CHAPTER 26

EMERGENCY NAVIGATION

INTRODUCTION

2600. Planning For Emergency Navigation

With a complete set of emergency equipment, emer-
gency navigation differs little from traditional shipboard
navigation routine. Increasing reliance on complex elec-
tronic systems has changed the perspective of emergency
navigation. Today itis more likely that anavigator will suf-
fer failure of electronic devices and be left with little more
than a sextant with which to navigate than that he will be
forced to navigate a lifeboat. In the event of failure or de-
struction of electronic systems, navigational equipment and
methods may need to beimprovised. The officer who regu-

method. He should be able to construct a plotting sheet with
a protractor and improvise a sextant. For the navigator pre-
pared with such knowledge the situation is never hopeless.
Some method of navigation &ways available. This was
recently proven by a sailor who circumnavigated the earth
using no instruments of any kind, not even a compass. Basic
knowledge can suffice.

The modern ship’s regular navigation gear consists of
many complex electronic systems. Though they may posses
a limited backup power supply, most depend on an uninter-
rupted supply of electrical power. The failure of that power
due to hostile action, fire, or breakdown can instantly ren-

larly navigates by blindly “filling in the blanks” or reading der the unprepared navigator helpless. This discussion is
the coordinates from “black boxes” will not be prepared tantended to provide the navigator with the information

use basic principles to
emergency.

improvise solutions

in ameeded to navigate a vessel in the absence of the regular

suite of navigation gear. Training and preparation for a nav-

For offshore voyaging, the professional navigator musigation emergency are essential. This should consist of

become thoroughly familiar with the theory of celestialregular practice in the techniques discussed herein while the
navigation. He should be able to identify the most usefulegular navigation routine is in effect, so that confidence in
stars and know how to solve his sights by any widely useemergency procedures is established.

BASIC TECHNIQUES OF EMERGENCY NAVIGATION

2601. Emergency Navigation Kit

The navigator should assemble a kit containing equip-
ment for emergency navigation. Even with no expectation
of danger, it is good practice to have such a kit permanently
located in the chart room or on the bridge so that it can be
quickly broken out if needed. It can be used on the bridge
in the event of destruction or failure of regular navigation
systems, or taken to a lifeboat if the “abandon ship” call is
made.

If practical, full navigational equipment should be pro-
vided in the emergency kit. As many as possible of the
items in the following list should be included.

1. Anotebook or journal suitable for use as a deck log
and for performing computations.

2. Charts and plotting sheets. A pilot chart is ex-
cellent for emergency use. It can be used for
plotting and as a source of information on com-
pass variation, shipping lanes, currents, winds,
and weather. Charts for both summer and winter

3.

seasons should be included. Plotting sheets are
useful but not essential if charts are available.
Universal plotting sheets may be preferred, partic-
ularly if the latitude coverage is large. Include
maneuvering boards and graph paper.

Plotting equipment. Pencils, erasers, a straight-
edge, protractor or plotter, dividers and compasses,
and a knife or pencil sharpener should be included.
A ruler is also useful.

. Timepiece. A good watch is needed if longitude is to

be determined astronomically. It should be water-
proof or kept in a waterproof container which
permits reading and winding of the watch if neces-
sary without exposing it to the elements. The
optimum timepiece is a quartz crystal chronometer,
but any high-quality digital wristwatch will suffice if

it is synchronized with the ship’s chronometer. A
portable radio capable of receiving time signals, to-
gether with a good wristwatch, will also suffice.
Sextant. A marine sextant should be included. If this
is impractical, an inexpensive plastic sextant will suf-
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fice. Severa types are available commerciadly. The
emergency sextant should be used periodicaly in ac-
tual daily navigation soitslimitations and capabilities
are fully understood. Plastic sextants have been used
safely on extensive ocean voyages. Do not hesitate to
use them in an emergency.

updated with a DR position will be adequate. But when
conflicting information or information of questionable reli-
ability is received, the navigator must determine an MPP.
When complete positional information is lacking, or
when the available information is questionable, the most
probable position might be determined from the intersec-
Almanac. A current Nautical Almanac contains  tion of a single line of position and a DR, from a line of
ephemeral data and concise sight reduction tables.  soundings, from lines of position which are somewhat in-
Another year's almanac can be used for stars andonsistent, or from a dead reckoning position with a
the sun without serious error by emergency staneorrection for current or wind. Continue a dead reckoning
dards. Some form of long-term almanac might beplot from one fix to another because the DR plot often pro-
copied or pasted in the notebook. vides the best estimate of the MPP.
Tables. Some form of table will be needed for re- A series of estimated positions may not be consistent
ducing celestial observations. Thélautical because of the continual revision of the estimate as addi-
Almanac produced by the U. S. Naval Observatorytional information is received. However, it is good practice
contains detailed procedures for calculator sight reto plot all MPP’s, and sometimes to maintain a separate EP
duction and a compact sight reduction table. plot based upon the best estimate of track and speed made
Compass. Each lifeboat must carry a magneticgood over the ground. This could indicate whether the
compass. For shipboard use, make a deviation tabfFesent course is a safe one. See Chapter 23.
for each compass with magnetic material in its nor-
mal place. The accuracy of each table should b@603. Plotting Sheets
checked periodically.
Flashlight. A flashlight is required in each lifeboat. If plotting sheets are not available, a Mercator plotting
Check the batteries periodically and include extrssheet can be constructed through either of two alternative
batteries and bulbs in the kit. methods based upon a graphical solution of the secant of the
Portable radio. A transmitting-receiving set ap- latitude, which approximates the expansion of latitude.
proved by the Federal Communications
Commission for emergency use can establish conFirst method (Figure 2603a):
munications with rescue authorities. A small

portable radio may be used as a radio direction
finder or for receiving time signals.

AnEmer gency Position I ndicating Radiobeacon
(EPIRB) is essential. When activated, this device
emits a signal which will be picked up by the
COSPAS/SARSAT satellite system and automati-
cally relayed to a ground station. It is then routed
directly to rescue authorities. The location of the
distress can be determined very accurately. De-
pending on the type of EPIRB, the signal may even
identify the individual vessel in distress, thus al-
lowing rescuers to determine how many people are
in danger, the type of emergency gear they may
have, and other facts to aid in the rescue. Because
of this system, the navigator must question the wis-
dom of navigating away from the scene of the
distress. It may well be easier for rescue forces to
find him if he remains in one place. See Chapter 28,
The Global Maritime Distress and Safety System
(GMDSS).

2602. M ost Probable Position

usually little doubt as to the position. The most recent fixThe meridians may be shown at the desired interval and the

In the event of failure of primary electronic navigation
systems, the navigator may need to establishntbst
probable position (MPP) of the vessel. Usually there is

Step one. Draw a series of equally spaced vertical
lines at any spacing desired. These are
the meridians; label them at any desired
interval, such as 1', 2', 5', 10', 30, étc.

Step two. Draw and label a horizontal line through
the center of the sheet to represent the
parallel of the mid-latitude of the area.

Step three. Through any convenient point, such as
the intersection of the central meridian
and the parallel of the mid-latitude, draw
a line making an angle with the horizon-
tal equal to the mid-latitude. In Figure
2603a this angle is 35

Step four. Draw in and label additional parallels.
The length of the oblique line between
meridians is the perpendicular distance
between parallels, as shown by the bro-
ken arc. The number of minutes of arc
between parallels is the same as that be-
tween the meridians.

Step five. Graduate the oblique line into conve-
nient units. If 1' is selected, this scale
serves as both a latitude and mile scale. It
can also be used as a longitude scale by
measuring horizontally from a meridian
instead of obliquely along the line.
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Figure 2603a. Small area plotting sheet with selected longitude scale.

mid-parallel may be printed and graduated in units of lon-
gitude. In using the sheet it is necessary only to label the
meridians and draw the oblique line. From it determine the
interval used to draw in and label additional paralels. If the
central meridian is graduated, the oblique line need not be.

Second method (Figure 2603b).

Step one. At the center of the sheet draw a circle
with a radius equal to 1° (or any other
convenient unit) of latitude at the desired
scale. If a sheet with a compass rose is
available, as in Figure 2603b, the com-
passrose can be used asthecircle and will
prove useful for measuring directions. It
need not limit the scale of the chart, asan
additional concentric circle can be drawn,
and desired graduations extended to it.

Step two. Draw horizontal linesthrough the center
of the circle and tangent at the top and
bottom. These are paralels of latitude;
label them accordingly, at the selected in-
terval (asevery 1°, 30, etc.).

Step three. From the center of the circle draw a
line making an angle with the horizontal
equal to the mid-latitude. In Figure
2603b thisangleis 40°.

Step four. Draw in and label the meridians. The
firstisavertical linethrough the center of
the circle. The second is a vertical line
through the intersection of the oblique
line and the circle. Additional meridians
are drawn the same distance apart as the
first two.

Step five. Graduate the oblique line into conve-
nient units. If 1' is selected, this scale
serves as a latitude and mile scale. It can
also be used as alongitude scale by mea-
suring horizontally from a meridian,
instead of obliquely along the line.

In the second method, the parallels may be shown at
the desired interval, and the central meridian may be printed
and graduated in units of latitude. In using the sheet it is
necessary only to label the parallels, draw the oblique line,
and from it determine the interval and draw in and label ad-
ditional meridians. If the central meridian is graduated, as
shown in Figure 2603b, the oblique line need not be.

The sameresult is produced by either method. Thefirst
method, starting with the selection of the longitude scale, is
particularly useful when the longitude limits of the plotting
sheet determine the scale. When the latitude coverage is
more important, the second method may be preferable. In
either method a central compass rose might be printed.
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Figure 2603b. Small area plotting sheet with selected latitude scale.

Both methods use a constant relationship of latitude to
longitude over the entire sheet and both fail to alow for the
ellipticity of the earth. For practical navigation these are not
important considerations.

2604. Dead Reckoning

Of the varioustypes of navigation, dead reckoning doneis
adways available in some form. In an emergency it is of more
than averageimportance. With eectronic syslemsout of service,
keep aclose check on speed, direction, and distance made good.
Carefully evaluate the effects of wind and current. Long voyag-
eswith accurate landfalls have been successfully completed by
thismethod done. Thisis not meant to minimizetheimportance
of other methods of determining position. However, dead reck-
oning positions may be more accurate than those determined by
other methods. If the means of determining direction and dis-
tance (the dements of dead reckoning) are accurate, it may be
best to adjust the dead reckoning only after aconfirmed fix.

Plotting can be done directly on a pilot chart or plotting

sheet. If this proves too difficult, or if an independent check is
desired, some form of mathematical reckoning may be useful.
Table 2604, asmplified traverse table, can be used for this pur-
pose Thisisacritical-typetable, variousfactorsbeing given for
limiting values of certain angles. To find the difference or
change of latitude in minutes, enter the table with course angle,
reckoned from north or south toward the east or west. Multiply
the distance run, in miles, by thefactor. To find the departurein
miles, enter the table with the complement of the course angle.
Multiply the distance run in miles by the factor. To convert de-
partureto difference of longitudein minutes, enter thetablewith
mid-latitude and divide the departure by the factor.

Example: A vessel travels 26 miles on course 205°,
from Lat. 41°44'N, Long. 56°21'W.

Required: Latitude and longitude of the point of arrival.

Solution: The course angleis 205° - 180° = 25°W, and
the complement is90° - 25° = 65°. The factors corresponding
to theseangles are 0.9 and 0.4, respectively. The difference of

Angle 0O
Factor

1.0

18

0.9

31

0.8

41

0.7

49

0.6

56

0.5

63

04

69

0.3

Table 2604. Simplified traverse table.

75

0.2

81

0.1

87

90

0.0
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latitudeis 26 x 0.9 = 23’ (to the nearest minute) and the depar- Meridian transit: Any celestial body bears due north
tureis26 x 0.4= 10mi. Sncethecourseisinthesouthwestern  or south at meridian transit, either upper or lower. This is the
quadrant, in the Northern Hemisphere, thelatitude of thepoint ~ moment of maximum (or minimum) altitude of the body.
of arrival is41°44' N -23' = 41°21'N. The factor correspond-  However, since the altitude at this time is nearly constant
ing to the mid-latitude 41°32'N is 0.7. The difference of  during a considerable change of azimuth, the instant of me-
longitudeis 10+ 0.7 = 14'. Thelongitude of the point of arrival ridian transit may be difficult to determine. If time and an

iS56°21'W+ 14 = 56°35'W. almanac are available, and the longitude is known, the time
Answer: Lat. 41°21'N, Long. 56°35'W. of transit can be computed. It can also be graphed as a curve
on graph paper and the time of meridian transit determined
2605. Deck Log with sufficient accuracy for emergency purposes.

Body on prime vertical: If any method is available for

At the beginning of a navigation emergency anaviga  determining when a body is on the prime vertical (due east or
tion log should be started. The date and time of the casualty ~ west), the compass azimuth at this time can be observed. Table
should bethefirst entry, followed by navigational informa- 20, Meridian Angle and Altitude of a Body on the Prime Ver-
tion such as ship’s position, status of all navigation systemscal Circle provides this information. Any body on the
the decisions made, and the reasons for them. celestial equator (declinatiofi)ds on the prime vertical at the

The best determination of the position of the casualtjime of rising or setting. For the sun this occurs at the time of
should be recorded, followed by a full account of courseghe equinoxes. The star MintakeQrionis), the leading star of
distances, positions, winds, currents, and leeway. No infrion’s belt, has a declination of approximately’8.and can
portant navigational information should be left to memorybe considered on the celestial equator. For an observer near the

if it can be recorded. equator, such a body is always nearly east or west. Because of
refraction and dip, the azimuth should be noted when the cen-
2606. Direction ter of the sun or a star is a little more than one sun diameter

(half a degree) above the horizon. The moon should be ob-

Direction is one of the elements of dead reckoning. /A€rved when its upper limb is on the horizon.
deviation table for each compass, including lifeboat com-  Body at rising or setting: Except for the moon, the az-
passes, should already have been determined. In the eventth angle of a body is almost the same at rising as at
of destruction or failure of the gyrocompass and bridgeetting, except that the former is toward the east and the lat-
magnetic compass, lifeboat compasses can be used. ter toward the west. If the azimuth is measured both at rising

If an almanac, accurate Greenwich time, and the necesnd setting, true south (or north) is midway between the two
sary tables are available, the azimuth of any celestial body cahserved values, and the difference between this value and
be computed and this value compared with an azimuth me48C® (or 000) is the compass error. Thus, if the compass az-
sured by the compass. If it is difficult to observe the compasmuth of a body is 073at rising, and 277at setting, true
azimuth, select a body dead ahead and note the compass head- 073 + 277°
ing. The difference between the computed and observembuth (180) is —
azimuths is compass error on that heading. This is of more im-
mediate value than deviation, but if the latter is desired, it c#Pmpass error is’&. This method may be in error if the ves-
be determined by applying variation to the compass error. S€l is moving rapidly in a north or south direction. If the

Several unique astronomical situations occur, permitdeclination and latitude are known, the true azimuth of any
ting determination of azimuth without computation: body at rising or setting can be determined by means of a di-

Polaris: Polaris is always within°2of true north for ob- agram O_n the plqne of the celestial meridian or by
servers between the equator and latitud&l60vhen this star  COMPutation. For this purpose, the body (except the moon)
is directly above or below the celestial pole, its azimuth is exsthUId be considered as rising or setting when its center is a
actly north at any latitude. This occurs approximately when thitlé more than one sun diameter (half a degree) above the
trailing star of either Cassiopeia or the Big Dipper (Alkaid) ig'0rizon. because of refraction and dip.
directly above or directly below Polaris (Figure 2611). When  Finding direction by the relationship of the sun to the
a line through the trailing stars and Polaris is horizontal, thBands of a watch is sometimes advocated, but the limita-
maximum correction should be applied. Below latitude 50tions of this method prevent its practical use at sea.
this can be consideref; and between 5G@nd 65, 2°. If Cas- A simple technique can be used for determining devia-
siopeia is to the right of Polaris, the azimuth is°0@t 002),  tion. An object that will float but not drift rapidly before the
and if to the left, 359(or 358). The south celestial pole is lo- wind is thrown overboard. The vessel is then steered steadily
cated approximately at the intersection of a line through thia the opposite direction to that desired. At a distance of per-
longer axis of the Southern Cross with a line from the nortHhaps half a mile, or more if the floating object is still clearly
ernmost star of Triangulum Australe perpendicular to the line view, the vessel is turned around in the smallest practical
joining the other two stars of the triangle. No conspicuous staadius, and headed back toward the floating object. The
marks this spot (See star charts in Chapter 15). magnetic course is midway between the course toward the

= 175 by compass, and the
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object and the reciprocal of the course away from the ob-
ject. Thus, if the boat is on compass course 151° while
heading away from the object, and 337° while returning, the
magnetic course is midway between 337° and 151° + 180°
337 + 331

2
Since 334° magnetic is the same as 337° by compass, the
deviation on this heading is 3°W.

If acompassis not available, any celestial body can be
used to steer by, if itsdiurnal apparent motion isconsidered.
A reasonably straight course can be steered by noting the

= 331°,o0r = 334°.

direction of the wind, the movement of the clouds, the di-
rection of the waves, or by watching the wake of the vessel.
The angle between the centerline and the wake is an indica-
tion of the amount of leaway.

A body having a declination the same as the latitude of
the destination is directly over the destination once each
day, when its hour angle equals the longitude, measured
westward through 360°. At this time it should be dead
ahead if the vessel is following the great circle leading di-
rectly to the destination. The Nautical Almanac can be
inspected to find a body with a suitable declination.

EMERGENCY CELESTIAL NAVIGATION

2607. Almanacs

Almanac information, particularly declination and
Greenwich hour angle of bodies, is important to celestial
navigation. If the current Nautical Almanac is available,
there is no problem. If the only copy available isfor a pre-
vious year, it can be used for the sun, Aries, and stars
without serious error, by emergency standards. However,
for greater accuracy, proceed as follows:

For declination of the sun, enter the amanac with atime
that is earlier than the correct time by 5h 49M times the number
of years between the date of the dmanac and the correct date,
adding 24 hours for each February 29 that occurs between the
dates. If thedateis February 29, use March 1 and reduce by one
the number of 24 hour periodsadded. For GHA of thesun or Ar-
ies, determine the value for the correct time, adjugting the
minutes and tenths of arc to agree with that at thetimefor which
the declination is determined. Since the adjustment never ex-
ceeds half a degree, care should be used when the vaueis near
awhole degree, to prevent the value from beingin error by 1°.

If no dmanac is available, a rough approximation of the
declination of the sun can be obtained as follows: Count the
daysfrom the given date to the nearer solstice (June 21 or De-
cember 22). Divide this by the number of days from that
solgtice to the equinox (March 21 or September 23), using the
equinox that will result in the given date being between it and
the solstice. Multiply the result by 90°. Enter Table 2604 with
the angle so found and extract the factor. Multiply this by
23.45° to find the declination.

Example 1: The date is August 24.

Required: The approximate declination of the sun.

Solution: The number of days fromthe given date to the
nearer solstice (June 21) is 64. There are 94 days between
June 21 and September 23. Dividing and multiplying by 90°,

64 0 - r
g7 X 90° = 613

The factor from Table 2604 is 0.5. The declination is
23.45° x 0.5 = 11.7°. We know it is north because of the date.

Answer: Dec. 11.7°N.

The accuracy of this solution can beimproved by con-
sidering the factor of Table 2604 as the value for the mid-
angle between the two limiting ones (except that 1.00 is
correct for 0° and 0.00 is correct for 90°), and interpolat-
ing to one additional decimal. In this instance the
interpolation would be between 0.50 at 59.5 and 0.40 at
66°. Theinterpolated valueis 0.47, giving adeclination of
11.0°N. Still greater accuracy can be obtained by using a
table of natural cosinesinstead of Table 2604. By natural
cosinethevalueis 11.3°N.

If thelatitudeis known, the declination of any body can
be determined by observing ameridian altitude. It isusually
best to make a number of observations shortly before and
after trangit, plot the values on graph paper, letting the ordi-
nate (vertical scale) represent altitude, and the abscissa
(horizontal scale) the time. The atitude is found by fairing
acurve or drawing an arc of acircle through the points, and
taking the highest value. A meridian altitude problem is
then solved in reverse.

Example 2: Thelatitude of a vessel is40°16'S. The sun
is observed on the meridian, bearing north. The observed
altitudeis 36°29'.

Required: Declination of the sun.

Solution: The zenith distanceis 90° - 36°29' = 53°31".
The sun is 53°31’ north of the observer, or 13°15' north of
the equator. Hence, the declination is 13°15’ N.

Answer: Dec. 13°15' N.
The GHA of Aries can be determined approximately

by considering it equal to GMT (in angular units) on Sep-
tember 23. To find GHA Aries on any other date, add 1° for
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each day following September 23. The value is approxi-
mately 90° on December 22, 180° on March 21, and 270°
on June 21. The values so found can bein error by as much
as several degrees, and so should not be used if better infor-
mation is available. An approximate check is provided by
the great circle through Polaris, Caph (the leading star of
Cassiopeia), and the eastern side of the square of Pegasus.
When this great circle coincides with the meridian, LHA

Y isapproximately 0°. The hour angle of abody isequal
toits SHA plusthe hour angle of Aries.

If an error of upto 4°, or alittle more, is acceptable, the
GHA of the sun can be considered equal to GMT + 180°
(12"). For more accurate results, one can make atable of the
equation of time from the Nautical Almanac perhaps at
five- or ten-day intervals, and include thisin the emergency
navigation kit. The egquation of timeis applied according to
itssignto GMT + 180° to find GHA.

2608. Altitude M easur ement

With asextant, atitudes are measured in the usua manner.
If inasmall boat or lifeboat, it isagood ideato make a number
of observations and average both the dtitudes and times, or plot
on graph paper the dtitudes versustime. Therougher the sea, the
moreimportant isthis process, which tendsto average out errors
caused by heavy weather observations.

The improvisations which may be made in the absence
of asextant are so varied that in virtually any circumstances
alittle ingenuity will produce a device to measure altitude.
The results obtained with any improvised method will be
approximate at best, but if anumber of observations are av-
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Figure 2608a. Improvised astrolabe; shadow method.

eraged, the accuracy can be improved. A measurement,
however approximate, is better than an estimate. Two gen-
eral types of improvisation are available:

1. Circle. Any circular degree scale, such as a maneu-
vering board, compassrose, protractor, or plotter can be used
to measure dltitude or zenith distance directly. This is the
principle of the ancient astrolabe. A maneuvering board or
compass rose can be mounted on aflat board. A protractor or
plotter may be used directly. Thereareanumber of variations
of the technique of using such a device. Some of them are;

A peg or nail is placed at the center of the circle. A
weight is hung from the 90° graduation, and a string for
holding the device is attached at the 270° graduation. When
it is held with the weight acting as a plumb bob, the 0° -
180° line is horizontal. In this position the board is turned
in azimuth until it isin line with the sun. The intersection of
the shadow of the center peg with the arc of the circle indi-
cates the atitude of the center of the sun.

The weight and loop can be omitted and pegs placed at
the 0° and 180° points of the circle. While one observer
sights along the line of pegs to the horizon, an assistant
notes the altitude.

The weight can be attached to the center pin, and the
three pins (0°, center, 180°) aligned with the celestial body.
The reading is made at the point where the string holding
the weight crosses the scale. The reading thus obtained is
the zenith distance unless the graduations are labeled to in-
dicate atitude. This method, illustrated in Figure 2608b, is
used for bodies other than the sun.

Whatever the technique, reverse the device for half the
readings of a series, to minimize errors of construction.
Generally, the circle method produces more accurate results
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Figure 2608b. Improvised astrolabe; direct sighting method.
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than the right triangle method, described below.

2.Right triangle. A cross-staff can be used to establish
one or more right triangles, which can be solved by mea-
surement of the angle representing the altitude, either
directly or by reconstructing the triangle. Another way of
determining the altitudeisto measure two of the sides of the
triangle and divide one by the other to determine one of the
trigonometric functions. This procedure, of course, requires
asource of information on the val ues of trigonometric func-
tions corresponding to various angles. If the cosine is
found, Table 2604 can be used. Thetabulated factors can be
considered correct to one additional decimal for the value
midway between the limited values (except that 1.00 is the
correct value for 0° and 0.00 is the correct value for 90°)
without seriouserror by emergency standards. Interpolation
can then be made between such values.

By either protractor or table, most devices can be grad-
uated in advance so that angles can be read directly. There
are many variations of the right triangle method. Some of
these are described below.

Two straight pieces of wood can be attached to each oth-
er in such away that the shorter one can be moved aong the
longer, the two always being perpendicular to each other.
The shorter piece is attached at its center. One end of the
longer arm is held to the eye. The shorter arm is moved until
its top edge isin line with the celestial body, and its bottom
edgeisin line with the horizon. Thus, two right triangles are
formed, each representing half the altitude. For low altitudes,
only one of the triangles is used, the long arm being held in
line with the horizon. The length of half the short arm, divid-
ed by the length of that part of thelong arm between the eye
and the intersection with the short arm, is the tangent of half
the atitude (the whole altitude if only one right triangle is
used). The cosine can be found by dividing that part of the
long arm between the eye and the intersection with the short
arm by the slant distance from the eye to one end of the short
arm. Graduations consist of a series of marks along the long
arm indicating settingsfor various angles. The device should
be inverted for alternate readings of a series.

A rule or any stick can be held at arm’s length. The top
of the rule is placed in line with the celestial body being ob
served, and the top of the thumb is placed in line with th

Figure 2608c. Improvised cross-staff.
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horizon. The rule is held vertically. The length of rule above
the thumb, divided by the distance from the eye to the top of
the thumb, is the tangent of the angle observed. The cosine
can be found by dividing the distance from the eye to the top
of the thumb by the distance from the eye to the top of the
rule. If the rule is tilted toward the eye until the minimum of
rule is used, the distance from the eye to the middle of the
rule is substituted for the distance from the eye to the top of
the thumb, half the length of the rule above the thumb is used,
and the angle found is multiplied by 2. Graduations consist of
marks on the rule or stick indicating various altitudes. For the
average observer each inch of rule will subtend an angle of
about 2.3, assuming an eye-to-ruler distance of 25 inches.
This relationship is good to a maximum altitude of abotit 20

The accuracy of this relationship can be checked by
comparing the measurement against known angles in the
sky. Angular distances between stars can be computed by
sight reduction methods, includiriRub. No. 229, by using
the declination of one star as the latitude of the assumed po-
sition, and the difference between the hour angles (or
SHA's) of the two bodies as the local hour angle. The angu-
lar distance is the complement of the computed altitude. The
angular distances between some well-known star pairs are:
end stars of Orion’s belt, 2.7pointers of the Big Dipper,
5.4°, Rigel to Orion’s belt, 99 eastern side of the great
square of Pegasus, 1%.0ubhe (the pointer nearer Polaris)
and Mizar (the second star in the Big Dipper, counting from
the end of the handle), 19.3

The angle between the lines of sight from each eye is, at
arm’s length, about®6By holding a pencil or finger horizontal-
ly, and placing the head on its side, one can estimate an angle of
about 8 by closing first one eye and then the other, and noting
how much the pencil or finger appears to move in the sky.

The length of the shadow of a peg or nail mounted perpen-
dicular to a horizontal board can be used as one side of an
altitude triangle. The other sides are the height of the peg and the
slant distance from the top of the peg to the end of the shadow.
The height of the peg, divided by the length of the shadow, is the
tangent of the altitude of the center of the sun. The length of the
shadow, divided by the slant distance, is the cosine. Graduations
consist of a series of concentric circles indicating various alti-
tudes, the peg being at the common center. The device is kept
ﬁorizontal by floating it in a bucket of water. Half the readings
of a series are taken with the board turned k88zimuth.

Two pegs or nails can be mounted perpendicular to a
board, with a weight hung from the one farther from the eye.
The board is held vertically and the two pegs aligned with the
body being observed. A finger is then placed over the string
holding the weight, to keep it in position as the board is turned
on its side. A perpendicular line is dropped from the peg near-
er the eye, to the string. The body’s altitude is the acute angle
nearer the eye. For alternate readings of a series, the board
should be inverted. Graduations consist of a series of marks
indicating the position of the string at various altitudes.

As the altitude decreases, the triangle becomes smaller.
At the celestial horizon it becomes a straight line. No instru-
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ment is needed to measure the atitude when either the
upper or lower limb is tangent to the horizon, as the sextant
dtitudeisthen 0°.

2609. Sextant Altitude Corrections

If altitudes are measured by a marine sextant, the usual
sextant altitude corrections apply. If the center of the sun or
moon is observed, either by sighting at the center or by
shadow, the lower-limb corrections should be applied, as
usual, and an additional correction of minus 16’ applied. If
the upper limb is observed, use minus 32'. If a weight is
used as a plumb bob, or if the length of a shadow is mea-
sured, omit the dip (height of eye) correction.

If an amanac is not available for corrections, each
source of error can be corrected separately, as follows:

If asextant is used, theindex correction should be de-
termined and applied to all observations, or the sextant
adjusted to eliminate index error.

Refraction is given to the nearest minute of arcin Ta
ble 2609. The value for a horizon observation is 34'. If the
nearest 0.1° is sufficiently accurate, as with an improvised
method of observing altitude, a correction of 0.1° should be
applied for altitudes between 5° and 18°, and no correction
applied for greater altitudes. Refraction appliesto all obser-
vations, and is always minus.

Dip, in minutes of arc, is approximately equd to the square
root of the height of eye, infeet. The dip correction appliesto al
observationsinwhich the horizon isused asthe horizontal refer-
ence. Itisawaysaminus. If 0.1° accuracy is acceptable, no dip
correction is needed for small boat heights of eye.

The semidiameter of the sun and moon is approxi-
mately 16’ of arc. The correction does not apply to other
bodies or to observations of the center of the sun and moon,
by whatever method, including shadow. The correction is
positive if the lower limb is observed, and negative if the
upper limb is observed.

For emergency accuracy, parallax is applied to obser-
vations of the moon only. An approximate value, in minutes
of arc, can be found by multiplying 57’ by the factor from
Table 2604, entering that table with atitude. For more ac-
curate results, the factors can be considered correct to one
additional decimal for the altitude midway between thelim-
iting values (except that 1.00 is correct for 0° and 0.00 is
correct for 90°), and the values for other atitudes can be
found by interpolation. This correction is always positive.

For observations of celestial bodies on the horizon, the
total correction for zero height of eyeis:

Sun: Lower limb: (-)18', upper limb: (-)50".
Moon: Lower limb: (+)39', upper limb: (+)7'.
Altitude 5° 6° 7° 8° 10°
Refraction 9 8' 7 6'

Planet/star: (-)34".

Dip should be added algebraically to these values.

Since the “sextant” altitude is zero, the “observed” al-
titude is equal to the total correction.

2610. Sight Reduction

Sight reduction tables should be used, if available. If not,
use the compact sight reduction tables found iN#utical Al-
manac. If trigonometric tables and the necessary formulas are
available, they will serve the purpose. Speed in solution is sel-
dom a factor in a lifeboat, but might be important aboard ship,
particularly in hostile areas. If tables but no formulas are avail-
able, determine the mathematical knowledge possessed by the
crew. Someone may be able to provide the missing information.
If the formulas are available, but no tables, approximate natural
values of the various trigonometric functions can be obtained
graphically. Graphical solution of the navigational triangle can
be made by the orthographic method explained in the chapter on
Navigational Astronomy. A maneuvering board might prove
helpful in the graphical solution for either trigonometric func-
tions or altitude and azimuth. Very careful work will be needed
for useful results by either method. Unless full navigational
equipment is available, better results might be obtained by mak-
ing separate determinations of latitude and longitude.

2611. Latitude Deter mination

Several methods are available for determining latitude;
none requires accurate time.

Latitude can be determined usingaridian altitude
of any body, if its declination is known. If accurate time,
knowledge of the longitude, and an almanac are available,
the observation can be made at the correct moment, as de-
termined in advance. However, if any of these is lacking, or
if an accurate altitude-measuring instrument is unavailable,
a better procedure is to make a number of altitude observa-
tions before and after meridian transit. Then plot altitude
versus time on graph paper, and the highest (or lowest, for
lower transit) altitude is scaled from a curve faired through
the plotted points. At small boat speeds, this procedure is
not likely to introduce a significant error. The time used for
plotting the observations need not be accurate, as elapsed
time between observations is all that is needed, and this is
not of critical accuracy. Any altitudes that are not consistent
with others of the series should be discarded.

Latitude by Polaris is explained in Chapter 20, Sight
Reduction. In an emergency, only the first correction is of
practical significance. If suitable tables are not available,

1z 15° 2r° 33 63° 90°
5' 4' 3 2 1 0

Table 2609. Refraction.
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this correction can be estimated. The trailing star of Cassi-
opeia (0 Cassiopeiae) and Polaris have almost exactly the
same SHA. The trailing star of the Big Dipper (Alkaid) is
nearly opposite Polaris and 0 Cassiopeiae. These three
stars, [0 Cassiopeiae, Polaris, and Alkaid, form a line
through the pole (approximately). When this line is hori-
zontal, there is no correction. When it is vertical, the
maximum correction of 56" applies. It should be added to
the observed altitude if Alkaid is at the top, and subtracted
if 0 Cassiopeiaeis at the top. For any other position, esti-
mate the angle this line makes with the vertical, and
multiply the maximum correction (56") by the factor from
Table 2604, adding if Alkaid is higher than [0 Cassiopeiae,
and subtracting if it is lower. For more accurate results, the
factor from Table 2604 can be considered accurate to one
additional decimal for the mid-val ue between those tabul at-
ed (except that 1.00 is correct for 0° and 0.00 for 90°). Other
values can be found by interpolation.

Thelength of the day varies with latitude. Hence, lat-
itude can be determined if the elapsed time between sunrise
and sunset can be accurately observed. Correct the ob-
served length of day by adding 1 minute for each 15’ of
longitude traveled toward the east and subtracting 1 minute
for each 15’ of longitude traveled toward the west. The lat-
itude determined by length of day is the value for the time
of meridian transit. Since meridian transit occurs approxi-
mately midway between sunrise and sunset, half the
interval may be observed and doubled. If asunrise and sun-
set table is not available, the length of daylight can be
determined graphically using a diagram on the plane of the
celestial meridian, as explained in Chapter 15. A maneuver-
ing board is useful for this purpose. This method cannot be
used near the time of the equinoxes and is of little value
near the equator. The moon can be used if moonrise and
moonset tables are available. However, with the moon, the

. .
Polaris * %

Aldkaid

Viertieal

Figure 2611. Relative positions of [1 Cassiopeiae, Polaris,
and Alkaid with respect to the north celestial pole.

half-interval method is of insufficient accuracy, and allow-
ance should be made for the longitude correction.

The declination of abody in zenith is equal to the lat-
itude of the observer. If no means are available to measure
atitude, the position of the zenith can be determined by
holding a weighted string overhead.

2612. Longitude Deter mination

Unlike latitude, determining longitude requires accurate
Greenwich time. All such methods consist of noting the
Greenwich time at which a phenomenon occurs locally. In
addition, atableindicating the time of occurrence of the same
phenomenon at Greenwich, or equivalent information, is
needed. Three methods may be used to determine longitude.

When abody isonthelocal celestial meridian, itsGHA
isthe same as the longitude of the observer if in west longi-
tude, or 360 - A in east longitude. Thus, if the GMT of local
timeof transit is determined and atable of Greenwich hour
angles (or time of transit of the Greenwich meridian) is
available, longitude can be computed. If only the equation
of time is available, the method can be used with the sun.
This is the reverse of the problem of finding the time of
transit of abody. Thetime of transit is not always apparent.
If acurveis made of altitude versus time, as suggested pre-
viously, the time corresponding to the highest altitude is
used in the determination of longitude. Under some condi-
tions, it may be preferable to observe an altitude before
meridian transit, and then again after meridian transit, when
the body has returned to the same altitude as at the first ob-
servation. Meridian transit occurs midway between these
two times. A body in the zenith ison the celestial meridian.
If accurate azimuth measurement is available, note the time
when the azimuth is 000° or 180°.

The difference between the observed GMT of sunrise or
sunset and the LMT tabulated in the dmanac isthe longitudein
time units, which can then be converted to angular measure. If
the Nautical Almanac is used, this information is tabulated for
eachthird day only. Greater accuracy can be obtained if interpo-
lation is used for determining intermediate values. Moonrise or
moonset can be used if the tabulated LMT is corrected for lon-
gitude. Planets and stars can be used if the time of rising or
Setting can be determined. This can be computed, or approxi-
mated using a diagram on the plane of the celestid meridian
(See Chapter 15, Navigational Astronomy).

Either of these methods can be used in reverse to set a
watch that has run down or to check the accuracy of awatch
if the longitude is known. In the case of a meridian transit,
thetime need not be determined at the instant of transit. The
watch is started, and the altitude is then measured several
times before and after transit, or at equal altitudes before
and after. The times of these observations are noted, and
from them the time of meridian transit is determined. The
difference between this time and the correct time of transit
can then be used as a correction to reset the watch.
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