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Last painting by Gilbert Stuart (1828). Considered by the family of Bowditch to be the best of
various paintings made, although it was unfinished when the artist died.



NATHANIEL BOWDITCH
(1773-1838)

Nathaniel Bowditch was born on March 26, 1773, in Philosophical Library Company, reputed to have been the best
Salem, Mass., fourth of the seven children of shipmastelibrary north of Philadelphia at the time. In 1791, when
Habakkuk Bowditch and his wife, Mary. Bowditch was 18, two Harvard-educated ministers, Rev. John

Since the migration of William Bowditch from Prince and Rev. William Bentley, persuaded the Company to
England to the Colonies in the 17th century, the family hacillow Bowditch the use of its library. Encouraged by these two
resided at Salem. Most of its sons, like those of otheimen and a third, Nathan Read, an apothecary and also a
families in this New England seaport, had gone to sea, andarvard man, Bowditch studied the works of the great men
many of them became shipmasters. Nathaniel Bowditchvho had preceded him, especially the mathematicians and the
himself sailed as master on his last voyage, and two of higstronomers. By the time he became of age, this knowledge,
brothers met untimely deaths while pursuing careers at seacquired when not working long hours at the chandlery, had

Nathaniel Bowditch’s father is said to have lost two Made young Nathaniel the outstanding mathematician in the
ships at sea, and by late Revolutionary days he returned fgommonwealth, and perhaps in the country.
the trade of cooper, which he had learned in his youth. This  In the seafaring town of Salem, Bowditch was drawn
provided insufficient income to properly supply the needsto navigation early, learning the subject at the age of 13
of his growing family, who were often hungry and cold. For from an old British sailor. A year later he began studying
many years the nearly destitute family received an annudurveying, and in 1794 he assisted in a survey of the town.
grant of 15 to 20 dollars from the Salem Marine Society. ByAt 15 he devised an almanac reputed to have been of great
the time Nathaniel had reached the age of 10, the family’@ccuracy. His other youthful accomplishments included the
poverty forced him to leave school and join his father in theconstruction of a crude barometer and a sundial.
cooper’s trade to help support the family. When Bowditch went to sea at the age of 21, it was as

Nathaniel was unsuccessful as a cooper, and when Heptain's writer and nominal second mate, the officer’s berth
was about 12 years of age, he entered the first of two shig2eing offered him because of his reputation as a scholar. Under
chandlery firms by which he was employed. It was duringCaptain Henry Prince, the shifenrysailed from Salemin the
the nearly 10 years he was so employed that his great minginter of 1795 on what was to be a year-long voyage to the lle
first attracted public attention. From the time he begarfle Bourbon (now called Reunion) in the Indian Ocean.
school Bowditch had an all-consuming interest in learning,  Bowditch began his seagoing career when accurate time
particularly mathematics. By his middle teens he was recogwas not available to the average naval or merchant ship. A
nized in Salem as an authority on that subject. Salem beinggliable marine chronometer had been invented some 60
primarily a shipping town, most of the inhabitants sooner oryears before, but the prohibitive cost, plus the long voyages
later found their way to the ship chandler, and news of thavithout opportunity to check the error of the timepiece, made
brilliant young clerk spread until eventually it came to thethe large investment an impractical one. A system of
attention of the learned men of his day. Impressed by his degletermining longitude by “lunar distance,” a method which
sire to educate himself, they supplied him with books that helid not require an accurate timepiece, was known, but this
might learn of the discoveries of other men. Since many oproduct of the minds of mathematicians and astronomers was
the best books were written by Europeans, Bowditch firsso involved as to be beyond the capabilities of the
taught himself their languages. French, Spanish, Latingneducated seamen of that day. Consequently, ships were
Greek and German were among the two dozen or more lamavigated by a combination of dead reckoning and parallel
guages and dialects he studied during his life. At the age dgfailing (a system of sailing north or south to the latitude of the
16 he began the study of NewtorPsincipia, translating destination and then east or west to the destination). The
parts of it from the Latin. He even found an error in that clas-navigational routine of the time was “lead, log, and lookout.”
sic text, and though lacking the confidence to announceitat  To Bowditch, the mathematical genius, computation of
the time, he later published his findings and had them aclunar distances was no mystery, of course, but he
cepted by the scientific community. recognized the need for an easier method of working them

During the Revolutionary War a privateer out of Beverly, in order to navigate ships more safely and efficiently.
a neighboring town to Salem, had taken as one of its prizes alhrough analysis and observation, he derived a new and
English vessel which was carrying the philosophical library ofsimplified formula during his first trip.

a famed lIrish scholar, Dr. Richard Kirwan. The books were  John Hamilton Moore’'§'he Practical Navigatomwas
brought to the Colonies and there bought by a group ofhe leading navigational text when Bowditch first went to
educated Salem men who used them to found theea, and had been for many years. Early in his first voyage,



however, the captain’s writer-second mate began turninfgat, performed when other masters were hove-to outside
up errors in Moore’s book, and before long he found itthe harbor, spread along the coast and added greatly to
necessary to recompute some of the tables he most oft@pwditch’s reputation. He was, indeed, the “practical
used in working his sights. Bowditch recorded the errors haavigator.”

found, and by the end of his second voyage, made in the His standing as a mathematician and successful
higher capacity of supercargo, the news of his findings inshipmaster earned him a well-paid position ashore within a
The New Practical Navigatdnad reached Edmund Blunt, matter of weeks after his last voyage. He was installed as
a printer at Newburyport, Mass. At Blunt's request, president of a Salem fire and marine insurance company at
Bowditch agreed to participate with other learned men inhe age of 30, and during the 20 years he held that position
the preparation of an American edition of the thirteenththe company prospered. In 1823 he left Salem to take a
(1798) edition of Moore's work. The first American edition similar position with a Boston insurance firm, serving that
was published at Newburyport by Blunt in 1799. This company with equal success until his death.
gdition corrected many of the errors that Moore had  Erom the time he finished the “Navigator’ until 1814,
included. Bowditch’s mathematical and scientific pursuits consisted of
Although most of the errors were of little significance studies and papers on the orbits of comets, applications of
to practical navigation because they were errors in the fifttNapier's rules, magnetic variation, eclipses, calculations on
and sixth places of logarithm tables, some errors wergdes, and the charting of Salem harbor. In that year, however, he
significant.The most significant mistake was listing theturned to what he considered the greatest work of his life, the
year 1800 as a leap year in the table of the sun’s declinatiomanslation into English ofMecanique Celeste, by Pierre
The consequence was that Moore gave the declination faraplace.Mecanique Celestevas a summary of all the then
March 1, 1800, as 7°11'. Since the actual value wa337,>  known facts about the workings of the heavens. Bowditch
the calculation of a meridian altitude would be in error bytranslated four of the five volumes before his death, and
22 minutes of latitude, or 22 nautical miles. published them at his own expense. He gave many formula
Bowditch’s principal contribution to the first American derivations which Laplace had not shown, and also included
edition was his chapter “The Method of Finding the further discoveries following the time of publication. His work
Longitude at Sea,” which discussed his new method fomade this information available to American astronomers and
computing lunar distances. Following publication of the firstenabled them to pursue their studies on the basis of that which
American edition, Blunt obtained Bowditch’s services inwas already known. Continuing his style of writing for the
checking the American and English editions for furtherlearmer, Bowditch presented his English versioMetanique
errors. Blunt then published a second American edition ofelestén such a manner that the student of mathematics could
Moore’s thirteenth edition in 1800. When preparing a thirdeasily trace the steps involved in reaching the most complicated
American edition for the press, Blunt decided that Bowditchconclusions.
had revised Moore’s work to such an extent that Bowditch ~ Shortly after the publication offhe New American
should be named as author. The title was changeth® Practical Navigator, Harvard College honored its author
New American Practical Navigatoand the book was with the presentation of the honorary degree of Master of
published in 1802 as a first edition. Bowditch vowed while Arts, and in 1816 the college made him an honorary Doctor
writing this edition to “put down in the book nothing | can’t of Laws. From the time the Harvard graduates of Salem first
teach the crew,” and it is said that every member of his crevassisted him in his studies, Bowditch had a great interest in
including the cook could take a lunar observation and plothat college, and in 1810 he was elected one of its Overseers,
the ship’s position. a position he held until 1826, when he was elected to the
Bowditch made a total of five trips to sea, over a periodCorporation. During 1826-27 he was the leader of a small
of about nine years, his last as master and part owner of tfgroup of men who saved the school from financial disaster by
three-mastedutnam. Homeward bound from a 13-month forcing necessary economies on the college’s reluctant
voyage to Sumatra and the lle de France (now calle@resident. At one time Bowditch was offered a Professorship
Mauritius) the Putnam approached Salem harbor on in Mathematics at Harvard but this, as well as similar offers
December 25, 1803, during a thick fog without having hadfrom West Point and the University of Virginia, he declined.
a celestial observation since noon on the 24th. Relyingn all his life he was never known to have made a public
upon his dead reckoning, Bowditch conned his woodenspeech or to have addressed any large group of people.
hulled ship to the entrance of the rocky harbor, where he  Many other honors came to Bowditch in recognition of
had the good fortune to get a momentary glimpse of Easternis  astronomical, mathematical, and marine
Point, Cape Ann, enough to confirm his position. Theaccomplishments. He became a member of the American
Putnamproceeded in, past such hazards as “Bowditch’sAcademy of Arts and Sciences, the East India Marine
Ledge” (named after a great-grandfather who had wrecke8ociety, the Royal Academy of Edinburgh, the Royal
his ship on the rock more than a century before) andsociety of London, the Royal Irish Academy, the American
anchored safely at 1900 that evening. Word of the darindg’hilosophical Society, the Connecticut Academy of Arts
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and Sciences, the Boston Marine Society, the Royalvhole world, has reason to do honor to his memory. When the
Astronomical Society, the Palermo Academy of Scienceyoice of Eulogy shall be still, when the tear of Sorrow shall
and the Royal Academy of Berlin. cease to flow, no monument will be needed to keep alive his
Nathaniel Bowditch outlived all of his brothers and memory among men; but as |ong as Ships shall sail, the needle
sisters by nearly 30 years. He died on March 16, 1838, iyoint to the north, and the stars go through their wonted
his sixty-fifth year. The following eulogy by the Salem ¢, ses in the heavens, the name of Dr. Bowditch will be
Me_lrine Society indicates the regard in which this diStin'revered as of one who helped his fellow-men in a time of need,
guished A merican was held b.y his contemporaries: who was and is a guide to them over the pathless ocean, and of
“In his death a public, a national, a human benefactor has

departed. Not this community, nor our country only, but the"® who forwarded the great interests of mankind.



Original title page offhe New American Practical Navigator, First Edition, published in 1802.
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PREFACE

The Naval Observatory library in Washington, D.C., is Spanish and Portuguese navigational manuals translated
unnaturally quiet. It is a large circular room, filled with into English between about 1550 to 1750. Writers and
thousands of books. Its acoustics are perfect; a merganslators of the time “borrowed” freely in compiling
whisper from the room’s open circular balcony can benavigational texts, a practice which continues today with
easily heard by those standing on the ground floor. Aworks such as Sailing Directions and Pilots.
fountain in the center of the ground floor softly breaks the  Colonial and early American navigators depended
room’s silence as its water stream gently splashes into exclusively on English navigation texts because there were
small pool. From this serene room, a library clerk will lead no American editions. The first American navigational text,
you into an antechamber, beyond which is a vaultOrthodoxal Navigation, was completed by Benjamin
containing the Observatory’s most rare books. In this vaultHubbard in 1656. The first American navigation text
one can find an original 1802 first edition of tiéew published in America was Captain Thomas Truxton's
American Practical Navigator. Remarks, Instructions, and Examples Relating to the

One cannot hold this small, delicate, slipcovered booK_atitude and Longitude; also the Variation of the Compass,
without being impressed by the nearly 200-year unbrokerttc., Etc., published in 1794.
chain of publication that it has enjoyed. It sailed on U.S.  The most popular navigational text of the late 18th
merchantmen and Navy ships shortly after the quasi-wacentury was John Hamilton Moore'Bhe New Practical
with France and during British impressment of merchaniNavigator. Edmund M. Blunt, a Newburyport publisher,
seamen that led to the War of 1812. It sailed on U.S. Navadlecided to issue a revised copy of this work for American
vessels during operations against Mexico in the 1840'’s, onavigators. Blunt convinced Nathaniel Bowditch, a locally
ships of both the Union and Confederate fleets during théamous mariner and mathematician, to revise and update
Civil War, and with the U.S. Navy in Cuba in 1898. It went The New Practical Navigator. Several other learned men
around the world with the Great White Fleet, across thessisted in this revision. Blunt'SThe New Practical
North Atlantic to Europe during both World Wars, to Asia Navigatorwas published in 1799. Blunt also published a
during the Korean and Vietnam Wars, and to the Middlesecond American edition of Moore’s book in 1800.

East during Operation Desert Storm. It has circled the globe By 1802, when Blunt was ready to publish a third
with countless thousands of merchant ships for 200 yearsedition, Nathaniel Bowditch and others had corrected so

As navigational requirements and procedures havenany errors in Moore’s work that Blunt decided to issue the
changed throughout the yeaBpwditchhas changed with work as a first edition of theNew American Practical
them. Originally devoted almost exclusively to celestialNavigator. Itis to that 1802 work that the current edition of
navigation, it now also covers a host of modern topics. It ishe American Practical Navigator traces its pedigree.
as practical today as it was when Nathaniel Bowditch, = The New American Practical Navigatstayed in the
master of thé>utnam, gathered the crew on deck and taughBowditch and Blunt family until the government bought the
them the mathematics involved in calculating lunarcopyright in 1867. Edmund M. Blunt published the book
distances. It is that practicality that has been theuntil 1833; upon his retirement, his sons, Edmund and
publication’s greatest strength, and that makes th&eorge, took over publication.The elder Blunt died in
publication as useful today as it was in the age of sail. ~ 1862; his son Edmund followed in 1866. The next year,

Seafarers have long memories. In no other professio867, George Blunt sold the copyright to the government
is tradition more closely guarded. Even the oldest and modbr $25,000. The government has publistBmivditchever
cynical acknowledge the special bond that connects thossince. George Blunt died in 1878.
who have made their livelihood plying the sea. Thisbondis  Nathaniel Bowditch continued to correct and revise the
not comprised of a single strand; rather, it is a rich andbook until his death in 1838. Upon his death, the editorial
varied tapestry that stretches from the present back to thesponsibility for theAmerican Practical Navigatopassed
birth of our nation and its seafaring culture. As this book isto his son, J. Ingersoll Bowditch. Ingersoll Bowditch
a part of that tapestry, it should not be lightly regarded;continued editing th&lavigatoruntil George Blunt sold the
rather, it should be preserved, as much for its historicatopyright to the government. He outlived all of the principals
importance as for its practical utility. involved in publishing and editing thavigator, dying in

Since antiquity, mariners have gathered availablel889.
navigation information and put it into a text for others to The U.S. government has published some 52 editions
follow. One of the first attempts at this involved volumes of since acquiring the copyright to the book that has come to
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be known simply by its original author's name, the use of calculators and computers for the solution of celestial
“Bowditch.” Since the government began production, thenavigation problems.

book has been known by its year of publishing, instead of PART 5, NAVIGATIONAL MATHEMATICS,

by the edition number. During a revision in 1880 by remains unchanged from the former edition.

Commander Phillip H. Cooper, USN, the name was  pART 6, NAVIGATIONAL SAFETY, discusses recent
changed toAmerican Practical Navigator. Bowditch’s geyelopments in management of navigational resources, the

original method of taking “lunars” was finally dropped changing role of the navigator, distress and safety communi-
from the book just after the turn of the 20th century. After cations. procedures for emergency navigation, and the
several more revisions and printings through World Wars |increasing|y complex web of navigation regulations.

and Il, Bowditch was extensively revised for the 1958 PART 7, OCEANOGRAPHY, has been updated to

edition and ?93'” n %995‘_ . reflect the latest science and terminology.
Recognizing the Ilm!tatlonsf ofthe prlnted qud, and that PART 8 MARINE WEATHER incorporates
computers and electronic media permit us to think about the

- o Updated weather routing information and new cloud
processes of both navigation and publishing in completel raphics.
new ways, NIMA has, for the 2002 edition, produced the first
official Compact Disk-Read Only Memory (CD-ROM)
version of this work. This CD contains, in addition to the full .
text of the printed book, electronic enhancements anf the navigator, refers to both genders.
additions not possible in book form. Our goal is to put as 1 h€ Printed version of this volume may be corrected
much useful navigational information before the navigator a&'Sing the Notice to Mariners and Summary of Corrections.
possible in the most understandable and readable format. We¥ggestions and comments for changes and additions may
are only beginning to explore the possibilities of newbPe sent to:
technology in this area.

As much as it is a part of history, Bowditch is not a NATIONAL IMAGERY AND MAPPING AGENCY
history book. As in past editions, dated material has been MARITIME SAFETY INFORMATION DIVISION
dropped and new methods, technologies and techniques added MAIL STOP D-44
to keep pace with the ra_p_ldly char_lglng world of naV|gat|on._ 4600 SANGAMORE RD.

The changes to this edition are intended to ensure that it

remains the premier reference work for modern, practical BETHESDA, MARYLAND, 20816-5003
marine navigation. This edition replaces but does not cancel UNITED STATES OF AMERICA
former editions, which may be retained and consulted as to

historical navigation methods not discussed herein.

The pronoun “he,” used throughout this book as a reference

This book could not have been produced without the
PART 1, FUNDAMENTALS, includes an overview of expertise of dedicated personnel from many government
the types and phases of marine navigation and the organirganizations, among them: U.S. Coast Guard, U.S. Naval
zations which develop, support and regulate it. It includeAcademy, U.S. Naval Oceanographic Office, US Navy
chapters relating to the types, structure, use and limitations éfleet Training Center, the U.S. Naval Observatory, Office
nautical charts; a concise explanation of geodesy and chasf the Navigator of the Navy, U.S. Merchant Marine
datums; and a summary of various necessary navigationalcademy, U.S. Coast and Geodetic Survey, the National
publications. Ocean Service, and the National Weather Service. In
PART 2, PILOTING, emphasizes the practical aspectsaddition to official government expertise, we must note the
of navigating a vessel in restricted waters, using botltontributions of private organizations and individuals far
traditional and electronic methods. too numerous to mention. Mariners worldwide can be
PART 3, ELECTRONIC NAVIGATION, explains the grateful for the experience, dedication, and professionalism
nature of radio waves and electronic navigation systemsf the many people who generously gave their time in this
Chapters deal with each of the several electronic methodsffort. A complete list of contributors can be found in the

of navigation--satellite, Loran C, and radar, with special“Contributor's Corner” of the CD-ROM version of this
emphasis on satellite navigation systems and electroniggok.

charts.
PART 4, CELESTIAL NAVIGATION, updates the
former edition with more modern terminology, and discusse§HE EDITORS
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EXPLANATION OF NAVIGATION
TABLES

Mathematical Tables plies to the values half a line above and half a line below.
To determine the correction to apply to the value for the

Table 1. Logarithms of Numbers —The first page smaller entering angle, multiply the difference by the_num-
of this table gives the complete common logarithmPer Of tenths of a minute (or second$0) of the entering
(characteristic and mantissa) of numbers 1 through 25Cﬁngle' Note whether the function is increasing or de_zcreas-
Succeeding pages give the mantissa only of the commoj9: and.add or subtract the correction as appropriate, so
logarithm of any number. Values are given for four Sig_that the mterpolated va'llue'lles between the two values be-
nificant digits of entering values, the first three being in Ween which interpolation is made.
the left-hand column, and the fourth at the heading of
one of the other columns. Thus, the mantissa of a three-  Table 3. Logarithms of Trigonometric Functions —
digit number is given in the column headed 0, on the lineThis table gives the common logarithms (+10) of sines,
with the given number; while the mantissa of a four-digit cosecants, tangents, cotangents, secants, and cosines of
number is given in the column headed by the fourth digit,angles from 0 to 180 at intervals of 1'. For angles be-
on the line with the first three digits. As an example, thetween 0°and 45°use the column labels at the top and the
mantissa of 328 is 51587, while that of 3.284 is 51640.minutes at the left; for angles between 4%%d 90°use
For additional digits, interpolation should be used. Thethe column labels at the bottom and the minutes at the
difference between each tabulated mantissa and the nesight; for angles between 9@hd 135use the column la-
larger tabulated mantissa is given in the “d” column tobels at the bottom and the minutes at the left; and for
the right of the smaller mantissa. This difference can bengles between 135nd 180°use the column labels at
used to enter the appropriate proportional parts (“Propthe top and the minutes at the right. These combinations
parts”) auxiliary table to interpolate for the fifth digit of are indicated by the arrows accompanying the figures
the given number. If an accuracy of more than five sig-representing the number of degrees. For angles between
nificant digits is to be preserved in a computation, a tablel80° and 3605 subtract 180%and proceed as indicated
of logarithms to additional decimal places should beabove to obtain the numerical values of the various
used. For a number of one or two digits, use the first pagéunctions.
of the table or add zeros to make three digits. Thatis, the  Differences between consecutive entries are shown in
mantissa of 3, 30, and 300 is the same, 47712. Interpolahe “Diff. 1" columns, except that one difference column is
tion on the first page of the table is not recommendedysed for both sines and cosecants, another for both tangents
The second part should be used for values not listed 0Bnd cotangents, and a third for both secants and cosines.

the first page. These differences, given as an aid to interpolation, are one-
half line out of step with the numbers to which they apply,
Table 2. Natural Trigonometric Functions —This as in a critical table. Each difference applies to the values

table gives the values of natural sines, cosecants, tangentslf a line above and half a line below. To determine the
cotangents, secants, and cosines of angles frotm 080°,  correction to apply to the value for the smaller entering an-
atintervals of 1'. For angles betweenadfd 45°use the col-  gle, multiply the difference by the number of tenths of a
umn labels at the top and the minutes at the left; for angleminute (or seconds 60) of the entering angle. Note wheth-
between 45%nd 90°use the column labels at the bottom er the function is increasing or decreasing, and add or
and the minutes at the right; for angles between &  subtract the correction as appropriate, so that the interpolat-
135°use the column labels at the bottom and the minutes atd value lies between the two values between which
the left; and for angles between 13&d 180°use the col- interpolation is made.
umn labels at the top and the minutes at the right. These
combinations are indicated by the arrows accompanying Table 4. Traverse Table —This table can be used in
the figures representing the number of degrees. For anglgge solution of any of the sailings except great-circle and
between 180and 360°, subtract 18@hd proceed as indi- composite. In providing the values of the difference of
cated above to obtain the numerical values of the Variouratitude and departure Corresponding to distances up to
functions. 600 miles and for courses for every degree of the com-
Differences between consecutive entries are shown ipass, Table 4 is essentially a tabulation of the solutions
the “Diff. 1" column to the right of each column of values of plane right triangles. Since the solutions are for inte-
of atrigonometric function, as an aid to interpolation. Thesegral values of the acute angle and the distance,
differences are one-half line out of step with the numbers tanterpolation for intermediate values may be required.
which they apply, as in a critical table. Each difference ap-Through appropriate interchanges of the headings of the
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columns, solutions for other than plane sailings can béog, is the natural (Naperian) logarithm, using the base
made. The interchanges of the headings of the differeré = 2.71828182846,
columns are summarized at the foot of each table
The distance, difference of latitude, and departure col-
umns are labeled Dist., D. Lat., and Dep., respectively.
For solution of a plane right triangle, any number N in eis eccentricity of the earth, af2f—f% = 0.0818188
the distance column is the hypotenuse; the number oppositgg=8.087146894 —10)
in the difference of latitude column is N times the cosine of 1
the acute angle; and the other number opposite in the depar- fis earth’s flattening, of= z=—=—=.=0.00335278 log

L is the latitude,

ture column is N times the sine of the acute angle. Or, the 298.26
number in the column labeled D. Lat. is the value of the side= 7.4745949- 10
adjacent and the number in the column labeled Dep. is the .
value of the side opposite the acute angle. Using these values,
Table 5. Natural and Numerical Chart Scales — ae2: 23.01336332( log= 1.36198p1

This table gives the numerical scale equivalents for various
natural or fractional chart scales. The scale of achartisthe gg
ratio of a given distance on the chart to the actual distance 3~ ~ 0.05135291 log= 8.28943495 )10
which it represents on the earth. The scale may be ex-

pressed as a simple ratio or fraction, known asthtiral
I | 1 o T = 0.00020626 log= 6.6855774 —10
scale. For example, 1:80,000 mo means that one unit

(such as an inch) on the chart represents 80,000 of the same Hence, the formula becomes

unit on the surface of the earth. The scale may also be ex-

pressed as a statement of that distance on the earth shown \ = 7915 704468 log ta% &5+ Lo_ 230133633

as one unit (usually an inch) on the chart, or vice versa. This 20 :

is thenumerical scale. sin L—0.051353 SI%L —0.000206 siflL ...
The table was computed using 72,913.39 inches per

nautical mile and 63,360 inches per statute mile. The constants used in this derivation and in the table

are based upon the World Geodetic System (WGS) ellip-

Table 6. Meridional Parts —In this table the meridi- soid of 1972.

onal parts used in the construction of Mercator charts and in
Mercator sailing are tabulated to one decimal place for eacp

) : ud
minute of latitude from the equator to the poles.

Table 7. Length of a Degree of Latitude and Longi-
e —This table gives the length of one degree of latitude
and longitude at intervals of 1ftom the equator to the
poles. In the case of latitude, the values given are the
lengths of the arcs extending half a degree on each side of
the tabulated latitudes. Lengths are given in nautical miles,
0 Lo 2. e 3 statute miles, feet, and meters.
M = alog, 10 log tang 45 S5 ameTsinL + ZsinL + The values were computed in meters, using the World
Geodetic System ellipsoid of 1972, and converted to other
6 units. The following formulas were used:
€ sinL+... 2, M =111,132.92-559.82 cos 2L+1.175 cos 4L—
S 0.0023CoSBL + . .
P=111,412.84 cos L-93.5 cos 3L+0.118 cos 5L-...

in which M is the number of meridional parts between thejn which M is the length of 19f the meridian (latitude), L

equator and the given latitude, a is the equatorial radius q§ the latitude, and P is the length of df the parallel
the earth, expressed in minutes of arc of the equator, or (jongitude).

The table was computed using the formula:

a = £20 343774677078 log 35362789 Piloting Tables

Table 8. Conversion Table for Meters, Feet, and
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Fathoms —The number of feet and fathoms corresponding  Table 12. Distance of the Horizon Fhis table gives

to a given number of meters, and vice versa, can be takethe distance in nautical and statute miles of the visible sea
directly from this table for any value of the entering argu-horizon for various heights of eye in feet and meters. The

ment from 1 to 120. The entering value can be multiplied byactual distance varies somewhat as refraction changes.
any power of 10, including negative powers, if the corre-However, the error is generally less than that introduced by

sponding values of the other units are multiplied by thenonstandard atmospheric conditions. Also the formula used
same power. Thus, 420 meters are equivalent to 1378.bntains an approximation which introduces a small error at

feet, and 11.2 fathoms are equivalent to 20.483 meters. the greatest heights tabulated.

The table was computed by means of the relationshipsthe table was computed using the formula:

1 meter = 39.370079 inches, W
1 foot = 12 inches, Dz |——
1 fathom = 6 feet. 6076.1Bo

in which D is the distance to the horizon in nautical miles;

. Table 9 Conve_r3|on Table for Nautical and Statute ro is the mean radius of the earth, 3440.1 nautical miles; h
Miles — This table gives the number of statute miles corre-

sponding to any whole number of nautical miles from 1 tolS the height of eye in feet; arft} (0.8279) accounts for ter-
100, and the number of nautical miles corresponding to angestrial refraction.

whole number of statute miles within the same range. The

entering value can be multiplied by any power of 10, in- This formula simplifies to: D (nm¥ 1-16% h

cluding negative powers, if the corresponding value of the

other unit is multiplied by the same power. Thus, 2,700

nautical miles are equivalent to 3,107.1 statute miles, and

0.3 statute mile is equivalent to 0.2607 nautical mile. (statute milep = 1-345JT}
The table was computed using the conversion factors:
1 nautical mile = 1.15077945 statute miles, Table 13. Geographic Range Fhis table gives the
1 statute mile = 0.86897624 nautical mile. geographic range or the maximum distance at which the

curvature of the earth permits a light to be seen from a par-

Table 10. Speed Table for Measured Mile Fo find ticular height of eye without regard to the luminous
the speed of a vessel on a measured nautical mile in a givétensity of the light. The geographic range depends upon
number of minutes and seconds of time, enter this table i€ height of both the light and the eye of the observer.
the top or bottom with the number of minutes, and at either ~ The table was computed using the formula:
side with the number of seconds. The number taken from
the.table is speed in knots. Accurate results can be obtained D=117/H+1.17/h
by interpolating to the nearest 0.1 second. ,

in which D is the geographic range in nautical miles, H is
This table was Computed by means of the formula: the helght in feet of the ||ght above sea level, and h is the
3600 height in feet of the eye of the observer above sea level.
= St in which S is speed in knots, and T is

Table 14. Dip of the Sea Short of the Horizon #
land, another vessel, or other obstruction is between the ob-
server and the sea horizon, use the waterline of the obstruction
' : . the horizontal reference for altitude measurements, and
223 Lhoek‘:]'gg?ﬁz rf;e;\';‘;idnitrﬁggr b0 ;?ni?:;a?rg;t\ivfgggzszbstitute dip from this table for the dip of the horizon (height
enter this table at the top with the speed, and at the left Witr?f eye correction) given in tmaunca_l Alman_a & The v_alues
the number of minutes. The number taken from the table iIsaelow the bold rules are for normal dip, the visible horizon be-
the distance in nautical miles. If hours are substituted for ' between the observer and the obstruction.

The table was computed with the formula:

minutes, the tabulated distance should be multiplied by 60;

elapsed time in seconds.

Table 11. Speed, Time, and Distance TableFe

if seconds are substituted for minutes, the tabulated dis- 10 hf BodsD
tance should be divided by 60. = 1 + —
y Dg = 60 tan 07614 215 O
The table was computed by means of the formula: in which Dsis the dip short of the sea horizon, in minutes of
D = §T, in which D is distance in nautical miles, arc; hy is the height of eye of the observer above sea level in
60 feet; B, (0.8321) accounts for terrestrial refractiopjs the

S is speed in knots, and T is elapsed time in minutes. mean radius of the earth, 3440.1 nautical miles; ayisl the
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distance to the waterline of the obstruction in nautical miledine at the object and the visible (sea) horizon beyond is
measured and corrected for index error. The table is entered

Table 15. Distance by Vertical Angle Measured Be-  With the corrected vertical angle and the height of eye of the

tween Sea Horizon and Top of Object Beyond Sea Hori- Observein nautical miles; the distance in yards is taken di-

zon —This table tabulates the distance to an object ofectly from the table

known height above sea level when the object lies beyond  The table was computed from the formula:

the horizon. The vertical angle between the top of the object

and the visible horizon is measured with a sextant and cor-  tan h, = (A-B) =+ (1+AB) where

rected for index error and dip only. The table is entered with B d

the difference in the height of the object and the height of 5 h To's and

eye of the observer and the corrected vertical angle; and the dg 21

distance in nautical miles is taken directly from the table. _

An error may be introduced if refraction differs from the B = VzBOh/rO

standard value used in the computation of the table.

in which 3, (0.8279) accounts for terrestrial refractiogis

The table was computed using the formula: the mean radius of the earth, 3440.1 nautical miles; h is the
height of eye of the observer in feet; ik the observed ver-
tical angle corrected for index error; angid the distance

p= [Qfana f, H-h__tana  the watorins of the objoct n noutcatmies,
[0.0002418 07349 0.0002419 o the waterline of the object in nautical miles.

. . . . . . . Table 18. Distance of an Object by Two Bearings —
in which D is the distance in nautical milesjs the correct- . . :
. ) ) . _To determine the distance of an object as a vessel on a
ed vertical angle, H is the height of the top of the object : .
. . : steady course passes it, observe the difference between the
above sea level in feet, and h is the height of eye of the ob-

server above sea level in feet. The constants 0.0002419 arc\gurse and two bearlngs of the Obje(.:t’ and notg the time in-
! . terval between bearings. Enter this table with the two
0.7349 account for terrestrial refraction.

differences. Multiply the distance run between bearings by
the number in the first column to find the distance of the ob-

Table 16. Distance by Vertical Angle Measured Be- gt o the time of the second bearing, and by the number in
tween Waterline at Object and Top of Object —This ta- e second column to find the distance when abeam.

ble tabulates the angle subtended by an object of known 114 taple was computed by solving plane oblique and
height lying at a particular distance within the observer’sright triangles.

visible horizon or vice versa.

The table provides the solution of a plane right triangle
having its right angle at the base of the observed object and
its altitude coincident with the vertical dimension of the ob- Celestial Navigation Tables
served object. The solutions are based upon the following
simplifying assumptions: (1) the eye of the observer is at
sea level, (2) the sea surface between the observer and the Table 19. Table of Offsets -This table gives the cor-

object is flat, (3) atmospheric refraction is negligible, and

2 th terli tthe obiect i icallv below th « trections to the straight line of position (LOP) as drawn on a
(4) the waterline at the object is vertically below the peak o chart or plotting sheet to provide a closer approximation to

the object. The error due to the he'ght ofeye of the observ%e arc of the circle of equal altitude, a small circle of radius
does not exceed 3 percent of the distance-off for sextant aré'qual to the zenith distance

gles less than 204nd heights of eye less than one-third of

. . . ) In adjusting the straight LOP to obtain a closer approx-
the object height. The error due to the waterline not belnq Justing 'g ! pprox

below th k of the obiect d " 43 t ation of the arc of the circle of equal altitude, points on
elow the peak of the object does not exceed 5 percen (ge LOP are offset at right angles to the LOP in the direction

the distance-off when the height of eye is less than one-thir
of the object height and the offset of the waterline from the,
base of the object is less than one-tenth of the distance-oti
Errors due to earth’s curvature and atmospheric refraction
are negligible for cases of practical interest.

f the celestial body. The arguments for entering the table
re the distance from the DR to the foot of the perpendicular
nd the altitude of the body.

The table was computed using the formulas:

Table 17. Distance by Vertical Angle Measured Be- R = 3438’ coth
tween Waterline at Object and Sea Horizon Beyond Ob- sin® = D/IR
ject —This table tabulates the distance to an object lying X = R(1-cos8),
within or short of the horizon when the height of eye of the
observer is known. The vertical angle between the waterin which X is the offset, R is the radius of a circle of equal
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altitude for altitude h, and D is the distance from the interceptongitude factor, F, which is the error in minutes of longi-
to the point on the LOP to be offset. tude for a one-minute error of latitude. In each case, the
total error is the factor multiplied by the number of minutes
Table 20. Meridian Angle and Altitude of a Body on  error in the assumed value. Although the factors were orig-
the Prime Vertical Circle — A celestial body having a inally intended for use in correcting ex-meridian altitudes
declination of contrary name to the latitude does not crosand time-sight longitudes, they have other uses as well.
the prime vertical above the celestial horizon, its nearestap- The azimuth angle used for entering the table can be
proach being at rising or setting. measured from either the north or south, through 90°; or it
If the declination and latitude are of the same namemay be measured from the elevated pole, through 180°. If
and the declination is numerically greater, the body doeghe celestial body is in the southeast (090°- 180°) or north-
not cross the prime vertical, but makes its nearest approastest (270°— 360°) quadrant, the f correction is applied to
(in azimuth) when its meridian angle, east or west, and altithe northward if the correct longitude is east of that used in
tude are as shown in this table, these values being given #he solution, and to the southward if the correct longitude is

italics above the heavy line. At this time the body is station-west of that used; while the F correction is applied to the
ary in azimuth. eastward if the correct latitude is north of that used in the

If the declination and latitude are of the same name angolution, and to the westward if the correct latitude is south
numerically equal, the body passes through the zenith as &f that used. If the body is in the northeast (000°— 090°) or
crosses both the celestial meridian and the prime vertical, &puthwest (180°- 270°) quadrant, the correction is applied
shown in the table. in the opposite direction. These rules apply in both north

If the declination and latitude are of the same nameand south latitude.
and the declination is numerically less, the body crosses the ~ The table was computed using the formulas:
prime vertical when its meridian angle, east or west, and al- 1 1
titude are as tabulated in vertical type below the heavy line. f =cosLtanZ= ———= =

. : L . secLcotZ F

The table is entered with declination of the celestial
body and the latitude of the observer. Computed altitudes 1 1
are given, with no allowance made for refraction, dip, par- F = sec L cot Z=
allax, etc. The tabulated values apply to any celestial body,
but values are not given for declination greater than®8°  in which f is the tabulated latitude factor, L is the latitude,
cause the tabulated information is generally desired for th& is the azimuth angle, and F is the tabulated longitude

cos L tan Z: f

sun only. factor.
The table was computed using the following formulas,
derived by Napier's rules: Table 22. Amplitudes —This table lists amplitudes of

Nearest approach (in azimuth) to the prime vertical: celestial bodies at rising and setting. Enter with the declina-
tion of the body and the latitude of the observer. The value

csch = sird cscL taken from the table is the amplitude when teaterof the
body is on thecelestialhorizon. For the sun, this occurs
when the lower limb is a little more than half a diameter
above the visible horizon. For the moon it occurs when the
upper limb is about on the horizon. Use the prefix E if the
sinh = sird cscL body is rising, and W if it is setting; use the suffix N or S to
agree with the declination of the body. Table 23 can be used
. with reversed sign to correct the tabulations to the values
In these formulas, h is the altitude, d is the declination,Or the visible horizon.
L is the latitude, t is the meridian angle. The table was computed using the following formula,
derived by Napier's rules:

Table 21. Latitude and Longitude Factors -The sinA =sed sind
latitude obtained by an ex-meridian sight is inaccurate if the
longitude used in determining the meridian angle is incorin which A is the amplitude, L is the latitude of the observ-
rect. Similarly, the longitude obtained by solution of a timeer, and d is the declination of the celestial body.
sight is inaccurate if the latitude used in the solution is in-
correct, unless the celestial body is on the prime vertical.  Table 23. Correction of Amplitude Observed on the
This table gives the errors resulting from unit errors in theVisible Horizon — This table contains a correction to be
assumed values used in the computations. There are tvapplied to the amplitude observed when the center of a ce-
columns for each tabulated value of latitude. The first givedestial body is on the visible horizon, to obtain the
the latitude factor, f, which is the error in minutes of latitude corresponding amplitude when the center of the body is on
for a one-minute error of longitude. The second gives thehe celestial horizon. For the sun, a planet, or a star, apply

sect = tard cotL

On the prime vertical:

cost = tard cotL
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the correction in the direction away from the elevated poleunits, and take out the difference between the altitude at the
thusincreasingtheazimuth angle. For the moon appgiglf  given time and the altitude at meridian transit. Enter the table
the correctioriowardthe elevated pole. This correction can separately with whole numbers and tenths of a, interpolating
be applied in the opposite direction to a value taken fronfor t if necessary, and add the two values to obtain the total
Table 22 to find the corresponding amplitude when the cendifference. This total can be applied as a correction to ob-
ter of a celestial body is on the visible horizon. The tableserved altitude to obtain the corresponding meridian altitude,
was computed for a height of eye of 41 feet. For otheradding for upper transit and subtracting for lower transit.
heights normally encountered, the error is too smallto be of  The table was computed using the formulas:
practical significance in ordinary navigation. 5

The values in the table were determined by computing  ~ — at’
the azimuth angle when the center of the celestial body is 60

on the visible horizon, converting this to amplitude, and de | which C is the tabulated difference to be used as a cor-

termining the difference between this value and th.q’ection to observed altitude in minutes of arc; a is the

corresponding value from Table 22. _Computation of az'faltitude factor from table 24 in seconds of arc; and t is the
muth angle was made for an altitude of (-)0°42.0

. meridian angle in minutes of time.
determined as follows: . -
This formula should not be used for determining values
beyond the limits of the table unless reduced accuracy is

Azimuth angle was computed by means of the formula:
acceptable.

sind —sinhsinL !
CoSZ= —————— Table 26. Time Zones, Descriptions, and Suffixes —

cos hcosL
The zone description and the single letter of the alphabet
in which Z is the azimuth angle, d is the declination of thedesignating a time zone and sometimes used as a suffix to
celestial body, h is the altitude (—0°42.0"), and L is the lati-zone time for all time zones are given in this table.
tude of the observer.
Table 27. Altitude Correction for Air Temperat-

Table 24. Altitude Factors —In one minute of time ure —This table provides a correction to be applied to the
from meridian transit the altitude of a celestial body chang-altitude of a celestial body when the air temperature varies
es by the amount shown in this table if the altitude isfrom the 50°F used for determining mean refraction with
between 6and 86°, the latitude is not more than 60°, andtheNautical Almanac. For maximum accuracy, apply index
the declination is not more than 63°. The values taken fronzorrection and dip to sextant altitude first, obtaining appar-
this table are used to enter Table 25 for solving reduction tent (rectified) altitude for use in entering this table. Enter
the meridian (ex-meridian) problems. the table with altitude and air temperature in degrees Fahr-

For upper transit, use the left-hand pages if the declinaenheit. Apply the correction in accordance with its
tion and latitude are of the same name (both north or botkabulated sign to altitude.
south) and the right-hand pages if of contrary name. For  The table was computed using formula:
lower transit, use the values below the heavy lines on the
last three contrary-name pages. When a factor is taken from
this part of the table, the correction from table 25igh- Correction= R
tracted from the observed altitude to obtain the
corresponding meridian altitude. All other corrections are
added. in which Ry, is mean refraction and T is temperature in de-

The table was computed using the formula: grees Fahrenheit.

_ 510
MO~ 260 + TJ

a= 19635"cosLcosdcgc L~d Table 28. Altitude Correction for Atmospheric
Pressure —This table provides a correction to be applied to
in which a is the change of altitude in one minute from me-the altitude of a celestial body when the atmospheric pres-
ridian transit (the tabulated value), L is the latitude of thesure varies from the 29.83 inches (1010 millibars) used for
observer, and d is the declination of the celestial body. determining mean refraction using thiautical Almanac.
This formula can be used to compute values outside thEor most accurate results, apply index correction and dip to
limits of the table, but is not accurate if the altitude is great-sextant altitude first, obtaining apparent (rectified) altitude
er than 86°. for use in entering this table. Enter the table with altitude
and atmospheric pressure. Apply the correction to altitude,
Table 25. Change of Altitude in Given Time from  addingif the pressure is less than 29.83 inches aob-
Meridian Transit — Enter this table with the altitude factor tracting if it is more than 29.83 inches. The table was
from table 24 and the meridian angle, in either arc or timecomputed by means of the formula:
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volved in a graphical solution, using the formulas:

P g sin By
ion = tang = ———
Correction = Rm%l ~ 5964 Sp —C0S By
in which R,, is mean refraction and P is atmospheric pres-
sure in inches of mercury. Br= B, ta
Meteorological Tables _ SinBy
sina

Table 29. Conversion Table for Thermometer ) . - . )
Scales -Enter this table with temperature Fahrenheit, F;in Which o is an auxiliary angle, B is the difference be-
Celsius (centigrade), C; or Kelvin, K; and take out the cor-tween the heading and the apparent wind directigris$he
responding readings on the other two temperature scalesspeed of the apparent wind in units of ship’s spegdsihe

On the Fahrenheit scale, the freezing temperature difference between the heading and the true wind direction,
pure water at standard sea level pressure is 32°, and th#d S is the speed of the true wind in units of ship’s speed.
boiling point under the same conditions is 212°. The corre-
sponding temperatures aredd 100°%n the Celsius scale Table 31. Correction of Barometer Reading for
and 273.15and 373.15°, respectively, on the Kelvin Sc_a|e-Height Above Sea Level 4f simultaneous barometer
The value of (-) 273.15€ for absolute zero, the starting yeadings at different heights are to be of maximum value in
point of the Kelvin scale, is the value recognized officially \yeather analysis, they should be converted to the corre-
by the National Institute of Standards and Technologysponding readings at a standard height, usually sea level. To

(NIST). convert the observed barometer reading to this level, enter
The formulas are: this table with the outside temperature and the height of the
barometer above sea level. The height of a barometer is the

C = 5/9(Fx 32)= K-273.158 height of its sensitive element; in the case of a mercurial ba-

rometer, this is the height of the free surface of mercury in
the cistern. The correction taken from this table applies to
the readings of any type barometer, and is alwaydedto

the observed readings, unless the barometer is below sea

F = 9/5C+ 32= 9/5 K—459.67

K = 5/9(F-459.67)= C+ 273.15 level.
The table was computed using the formula:
Table 30. Direction and Speed of True Wind Fhis 0 0
table converts apparent wind to true wind. To use the table, 0 1 0
divide the apparent wind in knots by the vessel's speed i = 29-9212% = 0.0081350H D%
knots. This gives the apparent wind speed in units of ship’s 0 antllogD]_ 000178308 KL

speed. Enter the table with this value and the difference be-
tween the heading and the apparent wind direction. Thén which C is the correction in inches of mercury, H is the
values taken from the table are (1) the difference betweeheight of the barometer above sea level in feet, and T is the
the heading and the true wind direction, and (2) the speethean temperature, in degrees Rankine (degrees Fahrenheit
of the true wind in units of ship’s speed. The true wind is onplus 459.67°), of the air between the barometer and sea lev-
the same side as the apparent wind, and from a point fartheil. At sea the outside air temperature is sufficiently accurate
aft. for this purpose.

To convert wind speed in units of ship’s speed to speed
in knots, multiply by the vessel's speed in knots. The steadi-  Table 32. Correction of Barometer Reading for
ness of the wind and the accuracy of its measurement a@ravity — The height of the column of a mercury barome-
seldom sufficient to warrant interpolation in this table. If ter is affected by the force of gravity, which changes with
speed of the true wind and relative direction of the apparenttitude and is approximately equal along any parallel of
wind are known, enter the column for direction of the ap-latitude. The average gravitational force at latitude
parent wind, and find the speed of the true wind in units 0f45°32'40" is used as the standard for calibration. This table
ship’s speed. The number to the left is the relative directiorprovides a correction to convert the observed reading at any
of the true wind. The number on the same line in the sidether latitude to the corresponding value at latitude
columns is the speed of the apparent wind in units of ship’é5°32'40". Enter the table with the latitude, take out the cor-
speed. Two solutions are possible if speed of the true windection, and apply in accordance with the sign given. This
is less than ship’s speed. correction does not apply to aneroid barometers.

The table was computed by solving the triangle in- The correction was computed using the formula:
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the density of mercury = 13.5951 grams per cubic centime-
ter, and g is the standard value of gravity = 980.665 dynes.
Substituting numerical values:

C = B(-0.002637 cos 2k 0.000006 cd52L
~0.000050) .

in which C is the correction in inches, B is the observed P = 1.33322R,, and
reading of the barometer (corrected for temperature and in-
strumental errors) in inches of mercury, and L is the latitude. =)

This table was computed for a standard height of 30 inches. B 1.33322 0.750064P

Table 33. Correction of Barometer Reading for Since one millimeter=  0.750064inches
Temperature —Because of the difference in expansion of
the mercury column o_f a mercurial parometer and that of B. = 0.03937P. 0.0295300P,
the brass scale by which the height is measured, a correc- ' 1.33322
tion should be applied to the reading when the temperature
differs from the standard used for calibration of the instru-n which B is the height of the column of mercury in inches.
ment. To find the correction, enter this table with the
temperature in degrees Fahrenheit and the barometer read- Table 35. Relative Humidity —To determine the rel-
ing. Apply the correction in accordance with the sign given.ative humidity of the atmosphere, enter this table with the
This correction does not apply to aneroid barometers.  dry-bulb (air) temperature (F), and thiéferencebetween
The standard temperature used for calibration isR2° the dry-bulb and wet-bulb temperatures (F). The value tak-
for the mercury, and 62 for the brass. The correction was en from the table is the approximate percentage of relative

computed using the formula: humidity. If the dry-bulb and wet-bulb temperatures are the
same, relative humidity is 100 percent.
m (T -=32°) - I(T —-62°) The table was computed using the formula:
C=-B
1+m(T-32)
100

R= _....._e

in which C is the correction in inches, B is the observed Cw

reading of the barometer in inches of mercury, mis the co- ) _ ) ] o
efficient of cubical expansion of mercury = 0.0001010 N Which R is the approximate relative humidity in percent, e

cubic inches per degree F, | is the coefficient of linear ex-S the ambient vapor pressure, angigthe saturation vapor

pansion of brass = 0.0000102 inches per degree F, and T R§essure over water at dry-bulb temperature. Professor Fer-
the temperature of the attached thermometer in degrees Fel's psychrometric formula was used for computation of e:
Substituting th