earth’s rotation also causes a de-
nearest the sun are sometimes called the inner planets, and flextion of water and air currents to the right in the Northern
others the outer planets. Jupiter, Saturn, Uranus, and Neptukkemisphere and to the left in the Southern Hemisphere. Be-
are so much larger than the others that they are sometimeause of the earth’s rotation, high tides on the open sea lag
classed as major planets. Uranus is barely visible to the unaitéehind the meridian transit of the moon.
ed eye; Neptune and Pluto are not visible without a telescope. For most navigational purposes, the earth can be con-
Planets can be identified in the sky because, unlike theidered a sphere. However, like the other planets, the earth
stars, they do not twinkle. The stars are so distant that thelg approximately amwblate spheroid or ellipsoid of revo-
are virtually point sources of light. Therefore the tiny streamlution, flattened at the poles and bulged at the equator. See
of light from a star is easily scattered by normal motions ofFigure 1509. Therefore, the polar diameter is less than the
air in the atmosphere causing the affect of twinkling. The naequatorial diameter, and the meridians are slightly ellipti-
ked-eye planets, however, are close enough to preseodl, rather than circular. The dimensions of the earth are
perceptible disks. The broader stream of light from a planetecomputed from time to time, as additional and more pre-
is not easily disrupted unless the planet is low on the horizogise measurements become available. Since the earth is not
or the air is especially turbulent. exactly an ellipsoid, results differ slightly when equally
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precise and extensive measurements are made on differguear in the morning sky at dawn. It will gradually move

parts of the surface. away from the sun to western elongation, then move back
toward the sun. After disappearing in the morning twilight,
1510. Inferior Planets it will move behind the sun to superior conjunction. After

this it will reappear in the evening sky, heading toward east-

Since Mercury and Venus are inside the earth’s orbitern elongation.
they always appear in the neighborhood of the sun. Over a Mercury is never seen more than about 2®&m the
period of weeks or months, they appear to oscillate back ansun. For this reason it is not commonly used for navigation.
forth from one side of the sun to the other. They are seen eNear greatest elongation it appears near the western horizon
ther in the eastern sky before sunrise or in the western skgfter sunset, or the eastern horizon before sunrise. At these
after sunset. For brief periods they disappear into the sun'smes it resembles a first magnitude star and is sometimes
glare. At this time they are between the earth and sun (knowreported as a new or strange object in the sky. The interval
asinferior conjunction ) or on the opposite side of the sun during which it appears as a morning or evening star can
from the earthguperior conjunction). On rare occasions at vary from about 30 to 50 days. Around inferior conjunction,
inferior conjunction, the planet will cross the face of the sunMercury disappears for about 5 days; near superior con-
as seen from the earth. This is known dsaasit of the sun.  junction, it disappears for about 35 days. Observed with a

When Mercury or Venus appears most distant from theelescope, Mercury is seen to go through phases similar to
sun in the evening sky, it is at greatest eastern elongatiomhose of the moon.
(Although the planet is in the western sky, it is at its east-  Venus can reach a distance of4ibm the sun, allow-
ernmost point from the sun.) From night to night the planeting it to dominate the morning or evening sky. At maximum
will approach the sun until it disappears into the glare ofbrilliance, about five weeks before and after inferior con-
twilight. At this time it is moving between the earth and sunjunction, it has a magnitude of about —4.4 and is brighter
to inferior conjunction. A few days later, the planet will ap- than any other object in the sky except the sun and moon.

Conjunction
-
Orb,? or
«* 4'%
Superior giundion
&
a_{" \“ﬁ“ \_/

%

Greatest
Elongation
West

Figure 1510. Planetary configurations.
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At these times it can be seen during the day and is sometimes  Saturn, the outermost of the navigational planets,
observed for a celestial line of position. It appears as a morreomes to opposition at intervals of about 380 days. It is vis-
ing or evening star for approximately 263 days in successiorible for about 175 days before and after opposition, and
Near inferior conjunction Venus disappears for 8 daysgdisappears for about 25 days near conjunction. At opposi-
around superior conjunction it disappears for 50 days. Whetion it becomes as bright as magnitude +0.8 to —0.2.
it transits the sun, Venus can be seen to the naked eye aghrough good, high powered binoculars, Saturn appears as
small dot about the size of a group of sunspots. Through birelongated because of its system of rings. A telescope is
oculars, Venus can be seen to go through a full set of phasaseeded to examine the rings in any detail. Saturn is now

known to have at least 18 satellites, none of which are visi-
1511. Superior Planets ble to the unaided eye.

Uranus, NeptuneandPluto are too faint to be used for
As planets outside the earth’s orbit, the superior plannavigation; Uranus, at about magnitude 5.5, is faintly visi-

ets are not confined to the proximity of the sun as seen frorble to the unaided eye.
the earth. They can pass behind the sun (conjunction), but
they cannot pass between the sun and the earth. Instead W&12. The Moon
see them move away from the sun until they are opposite
the sun in the skydpposition). When a superior planet is Themoonis the only satellite of direct navigational in-
near conjunction, it rises and sets approximately with thederest. It revolves around the earth once in about 27.3 days,
sun and is thus lost in the sun’s glare. Gradually it becomeas measured with respect to the stars. This is calledithe
visible in the early morning sky before sunrise. From day todereal month. Because the moon rotates on its axis with
day, it rises and sets earlier, becoming increasingly visibl¢he same period with which it revolves around the earth, the
through the late night hours until dawn. Approaching oppo-same side of the moon is always turned toward the earth.
sition, the planet will rise in the late evening, until at The cycle of phases depends on the moon'’s revolution with
opposition, it will rise when the sun sets, be visible through+espect to the sun. This synodic month is approximately

out the night, and set when the sun rises. 29.53 days, but can vary from this average by up to a quar-
Observed against the background stars, the planets naer of a day during any given month.
mally move eastward in what is calledirect motion. When the moon is in conjunction with the sun (new

Approaching opposition, however, a planet will slow down,moon), it rises and sets with the sun and is lost in the sun’s
pause (at a stationary point), and begin moving westwardlare. The moon is always moving eastward at about®12.2
(retrograde motion), until it reaches the next stationary per day, so that sometime after conjunction (as little as 16
point and resumes its direct motion. This is not because thieours, or as long as two days), the thin lunar crescent can be
planet is moving strangely in space. This relative, observedbserved after sunset, low in the west. For the next couple
motion results because the faster moving earth is catchingf weeks, the moon willvax, becoming more fully illumi-
up with and passing by the slower moving superior planemated. From day to day, the moon will rise (and set) later,
The superior planets are brightest and closest to thbecoming increasingly visible in the evening sky, until
earth at opposition. The interval between oppositions igabout 7 days after new moon) it reaches first quarter, when
known as thesynodic period This period is longest for the the moon rises about noon and sets about midnight. Over
closest planet, Mars, and becomes increasingly shorter fahe next week the moon will rise later and later in the after-
the outer planets. noon until full moon, when it rises about sunset and
Unlike Mercury and Venus, the superior planets do notdominates the sky throughout the night. During the next
go through a full cycle of phases. They are always full orcouple of weeks the moon wiltane, rising later and later
highly gibbous. at night. By last quarter (a week after full moon), the moon
Mars can usually be identified by its orange color. It rises about midnight and sets at noon. As it approaches new
can become as bright as magnitude —2.8 but is more oftemoon, the moon becomes an increasingly thin crescent, and
between —1.0 and —2.0 at opposition. Oppositions occur as seen only in the early morning sky. Sometime before con-
intervals of about 780 days. The planet is visible for aboufunction (16 hours to 2 days before conjunction) the thin
330 days on either side of opposition. Near conjunction it iscrescent will disappear in the glare of morning twilight.
lost from view for about 120 days. Its two satellites can only At full moon, the sun and moon are on opposite sides of
be seen in a large telescope. the ecliptic. Therefore, in the winter the full moon rises early,
Jupiter, largest of the known planets, normally out- crosses the celestial meridian high in the sky, and sets late; as
shines Mars, regularly reaching magnitude —2.0 or brightethe sun does in the summer. In the summer the full moon ris-
at opposition. Oppositions occur at intervals of about 40@s in the southeastern part of the sky (Northern Hemisphere),
days, with the planet being visible for about 180 days befemains relatively low in the sky, and sets along the south-
fore and after opposition. The planet disappears for abouvestern horizon after a short time above the horizon.
32 days at conjunction. Four satellites (of a total 16 current- At the time of the autumnal equinox, the part of the
ly known) are bright enough to be seen in binoculars. Theiecliptic opposite the sun is most nearly parallel to the hori-
motions around Jupiter can be observed over the course @bn. Since the eastward motion of the moon is
several hours. approximately along the ecliptic, the delay in the time of
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Figure 1512. Phases of the moon. The inner figures of the moon represent its appearance from the earth.

rising of the full moon from night to night is less than at oth- speed away from the solar system after gaining velocity as
er times of the year. The full moon nearest the autumnathey pass by Jupiter or Saturn.

equinox is called thbarvest moon the full moon a month The short-period comets long ago lost the gasses need-

later is called thé@unter's moon. See Figure 1512. ed to form a tail. Long period comets, such as Halley’s
comet, are more likely to develop tails. The visibility of a

1513. Comets And Meteors comet depends very much on how close it approaches the

earth. In 1910, Halley's comet spread across the sky. Yet
Although cometsare noted as great spectacles of nawhen it returned in 1986, the earth was not well situated to
ture, very few are visible without a telescope. Those thaget a good view, and it was barely visible to the unaided eye.
become widely visible do so because they develop long, Meteors, popularly calleghooting stars are tiny, sol-
glowing tails. Comets are swarms of relatively small solidid bodies too small to be seen until heated to incandescence
bodies held together by gravity. Around the nucleus, a gashy air friction while passing through the earth’'s atmo-
eous head or coma and tail may form as the comesphere. A particularly bright meteor is calledfieeball .
approaches the sun. The tail is directed away from the sui@ne that explodes is callecbalide. A meteor that survives
so that it follows the head while the comet is approaching théts trip through the atmosphere and lands as a solid particle
sun, and precedes the head while the comet is receding. Tiecalled aneteorite.
total mass of a comet is very small, and the tail is so thinthat ~ Vast numbers of meteors exist. It has been estimated
stars can easily be seen through it. In 1910, the earth passttht an average of about 1,000,000 bright enough to be seen
through the tail of Halley's comet without noticeable effect. enter the earth’s atmosphere each hour, and many times this
Compared to the well-ordered orbits of the planetshumber undoubtedly enter, but are too small to attract
comets are erratic and inconsistent. Some travel east to westtention.
and some west to east, in highly eccentric orbits inclined at  Meteor showersoccur at certain times of the year when
any angle to the ecliptic. Periods of revolution range fromthe earth passes througheteor swarms the scattered re-
about 3 years to thousands of years. Some comets maains of comets that have broken up. At these times the
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Figure 1513. Halley’'s Comet; fourteen views, made between April 26 and June 11, 1910.
Courtesy of Mt. Wilson and Palomar Observatories.

number of meteors observed is many times the usual numbed by ancient peoples, who supplied them with names and
A faint glow sometimes observed extending upwardmyths. Today astronomers use constellations—88 in

approximately along the ecliptic before sunrise and afteall—to identify areas of the sky.

sunset has been attributed to the reflection of sunlight from  Under ideal viewing conditions, the dimmest star that

guantities of this material. This glow is callembdiacal can be seen with the unaided eye is of the sixth magnitude.

light. A faint glow at that point of the ecliptic 18@romthe  In the entire sky there are about 6,000 stars of this magni-

sun is called thgegenscheiror counterglow. tude or brighter. Half of these are below the horizon at any
time. Because of the greater absorption of light near the ho-
1514. Stars rizon, where the path of a ray travels for a greater distance

through the atmosphere, not more than perhaps 2,500 stars

Stars are distant suns, in many ways resembling theare visible to the unaided eye at any time. However, the av-
body which provides the earth with most of its light and erage navigator seldom uses more than perhaps 20 or 30 of
heat. Like the sun, stars are massive balls of gas that createe brighter stars.
their own energy through thermonuclear reactions. Stars which exhibit a noticeable change of magnitude

Although stars differ in size and temperature, these difare calledvariable stars. A star which suddenly becomes
ferences are apparent only through analysis by astronomeseveral magnitudes brighter and then gradually fades is
Some differences in color are noticeable to the unaided eyealled anova. A particularly bright nova is called a
While most stars appear white, some (those of lower tempesupernova
ature) have a reddish hue. In Orion, blue Rigel and red Two stars which appear to be very close together are
Betelgeuse, located on opposite sides of the belt, constitutalled adouble star. If more than two stars are included in
a noticeable contrast. the group, itis called enultiple star. A group of a few doz-

The stars are not distributed uniformly around the skyen to several hundred stars moving through space together
Striking configurations, known anstellations were not-  is called aropen cluster The Pleiades is an example of an
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open cluster. There are also spherically symmetric clustersliiky Way. They are approximately 1,700,000 light years
of hundreds of thousands of stars knowrglsbular clus-  distant. The Magellanic Clouds can be seen as sizable
ters. The globular clusters are all too distant to be seen witlglowing patches in the southern sky.

the naked eye.

A cloudy patch of matter in the heavens is calletea-
ula. If it is within the galaxy of which the sun is a part, it is
called agalactic nebulg if outside, it is called amextraga-
lactic nebula

Motion of a star through space can be classified by i
vector components. That component in the line of sight
calledradial motion, while that component across the line
of sight, causing a star to change its apparent position re
tive to the background of more distant stars, is calle
proper motion.

1515. Galaxies

A galaxyis a vast collection of clusters of stars and cloud
of gas. The earth is located in the Milky Way galaxy, a slowl
spinning disk more than 100,000 light years in diameter. A
the bright stars in the sky are in the Milky Way. However, th
most dense portions of the galaxy are seen as the great, br
band that glows in the summer nighttime sky. When we loc
toward the constellation Sagittarius, we are looking toward tl
center of the Milky Way, 30,000 light years away.

Despite their size and luminance, almost all other ga
axies are too far away to be seen with the unaided eye. ,
exception in the northern hemisphere is the Great Gala
(sometimes called the Great Nebula) in Andromeda, whici,
appears as a faint glow. In the southern hemisphere, thEigure 1515. Spiral nebula Messier 51, In Canes Venetici.
Large and Small Magellanic Clouds (named after Ferdi- Satellite nebula is NGC 5195.
nand Magellan) are the nearest known neighbors of the Courtesy of Mt. Wilson and Palomar Observatories.

APPARENT MOTION

1516. Apparent Motion Due To Rotation Of The Earth  shown in Figure 1516a.
For an observer at one of the poles, bodies having con-

Apparent motion caused by the earth’s rotation is stant declination neither rise nor set (neglecting precession
much greater than any other observed motion of celestialf the equinoxes and changes in refraction), but circle the
bodies. It is this motion that causes celestial bodies to apsky, always at the same altitude, making one complete trip
pear to rise along the eastern half of the horizon, climb t@around the horizon each day. At the North Pole the motion
maximum altitude as they cross the meridian, and set alonig clockwise, and at the South Pole it is counterclockwise.
the western horizon, at about the same point relative to duApproximately half the stars are always above the horizon
west as the rising point was to due east. This apparent m@nd the other half never are. The parallel sphere at the poles
tion along the daily path, adiurnal circle, of the body is s illustrated in Figure 1516b.
approximately parallel to the plane of the equator. It would  Between these two extremes, the apparent motion is a
be exactly so if rotation of the earth were the only motioncombination of the two. On this oblique sphere, illustrated in
and the axis of rotation of the earth were stationary in spacd=igure 1516c, circumpolar celestial bodies remain above the

The apparent effect due to rotation of the earth variefiorizon during the entire 24 hours, circling the elevated ce-
with the latitude of the observer. At the equator, where thdestial pole each day. The stars of Ursa Major (the Big
equatorial plane is vertical (since the axis of rotation of theDipper) and Cassiopeia are circumpolar for many observers
earth is parallel to the plane of the horizon), bodies appedn the United States. An approximately equal part of the ce-
to rise and set vertically. Every celestial body is above thdestial sphere remains below the horizon during the entire
horizon approximately half the time. The celestial sphere aday. Crux is not visible to most observers in the United
seen by an observer at the equator is called the right sphergtates. Other bodies rise obliquely along the eastern horizon,
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Figure 1516c. The oblique sphere at latitud&N40  Figure 1516d. The various twilight at latitude’RCand

latitude 60N.

climb to maximum altitude at the celestial meridian, and setropics, and the change of length of the day becomes greater
along the western horizon. The length of time above the horizoas the latitude increases. It also explains why twilight lasts
and the altitude at meridian transit vary with both the latitude ofonger in higher latitudes. Twilight is the period of incom-
the observer and the declination of the body. At the polar circleplete darkness following sunset and preceding sunrise.
of the earth even the sun becomes circumpolar. This is the larielvening twilight starts at sunset, and morning twilight ends
of the midnight sun, where the sun does not set during part of thet sunrise. The darker limit of twilight occurs when the cen-
summer and does not rise during part of the winter. ter of the sun is a stated number of degrees below the

The increased obliquity at higher latitudes explainscelestial horizon. Three kinds of twilight are defined: civil,
why days and nights are always about the same length in theautical and astronomical.
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Twilight Lighter limit ~ Darker limit At darker limit

civil —0°50' -6 Horizon clear; bright stars visible
nautical —050' =12 Horizon not visible

astronomical -0’ -18 Full night

The conditions at the darker limit are relative and varywhich it reaches a maximum value of 20.5". The effect of ab-
considerably under different atmospheric conditions erration can be noted by comparing the coordinates
In Figure 1516d, the twilight band is shown, with the (declination and sidereal hour angle) of various stars through-
darker limits of the various kinds indicated. The nearly ver-out the year. A change is observed in some bodies as the year
tical celestial equator line is for an observer at latitudeprogresses, but at the end of the year the values have returned
20°N. The nearly horizontal celestial equator line is for analmost to what they were at the beginning. The reason they do
observer at latitude 60l. The broken line in each case is not return exactly is due to proper motion and precession of the
the diurnal circle of the sun when its declination iS5  equinoxes. It is also due to nutation, an irregularity in the mo-
The relative duration of any kind of twilight at the two lat- tion of the earth due to the disturbing effect of other celestial
itudes is indicated by the portion of the diurnal circle bodies, principally the moon. Polar motion is a slight wobbling
between the horizon and the darker limit, although it is notof the earth about its axis of rotation and sometimes wandering
directly proportional to the relative length of line shown of the poles. This motion, which does not exceed 40 feet from
since the projection is orthographic. The duration of twi-the mean position, produces slight variation of latitude and
light at the higher latitude is longer, proportionally, than longitude of places on the earth.
shown. Note that complete darkness does not occur at lati-
tude 60N when the declination of the sun is"hb 1518. Apparent Motion Due To Movement Of Other
Celestial Bodies
1517. Apparent Motion Due To Revolution Of The
Earth Even if it were possible to stop both the rotation and
revolution of the earth, celestial bodies would not appear
If it were possible to stop the rotation of the earth sostationary on the celestial sphere. The moon would make
that the celestial sphere would appear stationary, the effectse revolution about the earth each sidereal month, rising in
of the revolution of the earth would become more notice-the west and setting in the east. The inferior planets would
able. In one year the sun would appear to make oneppear to move eastward and westward relative to the sun,
complete trip around the earth, from west to east. Hence, gtaying within the zodiac. Superior planets would appear to
would seem to move eastward a little less thapdr day. make one revolution around the earth, from west to east,
This motion can be observed by watching the changing poeach sidereal period.
sition of the sun among the stars. But since both sun and Since the sun (and the earth with it) and all other stars are
stars generally are not visible at the same time, a better wayp motion relative to each other, slow apparent motions
is to observe the constellations at the same time each nightiould result in slight changes in the positions of the stars rel-
On any night a star rises nearly four minutes earlier than oative to each other. This space motion is, in fact, observed by
the previous night. Thus, the celestial sphere appears telescope. The component of such motion across the line of
shift westward nearly Leach night, so that different con- sight, called proper motion, produces a change in the appar-
stellations are associated with different seasons of the yeagnt position of the star. The maximum which has been
Apparent motions of planets and the moon are due to abserved is that of Barnard’s Star, which is moving at the rate
combination of their motions and those of the earth. If the roof 10.3 seconds per year. This is a tenth-magnitude star, not
tation of the earth were stopped, the combined apparenisible to the unaided eye. Of the 57 stars listed on the daily
motion due to the revolutions of the earth and other bodiepages of the almanacs, Rigil Kentaurus has the greatest prop-
would be similar to that occurring if both rotation and revolu- er motion, about 3.7 seconds per year. Arcturus, with 2.3
tion of the earth were stopped. Stars would appear nearlyeconds per year, has the greatest proper motion of the navi-
stationary in the sky but would undergo a small annual cyclegational stars in the Northern Hemisphere. In a few thousand
of change due to aberration. The motion of the earth in its orbigears proper motion will be sufficient to materially alter
is sufficiently fast to cause the light from stars to appear to shifsome familiar configurations of stars, notably Ursa Major.
slightly in the direction of the earth’s motion. This is similar to
the effect one experiences when walking in vertically-falling1519. The Ecliptic
rain that appears to come from ahead due to the observer's own
forward motion. The apparent direction of the light ray from Theecliptic is the path the sun appears to take among
the star is the vector difference of the motion of light and thethe stars due to the annual revolution of the earth in its orbit.
motion of the earth, similar to that of apparent wind on a mov4t is considered a great circle of the celestial sphere, in-
ing vessel. This effect is most apparent for a bodyclined at an angle of about 2%’ to the celestial equator,
perpendicular to the line of travel of the earth in its orbit, forbut undergoing a continuous slight change. This angle is
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called theobliquity of the ecliptic. This inclination is due tions are the reverse of those six months earlier; the
to the fact that the axis of rotation of the earth is not perpenNorthern Hemisphere is having its winter, and the Southern
dicular to its orbit. It is this inclination which causes the sunHemisphere its summer. This is thénter solstice Three
to appear to move north and south during the year, givingnonths later, when both hemispheres again receive equal
the earth its seasons and changing lengths of periods aimounts of sunshine, the Northern Hemisphere is having
daylight. spring and the Southern Hemisphere autumn, the reverse of
Refer to Figure 1519a. The earth is at perihelion earlyconditions six months before. This is trernal equinox
in January and at aphelion 6 months later. On or about June The word “equinox,” meaning “equal nights,” is ap-
21, about 10 or 11 days before reaching aphelion, the norttplied because it occurs at the time when days and nights are
ern part of the earth’s axis is tilted toward the sun. The norttof approximately equal length all over the earth. The word
polar regions are having continuous sunlight; the Northerfisolstice,” meaning “sun stands still,” is applied because the
Hemisphere is having its summer with long, warm days andun stops its apparent northward or southward motion and
short nights; the Southern Hemisphere is having wintemomentarily “stands still” before it starts in the opposite di-
with short days and long, cold nights; and the south polarection. This action, somewhat analogous to the “stand” of
region is in continuous darkness. This is gfwenmer sol-  the tide, refers to the motion in a north-south direction only,
stice Three months later, about September 23, the earth hasd not to the daily apparent revolution around the earth.
moved a quarter of the way around the sun, but its axis oNote that it does not occur when the earth is at perihelion or
rotation still points in about the same direction in spaceaphelion. Refer to Figure 1519a. At the time of the vernal
The sun shines equally on both hemispheres, and days aeduinox, the sun is directly over the equator, crossing from
nights are the same length over the entire world. The sun ithe Southern Hemisphere to the Northern Hemisphere. It ris-
setting at the North Pole and rising at the South Pole. Thes due east and sets due west, remaining above the horizon
Northern Hemisphere is having its autumn, and the Southfor approximately 12 hours. It is not exactly 12 hours be-
ern Hemisphere its spring. This is thatumnal equinox.  cause of refraction, semidiameter, and the height of the eye
In another three months, on or about December 22, thef the observer. These cause itto be above the horizon a little
Southern Hemisphere is tilted toward the sun and conditonger than below the horizon. Following the vernal equi-

j —
(December) "/ﬁ
Winter Solstice

Figure 1519a. Apparent motion of the sun in the ecliptic.
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nox, the northerly declination increases, and the sun climbs  Since the earth travels faster when nearest the sun, the
higher in the sky each day (at the latitudes of the Unitechorthern hemisphere (astronomical) winter is shorter than
States), until the summer solstice, when a declination ofts summer by about seven days.

about 2326' north of the celestial equator is reached. The  Everywhere between the parallels of aboufZ&N

sun then gradually retreats southward until it is again oveand about 2®6'S the sun is directly overhead at some time
the equator at the autumnal equinox, at aboli283south  during the year. Except at the extremes, this occurs twice:
of the celestial equator at the winter solstice, and back ovesnce as the sun appears to move northward, and the second
the celestial equator again at the next vernal equinox. time as it moves southward. This is tterid zone. The

The sun is nearest the earth during the northermorthern limit is theTropic of Cancer, and the southern
hemisphere winter; it is not the distance between thdimit's the Tropic of Capricorn . These names come from
earth and sun that is responsible for the difference irnthe constellations which the sun entered at the solstices
temperature during the different seasons. The reason ighen the names were first applied more than 2,000 years
to be found in the altitude of the sun in the sky and theago. Today, the sun is in the next constellation toward the
length of time it remains above the horizon. During thewest because of precession of the equinoxes. The parallels
summer the rays are more nearly vertical, and hencabout 2326' from the poles, marking the approximate lim-
more concentrated, as shown in Figure 1519b. Since thiés of the circumpolar sun, are call@dlar circles, the one
sun is above the horizon more than half the time, heat isn the Northern Hemisphere being thectic Circle and the
being added by absorption during a longer period than ibne in the Southern Hemisphere thetarctic Circle . The
is being lost by radiation. This explains the lag of theareas inside the polar circles are the north and sfvigfid
seasons. Following the longest day, the earth continuezones The regions between the frigid zones and the torrid
to receive more heat than it dissipates, but at a decreagones are the north and sotemperate zones
ing proportion. Gradually the proportion decreases until  The expression “vernal equinox” and associated ex-
a balance is reached, after which the earth cools, losingressions are applied both to thienes and points of
more heat than it gains. This is analogous to the daypccurrenceof the various phenomena. Navigationally,
when the highest temperatures normally occur severahe vernal equinox is sometimes called fhvst point of
hours after the sun reaches maximum altitude at meridiAries (symbol ¥° ) because, when the name was given,
an transit. A similar lag occurs at other seasons of thehe sun entered the constellation Aries, the ram, at this
year. Astronomically, the seasons begin at the equinoxetme. This point is of interest to navigators because it is
and solstices. Meteorologically, they differ from place tothe origin for measuringidereal hour angle The ex-
place. pressions March equinox, June solstice, September
equinox, and December solstice are occasionally applied
as appropriate, because the more common names are as-
sociated with the seasons in the Northern Hemisphere
and are six months out of step for the Southern
Hemisphere.

The axis of the earth is undergoing a precessional
motion similar to that of a top spinning with its axis tilt-
ed. In about 25,800 years the axis completes a cycle and
returns to the position from which it started. Since the
celestial equator is 90from the celestial poles, it too is
moving. The result is a slow westward movement of the
equinoxes and solstices, which has already carried them
about 30, or one constellation, along the ecliptic from
the positions they occupied when named more than
2,000 years ago. Since sidereal hour angle is measured
from the vernal equinox, and declination from the celes-
tial equator, the coordinates of celestial bodies would be
changing even if the bodies themselves were stationary.
This westward motion of the equinoxes along the ecliptic
is calledprecession of the equinoxesT he total amount,
called general precessionis about 50.27 seconds per
December 22 year (in 1975). It may be considered divided into two

components: precession in right ascension (about 46.10
seconds per year) measured along the celestial equator,

Figure 1519b. Sunlight in summer and winter. Compare @1d precession in declination (about 20.04" per year)
the surface covered by the same amount of sunlight onMeasured perpendicular to the celestial equator. The an-
the two dates. nual change in the coordinates of any given star, due to

precession alone, depends upon its position on the celes-
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tial sphere, since these coordinates are measured relaticeease, and eventually other stars, in their turn, will
to the polar axis while the precessional motion is relativebecome the Pole Star.
to the ecliptic axis. The precession of the earth’s axis is the result of grav-
Due to precession of the equinoxes, the celestiaitational forces exerted principally by the sun and moon on
poles are slowly describing circles in the sky. The norththe earth’s equatorial bulge. The spinning earth responds to
celestial pole is moving closer to Polaris, which it will these forces in the manner of a gyroscope. Regression of the
pass at a distance of approximately 28 minutes about theodes introduces certain irregularities known as nutation in
year 2102. Following this, the polar distance will in- the precessional motion.

POLARIS J
AD 2102 3:1 )::S VEGA

/ AD 14000
/

A\
cOb
t@\)‘,‘&
S (o)
?\)I>~ FORCE TENDING TO ROTATE
EARTH'S AXIS PERPENDICULAR
TO PLANE OF ECLIPTIC.
AD 14000 AD 2102

Figure 1519c. Precession and nutation.
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1520. The Zodiac in the rate of revolution and rotation of the earth. The error
due to lack of uniform rate of revolution is removed by us-
The zodiacis a circular band of the sky extending 8 ing a fictitiousmean sun Thus, mean solar time is nearly
on each side of the ecliptic. The navigational planets anegqual to the average apparent solar time. Because the accu-
the moon are within these limits. The zodiac is divided intomulated difference between these times, called the
12 sections of 3Deach, each section being given the nameequation of time, is continually changing, the period of
and symbol (“sign”) of a constellation. These are shown indaylight is shifting slightly, in addition to its increase or de-
Figure 1520. The names were assigned more than 2,0@®ease in length due to changing declination. Apparent and
years ago, when the sun entered Aries at the vernal equinomean suns seldom cross the celestial meridian at the same
Cancer at the summer solstice, Libra at the autumnal equtime. The earliest sunset (in latitudes of the United States)
nox, and Capricornus at the winter solstice. Because abccurs about two weeks before the winter solstice, and the
precession, the zodiacal signs have shifted with respect fatest sunrise occurs about two weeks after winter solstice.
the constellations. Thus at the time of the vernal equinoxA similar but smaller apparent discrepancy occurs at the
the sun is said to be at the “first point of Aries,” though it is summer solstice.
in the constellation Pisces. The complete list of signs and  Universal Time is a particular case of the measure

names is given below. known in general as mean solar time. Universal Time is the
mean solar time on the Greenwich meridian, reckoned in
1521. Time And The Calendar days of 24 mean solar hours beginning with 0 hours at mid-

night. Universal Time and sidereal time are rigorously

Traditionally, astronomy has furnished the basis forrelated by a formula so that if one is known the other can be
measurement of time, a subject of primary importance tdound. Universal Time is the standard in the application of
the navigator. Thgear is associated with the revolution of astronomy to navigation.
the earth in its orbit. Thelay is one rotation of the earth If the vernal equinox is used as the referenceidare-
about its axis. al day is obtained, and from itsidereal time This

The duration of one rotation of the earth depends upoindicates the approximate positions of the stars, and for this
the external reference point used. One rotation relative toeason it is the basis of star charts and star finders. Because
the sun is called aolar day. However, rotation relative to of the revolution of the earth around the sun, a sidereal day
the apparent sun (the actual sun that appears in the skigabout 3 minutes 56 seconds shorter than a solar day, and
does not provide time of uniform rate because of variationshere is one more sidereal than solar days in a year. One

AN

/Mf-
Aquarius

Figure 1520. The zodiac.
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mean solar day equals 1.00273791 mean sidereal days. Ba-full moon. However, there are two points at which the
cause of precession of the equinoxes, one rotation of thelane of the moon’s orbit intersects the ecliptic. These are
earth with respect to the stars is not quite the same as orke nodesof the moon’s orbit. If the moon passes one of
rotation with respect to the vernal equinox. One mean solahese points at the same time as the ssolar eclipsetakes
day averages 1.0027378118868 rotations of the earth withlace. This is shown in Figure 1522.
respect to the stars. The sun and moon are of nearly the same apparent size
In tide analysis, the moon is sometimes used as the refe an observer on the earth. If the moon is at perigee, the
erence, producing dunar day averaging 24 hours 50 moon’s apparent diameter is larger than that of the sun, and
minutes (mean solar units) in length, and lunar time. its shadow reaches the earth as a nearly round dot only a
Since each kind of day is divided arbitrarily into 24 few miles in diameter. The dot moves rapidly across the
hours, each hour having 60 minutes of 60 seconds, thearth, from west to east, as the moon continues in its orbit.
length of each of these units differs somewhat in the varioudVithin the dot, the sun is completely hidden from view, and
kinds of time. a total eclipse of the sun occurs. For a considerable distance
Time is also classified according to the terrestrial me-around the shadow, part of the surface of the sun is ob-
ridian used as a referendsocal time results if one’s own scured, and gartial eclipse occurs. In the line of travel of
meridian is usedzone timeif a nearby reference meridian the shadow a partial eclipse occurs as the round disk of the
is used over a spread of longitudes, &menwich or Uni- moon appears to move slowly across the surface of the sun,
versal Timeif the Greenwich meridian is used. hiding an ever-increasing part of it, until the total eclipse
The period from one vernal equinox to the next (the cy-occurs. Because of the uneven edge of the mountainous
cle of the seasons) is known as ttrepical year. It is  moon, the light is not cut off evenly. But several last illumi-
approximately 365 days, 5 hours, 48 minutes, 45 secondgated portions appear through the valleys or passes between
though the length has been slowly changing for many centhe mountain peaks. These are caBzily’s Beads A total
turies. Our calendar, the Gregorian calendar, approximatesclipse is a spectacular phenomenon. As the last light from
the tropical year with a combination of common years ofthe sun is cut off, the solarorona, or envelope of thin, il-
365 days and leap years of 366 days. A leap year is any yerminated gas around the sun becomes visible. Wisps of
divisible by four, unless it is a century year, which must bemore dense gas may appearsmar prominences The
divisible by 400 to be a leap year. Thus, 1700, 1800, ananly light reaching the observer is that diffused by the at-
1900 were not leap years, but 2000 will be. A critical mis-mosphere surrounding the shadow. As the moon appears to
take was made by John Hamilton Moore in calling 1800 acontinue on across the face of the sun, the sun finally
leap year, causing an error in the tables in his bddie = emerges from the other side, first as Baily’s Beads, and then
Practical Navigator This error caused the loss of at leastas an ever widening crescent until no part of its surface is
one ship and was later discovered by Nathaniel Bowditclobscured by the moon.
while writing the first edition ofThe New American Practi- The duration of a total eclipse depends upon how near-
cal Navigator ly the moon crosses the center of the sun, the location of the
See Chapter 18 for an in-depth discussion of time. shadow on the earth, the relative orbital speeds of the moon
and earth, and (principally) the relative apparent diameters

1522. Eclipses of the sun and moon. The maximum length that can occur
is a little more than seven minutes.
If the orbit of the moon coincided with the plane of the If the moon is near apogee, its apparent diameter is less

ecliptic, the moon would pass in front of the sun at everythan that of the sun, and its shadow does not quite reach the
new moon, causing a solar eclipse. At full moon, the moorearth. Over a small area of the earth directly in line with the
would pass through the earth’s shadow, causing a lunanoon and sun, the moon appears as a black disk almost cov-
eclipse. Because of the moon’s orbit is inclin€édath re-  ering the surface of the sun, but with a thin ring of the sun
spect to the ecliptic, the moon usually passes above or beloaround its edge. Thiannular eclipseoccurs a little more

the sun at new moon and above or below the earth’s shadoeften than a total eclipse.
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Figure 1522. Eclipses of the sun and moon.
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If the shadow of the moon passes close to the earth, butho can see the moon can see the eclipse.
not directly in line with it, a partial eclipse may occur with- During any one year there may be as many as five
out a total or annular eclipse. eclipses of the sun, and always there are at least two. There

An eclipse of the moon (dunar eclipse) occurs when may be as many as three eclipses of the moon, or none. The
the moon passes through the shadow of the earth, as showatal number of eclipses during a single year does not exceed
in Figure 1522. Since the diameter of the earth is abdiif 3 seven, and can be as few as two. There are more solar than
times that of the moon, the earth’s shadow at the distance diinar eclipses, but the latter can be seen more often because
the moon is much larger than that of the moon. A total eclipsef the restricted areas over which solar eclipses are visible.
of the moon can last nearly?'14 hours, and some part of the The sun, earth, and moon are nearly aligned on the line
moon may be in the earth’s shadow for almost 4 hours.  of nodes twice each eclipse year of 346.6 days. This is less

During a total solar eclipse no part of the sun is visiblethan a calendar year becauseeiiression of the nodesln
because the moon is in the line of sight. But during a lunag little more than 18 years the line of nodes returns to ap-
eclipse some light does reach the moon, diffracted by the aproximately the same position with respect to the sun, earth,
mosphere of the earth, and hence the eclipsed full moon &nd moon. During an almost equal period, calledstes
visible as a faint reddish disk. A lunar eclipse is visible overa cycle of eclipses occurs. During the following saros the
the entire hemisphere of the earth facing the moon. Anyoneycle is repeated with only minor differences.

COORDINATES

1523. Latitude And Longitude uneven distribution of the mass of the earth, lines of equal
astronomic latitude and longitude are not circles, although
Latitude andlongitude are coordinates used to locate the irregularities are small. In the United States the prime
positions on the earth. This section discusses three differemertical component (affecting longitude) may be a little
definitions of these coordinates. more than 18", and the meridional component (affecting
Astronomic latitude is the angle (ABQ, Figure 1523) latitude) as much as 25"
between a line in the direction of gravity (AB) at a station Geodetic latitude is the angle (ACQ, Figure 1523)
and the plane of the equator (Q@stronomic longitude  between a normal to the spheroid (AC) at a station and the
is the angle between the plane of the celestial meridian atplane of the geodetic equator (QQ3eodetic longitude
station and the plane of the celestial meridian at Greenwiclis the angle between the plane defined by the normal to the
These coordinates are customarily found by means of celespheroid and the axis of the earth and the plane of the geo-
tial observations. If the earth were perfectly homogeneoudetic meridian at Greenwich. These values are obtained
and round, these positions would be consistent and satisfaeshen astronomical latitude and longitude are corrected for
tory. However, because of deflection of the vertical due tadeflection of the vertical. These coordinates are used for
charting and are frequently referred togeographic lat-
itude and geographic longitude although these
expressions are sometimes used to refer to astronomical
latitude.
Geocentric latitudeis the angle (ADQ, Figure 1523)
at the center of the ellipsoid between the plane of its equa-
North Po/e tor (QQ") and a straight line (AD) to a point on the surface
A of the earth. This differs from geodetic latitude because
the earth is a spheroid rather than a sphere, and the merid-
ians are ellipses. Since the parallels of latitude are
Beitial considered to be circles, geodetic longitude is geocentric,
Q’ el Q and a separate expression is not used. The difference be-
D c B tween geocentric and geodetic latitudes is a maximum of
about 11.6' at latitude 45
Because of the oblate shape of the ellipsoid, the length
of a degree of geodetic latitude is not everywhere the same,
South Pole increasing from about 59.7 nautical miles at the equator to
about 60.3 nautical miles at the poles. The value of 60 nau-

tical miles customarily used by the navigator is correct at
Figure 1523. Three kinds of latitude at point A. about latitude 4%
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MEASUREMENTS ON THE CELESTIAL SPHERE

1524. Elements Of The Celestial Sphere upper branch is frequently used in navigation, and references
to a celestial meridian are understood to mean only its upper

The celestial sphere(section 1501) is an imaginary branch unless otherwise stated. Celestial meridians take the

sphere of infinite radius with the earth at its center (Figurenames of their terrestrial counterparts, such asvest.

1524a). The north and south celestial poles of this sphere are  An hour circle is a great circle through the celestial

located by extension of the earth’s axis. Tetestial equa- poles and a point or body on the celestial sphere. It is simi-

tor (sometimes calledquinoctial) is formed by projecting lar to a celestial meridian, but moves with the celestial

the plane of the earth’s equator to the celestial spheoe-A sphere as it rotates about the earth, while a celestial merid-

lestial meridian is formed by the intersection of the plane of ian remains fixed with respect to the earth.

a terrestrial meridian and the celestial sphere. Itis the arc of The location of a body on its hour circle is defined by

a great circle through the poles of the celestial sphere.  the body’s angular distance from the celestial equator. This
The point on the celestial sphere vertically overhead oflistance, calledeclination, is measured north or south of

an observer is theenith, and the point on the opposite side the celestial equator in degrees, frofntrough 90, simi-

of the sphere vertically below him is thmadir. The zenith  lar to latitude on the earth.

and nadir are the extremities of a diameter of the celestial A circle parallel to the celestial equator is callepaa-

sphere through the observer and the common center of tlalel of declination, since it connects all points of equal

earth and the celestial sphere. The arc of a celestial meridiateclination. It is similar to a parallel of latitude on the earth.

between the poles is called thpper branch if it contains ~ The path of a celestial body during its daily apparent revo-

the zenith and thlwer branch if it contains the nadir. The lution around the earth is called d&irnal circle. It is not

Figure 1524a. Elements of the celestial sphere. The celestial equator is the primary great circle.
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Figure 1524c. A point on the celestial sphere can be located by its declination and hour angle.
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actually a circle if a body changes its declination. Since thdrom the vernal equinox, is calledght ascensionand is
declination of all navigational bodies is continually chang-usually expressed in time units.
ing, the bodies are describing flat, spherical spirals as they The second method of locating the hour circle is to in-
circle the earth. However, since the change is relativelydicate its angular distance west of a celestial meridian
slow, a diurnal circle and a parallel of declination are usu{Figure 1524c). If the Greenwich celestial meridian is used
ally considered identical. as the reference, the angular distance is callieeenwich
A point on the celestial sphere may be identified at thehour angle (GHA), and if the meridian of the observer, it
intersection of its parallel of declination and its hour circle.is calledlocal hour angle (LHA). It is sometimes more
The parallel of declination is identified by the declination. convenient to measure hour angle either eastward or west-
Two basic methods of locating the hour circle are inward, as longitude is measured on the earth, in which case
use. First, the angular distance west of a reference hour ciit is calledmeridian angle (designated “t”).
cle through a point on the celestial sphere, called the vernal A point on the celestial sphere may also be located us-
equinox or first point of Aries, is callesidereal hour an-  ing altitude and azimuth coordinates based upon the horizon
gle (SHA) (Figure 1524b). This angle, measured eastwards the primary great circle instead of the celestial equator.

COORDINATE SYSTEMS

1525. The Celestial Equator System Of Coordinates the vernal equinox.
Declination is angular distance north or south of the ce-
If the familiar graticule of latitude and longitude lines is lestial equator (d in Figure 1525a). It is measured along an
expanded until it reaches the celestial sphere of infinite radiusiour circle, from 0 at the celestial equator through°o&t
it forms the basis of the celestial equator system of coordithe celestial poles. It is labeled N or S to indicate the direc-
nates. On the celestial sphere latitude becomes declinatiotipn of measurement. All points having the same
while longitude becomes sidereal hour angle, measured frogteclination lie along a parallel of declination.

Figure 1525a. The celestial equator system of coordinates, showing measurements of declination, polar distance, and
local hour angle.
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Polar distance (p)is angular distance from a celestial The average rate of the moon is about 15.5
pole, or the arc of an hour circle between the celestial pole  As the celestial sphere rotates, each body crosses each
and a point on the celestial sphere. It is measured along dranch of the celestial meridian approximately once a day.
hour circle and may vary from°@o 18C, since either pole This crossing is calledneridian transit (sometimes called
may be used as the origin of measurement. It is usually coreulmination). It may be calledpper transit to indicate cross-
sidered the complement of declination, though it may beng of the upper branch of the celestial meridian, &ovder
either 90 —d or 90 + d, depending upon the pole used. transit to indicate crossing of the lower branch.

Local hour angle (LHA) is angular distance west of Thetime diagram shown in Figure 1525b illustrates the
the local celestial meridian, or the arc of the celestial equatarelationship between the various hour angles and meridian
between the upper branch of the local celestial meridian andngle. The circle is the celestial equator as seen from above
the hour circle through a point on the celestial sphere, meahe South Pole, with the upper branch of the observer's me-
sured westward from the local celestial meridian, throughidian (RM) at the top. The radius & is the Greenwich
360°. It is also the similar arc of the parallel of declination meridian; R ©¥” is the hour circle of the vernal equinox. The
and the angle at the celestial pole, similarly measured. If theun’s hour circle is to the east of the observer’s meridian; the
Greenwich (0) meridian is used as the reference, instead ofmoon’s hour circle is to the west of the observer's meridian
the local meridian, the expressi@reenwich hour angle  Note that when LHA is less than 18Q is numerically the
(GHA) is applied. It is sometimes convenient to measure theame and is labeled W, but that when LHA is greater than
arc or angle in either an easterly or westerly direction froml8(, t = 360 — LHA and is labeled E. In Figure 1525b arc
the local meridian, through 180when it is calledneridian GM is the longitude, which in this case is west. The relation-
angle (t)and labeled E or W to indicate the direction of mea-ships shown apply equally to other arrangements of radii,
surement. All bodies or other points having the same houexcept for relative magnitudes of the quantities involved.
angle lie along the same hour circle.

Because of the apparent daily rotation of the celestial 526. The Horizons
sphere, hour angle continually increases, but meridian an-
gle increases from“0at the celestial meridian to 184/, The second set of celestial coordinates with which the
which is also 180E, and then decreases td &gain. The navigator is directly concerned is based upon the horizon as
rate of change for the mean sun is er hour. The rate of the primary great circle. However, since several different
all other bodies except the moon iswithin 3' of this value.horizons are defined, these should be thoroughly under-
stood before proceeding with a consideration of the horizon
system of coordinates.

The line where earth and sky appear to meet is called
thevisible or apparent horizon. On land this is usually an
irregular line unless the terrain is level. At sea the visible
horizon appears very regular and often very sharp. Howev-
er, its position relative to the celestial sphere depends
~y ' primarily upon (1) the refractive index of the air and (2) the
A height of the observer’s eye above the surface.
| Figure 1526 shows a cross section of the earth and celes-

| tial sphere through the position of an observer at A above the
, surface of the earth. A straight line through A and the center
{ of the earth O is the vertical of the observer and contains his

i
'r :
. .-"I zenith (Z) and nadir (Na). A plane perpendicular to the true
N\ e TN a / vertical is a horizontal plane, and its intersection with the ce-
% rf = _E_ — lestial sphere is a horizon. It is tleelestial horizonif the
\ y ' plane passes through the center of the earthy¢oédal ho-
If’ ' rizon if it is tangent to the earth, and tlsensible horizonif
S ! ) it passes through the eye of the observer at A. Since the radi-
- e S Ry us of the earth is considered negligible with respect to that of
- the celestial sphere, these horizons become superimposed,

and most measurements are referred only to the celestial ho-

) ) ) _ rizon. This is sometimes called tragional horizon.

hour angle, and sidereal hour angle are measured westwagtk visible horizon coincides with the plane of the geoidal

through 360. Meridian angle is measured eastward Orhorizon; but when elevated above the surface, as at A, his
westward through 180and labeled E or W to indicate the eye pecomes the vertex of a cone which is tangent to the

direction of measurement. earth atthe small circle BB, and which intersects the celestial
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Figure 1526. The horizons used in navigation.

sphere in B'B', thgeometrical horizon This expression is
sometimes applied to the celestial horizon.

above butis actually slightly below the geometrical horizon
as shown in Figure 1526.

For any elevation above the surface, the celestial hori-
zon is usually above the geometrical and visible horizons,
the difference increasing as elevation increases. It is thus
possible to observe a body which is above the visible hori-
zon but below the celestial horizon. That is, the body’s
altitude is negative and its zenith distance is greater than 90

1527. The Horizon System Of Coordinates

This system is based upon the celestial horizon as the
primary great circle and a series of secondary vertical cir-
cles which are great circles through the zenith and nadir of
the observer and hence perpendicular to his horizon (Figure
1527a). Thus, the celestial horizon is similar to the equator,
and the vertical circles are similar to meridians, but with
one important difference. The celestial horizon and vertical
circles are dependent upon the position of the observer and
hence move with him as he changes position, while the pri-
mary and secondary great circles of both the geographical
and celestial equator systems are independent of the ob-
server. The horizon and celestial equator systems coincide
for an observer at the geographical pole of the earth and are
mutually perpendicular for an observer on the equator. At

Because of refraction, the visible horizon C'C' appear#ll other places the two are oblique.

Figure 1527a. Elements of the celestial sphere. The celestial horizon is the primary great circle.
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The vertical circle through the north and south pointscomplement of altitude. For a body above the celestial ho-
of the horizon passes through the poles of the celestial equazon it is equal to 90— h and for a body below the celestial
tor system of coordinates. One of these poles (having thkorizon it is equal to 90- (— h) or 90 + h.
same name as the latitude) is above the horizon and is called The horizontal direction of a point on the celestial
theelevated pole The other, called thdepressed poleis  sphere, or the bearing of the geographical position, is called
below the horizon. Since this vertical circle is a great circleazimuth or azimuth angle depending upon the method of
through the celestial poles, and includes the zenith of theneasurement. In both methods it is an arc of the horizon (or
observer, it is also a celestial meridian. In the horizon sysparallel of altitude), or an angle at the zenith. la@muth
tem it is called therincipal vertical circle . The vertical (Zn) if measured clockwise through 3%Gstarting at the
circle through the east and west points of the horizon, andorth point on the horizon, arazimuth angle (2) if mea-
hence perpendicular to the principal vertical circle, is calledsured either clockwise or counterclockwise through©180
theprime vertical circle, or simply theprime vertical. starting at the north point of the horizon in north latitude

As shown in Figure 1527b, altitude is angular distanceand the south point of the horizon in south latitude.
above the horizon. It is measured along a vertical circle, The ecliptic system is based upon the ecliptic as the
from O° at the horizon through 90at the zenith. Altitude primary great circle, analogous to the equator. The points
measured from the visible horizon may exceetll®cause 90° from the ecliptic are the north and south ecliptic poles.
of the dip of the horizon, as shown in Figure 1526. AngularThe series of great circles through these poles, analogous to
distance below the horizon, called negative altitude, is promeridians, are circles of latitude. The circles parallel to the
vided for by including certain negative altitudes in someplane of the ecliptic, analogous to parallels on the earth, are
tables for use in celestial navigation. All points having theparallels of latitude or circles of longitude. Angular dis-
same altitude lie along a parallel of altitude. tance north or south of the ecliptic, analogous to latitude, is

Zenith distance (z) is angular distance from the ze- celestial latitude. Celestial longitude is measured eastward
nith, or the arc of a vertical circle between the zenith and along the ecliptic through 360starting at the vernal equi-
point on the celestial sphere. It is measured along a verticalox. This system of coordinates is of interest chiefly to
circle from @ through 180. It is usually considered the astronomers.

a1 unnwun‘}lnll \!Wl T

—

A

I
i
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I

Figure 1527b. The horizon system of coordinates, showing measurement of altitude, zenith distance, azimuth, and
azimuth angle.
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Earth Celestial Equator Horizon Ecliptic

equator celestial equator horizon ecliptic

poles celestial poles zenith; nadir ecliptic poles

meridians hours circle; celestial meridians vertical circles circles of latitude

prime meridian hour circle of Aries principal or prime vertical circle circle of latitude through Aries
parallels parallels of declination parallels of altitude parallels of latitude

latitude declination altitude celestial altitude

colatitude polar distance zenith distance celestial colatitude

longitude SHA; RA; GHA; LHA; t azimuth; azimuth angle; amplitude celestial longitude

Figure 1528. The four systems of celestial coordinates and their analogous terms.

1528. Summary Of Coordinate Systems 1529. Diagram On The Plane Of The Celestial Meridian

The four systems of celestial coordinates are analogous From an imaginary point outside the celestial sphere
to each other and to the terrestrial system, although each hasd over the celestial equator, at such a distance that the
distinctions such as differences in directions, units, and limview would be orthographic, the great circle appearing as
its of measurement. Figure 1528 indicates the analogouse outer limit would be a celestial meridian. Other celestial
term or terms under each system. meridians would appear as ellipses. The celestial equator

I

Meridian
Upper |Branch

Lower Branch
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Celestial Horizon

Figure 1529a. Measurement of celestial equator system ofigure 1529b. Measurement of horizon system of
coordinates. coordinates.
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would appear as a diameter’dom the poles, and parallels A celestial body can be located by altitude and azimuth
of declination as straight lines parallel to the equator. Then a manner similar to that used with the celestial equator sys-
view would be similar to an orthographic map of the earth.tem. If the altitude is 23 this angle is measured from the
A number of useful relationships can be demonstratedhorizon toward the zenith and the parallel of altitude is drawn
by drawing a diagram on the plane of the celestial meridiaras a straight line parallel to the horizon, as shown at hh' in the
showing this orthographic view. Arcs of circles can be subdower diagram of Figure 1529b. The plan view from above
stituted for the ellipses without destroying the basicthe zenith is shown in the upper diagram. If north is taken at
relationships. Refer to Figure 1529a. In the lower diagranthe left, as shown, azimuths are measured clockwise from
the circle represents the celestial meridian, QQ' the celesti#this point. In the figure the azimuth is 29@nd the azimuth
equator, Pn and Ps the north and south celestial poles, rangle is N70W. The vertical circle is located by measuring
spectively. If a star has a declination 0f°30, an angle of either arc. Point A thus located can be projected vertically
30° can be measured from the celestial equator, as showdownward to A’ on the horizon of the lower diagram, and the
It could be measured either to the right or left, and wouldvertical circle represented approximately by the arc of a cir-
have been toward the south pole if the declination had beecle through A' and the zenith and nadir. The center of this
south. The parallel of declination is a line through this pointcircle is on NS, extended if necessary. The body is at the in-
and parallel to the celestial equator. The star is somewhetersection of the parallel of altitude and the vertical circle.
on this line (actually a circle viewed on edge). Since the upper diagram serves only to locate A’ on the lower
To locate the hour circle, draw the upper diagram saliagram, the two can be combined, point A located on the
that Pn is directly above Pn of the lower figure (in line with lower diagram and projected upward to A', as shown. Since
the polar axis Pn-Ps), and the circle is of the same diametéhne body of the example has an azimuth greater thaf, #80
as that of the lower figure. This is the plan view, looking is on the western or “front” side of the diagram.
down on the celestial sphere from the top. The circle isthe  Since the celestial meridian appears the same in both
celestial equator. Since the view is from above the north cethe celestial equator and horizon systems, the two diagrams
lestial pole, west is clockwise. The diameter QQ' is thecan be combined and, if properly oriented, a body can be lo-
celestial meridian shown as a circle in the lower diagram. Ifcated by one set of coordinates, and the coordinates of the
the right half is considered the upper branch, local hour anether system can be determined by measurement.
gle is measured clockwise from this line to the hour circle, Refer to Figure 1529c, in which the black lines repre-
as shown. In this case the LHA is B0r'he intersection of sent the celestial equator system, and the red lines the
the hour circle and celestial equator, point A, can be prohorizon system. By convention, the zenith is shown at the
jected down to the lower diagram (point A") by a straighttop and the north point of the horizon at the left. The west
line parallel to the polar axis. The elliptical hour circle can point on the horizon is at the center, and the east point direct-
be represented approximately by an arc of a circle througly behind it. In the figure the latitude is 3X. Therefore, the
A', Pn, Ps. The center of this circle is somewhere along theenith is 37 north of the celestial equator. Since the zenith
celestial equator line QQ', extended if necessary. It is usus established at the top of the diagram, the equator can be
ally found by trial and error. The intersection of the hourfound by measuring an arc of 3ibward the south, along the
circle and parallel of declination locates the star. celestial meridian. If the declination is 30 and the LHA is
Since the upper diagram serves only to locate point A" ir80°, the body can be located as shown by the black lines, and
the lower diagram, the two can be combined. That is, the LHAlescribed above.
arc can be drawn in the lower diagram, as shown, and point A The altitude and azimuth can be determined by the re-
projected upward to A'. In practice, the upper diagram is noverse process to that described above. Draw a line hh'
drawn, being shown here for illustrative purposes. through the body and parallel to the horizon, NS. The alti-
In this example the star is on that half of the sphere totude, 25, is found by measurement, as shown. Draw the arc
ward the observer, or the western part. If LHA had beerof a circle through the body and the zenith and nadir. From
greater than 180 the body would have been on the easternA', the intersection of this arc with the horizon, draw a ver-
or “back” side. tical line intersecting the circle at A. The azimuth, NV,
From the east or west point over the celestial horizonis found by measurement, as shown. The prefix N is applied
the orthographic view of the horizon system of coordinateso agree with the latitude. The body is left (north) of ZNa,
would be similar to that of the celestial equator system fronthe prime vertical circle. The suffix W applies because the
a point over the celestial equator, since the celestial meridiabHA, 80°, shows that the body is west of the meridian.
is also the principal vertical circle. The horizon would ap- If altitude and azimuth are given, the body is located by
pear as a diameter, parallels of altitude as straight linesieans of the red lines. The parallel of declination is then
parallel to the horizon, the zenith and nadir as polédi@®n  drawn parallel to QQ', the celestial equator, and the decli-
the horizon, and vertical circles as ellipses through the zenation determined by measurement. Point L' is located by
nith and nadir, except for the principal vertical circle, which drawing the arc of a circle through Pn, the star, and Ps.
would appear as a circle, and the prime vertical, whichFrom L' a line is drawn perpendicular to QQ', locating L.
would appear as a diameter perpendicular to the horizon. The meridian angle is then found by measurement. The dec-
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Figure 1529c. Diagram on the plane of the celestial meridian. Figure 1529d. A diagram on the plane of the celestial
meridian for lat. 45N.

lination is known to be north because the body is betweebody’s azimuth is 000or 18C. In this case itis 180because
the celestial equator and the north celestial pole. The meridthe body is south of the zenith. The maximum altitude occurs
ian angle is west, to agree with the azimuth, and hence LHAAt meridian transit. In this case the arc S4 represents the max-
is numerically the same. imum altitude, 68. The zenith distance, z, is the arc 24725
Since QQ'and PnPs are perpendicular, and ZNa and N& body is not in the zenith at meridian transit unless its dec-
are also perpendicular, arc NPn is equal to arc ZQ. That idination’s magnitude and name are the same as the latitude.
the altitude of the elevated pole is equal to the declination  Continuing on, the sun moves downward along the
of the zenith, which is equal to the latitude. This relation-“front” or western side of the diagram. At position 3 itis again
ship is the basis of the method of determining latitude by aron the prime vertical. The altitude is the same as when previ-
observation of Polaris. ously on the prime vertical, and the azimuth angle is
The diagram on the plane of the celestial meridian isnumerically the same, but now measured toward the west.
useful in approximating a number of relationships. ConsideiThe azimuth is 270 The sun reaches position 2 six hours af-
Figure 1529d. The latitude of the observer (NPn or ZQ) iger meridian transit and sets at position 1. At this point, the
45°N. The declination of the sun (Q4) is 20. Neglecting  azimuth angle is numerically the same as at sunrise, but west-
the change in declination for one day, note the following: Aterly, and Zn = 360- 63 = 297. The amplitude is WZH.
sunrise, position 1, the sun is on the horizon (NS), at the  After sunset the sun continues on downward, along its
“back” of the diagram. Its altitude, h, is’0lts azimuth an-  parallel of declination, until it reaches position 5, on the
gle, Z,isthe arc NA, N6E. This is prefixed N to agree with lower branch of the celestial meridian, about midnight. Its
the latitude and suffixed E to agree with the meridian anglenegative altitude, arc N5, is now greatest?,2&nd its azi-
of the sun at sunrise. Hence, Zn = 068he amplitude, A, muthis 000. At this point it starts back up along the “back”
is the arc ZA, E27N. The meridian angle, t, is the arc QL, of the diagram, arriving at position 1 at the next sunrise, to
11C°E. The suffix E is applied because the sun is east of thetart another cycle.
meridian at rising. The LHA is 3806- 110 = 250C. Half the cycle is from the crossing of the d@our circle
As the sun moves upward along its parallel of declina{the PnPs line, position 2) to the upper branch of the celestial
tion, its altitude increases. It reaches position 2 at abouteridian (position 4) and back to the PnPs line (position 2).
0600, when t = 9TE. At position 3 it is on the prime verti- When the declination and latitude have the same name (both
cal, ZNa. Its azimuth angle, Z, is N9B, and Zn = 090.  north or both south), more than half the parallel of declina-
The altitude is Nh' or Sh, 27 tion (position 1 to 4 to 1) is above the horizon, and the body
Moving on up its parallel of declination, it arrives at po- is above the horizon more than half the time, crossing tfie 90
sition 4 on the celestial meridian about noon-when t andour circle above the horizon. It rises and sets on the same
LHA are both 0, by definition. On the celestial meridian a side of the prime vertical as the elevated pole. If the declina-
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tion is of the same name but numerically smaller than the  All of these relationships, and those that follow, can be
latitude, the body crosses the prime vertical above the horderived by means of a diagram on the plane of the celestial
zon. If the declination and latitude have the same name anaberidian. They are modified slightly by atmospheric re-
are numerically equal, the body is in the zenith at upper tranfraction, height of eye, semidiameter, parallax, changes in
sit. If the declination is of the same name but numericallydeclination, and apparent speed of the body along its diur-
greater than the latitude, the body crosses the upper branchrmdl circle.
the celestial meridian between the zenith and elevated pole It is customary to keep the same orientation in south
and does not cross the prime vertical. If the declination is ofatitude, as shown in Figure 1529e. In this illustration the
the same name as the latitude and complementary to it (d + latitude is 48S, and the declination of the body is°Na
= 90°), the body is on the horizon at lower transit and doesSince Ps is the elevated pole, it is shown above the southern
not set. If the declination is of the same name as the latitudeorizon, with both SPs and ZQ equal to the latitude’. 45
and numerically greater than the colatitude, the body is abovéhe body rises at position 1, on the opposite side of the
the horizon during its entire daily cycle and has maximumprime vertical from the elevated pole. It moves upward
and minimum altitudes. This is shown by the black dottedalong its parallel of declination to position 2, on the upper
line in Figure 1529d. branch of the celestial meridian, bearing north; and then it
If the declination is ©at any latitude, the body is above moves downward along the “front” of the diagram to posi-
the horizon half the time, following the celestial equatortion 1, where it sets. It remains above the horizon for less
QQ', and rises and sets on the prime vertical. If the declinathan half the time because declination and latitude are of
tion is of contrary name (one north and the other south), theontrary name. The azimuth at rising is arc NA, the ampli-
body is above the horizon less than half the time and crossdégde ZA, and the azimuth angle SA. The altitude circle at
the 90 hour circle below the horizon. It rises and sets on themeridian transit is shown at hh'.
opposite side of the prime vertical from the elevated pole. A diagram on the plane of the celestial meridian can be
If the declination is of contrary name and numerically used to demonstrate the effect of a change in latitude. As the
smaller than the latitude, the body crosses the prime verticddtitude increases, the celestial equator becomes more near-
below the horizon. This is the situation with the sun in win-ly parallel to the horizon. The colatitude becomes smaller,
ter follows when days are short. If the declination is of
contrary name and numerically equal to the latitude, the
body is in the nadir at lower transit. If the declination is of
contrary name and complementary to the latitude, the body
is on the horizon at upper transit. If the declination is of
contrary name and numerically greater than the colatitude,
the body does not rise.

Figure 1529e. A diagram on the plane of the celestial

Figure 1529f. Locating a point on an ellipse of a diagram
meridian for lat. 45S. g gap P 9

on the plane of the celestial meridian.



NAVIGATIONAL ASTRONOMY

253

NAVIGATIONAL COORDINATES

. . Prec .
Coordinat Measured Measured Direc- . . Maximum
Symbol . Measured to Units| - Labels
e from along tion sion value
latitude L, lat. equator meridian N, S parallel e’ 0.1 9 N, S
colatitude colat. poles meridian S, N parallel e’ 0.1 9 —
longitude A, long. pr:zriedian parallel E, W local meridian e’ 0.1 180 E, W
L celestial ’ parallel of o1 ,
declination d, dec. equator hour circle N, S declination , 0.1 9C N, S
polar . parallel of o1 ;
distance p elevated pole hour circle S,N declination , 0.1 180 —
altitude h horizon vertical circle up pj{i?ﬂgLOf e’ 0.1 90* —
zenith z zenith vertical circle down parallel of e’ 0.1 180
distance altitude ’ . -
azimuth Zn north horizon E vertical circle ° 0°.1 360 —
e;zr:rglléth z north, south horizon E,W vertical circle ° 0°.1 18C or 90 N, S..E, W
amplitude A east, west horizon N, S body ° 0°.1 e]03 E,W..N, S
Greenwich Greenwich parallel of ) o1 ’
hour angle GHA (ﬁé?%tig\rl] declination w hour circle , 0.1 360 —
local hour local celestial parallel of . o 1
angle LHA meridian declination w hour circle ' 0.1 360 —
meridian local celestial | parallel of i o ]
angle t meridian declination E,wW hour circle , 0.1 180 E, W
sidereal hour circle of parallel of . o1 ,
hour angle SHA \égm%x declination w hour circle , 0.1 360 —
right hour circle of parallel of ) hms s h
ascension RA \égﬁi‘ﬁgx declination E hour circle L] 1 24 -
Greenwich l%\Ner branﬁh parallel of hour circle
/ reenwic lel o hms 5 h —
mean time | CMT g%?%ti% declination w mean sun v 1 24
lower branch i
chal mean LMT local celestial %arallllel qf W hour circle h7 ms 18 24h .
time meridian eclination mean sun
lower branch i
zone time zZT zone celestial parallel of w hour circle hms 1S 24h _
meridian declination mean sun v
Greenwich Icéwer branﬁh parallel of hour circle
reenwic hms S h
apparent GAT celestial declination w apparent sun v 1 24 -
time meridian
local lower branch i
! llel of hour circle
apparent LAT local celestial | Para'€ O W hms 1S 24h _
tir?"l% meridian declination apparent sun v
Greenwich Greenwich hour circle
sidereal GST celestial pdaerglilséggn W vernal hms | 1s 24h —
time meridian equinox
local local celestial arallel of hour circle
sidereal LST - parallel o W vernal hms | 1s 24h _
' meridian declination X L]
time equinox
*When measured from celestial horizon.

Figure 1529g. Navigational Coordinates.
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increasing the number of circumpolar bodies and thosand a pole. In great-circle sailing these places are the point
which neither rise nor set. It also increases the difference inf departure and the destination. In celestial navigation they
the length of the days between summer and winter. At thare the assumed position (AP) of the observer and the geo-
poles celestial bodies circle the sky, parallel to the horizongraphical position (GP) of the body (the place having the
At the equator the 90hour circle coincides with the hori- body in its zenith). The GP of the sun is sometimes called
zon. Bodies rise and set vertically; and are above théhe subsolar point, that of the moon thsublunar point,
horizon half the time. At rising and setting the amplitude isthat of a satellite (either natural or artificial) teabsatellite
equal to the declination. At meridian transit the altitude ispoint, and that of a star itsubstellar or subastral point.
equal to the codeclination. As the latitude changes namél\hen used to solve a celestial observation, either the celes-
the same-contrary name relationship with declination retial or terrestrial triangle may be called tlstronomical
verses. This accounts for the fact that one hemisphere hasangle.

winter while the other is having summer. The navigational triangle is shown in Figure 1530a on

The error arising from showing the hour circles anda diagram on the plane of the celestial meridian. The earth
vertical circles as arcs of circles instead of ellipses increasas at the center, O. The star is at M, dd' is its parallel of dec-
with increased declination or altitude. More accurate resultination, and hh' is its altitude circle.
can be obtained by measurement of azimuth on the parallel In the figure, arc QZ of the celestial meridian is the lat-
of altitude instead of the horizon, and of hour angle on thatude of the observer, and PnZ, one side of the triangle, is
parallel of declination instead of the celestial equator. Refethe colatitude. Arc AM of the vertical circle is the altitude
to Figure 1529f. The vertical circle shown is for a body hav-of the body, and side ZM of the triangle is the zenith dis-
ing an azimuth angle of SBW. The arc of a circle is shown tance, or coaltitude. Arc LM of the hour circle is the
in black, and the ellipse in red. The black arc is obtained bydeclination of the body, and side PnM of the triangle is the
measurement around the horizon, locating A' by means golar distance, or codeclination.

A, as previously described. The intersection of thisarcwith  The angle at the elevated pole, ZPnM, having the hour
the altitude circle at 60places the body at M. If a semicir- circle and the celestial meridian as sides, is the meridian an-
cle is drawn with the altitude circle as a diameter, and thele, t. The angle at the zenith, PnZM, having the vertical
azimuth angle measured around this, to B, a perpendiculaircle and that arc of the celestial meridian, which includes
to the hour circle locates the body at M', on the ellipse. Bythe elevated pole, as sides, is the azimuth angle. The angle
this method the altitude circle, rather than the horizon, is, irat the celestial body, ZMPn, having the hour circle and the
effect, rotated through 90for the measurement. This re- vertical circle as sides, is the parallactic angle (X) (some-
finement is seldom used because actual values are usuatiynes called the position angle), which is not generally used
found mathematically, the diagram on the plane of the me-
ridian being used primarily to indicate relationships.

With experience, one can visualize the diagram on the
plane of the celestial meridian without making an actual
drawing. Devices with two sets of spherical coordinates, ot
either the orthographic or stereographic projection, pivotet
at the center, have been produced commercially to provid
a mechanical diagram on the plane of the celestial meridiar
However, since the diagram’s principal use is to illustrate
certain relationships, such a device is not a necessary pz I
of the navigator’s equipment.

Figure 15299 summarizes navigation coordinate system

1530. The Navigational Triangle W |

A triangle formed by arcs of great circles of a sphere is
called aspherical triangle. A spherical triangle on the ce-
lestial sphere is called eelestial triangle The spherical
triangle of particular significance to navigators is called the
navigational triangle, formed by arcs of aelestial merid-
ian, anhour circle, and avertical circle Its vertices are the
elevated polgthezenith and gpoint on the celestial sphere
(usually a celestial body). The terrestrial counterpart is alst

called a navigational triangle, being formed by arcs of twa L)
meridians and the great circle connecting two places on the
earth, one on each meridian. The vertices are the two places Figure 1530a. The navigational triangle.



NAVIGATIONAL ASTRONOMY 255

by the navigator. 3. Given meridian angle, declination, and altitude, to
find azimuth angle. This may be used to find azi-
A number of problems involving the navigational tri- muth when the altitude is known.
angle are encountered by the navigator, either directly or 4. Given the latitude of two places on the earth and the
indirectly. Of these, the most common are: difference of longitude between them, to find the
1. Given latitude, declination, and meridian angle, to initial great-circle course and the great-circle dis-
find altitude and azimuth angle. This is used in the tance. This involves the same parts of the triangle
reduction of a celestial observation to establish a as in 1, above, but in the terrestrial triangle, and
line of position. hence is defined differently.

2. Given latitude, altitude, and azimuth angle, to find
declination and meridian angle. This is used to Both celestial and terrestrial navigational triangles are
identify an unknown celestial body. shown in perspective in Figure 1530b.

Figure 1530b. The navigational triangle in perspective.
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IDENTIFICATION OF STARS AND PLANETS

1531. Introduction

A basic requirement of celestial navigation is the
ability to identify the bodies observed. This is not diffi-
cult because relatively few stars and planets are
commonly used for navigation, and various aids are
available to assist in their identification. Some naviga-
tors may have access to a computer which can identify
the celestial body observed given inputs of DR position
and observed altitude. No problem is encountered in the
identification of the sun and moon. However, the planets
can be mistaken for stars. A person working continually
with the night sky recognizes a planet by its changing po-
sition among the relatively fixed stars. The planets are
identified by noting their positions relative to each other,
the sun, the moon, and the stars. They remain within the
narrow limits of the zodiac, but are in almost constant
motion relative to the stars. The magnitude and color
may be helpful. The information needed is found in the
Nautical Almanac. The “Planet Notes” near the front of
that volume are particularly useful.

Sometimes the light from a planet seems steadier than
that from a star. This is because fluctuation of the unsteady
atmosphere causes scintillation or twinkling of a star, which
has no measurable diameter with even the most powerful
telescopes. The navigational planets are less susceptible to
the twinkling because of the broader apparent area giving
light.

Planets can also be identified by planet diagram, star
finder, sky diagram, or by computation.

1532. Stars

The Nautical Almanac lists full navigational infor-

sisting of a Greek letter followed by the
possessive form of the name of the constellation,
such asa Cygni (Deneb, the brightest star in the
constellation Cygnus, the swan). Roman letters
are used when there are not enough Greek letters.
Usually, the letters are assigned in order of bright-
ness within the constellation; however, this is not
always the case. For example, the letter designa-
tions of the stars in Ursa Major or the Big Dipper
are assigned in order from the outer rim of the
bowl to the end of the handle. This system of star
designation was suggested by John Bayer of
Augsburg, Germany, in 1603. All of the 173 stars
included in the list near the back of the Nautical
Almanac are listed by Bayer’'s name, and, when
applicable, their common name.

Flamsteed’s Number:This system assigns numbers
to stars in each constellation, from west to east in the
order in which they cross the celestial meridian. An
example is 95 Leonis, the 95th star in the constella-
tion Leo. This system was suggested by John
Flamsteed (1646-1719).

Catalog Number: Stars are sometimes designated
by the name of a star catalog and the number of the
star as given in the catalog, such as A. G. Washing-
ton 632. In these catalogs, stars are listed in order
from west to east, without regard to constellation,
starting with the hour circle of the vernal equinox.
This system is used primarily for fainter stars having
no other designation. Navigators seldom have occa-
sion to use this system.

mation on 19 first magnitude stars and 38 secondl533. Star Charts

magnitude stars, plus Polaris. Abbreviated information

is listed for 115 more. Additional stars are listed in The It is useful to be able to identify stars by relative po-
Astronomical Almanac and in various star catalogs.sition. A star chart (Figure 1533) is helpful in locating
About 6,000 stars of the sixth magnitude or brighter (onthese relationships and others which may be useful. This
the entire celestial sphere) are visible to the unaided eymethod is limited to periods of relatively clear, dark skies
on a clear, dark night. with little or no overcast. Stars can also be identified by
Stars are designated by one or more of the followinghe Air Almanacsky diagrams, a star finder, Pub. No.
naming systems: 249 or by computation by hand or calculator.
Star charts are based upon the celestial equator sys-
» Common Name:Most names of stars, as now used,tem of coordinates, using declination and sidereal hour
were given by the ancient Arabs and some by theangle (or right ascension). The zenith of the observer is
Greeks or Romans. One of the stars of the Nauticaht the intersection of the parallel of declination equal to
Almanac, Nunki, was named by the Babylonians.his latitude, and the hour circle coinciding with his celes-
Only a relatively few stars have names. Several otial meridian. This hour circle has an SHA equal to 360
the stars on the daily pages of the almanacs had ne LHA <° (or RA = LHA ). The horizon is every-
name prior to 1953. where 90 from the zenith. Astar globeis similar to a
terrestrial sphere, but with stars (and often constella-
» Bayer’'s Name:Most bright stars, including those tions) shown instead of geographical positions. The
with names, have been given a designation conNautical Almanac includes instructions for using this
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Name Pronunciation Bayer name o?:;llf:l::le Meaning of name t.ﬂi-e‘
Acamar a'kd-mir 8 Eridani Arabic | another form of Achernar 120
Achernar A'kér-nfr a Eridani Arable | end of the river (Eridanus) 72
Acrux &'kriks a Crucis Modern | coined from Bayer name 220
Adhara d-dé’ra ¢ Canis Majoris Arabic | the virgin(s) 350
Aldebaran al déb'd-rin | a Tauri Arabie | follower (of the Pleiades) 64
Alioth al'l-6th !« Ursa Majoris Arabic | another form of Capella 49
Alkaid al-kad’ 7 Ursa Majoris Arabic | leader of the daughters of the bier 190
Al Na'ir Al-nar’ a Qruis Arabic | bright one (of the fish’s tail) 90
Alnilam al'nl-1am « Orionis Arabie | string of pearls 410
Alphard al'f a Hydrae Arabie | solitary star of the serpent 200
Alphececa Al-fék'a a Corona Borealis Arabic | feeble one (in the erown) 76
Alpheratz Al-f8'riits a Andremeda Arabic | the horse's navel 120
Altair &l-tar’ a Aquilae Arabic | flying eagle or vulture 16
Ankaa g'kq’ a Phoenicis Arabie | coined name 93
Antares tA'réz a Scorpii Greek rival of Mars (in color) 250
Arcturus k-td'ris a Bootis Greek the bear's guard 37
Atria t'ri-d a Trianguli Australis | Modern | eoined from Bayer name 130
Avior d'vi-or « Carinae Modern | coined name 350
Bellatrix bé-18"trTks v Orionis Latin female warrior 250
Betelgeuse bét'él-jaz a Orionis Arabic | the arm pit (of Orion) 300
Canopus kﬁ-nﬁ'p&s a Carinae Greek city of ancient Egypt 230
Capella ka-pél'a a Aurigae Latin little she-goat 46
Deneb dén’éb a Cygni Arabic | tail of the hen 600
Denebola dé-néb’d-1d 8 Leonis Arabic | tail of the lion 42
Diphda dif*dé B Ceti Arabie :hehsegggd frog (Fomalhaut was once 57
the t)

Dubhe dab’é a Ursa Majoris Arabic | the bear's back 100

Elnath él'néith B Tauri Arabic | one butting with horns 130

Eltanin él-td'nin v Draconis Arabic | head of the dragon 150

Enif én'll ¢ Pegasi Arabie | nose of the horse 250

Fomalhaut {6'mdl-ot ~ a Piscis Austrini Arabie | mouth of the southern fish 23

QGacrux gi'kriks vy Crucis Modern | coined from Bayer name 72

Gienah é'nd ¥ Corvi Arabic | right wing of the raven 136

Hadar hit'dir A Centauri Modern | leg of the centaur 200

Hamal ham'dl a Arietis Arabic | full-grown lamb 76

Kaus Australis kis Gs-tra’lis e Sagittarii Ar., L. | southern part of the bow 163

Kochab kd’'kab 8 Ursa Minoris Arabie | shortened form of “north star” (named 100
when it was that, ¢. 1500 BC-AD 300)

Markab mir'kib a Pegasi Arabie | saddle (of Pegasus) 100

Menkar m n‘kgx a Ceti Arabie | nose (of the whale) 1,100

Menkent mén'ként 8 Centauri Modern | shoulder of the centaur 55

Miaplacidus mi’d-plis’l-diis B Carinae Ar.. L. uiet or still waters 86

Mirfak mir'lik a Persei Arabic | elbow of the Pleiades 130

Nunki niin’ké o Sagittarii Bab, constellation of the holy city (Eridu) 150

Peacock pé'kok a Pavonis Modern mmel{lia {rom English name of con- 250
stellation

Polaris pé-1a'ris a Ursa Minoris Latin the pole (star) 450

Pollux pol'iks A Geminorum Latin Zeus’ other twin son (Castor, « Gemi- 33
norum, is first twin)

Procyon pri'si-on a Canis Minoris Greek bef{are tstgel d(;g (rising before the dog 11
star, Sirius

Rasalhague ras’dl-hi'gwa a Ophiuchi Arabic | head of the serpent charmer 67

Regulus rég‘u-lﬂs a Leonis Latin the prince 67

Rigel ri‘jél B Orionis Arabic | foot (left foot of Orion) 500

Rigil Kentaurus ri'jﬂ kén-td'ris a Centauri Arabic | foot of the centaur 4.3

Babik sd'bik n Ophiuchi Arabie | second winner or conqueror 69

Schedar shéd'dr a Cassiopeiae Arabic | the breast (of Cassiopeia) 360

Shaula sho'ld A Beorpi Arabic oocked—u?l part of the scorpion’s tail 200

Sirius skr'i-is a Canis Majoris Greek the so;n'c ing one (popularly, the dog 8.6
star

Spica g&i‘:kd a Virginis Latin the ear of corn 155

Suhail -hél’ A Velorum Arabic | shortened form of Al Suhail, one 200
Arabic name for Canopus

Vega vi'gd a Lyrae Arabic | the falling eagle or vulture w7

Zubenelgenubi | 200-bén’él-jé-ni’'bé a Librae Arabic | southern claw (of the scorpion) 66

PLANETS
Name Pronunciation Origin of name ‘ Meaning of name

Mercury mir'kd-rl Latin god of commerce and gain

Venus vé'nis Latin goddess of love

Earth iirth Mid. Eng. -

Mars miirz Latin god of war

Jupiter joO'pi-tér Latin god of the heavens, identified with the Greek Zeus, chief of the

Olympian gods

Saturn sit'érn Latin god of seed-sowing

Uranus 'rd-nis Greek the personification of heaven

Neptune nép'tin Latin. god of the sea

Pluto ploo'td Greek god of the lower world (Hades)

Guide to pronunciations:

fate, Add, finil, last, @bound, iirm; bé, &nd, camél, readér; ice, bit, anfmal; dver, pdetic, hét, 1ord, maon; tabe, dnite, tiib,
Authorities differ on dis-

circds, drn

*Distances in light-years. One light-year equals approximately 63,300 AU, or 5,880,000,000,000 miles.

tances of the stars; the values given are representative,

Figure 1531a. Navigational stars and the planets.
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CONSTELLATIONS

Name

Pronunciation

Genitive

Navigational stars or

Pronunciation Meaning approximate position
Hydra®* hi'dra Hydrae hi'dré water monster Alphard
Hydrus hi'dris Hydri hi'dri water snake d 70°8, SHA 320°
Indus In'diis Indi in'di Indian d 60°8, SHA 35°
Laceria ld-siir'td Lacertae ld-sir'té lizard d 45°N, BHA 25°
Leo ()* 1&'6 Leonis 18-9'nls lion Denebola, Regulus
Leo Minor 18’6 mi'nér Leonis Minoris 16-6'nis mi-nd'ris smaller lion d 35°N, SHA 205°
Lepus* 18'pits Leporis lép*a-ris hare d 20°8, SHA 275°
Libra (=)* li'brd Librae 1i'bré balance [scales]t Zubenelgenubi
Lupus* lia'pis Lupi 1d'pi wolf d 45°8, SHA 130°
Lynx lingks Lyncis lin’sls lynx d 50°N, SHA 240°
Lyra® li'rd Lyrae li'ré lyre Vega
Mensa mén’'sa Mensae mén’sé table (mountain)tt | d 75°S, SHA 275°
Microscopium mi'krd-sk&pl-dm | Microscopii mi'krd-skd’pli mieroscope d 35°8, SHA 45°
Monoceros mb-nos'ér-os Monocerotis mb-nds'ar-o'tis unicorn d0°, SHA 255°
Musca miis'kd Muscae miis'sé fly d 70°8, SHA 175°
Norma nér'md Normae nir'mé square (and rule) tt d 50°8, SHA 120°
Octans ok'tdnz Octantis ok-tan‘tis octant d 85°8, SHA 40°
Ophiuchus* of'l-0'kis Ophiuchi O’ ki serpent holder Rasalhague, Sabik
Orion* beri'on Orionis 6'tl-6'nis Orion [the hunter]t Alnilam, Bellatrix,
. Betelgeuse, Rigel
Pavo pa’'vd Pavonis péd-vi‘nis peacock Peacock
Pegasus* pég'd-siis Pegasi pég'd-si Pegasus [winged Enif, Markab
horse]t
Perseus* piir'siis Persei piir'sé-i Perseus [mytholog- | Mirfak
ical character]t
Phoenix fé'niks Phoenicis fé-ni'sls phoenix [the im- | Ankaa
mortal bird]t
Pictor pik'tér Pietoris pik-ta'ris painter (easel of)tt | d 55°8, SHA 275°
Pisces (%)* pls'éz Piscium pish'l-iim fishes d 15°N, SHA 355°
Piscis Austrinus* | pis'is ds-tri'niis Piscis Austrini pls‘is és-tri'ni southern fish Fomalhaut
Puppis** pup'ls Puppis pip'is stern [of ship]t d 30°8, SHA 245°
Pyxis** pik'sis Pyxidis pik’si-dis mariner’s compass d 25°8, SHA 230°
Reticulum ré-tik‘a-lim Reticuli ré-tik 10 net d 60°8, SHA 300°
Sagitta* sd-jit'da Sagittae sd-jit’e Arrow d 20°N, SHA 65°
Sagittarius (7)* | S&i'I-tA'ri-ds Sagittarii saj'I-ta’rid archer Kaus Australis,
Nunki
Scorpius (M)* skor'pl-is Scorpii skor'pl-i scorpion Antares, Shaula
Sculptor skulp'tér Sculptoris skiilp-to'ris sculptor (workshop | d 30°S, SHA 355°
of)tt
Scutum ski‘tim Seuti ski'ti shield d 10°8, SHA 80°
Serpéns* slir'pénz Serpentis sér-pén‘tis serpent d 10°N, SHA 125°
Sextans séks'tanz Sextantis séks-tan’tis sextant d 0°, SHA 205°
Taurus ()" to'ris Tauri to'rl bull Aldebaran, Elnath
Telescopium té1'8.ska/ pl-im Telescopii tél'd.skd'pii telescope d 50°8, SHA 75°
Triangulum®* tri-ang'gi-lim Trianguli tri-ang’gl1i triangle d 30°N, SHA 330°
Triangulum tri-ang’gii-lim Trianguli tri-Ang’gi-1i southern triangle Atria
Australe _63‘11‘5’]5 Australis os-tra'lls
Tucana ti-kd'nd Tucanae tii-kd’'na toucan [a bird]f d 65°S, SHA 5°
Ursa Major* ur'sd ma’jér Ursae Majoris {ir'sé ma-jo'rls larger bear Alioth, Alkaid,
Dubhe
Ursa Minor* r'sd mi'nér Ursae Minoris fir'sé mi-nd’ris smaller bear Kochab, Polaris
Vela** vé'ld Velorum vé16'riim sails Suhail
Yirgo (m)* viir'gd Virginis viir'jl-nis virgin Spica
Volans vo'ling Volantis vy lantis flying (fish)t1 d 70°8, SHA 240°
Vulpecula vill-pekii-ld Vulpeculae vill-pek’ii-1é little fox d 25°N, SHA 60°

Zodiacal constellations are given in bold type, with their symbols.
*One of the original constellations of Ptolemy.
**Part of the single constellation Argo Navis of Ptolemy.

iIl:'aa.rts within brackets are amplifications of the meanings of constellation names.

Parts within parentheses are the meanings of words deleted from former, more complete constellation names.
Guide to pronunciations:
fate, cdre, hat, findl, @bound, sofa, irm; ba, créate, &nd, readér; ice, bit; dver, pbetie, hét, ednnect, lord, moon; tibe, éinite,
tiib, cireds, iirn.

Figure 1531b. Constellations.
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STAR CHARTS

NORTHERN STARS

G qiunc 31

490

8o !
KEY 0 N,r
% Selected stars of magnitude 1.5 and brighter 3
¥ Selected stars of magnitude 1.6 and fainter

* Other stars of 2.5 and brighter
@ Other labulated stars of magnitude 2.6 and fainter

+ Untabulated stars

NOTE

orp us
HIUCH o a

The numbers enclosed in brackets refer to
those stars of the selected list which are
not used in H.O. 245

EQUATORIAL STARS (S.H.A 0°to 1807)

0 30° 60° 90 120° 150° 180°

= | Y v T T et % b B ) ! 307 =
E | Camnes G CYGNUS * :rl::n ! q-_soowss %
= PEGASUS - HERCULES g5 lop BOR i

201 : 3 “"-.-_. 120

o |G oo 7 | DELPHINUS . : oy
y iy i ol . Resahague .
=] 19 ‘:m! 54 S My - @
g L . SERPENS Q
2|0 . AGUARIUS DG y 5 &
3 \%Q A0 opmucuus.._’i =]
o 1ot -t g
meomus_ bid g
8. GITTAR : Sabed (44)

- \ ~—-_41in ITTARIUS e
- PISCIS AUSTRINUS SR AR A @
5 R Fomalhau 54 10 ke i : g o [=
& 130 | | 1 . | TR s H L i =

o 30° 60° 90° 120°
L SIDEREAL HOUR ANGLE

Figure 1533. Star chart.
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device. On a star globe the celestial sphere is shown as20° beyond each celestial pole, and about éur hours)
would appear to an observer outside the sphere. Constellaach side of the central hour circle (at the celestial equator).
tions appear reversed. Star charts may show a similar vievirherefore, they do not coincide exactly with that half of the
but more often they are based upon the view from inside theelestial sphere above the horizon at any one time or place.
sphere, as seen from the earth. On these charts, north is at fliee zenith, and hence the horizon, varies with the position
top, as with maps, but east is to the left and west to the righbf the observer on the earth. It also varies with the rotation
The directions seem correct when the chart is held overheadf the earth (apparent rotation of the celestial sphere). The
with the top toward the north, so the relationship is similarcharts show all stars of fifth magnitude and brighter as they
to the sky. appear in the sky, but with some distortion toward the right
The Nautical Almanac has four star charts. The twoand left edges.
principal ones are on the polar azimuthal equidistant pro-  The overprinted lines add certain information of use in
jection, one centered on each celestial pole. Each chaltcating the stars. Only Polaris and the 57 stars listed on the
extends from its pole to declination 1@same name as daily pages of the Nautical Almanac are named on the
pole). Below each polar chart is an auxiliary chart on thecharts. The almanac star charts can be used to locate the ad-
Mercator projection, from 3NN to 30°S. On any of these ditional stars given near the back of the Nautical Almanac
charts, the zenith can be located as indicated, to determirand the Air Almanac. Dashed lines connect stars of some of
which stars are overhead. The horizon i$ 8@m the ze- the more prominent constellations. Solid lines indicate the
nith. The charts can also be used to determine the locatiorelestial equator and useful relationships among stars in
of a star relative to surrounding stars. different constellations. The celestial poles are marked by
The Air Almanac contains a folded chart on the rectan-crosses, and labeled. By means of the celestial equator and
gular projection. This projection is suitable for indicating thethe poles, one can locate his zenith approximately along the
coordinates of the stars, but excessive distortion occurs in renid hour circle, when this coincides with his celestial me-
gions of high declination. The celestial poles are representetdian, as shown in the table below. At any time earlier than
by the top and bottom horizontal lines the same length as thinose shown in the table the zenith is to the right of center,
celestial equator. To locate the horizon on this chart, first loand at a later time it is to the left, approximately one-quarter
cate the zenith as indicated above, and then locate the foof the distance from the center to the outer edge (at the ce-
cardinal points. The north and south points arefé@m the  lestial equator) for each hour that the time differs from that
zenith, along the celestial meridian. The distance to the eleshown. The stars in the vicinity of the North Pole can be
vated pole (having the same name as the latitude) is equal sgen in proper perspective by inverting the chart, so that the
the colatitude of the observer. The remainder of the(@®  zenith of an observer in the Northern Hemisphere is up
latitude) is measured from the same pole, along the loweirom the pole.
branch of the celestial meridian, 1'8®@om the upper branch
containing the zenith. The east and west points are on the c&534. Stars In The Vicinity Of Pegasus
lestial equator at the hour circle 98ast and west (or 9@&nd
270 in the same direction) from the celestial meridian. The In autumn the evening sky has few first magnitude
horizon is a sine curve through the four cardinal points. Di-stars. Most are near the southern horizon of an observer in
rections on this projection are distorted. the latitudes of the United States. A relatively large number
The star charts shown in Figure 1534 through Figureof second and third magnitude stars seem conspicuous, per-
1537, on the transverse Mercator projection, are designeubps because of the small number of brighter stars. High in
to assist in learning Polaris and the stars listed on the dailthe southern sky three third magnitude stars and one second
pages of the Nautical Almanac. Each chart extends aboumagnitude star form a square with sides nearR/df5arc in

Fig. 1534 Fig.1535 Fig. 1536 Fig. 1537
Local sidereal time 0000 0600 1200 1800

LMT 1800 Dec. 21 Mar. 22 June 22 Sept. 21
LMT 2000 Nov. 21 Feb. 20 May 22 Aug. 21
LMT 2200 Oct. 21 Jan. 20 Apr. 22 July 22
LMT 0000 Sept. 22 Dec. 22 Mar. 23 June 22
LMT 0200 Aug. 22 Nov. 22 Feb. 21 May 23
LMT 0400 July 23 Oct. 22 Jan 21 Apr. 22
LMT 0600 June 22 Sept. 21 Dec. 22 Mar. 23

Table 1533. Locating the zenith on the star diagrams.

length. This is Pegasus, the winged horse. Only Markab at the southwestern corner and Alpheratz
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at the northeastern corner are listed on the daily pages of tH#535. Stars In The Vicinity Of Orion
Nautical Almanac. Alpheratz is part of the constellation
Andromeda, the princess, extending in an arc toward the As Pegasus leaves the meridian and moves into the
northeast and terminating at Mirfak in Perseus, legendarwestern sky, Orion, the hunter, rises in the east. With the
rescuer of Andromeda. possible exception of Ursa Major, no other configuration of
A line extending northward through the eastern side ofstars in the entire sky is as well known as Orion and its im-
the square of Pegasus passes through the leading (westemégdiate surroundings. In no other region are there so many
star of M-shaped (or W-shaped) Cassiopeia, the legendafirst magnitude stars.
mother of the princess Andromeda. The only star of this  The belt of Orion, nearly on the celestial equator, is
constellation listed on the daily pages of the Nautical Alma-visible in virtually any latitude, rising and setting almost on
nac is Schedar, the second star from the leading one as tht®e prime vertical, and dividing its time equally above and
configuration circles the pole in a counterclockwise direc-below the horizon. Of the three second magnitude stars
tion. If the line through the eastern side of the square oforming the belt, only Alnilam, the middle one, is listed on
Pegasus is continued on toward the north, it leads to secorde daily pages of the Nautical Almanac.
magnitude Polaris, the North Star (less th&nfrbm the Four conspicuous stars form a box around the belt. Ri-
north celestial pole) and brightest star of Ursa Minor, thegel, a hot, blue star, is to the south. Betelgeuse, a cool, red
Little Dipper. Kochab, a second magnitude star at the othestar lies to the north. Bellatrix, bright for a second magni-
end of Ursa Minor, is also listed in the almanacs. At thistude star but overshadowed by its first magnitude
season Ursa Major is low in the northern sky, below the ceneighbors, is a few degrees west of Betelgeuse. Neither the
lestial pole. A line extending from Kochab through Polarissecond magnitude star forming the southeastern corner of
leads to Mirfak, assisting in its identification when Pegasughe box, nor any star of the dagger, is listed on the daily pag-

and Andromeda are near or below the horizon. es of the Nautical Almanac.
Deneb, in Cygnus, the swan, and Vega are bright, first A line extending eastward from the belt of Orion, and
magnitude stars in the northwestern sky. curving toward the south, leads to Sirius, the brightest star

The line through the eastern side of the square of Pegasus the entire heavens, having a magnitude of —1.6. Only
approximates the hour circle of the vernal equinox, shown atlars and Jupiter at or near their greatest brilliance, the sun,
Aries on the celestial equator to the south. The sun is at Ariesioon, and Venus are brighter than Sirius. Sirius is part of
on or about March 21, when it crosses the celestial equatdhe constellation Canis Major, the large hunting dog of Ori-
from south to north. If the line through the eastern side of Peen. Starting at Sirius a curved line extends northward
gasus is extended southward and curved slightly toward thiarough first magnitude Procyon, in Canis Minor, the small
east, it leads to second magnitude Diphda. A longer andunting dog; first magnitude Pollux and second magnitude
straighter line southward through the western side of Pegas@astor (not listed on the daily pages of the Nautical Alma-
leads to first magnitude Fomalhaut. A line extending north-nac), the twins of Gemini; brilliant Capella in Auriga, the
easterly from Fomalhaut through Diphda leads to Menkar, aharioteer; and back down to first magnitude Aldebaran,
third magnitude star, but the brightest in its vicinity. Ankaa,the follower, which trails the Pleiades, the seven sisters. Al-
Diphda, and Fomalhaut form an isosceles triangle, with thelebaran, brightest star in the head of Taurus, the bull, may
apex at Diphda. Ankaa is near or below the southern horizoalso be found by a curved line extending northwestward
of observers in latitudes of the United States. Four stars farthérom the belt of Orion. The V-shaped figure forming the
south than Ankaa may be visible when on the celestial meridsutline of the head and horns of Taurus points toward third
ian, just above the horizon of observers in latitudes of thenagnitude Menkar. At the summer solstice the sun is be-
extreme southern part of the United States. These are Acamaneen Pollux and Aldebaran.

Achernar, Al Na'ir, and Peacock. These stars, with each other  If the curved line from Orion’s belt southeastward to
and with Ankaa, Fomalhaut, and Diphda, form a series of triSirius is continued, it leads to a conspicuous, small, nearly
angles as shown in Figure 1534. Almanac stars near thequilateral triangle of three bright second magnitude stars
bottom of Figure 1534 are discussed in succeeding articles. of nearly equal brilliancy. This is part of Canis Major. Only

Two other almanac stars can be located by their posiAdhara, the westernmost of the three stars, is listed on the
tions relative to Pegasus. These are Hamal in thelaily pages of the Nautical Almanac. Continuing on with
constellation Aries, the ram, east of Pegasus, and Enif, wesbmewhat less curvature, the line leads to Canopus, second
of the southern part of the square, identified in Figure 1534brightest star in the heavens and one of the two stars having
The line leading to Hamal, if continued, leads to the Pleia-a negative magnitude (—0.9). With Suhail and Miaplacidus,
des (the Seven Sisters), not used by navigators for celesti@anopus forms a large, equilateral triangle which partly en-
observations, but a prominent figure in the sky, heraldingcloses the group of stars often mistaken for Crux. The
the approach of the many conspicuous stars of the wintdsrightest star within this triangle is Avior, near its center.
evening sky. Canopus is also at one apex of a triangle formed with Adha-

ra to the north and Suhail to the east, another triangle with
Acamar to the west and Achernar to the southwest, and an-
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other with Achernar and Miaplacidus. Acamar, Achernar,called Libra, the scales.
and Ankaa form still another triangle toward the west. Be-  Returning to Corvus, a line from Gienah, extending di-
cause of chart distortion, these triangles do not appear in tregonally across the figure and then curving somewhat
sky in exactly the relationship shown on the star chart. Othtoward the east, leads to Menkent, just beyond Hydra.
er daily-page almanac stars near the bottom of Figure 1535 Far to the south, below the horizon of most northern
are discussed in succeeding articles. hemisphere observers, a group of bright stars is a prominent
In the winter evening sky, Ursa Major is east of Polaris,feature of the spring sky of the Southern Hemisphere. This is
Ursa Minor is nearly below it, and Cassiopeia is west of it.Crux, the Southern Cross. Crux is about 40uth of Corvus.
Mirfak is northwest of Capella, nearly midway between it andThe “false cross” to the west is often mistaken for Crux.
Cassiopeia. Hamal is in the western sky. Regulus and Alpharéicrux at the southern end of Crux and Gacrux at the northern
are low in the eastern sky, heralding the approach of the corend are listed on the daily pages of the Nautical AlImanac.

figurations associated with the evening skies of spring. The triangles formed by Suhail, Miaplacidus, and Canopus,
and by Suhail, Adhara, and Canopus, are west of Crux. Suhail is
1536. Stars In The Vicinity Of Ursa Major in line with the horizontal arm of Crux. A line from Canopus,

through Miaplacidus, curved slightly toward the north, leads to

As if to enhance the splendor of the sky in the vicinity of Acrux. A line through the east-west arm of Crux, eastward and
Orion, the region toward the east, like that toward the westhen curving toward the south, leads first to Hadar and then to
has few bright stars, except in the vicinity of the south celesRigil Kentaurus, both very bright stars. Continuing on, the
tial pole. However, as Orion sets in the west, leaving Capellaurved line leads to small Triangulum Australe, the Southern
and Pollux in the northwestern sky, a number of good naviTriangle, the easternmost star of which is Atria.
gational stars move into favorable positions for observation.

Ursa Major, the great bear, appears prominently abov&537. Stars In The Vicinity Of Cygnus
the north celestial pole, directly opposite Cassiopeia, which
appears as a “W” just above the northern horizon of most  As the celestial sphere continues in its apparent west-
observers in latitudes of the United States. Of the seveward rotation, the stars familiar to a spring evening observer
stars forming Ursa Major, only Dubhe, Alioth, and Alkaid sink low in the western sky. By midsummer, Ursa Major has
are listed on the daily pages of the Nautical Almanac. = moved to a position to the left of the north celestial pole, and

The two second magnitude stars forming the outer parthe line from the pointers to Polaris is nearly horizontal.
of the bowl of Ursa Major are often called the pointers be-Ursa Minor, is standing on its handle, with Kochab above
cause a line extending northward (down in spring eveningsand to the left of the celestial pole. Cassiopeia is at the right
through them points to Polaris. Ursa Minor, the Little Bear,of Polaris, opposite the handle of Ursa Major.
contains Polaris at one end and Kochab at the other. Rela- The only first magnitude star in the western sky is Arc-
tive to its bowl, the handle of Ursa Minor curves in the turus, which forms a large, inconspicuous triangle with
opposite direction to that of Ursa Major. Alkaid, the end of the handle of Ursa Major, and Alphecca,

A line extending southward through the pointers, andthe brightest star in Corona Borealis, the Northern Crown.
curving somewhat toward the west, leads to first magnitude  The eastern sky is dominated by three very bright
Regulus, brightest star in Leo, the lion. The head, shoulstars. The westernmost of these is Vega, the brightest
ders, and front legs of this constellation form a sickle, withstar north of the celestial equator, and third brightest star
Regulus at the end of the handle. Toward the east is secoil the heavens, with a magnitude of 0.1. With a declina-
magnitude Denebola, the tail of the lion. On toward thetion of a little less than 3N, Vega passes through the
southwest from Regulus is second magnitude Alphardzenith along a path across the central part of the United
brightest star in Hydra, the sea serpent. A dark sky and corBtates, from Washington in the east to San Francisco on
siderable imagination are needed to trace the long, windinthe Pacific coast. Vega forms a large but conspicuous tri-
body of this figure. angle with its two bright neighbors, Deneb to the

A curved line extending the arc of the handle of Ursanortheast and Altair to the southeast. The angle at Vega
Major leads to first magnitude Arcturus. With Alkaid and is nearly a right angle. Deneb is at the end of the tail of
Alphecca, brightest star in Corona Borealis, the NortherrCygnus, the swan. This configuration is sometimes
Crown, Arcturus forms a large, inconspicuous triangle. Ifcalled the Northern Cross, with Deneb at the head. To
the arc through Arcturus is continued, it leads next to firstmodern youth it more nearly resembles a dive bomber,
magnitude Spica and then to Corvus, the crow. The brightwhile it is still well toward the east, with Deneb at the
est star in this constellation is Gienah, but three others aneose of the fuselage. Altair has two fainter stars close by,
nearly as bright. At autumnal equinox, the sun is on the ceen opposite sides. The line formed by Altair and its two
lestial equator, about midway between Regulus and Spicdainter companions, if extended in a northwesterly direc-

A long, slightly curved line from Regulus, east-south-tion, passes through Vega, and on to second magnitude
easterly through Spica, leads to Zubenelgenubi at th&ltanin. The angular distance from Vega to Eltanin is
southwestern corner of an inconspicuous box-like figureabout half that from Altair to Vega. Vega and Altair,
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with second magnitude Rasalhague to the west, form the sun for observation.

large equilateral triangle. This is less conspicuous than  When the meridian passage occurs at midnight, the body
the Vega-Deneb-Altair triangle because the brilliance ofis in opposition to the sun and is visible all night; planets may
Rasalhague is much less than that of the three first magse observable in both morning and evening twilights. As the
nitude stars, and the triangle is overshadowed by thé&ime of meridian passage decreases, the body ceases to be ob-
brighter one. servable in the morning, but its altitude above the eastern

Far to the south of Rasalhague, and a little toward thdaorizon during evening twilight gradually increases; this con-
west, is a striking configuration called Scorpius, the scorpitinues until the body is on the meridian at twilight. From then
on. The brightest star, forming the head, is red Antares. Abnwards the body is observable above the western horizon and
the tail is Shaula. its altitude at evening twilight gradually decreases; eventually

Antares is at the southwestern corner of an approxithe body comes too close to the sun for observation. When the
mate parallelogram formed by Antares, Sabik, Nunki, andody again becomes visible, it is seen as a morning star low in
Kaus Australis. With the exception of Antares, these starshe east. Its altitude at twilight increases until meridian passage
are only slightly brighter than a number of others nearbypccurs at the time of morning twilight. Then, as the time of me-
and so this parallelogram is not a striking figure. At winterridian passage decreases fothe body is observable in the
solstice the sun is a short distance northwest of Nunki.  west in the morning twilight with a gradually decreasing alti-

Northwest of Scorpius is the box-like Libra, the scales,tude, until it once again reaches opposition.
of which Zubenelgenubi marks the southwest corner. Only about one-half the region of the sky along the

With Menkent and Rigil Kentaurus to the southwest,ecliptic, as shown on the diagram, is above the horizon at
Antares forms a large but unimpressive triangle. For mosbne time. At sunrise (LMT aboutthe sun and, hence, the
observers in the latitudes of the United States, Antares isegion near the middle of the diagram, are rising in the east;
low in the southern sky, and the other two stars of the trianthe region at the bottom of the diagram is setting in the
gle are below the horizon. To an observer in the Southerwest. The region half way between is on the meridian. At
Hemisphere Crux is to the right of the south celestial polesunset (LMT about 11§ the sun is setting in the west; the
which is not marked by a conspicuous star. A long, curvedegion at the top of the diagram is rising in the east. Mark-
line, starting with the now-vertical arm of Crux and extend-ing the planet diagram of the Nautical Almanac so that east
ing northward and then eastward, passes successivelyat the top of the diagram and west is at the bottom can be
through Hadar, Rigil Kentaurus, Peacock, and Al Na'ir.  useful to interpretation.

Fomalhaut is low in the southeastern sky of the southern  If the curve for a planet intersects the vertical line con-
hemisphere observer, and Enifis low in the eastern sky at neamecting the date graduations below the shaded area, the
ly any latitude. With the appearance of these stars it is not longlanet is a morning star; if the intersection is above the
before Pegasus will appear over the eastern horizon during tlshaded area, the planet is an evening star.
evening, and as the winged horse climbs evening by evening A similar planet location diagram in the Air Almanac
to a position higher in the sky, a new annual cycle approachesepresents the region of the sky along the ecliptic within

which the sun, moon, and planets always move; it shows, for
1538. Planet Diagram each date, the sun in the center and the relative positions of
the moon, the five planets Mercury, Venus, Mars, Jupiter,

The planet diagram in the Nautical Almanac shows, inSaturn and the four first magnitude stars Aldebaran, Antares,
graphical form for any date during the year, the LMT of me-Spica, and Regulus, and also the position on the ecliptic
ridian passage of the sun, for the five planets Mercurywhich is north of Sirius (i.e. Sirius is 4&outh of this point).
Venus, Mars, Jupiter, and Saturn, and of eachdd®HA.  The first point of Aries is also shown for reference. The mag-
The diagram provides a general picture of the availability onitudes of the planets are given at suitable intervals along the
planets and stars for observation, and thus shows: curves. The moon symbol shows the correct phase. A straight

line joining the date on the left-hand side with the same date

1. Whether a planet or star is too close to the sun foof the right-hand side represents a complete circle around the

observation. sky, the two ends of the line representing the pointI8im

2. Whether a planet is a morning or evening star.  the sun; the intersections with the curves show the spacing of

3. Some indication of the planet's position during the bodies along the ecliptic on the date. The time scale indi-
twilight. cates roughly the local mean time at which an object will be

4. The proximity of other planets. on the observer’s meridian.

5. Whether a planet is visible from evening to morn- At any time only about half the region on the diagram is
ing twilight. above the horizon. At sunrise the sun (and hence the region

near the middle of the diagram), is rising in the east and the
A band 4% wide is shaded on each side of the curveregion at the end marked “West” is setting in the west; the
marking the LMT of meridian passage of the sun. Any planetegion half-way between these extremes is on the meridian,
and most stars lying within the shaded area are too close s will be indicated by the local time (abou¥) 6At the time
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of sunset (local time about fBthe sun is setting in the west, small peg in the center. On one side the north celestial
and the region at the end marked “East” is rising in the easpole is shown at the center, and on the opposite side the
The diagram should be used in conjunction with thesouth celestial pole is at the center. All of the stars listed

Sky Diagrams. on the daily pages of the Nautical Almanac are shown on
a polar azimuthal equidistant projection extending to the
1539. Star Finders opposite pole. The south pole side is shown in Figure

1539a. Many copies of an older edition, No. 2102C, show-

Various devices have been devised to help an observéng the stars listed in the almanacs prior to 1953, and
find individual stars. The most widely used is tB&r Find- having other minor differences, are still in use. These are
er and Identifier, formerly published by the U.S. Navy not rendered obsolete by the newer edition, but should be
Hydrographic Office, and now published commercially. Thecorrected by means of the current almanac. The rim of
current model, No. 2102D, as well as the previous 2102@ach side is graduated to half a degree of LFY” (or
model, patented by E. B. Collins, employs the same basi860° — SHA).
principle as that used in the Rude Star Finder patented by Ten transparent templates of the same diameter as the
Captain G. T. Rude, USC&GS, and later sold to the Hydrostar base are provided. There is one template for eath 10
graphic Office. Successive models reflect variousof latitude, labeled § 15°, 25°, etc., plus a 10th (printed in
modifications to meet changing conditions and requirementsed) showing meridian angle and declination. The older edi-

The star base of No. 2102D consists of a thin, whitetion (No. 2102C) did not have the red meridian angle-
opague, plastic disk aboutlﬁ inches in diameter, with a declination template. Each template can be used on either
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Figure 1539a. The south pole side of the star base of No. 2102D.
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side of the star base, being centered by placing a smatlircle of the body. From the celestial equator, shown as a
center hole in the template over the center peg of theircle midway between the center and the outer edge, mea-
star base. Each latitude template has a family of altitudesure the declination (from the almanac) of the body toward
curves at 8 intervals from the horizon (from altitude the center if the pole and declination have the same name
10° on the older No. 2102C) to 80A second family of  (both N or both S), and away from the center if they are of
curves, also at Sintervals, indicates azimuth. The contrary name. Use the scale along the north-south azimuth
north-south azimuth line is the celestial meridian. Theline of any template as a declination scale. The meridian an-
star base, templates, and a set of instructions are kept gle-declination template (the latitudeé femplate of No.
a circular leatherette container. 2102C) has an open slot with declination graduations along
Since the sun, moon, and planets continually changene side, to assist in plotting positions, as shown in Figure
apparent position relative to the “fixed” stars, they are notL539b. In the illustration, the celestial body being located
shown on the star base. However, their positions at ankias a 360— SHA of 285, and a declination of 14°5. It is
time, as well as the positions of additional stars, can be plotrot practical to attempt to plot to greater precision than the
ted. To do this, determine 3668 SHA of the body. For the nearest 0.1 Positions of Venus, Mars, Jupiter, and Saturn,
stars and planets, SHA is listed in the Nautical Almanacon June 1, 1975, are shown plotted on the star base in Figure
For the sun and moon, 368 SHA is found by subtracting 1539c. It is sometimes desirable to plot positions of the sun
GHA of the body from GHA " at the same time. Locate and moon to assist in planning. Plotted positions of stars
360 — SHA on the scale around the rim of the star base. meed not be changed. Plotted positions of bodies of the solar
straight line from this point to the center represents the housystem should be replotted from time to time, the more rap-
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Figure 1539b. Plotting a celestial body on the star base of No. 2102D.
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idly moving ones more often than others. The satisfactoryntil the arrow on the celestial meridian (the north-south azi-
interval for each body can be determined by experience. Iinuth line) is over LHA > on the star based graduations.
is good practice to record the date of each plotted positioif he small cross at the origin of both families of curves now
of a body of the solar system, to serve later as an indicatiorepresents the zenith of the observer. The approximate alti-
of the interval since it was plotted. tude and azimuth of the celestial bodies above the horizon

To orient the template properly for any given time, pro-can be visually interpolated from the star finder. Consider
ceed as follows: enter the almanac with GMT, and determin®olaris (not shown) as at the north celestial pole. For more
GHA % at this time. Apply the longitude to GHAY> , sub- accurate results, the template can be lifted clear of the cen-
tracting if west, or adding if east, to determine LHY> . If ter peg of the star base, and shifted along the celestial
LMT is substituted for GMT in entering the almanac, LHA meridian until the latitude, on the altitude scale, is over the
% can be taken directly from the almanac, to sufficient acpole. This refinement is not needed for normal use of the
curacy for orienting the star finder template. Select thedevice. It should not be used for a latitude differing more
template for the latitude nearest that of the observer, and cethan 5 from that for which the curves were drawn. If the
ter it over the star base, being careful that the correct sidedtitude and azimuth of an identified body shown on the star
(north or south to agree with the latitude) of both template andbase are known, the template can be oriented by rotat-
star base are used. Rotate the template relative to the star basg, it until it is in correct position relative to that body.
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Figure 1539c. A template in place over the star base of No. 2102D.
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1540 Sight Reduction Tables for Air Navigation (Pub. ence to an almanac. Any method of solving a spherical

No. 249) triangle, with two sides and the included angle being given,

is suitable for this purpose. A large-scale, carefully-drawn

Volume | of Pub. No. 24%an be used as a star finder diagram on the plane of the celestial meridian, using the re-

for the stars tabulated at any given time. For these bodiefinement shown in Figure 1529f, should yield satisfactory
the altitude and azimuth are tabulated for eatbflatitude  results.

and P of LHA “Y° (2° beyond latitude 69. The principal Although no formal star identification tables are in-

limitation is the small number of stars listed. cluded in Pub. No. 229 a simple approach to star
identification is to scan the pages of the appropriate lati-

1541. Air Almanac Sky Diagram tudes, and observe the combination of arguments which

give the altitude and azimuth angle of the observation. Thus

Near the back of the Air Almanac are a number of skythe declination and LHA Z are determined directly. The
diagrams. These are azimuthal equidistant projections of thetar’'s SHA is found from SHAT = LHA O — LHA .
celestial sphere on the plane of the horizon, at latitud&¥,75 From these quantities the star can be identified from the
50°N, 25°N, 0°, 25°S, and 50S, at intervals of 2 hours of lo- Nautical Almanac.
cal mean time each month. A number of the brighter stars, the  Another solution is available through an interchange of
visible planets, and several positions of the moon are showarguments using the nearest integral values. The procedure
at their correct altitude and azimuth. These are of limited valeonsists of enterinBub. No. 22%vith the observer’s latitude
ue to marine navigators because of their small scale; the largesame name as declination), with the observed azimuth angle
increments of latitude, time, and date; and the limited numbefconverted from observed true azimuth as required) as LHA
of bodies shown. However, in the absence of other methodand the observed altitude as declination, and extracting from
particularly a star finder, these diagrams can be useful. Althe tables the altitude and azimuth angle respondents. The
lowance can be made for variations from the conditions foextracted altitude becomes the body’s declination; the ex-
which each diagram is constructed. Instructions for use of thracted azimuth angle (or its supplement) is the meridian

diagrams are included in the Air Almanac. angle of the body. Note that the tables are always entered
with latitude of same name as declination. In north latitudes
1542. Identification By Computation the tables can be entered with true azimuth as LHA.

If the respondents are extracted from above the C-S
If the altitude and azimuth of the celestial body, and theLine on a right-hand page, the name of the latitude is actual-
approximate latitude of the observer, are known, the navily contrary to the declination. Otherwise, the declination of
gational triangle can be solved for meridian angle andhe body has the same name as the latitude. If the azimuth
declination. The meridian angle can be converted to LHAangle respondent is extracted from above the C-S Line, the
and this to GHA. With this and GHA®Y”  at the time of ob- supplement of the tabular value is the meridian angle, t, of
servation, the SHA of the body can be determined. Withthe body. If the body is east of the observer’s meridian, LHA
SHA and declination, one can identify the body by refer-= 36 —t; if the body is west of the meridian, LHA =t.
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INSTRUMENTS FOR CELESTIAL NAVIGATION

THE MARINE SEXTANT

1600. Description And Use The index mirror of the sextant is at B, the horizon glass at C,
and the eye of the observer at D. Construction lines EF and
The marine sextant measures the angle between twoF are perpendicular to the index mirror and horizon glass,
points by bringing the direct ray from one point and a dou-respectively. Lines BG and CG are parallel to these mirrors.
ble-reflected ray from the other into coincidence. ltsTherefore, angles BFC and BGC are equal because their
principal use is to measure the altitudes of celestial bodiesides are mutually perpendicular. Angle BGC is the inclina-
above the visible sea horizon. It may also be used to measutien of the two reflecting surfaces. The ray of light AB is
vertical angles to find the range from an object of knownreflected at mirror B, proceeds to mirror C, where it is again
height. Sometimes it is turned on its side and used for meaeflected, and then continues on to the eye of the observer at
suring the angular distance between two terrestrial object®. Since the angle of reflection is equal to the angle of
A marine sextant can measure angles up to approxincidence,
mately 120. Originally, the term “sextant” was applied to ABE
the navigator's double-reflecting, altitude-measuring in- BCF
strument only if its arc was 80n length, or 1/6 of a circle,
permitting measurement of angles froft6 12C°. In mod- Since an exterior angle of a triangle equals the sum of
ern usage the term is applied to all modern navigationathe two non adjacent interior angles,
altitude-measuring instruments regardless of angular range ABC = BDC+BCD, and EBC = BFC+BCF.
or principles of operation. Transposing,
BDC = ABC-BCD, and BFC = EBC-BCF.

EBC, and ABC = 2EBC.
FCD, and BCD = 2BCF.

1601. Optical Principles Of A Sextant
Substituting 2EBC for ABC, and 2BCF for BCD in the
When a plane surface reflects a light ray, the angle of refirst of these equations,
flection equals the angle of incidence. The angle betweenthe BDC = 2EBC-2BCF, or BDC=2 (EBC-BCF).
first and final directions of a ray of light that has undergone
double reflection in the same plane is twice the angle the two  Since BFC=EBC - BCF, and BFC = BGC, therefore
reflecting surfaces make with each other (Figure 1601).
In Figure 1601, AB is aray of light from a celestial body. BDC = 2BFC = 2BGC.

Thatis, BDC, the angle between the first and last direc-
tions of the ray of light, is equal to 2BGC, twice the angle
of inclination of the reflecting surfaces. Angle BDC is the
altitude of the celestial body.

If the two mirrors are parallel, the incident ray from any
observed body must be parallel to the observer’s line of sight
through the horizon glass. In that case, the body’s altitude
would be zero. The angle that these two reflecting surfaces
make with each other is one-half the observed angle. The
graduations on the arc reflect this half angle relationship be-
tween the angle observed and the mirrors’ angle.

1602. Micrometer Drum Sextant

Figure 1602 shows a modern marine sextant, called a
micrometer drum sextant. In most marine sextants, brass
or aluminum comprise thigame, A. Frames come in vari-
Figure 1601. Optical principle of the marine sextant. ous designs; most are similar to this. Teeth mark the outer
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edge of thdimb, B; each tooth marks one degree of alti- It is mounted on the frame, perpendicular to the plane of the
tude. The altitude graduations, C, along the limb, mark thesextant. The index mirror and horizon glass are mounted so
arc. Some sextants have an arc marked in a strip of bras#hat their surfaces are parallel when the micrometer drum is
silver, or platinum inlaid in the limb. set at 0, if the instrument is in perfect adjustmefhade

Theindex arm, D, is a movable bar of the same material glasses K, of varying darkness are mounted on the sex-
as the frame. It pivots about the center of curvature of theéant’s frame in front of the index mirror and horizon glass.
limb. Thetangent screw E, is mounted perpendicularly on They can be moved into the line of sight as needed to reduce
the end of the index arm, where it engages the teeth of thilhe intensity of light reaching the eye.
limb. Because the observer can move the index arm through The telescope L, screws into an adjustable collar in
the length of the arc by rotating the tangent screw, this idine with the horizon glass and parallel to the plane of the
sometimes called an “endless tangent screw.” Contrast thisstrument. Most modern sextants are provided with only
with the limited-range device on older instruments. T&e  one telescope. When only one telescope is provided, it is of
lease F, is a spring-actuated clamp that keeps the tangerhe “erect image type,” either as shown or with a wider “ob-
screw engaged with the limb’s teeth. The observer can disefect glass” (far end of telescope), which generally is shorter
gage the tangent screw and move the index arm along the length and gives a greater field of view. The second tele-
limb for rough adjustment. The end of the tangent screwscope, if provided, may be the “inverting type.” The
mounts amicrometer drum, G, graduated in minutes of al- inverting telescope, having one lens less than the erect type,
titude. One complete turn of the drum moves the index arnabsorbs less light, but at the expense of producing an invert-
one degree along the arc. Next to the micrometer drum aneld image. A small colored glass cap is sometimes provided,
fixed on the index arm is @ernier, H, that reads in fractions to be placed over the “eyepiece” (near end of telescope) to
of a minute. The vernier shown is graduated into ten partseduce glare. With this in place, shade glasses are generally
permitting readings t&/lo of a minute of arc (0.1'). Some not needed. A “peep sight,” or clear tube which serves to di-
sextants (generally of European manufacture) have vernierect the line of sight of the observer when no telescope is
graduated into only five parts, permitting readings to 0.2'. used, may be fitted.

Theindex mirror , |, is a piece of silvered plate glass Sextants are designed to be held in the right hand.
mounted on the index arm, perpendicular to the plane of th&ome have a small light on the index arm to assist in read-
instrument, with the center of the reflecting surface directlying altitudes. The batteries for this light are fitted inside a
over the pivot of the index arm. THeorizon glass J, isa recess in théhandle, M. Not clearly shown in Figure 1602
piece of optical glass silvered on its half nearer the frameare thetangent screw E, and the three legs.

Figure 1602. U.S. Navy Mark 2 micrometer drum sextant.
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There are two basic designs commonly used for mountinge restingexactlyon the horizon, tangent to the lower limb.
and adjusting mirrors on marine sextants. On the U.S. Navyhe novice observer needs practice to determine the exact
Mark 3 and certain other sextants, the mirror is mounted so thgtoint of tangency. Beginners often err by bringing the im-
it can be moved against retaining or mounting springs withirage down too far.
its frame. Only one perpendicular adjustment screw is re- Some navigators get their most accurate observations
quired. On the U.S. Navy Mark 2 and other sextants the mirroby letting the body contact the horizon by its own motion,
is fixed within its frame. Two perpendicular adjustment bringing it slightly below the horizon if rising, and above if
screws are required. One screw must be loosened before thetting. At the instant the horizon is tangent to the disk, the
other screw bearing on the same surface is tightened. navigator notes the time. The sextant altitude is the uncor-

rected reading of the sextant.
1603. Vernier Sextant
1605. Sextant Moon Sights

Most recent marine sextants are of the micrometer
drum type, but at least two older-type sextants are still in ~ When observing the moon, follow the same procedure
use. These differ from the micrometer drum sextant princi-as for the sun. Because of the phases of the moon, the upper
pally in the manner in which the final reading is made. Theylimb of the moon is observed more often than that of the
are calledrernier sextants sun. When the terminator (the line between light and dark

The clamp screw vernier sextantis the older of the areas) is nearly vertical, be careful in selecting the limb to
two. In place of the modern release clamp, a clamp screw ishoot. Sights of the moon are best made during either day-
fitted on the underside of the index arm. To move the indexight hours or that part of twilight in which the moon is least
arm, the clamp screw is loosened, releasing the arm. Whdaominous. At night, false horizons may appear below the
the arm is placed at the approximate altitude of the body bemoon because the moon illuminates the water below it.
ing observed, the clamp screw is tightened. Fixed to the
clamp screw and engaged with the index arm is a long tant606. Sextant Star And Planet Sights
gent screw. When this screw is turned, the index arm moves
slowly, permitting accurate setting. Movement of the index  Use one of these three methods when making the initial
arm by the tangent screw is limited to the length of the screvaltitude approximation on a star or planet:

(several degrees of arc). Before an altitude is measured, this

screw should be set to the approximate mid-point of its  Method 1. Set the index arm and micrometer drum on
range. The final reading is made on a vernier set in the inde®° and direct the line of sight at the body to be observed.
arm below the arc. A small microscope or magnifying glassThen, while keeping the reflected image of the body in the
fitted to the index arm is used in making the final reading. mirrored half of the horizon glass, swing the index arm out

Theendless tangent screw vernier sextans identicalto  and rotate the frame of the sextant down. Keep the reflected
the micrometer drum sextant, except that it has no drum, anichage of the body in the mirror until the horizon appears in
the fine reading is made by a vernier along the arc, as with ththe clear part of the horizon glass. Then, make the observa-
eclamp screw vernier sextant. The release is the same as on tlan. When there is little contrast between brightness of the
micrometer drum sextant, and teeth are cut into the undersidsky and the body, this procedure is difficult. If the body is
of the limb which engage with the endless tangent screw. “lost” while it is being brought down, it may not be recov-

ered without starting over again.
1604. Sextant Sun Sights Method 2. Direct the line of sight at the body while
holding the sextant upside down. Slowly move the index-

Hold the sextant vertically and direct the sight line at thearm out until the horizon appears in the horizon glass. Then
horizon directly below the sun. After moving suitable shadanvert the sextant and take the sight in the usual manner.
glasses into the line of sight, move the index arm outward  Method 3. Determine in advance the approximate alti-
along the arc until the reflected image appears in the horizotude and azimuth of the body by a star finder such as No.
glass near the direct view of the horizon. Rock the sextar2102D. Set the sextant at the indicated altitude and face in
slightly to the right and left to ensure it is perpendicular. As thethe direction of the azimuth. The image of the body should
observer rocks the sextant, the image of the sun appears appear in the horizon glass with a little searching.
move in an arc, and the observer may have to turn slightly to  When measuring the altitude of a star or planet, bring
prevent the image from moving off the horizon glass. its centerdown to the horizon. Stars and planets have no

The sextant is vertical when the sun appears at the botiscernible upper or lower limb; observe the center of the
tom of the arc. This is the correct position for making thepoint of light. Because stars and planets have no discernible
observation. The sun’s reflected image appears at the centiénb and because their visibility may be limited, the method
of the horizon glass; one half appears on the silvered partf letting a star or planet intersect the horizon by its own
and the other half appears on the clear part. Move the indexotion is not recommended. As with the sun and moon,
arm with the drum or vernier slowly until the sun appears tohowever, “rock the sextant” to establish perpendicularity.



276 INSTRUMENTS FOR CELESTIAL NAVIGATION

1607. Taking A Sight the navigator, and a star or planet is more easily observed
when the sky is relatively bright. Near the darker limit of

Predict expected altitudes and azimuths for up to eightwilight, the telescope can be moved out, giving a broader
bodies when preparing to take celestial sights. Choose thgew of the clear half of the glass, and making the less dis-
stars and planets that give the best bearing spread. Try to s#act horizon more easily discernible. If both eyes are kept
lect bodies with a predicted altitude betweeri 3dd 7G.  open until the last moments of an observation, eye strain
Take sights of the brightest stars first in the evening; takevill be lessened. Practice will permit observations to be
sights of the brightest stars last in the morning. made quickly, reducing inaccuracy due to eye fatigue.

Occasionally, fog, haze, or other ships in a formation =~ When measuring an altitude, have an assistant note and
may obscure the horizon directly below a body which therecord the time if possible, with a “stand-by” warning when
navigator wishes to observe. If the arc of the sextant is sufthe measurement is almost ready, and a “mark” at the mo-
ficiently long, aback sight might be obtained, using the ment a sight is made. If a flashlight is needed to see the
opposite point of the horizon as the reference. For this theomparing watch, the assistant should be careful not to in-
observer faces away from the body and observes the superfere with the navigator’s night vision.
plement of the altitude. If the sun or moon is observed in  If an assistant is not available to time the observations, the
this manner, what appears in the horizon glass to be thebserver holds the watch in the palm of his left hand, leaving his
lower limb is in fact the upper limb, and vice versa. In thefingers free to manipulate the tangent screw of the sextant. After
case of the sun, it is usually preferable to observe what apnaking the observation, he notes the time as quickly as possible.
pears to be the upper limb. The arc that appears whehhe delay between completing the altitude observation and not-
rocking the sextant for a back sight is inverted; that is, theng the time should not be more than one or two seconds.
highest point indicates the position of perpendicularity.

If more than one telescope is furnished with the sex-1608. Reading The Sextant
tant, the erecting telescope is used to observe the sun. A
wider field of view is present if the telescope is not used. = Reading a micrometer drum sextant is done in three
The collar into which the sextant telescope fits may be adsteps. The degrees are read by noting the position of the ar-
justed in or out, in relation to the frame. When moved in,row on the index arm in relation to the arc. The minutes are
more of the mirrored half of the horizon glass is visible toread by noting the position of the zero on the vernier with

Figure 1608a. Micrometer drum sextant set 4t4205'.
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Figure 1608b. Vernier sextant set at£830".

relation to the graduations on the micrometer drum. Thegraved on the index arm and has the small reference mark as
fraction of a minute is read by noting which mark on theits zero graduation. On this vernier, 40 graduations coincide
vernier most nearly coincides with one of the graduationswith 39 graduations on the arc. Each graduation on the vernier
on the micrometer drum. This is similar to reading the timeis equivalent to 1/40 of one graduation of 20' on the arc, or 0.5,
with the hour, minute, and second hands of a watch. In bothgr 30". In the illustration, the vernier graduation representing 2
the relationship of one part of the reading to the otherdl/2' (2'30") most nearly coincides with one of the graduations
should be kept in mind. Thus, if the hour hand of a watchon the arc. Therefore, the reading iS2230", or 2942.5', as
were about on “4,” one would know that the time was aboutefore. When a vernier of this type is used, any doubt as to
four o’clock. But if the minute hand were on “58,” one which mark on the vernier coincides with a graduation on the
would know that the time was 0358 (or 1558), not 0458 (orarc can usually be resolved by noting the position of the vernier
1658). Similarly, if the arc indicated a reading of about,40 mark on each side of the one that seems to be in coincidence.
and 58' on the micrometer drum were opposite zero on the  Negative readings, such as a negative index correction,
vernier, one would know that the reading was 38', not are made in the same manner as positive readings; the var-
40°58'". Similarly, any doubt as to the correct minute can bdous figures are added algebraically. Thus, if the three parts
removed by noting the fraction of a minute from the posi-of a micrometer drum reading are ( -°)56' and 0.3', the
tion of the vernier. In Figure 1608a the reading i§ 29.5'.  total reading is ( - )1+ 56" + 0.3' = (- )3.7".
The arrow on the index mark is between®2thd 30, the
zero on the vernier is between 42" and 43, and the 0.5' grad609. Developing Observational Skill
uation on the vernier coincides with one of the graduations
on the micrometer drum. A well-constructed marine sextant is capable of measur-
The principle of reading a vernier sextant is the same, buihg angles with an instrument error not exceeding 0.1'. Lines
the reading is made in two steps. Figure 1608b shows a typicaf position from altitudes of this accuracy would not be in er-
altitude setting. Each degree on the arc of this sextant is gradsr by more than about 200 yards. However, there are various
uated into three parts, permitting an initial reading by thesources of error, other than instrumental, in altitudes mea-
reference mark on the index arm to the nearest 20' of arc. Isured by sextant. One of the principal sources is the observer.
this illustration the reference mark lies betweeri42d and The first fix a student celestial navigator plots is likely
30°00', indicating a reading between these values. The readirtg be disappointing. Most navigators require a great amount
for the fraction of 20' is made using the vernier, which is en-of practice to develop the skill necessary for good observa-
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tions. But practice alone is not sufficient. Good techniquemiddle line. Reject any observation considered unreliable

should be developed early and refined throughout the naviwhen determining the average.

gator’'s career. Many good pointers can be obtained from

experienced navigators, but each develops his own tecli-610. Care Of The Sextant

nigue, and a practice that proves successful for one observer

may not help another. Also, an experienced navigatorisnot A sextant is a rugged instrument. However, careless

necessarily a good observer. Navigators have a natural tehandling or neglect can cause it irreparable harm. If you

dency to judge the accuracy of their observations by the sizérop it, take it to an instrument repair shop for testing and

of the figure formed when the lines of position are plotted.inspection. When not using the sextant, stow it in a sturdy

Although this is some indication, it is an imperfect one, be-and sufficiently padded case. Keep the sextant out of exces-

cause it does not indicate errors of individual observationssive heat and dampness. Do not expose it to excessive

and may not reflect constant errors. Also, it is a compoundibration. Do not leave it unattended when it is out of its

of a number of errors, some of which are not subject to thease. Do not hold it by its limb, index arm, or telescope.

navigator’s control. Liftit by its frame or handle. Do not lift it by its arc or index
Lines of position from celestial observations can bebar.

compared with good positions obtained by electronics or  Next to careless handling, moisture is the sextant’s

piloting. Common sources of error are: greatest enemy. Wipe the mirrors and the arc after each use.
If the mirrors get dirty, clean them with lens paper and a
1. The sextant may not be rocked properly. small amount of alcohol. Clean the arc with ammonia; nev-
2. Tangency may not be judged accurately. er use a polishing compound. When cleaning, do not apply
3. Afalse horizon may have been used. excessive pressure to any part of the instrument.
4. Subnormal refraction (dip) might be present. Silica gel kept in the sextant case will help keep the in-
5. The height of eye may be wrong. strument free from moisture and preserve the mirrors.
6. Time might be in error. Occasionally heat the silica gel to remove the absorbed
7. The index correction may have been determinednoisture.
incorrectly. Rinse the sextant with fresh water if sea water gets on
8. The sextant might be out of adjustment. it. Wipe the sextant gently with a soft cotton cloth and dry
9. An error may have been made in the computationthe optics with lens paper.

Glass optics do not transmit all the light received be-
Generally, it is possible to correct observation tech-cause glass surfaces reflect a small portion of light incident
nigue errors, but occasionally a personal error will persiston their face. This loss of light reduces the brightness of the
This error might vary as a function of the body observedobject viewed. Viewing an object through several glass op-
degree of fatigue of the observer, and other factors. For thiscs affects the perceived brightness and makes the image
reason, a personal error should be applied with caution. indistinct. The reflection also causes glare which obscures
To obtain greater accuracy, take a number of closelythe object being viewed. To reduce this effect to a mini-
spaced observations. Plot the resulting altitudes versus tinmaum, the glass optics are treated with a thin, fragile, anti-
and fair a curve through the points. Unless the body is neaeflection coating. Therefore, apply only light pressure
the celestial meridian, this curve should be a straight linewhen polishing the coated optics. Blow loose dust off the
Use this graph to determine the altitude of the body at anyens before wiping them so grit does not scratch the lens.
time covered by the graph. It is best to use a point near the  Frequently oil and clean the tangent screw and the teeth
middle of the line. Using a calculator to reduce the sighton the side of the limb. Use the oil provided with the sextant
will also yield greater accuracy because of the rounding erer an all-purpose light machine oil. Occasionally set the in-
rors inherent in the use of sight reduction tables. dex arm of an endless tangent screw at one extremity of the
A simpler method involves making observations atlimb, oil it lightly, and then rotate the tangent screw over
equal intervals. This procedure is based upon the assumfiie length of the arc. This will clean the teeth and spread oil
tion that, unless the body is on the celestial meridian, th@ver them. When stowing a sextant for a long period, clean
change in altitude should be equal for equal intervals oft thoroughly, polish and oil it, and protect its arc with a thin
time. Observations can be made at equal intervals of altieoat of petroleum jelly.
tude or time. If time intervals are constant, the mid time and  If the mirrors need re-silvering, take the sextant to an
the average altitude are used as the observation. If altitudastrument shop.
increments are constant, the average time and mid altitude
are used. 1611. Non Adjustable Sextant Errors
If only a small number of observations is available, re-
duce and plot the resulting lines of position; then adjust  The non-adjustable sextant errors are prismatic error,
them to a common time. The average position of the linggraduation error, and centering error.
might be used, but it is generally better practice to use the Prismatic error occurs when the faces of the shade
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glasses and mirrors are not parallel. Error due to lack of par-  The manufacturer normally determines the magnitude
allelism in the shade glasses may be calkedde error.  of all three non-adjustable errors and reports them to the
The navigator can determine shade error in the shade glassser asnstrument error . The navigator should apply the
es near the index mirror by comparing an angle measurecbrrection for this error to each sextant reading.
when a shade glass is in the line of sight with the same angle
measured when the glass is not in the line of sight. In thid612. Adjustable Sextant Error
manner, determine and record the error for each shade
glass. Before using a combination of shade glasses, deter- The navigator should measure and remove the follow-
mine their combined error. If certain observations requireng adjustable sextant errors in the order listed:
additional shading, use the colored telescope eyepiece cov-
er. This does not introduce an error because direct and 1. Perpendicularity Error: Adjust first for perpendicu-
reflected rays are traveling together when they reach thkrity of the index mirror to the frame of the sextant. To test for
cover and are, therefore, affected equally by any lack operpendicularity, place the index arm at abolit 88 the arc
parallelism of its two sides. and hold the sextant on its side with the index mirror up and to-
Graduation errors occur in the arc, micrometer drum, ward the eye. Observe the direct and reflected views of the
and vernier of a sextant which is improperly cut or incor-sextant arc, as illustrated in Figure 1612a. If the two views are
rectly calibrated. Normally, the navigator cannot determinenot joined in a straight line, the index mirror is not perpendic-
whether the arc of a sextant is improperly cut, but the prinular. If the reflected image is above the direct view, the mirror
ciple of the vernier makes it possible to determine thds inclined forward. If the reflected image is below the direct
existence of graduation errors in the micrometer drum owiew, the mirror is inclined backward. Make the adjustment
vernier. This is a useful guide in detecting a poorly made inusing two screws behind the index mirror.
strument. The first and last markings on any vernier should
align perfectly with one less graduation on the adjacent mi- 2. Side Error: An error resulting from the horizon glass
crometer drum. not being perpendicular is callsitle error. To test for side er-
Centering error results if the index arm does not pivot ror, set the index arm at zero and direct the line of sight at a star.
at the exact center of the arc’s curvature. Calculate centefrhen rotate the tangent screw back and forth so that the reflected
ing error by measuring known angles after removing allimage passes alternately above and below the direct view. If, in
adjustable errors. Use horizontal angles accurately meahanging from one position to the other, the reflected image
sured with a theodolite as references for this procedurgasses directly over the unreflected image, no side error exists.
Several readings by both theodolite and sextant should miritit passes to one side, side error exists. Figure 1612b illustrates
imize errors. If a theodolite is not available, use calculatedbservations without side error (left) and with side error (right).
angles between the lines of sight to stars as the referencé/hether the sextant reads zero when the true and reflected im-
comparing these calculated values with the values deterges are in coincidence is immaterial for this test. An alternative
mined by the sextant. To minimize refraction errors, selectethod is to observe a vertical line, such as one edge of the mast
stars at about the same altitude and avoid stars near the haf-another vessel (or the sextant can be held on its side and the
rizon. The same shade glasses, if any, used for determinirtgrizon used). If the direct and reflected portions do not form a
index error should be used for measuring centering error.continuous line, the horizon glass is not perpendicular tothe

MIRROR LEANING FOWARD

Figure 1612a. Testing the perpendicularity of the index mirror. Here the mirror is not perpendicular.
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error is positive, subtract it from each sextant reading. If the in-
dex error is negative, add it to each sextant reading.

1613. Selecting A Sextant

Carefully match the selected sextant to its required uses.
For occasional small craft or student use, a plastic sextant may
be adequate. A plastic sextant may also be appropriate for an
emergency navigation kit. Accurate offshore navigation re-
guires a quality metal instrument. For ordinary use in
measuring altitudes of celestial bodies, an arc 6i®@lightly
more is sufficient. If using a sextant for back sights or deter-
Figure 1612b. Testing the perpendicularity of the horizon glassining horizontal angles, purchase one with a longer arc. If
Onthe left, side error does not exist. At the right, side error dogscessary, have an experienced mariner examine the sextant

exist. and test it for non adjustable errors before purchase.

frame of the sextant. A third method involves holding the sex41614. The Artificial Horizon
tant vertically, as in observing the altitude of a celestial body.
Bring the reflected image of the horizon into coincidence with Measurement of altitude requires an exact horizontal ref-
the direct view untilitappears as a continuous line across the hgrence. At sea, the visible sea horizon normally provides this
rizon gIaSS. Then tilt the sextant rlght or left. If the horizon still reference. If the horizon is not C|ear|y Visib|e, however, a dif-
appears continuous, the horizon glass is perpendicular to therent horizontal reference is required. Such a reference is
frame, but if the reflected portion appears above or below theommonly termed aartificial horizon . If it is attached to, or
part seen directly, the glass is not perpendicular. Make the apart of, the sextant, altitudes can be measured at sea, on land,
propriate adjustment using two screws behind the horizon glasgy in the air, whenever celestial bodies are available for obser-
vations. Any horizontal reflecting surface will work. A pan of
3. Collimation Error: If the line of sight through the  any liquid sheltered from the wind will serve. Foreign material

telescope is not parallel to the plane of the instrumeebla  on the surface of the liquid is likely to distort the image and in-
limation error will result. Altitudes measured will be troduce an error in the reading.

greater than their actual values. To check for parallelism of 1o yse an external artificial horizon, stand or sit in such
the telescope, insertitin its collar and observe two stats 90, position that the celestial body to be observed is reflected
or more apart. Bring the reflected image of one into coinci-n the liquid, and is also visible in direct view. With the sex-
dence with the direct view of the other near either the rightant, bring the double-reflected image into coincidence with
or left edge of the field of view (the upper or lower edge if the image appearing in the liquid. For a lower limb obser-
the sextant is horizontal). Then tilt the sextant so that thelation of the sun or the moon, bring the bottom of the
stars appear near the opposite edge. If they remain in coigouble-reflected image into coincidence with the top of the
cidence, the telescope is parallel to the frame; if theymage in the liquid. For an upper-limb observation, bring
separate, it is not. An alternative method involves placinghe opposite sides into coincidence. If one image covers the
the telescope in its collar and then laying the sextant on gther, the observation is of the center of the bodly.

flat table. Slght along the frame of the sextant and have an After the observation, app|y the index correction and any
assistant place a mark on the opposite bulkhead, in line witBther instrumental correction. Then tdiafthe remaining an-

the frame. Place another mark above the ﬁrst, ata distan(‘@e and app|y all other corrections except d|p (he|ght of eye)
equal to the distance from the center of the telescope to theyrrection, since this is not applicable. If the center of the sun

frame. This second line should be in the center of the fielthr moon is observed, omit the correction for semidiameter.
of view of the telescope if the telescope is parallel to the

frame. Adjust the collar to correct for non-parallelism. 1615. Artificial Horizon Sextants

4. Index Error: Index error is the error remaining after Various types of artificial horizons have been used, in-
the navigator has removed perpendicularity error, side errogjuding a bubble, gyroscope, and pendulum. Of these, the
and collimation error. The index mirror and horizon glass noyhble has been most widely used. This type of instrument is
being parallel when the index arm is set exactly at zero is theited as a backup system to inertial and other positioning sys-
major cause of index error. To test for parallelism of the mirtems in a few aircraft, fulfilling the requirement for a self-
rors, set the instrument at zero and direct the line of sight at thegntained, non-emitting system. On land, a skilled observer
horizon. Adjust the sextant reading as necessary to cause bqfing a 2-minute averaging bubble or pendulum sextant can
images of the horizon to come into line. The sextant's readingheasure altitudes to an accuracy of perhaps 2', (2 miles).
when the horizon comes into line is the index error. Ifthe indexrhis, of course, refers to the accuracy of measurement only,
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and does not include additional errors such as abnormal rgators can sometimes obtain better results with an artificial-
fraction, deflection of the vertical, computing and plotting horizon sextant than with a marine sextant. Some artificial-
errors, etc. In steady flight through smooth air the error of éhorizon sextants have provision for making observations with
2-minute observation is increased to perhaps 5 to 10 milesthe natural horizon as a reference, but results are not generally
At sea, with virtually no roll or pitch, results should ap- as satisfactory as by marine sextant. Because of their more
proach those on land. However, even a gentle roll causeomplicated optical systems, and the need for providing a hor-
large errors. Under these conditions observational errors afontal reference, artificial-horizon sextants are generally
10-16 miles are not unreasonable. With a moderate sea, arruch more costly to manufacture than marine sextants.
rors of 30 miles or more are common. In a heavy sea, any Altitudes observed by artificial-horizon sextants are
useful observations are virtually impossible to obtain. Sinsubject to the same errors as those observed by marine sex-
gle altitude observations in a moderate sea can be in erréant, except that the dip (height of eye) correction does not
by a matter of degrees. apply. Also, when the center of the sun or moon is ob-
When the horizon is obscured by ice or haze, polar naviserved, no correction for semidiameter is required.

CHRONOMETERS

1616. The Marine Chronometer from radio time signals. This eliminates chronometer error
(CE) and watch error (WE) corrections. Should the second

The spring-drivemmarine chronometeris a precision hand be in error by a readable amount, it can be reset
timepiece. It is used aboard ship to provide accurate timelectrically.
for timing celestial observations. A chronometer differs The basic element for time generation is a quartz crys-
from a spring-driven watch principally in that it contains atal oscillator. The quartz crystal is temperature
variable lever device to maintain even pressure on theompensated and is hermetically sealed in an evacuated en-
mainspring, and a special balance designed to compensatelope. A calibrated adjustment capability is provided to
for temperature variations. adjust for the aging of the crystal.

A spring-driven chronometer is set approximately to The chronometer is designed to operate for a minimum
Greenwich mean time (GMT) and is not reset until the in-of 1 year on a single set of batteries. A good marine chro-
strument is overhauled and cleaned, usually at three-yeaometer has a built-in push button battery test meter. The
intervals. The difference between GMT and chronometemeter face is marked to indicate when the battery should be
time (C) is carefully determined and applied as a correctiomeplaced. The chronometer continues to operate and keep
to all chronometer readings. This difference, called chrothe correct time for at least 5 minutes while the batteries are
nometer error (CE), ifast (F) if chronometer time is later changed. The chronometer is designed to accommodate the
than GMT, andslow (S) if earlier. The amount by which gradual voltage drop during the life of the batteries while
chronometer error changes in 1 day is caltedonometer  maintaining accuracy requirements.
rate. An erratic rate indicates a defective instrument requir-
ing repair. 1618. Watches

The principal maintenance requirement is regular
winding at about the same time each day. At maximum in- A chronometer should not be removed from its case to
tervals of about three years, a spring-driven chronometeime sights. Observations may be timed and ship’s clocks
should be sent to a chronometer repair shop for cleaninget with acomparing watch, which is set to chronometer

and overhaul. time (GMT) and taken to the bridge wing for recording
sight times. In practice, a wrist watch coordinated to the
1617. Quartz Crystal Marine Chronometers nearest second with the chronometer will be adequate.

A stop watch, either spring wound or digital, may also
Quartz crystal marine chronometers have replaced be used for celestial observations. In this case, the watch is
spring-driven chronometers aboard many ships because sfarted at a known GMT by chronometer, and the elapsed
their greater accuracy. They are maintained on GMT directlyime of each sight added to this to obtain GMT of the sight.
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AZIMUTHS AND AMPLITUDES

INTRODUCTION

1700. Compass Checks measured and calculated azimuths and amplitudes of celes-
tial bodies. The difference between the calculated value and

At sea, the mariner is constantly concerned about the athe value determined by gyro measurement is gyro error.

curacy of the gyro compass. There are several ways to chedkis chapter discusses these procedures.

the accuracy of the gyro. He can, for example, compare it  Theoretically, these procedures work with any celestial

with an accurate electronic navigator such as an inertial nawody. However, the sun and Polaris are used most often

igaton system. Lacking a sophisticated electronic navigatiowhen measuring azimuths, and the sun when measuring

suite, he can use the celestial techniques of comparing tremplitudes.

AZIMUTHS
1701. Compass Error By Azimuth Of The Sun pending upon whether the actual LHA is greater or
less than the base argument. Record the Z Diff. for
Mariners usdub 229, Sight Reduction Tables for Ma- the increment of LHA.
rine Navigation to compute the sun’s azimuth. They 5. Correct the base azimuth angle for each
compare the computed azimuth to the azimuth measured increment.

with the compass to determine compass error. In computing
an azimuth, interpolate the tabular azimuth angle for the = Example:
difference between the table arguments and the actual val- In DR latitude 33 24.0'N, the azimuth of the sun is 096.5
ues of declination, latitude, and local hour angle. Do thispgc. Atthe time of the observation, the declination of the sunis
triple interpolation of the azimuth angle as follows: 20° 13.8'N;; the local hour angle of the sun is 3181.2". De-
termine compass error.
1. Enter theSight Reduction Tablesith the nearest
integral values of declination, latitude, and local Solution:
hour angle. For each of these arguments, extract a See Figure 1701 Enter the actual value of declination,
base azimuth angle. DR latitude, and LHA. Round each argument to the nearest
2. Reenter the tables with the same latitude and LHAwhole degree. In this case, round the declination and the lat-
arguments but with the declination argumerit 1 itude down to the nearest whole degree. Round the LHA up
greater or less than the base declination argumento the nearest whole degree. Enter the Sight Reduction Ta-
depending upon whether the actual declination igles with these whole degree arguments and extract the base
greater or less than the base argument. Record thezimuth value for these rounded off arguments. Record the
difference between the respondent azimuth angléase azimuth value in the table.
and the base azimuth angle and label it as the azi- As the first step in the triple interpolation process, in-
muth angle difference (Z Diff.). crease the value of declination b¥/tb 21° because the actual
3. Reenter the tables with the base declination andeclination value was greater than the base declination. Enter
LHA arguments, but with the latitude argumerit 1 the Sight Reduction Tables with the following arguments: (1)
greater or less than the base latitude argument, déeclination = 2%; (2) DR Latitude = 33; (3) LHA = 317°.
pending upon whether the actual (usually DR)Record the tabulated azimuth for these arguments.
latitude is greater or less than the base argument. As the second step in the triple interpolation process,
Record the Z Diff. for the increment of latitude.  increase the value of latitude by fio 34° because the actu-
4. Reenter the tables with the base declination and latal DR latitude was greater than the base latitude. Enter the
itude arguments, but with the LHA argumerit 1 Sight Reduction Tables with the following arguments: (1)
greater or less than the base LHA argument, deDeclination = 20; (2) DR Latitude = 34; (3) LHA = 317.

283
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Base Base Tab* Correction
Actual Arguments z z Z Diff. | Increments| (Z Diff x Inc+ 60)
Dec. 20°13.8" N 20° 97.8" 96.47 -1.4 13.8' -0.3
DR Lar. 3324.0' N 33 (Same) 97.8 98.9 +1.] 24.0' +0.4
LHA 316741.2 317 97.8 97.1 -0.7 18.8' -0.2
Base Z 97.8° Total Corr. -0.1°
Corr. -) 0.1°
4 N97.7° E *Respondent for the two base arguments and 1°
Zn 097.7° change from third base argument, in vertical
Zn pgc 096.5° order of Dec., DR Lat., and LHA.
Gyro Error 1.2° E
Figure 1701. Azimuth bfPub. No. 229
Record the tabulated azimuth for these arguments. Next, determine the increment for each argument by

As the third and final step in the triple interpolation taking the difference between the actual values of each ar-
process, decrease the value of LHA to 3fi6cause the ac- gument and the base argument. Calculate the correction for
tual LHA value was smaller than the base LHA. Enter theeach of the three argument interpolations by multiplying
Sight Reduction Tables with the following arguments: (1)the increment by the Z difference and dividing the resulting
Declination = 20; (2) DR Latitude = 33; (3) LHA=316°.  product by 60.

Record the tabulated azimuth for these arguments. The sign of each correction is the same as the sign of the

Calculate the Z Difference by subtracting the base azcorresponding Z difference used to calculate it. In the above
imuth from the tabulated azimuth. Be careful to carry theexample, the total correction sums to -0.1". Apply this value

correct sign. to the base azimuth of 97.8® obtain the true azimuth 97.7
Compare this to the compass reading of 096§c. The
Z Difference = Tab Z - Base Z compass error is 1°E.

AZIMUTH OF POLARIS

1702. Compass Error By Azimuth Of Polaris Longitude 045 00.0'W
LHA Aries 162 25.4'
The Polaris tables in thidautical Almanadist the azi-
muth of Polaris for latitudes between the equator arfdNg5 Solution:
Figure 2011 in Chapter 20 shows this table. Compare a  Enter the azimuth section of the Polaris table with the
compass bearing of Polaris to the tabular value of Polaris tealculated LHA of Aries. In this case, go to the column for
determine compass error. The entering arguments for theHA Aries between 160and 169. Follow that column

table are LHA of Aries and observer latitude. down and extract the value for the given latitude. Since the
increment between tabulated values is so small, visual in-
Example: terpolation is sufficient. In this case, the azimuth for

On March 17,1994, at L 3315.0' N and 04500.0'W,  Polaris for the given LHA of Aries and the given latitude
at 02-00-00 GMT, Polaris bears 358 bby compass. Cal- is 359.3.
culate the compass error.

Date 17 March 1994 Tabulated Azimuth 3593
Time (GMT) 02-00-00 Compass Bearing 358®
GHA Aries 204 25.4' Error 0.7°E
AMPLITUDES
1703. Amplitudes observer’s horizon intersects the celestial equator. See Fig-
ure 1703.
A celestial body’samplitude is the arc between the Calculate an amplitude after observing a body on either

observed body onthe horizon and the point where thehe celestial or visual horizon. Compare a body’s measured
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rection from the observed amplitude.

The following two sections demonstrate the procedure
for obtaining the amplitude of the sun on both the celestial
and visible horizons.

1704. Amplitude Of The Sun On The Celestial Horizon

Example:

The DR latitude of a ship is 824.6' N. The navigator
observes the setting sun on the celestial horizon. Its decli-
nation is N 19 40.4". Its observed amplitude is W 3219.
(32.2 “north of west,” or 302.9).

Equator

Horizon Reqmred:
Compass error.

Solution:

Interpolate in Table 22 for the sun’s calculated ampli-
tude as follows. See Figure 1704. The actual values for
latitude and declination are L =51\ and dec. =N 19.67
Find the tabulated values of latitude and declination closest
to these actual values. In this case, these tabulated values are

Figure 1703. The amplitude is the arc (A) between thed-=51° and dec. = 19.5 Record the amplitude correspond-
observed body on the horizon and the point where thdd t0 these base values, 32.8s the base amplitude.
observer’s horizon intersects the celestial equator. Next, holding the base declination value constant at
19.5, increase the value of latitude to the next tabulated
amplitude with an amplitude extracted from the Amplitudevalue: N 52. Note that this value of latitude was increased
table. The difference between the two values represendecause the actual latitude value was greater than the base
compass error. value of latitude. Record the tabulated amplitude for L =
Give amplitudes the suffix N if the body from which it 52° and dec. =19.5: 32.8°. Then, holding the base latitude
was determined has a northern declination and S if it has @alue constant at 5 increase the declination value to the
southern declination. Give the amplitudes the prefix E if thenext tabulated value: 20 Record the tabulated amplitude
body is rising and W if the body is setting. for L = 51° and dec. = 28 32.9°.
The values in thémplitudetable assume that the body The latitude’s actual value (51°}is 0.4 of the way be-
is on thecelestialhorizon. The sun is on the celestial hori- tween the base value (§land the value used to determine
zon when its lower limb is about two-thirds of a diameterthe tabulated amplitude (82 The declination’s actual val-
above the visible horizon. The moon is on the celestial houe (19.67) is 0.3 of the way between the base value (19.5
rizon when its upper limb is on the visible horizon. Planetsand the value used to determine the tabulated amplitude
and stars are on the celestial horizon when they are approk20.0°). To determine the total correction to base ampli-
imately one sun diameter above the visible horizon. tude, multiply these increments (0.4 and 0.3) by the
When using a body on the visible, not celestial, hori-respective difference between the base and tabulated values
zon, correct the observed amplitude from Table 23 Apply(+0.8 and +0.9, respectively) and sum the products. The to-
this table’s correction to thebservecamplitude andhotto  tal correction is +0.6. Add the total correction (+0.9 to
the amplitude extracted from thmplitudetable. For the the base amplitude (3Zto determine the final amplitude
sun, a planet, or a star, apply this correction to the observe32.6).
amplitude in the directiomway fromthe elevated pole. If
using the moon, apply one-half of the Table 23 correction  Calculate the gyro error as follows:

in the directiortowardsthe elevated pole. Amplitude (observed) pgc = WB329N
Navigators most often use the sun when determining\mplitude (from Table 22) = W326N
amplitudes. The rule for applying the Table 23 correctionsCompass Error 0.3V

to a sun’s observed amplitude is summarized as follows. If

the DR latitude is north and the sun is rising, or if the DR1705. Amplitude Of The Sun On The Visible Horizon
latitude is south and the sun is setting, add the Table 23 cor-

rection to the observed amplitude. Conversely, if the DR Example:

latitude is north and the sun is setting, or the DR latitude is  The same problem as section 1704, except that the sun
south and the sun is rising, then subtract the Table 23 cois setting on the visible horizon.
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Required: 1
Compass error. Amplitude= sin” [

sin d
cosL }
Solution:
Interpolate in Table 23 to determine the correction for where d = celestial body’s declination and L = observ-
the sun on the visible horizon as follows. See Figure 1705¢r’s latitude.
Choose as base values of latitude and declination the tabu-
lar values of latitude and declination closest to the actual b) Body on the visible horizon:
values. In this case, these tabulated values are L =181
and dec. = 20. Record the correction corresponding to
these base values, 1,hs the base correction. Amplitude= Sin_l [
Completing the interpolation procedure indicates that
the base correction (121is the actual correction.
Apply this correction in accordance with the rules dis- where d = celestial body’s declination, L = observer's
cussed in section 1703. Since the vessel’s latitude was northtitude, and h = — 0°7
and the sun was setting, subtract the correction from the
observed amplitude. The observed amplitude was W 32.9N. Using the same example as in section 1704, d =
Subtracting the 1.1correction yields a corrected observed 19.67 N and L = N51.4. If the sun is on the celestial ho-
amplitude of W 31.8N. From section 1704, the tabular rizon, its amplitude is:
amplitude was W 32°6N.
Calculate the gyro error as follows:

sind —sinL sin h}
cosL cosh

Amplitude (from Table 22F W 32.6 N Amplitude= sin_l[—Sinlg'GZT: W 32.6 N.
Amplitude (observed) = W 31.8 N coscl.4
Compass Error 0.8E

If the sun is on the visible horizon, its amplitude is:
1706. Amplitude By Calculation

. . . . —1rsin19.67 —sin51.£sin- 0.7
As an alternative to using Table 22 and Table 23, use Amplitude= sin [ ]
cos51.4° cos- 0.7

the following formulas to calculate amplitudes:

a) Body on the celestial horizon: =W 33.7” N
Actual Base Base Amp. Tab. Amp. Diff. Inc.  Correction
L=51.#N 51° 32.0 32.8 +0.8° 04 +0.3
dec=19.67N 19.5 32.¢0 32.9 +0.9 03 0.2
Total +0.6
Figure 1704. Interpolation in Table 22 for Amplitude.
Actual Base Base Corr. Tab. Corr. Diff. Inc. Correctign
L=51.#N 51° 1.7r° 1.r° 0. 0.4 0.0
dec=19.67N 20° 1.7r° 1.0 -0.1° 0.2 0.0

Figure 1705. Interpolation in Table 23 for Amplitude Correction.
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TIME

TIME IN NAVIGATION

1800. Solar Time moved to point C in its orbit. Thus, during the course of a day
the sun appears to move eastward with respect to the stars.

The earth’s rotation on its axis causes the sun and other  The apparent positions of the stars are commonly reck-

celestial bodies to appear to move across the sky from eashed with reference to an imaginary point calledvkenal

to west each day. If a person located on the earth’s equatequinox, the intersection of the celestial equator and the

measured the time interval between two successive transiegliptic. The period of the earth’s rotation measured with

overhead of a very distant star, he would be measuring theespect to the vernal equinox is calledidereal day The

period of the earth’s rotation. If he then made a similar meaperiod with respect to the sun is called @pparent solar

surement of the sun, the resulting time would be about 4lay.

minutes longer. This is due to the earth’s motion around the ~ When measuring time by the earth’s rotation, using the

sun, which continuously changes the apparent place of thectual position of the sun resultsapparent solar time

sun among the stars. Thus, during the course of a day the Use of the apparent sun as a time reference results in

sun appears to move a little to the east among the stars sime of non-constant rate for at least three reasons. First, rev-

that the earth must rotate on its axis through more thaf 36Mlution of the earth in its orbit is not constant. Second, time

in order to bring the sun overhead again. is measured along the celestial equator and the path of the
See Figure 1800. If the sun is on the observer’'s meridianeal sun is not along the celestial equator. Rather, its path is

when the earth is at point A in its orbit around the sun, it will along the ecliptic, which is tilted at an angle of°237* with

not be on the observer’s meridian after the earth has rotateéspect to the celestial equator. Third, rotation of the earth

through 360 because the earth will have moved along its or-on its axis is not constant.

bit to point B. Before the sun is again on the observer's  To obtain a constant rate of time, the apparent sun is re-

meridian, the earth must turn still more on its axis. The surplaced by a fictitiousmean sun This mean sun moves

will be on the observer’'s meridian again when the earth hasastward along the celestial equator at a uniform speed equal

SEGMENT OF ELLIPTICAL
PATH OF EARTH'S ORBIT \ FN
ABOUT SUN.
NG 4 NS
ey, —
~_ 4
OBSERVER'S MERIDIAN — — —>"

Figure 1800. Apparent eastward movement of the sun with respect to the stars.
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to the average speed of the apparent sun along the ecliptic. Example 2:See Figure 1801. Determine the time of the up-
This mean sun, therefore, provides a uniform measure gfer meridian passage of the sun on April 16, 1995.

time which approximates the average apparent time. The Solution: From Figure 1801, upper meridian passage
speed of the mean sun along the celestial equatoripd5  of the sun on April 16, 1995, is given as 1200. The dividing

hour of mean solar time. line between the values for upper and lower meridian pas-
sage on April 16th indicates that the sign of the equation of
1801. Equation Of Time time changes between lower meridian passage and upper

meridian passage on this date; the question, therefore, be-

Mean solar time, or mean time as it is commonly comes: does it become positive or negative? Note that on
called, is sometimes ahead of and sometimes behind appakpril 18, 1995, upper meridian passage is given as 1159,
ent solar time. This difference, which never exceeds abouhdicating that on April 18, 1995, the equation of time is
16.4 minutes, is called tleguation of time positive. All values for the equation of time on the same side

The navigator most often deals with the equation of timeof the dividing line as April 18th are positive. Therefore, the
when determining the time afpper meridian passageof the  equation of time for upper meridian passage of the sun on
sun. The sun transits the observer’s upper meridilotatap-  April 16, 1995 is (+) 00055 Upper meridian passage,
parent noon Were it not for the difference in rate between thetherefore, takes place at 189M55s.
mean and apparent sun, the sun would be on the observer's me-

ridian when the mean sun indicated 1200 local time. Th SUN MOON

apparent solar time of upper meridian passage, however, is offPay |  Eqn. of Time Mer. Mer. Pass.

set from exactly 1200 mean solar time. This time difference, th 0o 12 | Pass. | Upper Lower |Age| Phase
. . T P . . m s m s h m h m h m d

eq_uatlon of time at m_erldlan transit, is listed on the right han 16| 00 02[00 05| 12 op 00 26 12 %5 JGO

daily pages of thlautical Almanac 17| 700 13 00 20| 12 ob 01 25 13 %4 17
The sign of the equation of time is positive if the time | 18| 0o 27| 00 33| 11 50 02 25 14 %5 18

of sun’s meridian passage is earlier than 1200 and negative
if later than 1200. Therefore: Apparent Time = Mean Time Figure 1801. The equation of time for April 16, 17, 18, 1995.
— (equation of time).
To calculate latitude and longitude at LAN, the navigator
Example 1:Determine the time of the sun’s meridian seldom requires the time of meridian passage to accuracies
passage (Local Apparent Noon) on June 16, 1994. greater than one minute. Therefore, use the time listed under
Solution: See Figure 2007 in Chapter 20, the Nautical the “Mer. Pass.” column to estimate LAN unless extraordinary
Almanac'’s right hand daily page for June 16, 1994. Theaccuracy is required.
equation of time is listed in the bottom right hand corner of
the page. There are two ways to solve the problem, depend802. Fundamental Systems Of Time
ing on the accuracy required for the value of meridian
passage. The time of the sun at meridian passage is givento The first fundamental system of time Ephemeris
the nearest minute in the “Mer. Pass.”column. For June Time (ET). Ephemeris Time is used by astronomers in cal-
16, 1994, this value is 1201. culating the fundamental ephemerides of the sun, moon,
To determine the exact time of meridian passage, usand planets. It is not used by navigators.
the value given for the equation of time. This value is listed = The fundamental system of time of most interest to
immediately to the left of the “Mer. Pass.” column on the navigators idUniversal Time (UT). UT is the mean solar
daily pages. For June 16, 1994, the value is given 308  time on the Greenwich meridian, reckoned in days of 24
Use the “12" column because the problem asked for merid-mean solar hours beginning with 8t midnight. Universal
ian passage at LAN. The value of meridian passage from th€ime, in principle, is determined by the average rate of the
“Mer. Pass.” column indicates that meridian passage oc-apparent daily motion of the sun relative to the meridian of
cursafter 1200; therefore, add the 37 second correction toGreenwich; but in practice the numerical measure of Uni-
1200 to obtain the exact time of meridian passage. The exagersal Time at any instant is computed from sidereal time.
time of meridian passage for June 16, 1994, H@P37s. Universal Time is the standard in the application of astron-
omy to navigation. Observations of Universal Times are
The equation of time’s maximum value approachesmade by observing the times of transit of stars.
16m22sin November. The Universal Time determined directly from astro-
If the Almanac lists the time of meridian passage ashomical observations is denotédlTO. Since the earth’s
1200, proceed as follows. Examine the equations of time listrotation is nonuniform, corrections must be applied to UTO
ed in the Almanac to find the dividing line marking where theto obtain a more uniform time. This more uniform time is
equation of time changes between positive and negative vapbtained by correcting for two known periodic motions.
ues. Examine the trend of the values near this dividing lineto  One motion, the motion of the geographic poles, is the
determine the correct sign for the equation of time. result of the axis of rotation continuously moving with re-
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spectto the earth’s crust. The corrections for this motion are 4m =1° =60
quite small ¢ 15 milliseconds for Washington, D.C.). On 608 —1m =15
applying the correction to UTO, the resulti§ 1, which is . .
the same as Greenwich mean time (GMT) used in celestial 45 =1 =60
navigation. 1s =15" =0.25'

The second known periodic motion is the variation in
the earth’s speed of rotation due to winds, tides, and other Therefore any time interval can be expressed as an
phenomena. As a consequence, the earth suffers an anneguivalent amount of rotation, and vice versa. Interconver-
variation in its speed of rotation, of abauB0 milliseconds. sion of these units can be made by the relationships
When UT1 is corrected for the mean seasonal variations imdicated above.
the earth’s rate of rotation, the resulti2.

Although UT2 was at one time believed to be a uni- To convert time to arc:
form time system, it was later determined that there are
variations in the earth’s rate of rotation, possibly caused by 1. Multiply the hours by 15 to obtain degrees of arc.
random accumulations of matter in the convection core of 2. Divide the minutes of time by four to obtain

the earth. Such accumulations would change the earth’s degrees.

moment of inertia and thus its rate of rotation. 3. Multiply the remainder of step 2 by 15 to obtain
The third fundamental system of timAtomic Time minutes of arc.

(AT), is based on transitions in the atom. The basic princi- 4. Divide the seconds of time by four to obtain min-

ple of the atomic clock is that electromagnetic waves of a utes of arc

particular frequency are emitted when an atomic transition 5. Multiply the remainder by 15 to obtain seconds of arc.
occurs. The frequency of the cesium beam atomic clock is 6. Add the resulting degrees, minutes, and seconds.
9,192,631,770 cycles per second of Ephemeris Time.

The advent of atomic clocks having accuracies betteExample 1:Convert 1421m39s to arc.
than 1 part in 183 led in 1961 to the coordination of time
and frequency emissions of the U. S. Naval Observatory angolution:

the Royal Greenwich Observatory. The master oscillatorg1) 14h x 15 = 210¢° 00' 00"
controlling the signals were calibrated in terms of the cesi2) 21m- 4 = 005’ 00' 00" (remainder 1)
um standard, and corrections determined at the U. S. Nav?é) 1x15 - 000 15' 00"
Observatory and the Royal Greenwich Observatory wer 4) 3= 4 = 00C° 09' 00" (remainder 3)
made simultaneously at all transmitting stations. The resu&) 3% 15 - 000 00' 45"

is Coordinated Universal Time (UTC).

(6) 14h21m30s 215 24" 45"

1803. Time And Arc

One day represents one complete rotation of the earth. To convert arc to time:
Each day is divided into 24 hours of 60 minutes; each
minute has 60 seconds.

Time of day is an indication of the phase of rotation of
the earth. That is, it indicates how much of a day has
elapsed, or what part of a rotation has been completed.
Thus, at zero hours the day begins. One hour later, the earth
has turned through 1/24 of a day, or 1/24 of 3Gy 360 +
24 =15

Smaller intervals can also be stated in angular units;
since 1 hour or 60 minutes is equivalent t& 15 minute of
time is equivalent to 15+ 60 = 0.2% = 15', and 1 second
of time is equivalent to 15' 60 = 0.25' = 15"

=

Divide the degrees by 15 to obtain hours.

Multiply the remainder from step 1 by four to ob-

tain minutes of time.

3. Divide the minutes of arc by 15 to obtain minutes

of time.

Multiply the remainder from step 3 by four to ob-

tain seconds of time.

5. Divide the seconds of arc by 15 to obtain seconds
of time.

6. Add the resulting hours, minutes, and seconds.

n

B

Example 2:Convert 218 24' 45" to time units.

Summarizing in table form: Solution: _
Time Arc (1) 215+15 = 14000M005  remainder 5
(2) 5x4 = 00h20M0Cs
1d =24 =360 (3) 24'+15 = 00'01M0Cs  remainder 9
60Mm =1h =15 (4) 9x4 = 00h00M36°
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(5) 45"+15 00h00M03s mediately to the east of the line. When solving problems,
convert local time to Greenwich time and then convert this to

local time on the opposite side of the date line.

(6) 215 24" 45" 14h21m3gs
Solutions can also be made using arc to time conversioh806- Zone Time

tables in the almanacs. In tidautical Almanacthe table

given near the back of the volume is in two parts, permitting At S€&, as well as ashore, watches and clocks are nor-

separate entries with degrees, minutes, and quarter minutS@lly set to some form ozone time (ZT). At sea the

of arc. This table is arranged in this manner because the na)€arest meridian exactly divisible byl usually used as

igator converts arc to time more often than the reverse. ~ thetime meridian or zone meridian Thus, within a time
zone extending 7.5' on each side of the time meridian the

time is the same, and time in consecutive zones differs by
exactly one hour. The time is changed as convenient, usu-
ally at a whole hour, when crossing the boundary between
Solution: zones. Each time zone is identified by the number of times
the longitude of its zone meridian is divisible by°1posi-

Convert the 22" to the nearest quarter minute of arc fortive in west longitudendnegative in east longitudehis

solution to the nearest second of time. Interpolate if mord!UMPer and its sign, called tzne description (ZD) is
precise results are required. the number of whole hours that are added to or subtracted

from the zone time to obtain Greenwich mean time (GMT).
22h1 MO8 The mean sun is the celestial reference point for zone time.

Example 3: Convert 33418'22" to time units, using the
Nautical Almanac arc to time conversion table.

334° 00.00" =
See Figure 1806.
= h m
00" 18.257 oorotm s Converting ZT to GMT, a positive ZT is added and a
e negative one subtracted; converting GMT to ZT, a positive
334 18' 22 = 220173

ZD is subtracted, and a negative one added.

1804. Time And Longitude Example: The GMT is 1B27M0%s.
Suppose a celestial reference point were directly ove
a certain point on the earth. An hour later the earth woul
have turned through 25and the celestial reference would
be directly over a meridian 25arther west. Any difference

equired: (1) ZT at long. 15824.4' W.
(2) ZT at long. 03%4.8' E.

Solutions:

of longitude between two points is a measure of the angle 1) GMT 15097m0gs
through which the earth must rotate to separate them. 7D

Therefore, places east of an observer have later time, and +10M (rev.)
those west have earlier time, and the difference is exactly van

equal to the difference in longitude, expressetirireunits. 05M27Mo%s
The difference in time between two places is equal to the 2 GMT

difference of longitude between their meridians, expressed 1527mo%s
in time units instead of arc. ZD —03h (rev.)
1805. The Date Line 4] 1827m0gs

Since time is later toward the east and earlier toward th&807. Chronometer Time
west of an observer, time at the lower branch of one’s merid-
ian is 12 hours earlier or later depending upon the direction  Chronometer time (C) is time indicated by a chro-
of reckoning. A traveler making a trip around the world gainsnometer. Since a chronometer is set approximately to GMT
or loses an entire day. To prevent the date from being in errognd not reset until it is overhauled and cleaned about every
and to provide a starting place for each daylage lineis 3 years, there is nearly alwayshronometer error (CE),
fixed by international agreement. This line coincides with theeither fast (F) or slow (S). The change in chronometer error
180th meridian over most of its length. In crossing this line,in 24 hours is calleghronometer rate, or daily rate, and
the date is altered by one day. If a person is traveling eastiesignated gaining or losing. With a consistent rateSpiet
ward from east longitude to west longitude, time is becominglay for three years, the chronometer error would be approx-
later, and when the date line is crossed the date becomesrhately 18". Since chronometer error is subject to change,
day earlier. At any moment the date immediately to the wesit should be determined from time to time, preferably daily
of the date line (east longitude) is 1 day later than the date imat sea. Chronometer error is found by radio time signal, by
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comparison with another timepiece of known error, or by apis easiest to set a comparing watch to GMT. If the watch
plying chronometer rate to previous readings of the sambas a second-setting hand, the watch can be set exactly to
instrument. It is recorded to the nearest whole or half secon@T or GMT, and the time is so designated. If the watch is
Chronometer rate is recorded to the nearest 0.1 second. not set exactly to one of these times, the difference is
known aswatch error (WE), labeled fast (F) or slow (S)
Example: At GMT 1200 on May 12 the chronometer readsto indicate whether the watch is ahead of or behind the
12h04m21s, At GMT 1600 on May 18 it read50#M™25s, correct time.
If a watch is to be set exactly to ZT or GMT, set it to

Required:1. Chronometer error at 1200 GMT May 12.  some whole minute slightly ahead of the correct time and

2. Chronometer error at 1600 GMT May 18.  stopped. When the set time arrives, start the watch and

3. Chronometer rate. check it for accuracy.

4. Chronometer error at GMT 0530, May 27. The GMT may be in error by 12 but if the watch is
Solutions: graduated to 12 hours, this will not be reflected. If a watch
1. GMT 12h00MO0s May 12 with a 24-hour dial is used, the actual GMT should be

C 12h04m21s determined.
CE (F)am21s To determine watch error compare the reading of the
watch with that of the chronometer at a selected moment.
2. GMT 1600M00s May 18 This may also be at some selected GMT. Unless a watch is
C 04 04 25 graduated to 24 hours, its time is designated am before noon
CE (F)4m25s and pm after noon.
Even though a watch is set to zone time approximately,
3. GMT 18d16h its error on GMT can be determined and used for timing ob-
GMT 12d12h servations. In this case the 12-hour ambiguity in GMT
diff. 06d0gh = 6. 2d should be resolved, and a time diagram used to avoid error.
CE (F)am21s 1200 May 12 This method requires additional work, and presents a great-
CE (F)4m25s 1600 May 18 er probability of error, without compensating advantages.
diff. 4s (gained) If a stopwatch is used for timing observations, it should
daily rate 0.6° (gain) be started at some convenient GMT, such as a whBler5
10M. The time of each observation is then the GMT plus the
4, GMT 27dosh3om watch time. Digital stopwatches and wristwatches are ideal
GMT 18d16h00M for this purpose, as they can be set from a convenient GMT
diff. 08d1330m (8.54) and read immediately after the altitude is taken.
CE (F)4m25s 1600 May 18
corr. (+)0mo5s diff. x rate 1809. Local Mean Time
CE (F)4am30s 0530 May 27

Local mean time (LMT), like zone time, uses the
mean sun as the celestial reference point. It differs from

Because GMT is on a 24-hour basis and chronomezone time in that the local meridian is used as the terrestrial
ter time on a 12-hour basis, a 12-hour ambiguity existsreference, rather than a zone meridian. Thus, the local mean
This is ignored in finding chronometer error. However, time at each meridian differs from every other meridian, the
if chronometer error is applied to chronometer time todifference being equal to the difference of longitude ex-
find GMT, a 12-hour error can result. This can be re-pressed in time units. At each zone meridian, includifig O
solved by mentally applying the zone description to localLMT and ZT are identical.
time to obtain approximate GMT. A time diagram can be In navigation the principal use of LMT is in rising, set-
used for resolving doubt as to approximate GMT andting, and twilight tables. The problem is usually one of
Greenwich date. If the sun for the kind of time usedconverting the LMT taken from the table to ZT. At sea, the
(mean or apparent) is between the lower branches of twdifference between the times is normally not more than
time meridians (as the standard meridian for local time 30M, and the conversion is made directly, without finding
and the Greenwich meridian for GMT), the date at theGMT as an intermediate step. This is done by applying a
place farther east is one day later than at the place fartheorrection equal to the difference of longitude. If the ob-

west. server is west of the time meridian, the correction is added,
and if east of it, the correction is subtracted. If Greenwich
1808. Watch Time time is desired, it is found from ZT.

Where there is anirregular zone boundary, the longitude
Watch time (WT) is usually an approximation of may differ by more than 72§30M) from the time meridian.
zone time, except that for timing celestial observations it  If LMT is to be corrected to daylight saving time, the
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difference in longitude between the local and time meridiarreference meridian. Hour angle, however, applies to any
can be used, or the ZT can first be found and then increasqmbint on the celestial sphere. Time might be used in this re-
by one hour. spect, but only the apparent sun, mean sun, the first point of
Conversion of ZT (including GMT) to LMT is the Aries, and occasionally the moon, are commonly used.
same as conversion in the opposite direction, exceptthatthe Hour angles are usually expressed in arc units, and are
sign of difference of longitude is reversed. This problem ismeasured from the upper branch of the celestial meridian.

not normally encountered in navigation. Time is customarily expressed in time units. Sidereal time is
measured from the upper branch of the celestial meridian, like
1810. Sidereal Time hour angle, but solar time is measured from the lower branch.

Thus, LMT = LHA mean sun plus or minus 18QAT = LHA

Sidereal timeuses the first point of Aries (vernal equi- apparent sun plus or minus 28and LST = LHA Aries.
nox) as the celestial reference point. Since the earth Aswithtime, local hour angle (LHA) at two places dif-
revolves around the sun, and since the direction of théers by their difference in longitude, and LHA at longitude
earth’s rotation and revolution are the same, it completes &° is called Greenwich hour angle (GHA). In addition, it is
rotation with respect to the stars in less time (ab®B&6  often convenient to express hour angle in terms of the short-
of mean solar units) than with respect to the sun, and duringr arc between the local meridian and the body. This is
one revolution about the sun (1 year) it makes one completsimilar to measurement of longitude from the Greenwich
rotation more with respect to the stars than with the sunmeridian. Local hour angle measured in this way is called
This accounts for the daily shift of the stars nearflywest-  meridian angle (t), which is labeled east or west, like longi-
ward each night. Hence, sidereal days are shorter than solarde, to indicate the direction of measurement. A westerly
days, and its hours, minutes, and seconds are corresponueridian angle is numerically equal to LHA, while an east-
ingly shorter. Because of nutation, sidereal time is not quiteerly meridian angle is equal to 3668 LHA. LHA =t (W),
constant in rate. Time based upon the average rate is calleshd LHA = 360 —t (E). Meridian angle is used in the solu-
mean sidereal time when it is to be distinguished from the tion of the navigational triangle.
slightly irregular sidereal time. The ratio of mean solar time
units to mean sidereal time units is 1:1.00273791. Example:Find LHA and t of the sun at GMTh24™M165 on

A navigator very seldom uses sidereal time. Astrono-June 1, 1975, for long. 1188.2' W.
mers use it to regulate mean time because its celesti®olution:

reference point remains almost fixed in relation to the starsGMT 3h24m1 65 June 1
3h 225°35.7
1811. Time And Hour Angle 24M1 65 6°04.0'
GHA 23r39.7
Both time and hour angle are a measure of the phase of 118°48.2'W
rotation of the earth, since both indicate the angular dist HA 11251.5'
tance of a celestial reference point west of a terrestriaf 11251.5' W

RADIO DISSEMINATION OF TIME SIGNALS

1812. Dissemination Systems transmitter receives the time signal about 3 milliseconds
later than the on-time transmitter signal. If time is needed to
Of the many systems for time and frequency dissemibetter than 3 milliseconds, a correction must be made for
nation, the majority employ some type of radio the time it takes the signal to pass through the receiver.
transmission, either in dedicated time and frequency emis- In most cases standard time and frequency emissions
sions or established systems such as radionavigaticas received are more than adequate for ordinary needs.
systems. The most accurate means of time and frequen¢yowever, many systems exist for the more exacting scien-
dissemination today is by the mutual exchange of time sigtific requirements.
nals through communication (commonly called Two-Way)
and by the mutual observation of navigation satellitesl813. Characteristic Elements Of Dissemination
(commonly called Common View). Systems
Radio time signals can be used either to perform a
clock’s function or to set clocks. When using a radio wave A number of common elements characterize most
instead of a clock, however, new considerations evolvetime and frequency dissemination systems. Among the
One is the delay time of approximately 3 microseconds pemore important elements are accuracy, ambiguity, repeat-
kilometer it takes the radio wave to propagate and arrive ability, coverage, availability of time signal, reliability,
the reception point. Thus, a user 1,000 kilometers from @&ase of use, cost to the user, and the number of users
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served. No single system incorporates all desired charat¢ime information, he wants it on demand, so he carries a
teristics. The relative importance of these characteristicaristwatch that gives the time 24 hours a day. On the other
will vary from one user to the next, and the solution for hand, a user who needs time to a few microseconds em-
one user may not be satisfactory to another. These conploys a very good clock which only needs an occasional
mon elements are discussed in the following examinatiompdate, perhaps only once or twice a day. An additional
of a hypothetical radio signal. characteristic of time and frequency dissemination is reli-
ability, i.e., the likelihood that a time signal will be

i available when scheduled. Propagation fadeout can some-

L times prevent reception of HF signals.

o0O00UT

- /\ /\ /\ 1814. Radio Propagation Factors
/ \./ \/ \/ \/ Radio has been used to transmit standard time and fre-
guency signals since the early 1900's. As opposed to the
|omopsanon /7~ EPEATLTY (08Y-T0-0AY-vARATON physical transfer of time via portable clocks, the transfer of
pewe, g AMBIGUOUS CYCLES (ZERO CROSSINGS ) information by radio entails propagation of electromagnetic
[ energy through some propagation medium from a transmit-
"“V\(\/\ /\ ter to a distant receiver.
RECEiZ # — t In a typical standard frequency and time broadcast, the
:‘-‘ M \/ \/ signals are directly related to some master clock and are
s fo- transmitted with little or no degradation in accuracy. In avac-
T L uum and with a noise free background, the signals should be

received at a distant point essentially as transmitted, except
for a constant path delay with the radio wave propagating
Figure 1813. Single tone time dissemination. near the speed of light (299,773 kilometers per second). The
propagation media, including the earth, atmosphere, and ion-
Consider a very simple system consisting of an unmodesphere, as well as physical and electrical characteristics of
ulated 10-kHz signal as shown in Figure 1813. This signaltfransmitters and receivers, influence the stability and accura-
leaving the transmitter at 0000 UTC, will reach the receivercy of received radio signals, dependent upon the frequency of
at a later time equivalent to the propagation delay. The usdhe transmission and length of signal path. Propagation de-
must know this delay because the accuracy of his knowllays are affected in varying degrees by extraneous radiations
edge of time can be no better than the degree to which thia the propagation media, solar disturbances, diurnal effects,
delay is known. Since all cycles of the signal are identicaland weather conditions, among others.
the signal is ambiguous and the user must somehow decide Radio dissemination systems can be classified in a
which cycle is the “on time” cycle. This means, in the casenumber of different ways. One way is to divide those carrier
of the hypothetical 10-kHz signal, that the user must knowfrequencies low enough to be reflected by the ionosphere
the time to+ 50 microseconds (half the period of the sig- (below 30 MHz) from those sufficiently high to penetrate
nal). Further, the user may desire to use this system, saie ionosphere (above 30 MHz). The former can be ob-
once a day, for an extended period of time to check hiserved at great distances from the transmitter but suffer
clock or frequency standard. However, if the delay variedrom ionospheric propagation anomalies that limit accura-
from one day to the next without the user knowing, accura<y; the latter are restricted to line-of-sight applications but
cy will be limited by the lack of repeatability. show little or no signal deterioration caused by propagation
Many users are interested in making time coordinate@anomalies. The most accurate systems tend to be those
measurements over large geographic areas. They wouidhich use the higher, line-of-sight frequencies, while
like all measurements to be referenced to one time systeflwroadcasts of the lower carrier frequencies show the great-
to eliminate corrections for different time systems used aest number of users.
scattered or remote locations. This is a very important
practical consideration when measurements are undertak815. Standard Time Broadcasts
en in the field. In addition, a one-reference system, such
as a single time broadcast, increases confidence that all The World Administrative Radio Council (WARC)
measurements can be related to each other in some knownas allocated certain frequencies in five bands for standard
way. Thus, the coverage of a system is an important corfrequency and time signal emission. For such dedicated
cept. Another important characteristic of a timing systemstandard frequency transmissions, the International Radio
is the percent of time available. The man on the street wh&onsultative Committee (CCIR) recommends that carrier
has to keep an appointment needs to know the time pefrequencies be maintained so that the average daily frac-
haps to a minute or so. Although requiring only coarsetional frequency deviations from the internationally
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designated standard for measurement of time intervaiadio time signals and is normally correct to 0.25 second.
should not exces:1 X 1010, The U. S. Naval Observatory At sea, a spring-driven chronometer should be checked
Time Service Announcement Series 1, No. 2, gives charadaily by radio time signal, and in port daily checks should
teristics of standard time signals assigned to allocatete maintained, or begun at least three days prior to depar-

bands, as reported by the CCIR. ture, if conditions permit. Error and rate are entered in the
chronometer record book (or record sheet) each time they
1816. Time Signals are determined.

The various time signal systems used throughout the

The usual method of determining chronometer erroworld are discussed in Pub. No. 117, Radio Navigational
and daily rate is by radio time signals, popularly caliete  Aids, and volume 5 of Admiralty List of Radio Signals.
ticks. Most maritime nations broadcast time signals severaDnly the United States signals are discussed here.
times daily from one or more stations, and a vessel The National Institute of Standards and Technology
equipped with radio receiving equipment normally has nadNIST) broadcasts continuous time and frequency refer-
difficulty in obtaining a time tick anywhere in the world. ence signals from WwWV, WWVH, WWVB, and the GOES
Normally, the time transmitted is maintained virtually uni- satellite system. Because of their wide coverage and rela-
form with respect to atomic clocks. The Coordinatedtive simplicity, the HF services from WWV and WWVH
Universal Time (UTC) as received by a vessel may differare used extensively for navigation.
from (GMT) by as much as 0.9 second. Station WWYV broadcasts from Fort Collins, Colorado

The majority of radio time signals are transmitted au-at the internationally allocated frequencies of 2.5, 5.0, 10.0,
tomatically, being controlled by the standard clock of an15.0, and 20.0 MHz; station WWVH transmits from Kauai,
astronomical observatory or a national measurement stafawaii on the same frequencies with the exception of 20.0
dards laboratory. Absolute reliance may be had in thes®Hz. The broadcast signals include standard time and fre-
signals because they are required to be accurate to at lea@gtencies, and various voice announcements. Details of
0.00B as transmitted. these broadcasts are given in NIST Special Publication 432,

Other radio stations, however, have no automatic trandNIST Frequency and Time Dissemination Servi&sth
mission system installed, and the signals are given by hand. HF emissions are directly controlled by cesium beam fre-
this instance the operator is guided by the standard clock at tlipiency standards with periodic reference to the NIST
station. The clock is checked by astronomical observations @tomic frequency and time standards.

WWV

Brgadcast Format
Via 1

elephone (303) 496-711
(Mot a Toll-Free Number)

STATIONID
440 Hz 1-HOUR MARK

SPECIAL
ANNOUNCEMENT
OR
500 Hz TONE

STORM m
INFORMATION ] UTC Y
B0 ONCEMEN]-

MNIST RESERVED

ANN

LOCATION
40°40°49.0"N; 105’ 02'27.0"W

STANDARD BROADCAST FREQUENCIES
AND RADIATED POWER
2.5 MHz-2. 5kW  10MHz-10kW
SMHz-10kW 15 MHz-10kW
20MHz-10kW

UT 1 CORRECTIONS OMEGA REPORTS

INFORMATION CONTACT
MIST RADIO STATION WWV
2000 EAST COUNTY RD. 58
FORT COLLINS, CO B0524
(303) 484-2372

GEDALERTS

"?0 OBEGINNING OF EACH HOUR IS IDENTIFIED BY
0.8 SECOND LONG, 1500-Hz TONE.

DO BEGINNING OF EACH MINUTE IS IDENTIFIED BY
0.8 SECOND LONG, 1500-Hz TONE.

O THE 29th AND 59th SECOND PULSES OF EACH
MINUTE ARE OMITTED.

30
MINUTES 0 440 Hz TONE IS OMITTED DURING FIRST
HOUR OF EACH DAY.

Figure 1816a. Broadcast format of station WWV.
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WWV I

LI 1 R S ST (10

Broadcast Format
Via Telephone (B08) 335-4363

(Mot a Toll-Free Numbar)

NO AUDIO TONE
440 Hz 1-HOUR MARK

MIST RESERVED

UTC voicE
ANNOUNCEMENT

STANDARD BROADCAST FREQUENCIES
AND RADIATED POWER
2.5 MHz-2.5kW  10MHz-10kW
SMHz-10kW 15 MHz-10kW
20MHz-10kW

UT 1 CORRECTIONS

INFORMATION CONTACT
NIST RADIO STATION WWVH
P.0. BOX 417
KEKAHA KAUAIL HI 96752
(808) 335-4361

DJBEGINNING OF EACH HOUR IS IDENTIFIED BY
0.8 SECOND LONG, 1500-Hz TONE.

OBEGINNING OF EACH MINUTE IS IDENTIFIED BY
0.8 SECOND LONG, 1000-Hz TONE.

O THE 29th AND 69th SECOND PULSES OF EACH
MINUTE ARE OMITTED.

30
MINUTES [0 440 Hz TONE IS OMITTED DURING FIRST
HOUR OF EACH DAY.

Figure 1816b. Broadcast format of station WWVH.

The time ticks in the WWV and WWVH emissions are 1817. Leap-Second Adjustments
shown in Figure 1816a and Figure 1816b. The 1-second
UTC markers are transmitted continuously by WWV and By international agreement, UTC is maintained within
WWVH, except for omission of the 29th and 59th markerabout 0.9 seconds of the celestial navigator's time scale,
each minute. With the exception of the beginning tone atJT1. The introduction ofeap secondsllows a good clock
each minute (800 milliseconds) all 1-second markers are db keep approximate step with the sun. Because of the vari-
5 milliseconds duration. Each pulse is preceded by 10 milations in the rate of rotation of the earth, however, the
liseconds of silence and followed by 25 milliseconds ofoccurrences of the leap seconds are not predictable in detail.
silence. Time voice announcements are given also at 1- The Central Bureau of the International Earth Rotation

minute intervals. All time announcements are UTC. Service (IERS) decides upon and announces the introduction
Pub. No. 117, Radio Navigational Aids, should be re-of a leap second. The IERS announces the new leap second
ferred to for further information on time signals. at least several weeks in advance. A positive or negative leap
Event

|
[ I B | ol 1
-5 57 58 59 60 '0 1 2 3 4

l_‘{{—Leap second Designation of the date of the event

30 June, 23h 59m 60.65 UTC

30 June, 23h 59m 1 July, Oh om

Figure 1817a. Dating of event in the vicinity of a positive leap second.
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second is introduced the last second of a UTC month, bubllowing month.

first preference is given to the end of December and June, The dating of events in the vicinity of a leap second is
and second preference is given to the end of March andffected in the manner indicated in Figure 1817a and Figure
September. A positive leap second begins 8698606sand  1817b.

ends at 0B00MO0s of the first day of the following month. Whenever leap second adjustments are to be made to
In the case of a negative leap second)3Z8\58s is fol- UTC, mariners are advised by messages from the Defense
lowed one second later by G@DMOO0S of the first day of the  Mapping Agency Hydrographic/Topographic Center.

Event

Designation of the date of the event

30 June, 23h 59m 58.9s UTC

30 June, 23h 59m 1 July, ohom

Figure 1817b. Dating of event in the vicinity of a negative leap second.
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THE ALMANACS

PURPOSE OF ALMANACS

1900. Introduction values to true.
The Air Almanac is intended primarily for air naviga-

Celestial navigation requires accurate predictions of theéors. In general, the information is similar to th&autical
geographic positions of the celestial bodies observed. Thegdmanag but is given to a precision of 1' of arc and 1 second
predictions are available from three almanacs published annof time, at intervals of 10 minutes (values for the sun and Ar-
ally by the United States Naval Observatory and H. M.ies are given to a precision of 0.1). This publication is
Nautical Almanac Office, Royal Greenwich Observatory.  suitable for ordinary navigation at sea, but may lack the pre-

TheAstronomical Almanaqrecisely tabulates celestial cision of the Nautical Almanagc and provides GHA and
data for the exacting requirements found in several scientifideclination for only the 57 commonly used navigation stars.
fields. Its precision is far greater than that required by celes-  The Floppy Almanac is a computer software program
tial navigation. Even if théstronomical Almanais used for  produced by the U.S. Naval Observatory which not only con-
celestial navigation, it will not necessarily result in more ac-tains ephemeris data, but also computes rising, setting, and
curate fixes due to the limitations of other aspects of thawilight problems; does sight planning given course and
celestial navigation process. speed (this function includes a computer-generated star find-

TheNautical Almanaccontains the astronomical informa- er centered on the observer’s zenith); computes great circle
tion specifically needed by marine navigators. Information isand rumb line routes; computes compass error from celestial
tabulated to the nearest 0.1' of arc and 1 second of time. GH8bservations; and does complete sight reduction solutions in-
and declination are available for the sun, moon, planets, and 1£Buding computer plotting and weighted analysis of the
stars, as well as corrections necessary to reduce the obsentedP’s. The Floppy Almanac is in DOS format.

FORMAT OF THE NAUTICAL AND AIR ALMANACS

1901.Nautical Almanac at UT 1200 of the middle day is listed at the top of the col-
umn. The UT of transit across the celestial meridian of

The major portion of th&lautical Almanads devoted to  Greenwich is listed as “Mer. Pass.”. The value for the first
hourly tabulations of Greenwich Hour Angle (GHA) and decli- point of Aries for the middle of the three days is listed to the
nation, to the nearest 0.1' of arc. On each set of facing pagesgarest 0.1' at the bottom of the Aries column. The time of
information is listed for three consecutive days. On the left-hanttansit of the planets for the middle day is given to the nearest
page, successive columns list GHA of Arie’y” ), and bothwhole minute, with SHA (at UT 0000 of the middle day) to
GHA and declination of Venus, Mars, Jupiter, and Saturn, folthe nearest 0.1', below the list of stars. For the sun and moon,
lowed by the Sidereal Hour Angle (SHA) and declination of 57the time of transit to the nearest whole minute is given for
stars. The GHA and declination of the sun and moon, and theach day. For the moon, both upper and lower transits are
horizontal parallax of the moon, are listed on the right-handjiven. This information is tabulated below the rising, setting,
page. Where applicable, the quantities v and d are given to assistd twilight information. Also listed, are the equation of time
in interpolation. The quantity v is the difference between the acfor 0h and 12, and the age and phase of the moon. Equation
tual change of GHA in 1 hour and a constant value used in thef time is listed, without sign, to the nearest whole second.
interpolation tables, while d is the change in declination in 1Age is given to the nearest whole day. Phase is given by
hour. Both v and d are listed to the nearest 0.1". symbol.

To the right of the moon data is listed the Local Mean ~ The main tabulation is preceded by a list of religious
Time (LMT) of sunrise, sunset, and beginning and ending otind civil holidays, phases of the Moon, a calendar, infor-
nautical and civil twilight for latitudes from 7Rl to 60°S.  mation on eclipses occurring during the year, and notes
The LMT of moonrise and moonset at the same latitudes iand a diagram giving information on the planets.
listed for each of the three days for which other information  The main tabulation is followed by explanations and ex-
is given, and for the following day. Magnitude of each planetamples. Next are four pages of standard times (zone
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descriptions). Star charts are next, followed by a list of 173However, in théAir Aimanacvalues are listed at intervals of 10
stars in order of increasing SHA. This list includes the starsninutes, to a precision of 0.1' for the sun and Aries, and to a pre-
given on the daily pages. It gives the SHA and declination<ision of 1' for the moon and the planets. Values are given for the
each month, and the magnitude. Stars are listed by Bayer&in, first point of Aries (GHA only), the three navigational plan-
name and also by popular name where applicable. Followingts most favorably located for observation, and the moon. The
the star list are the Polaris tables. These tables give the aznagnitude of each planet listed is given at the top of its column,
muth and the corrections to be applied to the observednd the phase of the moon is given at the top of its column. Val-
altitude to find the latitude. ues for the first 12 hours of the day are given on the right-hand
Following the Polaris table is a section that gives for-page, and those for the second half of the day on the back. In ad-
mulas and examples for the entry of almanac data, thdition, each page has a table of the moon'’s parallax in altitude,
calculations that reduce a sight, and a method of solutioand below this the semidiameter of the sun, and both the semid-
for position, all for use with a calculator or microcomputer. iameter and age of the moon. Each daily page includes the LMT
This is followed by concise sight reduction tables, with in- of moonrise and moonset; and a difference column to find the
structions and examples, for use when a calculator otime of moonrise and moonset at any longitude.
traditional sight reduction tables are not available. Tabular  Critical tables for interpolation for GHA are given on
precision of the concise tables is one minute of arc. the inside front cover, which also has an alphabetical listing
Next is a table for converting arc to time units. This is of the stars, with the number, magnitude, SHA, and decli-
followed by a 30-page table called “Increments and Correcnation of each. The same interpolation table and star list are
tions,” used for interpolation of GHA and declination. This printed on a flap which follows the daily pages. This flap
table is printed on tinted paper, for quick location. Thenalso contains a star chart, a star index in order of decreasing
come tables for interpolating for times of rise, set, and twi-SHA, and a table for interpolation of the LMT of moonrise
light; followed by two indices of the 57 stars listed on the and moonset for longitude.
daily pages, one index in alphabetical order, and the other Following the flap are instructions for the use of the al-
in order of decreasing SHA. manac; a list of symbols and abbreviations in English,
Sextant altitude corrections are given at the front and=rench, and Spanish; a list of time differences between
back of the almanac. Tables for the sun, stars, and planetSreenwich and other places; sky diagrams; a planet location
and a dip table, are given on the inside front cover and facdiagram; star recognition diagrams for periscopic sextants;
ing page, with an additional correction for nonstandardsunrise, sunset, and civil twilight tables; rising, setting, and
temperature and atmospheric pressure on the followingepression graphs; semiduration graphs of sunlight, twilight,
page. Tables for the moon, and an abbreviated dip table, aeed moonlight in high latitudes; percentage of the moonillu-
given on the inside back cover and facing page. Correctionsiinated at 6 and 18 hours UT daily; a list of 173 stars by
for the sun, stars, and planets for altitudes greater than 10number and Bayer’s name (also popular name where there is
and the dip table, are repeated on one side of a loose bookne), giving the SHA and declination each month (to a preci-
mark. The star indices are repeated on the other side.  sion of 0.1'), and the magnitude; tables for interpolation of
GHA sun and GHASY" ; a table for converting arc to time;
1902.Air Almanac a single Polaris correction table; an aircraft standard dome re-
fraction table; a refraction correction table; a Coriolis
As in theNautical Almanagthe major portion of thAir Al-  correction table; and on the inside back cover, a correction ta-
manacis devoted to a tabulation of GHA and declination. ble for dip of the horizon.

USING THE ALMANACS

1903. Entering Arguments Correction to time Correction to
signals longitude
The time used as an entering argument in the almanacs 07510 -0.G 0.2' to east

is 120 + GHA of the mean sun and is denoted by UT. This

. : . - - 0.1'to east
scale may differ from the broadcast time signals by an 0610-03 )
amount which, if ignored, will introduce an error of up to 0.2' -0.Zt0 +0.2 no correction
in longitude determined from astronomical observations. +0.33t0 +0.6 0.1' to west
The difference arises because the time argument depends on +0.751t0 +0.9 0.2' to west

the variable rate of rotation of the earth while the broadcast

time signals are now based on atomic time. Step adjustments
of exactly one second are made to the time signals as required
(primarily at 24h on December 31 and June 30) so that the Table 1903. Corrections to time.
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difference between the time signals and UT, as used in thgiven, making interpolation unnecessary. Thus, it is always
almanacs, may not exceed ©.8 observations to a preci- important to take out the GHA and declination for the time
sion of better than Slare required, corrections must be immediatelybeforethe time of observation.
obtained from coding in the signal, or from other sources.  IntheAir Alimanag GHA <~ and the GHA and declina-
The correction may be applied to each of the times of obtion of the sun are tabulated to a precision of 0.1'. If these
servation. Alternatively, the longitude, when determinedvalues are extracted with the tabular precision, the “Interpola-
from observations, may be corrected by the correspondintion of GHA” table on the inside front cover (and flap) should
amount shown in Table 1903. not be used; use the “Interpolation of GHA Sun” and “Interpo-
The main contents of the almanacs consist of data fronation of GHA Aries’ tables, as appropriate. These tables are
which the GHA and the declination of all the bodies usedfound immediately preceding the Polaris Table.
for navigation can be obtained for any instant of UT. The

LHA can then be obtained with the formula: 1904. Finding GHA And Declination Of The Sun
LHA = GHA + east longitude.
LHA = GHA - west longitude. Nautical AlImanac: Enter the daily page table with the

whole hour before the given GMT, unless the exact time is
For the sun, moon, and the four navigational planetsa whole hour, and take out the tabulated GHA and declina-
the GHA and declination are tabulated directly in M&u-  tion. Also record the d value given at the bottom of the
tical Almanacfor each hour of GMT throughout the year; declination column. Next, enter the increments and correc-
in the Air Almanag the values are tabulated for each wholetions table for the number of minutes of GMT. If there are
10 m of GMT. For the stars, the SHA is given, and the GHAseconds, use the next earlier whole minute. On the line cor-
is obtained from: responding to the seconds of GMT, extract the value from
GHA Star = GHA > + SHA Star. the Sun-Planets column. Add this to the value of GHA from
the daily page. This is GHA of the sun. Next, enter the cor-
The SHA and declination of the stars change slowlyrection table for the same minute with the d value and take
and may be regarded as constant over periods of severalit the correction. Give this the sign of the d value and ap-
days or even months if lesser accuracy is required. Thely it to the declination from the daily page. This is the
SHA and declination of stars tabulated in thie Almanac  declination.
may be considered constant to a precision of 1.5'to 2' for  The correction table for GHA of the Sun is based upo-
the period covered by each of the volumes providing thena rate of change of 2%er hour, the average rate during a
data for a whole year, with most data being closer to the/ear. At most times the rate differs slightly. The slight error
smaller value. GHA®Y> , or the GHA of the first point of is minimized by adjustment of the tabular values. The d val-
Aries (the vernal equinox), is tabulated for each hour in thaie is the amount that the declination changes between 1200
Nautical Almana@and for each whole 10in theAir Aima-  and 1300 on the middle day of the three shown.
nac Permanent tables list the appropriate increments to the  Air Almanac : Enter the daily page with the whole ™0
tabulated values of GHA and declination for the minutespreceding the given GMT, unless the time is itself a whole
and seconds of time. 10m, and extract the GHA. The declination is extracted
In theNautical Almanagcthe permanent table for incre- without interpolation from the same line as the tabulated
ments also includes corrections faf the difference GHA or, in the case of planets, the top line of the block of
between the actual change of GHA in one hour and a corsix. If the values extracted are rounded to the nearest
stant value used in the interpolation tables; ahdthe  minute, next enter the “Interpolation of GHA” table on the
change in declination in one hour. inside front cover (and flap), using the “Sun, etc.” entry col-
In the Nautical Almanagcv is always positive unless a umn, and take out the value for the remaining minutes and
negative sign (-) is shown. This occurs only in the case ofeconds of GMT. If the entry time is an exact tabulated val-
Venus. For the sun, the tabulated values of GHA have beeme, use the correction listed half a line above the entry time.
adjusted to reduce to a minimum the error caused by treaAdd this correction to the GHA taken from the daily page.
ing v as negligible; there is notabulated for the sun. This is GHA. No adjustment of declination is needed. If the
No sign is given for tabulated valuesdfwhich is posi-  values are extracted with a precision of 0.1', the table for in-
tive if declination is increasing, and negative if decreasing. Théerpolating the GHA of the sun to a precision of 0.1' must
sign of av ord value is also given to the related correction. be used. Again no adjustment of declination is needed.
In the Air Almanag the tabular values of the GHA of
the moon are adjusted so that use of an interpolation tabl&905. Finding GHA And Declination Of The Moon
based on a fixed rate of change gives rise to negligible er-
ror; no such adjustment is necessary for the sun and planets. Nautical Almanac: Enter the daily page table with the
The tabulated declination values, except for the sun, areshole hour before the given GMT, unless this time is itself
those for the middle of the interval between the time indi-a whole hour, and extract the tabulated GHA and declina-
cated and the next following time for which a value istion. Record the corresponding v and d values tabulated on
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the same line, and determine the sign of the d value. The the mean rate of the sun,Lser hour. The v value is the dif-
value of the moon is always positive (+) and is not markederence between 2%and the change of GHA of the planet
in the almanac. Next, enter the increments and correctionsetween 1200 and 1300 on the middle day of the three
table for the minutes of GMT, and on the line for the sec-shown. The d value is the amount the declination changes
onds of GMT, take the GHA correction from the moon between 1200 and 1300 on the middle day. Venus is the
column. Then, enter the correction table for the samenly body listed which ever has a negative v value.
minute with the v value, and extract the correction. Add Air Almanac : Enter the daily page with the whole™0
both of these corrections to the GHA from the daily page before the given GMT, unless this time is a wholé&18nd
This is GHA of the moon. Then, enter the same correctiorextract the tabulated GHA and declination, without interpo-
table with the d value and extract the correction. Give thidation. The tabulated declination is correct for the timé&30
correction the sign of the d value and apply it to the decliHater than tabulated, so interpolation during the hour follow-
nation from the daily page. This is declination. ing tabulation is not needed for most purposes. Next, enter
The correction table for GHA of the moon is basedthe “Interpolation of GHA” table on the inside front cover,
upon the minimum rate at which the moon’s GHA increas-using the “sun, etc.” column, and take out the value for the
es, 1419.0' per hour. The v correction adjusts for theremaining minutes and seconds of GMT. If the entry time
actual rate. The v value is the difference between the minis an exact tabulated value, use the correction half a line
imum rate and the actual rate during the hour followingabove the entry time. Add this correction to the GHA from
the tabulated time. The d value is the amount that the dedhe daily page to find the GHA at the given time. No adjust-
lination changes during the hour following the tabulatedment of declination is needed.
time.
Air Almanac : Enter the daily page with the whole®0 1907. Finding GHA And Declination Of A Star
next preceding the given GMT, unless this time is a whole
10m, and extract the tabulated GHA and the declination  If the GHA and declination of each navigational star were
without interpolation. Next, enter the “Interpolation of tabulated separately, the almanacs would be several times their
GHA” table on the inside front cover, using the “moon” en- present size. But since the sidereal hour angle and the declina-
try column, and extract the value for the remaining minutegion are nearly constant over several days (to the nearest 0.1")
and seconds of GMT. If the entry time is an exact tabulatea@r months (to the nearest 1'), separate tabulations are not need-
value, use the correction given half a line above the entrgd. Instead, the GHA of the first point of Aries, from which
time. Add this correction to the GHA taken from the daily SHA is measured, is tabulated on the daily pages, and a single
page to find the GHA at the given time. No adjustment oflisting of SHA and declination is given for each double page of
declination is needed. the Nautical Almanac, and for an entire volume of the Air Al-
The declination given in the table is correct for the timemanac. Finding the GHAY" s similar to finding the GHA
5 minutes later than tabulated, so that it can be used for the 16f the sun, moon, and planets.
minute interval without interpolation, to an accuracy to meet  Nautical Almanac: Enter the daily page table with the
most requirements. Declination changes much more slowlywhole hour before the given GMT, unless this time is a whole
than GHA. If greater accuracy is needed, it can be obtained biyour, and extract the tabulated GHA of Aries. Also record the

interpolation, remembering to allow for the 5 minutes. tabulated SHA and declination of the star from the listing on
the left-hand daily page. Next, enter the increments and correc-
1906. Finding GHA And Declination Of A Planet tions table for the minutes of GMT, and, on the line for the

seconds of GMT, extract the GHA correction from the Aries

Nautical Almanac: Enter the daily page table with the column. Add this correction and the SHA of the star to the
whole hour before the given GMT, unless the time is a wholéeGHA Y° on the daily page to find the GHA of the star at the
hour, and extract the tabulated GHA and declination. Recordiven time. No adjustment of declination is needed.
the v value given at the bottom of each of these columns. Next, The SHA and declination of 173 stars, including Po-
enter the increments and corrections table for the minutes ddiris and the 57 listed on the daily pages, are given for
GMT, and on the line for the seconds of GMT, take the GHAthe middle of each month. For a star not listed on the dai-
correction from the sun-planets column. Next, enter the coty pages, this is the only almanac source of this
rection table with the v value and extract the correction, givingnformation. Interpolation in this table is not necessary
it the sign of the v value. Add the first correction to the GHA for ordinary purposes of navigation, but is sometimes
from the daily page, and apply the second correction in accoreeded for precise results.
dance with its sign. This is GHA. Then enter the correction  Air Almanac : Enter the daily page with the whole™0
table for the same minute with the d value, and extract the cobefore the given GMT, unless this is a wholem.@nd ex-
rection. Give this correction the sign of the d value, and applyract the tabulated GHAY”> . Next, enter the “Interpolation
it to the declination from the daily page to find the declinationof GHA” table on the inside front cover, using the “Sun,
at the given time. etc.” entry column, and extract the value for the remaining

The correction table for GHA of planets is based uponminutes and seconds of GMT. If the entry time is an exact
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tabulated value, use the correction given half a line abovéhe GHA from the daily page and the two values taken from
the entry time. From the tabulation at the left side of thethe inside front cover to find the GHA at the given time. No
same page, extract the SHA and declination of the star. Adddjustment of declination is needed.

RISING, SETTING, AND TWILIGHT

1908. Rising, Setting, And Twilight 1909. Finding Times Of Sunrise And Sunset

In bothAir andNautical Almanacghe times of sunrise, To find the time of sunrise or sunset in tNautical Al-
sunset, moonrise, moonset, and twilight information, at varmanag enter the table on the daily page, and extract the
ious latitudes between 78 and 60S, is listed to the nearest LMT for the latitude next smaller than your own (unless it
whole minute. By definition, rising or setting occurs whenis exactly the same). Apply a correction from Table | on al-
the upper limb of the body is on the visible horizon, assummanac page xxxii to interpolate for altitude, determining
ing standard refraction for zero height of eye. Because othe sign by inspection. Then convert LMT to ZT using the
variations in refraction and height of eye, computation to adifference of longitude between the local and zone
greater precision than 1 minute of time is not justified. meridians.

In high latitudes, some of the phenomena do not occur  For theAir AlImanag the procedure is the same as for
during certain periods. Symbols are used in the almanacs the Nautical Alimanagcexcept that the LMT is taken from
indicate: the tables of sunrise and sunset instead of from the daily

page, and the latitude correction is by linear interpolation.

1. Sunormoon does not set, but remains continuously  The tabulated times are for the Greenwich meridian.

above the horizon, indicated by an open rectangleExcept in high latitudes near the time of the equinoxes, the

2. Sunor moon does not rise, but remains continuoustime of sunrise and sunset varies so little from day to day

ly below the horizon, indicated by a solid rectangle.that no interpolation is needed for longitude. In high lati-

3. Twilight lasts all night, indicated by 4 slashes (////). tudes interpolation is not always possible. Between two

tabulated entries, the sun may in fact cease to set. In this

The Nautical Almanaanakes no provision for finding case, the time of rising and setting is greatly influenced by
the times of rising, setting, or twilight in polar regions. The small variations in refraction and changes in height of eye.
Air Almanachas graphs for this purpose.

In the Nautical Almanagsunrise, sunset, and twilight 1910. Twilight
tables are given only once for the middle of the three days
on each page opening. For navigational purposes this infor-  Morning twilight ends at sunrise, and evening twilight
mation can be used for all three days. Both almanacs havgegins at sunset. The time of the darker limit can be found
moonrise and moonset tables for each day. from the almanacs. The time of the darker limits of both

The tabulations are in LMT. On the zone meridian, thiscivil and nautical twilights (center of the sufiénd 12, re-
is the zone time (ZT). For every 15' of longitude the observspectively, below the celestial horizon) is given in the
er’'s position differs from the zone meridian, the zone timeNautical Almanac The Air Almanacprovides tabulations
of the phenomena differs by" being later if the observer of civil twilight from 60°S to 7ZN. The brightness of the
is west of the zone meridian, and earlier if east of the zongky at any given depression of the sun below the horizon
meridian. The LMT of the phenomena varies with latitudemay vary considerably from day to day, depending upon
of the observer, declination of the body, and hour angle othe amount of cloudiness, haze, and other atmospheric con-

the body relative to the mean sun. ditions. In general, the most effective period for observing
The UT of the phenomenon is found from LMT by the stars and planets occurs when the center of the sun is be-
formula: tween about 3and 9 below the celestial horizon. Hence,
the darker limit of civil twilight occurs at about the mid-
UT = LMT + W Longitude point of this period. At the darker limit of nautical twilight,
UT = LMT - E Longitude. the horizon is generally too dark for good observations.

At the darker limit of astronomical twilight (center of
To use this formula, convert the longitude to time usingthe sun 18 below the celestial horizon), full night has set
the table on page i or by computation, and add or subtradn. The time of this twilight is given in thAstronomical Al-
as indicated. Apply the zone description (ZD) to find themanac Its approximate value can be determined by
zone time of the phenomena. extrapolation in thé&lautical Aimanagnoting that the dura-
Sunrise and sunset are also tabulated in the tide tabldé®n of the different kinds of twilight is not proportional to
(from 76N to 60°'S). the number of degrees of depression at the darker limit.
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More precise determination of the time at which the centemake the corrected time fall between the times for the two
of the sun is any given number of degrees below the celeslates between which interpolation is being made. This is
tial horizon can be determined by a large-scale diagram onearly always positive (+) in west longitude and negative (-)
the plane of the celestial meridian, or by computation. Du4n east longitude. Convert the corrected LMT to ZT.
ration of twilight in latitudes higher than 88 is given in a To find the time of moonrise or moonset by thi Al-
graph in theAir Almanac manador the given date, determine LMT for the observer’s
In bothNauticalandAir Alimanacsthe method of find-  latitude at the Greenwich meridian in the same manner as
ing the darker limit of twilight is the same as that for sunrisewith the Nautical Alimanacexcept that linear interpolation
and sunset. is made directly from the main tables, since no interpolation
Sometimes in high latitudes the sun does not rise butable is provided. Extract, also, the value from the “Diff.”
twilight occurs. This is indicated in th&ir Almanacby a  column to the right of the moonrise and moonset column,
solid black rectangle symbol in the sunrise and sunset colnterpolating if necessary. This “Diff.” is one-fourth of one-
umn. To find the time of beginning of morning twilight, half of the daily difference. The error introduced by this ap-
subtract half the duration of twilight as obtained from theproximation is generally not more than a few minutes,
duration of twilight graph from the time of meridian transit although it increases with latitude. Using this difference,
of the sun; and for the time of ending of evening twilight, and the longitude, enter the “Interpolation of Moonrise,
add it to the time of meridian transit. The LMT of meridian Moonset” table on flap F4 of thAir Almanacand extract
transit never differs by more than 16'4approximately) the correction. TheAir Almanacrecommends taking the
from 1200. The actual time on any date can be determinegorrection from this table without interpolation. The results

from the almanac. thus obtained are sufficiently accurate for ordinary purpos-
es of navigation. If greater accuracy is desired, the
1911. Moonrise And Moonset correction can be taken by interpolation. However, since

the “Diff.” itself is an approximation, th&lautical Almanac

Finding the time of moonrise and moonset is similar toor computation should be used if accuracy is a consider-
finding the time of sunrise and sunset, with one importan@étion. Apply the correction to the LMT of moonrise or
difference. Because of the moon’s rapid change of declinanoonset at the Greenwich meridian on the given date to
tion, and its fast eastward motion relative to the sun, thdind the LMT at the position of the observer. The correction
time of moonrise and moonset varies considerably froms positive (+) for west longitude, and negative (-) for east
day to day. These changes of position on the celestidbngitude, unless the “Diff.” on the daily page is preceded
sphere are continuous, as moonrise and moonset occur sy the negative sign (-), when the correction is negative (-)
cessively at various longitudes around the earth. Thereforégr west longitude, and positive (+) for east longitude. If the
the change in time is distributed over all longitudes. Fortime is near midnight, record the date at each step, as in the
precise results, it would be necessary to compute the timdautical Alimanacolution.
of the phenomena at any given place by lengthy complex  As with the sun, there are times in high latitudes when in-
calculation. For ordinary purposes of navigation, howeverferpolation is inaccurate or impossible. At such periods, the
itis sufficiently accurate to interpolate between consecutivéimes of the phenomena themselves are uncertain, but an ap-
moonrises or moonsets at the Greenwich meridian. Sinceroximate answer can be obtained by the moonlight graph in
apparent motion of the moon is westward, relative to an obthe Air Aimanag or by computation. With the moon, this con-
server on the earth, interpolation in west longitude isdition occurs when the moon rises or sets at one latitude, but
between the phenomenon on the given date and the followrot at the next higher tabulated latitude, as with the sun. It also
ing one. In east longitude it is between the phenomenon ofccurs when the moon rises or sets on one day, but not on the
the given date and the preceding one. preceding or following day. This latter condition is indicated in

To find the time of moonrise or moonset in tNautical ~ the Air Almanacby the symbol * in the “Diff.” column.
Almanag enter the daily-page table with latitude, and extract ~ Because of the eastward revolution of the moon around
the LMT for the tabulated latitude next smaller than the obthe earth, there is one day each synodical month(29
server's latitude (unless this is an exact tabulated valuelays) when the moon does not rise, and one day when it does
Apply a correction from table | of almanac page xxxii to in- not set. These occur near last quarter and first quarter, re-
terpolate for latitude, determining the sign of the correctiorspectively. Since this day is not the same at all latitudes or at
by inspection. Repeat this procedure for the day followinggall longitudes, the time of moonrise or moonset found from
the given date, if in west longitude; or for the day precedingthe almanac may occasionally be the preceding or succeed-
if in east longitude. Using the difference between these twdng one to that desired. When interpolating near midnight,
times, and the longitude, enter table Il of the almanac on theaution will prevent an error.
same page and take out the correction. Apply this correction ~ The effect of the revolution of the moon around the
to the LMT of moonrise or moonset at the Greenwich merid-earth is to cause the moon to rise or set later from day to day.
ian on the given date to find the LMT at the position of the The daily retardation due to this effect does not differ greatly
observer. The sign to be given the correction is such as ttsom 50M. However, the change in declination of the moon
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may increase or decrease this effect. This effect increasesimber of hours between moonrise and meridian transit or
with latitude, and in extreme conditions it may be greatetbetween meridian transit and moonset. The dot scale near
than the effect due to revolution of the moon. Hence, the inthe top of the graph indicates the LMT of meridian transit,
terval between successive moonrises or moonsets is moeach dot representing one hour. The phase symbols indicate
erratic in high latitudes than in low latitudes. When the twothe date on which the principal moon phases occur, the
effects act in the same direction, daily differences can bepen circle indicating full moon and the dark circle indicat-
quite large. When they act in opposite directions, they aréeng new moon. If the intersection of the vertical dateline
small, and when the effect due to change in declination igand the horizontal latitude line falls in the “moon above ho-
larger than that due to revolution, the moon sdier on  rizon” or “moon below horizon” area, the moon remains
succeeding days. This condition is reflected inAlreAlma-  above or below the horizon, respectively, for the entire 24
nacby a negative “Diff.” If this happens near the last quarterhours of the day.
or first quarter, two moonrises or moonsets might occur on  If approximations of the times of moonrise and moon-
the same day, one a few minutes after the day begins, and tket are sufficient, the semiduration of moonlight is taken for
other a few minutes before it ends, as on June 19, where twibe time of meridian passage and can be used without ad-
times are listed in the same space. justment. When as estimated time of rise falls on the
Interpolation for longitude is always made betweenpreceding day, that phenomenon may be recalculated using
consecutive moonrises or moonsets, regardless of the daif®e meridian passage and semiduration for the day follow-
on which they fall. ing. When an estimated time of set falls on the following
Beyond the northern limits of the almanacs the valueslay, that phenomenon may be recalculated using meridian
can be obtained from a series of graphs given near the baglassage and semiduration for the preceding day. For more
of the Air Almanac For high latitudes, graphs are used in- accurate results (seldom justified), the times on the required
stead of tables because graphs give a clearer picture dhte and the adjacent date (the following date in W longi-
conditions, which may change radically with relatively lit- tude and the preceding date in E longitude) should be
tle change in position or date. Under these conditiongletermined, and an interpolation made for longitude, as in
interpolation to practical precision is simpler by graph thanany latitude, since the intervals given are for the Greenwich
by table. In those parts of the graph which are difficult tomeridian.
read, the times of the phenomena’s occurrence are uncer- Sunlight, twilight, and moonlight graphs are not given
tain, being altered considerably by a relatively small changéor south latitudes. Beyond latitude %% the northern
in refraction or height of eye. hemisphere graphs can be used for determining the semidu-
On all of these graphs, any given latitude is representedation or duration, by using the vertical dateline for a day
by a horizontal line and any given date by a vertical line. Atwhen the declination has the same numerical value but op-
the intersection of these two lines the duration is read fronposite sign. The time of meridian transit and the phase of
the curves, interpolating by eye between curves. the moon are determined as explained above, using the cor-
The “Semiduration of Sunlight” graph gives the num- rect date. Between latitudes ¥and 68S, the solution is
ber of hours between sunrise and meridian transit omade by interpolation between the tables and the graphs.
between meridian transit and sunset. The dot scale near the Other methods of solution of these phenomena are
top of the graph indicates the LMT of meridian transit, theavailable. The Tide Tables tabulate sunrise and sunset from
time represented by the minute dot nearest the vertical datéatitude 76N to 60°S. Semiduration or duration can be de-
line being used. If the intersection occurs in the area marketérmined graphically using a diagram on the plane of the
“sun above horizon,” the sun does not set; and if in the areaelestial meridian, or by computation. When computation is
marked “sun below horizon,” the sun does not rise. used, solution is made for the meridian angle at which the
The “Duration of Twilight” graph gives the number of required negative altitude occurs. The meridian angle ex-
hours between the beginning of morning civil twilight (cen- pressed in time units is the semiduration in the case of
ter of sun 6 below the horizon) and sunrise, or betweensunrise, sunset, moonrise, and moonset; and the semidura-
sunset and the end of evening civil twilight. If the sun doegtion of the combined sunlight and twilight, or the time from
not rise, but twilight occurs, the time taken from the graphmeridian transit at which morning twilight begins or
is half the total length of the single twilight period, or the evening twilight ends. For sunrise and sunset the altitude
number of hours from beginning of morning twilight to used is (-)50'. Allowance for height of eye can be made by
LAN, or from LAN to end of evening twilight. If the inter- algebraically subtracting (numerically adding) the dip cor-
section occurs in the area marked “continuous twilight orection from this altitude. The altitude used for twilight is (-
sunlight,” the center of the sun does not move more tan 6)6°, (-)12°, or (-)18 for civil, nautical, or astronomical twi-
below the horizon, and if in the area marked “no twilight light, respectively. The altitude used for moonrise and
nor sunlight,” the sun remains more thahd@low the hori- moonset is -34' - SD + HP, where SD is semidiameter and
zon throughout the entire day. HP is horizontal parallax, from the daily pages of Niau-
The “Semiduration of Moonlight” graph gives the tical Almanac



306 THE ALMANACS

1912. Rising, Setting, And Twilight On A Moving Craft  time indicated in the second solution can be used for a
third solution. If desired, this process can be repeated until

Instructions to this point relate to a fixed position on the same answer is obtained from two consecutive solu-
the earth. Aboard a moving craft the problem is compli-tions. However, it is generally sufficient to alter the first
cated somewhat by the fact that time of occurrencesolution by I" for each 15' of longitude that the position
depends upon position of the craft, which itself depend®f the craft differs from that used in the solution, adding if
on the time. At ship speeds, it is generally sufficiently ac-west of the estimated position, and subtracting if east of it.
curate to make an approximate mental solution and use tHa applying this rule, use both longitudes to the nearest
position of the vessel at this time to make a more accuraté5'. The first solution is thérst estimate; the second so-
solution. If greater accuracy is required, the position at thaution is thesecond estimate
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SIGHT REDUCTION

BASIC PRINCIPLES

2000. Introduction a chart required to plot this large distance would be imprac-
tical. To eliminate this problem, the navigator does not plot
Reducing a celestial sight to obtain a line of positionthis line of position directly. Indeed, he does not plot the GP
consists of six steps: at all. Rather, he chooses assumed position (AP)hear,
but usually not coincident with, his DR position. The navi-
1. Correcting sextant altitude (hs) to obtain observedyator chooses the AP’s latitude and longitude to correspond
altitude (ho). to the entering arguments of LHA and latitude used in the
2. Determining the body’s GHA and declination. Sight Reduction Table§rom theSight Reduction Tables
3. Selecting an assumed position and finding that pothe navigator computes what the body’s altituaeuld

sition’s local hour angle. have beerhad it been measured from the AP. This yields
4. Computing altitude and azimuth for the assumedhe computed altitude (h). He then compares this com-
position. puted value with thebserved altitude (h,) obtained at his
5. Comparing computed and observed altitudes. actual position. The difference between the computed and
6. Plotting the line of position. observed altitudes is directly proportional to the distance

between the circles of equal altitude for the assumed posi-
This chapter concentrates on using Meutical Alma-  tion and the actual position. Theight Reduction Tables
nacandPub. No. 229, Sight Reduction Tables for Marinealso give thedirectionfrom the GP to the AP. Having se-
Navigation. lected the assumed position, calculated the distance
The introduction to each volume of tisght Reduction between the circles of equal altitude for that AP and his ac-
Tablescontains information: (1) discussing use of the publi-tual position, and determined the direction from the
cation in a variety of special celestial navigation techniquesassumed position to the body’s GP, the navigator has
(2) discussing interpolation, explaining the double secon@nough information to plot a line of position (LOP).
difference interpolation required in some sight reductions,  To plot an LOP, plot the assumed position on either a
and providing tables to facilitate the interpolation processchart or a plotting sheet. From ti&ght Reduction Tables
and (3) discussing the publication’s use in solving problemsletermine: 1) the altitude of the body for a sight taken at the
of great circle sailings. Prior to using ttgight Reduction AP and 2) the direction from the AP to the GP. Then, deter-
Tables carefully read this introductory material. mine the difference between the body’s calculated altitude
Celestial navigation involves determining a circular at this AP and the body’s measured altitude. This difference
line of position based on an observer’s distance from a cerepresents the difference in radii between the equal altitude
lestial body’s geographic position (GP). Should thecircle passing through the AP and the equal altitude circle
observer determine both a body’s GP and his distance fromassing through the actual position. Plot this difference
the GP, he would have enough information to plot a line offrom the AP eithetowardsor away fromthe GP along the
position; he would be somewhere on a circle whose centeaxis between the AP and the GP. Finally, draw the circle of
was the GP and whose radius equaled his distance from thatjual altitude representing the circle with the body’s GP at
GP. That circle, from all points on which a body’s measuredhe center and with a radius equal to the distance between
altitude would be equal, is@rcle of equal altitude. There  the GP and the navigator’s actual position.
is a direct proportionality between a body’s altitude as mea-  One final consideration simplifies the plotting of the
sured by an observer and the distance of its GP from thaqual altitude circle. Recall that the GP is usually thousands
observer; the lower the altitude, the farther away the GPof miles away from the navigator’s position. The equal alti-
Therefore, when an observer measures a body’s altitude hede circle’s radius, therefore, can be extremely large. Since
obtains an indirect measure of the distance between himsetis radius is so large, the navigator can approximate the sec-
and the body’s GP. Sight reduction is the process of contion close to his position with a straight line drawn
verting that indirect measurement into a line of position. perpendicular to the line connecting the AP and the GP. This
Sight reduction reduces the problem scale to managestraight line approximation is good only for sights of rela-
able size. Depending on a body'’s altitude, its GP could bdively low altitudes. The higher the altitude, the shorter the
thousands of miles from the observer’s position. The size oflistance between the GP and the actual position, and the
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smaller the circle of equal altitude. The shorter this distancethe radii of the circles of equal altitude passing through the
the greater the inaccuracy introduced by this approximatiorAP and the observers actual position. The position having
the greater altitude is on the circle of smaller radius and is

2001. Selection Of The Assumed Position (AP) closer to the observed body’s GP. In Figure 2003, the AP is
shown on the inner circle. Thereforg,i greater thanda
Use the following arguments when entering Bight Express the altitude intercept in nautical miles and la-
Reduction Tablet compute altitude (hand azimuth: bel it T or A to indicate whether the line of position is
toward or away from the GP, as measured from the AP.
1. Latitude (L). A useful aid in remembering the relation betwegp h
2. Declination (d or Dec.). h., and the altitude intercept ist, M, T, for H, More To-
3. Local hour angle (LHA). ward. Another is C-G-A: Computed Greater Away,

remembered aSoastGuardAcademy. In other words, ifh
Latitude and LHA are functions of the assumed posi-is greater thanfithe line of position intersects a point mea-
tion. Select an AP longitude resulting in a whole degree okured from the AP towards the GP a distance equal to the
LHA and an AP latitude equal to that whole degree of lati-altitude intercept. Draw the LOP through this intersection
tude closest to the DR position. Selecting the AP in thigpoint perpendicular to the axis between the AP and GP.
manner eliminates interpolation for LHA and latitude in the
Sight Reduction Tables 2003. Plotting The Line Of Position
Reducing the sight using a computer or calculator sim-
plifies this AP selection process. Simply choose any  Plot the line of position as shown in Figure 2003. Plot
convenient position such as the vessel's DR position as thine AP first; then plot the azimuth line from the AP toward
assumed position. Enter the information required by the spesr away from the GP. Then, measure the altitude intercept
cific celestial program in use. Using a calculator reduces thalong this line. At the point on the azimuth line equal to the
math and interpolation errors inherent in using#ight Re-  intercept distance, draw a line perpendicular to the azimuth
ductiontables. Enter the required calculator data carefully.line. This perpendicular represents that section of the circle
of equal altitude passing through the navigator’s actual po-
2002. Comparison Of Computed And Observed sition. This is the line of position.
Altitudes A navigator often takes sights of more than one celes-
tial body when determining a celestial fix. After plotting the
The difference between the computed altitud@ @md  lines of position from these several sights, advance the re-
the observed altitude ghis thealtitude intercept (a). sulting LOP’s along the track to the time of the last sight
The altitude intercept is the difference in the length ofand label the resulting fix with the time of this last sight.

\LTITUDE FOR
. Lmuns FOR Co,;, 2 4(0)

|| | GP II| |

4( );?.0 o

""'IERCEPT /\/”/

Figure 2003. The basis for the line of position from a celestial observation.
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2004. Recommended Sight Reduction Procedure lists these corrections.
Additional Correction: Enter this additional correction

Just as it is important to understand the theory of sighfrom Table A 4 located at the front of tddmanacwhen ob-
reduction, it is also important to develop a working proce-taining a sight under non-standard atmospheric temperature
dure to reduce celestial sights accurately. Sight reductioand pressure conditions. This correction is a function of at-
involves several consecutive steps, the accuracy of eaeghospheric pressure, temperature, and apparent altitude.
completely dependent on the accuracy of the steps thatwent Horizontal Parallax Correction: This correction is
before. Sight reduction tables have, for the most part, rednique to reducing moon sights. Obtain the H.P. correction val-
duced the mathematics involved to simple addition andie from the daily pages of tidmanacEnter the H.P correction
subtraction. However, careless errors will render even th&ble at the back of thélmanaawith this value. The H.P correc-
most skillfully measured sights inaccurate. The navigatotion is a function of the limb of the moon used (upper or lower),
must work methodically to reduce these careless errors. the apparent altitude, and the H.P. correction factor. The H.P.

Naval navigators will most likely use OPNAV 3530, U.S. correction is always added to the apparent altitude.
Navy Navigation Workbook, which contains pre-formatted Moon Upper Limb Correction: Enter -30' for this
pages with “strip forms” to guide the navigator through sightcorrection if the sight was of the upper limb of the moon.
reduction. A variety of commercially-produced forms are also ~ Correction to Apparent Altitude: Sum the altitude cor-
available. Pick a form and learn its methibdroughly With  rection, the Mars or Venus additional correction, the additional
familiarity will come increasing understanding. correction, the horizontal parallax correction, and the moon’s

Figure 2004 represents a functional and completeipper limb correction. Be careful to determine and carry the al-
worksheet designed to ensure a methodical approach to aggbraic sign of the corrections and their sum correctly. Enter
sight reduction problem. The recommended procedure dighis sum as the correction to the apparent altitude.
cussed below is not the only one available; however, the  Observed Altitude: Apply the Correction to Apparent
navigator who uses it can be assured that he has considerAtlitude algebraically to the apparent altitude. The result is
everycorrection required to obtain an accurate fix. the observed altitude.

SECTION ONE consists of two parts: (1) Correcting SECTION TWO determines the Greenwich Mean
sextant altitude to obtain apparent altitude; and (2) Correctfime (GMT) and GMT date of the sight.
ing the apparent altitude to obtain the observed altitude. Date: Enter the local time zone date of the sight.

Body: Enter the name of the body whose altitude you DR Latitude: Enter the dead reckoning latitude of the
have measured. If using the sun or the moon, indicate whichiessel.
limb was measured. DR Longitude: Enter the dead reckoning longitude of

Index Correction: This is determined by the charac- the vessel.
teristics of the individual sextant used. Chapter 16 discusses Observation Time: Enter the local time of the sight as
determining its magnitude and algebraic sign. recorded on the ship’s chronometer or other timepiece.

Dip: The dip correction is a function of the height of Watch Error: Enter a correction for any known watch
eye of the observer. It is always negative; its magnitude i€rror.
determined from the Dip Table on the inside front covertof ~ Zone Time: Correct the observation time with watch
the Nautical Almanac error to determine zone time.

Sum: Enter the algebraic sum of the dip correctionand  Zone Description: Enter the zone description of the
the index correction. time zone indicated by the DR longitude. If the longitude is

Sextant Altitude: Enter the altitude of the body mea- west of the Greenwich Meridian, the zone description is
sured by the sextant. positive. Conversely, if the longitude is east of the Green-

Apparent Altitude: Apply the sum correction deter- wich Meridian, the zone description is negative. The zone
mined above to the measured altitude and enter the result description represents the correction necessary to convert
the apparent altitude. local time to Greenwich Mean Time.

Altitude Correction: Every observation requires an Greenwich Mean Time: Add to the zone description
altitude correction. This correction is a function of the ap-the zone time to determine Greenwich Mean Time.
parent altitude of the body. Thdmanaccontains tables for Date: Carefully evaluate the time correction applied
determining these corrections. For the sun, planets, anabove and determine if the correction has changed the date.
stars, these tables are located on the inside front cover arithter the GMT date.
facing page. For the moon, these tables are located on the
back inside cover and preceding page. SECTION THREE determines two of the three argu-

Mars or Venus Additional Correction: As the nameim- ments required to enter tHaight Reduction Tablesocal
plies, this correction is applied to sights of Mars and Venus. Thélour Angle (LHA) and Declination. This section employs
correction is a function of the planet measured, the time of yeathe principle that a celestial body’s LHA is the algebraic sum
and the apparent altitude. The inside front cover oftheanac  of its Greenwich Hour Angle (GHA) and the observer’s lon-
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N : ED AL

Body

Index Correction

Dip (height of eye)

Sum

Sextant Altitude (hg)

Apparent Altitude (hy)

Altitude Correction

Mars or Venus Additional Correction
Additional Correction

Horizontal Parallax Correction
Moon Upper Limb Correction
Correction to Apparent Altitude (hy)
Observed Altitude (hy)

E : GM D DATE

Date

DR Latitude

DR Longitude
Observation Time
Watch Error

Zone Time

Zone Description
Greenwich Mean Time
Date GMT

E HREE: L, TT

Tabulated GHA andv Correction Factor
GHA Increment

Sidereal Hour Angle (SHA) orv Correction
GHA

+ or - 360° if needed

Assumed Longitude (-W, +E)

Local Hour Angle (LHA)

Tabulated Declination andd Correction Factor
dCorrection

True Declination

Assumed Latitude

R: AL EPT AND

Declination Increment andd Interpolation Factor
Computed Altitude (Tabulated)

Double Second Difference Correction

Total Correction

Computed Altitude (hc)

Observed Altitude (h,)

Altitude Intercept

Azimuth Angle

True Azimuth

Figure 2004. Complete sight reduction form.
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gitude. Therefore, the basic method employed in this sectioaddition or subtraction.
is: (1) Determine the body’'s GHA; (2) Determine an as- Assumed Longitude:If the vessel is west of the prime
sumed longitude; (3) Algebraically combine the two meridian,the assumed longitude will be subtracted from the
guantities, remembering to subtract a western assumed lo@GHA to determine LHA. If the vessel is east of the prime
gitude from GHA and to add an eastern longitude to GHA;meridian, the assumed longitude will be added to the GHA
and (4) Extract the declination of the body from the approprito determine the LHA. Select the assumed longitude to
ate Almanac table, correcting the tabular value if required. meet the following two criteria: (1) When added or sub-
tracted (as applicable) to the GHA determined above, a
(1) Tabulated GHA and (2)v Correction Factor: whole degree of LHA will result; and (2) It is the longitude
(1) For the sun, the moon, or a planet, extract the value foclosest to that DR longitude that meets criterion (1) above.
the whole hour of GHA corresponding to the sight. For exam-  Local Hour Angle (LHA): Combine the body’'s GHA
ple, if the sight was obtained at 13-50-45 GMT, extract thewith the assumed longitude as discussed above to deter-
GHA value for 1300. For a star sight reduction, extract the valmine the body’s LHA.
ue of the GHA of Aries (GHA Y ), again using the value (1) Tabulated Declination andd Correction factor:
corresponding to the whole hour of the time of the sight. (1) Obtain the tabulated declination for the sun, the moon,
(2) For a planet or moon sight reduction, enter the the stars, or the planets from the daily pages oftmeanac
correction value. This quantity is not applicable to a sun oiThe declination values for the stars are given for the entire
star sight. Ther correction for a planet sight is found at the three day period covered by the daily page of Mfrmanac
bottom of the column for each particular planet. M®or-  The values for the sun, moon, and planets are listed in hourly
rection factor for the moon is located directly beside theincrements. For these bodies, enter the declination value for
tabulated hourly GHA values. Thecorrection factor for the whole hour of the sight. For example, if the sight is at 12-
the moon is always positive. If a planetvsorrection factor 58-40, enter the tabulated declination for 1200. (2) There is
is listed without sign, it is positive. If listed with a negative nod correction factor for a star sight. There @reorrection
sign, the planet’s correction factor is negative. Thiscor-  factors for sun, moon, and planet sights. Similar to the v cor-
rection factor is not the magnitude of tkieorrection; itis  rection factor discussed above, ttheorrection factor does
used later to enter the Increments and Correction table toot equal the magnitude of tliecorrection; it provides the
determine the magnitude of the correction. argument to enter the Increments and Corrections tables in
GHA Increment: The GHA increment serves as an in- the Almanac The sign of theal correction factor, which de-
terpolation factor, correcting for the time that the sighttermines the sign of thd correction, is determined by the
differed from the whole hour. For example, in the sight attrend of declination valuesiotthe trend ofd values. Thel
13-50-45 discussed above, this increment correction aeorrection factor is simply an interpolation factor; therefore,
counts for the 50 minutes and 45 seconds after the whol® determine its sign, look at the declination values for the
hour at which the sight was taken. Obtain this correctiorhours that frame the time of the sight. For example, suppose
value from the Increments and Corrections tables irAlhe the sight was taken on a certain date at 12-30-00. Compare
manac The entering arguments for these tables are théhe declination value for 1200 and 1300 and determine if the
minutes and seconds after the hour at which the sight wadeclination has increased or decreased. If it has increased,
taken and the body sighted. Extract the proper correctiothed correction factor is positive. If it has decreased, dhe
from the applicable table and enter the correction here. correction factor is negative.
Sidereal Hour Angle or v Correction: If reducing a d correction: Enter the Increments and Corrections ta-
star sight, enter the star’s Sidereal Hour Angle (SHA). Theble with thed correction factor discussed above. Extract the
SHA is found in the star column of the daily pages of theproper correction, being careful to retain the proper sign.

Almanac The SHA combined with the GHA of Aries re- True Declination: Combine the tabulated declination
sults in the star's GHA. The SHA entry is applicable only and thed correction to obtain the true declination.
to a star. If reducing a planet or moon sight, obtainther- Assumed Latitude: Choose as the assumed latitude

rection from the Increments and Corrections Table. Thehat whole value of latitude closest to the vessel’'s DR lati-
correction is a function of only the correction factor; its tude. If the assumed latitude and declination are both north
magnitude is the same for both the moon and the planetsor both south, label the assumed latitugme If one is
GHA: A star's GHA equals the sum of the Tabulated north and the other is south, label the assumed latitude
GHA of Aries, the GHA Increment, and the star's SHA. contrary.
The sun’s GHA equals the sum of the Tabulated GHA and
the GHA Increment. The GHA of the moon or a planet SECTION FOUR uses the arguments of assumed lati-
equals the sum of the Tabulated GHA, the GHA Incrementtude, LHA, and declination determined in Section Three to enter
and thev correction. the Sight Reduction Tablés determine azimuth and computed
+ or — 360 (if needed): Since the LHA will be deter- altitude. Then, Section Four compares computed and observed
mined from subtracting or adding the assumed longitude taltitudes to calculate the altitude intercept. The navigator then
the GHA, adjust the GHA by 360f needed to facilitate the has enough information to plot the line of position.
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(1) Declination Increment and (2)d Interpolation Fac- ployed, refer to detailed instructions in tB&ght Reduction
tor: Note that two of the three arguments used to enteBitjist =~ Tablesintroduction.
Reduction Tabled.HA and latitude, are whole degree values. Total Correction: The total correction is the sum of
Section Three does not determine the third argument, declinthe double second difference (if required) and the interpo-
tion, as a whole degree. Therefore, the navigator mudation corrections. Calculate the interpolation correction by
interpolate in theSight Reduction Tabldsr declination, given dividing the declination increment by 60" and multiply the
whole degrees of LHA and latitude. The first steps of Sectiomesulting quotient by the interpolation factor.
Four involve this interpolation for declination. Since declination Computed Altitude (h.): Apply the total correction,
values are tabulated every whole degree irSiight Reduction  being careful to carry the correct sign, to the tabulated com-
Tablesthe declination incrementis the minutes and tenths of thputed altitude. This yields the computed altitude.
true declination. For example, if the true declination $13R6', Observed Altitude (hy): Enter the observed altitude
then the declination increment is 15.6'. (2) Bight Reduction from Section One.
Tablesalso list ad Interpolation Factor. This is the magnitude of Altitude Intercept: Compare hand h,. Subtract the
the difference between the two successive tabulated values femaller from the larger. The resulting difference is the mag-
declination that frame the true declination. Therefore, for the hynitude of the altitude intercept. Ifhis greater than fthen
pothetical declination listed above, the tabulat@uterpolation  label the altitude intercegoward If h; is greater than §
factor listed in the table would be the difference between declithen label the altitude intercepivay.
nation values given for £2and 14. If the declination increases
between these two valuasjs positive. If the declination de- Azimuth Angle: Obtain the azimuth angle (Z) from
creases between these two valdés negative. the Sight Reduction Tableausing the same arguments
Computed Altitude (Tabulated): Enter theSight Re-  which determined tabulated computed altitude. Visual in-
duction Tableswith the following arguments: (1) LHA terpolation is sufficiently accurate.
from Section Three; (2) assumed latitude from Section  True Azimuth: Calculate the true azimuth g¥Zfrom
Three; (3) the whole degree value of the true declinationthe azimuth angle (2) as follows:
For example, if the true declination were°11%.6', then en-

ter the Sight Reduction Tablewith 13° as the value for a) If in northern latitudes:
declination. Record the tabulated computed altitude. LHA >180°, then Z = Z
Double Second Difference Correction:Use this cor- LHA <180°, then Z, = 360°—7

rection when linear interpolation of declination for computed
altitude is not sufficiently accurate due to the non linear b)
change in the computed altitude as a function of declination.

The need for double second difference interpolation is indi-
cated by thed interpolation factor appearing in italic type LHA >180° then Z, = 180° -Z
followed by a small dot. When this procedure must be em- LHA <180° then Z = 180°+Z

If in southern latitudes:

SIGHT REDUCTION

The section above discussed the basic theory of sigtor the Kochab sight is 15708.0'W. Determine the inter-
reduction and proposed a method to be followed when recept and azimuth for both sights. See Figure 2005.
ducing sights. This section puts that method into practicein  First, convert the sextant altitudes to observed alti-
reducing sights of a star, the sun, the moon, and planets.tudes. Reduce the Spica sight first:

2005. Reducing Star Sights To A Fix Body Spica
Index Correction +2.1'
On May 16, 1995, at the times indicated, the navigator ~ Dip (height 48 ft) -6.7'
takes and records the following sights: Sum -4.6'
Sextant Altitude (§ 32°34.8'
Star Sextant Altitude Zone Time Apparent Altitude (B 32° 30.2'
Altitude Correction -1.5
Kochab 47 19.1' 20-07-43 Additional Correction 0
Spica 32 34.8' 20-11-26 Horizontal Parallax 0
Correction to i -1.5'
Height of eye is 48 feet and index correction (IC) is Observed Altitude (}) 32 28.7

+2.1'. The DR latitude for both sights is38. The DR lon-
gitude for the Spica sight is 1320'W. The DR longitude Determine the sum of the index correction and the dip
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correction. Go to the inside front cover of the Nautical Alma-d Correction —
nac to the table entitled DIP. This table lists dip correctionstrye Declination S 1°108.4'
as a function of height of eye measured in either feet opssumed Latitude N 3%ontrary
meters. In the above problem, the observer’s height of eye is
48 feet. The heights of eye are tabulated in intervals, with the  First, record the GHA of Aries from the May 17, 1995
correction corresponding to each interval listed between thdaily page: 32428.4".
interval’'s endpoints. In this case, 48 feet lies between the tab-
ulated 46.9 to 48.4 feet interval; the corresponding correction  Next, determine the incremental addition for the min-
for thisinterval is -6.7'. Add the IC and the dip correction, be-utes and seconds after 0600 from the Increments and
ing careful to carry the correct sign. The sum of theCorrections table in the back of tiNautical AlmanacThe
corrections here is -4.6". Apply this correction to the sextanincrement for 11 minutes and 26 seconds’ i52.
altitude to obtain the apparent altitudg) (h

Next, apply the altitude correction. Find the altitude Then, calculate the GHA of the star. Remember:
correction table on the inside front cover of tiautical Al-
manacnext to the dip table. The altitude correctionvariesas ~ GHA (star) = GHA > + SHA (star)
a function of both the type of body sighted (sun, star, or
planet) and the body’s apparent altitude. For the problem

above, enter the star altitude correction table. Again, the cor-  The Nautical Almanadists the SHA of selected stars on
rection is given within an altitude intervalgln this case  gach daily page. The SHA of Spica on May 17, 19954583,
was 32 30.2". This value lies between the tabulated end-  The Sight Reduction Tablegntering arguments are
points 32 00.0' and 3345.0". The correction corresponding \yhole degrees of LHA and assumed latitude. Remember
to this interval is -1.5'. Applying this correction tq fields  that | HA = GHA - west longitude or GHA + east longitude.

an observed altitude of 328.7". Since in this example the vessel is in west longitude, sub-
Having calculated the observed altitude, determine thg ¢t its assumed longitude from the GHA of the body to
time and date of the sight in Greenwich Mean Time: obtain the LHA. Assume a longitude meeting the criteria
Date 16 May 1995 listed in section 2004.
DR Lat|tL!de 39N From those criteria, the assumed longitude must end in
DR Longitude 15710'W 05.7 minutes so that, when subtracted from the calculated
Observation Time 20-11-26 GHA, awhole degree of LHA will result. Since the DR lon-
Watch Error 0 gitude was 15710.0', then the assumed longitude ending in
Zone Time 20-11-26 05.7' closest to the DR longitude is T805.7". Subtracting
Zone Description +10 this assumed longitude from the calculated GHA of the star
GMT 06-11-26 yields an LHA of 328.
GMT Date 17 May 1995 The next value of concern is the star’s true declination.

This value is found on the May 17th daily page next to the
Record the observation time and then apply any waiclitar's SHA. Spica’s declination is S 108.4". There is no d

error to determine zone time. Then, use the DR longitude &{orection for a star sight, so the star's true declination
the time of the sight to determine time zone description. INequals its tabulated declination. The assumed latitude is de-
this case, the DR longitude indicates a zone description Ggrmined from the whole degree of latitude closest to the
+10 hours. Add the zone description to the zone time t0 0bpR |atitude at the time of the sight. In this case, the assumed
tain GMT. It is important to carry the correct date when |atitude is N 39. It is marked “contrary” because the DR
applying this correction. In this case, the +10 correctionagityde is north while the star's declination is south.

made it 06-11-26 GMT on Mag7, when the date in the lo- The following information is known: (1) the assumed
cal time zone was Mai6. _Iposition’s LHA (329) and assumed latitude (39 con-
After calculating both the observed altitude and the GM trary name); and (2) the body’s declination (508.4").

time, enter the daily pages of thNautical Almanado calcu- Find the page in th8ight Reduction Tableorrespond-
late the star's Greenwich Hour Angle (GHA) and declinationing to an LHA of 329 and an assumed latitude of N°39
Tab GHA “Y° 324 28.4 with latitude contrary to declination. Enter this table with
GHA Increment 252.0 the body’s whole degree of declination. In this case, the
SHA 158 45.3' body’s whole degree of declination is°1This declination
GHA 486° 05-_7' corresponds to a tabulated altitude of 3%.9'. This value
+/- 360 not required is for a declination of 1%; the true declination is £108.4'.

_ Therefore, interpolate to determine the correction to add to
Assumed Longitude 183705.7 the tabulated altitude to obtain the computed altitude.
LHA 329° The difference between the tabulated altitudes fér 11

Tabulated Ded S 1T 08.4/n.a. and 12 is given in theSight Reduction Tabless the value
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d; in this case, d = -53.0. Express as a ratio the declinationussed above. In this case, enter ®ight Reduction
increment (in this case, 8.4") and the total interval betweeifablesas before, with LHA, assumed latitude, and dec-
the tabulated declination values (in this case, 60') to obtaitination. Visual interpolation is sufficient. Extract the
the percentage of the distance between the tabulated declialue Z = 143.3. The relation between Z and,Zhe true
nation values represented by the declination incremenazimuth, is as follows:

Next, multiply that percentage by the increment between

the two values for computed altitude. In this case: In northern latitudes:

LHA >180°, then Z, = Z
8.4 LHA <180°, then Z, = 360° — Z

o5 ¥ (-53.0= 7.4

In southern latitudes:

LHA >180°, then Z, = 180° -Z
LHA <180°, then Z, = 180° + Z

Subtract 7.4' from the tabulated altitude to obtain the fi-
nal computed altitude: 4= 32 08.5'.

DeciInc/+or-d 8.4'/-53.0

h. (tabulated) 3215.9' In this case, LHA > 18Dand the vessel is in northern lati-
Correction (+or-) -7.4' tude. Therefore, £= Z = 143.3T. The navigator now has
h. (computed) 3208.5' enough information to plot a line of position.

It will be valuable here to review exactly what h The values for the reduction of the Kochab sight follow:

and h, represent. Recall the methodology of the alti- Body Kochab
tude-intercept method. The navigator first measuregndex Correction +2.1°
and corrects an altitude for a celestial body. This cor-Dip Correction -6.7'
rected altitude, § corresponds to a circle of equal Sum -4.6'
altitude passing through the navigator’s actual positiors 47°19.1°
whose center is the geographic position (GP) of thenh, 47° 14.5'
body. The navigator then determines an assumed posiltitude Correction -9

tion (AP) near, but not coincident with, his actual Additional Correction
position; he then calculates an altitude for an observeHorizontal Parallax
at that assumed position (AP).The circle of equal alti-Correction to

not applicable
not applicable
-9'

tude passing through this assumed position is;no 47° 13.6'
concentric with the circle of equal altitude passing 16 May 1995
through the navigator’s actual position. The differenceDR latitude 39N
between the body’s altitude at the assumed positigh (h DR longitude 157 08.0' W
and the body’s observed altitudeyfhs equal to the dif- Observation Time 20-07-43
ferences in radii length of the two corresponding CirCIeS\Natch Error 0
of equal altitude. In the above problem, therefore, theZone Time 20-07-43
navigator knows that the equal altitude circle passingZone Description +10
through his actual position is: GMT 06-07-43
GMT Date 17 May 1995
h, = 32°28.7 Tab GHA ° 324 28.4'
-h -_32°08.5 GHA Increment 156.1
c 20.2NM SHA 137 18.5
GHA 463 43.0°
away from the equal altitude circle passing through hist/- 360 . not applicable
assumed position. Since is greater than § the navi- Assumed Longitude 30175;643-0'

gator knows that the radius of the equal altitude circlecHA
passing through his actual position is less than the radilab Dec /d
us of the equal altitude circle passing through thed Correction

N74° 10.6'/ n.a.
not applicable

assumed position. The only remaining question is: in! 'u€ Declination N7210.6
what direction from the assumed and actual position i¢\SSumed Latitude 3N (same)
the body’s geographic position. Tiséght Reduction Ta- DecInc/+or-d 10.6'/-24.8
blesalso provide this final piece of information. This is M 4r 126

the value for Z tabulated with the;fand d values dis- Total Correction -4.2"



SIGHT REDUCTION
1995 MAY 16, 17, 18 (TUES., WED., THURS.)
ur | ARIES | VENUS —3.9| MARS +0.7|JUPITER —2.5|SATURN +1.3 STARS
(GMT)
% il G.H.A. G.H.A, Dec. G.H.A. Dec. G.H.A. Dec. G.H.A. Dec. Name S.H.A. Dec.
a ’ 2 r o ’ o ' a r o ’ a r o ’ o r -] ’ o r
1600] 233 14.4( 205 51.6 N 9 30.5| 84 34.3 N14 31.2 | 342 02.6 S21 28.7 | 239 13.9 S 4 40.8 | Acomar 315 29.1 540 19.4
01| 248 16.9| 220 51.2 316| 99 358 30.8 | 357 05.3 28.7 | 254 16.2 40.7 | Achernar 335 37.4 S57 155
02| 263 19.4| 235 50.8 32.7 (114 373 30.3| 12 08.1 28.7 | 269 18.5 40.6 | Acrux 173 24.0 S63 04.7
03| 278 21.8| 250 50.4 - - 33.8|129 388 -+ 299| 27 10.9 - - 28.6| 284 20.7 + - 40.6 | Adhara 255 23.5 528 58.2
04) 293 24.3| 265 50.0 34.9 | 144 40.3 29.5| 42 13.7 28.6 | 299 23.0 40.5 | Aldebaran 291 05.3 N16 29.9
05| 308 26.8| 280 49.6 36.0 | 159 41.7 29.1| 57 164 28.5| 314 253 40.4
06) 323 29.2| 295 49.2 N 9 37.1 | 174 43.2 N14 28.7 | 72 19.2 S21 285 | 329 27.6 S 4 40.4 | Alioth 166 32.3 N55 59.2
07| 338 31.7| 310 48.8 38.2 | 189 44.7 28.3| 87 22.0 28.5 | 344 29.9 40.3 | Alkaid 153 09.2 N49 20.3
T 08| 353 34.2| 325 48.4 39.2 | 204 46.2 27.9 | 102 24.7 28.4 | 359 32.1 40.2 | Al Na'ir 28 00.8 S46 58.7
U 09| 8 36.6|340 48.0 - - 403|219 47.7 - - 275|117 27.5 - - 284| 14 344 .- 40.2 | Alnilam 276 00.5 S 1 125
E 10| 23 39.1| 355 47.6 414|234 49.2 27.1| 132 30.3 28.4| 29 367 40.1 | Alphard 218 09.5 S 8 386
S 11| 38 41.5| 10 47.1 42.5 | 249 50.6 26.6 | 147 33.1 283 44 390 40.0
D 12| 53 44.0| 25 46.7 N 9 43.6 | 264 52.1 N14 26.2 | 162 35.8.521 28.3| 59 41.3 S 4 40.0 Alphecca 126 22.2 N26 438
A 13| 8 46.5| 40 46.3 44.7 | 279 53.6 25.8 | 177 386 283 74 436 39.9 | Alpheratz 357 57.8 N29 03.8
Y 14| 83 489 55 459 45.8 | 294 55.1 25.4 | 192 41.4 28.2| 89 45.8 39.8 | Altair 62 213 N 8 51.4
15| 98 51.4| 70 455 - - 46.9| 309 56.6 - - 25.0 | 207 44.2 - - 28.2| 104 48.1 - - 39.8 | Ankaa 353 29.4 S42 19.7
16] 113 53.9| 85 45.1 47.9 | 324 58.0 24.6 | 222 46.9 28.2 | 119 50.4 39.7 | Antares 112 42.6 S26 25.3
17| 128 56.3| 100 44.7 49.0 | 339 59.5 24.2 | 237 49.7 28.1| 134 52.7 39.6
18) 143 58.8| 115 44.3 N 9 50.1 | 355 01.0 N14 23.8 | 252 52.5 S21 28.1 | 149 55.0 S 4 39.6 | Arcturus 146 07.8 N19 12.4
191 159 01.3| 130 43.9 51.2| 10 02.5 23.3 | 267 55.3 28.1 | le4 57.3 39.5 | Atria 107 56.1 S&9 01.0
20| 174 03.7] 145 435 52.3| 25 03.9 22.9 | 282 58.0 28.0 [ 179 59.5 39.4 | Avior 234 23.8 559 30.1
211 189 06.2| 160 43.1 - - 534 | 40 054 - - 225|298 00.8 - - 28.0| 195 01.8 - - 39.4 |Bellatrix 278 469 N 6 20.6
22| 204 08.7| 175 42.7 54.5| 55 06.9 22.1 | 313 036 28.0 | 210 04.1 39.3 |Betelgeuse 271 163 N 7 24.2
23] 219 11.1] 190 42.3 55.5| 70 08.4 21.7 | 328 06.3 27.9 | 225 06.4 39.2
1700f 234 13.6| 205 41.9 N 9 56.6 | 85 09.8 N14 21.3 | 343 09.1 S21 27.9 | 240 08.7 S 4 39.1 | Conopus 264 02.6 552 41.9
01] 249 16.0| 220 41.5 57.7 | 100 11.3 20.9 | 358 11.9 27.8 | 255 11.0 39.1 | Capelia 2B0 55.0 N45 59.5
02] 264 18.5] 235 41.1 58.8 | 115 12.8 205 13 14.7 27.8| 270 13.2 39.0 | Deneb 49 40.6 N45 15.7
03| 279 21.0| 250 40.7 9 59.9|130 14.3 - - 20.0| 28 17.4 - - 27.8| 285 15.5 - - 38.9 |Denebola 182 47.4 N14 358
04) 294 23.4| 265 40.3 10 01.0 | 145 15.7 19.6 | 43 20.2 27.7 | 300 17.8 38.9 | Diphda 349 09.8 518 00.7
05| 309 25.9 | 280 39.8 02.0 | 160 17.2 19.2 | 58 23.0 27.7 | 315 20.1 38.8
06| 324 28.4| 295 39.4 N10 03.1 | 175 18.7 N14 18.8 | 73 25.8 S21 27.7 | 330 22.4 S 4 38.7 | Dubhe 194 08.2 N61 46.7
w 07| 339 30.8| 310 39.0 04.2 | 190 20.2 18.4| 88 28.6 27.6 | 345 24.7 38.7 | Elnath 278 30.2 N28 36.1
E 08| 354 33.3| 325 38.6 05.3 | 205 21.6 18.0 | 103 31.3 27.6 0 26.9 38.6 | Eltanin 90 52.0 N51 29.3
D 09 9 3580340 38.2 - - 064|220 231 -+ 175|118 341 - - 276 15 29.2 - - 385 |Enif 34 005 N 9 51.2
N 10| 24 38.2| 355 37.8 07.4 | 235 24.6 17.1 | 133 369 27.5| 30 315 38.5 | Fomalhaut 15 39.1 529 38.6
E 11| 39 40.7| 10 37.4 08.5 | 250 26.0 16.7 | 148 39.7 27.5| 45 338 38.4
S 12| 54 43.1| 25 37.0 N10 09.6 | 265 27.5 Nu4 16.3 | 163 42.4 $21 27.5 | 60 36.1 S 4 38.3 | Gacrux 172 15.6 S57 05.5
D 13| 69 456 40 36.6 10.7 | 280 29.0 15.9 | 178 45.2 27.4| 75 38.4 38.3 | Gienah 176 06.1 S17 31.2
A 14| 84 48.1| 55 36.2 11.8 | 295 30.5 15.5 | 193 48.0 27.4| 90 40.7 38.2 | Hadar 149 06.6 S60 21.2
Y 15| 99 505 70 35.7 - - 12.8|310 319 - - 15.0| 208 50.8 - - 27.4| 105 42.9 - - 38.1 | Homal 328 16.4 N23 26.3
16| 114 s53.0| 85 35.3 13.9 | 325 334 14.6 | 223 535 27.3 | 120 45.2 38.1 [Kaus Aust. 84 01.5 S34 23.0
17| 129 55.5| 100 349 ~ 15.0 | 340 34.9 14.2 | 238 56.3 27.3| 135 47.5 38.0
18] 144 57.9| 115 34.5 N10 16.1 | 355 36.3 N14 13.8 | 253 59.1 521 27.2 | 150 49.8 S 4 37.9 | Kochab 137 18.5 N74 10.6
19| 160 00.4 | 130 34.1 17.2| 10 37.8 13.4 | 269 01.9 27.2 | 165 52.1 37.9 | Markab 13 52.0 N15 10.8
20) 175 02.9| 145 33.7 18.2| 25 39.3 13.0 | 284 04.6 27.2 | 180 54.4 37.8 | Menkar 314 29.6 N 4 04.2
21§ 190 05.3] 160 33.3 - - 19.3| 40 40.7 -+ 125|299 07.4 -+ 27.1| 195 56.7 - - 37.7 | Menkent 148 23.3 S36 21.0
22| 205 07.8| 175 32.8 204 | 55 422 12.1 | 314 10.2 27.1| 210 58.9 37.7 | Mioplacidus 221 42.6 569 42.4
23] 220 10.3| 190 32.4 21.5| 70 437 11.7 | 329 13.0 27.1| 226 01.2 37.6
1800] 235 12.7 [ 205 32.0 N10 22.5 | 85 45.1 N14 11.3 | 344 15.8 S21 27.0 | 241 03.5 S 4 37.5 | Mirfak 309 00.4 N49 50.6
01] 250 15.2| 220 31.6 23.6 | 100 46.6 10.9 | 359 18.5 27.0 | 256 05.8 37.5 | Nunki 76 14.9 S26 18.0
02| 265 17.6| 235 31.2 24.7 | 115 48.1 10.5| 14 21.3 27.0| 271 08.1 37.4 | Peacock 53 40.4 S56 44.7
03] 280 20.1| 250 30.8 - - 258130 495 -+ 10.0| 29 241 - - 269|286 10.4 - - 37.3 |Pollux 243 44.6 N28 02.2
04] 295 22.6| 265 30.4 26.8 | 145 51.0 09.6| 44 269 26.9 | 301 12.7 37.3 | Procyon 245 141 N 5 14.0
05| 310 25.0 280 29.9 27.9 | 160 52.5 09.2]| 59 29.6 26.9 | 316 15.0 37.2
06f 325 27.5( 295 29.5 N10 29.0 | 175 53.9 N14 08.8 | 74 32.4 S21 26.8 | 331 17.2 S 4 37.1 |Rasolhague 96 18.8 N12 33.8
07] 340 30.0| 310 29.1 30.0 | 190 55.4 08.4| 89 35.2 26.8 | 346 19.5 37.1 | Regulus 207 58.0 N11 59.3
T 08| 355 32.4| 325 28.7 31.1 | 205 56.9 07.9 | 104 38.0 26.8 1218 37.0 |Rigel 281 255 S 8 12.6
H 09] 10 34.9)340 28.3 - - 322|220 583 - - 07.5|119 40.8 - - 267 | 16 24.1 - - 36.9 |Rigil Kent. 140 09.6 S60 49.0
U 10| 25 37.4| 355 27.9 33.3 | 235 59.8 07.1 | 134 435 26.7| 31 264 36.9 | Sabik 102 27.8 515 43.1
R 11| 40 39.8| 10 27.4 34.3 | 251 01.2 06.7 | 149 46.3 26.6 | 46 28.7 36.8
S 12| 55 42.3| 25 27.0 N10 35.4 | 266 02.7 N14 06.3 | 164 49.1 521 26.6 | 61 31.0 S 4 36.8 | Schedar 349 56.4 N56 30.5
D 13| 70 44.8| 40 26.6 36.5 | 281 04.2 05.8 | 179 51.9 26.6| 76 333 36.7 | Shaula 96 40.0 S37 05.9
A 14| 85 47.2| 55 26.2 37.5| 296 05.6 05.4 | 194 54.7 26.5| 91 356 36.6 | Sirius 258 459 S16 42.8
Y 15| 100 49.7| 70 25.8 - - 386|311 07.1 -- 050|209 57.4 - - 265|106 37.8 - - 366 Spica 158 45.3 S11 08.4
16| 115 52.1| 85 25.3 39.7 | 326 0B.6 04.6 | 225 00.2 26.5[ 121 40.1 36.5 | Suhail 223 02.5 543 25.2
17| 130 54.6| 100 24.9 40.7 | 341 10.0 04.2 | 240 03.0 26.4 | 136 42.4 36.4
18] 145 57.1| 115 24.5 N10 41.8 | 356 11.5 N14 03.7 | 255 05.8 S21 26.4 | 151 44.7 S 4 36.4 |Vega 80 47.8 N38B 46.7
19| 160 59.5| 130 24.1 429 11 129 03.3 | 270 08.6 26.4 | 166 47.0 36.3 |Zuben'ubi 137 20.2 S16 01.4
20| 176 02.0| 145 236 44.0| 26 14.4 02.9 | 285 11.3 26.3 | 181 49.3 36.2 SHA.  Mer. Poss.
211 191 04.5( 160 23.2 - - 45.0| 41 159 -- 025|300 14.1 - - 263|196 516 - - 36.2 5y hom
22| 206 06.9| 175 22.8 46.1| 56 17.3 02.0 | 315 16.9 26.2 | 211 53.9 36.1 | Venus 331 283 10 17
23| 221 09.4| 190 22.4 47.2| 71 18.8 01.6 | 330 19.7 26.2 | 226 56.2 36.0 | Mars 210 56.3 18 18
hom Jupiter 108 55.5 1 07
Mer. Poss. 8 21.7 v—04 d 11 v 15 d 04 v 28 d 00 v 23 d 01 |Saturn 5551 758

Figure 2005.

Left hand daily page of tNautical Almanador May 17, 1995.
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h. (computed) 4708.2' Next, determine the sun’s GHA and declination.
ho 47° 13.6' Again, this process is similar to the star sights reduced
a (intercept) 5.4 towards above. Notice, however, that SHA, a quantity unique to star
Z 018.9 sight reduction, is not used in sun sight reduction.
Z, 018.9 Date June 16, 1994
DR Latitude N30 00.0'
2006. Reducing A Sun Sight DR Longitude W04500.0'
Observation Time 05-15-23
The example below points out the similarities betweernWatch Error 0
reducing a sun sight and reducing a star sight. It also denZone Time 05-15-23
onstrates the additional corrections required for low altitudeZone Description +03
(<10°) sights and sights taken during non-standard tempeiGMT 08-15-23
ature and pressure conditions. Date GMT June 16, 1994
On June 16, 1994, at 05-15-23 local time, at DR posi-Tab GHA /v 299 51.3'/ n.a.
tion L 30°N A 45°W, a navigator takes a sight of the sun’s GHA Increment 350.8'
upper limb. The navigator has a height of eye of 18 feet, th&HA orv correction not applicable
temperature is 88F, and the atmospheric pressure is 982GHA 30342.1"
mb. The sextant altitude i 20.2'. There is no index error. Assumed Longitude 242.1' W
Determine the observed altitude. See Figure 2007. LHA 259°
Body Sun UL Tab Declination A N23° 20.5'/ +0.1'
Index Correction 0 d Correction 0.0
Dip Correction (18 ft) -4.1' True Declination N2320.5'
Sum -4.1' Assumed Latitude N30Q(same)
hg 3°20.2'
h, 3°16.1 Determining the sun’s GHA is less complicated than
Altitude Correction -29.4' determining a star's GHA. ThBlautical Almanac’sdaily
Additional Correction +1.4' pages list the sun’s GHA in hourly increments. In this case,
Horizontal Parallax 0 the sun’s GHA at 0800 GMT on June 16, 1994 is 299.3'.
Correction to g -28.0' Thev correction is not applicable for a sun sight; therefore,
ho 2°48.1' applying the increment correction yields the sun’s GHA. In
this case, the GHA is 3032.1".
Apply the index and dip corrections tq to obtain R, Determining the sun’s LHA is similar to determining

Because fis less than 19 use the special altitude correction a star’'s LHA. In determining the sun’s declination, how-
table for sights betweerf@nd 10 located on the rightinside ever, an additional correction not encountered in the star
front page of th&lautical Almanac sight, thed correction, must be considered. The bottom of
Enter the table with the apparent altitude, the limb ofthe sun column on the daily pages of tNautical Alma-
the sun used for the sight, and the period of the year. Intemaclists thed value. This is an interpolation factor for the
polation for the apparent altitude is not required. In thissun’s declination. The sign of thekfactor is not given; it
case, the table yields a correction of -29.4". The correction’smust be determined by noting from tdmanacif the
algebraic sign is found at the head of each group of entriesun’s declination is increasing or decreasing throughout
and at every change of sign. the day. Ifitis increasing, the factor is positive; if it is de-
The additional correction is required because of thecreasing, the factor is negative. In the above problem, the
non-standard temperature and atmospheric pressure undem’s declination is increasing throughout the day. There-
which the sight was taken. The correction for these nonfore, thed factor is +0.1.

standard conditions is found in tiaditional Corrections Having obtained the factor, enter the 15 minute in-
table located on page A4 in the front of thidautical crementand correction table. Under the column labeled “
Almanac or d corm,” find the value ford in the left hand column.

First, enter theAdditional Correctiongable with the  The corresponding number in the right hand column is the
temperature and pressure to determine the correct zone leerrection; apply it to the tabulated declination. In this
ter: in this case, zone L. Then, locate the correction in the lcase, the correction corresponding td walue of +0.1 is
column corresponding to the apparent altitude ©i8.1". 0.0
Interpolate between the table arguments ©08.0' and 3 The final step will be to determine.fand Z,. Enter the
30.0'to determine the additional correction: +1.4'. The totaBight Reduction Tablesith an LHA of 259, a declination
correction to the apparent altitude is the sum of the altitudef N23* 20.5', and an assumed latitude off80
and additional corrections: -28.0". This results in groh  Declination Increment / + ord 20.5'/+31.5
2°48.1'. Tabulated Altitude 228.8'
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1994 JUNE 15, 16, 17 (WED., THURS., FRL)
utr | ARIES | VENUS —4.0| MARS +1.2| JUPITER —2.3|SATURN +1.0 STARS
(GMT)
& N G.H.A G.H.A. Dec G.H.A, Dec. G.H.A. Dec. G.H.A. Dec. Name S.H.A. Dec.
] . o ' L] ' e ’ o ' o ’ o ’ L] ’ ] ' e ’ L] ’
1500f 263 03.0 [ 140 48.0 K22 09.1 | 218 59.0 N16 08.6 | 49 42.0 512 03.8 | 278 39.3 S 8 31.9 | Acamar 315 29.5 S40 19.5
01| 278 05.4| 155 47.4 08.5 | 233 59.7 09.1( 64 44.6 03.8]293 417 31.9 | Achernar 335 37.6 S57 156
02| 293 07.9| 170 46.7 07.9 | 249 00.3 09.7| 79 47.2 03.7 | 308 44.1 31.9 | Acrux 173 25.1 S63 04.5
03| 308 10.4| 185 46.1 - - 07.3 | 264 01.0 -+ 10.2| 94 49,7 - - 03.7 | 323 46.6 - - 31.9 |Adhara 255 24.1 528 58.0
04] 323 12.8 | 200 45.5 06.7 | 279 0l.6 10.8 | 109 52.3 03.7 | 338 49.0 31.9 | Aldebaran 291 06.1 N1lé 29.8
05] 338 15.3| 215 448 06.0 | 294 02.2 11.3 | 124 549 03.6 | 353 51.4 319
06| 353 17.8| 230 44.2 N22 05.4 | 309 02.9 N16 11.9 | 139 57.5 S12 03.6 8 53.9 S 8 31.9 |Alioth 166 33.0 N55 59.6
w 07| 8 20.2]245 436 04.8 | 324 03.5 12.4 | 155 00.1 03.6| 23 563 31.9 | Alkaid 153 09.8 N49 20.6
E 08] 23 22.7| 260 429 04.2 | 339 04.2 13.0 | 170 02.7 035| 38 587 31.9 | Al No'ir 28 01.4 S46 58.9
D 09| 38 25.2)| 275423 -- 03.5|354 048 - - 135|185 05.3 -- 03.5| 54 01.1 - - 31.9 |Alnilom 276 01.2 S 1 12.4
N 10| 53 27.6| 290 41.7 029| 9 055 14.0 | 200 07.9 03.5| 9 03.6 31.9 | Alphard 218 10.3 S 8 38.3
E 11| 8 30.1]305 41.0 02.3| 24 06.1 14.6 | 215 10.4 03.4| 84 06.0 319
S 12| 83 32.6| 320 40.4 N22 01.6 | 39 06.8 N16 15.1 | 230 13.0 S12 03.4| 99 08.4 S B 31.9 | Alphecca 126 22.7 N26 44.1
D 13| 98 35.0] 335 39.8 01.0| 54 07.4 15.7 | 245 15.6 .03.4 | 114 10.9 31.9 |Alpheratz 357 58.3 N29 03.5
A 14] 113 37.5)350 39.2 22 00.4| &9 08.1 16.2 | 260 18.2 03.3] 129 13.3 31.9 | Altair 62 21.8 N 8 51.3
Y 15{128 399| 5385 2159.7| B4 087 - - 16.8)275 208 - 03.3| 144 157 -+ 31.9 | Ankao 353 29.8 542 19.9
16| 143 42.4| 20 379 59.1| 99 09.4 17.3 | 290 234 03.3 | 159 18.2 31.9 | Antares 112 43.4 S26 25.2
17] 158 44.9| 35 37.3 58.5 | 114 10.0 17.8 | 305 26.0 03.3 | 174 20.6 319
18| 173 47.3| 50 36.7 N21 57.8 | 129 10.7 Nlé 18.4 | 320 28.5 S12 03.2 | 189 23.0 S 8 31.9 | Arcturus 146 08.5 N19 12.7
19| 188 49.8| 65 36.0 57.2 | 144 11.3 18.9 [ 335 31.1 03.2 | 204 25.5 31.9 | Atria 107 57.4 569 01.1
20| 203 52.3| B0 35.4 56.6 | 159 12.0 19.5 | 350 33.7 03.2 | 219 27.9 31.9 | Avior 234 24.3 559 29.8
21§ 218 54.7| 95 348 - - 559|174 126 - 20.0| 5 363 -- 03.1]234 30.3 - - 31.9 |Bellatrix 278 47.6 N & 20.6
22 233 57.2] 110 3a.2 55.3 | 189 13.3 20.6 | 20 38.9 03.1 | 249 32.8 31.9 | Betelgeuse 271 17.0 N 7 24.3
BJ 248 59.7] 125 33.5 54.6 | 204 13.9 211 35415 03.1 | 264 35.2 31.9
1600] 264 02.1| 140 32.9 N21 54.0 | 219 14.6 N16 21.6 | 50 44.1 512 03.0 [ 279 37.6 S B 31.9 | Conopus 264 03.0 552 41.7
01} 279 04.6| 155 32.3 53.4 | 234 15.2 22.2| ©5 46.6 03.0 | 294 40.1 319 | Copelia 280 56.0 N45 59.5
02} 294 07.1| 170 31.7 52.7 | 249 15.9 22.7| 80 49.2 03.0 | 309 42.5 31.9 | Deneb 49 40.8 N45 15.6
03] 309 09.5| 185 31.1 - - 521|264 16.5 - - 23.2| 95 51.8 -+ 03.0 | 324 44.9 - - 31.9 |Denebola 182 48.1 N14 36.2
04| 324 12.0] 200 30.4 51.4 | 279 17.2 23.8 | 110 54.4 02.9 | 339 47.4 31.9 | Diphda 349 10.3 518 00.9
05| 339 14.4| 215 29.8 50.8 | 294 17.8 24.3 | 125 57.0 02.9 | 354 49.8 31.8
06| 354 16.9| 230 29.2 N21 50.1 | 309 18.5 N16 24.9 | 140 59.5 S12 02.9 9 52.2 S B 31.8 | Dubhe 194 09.2 N61 47.0
07| 9 19.4| 245 286 49.5 | 324 19.1 25.4 | 156 02.1 02.8| 24 54.7 31.8 | Elnath 278 31.0 N28 36.1
T 081 24 21.8) 260 28.0 48.8 | 339 19.8 259 ] 171 04.7 02.8| 39 571 31.8 | Eltanin 90 52.2 N51 29.4
H 09] 39 24.3|275 274 -+ 4B.2 | 354 20.4 - - 265|186 073 - - 02.8| 54 59.5 - - 31.8 |Enif 34 009 N 9 51.0
U 10| 54 26.8] 290 26.8 475| 9211 27.0 | 201 09.9 02.7| 70 02.0 31.8 | Fomalhaut 15 39.6 529 38.8
R 11| 69 29.2| 305 26.1 469 | 24 217 27.6 | 216 125 02.7| 85 04.4 31.8
S 12| 84 31.7| 320 25.5 N21 46.2 | 39 22.3 N16 28.1 [ 231 15.0 S12 02.7 | 100 06.8 S 8 31.8 | Gacrux 172 16.6 557 05.3
D 13| 99 34.2] 335 249 456 | 54 23.0 28.6 | 246 17.6 02.7 | 115 09.3 31.8 | Gienah 176 06.9 517 30.9
A 14] 114 36.6| 350 24.3 449 | 69 23.6 29.2 | 261 20.2 02.6 | 130 11.7 31.8 | Hadar 149 07.7 S60 21.1
Y 151129 39.1| 5237 -- 44.3| 84 243 - - 29.7| 276 22.8 - - 02.6| 145 14.1 - - 31.8 |Hamal 328 17.1 N23 26.1
16| 144 41.5| 20 23.1 43.6 | 99 24.9 30.2 | 291 25.3 02.6 | 160 16.6 31.8 |Kaus Aust. 84 02.3 534 23.1
17] 159 44.0| 35 22.5 429 | 114 25.6 30.8 | 306 27.9 02.5 | 175 19.0 31.8
18] 174 46.5] 50 21.9 N21 42.3] 129 26.2 N1b 31.3 | 321 30.5 S12 02.5| 190 21.4 S B 31.8 | Kochab 137 18.6 N74 10.9
19] 189 48.9| &5 21.3 41.6 | 144 269 31.8 | 336 33.1 02.5| 205 23.9 31.8 | Markab 13 52.4 N15 10.5
20| 204 51.4| B8O 20.6 41.0 | 159 27.5 32.4 | 351 35.7 02.5 | 220 26.3 31.8 | Menkar 314 30.2 N 4 04.1
21} 219 53.9| 95 20.0 - - 40.3|174 28.2 -+ 329 6 38.2 -+ 02.4| 235 28.7 -+ 31.8 | Menkent 148 24.1 S36 20.8
22| 234 56.3| 110 19.4 39.6 | 189 28.8 33.4| 21 40.8 02.4 | 250 31.2 31.8 | Mioplacidus 221 43.2 S69 42.1
23] 249 58.8] 125 18.8 39.0 | 204 29.5 34.0] 36434 02.4 | 265 33.6 31.8
17 00f 265 01.3| 140 18.2 N21 38.3 | 219 30.1 N16 34.5 | 51 46.0 512 02.4 | 280 36.0 S 8 31.8 | Mirfak 309 01.2 N49 50.3
01} 280 03.7] 155 17.6 37.6 | 234 30.8 35.0| &6 48.5 02.3 | 295 38.5 31.8 | Nunki 76 15.6 S26 18.1
02] 295 06.2| 170 17.0 37.0 | 249 31.4 356 81 51.1 02.3 | 310 40.9 31.8 | Peacock 53 41.1 556 44.9
03] 310 08.7| 185 16.4 - - 363 | 264 32.1 - - 36.1| 96 53.7 -+ 02.3| 325 43.4 - - 31.8 | Pollux 243 45.4 N28 02.3
04} 325 11.1{ 200 15.8 35.6 | 279 32.7 36.6 | 111 563 02.2 | 340 45.8 31.8 | Procyon 245 149 N 5 14.2
05] 340 13.6 215 15.2 35.0 | 294 33.3 37.2 | 126 58.8 02.2 | 355 48.2 318
06| 355 16.0 | 230 14.6 N21 34.3 | 309 34.0 N16 37.7 | 142 01.4 512 02.2| 10 50.7 S 8 31.8 |Rosalhogue 96 19.3 N12 33.9
07| 10 1B.5| 245 14.0 33.6 | 324 34.6 38.2 | 157 04.0 02.2| 25531 31.8 |Regulus 207 58.8 N11 59.6
08| 25 21.0| 260 13.4 32.9 | 339 35.3 38.8 | 172 06.6 02.1| 40 55.5 31.8 |Rigel 281 26.1 58 126
F 09] 40 234|275 12.8 -- 323|354 359 -+ 39.3|187 09.1 -- 02.1| 5558.0 - - 31.8 |Rigil Kent. 140 10.7 S60 48.9
R 10| 55 259|290 12.2 36| 9 366 39.8 | 202 11.7 02.1| 71 00.4 31.8 | Sabik 102 28.5 S15 43.0
I 11} 70 28.4]305 116 309 | 24 37.2 40.4 | 217 14.3 02.1] 86 02.9 318
D 12| 85 30.8]320 11.0 N21 30.2 | 39 37.9 N16 40.9 | 232 16.9 S12 02.0 | 101 05.3 S 8 31.8 | Schedar 349 56.9 N56 30.2
A 13| 100 33.3] 335 10.4 29.6 | 54 385 414 | 247 19.4 02.0 | 116 07.7 31.8 | Shaula 96 40.8 537 05.9
Y 14{ 115 35.8| 350 09.8 289 ( &9 39.2 419 | 262 22.0 02.01 131 10.2 31.8 | Sirius 258 46.6 Sl6 426
15| 130 38.2| 509.2 -- 2B.2| 84 39.8 - - 425|277 246 - - 02.0| 146 12.6 - - 31.8 | Spica 158 46.1 S11 08.1
16] 145 40.7| 20 0B.6 27.5( 99 40.5 43,0292 27.1 01.9 | 161 15.1 31.8 | Suhail 223 03.2 543 249
17] 160 43.2| 35 08.0 26.8 | 114 41.1 435 | 307 29.7 019 | 176 17.5 31.8
18] 175 45.6| 50 07.4 N21 26.2 | 129 41.7 N16 44.1 | 322 32.3 S12 01.9 | 191 19.9 S 8 31.8 | Vego B0 48.2 N38 46.8
19] 190 48.1| 65 06.8 25.5 | 144 42.4 44.6 | 337 349 01.9 | 206 22.4 31.8 | Zuben'ubi 137 20.9 Slé 01.2
20] 205 50.5| B0 06.2 24.8 | 159 43.0 45.1 | 352 37.4 01.8 | 221 24.8 31.8 SHA. Mer, Pam,
21} 220 53.0) 95056 - - 2411174 437 -- 456 7 40.0 -- 01.8)236 273 -- 318 o iiF hom
22| 235 55.5| 110 05.1 23.4 (189 44.3 46.2 | 22 426 01.8 | 251 29.7 31.8 | Venus 236 30.8 14 38
23] 250 57.9] 125 04.5 22.7 | 204 45.0 46.7 | 37 45.1 01.8 | 266 32.1 31.8 | Mars 315 125 9 23
hom Jupiter 146 419 20 34
Mer. Pass. & 228B| v-0e6 d 07 v 06 d 05 v 26 d 00 v 24 d 0.0|Saturn 15 355 521
Figure 2006. Left hand daily page of tNautical Almanador June 16, 1994.
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Correction (+ or -) +10.8' tor of 58.4. Interpolating between 58.2 and 58.5 yields a
Computed Altitude (§ 2° 39.6' value of +4.0' for the horizontal parallax correction.
Observed Altitude (}) 2°48.1 The final correction is a constant -30.0' correctiontajbr
Intercept 8.5 NM (towards) plied only to sights of the moon’s upper limb. This correction is
Z 064.7 always negative; apply it only to sights of the moon’s upper
Z, 064.7 limb, not its lower limb. The total correction tg Is the sum of

all the corrections; in this case, this total correction is +34.5
2007. Reducing A Moon Sight minutes.

To obtain the moon’s GHA, enter the daily pages in the
The moon is easy to identify and is often visible duringmoon column and extract the applicable data just as for a star
the day. However, the moon’s proximity to the earth require®r sun sight. Determining the moon’s GHA requires an addi-
applying additional corrections tg o obtain ly. This section  tional correction, the correction.
will cover moon sight reduction.

At 10-00-00 GMT, June 16, 1994, the navigator obtains &HA moon and/ 245 45.1"' and +11.3
sight of the moon’s upper limb. 4is 26° 06.7'. Height of eye  GHA Increment 0 00.0’
is 18 feet; there is no index error. Determing the moon’s v Correction +0.1'
GHA, and the moon’s declination. See Figure 2007. GHA 245 45.2'
Body Moon (UL)
Index Correction 0.0’ First, record the GHA of the moon for 10-00-00 on
Dip (18 feet) -4.1' June 16, 1994, from the daily pages of thautical Alma-
Sum -4.1 nac Record also the correction factor; in this case, it is
Sextant Altitude (§ 26° 06.7' +11.3. Thev correction factor for the moon is always posi-
Apparent Altitude (B 26° 02.6' tive. The increment correction is, in this case, zero because
Altitude Correction +60.5' the sight was recorded on the even hour. To obtainvthe
Additional Correction 0.0 correction, go to the tables of increments and corrections. In
Horizontal Parallax (58.4) +4.0' the 0 minute table in theor d correction columns, find the
Moon Upper Limb Correction -30.0' correction that corresponds towa 11.3. The table yields a
Correction to g +34.5' correction of +0.1". Adding this correction to the tabulated
Observed Altitude (}) 26° 37.1 GHA gives the final GHA as 24515.2".

Finding the moon’s declination is similar to finding the
This procedure demonstrates the extra corrections redeclination for the sun or stars. Go to the daily pages for
quired for obtaining f for a moon sight. Apply the index June 16, 1994; extract the moon’s declinationdifattor.
and dip corrections and in the same manner as for star and
sun sights. The altitude correction comes from tables locaffabulated Declinationd S 0C 13.7'/+12.1

ed on the inside back covers of thautical Almanac d Correction +0.1'
In this case, the apparent altitude wa$@8.6'. Enterthe  True Declination S 0013.8'

altitude correction table for the moon with the above appar-

ent altitude. Interpolation is not required. The correction is  The tabulated declination and thgactor come from
+60.5'. The additional correction in this case is not applicabl¢he Nautical Almanac’slaily pages. Record the declination
because the sight was taken under standard temperature artl d correction and go to the increment and correction
pressure conditions. pages to extract the proper correction for the gigéactor.

The horizontal parallax correction is unique to moonin this case, go to the correction page for O minutes. The
sights. The table for determining this HP correction is on thecorrection corresponding todfactor of +12.1 is +0.1. Itis
back inside cover of thBlautical AlmanacFirst, go to the important to extract the correction with the correct algebra-
daily page for June 16 at 10-00-00 GMT. In the column foric sign. Thed correction may be positive or negative
the moon, find the HP correction factor corresponding to 10depending on whether the moon’s declination is increasing
00-00. Its value is 58.4. Take this value to the HP correctioror decreasing in the interval covered by thiactor. In this
table on the inside back cover of thdmanac Notice that case, the moon’s declination at 10-00-00 GMT on 16 June
the HP correction columns line up vertically with the moonwas S 00 13.7'; at 11-00-00 on the same date the moon’s
altitude correction table columns. Find the HP correctiondeclination was S 0025.8'. Therefore, since the declina-
column directly under the altitude correction table headingion was increasing over this period, tlecorrection is
corresponding to the apparent altitude. Enter that columpositive. Do not determine the sign of this correction by
with the HP correction factor from the daily pages. The col-noting the trend in the factor. In other words, had the
umn has two sets of figures listed under “U” and “L” for factor for 11-00-00 been a value less than 12.1, that would
upper and lower limb, respectively. In this case, trace dowmot indicate that thel correction should be negative. Re-
the “U” column until it intersects with the HP correction fac- member that thel factor is analogous to an interpolation
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1994 JUNE 15, 16, 17 (WED., THURS., FRI)
Twilight L Moonrise
UN MOON Lat. Sunrise
GUT % Naut.  Civil 15 16 17 18
el G.H.A. Dec. G.H.A. v Dec d H.P. o nom h m h om - - -~ m nom hom
| . a ¥ FRI R A K = O o |0954|1150]1349] 1556
1500{179 55.6 N23 17.2[112 24.4 11.8 N 6 28.5 114 57.6 NT0| o= o o 1001|3149 | 1340 |15 36
01194 55.5 17.4|126 55.2 11.8 6 17.1 11.3 57.6 8| o o o 1006 [:148 |2333]1521
02|209 55.4 17.5|141 26.0 11.8 6 05.8 11.4 57.6 66| & = o |1011|:247|1326]1509
03|224 55.2 17.6|155 56.8 11.7 5 54.4 11.4 57.7 4| mw i 0133|104 |z2147 13211459
041239 55.1 17.7|170 27.5 11.8 5 43.0 11.5 57.7 62| m 0210 |10 18 | 21 46 | 1317 | 14 50
05|254 55.0 17.8|184 58.3 11.8 5 31.5 11.5 57.7 60| m 0052 | 0236|1020 |:146 1313|1443
06]269 54.8 N23 17.9/199 29.1 11.7 N 5 20.0 11.6 57.7| N 58| 0141|0256 |1023|1145|13 10| 14 37
w 07]284 54.7 18.0|213 59.8 11.8 5 08.4 11.5 57.8 56| 0211|0313 |1025|:145|1307 |14 31
E 08]299 54.6 18.1|228 306 11.7 4 56.9 11.7 57.8 54| 0048 | 0233|0327 1027 |:145]|13 04|14 26
D 09|314 54.4 18.2|243 01.3 11.8 4 452 11.6 57.8 5210133 |0251 0339|1029 |1144 1302|1421
N 10]329 54.3 183|257 32.1 11.7 4 33.6 11.7 57.8 50| 0200|0306 035010303144 1300|1417
E 11|344 542 18.5/272 02.8 11.7 4 21.9 11.7 57.9 4510246 | 0335 |04 13 | 1034 | 2144|1255 | 14 08
S 121359 54.0 N23 18.6/286 33.5 11.7 N 4 10.2 11.8 57.9| N40| 03 16 [ 0358 |04 31 | 1037 [ 1143 [1251 |14 01
D 13| 14 539 18.7|301 04.2 11.7 3 58.4 11.7 579 35| 0339 |04 16 |04 46 | 1039 [ 1143 |12 48 | 13 54
A 14| 29 538 18.8]|315 349 11.7 3 46.7 11.8 579 30| 0358 | 0431 0459|1042 (1142|1245 |13 49
Y 15| a4 536 18.9]/330 05.6 11.7 3 34.9 11.9 58.0 20|04 27 |04 56 | 05 20 | 10 45 | 11 42 | 12 40 | 13 39
16| 59 53.5 19.0(344 363 116 3 23.0 11.8 58.0| N 10|04 49 | 05 16 [ 0539 | 10 49 | 11 41 | 12 35 | 13 31
17| 74 53.4 19.1359 06.9 11.6 3 11.2 11.9 58.0 0Jlo508 |0534 | 0557|1052 |:141 12311323
18| 89 53.2 N23 19.2] 13 375 11.7 N 2 59.3 11.9 58.0] S10| 0525 [ 0551 |06 14 | 10 55 | 11 40 | 12 27 | 13 16
19104 53.1 19.3| 28 08.2 11.6 2 47.4 12.0 58.1 20| 0541 |06 09 | 0633 | 1059 |11 40 |12 23 | 13 07
201119 s3.0 19.4| 42 38.8 11.6 2 354 11.9 58.1 30| 0558 | 0628 | 0654 | 1103|1140 | 1218 |12 58
21|134 52.8 19.5| 57 09.4 11.5 2 23.5 12.0 58.1 35| 0606 | 0638 |07 06 | 1105|1139 1215|1253
22|149 s52.7 19.6] 71 39.9 116 2 11.5 12.0 58.1 40| 06 16 | 06 50 | 07 20 [ 11 07 | 11 39 | 12 12 | 12 47
23| 164 52.6 19.7| 86 10.5 11.5 1 59.5 12.0 58.2 45|06 26 |07 03 |07 37 [11 10 |1139 (1208 |12 40
1600/179 52.4 N23 19.8/100 41.0 11.5 N 1 47.5 12.1 58.2]| S50 06 38 | 07 19 | 07 58 | 11 14 | 11 38 | 12 04 | 12 32
01194 52.3 19.9/115 11.5 11.5 1 35.4 12.0 58.2 52| 0643 |07 27 (0808 1115 (1138|1202 |12 28
02]209 52.2 20.0/129 42.0 11.5 1 23.4 12.1 58.2 54| 0649 | 0735|0819 [1117 [1138 (1200 |12 24
03|224 52.0 .. 20.1J144 12,5 115 1 11.3 12.1 58.3 56| 0655|0744 [0831|1119 (1138|1158 | 1219
04{239 51.9 201|158 43.0 114 0 59.2 12.1 58.3 58| 0702 |0754 [0846 1121|1138 | 1155|1214
05| 254 51.7 20.2|173 134 114 0 47.1 12.1 583 S60|07 09 |08 06 | 09 03 | 11 24 | 11 37 |11 52 | 12 09
06(269 51.6 N23 20.3|187 43.8 11.4 N 0 35.0 12.2 58.3 ™
07|284 515 204[202 142 113 02258 121 84| 1or | sumser | . O™ e
T 08{299 51.3 20.5{216 44.5 113 N 0 10.7 12.2 584 | " Cvil Nout. | 15 16 17 18
H 09]314 51.2 20.6/231 14.8 11.3 S 0 01.5 12.2 58.4
U 10{329 51.1 20.7|245 45.1 113 0 13.7 12.1 58.4 ol nm|l n ]l v - =] -]l ] N
R 11]344 50.9 20.8|260 15.4 11.2 0 258 122 585| N72| O (= O | 2338|2325 |2312| 2254
512|359 s50.8 N23 20.9|274 456 11.3 S0 38.0 12.2 585| N70| o o O | 2335|2329 |2323 2316
D 13| 14 50.7 21.00289 159 11.1 0 50.2 12.2 585 8| o o=} =1 23 34 | 2333 |23 32|23 32
¢ 14] 29 50.5 21.1/303 46.0 11.2 1 02.4 12.2 58.5 6| o ] O |2332|2336 2340|2346
15| 44 50.4 21.1|318 16.2 11.1 1 14.6 12.2 58.6 642229 | i 2331|2338 | 2347|2357
16 59 50.3 21.2|332 46.3 11.1 1 26.8 12.3 5B.6 62| 2152 | ] 2329 | 2340 | 23 52 | 24 07
17| 74 s0.1 21.3|347 16.4 11.0 1 39.1 12.2 5B.6 602126 |23 10 | 2328 | 2342 | 2357 |24 15
18] 89 50.0 N23 21.4| 1 46.4 110 S151.3 122 586| N5B| 2105 | 2221 | m 2327 | 23 44 | 24 02 | 00 02
190104 49.9 21.5| 16 16.4 11.0 2 03.5 12.2 58.7 56| 2049 | 21 51 " 2326 | 2345 | 24 06 | 00 06
20{119 49.7 21.6| 30 46.4 10.9 2 157 12.2 58.7 5412034 | 2129 [ 2315|2326 |23 47 | 24 09 | 00 09
21{134 49.6 21.6| 45 16.3 109 2 279 12.2 58.7 522022 | 2111|2229 |2325 (2348 |24 13| 0013
22{149 495 21.7| 59 46.2 10.9 2 40.1 12.2 58.7 50| 2011 | 2056 (2201|2324 2349|2415 | 0015
23| 164 49.3 21.8| 74 16.1 108 2 52.3 12.2 58.8 4511949 |20 26 |21 16 |23 23 |23 52 | 24 22 | 00 22
1700[179 49.2 N23 21.9| 88 459 10.8 S 3 04.5 12.2 58.8| N 40| 19 31 | 20 04 | 20 45 | 23 22 | 23 54 | 24 27 | 00 27
01f194 49.1 22.0/103 15.7 10.7 3 16.7 12.2 58.8 35|19 16 | 1945 | 20 22 | 23 21 | 23 55 | 24 32 | 00 32
02]209 48.9 22.0|117 454 107 3 28.9 12.2 58.8 30]1903 1930|2004 |2320|2357 |24 36 |0036
03|224 488 .. 22.1|132 15.1 10.7 3 41.1 12.2 58.9 2011841 | 1905|1935 |23 18 |24 00 | 0000 | 0O 43
04|239 48.6 22.2|146 448 106 3533 121 589| N10|18 22 | 1845 |19 12 | 23 17 | 24 02 | 00 02 | 00 50
05| 254 48.5 22.3|161 14.4 106 4 05.4 12.2 58.9 0|18 04 | 1827 | 1853 | 23 15|24 05 | 00 05 | 00 55
06269 48.4 N23 22.3[(175 44.0 105 S 4 17.6 12.1 589| S10| 1747 |18 10 |18 36 | 23 14 | 24 07 | 00 07 | 01 01
07| 284 48.2 22.4(190 13.5 10.5 4 29.7 12.1 59.0 20|17 28 | 1752 (1820 |23 :2 (2409 (0009 | O1 08
08| 299 48.1 22.5/204 43.0 104 4 41.8 12.1 59.0 3001707 | 1734 (1803 [23 10|23 12 (0012 | 01 15
F 09]|314 48.0 22.6(219 12.4 104 4 539 12.1 59.0 35|1655 | 1723 (1755|2309 |24 13 |00 13 | 01 19
R 10{329 47.8 22.6|233 41.8 10.3 5 06.0 12.1 59.0 40|1641 | 1711 |17 45 |23 08 |24 15|00 15 | 01 24
| 11|344 47.7 22.7|248 11.1 10.3 5 18.1 12.1 59.1 45|16 24 | 16 58 | 17 35 | 23 07 | 24 17 | 00 17 | O1 29
2 12359 47.6 N23 22.8(262 404 10.2 S5 30.2 12.0 59.1| S50| 16 03 | 1642 | 17 23 | 23 05 | 24 20 | 00 20 | 01 26
# 13| 14 47.4 22.9|277 09.6 10.2 5 42.2 12.0 59.1 5211553 | 1634 |17 18 [ 23 04 | 24 21 | 00 21 | 01 39
14| 29 47.3 22.9|291 38.8 10.1 5 54.2 12.0 59.1 5411542 | 16 26 |17 12 |23 04 | 24 22 | 00 22 | 01 42
15| 44 47.2 23.0/306 07.9 10.1 & 06.2 11.9 59.2 5611530 | 16 17 | 17 06 | 23 03 | 24 23 | 00 23 | 01 46
16] 59 47.0 23.1|320 37.0 10.0 & 18.1 12.0 59.2 5811515 | 1607 | 1659 |23 02 |24 25 [ 00 25 | 01 50
17| 74 469 23.1|335 06.0 10.0 6 30.1 11.9 59.2| S60| 1458 | 1555 | 16 52 | 23 00 |24 27 | 00 27 | 01 55
18| 89 46.8 N23 23.2|349 35.0 9.9 S & 42.0 11.9 59.2|
19108 466  233| 4039 99 6539 11.8 59.3 o MOON
20119 465 33| 18328 98 7 057 118 59.3| pay | EO® of Time f Mer Mor Pom el ionis
21|134 46.3 23.4| 33 016 9.7 7 17.5 11.8 59.3 00" 12" | Pass. | Upper Llower
22| 149 46.2 23.5| 47 30.3 9.7 7 29.3 11.8 59.3 woslom s of = = o e
23| 164 46.1 23.5| 61 59.0 96 7 41.1 11.7 59.4 15/ 00 17 | 00 24 | 12 00 | 17 04 | 04 39 |06
16|00 30 | 00 37 |12 01 |17 53 | 05 28 |07 O
s.0. 158 d 0.1] S.D. 15.8 15.9 16.1 17|00 43 | 00 49 | 12 01 | 18 <3 | 06 18 |08

Figure 2007. Right hand daily page of ti@utical Almanador June 16, 1994.
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factor; it provides a correction teclination. Therefore, the because the sight was taken at standard temperature and pres-
trend in declination values, not the trenddivalues, con-  sure; the horizontal parallax correction is not applicable to a
trols the sign of thed correction. Combine the tabulated planet sight. All that remains is the correction specific to Mars
declination and thd correction factor to determine the true or Venus. The altitude correction table in tRautical Alma-
declination. In this case, the moon’s true declination is Shacalso contains this correction. Its magnitude is a function of
00° 13.8' the body sighted (Mars or Venus), the time of year, and the
Having obtained the moon’s GHA and declination, calcu-body’s apparent altitude. Entering this table with the data for
late LHA and determine the assumed latitude. EnteSight  this problem yields a correction of +0.1". Applying these cor-
Reduction Tablevith the LHA, assumed latitude, and calculat- rections to jresults in an hiof 33 14.4".
ed declination. Calculate the intercept and azimuth in the same

manner used for star and sun sights. Tabulated GHA ¥ 256°10.6'/ 1.1
GHA Increment 1120.0'
2008. Reducing A Planet Sight v correction +0.8'
GHA 267°31.4'

There are four navigational planets: Venus, Mars, Ju-
piter, and Saturn. Reducing a planet sight is similar to  The only difference between determining the sun’s GHA
reducing a sun or star sight, but there are a few importardnd a planet's GHA lies in applying thesorrection. Calculate
differences. This section will cover the procedure for deterthis correction from the or d correction section of the Incre-
mining h, the GHA and the declination for a planet sight. ments and Correction table in tNautical Aimanac

On July 27, 1995, at 09-45-20 GMT, you take a sight Find thev factor at the bottom of the planets’ GHA col-
of Mars. H;is 33 20.5'. The height of eye is 25 feet, and the umns on the daily pages of tiautical AlmanacFor Mars
index correction is +0.2". Determing,/IGHA, and declina- on July 27, 1995, thefactor is 1.1. If no algebraic sign pre-

tion. See Figure 2008. cedes thev factor, add the resulting correction to the
tabulated GHA. Subtract the resulting correction only when

Body Mars a negative sign precedes thdactor. Entering they or d

Index Correction +0.2' correction table corresponding to 45 minutes yields a cor-

Dip Correction (25 feet) -4.9' rection of 0.8'. Remember, because no sign preceded the

Sum -4.7 factor on the daily pages, add this correction to the tabulat-

hg 33°20.5' ed GHA. The final GHA is 26'B1.4".

hy 33°15.8'

Altitude Correction -1.5 Tabulated Declinationd S0r06.1'/0.6

Additional Correction Not applicable d Correction +0.5'

Horizontal Parallax Not applicable True Declination S (’106.6'

Additional Correction for Mars +0.1'

Correction to g -1.4' Read the tabulated declination directly from the daily

ho 33144 pages of théNautical AlmanacThed correction factor is

listed at the bottom of the planet column; in this case, the

The table above demonstrates the similarity betweeffactor is 0.6. Note the trend in the declination values for the
reducing planet sights and reducing sights of the sun anplanet; if they are increasing during the day, the correction
stars. Calculate and apply the index and dip corrections exactor is positive. If the planet’'s declination is decreasing
actly as for any other sight. Take the resulting apparentluring the day, the correction factor is negative. Next, enter
altitude and enter the altitude correction table for the starghev or d correction table corresponding to 45 minutes and
and planets on the inside front cover of tiNautical extractthe correction forefactor of 0.6. The correction in
Almanac this case is +0.5".

In this case, the altitude correction for°33%.8' results in From this point, reducing a planet sight is exactly the
a correction of -1.5'. The additional correction is not applicablesame as reducing a sun sight.

MERIDIAN PASSAGE

This section covers determining both latitude and lon-triangle becomes a straight north/south line. No “solution” is
gitude at the meridian passage of the sun, or Local Apparemtecessary, except to combine the sun’s zenith distance and
Noon (LAN). Determining a vessel's latitude at LAN re- its declination according to the rules discussed below.
quires calculating the sun’s zenith distance and declination  Longitude at LAN is a function of the time elapsed since the
and combining them according to the rules discussed beloveun passed the Greenwich meridian. The navigator must deter-

Latitude at LAN is a special case of the navigational tri- mine the time of LAN and calculate the GHA of the sun at that
angle where the sun is on the observer's meridian and thiame. The following examples demonstrates these processes.
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1995 JULY 27, 28, 29 (THURS., FRI., SAT.)
ut | ARIES | VENUS —3.9| MARS <4 1.3| JUPITER —2.3|SATURN =10 STARS
(GMT)
4 W G.H.A. G.H.A. Dec. G.H.A. Dec. G.H.A, Dec. G.H.A. Dec. MName S.H.A. Dec.
2700] 304 12.4( 185 23.5 N21 31.7 | 121 00.7 S 1 00.4 | 60 23.8 520 36.7 | 308 27.9 5 4 15.6 | Acamar 315 28.7 S40 19.1
01] 319 14.9| 200 22.7 31.2 | 136 01.8 01.0| 75 26.3 36.7 | 323 30.4 15.7 | Achernar 335 36.7 S57 15.2
02] 334 17.3] 215 21.9 30.7 | 151 02.9 01.7| 90 28.8 36.7 | 338 330 15.7 | Acrux 173 24.6 S63 04.8
03u 349 19.8]230 21.1 -+ 30.2 ( 166 04.0 - - 02.3 | 105 31.3 - - 36.7 | 353 35.5 - - 15.2 | Adhara 255 23.4 S28 58.0
04 4 223|245 204 29.7 | 181 05.1 02.9 | 120 33.8 36.7 8 38.1 15.2 | Aldebaran 291 05.0 N1 29.9
05| 19 24.7 260 19.6 29.2 | 196 06.2 03.6 | 135 36.4 36.7| 23 406 15.5
06 34 27.2|275 18.8 N21 28.7 | 211 07.3 S 1 04.2 | 150 38.9 520 36.7 | 3B 43.1 S 2 15.9 | Alioth 166 32.7 N55 59.3
07| 49 29.7| 290 18.0 28.2 | 226 08.4 04.8 | 165 41.4 36.7| 53 45.7 15.9 | Alkaid 153 09.6 N49 20.4
T 0B8] o4 32.1] 305 17.2 27.7 | 241 09.5 05.4 | 180 43.9 36.7| 68 4B.2 16.0 | Al Na'ir 28 00.2 546 58.7
H 09] 79 34.6|320 164 - - 27.1| 256 10.6 - - 06.1 | 195 46.4 - - 36.7| 83 50.7 - - 16.0 | Alnilam 276 00.3 S1 123
U 10| 94 37.1| 335 15.6 26.6 | 271 11.7 06.7 | 210 48.9 36.7| 98 53.3 16.2 | Alphard 218 09.6 S 8 38.4
R 11| 109 39.5( 350 14.8 26.1 | 286 12.8 07.3 | 225 51.5 36.7 | 113 55.8 16.2
S 12| 124 42.0 5 14.0 N21 25.6| 301 13.9 S 1 08.0 | 240 54.0 520 36.7 | 128 58.4 S < 16.0 | Alphecca 126 22.3 N26 44.0
D 13| 139 4a.4| 20 13.2 25.1 | 316 15.0 08.6 | 255 56.5 36.7 | 144 00.9 16.2 | Alpheratz 357 57.2 N29 04.0
A 14| 154 46.9| 35 12.4 245|331 16.1 09.2 | 270 59.0 36.7 | 159 03.4 16.2 | Altair 62 21.0 N 8 51.6
Y 15169 49.4| 50 116 -+ 24.0 [ 346 17.2 - - 09.8| 286 01.5 - - 36.7 | 174 06.0 - - 16.3 | Ankaa 353 28.8 542 19.5
16) 184 51.8| 65 10.8 235 1 18.3 10.5 | 301 04.0 36.7 | 189 08.5 16.3 | Antares 112 42.5 S26 25.3
17| 199 54.3| 80 10.0 23.0| 16 19.4 11.1 | 316 06.6 36.7 | 204 11.1 16.4
18] 214 56.8| 95 09.2 N21 22.5| 31 20.6 S 1 11.7| 331 09.1 520 36.7 | 219 13.6 S 4 16.2 | Arcturus 146 08.0 N19 12.5
19{ 229 59.2] 110 08.4 219 | 46 217 12.4 ] 346 116 36.7 | 234 1b.1 16.4 | Atria 107 56.1 S&9 01.3
20| 245 01.7| 125 07.7 214 | 6l 22.8 13.0 1141 36.7 | 249 18.7 16.3 | Avior 234 24.1 S59 29.8
211 260 04.2 (140 069 - - 209 | 76 239 - - 136| 16 16.6 -+ 36.7| 264 21.2 - - 16.5 | Bellatrix 278 46.7 N & 20.7
22| 275 06.6| 155 06.1 20.3| 91 25.0 14.2 31 19.1 36.7 | 279 23.8 16.6 | Betelgeuse 271 1l6.1 N 7 24.3
23| 290 09.1] 170 05.3 19.8 | 106 26.1 149 | 46 216 36.7 | 294 26.3 16.6
2800f 305 11.6| 185 04.5 N21 19.3 | 121 27.2 S 1 15.5| 61 24.1 520 36.7 | 309 28.8 S < 16.7 | Canopus 264 02.6 552 416
01} 320 14.0| 200 03.7 18.8 | 136 28.3 16.1| 76 26.7 36.7 | 324 31.4 16.7 | Copella 280 54.7 N45 59.4
02] 335 16.5| 215 02.9 18.2 | 151 29.4 16.8| 91 29.2 36.7 | 339 339 16.8 | Deneb 49 40.1 N45 16.0
03| 350 18.9| 230 02.1 - - 17.7 | 166 30.5 -+ 17.4 [ 106 31.7 - - 36.7 | 354 36.5 - - 16.5 | Denebola 182 47.6 N14 35.9
04] 5 21.4)245 01.3 17.1 | 181 31.6 18.0 | 121 34.2 36.7 9 39.0 16.5 | Diphda 349 09.2 518 00.4
05| 20 23.9) 260 00.6 l6.6 | 196 32.7 18.6 | 136 36.7 36.7| 24 415 16.9
06 35 26.3| 274 59.8 N21 16.1 | 211 33.8 S 119.3| 151 39.2 20 36.7| 39 44.1 S 4 169 | Dubhe 194 08.7 N6l 46.6
07| 50 28.8| 289 59.0 15.5 | 226 34.9 19.9 | 166 41.7 36.7| 54 46.6 17.0 | Elnath 278 29.9 N28 36.1
08| &5 31.3| 304 58.2 15.0 | 241 36.0 20.5 | 181 44.2 36.7 | 69 49.2 17.0 | Eltanin 90 51.9 N51 29.7
F 09] 80 33.7|319 57.4 - - 14.5| 256 37.1 -+ 212|196 46.7 - - 36.7| 84 51.7 - - 17.2 | Enif 34 00.0 N 9 51.5
R 10| 95 36.2| 334 56.6 13.9 | 271 38.2 21.8 | 211 49.2 36.7| 99 54.3 17.2 | Fomalhout 15 38.5 S29 385
I 11] 110 38.7 349 55.8 13.4 | 286 39.3 22.4 | 226 51.8 36.7 | 114 56.8 17.2
0 121125 411| 4 551 N21 12.8)301 40.4 S 1 23.0 | 241 54.3 520 36.7 | 129 59.3 S & 17.2 | Gacrux 172 16.1 S57 05.6
A 13| 140 43.6| 19 54.3 12.3 | 316 41.5 23.7 | 256 56.8 36.7 | 145 01.9 17.2 | Gienah 176 06.3 517 31.1
Y 14{ 155 46.1| 34 535 11.7 | 331 42.6 243|271 59.3 36.7 | 160 04.4 17.2 | Hadar 149 07.0 Se0 21.3
15/ 170 48.5| 49 52.7 - - 11.2 | 346 43.6 -+ 249|287 01.8 - - 36.7| 175 07.0 - - 17.2 | Hamal 328 15.9 N23 26.4
16] 185 51.0| &4 51.9 10.6 1447 25.6 | 302 04.3 36.7 | 190 09.5 17.2 | Kous Aust. 84 01.3 S34 23.1
17| 200 53.4| 79 51.1 10.1| 16 45.8 26.2 | 317 06.8 36.7 | 205 12.1 17.4
18] 215 55.9| 94 50.4 N21 09.5| 31 46.9 S 1 26.8 | 332 09.3 520 36.7 | 220 14.6 S ¢ 17.5 | Kochab 137 19.4 N74 10.8
19] 230 58.4 | 109 49.6 09.0 | 46 48.0 27.5| 347 11.8 36.7 | 235 17.1 17.5 | Markab 13 51.5 N15 11.0
20| 246 00.8] 124 48.8 08.4 | 61 49.1 28.1 2 143 36.7 | 250 19.7 17.6 | Menkar 314 29.2 N 4 04.4
21] 261 03.3|139 48.0 - - 079 | 76 50.2 - - 28.7| 17 16.8 - - 36.7| 265 22.2 - - 17.6 | Menkent 148 23.4 S36 21.0
22| 276 05.8| 154 47.2 07.3| 91 51.3 293 32 19.3 36.7 | 280 24.8 17.6 | Mioplacidus 221 43.3 Se9 42.1
23] 291 08.2] 169 46.4 06.8 | 106 52.4 300 47 21.8 36.7 | 295 27.3 17.7
2900] 306 10.7 [ 184 45.7 N21 06.2 | 121 53.5 S 1 30.6 | 62 24.3 520 36.8 | 310 29.9 S < 17.7 | Mirfak 308 59.8 N49 50.5
01) 321 13.2| 199 449 05.7 | 136 54.6 312 77 26.8 36.8 | 325 32.4 17.6 | Nunki 76 14.6 526 18.0
02| 336 15.6| 214 44.1 05.1] 151 55.7 319 92 29.3 36.8 | 340 349 17.8 | Peacock 53 39.8 556 44.8
03] 351 18.1| 229 433 + - 04.5| 166 56.8 - - 32.5| 107 31.8 - - 36.8| 355 37.5 - - 17.9 | Pollux 243 44.5 N28 02.1
04 b 20.5( 244 425 04.0 | 181 57.9 331122 343 36.8| 10 40.0 17.9 | Procyen 245 14.1 N 5 14.1
05] 21 23.0) 259 41.8 03.4 ] 196 59.0 33.8 | 137 36.8 36.8| 25 426 18.0
06| 36 255|274 41.0 N21 02.9 | 212 00.1 S 1 34.4 | 152 39.3 S20 36.8 | 40 45.1 S # 18.0 | Rasalhague 96 18.7 N12 34.0
07| 51 27.9| 289 40.2 02.3 | 227 01.2 35.0 | 167 41.8 36.8| 55 47.7 18.1 | Regulus 207 58.1 N11 59.3
S 08| &6 30.4| 304 39.4 01.7 | 242 02.3 35.6 | 182 44.4 36.8| 70 50.2 18.1 | Rigel 281 25.2 S B 124
A 09] 81 329|319 38.7 -+ 012|257 03.4 - - 363|197 469 - - 36.8| 85 52.8 - - 18.1 |Rigil Kent. 140 10.0 Se0 49.2
T 10| 96 35.3| 334 37.9 00.6 | 272 04.5 36.9 | 212 49.4 36.8 | 100 55.3 18.2 | Sabik 102 27.7 S15 43.1
U 11] 111 37.8| 349 37.1 21 00.0 | 287 05.6 37.5| 227 519 36.8 | 115 57.9 18.2
R 12| 126 40.3| 4 36.3 N20 59.4 | 302 06.7 S 1 38.2 | 242 54.4 520 36.8 | 131 00.4 S & 18.2 | Schedor 349 55.6 N56 30.6
D 13] 141 42.7| 19 356 58.9 | 317 07.8 38.8 | 257 56.9 36.8 | 146 02.9 18.2 | Shaula 96 39.8 S37 06.0
A 14| 156 452 34 34.8 58.3 | 332 08.9 39.4 | 272 59.4 36.8 | 161 05.5 18.4 | Sirius 258 459 S16 42.6
Y 15171 47.7| 49 34.0 - - 57.7 347 10.0 - - 40.1|288 01.8 - - 36.8 | 176 08.0 - - 18.2 | Spica 158 45.5 S11 08.3
16{ 186 50.1| &4 332 57.2 2 11.0 40.7 1303 04.3 36.8 | 191 106 18.5 | Suhail 223 02.7 S43 25.0
17| 201 52.6| 79 32.5 56.6 | 17 12.1 41.3 | 318 06.8 36.8 | 206 13.1 18.5
18] 216 55.0| 94 31.7 N20 56.0 | 32 13.2 S 1 42.0| 333 09.3 S20 36.8 | 221 15.7 § 2 18.6 | Vego 80 47.7 N38 47.1
19| 231 57.5] 109 30.9 55.4 | 47 14.3 42.6 | 348 11.8 36.8 | 236 18.2 18.6 | Zuben'ubi 137 20.3 Sl6 01.4
20f 247 00.0] 124 30.1 54.9 | 62 15.4 432 3143 36.8 | 251 20.8 18.6 SHA  Mer Pois
21| 262 02.4|139 294 -- 543 77 165 - 438 18 16.8 - - 368|266 23.3 - - 187 LA b e
22] 277 04.9| 154 28.6 53.7| 92 17.6 445| 33 19.3 36.8 | 2B1 25.9 18.7 | Venus 239 529 11 40
23| 292 07.4 169 27.8 53.1 | 107 18.7 451 | 48 21.8 36.8 | 296 28.4 18.8 | Mors 176 15.6 15 53
b m Jupiter 116 126 19 51
Mer, Pass. 3 386 v-08 d 05 v 11 d o v 25 d oo v 25 d oc|Saturn 4173 3 22

Figure 2008. Left hand daily page of tRautical Almanador July 27, 1995.
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2009. Latitude At Meridian Passage

central meridian (as itis in this case), add this time to the time of
tabulated meridian passage. If the longitude difference is to the

At 1056 ZT, May 16, 1995, a vessel's DR position is L east of the central meridian, subtract this time from the tabulated

40° 04.3'N andh 157 18.5' W. The ship is on course 200

meridian passage. In this case, the DR position is west of the

at a speed of ten knots. (1) Calculate the first and second esentral meridian. Therefore, add 29 minutes and 32 seconds to
timates of Local Apparent Noon. (2) The navigator actuallyl156, the tabulated time of meridian passage. The estimated
observes LAN at 12-23-30 zone time. The sextant altituddéime of LAN is 12-25-32 ZT.

at LAN is 69 16.0'. The index correction is +2.1' and the

This first estimate for LAN does not take into account the

height of eye is 45 feet. Determine the vessel's latitude. vessel's movement. To calculate tecond estimatef LAN,

first determine the DR longitude for the time of first estimate of

Date 16 May 1995 LAN (12-25-32 ZT). In this case, that longitude would be 157
DR Latitude (1156 ZT) 3955.0' N 25.2'W. Then, calculate the difference between the longitude of
DR Longitude (1156 ZT) 15723.0' W the 12-25-32 DR position and the central meridian longitude.
Central Meridian 150w This would be 7 25.2'. Again, enter the arc to time conversion

d Longitude (arc) 723'W table and calculate the time difference corresponding to this lon-
d Longitude (time) +29 min. 32 sec gitude difference. The correction fot @f arc is 28’ of time, and
Meridian Passage (LMT) 1156 the correction for 25.2' of arc is 1'41" of time. Finally, apply this
ZT (first estimate) 12-25-32 time correction to the original tabulated time of meridian pas-
DR Longitude (12-25-32) 15725.2' sage (1156 ZT). The resulting time, 12-25-41 ZT, issbeond

d Longitude (arc) 725.2' estimateof LAN.

d Longitude (time) +29 min. 41 sec Solving for latitude requires that the navigator calculate
Meridian Passage 1156 two quantities: the sun’s declination and the sun’s zenith dis-
ZT (second estimate) 12-25-41 tance. First, calculate the sun’s true declination at LAN. The
ZT (actual transit) 12-23-30 local problem states that LAN is 12-28-30. (Determining the exact
Zone Description +10 time of LAN is covered in section 2010.) Enter the time of ob-
GMT 22-23-30 served LAN and add the correct zone description to determine
Date (GMT) 16 May 1995 GMT. Determine the sun’s declination in the same manner asin
Tabulated Declinationd N 1% 09.0'/ +0.6 the sight reduction problem in section 2006. In this case, the tab-
d correction +0.2' ulated declination was N 199.1', and the d correction +0.2'.
True Declination N 1909.2' The true declination, therefore, is N°119.3'.

Index Correction +2.1' Next, calculate zenith distance. Recall from Navigational
Dip (48 ft) -6.7' Astronomy that zenith distance is simply’9@bserved altitude.
Sum -4.6' Therefore, correctdto obtain I; then correct hto obtain k.

hg (at LAN) 69 16.0' Then, subtract hfrom 90 to determine the zenith distance.
h, 69° 11.4' Name the zenith distance North or South depending on the rela-
Altitude Correction +15.6' tive position of the observer and the sun’s declination. If the
89° 60’ 89 60.0' observer is to the north of the sun’s declination, name the zenith
ho 69° 27.0' distance north. Conversely, if the observer is to the south of the
Zenith Distance N 2033.0' sun’s declination, name the zenith distance south. In this case,
True Declination N 1909.2' the DR latitude is N 3955.0" and the sun’s declination is N°19
Latitude 39422 19.3'. The observer is to the north of the sun’s declination; there-

fore, name the zenith distance north. Next, compare the names

First, determine the time of meridian passage from the dailpf the zenith distance and the declination. If their names are the

pages of thdautical Almanacin this case, the meridian pas- same (i.e., both are north or both are south), add the two values
sage for May 16, 1995, is 1156. That is, the sun crosses ttiegether to obtain the latitude. This was the case in this problem.
central meridian of the time zone at 1156 ZT and the observerBoth the sun’s declination and zenith distance were north; there-
local meridian at 1156 local time. Next, determine the vessel'fore, the observer's latitude is the sum of the two.

DR longitude for the time of meridian passage. In this case, the  If the name of the body’s zenith distance is contrary to
vessel's 1156 DR longitude is 1523.0' W. Determine the time  the name of the sun’s declination, then subtract the smaller
zone in which this DR longitude falls and record the longitudeof the two quantities from the larger, carrying for the name
of that time zone’s central meridian. In this case, the central mesf the difference the name of the larger of the two quanti-
ridian is 150 W. Enter the Conversion of Arc to Time table in ties. The result is the observer’s latitude. The following
the Nautical Almanaavith the difference between the DR lon- examples illustrate this process.

gitude and the central meridian longitude. The conversiorffor 7Zenith Distance N 25 Zenith Distance S 50

of arc is 28" of time, and the conversion for 23' of arc 83 True Declination S 15  True Declination N10°

of time. Sum these two times. If the DR position is west of theLatitude N 10 Latitude S 40
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2010. Longitude At Meridian Passage curve at two different points. The x coordinates of the
points where these lines intersect the faired curve repre-
Determining a vessel’s longitude at LAN is straightfor- sent the two different times when the sun’s altitude was
ward. In the western hemisphere, the sun’s GHA at LANequal (one time when the sun was ascending; the other
equals the vessel’s longitude. In the eastern hemispheréme when the sun was descending). Draw three such
subtract the sun’s GHA from 38Qo determine longitude. lines, and ensure the lines have sufficient vertical sepa-
The difficult part lies in determining the precise moment ofration. For each line, average the two times where it
meridian passage. intersects the faired curve. Finally, average the three re-
Determining the time of meridian passage presents aulting times to obtain a final value for the time of LAN.
problem because the sun appears to hang for a finite timérom theNautical Almanacdetermine the sun’s GHA at
at its local maximum altitude. Therefore, noting the timethat time; this is your longitude in the western hemi-
of maximum sextant altitude is not sufficient for deter- sphere. In the eastern hemisphere, subtract the sun’s
mining the precise time of LAN. Two methods are GHA from 360 to determine longitude.
available to obtain LAN with a precision sufficient for The second method of determining LAN is similar to
determining longitude: (1) the graphical method and (2)the first. Estimate the time of LAN as discussed above,
the calculation method. The graphical method is dis-Measure and record the sun’s altitude as the sun ap-
cussed first below. proaches its maximum altitude. As the sun begins to
See Figure 2010. Approximately 30 minutes before thelescend, set the sextant to correspond to the altitude re-
estimated time of LAN, measure and record sextant alticorded just before the sun’s reaching its maximum
tudes and their corresponding times. Continue taking sightaltitude. Note the time when the sun is again at that alti-
for about 30 minutes after the sun has descended from thede. Average the two times. Repeat this procedure with
maximum recorded altitude. Increase the sighting frequentwo other altitudes recorded before LAN, each time pre-
cy near the predicted meridian passage. One sight every 28etting the sextant to those altitudes and recording the
30 seconds should yield good results near meridian pagorresponding times that the sun, now on its descent,
sage; less frequent sights are required before and after. passes through those altitudes. Average these corre-
Plot the resulting data on a graph of sextant altitudesponding times. Take a final average among the three
versus time. Fair a curve through the plotted data. Nextaveraged times; the result will be the time of meridian
draw a series of horizontal lines across the curve formegassage. Determine the vessel’'s longitude by determin-
by the data points. These lines will intersect the faireding the sun’'s GHA at the exact time of LAN.

t, + t
T, = 1 B
m 2
3 t,

SUNS TB = l2 + 15
MEASURED S T
ALTITUDE ts ts 2

o = W+l
t1 tﬁ 2
LAN = Ta+Teg +Tc
1 1 1 3
]

t; t> i, TIME 14 15 tg

Figure 2010. Time of LAN.



324 SIGHT REDUCTION

LATITUDE BY POLARIS

2011. Latitude By Polaris LHA ° 162° 03.5'
Ap (162 03.5") +T? 25.4'

Since Polaris is always within about df the North  A; (L = 5C°N) +0.6'

Pole, the altitude of Polaris, with a few minor corrections,A, (April) +0.9'

equals the latitude of the observer. This relationship makeSum T 26.9'

Polaris an extremely important navigational star in theConstant -100.0'

northern hemisphere. Observed Altitude 4931.6'
The corrections are necessary because Polaris orbits Fotal Correction +26.9'

a small circle around the pole. When Polaris is at the exadtatitude N 49 58.5'

same altitude as the pole, the correction is zero. At two
points in its orbit it is in a direct line with the observer and Enter the Polaris table with the calculated LHA of Aries
the pole, either nearer than or beyond the pole. At thesél62 03.5"). See Figure 2011. The first correctior, /& a
points the corrections are maximum. The following exam-function solely of the LHA of Aries. Enter the table column
ple illustrates converting a Polaris sight to latitude. indicating the proper range of LHA of Aries; in this case, en-
ter the 160-169 column. The numbers on the left hand side

At 23-18-56 GMT, on April 21, 1994, at DR=37°  of the Ay correction table represent the whole degrees of
14.0' W, L =50 23.8' N, the observed altitude of Polaris LHA ”; interpolate to determine the propeporrection.
(ho) is 49 31.6'. Find the vessel’s latitude. In this case, LHASY® was 16203.5'. The 4 correction for

To solve this problem, use the equation: LHA =162°is 1° 25.4' and the fcorrection for LHA =163
is 1° 26.1". The A correction for 16203.5'is 2 25.4'.

To calculate the Acorrection, enter the £correction ta-
ble with the DR latitude, being careful to stay in the 1669
where hyis the sextant altitude ghcorrected as in any other LHA column. There is no need to interpolate here; simply
star sight; 2 is a constant; and & A4, and A; are correc-  choose the latitude that is closest to the vessel’'s DR latitude. In
tion factors from the Polaris tables found in theutical ~ this case, L is SIN. The A, correction corresponding to an
Almanac These three correction factors are always posiLHA range of 166-16% and a latitude of 50! is + 0.6".
tive. One needs the following information to enter the  Finally, to calculate the Acorrection factor, stay in the
tables: LHA of Aries, DR latitude, and the month of the 160°-169 LHA “f~ column and enter the Acorrection ta-

Latitude = h,—1° +A0 +A1 +A2

year. Therefore: ble. Follow the column down to the month of the year; in
this case, it is April. The correction for April is + 0.9'.
Tabulated GHA? (2300 hrs.) 1982.7' Sum the corrections, remembering that all three are al-
Increment (18-56) 444.8' ways positive. Subtract®lfrom the sum to determine the
GHA ©y° 199 17.5' total correction; then apply the resulting value to the ob-

DR Longitude (-W +E) 3714.0' served altitude of Polaris. This is the vessel's latitude.
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POLARIS (POLE STAR) TABLES, 1994
FOR DETERMINING LATITUDE FROM SEXTANT ALTITUDE AND FOR AZIMUTH

325

LHA |120° - |130° - | 140° — | 150° = | 160° — | 170° — | 180° ~ | 190° — | 200° — | 210° - | 220° — | 230° -
ARIES | 129°| 139°| 149°| 159°| 169°| 179°| 189°| 199°| 209°| 219°| 220°| 239°
a, do as a, a, a, a, a, a, a, ay a,
0 |0 5391 o18|1 0971 172|1 241|1 303|1 355(1 396(1 425|1 441 (1 443 |1 432
I 54'7 026 10°4 17-9 248 309 360 400 42-7 442 443 430
2 555| o034 12| 186 254| 314 364| 403 429| 443| 42| 428
3 563 o042 120f 193( 261| 320| 369| 406| 431| 443| 441| 426
4 571 050 127 200 26-7 32'5 373 409|433 444 440 424
5 |0 5781 058 1 1351 207|1 27:3|1 3301 377|101 4121 435|1 4441 439|1 421
6 586| 0661 142| 214| 279| 335| 31| 45| 436| 444| 438| 419
7 |0 594 o073 Iso| 221 285 341 385( 418 438| 444| 437| 416
8 |1 oo2] ofr| 157| 228| 291| 346| 389 420 439| 444| 425 413
9 oro| o89| 164| 235| 207| 350| 393| 423| 440| 444| 434| 410
1o |1 oI'8|1 097(1 172{1 2411 303|1 3551 396[1 42:5(1 441|1 443|1 432|1 407
Lat. a, a, a, a, a, a; a, a, a, a, a, a,
(] 02 02 03 03 04 04 05 06 06 06 o6 06
1o 3 3 3 4 4 5 5 6 6 6 6 6
20 3 4 ‘4 ‘4 4 5 5 6 6 6 6 6
30 .4 4 ‘4 .5 ‘5 5 s 6 6 -6 .6 .6
40 05 05 0§ 05 05 06 06 06 06 o6 a-6 06
45 5 5 .5 6 .6 ‘6 .6 6 .6 .6 .6 .6
50 6 6 6 -6 6 -6 6 6 6 -6 6 6
60 -8 -8 7 7 7 7 -6 -6 -6 -6 6 6
62 08 08 0-8 o8 07 07 07 06 06 06 06 06
64 ‘9 ‘9 -8 -8 -8 7 7 6 6 6 -6 -6
66 09 09 ‘9 -8 -8 7 -7 6 6 -6 6 -6
68 1-0 10 09 09 o8 0-8 07 07 06 06 06 06
Month a, a, a a, a, a, a, a, a, a, a, a,
' ' ' ’ ’ r r ’ ’ ' r r
Jan. 06 06 06 05 05 05 04 04 04 04 04 04
Feb. -8 8 T 7 ‘6 6 5 5 4 4 4 3
Mar. 09 09 09 -8 -8 7 6 -6 ‘5 5 4 4
Apr. 10 10 10 09 09 o8 o8 07 07 06 05 ]
May 09 10 10 10 1-0 0'9 9 ‘9 -8 -8 i 6
June -8 09 09 09 09 1-0 ‘9 ‘9 ‘9 9 8 8
July 07 07 o8 08 o-8 09 09 09 09 09 09 09
Aug. S 'S 6 6 o 7 8 8 8 9 9 ‘9
Sept. 3 4 4 5 5 ‘6 6 7 77 2 -8 -8
Oct. 03 03 03 03 03 04 04 05 0’5 06 o6 07
Nﬂ“'- -2 -2 -2 -2 2 2 2 .3 3 .4 .5 -5
Dec. 03 02 02 02 o1 o1 o1 02 02 02 03 04
Lat. AZIMUTH
0 | 3592 | 3592 | 3593 | 3593 | 3594 | 3595 | 3596 | 3597 | 3598 | o0 o1 02
20 | 3592 | 3592 | 3592 | 359'3 | 3594 | 359'S | 3596 | 3597 | 3598 | oo 01 03
40 | 3590 | 3590 | 3591 | 359I | 359-2 | 359:3 | 359'5 | 3596 | 3598 | oo o1 03
50 | 3588 | 3588 | 3589 | 3590 | 359-1 | 3592 | 3594 | 3596 | 3598 | o0 02 04
55 | 3587 | 3587 | 3587 | 3588 | 3590 | 3591 | 359'3 | 359'5 | 3597 | oo o2 04
60 | 3585 | 3585 | 3586 | 3587 | 3588 | 3590 | 3592 | 359'5 | 3597 | o0 02 o5
65 | 3582 | 3582 | 3583 | 3584 | 3586 | 358-8 | 3501 | 3594 | 3596 | 3599 | 03 06

Figure 2011. Excerpt from the Polaris Tables.
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