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PREFACE

This second edition of Practical Air Navigation as Civil Aeronautics
Bulletin No. 24 is, in effect, its fifth edition, the first three editions having
been issued as Special Publication No. 197, of the U. S. Coast and Geodetic
Survey. It has again been completely revised by the original author, Tho-
burn C. Lyon, Chief Cartographic Engineer, Aeronautical Chart Branch,
U. 8. Coast and Geodetic Survey.

The present revision has benefited greatly from the wide use of this
text in the controlled courses of the War Training Service of the Civil
Acronautics Administration, and in the training programs of the armed
forces. All material has been completely revised, and several new chapters
have been added, bringing the work, as far as possible, abreast of recent
developments. Considerations of national security at the moment prevent
more than a casual reference to certain methods and equipment already
available.

In the preparation of this revised edition, acknowledgment is given to
personnel of the Ground School Section of the Standards Division, CAA
War Training Service, for their active assistance. The author has had the
full cooperation of other officials and personnel in the Civil Aeronautics
Administration and the United States Coast and Geodetic Survey. Valu-
able assistance has also been received from members of the armed forces
and from some pilots and officials in private industry. It is believed that~
their combined cooperation will make this book of greater service i{the
development of practical air navigation.

After the completion of manuscript for the present edition, circum-
stances prevented its printing for some months. The delay has made it
possible to revise certain portions of the text (particularly the portions
pertaining to charts) up to March 1945, but the greater part of the book
should be considered as of May 1944.
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PRACTICAL AIR NAVIGATION

Chapter L—THE PROBLEMS OF AIR NAVIGATION

FLIGHT ITSELF

Learning to fly has occupied the minds of men almost from the begin-
ning of time. Legend has brought us accounts of magic carpets and winged
sandals; history brings us stories of flying machines that might have sue-
ceeded with proper powerplants or other refinements; but the first powered
flight in a heavier-than-air machine was made at Xitty Hawk, N. C,, by
Orville Wright, on December 17, 1903,

That first flight lasted for 12 seconds, and covered a distance over the
ground of only 540 feet. The maximum altitude attained was 12 feet above
the ground. Today, light airplanes, refueled in flight, have remained in
the air an entire month; the long-distance record is in excess of 6,000
miles; and commercial transportation has reached into the lower layers
of the stratosphere.

THE AIRCRAFT

In the early days of flying, serious accidents often occurred because
men were not thoroughly familiar with this new medium of transportation,
Its mechanical limitations were sometimes not realized, and maneuvers
were attempted which were beyond its structural strength and perform-
ance. The functioning of controls under unusual conditions had to be
learned the hard way, and recovery from spins and stalls could be learned
only by trial and error.

Today pilots are expected to be thoroughly familiar with the con-
struction of the aircraft, its controls, and its limitations, Competent in-
structors are available to impart this information, as well as to give actual
flight instruction. Manuals treating of the zirplane, its powerplant, and
the various flight maneuvers, have been prepared by the Civil Aeronautics
Administration. These manuals are based not only on sound theory, but
also on long experience. They should be obtained and carefully studied.

AIDS TO NAVIGATION

The achievement of flight, notable as it was, satisfied only half of the
age-old dream. To satisfy the other half, it was necessary that men learn
to fly expeditiously from here to there, cutting across all barriers and sur-
face limitations. The directing of aircraft from one place to another by
various methods is the science of air navigation.
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In bad weather and in the hours of darkness, the usual landmarks are
“4i#ten lost to view. If air transportation is to function safely at such times,
some artificial aids to navigation must be made available.

To supply this need, rotating beacon lights have been established at
frequent intervals along the Nation’s airways, of which there are some
85,000 aniles (1944). Many of these lights have their own characteristic
signals, by means of which pilots may definitely identify them and deter-
mine their own positions. Figure 1 is a photograph of a typical airway
beacon light; figure 2 shows the complete beacon installation. The power
shed at the base of the tower is air marked with the site number of the
beacon, for identification from the air by day. Where there are no suitable
airports, landing fields have been constructed at intervals of about 50 miles
along the airways for use in case of emergency.

Figure 1.—R ing aer ical b light.

In very-thick weather all visual aids become useless, and for this con-
dition the various radio aids have been developed. Radio range stations
transmit directional signals along the airways, while low powered non-
directional radio beacons also furnish guidance or indicate critical points
along the routes marked out by the range stations. At scheduled intervals
weather information and other data of importance to those flying the air-
ways are broadcast from the radio range stations.- Figure 3 shows a typi-
cal radio range station.

With the installation of instrument landing systems at the principal
terminals, and with other instruments now in process of development, we
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Figure Z.--Rotating beacon installation.

Figure 3.—Radio rangs station.
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may confidently expect that in the near future air transportation will be-
come independent of all but the most severe weather conditions.

WEATHER

In air navigation, as at sea, weather constitutes one of the most seri-
ous problems—all the more so because an aircraft cannot “lie to” until the
weather has cleared, but must maintain flying speed in one direction or
another. Contrary to the classic complaint of Mark Twain, something has
been done about weather for the air navigator.

At a great number of stations along the airways and also at a number
of off-the-airways stations, complete weather observations are made four
times a day and are transmitted to weather forecast centers by telephone,
telegraph, radio, and thousands of miles of teletype circuit. When entered
on the weather maps and properly evaluated, a complete picture of the
Nation’s weather at the time of the observations is presented. By com-
paring successive weather maps, the movement of weather over the Na-
tion’s airways may be traced. Meteorologists are available to supply this
picture to pilots before the beginning of flight, and as the flight progresses
any changes of importance are broadcast by radio,

This complete weather service results not only in greatly increcased
safety over the Nation’s airways, but also in a higher percentage of com-
pleted flights.

AIR TRAFFIC CONTROL

The increase of air traffic through the years made it increasingly nec-
essary that some form of traffic control be set up for the safety of all. The
control of air traffic has developed into two types—control by regulations
and procedures, and control by ground agencies.

The basic rules for the regulation of air traffic are the “Air Traffic
Rules.” Since these rules are written in legal language, they are explained
and clarified in a handbook called Civil Aeronautics Manual 60. In addi-
tion, the airport management ai an airport issuecs “Field Rules” governing
activities on and about the airport. These generally include standard
traffic and taxi patterns which describe the paths traffic must use in flying
locally and taxiing on the airport. The “Air Traffic Rules” and local “Field
Rules” constitute the “rules of the road” for the pilot.

Civil Air Regulations specify two types of rules for flight in different
weather conditions—‘“Contact Flight Rules” and “Instrument Flight
Rules.” Contact Flight Rules concern flights made in weather conditions
where a pilot can conduct his flight by reference to the ground or water
at all times, can clearly see and identify other aircraft and landmarks at
a distance of at least 3 miles (for flight along the airways), and main-
tain a minimum distance of at least 500 feet* above or below and 2,000 feet
horizontally from all cloud formations. Instrument Flight Rules govern
flights made in closer proximity to cloud formations or in weather condi-

* These requirements have been modified under revised Civil Air Regulations, effective August 1, 1045.
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tions worse than those prescribed for Contact Flight Rules. A pilot, about
to make an instrument flight, is required to file a “flight plan,” giving all
the details of his proposed flight, and to receive approval prior to departure.

Ground agencies engaged in air traffic control are of two kinds—one
controlling traffic in the immediate vicinity of an airport and the other
controlling aircraft operating on instrument flight plans along the airways
between airports. An airport traffic control tower is located on top of a
hangar or building on the edge of an airport and is operated by the air-
port management or by the Civil Aeronautics Administration (when re-

Figure 4,—Airport traffic control tower
at Washington National Airport.

quested by the War or Navy Departments). These control towers are
operated at airports where traffic congestion is so great that traffic and
taxi patterns and the rules of right-of-way are not sufficient for safe fly-
ing. A control tower has jurisdiction over all aircraft moving on the
airport or flying within 8 miles of the airport. It is understood that
this control may soon be extended to 5 miles. Instructions to pilots are
issued by two-way radio or by varied lights. Figure 4 shows a typical
airport traffic control tower; figure 5 is an interior view of a typical in-
stallation.

The civil airway system is divided into 25 airway traffic control areas,
each consisting of about 1,500 miles of airways. In each area a central



X'} " PRAOTICAL AIR NAVIGATION -

office, called an airway traffic control center, has jurisdiction over all air-
eraft flying in instrument weather conditions. Each center has a network
of interphone (private telephone) lines connecting it to all the voice radio
stations within its area, through which it receives flight plans and reports
from aircraft in flight and issues instructions and flight plan approval.
The center controls traffic in such a manner that when the pilot of an
instrument flight maintains the course and altitude he has been instructed
to fly, danger of collision with other aircraft is minimized, and delay en

Figure 5.—Interlor of Washi Natlonal Airport

traffic control tower.

route is reduced to the minimum consistent with safety. Figure 6 shows
a typical airway traffic control center. As air traffic grows in volume, air
traffic control becomes of ever-increasing importance.

COMMUNICATIONS

In the early days of aviation, most pilots preparing to make cross-
country flights obtained the desired flight information commercially, or
took off without knowledge of conditions ahead. Usually the latter was
the case, as the sources of reliable flight information were few and the
time required was prohibitive, During flight no communications with
ground facilities were maintained and pilots often flew into dangers which
they might have avoided if satisfactory air-ground communication had
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been available, This resulted in a high accident rate for this type of
flying.

With the development of air transportation it became apparent that
only a specialized system of airway communications connecting landing
areas and important weather reporting points would enable pilots to secure
reliable and current weather and other flight information prior to their
departures. It also became obvious that ground radio facilities would have
to be provided in order for pilots to receive by radio, while in flight, cur-

Figure 6.—Typical airway traffic control center.

rent informalion and instructions which would assist them to complete
their flights with safety. The problem of aviation communications was
primarily interstate in nature, and appropriate facilities were provided
by the Federal Government as the needs developed.

Along the 85,000 miles of civil airways there are now well over 400
airway communications stations. These stations (identified for radiotele-
phone purposes as “Fort Worth Radio,” “Kansas City Radio,” etc.) are
spaced along the airways at intervals so as to provide the necessary re-
ceiver density. Some are located at terminal airports, and others at inter-
mediate points between centers of population. For the dissemination of
weather and other flight information to all aviat'on interests, a network
of 70,000 miles of teletype lines links airway communications stations with
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each other, and with some 220 weather reporting points. Figure 7 is an
interior view of a typical airway communications station; figure 8 shows
the broadcast booth at the station.

Aircraft communicators at these stations provide pilots with the latest
weather reports, forecasts, information on field conditions, and other flight
information that will assist them in planning and conducting safe and
efficient flights. This information is furnished to pilots calling at the sta-
tions for this purpose, and is furnished, via radio, to pilots as their flights
progress. In addition, aircraft communicators relay traffic control instruc-

Figure 7.—Interlor of a typical airway

tion by radio, from airway traffic control centers to the pilots for whom
the instructions are intended.

With the reliable information thus made available, pilots may now
plan their flights with confidence, and may be sure of obtaining, in flight,
by air-ground radio, the latest pertinent information. If hazardous condi-
tions develop ahead, they may expect to receive warning before the hazards
are encountered. They will receive instructions, relayed through the com-
munications stations, intended to prevent their collision with other air-
craft. Also, if they become lost or otherwise involved in an emergency
they may utilize the air-ground radio to request and receive emergency
assistance.
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Figure 8.-~-Broadcast boath a1 an airway

CHARTS

The most elaborate system of aids to navigation is of little value un-
iess the navigator is provided with charts showing the locations of the
various aids with reference to other features of the surface.

In the early days of surface navigation, mariners soon learned the
value and importance of charts; even in the barnstorming days of aviation,
pilots began to realize this same need. Because of the basic similarity be-
tween nautical and aeronautical charts, the task of charting the airways
was assigned to the U. S. Coast and Geodetic Survey, with instructions “to
provide as adequate charts for air navigation as it now provides for ocean
navigation.”

With only normal head winds, some of the light airplanes make good
over the ground speeds as low as 50 or 60 miles an hour. On the other
hand, the speed of some of the faster military ships approaches 500 miles
an hour. The pilot of the light airplane flies mostly by reference to visible
landmarks: he therefore requires a large scale chart showing landmarks
in all possible detail. At 500 miles an hour pilots have no time to look for
any but the most prominent landmarks, and a small-scale chart showing
few details is desired.
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To meet the varied needs of civilian pilots flying widely different typqt
of airplanes, a number of different series of charts are required, whx&r
from the smallest scale to the largest, are as follows:

1. Planning charts at a scale of 1:5,000,000, or about 80 miles to the
inch, for a first lay-out of long routes. One chart covers the entire United -
States; another covers all of Alaska and extends down the west coast of -
Canada to include the northwestern corner of the United States. A series
of 43 planning charts covering the entire world has been prepared for the
use of the Air Forces, which will probably be made available to civilian
pilots with the coming of peace. .

2. Radio direction finding charts, at a secale of 1:2,000,000, or about
32 miles to the inch. Six charts cover the entire United States, with wids
overlaps; see inset, figure 9.

3. Regional charts, at a scale of 1:1,000,000, or about 16 miles to the
ineh; for navigation or piloting. Only 17 charts about 33 x 50 inches are
required for the United States, 10 for Alaska; see figures 9 and 10. This
series will be extended to cover the Hawaiian Islands and the Philippines.

4. Sectional charts, at a scale of 1:500,000, or about 8 miles to the
inch; primarily for landmark flying (piloting). The entire United States
is covered by 87 charts; see figure 9.

5. Local charts, at a scale of 1:250,000, or about 4 miles to the inch;
for fuller detail as terminals are approached in highly developed metro-
politan centers; also, for more complete landmark detail for local flights by
light-plane pilots.

6. Airport charts, at a scale of about 1:126.720 (2 miles to the inch) ;.
for complete details of landmarks and obstructions in the vicinity of an
individual airport, with the correct procedure for instrument approach.
The back of each chart carries details of the landing area, at about 1:18,000
(1,500 feet to the inch).

Because of the increasing speeds of aircraft engaged in this type of
flying, the scales of these charts are being changed to 1:250,000 for the
approach chart, and about 1:31,680 (one-half mile to the inch) for the
landing chart,

In addition to the foregoing, a number of special-purpose charts have
also been provided, such as:

7. Magnetic, or isogonic charts, showing lines of equal magnetic va-
riation, at a scale of 1:5,000,000, or smaller.

8. A great-circle chart of the United States, at a scale of approxi-
mately 1:5,000,000.

9. A series of outline charts, 814 x 11 inches, showing radio facilities
at a scale of 1:2,500,000 for instrument flying along the airways; issued
by the Information and Statistics Service, Civil Aeronautics Administra-
tion. These are bound together in a booklet entitled “Air Navigation
Radio Aids,” which is revised and printed at frequent intervals.

To illustrate further the effect of airplane speeds on the scale of
charts, the average sectional chart is ahout 20 by 42 inches in size. With

\_\
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some allowance for margins, then, a sectional chart covers an area of
about 140 miles from morth to south, and 820 miles from east to west.
At 70 miles an hour, it would take 2 hours to fly from north to south over
the area represented on the chart, and about 414 hours to cross it from
east to west. At 200 miles an hour these are reduced, respectively, to 40
minutes and 1% hours. For a flight of considerable distance, this would
require the carrying of a great number of charts, with frequent changes
from one chart to the next. At 400 miles an hour, the time intervals are
further reduced to 20 minutes and 45 minutes. For a regional chart, at
200 miles an hour the corresponding time intervals are 2 hours and 8
hours, respectively. .

The aeronautical planning charts are useful in planning routes be-
tween distant points.

The radio direction finding charts have been designed especially for
use in the plotting of radio bearings. Their smaller scale and wider extent
make it possible to plot bearings from radio stations that would frequently
be outside the limits of a larger-scale chart.

The regional charts were designed particularly for comparatively
long flights, with faster planes. For this purpose they are more convenient
than the sectional charts, since pilots do not need to change charts as often
while in the air. They are also convenient for planning routes which ex-
tend beyond the limits of a sectional chart, one regional chart often cover-
ing a route which would require two or three sectional charts,

The sectional charts are entirely suitable for all forms of navigation,
but are intended primarily for use in pilotage. Because of their larger
scale and more complete information, they are necessary supplements to
the regional charts. They will always be required for detailed studies of
an area, and should generally be used whenever pilotage is employed. Much'
of the landmark information appearing on the sectional charts has been
eliminated from the regional charts, since, for their intended purpose,
clarily is more essential than completeness of detail, and emphasis is
placed on the landmarks of major importance.

Pilots of fast military aircraft liked the scale of the regional charts,
but objected to the large paper size. They also required more landmark
detail than had been shown on the regional charts. To provide for their
special needs, a series of charts at a scale of 1:1,000,000, with uniform
paper size of 22 x 29 inches, has been prepared for practically the entire
world. They have become well liked, and were adopted by the International
Civil Aviation Conference in Chicago in November 1944, A civil edition
of these charts covering the United States will be issued by the Coast and
Geodetic Survey by the summer of 1945. It is possible that they may in
time replace the regional charts. Figure 11 shows the arrangement and
numbers of charts of this series and also (in broken lines) the limits of
the regional charts.

The great-circle chart is chiefly of value for one special purpose: the
easy determination of the exact great-circle route between any two points.
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THE PROBLEMS OF AIR NAVIGATION W

It cannot be used directly for the scaling of courses or distances. Its use
is generally limited, then, to the most exacting record flights, and to coms-
parative studies.

Plates I to IV represent portions of a planning chart, a radio direction
finding chart, a regional chart, and a sectional chart, respectively. The
special features and uses of the charts are treated more fully in later
chapters.

Any of the civilian charts described, except those included in Air
Navigation Radio Aids, may be obtained from the Director, U. S. Coast
and Geodetic Survey, Washington 25, D. C.; see page 343.

The same series of charts provided for civil aviation have also proved
adequate for the basic needs of military aviation. In addition, to meet the
special needs of the Air Forces, “long-range navigation charts” have been
prepared on the Mercator projection, at a scale of 1:3,000,000 (about 48
miles to the inch) on the central parallel of each chart.

The approach charts of the Army Air Forces, scale 1:250,000, are
designed for the use of air units in cooperation and coordination with
ground forces. It is important, therefore, that more complete details of
the terrain be included than are required for a chart intended solely for
aeronautical purposes.

Essentially the same seiies of charts are required by the Navy, but
because of their specialized problems, different scales have been chosen,
and the Mercator projection is used. The following differences may be
noted :

Planning charts for naval aviation are designed to cover a given
strategic area, rather than to fit into some uniform index or scheme of
charts. As a result, they are of varying scales, from 1:5,000,000 to
1:10,000,000.

Their long-range navigation charts are at scales of 1:2,190,000 (about
30 nautical miles to the inch) or 1:2,920,000 (about 40 nautical miles to
the inch).

Their flight charts provide much greater overlaps.

Approach charts of the Navy differ only slightly from those of the
Army Air Forces or the local charts of civilian pilots, the scale in this
case being 1:219,000, or about 8 nautical miles to the inch.

Landing charts are comparable to civilian airport charts, but are of
slightly smaller scale (1:36,500).

FINDING THE ANSWERS

With an airworthy craft, suitably equipped airways, a dependable
weather service, and adequate charts, the only remaining problem is the
actual conduct of flight—the art or science of directing the aircraft from
here to there. The National Advisory Committee for Aeronautics has
defined air navigation as “the art of determining the geographiecal posi-
tion, and maintaining desired direction, of an aircraft relative to the
earth’'s surface.”
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Through the centuries there have evolved four principal or basic
methods of surface navigation. Air navigation, of course, has profited by
these centuries of experience. The evolution in this case has been much
more rapid, but essentially the same four methods are used. They may be
briefly described as follows:

Pilotage, in which the airplane is directed with reference to visible
landmarks;

Dead reckoning, in which the distance and direction are determined
between two known positions, or in which position is determined from a
record of the distance and direction from a known position;

Radio navigation, or the determination of position by means of ob-
served radio bearings or distances; and

Celestial navigation, in which position is determined by means of
sextant observations of the sun, moon, planets, or stars, together with the
exact time of the observations.

No one of these methods may be considered as sufficient by itself.
Instead, all are often used on a single flight, successively or in combination,
according to the needs of the particular situation.

The term “avigation” has occasionally been suggested as being more
appropriate than ‘“navigation,” since it pertains more to the flight of a
bird (avis) than to the course of a ship (navis). The modern science of
air navigation has little in common with the flight of a bird, and the
principles of navigation are the same whether applied aboard a surface
ship or a ship of the air. The National Advisory Committee has therefore
noted that this term is considered unnecessary and undesirable.

QUESTIONS

1. Why is it important that private pilots be familiar with the con-
struction of aircraft?

2. To what exlent do the Civil Air Regulations affect private pilots?

3. Define navigation.

4. What use might be made of the various aids to navigation when
flying by reference to visible landmarks?

5. Outline the general provisions for furnishing weather information
to pilots.

6. Name the principal series of aeronautical charts published by the
United States Coast and Geodetic Survey for civil aviation.

7. State the general purpose of each series of charts.

8. Name three special-purpose charts, with a general description of
each.

9. With a cruising speed of 100 miles an hour, how long would it take
to cross the area covered by an average sectional chart: (a) from north
to south? (b) from east to west? If a regional chart were used, how long
would it take?

10. Under what circumstances should a sectional aeronautical chart
be used? For what purpose should a regional chart normally be used?
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11. State two important reasons why the sectional charts for a route -
should also be at hand, even though a regional chart is being used in -
navigation.

12. What additional kinds of charts are required by the Army Air
Forces for military purposes?

13. The approach charts of the Army Air Forces are the same scale
as the local charts prepared for civil aviation, How and why do they
differ?

14. What are some of the chief differences between the aeronautical
eharts of the Navy and those provided for the Army and civilian use?

15. Name and define the four general types of navigation.
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THE EARTH AS A PLANET

In all forms of navigation, some elementary knowledge of the earth,
_upon the surface of which the navigator works his problems, is important.

The earth is one of the family of nine known planets and a number
of satellites and lesser bodies which revolve about the sun and make up
the solar system, being third in order from the sun.

Only four of the nine planets are of interest in navigation: Venus,
Mars, Jupiter, and Saturn. Mercury is so close to the sun that observation
is difficult, and many professional astronomers have never seen it. Uranus
and Neptune are so far away that they are too faint for navigational use.
Our moon is considered only as a satellite of the earth, rather than one
of the planets,

The sun is our nearest star. It is a great mass of flaming gas, some
864,000 miles in diameter, which is quite small as compared with many of
the other stars. It is our chief source of light and heat, the amount re-
ceived from any other source being negligible by comparison. The sun
appears bigger and brighter than the other stars only because it is so much
closer to us, its average distance being about 93,000,000 miles. At this
distance, its light (which travels more than 186,000 miles a second)
reaches us in about 8 minutes. The next nearest slar is so far away that
its light requires 414 years to reach us; that is, more than 25 trillion
miles.

PRINCIPAL PHYSICAL FEATURES OF THE EARTH

More than 70 percent of the earth’s surface is covered by water. The
Pacific Ocean alone covers half the earth, averaging about 14,000 feet in
depth. The greatest ocean depth yet measured, northeast of Mindanao in
the Philippine Islands, is 85,410 feet.

The land surface of the earth is made up principally of five large
continents: North America, South America, Eurasia (Europe and Asia
together), Africa, and Australia. The continental masses extend outward
under the sea with only gentle slope and moderate depth to form the “con-
tinental shelf,” before falling off into ocean depths.

The antarctic land is sometimes referred to as the ‘“Antarctic Conti-
nent,” and occasionally Greenland is called a continent. The latter is gen-
erally considered as an island, nowever; often as a part of North America.
Scattered islands, some of considerable extent, make up the remainder of
the earth’s land area.

North America is separated from Asia only by the narrow Bering
Strait. It is joined to South America by the Isthmus of Panama. The
United States, exclusive of possessions, takes up only a little more than
3,000,000 square miles of North America’s 9,000,000 (approximately), or
about one-third. The following table affords, in round numbers, interest-
ing comparisons with other countries.
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TABLE 1.—Area and population of some of the principal countries of the earth

Country Area (sq. mi.) Population
United States 3,025,000 130,000,000
United States and possessions —————_______ 8,738,000 142,000,000
China 3,756,000 423,000,000
Great Britain - 94,000 47,000,000
Great Britain and possessions ~__._._______ 13,355,000 500,000,000
U.S.S.R. (Russia) —_.. 8,073,000 166,000,000
Germany 225,000 77,000,000
Japan _— _— 148,000 70,000,000
Javan and possessions —— 263.000 100.000.000

When viewed on a map such as figure 39 it appears that North
America is widely separated from Europe and Asia. When viewed on a
map such as figure 13, or on a globe, it is seen that this is not the case, but
the principal land masses are clustered about the pole. Many atlases still
carry maps of the “land hemisphere” and the “water hemisphere.” With
only a few important extensions, the land hemisphere contains almost all
the land surface of the earth.

While the land surface seems stationary when compared with the
surging waves of the sea, it is by no means static, but is subject to con-
tinual change. Some of the changes are sudden, as in the recent elevation
of a volcano in Mexico, from a level plain to a height of nearly 2,000 feet
in a few months, with its rate of growth at that time undiminished. As a
rule, changes are quite gradual, and are apparent only by comparison of
records covering many years, or from geological evidence.

Near San Jose, Calif.,, an area of 200 square miles has recently shown
continuously lower elevations, the ‘“subsidence” amounting to more than
b feet in the last 20 years. BEven this is considered rapid. From geological
evidence it is apparent that the entire coastal plain along the Atlantic and
the Gulf of Mexico was formed beneath the sea, by sedimentary deposits.
Today it has been elevated above the sea, although not as much as in for-
mer times, as attested by the submarine extension of stream valleys, cut
when they were above the level of the sea. One of the best known sub-
marine canyons is that of the Hudson River, which maintains the general
characteristics of the Palisades nearly 150 miles at sea. Another sub-
merged stream valley may be traced eastward from Chesapeake Bay to
depths of about 9,000 feet.

Even the great mountain masses have been slowly lifted from earlier
positions on the floors of ancient seas. This may be known from the fossil
remains of marine life which they contain, and from other unmistakable
evidence. Having been so elevated, natural processes such as erosion, freez-
ing, and thawing begin to wear them dowrn. Not the least of the wearing-
down agencies is glaciation. Only a few glaciers are now to be found in
the United States, but the trough-like valleys between the high peaks in
the I?OCky Mountains and in the Sierra Nevada are the result of their
work.
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In a former period, most of North America was ice-covered, including
much of the northeastern part of the United States (see fig. 12). As the
great ice sheet moved over the land, the surface was smoothed down into
rounded parallel ridges; lake basins were scooped out of the underlying
rock (see Lake of the Woods sectional chart), while great boulders were
carried far away and deposited at some distant place at the edge of the

Figure 12.—~Maximum extent of glaciation in North America.

melting ice. The parallel fingers of the New England coast indicate the
general direction of movement of the ice sheet.

The earth’s great mountain ranges seem to form an almost unbroken
line through all the major continents (see fig. 13). The Andes, in South
America, reach a maximum elevation of nearly 23,000 feet. Continuing
northward into the United States, the highest point is Mt. Whitney, 14,496
feet above sea level. Strangely enough, the lowest point in the United
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States lies less than 100 miles eastward, in Death Valley, Calif. (276 feet
below sea level). In Alaska, Mt. McKinley is the highest point, with an
elevation of 20,300 feet. The watershed crosses into Asia, reaching the
earth’s highest elevation of 29,141 feet at Mount Everest; then into Africa,
where Mt. Kilimanjaro reaches 19,324 feet. Australia’s highest point, Mt.
Kosciusko, is 7,328 feet above sea level.

Mountains have a direct bearing not only on the economic develop-
ment of a country, but upon air navigation as well. Some are so high that
they cannot be cleared easily with ordinary commercial aircraft. Radio

Figure 13.—Principal mountain ranges of the earth.

signals are distorted by reflection from them. Scheduled operations are
often hindered by cloudiness and the excessive rainfall that results from
condensation when the moist air from the sea is cooled as it is forced to
higher levels. For example, on the westerly slopes of the Sierras, ten
times as much precipitation occurs as on the easterly slopes. Many similar
effects can be noted on any map showing the world’s annual rainfall.
Earth’s highest elevation (29,141 feet) plus the greatest ocean depth
(35,410 feet) provides the maximum difference in surface elevation of
64,551 feet. As compared with the earth’s diameter this is quite small;
on a globe 1 foot in diameter it would be represented by less than one-
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fiftieth of an inch, and the surface of the entire globe would appear quite
smooth and spherical.

THE EARTH A SPHERE

Navigation on a flat earth would be very simple indeed. There is a
common saying, however, that “the earth is round.” Strictly speaking, the
earth is not a sphere, but a “spheroid.” It is slightly flattened at the
poles, the polar diameter (7,900 miles) being about 27 miles shorter than
the diameter at the equator (7,927 miles). In practice, navigation even
on a spherical earth can be made quite simple, and the earth is regarded
as a perfecl sphere,

One of the most convincing and practical proofs that the earth is a
_sphere is the fact that, for centuries, navigators have plotted and sailed
their courses on that assumption, and have consistently arrived at the
most distant destinations. Unfortunately, many of us have obtained our
impressions of distance and direction from maps of the world such as
figure 39, rather than from a globe. To correct the distorted Mercator
representation in areas remote from the equator, a number of recent maps
have been prepared similar to the central part of figure 13. In this case
there is relatively little distortion near the pole, but increasing distortion
toward the equator.

From figure 13, it is apparent that the shortest route from our own
west coast to Tokyo or Chungking is by way of Alaska and Siberia, not
across the Pacific. The direct route between Chicago and Moscow lies over
the polar regions, and it is possible that air lines of the future may follow
such routes on the spherical earth. Contrary to common opinion, better
flying conditions are met in the Arctic than in many areas in lower
latitudes.

THE EARTH A ROTATING SPHERE

The earth travels about the sun in a great ellipse, one complete revo-
lution in its orbit requiring a little more than 365 days (1 year). At the

Figure 14.—The earth ap & planet.
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same time, it also rotates on its axis, a complete rotation with respect &
the sun requiring 24 hours. The rotation of the earth causes day an¢
night for us, according as our part of the earth is toward the sun or awa;
from its light. The direction of rotation is from west to east (fig. 14)
and it therefore seems as though the sun, moon, planets, and stars rise ir
the east and pass across the sky to set in the west.

Throughout its yearly journey about the sun the direction of the
earth’s axis (about 2314° from a perpendicular to the plane of its orbit)
remains practically unchanged. The rotation of the earth on an inclined
axis is probably the most important single fact in connection with the
earth. It provides a system of coordinates for determining position, and
a measurement of time; it also determines the apparent motion of the
heavenly bodies, the seasons, climate, the duration of daylight at various
latitudes, and the direction of the prevailing winds.

LATITUDE

On the surface of a stationary sphere all points are exactly alike, and
there is no definite point to serve as the origin of a system of reference
lines. As soon as rotation of the sphere is introduced (as in the case of
the earth), this is no longer true.

The axis on which the earth rotates is a definite line within the sphere,
different from any other diameter. The ends of this diameter, where they
meet the surface of the earth, are called the poles. With these as starting
points, the sphere is supposed to be divided into two equal parts by a plane
perpendicular to the axis and midway between the poles. The circle formed
by the intersection of this plane with the surface of the earth is also a
definite line upon the earth, and is called the equator.

Any number of circles can be drawn which will pass through both
poles. These circles are known as meridians. In most countries they are
considered to be divided into 360°, and there will be 90° between the equa-
tor and each pole, on each side.

Let us now take a point along one of the meridians 80° north of the
equator. Through this point pass a plane perpendicular to the axis and
parallel to the plane of the equator. The intersection of this plane with’
the surface of the earth is called a parallel of latitude, this particular one
being the parallel of 30° north latitude. In the same way other circles
may be determined to represent other degrees of latitude north or south
of the equator. The position (latitude) of any point on the sphere be-
tween the equator and the poles may now be definitely fixed as “so many
degrees north or south of the equator.”

LONGITUDE

The equator may also be divided into 360°, for the measurement of
longitude, but first we must decide upon some starting point. A great
many places have been used for this purpose by different nations. For
example, many French maps are based on the meridian of Paris as the
starting point, or “prime meridian.” Old mans of the United States are
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still found occasionally, with the longitude numbered from the meridian
‘passing through Washington, D. C. At an early date the British adopted
the meridian passing through their principal observatory at Greenwich as
the origin for reckoning longitude, and this has since been adopted by
many other countries.

Y V'l

New York

A Paraliel
P 4

< 1O

L~

T |2

!

U H ?
X X X Equator X

Y Y
Figure 15.—~The location of a point on a plane Figure 16,—The location of a point on the earth
from known reference hnes. from known reference lines,

The longitude of a place may be defined in several different ways. It is:

1. The distance along the equator, measured in degrees, minutes, and
seconds, between the meridian of Greenwich and the meridian passing
through the place; or,

2. The distance from the meridian of Greenwich, measured along the
parallel passing through the place, in degrees, minutes, and seconds ; or,

3. The angle at the pole between the meridian of Greenwich and the
meridian passing through the place.

Longitude is measured up to 180° east or west from the meridian of
Greenwich, and the position (longitude) of any point on the sphere may
be definitely fixed as “so many degrees east or west of the meridian of
Greenwich.”

Having now established two reference lines—the equator for latitude
and the meridian of Greenwich for longitude—New York (or any other
point) may be located on the sphere in much the same way that a point
is located with respect to X and Y axes on a plane surface. See figures
16 and 16.

TIME

The earth makes one complete rotation of 360° with respect to the
sun in 24 hours, The equator could therefore be divided into 24 hours as
logically as into 860°, each hour being equal to 15° of longitude. For
some purposes longitude is expressed in hours, minutes, and seconds of
time, instead of degrees, minutes, and seconds of are. From the following
table, it is apparent that the longitude of a place may be expressed, for
example, either as 75° or as 5 hours west of Greenwich.
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t Due to the inclination of the

. ) TABLE 2.—Relation between are and time
earth’s axis, the eccentricity of its

orbit, and other irregularities, the Timetoare 1‘?’?‘;2"3:
length of a day is not constant, and ilr‘n"l‘;"f 31‘:, R
the sun is at times ahead of the clock; 1 sec. — 15 17 = 1/16 see.

at other times it is slower., Time
measured by the irregular motion of the sun itself is known as “apparent
time,” or as “true solar time.” .
For many purposes this variable time is not satisfactory, and it is
supposed that a “mean sun” moves uniformly around the heavens. A d.ay
is defined as the time required for one complete rotation of the earth with

respect to this mean sun. Mean solar time is the time ordinarily kept by
our clocks and watches.
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Figure 17.—Standurd time zones of the United States.

Prior to the adoption of zone time or “standard time” by the railroads
in this country in 1883, every city had its own local time, and much con-
fusion naturally resulted. Originally each standard time zone was 15°
of longitude (1 hour) in width, with the first zone centered on the meridian
of Greenwich. Eventually many irregularities crept in, as communities
decided to keep the standard time of some large city farther east or west.
War time (“daylight saving time”) has introduced further complication,
by moving all clocks one hour ahead.

Figure 17 shows a very generalized picture of the four standard time
zones of the United States. In any given zone the time is one hour earlier
than in the adjacent zone to the east, one hour later than in the zone to
the west. Almost the entire surface of the earth is divided into standard
time zones, the limits of which are shown on a chart published by the
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:ﬁydrograbhic Office of the U. S. Navy Department (H.O. 5192 Time Zone
. Chart of the World).

In reporting estimated time of arrival (ETA) to an airway traflic

‘eontrol center, pilots sometimes become confused and add an hour when

it should have been subtracted, or vice versa. The best practice is to
report according to the watch time actually being kept by the pilot. If his
watch is set to central war time, his ETA, for example, should be given
as “1730 central war time” (5:30 p. m., see p. 270), leaving no doubt in the
mind of either the pilot or the control tower operator concerning the time
referred to.

DATE

In these days of global interests and global navigation it is essential
to be able to determine the date, as well as the hour, for any place on
earth. It is considered that each new day begins at the International Date
Line which, in general, coincides with the meridian 180° from Greenwich,
in the vast expanse of the Pacific where there are the fewest people to
be annoyed by its peculiarities.

In figure 18, the circumference represents the equator, P the pole,
PM the International Date Line, PG the meridian of Greenwich. When
the sun is over the meridian of Greenwich, it is noon at Greenwich, but
midnight on the opposite side of the earth
at the date line, where a new day is being
born at that moment. Let us call the day
Monday. The new-born day “grows” or
travels westward around the earth, at the
rate of 15° of longitude each hour. Twelve
hours later, the new-born Monday reaches
the meridian of Greenwich and it is mid-
night there, while the sun is over the date
line where it is now Monday noon.

Monday follows Sunday, of course, and
it is as though it were pushing Sunday
ahead of it until it reaches the date line

Figure 16.—The birth of a day. again. Sunday is now gone and for an
instant Monday has spread over the entire earth; east of the date line it is
just beginning, west of that line it is ending. In another moment Tuesday
has started on its trip around the world, while Monday retreats before it.
Tuesday is found west of the date line, Monday to the east. Thus, the
navigator who crosses the date line going from west to east goes from
Tuesday into Monday, and must go backward one day on his calendar.
Traveling from east to west, he goes from Monday into Tuesday and must
add a day.

In celestial navigation, and to an increasing degree in other forms
of navigation, the time of an observation or fix is always converted to
Greenwich time and date, In practice this eliminates a great deal of con-
fusion. If the life-cycle of a day is thoroughly understood, this should
never be difficult.

®
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SIDEREAL TIME

With the introduction of the Air Almanae, a knowledge of sidereal
time is no longer necessary for any of the standard methods of navigation.
There are certain special methods of celestial navigation which offer very
real advantages, however, for which some knowledge of sidereal time is
essential. Those who expect to have no use for these methods need not be
concerned with this section.

Ordinary civil time is based on the rotation of the earth with respect
to the sun (strictly speaking, with respect to the mean sun), the civil day
being the period of time required for one complete rotation. Sidereal time
is also based on the rotation of the earth, but a sidereal day is the period
required for one complete rotation with respect to the stars.

As illustrated in figure 19, at the same time that the earth rotates on
its axis it is also traveling along its orbit around the sun, at the rate of
almost a degree a day (360° in approximately 365 days).

Since the nearest star is so much farther away than the sun, there
is no appreciable difference in the direction of a star throughout the year,
while the direction of the sun changes from day to day. Thus, the solid
earth and the sun (fig. 19) are in direct line with a distant star, which we

~
Earth, 1 day later

Earth

Figure 19.- The eivil day and sidereal timeo.

will suppose is located exactly at the vernal equinox, or first point of Aries.
As the point on the earth which is directly opposite (away from) the sun
and star begins to rotate, let us consider that the civil day and the sidereal
day for that point begin simultaneously. The dotted earth marks its posi-
tion near the end of the civil day, about 1° farther along in its orbit. It
has already completed one rotation with respect to the distant star, but
must turn almost another degree to complete one rotation with respect to
the sun. It is evident, then, that the civil day is longer than the sidereal
day, the difference amounting to about 3 min. 56 sec.

THE SEASONS

If the earth’s axis were perpendicular to the plane of its orbit, instead
of inclined, summer and winter would cease to exist, and the climate in
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any latitude would remain the same the year around. This condition is
illustrated in figure 20, where the parallels for each 15° of latitude are
shown.

A 15° belt of latitude near the equator would receive the nearly verti-
cal rays of the sun over its entire surface, every cloudless day in the year,
as indicated at A. A 15° belt near either pole would receive only the heat
and light represented by the narrow bands at B. To make the discrepancy

N Pole

Figure 20 Distrik of light if the carth’s axis were vortical.

even greater, a large proportion of the vertical rays of the sun would be
absorbed by the earth in equatorial regions, while a large proportion of
the slanting rays near the pole would be reflected from the glazed white
surface of snow and ice. The days and nights would be equal throughout
the year, for any place on earth. At the poles, the sun would be always
on the horizon, and continuous daylight would result.

The inclination of the earth’s axis introduces summer and winter
and other interesting variations. Figure 21 may be considered as an
enlargement of the summer and winter portions of figure 14,

With the axis inclined at an angle of about 23149, in the summer the
vertical rays of the sun fall upen the parallel of latitude about 2314° north
of the equator, at A. This parallel which marks the northern limit of the
sun’s apparent travel, is known as the Tropic of Cancer. In the winter
the sun is directly above the parallel of latitude about 2314° south of the
equator, at B, this parallel being known as the Tropic of Capricorn.

In the summer, the slanting rays of the sun extend not only to the
north pole, as it would if the axis were vertical (see fig. 20), but about
231%4° beyond it, to a parallel which is known as the Arctic Circle (fig. 21).
Within that circle, in the summer, when the sun is farthest north, the
sun does not set, but is visible throughout the 24 hours. At the south pole
the sun’s rays fall about 2314° short of the pole and, at the same time, do
not fall within the Antarctic Circle at all. In the winter, as shown at the
right of figure 21, this condition is exactly reversed.
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The side of the earth toward the sun (that is, the side toward the
‘center of the figure) is in each case the daylight side. The point 4, which
af noon in summer received the vertical rays of the sun, in the winter is at
A’, and receives not nearly so much of the sun’s light and heat. This is

the principal cause of the seasons.

When the earth is about halfway between its summer and winter
positions (fall and spring) the sun is directly over the equator, and days
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and nights are equal all over the carth. This has resulted in the word
“equinox” (equal -+ night).

CLIMATE

Climate at any place may be considered as the average of all the vari-
able weather conditions at that place over a long period of time. The most
important influence, of course, is latitude, which determines the amount
of heat received from the sun, but there are a number of other modifying
factors.

The influence of mountains on climate has already been mentioned.
In the mountains of New Mexico the average winter temperature is as low
as at New York, about 500 miles farther north. Again, the break.in the
Cascade Mountains at the Columbia River, allows the warm air from the
Pacific Coast to flow through, and as far east as Idaho causes average
temperatures nearly 10° higher than in nearby areas.

On Mt. Mitchell (N. C.) the average annual snowfall of 70 inches is
about twice that of Boston, nearly 500 miles further north. The longer
retention of snow on the mountains in the spring, in some cases continu-
ing throughout the year, has its effect on temperatures in nearby areas.

Climate is also modified by the presence of large bodies of water,
which absorb heat more slowly than land masses, but retain it longer. As
a result, water areas are cooler in summer and warmer in winter than the
adjacent land areas.
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A further important factor is found in the great ocean currents, such
as the Gulf Stream. Because of the influence of the Gulf Stream, the
climate of Great Britain is much milder than might be expected for an
area which lies farther north than any part of the United States, A simi-
lar effect is produced on our own west coast by the California Current.

DURATION OF DAYLIGHT

To an observer at any point on the earih, it appears that he stands
at the center of a horizontal surface. It is never apparent that the whole
plane of his horizon is in any other than a “horizontal” position, nor that
he himself is in any other than a “verlical” position, on top of the world.

At the upper left of figure 22 the earth is shown with axis inclined
at the proper angle. The horizon of an observer at the equator is shown,

At Latitude 45° N

True Fatoe True False

Figure 22.—Horlzon at A Latitud pared with false impressl of the “horl 10

and the apparent direction of motion of the heavenly bodies is indicated
by arrows. Second from the left is illustrated the false impression of his
relation to the earth entertained by the same obscrver. At the upper right
is shown the corresponding information for an observer at the north pole.

At the lower left of the figure there are shown the true condition and
the false impression for an observer at latitude 45° north, and at the
lower right the same information for one at 45° south. Note that in each
case the apparent motions of the heavenly bodies are along lines parallel
to the equator.

The distance from the earth to any of the cclestial bodies is so great
that the radius of the earth is as nothing by comparison, and it is usually
reckoned that the true horizon passes through the center of the earth.
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Figure 23 may be considered as an enlargement of the true portions of
figure 22, with the true horizon for a selected point drawn through the
center of the earth in each case, and with the tropics added.

The length of the Tropic of Cancer from its intersection with the
horizon to the circumference just south of Miami represents half the
period the sun is above the horizon of Miami at mid-summer. The cor-
responding distance along the Tropic of Capricorn provides the same in-
formation for mid-winter. At Seattle the duration of daylight is much
longer in summer, much shorter in winter. At Barrow, above 71° in
Alaska, at mid-summer the sun is above the horizon throughout the day,
and at mid-winter it is below the horizon all day. At Buenos Aires, dura-
tion of daylight is much shorter in June than in December.

Because of the decreasing angle between the horizon and the equator
(see fig. 23), the length of summer daylight increases with the latitude.
This is demonstrated graphically in the figure; it may be shown much
more clearly with a globe, and students should refer to a globe often, not
only in studying these matters, but for many of the problems of navi-
gation.

When the sun first sinks below the horizon it does not become dark
at once, but “twilight” lasts for the navigator until the sun is 6° below

Figure 23 BDuratzon of dayhight at Miami, Seattle, Barrow. and Buenos Aires.

the horizon. Astronomers do not consider that twilight has ended until
the sun is about 18° below the horizon. Even when the sun has passed
below the horizon in a long slant, as for the horizon of Barrow, it may
not descend below the twilight zone, or at least is a long time in doing
80, and the period of daylight is lengthened accordingly.

WINDS

If the permanent extremes of temperature pictured in figure 20 ex-
isted, and the earth were not rotating, the heavier air from the cold polar
areas would flow directly toward the equator, as shown in figure 24, The
lighter, rising air at the equator would be drawn back toward the poles
at higher levels, there to descend and repeat the cycle.

With the same extremes of temperature but a rotating earth, this cir-
culation is modified. In order to understand the modification introduced
by rotation, let us follow a particle of air southward, from the north pole
toward the equator,
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At the equator, a point on the surface of the earth is moving a little
more than 1,000 miles an hour (approximately 25,000 miles in 24 hours).
Near the pole this surface motion decreases almost to zero. Air near the
surface of the earth partakes of the same velocity as the adjacent surface.
A particle of air traveling southward from the pole moves into latitudes
which are traveling progressively faster toward the east than its own
original easterly velocity. It is soon left behind, therefore, by the faster

M
U/

Figure 24.—Wind system of nonrotating sphere Figure 25.~Generalized picturo of prinelpal winds
with vertical axis. prevailing on the earth,

moving earth, and we say it has been deflected toward the right. In the

southern hemisphere this process is reversed, and air is deflected toward

the left.

Figure 25 is a greatly generalized picture of the winds actually pre-
vailing on the earth, rotating on its inclined axis. This condition is still
further modified in any given locality by the presence of large bodies of
water, mountain ranges, and other topographic details.

THE UNITED STATES IN THE MODERN WORLD

German strategy has been based largely on the conception of a “Heart-
land” in the center of Eurasia, surrounded by the “World Island.” Ac-
cording to this idea, whoever ruled the Heartland could command the
entire world, and it was in keeping with this belief that the invasion of
Russia was begun.

The notion of a “Heartland” was not unreasonable in the days of land
power and sea power alone, but in the present air age it is just as reason-
able to look upon North America as the new Heartland, or strategic center
of the world. Today it is both the arsenal of democracy, and the chief
hope of food for a hungry world.

Located between two oceans, it has all the advantages of land power
and sea power, and—more important to all the Americas—the commerce
of peace. In addition, by way of Alaska or Greenland, air power has
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prought us within easy distance of any part of Europe or Asia. See
figure 13, or a globe.

With great natural resources, rich farm lands, large rivers, splendid
harbors, and rapid transportation, the United States, located in the midst
of the Americas, is almost as fortunate and self-sufficient as could be
desired. The advantage of a common language and freedom from border
disputes with our good neighbors to the north and south have enabled us to
concentrate on industrial and cultural development, rather than the strifes
that have been so common in Europe. The completion of the Pan-Amer-
ican highway from Alaska through South America, with the increasing
benefits of air travel, may be expected to promote an even closer relation-
ship through better understanding.

Modern geographies and atlases include maps showing the bands of
sea-borne commerce between the United States and the rest of the world.
With a little study of such maps it is easy to understand the strategic im-
portance of Panama, Gibraltar, Suez, or Singapore. It is still hard to
predict how much air transportation will modify this picture. Inland
towns, far removed from yesterday’s sea-borne commerce, tomorrow may
become as important as New York or London in the system of air com-
merce. Desert islands and arctic wastes may become strategic stops along
intercontinental air lanes.

In view of the ever larger part the United States must play in world
affairs, any time spent in a study of world maps will be well repaid.
Study of a good map of the United States is essential. Note on the maps
the topography, railroads, harbors, and other factors contributing to
the development of great centers such as New York, Chicago, New
Orleans, Los Angeles, and Seattle. In the same way, make a study of
Archangel, Malta, Buenos Aires, and Sidney.

A SHRINKING EARTH

When George Washington was President it took weeks to travel
from Washington to Philadelphia. Three weeks were required for a post
rider to carry mail from New York to Boston. Today, either trip can
be made by air within an hour or two.

A generation ago it taxed the imagination of Jules Verne to have
his hero complete his journey “Around the World in Eighty Days,” in
the then popular novel of that name. In 19381 Post and Gatty accomplished
this by air in a little more than 814 days. This time was further reduced
in 1938 by Howard Hughes to 3 days, 19 hrs., 14 min.

Prior to the war, the month or more required for a surface crossing
of the Pacific had been reduced to a week by commercial airliners. Today,
airplanes of the Army’s Air Transport Command have delivered strategic
cargo across the Atlantic and returned to their base for another load in
less than two days. One commercial airplane has crossed the Atlantic
twice in one 24-hour period. Numerous magazine articles call attention
to the fact that “no spot on earth is more than 60 hours from your local
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airport.” Truly, we live on a shrinking earth. For many purposes its
dimensions should no longer be given in miles, but in time.

The immediate implications of our shrinking earth are military.
No longer can people in any part of the world feel safe because enemies
are at great distances from them, as they are separated by only a matter
of hours. In the years that follow, it is hoped that the easier interchange
of ideas, and the closer contacts with other peoples will promote a better
understanding and lead to an enduring peace.

QUESTIONS

1. What is the earth’s principal source of light and heat?

2. What is the earth’s average distance from the sun? Is it closer
to the sun in summer, or in winter?

3. What is earth’s greatest height? Greatest ocean depth?

4, What percent of the earth’s surface is land?

5. Define the following geographic terms: island ; continent; isthmus;
strait; peninsula.

6. What evidence of early glaciation may be found in the United
States?

7. How do mountains affect climate?

8. Are regions near large bodies of water likely to have extreme
changes in temperature, or less-than-average changes?

9. What reasons can you give in support of belief that the earth is
round?

10. How is the slight flattening of the earth taken into account in
navigation?

11. What is meant by the inclination of the earth’s axis?

12. How does the inclination of the axis affect the seasons? Climate?

13. Why are winds deflected to the right in the northern hemisphere,
and to the left in the southern hemisphere?

14. By what coordinates is a point located on the surface of the
earth?

15. With respect to what reference line is latitude measured? Longi-
tude?

16. In what terms is latitude measured? Is longitude always measured
in the same terms.

17. How is the difference of latitude obtained between two points in
north latitude? Two points in south latitude? A point in north latitude
and a point in south latitude?

18. How is the difference of longitude obtained between two points
in west longitude? Two points in east longitude? A point in west
longitude and a point in east longitude?

19. What is the difference of longitude between a point in 170° east
longitude and a point in 170° west longitude? -
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20. What is the approximate length, in statute miles, of a degree of
latitude near the equator? Near latitude 60°? Near latitude 90°7

21. What is the approximate length, in statute miles, of a degree
of.longitude at the equator? At latitude 60°? At latitude 90°? (NOTE: A
table giving these and other related values is included in U.S.C.&G.S.
Special Publication No. 5: Tables for a Polyconic Projection of Maps.)

22. State the relationship between longitude and time.

23. How is the length of a day determined? Of a year?

24. Is a sidereal day longer or shorter than the ordinary civil day?

25. When it is noon at Washington, D. C., what time is it at Los
Angeles? At Greenwich? At the international date line?

26. Name the four standard time zones of the United States.

27. In crossing the international date line from east to west, should
& pilot add or subtract a day?

28. What determines the following circles on the earth: Tropic of
Cancer; Tropic of Capricorn; Arctic Circle; Antarctic Circle?
29. What is meant by the word “equinox”?
30. At what season of the year are the days and nights equal?

31. What part of North America lies in the same latitude as the
British Isles? Are the British Isles warmer or colder than the correspond-
ing latitude in North America? Why?

32. Is the day longer at Barrow, Alaska; at the Panama Canal; or
at Buenos Aires—(a) in the middle of June; (b) in the middle of De-
cember?

33. ow would you define the word “horizontal”?
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Chapter I.—CHART PROJECTIONS FOR AIR NAVIGATION

THE ROUND EARTH ON A FLAT CHART

No considerable part of the surface of a sphere can be spread outin a
plane without some stretching or tearing. In attempting to flatten out a
portion of a hollow rubber ball, as under glass, the outer part must be
stretched or torn before the central part can be pressed into the same plane
with it.

If only a small portion of the earth’s surface is to be shown, it may
be represented on a plane surface with negligible distortion. When a large
number of such maps have been made, it will be found that they cannot
be joined together so as to lie flat. If they are carefully joined along the
edges it will be found that they naturally adapt themselves to the shape of
the globe.

While it is impossible to represent a sphere upon a plane accurately,
there are some surfaces that can be spread out in a plane without any
stretching or tearing. Such surfaces are called developable surfaces;
those like the sphere are called nondevelopable. The cone and the cylinder
are two well known surfaces that are developable.

If a paper cone is cut in a straight line from base to apex (fig. 26),
the surface of the cone can be spread out in a plane with no stretching or

radiug o side of COne

e 2’
= crcumierence o' °

a. Cone cut from b Development of the
base to apex. cone’s surface
Figure 26.—Develoy of a cqnical surface.

tearing. Any curve drawn on the surface will have exactly the same
length after development that it had before.

In the same way, if a cylindrical surface is cut from base to base
the whole surface can be rolled out in a plane. See figure 27. In this case,
also, there is no stretching or tearing of any part of the surface.

Since the sphere cannot be directly developed into a plane surface,
it is customary first to project the reference lines of the sphere upon some
developable surface, as a cone or cylinder. This is done by mathematical
analysis, but the process may be visualized by supposing a tiny light
at the center of a transparent sphere, projecting a shadow network of
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meridians and parallels upon a tangent cone or cylinder (fig. 30). When
this developable surface has been unrolled into a plane, we have a more
or less satisfactory representation of the reference lines of the sphere
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a Cyhnder cut from b Development of the
base to base cylinder's surface

Figure 27 —Development of a cylindrical surface.

upon a plane surface. The system of lines representing the meridians
and parallels of the sphere is known as a chart projection. It is the founda-
tion upon which the chart or map is built.

PROPERTIES OBTAINABLE IN A PROJECTION

A great many systems of projection have been devised, each intended
to serve some particular purpose, or to preserve some special property of
the sphere. One text, Petermann’s Mitteilungen, Ergansungsband 48, 1935,
tabulates and classifies as many as 237 projections. Some of the properties
which it would be desirable to preserve in a chart are:

1. The true shapes of physical features, including correct angular
relationships; N

2. Equal areas, or the representation of areas in their correct relative
proportions; and

8. True scale values, for measuring distances.

Other properties often desired and obtained are:

4. The representation of great circles as straight lines;

5. The representation of rhumb lines (see p. 89) as straight lines; and

6. A compromise between several desirable properties, sacrificing a
little of one in order to obtain a little more of some other, yet without
too much violence to either.

It is possible to obtain any one of these properties, sometimes more
than one, in one flat map. It is possible to obtain ALL of them in one map
9n]y on a globe. It is necessary, then, to consider what purpose the chart
1s to fulfill, and to select the projection that most nearly affords the
properties desired. The two fundamental problems of all forms of
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navigation are distance and direction. Special consideration will be given,
therefore, to these two items on the sphere, and to their representation
in the projections studied.

DISTANCE ON A SPHERE

In plane geometry a straight line is defined as “the shortest line
that can be drawn between two points.” It is on this principle that a
carpenter stretches a chalked line between two points and snaps it lightly
against the floor to obtain, in a faint chalk impression, a straight line.

On the surface of a sphere, the shortest distance between two points
lies along the arc of a great circle. This does not mean, of course, that
the shortest distance is not along the most direct route, for a great cirele
may be popularly defined as “the straight line of the sphere.” This is
illustrated in figure 28 where a string is stretched over the globe, from
New York to London, to obtain the great circle route (shortest distance)

Figure 28.—Great circle versns rhumb Iine

between the two points. A great circle is so called because it is one
of the family of largest circles that can be drawn on a sphere.

More exactly, a great circle on the earth is a line marked out by the
intersection with its surface of any plane passing through the center
of the earth. Stated another way, all circles upon the earth which divide
it into two equal parts are called great circles. The equator is a great
circle, and so are all meridians. The plane of a great circle, of course,
may be at any angle to the plane of the equator or to the earth’s axis.
Figure 29 illustrates these definitions.

From the definition of a parallel of latitude, it is clear that a parallel
divides the sphere into two unequal parts. A parallel is therefore not a
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great circle, but a small circle. Any circle, the plane of which does not pass -
through the center of a sphere is known as a “small circle,” regardless of
its size.

Distance along a great ecircle is measured in the same way that
latitude and longitude are measured along the great circles represented
by the meridians and the equator—that is, in degrees, minutes, and seconds
of arc. For most purposes, the distance is then converted into the ordinary
distance units of nautical miles, statute miles, or kilometers. For all
practical purposes, a minute of latitude, or a minute of any other great
circle, may be considered as a nautical mile. Because of the flattening of
the earth near the poles, the length of a minute of latitude varies some-
what, increasing with the latitude, from the equator to the poles. In the

The equator is a great Any mendian is a great A parallel 15 NOT a grest Any plane passing through
circle circle circle the center of the earth
cuts the surface in a grest
C = center of the earth circle
Figure 29.~Grea arth,

United States, however, the length of a nautical mile is definitely fixed
at 6,080.20 feet. A “knot” is the unit of speed in nautical miles per hour.
For example, a speed of 120 nautical miles per hour should be expressed as
“120 knots.”

The statute mile is more commonly used on land, and also for air
navigation, although nautical miles are used by the Navy. The graphic
scales printed on the various series of areonautical charts are all based
on the statute mile of 5,280 feet. A scale of nautical miles is provided
by the meridians, which are graduated in minutes of latitude.

DIRECTION ON A SPHERE

There are two kinds of direction on a sphere—great-circle directions
and rhumb-line directions. Great-circle directions are illustrated in figure
28, from which it is seen that the string makes an angle of about 50° at the
meridian of New York, about 90° with the meridian of Iceland, and a still
greater angle with the meridian of London. In other words, the direction
of the great circle is constantly changing as we progress along the route,
and is different at every point along the great circle. Great-circle direc-
tions, then, always refer to the direction at a particular point: for example,
the great-circle bearing of London from New York, or from St. Johns,
or from a point on the meridian of Iceland.

A rhumb line may be defined as a line which erosses all meridians
of the earth at a constant angle. A ship or an airplane that holds to a
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constant course is making good a rhumb line over the surface of the earth.
From figure 28 it may be seen that the rhumb line between New York
and London crosses all meridians at an angle of about 80°.

As already pointed out, a great circle represents the shortest route
between two points; the rhumb line is somewhat circuitous, and is always
longer. Note that in this case the great circle route from New York to
London is 141 statute miles shorter than the rhumb line. For distances
of less than 1,000 miles the saving in distance by way of the great circle
usually is not great enough to be of practical importance.

THE LAMBERT PROJECTION

This projection is properly known as the Lambert conformal conic
projection. For the sake of brevity it is commonly referred to as “the
Lambert,” since it is the best known projection bearing that name, To
avoid any confusion, when referring to other projections devised by
Lambert the full name should always be given: for example, the ‘“Lambert
equal area projection.”

This projection was introduced in 1772, but was little known until,
during the first World War, it was adopted by the Allies for their military
maps because it afforded maximum accuracy of directions and distances.
Since these are the two basic problems of all navigation, when the Coast
and Geodetic Survey was assigned the task of preparing charts for air
navigation the Lambert projection was given serious consideration. It
was selected, however, only after a thorough investigation had indicated
that it afforded a very desirable combination of properties and advantages.
Two properties, both of which are vital in air navigation, are the speed and
accuracy with which navigational problems may be solved.

The Lambert projection is not obtained graphically, by geometrical
projection, but is derived from rigid mathematical formulas to afford
the property of conformality. By this term it is meant that true shapes
of limited areas and true angular relationships are retained (property 1,
p. 37). In Europe the term “orthomorphic” is used for a projection of
this nature. In view of the foregoing, figure 30 must not be looked upon
as illustrating the actual derivation of the projection; rather, it is a
picture of its general form and properties.

The meridians and parallels of the earth are projected upon a cone
which intersects the surface of the earth along two standard parallels.
The standard parallels on the earth and on the cone coincide, and along
them the scale is therefore exact. Between the standard parallels the earth
is projected inward upon the cone, and the scale of the cone is somewhat
smaller than the scale of the larger earth. Outside the standard parallels
the earth’s surface is projected outward, and the scale of the cone is
slightly larger than that of the earth.

The standard parallels of true scale adopted for all aeronautical charts
of the United States are latitudes 33° and 45°, Figure 81 shows a portion
of the developed Lambert cone, with the outline of the United States.
Note that the meridians of the earth are represented by straight lines
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LIMITS OF PROJECTION

Figure 30,—The Lambert ronformal conic projoction.
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Figure 81.—A portion of the developed cone, Lambert conf 1

conic prejection, showing scals properties.



42 PRACTICAL AIR NAVIGATION

converging toward a common point (the apex of the cone) outside the
borders of the chart. They may be consider=d as radii of the parallels,
which are represented by arcs of concentric circles. The common center
of the parallels, of course, is at the point of intersection of the meridians.
Meridians and parallels intersect at right angles, and the angles formed by
any two lines on the earth’s surface are correctly represented.

The excellent scale properties of the projection are also illustrated
in figure 31, where it is seen that for about 90 percent of the area of the
United States the maximum error is about one-half of 1 percent—that
is, one-half mile for every 100 miles. The scale error of any single chart
is so small that distances may be measured as if the scale of the chart were
constant.

Prior to the war, the Alaskan aeronautical charts were largely com-
pleted, using standard parallels of 55° and 65°. For the Philippine charts,
tables had been prepared using latitudes 7° and 20° as standard parallels.
When the necessities of war demanded aeronautical charts of the world
in minimum time, it was realized that, by merely inverting these projee-
tions ror south latitudes, the three Lambert projection bands already
available provided satisfactory tables for almost the entire world. All that
was needed to complete the system was a stereographic table for the
polar areas. Figure 32 shows the resulting series of projections used
for the planning charts of the world (scale 1:5,000,000). For the worid
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Figure 32.—Projectl k for aer ical charts of the world.

series of charts at scale 1:1,000,000, this arrangement was slightly modi-
fied, as shown in figure 33. In the frontispiece, at the right, these pro-
jection bands have been assembled to show how nearly they approximate
a sphere.

In each projection band, essentially the same small variations in
scale illustrated in figure 31 are present. These excellent scale properties
are invaluable in any method of navigation; they are of increasing im-
portance in view of the reasonable certainty that positions may soon be
fixed by delermining distances from radio stations in much the same way
that directions are now measured, from signals received.
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For certain special charts of areas near the junctions between bands,”
other Lambert projections have been constructed, using the standard
parallels best suited to the area under consideration. Those now available
(1945) are included in the table on page 47.

N Pole
! Stereographic
72°
. - Lambert
55°~65°
48°
- . Lambert
J 33°-4%°
~ - Lambert
70 _2°G
J 4°
—Equator Al - ~ Mercator
..
- - Lambert
r 70 - 20.
QZB"
- - La.mbert
33°-45°
< 48°
- . Lambert
- __,j 55°~65%
72°
Stereographic

1
S Pole

Figure 33.—Projection bands for world aeronautical
charts, scale 1:1,000,000.

In order to plot a great-circle route on this projection, a gnomonic
chart is usually not required. A straight line on the Lambert chart is
a close approximation to the path of a great circle, and for all practical
purposes may be regarded as the shortest route between two points. For
example, through the central part of the planning chart of the United
States on the Lambert projection a straight line so closely approximates
a great circle that for all practical purposes it may be so considered. The
same is true for a line between low latitudes and high latitudes, however
great the distance (for example, from Miami to Seattle; see fig. 34). For
a long line east and west, along the Canadian border or across the Gulf
(as Miami to Brownsville), the straight line on the Lambert departs ap-
preciably from the line representing the true great circle. Even in these
areas, the distance represented by the straight line differs very little from
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the true great-circle distance. It should be remembered, however, that a
straight line on the Lambert only approzimates the path of a great circle;
for any purpose in which the precise great circle track is of interest,
a gnomonic chart such as C.&G.S. chart No. 3074a should be used.

1100

100 9o

Figure 34.,—Straizht lines on the Lambert are approxi ly great ciecl

Great-circle directions and rhumb-line directions can be obtained with
equal ease from the Lambert projection. In air navigation, great-circle
directions are usually referred to as bearings or azimuths; a rhumb-line
direction is known as a course, The measurement of both courses and bear-
ings is illustrated in figure 35.

e

i

Angle a is the course to be followed from A to B,
Angle b 15 the course to be followed from B to A,
Angle Z 1s the beaning, or azimuth, of B as measured at the point A,
Angle 2’ 1s the bearing, or azmuth, of A as measured at the point B;

Figure 35.—Courses and bearings.

Since a bearing is a great-circle direction, it must be referred to some
particular point, and is therefore always measured at the meridian passing
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through that point; a course is always measured at the meridian nearest
halfway between the two points in question.?

Courses and bearings are both measured clockwise from the north,
from 0° up to 360°. .

A Dbearing is constantly changing as we progress along the route
and is different at every point along the great circle (except for the
special cases in which the two points are both on the same meridian, or
are both on the equator) ; a course is the average of the changing direc-
tions of the great circle, and may be followed without change for the entire
distance between the two points (if, for the moment, we disregard mag-
netic variation, compass deviation, and wind).

The course from 4 to B is the exact reciprocal of the course from
B to A (that is, exactly 180° different) ; the bearing of 4 from B is never
the exact reciprocal of the bearing of B from A, but differs therefrom
by an amount equal to the angular convergence between the meridians
through the two places.

Courses are used continually in all problems of dead reckoning; the
use of bearings (azimuths) is confined to radio navigation and celestial
navigation almost exclusively.

The terms “bearing” and “azimuth,” as used in air navigation, are
identical, but the former term is generally used in radio navigation, the
latter in celestial navigation.

It should be explained that when the course is measured with the
meridian nearest halfway (as the angle a, fig. 85), an airplane following
that course will not exactly follow the straight line AB (great circle)
on the chart, but will slightly depaxt from it near the middle of the route,
as indicated by the light, broken line (rhumb line, greatly exaggerated)
in figure 36. When courses are measured a: recommended on page 105,
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Figure 36.—C.our<e and track.

however, the departure is so slight that it may be considered that the
airplane does exactly track the straight line throughout its entire length.

1For theoretical precision, Jony courses should be measured with the meridian of middie longitude
between the two points, rather than the meridian nearest halfway. This applies only to very long distances,
however, and is an unwarranted refinement, the maximum course error from this cause being too small
for practleal consideration in the United Statea.
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Figures 35 and 36 illustrate the measurement of courses and bearings
on charts of the northern hemisphere. For charts in the southern hemi-
sphere the procedure is identical, as shown in figure 387. Meridians in
this case converge toward the south pole, but all courses and bearings
are measured with reference to true north, as already discussed.

7

z b

Angle a s the course to be foltowed from A to B,
Angle b 1s the course to be followed from B to A,
Angle z 15 the bearing, or aznmuth, of B as measured at the point A,
Angle 2/1s the bearing or azmuth of A as measured at the point B,

Figure 37 —Courses and bearings in the hern h

These properties of the Lambert projection provide for very simple
methods of air navigation. They are developed more completely in later
chapters, but are briefly summarized here. It may be said of the projection,
for charts within any Lambert projection band, that:

1. It permits a perfect junction between any number of charts in
any direction.

2. Tt is unexcelled for scaling distances in all directions.

3. Its directions conform very closely to directions on the earth, and
it is therefore unsurpassed for all types of radio navigation.

4. It affords a simple and satisfactory solution for all problems of
dead reckoning, not excepting the rhumb line.

5. It provides the simplest possible method of practical great-circle
navigation.

6. It is well suited to all problems requiring the plotting of positions,
and for celestial navigation.

When charts of one projection band are to be matched with those of.
another band, perfect junctions cannot be obtained. In this case, charts
can only be joined by rolling contact, often referred to as a “rolling fit.”
See figure 38. An appreciable overlap on each of the planning charts
serves to minimize this condition, which illustrates the first sentence in
this chapter, “No considerable part of a sphere can be spread out in a
plane without some stretching or tearing.” In the system of projections
for world charts, the stretching and tearing has been kept to a minimum.

In some of the problems of air navigation the convergence of the
meridians is of interest. The following table gives the convergence per
degree of longitude for each of the projection bands now available (1945) ;



e
OHART PROJECTIONS FOR AIR NAVIGATION Pt O

that is, the angle on the chart between two meridians a degree apart is
the fraction of a degree indicated. The angle between two meridians five
degrees apart is equal to five times the fraction tabulated. For most

1

Figure 38.—Rolling contact between charts in adjacent Lambert projection bands.

practical purposes values to the nearest tenth of a degree are sufficiently
accurate.

TABLE 3.—Convergence of meridians per degree of longitude, for
various Lombert projection bands

General extent in latitude Standard parallels Convergence
0" — 25° 7° and 20° 09234
25 - 50 33 and 45 631
50 — 175 55 and 66 867
10 - 45 17 and 33 424
8% -170 45 and 58 184
0 -90 30 and 75 817

THE MERCATOR PROJECTION

This projection was introduced by Gerhard Krémer, better known as
Mercator, in 1569—now nearly 400 years ago. Today it is used almost ex-
clusively for the nautical charts of the world.

In air navigation it is used by naval pilots in order to provide uniform
methods and procedure for both the air arm and surface vessels. It is used
by the Army Air Forces for their series of long-range navigation charts
(scale 1:3,000,000 on the central parallel of each chart) ; for a few special
charts (at scale 1:1,000,000) ; and for a series of outline charts for use
with the astrograph in celestial navigation (scale 1:1,000,000 at latitude
56° north).

The Mercator projection may be described as a special case of the
Lambert, in which the apex of the cone has receded to infinity and the
cone has become a cylinder. Like the Lambert, it is derived from rigid
mathematical formulas in order to obtain the property of conformality,
and cannot be obtained by geometrical projection. Its meridians and
Parallels are represented by two sets of parallel lines at right angles to
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each other. Figure 39 shows a map of the world on the Mercator pro-
jection.

On the earth itself, the meridians converge toward the poles. On this
projection the meridians do not converge but, on any given chart, are
everywhere the same distance apart. This means that as we approach the
poles the meridians of the projection are too far apart. In order to com-
pensate for this, and to retain true angular relationships, the parallels
of latitude are also spaced at proportionately greater intervals, so that
the shape of each rectangle of the projection is kept proportional to the
shape of the same rectangle on the earth.

Since both meridians and parallels on this projection are spaced too
far apart in areas appreciably removed from the equator, it is clear that
those areas are distorted and are shown too large with reference to the
areas near the equator; that is, the scale of the more distant parts is
larger.
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Flgure 39 Mercator projection of the world,

The change of scale from the most southerly part of the United States
to the most northerly point amounts to about 40 percent. That is, if we
adopt a scale of 80 miles to the inch at the southernmost part of a chart
of the United States, the scale at the northernmost part of the chart will
be 48 miles to the inch. If the central parallel of a chart of the United
States is chosen for a true scale of 80 miles to the inch, then the scale at
the southern part is a little more than 91 miles to the inch (about 14
percent too small), and at the northern part about 63 miles to the inch
(about 21 percent too large). A comparison of the Mercator variation in
Escale with the total variation of each Lambert projection band is given
in figure 40. The frontispiece (center) shows a Mercator “globe” made up
of Mercator bands having the same limits as the Lambert projection
bands. At the left the entire world, exclusive of the polar areas, is shown
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on & single Mercator band. The stereographic projection should still be -
used for the polar areas, as with the Lambert system.

Because of the distortion of areas and the rapidly changing scale, for
many general purposes the Mercator projection is not suitable. It was
designed, not merely to provide another conformal projection, of which °
there were many, but to provide a projection on which all rhumb lines
would be represented as straight lines. This was a distinct advantage in
the days of slow surface vessels when a constant course might be followed
for a full day, and the day’s run could be plotted as a single straight line.
In air navigation, however, because of changing magnetic variation (see
p. 112) and changing winds, the swifter aircraft seldom hold to one head-
ing more than an hour. The track over the ground must therefore be
plotted on the smaller scale aeronautical charts as a series of short lines,
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Figure 49. Var.ation mn sccle of each projection band.

and the one important advantage of the rhumb line disappears. In recent
years it has even been suggested that the Lambert projection might
advantageously replace the Mercator for use at sea, particularly in higher
latitudes. .

On a Mercator chart the condition illustrated in figure 28 is exactly
reversed: the sphere has been distorted so that the rhumb line is straight,
and the great circle has become a curved line above it. On this projection
all great circles are represented by curves concave toward the equator, and
they therefore appear to be longer than a rhumb line. This is not actually
true, of course, but is a deception of the projection; in short, a straight
line on this projection does not represent the shortest distance between

‘two points.
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1£ it is desired to follow a great circle, the route must first be drawn
on a great-circle chart (gnomonic projection) on which all great circles
appear as straight lines. A number of points along the route drawn on
the great-circle chart are then transferred to the Mercator chart, by
latitude and longitude, and a smooth curve is drawn through the points.
The curved line on the Mercator is next broken down into a number of
sections of convenient length, and the rhumb-line course for each section
is followed. In this way the great-circle route is approximated by a
series of rhumb-line courses,

Due to the variation in scale, a simple graphic scale of miles such
as is used on the Lambert cannot be used satisfactorily for measuring
distances, even for a single Mercator chart. Instead, a scale diagram
showing the scale of miles at each latitude is used, or distances are
measured in terms of nautical miles (minutes of latitude) by reference
to the subdivided meridians or the subdivided border scales commonly
running north and south along the east or west margin of such a chart.
In any case, the portion of the scale used must be the scale for the mean
latitude between the two points in question.

Figure 41 illustrates the ordinary method of measuring distance
on a Mercator chart. A unit of 60’ (or any convenient unit) near the
center of the route is taken from a subdivided meridian and stepped off
from A toward B. In this case the 60’ unit is stepped off twice, with
some left over. The portion left over is then set on the dividers and when
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applied to the subdivided meridian, near the center of the route, is found
to equal 20". The total distance, then, is 60 -+ 60 4- 20 = 140 minutes, or
nautical miles. If the distance is desired in statute miles, this may be
obtained by multiplying the number of nautical! miles by 1.15. Since
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measurements of distance are necessarily frequent in air navigation, this
method seems rather involved.

Strangely enough, when great-circle distances are measured in this
way on a Mercator chart, the apparently longer line representing the
great circle is found to be shorter than the straight rhumb line, as it
should be. The explanation, of course, is that the great circle is always
in higher latitudes than the corresponding rhumb line; the unit selected
for measuring the great-circle distance is also in higher latitudes and
therefore longer, and goes into the great-circle distance fewer times.

Rhumb-line directions (the only directions commonly used in dead
reckoning) are most easily determined from a Mercator chart, since the’
course angle may be measured at eny meridian, instead of the meridian
nearest halfway, as with the Lambert,

Great-circle directions are used in radio navigation, since radio signals
follow the paths of great circles. That is, a radio bearing reaches the
navigator using a Mercator chart by way of the curved line representing
the great circle between his position and the transmitting station (fig.
42). If he wishes to plot the bearing as a straight line he must apply
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Figure 42.—Radio bearings on a M chart.

a correction equal to the difference between the final direction of the
great circle and the direction of the straight rhumb line (angle C). This
correction, given in table 5, p. 228, for various latitudes and differences
of longitude, is sometimes to be added, sometimes subtracted, depending
on whether the airplane is east or west of the transmitting station,
and north or south of the equator. This correction is generally unneces-
sary with the Lambert.

Because of the variation of scale, it is the usual practice to draw
each Mercator chart true to scale at the central parallel of each chart.
When this is done, adjacent charts to the east or west may be joined
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perfectly; charts to the north or south (or charts in adjacent projection
bands) may be joined only by sliding contact (see fig. 43).

By way of final comparison, the Lambert has a constant distance
scale but courses must be measured at the meridian of middle longitude:
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Figure 44.—The gnomonic projection.

Figure 43.—Sliding contact hetween adjace
Mereator charts to the north or kouth.

the Mercator has a constant course angle, but distances must be measured
(usually in nautical miles) at the scale of the middle latitude, and great
circles can be found only by transfer from a gnomonie chart.

THE GNOMONIC PROJECTION

This is probably the most ancient of all map projections, and has
been credited to the Greek philosopher, Thales, 550 B. C. It is believed
that it was developed by the ancients in their effort to project the stars
of their night sky, which appeared to them as if fixed on the inner surface
of a great sphere, upon an imaginary plane beyond it. At any rate, the
projection is obtained by projecting the meridians and parallels of the
earth upon a tangent plane, the point of projection being at the center of
the sphere. See figure 44.

The definition of any great circle requires that its plane pass through
the center of the earth. It therefore follows that from this central point
all great circles would be seen as straight lines and would be so projected
on the tangent plane. This, in fact, is the one desirable property of the
projection. Distortion of distance and direction increases rapidly as
the distance from the center of the projection (the “point of tangency”)
increases. On maps or charts covering any great extent, shapes become
almost unrecognizable. It is impossible to show as much as a hemisphere
on this projection, since points 180° apart would be projected to infinity.

Since all meridians are great circles, they always appear on the
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gnomonic projection as straight lines. They will be parallel straight
lines when the point of tangency is at the equator, converging when the
point of tangency is elsewhere, the convergency increasing as the point
of tangency approaches the pole. Parallels of latitude appear as curved
lines.

From the center of the projection all bearings are true. At any other
point, error is present, and a distorted compass rose (protractor) must
be constructed, or other special methods resorted to, for the measurement
of direction. This has been done in a few cases, for certain radio direction
finding charts, with a special compass rose constructed around each radio
direction finding station.

Charts on the gnomonic projection are used chiefly as an adjunct
to Mercator charts, as the easiest means of finding the track of a great
circle for transfer to the Mercator chart. Small scale gnomonic charts
of the ocean areas have been published by the Hydrographic Office of
the U. S. Navy Department. As far as is known, U. S. Coast and Geodetic
Survey chart No. 3074a, “Great-Circle Chart of the United States,” is the
only chart on this projection covering any appreciable extent of the
earth’s land surface.

THE STEREOGRAPHIC PROJECTION

This projection is only slightly less ancient than the gnomonie, being
credited to Hipparchus, in the second century before Christ. As with the
gnomonie, the earth is projected upon a tangent plane, but in this case
the point of projection is the opposite end of the diameter of the earth
from the point of tangency (see fig. 45). Because of this, an entire
hemisphere, or even more, can be charted on a single stereographic
projection.
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Figure 45.—The stecnographic projection.

When the stereographic projection is centered at the pole, all merid-
ians are straight lines radiating from the center, and parallels of latitude
are concentric circles about the pole.

As with the Lambert and Mercator projections, figure 45 must be
considered only as a picture of the general nature of the stereographic
Projection. It is a conformal projection, and is derived from the same
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general formula as the Lambert. It is, in fact, another special case of
the Lambert, the apex of the cone in this instance having been brought
down into the plane of projection.

Being conformal, it has the same properties as the Lambert projec-
tion and is susceptible to the same methods of navigation. It was there-
fore chosen for aeronautical charts of the polar areas. In figure 45 the
plane is shown tangent at the pole. Without changing the nature of the
projection in any way, the plane could be brought down until it intersects
the sphere. The parallel of latitude along which it intersects in this case
becomes a “standard parallel” of true scale. For the 1:1,000,000 series of
Air Force charts the projection was constructed so as to match the scale
of the adjacent Lambert charts along latitude 72°; this results in a stand-
ard parallel for this series at about latitude 83°25,

For aeronautical charts the use of the stereographic projection is
limited to the polar areas. The point of tangency may be at any other point
from the equator to the poles, and the projection is often so used for gen-
eral purpose maps.

PROJECTIONS FOR WEATHER CHARTS >

Many special problems are met in meteorological work, and special
projections are required for easy plotting and interpretation. There are
only a few of these, however, with which the navigator will need to be
familiar, and most of them represent only slight modifications of projec-
tions that have already been discussed.

For weather charts centered on equatorial regions, the ordinary
Mercator projection is used. Each of these charts extends from latitude
45° south to 45° north. At the extreme latitudes of these charts the scale
is approximately 40 percent larger than at the equator; however, there
are large overlaps with charts on other projections to the north or south,
and the extreme latitudes are little used except for general reference.
Also, the item of distance is of less importance in meteorological work
than in the plotting of navigation problems.

Extending from equatorial regions to the north pole there is a series
of weather charts on a Lambert conformal projection with standard
parallels at latitudes 30° and 75°. With the standard parallels so widely
spaced, and with such broad extent in latitude, the excellent scale prop-
erties obtained for the Lambert aeronautical charts cannot be expected.
Nevertheless, for the broad central regions of chief interest in this series
(latitudes 20° to latitude 80°) the maximum variation from the scale of
the standard parallels is less than 8 percent (minus 7.87 percent to plus
7.85) the total variation in scale being not quite 16 percent. If precise
distances are required for any reason, they may be obtained by means of
a diagrammatic scale, printed in the margin of the chart and giving the
correct graphic scale at any desired latitude.

The north and south polar areas are each covered by a single chart
on the stereographic projection, centered on the pole and extending to
middle latitudes.
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A south latitude series of weather charts on the Mercator equal ares
projection provides broad overlaps with the equatorial charts on ths
ordinary Mercator projection and the south polar stereographic chart.
This projection is also known as the sinusoidal (because the meridians
are sine curves), and sometimes as the ‘“Sanson-Flamsteed projection,”
after two later map-makers who made use of it.

In the Mercator equal area projection, all parallels of latitude are
shown by parallel straight lines. Only the central meridian is straight,
and all other meridians are curved, being concave toward the central
meridian. Distances between all parallels of latitude (along the central
meridian of the projection) are true, and distances along each parallel
are true. Figure 46 shows the general appearance of the projection for
one of these charts, It is apparent by inspection, that distances in other
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Figure 46.--Mercator equal ares projection,
used for some weather charts.

directions are distorted; nevertheless, for measurements not far removed
from the central meridian the distortion is negligible. As the name im-
plies, the area represented by a square inch anywhere on the chart is
equal to the area represented by a square inch in any other part of the
chart,

Other charts for climatological studies have also been prepared on
this projection, with the polar areas shown on the Lambert equal area
projection, but navigators are not likely to find use for these charts.

QUESTIONS

1. What is meant by a “developable” or “non-developable” surface?

2. Why are cones, cylinders, and other similar figures used as an in-
termediate step in chart projections?

3. Name as many as possible of the properties of a sphere that might
be obtained in various chart projections.

4. In what projection may all the properties of the sphere be re-
tained?
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5. What is meant by a compromise, or conventional projection?

6. What are the two fundamental factors of navigation?

7. Define a great circle; a rhumb line; course; bearing; azimuth;
parallel of latitude; meridian.

8. Is the distance between Chicago and Moscow greater by way of
the great circle or rhumb line?

9. Define a nautical mile.

10. Name some of the principal great circles on the earth, and some
reference lines that are not great circles.

11. Is a parallel of latitude a rhumb line.

12. In what projection are the meridians straight lines and the paral-
lels arcs of circles?

13. What is meant by a “conformal” projection? An “orthomorphic”
projection?

14. The ordinary Mercator projection is a conformal projection.
Would you say that the shape of North America is correctly represented
on it?

15. State the family relationship between the Lambert, Mercator,
and stereographic projections.

16. What is meant by a standard parallel ?

17. Approximately how many degrees of latilude are included in each
Lambert projection band?

18. What is the approximate total variation in scale in any given
Lambert projection band? on a single Lambert chart?

19. Could the polar areas be charted on an ordinary Mercator pro-
jection?

20. Explain the methods of plotting a great-circle route on a Mer-
cator chart, on a Lambert chart, and on a stereographic chart.

21. Name the only projection on which all great circles are exactly
represented by straight lines.

22, Describe the method of measuring courses and bearings on a
Lambert chart; on a Mercator chart.

23. How is distance measured on a Mercator chart?

24. What is meant by “rolling contact” or “sliding contact” between
charts?

25. If the scale is held true on the central parallel of each Mercator
chart, how many charts to the north or south can be joined before resort-
ing to a “sliding contact”?

26. If the age of a projection determined its value, which projection
would be “best” (oldest) :

27, On the earth, meridians converge toward the poles; on the
Mercator projection they do not. How is this compensated for in the pro-
jection?

28. On a Mercator chart does a straight line represent the shortest
distance between two points?

29. How great must the distance be before the difference in the
length of a rhumb line and the great circle becomes appreciable?
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80. What is the principal navigational use that is made of a gnomonic
chart?

31. Is the gnomonic a conformal projection? How can you prove
your answer?

82. Name one additional projection used for some weather charts,

33. How does the Mercator equal area projection differ from the
ordinary, or conformal Mercator?
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Chapter IV.—INSTRUMENTS
THE FUNCTION OF NAVIGATIONAL INSTRUMENTS

The pilot of a modern transport airplane faces an array of some-
thing like 100 different instruments and gadgets. The great majority of
these have nothing to do with navigation; some, such as fuel gages, oil
temperature gages, and manifold pressure gages, furnish information
with regard to the functioning of each engine; other instruments, such
as aileron-tab controls, and the flaps-position indicator, have to do with
the mechanical handling of the aircraft; there are also switches for land-
ing lights, running lights, cabin lights, and for numerous other purposes.

The primary function of the navigational instruments is to furnish
continuous indications of distance and direction. This is not quite as
simple as it sounds, however, since distance is the product of speed and
time, and speed is both horizontal and vertical. The indications of dis-
tance and direction must be plotted from some known position in order
to determine successive positions of the aircraft; therefore, any in-
strument which provides an independent determination of position serves
not only as a check on previous navigation but also as a new starting
point for the continued plotting of distance and direction.

It is not expected that pilots should know the mechanical details of
construction, nor that they should attempt their own aircraft-instrument
repairs. It is desirable, however, that they should be familiar with the
underlying principles of each instrument, in order that they may know
its limitations, and what corrections (if any) must be applied to its in-
dications while in flight. There are a number of interesting instruments
in process of development, and some of the standard ones appear in
various forms. This chapter will be limited to a discussion of the in-
struments most likely to be used in standard methods of navigation.

THE CLOCK

The clock or watch is included here, since time plays an important
part in many of the steps of navigation. For example, fuel consumption
is reckoned in time, rather than miles, and a knowledge of elapsed time is
necessary in order to determine the distance flown. Also, progress along
the charted route is often plotted directly in units of time, when the
ground speed is accurately known.

For all ordinary navigation, any good timekeeper is quite satisfactory,
and it is unnecessary to obtain clocks or chronometers of elaborate or ex-
pensive design. A dollar watch, set to 12 o’clock at the time of take-off,
will indicate the elapsed time quite satisfactorily. For many purposes,
however, a clock with sweep-second hand that indicates both the time
of day and the elapsed time in flight is a convenience.
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THE AIR SPEED INDICATOR

Ag already stated, distance is egual to the product of time and speed.
The principal means of determining speed in an aircraft is the air speed
indicator. This is a pressure instrument, indicating the pressure resulting
from flight through the air in terms of air speed at sea level and at stand-
ard atmospheric pressure. A common type of air speed indicator is shown
in figure 47.

By “standard atmospheric pressure” it is assumed that the temper-
ature at sea level is 59° F. (15° C.) and that it decreases with altitude
at the uniform rate of 396 F, (2° C.) for each 1,000 feet. Under these
conditions the atmospheric pressure at sea
Jevel is equal to that of 29.92 inches of
mercury, decreasing with altitude at the
rate established for the “standard atmos-
phere” (see Civil Aeronautics Bulletin No.
25, “Meteorology for Pilots”).

Since its indications are based on
pressure, the indicated air speed is too
low at the reduced pressure found at
higher altitudes, even under standard
atmospheric conditions. In addition, the
temperature and pressure often differ
from this arbitrary standard, and a cor-
rection determined by the pressure altitude
and the temperature actually existing at
the time and place must be applied. Tables and graphs are available for
this purpose, although an air navigation computer is more conveniently
used.

In the absence of other means of determining the correction, it
amounts to about 2 percent of the indicated air speed for each 1,000
feet above sea level. The true air speed is always greater than the in-
dicated air speed, except for extremely low temperatures af low altitudes,
For example, suppose the temperature at 10,000 feet is 0° F., and the in-
dicated air speed is 180 mph. The correction to the indicated air speed
is 2% of 180X 10(000) = 3.6 )X 10 =36 mph. The true air speed then
is 180 4- 36 == 216 mph. By computer the true air speed under these con-
ditions is 204 mph, showing that the 2 percent rule is only approximate.

The readings of the air speed indicator should be checked, or
calibrated, by a series of timed flights over a measured course on the
ground when there is no wind blowing or when the wind’s effect on the
speed of the aircraft is accurately known. A correction card should then
be made up showing the calibrated air speed for any indicated air speed.

If it is merely assumed that the indicated air speed is correct, the
dead reckoning position of the airplane may soon become greatly in error.
In the example just given, if 180 mph is accepted as the true air speed
and there is a wind of 30 mph 135° from the heading of the aircraft, 7°
must be applied to correct for drift, and a ground speed of 200 mph will
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Figure 47.—Air speed indicator.
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be indicated. If the true air spéed of 204 mph is used, the allowance for
wind is only 6°, and a ground speed of 224 mph is determined, a dif-
ference of 24 miles in the distance made good each hour. With lower
cruising speeds the percentage of error under the same conditions is even
greater.

It is important to realize that, while the air speed indicator is in
error at any appreciable altitude, its indications are still a trustworthy
guide to safe flying speed, regardless of altitude. For example, if the stall-
ing speed of an airplane is 40 miles an hour at sea level, the same pres-
sure, and hence the same indicated air speed, will be necessary to keep it
from stalling at any higher altitude.

The air speed indicator also affords information regarding departures
from level flights, If the throttle remains unchanged and the air speed
increases, it is notice that the nose has dropped and the airplane is in a
dive; if the air speed falls off, the nose has come up and the airplane is
in a climb.

The air speed indicator may be graduated either in statute miles per
hour or in knots. A knot is a unit of speed, representing a velocity of 1
nautical mile per hour. It is incorrect, therefore, to speak of an air speed
of “100 knots per hour”; it is only necessary to say, “100 knots.”

THE RATE OF CLIMB INDICATOR

The speed of an aireraft is both horizontal and vertical, and this in-
strument is often known as a “vertical speed indicator.” It is generally
similar in principle to the air speed indicator but is calibrated to indicate
the rate of change of altitude in feet per minute.

Unlike the air speed indicator, it is compensated for altitude and
temperature, and the indicated readings may be accepted without correc-
tion. The rate of climb indicator is usually found only on transport
planes, or on other aircraft intended to be used in instrument flying and
for instrument approach procedures. Figure 48 shows a typical rate of
climb indicator.

THE ALTIMETER

This is simply an aneroid barometer, registering atmospheric pres-
sure on a scale calibrated in terms of altitude instead of inches of
mercury. It consists of a small, airtight chamber, from which most of the
air has been removed. The pressure, or weight of the outside air tends
to collapse the chamber, but this tendency is resisted by a spring. As the
atmospheric pressure increases, the chamber is compressed; as it de-
creases, it is again expanded by the spring. This slight motion is magni-
fied mechanically, and registered in terms of the altitude that would pro-
duce a corresponding change in pressure under standard conditions.

Figure 49 shows an altimeter of conventional type. The small hand
registers thousands, and the large hand hundreds of feet of altitude. The
altitude indicated in the figure is 4,080 feet, At one side of the dial there
is a barometric scale which can be set to correspond to the barometric
pressure existing at the time in the vicinity of the flight. In the figure
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this scale is set for a pressure of 29.95 inches of mercury. The altimeter
setting may be obtained from the latest available hourly teletype sequence
weather report before taking off; it should also be continually changed
during flight, to conform to the setting for the nearest ground station.
It is broadcast as the “altimeter setting,” and is given in inches of mer-
cury; it should not be confused with the barometric pressure, which is
reported in millibars. When the eurrent altimeter setting for a particular
airport has been applied, the instrument will indicate very closely the
field elevation above sea level when the wheels of the airplane touch the
ground.

When temperatures and pressures differ from those of the standard
atmosphere, the indicated altitude is in error, and must be corrected. The
error amounts to approximately 2 percent of the indicated altitude for
each 10° F. (5% C.) that the temperature differs from the standard
temperature for that altitude. It may be found more easily from a good
computer, by setting the existing temperature against the “pressure alti-
tude,” which is the altitude above sea level indicated when the barometric
scale is set to the standard sea level pressure of 29.92 inches.

Figure 48.—Rate of climb indicator.

If the existing temperature is higher than standard the true altitude
is higher than the indicated; if the temperature is lower than standard,
the true altitude is lower. The explanation is, that at higher temperatures
the air has expanded and is lighter than standard per unit volume; the
change of pressure per thousand feet will therefore be less, and the
altimeter will not read 1,000 feet until the aircraft is higher than 1,000
feet. When the air is colder than standard, it is heavier, and the opposite
condition is true. .

When the 2 percent rule is followed, the correction is to be added to
:_he lindicated altitude for higher-than-standard temperatures, substracted

or lower.
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It is more dangerous, of course, when lower-than-standard tem-
peratures are found, because the airplane is lower than the indicated
altitude. .

When temperatures are very low the true altitude may be as much
as 20 percent lower than the indicated altitude. Under these conditions
the altimeter registers 8,000 feet when the altitude of the airplane is only
6,400 feet—and in mountainous country this could prove disastrous.
Extremely low temperatures would be required to produce an error of
this magnitude, but normal departures from standard temperatures can
result in errors of several hundred feet.

For rather similar reasons the true altitude is lower than that in-
dicated by the altimeter when flying from an area of high barometric
pressure intc a low pressure area. The same is true, of course, if the
pressure falls during flight, before the airplane returns to the point of
departure. '

The altimeter may be subject to “lag,” under certain conditions, and
is subject 10 mechanical errors resulting from corrosion, excessive vibra-
tion, or friction. To guard against such errors, it should be calibrated
from time to time.

By way of summary, various “kinds” of altitude are obtained from
the altimeter, and it is important fo understand their derivation and use.
All have been referred to in the preceding discussion:

Imdicated altitude is the altitnde shown on the face of the instrument when set for
the barometric pressure (“altimeter setting”) actually existing at the time and place
of flight.

1t 1s used in making an instrument approach, since, when the aircraft’s altimeter
is set to agree with the altimeter of the field approached, it will indicate the true alti-
tude of the field after the aircraft has landed. It i1s also used by all pilots in instru-
ment flight along the airways; while it is not the true altitude, it 1s the same for all
airplanes in a given area, and thus provides for safe vertical separation.

Pressure altitude is the altitude indicated with the barometric scale set to the
standard sea level pressure of 29.92 inches. It is used on the various air navigation
computers in determining the true air speed, and in determining the true altitude.

True altitude is the pressure altitude corrected for temperature. It is used to
insure safe clearance of high mountains, and for any other purpose mm which knowledge
of the true altitude is important. See Chapter VIII.

Reference is also made occasionally to “absolute altitude,” and to
“density altitude.” The former refers to the height of an aircraft above
the ground (NOT above sea level) ; the latter does not pertain to navi-
gation.

THE DRIFT SIGHT

The air speed recorded by the air speed indicator may be quite dif-
ferent from the speed made good over the ground. For example, with an
air speed of 120 mph and a head wind of 30 mph, the speed over the
ground would be reduced to 90 mph. With a tail wind of the same velocity
the ground speed would be increased to 150 mph. The effect on ground
speed of wind from either side of the aircraft is dependent upon the
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direction and velocity of the wind with respect to the direction and
velocity of flight.

Unfortunately, there is as yet no instrument for the direct measure-
ment of wind direction and velocity while in flight. All that can be de-
termined (when visibility permits) is the drift angle. When the drift
angles are known on two or more headings approximately at right angles,
the wind direction and velocity and their effect on the motion of the air-
craft can be determined, as described later.

The greater the air speed, the less is the effect of wind upon the
motion of an aircraft; nevertheless, the necessity for accurate navigation
on military missions has led to the requirement that wind force and direc-
tion be determined by the double-drift method at least every half hour.
This is all the more necessary since wind varies with time, place, and
altitude, and may differ greatly from the wind predicted.

Fairly elaborate drift sights are used by the Army and Navy, some
with auxiliary devices for the determination of ground speed. For accurate
results, important corrections and detailed instructions are necessary, for
which complete information is available with the instruments.

For commercial and private aircraft a simple drift sight of the type
illustrated in figure 50 is entirely satisfactory. The drift sight is installed
in an opening in the floor, making sure
that the line of zero drift is lined up with
the longitudinal axis of the airplane. In
flight, the grid ring is rotated until the
grid wires are lined up with the apparent
motion of the ground. The drift angle may
then be read from the grid ring.

The wind correction angle is seldom
equal to the drift angle observed ; however,
if the airplane is headed along the desired
track as though there were no wind, the
observed drift angle may be applied as an
approximate correction. The drift angle on
this new heading should then be observed; Figure 50.—Dsift sight (Soor type).
if it is greater or less than the correction
already applied, the correction should be increased or decreased accord-
ingly. After two or three trials a heading is found such that the total cor-
rection is equal to the drift angle observed on the final heading. When this
is the case, the proper correction for wind has been made, and the airplane
will follow the intended track.

Until recently the scale markings on drift sights have not been uni-
formly designated. Some have been marked (4) and (—), others have
used these same signs, but with the significance reversed, depending upon
whether the drift error or the drift correction was in mind. Still others
have used the words “right” and “left,” the former indicating that the
aircraft is drifting to the right due to a wind from the left, the latter in-
dicating the reverse. This usage (“right” and “left”) has finally been
accepted as standard.
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A very simple and satisfactory drift sight may be made by drawing
drift lines on a piece of glass or transparent plastic, as illustrated in
figure 51. This drift sight, also, is to be installed in the floor of the air-
plane, and the drift angle is determined by noting the drift grid line along
which the surface of the ground appears to move.

Drift sights have not come into general use in commercial and
private aircraft for several reasons. Not the least of these is that, in bad
weather, when drift corrections are most important, often the ground
cannot be seen and the air is too turbulent to obtain satisfactory drift
observations. Nevertheless, it is desirable to learn to use a drift indicator;
whenever it can be used it makes accurate navigation possible, and in an
emergency it may prove invaluable.

THE MAGNETIC COMPASS

This is the primary instrument for indicating the direction of flight,
except in areas near the magnetic poles. It is designed to indicate mag-
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netic directions by utilizing the directive force of the earth’s magnetic
field.

The earth may be considered as a large magnet, with two magnetic
poles at some little distance from the geographic poles. Along the mag-
netic equator (that is, about halfway between the magnetic poles) the
lines of force of the earth’s magnetic field are parallel to the surface of
the earth. As the distance from the equator increases, the lines of force
become more and more inclined until, at the magnetic poles, they are
vertical. The inclined lines of force may be considered as made up of a
horizontal component and a vertical component.

The ordinary magnetic compass takes its directive force from the
horizontal component of the earth’s magnetic field. As long as the air-
plane is kept horizontal, in straight and level flight, the compass is fairly
stable and reliable; with any appreciable degree of bank, particularly on
northerly or southerly headings, the compass card is affected by the
vertical component, and no longer indicates directions correctly. When
the airplane is turned, or is subject to rough air or other abnormal con-
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ditions, the compass may even indicate a turn in the opposite direction,
and may turn completely around before taking up the correct direction
again.

The compass appears in a variety of forms, figure 52 illustrating a
common aircraft compass. A clear understanding of the relation between
the points of the compass, the 360-degree system of directions, and the
indications of the compass itself, is essential. This relationship is illus-
trated in figure 53.

At the left of the figure is a compass card of the ordinary pocket
compass type. Like the aircraft compass itself, it is divided into 360°, the
final zero of each number being omitted; thus, 9 represents 90°, 18 rep-
resents 180°, and so on. Around the outer edge the cardinal and inter-
cardinal points have been indicated in the ordinary terms: north, north-
east, east, and so forth.

At the center of the same compass card a tiny airplane is pivoted,
like a grasshopper on a pin. As the airplane turns on its pivot it is headed
successively in the direction of the various points of the compass. If it is
first headed toward the north (expressed either as 000° or as 360°) and

For course of 300°, on mariner's For course of 300°, on aircraft
compass, the Lubber line is compass, the Lubber hine s
HERE HERE

Figure 53.—Common compass card and sircraft compass card.

then turned toward the east, its heading is, successively, changed to 030°,
045° (northeast), 060°, 090° (east), 120°, and so on. In the illustration
its heading is 300°. All directions in air navigation are reckoned in this
way, as though the pilot were at the center of an ordinary compass card
(‘“‘compass rose”), looking out over the nose of his airplane to read the
direction.

For convenient installation and reading, the aircraft compass is
usually installed so that only the edge of the card is visible. Since the
directions are to be read from the near edge of the card (see fig. 53,
right), and the lubber line (index mark, against which the compass is
read) is at the same side of the card, the markings seem to be reversed.

The directive force of the magnetic compass is rather weak, but it
may help if we consider that it is so great that the card remains fixed and
immovable, with the north part of the card always toward the north mag-
netic pole; that the pivot of the compass card is also the vertical axis of
the aircraft, about which it turns; and that the pilot in his seat moves
around the edge of the card, and reads from the edge of the card the
directions he would read from an ordinary card if he were at the center
looking out over the nose of his airplane.
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During construction the iron and steel parts of the airplane acquire
a certain amount of magnetism. The ignition system and other electric
circuits also may be surrounded by magnetic fields when in operation.
These factors affect the compass so that the card does not indicate the mag-
netic directions correctly on most headings. This error is known as the
deviation of the compass. It is different, of course, for each compass instal-
lation, for each airplane, and for different headings of the same airplane.
It is for this reason that, for a 90° turn, the difference in headings is
usually more or less than 90°. For example, if for magnetic north the com-
pass reads 358°, and for magnetic east 92°, the change of heading required
to effect this 90° turn is 94°,

The compass direction may be in error on any particular heading,
but the error on that heading remains the same, except for changes in the
aircraft’s magnetism with the passage of time or from severe landing
shocks. Deviation is also subject to change from place to place, especially
where any considerable difference of latitude is involved. It is particularly
likely to be affected by severe electrical storms, and should be checked at
least several times a year—certainly before beginning any important
flight. The important thing is to know the amount of deviation on the
various headings, and to allow for it in navigation (see p. 116). This is
accomplished by first compensating the compass, to make the deviation
as small as possible; and then “swinging ship,” to determine the deviation
on headings for at least every 80°. On large airplanes, this is now usually
accomplished in flight, using an astro compass (fig. 62) to compare the
true direction of the sun at a given instant with its compass direction at
the same time.

After this has been done, a deviation card similar to figure 54 is
prepared, and fastened near the compass to which it applies. Some prefer

FOR MH N 30 60 E 120 150

STEER CH 3 31 61 90 122 147

FOR WMH S 210 240 w 300 330
STEER CH 179 209 241 270 298 334

Figure 54 —Typical deviation card.

a deviation card such as figure 55, in which the inner numerals in black
represent the compass card itself, the outer numerals in red the cor-
responding correct headings. This can be made as a cardboard ring and
fitted around the face of the compass on the instrument panel. The posi-
tion of the numbers around the familiar compass card makes it possible
to find the heading to steer with the least loss of time—especially with a
compass of the type illustrated in figure 56.

If the compass reading is less than it should be, it is clear that com-
pass north lies to the east of magnetic north, and the deviation is known
as easterly deviation. If the compass reading is greater than it should be,
the deviation is westerly.
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It has always been customary to refer to compass deviation as “east-
erly” or “westerly.” With a deviation eard similar to those illustrated, it
seems simpler to drop the old convention and merely determine the cor-
rect magnetic heading; then FOR that heading STEER the tabulated com-
pass direction. For the application of deviation in navigational problems,
see p. 116.

At some airports, magnetic stations and compass-testing platforms
are available, which greatly simplify the problem of determining the cor-
rect magnetic directions. In the absence of such facilities, magnetic direc-
tions must first be determined by reference to a master compass of known
deviation; by determining the direction of true north from observations
of the sun or stars, and correcting for the observed magnetic variation of
the place; or by other available means.

Magnetic variation is the angle between true north and magnetic
north at any given place. In engineering and scientific work it is known
as magnetic declination. See page 112.

Figure 56 represents a more recent type of compass, known as a
“direction indicator.” This instrument is more stable than the ordinary

Figure 56. -The ‘“dirscrtdon indieator,”
Figure 55.—Alternate form of deviation card. a more recent compass.

magnetic compass. The compass card is fixed and the needle indicates the
heading of the aircraft. In flight, the parallel reference lines can be set
to the desired heading, and the airplane is flown so that the needle is kept
parallel to the reference lines.

The gyro flux gate compass has been developed for military use
during the present war, and furnishes a very stable indication of direc-
tion. More important, it retains its sensitivity and usefulness even within
100 or 200 miles of the magnetic poles, where the ordinary compass is
useless (see p. 308).

THE TURN-AND-BANK INDICATOR

The only usable readings of the ordinary magnetic compass are those
t_hat are obtained in straight and level flight. The compass cannot be re-
lied upon to indicate the degree of turn except by comparing the original
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compass heading with the heading after a turn has been completed and
the compass has come to rest.

In order to maintain straight and level flight, a turn-and-bank in-
dicator (fig. 57) is commonly used in conjunction with the compass. Any
turn toward the left or right is indicated by a corresponding deflection of
the hand of the turn indicator. If the turn is properly executed, the steel
ball remains centered in its tube; if the controls are not properly co-
ordinated for the turn, the ball skids outward from the turn, or falls in-
ward.

The turn indicator is of value also in the system of timed turns used
in instrument flying. It is usually calibrated so that when the hand is dis-
placed from the central “lubber line” by a space equal to the width of the
hand, a 360° turn will be completed in two minutes; that is, at the fixed
or standard rate of 3° a second.

THE DIRECTIONAL GYRO

The aircraft directional gyro (fig. 58) is much the same in appear-
ance as the magnetic compass. It has no directional properties of its own,
but contains a small suction-driven gyroscope. The gyro will maintain
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Figuro 57.—Turn-and-bank indicator. Figure 58.—Directional gyro.

any direction to which it is set, for a short time, but its indication of direc-
tion changes, because of precession, at the rate of about 8° in 15 minutes’
time, and it must therefore be reset at frequent intervals.

Within this limitation, it accurately measures the amount of any
turn, and provides the pilot a steady indication of direction, without lag
or oscillation. An improved directional gyro, with a much slower rate of
precession, is understood to be under development,

In flight, the instrument may be set on any arbitrary heading and
used as a turn indicator until the magnetic compass has come to rest. It
may then be set to agree with the observed compass heading. Another
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method is to use the gyro as a turn indicator until the compass card in-
dicates the desired course, then set the gyro to zero. It is easier to hold
the airplane’s head on zero than on some heading requiring the frequent
reading of a particular number of degrees, as 205°.

When performing acrobatics or other maneuvers requiring any ex-
treme degree of tilt, the knob should be pushed in, and the gyro “cag
until normal flight is resumed. It may then be checked against the com-
pass again, and reset.

The directional gyro is particularly valuable for navigation near the
poles, where the weaker horizontal magnetic field and the rapidly chang-
ing magnetic variation make the ordinary magnetic compass almost
worthless. Special methods have been worked out for setting the gyro
under these conditions, with the aid of the astro compass, as described in

Chapter XI.
THE ARTIFICIAL HORIZON

The artificial horizon consists of a horizon bar maintained in horizon-
tal position by an air-driven gyroscope, and a tiny silhouette of an air-

' N « . v 4
AR T A

o dden & e: wa) LKA Nk
Figure 89.—Artificial horison.
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plane which is in reality a part of the airplane structure, and therefore
tilts in the same manner as the actual airplane. If the airplane climbs or
descends, the horizon bar seems to fall or rise in the same way that the
actual horizon seems to move when viewed by the pilot. Figure 59 shows
the artificial horizon as it indicates varied positions of an airplane in
flight.

RADIO INSTRUMENTS

Radio is of ever-increasing importance in air navigation, and there
are a number of radio instruments suited to the needs of all types of
flying.

A simple radio receiver has become almost a necessity, even in the
light airplane. With it, radio range signals and weather reports may be
received while in flight, and instructions may be received from the traffic
control tower at the airport, upon taking off or upon completion of the
flight. There are already a number of commercial airports where air-
craft not equipped with radio are forbidden to land.

A two-way radio makes it possible for the pilot to communicate with
the various ground stations while in flight, requesting weather reports or
other essential information, reporting his estimated time of arrival, or
requesting permission to alter his flight plan.

The radio compass makes use of
the directional properties of a loop
antenna. The loop in this case is fixed
(nonretatable), and as long as the
airplane is headed directly toward the
radio station to which it is tuned, the
indicator hand (fig. 60) remains cen-
tered. Any turning away, toward the
right or the left from the station, re-
sults in a corresponding deflection of
the indicator hand. The radio compass
is chiefly used for “homing flight”
toward or away from a radio station.

The radio direction finder makes
use of a rotatable loop, which is ro-
tated until an aural null (absence of
audible signal) is obtained. In this position, a movable hand indicates on
an azimuth scale the angle between the heading of the airplane and the
direction to the radio station. This angle is known as the “relative bear-
ing” of the station. The same information for two or more radio stations,
when converted to true bearings and plotted on a suitable chart, determines
the position of the airplane. In recent instruments the azimuth scale reads
up to 360°, and may be set for the true heading of the aireraft, after which
the bearing of a radio station from true north may be read directly. For
the method of plotting radio bearings see pages 223 to 229.

Figure 60.—Radio compass indicator.
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With the automatie direction finder it is only necessary to tune in the
desired radio station; the loop then rotates automatically to the null posi-
tion, and the hand on the dial points continuously toward the station. The
scale on the dial is movable, and may be set so that either the magnetic
bearing, or the true bearing of the station is read directly. Figure 61
shows the indicator of an automatic direction finder.

.

Figure 61,—A ic radio direction find

The radio altimeter measures the actual height of the airplane above
the ground level, rather than the height above sea level. It is also known
as the “absolute altimeter,” or “terrain clearance indicator.” It offers
many possibilities, but further development will probably be necessary
before it becomes of interest to pilots of the smaller aircraft.

Radar is a further development of the same principles, and furnishes
distance from a radio station. Distances from two or more radio stations,
of course, determine position. Other important radio methods have come
into use during the war, but cannot be discussed now.
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THE ASTRO COMPASS

This instrument is intended primarily as a means for obtaining
direction from the sun and other heavenly bodies, and is constructed in
much the same way as the ordinary equatorially mounted telescope. It
may be adjusted for the latitude of the observer and also for the position
of the body being observed. Figure 62 shows the astro compass mounted
in the navigator’s “blister,” or astro-dome, of a large airplane.

Figure 62.—The astro compass.

With the above adjustments made, the relative bearing of the body
(determined as explained in Chapter X) is set against the lubber line,
shown at the right of the instrument, and the airplane turned until the
sun’s shadow falls upon the center line of the translucent screen at the
top of the device; the aircraft is then on the correct heading. If the
direction of a star is to be used, the aircraft is turned until the star can
be sighted between the points of the sighting vane at the top.

If the latitude scale is set at 90° and the declination secale at 0°, the
instrument may be used as a pelorus for taking visual bearings on any
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object. The use of the astro compass in polar navigation is discussed in
Chapter XI.
QUESTIONS

1. What two primary functions are served by navigational instru-
ments?

2. What is meant by “standard atmosphere?”

3. Is the indicated air speed at 5,000 feet too great, or too little?
By approximately how much?

4, What is the effect of higher-than-standard temperature on the
indicated air speed?

5. State the approximate rule for obtaining the true air speed from
the indicated air speed.

6. At 6,000 feet the indicated air speed is 120 mph; what is the
approximate true air speed?

7. The indicated stalling speed of an aircraft at sea level is 50 mph;
at what indicated air speed will it stall at 8,000 feet?

8. Explain the principle of the ordinary altimeter.

9. What is the purpose of the barometric scale on an altimeter?

10. Why is it important that the barometric scale always be set to
the current altimeter setting?

11. Under what conditions will an altimeter indicate altitudes higher
than the true altitude? Altitudes lower than the true?

12. State the rule for the approximate altitude error.

13. When flying from a high pressure area into lower pressure, what
will be the effect on the altimeter?

14. Define pressure altitude.

15. Can wind direction and velocity be determined directly, by in-
struments, while in flight?

16. Can the correction for drift be determined from the observed
drift angle? «

17. Name several reasons why drift sights have not been more
generally used in commercial and private aircraft.

18. What instrument is chiefly depended on for indication of direc-
tion in flight? What are its principal errors?

19. Why does the magnetic compass fail to indicate correctly when
banked for a turn?

20. Name the 16 points of the compass in order, beginning with
north and proceeding in a clockwise direction (this is known as “boxing
the compass™).

21. State the number of degrees corresponding to each of the 16
points of the compass.

22. Define magnetic variation.

23. Does compass deviation ever change? Why?

24. Why is a 90° turn seldom indicated by a difference in compass
heading of exactly 90°?
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25. Using a compass card with deviations as shown in figure b4,
what compass headings should be flown in order to make good the fol-
lowing magnetic headings: 130°; 215°; 315°; 160°?

26. How is the turn-and-bank indicator used in connection with the
magnetic compass?

27. How is the directional gyro used with the magnetic compass?

28, What accuracy may be expected of the directional gyro?

29. Describe the artificial horizon and its functioning.

30. What is the value of a simple radio receiver in a light airplane?
of two-way radio?

31. Distinguish between a radio compass, a radio direction finder,
and an automatic radio direction finder,

32. What is meant by a radio altimeter, and in what way do its
indications differ from those of an ordinary altimeter?
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Chapter V..CHART READING

DISTINCTIVE PROPERTIES OF CHARTS

The distinction usuvally made between maps and charts is that a
chart is a representation of an area consisting chiefly of water; a map
represents an area that is predominantly land. It is easy to see how
this distinction arose, in the days when there was no navigation over
land, but a truer distinction is that charts are specially designed for use
in navigation, whether at sea or in the air.

Charts are intended not only to furnish an accurate representation
of an area, but also to serve as a suitable base for the plotting of the
problems of navigation in order to arrive at an accurate solution. The
safety of life and property demands the greatest care and accuracy in
all details. .

In the preparation of maps definite conventions have developed,
evaluating the relative importance of features to be mapped and the
emphasis to be given each. Aeronautical charts, designed for one special
purpose, often violate the established usage of conventional maps; items
which would normally be included in any ordinary map are often omitted
in order not to obscure details of greater importance to the navigator;
other features are sometimes exaggerated beyond topographic justifica-
tion, because of their landmark value.

The aeronautical charts include approximately 35,000 miles of air-
ways equipped with landing facilities, beacon lights, radio ranges, tele-
type service, weather reporting stations, and other related features. Over
such an extensive system it is clear that many changes must occur: New
airways are being established and old routes rebuilt for more efficient
operation; routes have been extended into Alaska, and transocean navi-
gation by air has become commonplace.

Once the information on a chart becomes obsolete, its further use
for navigation is a definite hazard. Considerable time and effort are
therefore expended in the frequent correction of charts, to show the
changes in information as they occur. This is a most important function
of the Government, and is imperative for safety in all forms of air trans-
portation.

THE IMPORTANCE OF CHART READING

An aeronautical chart may be defined as a small-scale representation
of a portion of the earth and its culture, presenting to the trained eye
a description of the charted region more nearly perfect than could be
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obtained from the pages of a book. It depicts the landmarks and other
fnformation found of value by pilots long familiar with the region, and
provides a working base suitable for the graphic solution of the problems
of air navigation. Consequently, any time spent in learning to read and
interpret its detailed information will be well repaid.

This is emphasized in a report of the Civil Aeronautics Board, in-
vestigating an accident that occurred only 2 miles from a charted aux-
iliary field. The report stated, in part: “Investigation also revealed that
the pilot who was experienced in cross-country flying had not used the
maps, which were in a closed valise in the airplane, and that he did not
realize the close proximity of the emergency field.” If proper use had
been made of the charts in the unopened suitcase, the accident might
have been avoided.

A related error is reliance upon a single selected landmark, such as
a road or railroad, for guidance. In another accident report, after ex-
plaining that the pilots had intended to follow a particular road, it is
stated that “they must have followed some other highway.” This ac-
cident might have been avoided if the pilots had been trained to check
by combinations of landmarks, instead of a single feature—for example,
the same highway with respect to railroads, stream patterns, towns, or
grain elevators. .

In still another report it is stated that “strong contributing factors
were the pilot’s failure (1) to equip himself with an up-to-date aero-
nautical chart and (2) to utilize the radio aids available to him to ac-
curately establish the position of the flight while on instruments.” These
and many similar incidents all emphasize the importance of learning to
read the detailed information on the charts—ALL of it—quickly and
easily.

In charting the details of the terrain and the system of aids to navi-
gation, many conventional symbols are employed. Some of these have
been in use for many years, and their significance is generally under-
stood ; others have been adopted more recently and are of more specialized
use, and therefore are not as well known. The following description of
these symbols and their significance has been prepared as an aid to chart
reading. It applies primarily to the revised sectional chartsz (see Plate
IV), since the scale of that series permits the charting of fairly complete
information. On the smaller scale charts many details must be omitted,
but with few exceptions those that can be included are shown by the
same symbols.

The features shown on these charts may be divided into three
groups:

1. Topographic information necessary to a clear and accurate repre-
sentation of the region.

2. Aeronautical data and information of interest chiefly for air
navigation.

7 A complete revision of all sectional charts is now in progress (1944), Where the revised charts differ
in treatment from previous editions, attention will be directed to the changes.
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8. The legend, and other written notes describing the projection, and
miscellaneous information on the chart,

The topographic features may in turn be subdivided into three
groups:

a. Drainage, including streams, lakes, canals, swamps, and other
bodies of water.

b. Culture, such as towns, cities, roads, railroads, and other works
of man.

c. Relief, including mountains, hills, valleys, and other inequalities
of the land surface.

TOPOGRAPHIC INFORMATION

DRAINAGE FEATURES
[See fig. 63]

Drainage features are generally represented on the aeronautical
charts in blue, the smaller streams and canals by single blue lines, the
larger streams and other bodies of water by blue tint within the solid
blue lines outlining their extent.

-\._—-/' Dry Take el -
Large river and strclm....p Y ok ccecnannnne / ,,“r‘:"‘«l

intermittent stream....... " Marsh.....ccceeuecunen- - —

Glacier on
Intermittent lake._._....... -’W contoured beak ... ..... @

Figure 63.—Drainage features.

Intermittent streams are shown by a series of long dashes separated
by groups of three dots, suggesting the scattered pools into which the
diminished streams sink during the dry season.

Intermittent lakes and ponds are shown with broken shore line and
cross ruling in blue.

In some sections of the country, the beds of dry lakes and ponds are
conspicuous landmarks. Such features are indicated by brown dots within
the broken “shore line” of blue.

Marsh areas are shown by horizontal blue lines, with scattered
groups of short vertical dashes suggesting the clumps of marsh grass
common in such areas.

Glaciers are indicated by blue shading, representing the form and
the flow lines of the glacial area.

Reservoirs are shown in the same way as lakes, but usually with
the dam symbol indicated in black (or, sometimes, in blue). They may
be either permanent conservation pools, or storage pools for flood control.
Flood control pools are emptied as soon as practical after floods, and



78 PRACTICAL ATR NAVIGATION

their size and shape may differ appreciably from those charted. In the
same way, for some little time after heavy rains, “lakes” may appear
where none are shown on the chart, and the swollen streams that look
like broad rivers in the spring may be quite inconepicuous during the
dry weather of summer.

CULTURAL FEATURES

[Sec fig. 64]

Among the more prominent cultural features are the cities, towns,
and villages. 1t is not possible to show all of them, so a selection is made
based not only on population but also on relative importance in a given
area, with particular attention to aeronautical importance. A town of
600 people near New York City would have little meaning on an aero-
nautical chart, but a town of the same size in the sparsely settled west
would be of considerable importance-—especially if it had a good airport.

Raliroads
City or targs town_ - — - — - &b O Single track ... ....... d———
Townorvillage. .. ._....._._ O o Two or more tracks . . ... H——o—di}
Highways
Superhighway__ ... .. - t=rrme=T==s Abandoned ......_..... — —
Malnroute ___.... . . ———— Interurban(clectric)....... -t
Sacondary route _. . _ . .. . acccoccr— Vneorquary . .oo.----cieccann. E ]
Teall . e =za===z Lookout tower . __ .. .cccceecrennnac. @
Racetrack __ . ___ .. - Dangarcurve. ... o ... ool " .
andmerk _..__.__..__._._. _DomeTre Dam or dam With 10CK e covececn v
CoastGuardstation._____..__.....--.---.- 'S

Figure 64.—Cultural features,

For the sectional charts of the United States, where excellent in-
formation is generally available, cities and towns are divided into seven
classes, as follows:

1. Towns in which there is no greater concentration of buildings or
people than in the surrounding countryside; usually omitted from the
chart.

2. Towns showing a small but definite cluster of buildings, easily
distinguishable from the more scattered buildings in the vicinity. These
may range from 5 or 6 houses to about 15 buildings; usually shown on
the sectional charts, in thinly settled areas, by small black circles.

3. Towns from about 15 buildings to 60 or 70 buildings. These are
shown by larger black circles in thinly settled regions, where they are
fairly prominent; by small black circles in more thickly settled areas;
in densely populated sections they may be omitted altogether.
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4, Towns from 800 or 1,000 to about 5,000 in population; shown
by a yellow square on all sectional charts, except in the most congested
areas, where they may be shown by the larger black circles, or may even
be omitted.

b. Cities from about 5,000 to 25,000.

6. Cities from about 25,000 to 100,000.

7. Cities over 100,000. For cities of classes 5, 6, and 7, the actual
shapes of built-up areas are shown in yellow, outlined by a fine black line.

For smaller scale charts, the smaller black circle is not used, and
there is a tendency to reduce the classification of many cities and towns
one step. This is necessary, to prevent crowding the chart with large
symbols and place names.

Railroads are represented by fairly heavy black lines with crossties
at about 4-mile intervals, interurban electric railways (trolleys) by
lighter black lines with crossties at about 2-mile intervals. The spacing
of crossties is subject to some variation, and is without significance ex-
cept as an aid to identificatjon.

Single-track railroads are shown with single crossties, while for
railroads of two or more tracks the crossties are in pairs.

Even if a railroad has been abandoned or torn up, the old roadbed
is sometimes a prominent feature when viewed from the air; when this
is the case, it is indicated on the chart by a broken black line with
crossties.

Tunnels are indicated not only because they serve as landmarks, but
also because they are a source of potential danger. If a pilot is following
a railroad through territory with which he is not familiar, and the rail-
road enters a tunnel, he may find himself suddenly deprived of the one
landmark upon which he was relying, or even confronted by a mountain-
side, without suflicient space either 1o turn or to climb above it. This
difticulty is seldom encountered in the case of highways, but any highway
tunnels are shown by the same symbol.

Highways are shown by a black double-line symbol, the lines being
a little heavier and wider spaced for prominent highways than for
secondary highways. Superhighways (usually divided-lane highways)
are shown by a triple-line symbol, the center line (which may be either
solid or broken) suggesting the multi-lane feature.

The highway route number, centered within a shield, is shown at
intervals along the principal Federal highways. In some States the main
roads are air marked with the same numbers as an aid to identification
from the air. In a few instances, in sparsely settled country where there
are few other landmarks, very poor roads are charted because of their
unusual landmark value, and such roads are shown by broken lines (the
conventional symbol for a trail).

“Prominent highways” and “secondary highways” must be under-
stood as only relative terms. In some of the thinly settled western districts,
roads are so few that practically all of them are shown; the most im-
portant through highway may be only a well-graded dirt or gravel road,
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yet it is so prominent in its own vicinity that it is charted with a heavy
line. On the other hand, in the more thickly settled sections there are so
many roads that it is impossible even to include all the highly improved
roads,

For example, figure 65 shows all the roads in the vicinity of Nava-
sota, Tex., according to a survey made in 1912. Only those shown by
heavy lines were included on the Austin sectional chart; the roads shown

\

}-l -

Figure 65.—Highways in vicinity of Navasota, Tex. (1912).

by a heavy broken line were constructed after the survey was made, and
were added from flight check data and later sources.

The treatment of highways, then, varies with the region under con-
sideration, but in each case an attempt is made to delineate the distinctive
road pattern as it would be seen from the air.

Race tracks are prominent landmarks, and whenever possible their
characteristic oval shapes are indicated in black. In congested areas
where the actual shape cannot be shown, the location is sometimes in-
dicated by a heavy dot, and the words “Race track,” are printed in the
nearest open space, with an arrow leading to the dot.

Lookout towers in the State and national forests are located on the
highest ground in the vicinity. In some cases they have been air marked
with a number, and these numbers appear on the chart adjacent to the
symbols, in vertical black figures. Formerly, the elevations of the ground
at the towers were added in black italics; on the revised charts the
elevations of the tops of the towers above sea level are shown instead,
since this is the information most vital to pilots.

A quarry, or a mine, is represented by a symbol suggesting the pick
and hammer of the miner, or by a black dot and descriptive note.
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A Coast Guard station is indicated by a small black “boat,” accom-
panied by the number with which it has been marked for identification
from the air.

A dam is shown by a heavy black line. In some places, as along
the Ohio River, dams are accompanied by locks, and are very conspicuous
from the air. The lock is indicated by a short black line at right angles
to the dam, forming a sort of “T”. .

In addition to the foregoing, there are in many localities a number
of unclassified distinctive landmarks which are of great assistance in
identifying position. These are usually indicated on the sectional charts
with a dot and descriptive note.

It should be understood that, even on the larger-scale charts, certain
features must be exaggerated in size. For example, if a prominent high-
way is measured by the scale of statute miles on a sectional chart, the
highway appears to be about a fifth of a mile, or more than 1,000 feet
in width, but this exaggeration is necessary for the sake of clarity and em-
phasis. Again, in a narrow canyon it may be required to show a stream
with a railroad on one side and a highway on the other. On the ground
the three features may occupy a space no more than 75 feet in width,
yet on the chart, showing the three symbols as close together as possible,
they appear to occupy nearly half a mile, or about 2,500 feet. In the
case of water features, a small lake 300 feet wide and 2,000 feet long
may be an outstanding landmark; at the actual scale of the chart 300 feet
would be reduced to a fine single line; it must be exaggerated in width
enough to show a small area of blue tint between two limiting shore
lines of solid blue, and in length enough to preserve in a general way, at
least, the shape of the lake. Whenever possible, symbols are centered
on their true locations and exaggerated only as much as may be essential
to a clear representation.

RELIEF

[Sec fig. 66)-

On the aeronautical charts the mean high water line is taken as the
shore line. This seems fitting, since any “land’” farther toward the sea
would be under water part of the time. At the scale of the aeronautical
charts the difference between the high water and the low water shore
lines is usually indistinguishable. In areas with low, gently sloping

shores, however, the shore line at low water may appear noticeably
different.

While the high-water shore line is adopted, all other elevations
represent heights above the average level of the sea (mean sea level).
Relief is shown by contour lines in brown, and is emphasized by a series
of gradient tints ranging from green at sea level to a dark brown above
9,000 feet. On a few charts in the west, extensive areas below sea level
are indicated by a darker green. In the present revision of the sectional
charts, in areas which have been inadequately surveyed and for which the
information can be considered only approximate, contours are shown by
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Occasionally, prominent peaks or steep cliffs, considered
either as a hazard or an outstanding landmark, are accentuated by
hachuring.

Spot heights are also selected with the intent of showing the range
of elevations—the highest danger points, and the mountain passes, or

cn82ie
Hachured peak 4700, Mpuntain pass Ej
with elevation. .. ... % with elevation . .... McKenzie Pars @
9765
P o
Danger Curve . ,,......-'f Sand duhes. ... ... __sf 39}:\ hasch

GRADIENT OF ELEVATIONS

SELOW STA LEVEL 1000 2000 3000 3000 1000 [] WATINUS
] LIGHT PALE ucHt | wepuw | DEEP DARK
S 1 omeen l GREEN | BROwN | aRoww BROW!

SROWN SROWN

Figure 66.—-Reltef (elovation),

the general level of the intervening low ground. A dot on the chart
marks the location of the spot to which the elevation applies. The eleva-
tions of a number of cities and towns are also shown,

A contour represents an imaginary line on the ground, every point
of which is at the same height above sea level, and the varied curves of

bl L
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Figure 67.- Contours iliustrated by a sand pile

the contour show the ridges, valleys, canyons, bluffs, and other details,
With a little practice, one may read from the contours and gradient tints
not only the elevations, but also the shape of the terrain, almost as easily

as from a relief map.
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Any contour is the intersection of an imaginary horizontal plane
with the surface of the terrain. To illustrate, figure 67 represents a pile
of sand from the nearer side of which sand has been carried away until
a “valley” has been formed. The top of the sand pile is 5 feet above the
pavement, and an imaginary plane is passed through the pile at a height
of 2 feet. In the lower part of the figure is shown the “2-foot contour,”
or the trace of the intersection of the plane with the sand. The trace of
the lower edge of the pile of sand on the pavement may be considered as
the “shore line,” or the line of zero elevation.

If it were raining, water would flow down the ‘“valley” in the direc-
tion indicated by the arrow, which may be considered as a “stream.”
Thus, we see that when contours cross a stream they bend toward the
source of the stream which is, of course, on higher ground; conversely,
when crossing a ridge the contours bend away from the higher ground.

In figure 68 the curves at V, V, V, represent valleys of varying
width and depth, while R, R, R, represent ridges or hills.

One way of visualizing more readily the significance of the contours
is to think of them as successive shore lines if the sea should rise to the
levels indicated by the respective contours. The line of the seacoast itself
is a contour, every point thereon having the same elevation (zero) with

uee
Valley
sea land
Figure 68.—Ridges and valleys Figure 69.—The scarhore as
shown by eontours. a contour.

respect to mean high water. Any valleys running down to the shore line
are represented by a curve or indentation landward ; any ridges result in a
curve seaward (fig. 69). Now if the sea should rise 1,000 feet, the 1,000-
foot contour would become the shore line; valleys would still be indicated
by a curve toward the higher ground (which could now be called “land-
ward”), and ridges would be indicated by a curve toward the lower
ground (“seaward”).

If a cliff should rise almost vertically above the shore line for 1,000
feet, the 1,000-foot contour would appear on the chart very close to the
shore. When the terrain slopes gently upward from the coast, the 1,000-
foot contour is a considerable distance inland. Thus, contour lines that
are far apart on the chart indicate a gentle slope, while lines that are
close together indicate a steep slope; contours that run together indicate
a cliff. Many people believe that contours can never cross, but this
would occur in the case of an overhanging cliff.

To obtain a clear picture of the significance of contours, on a semi-
circular piece of paper draw a series of semicircles at intervals of about
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2 inches, as illustrated at the left of figure 70. Now roll the paper into
an ordinary “dunce cap,” and pin it so it will not come undone. It will
appear as in the center of the figure, with the horizontal lines representing
contours having successive differences in elevation of about 2 inches.

Figure 70.—Contours illustrated by & dunce cap.

If we set the dunce cap on the floor and look straight down upon it
(which is the way the earth’s surface is represented on a chart), the
system of “contours” will appear as at the right of the same figure.

Now, if we crease a “valley” into one side of the dunce cap, the two
views will appear as in figure 71. If this were a real valley, a stream

would probably be flowing down it,
—_ as represented by the broken line.

Note, again, that where contours

cross the stream they bend toward

the source of the stream; where

contours cross a ridge, the opposite
\| is true, and they bend away from
Figure 71.—The dunce cap with “valley” and “stream.” the higher ground-

The manner in which contours
express elevation, form, and degree of slope is shown in figure 72. The
sketch in the upper part of the figure represents a river yalley that lies
between two hills. In the foreground is the sea, with a bay that is partly
enclosed by a hooked sand bar. On each side of the valley is a terrace into
which small streams have cut narrow gullies. The hill on the right has a
rounded summit and gently sloping spurs separated by ravines. The spurs
are cut off sharply at their lower ends by a sea cliff. The hill at the left
terminates abruptly at the valley in a steep and almost vertical bluff, from
which it slopes away and forms an inclined tableland that is traversed by
a few shallow gullies. In the lower part of the figure, each of these features
is represented, directly beneath its position in the sketch, by contour lines.

In figure 72 the contours represent successive differences in elevation
of 20 feet—that is, the “contour interval” is 20 feet. For the revised
sectional charts a 500-foot contour interval has been adopted for all
charts east of the 102nd meridian. This interval brings out the shapes
of the ridges and develops many of the tops more satisfactorily than the
1,000-foot interval previously used. West of the 102nd meridian, as the
Rocky Mountains are approached, the country is steeper and more
rugged; contours at 500-foot intervals are too crowded, and the 1,000-
foot interval has therefore been retained.
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For all regional charts, the contour interval is 1,000 feet. For the

smaller scale charts the intervals are still greater.
In order to maintain & safe flying altitude, unless the elevation of
the top of a ridge or peak is given in figures, it should be assumed that

Figure 72. Altitude, {form, and slope expressed by contours. (After U. S. Geological Survey).

the elevation extends all the way to the next contour above the highest
contour shown. For example, the highest charted contour along a ridge
mgy be only 2,000 feet, yet the ridge may be topped by" minor summits
rising to 2,400 feet or more. Assuming trees approximately 100 feet
in height, the extreme elevation of the ridge may be almost 2,500 feet,
yet the information available to the cartographer does not warrant the
addition of the 2,500-foot contour. It should be noted that the gradient
tint used in this case, pale brown (see fig. 66), indicates not merely an
elevation of 2,000 feet, but includes any elevation short of 3,000 feet.
Unless absolutely certain of their position, whenever visibility is poor,
pilots should be careful to fly at a safe margin above the highest ground
in the entire region.

The danger curve, in water areas (fig. 66), may be thought of as
an under-water contour. In most cases on the revised charts it may be
thought of as a curve every point of which is 6 feet below low water. In
some instances it merely encloses an area of uncertain depth that is
known to be dangerous for seaplane operations. On the earlier editions
it was shown as the 3-foot depth curve, and seaplane pilots should check
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this information in the marginal legend. It is shown by a row of black
dots. At the scale of the sectional charts it is impossible to show danger
areas in satisfactory detail, and pilots should never rely upon this in-
formation for landing.

Sand and sand dunes are indicated by brown dots (fig. 66).

All the foregoing features are combined by the cartographer in such
a manner as to reproduce the characteristic details of the region accu-
rately, but without confusion. Then to this basic topographic representa-
tion are added those features of special interest for air navigation.

AERONAUTICAL DATA
AIRPORTS

[See fig. 731

Aeronautical information and features of interest chiefly for air
navigation—such as airports, beacon lights, radio ranges, radio call
letters, and identification signals—are shown in red.

Aijrports are classified as to their operation (whether commercial,
municipal, Army, ete.), and also as to their service facilities. They are
shown in accordance with figure 78. It is important to consider the clas-

Army, Navy or Marine Corps Field o Emergency Landing Field _ _ _ _ _._.._ +
[ or M Airport _ .. O Unclassitied Alrport _ ___ __ . ____ e
Joint Military Cvil Awrport _ . _ -0 Soa(tl“lhn; ::':: T T @
C A A Intermediate Field R A Seaplane Anchorage _ __ .

(with course lights) {with refueling and limited facih
FlightStnp _ . ___ __ .. _.._._.. e Proteoted Anchorage . ____ . _._._._ 4

[{ g area to ) (no facilities)

(symbol indicates direction ot runway)

Mooning Mast . __...... l.

Figure 73.—Airport classification.

sification of a field before landing, as civilians cannot obtain supplies or
service at an Army or Navy field. (NoTE: All Army and Navy airports
and other defense facilities have been deleted from plates I to IV, for
reasons of military security.)

New symbols for airports and other aids to air navigation have re-
cently been adopted and may be found on aeronautical charts by the
summer of 1945. Their significance is explained in plate V, following
p. 351. They will also be explained in the legends of the charts on which
they appear.

In the absence of other suitable airports, the intermediate fields of the
Civil Aeronautics Administration are established at intervals of about 50
miles. They are intended primarily for emergency use, but are also avail-
able for noncommercial flying activities; under certain conditions they are
even available for occasional commercial use.
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In addition to facilities for landplanes, a number of seaplane bases
have been established inland, providing for practical and economical sea-
plane operations from coast to coast, and from border to border.

With the growth of international air traffic, information regarding
airports of entry (customs airports) has become increasingly important
Accordingly, when an airport has been designated as a port of entry,
this fact is noted on the chart, near the airport name.

Elevations of airports above sea level are indicated by inclined
numerals adjacent to the airport name,

The symbol for an unclassified airport is never used for airports
within the United States. In the case of flight strips, the direction of the
diagonal stroke indicates the orientation of the landing strip.

The letters LF indicate that the field is equipped with lighting
facilities for landing at night. Sometimes these facilities are operated
only at certain hours, or on request. The same is true of certain other
veacon lights and aids, and for complete information on these points
pilots should contact the nearest CAA communications station, or ob-
tain local information.

As a defense measure, all radio aids and lighting facilities, especially
along the coasts, are subject to complete shutdown without notice.

For easy reference in traffic control and for related purposes, air-
port runways are now numbered and ground-marked with the magnetic
directions in which they are to be approached. In each case, they are
numbered to the nearest 10°, and the final 0 is omitted. For example,
if a runway lies east and west (magnetic), the east end would be num-
bered 27, representing 270°, the direction of approach for an airplane
landing from east to west; the west end of the same runway would be
numbered 9 (representing 90°).

OTHER AERONAUTICAL DATA (MISCELLANEOUS)
[See fig. 74] A

A rotating beacon is indicated by a star with open center, accom-
panied by its “site number.” If the beacon is equipped with course
lights, the code signal corresponding to the site number, which is flashed
by the course lights for identification at night, is also shown. Course
lights are aviation green in color when adjacent to a lighted field ; aviation
yellow when adjacent to a day field (unlighted) ; and red when there is no
field nearby. When there is a power shed at the beacon, the site number is
also painted on the shed roof for daylight identification (see fig. 2). Dur-
ing the present emergency such markings have been removed from installa-
tions within 150 miles of the coasts.

The number of any intermediate field or beacon is obtained by drop-
ping the final digit of the mileage from the origin of the airway on which
it is located. For example, beacon No. 19 on any airway is approximately
190 miles from the origin of the airway. The course lights flash the code
for only the last figure of the beacon number, the code signals being the
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game for beacons numbered 9, 19, 29, etc. Beacons having the same
signal are approximately 100 miles apart, and a pilot should know on

Rotating Beacon ... ... .. *
Rotating Beacon...._...onee P
{with courss lights) eens
Roteting Beacon_ .. _ ... -3

{with flashing code beacon)

Flashing Beacon..__ . ..._....%
fFlashing Code Beacon ___.___.. )

Marine Navigational Light . _.___ { J
(F tixed, FL flashing, W white
R red, G greem

LIghtShIp oo ceee e n +

Danger Area-invitible hazard %
(spucific suthenty requwred

for fight within sres) v

L
Non directional _ . __#..
Radiobeacon 5,*&‘ "
Cwith frequency power . "W (7,
& 1dentification signat) LR

WASHINGTON|
- nn =

g TN
Fan Marker Beacon.__. - _.. N N
* N e ¥

Radio Station « oo e cmma -

|w'||h callsmms and frequenty) Ons
Radio Direction

Finder Station __.__..... One

twith catl letters and

trequencyl

Marine Radiobeacon. .. . -

{with trequency and ol Bn %

dentification signal}

Prominent transmission ine __—t——F——7—

Lines of equal o
-

magnetic varation_____. — 10 W

§_ N
t\\\w

Caution Area-visible hezard . (oot under auwsy trafhc control) Curder suiey rathc contral)
Covord it practicable) Range Approach Channel

Prohibited Are (showng [oeal fiying & axrport contral aress)
| IR so L e e Lo
(aitcratt protubited unless e LOCAL FLYING

angaged in defense mission)

Tunnel Area. . .. ccccmaua. m
(they traftic reatricted

10 dltitudes a3 shown)

) "Arport contro)
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- 27 907 e g
—

Rodio Range
Bearings are magnetic at the station

- 270° 90"

Figure 74.—Acronautical data (miscellaneous). -

which 100-mile section of the airway he is flying. The code used along
the airways is shown in the following table:

TABLE 4.~—Code adopted for airway use

A.. M__
B_... N_.
C-.-.
D_..
E. Q__.-
F.... R
G__. S
H.... T_
I.. U
Joemn v
K_..
L._..

=

—— 9 __.
X_..- 0__

At some places the rotating beacon is supplemented by an auxiliary
beacon which flashes an identifying code signal. In this case rays are
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added to the rotating beacon symbol and the code signal flashed by the
auxiliary beacon is placed nearby.

A flashing beacon, or other nonrotating beacon, is indicated by a
solid star, smaller than the rotating beacon symbol; for a beacon flashing
in code, rays are added around the star. '

If an airport is equipped with beacon light, the proper beacon sym-
bol is placed in the center of the airport symbol.

A light for marine navigation is shown by a large dot. A powerful
light of this kind is often inconspicuous from the air, because its light
is directed along the surface, for the benefit of surface navigation.

A landmark beacon, operated by private interests or by a com-
mercial establishment for advertising purposes as well as for the benefit
of airmen, is represented by the proper beacon symbol (rotating or flash-
ing), as described above. As a rule these beacons are located neither on
an established air route nor at an airport, but they serve to identify a
point from which a pilot may proceed to his destination. A rotating
jandmark beacon usually rotates at two revolutions per minute, in order
to distinguish it from an airway beacon, which makes six revolutions
per minute, An arrow in conjunction with this symbol indicates that the
beacon is equipped with a directional projector; on the chart the arrow
is placed so that it points to the airport toward which the projector is
directed.

Areas in which the flight of aircraft is prohibited or restricted are
classified as caution areas, danger areas, and prohibited areas.

Caution areas are those in which visible hazards to flight exist. They
should be avoided in flight when practicable.

Danger areas are those in which invisible hazards to flight exist.
Flight in these areas without specific authority from the agency having
jurisdiction therein is forbidden.

Prohibited areas are established by Executive Order of the Presi-
dent, and may not be flown over except by military gireraft actually
engaged in defense missions.

All such areas are shown on aeronautical charts as indicated in
figure 74. Notice of any changes or additions is given in the “Weekly
Notice to Airmen,” published by the Information and Statistics Service,
Civil Aeronautics Administration.

A *“vital defense area” is one within which the operation of aircraft
is prohibited or is authorized only subject to prescribed conditions. In
an “active air defense zone,” civilian cross-country flights require two-
way radio, and a flight plan approved by the Interceptor Command.

“Traffic tunnels’” are portions of an airway within which flight must
be between specified minimum and maximum altitudes. They may be
further described as portions of an airway having both a ceiling and a
floor. The altitudes between which flight must be conducted in these tun-
hels are indicated by a prominent note, enclosed in an adjacent “box.”

Pilots are particularly cautioned to observe all regulations pertain-
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ing to flight in these areas, or near Army and Navy installations, since
airplanes approaching them may be fired upon without notice.

Prominent transmission lines are shown by a symbol representing
the poles, or towers, with wires between. These lines may be considered
either as landmarks or as obstructions, and because of their importance
to air traffic they are shown in red. Usually, only steel tower lines are
shown on the aeronautical charts of the United States, but occasionally
pole lines are shown if they are prominent when viewed from the air.
This is especially true in areas devoid of other landmarks,

A radio range station is indicated by a dot within a small circle,
and the positions of the range courses are shown by a pink tint. Magnetic
bearings toward or away from the station are indicated, and the A and
N quadrants of the system are marked along the range courses, to avoid
any confusion as to quadrant designation. The method of flying the
radio ranges is treated in detail in a later section.

A radio marker beacon was formerly indicated by a circle of pink
tint, only a few miles in diameter, the size of the circle indicating the
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limited area within which its signals might be received. These stations
have now been generally discontinued, and the former marker beacon
symbol is used for the newer nondirectional radio beacons, with the
addition of a circle-and-dot symbol at the center to establish definite
location. These are of two classes: power greater than 50 watts, and
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power of 50 watts or less. The latter is known as an “MH” radio
peacon, and its service area usually does not exceed 25 miles; the former
is designated as an “H” (Homing) radio beacon, and may be received
at greater distances.

Fan-type marker beacons are shown by pink ellipses, suggesting the
space pattern of these beacons and also their sending range.

The names, identifying signals, frequencies, and related data for
the various radio stations are shown adjacent to the stations to which
they apply. For aeronautical radio stations, the data are shown within
a rectangle; for other radio stations the corners of the rectangle are
cut off.

A number of commercial broadecasting stations are shown on the
charts, since they are also of navigational importance. They are indicated
by the conventional circle-and-dot symbol, with the frequency and call
letters 1 an adjacent box. On the United States charts, stations operating
at less than 500 watts usually are not charted. For stations of 500 to
1,000 watts, the power is indicated on the chart as some guide to the
distance at which satisfactory reception may be expected. For stations
of 1 kilowatt or more, the power is generally omitted. In Alaska and
other outlying areas, stations of much lower power are sometimes
charted.

Radio direction finder stations are indicated by circle-and-dot sym-
bols and the initials RC (from their former designation as “Radio Com.
pass” stations). Marine radio beacon stations are indicated by the same
symbol and the initials Rbn.

Places at which the magnetic variation is the same in direction and
magnitude, are connected on the charts by broken lines known as lines of
equal magnetic variation, or isogonic lines. The amount and direction of
variation are also shown. In some areas unusual magnetic variation
exists, and a warning note to that effect is printed in red in the area
affecled. It appears, however, that these .
unusual surface conditions cannot be de- “\\.}?&"luulufﬁo
tected at ordinary flight altitudes. R o,

Compass roses (fig. 75), oriented to
true north, are printed on the sectional
and regional charts. If a protractor is not
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Specially designed compass roses (fig. 76), oriented to magnetic
north, are used on the radio direction finding charts. These roses are
graduated to read both from magnetic south and from magnetic north.
The outer figures are ordinarily used, and are therefore larger; they are
intended for use in plotting reciprocal bearings (the radio compass bear-
ing observed at the airplane plus or minus 180°), and for that reason
read from 0 at magnetic south. For certain other problems a rose read-
ing from 0 at magnetic north is more convenient, and for such problems
the inner (smaller) figures are also available. These roses should not be
confused with the conventional compass roses appearing on the sectional
and regional charts, nor used in the same manner; their special use is
explained in detail in a later section.

CIVIL AIRWAYS

[See fig. 741

A civil airway may be defined in general terms as a strip of land,
together with the navigable air space above it, 5 miles on either side of
the center line connecting the designated terminals and intermediate
points of the airway, and extending 5 miles in all directions beyond the
terminal airports.

A civil airway also includes the aids to navigation described above
and other facilities which have been constructed along it: Rotating
beacons at intervals of about 15 miles; intermediate fields at 50-mile
intervals; radio range and broadcast stations; teletype communications;
hundreds of weather reporting stations; and airway traffic control
centers.

Airway traffic control centers are operated by the Civil Aeronautics
Administration for the control of traffic on the civil airways.

During the present emergency the standard 10-mile width of air-
ways is subject to various limitations. In the vicinity of certain military
installations the width is reduced to 6 miles; within range approach
channels it is further reduced to 4 miles. All such variations in the
extent of the civil airways are indicated on the charts.

Flight along the Nation’s airways is subjeet to Air Traffic Rules
designed for the protection of all who fly. A number of airports have
been designated by the Administrator of Civil Aeronautics as “control
airports,” and traffic within 3 miles of the center of such airports is
subject to control. It is understood that this distance may shortly be
increased. If the radio range station serving a control airport is more
than 214 miles from the center of the airport, then a strip 14 mile on
each side of the line between their centers, and extending 14 mile beyond
the station, is also included in the controlled zone. A list of control air-
ports is included in Air Navigation Radio Aids, published at frequent
intervals by the Civil Aeronautics Administration. Normally, the traffic
in such an area is under thc control of the local airport traffic control
tower.
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Airport traffic control towers are operated by Federal personnel at
sirports handling large volumes of civil and military traffic, and by the
local management at other airports. In some cases, federally operated
control towers are designated as ‘“approach control towers,” and per-
form some of the duties of the airway traffic control center.

Control tower personnel have immediate control over all aircraft
within the control zone, communicating their instructions by radio, or
by light signals for aircraft without radio. They provide pilots with
data such as time checks, radio checks, altimeter settings, wind data and
other weather information, other air traffic at a given time, and field
conditions. They also relay information between pilots and operations
offices, Weather Bureau stations, and airway traffic control centers, and
issue special instructions which may be required by pilots in flight.

Airway traffic control centers are always operated by Federal per-
sonnel, and are located at or near large airports. Each center has control
over all aircraft flying on the airways within its geographic area, and
issues its instructions through the control tower or airway communica~
tions station nearest the aircraft in flight. To facilitate this service,
special arrangements were made in June 1943, whereby communicators
keep apprised of all flight conditions existing within an extensive
geographical area. Any information that may assist a pilot in the safe
conduct of his flight is abstracted and tabulated. Upon contacting an
ajrcraft about to enter an area covered by such information, the communi-
cator transmits it to the pilot.

Airway traffic control centers keep the pilot informed of other traffic
in his vicinity, and see to it that there is always at least 1,000 feet of
vertical separation between such aircraft, or at least 10 minutes of flying
time between craft flying in the same direction and at the same altitude.
They are also responsible for keeping pilots informed of important
weather changes, for recommending alternate airports when necessary,
and for furnishing other information of an emergency nature essential
for the safe completion of the flight. .

The relative functions of these two services may be summarized as
follows: It is the duty af the airway traffic control center to keep con-
tinual check on the flight plans and movements of all aircraft on the air-
ways under its control; to avoid any possibility of collision; and to bring
the aircraft safely and expeditiously to the point where they can be tsurned
over to the airport control tower for actual landing instructions.

In areas not at present served by a traffic control center, “control
zones of intersection” are established at the intersections of principal air-
ways. These zones are of 25-mile radius, usually centered at a radio range
station, the intersection of two range courses, or other such designated
point. Except in contact flying, pilots may not enter a control zone of
intersection without permission from the local airway communications
station. Within the control zone, traffic rules very similar to those on the
controlled airways are in effect. The limits of such a zone are indicated
on the chart by a red circle and appropriate note. On the aeronautical



94 PRACTICAL AIR NAVIGATION

charts the limits of the civil airways are shown. Airways under control
of a traffic control center are outlined by a solid red line; airways not so
controlled are outlined in red by a fine double line.

The various air traffic rules governing flight along the civil airways
under different weather conditions are contained in Part 60 of the Civil
Air Regulations. A special digest of the “C.A.R.” has been prepared by
the Civil Aeronautics Administration (Civil Aeronautics Bulletin No. 22).

LEGEND AND WRITTEN NOTES
DATE OF INFORMATION

Once the information on a chart has become obsolete, its further use
for navigation is a definite hazard. One of the most important items on
a given chart, then, is the date of the information represented. On the
aeronautical charts of the United States and possessions, the date of the
aeronautical information is given in large red type, in the lower
margin. In general, it may be assumed that any important changes in the
cultural and topographic information occurring up to that date have also
been applied. Cn other aeronautical charts, separate dates are often given
for the aeronautical data and for the other information shown.

A list showing the dates of latest prints of charts of the United
States and possessions is included from time to time in the Weekly Notice
to Airmen. By checking the date of a chart against this list, pilots may
know whether they have a current chart or one that is obsolete. In any
case the chart should be brought up to date by applying all “Notices to
Airmen” subsequent to the date of the charted information. The pilot’s
own interests and the safety of the public make it imperative that obsolete
charts be discarded and replaced by new editions as they are issued. The
importance of this is emphasized by the following Safety Bulletin, issued
by the Civil Aeronautics Board, on October 29, 1943

KEEP UP TO DATE

“Cross-country flying is a full-time job, especially in war time. Certain airports
are temporarily closed or limited in use during repairs or extensions. Others may be
removed from public use by military necessity. The airways themselves have to be
squeezed or bent or rerouted when restricted areas are established. And these are not
matters which yield to guesswork.

“All such vital information is published in the next following three issues of the
Weekly Notice to Airmen. After that all pilots and navigators are expected to be
informed. That 1s what 1s meant when 1t is stated that pilotage these days in a full-
time job. As soon as promulgated these deviations in standard procedure are sent out
over the CAA teletype to all communications centers, and are posted in brief upon
bulletin boards. But the temporary changes are not further publicized and there is
frequently a considerable time lag before permanent changes appear on airway charts.

“Recently the realignment of the north leg of a 1adio range, made necessary by the
sudden establishment of a military danger area, necessitated a reversal of the signals
in the quadrants. On two occasions pilots became lost and crashed—the result of their
failure to make use of the sources of vital information available to them. There is no
place on the airways today for the navigator who is not up to the minute on his route
information.
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“The Weekly Notice and NOTAMS are the pilot’s heavy reading—a MusT list—and
he does well to cultivate the teletype-bulletin board habit if he aspires to grow gray in

the service.”
SOURCES

The sectional charts are considered as the basic charts of the United
States, the smaller scale charts being largely compiled from them. In the
lower left margins of the sectional charts there are listed the principal
sources from which they were compiled.

The source notes are in very general terms and list only the principal
agencies furnishing the material. Some of the principal sources are as
follows:

Nautical charts and surveys of the U. S. Coast and Geodetic Survey;
Topographic quadrangles and surveys of the U. S. Geological Survey;

Quadrangles of the U. S. Soil Conservation Service, U. S. Army Engi-
neers, and U. S. Mississipp1 River Commisgion;

Air photographs of the U. S. Department of Agriculture;

Forest maps of the U. S. Forest Service;

County maps of the State-wide Highway Planning series, prepared by the
various States; and

Acronautical data from the Civil Aeronauties Administration.

In addition to the above, the maps and miscellaneous publications of
many other Government and commercial organizations are consulted. More
than 50 separate sources are referred to, and for some charts more than
a thousand source maps and photographs are used. Throughout the entire
process, the goal of presenting a faithful and accurate picture of the ter-
rain as it will appear to the airman is kept constantly in mind.

THE FLIGHT CHECK

The last and not the least important source used in the preparation
of the sectional charts is the “flight check” data. The entire area covered
by a new chart (or by a new edition of an old chart) is inspected from
the air by a trained observer, and the details of the chart‘are compared
with the ground below. Any corrections and improvements noted in this
way are indicated on a proof copy of the chart, and applied to the printing
plates before the final edition of the chart is printed. Many distinctive
landmarks, which are of great value in identifying position, are added to
the charts from the flight check notes.

In order to keep pace with new construction in the charted areas and
to keep the charts of maximum usefulness to pilots, the program calls
for new flight checks of all charts at intervals of 2 tc 4 years. These
flight checks also furnish the means for testing new instruments and
new methods of air navigation, providing in this way a real contribution
to the advancement of practical air navigation.

LEGEND

The word “legend” means “to be read,” and ALL notes in the margin
of the chart are there for that purpose. The principal symbols are indicated
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and explained by notes. Any unusual conditions or treatment are ex-
plained.

A key to the gradient tints showing elevations on the chart is in-
cluded in the legend, and also an index showing the relation of the par-
ticular chart to other aeronautical charts of the various series, The rela-
tion of the chart to international mapping indexes and geographic
systems is also shown, for those who may be interested in this informa-
tion.

PROJECTION

Not the least important of the written notes is the statement of the
projection on which the chart is based—Lambert, Mercator, or stereo-
graphic. If (as is usually the case) the Lambert projection is used, the
standard parallels should be noted. The convergence of the meridians is
the same for all charts based on the same pair of standard parallels; it is
different, however, for each different projection band on different stand-
ard parallels, and this is important in many problems of navigation.

SCALE

Scale is indicated on the charts in several forms. First is the written
statement of the proportion existing between the chart and the portion of
the earth represented thereon, as 1:500,000, or 1:1,000,000. These ex-
pressions are read as “one to five hundred thousand,” and “one to one

million.” Sometimes they are written as fractions, as , and are

1
500,000
referred to as the representative fraction of the chart.

The statement that the scale is 1:500,000 means that 1 inch on the
chart represents 500,000 inches on the ground; or that 1 foot, 1 yard, 1
centimeter, or any other unit, represents 500,000 of the same units on the
ground.

In the borders of the charts are the graphic scales showing the number
of statute miles corresponding to any given distance on the charts. On the

| | }

STATUTE 10 MILES

Figure 77.—Measuring distance with the graphic scale.

sectional and regional charts the scales are divided into 10-mile intervals,
with an additional 10-mile interval at the beginning of the scale subdivided
into single miles. In this way it is easy to measure any distance on the
chart to the nearest mile, or even closer. For example, in figure 77 the dis-
tance AB between two points on the chart is found to be 37 miles.

On all but the large scale airport charts, at frequent intervals merid-
ians and parallels have been subdivided into minutes of latitude and longi-
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tude (or into multiples thereof, on the smaller scale charts). This makes it
easy to determine the latitude and longitude of any point on a chart, or to
plot on the chart any feature for which the latitude and longitude are
known. In addition, the subdivided meridians provide a scale of nautical
miles, since a minute of latitude may be considered as a nautical mile. This
is true, regardless of the projection used.

THE PRACTICE OF CHART READING

The cultural features of the terrain constitute a most important class
of landmarks, For example, on plate IV, compare the distinctive pattern
of railroads and highways at Yakima, with that at Ellensburg. The pattern
of roads, railroads, and other cultural features gives to each locality its
own distinguishing marks.

The topographic features are frequently of outstanding importance in
flying a course by landmarks. For example, in flying from Winchester, Va.,
to Washington, D. C,, it is only necessary to head the airplane for the
prominent notch in the Blue Ridge Mountains toward the east; Washington
may be reached by continuing on approximately the same course after pass-
ing the notch. This notch is apparent on the sectional chart because of the
highway passing through it, and also because of the diminished width of
the contoured ridge at that point. Other typical and better known land-
marks of this kind are the Delaware Water Gap, Stone Mountain, El
Capitan, Sugarloaf Mountain, and so on. Such features may be readily
selected from the chart by pilots experienced in chart reading and the in-
terpretation of relief.

Often a combination of landmarks affords a most definite identification.
There may be a grain elevator at a certain town, but if there are also grain
elevators at a number of other towns in the same vicinity this fact loses
any significance. If it can be seen from the chart, however, that the town
has a grain elevator, is on a double-track railroad, and is near the fork of a
river, this combination of landmarks is not likely to be duplicated within
a hundred miles, and identification is quick and positive.

Often a flight can be planned so that some continuous landmark (such
as a highway, railroad, pipe line, or river) lies well to one side of the route.
If at any time the pilot becomes uncertain of his position, he needs only to
turn toward the landmark selected and, when he has reached it, follow it
toward his destination. At other times the flight can be planned so that
the route lies between two converging highways, two railroads, or a com-
bination of other landmarks, thus making certain that some definite land-
mark can always be found.

Some pilots prepare a table listing landmarks obtained from the chart
for a given route; more often the selected landmarks and check points are
marked with colored pencil on the chart itself, The important thing is to
study the route in advance, to be able to select those landmarks that can
most readily be identified, and to know just about when and where to look
for them in flight.
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QUESTIONS

1. What are the chief distinctions between a map and a chart?

2. State the various types of information to be found on an aero-
nautical chart.

3. What is meant by culture? topography? relief? legend?

4. How is relief indicated on aeronautical charts?

5. Why might the drainage on the ground—the size of lakes and
reservoirs and the width of rivers—differ appreciably from the chart at
times?

6. From the information on plate IV arrange the following cities in
order of their size and importance: Easton; Wenatchee; Yakima; Ellens-
burg.

7. How can you distinguish on the chart between single-track rail-
roads and those with two or more tracks?

8. What is meant by a “prominent” highway? Are secondary high-
ways ever more prominent than main highways?

9. Why is the elevation above sea level of the top of an obstruction
more important to the airman than the height of the obstruction above the
surface of the ground?

10. On plate IV find at least three instances of exaggeration of seale.

11. Elevations on an aeronautical chart are given with respect to what
plane of reference? Is the shore line on the chart al mean sea level, or
higher, or lower?

12. What is a contour?

13. What is meant by “contour interval”?

14. On plate IV, point out the following: (a¢) Contours which indicate
a valley, although no stream is shown; (J) a steep slope; (¢) a gradual
ascent.

15. What contour intervals are used on the various series of aero-
nautical charts?

16. If the highest contour shown on a mountain peak is 8,000 feet
(on a regional chart), what should you assume as its maximum height?

17. What is the highest elevation between Yakima and Mount
Rainier?

18. Estimate the elevation of Ellensburg, Cle Elum, and Tieton
Reservoir.

19. What does the blue shading on Mount Rainier indicate?

20. What use might a pilot make of a CAA intermediate field?

21. Is seaplane operation over land areas safe or practical?

22, What is meant by an airport of entry? a flight strip?

23. How can you tell from the chart whether an airport has facilities
for night landing?

24, Describe the system of numbering airport runways.

25. If you were instructed to land on runway 12, in what direction
would you head when landing?

26. What is the significance of the site number of an intermediate
field or beacon?
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27. How could you distinguish in flight between a rotating airway
beacon and a rotating landmark beacon?

28. Distinguish between a prohibited area, a caution area, and a
danger area.

29. What is meant by magnetic variation? by compass rose? by an
isogonic line?

30. Define the following: civil airway ; control airport; control zone of
intersection; airport traffic control tower; airway traffic control center.

31. From what sources might a pilot learn of any corrections that
should be made to his chart?

32. How might he know the date of the aeronautical data on the
chart? How might he tell if there is a later edition?

33. What services are performed for pilots by airway communication
stations?

34. Name the principal sources of information from which aero-
nautical charts are compiled.

85. What is meant by a “flight check” of an aeronautical chart?

36. What is meant by the phrase “1:1,000,000” as an expression of
scale?

37. On plate IV, scale the distance between Boeing Field (Seattle)
and Yakima Airport; between Yakima Airport and Fancher Airport
(Wenatchee).

38. Write in the blank spaces on page 100 what each of the symbols
shown thereon represents.
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Chapter VIL—DEAD RECKONING
THE PLACE OF PILOTAGE

Under conditions of good visibility, ordinary cross-country flying may
be satisfactorily accomplished by very simple methods. It is only necessary
to plot on the chart the route which it is desired to follow, to note from
the chart any characteristic landmarks along the route and, in flight, to
direct the airplane along the route by reference to the selected landmarks.

There are other factors to be considered, of course: the route laid out
must be a safe one, avoiding (when possible) flight over large bodies of
water, high mountains, or other hazardous terrain; a field with refueling
facilities must be available within safe cruising radius of the airplane, even
allowing for unexpected head winds; advantage should be taken of estab-
lished airways and intervening airports for emergency landings; weather
conditions along the route and at the destination, as well as at the starting
point, must be taken into account; the time required for the trip must be
checked against the number of hours of daylight yet remaining; and, of
course, the air traffic rules pertaining to contact flying must be observed
at all times. These factors, however, have to do with the safe operation of
the airplane, while the procedure noted above deals with flying from place
to place by reference to visible landmarks which can be identified on the
chart.

Flying an airplane from one place to another solely by reference to
visible landmarks is known as pilotage.

The magnetic compass may be used to advantage, even in simple
pilotage. For example, if it is seen from the chart that a road, railroad,
river, or other such feature lies directly along or parallel to the route, it is
only necessary to head the airplane so that its path or track is continuously
over the landmark selected, and to note the compass heading required in
order to do so. This is the correct heading to fly, and it should be main-
tained until it can be checked again in the same way.

For such use, we need not even be concerned with magnetic variation,
compass deviation, or wind drift (to be discussed later) ; if the airplane
has accurately tracked the landmark in question, all three are included in
the compass heading noted, and have been correctly allowed for.

Pilotage as a separate method of navigation is of very limited useful-
ness. It should never be solely relied upon except for comparatively short
flights of a local nature. It must be considered fundamental, however, as
it is combined with any other form of navigation that may be used, if in no
Ojcher way than to identify the landfall or to locate the airport of destina-
tion at the end of a flight.
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ADVANTAGES OF DEAD RECKONING

When a pilot is limited to flying by landmarks alone, he loses the
saving in distance of the direct air route. He also loses the satisfaction of
bringing his airplane directly to the intended destination by his own
knowledge of navigation. Furthermore, if the weather should close in un-
expectedly during flight and the familiar landmarks could not be found, the
results might be extremely serious, not only to the pilot, but to the life and
property of others as well.

As already defined, dead reckoning consists of determining position by
means of direction and distance from a known position. By means of dead
reckoning a pilot can fly fairly close to the landmarks for which he is look-
ing, even when his information is not very reliable. Because he knows just
about when and where to look for them, he will often succeed in finding
them when a pilot without such training would miss them altogether. If he
has fairly accurate knowledge of his own course and speed, and of wind
direction and velocity, he may proceed even under adverse weather condi-
tions with more certainty than an untrained pilot might have in clear
weather. In any event, the ability to navigate by more advanced methods
is certain to result in increased safety and greater operating efficiency, and
will give considerable confidence and mental satisfaction to the pilot as
well.

BASIC PROBLEMS IN DEAD RECKONING

There are two basic problems in navigation by dead reckoning, one
essentially the reverse of the other. In general terms they are:

Case I. When planning a flight, before taking off, to determine from
the chart and weather data the distance and the compass heading to be
followed between two points.

Case II. While in flight, from the indicated compass heading, air
speed, and other observed data, to determine and plot on the chart the
track being made good and the position of the airplane along the track at
any time.

These two problems are not mutually exclusive, but are usually carried
on almost continuously, side by side. Before taking off, the pilot estimates
his compass heading and ground speed from known data and predicted
winds (Case I); almost as soon as he is in the air he begins to check his
instruments in order to determine his actual track and ground speed (Case
1I). If the data determined in flight differ from his preflight predictions,
he must revise his original estimates accordingly (Case I), then begin
again to check the results by observation and the indications of his instru-
ments—a process which must continue until his destination is in sight.

CASE I

In order to determine the compass headings to be followed, five steps
&are necessary:
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1. Plot on the charts the intended track, either a8 a straight line or as
a series of straight lines. .

2. Measure the true course, or courses, on the chart.

3. Find the true heading, by making allowance for the effect of wind.

4. Find the magnetic heading by allowing for magnetic variation; and

5. Find the compass heading, by allowing for compass deviation.

The true course and the magnetic variation (steps 1, 2, and 4) are
obtained from the chart; wind information (step 3) is normally obtained
from the Weather Bureau station at the airport; and compass deviation
(step 5) is obtained from the deviation card made out for the particular
compass to be used in flight, which is posted in the airplane. Since the
information for the five steps is to be obtained at three different times and
places, it is essential that some form be used for recording the data as re-
ceived. Figure 78 shows a portion of a form that has been found very
satisfactory for this purpose.

FLIGHT

Leg Ck Lo
No pont FROM 10 (4 wC ™ VAR MH DEV [} d
No la

Figure 78 - Portion of form for flight data.

In order to avoid confusion, the abbreviations in the above form are
explained and briefly defined at this point. Definitions will be discussed in
fuller detail in the portions of the text where the various items are treated.
Figure 95 provides graphic definitions of these and other terms,

TC == True Course, measured on the chart.

WC = Wind Correction Angle, applied to offset the effect of wind.

TH = True Heading —= T'C plus or minus WC.

Var —Magnetic variation, taken from the chart.

MH — Magnetic Heading = TH plus or minus Var.

Dev = Compass Deviation, taken from the deviation card of the com-
pass to be used for a particular flight.

CH — Compass Heading == MH plus or minus Dev.

“Ck. point,” 1n column 2 of the form, means “check point.”

In drawing wind triangles to determine the effect of wind and the
correct allowance to be made for it, some standard system of lettering is
desirable. If such a system 1s adopted, the same letters will always repre-
sent the same thing (for example, EW may always represent the wind
direction and velocity), and the possibility of error is reduced. The fol-
lowing system has been rather widely used, and is therefore recommended
with the hope that its use may become general. The only difference from
previous usage 1s that in the system here recommended the use of an arrow
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to represent the direction of a given force, such as wind direction, is omit-
ted. In previous usage this has been written as E — W; as recommended
here, it should be written simply as EW. The order in which the letters are
written always indicates the direction of force or motion: EW =direction
from E to W; WE —=direction from W to E. This affords much greater
simplicity both in printing and in the lettering of problems in navigation.
The recommended system of lettering is as follows:

E = Earth; that point on the earth from which the airplane takes off.

W = Wind; end of wind vector for 1 hour.

P —=Plane’s position at the end of 1 hour.
Then, always:

EW = Wind vector.

WP = True heading and air speed.

EP = True course or track, and ground speed.

These terms and relations will become clear as they are used in the
succeeding sections.

1. TO PLOT THE INTENDED TRACK

The sectional and regional charts may be considered as flight charts,
in contrast with the planning charts, which are intended primarily for
ground study. When the starting point and destination fall within the
limits of a single flight chart, it is only necessary to draw a straight line
between them. The straight-line route should then be studied, and any de-
sirable modifications made in order to take advantage of the facilities
afforded by the civil airways, or of outstanding landmarks and check
points, or to avoid hazardous terrain.

When starting point and destination do not fall within a single chart,
the nature of the Lambert projection is such that any desired number of
charts can be joined together and the straight line drawn between the two
points across all the charts involved—provided one can find a table or floor
large enough, and a straightedge long enough. A far better and more con-
venient procedure, however, is to plot the route first of all on a small scale
planning chart. Any major modification that may be necessary can usually
be made on the planning chart, and the route transferred to the flight chart
may often be regarded as final.

A number of the meridians and parallels on the United States plan-
ning chart are subdivided into 10-minute intervals, This makes it easy to
determine the latitude and longitude of the point at which a route enters a
sectional chart. If it crosses the entire chart, and a long straightedge is
available, all that is necessary is to draw a straight line between the points
where the route enters and leaves the chart. If the long straightedge is
not available, the latitudes and longitudes of several other points along
the route are also transferred, and the route is plotted on the ﬂlght charts
as a series of short straight lines between these points.

An alternate procedure, if a long straightedge is not available, is to
use a protractor as illustrated in figure 79, This protractor was specially
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designed for use with the aeronautical charts of the Coast and Geodetic
Survey, on the Lambert projection. It may also be used as a parallel ruler,
and contains scales of statute miles for both the sectional charts
(1:500,000), and the regional charts (1:1,000,000) ; the scale of miles for
the sectional series is equally suitable for the planning charts,

1;ﬁ*11|57‘1{|1

———+——-T3-Th )

SR L R I o e e |

Figure 79.—Protractor used as a long straightedge.

(1:5,000,000), since they are exactly one-tenth the scale of the sectional
charts. If a long straight line is desired as between A and B in the figure,
a thread may be inserted in the hole at the center of the protractor; then
with one end of the straightedge of the protractor at A, the thread is
stretched to pass through the point B; the other end of the straightedge is
caused to line up with the thread and the line AC is drawn. The operation
is then reversed with the straightedge at B and the thread passing through
A, and another section of the line is drawn; any center sections may be
drawn in the same way, and the long straight line completed. This can be
done monre quickly and easily than it can be described.

In the absence of other equipment, the edge of a chart may be made to
serve as a straightedge. Often even the edge of the same chart on which
the route is to be drawn can be folded back and used in this way.

2. TO MEASURE THE TRUE COURSE

The true course may be defined as the angle between the plotted
course line and the selected true geographic meridian printed on the chart.
It is always measured in a clockwise direction from 0° at true north up to
360°, In navigation it has become customary to express all courses in 3-
figure numbers : thus, true north is 000°, north-northeast i§ 022°30’, north-
east iz 045°, west is 270°, and north may also be expressed (for some
problems) as 360°. Pilots should drill themselves in the “360° system”
until they can visualize instantly the direction corresponding to any given
number of degrees—an exercise known as “boxing the compass.”

As explained on page 45 and illustrated in figure 35, the true course
should be measured with the meridian nearest halfway between the start-
ing point and destination. The method of measurement, using a common
type of protractor, is further illustrated in figure 80.

The foregoing rule holds true, and the entire distance may be flown as
one course, when the two points are separated by not more than 8° or 4°
of longitude. When the difference of longitude between the two points is
more than 3° or 4° the straight line on the chart should be divided into
sections crossing not more than 3° or 4° of longitude each, and the true
course to be flown for each section should be measured with the middle
meridian of that section,
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£
Q
[
)
x
2 Course from B to A

(note direction of arrow under 90)
measured on outer arcm 82°

Course from Ato B

{note direction of arrow under 270)
measured on inner arc= 262°

Figure 80.—M ing the true with 2 typo of protractor.

For example, figure 81 illustrates the method of determining the series
of true courses to be flown between St. Louis and Minot.

The distance is 863 miles, and the difference of longitude is nearly 12°,
which is too great to be flown satisfactorily in one course. The route is

107 96" 90"

MINOT

N
AN

ST Louis

Figare 81.—Subdividing s long route.
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therefore divided into three sections crossing approximately 4° of longitude
each. The true course to be flown throughout the total length of each sec-
tion should be measured with the middle meridian of that section, and the
course should be changed in flight as the end of each succeeding section is
reached. This method makes it possible to fly the great circle route by a
series of short courses (rhumb lines).

Except in large airplanes with provision for a separate navigator, it
is usually impossible to do much, if any, plotting or drawing while in flight.
Instead, any routes or alternate routes that might possibly be required
should be plotted before leaving the ground, and the data noted on the
chart.

If the course for only the initial section of a route is known, the course
for other sections may be determined without measurement, by applying
a correction for the convergence between the two meridians in question.

For flight in an easterly direction, add the correction for convergence;

For flight toward the west, subtract it.

The foregoing rule may also be expressed as follows: If the PLANE is
WEST of the meridian where course measurement is desired, ADD the cor-
rection. The rule may be easily remembered from the familiar initials
“PWA.’,

Iustrating this procedure, suppose that the course for the first section
of the St. Louis-Minot flight (fig. 81) is known, having been measured at
the 92nd meridian. The course for the second section is to be determined at
the 96th meridian, the difference of longitude between these two meridians
being 4°. The convergence corresponding to a difference of longitude of 4°
is subtracted from the course for section 1. Table 3, p. 47, shows the con-
vergence per degree of longitude for each of the projection bands now
available (1945). By reference to the table, the correction to be subtracted
in this case is found to be approximately 294 (4 % 096). Whenever possi-
ble, however, it is better practice to measure the true course than to
calculate it by any method. .

If some entirely new and unforeseen route must be adopted after
beginning a flight, there is little opportunity to do more than estimate the
course angle. In such a case a nearby compass rose on the chart may be of
assistance in making an accurate estimate,

3. TO FIND THE TRUE HEADING

The airplane may be headed directly toward its destination only in
still air, or with the wind parallel to the course (head wind or tail wind).
In practice, these conditions are not often met, and the airplane must be
headed somewhat into the wind, in order to compensate for the effect of
wind and to track the desired true course plotted on the chart.

In order to make the necessary allowance for the effect of wind, and
to find the true heading from the true course, the action of the wind upon
an aircraft must be fully understood. The distinctions made in the follow-
'i;pg definitions should be thoroughly learned and strictly adhered to at all

1mes. :
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The true course is the direction of intended flight. It has already
been defined as the angle between the course line plotted on the chart and
the meridian nearest halfway between the extremities of that line.

The true heading is the true course plus or .minus any necessary
allowance for the effect of wind.

Air speed is the speed of the airplane with respect to the air, and is
the speed registered by the air speed indicator (when corrected for alti-
tude, temperature, and installation error).

Ground speed is the speed of the airplane with respect to the ground,
and is the resultant of the heading and air speed of the airplane and the
direction and velocity of the wind.

The drift angle is the angle between the true heading of an aircraft
and its track or flight path over the ground.

The wind correction angle is the angle, with respect to the true course,
at which the airplane must be headed into the wind in order to counteract
exactly the effect of wind, and to make good the intended track or true
course over the ground. When the wind correction angle has been accu-
rately determined and applied, the true course and the track are identical.
Under other conditions, the track will differ from the true course.

T¢=090° _o8

FIX

Figure 82.—Relation between true course, true heading,
and track (under-correction).

The true course, true heading, and track are further illustrated in
figures 82 and 83. In both cases the true course is 090°; to compensate for
a northerly wind, in figure 82 a true heading of 085° was adopted. This
proved to be insufficient, however, and later a fix was obtained south of the
true course, at C. The line AC represents the actual track over the ground.
In figure 83 a true heading of 080° was adopted, but this allowance proved
to be excessive when a fix was obtained at D. In this case, the line AD is
the track.

= 080" D
Track O F[X

1C - 090°

OB

Figure 83.—Relation b troe , true heading,
and track (over-correction).

The track may be defined, then, as the actual flight path of an aireraft
over the ground.

Also, when the allowance for wind has been accurately made, the drift
angle observed in flight will be equal to the wind correction angle. This
must be true if the airplane is to track the true course as planned.

One of the best illustrations of the effect of wind upon an aireraft
in flight is found in the old catch question about the toy balloon, While
in flight, a pilot sighted a toy balloon directly over a church steeple. He
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continued on his way for 15 minutes, then reversed his course and
turned back to see if he could again find the drifting balloon. It was
sighted over a point which he knew from his chart was 7 miles south of
the steeple. The problem was to determine the wind direction and velocity
from this information.

At first, the data seem insufficient, On further consideration, it is
realized that the airplane drifts with the wind in exactly the same direc-
tion and amount as the balloon. Disregarding the surface of the earth,
and considering only relationships in the air, it is as though the balloon
were motionless in a sea of air, since it moves with it and as a part of it.
The distance in the air between the airplane and the balloon is unchanged
by anything except the air speed of the airplane itself. If the pilot flew
away from the balloon for 15 minutes, regardless of the direction, it will
also take him 15 minutes to return. Thirty minutes will have passed,
therefore, between the sighting of the balloon over the steeple and sighting
it again 7 miles south, and the wind can be determined as 14 mph, from
the north. In exactly the same way, an airplane in flight is subject to the
full effect of the wind, even though the airplane may be moving under its
own power in an entirely different direction.

For example, an airplane headed due east from E (fig. 84) flying
at an air speed of 100 mph should reach D (100 miles distant) in 1
hour; but, during the hour of flight the plane has also been subject to
the full effect of a wind EW of 20 miles per hour, from 315°. Since

w AS = 100 mph

Figure 84.—Wiad drift.

the airplane is subject to the full effect of both the wind and its own
motion, let us assume that for 1 hour it ceased flying, and floated with
the wind, like a balloon, from E to W; then for the next hour the wind
ceased to blow and the airplane flew without hindrance from W to P. Of
course, no such truce could be worked out, and both effects took place at
the same time, with the airplane arriving at the end of 1 hour at P. The
line EP represents the track followed by the airplane over the ground; if
the length of EP is measured by the same scale with which the other
distances were laid off, we may determine also the speed the airplane has
made over the ground in passing from £ to P, or 115 mph,

Note that, in accordance with the standard system of lettering given
on page 104, in figure 84:

EW = wind vector

WP = true heading and air speed, and

EP = track and ground speed.
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Figure 84 illustrates what would happen if a pilot followed a com-
pass course without regard for wind effect. Under the conditions shown,
the airplane would pass well south of and beyond its objective. Figure 85
is the same as figure 84, except that emphasis in this case is upon the

E Drift angle = £ EPW

w

Flgure 85.—The drift angle.

drift angle. By simple geometry it is apparent that the angle EPW is
equal to the drift angle, as il would be observed at the airplane, and in
practice it is usually so considered.

In order te proceed directly toward the destination, the airplane
must be headed into the wind at such an angle thal the effect of the wind
is exactly counteracted; if this is done correctly the plane will be over
the intended track throughout the flight. This angle (the wind correction
angle) can be determined graphically when the wind direction and
velocity are known, as follows:

The true course from E to a distant point, D (fig. 86) is found to be
090°, or due east. From the point of departure, E, on any convenient
scale lay off EW to represent the direction and velocity of the wind. From
W, with radius equal to the air speed of the airplane draw an arec inter-
secting the intended track at P. In the figure, EW — wind direction and

— A
s
a— z
e Wind Correction \g
——— Angle 2
e — g .
E — GS = 113 mph 2 —_ I} °._.___2
— —
—_—— o
\r;
©
75 = 100 me"
W
Figure 86.- Correction to counrse for wind, and d inati of g d speed.

velocity ; WP = air speed of plane; and the wind correction angle — angle
EPW, This angle may be measured with a protractor and applied to the
true course in order to obtain the true heading WP. The fact that WP
represents the true heading to be flown may be visualized more clearly
if EH is drawn parallel and equal to WP.

EP is measured and found to represent 113 mph, the ground speed
along the route; from the ground speed, the exact flying time between E
and D can be obtained.
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It must be remembered that wind directions given in weather re-
ports are true directions. In constructing any wind triangle, it is the true
course that should always be plotted, since both directions must be in the
same terms.

Referring again to figure 86, it has been stated that the angle EPW
is the wind correction angle. It is also the drift angle that will be ob-
served in flight as long as the airplane is headed in the direction WP and
there is no material change in wind. This constitutes a valuable check,
enabling the pilot while in flight to determine easily if the wind conditions
being met are in accordance with those predicted.

Winds vary with time, place, and altitude, and the conditions ex-
perienced in flight may differ considerably from those indicated in weather
reports and forecasts. One probable cause of changing condifions may
often be eliminated by maintaining a constant altitude. Whenever an
appreciably different drift angle is observed, it is a warning that wind
conditions have changed and revised corrections must be determined and
applied. Practically all methods ef determining ground speed are based
on the assumption of constant air speed, which in turn is based on the
assumption of level flight. Quite obviously, the forward speed over the
ground is materially affected when climbing or descending, and allowance
for any such periods should be made when determining the position along
the intended track.

Figure 87 illustrates the application of the allowance, or correction,
for wind effect under varying conditions. For any particular case it is
believed that a rough sketch similar to one of those in the figure will re-

N N N °
4 ‘\0
7 &
\ we we
™ © Iy X
1C i Ic
K3
we we
N/ &
é\e \1,0
TH=TC-WC TH=TC+WC TH=TC+WC TH=TC~-WC
N = True North TC = True Course
TH, = True Heading WC = Wind Correction Angle

Figure 87,—Combining true course and wind correction to find the true heading.

move any doubt the pilot may have as to whether the allowance for wind
should be added or subtracted.

By comparing the various parts of figure 87 we can formulate this
general rule: For wind from the right, add the correction; for wind from
the left, subtract, This may be remembered more readily if we make the
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rule read, ADD WIND RIGHT—and, of course, we would not wigh to
add wrong!

From the rule just stated, and also from a study of figure 87, it
should be apparent that if a pilot wishes to reverse his direction of flight,
and retrace his course, he must reverse the correction for wind. If 5°
were added to the true course to compensate for drift on the original
heading, 5° must be subtracted from the course after turning back.

To illustrate, in figure 88 suppose that it is desired to fly an aircraft
due west (true course = 270°) and that a northerly wind requires an
allowance of 4 5° (wind from right) to compensate for drift. The true

WIND

- R S

270° ¢ 90° T1¢
+5 WC -5 We
275° T 85° T

Figure 88 -Wind corrcction angle reversed for opposite courses.

heading then is 275°. For the return trip the true course is 090°, and
the wind correction angle (which remains the same unless the wind has
changed) must be subtracted: 090° — 5° — 085°,

There are other methods of obtaining the true heading, wind correc-
tion angle, and ground speed, when the wind direction and velocity and
the desired true course and air speed are known. The graphie method of
constructing a wind triangle is the one foundation on which all others
rest; it must be thoroughly understood if error is not to result when the
olher methods are used.

1. TO FIND THE MAGNETIC HEADING

As explained above, the true course is measured with reference to a
true meridian printed on the chart, or true north; however, magnetic com-
passes are used in air navigation, and these instruments, of course, refer
all directions to magnetic north. In most localities magnetic north does
not coincide with true north; the angular difference between true north
and magnetic north at any place 1s known in air navigation as the magnetic
variation of the place.® It is called westerly variation or easterly variation,
depending upon whether magnetic north lies to the west or to the east of
true north.

Figure 89 shows the lines of equal magnetic variation in the United
States for 1945, at intervals of 5°. These lines, which are also known as

V1t s also known as variation of the compass, or simply variation. In engineering and scientific work,
variation 18 known as magnetic declination, but the term “variation” has been used at sea for many years,
and this usage has been continued 1n air navigation,
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isogonic lines, are shown on the aeronautical charts for each degree of
variation, and in a few cases for each half degree.

On the aeronautical charts isogonic lines are shown in considerable
detail. Irregularities in magnetic variation probably do not extend to
flight levels above a few thousand feet, but the detailed information may
be of value in various ground activities.

At all points along any given isogonic line, the magnetic variation is
the same in direction and amount. Referring to figure 89, it may be seen

Easterly Variation Westerly Variation
15° 10°

10° 5° 0
Tigure 89. - Mognetic variation in the United States (1945).

that in the northeastern part of the United States the magnetic compass
points west of true north (that is, the variation is westerly); in the
southern and western part of the country the magnetic compass points
east of true north (easterly variation). The dividing line between these
two areas of opposite variation, that is, the line of 0° variation, is known
as the agonic line. At all points along the line the direction of magnetic
north and true north are the same. Minor bends and turns in the isogonic
lines are chiefly the result of local irregularities.

When a course or heading is referred fo magnetic north rather than
true north, it is known as a magnetic course or heading.

A magnetic heading has no importance of its own to a pilot; it is
simply a necessary step in converting a true heading to a compass head-
ing, and as such must have some name for rcference. It may be defined
further as the true heading plus or minus magnetic variation.

There is no other single item in the whole field of navigation as im-
portant as the proper application of magnetic variation. Ships have been
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piled on the rocks, and airplanes have crashed into the sides of mountains
or have been completely lost because of misapplication of this item.

For our present problem just one rule is necessary, but it should be
learned so thoroughly that a wrong application is impossible, To convert a
true heading into a magnetic heading, ADD WESTERLY VARIATION.

Numerous rhymes and jingles have been contrived to help navigators
remember this rule, but often the rhymes have proved more confusing
and harder to remember than the rule itself, It is believed that if the pilot
ean fix in his mind the relation pictured in figure 90, there will never be
any question as to the correct application of magnetic variation.

In figure 90, N represents the true geo-
" graphic meridian, and angle 1 is the desired
true direction,

M represents the direction of magmetic
north in the vicinity of O and is west of true
north as indicated.

Angle NOM is the magnetic variation,
which is westerly.

Obviously, when magnetic north lies to
the west of true north, the angle NOM must
be added to the true direction (angle 1) to
obtain the magnetic direction (angle 2).

If westerly variation is to be added, easterly variation must be sub-
tracted; but if we can always remember the rule, ADD WESTERLY
VARIATION, there will never be any danger of an erroneous treatment.

The application of magnetic variation may be further clarified by
two specific illustrations:

Near Portland, Oregon, the variation is about 22°¢ east, resulting in
the condition shown 1 figure 91. Note that in this case the magnetic
compass reading is everywhere 22° less than the corresponding true direc-
tion.

Near Portiland, Maine, the variation is about 17° west, as in figure
92, the magnetic compass reading being 17° greater than the true for
any chosen course,

After dividing the route into sections of practical length and deter-
mining the series of true courses, as already outlined, the wind correction
angles are determined and entered in their proper places in a form such as
figure 78, and the true headings are obtained. The average magnetic
variation for each section is then noted on the form and the true headings
are converted to magnetic headings.

If this procedure is disregarded and a long route is flown in one mean
magnetic heading, considerable departure from the intended track may
result. For cxample, figure 93 shows the conditions actually existing in
1945 along the Canadian border between longitudes 90° and 96°, a dis-
tance of 273 miles. The true course for the route from O to C is 270°;
the magnetic direction at the point O is 268°, while the mean magnetic
course for the route as a whole is 264°. If a heading is flown such as to

Mignet ¢
VI3t On e

(we torly)

Igure 90  Mognetic variation.
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make good this mean magnetic course for the entire distance, beginning at
O the course is in error by about 4°, and the plane will track the broken
line south of the parallel. At the center of the route the track will be 4.1
miles south of the parallel, gradually returning to meet it at C. These
conditions are typical for the northeast quarter of the United States, the

49°

k===

96° e 92° 90°

Figure 93.—Departure from intended track due to flying a mean magnetic hending.

departure from this cause being greatest, of course, where the greatest
differences in magnetic variation occur.

5. TO FIND THE COMPASS HEADING

As already stated, magnetic attractions in the airplane itself (metal
parts, ignition system, electric lights, placing of tools or cargo, etc.)
affect the compass so that on most headings it fails to indicate correctly
the directions with respect to magnetic north—that is, compass north
differs in direction from magnetic north.

The angular difference between magnetic north and the north indica-
tion of the compass on any particular heading of the aircraft is known as
the compass deviation for that heading.

Deviation differs in magnitude and direction as the airplane is pointed
on different headings; it also differs for each compass, and even for each
new location of a compass in the same airplane. Like magnetic variation,
deviation is known as westerly, or easterly, according as compass north
is west of, or east of magnetic north. As pointed out on p. 67, however,
when using a deviation card such as those of figures 54 and 55, the direc-
tion of deviation may be neglected: knowing the magnetic heading, the
required compass heading is read directly from the deviation card.

When a course or heading is referred to compass north rather than
true north or magnetic north, it is known as a compass course or heading.

The compass heading is the final goal toward which the four preceding
steps have been directed. It is the direction actually indicated (or to be
indicated) by the compass during flight in order to reach the airport of
destination. It may be further defined as the true heading plus or minus
magnetic variation and compass deviation.

By proper adjustments, deviation on the various headings may be
greatly reduced, but a reduction of the deviation is less important than
knowing exactly the amount of deviation on the respective headings. Some
pilots, wnen they have reduced deviation errors to a maximum of 2° or 8°,
ignore this correction altogether, feeling that the uncertainties and vana-
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tions of wind alone are likely to produce greater errors. While this may be -
satisfactory under some conditions, it is not good navigation and is not
recommended. The fact that some errors must be present in a problem is
no justification for introducing another; in fact, the more uncertainties

N N N N
M c ") ¢
c M c (']
CH CH CH CH
westerly variation westerly variation easterly variation easterly van_atipn
westerly deviation easterly deviation easterly deviation westerly deviation

CH=TH +Var +Dev CH=TH + Var—Dev CH==TH —Var—Dev CH=TH—Var+Dev

N = True North TH =True Heading
M = Magnetic North Var=Variation
€ = Compass North Dev=Dewviation

CH = Compass Heading

Figure 94, Applying variation and devistion to find the compass heading.

involved, the greater is the need {or accuracy in the other factors, lest the
errors become additive and of excessive magnitude.

N = True North (geographic meridian)

M= Magnetic North

C = Compass North
angle NOM= Magnetic Varniation (westerly)
angle MOC = Compass deviation on this heading (westerly)
angle 1« True Course
angle 2= True Heading
angle 3= Magnetic Heading
angle 4 = Compass Heading

AB = Track (or intended track)

Figure 95.—Graphic definition of terms used in dead reckoning.
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If the compass heading to make good the desired track works out as
138°, an effort should be made to steer that heading, and not to round it
off to 135° because the compass is (often) only graduated in 5° intervals.

If deviation is to be considered as easterly and westerly, the correction
becomes exactly similar to the correction for magnetic variation, and we
need change only one word in our rule: ADD WESTERLY DEVIATION.

As with magnetic variation, it is obvious that if westerly deviation
is to be added, easterly deviation must be subtracted.

Figure 94 illustrates the conversion of the true heading for different
conditions of variation and deviation.

By way of summary, figure 95 affords a graphic definition of the
terms commonly used in navigation by dead reckoning, and of their inter-
relation.

CASE IT

In the preceding discussion there has been considered only the first
of the two cases of dead reckoning; namely, determining from the chart
and other data available when planning a flight, before taking off, the
distance, the ground speed, and the compass heading to be followed.

The second case is concerned with determining and plotting on the
chart while in flight, from the observed compass heading and other in-
strumental data, the track being made good and the position of the air-
plane along the track at any time. As already pointed out, plotting and
drawing in the air are scarcely practical, except in larger airplanes with
facilities for a separate navigator.

The pilot-navigator of a light airplane will normally have to content
himself with plotting, before he begins his flight, the route lines, courses,
and distances he may need in order to spot his position by estimate. With
a little practice it will be found that most of the estimates required are
simple enough to be taken care of by mental arithmetic, without drawing.
With a little preparation in advance, they can also be obtained from a
good computer by inspection.

It may seem that the plotting of the airplane’s track and position in
the air should never be necessary if the course is properly determined
before beginning the flight; however, wide departures from the charted
route are altogether possible, intentionally or otherwise. In this event it
may happen that after leaving a certain position the only data which can
be obtained are (1) the compass heading (2) the wind information, and
(3) the elapsed time.

Essentially, this problem is the reverse of the first. In Case I, we start
with the true course measured on the chart and apply an allowance for
wind effect, variation, and deviation, in order to obtain the compass head-
ing. In Case II, starting with the compass heading observed in flight, all
these factors are included and must be taken away in order to obtain the
true course to be plotted on the chart. Obviously, then, all the rules of
Case I must be reversed: Whatever would have been added then must be
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subtracted now, and vice versa. This process of “taking away” may be
called rectifying. As in Case I, five steps are necessary. The first consists
simply of recording the compass heading being flown; the remaining four
are as follows:

1. Find the magnetic heading (magnetic direction in which the air-
plane is pointed) by rectifying the compass heading for deviation.

2. Find the true heading (true direction in which the airplane is
pointed) by rectifying the magnetic heading for variation.

3. Find the true course (track) being made good over the ground, by

- rectifying the true heading for wind.

4. Plot the true course on the chart, using the same procedure out-

lined for measuring a course.

1. TO FIND THE MAGNETIC HEADING

If we remember the rule laid down that to convert a magnetic heading
to a compass heading under Case I we ADD WESTERLY DEVIATION, it
is evident that to rectify the compass heading for deviation we must re-
verse the process and subtract westerly deviation; easterly deviation, of
course, should be added.

As in Case I, it is probably simpler not to think of deviation as
either easterly or westerly, and to obtain from the deviation card (figs.
54 and 55), by inspection, the magnetic heading corresponding to the
compass heading being flown.

2. TO FIND THE TRUE HEADING

As with deviation, we must reverse the rule of Case I, subtracting
westerly variation and adding easterly variation in order to find the true
heading.

As between adding in Case I, and subtracting in Case II, it may help
to remember that problem one, finding the compass heading from the chart,
is normally the first and basiec operation, and for Case I we must ADD
WESTERLY variation or deviation. For the second operation, performed
in the air, we simply reverse the procedure.

3. TO FIND THE TRUE COURSE MADE GOOD

When the drift angle can be obtained, the true heading of the air-
plane may be rectified for wind, and the true course found, simply by
adding or subtracting the drift angle.

Figure 96 illustrates the rectifying of the true heading for wind under
varying conditions. By comparing the various parts of the figure, we see
that here, again, we reverse the rule of Case I, and subtract the drift angle
for wind from the right.

When drift observations are not possible because of adverse weather
conditions, the true heading is rectified for wind by means of a wind



[
P

" 120 PRACTICAL AlIR NAVIGATION

' triangle, or other similar means, using the wind direction and velocity
as given in weather reports or as last known.

N N N N

4%
NG &/

Mﬁ V‘f‘% Eﬂ}“\*’ o%ig

o 1
\J \ °
N4
WC=TH+D TC=TH-D C=TH~D TC=TH+D
N = True North TH = True Heading
TC = True Course D = Dnit Angle

Figure 96.—Combining the true heading snd drift to find tho track (true course made ood).
4, TO PLOT THE TRUE COURSE ON THE CHART

Having obtained the true course (track) from the three preceding
steps, there remains only the problem of plotting it on the chart. For dis-
tances no greater than about 100 miles in an east-west direction (in the
United States), the course may be plotted at the meridian of the last
known position with a course error of about 1°; for 175 miles east-west
the error will be approximately 2°, always toward the eguator from the
true position. Under some conditions this may be sufficiently exact; for
the more precise results generally desired, we must remember that we are
desling with a course, not a bearing. The course should be plotted with
the meridian nearest halfway between the last known position and the
new position.

On the ground, or in large airplanes, this may be done satisfactorily
by estimating roughly the course and distance on the chart, selecting the
meridian nearest halfway, laying off the course therewith, and paralleling
tne line s0 obtained with a line through the last known position.

To illustrate, in figure 97, A marks the last known position of an air-
plane and the known data are as follows:

Compass heading in flight__________________________________ 055°
Ground speed (approximate) ________ . ________________ 110 mph
Elapsed time . __________ . 1:20:00
Drift angle (wind from left) ___________ . ______ 100
Compass deviation on compass headingof 055°________________ 3o W.
Magnetic variation, average, from chart . ______________ L 7° E.

The true course is found in accordance with the rules already given,
as follows:
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055° Compass heading
—3° deviation (westerly)
052° Magnetic heading
-47° variation (easterly)
"059° True heading

+10° drift (wind from left)
069° True course

The approximate distance covered in 1 hr. 20 min. at 110 mph is 147
miles. By inspection it is seen that 147 miles on a true course of 069°
crosses approximately 3° of longitude. The course angle of 069° is meas-
ured with the meridian nearest halfway, 1°30’ east of 4, at any convenient

069°

]
ol

T 069°

Figure 97.— Plotting on the chert the track, or true course made good.

intersection, O, and the line TC obtained. The line AB, drawn from 4
parallel to TC, is the dead reckoning track made good; a point, B, on the
track line, 147 miles distant from A, marks the position of the airplane by
dead reckoning.

In the air, the pilot of a small airplane will have little opportunity
for this kind of plotting. Instead, it is assumed that he has plotted his
route carefully before taking off, and that he has subdivided it into 10-
mile intervals. If his intended true course was determined as 072°, the
true course made good (069°) actually lies about 8° to the northward.
Estimating the distance of 147 miles along the plotted route (seven-tenths
of the distance between the 140-mile and the 150-mile ticks), a point is
marked on the chart along an imaginary line at an angle of 3° to the
plotted route, and the time noted.

In estimating small angles, it may be of some aid to remember the
old formula that an angle of 1° is represented by an offset of 1 in 60. That
is, if a line is drawn 60 inches in length, and at one end a perpendicular 1
inch long is erected, a line from the top of the perpendicular to the: far
end of the 60-inch line will meet it at an angle of 1°. Similarly, 1 centi-
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‘meter in 60, 1 mile in 60, or 10 miles in 600 all represent angles of 1°; 2
miles in 60 represents an angle of 2°, ete.

Applying this principle to the above problem (an angle of 3° at 147
miles), an angle of 1° has an offset of 1 mile in 60, 2 miles in 120, 214
miles in 150, and 38 miles in 180 miles. An angle of 3° will have an offset
8 times as great, or 715 miles in 150. A point about 7V% miles north of
the plotted route line, at 147 miles from the starting point, represents the
dead reckoning position required.

In practice, it must be realized that there are a number of sources of
possible error in a position so determined. For example, due to irregu-
larities in handling an airplane, pilots are seldom able to fly a given head-
ing closer than 1°; usually the determination of drift can only be
considered as within a degree or two, at best, due to variable winds and
difficulties of observation; and even the ground speed can only be con-
sidered approximate at times.

In many cases, these various errors tend to cancel out; in others, they

may become additive, Pilots should learn to estimate the total error pos-
sible in any given case. The dead reckoning position, plotted as described
above, should then be considered, not as an actual position, but as the
center of an “error circle,” at any point within which the true position
might lie.
*  To illustrate, after an hour of flight at an estimated ground speed of
120 mph, it is believed that the total course error may reach as much as
3° An error of 1° is represented by 1 mile in 60, 2 miles in 120. An
error of 3°, then, amounts to 6 miles in 120, and a circle with radius of
6 miles is drawn around the dead reckoning position. If landmarks seen
at the end of the hour are not in agreement with those near the plotted
position on the chart, they may probably be found somewhere within the
circle of error. The pilot 1s often able to identify his position more quickly
by placing this limit on the chart area within which to look for the land-
marks seen beneath him,

1
i

SUMMARY

The foliowing comparison may serve to fix in mind the procedure in
the two general cases of dead reckoning:

Case I: Chart to compass heading: Case II: Compass heading to chart:

1. Measure the true course. 1. SUBTRACT WESTERLY DEVIA-
2. ADD WIND RIGHT, i. e., add TION.
the correction for wind from 2. SUBTRACT WESTERLY VARIA-
right. TION.
3. ADD WESTERLY VARIATION. 3. SUBTRACT WIND RIGHT, i. e.,
4. ADD WESTERLY DEVIATION. for wind from the right.
4. Plot true course on chart.
EXAMPLES

Ezxzample 1.—Starting at 10 a. m., a flight is to be made from Scott
Field, near Wheeling, West Virginia, to Mayes Airport, Huntingion,
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West Virginia (Huntington sectional chart). Weather is reported as
gatisfactory for contact flight. Cruising speed of airplane, 90 mph: wind
15 mph from 045°.

Required.—The distance, compass heading, and time of arrival.

A straight line is drawn on the chart between the two airports, and
is found to be a practical route, with two intermediate airports and an
abundance of landmarks for checking the route of the airplane in flight.

By means of the border scale of miles the distance is found to be
151 miles. ,

When the route crosses not more than 3° or 4° of longitude, the
course may be measured for the route as a whole, but must be measured
with the meridian nearest halfway between the two points, as illustrated
in figure 35. By inspection it is seen that the meridian of 81° 30’ is
nearest halfway, and the true course, measured with the meridian of
81° 307, is 219°. The wind, from 045°, is almost directly behind the air-
plane, and no allowance to compensate for drift is necessary; the true
course in this case is therefore the true heading also.

219° true heading

-4+-3° magnetic variation, westerly (from chart)

222° magnetic heading

-+2° deviation, westerly, on this heading (from deviation card)
224% compass heading

With a tail wind of 15 mph, the ground speed becomes 105 mph.

151
The total distance of 151 miles will be covered in 105 X 60 minutes, or

a little more than 1 hour 26 minutes, making the time of arrival 1126
(11:26 a. m.).

This is checked in flight by noting that the town of Woodsfield, 34
miles southwest of Scott Field, is passed in about 19.5 minutes of flying.
By simple arithmetic or by means of a computer (see Chapter VIII) it is
easily determined that this corresponds almost exactly to the predicted
ground speed of 105 mph. In the same way, the time when the plane
should pass Marietta, Parkersburg, Gallipolis, the bends of the Ohio
River, or other characteristic landmarks may be determined and noted
on the chart. The section below Marietta, where the route follows the
general trend of the Ohio River, affords a splendid opportunity for check-
ing the compass heading in flight.

Attention should be given to the number of landmarks along this
route. Starting from Scott Field, in about 9 minutes the airplane should
pass the town of Jacobsburg, which is located at a road junction and at
the end of an abandoned railroad. Note also the race tracks at Marietta,
Parkersburg, and Gallipolis, and the dams and locks along the Ohio River.

Note that the portion of the flight between Wheeling and Parkers-
burg lies within the easterly limits of a “Caution Area.” From the note
within the area it appears that a flight under contact rules is permissible,
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but this should be checked with the air traffic control eenter, through the
nearest airway communication station.

Example 2.—A flight is to be made from Pittsburgh-Allegheny County
Airport to Purdue University Airport, at La Fayette, Indiana.

For this flight either the Cleveland and Chicago sectional charts or
regional chart 9M may be used. In this case the airplane is fairly fast,
dead reckoning (rather than pilotage) will be employed, and the land-
marks furnished by the drainage pattern, railroads, and larger cities will
furnish sufficient check of position; therefore chart 9M is chosen. The
flight will be made only when the weather permits contact flying. ‘Cruising
speed of airplane 1656 mph; wind 22 mph, from 045°.

Required.—The distance, compass headings, and the total flying time.

A straight line between the two airports is drawn on the chart and,
by means of the border scale of miles, the distance is found to be 369
miles.

Any long route should be divided into sections crossing not more
than 3° or 4° of longitude each, and the true course for each section
should be measured with the middle meridian of that section.

After a careful study the route is divided into two sections:

(1) Pittsburgh—longitude 83°

(2) Longitude 83°—Purdue Airport.

Just beyond the 83rd meridian, two rivers and two railroads run
north-and-south between Columbus and Marion, Ohio. The heading should
be changed in flight as these features are identificd. The data for each
section are as follows.

PURDUE FLIGIT

Ch ] Local | Total
Leg| pomt|  From . To TC | WC | TH | Var |MIT |Dev| CH | dis | dia
0 Ne ) S 1 |tance | tauce
ceodeeo. | Pattsburgh -] Purdue-La _ I B S DR 0 1360 ma,
Allegheny | Fayette
) B Pittsburgh ' Long  83°¢ | 272° | 4+6° [ 278° [3° W [ 281° | 1° 15| 280 162 ;0-—6—5
2 0o Long. 83° 1! La Fayette | 270° | 46° | 276° [0° 276° | 0° 276 207 | 369

The wind correction angle may be dctermined by means of a com-
puter, or by means of the wind triangle of figure 98, which shows the data
for the first section of the flight. Since the ground speed is 179 mph, the
first section of the route should be completed in 54 or 55 minutes. If the
compass heading and ground speed check out on the first leg, it may be
assumed that the wind direction and velocity have remained unchanged,
and the same wind corrections can be continued for the second leg; other-
wise, revised wind data must be determined and applied. In the foregoing
tabulation it is assumed that the wind remains constant. The wind is
from the right, and the wind correction angle of 6° is therefore to be
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added. It is also assumed that figure 54 represents the deviation card of
the compass to be used on the flight.

Example 3.—A flight is proposed from Pittsburgh-Allegheny County
Airport to Bird Airport, North Platte, Nebraska.

Required.—The distance and compass headings.

The cruising speed of the airplane in this case is relatively low, and
the flight will be chiefly for pleasure. Navigation will consist in large

HY RA GS - 179 mph 3
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Figure 98.—Graphic determination of wind correction angle and ground speed.

measure of pilotage (contact flying), and the sectional charts will there-
fore be used.

In view of the distance, and the number of sectional charts required
(Cleveland, Chicago, Des Moines, and Lincoln), this route should first be
plotted on the planning chart, then transferred to the large scale charts.

It is found that the straight-line route on the planning chart passes
very close to the airports at Fort Wayne, Moline, and Omaha, and that
these three places are fairly evenly spaced between the two terminals, at
distances of about 275 miles, which is just under the normal cruising
radius of the airplane. The three places mentioned are therefore chosen
as stops.

The first section is now drawn on the planning chart, from Pitts-
burgh-Allegheny County Airport to Fort Wayne Airport. This section
of the route crosses the 84th meridian (the west boundary of the Cleve-
land chart) at latitude 40°58. On the Cleveland chart, then, a line is
drawn from the airport at Pittsburgh to latitude 40°58 on the 84th
meridian. This represents the first portion of the route on the Cleveland
chart; by means of the border scale of miles it is found that the total dis-
tance on this chart is 218 miles.

The route from Pittsburgh to Fort Wayne crosses about 5° of
longitude. This section is therefore broken down into two sections, cross-
ing about 214° of longitude each. The course should be changed at about
longitude 82°3(’, which in this case is marked for the pilot by the city
of Mansfield. The true course for the first section is found as 282°; for
the second section, 280°.

In the same way, the other sections of the route to North Platte
are plotted on the remaining charts, and the distances from the various
charts are totaled to obtain the distance for the entire route.



126 PEACTICAL AIR NAVIGATION

Example 4—In Notices to Airmen there is reported the erection of
a high radio tower which is considered an obstruction to air navigation.
The position of the tower is given as latitude 47°04/5, longitude 120°38’,

Required: To plot the position of the tower on the Seattle sectional
chart (pl. 1V).

By mecans of.the graduated meridians showing minutes of latitude, on
the adjacent meridians (120°30’ and 121°) lay off northward from lati-
tude 47° a distance equal to 4.5 minutes of latitude and draw a straight
line through the points so obtained. This line represents the latitude of
the radio station.

Lay off along the graduated parallels of latitude (46°30’ and 47°30’)
a distance of 8 minutes, westward from longitude 120°30’, and draw a
siraight line between the points so obtained. This line represents the
longitude of the radio station (120°30" -} 8'=120°38’) and its inter-
section with the line representing the latitude 1s the position of the tower.

Erample 5.—After an extended period of flying above fog, it is
desired to check the position of an airplane by celestial observations, and
the latitude and longitude of the dead reckoning position are required.

On the regional charts (pl. ITI) the meridians and parallels corre-
sponding to whole degrees are subdivided into minutes of latitude and
longitude. It is therefore necessary only to draw a north-and-south line
through the dead reckoning position to the nearest subdivided parallel and
read the longitude, while a straight line east and west permits reading
the latitude from the nearest subdivided meridian. The slight curvature
of the parallel within the limits of 1° is entirely negligible for all practical
purposes.

As already stated, if a scale of nautical miles should be desired, the
scale of minutes of latitude—that is, the subdivisions along the meridians—
will serve.

QUESTIONS

Define pilotage.

Define dead reckoning.

What are the advantages of dead reckoning over pilotage?

What instruments might be used to advantage 1n pilotage?

Is pilotage ever needed in more advanced methods of navigation?
. What arc the two basic problems of dead reckoning?

. Is “Case II” of dead reckoning ever needed simultaneously with
“Case I”?

8. Name the five steps incidental to dead reckoning (Case I).

9. Name the five steps of Case II.

10. What is meant by magnetic variation? compass deviation?

11. Define the following terms and distinguish between them: true
course; true heading; track; drift angle; wind correction angle; air
speed; ground speed; magnetic heading; compass heading.

12. State the rules for applying magnetic variation, compass devia-
tion, and the allowance for wind.

Rl ol S
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18. What are the advantages of plotting a route on a planning
chart?

14. Describe the method of measuring the true course.

15. In general, what should be the greatest length of route to be
flown as one course?

16. Can the true course, true heading, or track ever be the same?

17. What is meant by a “wind triangle”?

18. Describe the standard system for lettering a wind triangle.
Under this system what do the following sides always represent: EW;
EP; WP?

19. When flying true north, a wind correction angle of 10° was
applied for an easterly wind—that ig, the true heading was 010°. If the
pilot reversed his course and flew south, under the same conditions, what
should his true heading be?

20. A magnetic course is sometimes printed on a chart; why is a
compass course never given?

21. If a true course of 245° were being flown should the correction
be added or subiracted (a¢) for wind from 090°? (b) for wind from
270°7 (¢) Irom 180°?

22. With westerly variation, is the magnetic heading greater or less
than the true heading?

28. Does deviation of the same compass ever change?

24. Explain the difference between plotting a course and plotting
a bearing.

25. What is the approximate rule for estimating an angle of 1°?
How could this be adapted to plotting an angle of 3°7?

26. Solve the following wind triangles for the missing data; some
are under Case I, olthers under Case II:

I "
1 2 3 J 4 5 ’ 6 7 ‘ 8
True course. . cococeannn 123 287 |-, . 030 feeo.oifoceoooifeeoo..} 350
Air speed L eaee oo 120 160 138 170 110 105 140 165
Wind direetion. oo ee oo cae 010 010 210 240 270 270 90 210
Wind veloeity o oo e ceeee - 20 25 18 30 15 15 27 22
True heading . o comeaco)oean oo 20 .- __.) 035 192 355 j.--....

Ground speed. .. ... ___l.._____| o Ul o e,

27. Determine the compass heading in each case from the following
data; the letter L or R after a wind correction angle indicates that the
wind is from the left, or right, respectively:

, 1 ‘ 2 ’ 3 ’ 4 l 5 6 7 8
True course..._........on. 070 | 330 | 165 ( 240 | 040 | 180 | 1%0 | 355
Wind correction angle.———__} 8°R | 8°R [ 5°L | 9°R |15°L | 8°L | 8R | 6°R
\arlptlon_ _____________ 7°W {17°E | 4°E 6°W [12°E | 8°W | 3°W | 8°E
Deviation._.__. .. ._....| 8°RB 3°E | 5°W {10°E 2°BE [ 3°W | 3°E 4°W
_Compass heading> . - oo o oo Lo Vo)
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28. Determine the track, or true course to be plotted on the chart,
in each case, from the following data; the letter L, or R after a drift
angle indicates that the airplane is being drifted toward the left, or right,

respectively :

| 1 ' 2 l 3 I 4 5 I 6 l 7 l 8
Compass heading___ _ 140 240 035 330 090 270 355 210
Dewviation. . . ._.._._ . J1I°E | W 2°W ) 5°E | 1I°W I 1°W |10°E | 0°
Vamation__..____... . .J10°E |13°E | W ! 0° 6°E | 6°E 6°W | 12°E
Dnftangle. .. _ 10°R | 8L {12°L [15°R |20°L | 9°L 5R | 6°W

Track (TC) . b ____. e e I




129

Chapter VIL—SPECIAL PROBLEMS OF DEAD RECKONING
THERE ARE SPECIAL PROBLEMS

The discussion of dead reckoning might have been concluded with
the preceding chapter, which supplies the basic principles for the solution
of any problem which might arise in this field. In practice, the relation
of some of these problems to the basic principles is not immediately
obvious. The conditions met in flight are not always the ideal conditions
{oo often assumed in the textbook. In short, there are special problems
1 dead reckoning.

The preceding chapter has been limited to general principles, in
nrder that they might be thoroughly understood, as a basis for solving
the more practical problems presented in this chapter. The present chap-
ter is concerned with the solution of the special problems met in the
practice of dead reckoning.

CLIMB AND DESCENT

1t has already been pointed out that the forward speed over the
ground is materially reduced when climbing and when the motor is
throttled back in descending for a landing. For the practice of accurate
dead reckoning this must be taken into account. The problem is roughly
illustrated in figure 99, where the time and distance during climb,

Cruising L
© ! N
& | : &
L i « \o

Figure 99 — Climb and desecnt procedure

descent, and cruising—numbered 1, 2, and 38, respectively—must be com-
bined in order to obtain the correct time and ground speed between A
and B, The point L is known as the “Point of Letdown.”

The rate of climb and rate of descent depend upon the performance
charactcristics of the particular airplane. For example, for a given
airplane the rate of climb is 500 ft./min. (feet per minute) at an in-
dicated air speed of 120 mph, and the rate of descent is 400 ft./min. at
130 mph.

It has also heen pointed out that the indicated air speed is too low
by approximately 2% for each 1,000 feet of altitude; that is, at 5,000
feet the indicated air speed must be increased by approximately 10%

(5X2%).
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In practice, the correction to the indicated air speed during climb
and descent is found very simply by adding the cruising altitude and the
elevation of the point of take-off, both in thousands of feet. Thus, if the
cruising altitude is 6,000 feet, and the point of take-off is 1,500 feet
above sea level, the correction is 6 4 1.5=7.5% of the indicated air
speed. The explanation is as follows:

Since a constant rate of climb is maintained, the average air speed
will suffice. This may be obtained by adding to the indicated air speed
2% of the altitude at take-off and 2% of the altitude at cruising altitude,
then dividing by two. It may be obtained more easily by adding only
1% in each case and not dividing by two.

This is made clcarer in figure 100, from which it is seen that
(2% X154 2% X 6) <2 is equal to 7.5%; or 2% X 3.750 (the aver-
age altitude during climb, in thousands of feet) is also equal to 7.5%.

cruming altityde L 6000
|- 5000
— = dverage altitude |- 4000
during chmb mT T T s —
- 3000
|- 2000
—— e — - —— — 500 ~—
== 1
Ckupnrl T o - 1000
r——
Sea | pupl

Figure 100.—Corrcction to indicated alr speed when
1 hi or d ]

The same result is obtained more easily by adding 1% for each 1,000
feet of take-off altitude (1.5) and 1% for each 1,000 feet of cruising
altitude (6.0). The following cxample illustrates all phases of this
problem.
The data for the particular airplane and flight are as follows:
R/C = 500 ft./min. at 110 mph
R/D = 400 ft./mn. at 105 mph
AS = 135 mph, at cruising
TC =060°
Distance = 380 miles
Variation on climb =5°E
on descent =—2°W
on cruise --2°E
Deviation (as in figure 54) =1°W

Cruising altitude = 7,000 ft.
Elev. of airport at take-off =1,000 ft.
Elev. of airport at destination = 650 ft.
Cethng at destination = 800 ft.

Average wind on climb = 010°, 25 mph ’
Avcrage wind on descent = 280°, 32 mph
Wind on cruise = 300°, 38 mph s

Separate wind triangles must be solved for the three portions of the

flight : climb, descent, and cruise. The results are as follows:

from “winds aloft chart”
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1. Climb: 1,000 ft. = airport elev.
7,000 ft. = cr. altitude
8% = correction to AS on climb
110 mph + 8% = 119 mph, true AS;
6,000 ft. of climb at 500 ft./min. = 12 min, on climb;
from wind triangle:
TH and GS = 050°, 101 mph;
101 mph for 12 min. == 20 m1. on climb;
CH = 050° — 5° E. Var. 4+ 1° W. dev. — 046°.

2. Descent: 650 ft. = airport elev.
800 ft. = ceiling

1,450 £t. = elev. of ceiling, for “break through”;

7,000 ft. = er. altitudce;

8§.45% = correction to AS on descent;

105 mph + 845% — 114 mph, true AS;

5,650 ft. of descent at 400 ft./min. - 13.9 min. on descent;

from wind triangle:
TH and GS = 049°, 135 mph;
185 mph for 13.9 min. — 31 3 mi. on descent;
CH = 049° 4 2° W. Var. 4 1° W. dev. == 052°.

3. Cruise: 20 mi. on climb 380 mi. total
+31.3 m1. on descent -—51 3 on chmb and descent
51.3 mi. '328.7 mi. on cruise

from wimnd triangle:
TH and GS = 045°, 150 mph;
328.7 mi. at 150 mph - 2.11:28 on cruise;
CH = 045° — 2° E. Var. + 1° W. dev. = 044°,
2:11:28 on crmise  328.7 mu.
~+0:12:00 on climb 20.0

2:23.28 and 348.7 mu. to “point of let-down”

40:13:54 on descent 81.3
2:37:22 and 380.0 mi. to “break through” over
destination.

A standard printed form will greatly expedite performance of these
operations, but from the foregoing it may be seen that each individual
step is simple and is easily accomplished. .

If the above procedure is ignored and the whole distance is flown
on the basis of ithe eruising altitude wind triangle, the total time is
oblained as 2:32:00, nearly 51% minutes less than the more exact figure.
Under contact flight this difference would be of little importance, but at
150 mph 13.5 miles would be made good in that time—and under in-
strument flight conditions this difference might be serious.

The difference in this problem is rather less than usual, and a gen-
eral rule used by pilots on instrument flights when there is no opportunity
for more exact methods, is to add to the time obtained for the total
distance at the one cruising speed, 1 minute for each thousand feet of
cruising altitude.

In many cases the average temperature for the climb and descent
is not available, and the 2 percent rule must be relied upon, as in the
example. When cruising altitude is reached, however, the actual tem-
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perature at that level can be observed, and the true air speed can be
obtained more exactly with a computer, as explained in the next chapter.

OFF-COURSE CORRECTIONS

Intentional departures from the plotted route are sometimes made
in order to avoid unfavorable weather conditions, or for other reasons;
often, however, the departure is unintentional and is not realized until
position is determined in flight, by reference to known landmarks. Ordi-
narily, when a departure from the intended track is noted, a new compass
heading to the destination is determined by applying vaiiation, deviation,
and a revised allowance for wind. Under other conditions it may be desired
to return to the intended track and complete the flight as originally
planned.

To return the plane to the intended track many approximate methods
are practiced. Some of these are unsound in principle since they do not take
into account the reasons causing the departure. For example, in figure
101, a pilot is flying from E to D, 100 miles due east, at 100 mph. After

E Intended Track

¢
. HWmd
(tual Trach p (no atlowance made)

Figure 101.—Departure from intended track duc to failure to apply correction for wind.

2

30 minutes of flight when he should be at C, he finds himself directly
over a town at P. Since he was making no correction or allowance for
wind, the line CP represents the direction and velocity of the wind; EP
is the track, and the angle CE'P is the drift angle,

In figure 102, on another occasion a pilot is flying between the same
two points, making allowance for a northwest wind of 30 mph. After

Figure 102.—Dep e from led trackh due to over-correction for wind.

proceeding on the proper heading EH for 30 minutes he should be at C,
but finds himself over a town at P, due to the fact that the wind was
only 20 mph, instead of 30 mph as reported. It should be evident that to
return to the intended track under these conditions will require a pro-
cedure different from that required in the preceding figure.

A good general rule to follow is to head the airplane toward the
intended track at an angle of about 45° thereto. Allowance for wind
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can be made, taking into account the wind data just learned from the
determination of position, and the time of arrival over the plotted route
can be found with a fair degree of accuracy.

The simplest method (if the wind is at such an angle to the plotted
route that it is practical) is to line the airplane up with the wind, ap-
proaching the intended track directly into the wind (fig. 101), or with
the wind (fig. 102). In either case the ground speed may be known from
the air speed of the airplane and the wind velocity, and the time of ar-
rival over the intended track is most easily determined.

In figure 108, the true course from A to B is 270°, with true air
speed 135 mph; wind 045°, 20 mph; total distance 328 miles. Through
N

Ha 28ge Polnt that shauld have deen
reached in 57 min at 135 mph
under no wind conditions.
16 m mn 9
57min «3?emgh  {§
» from 020° FIX
B 328 / o A

§
Figure 103.—Completing a flight after departure from the intended track.

a combination of pilot errors, a true heading of 280° was held for
0:57:00 (0 hr. 57 min. 00 sec.), when a fix was obtained over a point
132 miles from A and 8 miles to the right of the plotted route. Find,

1. Wind direction and velocity;

2. Course and distance from fix to B; and

3. Data for returning to the charted route and continuing the flight
to B along it.

The true heading is laid off, and the point along the heading which
the airplane would have reached in 57 minutes at its true air speed of
135 mph. The fix is next plotted, and a line joining the two represents
the action of the wind during the flight. From this it is seen that the
wind is from 020° at 17 mph.

The true course from the fix to B is 267°. By constructing another
wind triangle, the true heading is determined as 274°, ground speed
141 mph.

If it is preferred to return to the charted route, the heading of 200°
is adopted (020° -+ 180°), and the airplane flies with the wind at a
ground speed of 152 mph. At this rate it will take only a little more
than 8 minutes to cover the 8 miles or so to the charted route, at which
time a true heading of 277° should be flown in order to make good the
intended true course of 270° under the revised wind data. The revised
ground speed is determined as 140 mph.

In flight, of course, it is impractical to construct wind triangles in
most cases. The true heading and air speed might be plotted on the chart
itself, and a line on the chart from that point to the fix would represent
the wind direction and velocity. With these data, revised estimates of
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heading and ground speed can be made or, better, can be determined
with a computer, as explained in a later chapter,

DOUBLE DRIFT

It is essential to obtain the latest available wind and weather in-
formation before undertiaking any flight, in order to plan intelligently.
It is not always possible to obtain the desired information, however;
even when it is, it should never be relied upon without making every
effort 1o verily it in flight. It was probably failure to do this that forced
Captain Rickenbacker’s crew down in the Pacific,

The most satisfactory method of determining wind data in flight
is known as the “double drift method.” Using this method, two headings
are flown approximately al right angles to each other, and the drift
angle on each heading 1s observed. When these are plotted as shown in
figure 105, the wind direction and velocity are obtained. When the
variation and deviation are not large, the compass headings may be
plotted without converting to true headings, since the wind cannot be
considered constant nor its determination accurate to within several
degrees, at best. When cither variation or deviation is appreciable, it
is better Lo convert the compass headings to true headings for the plot—
a matter of only a few moments for the practiced navigator.

True Mendian

-~ Dnift Angle =
5% to the nght

3 Drift angle =
10% 10 the right

Tligure 104.~ Mensuring the two drift angles

In practice, a pilot desiring to determine the wind usually heads
45° to one side of his route and measures ihe drift angle, then turns
through approximately 90° and flies a heading 45° to the other side of
the route and again measures the drift angle. Under average conditions,
the airplane should be approximately over the original track when the
second drift angle is obtained, and the original heading is resumed while
the wind data are determined. This procedure is illustrated in figure
104, where the original true course was 060°,
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The method of plotting the two drift angles is illustrated in figure
105. In the figure it is assumed that a pilot was flying a true heading
of 355° at a true air speed of 110 mph, in order to make good an in-
tended track of 360°, when it was decided to check wind by double drift.

Wind 197°
19 mph

et

Figare 105.-Graphic plot for deternunu of wind by double drift method.

On a compass heading of 045° the observed drift angle was 4° left; on
a heading of 315° the drift angle was 8° right.

As in many of the problems of dead reckoning, it is convenient to
make use of an “air speed circle”; by drawing one such arc (or circle)
all measurements of air speed are accomplished at once. In this case,
the two headings (045° and 315°) are plotted from points on the air
speed circle (P, and P.,) TOWARD the center W. The observed drift angles
are laid off directly, to the left or right of the plotted headings. The line
trom the center W to the intersection F of the two drift lines, represents
the wind direction and velocity, measured as 197° at 19 mph. It is the
third side of both wind triangles, the other two sides in each triangle
representing the heading and air speed, and the track and ground speed.

The plotting just described is the most natural, and the easiest to
visualize: left drift is laid off to the left, right drift to the right. It is
the method that must be used with some of the more popular air navigation
computers (see fig. 136). Its one disadvantage is that it does not strictly
conform to the standard system of lettering, and the wind vector is
labeled as WE, not EW. To avoid this, many prefer the method shown
for the same problem in figure 106.

In this case, the two headings (045° and 315°) are plotted FROM
the center W to meet the air speed circle at the points P, and P,, and
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the drift angles observed are plotted from those points. Conveniently
enough, if 4° left drift is observed on the heading of 045°, one may think
of himself as standing at P,, looking back toward the center of the circle,
and lay off the 4° to his left (to the left of P,W), to obtain the desired
track line. That the track so obtained does represent the observed drift
angle may be seen by thinking of the flight as having started from W in

P ’,

2
2

Wind 197°
19 mph

Figure 106.~ Graphic plot for determination of wind by double drift (alternate method).

the direction of WP,, and drifting parallel to the track line EP,. From
this view it is apparent that the aircraft has drifted toward the leff, and
that the angle between its heading and its track (the drift angle; see p.
108) is 4° The triangle EWP, is, in fact, comparable to the triangle
EWP in figure 84,

In the same way, the 8° right drift observed on the heading of 315°
may be laid off from P, to the right of P.W. The intersection of the two
tracks, or drift angles, is designated as E, and EW represents the wind
direction and velocity. This method has the advantage of following the
conventional lettering,

By rechecking, it is found that with this wind the true heading
should be 357° in order to make good the desired true course of 360°.

Figure 107 is a graph for obtaining from the two drift angles the
proper allowance for wind and the ground speed that will be made good,
without the need for plotting. The ground speed, unfortunately, can be
obtained by this method only in terms of percent of the true air speed.
The following example illustrates the use of the graph.
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A pilot desiring to make good a compass course of 078° flies first
on a compass heading of 125° (about 45° to the right), then on a head-
ing of 35° (about 45° to the left), observing the drift angle on each
heading. On the first heading a drift angle of 15° to the right was ob-
tained ; on the second, a drift angle of 5° to the left. Find the correction to
the course for wind, and the ground speed that will be made good.

At the top of the graph are shown the drift angles for the heading
45° to the right of the intended track; follow the vertical line correspond-
ing to a drift angle of 15° to the right down to its intersection with the
horizontal line for a drift of 5° to the left, and read 7° correction to be
subtracted from the course, and a ground speed of 77 percent. The com-
pass heading to be flown, then, is 78° —7°=171°, and the ground speed
will be 77 percent of the air speed.

With figure 108 it is possible to obtain the same information, from
one observed drift angle, provided the drift sight is also equipped for
the determination of ground speed. In this case the procedure is as
follows :

1. Turn the airplane along the no-wind compass heading to the
destination.

2. Note the drift angle and the ground speed being made good.

3. With these data read directly from the graph the correction for
wind, and the ground speed that will be made good, in percent of air
speed.

This method is limited only by the accuracy with which the ground
speed can be determined. With some drift indicators fairly good deter-
minations of ground speed are possible; at other times this factor can be
definitely known by reference to landmarks, radio marker beacons, ete.
Whenever the ground speed can be satisfactorily determined, this method
is the quickest and most satisfactory, since no departure from the course
is necessary in order to make the drift-and-ground speed observations.
The use of this graph is illustrated in the following example.

An airplane flying at an air speed of 140 mph is being flown on the
no-wind heading when a drift angle of 11° to the right is observed with a
drift indicator, and the ground speed is determined as 153 mph. Find the
correction for wind and the ground speed that will be made good along
the intended track.

The ground speed of 153 mph is 109 percent of the air speed of 140
mph. Follow the vertical line corresponding to an 11° drift angle down to
the (interpolated) horizontal line for 109 percent and read, from the
nearest red curve, 12°, the correction for wind; the nearest black curve,
105 percent, indicates that a ground speed equal to 105 percent of the
air speed will be made good along the intended track; 105 percent of 140
mph == 147 mph. Since the drift is to the right, the wind is from the left,
and the 12° must be subtracted from the true course to obtain the true
heading.
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RADIUS OF ACTION

By radius of action is meant the distance an aircraft may fly, with a
given amount of fuel and given wind conditions, and still return to the
starting point. The solution of this problem also includes the headings to
be flown on the flight out and on the return trip, the ground speed in each
direction, and the time to turn back.

This problem is important to the private pilot in determining how far
(or how long) he may fly in a particular direction and still return to the
starting point before dark; how long he may fly over scenic regions and
still be certain that he has enough fuel for the return trip, and so on. It
is important to the commercial pilot when the weather at his destination
is doubtful and he wishes to know how long he may continue toward his
destination and still be able to return to his starting point, if need be.

Favorable winds reduce flying time for a one-way trip, but if the same
wind continues for the return flight the round trip always requires more
flying time than it would if there were no wind. In other words, for a two-
way trip wind is always a hindrance, never a help (unless the wind changes
during flight so as to afford a tail wind in both directions),

=)

17U
Meridian

Figure 109.—Radlus of action; wind triangle for flight omt.

Radius of action problems consist of two parts, each of which may be
solved by a wind triangle. To illustrate, let it be required that an airplane
fly from E (fig. 109) as far as possible toward a distant point D, and re-
turn to E. Cruising speed of airplane 100 mph, wind 20 mph from the
west (270°), true course 060° for trip out, 240° for return flight. The
total time available is 8 hours. Figure 109 is the wind triangle for the
flight out, figure 110 the triangle for the return flight. In each case the
correct heading to fly is ascertained, and the ground speed that will be made
good along the intended track.

In practice, these two triangles are usually combined into one figure,
as shown in figure 111, in order to save time in laying off angles and dis-
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tances. They may also be combined as shown at reduced scale at the upper
left of figure 111, if preferred.

Having found the ground speed out (GS,) and the ground speed back
(GS,), the time out (t,) or the time to turn may be found from the follow-

[ 0 mpn W
Wind
\'240"

\\
True
Meridran

Figure 110.— Radws of action; wind triangle for return flight.

ing formula, in which 7' is the total time available (in practice, T is often
designated as FHA—Fuel Hours Available) :

SO -
o GS, F GS,
V]
Alternate P 70
e figure 109
B tnangle for
{ c flight out
o
°
&
] .
: E
L E w Kk

figure 110,
triangte for
flight back

Figure 111.-Radius of sction; triangle for flight out binod with tri

la for return fight.

In the example just given, then
82
to - 3 (hrs.) X—ﬁ-ﬂ——_gé = 1.24 hrS. = 1 .14 .24

and the radius of action (R/A) is equal to the time out multiplied by the
ground speed out: R/A = 1.24 X 117 =145 mi.
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The combined wind triangles of figure 111 are plotted on a 1-hour
basis. The radius of action per hour may be obtained from the formula:

GS, X GS,
R/A/r = o s

It may also be obtained graphically from figure 111 if desired. The pro-
cedure is illustrated in figure 112, which is the same as figure 111, with the

tigure 109
triangle for
thight out

fgure 110,
tnangle for
flight back

True merdian

GS. =117 mot

]

Figare 112 Graphic determinatien of hourly radiu- of action

addition of the line P A parallcl to the true meridian and equal to the
GS,, and the line P, A, intersecting the true meridian at B.
By simple geometry, in the similar triangles EBP, and P, AP,,

EB ___PA _ P,A X EP,
EP, EP,+4EP; EP, +EP,
But P,A=EP,=GS, by construction, and EP,—= GS,; therefore
GS, X GS,,
EB — Gg—i-(:—G—STb-, which is the formula for R/A/hr. The line EB there-
fore represents the radius of action per hour for each hour of flying time
available. EB is measured on figure 112 as a little more than 48 mph; this
is multiplied by 3 (the total number of hours available) to find the total
radius ot action: 48 X 3 = 144 miles, differing by only 1 mile from the
computed radius.

The development of the formulas for radius of action is quite simple,
and is given here in order that it may be more thoroughly understood.
The following abbreviations are required in addition to those already
used:

and EB =
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t, = time back; d,= distance out == distance back,
then,

d, (GS,) +d, (GS,),
ot to=T=gx Gs, +GS,, TS XES,

_ 4. (GS, 4 GS,)

GS, 0 X G GSb
GS -+ GSb

_ GS, X GS, GS,,
But, 1“’"“s Tos 5as X GS =T&s 1S
d, GS, X GS, GS,
#nd t"_'GS,, =Tgs 4 GS,+ GS, X GS;, =T GS, + GS,

From the formula for the radius of action per hour it should be obvi-
ous that the radius of action is the same whether the flight is with the
wind or against the wind. If the example illustrated in figure 111 were
reversed, figure 110 would represent the flight out, figure 109 the return
flight, and the same values would be used to compute the radius of action.

It is also of inlerest that minimum radius of action exists with wind
parallel to the route (head or tail winds) ; maximum radius occurs with
the wind at about right angles to the route.

=T 5
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CRUISE CONTROL

Closely related to radius of action problems are those of flight per-
formance versus predicted performance, usually referred to as ‘“cruise
control.” Both the predicted and the actual performance are plotted in
the form of a graph, which has almost universally become known as a
“Howgozit” chart; see figure 113.

On the Howgozit chart, the curve A represents predicted gasoline
consumption, the broken curve B actual consumption during the flight. It
is apparent from the figure that the actual performance at any given time
was better than that anticipated. For example, at 1,000 miles out the pre-
dicted fuel consumption was 4,500 lbs., while the actual consumption was
only 4,200,

The curve C represents the total fuel available for the flight, 7,500 lbs.
Curves D and E are based on the assumption that one of the four engines
has failed, and that the flight must be completed, or must return, on 8
engines. It is further assumed that the airplane arrives in either case
with empty tanks, and the 3-engine fuel consumption curves are plotted
backward, as shown.

At any point during flight, then, the vertical distance between
the actual consumption curve B and curve D represents the fuel reserve
in case the airplane must return. The point where curve D intersects the
actual fuel consumption curve B is called the “point of no return,” since
the curves show that the total fuel available would be used in flying to
that point and back; if the flight continued beyond that point there would
be insufficient fuel to return.

The vertical distance between curve B and curve E, for any given
number of miles out, represents the fuel reserve at that point.

Strictly speaking, this is not a navigational problem, but rather one
of airplane performance. It was introduced here to show the general
method of checking performance in flight without loss of time. It shows
at once whether more or less fuel than anticipated has becn burned,
whether enough fuel remains to return or to continue to the destination,
and when a decision MUST be made (by reference o the point of no re-
turn) as to whether or not an alternate airport should be used.

ALTERNATE AIRPORT PROBLEM

For all flights on instruments an alternate airport must be named—
that is, one for which it is certain that ceiling and visibility will not be
lower than the specified minimum. The problem is to determine how far
(or how long) an airplane may be flown toward its destination before turn-
ing to the alternate, if advised that this is necessary.

For example (fig. 114), a pilot leaves an airport at E, for a distant
point D, with just 4 hours’ fuel supply, aside from the required reserve.
(Regulations require that sufficient fuel be carried for flight to the desti-
nation, then to the alternate airport, then for 45 minutes of cruising.)
Weather conditions at D are uncertain, but conditions at A are satisfactory
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and are expected to remain so. How far may he proceed toward D and
still have fuel enough to reach A if advised by radio that the weather at
D has closed in altogether?

The known data are as follows:

ED — 350 miles, true course 230°
DA == 140 miles due north

Air speed of airplane, 100 mph
Wind, 30 mph from 090°

The first step is to plot the three points, E, D, and 4, in their proper
relative positions. The line ED, drawn at an angle of 230° to the true
meridian, represents the intended track, or the true course it is desired to
make good.

Since fuel is available for 4 hours, figure 114 is constructed as a
“4-hour wind triangle”’—that is 4 times the wind velocily and 4 times the

W wind

120 Miles
{4 x 30 mph)

True Meridian

Figure 114, Alternate airport problem (for whole flight).

air speed are plotted, and 4 times the ground speed is obtained. WP is the
true heading required, and P is the point on the intended track which the
pilot could reach in 4 hours. A perpendicular bisector to the line AP is
drawn, making KA — KP hy construction. Since the pilot could fly an
air distance equal to WP in 4 hours, he could also fly a distance equal to
WK 4 KA. The airplane is actually tracking the line EP, and the point
of turning T is found by drawing KT parallel to the wind vector; TA is
the irue course after turning toward A, and KA is the true heading.

In figure 114 it is apparent that the triangles PKA and TKA furnish
the key to the solution. In figure 115 these triangles are enlarged by ex-
tending the line PA to intersect at P, an arc drawn from W with radius
= WP. Since WP,=—= WP and the angle WPA is identical, triangles PWP,
and PKA are similar; also triangles TKA and EWP,. Therefore EP,
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represents the true course after turning toward A, and WP, the true
heading.

Now let us assume the triangles PWP, and EWP, have been enlarged
until EW represents the wind for 1 hour (instead of 4). Then all parts
of these triangles are enlarged proportionately and the whole figure be-

‘Air Speed Circle  p,

Meridian

]
2
-

Figure 115.~Altcrnate airport problem (development of 1.hour plot).

comes a 1-hour plot. EA is merely the direction toward the alternate air-
port A, and one-fourth the distance; ET is the distance per hour to the
point of turning, and is scaled as 82 miles. Since 4 hours are available,
the distance to the point of turning is 4 X 82 —328 miles; the time to the
point of turning is found by dividing this distance by the ground speed
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EP, which is measured as 121 mph: 328 - 121 — 2.71 hours, or 2:43:36.4

The alternate airport problem is essentially the same as the problem
of flight from a moving aircraft carrier. To make the two problems iden-
tical it is only necessary to suppose that during the flight the “carrier”
has moved from the position of the airport of origin to the position of
the alternate airport. In fact, some are able to understand the principles
more easily when explained in those terms. For this reason the follow-
ing additional example is given.

It is required that a pilot fly from E (fig. 116) as far as possible
toward a distant point D, and still be able to return to an alternate air-
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Figuro 116.—Radins of sction when turning back to an alternate mrport (1-hour plot).

port at A; he has fvel for 8.5 hours of flight, aside from the required re-
serve, The other data are as follows:

ED = 325 miles, true course 270°
DA =163 miles, 155°

EA =296 miles, 240°

Air speed of airplane, 160 mph
Wind, 85 mph, from 220°

* This method adapted from an explanation suggesiwcu by Professor L. W. Whitchcad, Pennsylvania
State College.
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Having drawn the true meridian, construct the wind triangle EWP,.
This is the triangle for the flight toward D, and determines the wind cor-
rection angle and ground speed.

Next, it is assumed that the point E is an aircraft carrier, steadily
in motion toward A. At the end of the 3.5 hours it must be at A to re-
ceive the airplane, and its rate of travel is therefore 296 (mi.) = 3.5
(hrs.) = 84.6 mph. This is indicated in figure 116 as the “carrier
velocity.”

As explained more fully in the next section (“Interception”), P,S
is the bearing which must be maintained between the aircraft and the
“carrier” throughout the flight—whether the aireraft is proceeding along
the original course or has turned toward the carrier. The line P,S is
therefore drawn and extended well beyond S, intersecting an arc swung
from W with radius equal to the air speed, at P,. Finally, EP, and WP,
are drawn, representing the true course and the true heading, respec-
tively, from the point of turning to the carrier (or alternate airport).

The triangle EP,P, may now be considered as an ordinary radius of
action problem. SP, is the distance per hour (the rate of departure,
R/D,) that will separate the aircraft from the carrier as long as it remains
on the original course, and therefore represents the “GS,.” SP, is the dis-
tance per hour (rate of return, B/R) at which the aircraft will return to
the carrier after turning, and represents the “GS,.” SP, and SP, are
measured on figure 116 as 75 and 155 mph, respectively. Using the regu-
lar radius of action formula, then,

GS, 155
tb=Tus,ras, =30 1521155

The distance to the point of turning is found by multiplying the

actual ground speed out (EP,) by the time out: 135 X 2.36 == 318.6 mi.

INTERCEPTION

If two craft of any sort so move that the direction or bearing between
them remains unchanged, and the distance between thenr is decreasing,

=2.36 hr. =2:22

! S: S:
Figure 117,—A constant bearing mull* interception.
they will eventually collide, or “intercept.” As long as wne bearing be-
tween them is changing, they will fail to intercept.
In figure 117, S, and S, are successive positions of a ship at 30-minute
intervals, P, and P, are positions of an airplane at the same moments. It
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is seen that the bearing remains constant, and interception will result at
the point I. This may become clearer if we no longer think of the forward
motion of the two craft, but remember only that the direction of the line

Figore 118.—A changing bearing docs not result in intercoption.

between them remains unchanged while the line itself is growing con-
stantly shorter. The “rate of interception” is the rate at which the air-
planc approaches the ship along the line of constant bearing.
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Figure 119.—Condition at start of interception.
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This is an example of “relative movement.” The whole pattern may
be in motion over the earth, but the only motion of interest in this prob-
lem is the movement of the airplane relative to the ship, along the line
S,P,. It is as though a twig were being dragged over the floor, with a fly
at one end of the twig and a spider at the other. The movement of the
twig is incidental; the only motion of interest to the spider is his own
motion along the twig, relative to his supper.

In figure 118 a condition is illustrated in which the bearing does not
remain unchanged. In this case the aircraft moves progressively ahead
and crosses the projected track of the ship well in advance of it. It is
apparent that (when viewed from the ship) the airplane, although main-
taining a constant speed and direction of flight, will seem to move along
its track much more rapidly when near P, (close to the ship) than when
farther away from the ship (near P, and P,). For the same rcason, the
direction of the airplane from the ship changes more rapidly near P,
than near P, or P.

In order to illustrate all details of the problem, suppose that a boat
leaves a harbor B at 0600, on a true course of 270° and at 30 mph; an air-
plane leaves airport A at 0900 at a true air speed of 115 mph to intercept
the ship. A4 is 125 miles from B, in direction 015°. Wind is 815°, at
33 mph.

Figure 119 shows the relative positions of A and B, and the true bear-
ing and distance of the ship from the airplane at 0900, at the start of the
flight to intercept. The true bearing of the ship from the airplane is
usually called the “direction of relative movement” DRM, and the distance
between them is called the “miles of relative movement” MRM.

N

Ship=30 A
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Re/%v o
“”hq ~

S

Figure 120, -The ‘‘relative wind ™

The next step is the determination of the “relative wind.” In figure
120 the ship’s motion for 1 hour and the wind velocity for 1 hour are
both plotted from A. Let us again think of the boat as stationary with 4
moving backward from the boat, and the wind from 315° through 4. The
het result would be the same as if the airplane were starting from S with
a (relative) wind represented by the broken line SW. With this as a
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foundation, it is now possible to construct the “relative wind triangle®”
shown in figure 121.

If we consider only the relative wind and employ our standard system
of letters, it should be labeled EW; accordingly, the unnecessary parts
(for the moment) from figure 120 are crossed out in figure 121, and the
letter S is changed to “E”. Then EP is drawn to represent the true bearing
of 226° (DRM) determined in figure 119, which corresponds to the frue
course in an ordinary wind triangle. WP is drawn equal to the air speed,
and represents the true heading to be followed for interception.

Actually, of course, the airplane does not begin its flight from S, even
though this point was renamed as “E£” in figure 121. It must still begin its

Figure 121 ~~The *‘relativa wind triangfe.”

flight from airport A, which is therefore lettered as E in figure 122; this
figure shows the complete construction required, with the various parts
appropriately labeled. In view of the preceding discussion little further
explanation of figure 122 is considered necessary, but it should be carefully
studied and thoroughly understood. 1t is simply the familiar wind {riangle
EWP, combined with the relative movement triangle ESP.

Since the MRM, or distance (AT, fig. 119), is 172 miles, and the
SRM, or speed of relative movement (rate at which the airplane ap-
proaches the ship; SP, fig. 122) is 80 mph, the time required for intercep-
tion is 172 ---80 =2.15 hrs., or 2:09:00.

While a number of illustrations have been used in explaining the
principles involved, in practice only one diagram need be drawn, in which
figures 119 and 122 would be combined. In such a combined drawing F
(fig. 122) would be considered as A, and B and T, could be plotted with
respect to £ in order to obtain the relative bearing and distance as in figure
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119. This portion of the combined figure may be at a different scale from
the remainder of the figure, if desired.

S ship=30

S

Figure 122. Graphic solutiom of interception problem.

Using the standard notation, the significance of the following letters
will always be as indicated :

In relative movement plot:

E — earth (point of origin)
P —rplane
S= ship
EP = true course and ground speed of airplane
ES ==ship’s course and speed
SP = direction of relative movement (DRM), and spéed of relative
movement (SRM).

In geographic plot:

A = aircraft’s base (usually at start of interception)
T — ship’s position at time when interception starts
AT =true bearing (DRM), and distance (MRM) of ship from
plane,

Note that A, T, and AT are not properly part of the 1-hour relative
movement plot (fig. 122), but are part of the geographic plot (fig. 119).

4

TRACKING

This is primarily the problem of navigators or pilots in a squadron
who are not responsible for the determination of a course or heading to be
flown, but who must keep an accurate record of the track made good and
of the position at any given moment. This is necessary in order to be able
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to set a new course independently if made necessary by enemy action or
other emergency. As long as a complete and accurate knowledge of com-
pass heading, variation, deviation, time, and wind is kept, this is one pf
the simplest problems.

As illustrated in figure 123, a squadron flies the following compass
headings between bases A and DI, at a true air speed of 140 mph:

sttt

T
Leg No. cn ’ Time begun Time on leg Tine elapsed TH
1. - _l 288° 0930 0:29°00 0:29:00 300°
2 PR 333° 0959 0:09:00 0:38:00 345°
3 - 268° 1008 0:24:00 1:02:00 280°
4. ( 217° 1032 0:30:00 1:32:00 220°

The compass deviation on each of the above headings is 3° W, and
magnetic variation in the area averages 15° E, resulting in the true head-
ings shown above. Throughout the fight the wind is 300° and 20 mph.

(10-2)
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Figure 123 —Tracking plotting compas<s headings and air distances

The successive true headings are plotted on the chart as though they
were courses (sce p. 120), without regard for wind effect, and the time of
each change of heading is noted, as in figure 123. At any time during
flight, in order to find the position reached, it is only necessary to plot the
no-wind position reached and then to apply the wind effect for the total
time elapsed to that moment,

For example (fig. 124) on the first leg of the above flight there is a
head wind of 20 mph. The wind direction is plotted from the no-wind
position for 0959, for a distance equal to a force of 20 mph acting for 29
minutes—a little less than 10 miles. The actual position reached, then, is
indicated by a.

Similarly, the wind direction and force for the 1008, 1032, and 1102
positions of the airplane are applied in turn, and the points so obtained
are connected, resulting in the track indicated by the broken line. If the
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position at 1047 were required, the no-wind position at that time is de-
termined as at b and the wind effect for the total elapsed time of 01:17:00
is applied, fixing the position at ¢. If an independent fix is obtained at any
given time (by landmark, radio, or celestial observations), the wind force
and direction can be checked by plotting the no-wind position for the same
time; a line from that position to the fix established represents the wind
effect for the time elapsed.

In the problem illustrated in figures 123 and 124, although all headings
were to be plotted as courses (with the mid-course meridians) they were

/Ei_‘hu_n hey dinp
frach o

& 2 11042)
¥

N

O

3o7E (1047)
B &7
1102 s/
no wind .
position , /
B (1102)
actual pc atiun A
y 10930)

reached

S
Figure 124.—Determining track and position reached by plotting wind effect for elapsed tamo intervals-

plotted with reference to the initial meridian NS. The maximum resulting
error on this account in the hinal position reached is as follows for the
three principal Lambert projection bands:

00 —-25¢ — 0.5 mi.
25° - 50° — 2.3 mi.
b0° ~ 75° — 8.3 mi.

The total error in each case, in degrees, is equal to half the difference
of longitude between the starting point and the farthest point reached,
multiplied by the convergence per degree of longitude (see p. 47).

To illustrate further, the problem was positioned at one of the train-
ing areas in the southwestern United States. The direct distance between
A and B is 146 miles, covering approximately 2° 30’ of longitude. The
error, then, is about 1.25 > .631 = 0°8; this angular error amounts to a
little less than 2 miles in a distance of 146. In latitudes where errors from
this source may be considered excessive, it is simple to estimate the longi-
tude covered on each leg (see p. 121) and to plot the no-wind headings as
courses, with the mid-course meridians. In this case, the results obtained
are precise, so far as the chart work is concerned.

Where the distance on each leg is short, as in the problem just given,
the best and most practical results are obtained by plotting the track
dil:ectly on the chart, using the meridian nearest the beginning of each leg,
With this method, of course, a chart is soon used up, but one primary our-

4

Gy
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pose of charts is to serve as suitable bases for the plotting of navigational
work ; they should be considered as expendable, and replaced as frequently
as necessary. In most cases, this will have the added advantage of getting
the latest revised charts in the hands of pilots without undue delay.

For many of the special problems of dead reckoning, plotting boards
(see Chapter VIII) or plotting charts based on an approximate Mercator
projection will be found very convenient. While not precise, the results
obtained with these devices are of practical accuracy and generally satis-
factory.

QUESTIONS

1. What is meant by climb and descent problems?

2, How is the true air speed usually determined on climb and descent
problems? How should it be determined when cruising?

8. What is meant by the “point of let-down”? By the “point of break-
through”?

4. When conditions of flight will not permit more accurate methods,
what is the approximate allowance for the rate of climb and rate of
descent?

5. If a pilot finds he has drifted 5° off course to the right, will a cor-
rection of 5° to the left return him to his intended track? If not, what cor-
rection should he make? (Hint: what wind direction and velocity might
have caused a right drift of 5°?)

6. Describe the determination of wind direction and velocity by the
double-drift method.

7. What is meant by radius of action?

8. State the basic formula for finding the time to turn (t,) when the
GS,, GS,, and total time available are known.

9. Describe a method by which the radius of action per hour of flying
time available may be determined graphically.

10. Is the radius of action ever increased by wind effect?

11. What is meant by a “Howgozit” chart?

12. What similarity is there between an alternate airport problem and
flight to and from a moving aircraft carrier?

13. What is meant by a “collision course”?

14. What condition is necessary for interception in the least possible
time?

15. Tn accordance with the standard system of lettering, what is the
significance of each of the following: S; P; A; T; EP; ES; SP; AT; SRM;
DRM; MRM?

16, What is meant by “tracking,” and when might it be useful?

17. How can one determine the error resulting when a course is
plotted with the initial meridian instead of the mid-course meridian?

PROBLEMS

Instead of working out further “examples” for the student, it was
thought better to provide additional problems for the student to work for
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himself. The answers are given, to the nearest mile or the nearest degree,
as a check on the results obtained. In all problems, compass deviation is
assumed to be as in figure 54.

1. An airplane leaves from airport A, elevation 1800 feet, to cruise
at 7,000 feet; R/C 500 feet at 125 mph; TC 100°; average wind on climb
330° at 30 mph; magnetic variation 3° W,,

Find: time on climb =0:10:24
CH on climb = 093°
distance made good

during climb =27 mi.

2. Continuing problem 1, elevation of airport B at destination is 1250
feet, ceiling 700 feet; R/D 500 feet at 120 mph; average wind 240° at 22
mph; magnetic variation 2° W,,

Find: time on descent =0:10:06
CH on descent =107°
distance made good

during descent =22 mi.

8. Continuing problems 1 and 2, with wind 270° and 28 mph, and
temperature 10° F, at pressure alt. of 7,000 feet, indicated AS 160 mph,
magnetic variation 83° W., and total distance 875 mi.,

Find: true AS on cruise =174 mph
GS =201 mph
CH on cruise = 106°
time on cruise =1:37:00

time from A to point of let-down —=1:47:24
time from 4 to break-through =1:57:30

4, The TC from A to B is 167°, distance 320 miles, true air speed 135
mph, magnetic variation 5° E., compass deviation as in figure 54. A TH of
160° was held for 48 minutes, when a fix was obtained over a point C, 115
miles from A, and about 7 miles to the left of the intended tkack.

Find: wind ==25° at 12 mph
CH from C to B = 158°
time from C to B —1:25:00

5. In problem 4, if it were desired to return to the intended track in
line with the wind, and to complete the flight along the route originally
intended,

Find: CH to charted route = 198°
time to charted route =0:05:00
CH to make good charted route — 158°

6. With a true AS of 120 mph, a compass heading of 260° was flown,
and a drift angle of 10° right was observed; then a compass heading of
170° with g drift angle of 5° right, Find the wind direction and velocity
s 149°, 23 mph.
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7. With the TC 283°, true AS 140 mph, var. 10° E., wind 225° at 2b
mph, and fuel for 3 hours,
Find: TH,=274° GS, =125 mph
TH, =112 GS, ==152
radius of action = 206 mi.
8. A ship leaves base B at 1110, on TC 202°, at 28 knots. An air-

plane leaves airport A at 1420 to intercept the ship. A is 120°, 143 statute
miles, from B. True AS is 150 mph, wind 135° at 32 knots; var. 5° E.,

Find: CH for interception = 234°
track to interception = 2520
distance from A to interception == 161 mi,
time of interception = 1528

9. An aircraft carrier is steaming on TC 045° at 22 knots. A pilot
is instructed to fly a TC of 085° as far as possible and still return to car-
rier in 2:80:00. True AS 140 knots, wind 285° at 30 knots; var, 10° W,

Find: time to turn =1:07:00

CH, = 91°
distance out == 189 mi.
CH]. i) 2890

distance back — 152 mi.

10. In the preceding problem assume that all other data remained
the same, but that the pilot was required to make good a relative true
course of 085° (that is, to maintain constantly a frue bearing of 085°
with respect to the moving carrier). Then,

Find: time to turn =1:08:42

CH, = (085°
distance out =191 mi.
CHh == 2840 -

distance back == 150 mi.

11. A pilot leaves base A and scoutls on the compass headings, in-
dicated below, at true AS 145 knots; wind 250° at 28 knots; var. 18° E.;
dev. as 1n figure 54:

GIVEN FIND
CH Time on leg Elapsed time TC (Track) | Distance (naut. mi.)
29 031'30 | aeee.-o 050 90
065 026 00 0 57.30 080 75
133 0 37 30 1 35.00 140 95
232 109 10 244 10 250 135
276 04300 32710 303 91

Find also: farthest point reached is 091° true, 203 nautical miles
from A; flight ends at starting point (base A).
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Chapter VIIL.—AIR NAVIGATION COMPUTERS
FUNCTION AND USEFULNESS

All computers intended for serious navigational work serve two gen-
eral purposes:

1. The slide rule side is used for all problems involving multiplica-
tion, division, and proportion (such as time-speed-distance relations, fuel
consumption, air speed corrections, and radius of action equations) ; and

2. The wind triangle side is used for the solution of problems of this
nature by inspection, without the necessity for graphic methods.

With respect to the slide rule side, there is very little choice between
the many computers available. Some are very accurately constructed;
others may be more legible, while still others are easily adjusted with one
hand. One may have a special feature, usually at the expense of some
other desirable item—but most of them are of the same general form
and are used in much the same way. '

The construction of wind triangles and other graphic plots in flight
is often impractical, and is time consuming at best. The wind triangle

am SIOdvNNY
W gouvH 40 Wlissg

o

&
bty

RECKONING

Co,
YYPE [ 6@
o Cupy

o S %
g,/
aeepy,

D
w oFP

ag
)
L

Figure 125 —Importance of acruratc readings of the computer.

side of a computer usually represents the inventor’s idea of the most con-
venient way of furnishing the pilot with the various parts of a wind
triangle. When these parts have been properly adjusted, “with a simple
twist of the wrist,” the answers may be read from the computer by in-
spection. In a few instances this part of the computer is strictly mathe-
matical, and appears to have no relationship to the graphic plot.

In general, that computer is to be preferred on which the individual
pilot can see most clearly the component parts of the wind triangle. Any
good computer, in the hands of one thoroughly familiar with it, will yield
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accurate results so quickly that it seems “like magic.” Having selected
your computer, then, study it and use it until you are thoroughly familiar
with it—so familiar that a wrong setting is almost impossible.

As part of your computer practice, learn to take readings from it
that are both complete and accurate. For example, the heavy arrow-head
index in figure 125 (a) does not point to 805, but to 850. In figure 125
(b) the index points to 246, not 243. Careless readings of this sort are
a most frequent cause of trouble.

The graphic construction described in the preceding chapters is
fundamental, and must be thoroughly understood before taking up the
computer. In fact, any effort to use a computer without this thorough
understanding is a waste of time, and is almost certain to produce the
wrong answers,

THE SLIDE RULE SIDE

DESCRIPTION

This consists primarily of a circular disk rotating over a base scale.
While there is as yet no fixed rule, and few computers are actually
labeled, it has become quite customary to call the outer one “scale A,” and

Figure 126 —Multiplicati and divisi with the slide role side.

the inner smaller one “scale B.” In figure 126 they have been so indicated
and for convenience they will always be so referred to in this text.

All numbers on disk 4 and on the outer scale of disk B may be re-
garded as multiples of 10—that is, 25 may be considered as 2.5, 25, 250,
or 2500, etc., according to the problem. The word “Minutes” appears on
the outer scale of disk B, between the figures 80 and 35; just inside the
“minutes scale” is an “hour scale,” often referred to as scale C. This
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geale is for convenience in converting minutes to hours; it has no other
purpose on the computers. For example, just below 30 the figures 5:00
appear, 300 minutes being equal to 5 hours.

THE UNIT-INDEX

On scale B the number 10 is printed within a black square, for
emphasis. This is referred to as the “unit-index” (since 10 may also be
read as 1.0), and is used with scales A and B in all problems of mul-
tiplication and division.

To multiply one number by another, rotate disk B until the unit
index is opposite one of the numbers (the multiplicand) on disk A; the
product is then read from disk A, opposite the other of the two numbers
(the multiplier) on disk B. For example, in figure 126 the number 83
(on disk A, opposite the unit index) is to be multiplied by 20; opposite
20 on disk B, the product is read from disk 4 as 1660. Note that with
the unit index at 83, at this one setting the product of 83 with any
number may be read on disk A opposite the number on disk B: 83 X 15
=1245; 83 X 35=2905; 83 X 66 —5478; 83 X 8.3 =688.9; and so on.
(NoTE: Because of the mechanical difficulties in preparing illustrations
of this sort, not all these results are precisely indicated in the figures.)

It is often possible to get more precise results by combining a little
mental arithmetic with the use of the computer. In multiplying 83 > 66,
the product cannot be recad closer than “about 5475.” By simple arith-
metic, however, it is obvious that the last figure should be 8, and the
result is therefore read as 5478. In the practice of navigation products
involving more than three figures are seldom required, and these may be
read to the nearest whole number with satisfactory accuracy.

To divide, the multiplication process is simply reversed. The divi-
dend on disk A is placed above the divisor on disk B, and the unit index
on disk B will then point to the quotient on disk A. In figure 126, 688.9
—+8.3=—283; 5478 =66 —=83; 2905 +35—283; and 1245--15=—283.

Problems in percentage are in reality problems in multiplication.
Referring again to figure 126, 83 percent of 15=12.45; 83 percent of
35=29.05; 83 percent of 66 —54.78; and 83 percent of 8.8 = 6.89. An-
other method of working percentage problems is to place the required
percent on disk B beneath 100 on disk A; when this is done, the cor-
responding percentage of any number on disk A may be read directly
beneath it on disk B.

The processes of multiplying and dividing should be learned thor-
oughly by practicing with a few familiar quantities, such as 8 % 33; 99
~3; 33—+ 3; and 5 X 12.

THE 60-INDEX

Where the number 6 (or 60) should appear on the B scale there is
an arrow-head which will be referred to as the “60-index,” which is
much used in problems involving miles per hour,
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.

In figure 128, a light airplane with fresh head winds was making
good a ground speed of only 64 mph. With 64 miles on the A scale set
against the 60-index (that is, against 60 minutes) on B, then the number
of miles made good in any other number of minutes may be read from
the A scale adjacent to the time interval in question, without changing
the setting: 6 mi. in 5.6 min.; 8.5 mi. in 8 min.; 128 mi. in 120 min. (or
2:00 hrs.).

With a ground speed of 145 mph, the following time-and-distance
relations may be noted. The student should check these values for him-
self.

10 mi. in 4.1 min. 50 mi. in 20.6 min.
14 mi. in 5.8 min. 72.5 mi. in 30.0 min.
256 mi. in 10.3 min. 290.0 mi. in 120.0 min. (2:00:00)
35 mi. in 14.56 min. 500.0 mi. in 206.0 min. (3:26:00)

The reverse problem is also of interest. A pilot passing over a land-
mark 12.8 miles from his airport just 12 minutes after taking off needs
only to set one against the other to read his ground speed of 64 mph;
see figure 128, Or passing a landmark 35 miles from base after 14.5
minutes of flying, his ground speed is at once read as 145 mph.

By setting the 60-index to the correct ground speed, the miles per
minute made good may be read at the unit index. This should be obvious,
since the unit index represents 1 minute, and with the computer cor-
reclly set the number of miles made good in any time interval may be
read against the time interval in question. With a ground speed of 64
mph, 1.06 miles will be made good in 1 minute; with ground speed 145,
2.4 miles per minute.

THE 36-INDEX

For calibrating air speed meters and for timed approach in instru-
ment landing and in related problems, the distance made good per
second, or ihe seconds required to make good a short distance are im-
portant. For this purpose a red or blue index should be drawn at the
division for 36 on the B scale, as shown in figure 127. With the “36-
index” at the ground speed in mph, the number of seconds to make good
any given distance may be read from the B scale adjacent fo the dis-
tance on the A scale,

To illustrate, suppose that an instrument approach is being made
at a ground speed of 105 mph, and the distance from the range station
to the airport is 2.4 miles. To find the number of seconds required to
reach the airport, set the 36-index against 105, and under 2.4 (24) on
the A scale read 82.5 seconds, or 0:01:22.5. One mile will be made good
in a little more than 34 seconds; see figure 127.

As a further example, an airplane is flown over a 2-mile speed
course in 42 seconds. By bringing 42 on the B scale adjacent to 2 (20)
on the A scale, the ground speed is read opposite the 36-index as 171
mph.
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The 36-index can be used in this way, of course, because one second
is the 3600th part of 60 minutes. In all problems, knowing the general
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Figure 127. -Distance per seeond, uming the 36-indes.

relationship of the various quantities the placing of the decimal point is
most easily determined by mental arithmetic.

NAUTICAL MILES—STATUTE MILES—KILOMETERS

For a few special problems, the processes have been made even
simpler. For example, 1 nautical mile==1.15 statute mile, and 1 kilo-
meter (km) =-0.62 statuie mile. It is not necessary to remember these
numbers, however, nor to use them consciously in converting any one of
these quantities to another. Near 70 on the A scale are arrows labeled
“naut.” and “stat.”; near 12 is an arrow labeled “km.” By placing any
number on disk B against the appropriate arrow, the equivalent number
of other units is read from disk B adjacent to the other arrows. In
figure 126, 91.5 statute miles = 79.5 nautical miles = 147 kilometers.

TRUE AIR SPEED

The true air speed may be found readily from the scale marked
“For Air Speed Computations”; see figure 128. The indicated air speed,
of course, must be corrected for instrumental and installation errors, the
corrected reading being known as the “calibrated air speed.” The tem-
perature observed in flight is set opposite the pressure altitude of flight.
after which the true air speed is read from disk A adjacent to the cali-
brated air speed on disk B. To help prevent any error here, the words
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“prue A.S.” are found near the number 16 on disk 4, and “Cal. A.S.”
near 16 on disk B. The “pressure altitude” is the altitude indicated when
the barometric scale of the altimeter is set to 29.92 inches.
Referring to figure 128, while flying at a pressure altitude of 5,000
feet a temperature of 0° centigrade was recorded. Setting 0° C. against
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Figure 128.—Finding the true air speed.

5, the true air speed of 192 mph is read adjacent to the calibrated air
speed of 180. Or with a temperature of —20° C. at 7,000 feet, a true air
speed of 130 miles is read adjacent to the calibrated air speed of 122.

CENTIGRADE—FAHRENHEIT

On some computers the temperature scale is in terms of degrees
centigrade; on others the Fahrenheit scale is used. Care should be taken
to avoid mistakes due to using the wrong temperature scale. Figure 129
shows the relation between these scales, with rules for their conversion.
If the relation shown in bold-face type is kept in mind, it should always
be possible to remember (or to reconstruct) the procedure.

The indicated multiplication and division can be readily performed
with a computer, but again there is a short cut. If the required addition
or subtraction of 32° is first taken care of, the relation between F.° and
C.c is always in the ratio of 1.8 to 1.0 (since 180° F.=100° C.; see fig.
129). On the computer, if the number 18 on disk A is set above the unit
index on disk B, then all numbers on disk A are in the same proportion
(1.8:1.0) to the adjacent numbers on disk B—that is, having taken care
of adding or subtracting the 32°, the Fahrenheit temperature on disk A
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CENTIGRADE FAHRENHEIT

Water boils 100°-r-212° Water boils
To convert to Fahrenheit ' To convert to Centigrade
(a) if above freezing (a) If above freezing
F°=(C°x 18) + 32° Com (F°~32°)+1.8
(b) If below freezing (b) If below freezing—~
F:vs 32°~(C°x 1,8) ~—C°m(32°-F°)+1.8
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Yigure 129,—Relation between igrade and Fal heit seales

15 always adjacent to the corresponding centigrade temperature on
disk B.
ALTIMETER CORRECTION

Provision is usually made for the correction of altimeter errors. In
figure 130 a scale “For Altitude Computations” is shown. As explained
on the computer, the temperature observed at the flight level is set ad-
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Figure 130.—Finding the correct altitude.

jacent to the calibrated pressure altitude, after which the corrected
altitude is read from disk 4 adjacent to the calibrated altitude on disk B.
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Note the words “Cor. Alt.” near the number 50 on disk 4, and “Cal. Alt.”
near 50 on disk B, to insure proper use of the computer.

On a certain flight, when the indicated altitude was 5,100 feet, a

_ pressure altitude of 5,000 feet and a temperature of 0° C were observed.
In figure 130, with the pressure altitude set against the observed tem-
perature, ihe correct altitude of 5,000 feet is found on disk A opposite
the indicated altitude of 5,100 on disk B. It should scarcely be necessary
to point out that figures 128 and 130 do not represent solutions for one
getting only, but rather for a series of settings. For example, figure 130
represents the correct setting for a pressure altitude of 10,000 feet and
a temperature of —10° C; for 20,000 feet and —29° C; for 25,000 feet and
—~—39¢ C, and so on.

While the altitude found in this way is as nearly correct as can
ordinarily be obtained, it should be recognized that even this is only
approximate, and with limited visibility a good margin of safety should
always be allowed.

A more accurate determination of altitude can be obtained when the
average temperature and average height of the air column between the
airplane and the ground are used. That is, a pilot flying at an indicated
altitude of 9,800 feet observes a pressure altitude of 10,000 feet and a
temperature of —17° C; the ground temperature reported at an airport
beneath him, which is 2,500 feet above sea level, is -+ 5° C. The average
temperature of the air column is —6°, and the average altitude is (9,800
-+ 2,600) + 2, or 6,150 feet; setting the computer for these data the cor-
rected altitude of 9,500 feet is read on scale A opposite the indicated
altitude on scale B. By way of comparison, if the temperature at flight
level (—17°) had been set against the pressure altitude of flight (10,000)
the corrected altitude would have been found as 9,350 feet.

RADIUS OF ACTION

The formula for radius of action was given in the preceding chap-
ter as,
GS,

=T —
L=Tgs. +GS,

By mathematical development, this formula may 4lso be expressed
as a proportion, as follows:
GS,+GS, GS;

T t.

If the first numerator is set on the A scale against the denominator
on the B scale (for minutes) or the C scale (for hours), then adjacent
to the second numerator on the A scale may be read the time to turn on
the B scale (or C scale). The proper setting is indicated by adding the
letter of the scale on which each quantity is to be set, in parenthesis,
after each term of the formula:
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(GS, 4 GS,) (4) GS, (4)
T (B)or (C) % (B) or (O)
To illustrate, suppose GS,=165, GS,=195, T=4:30:00; find t..
Substituting in the above,

360 (A) _ 195 (A) ,
4:30 (C) ~ "t ()

t,=2:26:00

THE WIND TRIANGLE SIDE
DESCRIPTION

This side of the computer is simply a convenient means of furnish-
ing pilots with the various parts of the wind triangle so that by eagy
adjustment the desired data may be determined by inspection.

As previously mentioned, it is useless to bother with a computer at
all until the graphic solutions are fully understood and can be obtained
without hesitation. At first the student may wish to draw the parts of
the wind triangles on the computer, but for one thoroughly familiar with
the problem it will be easy to visualize the graphic solution on the com-
puter from a few circled dots, without drawing any lines. The lines and
arcs of the computer, when properly adjusted, will supply the missing
line-work between the circled dots.

In the preceding chaptlers a number of problems were solved graph-
ically. The same problems will now be taken up in turn, and solved by
means of computers, with the solution by computer and the graphic
solution side by side, to show how the graphic plot is reproduced by the
compucer.

In figure 131 the problem of figure 84 is shown set up on three com-
puters. The first is quite inexpensive, and represents clearly the entire
wind triangle. It is typical of several which are very satisfactory for the
routine problems of the private flier, but cannot be used for some of the
more complex problems of modern air navigation. The other two can be
used for almost any problem that may arise, and are generally similar
in use; both have proved popular, although other computers are also
rather widely used. The working size of the plotting disks (inside the
compass roses) is about 4 inches in diameter, which is satisfactory for
most problems.

The Mark 3A plotting board shown in figure 1388 is essentially the
same as these two computers, except that the plotting disk is about 12
inches in diameter, and more accurate results can be obtained from the
larger-scale plots. This applies more particularly to alternate airport and
interception problems, and others in which the geographic plot covers an
extensive area.

On the Mk. VII and Mk. 3A, usually the complete triangle is drawn
or visualized, but the length of one side of the triangle can only be ob-
tained by addition or subtraction. On the E-6B, the lower point of the
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triangle is missing; the true heading and the track are ordinarily found
by adding or subtracting the wind correction or drift angles, but all
other parts are obtained by direct reading, which is easier for many
pilots,

One of the first and obvious things to be learned in connection with
the Mk. VII and the Mk. 8A is that every grid line parallel to the grid
line through the center has the same direction as the central line. That
is, when the Mk. VII has been set with the “Track Index” at 097° (fig.
131), not only is the direction of the red center line 097° but all other
red grid lines parallel to it, or any pencil lines drawn between them and
parallel to them, have the same direction of 097°. Every red grid line
perpendicular fo the track index line has the same direction of 187°
(or 007°).

TO OBTAIN TRACK AND GROUND SPEED

In the problem of figure 84, reproduced in figure 131, an airplane
was headed due east from E at a true air speed of 100 mph, but with
wind 20 mph from 315°, arrived in one hour at P, the ground speed
represented by E'P being 115 mph.

On the first computer the wind triangle of figure 84 is apparent,
and the ground speed of 115 is read directly. The track EP is arrived at
by adding the drift angle of 7° to the true heading of 090° = 097°,

On the second computer (Mk. VII), the direction and velocity of the
wind are first plotted by turning 315° on the compass disk to the “True
Heading Index” and marking with circle-and-dot a point 20 miles below
the center of the disk (since the wind is from 815°). The true heading
of 090° is then set at the true heading index and the red track-line grid
is turned so that P and the true air spced of 100 mph (on the black air
speed scale of the base) both lie along the same red grid line. The ground
speed is then read from the red ground speed scale as 100 (to the center
red cross-line) 415 (above the center cross-line) =— 115 mph, and the
track is read from the track index as 097°.

On the third computer (E-6B), the wind is plotted and the true
heading of 090° is set as before. The green base grid is then slid into
position so that the true air speed of 100 is beneath the small center
circle. The ground speed of 115 mph is then read from the position of P
between the arcs for 110 and 120 mph, and the drift is read as 7° to the
right: 090° 4 7° = 097°,
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TO OBTAIN TRUE HEADING AND GROUND SPEED

Figure 132 shows an airplane making the flight under the conditions
of figure 181, except that this time the correct allowance for wind is be-
ing made in order to enable the airplane to track the desired true course
of 090°, This is the same problem illustrated in figure 86, which is re-
produced with the computer settings for easy comparison.

As before, the wind triangle of figure 86 is readily apparent on the
first computer. The required heading is obtained by subtracting the
“drift” angle of 8° from the intended true course of 090° —= 082° and
the ground speed is read directly as 113 mph.

On the Mk. VII the wind is plotted as before. The desired track of
090° is brought to the “track index,” then the two parts are turned to-
gether until P and the true air speed of 100 mph (on the black air speed
scale of the base) both lie along the same red grid line. The true heading
required is then read at the “true heading index,” and the ground speed
is determined as 99 ({o the center red cross-line) 4 14 (above the center
cross-line) =113 mph.

On the E-6B the wind is plotted as before, except that in this case
the 20 mph is laid off above the center, into the wind, since for this
problem the wind is to keep pushing the airplane toward the intended
track, represented by the cenier line; the intended track of 090° is next
set at the true index, The green base grid is then slid into position, with
H over the air speed arc for 100 mph. The ground speed is now read
beneath the small center circle as 113 mph, and the true heading is
determined as 090° minus the wind correction angle of 8°:(090°—8&°
= 0829,

In this conneclion it should be noted that with the Mk. VII the true
heading index and the track index always indicate those quantities; with
the E-6B the true index may indicate either the heading or the intended
true course (track), according to the problem.

When using the center line of the E-6B as the heading, to find the
track, the wind vector should be laid off “with the wind” (from the center
and away from the direction from which the wind blows) ; when using
the center line as the true course or track, to find the heading, the wind
should be laid off “into the wind” (from the center and toward the direc-
tion from which the wind blows). Some pilots who have difficulty re-
membering this rule at first lay off the wind both directions from the
center; then as soon as the computer is set for the next siep it is im-
mediately obvious which of the dots is to be used. With only a little prac-
tice, it is so easy to visualize the wind triangle on the E-6B that this
should present no difficulty.
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In figure 133 the problem of figure 98 is shown set up on two of
the three computers previously illustrated. In the upper part of the
figure there has been added in broken lines the triangle as it appears on
the computers; it should be obvious that the two triangles are similar

and equal.

t fe s equal to the N
e e angis (TG 38) 5t

,’ ------------- tnangle set up on the computers

T e e e
/7 TC =272° GS=179mph T~ ~—e—e___ £
P + 5
TH = &
W(=6° 278 AS= 1G5 poves o
A

Figure 133  Allowanee for wind on the Mark VIl and F 6B

On the Mk. V11 the wind is plotted; the intended track of 272° is
set at the track index; compass disk and grid are turned together until
P and the true air speed of 165 mph both lie along the same red grid
line. The true heading required is then read as 278°, and the ground
speed as 164 - 156 =179 mph.



ATR NAVIGATION COMPUTERS 171

On the E-6B the wind is plotted and the intended track of 272° is
set at the true index; the green base grid is then positioned with H over
the air speed arc for 165 mph (between 164 and 166). The ground speed
is now read beneath the small center cirecle as 179 mph, and the true
heading is determined as 272° plus the wind correction angle of 6° =
278°,

Most computers of the Mk, VII, E-6B, or Mk. 3A type, incorporate
scales of magnetic variation adjacent to the true index. Some navigators
find it convenient to draw an additional “magnetic index” arrow at the
variation existing in the vicinity of flight. That is, if the variation for a
given problem is 8° E., an index arrow is drawn at the corresponding
point on the scale, after which magnetic direction may be read at the
magnetic index, and the equivalent true dircctions may be read at the
true index, without arithmetic. It will be necessary to erase the magnetic
index, of course, and draw in a new one for each change in magnetic
variation.

No use is made of the variation scales in the following examples,
believing that it is simpler to work always in true directions, and that
the application of variation (and deviation) as already explained, is less
subject to error.

OFF-COURSE CORRECTIONS

Figure 131 illustrates the computer solution of the problem of figure
103. In the problem, with a true heading of 280°, a fix was obtained
after 57 minutes of flight which was 132 miles from starting point and
8 miles to the right of the intended track of 270°. On the Mk. VII, 8
miles is set off to the right of the center, and the red grid is turned until
this point and the 132-mile division of the black air speed scale both lie
along the same red grid line. The track index is now 814° to the right -
of the true heading index, indicating a track of 27314°; the ground
speed has been 132 miles in 57 minutes, or 139 mph. With these data,
then, the Mk. VII is set up as in figure 134. The true heading of 280° on
the compass disk is brought to the true heading index’ and held there
while the red grid is turned until the track index is at 27314°; the true
air speed of 135 mph is then found on the black air speed scale, and it is
noted that the red ground speed grid for 134 mph passes through the
point. The ground speed was 139 mph, so the red grid line is followed
to a point 5 miles beyond the red center cross-line, and the point is
marked with circle and dot (134 4- 5= 139). A line from the center to
the dot represents the wind direction and velocity; with the center line
of the grid directly over the air speed scale, the compass disk is turned
until the dot is directly below the center, along the air speed scale, when
the direction of the wind is read at the true heading index as 020°, and
the velocity as 17 mph.
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Figure 134,—Determmation of wind from off-course errors, using the Mark VIIL.

Now the compass disk is to be used for a graphic plot of A, B, and
the point where the fix was obtained. Bring 270° on the compass disk to
the true heading index; then, using a scale of 5 miles to each fine line of
the grid, locate A as shown in figure 135 and B 328 miles from A, since
B is 270° and 328 miles distant. Next, the fix F is located 132 miles from
A and 8 miles to the right of AB; bringing the fix and B along the same
red grid line (or equidistant between the same red grid lines) the true
course from the fix to D is read at the true heading index as 267°,

With the true air speed and new true course, and the wind direction
and velocity known, the computer is set up for the new wind triangle,
and a true heading of 274° and ground speed of 141 mph are determined.

The foregoing description sounds rather involved. The entire problem
should be set up on the student’s own computer, and followed through at
least three or four times, until each step becomes natural and logical,
when it will be found that the whole solution can be accomplished very
quickly.

With the E-6B the details are only slightly different. The true head-
ing of 280° on the compass disk is brought to the true index, and the
true air speed of 135 mph is positioned beneath the small center circle.
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The track was determined as 27814°, or 614° left from the heading;
therefore a circled dot is placed along the line corresponding to 614°
left drift at the arc distance corresponding to the ground speed of 139
mph. Then when the dot is brought along the center line, below the
center, the wind direction is read at the true index as 020°, and the
veloeity as 17 mph.

For the next step, when the compass disk is to be used for the
graphic plot, the rectangular grid is inserted under the compass disk and
the procedure is the same as with the Mk. VII, except that a scale of 10
miles to each fine grid line is used; see figure 135. When the true course
from the fix to B has been determined, the final wind triangle is solved
as previously described.
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DOUBLE DRIFT

The problem of figure 105 is easily set up and visualized on both the
Mk. VII and the E-6B. See figure 186. On the Mk. VII the true heading
of 045° is brought to the true heading index and held there while the
track index is turned 4° to the left; then a short portion of the red grid
line passing through the true air speed of 110 on the black air speed
scale is penciled in. Next the heading of 315° is set up and the track
index turned 8° to the right; again a portion of the red grid line through
the true air speed of 110 is penciled in. Finally, the intersection of the
two drift lines is turned to the center line, below the center, and the
wind direction is read at the true heading index as 197°, the wind velocity
as 19 mph. (Note: In fig. 136 the intersection is above the center, for
easier comparison with fig. 100, and in this case the direction from which
the wind is blowing is read at the “Drift Index.”)

With the E-6B the procedure is only slightly different. The true air
speed of 110 mph is set under the small center circle, the true heading
of 045° is brought to the true index, and a portion of the line represent-
ing 4° left drift is penciled in. Then the true heading of 815° is set up,
and a portion of the line representing 8° right drift is penciled in.
Finally, the intersection of the two drift lines is brought along the center
line, below the center, and the wind direction is read at the true index as
197°, and the wind velocity is measured from the center to the inter-
section as 19 mph. (As with the Mk. VII, in fig. 136 the intersection is
above the center, for easy comparison, and 180° must be added to the
17° at the true index).

RADIUS OF ACTION

An approximate solution of simple radius of action problems can be
obtained with one setting of the computer. In figure 137 which illustrates
the solution for the problem of figure 111, the triangle for the flight out
is set up for the known data, and the wind correction angle of 6° and
ground speed of 117 mph are determined.

As already pointed out (p. 112) a wind correction angle to be added
for flight in one direction must be subtracted for flight in the opposite
direction. This much is precise. Next it is assumed that the ground
speed on the reverse heading will be decreased by wind as much as it is
increased on the original heading (or vice versa)—that is, if GS,=AS
~+ effect of wind, GS,= AS minus the same amount. This is an ap-
proximation which is of satisfactory accuracy only if the wind correction
angle is not large.
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The data for the entire probler, gsing this method, May be taken
from the setting for the fiight out, and tabulated as {ollows:
TC. — 060° TCs —240°
—6WC 46 wC
78, S058° TH, =246°
g8, = 117 mph
—=AS+ 17
as, = AS— 17
--83 mph
Referring to re 111, it {s seen fhat with this method the GS, is
in error by only mph; solving for radius of action with the slide rule
eady Jdescribed, the time to turn is still found as 124. BY
volved is one-half minute. Whenever there i8

:eq the error in
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any question, precise results can be obtained only by solving separately
for the triangle out and for the triangle back.

ALTERNATE AIRPORT PROBLEM

Figures 114 and 115 show one method of solution for this problem.
The method was presented primarily for the clearness with which all
parts of the construction can be explained. In practice, the method
described in figure 116 provides a more straightforward and rapid solu-
tion. Since the latter is essentially the problem of flight from a moving
carrier, the solution will be worked out on the Mk. 3A plotting board,
which is used chiefly by the Navy. In order to save space, solutions of
the previous simpler problems have not been shown on the Mk. 3A; to
avoid misunderstanding, several of the simpler problems will be demon-
strated on the Mk. 3A before proceeding with the alternate airport
problem.

The one rule always to be observed with the Mk. 8A is that W is to
be located at the center of the board and E is to be plotted into the wind.
This is to permit full use to be made of the air speed circles, air speed
(WP according to the standard system of lettering) always being meas-
ured from the center of the board.

The simple drift problem of figure 84 is illustrated in figure 138. The
wind vector is plotted by bringing the “true index” to 315° and laying off
the wind velocity foward 315° in accordance with the scale of the rectan-
gular grid. The true index is then returned to 0° and WP is drawn rep-
resenting the true heading and air speed, with E'P representing the track
and ground speed.

In figure 139 the problem of figure 86 is shown. The wind is plotted
as before; then with the true index at 0°, EP is drawn along the grid line
parallel to the 090° line from the center (representing the track which it
is desired to make good from FE) to intersect the air speed circle of 100
mph at P. The true heading and air speed are represented by WP, the
true course and ground speed by EP.

Now taking up the alternate airport problem of figure 115 but using
the method of 116, the plot is shown in figure 140. The wind vector is
plotted as before, laying off E into the wind (toward 090°), The true
index is then brought to 230° and the line EP is drawn along the grid lines
parallel to the 230° setting, to represent the intended track, or true course;
WP is drawn to the intersection of EP with the air speed circle for 100
mph. As always WP is the true heading and air speed, EP the true course
and ground speed.

The remainder of the solution depends on locating the points S and P,.
The points P, S and P, are often referred to as I, II, III, respectively, since
the problem as a whole depends on these three points.

Point S is the position of the “carrier” at the end of one hour, or the
total distance between E and the alternate airport A divided by the total
time available-—in short, the position of E at the end of an hour’s imagi-
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' nary motion toward A. Point P, is obtained by extending PS until it
intersects the true air speed circle.

In order to locate S it is necessary to determine the direction and dis-
tance of A from E. In most cases this may be most easily determined from
the chart. When this is not the case, some unobstructed portion of the
board must be used for a “geographic plot” of the three airports.

In figure 140, E is located at any convenient grid intersection in the
upper right part of the board, since the plot in general will be toward the
southwest; when locating E, of course, the true index should be at 0°. The
geographic plot is an entirely separate drawing and may be at any con-
venient scale, rather than the scale of the wind triangles. The true index
is now brought to 230°, the true course from F to D, and D is located 350
miles distant from E along the grid line (or space) on which E is located.
The true index is then returned fo 0°, and A is located 140 miles due
north of D.

By turning the grid so that E and A both lie along the same grid line,
the bearing of 4 from E may be read at the true index as 252° 30, while
the distance is determined by the grid spaces between the two points as 281
miles. While the grid is so oriented, the line £'S may be drawn, extending
it as far as appears nccessary. Since 4 hours of flying time are available,
S can now be plotted one-fourth the distance from E to A. The point P,
is next located by aligning the grid with P and S and drawing a line from
P through S to intersect the true air speed circle; WP, and EP, are the
true heading and air speed after turning back, and the true course and
ground speed, respectively.

The rate of departure (R/D,) from the “carrier” (speed of relative
movement out, SRM,) is represented by SP; the rate of return (R/R)
after turning (speed of relative movement back, SEM,) by SP,. These are
scaled from the plot as 62 and 132 miles, respectively. Substituting these
values in the radius of action formula, the time to turn is found as
2:43:00—

62+ 132 (4) _ 132 (4)
T4:00(0) T L (O

The problem can be solved on the Mk, VII, using the compass disk in
the same way as the Mk. 3A, as shown in figure 141. First, a wind triangle
for the flight out is set up in the usual way, at the normal scale of the com-
puter, in order to determine the true heading and ground speed out as
accurately as possible.

Next, if the distance and direction from E to A are not known, they
must be determined from a geographic plot worked out in exactly the same
way already described for the Mk. 3A. This should be at as large a scale
as possible, but will usually have to be at a scale of 10 miles to each grid
square. The geographic plot may be located either in an unneeded part of
the compass disk, or near the center of the disk; in the latter case, the
direction and distance from E to A are written down, and the plot erased
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Figure 141.—Altoernate airport problem on the Mark VII and E-6B (problem of Gg. 118).

Finally, the combined drawing of the triangles for the flight out and
the flight back is constructed. As with the Mk. 3A, W is located at the
center of the disk, using the largest scale possible (in this case, 5 miles to
each grid square). E is plotted into the wind, 30 miles from W. The air
speed circle for 100 mph is drawn by holding the pencil point against the
compass disk, over the “Head wind scale” and 100 miles from W, and
rotating the disk under the pencil point. The true course out, 230°, is then
brought to the true heading index, and P is located on the air speed circle
along the same vertical grid line as E. Point S is located in the direction
EA, 252°, and 70 miles distant from E. Last of all, P, is located by align-
ing P and S horizontally and following the same grid line to its intersection
with the penciled air speed circle. With the compass disk so aligned, points
P and P, should always be equidistant from the vertical center line of the
grid (the “track index” line). This can easily be proved by geometry.

As always, WP, represents the true heading (009°) and air speed
EP, the true course (352°) and ground speed (99 mph) after turning. The
rate of departure SP-=62 mph, and the rate of return SP,—= 132 mph.
From these data the time to turn is found from the usual formula.

While the scale of the Mk. VII is rather small for this purpose,
fortunately the various parts of the solution tend to compensate for the
approximations involved. The time to turn usually differs from the exact
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figure by not more than a minute or two, although the true course and
heading after turning may be several degrees in error unless the plotting
is carefully done.

The problem can be solved in exactly the same way with the E-6B,
inserting the rectangular grid under the compass disk after obtaining the
true heading and ground speed for the flight out in the usual way.

The use of the geographic plot on the Mk. 3A or the other computers
has another practical application. Suppose, in the problem just discussed
that, instead of continuing to the maximum distance before turning, after
flying for 1:20:00 the pilot was advised by radio that weather had closed
in at his destination and he should proceed to the alternate airport.

With the data already on the compass disk, only a few moments are
required to determine the true course and distance and the ground speed
from his position at the moment to the alternate.

Suppose that the pilot maintains his original heading for 3 minutes
to insure time enough for obtaining correct results without hurrying. The
elapsed time will then be 1:23:00; at a ground speed of 121 mph this
represents 168 miles made good, as quickly determined from the slide rule
side. The true course of 230° on the compass disk is again brought to the
true heading index and 168 miles laid off from E {oward D; this represents
the point reached in 1:23:00. The compass disk is then turned until this
point and A are aligned with the grid and the true course of 279° to A is
read at the true heading index; the remaining distance to A is read from
the grid as 142 miles.

Now with the known frue course and air speed, and the known wind,
the usual large wind triangle is solved, and the true heading is obtained as
283°, ground speed 129 mph; time to make good 142 miles at 129 mph ==
1:06:00.

Figure 142 shows the Mk. 8A solution for the problem of figure 116,
including the geographic plot. No detailed description of this solution is
given, but the student should follow it through on his own computer, for
valuable practice. If any difficulty is met, reference to figure 116 or to the
problem just explained should point the way to the correct procedure.

INTERCEPTION

Figure 143 shows the solution for the problem of figure 122. As with
the alternate airport problem, this consists of two parts: the relative
motion triangle and the geographic plot. Since the motion of the ship is
westward, and the airplane will be intercepting from a point to the north,
the geographic plot is placed in the lower right corner. Base B is located
at a convenient grid intersection ; the true index is brought to 015°, and the
airport A located 125 miles distant. Next, the ship’s motion to the time
when interception is started (8 hrs. at 30 mph==90 miles due west) is
Jlotted and labeled T (Time of start of interception) ; the actual time is
Jsually added also, as shown in figure 119.

With W at the center of the board, the true index is brought to 815°

nd the wind vector is plotted to E ; the true index is then brought to 2702
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and the ship’s movement per hour is plotted to S. From S the true bearing
of the ship is plotted by aligning A and T of the geographic plot and draw-
ing a line from S parallel to the grid lines (and therefore parallel to AT);
the true bearing of 226° may be read at the true index. The intersection of
the line drawn from S with the air speed circle for 115 mph locates the
point P; E'P represents the true course (track) necessary to maintain the
required constant bearing, and also the ground speed; WP the true heading
necessary to make good that track.

From the geographic plot, the distance to intercept is 172 miles; from
the relative movement triangle the rate of interception SP is found as 80
mph. The time for interception, then, is the time required to close the 172
miles at 80 mph, or 172 ~- 80— 2.15 hrs., or 2:09:00.

Obviously this problem can be adapted to the Mk. VII or the E-6B,
just as described under the alternate airport problem, although the smaller
scale of these computers will not permit as accurate results.

If the ship to be intercepted changes course, the problem is no more
complicated, except that a separate triangle must be solved for each course
change. This is illustrated in the following problem, which is worked out
for the Mk. 8A in figure 144.

A convoy leaves Base B at 1420, on true course 258° at 22 knots,
changing course at 1450 to 240° at 27 knots. At 1510 a pilot leaves Airport
A to intercept the convoy, at a true air speed of 105 knots; wind is from
180° at 30 knots. At 1520 word is received by radio that the convoy is
again changing course to 258° true at 22 knots. Airport A is 173° and 148
nautical miles from B.

The first step in the solution is the geographic plot, which is placed
in a part of the board not required for the problem. Points A and B are
located and the track of the ship is plotted from B to the time when inter-
ception is started. T, marks the position of the ship at time 1450, the time
of the first course change, and T, marks its position 20 minutes later at
1510, one-third of its hourly speed distant from T, on ihe new course of
240°. This is all the information regarding the ship’s motion available
when interception is started. The direction of the ship from A at start of
interception is determined as 345°, and the distance to the ship is 145
miles.

With W at the center of the board, E is plotted into the wind, and S,
and S, are plotted from E; ES, is the ship’s movement for 1 hour on the
course of 240° being followed at the start of interception, ES, is its move-
ment for 1 hour on the changed course after 1520, when the convoy had
returned to its original course of 258° and speed of 22 knots. The vector
ES,, of course, and the rest of the second triangle, could not be plotted
prior to beginning the flight as the information was not received until 10
minutes after the take-off, at 1520, Points P, and P, are located by plotting
the true bearing of 845°, which is to be constantly maintained throughout
the flight, from S, and S,, respectively, to intersect with the true air speed
circle of 105 knots. The two relative wind triangles are then completed, the
second being shown in figure 144 by broken lines. The data from the two
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triangles are tabulated at the upper left of the figure, the use made of the
data at the upper right.

At the start of interception the distance between the airplane and the
convoy is 145 miles; the rate of approach 8,P, is 185 mph. At 1520, when
the convoy changed course, the airplane had been in flight for 10 minutes,
closing 22.5 miles of the distance between it and the convoy. When notified
of the change of course, only three lines had to be drawn and scaled (ES,
S.P,, and WP,) in order to know the new heading, the new track, and the
new rate of approach. From the slide rule side it is quickly determined
that the remaining 122.5 miles will be covered at 129 mph in 0:57:00,
making the time of interception 1617.

The accuracy of the solution can be checked by setting up on the
computer the successive true headings being flown and, with the known air
speed and wind data, determining and plotting the track and distances
made good.

In the first instance, with true heading 326°, the track is about 334°
and the distance made good at the ground speed of 131 mph is 21.8 miles,
On the geographic plot this track and distance are drawn from A as shown
by the light broken line in figure 144,

In the second instance, with true heading 329°, the track is nearly 836°
and the distance made good at the ground speed of 132 mph is 125 miles.
Plotting this track and distance from the position already obtained, we
arrive at the point of interception (P/I) previously plotted for the ship’s
movement.

In practice an exact check cannot be expected in this way, since
courses and bearings are obtained from the plot only to the nearest degree.
In the problem just finished, the actual track differs from the value in-
dicated by nearly half a degree, and the plotted track failed to meet the
P/I by a mile or so. With a combination of errors of negligible amount,
the position might fail to check by several miles.

TRACKING

This is one of the simplest problems on the Mk. 3A. It is only neces-
sary in each case to bring the true index to the true heading on the compass
rose and, using the grid scale, lay off the distance on each leg. The plot
may be made continuous (as in fig. 123), without regard for wind effect,
applying to the no-wind position at any given time the full effect of the
wind up to that time (as in fig. 124), in order to find the current position.

This problem, also, can be performed on the compass disks of the Mk.
VII and the E-6B, although the smaller scale makes this hardly practical.
Here, again, the better practice is to plot the track directly on the chart.

LATITUDE AND LONGITUDE

Closely related to the problem of “tracking” is the problem of de-
termining the latitude and longitude of the point reached at any given
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time. In order to facilitate the solution of such problems, transparent
templates are available from the Navy Department, showing an approxi-
mate Mercator projection and the principal coastal features of the United
States and possessions. Similar templates are available from the same
source, showing the Lambert projection but without shore line, making
them suitable for use in any longitude. Templates are intended to be in-
serted between the working surface of the plotting board and the grid
disk, still permitting clear visibility of the grid. By reference to the pro-
jection of the template it is an easy matter to scale off the latitude and
longitude of the point reached at any time,

When the desired templates are not at hand an approximate Mercator
projection may be constructed on the plotting board, as follows: Bring
the true index to 0° and draw in the parallels of latitude by tracing the
horizontal grid lines spaced 60 miles apart. Number these parallels as
whole degrees of latitude, with the central parallel numbered to correspond
to the latitude near the center of the area of the problem.

Now bring the true index to the number of degrees corresponding to
the mid-latitude and, along the diameter of the grid at right angles to the
true index line, mark with circle-and-dot the intersections at 60-mile
intervals from the center of the board, in each direction. Then return the
true index to 0° and through the circled dots draw lines parallel to the
vertical lines of the grid. These represent meridians 1° apart on the
approximate Mercator projection; number the meridians to correspond to
the longitude of the area of operations.

With the completed projection on the board and the true index at 0°,
the latitude of any point may be read from the horizontal lines of the grid,
which are uniformly spaced 10 minutes of latitude apart. The longitude of
the point may be determined by drawing a vertical line from the point
which will pass between the circled dots used for drawing the meridians;

» rotating the true index again to the number of degrees corresponding to
the mid-latitude of the projection; and reading (from the diameter of the
grid disk at right angles to the true index line) the number of minutes at
which the vertical line drawn from the point crosses the diameter.

In practice, the actual projection need not be drawn on the board. It
is only necessary to dot and circle the points through which the parallels
would be drawn and number them; then to dot and circle the points
through which the meridians would be drawn, and number them; and
finally to draw the inclined line through the circled points for the merid-
ians. The latitude of any point can be determined from the grid itself, as
already described; the longitude can be determined by drawing a short
section of a vertical line from the point, crossing the inclined line between
the meridian dots, then turning the disk until one of its diameters coincides
with the inclined line, and reading the longitude.

In high latitudes, where even an accurate Mercator projection has its
difficulties, the use of the approximate Mercator just described is scarcely
accurate enough. At latitude 75° errors in direction of more than 5° in
an east-west distance of 225 nautical miles are found, with corresponding
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errors in position. In such areas an approximate Lambert projection can
be drawn on the Mk. 3A, if required.

For example, let it be required to construct a Lambert projection
centered at latitude 73° north, longitude 160° west, With the true index at
0° draw the central meridian along the true index line, and label it 160°,
Now bring the true index to 73° and along the diameter at right angles to
the true index line mark with circle-and-dot the intersection 60 miles from
the center, toward the right. Return the true index to 0°, and 0.8 degree
beyond (that is, true index at 35992) ; the 098 is the convergence of any
meridian in this projection band with respect to any other meridian a
degree distant (see p. 47). With the true index in this position a line
through the circled dot parallel to the nearly vertical grid lines will repre-
sent the meridian for 159°,

With the true index at 0°, it is noted that the 159th meridian is about
17 miles east of 160°, measured along the diameter perpendicular to the
true index line. Since the meridians of the Lambert projection are evenly
spaced along any given parallel, the true index is now turned 196 west of
0° and the 158th meridian is drawn 17 miles east of the 159th, measured
along the same diameter. The true index is successively turned 0°8 farther
westward for each additional meridian until all have been drawn.

In order to draw the parallels, return the true index to 0° and along
the horizontal lines numbered, 0, 60, 120, etc., draw the section of each
parallel between the meridians for 160° and 159°; move the true index
0°8 westward and, from the ends of the lines just drawn, extend the paral-
lels 1° eastward; then move the true index 0°8 farther toward the west
and extend all parallels another degree eastward, in each case drawing the
lines parallel to the same grid lines.

With the east half of the projection completed the west half is drawn
in the same way, remembering that the iwo halves are symmetrical and
that on both halves the meridians converge toward the central meridian,
at the top. '

With the necessary projection indicated on the Mk. 3A, either by full
lines or by circled dots, the airport of origin (or the initial position of the
carrier) is plotted by latitude and longitude. This serves as the origin for
the geographic plot; any wind triangles or relative movement problems can
still be solved at the center of the board, as a separate problem. The pro-
cedure is further illustrated by the following example.

A destroyer leaves base B, latitude 38° 42/, longitude 74° 56’ west, at
0925, on a true course of 125°, at 25 knots. At the same time an airplane
leaves airport A, latitude 37°53’, longitude 75°36’, on true course 075°,
ground speed 120 knots; at 1015 heading is changed to make good a true
course of 165°, ground speed 128 knots; at 1039 heading is again changed
to 300°, ground speed 117 knots. At 1104 a submarine was sighted below.
Find: position of submarine, position of destroyer, and distance and diree-
tion of submarine from destroyer.

By rough estimate it is seen that the flight will be in general toward
the east, for a little more than 100 miles, corresponding to about 2° of
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iongitude at this latitude. Consequently the center of the board is taken
as latitude 389, longitude 74°. With true index at 0°, horizontal lines may
be drawn at 0, 60, 120, etc., to represent the parallels, or the grid inter-
sections at 0, 60, 120, etc., may be circled as in figure 145, allowing the
grid lines themselves to serve as the parallels. Next the true index is
turned to 88°, and a line is drawn along the cross-diameter, and circled
crossmarks are made at 60, 120, etc.; then with the index returned to 0°,
vertical lines may be drawn through the circled crossmarks to represent
the meridians, or the circled dots themselves may be allowed to represent
the positions of the meridians with respect to the vertical grid lines. In
either case, the meridians and parallels (or the circled dots representing
them) are numbered, as shown in figure 145,

Base B is now located, the course of the ship indicated, and the distance
made good between 0925 and 1104 at 25 knots — 41 miles is plotted. The
position is labeled “S (1104)” and its latitude is determined as 38°19’,
longitude 74°13’.

Airport A is located and the true course and distance made good be-
tween 0925 and 1015 at 120 knots (100 nautical miles on true course 075°)
is laid off, and labeled “P (1015)”; then the true course and distance to
1039 (51 miles on true course 165°) ; and finally the true course and dis-
tance to 1104 (49 miles on true course 300°). This position is marked
“P (1104),” and the latitude is read as 37°54’, longitude 74°11’.

The direction from the 1104 position of the destroyer to the cor-
responding position of the airplane (which is the same as that of the sub-
marine), is 176°, and the distance is 25 miles.

From the preceding discussion the way in which this problem can be
adapted to the Mk. VII and the E-6B should be obvious. It is quite possible,
even on these small-scale computers, to construct a projection covering
about 8° of latitude and of longitude at a scale of about 1:8,000,000, which
is the scale of the long range navigation charts. In general, however, it
seems more practical to plot problems of this nature directly on the chart
of the area, rather than to work with small-scale approximations, of
limited accuracy, which must still be referred to the chart before the re-
sults obtained take on much meaning. When this is done, however, care
should be taken to distinguish between the graphic scales printed on the
charts (which are in statute miles) and the nautical miles (minutes of
latitude) in which many problems of this kind are worked.

RADIO BEARINGS ON A MERCATOR CHART

Since a radio impulse follows a great-circle track, a radio bearing
represents the initial direction of the great circle between the positions of
the aircraft and the radio station. In order to plot a radio bearing as a
straight line on a Mercator chart, the great-circle direction must be con-
verted to a rhumb-line direction. As discussed more fully in Chapter IX,
the necessary correction is equal to one-half the convergence between the
meridians passing through the aircraft and the radio station.
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' “Convergence” as used here refers to the convergence of meridians on
the earth. It has no reference to the convergence of meridians of a partic-
ular Tambert projection (see p. 47), although the Lambert convergence
closely approximates that of the earth. The correction for convergence
discussed here is unnecessary when the properties of the Lambert projec-
tion are used to best advantage.

The correction for convergence may be determined with sufficient
accuracy as one-half the difference of longitude muitiplied by the sine of
the mean latitude between the two positions. It may be obtained graphically
or by mathematics, as in the upper part of figure 146. It may also be de-
termined easily with computers such as the Mark VII and E-6B, as shown
in the lower part of the same figure.

With 0° at the true index, one-half the difference of longitude is laid
off below the center of the disk. When the difference of longitude does not
exceed 10°, a scale of 1° for each 10 miles of the grid can be adopted ; that
is, the zeros may be disregarded, and 10, 20, etc., may be read as 1, 2, 3, 4,
and 5 degrees. In this case, a circled dot is placed at 5 (equal to one-half
the difference of longitude). The compass disk is then rotated until the
mid-latitude (60° in this problem) is brought to the true index, when the
correction is read as 4933, the distance of the dot from the center grid
line.

From the foregoing, the determination of this correction on the Mk.
3A will be obvious.

QUESTIONS

1. What two “indexes” or rcference points are printed on the slide
rule side of most computers? Describe the general purpose of each such
index.

2. Name a third index often added to the slide rule side, and state
its purpose.

3. What is meant by the 4, B, and C scales of an air navigation
computer?

4. Why is temperature a factor in the computer setting to determine
the true air speed?

5. If the Fahrenheit temperature were reported and your computer
contained only the centigrade scale, how would you convert to centigrade?

6. State the formula for radius of action in its most convenient form
for solution by computer.

7. When using the E-6B when should the wind vector be laid off with
the wind, when into the wind?

8. In determining the true heading to make good the intended track,
using the E-6B, should the air speed curve be brought under the center of
the compass disk, or under the dot at the end of the wind vector?

9. Can all four computers discussed in this chapter be used for the
determination of wind by double drift?

10. Describe the approximate method for solving simple radius of
action problems at one setting of the computer.
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11. How may the alternate airport problem be compared to flight
from a moving aircraft carrier?

12. Why is W always placed at the center of the Mk. 8A plotting
board?

13. What is the best way of determining distance and direction be-
tween two points?

14. Is it more, or less, desirable to plot track on a copy of the chart
than on the grid of the plotting board? Why?

15. Why must a radio bearing be corrected before it can be plotted
on a Mercator chart?

ATR NAVIGATION COMPUTERS

PROBLEMS

1. Multiply the following numbers, and check your results by
arithmetic:

87 24 39 X 26 228 3 28
8.7% 24 92 ¢ 8.9 22.8 X 22.8
240 % 33 77X 6.3 125 % 16.2
27X 27 7.7 36 32 23
19 X 27 43% 15 4.7 38
2. Perform the division indicated, and check your results:
273 +-91 242 + 12 228 28
273 +90 408 - 27 125 =~ 16
3913 9.6 =48 88 24
275+ 5.5 64.5 43 96 +- 16
318 -+~ 10.6 359 - 92 230+ 438
3. Solve the following problems in percentage:
23% of 180 93% of 125
30% of 165 125% of 93
80% of 142 12.5% of 93
76% of 135 39% of 156
84% of 173 113% of169

4. Obtain 86% of the following numbers:
28, 34, 125, 165, 180, 16, 115, 52, 365, 144

5. Indicated air speed on climb is 120 mph to cruising altitude of
8,000 feet. Elevation of airport is 1,000 feet. What is the true air speed?
{Hint: without knowledge of temperature, the approximate correction is
9% ; see p. 130; 109% of 120 mph = )]

6. Indicated air speed on descent is 90 mph from cruising altitude of
4,000 feet to airport at 600 feet. What is the true air speed?

7. Solve the following problems in proportion:

24_ 30  x 160 18_ 36
36 x°' 125 ~— 168’ 227 x°!
36 b 4 210 168 82 x
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8. In solving a simple radius of action problem, the ground speed out
was determined as 92 mph, ground speed back as 123 mph, total time avail-
able 3:30:00. Find the time to turn and the distance to the point of turning.

9. In a flight from a moving carrier the rate of departure relative to
the carrier was 68 mph, the rate of return 108 mph; total time available
8:00:00. Find the time to turn and the farthest distance from the carrier.

10. In the blanks below, fill in the equivalent centigrade or Fahren-
heit temperatures:

Centigrade- 52 | 100 —-10 l 20 -40
Fahrenhert: ‘ 32 100 —10‘ 20 -3

11. In the blanks below, fill in the equivalent number of nautical miles,
statute miles, or kilometers. If your computer does not have the special
indexes, or arrows, for these conversions, remember that 1 naut. mi. = 1.15
st. mi. =~ 1.85 km.; 1 st. mi. = 0.87 naut. mi.=—=1.6 km.

Nautical miles 28 115 87
Statute miles 28 185 225 | 180

Kilometers. 28 160 326

12. While flying at an indicated altitude of 5,600 feet a temperature of
— 4° C. was observed; pressure altitude was 5,000 feet; what was the cor-
rect altitude?

13. If, in the above problem, it was known that the temperature at an
airport in the same vicinity was -+10° C,, and the elevation of the airport
was 800 feet, what corrected altitude should you have obtained?

14. With a calibrated air speed of 110 mph under the conditions of
problem 12, what was the true air speed? With a temperature of 0° C. at
5,000 feet, what would have been the true air speed?

15. A landmark 18 miles out is passed after 11 minutes of flight. What
is the ground speed?

16. At a ground speed of 135 mph, how many minutes will be required
to make good 10 miles? 257 637 927 108 miles? How many miles in 10
minutes? 307 45 minutes?

17. A 2-mile speed course is flown in 53 seconds. What is the ground
speed? What ground speed if flown in 38 seconds? (Hint: use the 36-
index.)

18. An airport is 2.2 miles from a radio range station. At a ground
speed of 100 mph, how long will it require to break through over the air-
port?

19. A given airplane uses 17 gallons of gasoline per hour. How many
gallons are required for 2 hrs. 45 min.? At 22 gallons per hour, how many
for 3 hrs. 256 min.?

20. With 125 gallons of fuel and a consumption of 23 gallons per hour,
how long may an airplane be flown (disregarding any required reserve) ?
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21. A fuel consumption of 77 gallons in 2 hrs. 12 min. was noted.
What is the fuel consumption per hour?

22. With 150 gallons of fuel and an hourly consumption of 22 gallons,
how many hours of flying time are available, allowing a reserve of 25%?
allowing a reserve of 45 minutes?

23. True course is 240°, true air speed 135 mph; wind from 160° at
24 mph. Find the true heading.

24. True heading is 240°, true air speed 135 mph; wind from 160° at
24 mph. Find the drift angle and track.

25. Compass heading is 185°, true air speed 140 mph, variation 10° E.,
deviation as in figure 54; wind 270° at 28 mph. Find the drift angle and
track. '

26. On a true heading of 135° a drift angle of 7° L is observed; on
true heading 225° drift is 3° L; true air speed 120 mph. What is the wind
direction and velocity?

27. On a true heading of 280° a drift angle of 3° R is observed, and
on true heading 190° drift is 6° L; true air speed 135 mph. What is the
wind direction and velocity ?

28. An airplane is being flown on a true heading of 300° at a true air
speed of 105 mph ; the track is determined from charted landmarks as 292°,
ground speed 97 mph. What is the wind direction and velocity ?

29. A pilot is to scout as far as possible on true course 65° and return
to the same base. True air speed is 135 knots; wind is 180° at 25 knots;
fuel is available for 8 hours 30 minutes. How far from base (in nautical
miles) can he fly?

30. It is desired to construct a time scale showing 10-minute intervals
on a sectional chart, for a true air speed of 160 mph. Considering the scale
as 8 miles to the inch, how long (in inches) should each division of the
scale be (that is, the distance covered in 10 minutes, reduced to the scale
of the chart) ?

31. The distance and direction from A to B are 320 miles, true course
320°, true air speed 140 mph; wind is 170° at 32 mph. Hdéw long will the
flight require?

32. Base B is 400 miles distant from E, on true course 025°. Alternate
airport A is 335 miles from E on true course 080°. Wind is from 070° at 30
mph; 5 hours of flying time are available, at 120 mph. If the flight begins
at 1000, what will be the latest time to turn, the distance from E to point
of turning, true heading and ground speed after turning?

33. At start of flight a true heading of 215° is flown, in order to make
good a true course of 220°; true air speed 110 mph, distance to go 325
miles, After flying for 01:07:00, a fix is established 16 miles to the left of
the intended true course and 136 miles from the starting point. Find wind
direction and velocity, and true heading and ground speed from the fix to
destination.

34. The true course from A to B is 854°, distance 345 nautical miles;
wind is from 800° at 35 knots. A ship leaves B at 1130 on true course of



P g P . S
g SO
.

=

198 PRACTICAL AIR NAVIGATION

210° at 28 knots; an airplane leaves A at 1230, true air speed 140 knots, to
intercept. Find the time of interception, and the true heading to intercept.

35. A seaplane leaves A at 1420 on compass heading 200°, true air
speed 140 knots; at 1500 compass heading is changed to 310°. At 1520 a
life raft is sighted below. Wind is from 180° at 20 knots; variation 5° E,,
deviation as in figure 54. Find distance and direction of raft from A. If
latitude of A is 30° N., and longitude is 85° W.,, find latitude and longitude
of raft.

36. Determine (to the nearest half-degree) the correction to be
applied to the following radio bearings in order that they may be plotted
on a Mercator chart:

Longitude of station | Approximate longitude Mean latitude Merecator correction
of aircraft
4°00°' W, 5°00'E 50° N. e
81°00' W. 90° 30’ W. 30° N. .. I
121° 15' W, 114° 45" W, 40° N. .- e e o
172° 35’ W, 177°25' B 15° 8, S
166° 00’ W. 171° 00’ E 64° N. - I
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Chapter IX.—RADIO NAVIGATION
THE IMPORTANCE OF AERONAUTICAL RADIO

In many respects, radio navigation offers the simplest and easiest
methods of position-finding in flight. Radio aids to navigation are avail-
able which keep a pilot on course and warn him of any departure from the
radio path; which point out his destination and keep him informed of the
weather ahead; provide him with maps and printed communications while
in flight; tell him how high he is above the ground; bring him landing in-
structions from the traffic control towers of busy airports; which even
enable him to “see” through fog or haze, and guide him down to safe
landings when he cannot see the ground.

The improved equipment and methods now available to the armed
forces cannot be discussed in detail during the war, but it is possible to
say that radio will be of even wider usefulness and importance after the
war than at the present time. One interesting prediction * indicates some-
thing of the possibilities:

“Air traffic of the future will be guided by chains of ultra-short-wave radic beacons,
as air traffic of past years was guided by chains of light beacons. They will cross the
continent hke highways, enabling the aviator to fly above the clouds and yet see his
way in three dimensions by radio vision, as unmistakably as if he were looking at rows
of street lights on a clear night.” .

One important advantage of radio navigation is that it continues to
function in blind flying, when other methods fail or become very uncertain.
Even the light-plane owner, with no more equipment than an inexpensive
portable receiver, may enjoy radio range navigation; with the same equip-
ment he may add to his safety by receiving the latest weather reports while
in flight, and landing instructions from the control tower when he reaches
his journey’s end. Already there are a number of airports where aircraft
not equipped with radio are forbidden.

Within the limits of one brief chapter it is impossible to treat in detail
all the equipment that is available or to discuss the special methods possible
with the varijous forms, and the merits and disadvantages of each. Rather,
it is the aim here to present the general principles involved and to outline
the methods of converting the information received into bearings and
positions which may be plotted on a suitable chart. An important con-
sideration in this connection is that the underlying principles do not

! From a speeth by Dr Ernst F. W. Alexanderson, of the Gencral Electric Company, as reported in
the Bulletin of the American Metegrological Society, October 1943,
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change, although it sometimes seems impossible to keep a text up to date
with the present rapid development of radio apparatus.

For the United States, a chart on the Lambert projection is ideal for
all methods of radio navigation, since its meridians converge s0 nearly in
conformity with the meridians of the earth that no corrections nor com-
putations of any sort are required. A radio bearing may be plotted directly
and correctly on the chart. Within any of the Lambert and stereographic
projection bands provided for aeronautical charts of the world (see fig.
32), the same advantages are to be found. For an area centered near the
junction between bands, special charts, based on the standard parallels
best suited to the area, will provide the same excellent properties.

THE RADIO RANGE SYSTEM

Of the various methods of radio navigation, perhaps the simplest and
best known is provided by the radio range system of the Civil Aeronautics
Administration, illustrated in figure 147.

Each radio range station marks four courses, or equisignal zones,
which are normally 90° apart, although this spacing is often varied in
order that the courses may coincide with the established airways. For
example (see fig. 148), the northeasterly course of the Jacksonville radio
range station is directed along the airway to Savannah; the southeasterly
course along the airway to Miami. The westerly course is directed along
the airway to Tallahassee, while the easterly course is directed out to sea.
The four courses from each station are obtained as follows:

Y NN
— L COurse /AT 7722 e~ NN NANNNNERTIANNNY

Radio Range
Station

Figure 148 --Jacksonville radio range station.

Into two diagonally opposite quadrants (fig. 148) the letter N (. .) is
ransmitted in Morse code, and into the remaining pair of quadrants the
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letter A (._.) is transmitted. Each quadrant slightly overlaps the neigh-
boring quadrants, and in the narrow wedge formed by the overlap the two
gignals are heard with equal intensity, the dots and dashes of the two
signals interlocking to produce a continuous signal, or monotone. Thus, a
pilot will hear the continuous dash while he is on course; if he deviates to
one side of the course he will hear the dot-dash (A) signal, and if he
deviates to the other side he will hear the dash-dot (N) signal. The on-
course (equisignal) zone is commonly referred to as the ‘“beam.” While
this is not technically exact, since it is not a beam that is broadcast, it has
become so firmly established in popular usage that it will frequently be
referred to as ‘“‘the beam” in this text.

On the aeronautical charts of the Coast and Geodetic Survey the
radio range system is usually shown in a pink tint, and the A and N quad-
rants of each station are indicated by red letters near the ends of the
beams; see plates IIT and IV. For some special purposes, a solid line is
printed along the edge of each beam adjacent to the N quadrants, and the
letters are omitted. By reference to the chart, pilots may know from
the signals received whether they are on course, or to the right or left
of the course.

The beam is about 8° in width, depending largely upon the orientation
of the courses, the receiving equipment used, and thg technique of the
observer. Maximum sharpness of the beam is obtained with the receiving
set tuned to the minimum practical volume.

As an aid to orientation, a uniform procedure is followed in the
designation of quadrants. The letter N is always assigned to the quadrant
through which the true north line from the station passes; or if the center
of a beam coincides with true north, the letter N is assigned to the adjacent
quadrant on the west. In Canada the letter N is assigned to the north-
west quadrant, which is the quadrant through which the true bearing of
315° from the station passes.

The range signals are interrupted about twice each minute for the
transmission of the identifying signal of the station, which consists of two
letters in continental code. This signal is always transmitted first in the N
pair of quadrants, then in the A quadrants. If a pilot is near the bisector
of an N quadrant, he will hear a series of dash-dot (N) signals, followed
by the identifying signal, but will not hear the dot-dash (A) signals, nor
the identifying signal which is transmitted into the A quadrants.

If he is on course, he will hear a dash, or monotone about 30 seconds
long (the A and N signals interlocked), followed by the identifying signals,
which are transmitted first into the N quadrants and then into the A quad-
rants. As long as a pilot remains on the beam, the identifying signals
from both the 4 and the N quadrants will be heard with equal intensity;
when following the beam, therefore, some pilots fly so as to keep these two
signals of equal strength instead of trying to maintain the on-course mono-
tone. If a departure from the bearp occurs, one identifying signal becomes
noticeably weaker than the other; if the first of the two signals received is
the weaker, the pilot knows he is in an A quadrant; if the second signal is
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wezaker, he is in an N quadrant. In either case, of eourse, he knows his
position with reference to the beam. When off course, experienced pilots
are able to estimate approximately the angular departure from the beam
by means of the relative strength of the two identifying signals received.

Under good receiving conditions the first method (flying so as to
maintain the on-course monotone) is more precise; under unfavorable
atmospheric conditions the latter method is generally preferred.

At most of the range stations now in operation provision is made for
simultaneous broadcast of voice and range signals. By means of filters,
pilots may listen to the range signals, the broadcast, or both. All stations
equipped for simultaneous broadcast of voice and range signals are also
equipped for transmitting an “attention signal” to warn pilots who may be
listening only to the range that a voice broadcast is about to be made. This
signal consists of a series of dots transmitted for a period of one second
(10 to 12 dots). After ending the attention signal, a 5-second delay is
observed before beginning the voice broadcast.

At the older stations, a number of which are still in service, the range
signals are interrupted at scheduled intervals for brief weather reports of
interest to those flying the airway on which the station is located. In order
to provide continuous range operation in emergencies, weather broadcasts
may be omitted on request.

The radio range stations are usually located near a terminal airport or
an intermediate landing field, and, whenever possible, they are so situated
that one of the four beams lies along the principal runway or landing area
of the airport, thus facilitating radio approach landings under conditions
of low visibility.

Airway radio range stations are either full power or medium power,
depending on the alignment and distance along the airway to be served.
In addition, stations exactly similar to the range stations already deseribed,
except that they are of quite limited power and range, are located at or
near a number of important terminal airports. They are always so placed
as to localize the landing area very definitely, and provide a positive control
for landings in bad weather. The range courses from these airport radio
range stations are also shown on the aeronautical charts by a pink tint,
but the bearings are often omitted because of congestion in the vicinity of
major airports. Pilots desiring complete data should obtain them from
Flight Information Bulletin No. 3, “Air Navigation Radio Aids,” issued
by the Civil Aeronautics Administration.

From the foregoing it is evident that the use of the radio range system
is basically simple, and should present little difficulty.

Due to the effect of wind, as well as irregularities in maintaining the
required heading, it is seldom possible to hold steadily to the track marked
out by the beam. Instead, if the pilot is slightly to the right of the beam
he heads a few degrees to the left until the on-course signals are heard,
then a few degrees to the right until the off-course signals again pre-
dominate, etc. In this way he “weaves” along the right-hand edge of the
equisignal zone, making frequent checks of the charted bearing of the



204 PRACTICAL ATR NAVIGATION

beam by means of his compass. There are several other factors, also,
which may prove confusing unless the principles involved are understood.

REVERSAL OF SIGNALS

As an airplane passes over a radio range station there is an apparent
reversal of the directions of the 4 and N quadrants. For example, an air-
plane approaching the radio station of figure 148 from the north will have
the A quadrant on its left, the N quadrant on its right; but as soon as it
has passed the station the N quadrant will be to the left and the A
quadrant to the right.

THE CONE OF SILENCE

Directly above the antennas or towers of the radio range station there
is a cone of silence, a limited area shaped like an inverted cone, in which
all signals fade out. Just before entering the cone of silence the volume of
the signals increases rapidly; as the airplane enters the cone, the signals
fade out abruptly for a few seconds, the length of time depending on the
speed or the airplane and the diameter of the cone at the level of flight.
When the airplane first leaves the cone, the signals surge back with great
volume before they begin to fade as the distance from the station increases.
If the airplane passes over the station a bit to one side ¢f the cone, and the
receiver is not kept to minimum volume, the signals do not entirely fade out.

Sometimes there is a momentary fading of signals, or a false cone of
silence, at other points along the airway, but this can be distinguished
from the true cone of silence by the nonreversal of signals, and by the
absence of the surge of volume at the edges of the cone, which should have
taken place in passing over the station. In order to avoid any uncertainty
from this cause, ranges are equipped with “Z” marker beacons, which
emit a distinctive, high frequency radio signal in the cone of silence. This
signal may be received aurally, in the pilot’s earphones; or visually, as a
light on the instrument panel. Since it is of very high frequency, a sepa-
rate receiver is required.

MULTIPLE COURSES

Multiple courses exist at some locations—particularly in mountainous
country. That is, the equisignal zone, which is normally about 3° in width,
may be broken up into a number of narrow on-course bands with a total
spread of 10° or 15°, or even more. Between these narrow on-course bands
the proper quadrant signal is usually heard, although an A signal is some-
times found in an N quadrant, and vice versa. Figure 149 shows the con-
ditions on the Salt Lake City radio range courses at distances of about 12
and 28 miles from the station.

From figure 149 it may be seen that in most cases a multiple course
has the same signal on both sides of the course; also, a multiple course can
often be recognized by its narrow width in comparison with a true range
course. Pilots can lessen the danger of following one of these false courses
away from the established airway by checking the magnetic course being
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made good (the compass heading plus or minus deviation and wind effect)
against the magnetic direction of the beam printed in the chart. This item
is of less importance when flying toward the station, since in most cases
even a false range course could be satisfactorily used for homing. In some
cases, however, the multiple courses are discontinuous, appearing and dis-
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INgure 149.—Salt Lake City radio range station, showing multiple courses

appearing. When a multiple course is used for homing it should be re-
membered that it may lead over terrain that is dangerous because of high
mountain peaks.

BENT COURSES

A related difficulty is found in bent courses. As a rule, the bend is
relatively small, and is of little importance since it bends away from and
around the obstruction that causes it; however, in mountainous country
bends of as much as 45° have been noted. Several such bends may occur
in a short distance, and to attempt to follow them without a thorough
knowledge of their relation to the terrain, previously gained under condi-
tions of good visibility, might prove impossible. If the airplane continues
in straight flight under these conditions, the range courses seem to be
swinging from side to side.

NIGHT EFFECT

Beams from range stations using the old loop antenna do swing at
night-—often to such an extent that they are not usable at distances more
than 25 miles from the station. This phenomenon is known as night effect,
and has been largely eliminated in more recent installations by using four
vertical radiators instead of two crossed loop antennas. At many of the
more important ranges a monitoring device automatically transmits a
Morse X three times in succession whenever the beam swings out of its
intended alignment, providing pilots with a warning of the condition.

SUMMARY

In view of the difficulties mentioned, when flying blind (on instru-
ments) it is important to maintain an altitude well above any nearby peaks
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" or obstructions—and in interpreting the word “nearby” a generous allow-
ance should be made for any possible uncertainty as to the position of the
airplane,

Mention of these weaknesses should not destroy confidence in the
radio range system, which as a whole is very dependable, and one of the
most effective aids yet developed. They are presented here in order that
pilots may be ever on the alert, taking nothing for granted when the safety
of life and property is at stake.

Some of these difficulties may be greatly reduced as the result of
development work by the Civil Aeronautics Administration. For example,
the use of very high frequencies is expected to afford definitely improved
performance, including almost complete freedom from static and from
orientation problems. Considerable work has been done on an omnidirec-
tional radiobeacon, which is intended to give the equivalent of a range
course from any direction toward the transmitter.

THE RADIO RANGE AND DEAD RECKONING

For most effective use, the radio range system should be regarded as
an aid to dead reckoning. With any form of radio navigation there is
always the possibility of mechanical failure, either in transmission or
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Figure 150,—The danger of neglecting drift in
radio range navigation.

reception; in such cases, the pilot who has neglected other methods of
navigation may find himself hopelessly lost and without the information
necessary for safely completing the flight.

One of the greatest advantages of the radio range system is that pilots
need not be directly concerned with corrections for drift. As long as the
airplane is kept along the right side of the beam (with reasonable pre-
caution against multiple courses), they ean be certain of the track made
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good over the ground. This does not mean, however, that drift may be
safely neglected; in order to keep the airplane along the edge of the range
course it may be necessary to head the airplane into the wind at an
appreciable angle. It is important that this angle be observed, and that
every possible check should be made of current wind conditions and the
proper allowance for wind.

Figure 150 illustrates what actually happened in one case, through
failure to make proper allowance for wind. A pilot was flying south, along
the right side of the beam, at position 1. Due to a pronounced change in
wind direction which had not yet been detected, no allowance was made
for the northwest wind. Under the action of this wind the aircraft drifted
into the northeasterly A quadrant, as shown at 2. The pilot supposed he
had crossed the westerly beam, and was in the southwesterly A quadrant,
at 3. He therefore turned toward the east, with the idea of getting on the
southerly beam, but struck the side of a mountain, near 2, as indicated.

THE PROBLEM OF ORIENTATION

Ordinarily, the most difficult problem that may arise is that of quad-
rant identification and of finding a beam as quickly as possible from an
unknown position. This procedure is known as “orientation.” For the
solution of this problem an accurate aeronautical chart is indispensable;
only from this source can the pilot learn the identifying signals of the
stations in his vicinity, the relative positions of the four radio range
courses from each station, and the magnetic directions of the beams. Here,
again, the fact should be emphasized that a chart, once sold, can be cor-
rected only by the user. Before beginning any fligcht in which the use of
radio may become necessary, the .charted data should be checked against
the latest edition of AIR NAVIGATION RADIO AIDS and subsequent issues of
the WEEKLY NOTICE TO AIRMEN, and any changes should be noted on the
chart.

In describing the various methods of orientation frequent reference
must be made to procedure turns, the “right-hand edge” of a beam, the
average bisector, and beam bracketing. These terms will, therefore, first
be explained.

Standard procedure turn.—This is a turn made at the standard rate
of 360° in 2 minutes (3° a second) by reference to the turn-and-bank in-
dicator; see page 68. If it is desired to reverse the direction of flight along
a beam, the airplane should be turned 45° to the right from the heading
that kept the airplane along the right-hand edge. This heading should be
maintained for about 1 minute; then a 180° turn should be made to the
left, and this heading maintained until the far edge of the beam is reached,
and the right-hand edge is bracketed.

After the direction of flight along a beam has been reversed any allow-
ance for drift must also be reversed. For example, when approaching the
Sta.tion of figure 151 along beam 4 a magnetic heading of 110° was re-
quired to maintain the right-hand edge; that is, an allowance of 6° for
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wind has been added; for flight in the opposite direction 6° should be sub-
tracted, and a magnetic heading of 278° should maintain the right-hand
edge.

The right-hand edge of a heam.—This phrase refers to the zone where
the on-course monotone is continually audible and the signal to the right
can also be faintly heard—so faintly that only every fourth or fifth signal
can be distinguished.

The average bisector.—When the course-pattern of a station is not
symmetrical it is important to use the average bisector of the two possible
quadrants; admittedly, this is less desirable than using the bisector of the
quadrant in which the pilot is located, but it is much more desirable than
using the bisector of the wrong quadrant. Once the quadrant has been
definitely identified, the bisector of the quadrant so determined should be
used rather than the average bisector.

Figure 151.--Identification of th- quad and range course; 90° turn mcthod.
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In figure 151 the average bisector of the two A quadrants is deter-
mined as follows: the bisector of the northeast quadrant is (194° -+ 293°)
+— 2=—243°; the bisector of the southwest quadrant is (352°- 104°) -
9—9228°. The average of the two bisectors, then, is (243° - 228°) -2
= 235°, or its reciprocal, 055°. For greater ease in reading the compass
or directional gyro during orientation procedure, bisectors are always
determined to the nearest 5°.

An easier method for obtaining the average bisectors for both pairs
of quadrants at once, is to add the bearings of the four beams exactly as
they are printed on the chart, and divide the total by 4. The result is the
bisector of one of the quadrants, and the average bisectors of the other
quadrants are all at 90° intervals from it—always. For example (fig.
151),

194° 285° average bisector No. 1
293° -+ 90
352: 325° average bisector No. 2
104 + 90

4943 —

055° average bisector No. 3
235° an average bisector -+ 90

145° average bisector No. 4

Bracketing a beam.—This is the process by which a pilot, having
intercepted a beam not yet positively identified and at an angle only ap-
proximately known, endeavors to track the right-hand edge of the beam.
The general procedure is illustrated in figure 152, on the easterly beam
of the Harrisburg range station.

The compass heading upon intercepting the beam (855°) is noted
and continued until the first off-course signal on the opposite side of the
beam is received, A standard rate turn is then started to the left and
continued until the first on-course signal is received (never exceeding
180°), when the compass heading is again noted (230°) and a standard
rate turn to the right is begun. These two headings (le and 1b) con-
stitute the first “bracket,” the angle between them being 125°. The right
turn should be continued until the first off-course signal is received and
the bracket is reduced by about 25% : that is, until the compass heading
is approximately 355° —25% of 125°, or 325°. As soon as the edge of
the beam has been reached, another standard rate turn to the left is
begun and continued until the first on-course signal is again received and
a compass heading of approximately 230°-+25% of 125°, or 260°, is
reached. These two compass headings (2a and 2b) are the second bracket,
which has now been reduced to 65°. Each succeeding bracket is reduced
by about 25%, the next bracket (3a and 3b) being determined as 325°—
256% of 65°=2310°, and 260°425% of 65°=275° The nearest 5° is
used for each heading.

With practice, the heading required to maintain the right-hand edge
of the beam can be determined within a few degrees after four or five
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brackets have been flown; as skill is built up in interpreting and
anticipating the signals, the amount of turning can be still further re-
duced. The difference between the heading required to maintain the right-

Figure 152.—Bracketing a beam.

hand edge of the beam and the charted bearing of the beam is the drift
angle—information which the pilot should endeavor to have at all times.

METHODS OF ORIENTATION

There are several favored methods of quadrant identification and of
finding the beam as quickly as possible, and the pilot should become
thoroughly familiar with each of them in order to solve any given prob-
lem with the least delay. In the following discussion of these methods it
will be assumed in each case that the pilot knows, from the signals received
that he is in one of the two A quadrants of the Harrisburg radio range
station, but does not know which one. In the various illustrations the
beams are numbered for convenient reference in this text, but the num-
bers have no other significance.

The 90° turn method.—This was the first method of orientation to be
developed. It is still popular because of its simplicity and uniformity,
and is probably as good as any when within reasonable distance of a
range which has quadrants approximately 90° each.

Under this system a heading is flown at right angles to the average
bisector of the two possible quadrants (fig. 151). Since the average bi-
sector is either 055° or 235°, the heading at right angles to it may be
145° or 825°. If the heading of 325° is chosen, then it is certain that
beams 2 and 3 are somewhere behind the airplane. The pilot continues on
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the heading of 825° until the on-course signal is received; through the
beam until the first N signal on the other side is heard; then makes a
90° turn to the right.

He knows he has intercepted either beam 1 or beam 4. If it is beam
4, the N signal continues after the turn; if it is beam 1, the on-course
gignals will be heard first, then the A signal again. Thus the signals
received definitely identify the beam intercepted.

After making the 90° turn to the right, if it is determined that beam
1 has been intercepted, the heading is maintained for 1 minute after
leaving the on-course. A standard procedure turn of 180° is then made,
away from the station, and that heading maintained until the far edge
of the beam has been reached, after which the right-hand edge of the
beam is bracketed and followed to the station.

If beam 4 has been intercepted, the same heading is maintained for
1 minute, as before; then a standard procedure turn of 270° is made,
away from the station, and the new heading is maintained until the far
edge of the beam is reached and bracketed. The right-hand edge of the
beam is followed to the station, and from that point the pilot proceeds to
the local airport or a more distant destination. When approaching the
range station and close to it, pilots should fly in the on-course zone; pilots
flying from a station are required by the Civil Air Regulations to fly
to the right of the beam. When very near the station, care should be
taken to hold the airplane level; if the airplane is permitted to bank, the
signal heard will be the signal toward which the lead-in is pointed, rather
than the signal in the zone where the airplane is being flown at the mo-
ment.

If the heading of 145° is chosen, rather than 825°, the procedure
will still be the same as before, as shown in figure 151.

Where multiple courses are known to exist, instead of making the
90° turn as soon as the first N signal is heard, it is advisable to fly for
some little distance before making the turn, selecling the true range
course from among the several false ones encountered, if possible.

In the orientation example already given it was assumed that the
pilot was near the center of an A quadrant; now suppose he is near
enough to one of the beams that he can faintly hear the identification
signal transmitted into the N quadrants as well as the identification signal
transmitted into the A quadrants. This means that he is just east of beam
1, just north of beam 2, just west of beam 3, or just south of beam 4.

If he flies the 325° heading, at right angles to the average bisector
of the quadrants, and the faint signal begins to fade, he knows he is fiy-
ing away from the neaYest beam, and that he is therefore just north of
beam 2 or just west of beam 3; he makes a 180° turn, approaching the
beam on the 145° heading, and the procedure from this point is identical
with that illustrated in figure 151.

If he flies the 825° heading and the faint signal becomes stronger,
the pilot knows *he is approaching a beam, and that his position is there-
fore just east of beam 1 or just south of beam 4. He therefore continues
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on the same heading, his further procedure being exactly as shown in
the figure.

If flying entirely blind, the pilot should make sure that he is main-
taining a safe altitude above the highest elevation in either A quadrant.
The highest contour shown on the chart within reasonable distance of the
Harrisburg station is 2,000 feet, but it must be assumed that elevations
may extend almost to the next higher contour (2,500 feet on the sectional
chart, or 3,000 feet on the regional chart), and an altitude well above
that contour should be maintained until the position of the airplane can
be definitely known. The Harrisburg instrument approach chart specifies
a minimum altitude of 4,000 feet for all quadrants.

In quadrants not greatly exceeding 90°, this is a very dependable
method, but if the airplane is in a quadrant where the courses meet at a
wide angle (as the southwest quadrant of figure 151), on a heading at
right angles to the average bisector of the quadrants it may be necessary
to fly a considerable distance before picking up the beam, particularly if
there is any appreciable amount of drift.

The parallel method.——Under this system the pilot flies a heading
paralleling the average bisector of the two quadrants (instead of at
right angles thereto), with the volume of his receiver as low as possible.
If the signal fades out, he knows that he is flying away from the station;
if the volume increases, he knows that he is approaching it. This pro-
cedure identifies the particular quadrant in which he is flying, unless
some of the difficulties mentioned later prevent,

Referring to figure 153, if the pilot is flying a heading of 055° and
the signal! fades out, he knows he is in the easterly A quadrant with the
station behind him. He makes a 180° turn and flies back toward the sta-
tion as long as he flew away from it, checking the bhuild-up of signal
strength.

At Harrisburg the final approach should be made from the west,
over beam 4. It would be desirable, therefore, to intercept beam 2 rather
than beam 1, continuing on beam 2 past the cone of silence and out on
beam 4, then making a procedure turn to reverse the direction of flight
for the final approach along beam 2. A heading is therefore flown
parallel to beam 1 until beam 2 is intercepted, when a turn is made
toward the station and the right-hand edge of the beam is bracketed,
after which the approach proceeds as outlined.

For some stations the signal strength is variable due to irregularities
of the terrain, or night effect; the signals from these stations alternately
increase and fade so that it is sometimes difficult to decide whether the
volume is increasing or fading out. For this reason, the heading parallel
to the average bisector should be maintained for at least 5 minutes. Also,
in the case of “squeezed courses’” (that is, when the beams are not 90°
apart; see fig. 148) it is possible to fly away from a station and have the
signals become stronger, instead of weaker.



RADIO NAVIGATION 213

Under any conditions, the greatest signal strength is found along
the bisectors of the quadrants, the lowest signal strength along the edges,
where the on-course zones are located. Therefore, flying parallel to the
bisector, but at a considerable distance from it, the signal strength may
decrease as the beam is apprecached, even though the station is nearer.
If the decreased signal strength is due to approaching a beam, the double

Figure 153. -ldentification of the quadrant and runge course; parallel method.

signals of the twilight zone should be heard upon turning up the volume.
If the twilight signals are not heard with the increased volume, it is
definitely known that the airplane is proceeding away from the station.
In either case the quadrant is identified, the direction with respect to the
station is known, and the pilot may proceed as outlined above and as
illustrated in figure 153.

Other methods.—In any system of radio range orientation the essen-
tial steps are the identification of the quadrant and of the beam inter-
cepted, and establishing the direction toward the station. It is believed
that the methods just described are among the simplest yet developed
and are representative of current practice, but a number of other methods
have also been used.

For example, under the true fade-out method, the quadrant is iden-
tified as described under the “parallel method.” A heading toward the
station and parallel to the quadrant bisector is then flown until one of
the two possible beams limiting the quadrant is intercepted, after which
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. the pilot turns left, brackets the right-hand edge of the beam, and follows

" it with volume as low as possible until a definite fade or build-up deter-
mines that he is fiying away from or toward the station. If flying away,
a procedure turn reverses the direction of flight and the on-course is
followed to the station as a new point of departure.

As a slight variation of the method of the preceding paragraph,
after intercepting the beam a 90° turn is made to the right, after which
the procedure is identical with the 90° turn method, illustrated in figure 151.

In a narrow quadrant, instead of flying at right angles to the average
bisector (the 90° turn method), or parallel to one of the courses in order
to intercept the other (parallel method), some prefer to adopt a heading
at right angles to the beam along which it is desired to approach the
station. Upon intercepting the desired beam, the right-hand edge is brack-
eted and followed to the station.

If the two identification signals are heard, one strong and one weak,
and, after identifying the quadrant and beginning the approach toward
the chosen beam, the weak signal begins to fade, it is apparent that the
pilot is flying away from the nearest beam, as well as from the station.
A procedure turn is made at once; when the beam is intercepted it is
bracketed as shown in figure 152, and followed toward the station.

Still other methods are used, many of which are well suited to a
particular set of conditions but poorly adapted to others. In each case,
as in other methods of navigation, the pilot must consider the known
conditions and choose the procedure best suited to them.

Additional checks.—Having identified and bracketed the beam by any
chosen method, the pilot must still be on the alert for every possible
check on the accuracy of his solution. While flying the right-hand edge
of the beam he should check the signal being received against the signal
which his chart indicates he should be receiving. He should also check
the magnetic course being made good (the compass heading rectified for
deviation and wind) against the magnetic bearing of the beam on the
chart, although from a check of the heading alone it is entirely possible
to make a wrong deduction,

For example, after a period of uncertainty a pilot tunes in the Har-
risburg range (fig. 153), and finds himself on a beam. The compass head-
ing necessary to maintain the right-hand edge of the beam is determined
as 012°. Deviation on this heading is 3° W. (fig. 54), making the magnetic
heading 009°; the pilot therefore assumes that he is on beam 1, making a
5° allowance for a westerly wind. Unknown to the pilot, however, there is
at the moment a strong east wind (30 mph will do it for an air speed of
100 mph), and he is actually on beam 3, making an allowance of 17° for
an easterly wind. This can be checked from the fact that the pilot has
the N signal on his right (instead of an A), and from the build-up of
signal strength as the station is approached (instead of the anticipated
fade).

Position from several stations.—In areas of converging airways and
congested air traffic, where there are a number of radio range stations,
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it is sometimes possible to determine position very closely and with little
loss of time from the signals received from several stations. In figure
154, station 1 is tuned in, its identification signals checked, and it is
determined that the airplane is in one of the A quadrants of the station.
Next, station 2 is tuned, and the N signal is received. This alone almost
certainly fixes the position in the northwest A quadrant of station 1 and
north of the east course of station 2. Station 8 is then tuned in and an

Figure 15i.—Determination of position from several radio range stations.

N signal received, still further limiting the position of the airplane, and
“X marks the spot,” or at least the general area. Having determined
Position in this way, the pilot may approach the selected on-course by any
preferred method, proceeding as already described.

AIDS TO ORIENTATION

The airport orientator is a valuable aid in all problems of quadrant
and beam identification. In this instrument a circular chart showing the
airport in relation to the courses of the radio range, with other pertinent
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data, is directly attached to a disk member on the top of the directional
gyro. Once the chart of the orientator has been properly aligned with
the corresponding features on the ground, it remains so, as the result of
gyroscopic action. Thereafter, regardless of the number of turns, a faith-
fully oriented picture of the attitude of the airplane with respect to the
beams is given by the orientator chart—without mental effort on the
part of the pilot.

With a radio compass using a visual indicator, quadrant identifica-
tion is generally unnecessary, since the pilot may determine the direction
of the station and fly directly to it, adopting a new heading from that point
toward his destination.

ORIENTATION WITH VERY-HIGH-FREQUENCY RANGES

Installation of the very-high-frequency radio ranges, interrupted by
the war, was resumed in the spring of 1944, These new ranges eliminate
the need for working out orientation problems, each station providing
one pair of courses to be indicated visually in the aircraft by a zero-
center, left-right indicator; and another pair of courses, approximately
at right angles to the visual courses, providing the familiar aural A and
N signals. In this way a pilot flying an east-west airway, for example,
could tell from the visual indicator whether he was on the beam, or to
the right or left; from the aural signal he could tell whether the station
was before or bechind. The quadrant could always be definitely known,
and the pilot could head directly for the beam along which it is desired
to approach the range station.

CIVIL AIR REGULATIONS

In addition to the general problem of quadrant identification, certain
other rules must be observed. For example, in order to prevent meeting
aireraft flying in the opposite direction, it is important that pilots fly to
the right of the beams. As an added safeguard, the Civil Air Regulations
require that instrument flights along the airways be made at definite
altitudes—in one direction at the odd thousand-foot levels (as 3,000,
5.000, or 7,000 feet above sea level), and in the opposite direction at the
even thousand-foot levels (as 4,000, 6,000, or 8,000 feet). This insures
that there will always be at least 1,000 feet vertical separation between
planes flying in opposite directions. Definite altitudes are fixed for cross-
ing another airway and, near control airports, “range approach chan-
nels” have been established, narrowing the civil airways (in effect) to
4 miles, instead of the usual 10 miles. This is necessary in congested areas
to prevent local traffic from interfering with through or incoming traffic.
A “floor” (minimum flight level) and “ceiling” (maximum flight level)
have converted some range approach channels to “traffic tunnels.” Other
restrictions have been placed upon instrument flying within 5 miles of
the center of an established civil airway, or within 25 miles of the center
of a control zone of intersection. All these requirements are set forth in
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detail in the Civil Air Regulations. Pilots are urged to obtain the latest
copy of these regulations, and to become thoroughly familiar with them.

EFFECT OF WIND ON ORIENTATION

The effect of high winds on some of the orientation problems should
be understood. Figure 155 is the same as figure 151 (the 90° turn
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Figure 155.- Effect of wind on turna.

method of orientation), except that heavy solid lines have been added,
showing the paths of the airplane at different points under the action of
2 high westerly wind. In order to illustrate the situation more clearly,
a wind of approximately 80 miles an hour is assumed, with an air speed
of only 110 miles an hour.
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At position 1 in the figure, with wind of this proportion, the air-
plane will not follow the light broken line and return to the beam as

- intended, but will follow the heavy line.

At position 2, the case is not so bad, resulting only in increased dis-
tance from the station.
At position 8, upon turning back into the beam, drift would keep

" the pilot in the on-course zone so long he would probably doubi the whole

procedure. If he continued with the problem, his track would be as shown.
With the wind more nearly at right angles to his heading, the airplane
might even be kept in the N quadrant by drift, leading the pilot to sup-
pose he was at position 2.

At position 4, as at position 1, it is unlikely that the airplane would
ever return to the beam.

While these are extreme conditions, intended to emphasize the effect
of wind on turns, relatively high winds are often experienced—and it is
at such times that one is most likely to need to work out an orientation
problem. Consequently, pilots should make every effort to know the wind
at all times during flight, and to visualize the effect of wind upon the
headings being flown, or the maneuvers being performed.

RADIO MARKER BEACONS

Because of the needs of the armed forces, some of the less important
range stations have been replaced with non-directional radio marker
beacons. These are of power greater than 50 watts (“class H”), or power
of 60 watts or less (“class MH”) ; the latter may ordinarily be received
up to about 25 miles, while those of greater power may be received at
correspondingly greater distances. The signal transmitted consists of the
2-letter identification of the station, repeated continuously with the least
possible separation,

Designation of these beacons as H and MH signifies that they are
intended primarily for Homing, which is discussed in connection with the
use of the radio compass. Like the radio range stations, all H marker
beacons operate continuously; MH beacons operate on request only.

Fan marker beacons operate on a frequency of 75 megacycles (75,000
kilocycles), and have no facilities for voice communication. Like the Z
markers, they require an additional receiver. As their name and symbol
imply, their radiated patterns extend vertically upward, like a fan across
the airways. They are located at critical points along the airways, and on
the approaches to major terminals. Figure 156 shows the fan markers
located around the Pittsburgh range station. They are usually located no
closer to a range station than about 20 miles, and are identified by a
succession of single dashes, or by groups of two, three, or four dashes,
The single-dash identification is always assigned to a course directed true
north from a station, or to the first course in a clockwise direction there-
from; the groups of two, three, or four dashes are assigned respectively
to the second, third, and fourth courses of the station, proceeding clock-
wise from true north. The signal of a fan marker beacon, then, identifies
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Figure 156 —~Fan marker beacons around the Pittshurgh radio range station.

a particular course of a range, and also a position along that course; it
therefore definitely fixes the location of the airplane.

Low powered fan markers may also be located at distances not ex-
ceeding 10 miles from a range station. They are identified by the groups
of one, two, three, or four dashes already described. When there is a low
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powered marker close to the station and a normal fan marker farther
from the station on the same beam, the proper number of dashes for the
second from the station is preceded by two dots. For example, a low
powered marker on the north-westerly beam from a station has an

identification signal of four dashes (_ — — _). A fan marker of
normal power farther out on the same beam is identified by the same
number of dashes, preceded by two dots (.. _ _ _ ).

In thick weather, when visual observations cannot be made, ground
speed can be determined by noting the time required to reach a given
marker beacon, or from the elapsed time between passing successive
marker beacons, range stations, or cross-beams from other radio range
stations. Such points are known as “radio fixes,” and are important in
the system of airway traffic control. Typical procedures to be followed by
aircraft holding at a radio fix are illustrated in figure 157.

RADIO DIRECTION FINDING

There are several types of equipment under this general head. In
each case, however, use is made of the directional characteristics of a loop
antenna. The loop may be either fixed or rotatable, and signals may be
received aurally or visually, or both.

An installation using a fixed loop and visual indicator is properly
known as a radio compass. With this arrangement, as long as the airplane
is headed directly toward a radio station the needle of the indicator re-
mains centered; headings to the right or left of the station result in a
corresponding deflection of the needle. The radio compass is used chiefly
as a “homing” device, and bearings of radio stations off the line of flight
may be obtained only by turning the airplane toward the station and
noting the magnetic compass heading when the indicator needle is
centered,.

An installation using a rotatable loop is generally known as a “radio
direction finder.,” With the rotatable loop, bearings may be obtained with-
out turning the airplane itself. The loop is rotaled until the position of
minimum signal strength, or “null,” is obtained; the bearing of the sta-
tion may then be read from a graduated dial. On some instruments allow-
ance may be made for variation and deviation, so that true bearings may
be read directly from the instrument, ready for plotting on the chart. On
many installations it is only necessary to tune in the station desired; the
loop is then rotated automatically, and the indicator points continuously
toward the station, This type is known as the “automatic direction
finder.”

Both the radio compass and the direction finder are valuable aids
when flying the radio range system. For example, if a pilot is flying a
range course and is able at the same time to obtain the bearing of some
off-course radio station, the intersection of this bearing with the range
course, when plotted on the chart, definitely fixes the position of the air-
plane along the course at the moment the observation was made. Or if
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the pilot is appreciably off course he may identify the quadrant in which
he is flying by means of the observed bearing to the radio station. This
also informs him of the location of the equisignal zones, and he may
proceed to the station without the extra flying required by other methods.

ERRORS IN RADIO DIRECTION FINDING

Like the magnetic compass, and for much the same reasons, the radio
compass is usually subject to deviation on some headings. This may be
determined and applied in exactly the same way that deviation of the
magnetic compass is determined and applied. In the more recent installa-
tions a correction for deviation is incorporated in the instruments them-
selves, and bearings may be used directly as read. Obviously, this is to be
preferred.

It should be remembered that radio compass bearings are subject to
the same distortions that produce multiple radio range courses in
mountainous country. They are also affected by interference between
stations broadcasting on the same frequency, and by “night effect.”

ORIENTATION WITH THE RADIO COMPASS

Under certain atmospheric conditions it is sometimes necessary to
disconnect the “sense antenna,” without which it is impossible to de-
termine directly whether a radio station is before or behind the airplane.
That is, it is impossible to know whether the station is in the direction of
the indicated bearing or of its reciprocal. It then becomes necessary to
work an orientation problem in much the same manner as that used with
the radio ranges.
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l"l'gul'e 158.—Orientution with tho radio compass.

In figure 158, suppose that an airplane is being flown on a heading
of 270° true when the direction of a radio station RS is determined as
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- gither directly ahead or directly behind. A 90° turn is made, either to the

right or left, and the new heading is maintained for a period of from 3
to 10 minutes, depending on the ground speed and the distance from the
station. The aircraft is then turned again until the radio compass indi-
cator is centered; if the turn required is more than 90°, the station is
shead; if the turn is less than 90° the station is behind. This can easily
be checked by reference to the figure.

HOMING WITH THE RADIO COMPASS

Use of the radio compass merely as an auxiliary for radio-range fly-
ing is a very limited application of this equipment; it is as useful for
direction finding and position determination off the airways as on the
radio range system itself. With i, pilots are enabled to tune in any
broadcasting station of which the position is known-—commercial or
Government—and fly directly to the station selected, merely by heading
the airplane so as to keep the pointer of the indicator centered. With the
Lambert and stereographic projections, a straight line drawn on the
chart from any given position to the radio station in question represents

Figure 159.—Radio compass approsch,

the no-wind track the airplane would make good over the ground in flying
to the station. With the Mercator projection a correction must be applied,
except in areas near tre equator.

When the radio station is a little to one side or the other of the direct
route to the airport of destination, it is good practice, as a rule, to
approach the radio station on a heading in line with the bearing between
the radio station and the airport, as illustrated in figure 159. This makes
it relatively easy to locate the airport, even in thick weather. In the event
that the airport is not located at first, the reciprocal heading is flown from
the radio station, with a good chance of picking up the airport this time,
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PLOTTING RADIO BEARINGS ON LAMBERT AND
STEREOGRAPHIC CHARTS

If the pilot wishes only to determine his position, rather than to fly
to the station, he may obtain the true bearing of the station and plot it
on the chart; the intersection of this bearing with a bearing from a second
station determines the position of the airplane. A bearing from a third
station, when available, affords a more positive fix, and serves as a check
on the first bearings. As a result of the various errors involved, the three
bearings will seldom meet in a point, but the center of the triangle formed
by the plotted bearings may be accepted as the true position.

The method of plotting a bearing on the chart with a popular type
of protractor is illustrated in figure 160. A pilot in the vicinity of the
point P observed the bearing X of the radio station RS. The observed
bearing is measured at the meridian nearest the probable position, and

Figure 160.—Plotting a radio bearing on a Lambert chart.

the protractor is moved along the meridian until its plotting edge passes
through the radio station, being careful to keep the protractor at the
original angle. A line from ES along the edge of the protractor is the
desired bearing. If the arm of the protractor is not long enough to reach
from the assumed position to the radio station, the observed bearing may
be plotted from any convenient point on the meridian nearest the assumed
posgition; a line drawn parallel thereto from the radio station represents
the bearing.

In figure 161, a pilot flying in the vicinity of F determines the bearing
X of the station RS. At the same time, the naval radio direction finder
station RC measures the bearing Y of the aireraft from the station and
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reports it to the pilot by radio. The pilot was uncertain of his position,
but assumed that he was near the point P, and plotted the bearing X with
the meridian nearest that position. The bearing Y, plotted from RC as
shown, intersects the first bearing at F, fixing the location of the aircraft
at that point.

\TELJG

Figure 161.—Position determination from twe or more radio bearings.

In the example just given, the radio direction finder station was
introduced in order to illustrate the plotting of bearings so determined.
Also, for the sake of simplicity it was assumed that the bearing of the
airplane was determined there at the same time that the pilot observed
the bearing of the other radio station; in practice, this could scarcely be
the case.

A RUNNING FIX

Under favorable conditions, and with modern equipment, bearings on
two or three radio stations may be dctermined in less than a minute. In
this case it may be considered for all practical purposes that the bearings
were taken at the same instant.

When any considerable time elapses between the determination of the
two bearings, the position of the airplane is determined by what is known
as a “running fix.” For example, figure 162 illustrates the same problem
as that of figure 161, except that the direction finder station RC is re-
placed by a second radio station R, and that after obtaining the bearing
X, the airplane flew due east (true) for a period of 10 minutes at a
ground speed of 180 mph before obtaining the bearing Y of the second
radio station.

In 10 minutes at a ground speed of 180 mph the airplane will have
traveled 30 miles. From any convenient point * Z on the line representing
the bearing to the first station, draw a line ZZ’ running due east a dis-

¢ From a theoreticul standpoint, the nearer the point selected is to the corrcet position of the airplane
at the time of the first observation, the morc uccurate will be the results. In practice, however, “any
convement point’” will be well within any desired hmits of accuracy.



RADIO NAVIGATION 225

tance of 80 miles, Then through the point 2’ draw a line parallel to the
original bearing line; the intersection of this line with the plotted bearing
of the second radio station fixes the position of the airplane at the time
the second bearing was obtained. Note that the bearing Y is plotted with
the next meridian east of the one used for plotting the bearing X, since
the assumed position has also moved 30 miles eastward, and is now nearer
to the more easterly meridian.

RS'

F
>X/ 7 \\

Figure 162 A “running fix" from radio bearings.

/]

If, after carrying forward the bearing X, it is found that the assumed
position is greatly in error—say, by one degree of longitude * or more—
a more accurate determination of position may be had by replotting the
observed bearings at the meridian nearest the fix. In the second plotting
of the bearings the line representing the bearing of the first radio station
must still be carried forward to obtain the fix, exactly as in the first plot-
ting.? See example 3, p. 243.

BEARING FROM STATION ON ADJOINING CHART

When the radio station observed falls within the limits of the chart
being used, the method illustrated in figure 161—plotting the observed
bearing from the meridian nearest the assumed position P through the
radio station—is the simplest and most accurate. If the sectional charts
are used for this purpose it is quite likely that the station observed may
be off the chart. In this case, it is preferable to change to a smaller scale
chart which includes both the station and the assumed position., If only
the large secale charts are at hand, it will be necessary to plot the bearing
directly from the radio station on the adjoining chart to the border, and

T An error in the latitude of the assumed position, however great. will not affect the accuracy of the
result.

8 For ytmost precision only the last bearing should be plotted at the meridian nearcst the fix; the first
bearing should be plotted at ithe meridian nearest the point where it was obscrved, and then ecarried
forward., This meridian could be found by carrying the fix backward the dead reckoning distance and
direction made good between the two bearings; however, 1f both bearings are plotted at the same meridian
and the first bearing is then carned forward, the maximum error in the fix, with a run of 50 miles or more
between the two observations, would only be about 1 mile for every 100 miles distance from the radio

station, which is too small to justify the longer procedure. Regardless of the meridian selected for plotting
the first bearing the line must still be carried forward as described above.
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to measure the angle at which the plotted bearing crosses the last
meridian before reaching the border; the point of crossing that meridian
must then be transferred to the other chart, and the bearing line con-
tinued at the same angle,

To plot the bearing directly from the station some pilots add (or
subtract) 180° and plot the reciprocal bearing, but this is inaccurate. Due
to convergence of the meridians (see p. 46) the bearing at the radio sta-
tion is never the reciprocal of the bearing observed at the airplane. The
bearing to be plotted from the radio station is obtained as follows:

1. To the bearing observed at the airplane, add (or subtract) 180°.
2. If the AIRPLANE is WEST of the radio station ADD the correction for
convergence; if the airplane is east of the station, subtract the correction.

It will be noted that the foregoing rules follow the same form as the
rule for applying magnetic variation, and that the rule begins with the
airplane, where the bearings are actually determined.

The correction for convergence is the difference of longitude in de-
grees, multiplied by the convergence for the proper projection band; see
table 3, p. 47. Sufficient accuracy will generally be obtained if con-
vergence is used to the nearest tenth of a degree. Thus, for the United
States it is only necessary to multiply the difference of longitude by 0.63
in Alaska, 0.9 will be close enough for the purpose. Normally, it should
be unnecessary to plot a bearing from a station on an adjoining chart;
if for any special reason it should be needed often, a brief table can
quickly be prepared showing the correction to be applied for each degree
of difference of longitude.

SPECIAL CHARTS FOR RADIO DIRECTION FINDING

The preceding discussion and methods apply to all standard aero-
nautical charts on the Lambert and stereographic projections, and are
essential to a clear understanding of the subject. They apply also to the
aeronautical charts on the Mercator projection in the narrow band near
the equator, shown in figure 33; they do not apply to Mercator charts in
high latitudes. The scale of both the sectional and regional charts often
is too large for convenient use in this work, while the scale of the plan-
ning charts is generally too small. To bridge this gap and to provide the
quickest and easiest means of position-finding from radio bearings, the
series of aeronautical charts for radio direction finding in the United
States was designed.

These special charts are at a scale of 1:2,000,000, six charts (with
generous overlaps) being required to cover the United States (see fig. 9).
As a result, it is seldom, if ever, necessary to plot a bearing from a sta-
tion on an adjoining chart.

Around each radio range station there is a special compass rose (see
fig. 76 and pl. II) oriented to the magnetic meridian instead of the true
meridian. These compass roses are intended primarily for plotting re-
ciprocal bearings, and therefore the larger (outer) figures read from 0
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at magnetic south. When plotting bearings from these stations it is not
necessary to add or subtract 180° to obtain a reciprocal bearing. It is
only necessary to draw a line from the radio station through the gradua-
tion corresponding to the observed magnetic bearing (using the outer
figures). The line so drawn is the desired line of position. See example
4, p. 243.

Some inaccuracy is introduced by this method, since the magnetie
variation at the station is used, rather than the variation at the point of
observation (that is, at the position of the airplane) ; also, no correction
is made for convergence of the meridians. If utmost accuracy is required,
corrections may be applied for these two items. The correction for con-
vergence has already been described. The difference between the mag-
netic variation at the airplane and at the radio station should be added
when westerly variation increases toward the station, or when easterly
variation decreases toward the station; subtracted if the reverse; see
example 5, p. 244. In the majority of cases in the United States, this cor-
rection will be of the same sign as the correction for convergence.

It may be easier for some to understand the application of the corree-
tion for the difference in variation by thinking of variation as being a
maximum in the eastern United States and gradually decreasing through
zero (at the agonic line) to a minimum on the west coast. The rule may
then be stated as follows: ADD the difference if the variation at the air-
plane is LESS than at the radio station; subtract if the variation at the
airplane is greater.

When planning these charts only magnetic bearings could be directly
obtained, and it was decided that the rapid and frequent determination
of approximate positions was more desirable than more tedious though
more exact methods—particularly in view of the limited accuracy of radio
bearings yet attainable. If greater accuracy is desired, instead of apply-
ing the above corrections it may be easier to disregard the compass roses
altogether, and plot true bearings with a protractor, by the methods
already described.

A number of commercial radio broadcasting stations, selected with
regard to their suitability for radio direction finding, also appear on these
charts. Because of congestion it is impractical to print compass roses
around all these stations, and bearings from them must be plotted in the
conventional manner described in the preceding section.

PLOTTING RADIO BEARINGS ON MERCATOR CHARTS

Since the normal path of a radio bearing is always a great circle, it
is obvious that it can only be represented on a Mercator chart by a curved
line, In order to be able to plot the bearing as a straight line (rhumb
line), a correction must be applied that is equal to the angular difference
between the rhumb line and the tangent to the curve representing on the
Mercator projection the great circle between the airplane and the radio
station. See figure 42. For distances less than 100 miles this correction is
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usually negligible, the maximum error not exceeding 1° except in high
latitudes.

In north latitudes and for bearings taken on board the airplane, it
the airplane is east of the radio station the correction is to be subtracted ;
if the airplane is west, the correction is to be added. In the southern
hemisphere the application is reversed in each case. These rules are often
stated in the following form:

For bearings measured at the airplane, in north latitudes,
. . east . subtract
when airplane is “west of station — wdd
In south latitudes,
dd

. . east .
when -airplane is —: v
P west of station subtract

For bearings measured at a ground station, all the foregoing rules are
reversed.

Instead of trying to remember these rather complex rules, most pilots
will find it easier to work from a mental picture cr sketch similar to figure
42, In the northern hemisphere a great circle on the Mercator projection
always curves northward, above the rhumb line and away from the equator.
In south latitudes a great circle curves southward, below the rhumb line
and away from the equator. From such a sketch it is always easy to know
when the correction should be added and when subtracted.

The correction to be applied is equal to one-half the difference in
longitude times the sine of the middle latitude between the airplane and the
station. Table 5 shows the corrections to the nearest half-degree, from the
equator to latitude 75°, and for differences of longitude up to 10°. The
correction may be more conveniently determined with a computer, as
described on p. 194.

TABLE 5.—Coticetions to radio bearings on Mercator charts,
to the neurest half-degree

o [ o e —— e

. Difference of longitude 1n degrees
Mid- | __ . _ I I
Lat,

1° a° 3° 4° 5° 6° 7° 8° 9° 10°
0° 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
5° 0.0 0.0 00 0.0 0.0 0.5 0.5 0.5 0.5 0.5
10° 0.0 0.0 0.5 0.5 0.5 0.5 0.5 0.5 1.0 1.0
15¢ 0.0 0.5 05 0.5 0.5 1.0 1.0 1.0 1.0 L5
20° 0.0 0.5 0.5 05 1.0 1.0 1.0 L5 1.5 1.5
25° 0.0 0.5 0.5 1 Q¢ 10 1.5 1.5 1.5 2.0 2.0
30° 0.5 0.5 1.0 10 L5 1.5 2.0 2.0 2.5 2.5
35° 0.5 0.5 1.0 10 1.5 1.5 2.0 2.5 2.5 3.0
° 0.5 0.5 10 1.6 1.5 2.0 2.0 2.5 3.0 3.0
45° 0.5 0.5 10 15 2.0 2.0 2.5 3.0 3.0 3.5
50° 0.5 1.0 10 1.5 2.0 2.5 2.5 3.0 3.5 4.0
55° 05 10 1.0 15 2.0 2.5 3.0 3.5 3.5 4.0
° 0.5 1.0 1.5 1.5 2.0 2.5 3.0 3.5 4.0 4.5
65° 0.5 1.0 1.5 20 2.5 2.5 3.0 3.5 4.0 4.5
70° 0.5 1.0 135 20 2.6 3.0 3.5 4.0 4.0 4.5
75° 0.5 1.0 1.5 20 2.5 3.0 3.5 4.0 4.5 5.0
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RELATIVE BEARINGS

This section and those that follow are applicable to all projections
alike, being the result of the equipment available and the nature of radio
navigation itself.

With much of the earlier equipment it was possible to observe only
“relative bearings”’—that is, the bearing of a station with reference to the
heading of the aircraft at the moment. Relative bearings were measured
from 0° in the direction of the heading, up to 180° toward the right or
left. In order to plot a bearing on the chart, it was necessary to rectify
the compass heading for deviation and variation, and then to ADD relative
BEARINGS for stations to the RIGHT—subtracting them for stations to the
left.

In order to avoid confusion as to when to add and subtract, the right
semicircle of some radio direction finder dials was colored green, the left
semicircle red, The rule then was, ADD GREEN bearings; subtract red.
For bearings near 360°, it was sometimes necessary to add or subtract 360°
in order to perform the required operations.

With more recent equipment, provision is made for setting the dials
for the heading being flown; allowance is even made for variation and
deviation, so that the true bearing of the station may be read directly,
from 0° around to 860° in a clockwise direction, ready to plot on the chart.

THE RADIO COMPASS AND WIND

In radio compass navigation, as in all other methods, wind is the
principal complicating factor; once understood, however, the proper allow-
ance for wind can be made and the pilot may proceed with reasonable cer-
tainty even though the ground is not visible.

As already stated, the radio compass with nonrotatable loop is used
chiefly as a homing device, and cross bearings can be obtained only by
turning the airplane itself to head toward the station in question. It is not
without its advantages for the pilot-navigator, but with it the allowance
for wind is more complicated and precise navigation a little more difficult
than with the rotatable loop.

When using the radio compass solely as a homing device, even
though the pilot heads his airplane directly for the radio station RS of
figure 163, under the effect of cross winds the airplane will follow the
round-about broken line of the figure instead of the direct route.

From the standpoint of the added distance alone this is often unim-
portant, since it seldom requires appreciably more time to fly the round-
about course than to head into the wind and crab along the intended track
at reduced ground speed; on the other hand, it is always desirable to know
with reasonable precision the track being made good. At times this is
absolutely essential in order to keep the airplane over favorable terrain or
to avoid dangerous flying conditions. Furthermore, as is usually the case,
more precise methods of navigation do result in some saving of flying time.
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In view of the wind factor, precise navigation with the radio compass
is possible only in conjunction with a stable magnetic compass, or with a
directional gyro. To illustrate, suppose that a pilot leaves a point E and
proceeds toward a distant radio station R. From the chart he knows that
the true course from E to R is 090°. With a true heading of 090°, he soon
finds from his radio compass that he has drifted to the left. Heading

Figure 163.—The radio compass and wind effect.

slightly into the wind, after another period of.flying he finds (by turning
for 2 moment to the original heading of 090°) that he has now returned to
the direct route; this means that he has made more allowance for
wind than is necessary in order only to maintain the intended track, so he
assumes a heading between the first and second. After a period of flight
on this intermediate heading, he again turns momentarily to the original
heading of 090°, just long enough to determine from the radio compass
that he is still on the direct line to the station at R; this indicates that
he is making the proper allowance for wind, and he turns back to the
intermediate heading. Subsequent checks made by turning the airplane
momentarily to the original heading of 090° will keep him advised of any
deviation from the direct route and enable him to make any further
changes in heading that may prove necessary. An additional check is
found in the faet that while the correct heading is maintained the pointer
of the radio compass will read off-center. As long as it remains off-center
by the same amount, it may be considered that the airplane is making good
the direct track to the station. The procedure is the same whether flying
toward a radio station, or flying away from a station.

If the airplane is proceeding from a radio station as a point of depar-
ture, using the radio compass as a homing device (flying away from
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home), and the visual indicator shows a deviation from the direct route
the drift angle may be determined simply by heading the airplane so as
to center the indicator and noting the difference in degrees from the
original heading. While one drift angle cannot determine a position, if this
angle is plotted on the chart and the estimated distance made good is
scaled along it, an approximate position is obtained which may be of some
assistance.

The drift angle, applied to the heading, determines the track. When
the ground speed can be known—Dby direct observation, by radio cross-
bearings, by radio markers, or by other means—the current wind direc-
tion and velocity can be found readily from the true heading and air speed,
together with the track and ground speed. With this information, of
course, more precise navigation is possible for the remainder of the flight.

If the route being followed is a long one, as the route from St. Louis
to Minot (fig. 81), the heading must be changed to conform to the change
in irue course as the end of each succeeding section is reached.® If the
wind were constant, the steering perfect, and the airplane started on the
proper heading, this would not be necessary; as long as the indicator
remained centered the airplane would track the great circle toward the
station, and the ever-changing direction of the bearing (fig. 35) would be
automatically registered by the compass or gyro. Since such ideal condi-
tions do not exist in practice, it is necessary to make the changes peri-
odically, as suggested.

THE RADIO DIRECTION FINDER AND WIND

The foregoing applies to the nonrotatable loop antenna; when using
the rotatable loop the procedure is simpler. Assume that the aircraft is
homing toward the same radio station R as in the preceding section, with
the true heading of 090° indicated both by the magnetic compass and by
the radio direction finder. Gradually the airplane drifts to the left, the
compass heading remaining unchanged while the bearing indicated by the
direction finder increases to 095°,

In a first attempt to correct for wind, the aireraft is turned 10° to
the right, and the new true heading of 100° is set on the dircetion finder,
after which the direction of the radio station is again indicated as 95°.
As flight is continued on the true heading of 100°, the bearing indicated
by the direction finder gradually decreases to 090°, showing that the air-
plane has returned to the original track, and that the heading of 1G° into
the wind is more than is required merely to maintain the direct track.

As a second attempt, therefore, a true heading of 095° is adopted, and
is set on the radio direction finder. With this heading it is found that the
bearing of the station remains just about constant at 090°. This is evidence
that the correct allowance is being made for wind, and that the direct

*In theory there is some difficulty in the combined use of a compass (or gyre) and the radio eompass,
since the latter determines a bearing at a point while the former determines a course ; however, as explained
on p 45, when courses are properly detcrmined the departure of the course from the straight hine repre-
Senting the bearing 18 meghgible.
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track to the station is being maintained. The difference between the true
heading of the aircraft and the true bearing of the station is the wind
correction angle.

In theory, if the distance between the airplane and the radio station
is great, the bearing will increase slightly as the station is approached
(when flying east) because of convergence. That is, if the airplane is 4°
of longitude west of the station (in the United States) and the bearing of
the station is 090°, as the airplane follows the direct route to the station
the bearing will increase to 09096 at 3° of longitude from the station, to
091°2 at 2°, and 09198 at 1° from the station. Because of inequalities in
wind and steering, inaccuracies of observation, and personal factors, this
is not likely to be detected in practice.

Under unusual conditions, if the airplane is already close to dangerous
topography, instead of returning to the intended track as described above,
it may even be desirable to circle back, reaching the plotted route at a
position nearer the starting point. The arrival over the intended route

F
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E 80| mi track
(40 mun atl 120 mph)

Figure 164 —Determination of wind by radio direction finder.

must be determined by the radio direction finder in conjunction with the
gyro or magnetic compass.

When a fix has been obtained by cross bearings, as deseribed on page
224, the wind direction and velocity may be obtained graphically, if desired.
In figure 164, after flying due east from E for a period of 40 minutes and
at an air speed of 120 mph, a fix was obtained at F. From the chart it is
found that F scales 75 miles from E. ED represents the heading and air
speed of the airplane, EF the track and ground speed, and the angle at F
the drift angle. DF represents the wind direction and velocity, which is
found to scale 7 miles, and is from the southeast (135°) ; since the 7-mile
drift occurred in a period of 40 minutes, the wind velocity is 10 mph.

If the airplane is proeeeding from a radio station as a point of
departure, using the direction finder, and a departure from the direct
route is noted, the difference between the true heading (determined from
the magnetic compass) and the true bearing of the station (determined
from the radio direction finder) is the drift angle.

A RADIO LINE OF POSITION

In the preceding sections reference has been made to a radio line of
position. While a full understanding of this term is not strictly necessary,
it should help to clarify the problem and may be useful under certain
conditions.



T
RADIO NAVIGATION 233

If the bearing of an airplane is determined at a radio station, and
plotted at the meridian of the station on a Lambert chart, then the
straight line between the station and the airplane is a radio line of posi-
tion. The radio station is definitely fixed on the chart, and the bearing of
the airplane 1s accurately known; the plotted bearing, therefore, is posi-
tively determined as the line on which the airplane is located. This state-
ment is limited only by the accuracy with which a straight line on the
Lambert projection represents a true great circle—and within practical
limits this error is negligible.

If the bearing X of the radio station R (fig. 165), is determined at the
airplane and plotted on a Lambert chart, at the meridian nearest the
assumed position of the airplane, then the point P on the meridian is only
a point on the radio line of position. There is also a point P, on another

X %
%/ .
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Figure 165. ~A radio line of position from bearing determined at airplane.

meridian where the same bearing might have been observed, a similar
point P, on still another meridian, and so on; the airplane might have been
located at any point on the curved line (greatly exaggerated) drawn
through these points where the bearing of R is the same. Strictly speak-
ing, then, this curved line is the radio line of position as determined at
the uncertain location of the airplane.

If strictest accuracy in plotting is required, {the radio line of position
may be easily obtained on a Lambert chart by plotting the observed bear-
ing at two or three meridians on each side of the assumed position and
drawing a curved line through the points so obtained. For all practical
purposes this is unnecessary; unless the assumed position is greatly in
error (say 50 miles or more), the bearing plotted at the meridian nearest
the assumed position so nearly coincides with the radio line of position
that they may be considered identical. If the assumed position is proved
to be greatly in error when a preliminary fix is obtained, entirely satis-
factory results may be had by a second plotting of the bearing, as already
described.

On a Mercator chart the plotting of a radio line of position is only a
little more complicated. The correction angle for converting the observed
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bearing to a rhumb line bearing must be determined for each meridian,
and the adjusted bearings plotted at the corresponding meridians. A
curved line through the points from which the bearing might have been
observed on the successive meridians is the radio line of position.

PRACTICAL HINTS

In all forms of navigation it is desirable to do as much as possible of
the plotting before taking off. Charts may be prepared for convenient
radio navigation by plotting, in advance, bearings to each radio station
which might be used in flight. Bearings extending well across the flight
area should be plotted at intervals of 10°, using a different colored pencil
for each station in order to avoid confusion. With the chart prepared in
this way, any bearings observed in flight may be applied to the chart by
inspection.

A fix may be obtained graphically, when the ground speed is known,
by plotting two bearings on one radio station. Each of the two plotted

RS

P /2750
lS%%/c
v

Z

1400

Figure 166. Determination of track, ground speed. and wind, from three radic bearings and timo of each.

bearings will constitute a side of a triangle; the third side of the triangle
is a line representing the track and distance made good in the time between
taking the two bearings. By marking along the edge of a piece of paper
the distance made good, at the scale of the chart, and moving the paper
toward or away from the station while keeping the edge of the paper
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parallel with the track made good, a position is quickly found where the
distance made good is exactly included between the lines representing the
two bearings. The intersection of the second bearing with the edge of the
piece of paper is the fix desired.

In order to be of practical accuracy, the distance run between the two
bearings must be great enough that the difference between the two bear-
ings will be at least 10°.

The same principle may also be used to determine track and ground
speed, with wind direction and velocity, from three or more bearings and
the time intervals between them. The procedure is illustrated in figure 166.

Starting from airport E' at 1400, an aircraft is fiown along the true
heading TH, at an air speed of 140 knots. At 1425 the bearing of the radio
station RS was observed as 830°; at 1450 the bearing of the same station
was 289°, and at 1505 it was 275°. These bearings were plotted from the
meridian nearest the dead reckoning position in each case, with the results
as shown in the figure. The time between the first two bearings was 25
minutes, and between the next two, 15 minutes. Reducing these to lowest
terms, they are in the proportion of 5 minutes and 8 minutes. Any con-
venient scale is now laid across the three bearings, moved toward or away
from the station and rotated right or left, until a position is found such
that 5 units of the scale lie between the first two bearings and 3 of the
same units between the next two. The resulting position of the scale in
this case is indicated by the line ABC in the figure, and no other position
of the scale will do. A line from E parallel to ABC represents the track of
the aircraft. The point P, at proportionate distance between E (1400)
and P (1505), represents the point reached in 1 hour, and EP represents
the track and ground speed. Knowing the true heading and air speed, the
wind direction and velocity are easily plotted and measured as 800° and
18 knots.

At sea, considerable use is made of the principle of “doubling the
angle on the bow” in order to determine position from two bearings taken
on a visible landmark on the shore. The same principle may he adapted to
radio bearings. The procedure is shown in figure 167.

RS
RS
30° 60° TC 45b [\oo° TC
Distance run 090° Distance run 090%

Figure 167 —Position by iwo bearings on one radio station.

For this purpose “relative bearings” are most convenient—that is,
pearings to the right or left of the airplane’s head. When the ground speed
18 known, if a bearing is observed and the same heading is maintained
until double the original bearing is observed, the distance from the radio
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station will always be equal to the distance run between bearings. From
a study of figure 167, it should be clear that this is always true, regardless
of the magnitude of the two bearings; as long as the second bearing is
double the first, an isoceles triangle must result, and the two sides of the
triangle will always be equal. It is only necessary, of course, to plot the
second bearing, and to lay off along it the distance made good between the
two bearings, The point so determined is the position of the airplane at
the time the second bearing was determined.

Other combinations of bearings can be used just as satisfactorily, but
the computations required are a little more involved. The following table
makes it easy to use almost any pair of bearings.’ The distance run between
bearings in each case is to be multiplied by the factor tabulated, in order
to find the distance from the station at the time when the second bearing
is observed. For practical navigation the factor may be taken from the
table to the nearest tenth.

TABLE 6.~Factors for 1etermining distance from o radio station,
by distance run between two bearings

—— SECOND BEARING
BEARING

30° { 40° | 50° | 60° | 70° | 80° | 90° | 100° | 110° | 120° | 130° | 140° | 150°
20° | 1.97 1.00 0.68] 0.53| 0.45] 0.39] 0.36] 0.35/ 0.34] 0.3/ 0.36] 0.39] 0.45
300 2.88) 1.46] 1.00| 0.78] 0.65| 0.58] 0.53) 0.51| 0 50| 0.51] 0.53| 0.58
40° 3.70] 1.88] 1 20| 1.00| 0.84] 0.74| 0.68] 0.65| 0 64| 0. 65| 0. 68
T s | 4.41| 2.24] 1.53| 1.19| 1.00] 0.88] 0.82 0 78] 0.77/ 0.78
60° 4 99 2.53| 1.73] 1.35| 1. 13| 1.00] 0.92| 0. 88| 0.87
70° o 5 41} 2.75) 1.88| 1.46] 1.23} 1 09} 1.00| 0.95
T s 5 67/ 2.88( 1 97| 1.53 1.29{ 1. 14| 1.05
we | 5 76| 2.92) 2.00| 1.56| 1 31 1.15
100° ,f‘ 5 67| 2.88) 1.97 1.53{ 1.29
nee | 5.41] 2.75) 1.88) 1.46
120° 4 99| 2.63| 1.73
130° _ 4.41) 2.24
e ] 3 1 |3w

INSTRUMENT APPROACH

Experimental work on instrument approach and landing systems has
been definitely under way since 1928. A number of systems have been
developed, differing chiefly in minor details. While the various systems
must be regarded as still in process of development, at the present time
(1945) the Civil Aeronautics Administration, in cooperation with the War
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Department, is installing at approximately 100 airports equipment similar
to that made available at Indianapolis, for service tests, in 1940,

The Indianapolis system is illustrated in figures 168 and 169, The
figures and the following text describing them have been adapted from
articles in the CIVIL AERONAUTICS JOURNAL for April 1, 1940, and for March
15, 1944,

%
Right of Course
On Clide Path

Laft of Courme
Above Glide PFath
(/ o

Left of Course
Below Glide Path

Right of Course
Above Glids Path

Left of Courss
On Glide Path

QUTER MARKER
Raght of Course
Below Olide Path

e

/‘

*

On Course
Bslow Glide Path
Figure 368.~Indianapelis instrument landing system.

On course
Above (lide Path

On Course
On Glide Path

The system consists of four fundamental elements: A runway
localizer which provides a range course, or beam, for lateral guidance;
a glide path which provides vertical guidance, enabling the pilot to main-
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tain the proper rate of descent; and two vertical marker beacons to indicate
the progress of approach to the landing field, permitting pilots also to
verify their altitudes at these points.

The effect of the localizer beam radio transmission is to provide an
imaginary vertical plane extending along the centerline of the runway in
the direction of approach. (See fig. 168.) A needle on an instrument be-
fore the pilot remains in a vertical position as long as the airplane is in
this imaginary plane. If the airplane deviates to the right, the needle
swings to the left and the pilot must turn his craft to the left until the
needle swings back to the vertical. Exactly the opposite occurs if the air-
craft deviates to the left.

The effect of the glide path radio transmission is to provide a sur-
face 1 inclining away from the approach end of the runway at an angle of
3° to 4° from the earth’s surface. At about 5 miles from the end of the
runway the glide path is approximately 1,500 feet above the ground. (See
fig. 169.) A horizontal pointer, crossing the vertical needle mentioned
previously, tells the pilot whether the aircraft is flying above or below,
or directly along the imaginary inclined surface. If the needle falls below
the horizontal the pilot must descend to intercept the glide path and, con-
versely, if the needle swings above the horizontal the pilot must climb to
regain the glide path. (See fig. 168, insets showing instrument readings.)

The intersection of these two imaginary surfaces provides an
imaginary line (see black line followed by aircraft in fig. 168) whHich in-
clines at a gentle angle upward from the end of the runway for many miles.
By means of the two instrument indications already described the pilot can
fly his aircraft downward along this imaginary line with a high degree of
precision.

The signals of the radio markers are directed upward and fill a fan-
shaped space intersecting the localizer beam and crossing the glide path.
(See fig. 168.) The outer marker is about 2 miles from the airport and
intercepts the glide path at a point where it is 510 feet from the ground.
The inner marker is located at the boundary of the field in line with the
runway and intercepts the glide path at an altitude of 45 feet. The exact
distances are shown in figure 169,

Flying over the outer marker causes a purple light to flash on the air-
craft’s instrument panel at a rate of two dashes per second for a period of
8 seconds, while at the same time a characteristic audible signal is received
by the pilot through his headphones. The inner marker flashes an amber
light at a rate of six dots per second for approximately 114 seconds, and
provlides an audible signal plainly distinguishable from that of the outer
marker.

At the bottom of the instrument faces shown in figure 168 there is a
sector split in the middle with blue on the left and yellow on the right. The
chart used by the pilot is tinted yellow in the area to the left of the localizer

¥ Actually, the glide path is formed by & portion of a curved surface. but, the portion utilized for the
approach is relatively straight, and for the purpose of a simplified explanation may be thoughbt of as a
narrow inclined surface, curved slightly at the bottom to meet the runway at a gentle angle,
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beam and blue to the right, as indicated in figure 169. Thus, whenever the
vertical needle points to the blue sector the pilot knows he is in the blue
area indicated on the chart, and if the needle points to the yellow sector
he can be sure he is in the yellow area of the chart, regardless of the head-
ing of the ship. .

Four complete sets of equipment are installed at Indianapolis, provid-
ing instrument landing facilities for four wind directions. The whole
system is monitored and controlled from the airport control tower, per-
mitting a ready choice of the proper runway suitable for use under existing
wind conditions at the time of landing.

The procedure employed by the pilot to approach and intercept the
glide path is clearly shown by the arrows and explanatory comment in
figure 169,

LOCALIZER TRANSMITTER
{FOR NE LANDING)

luge iy
. Iy ]
'S \ b 3

A
NOWNAPOLIS ™
RADIO
wHALD - GLIDE PATH TRANSMITTER *
(FOR NE LANDING)

INDIANAPOLIS, IND
CHART FOR USE N TEST FLGHTS OF EXPERIMENTAL TER MARKER
INSTRUMENT LANDING SYSTER
FEBRUARY 1940

P4 BT
J? BDICATED ::: :;tm o
/,/ A’j ABOVE AMPORY ELEWATION
/o
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PROCEDURE TURN l
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Figure 169.—Chart used in test flights of Indianapolis instrument landing system.

A set of controlled approach lights is operated in conjunction with the
instrument landing system at Indianapolis. This system has three possible
applications: It can be used independently of radio aids to assist in con-
tact landings at night or under conditions of restricted visibility; it can be
used in conjunction with the conventional directional radio range whereby



240 PRAOTIOAL AIR NAVIGATION

the approach would be made on instruments and the landing by contact;
and, thirdly, it can be used to supplement an instrument landing system.

In the latter case, an instrument landing approach is made in the
manner previously described and the first steps of an instrument landing
followed, but upon passing the inner marker the pilot picks up the approach
lights as soon as they become visible. The pilot is thereby provided with
visual aids for making actual contact with the runway.

The first 1,200 feet of approach lights are equally spaced at 200-foot
intervals on each side of the approach. The remaining 1,300 feet of
approach lights are spaced at 100-foot intervals. Flush-type runway lights
then continue along either side of the runway proper.

Usually, no glide path is included in the systems now being installed,
for equipment is not available, but the equipment is expected to be in-
stalled as soon as it is available. Current installations include three
marker beacons, instead of the two described.

Use of the localizer and markers alone permits instrument approaches
under weather conditions much less favorable than the present minimums.
Approaches to an airport with 100-foot ceiling and one-fourth mile
visibility will become feasible, whereas present minimums are 400-foot
ceiling and 1-mile visibility.

LINEAR APPROACH LIGHTS

As a further visual aid in making landings under conditions of re-
stricted visibility, there has been installed along the southwest approach
to the southwest-northeast runway at Indianapolis a row of 15 linear
approach lights spaced at 100-foot intervals, commencing 3,100 feet from
the end of the paved runway, approximately 800 feet before reaching the
inner marker, and extending toward the runway.

These lights consist of horizontal neon bars, each 6 feet 6 inches long,
mounted approximately 4 feet above ground. They are brilliantly lighted
with the characteristic neon red color and are focused toward the incoming
aircraft.

It need scarcely be pointed out that with the general installation of a
satisfactory system for instrument approach and landings, both on the
ground and in the aircraft, and with pilots proficient in its use, the last
essential for a complete system of safe, all-weather air transportation is
provided

RADIO OPERATOR’S PERMIT

In order to operate 2-way radio, a pilot is required to hold at least a
third class radiotelephone operator’s permit, issued by the Federal Com-
munications Commission. The examination for this permit consists of 10
questions, as follows:

Three on the Communications Act of 1934,
Two on the International General Radio Regulations (Cairo Re-
vision).
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Five on the Rules and Regulations of the Federal Communications
Commission.

The 10 questions which make up any given examination are selected
from those in the “Study Guide and Reference Material for Commercial
Radio Operator Examinations,” published by the Federal Communications
Commission. The pamphlet may be obtained from the Superintendent of
Documents, Washington, D, C., for 15 cents. Additiona] information may
also be obtained from any local inspector of the Federal Communications
Commission.

EXAMPLES

Example 1.—While flying the radio range course between The Dalles,
Oregon, and Ellensburg, Washington (see plate III), in thick weather, a
pilot wished to verify his position along the course. By means of radio
direction finder he determined the true bearing of the Pendleton radio
range station as 118°

Required.—The position of the airplane.

The pilot supposed himself to be somewhere near Yakima; conse-
gquently, the bearing was plotted with the meridian passing through
Yakima, at latitude 46°30’. This line passed well to the north of Pendleton,
so a second line was drawn, from the Pendleton range station and parallel
to the first line. The intersection of the second line with the northeasterly
course of The Dalles radio range station marks the position of the air-
plane, about 3 miles south of Harrah.

Instead of drawing the two lines, as just deseribed, some prefer to ad-
just the protractor to the desired angle, then slide it along the meridian
until the protractor arm passes through the point in question. The bearing
may then be drawn directly from the station.

If the Seattle sectional chart were being used on this flight, it would
be easier to plot the bearing directly from the Pendleton radio range sta-
tion on the La Grande chart, transferring the bearing to the Spokane chart,
and in turn to the Seattle chart, where it crosses the boundaries between
the charts. The bearing to be plotted from the Pendleton station is
obtained as follows (see p. 226) :

118° bearing observed at airplane.
+180°

298° reciprocal bearing.

The difference of longitude between fthe airplane and the radio range
station is not quite 2°. Multiplying this number by the convergence of
026 per degree of longitude (see p. 47), we obtain 2 X 096=1°2, or, to
the nearest whole degree, 1°. The correction is to be added, since tne air-
plane is west of the station.

298° reciprocal bearing.
-+1° eorrection for convergence.

299° bearing to be plotted from Pendleton radio range station.
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The added work of obtaining the bearing to be plotted from the sta-
tion, and the inconvenience of transferring the bearing from one chart to
another (or even to a third chart, as in this example), well illustrates the
need for, and the convenience of, the smaller scale charts for plotting
radio bearings.

Ezample 2.—In the preceding example, if the Pendleton radio range
station had been equipped with the necessary apparatus (as are the naval
radio direction finder stations along our coasts), the pilot might have
called Pendleton and requested that his bearing from that station be de-
termined. When the bearing was reported back by radio, he could have
plotted the bearing at once with the meridian nearest the radio station
(not with the meridian nearest the location of the airplane), and its inter-
section with The Dalles radio range course would have determined his
position as in example 1.

Ezample 3.—On a direct flight from Key West, Fla., to Brownsville,
Tex., a pilot was approximately at position A, figure 170, but by dead
reckoning believed himself to be in the vicinity of B. By radio direction
finder he determined the bearing of WWL (New Orleans) as 039°, which
was plotted on the chart with the meridian nearest B, affording “bearing
No. 1.” Not until 30 minutes later was he able to obtain the bearing of
WOAI (San Antonio). Since he was flying due west at an estimated
ground speed of 125 mph, his true position was now at C, although he
believed himself to be near D. The bearing of WOAI, 320° true, was there-
fore plotted at the meridian of D, resulting in “bearing No. 2.” Carrying
bearing No. 1 due west 62.5 miles (the dead-reckoning distance and direc-
tion made good between the taking of the two bearings), fixes the ap-
proximate position of the airplane at F.

Since this fix is nearly 2° of longitude away from the supposed
position at D, it is decided to replot both bearings, plotting them at the
meridian nearest the preliminary fix. Bearing No. 2 is replotted, and No.
1 is replotted and carried forward as shown, giving the fix at F',. From
F, an adjusted course to Brownsville can be determined, and the estimated
time of arrival is revised, not only to allow for the shorter distance ahead,
but also for the tail winds which had placed the airplane so much farther
ahead than was supposed.

Example 4—A pilot was flying a compass heading of 347° in the
vicinity of P (fig. 171) when he obtained the relative bearing of the radio
station RS, 60° to the right of the airplane’s head. Compass deviation on
this heading, 2° W.

Required.—The line of position on the radio direction finding chart
of the region.

To rectify for deviation of the compass (Case II, p. 118), subtract
resterly deviation: 847° — 2°—1345°, the magnetic heading of the air-
lane, Since the observed bearing was to the right of the airplane’s head,
+ must be added: 345° -4 60° ==405°, which is 45° past 360° (405° —
50° = 045°). The bearing of the station is 045° magnetic.
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From the radio station draw a straight line through the 45° gradua-
tion of the compass rose as read from the outer figures; this is the desired
line of position, at some point on which the airplane was located when
the bearing was observed.

Example 5.—In the preceding example it is desired to obtain greater
precision by applying corrections for convergence and for the difference
in variation between the position of the airplane and the radio station.

Since the airplane is approximately 2° of longitude west of the radio
station, the correction for convergence is 2 < 096 = 122, which is to be
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Figure 171, Plotting a radio bearing vn a radio direction finding chart.

added. The difference in magnetic variation is 1°, which is also to be added
(add “when easterly variation decreases toward the station,” p. —). To
the nearest degree, then, the correct bearing is obtained as shown in the
lower right corner of figure 172, and plotted as shown by the light broken
line in the figure.

Example 6.—Instead of measuring the relative bearing from the
magnetic heading in example 4, it is assumed that deviation and varia-
tion were set off as on the more recent direction finders, and that the true
bearing of the station was read directly as 061°.

For precise results, without the necessity for applying any correc-
tions, a protractor of the type illustrated in figures 80 and 160 is adjusted
to read 061°, at the meridian nearest the position of the airplane, and
moved aleng the meridian until the protractor arm passes through the
station. A line drawn along the edge of the protractor is the desired line
of position,

Ezample ?.—A flight is to be made from the municipal airport,
Houston, Texas, to the municipal airport at Shreveport, Louisiana. Plate
11, the radio direction finding chart of the area, has been overprinted
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with the plotting required prior to the flight, and shows the true course,
the check points selected and the distances between them, and true radio
bearings from the check points to selected radio stations.

From the weather data it is decided that the flight is to be made at
6,000 feet, the wind at that altitude being 250° and 22 mph. The true
air speed under predicted conditions is 135 mph, which should result in
a ground speed of 150 mph. From the rate of climb and of descent, both
of which are 500 feet per minute, the time spent in climbing and in
descending is determined as 12 minutes and 21 miles covered over the
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Figure 172.-- Bearing . . direction finding chart corrected for converge

ground, in each case. The ground speed during climb and descent is only
105 mph, based on the mean wind between the alrport elevations and
flight level.

Complete data for the flight are shown on the chart and in the
following table.

On the first half of the flight the track is checked by bearings taken
on the Houston range station, differing only slightly from the reciprocal
of the plotted course (204°). On the second half of the flight the track
is checked by bearings on the Shreveport range.

The first check point is reached, and the plotted bearings verified
within about a degree, which is as close as may be expected. The time
was 27 minutes, instead of the estimated 28 minutes, but no change in
the other data was made in view of the possible error in position on a
small scale chart, and other possible inaccuracies in wind and flight data.

Check point 2 was reached in 46 minutes, instead of the estimated
47 minutes, so that the elapsed time between these points agreed with
the estimate. Check points 8 and 4 were reached 1 minute behind the es-
timated times, and the airplane was landed at Shreveport just 1 minute late.



PRACTIOAL AIR NAVIGATION

246

‘03 03 1[)8 2ULBISIP == , JCIBWWOUI(,, ~}¥IE WIOIF 2IURISIP [830) =, J039390m N §
ujod SURIEIS WOIY DUBISIP [#10] = ,JOJBUNIOUSQ,, *sjujod IaYd UIdmjaq DUBISIP ==, JOJRISWNN],, y

1S

! _ |
T _— jrodasaryg
T | ¥l | | “ ,_ H
v | est b S ¥
STL | 091 | Ger o1 ﬁ _ | ;
) o¢ 91 _ ! _ g -
or:1 0st <91 28 _ i _ .
: S} 8oL ! 3
25:0 05T S0t o _ | _
6¢1 |
. = ' .—
g0 | oot | &L | zo | |
.p| 621 |z 1y 122 - } - 1odaa; I
L R e oG10 | + o€ | 600 | 4 .8 RS_ oL | o¥20 | 1odosaryg | uorsnogy
20UB) | souw) | souwy
oumy | -SIp | -sip | -sip | (“yegp) ¢20ue) | ; aowsy "°N 'ON
ML | ¥ ouin  yowly  pawy | omiy | g9 | -siq | g | HD | 4°d | HIC | A | HL |vOM | OL oL wmoxy | 4d |F
. 351047y | :Juaosay ( . Uiy 1e30Y, | eooq i te)

}10daAdayS 03 wW0ISNOH wioay Y31 J0J BIEQ



RADIO NAVIGATION 247

This example illustrates the general use of the radio direction finding
charts, when plotting true bearings from the meridian nearest the dead
reckoning position. If the true bearings are converted to magnetic bear-
ings and plotted from the various stations by means of the magnetic roses
printed around the stations, the error involved in that method may be
seen. The direction finding charts should in all cases be supplemented by
larger scale charts, such as the sectional charts, terminal charts, or air-
port charts,

QUESTIONS

1. Name the most important functions of aeronautical radio.

2. In what way is radio of importance to the light-plane owner?

8. What is the principal advantage of the Lambert projection for
radio navigation?

4. How are the four courses (“beams”) of a radio range station ob-
tained?

5. Are the four beams of a range station always at right angles?
Why?

6. How may a pilot know to what radio range station he is listening?

7. Describe two methods of keeping on the beam,

8. How may a pilot be sure that the radio aids to navigation on his
chart are up to date?

9. What is meant by an “attention signal”?

10. What is a cone of silence?

11. What is a false cone of silence? How may it be distinguished
from a true cone of silence?

12, What is the function of a Z marker beacon?

13. What is meant by multiple courses? Bent courses? Night
effect?

14. How may pilots distinguish between a multiple course and a
true on-course zone? '

15. Of what importance is drift in radio range flying? In orientation
procedure?

16. If a pilot located himself as being in one of the A quadrants of
the Pittsburgh range station, what method of orientation should he fol-
low? What method should be followed in an N quadrant of the same
station?

17. What is a standard procedure turn?

18. What procedure should be followed in reversing the direction of’
flight along a beam?

19. When flying the radio ranges, is it necessary to bother with dead
1eckoning?

20. What is meant by “bracketing a beam’ ?

21. When MUST a pilot fly to the right of a beam, and when may be
fly in the beam?
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22, What is the minimum time for determining, from the fading or
building-up of signal strength, whether flight is toward or away from a
station?

23. Is it ever possible to fly away from a station and have the signal
strength increase?

24, What checks might a pilot make to assure the accuracy of a
beam identification?

25. What information may be obtained from a fan marker beacon?

26. What is meant by a radio fix? A range approach channel?

27. Distinguish between a radio compass, a radio direction finder,
and an automatic direction finder.

28. Are the indications of a radio direction finder subject to more
or less error than a radio beam?

29, Is orientation ever necessary when using a radio compass?

30. What is meant by a radio line of position?

31. What is a running fix?

32. What errors are involved in plotting from a radio station the
reciprocal of a bearing observed aboard an aircraft?

33. What is the principal disadvantage of the Mercator projection
for radio navigation?

34. What is meant by a relative bearing?

35. How may wind be determined by means of the radio compass
or direction finder?

36. What advantages are offered by the new very-high-frequency
radio range stations?

37. Give a general description of the four elements of the Indian-
apolis instrument approach and landing system.

PROBLEMS

1. The true bearings of the beams of a radio range station are 15°,
80°, 160°, and 260°. Sketch the four beams and mark the 4 and N
quadrants.

2. Assume that the station of problem 1 is located in Canada, and
mark the A and N quadrants.

3. Determine the average bisectors of the quadrants of the station
of problem 1.

4. From the following data obtain the true bearing in each case;
the letters L or R after the relative bearing indicate that the station is
toward the left, or right, respectively:

| 1 ‘ 2 3 4 5
Compass heading.. .. . 20°. 350°.__ .| 240°._...__ 160°.____ .. 160°
Deviation.. ... .. __ ... 2°E. 3°W______{5°E___. .. 2°W...._..|2°E.
Variation__ .. ....._ _. 4°E_. 8 W.______. 13°E._.. |[6°E_..__ |6°W,
Relative bearmng...._ .. . {28°L.. .1 40°L_____. 110°R... } 85°R.... |35°L,
_True bearmg ... S e (S [ IS
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5. From the following data, obtain in each case the bearing to be
plotted from the magnetic compass rose of an aeronautical chart for radio
direction finding. The letters L or R after the relative bearing indicate that
the station is toward the left, or right, respectively. No corrections need
be applied for convergence or for difference in variation.

l 1 2 3 4 5
Compass heading 35°. 270°. 315° 330°._. 170°,
Dewviation...-.__ . -1 4w 2°E__ 3°W. | TPE . 8° W,
Relative bearing 35°L 95°R_. 175° R 40°R. 38° L.
Magnetic bearing -

6. Referring to figure 154, suppose that an A signal is received from
station 1, an N signal from station 2, and an A signal from station 8: what
is the position of the airplane?

7. Example 7 describes the use of a radio direction finding chart for
a flight from Houston to Shreveport, based on plate II. Using the same
chart, assume that the flight is to be continued from Shreveport to Dallas
and back to Houston, and tabulate the data required.

8. A pilot in flight obtained true bearings on three radio range sta-
tions, as follows:

Shreveport 062°.
Dallas 311°.
Navasota 198°.

Using plate II, determine the position of the airplane.

9. Using a radio compass a radio station is tuned in, but it is un-
certain whether the station is directly ahead of, or directly behind the
aircraft. A 90° turn to the right is made and the new heading main-
tained for 10 minutes, after which a left turn of 95° is required to head
the aircraft directly toward the station. Is the station ahead of or be-
hind the aircraft?

10. On an aircraft headed east, the true bearing of a radio station
is determined as 175° or 855°. After flying east for 10 more minutes at 140
mph, the bearing is determined agamn as 185° or 005°. Which of the last
two bearings is correct, and what is the distance from the station?

11. While flying the southeast beam of the Waco radio range (plate
1I), the bearing of the Austin range station was observed as 232° true.
What was the position of the airplane?

12. The position of the airplane in the preceding example was
reached just 30 minutes after passing the Waco cone of silence. The
compass heading in the meantime had been 185°; deviation as in figure
b4; true air speed 120 mph. What was the wind direction and velocity?



Chapter X.—CELESTIAL NAVIGATION
PRACTICAL VALUE

Celestial navigation is the art of determining position on the earth
trom observations of celestial bodies (the sun, moon, stars, and planets).

In time of peace, celestial navigation with present methods and
equipment will seldom prove of practical importance for flights of less
than 1,000 miles. For such distances, its chief value is that of a
fascinating hobby which may some day prove of value, since the com-
bined use of piloting, dead reckoning, and radio should ordinarily afford
satisfactory resulis.

With the development of large transports capable of flying great
distances nonstop, longer and longer flights have been included in air-
transportation schedules. Even before the war, regular flights across both
the Atlantic and the Pacific had become commonplace. Under the im-
petus of war, not only have our transport lines spanned nearly the whole
earth, but our bombers have made mass flights deep into enemy territory,
where radio was not available. For flights such as these celestial naviga-
tion is not only practical, but necessary.

For the future, the transoceanic routes, like the airways within the
United States, will be equipped with the most advanced radio facilities.
There are those who believe that radio will always provide the leading
navigational method in air transportation, and probably they are right. For
communications 1t is a necessity, and for easy position finding it is un-
excelled ; however, it is always possible that failure may occur, either in
transmission or reception, and celestial navigation should be practiced
in order to assure proficiency 1n such emergencies, if for no other reason.

Efficient operation demands that long flights be made at high
altitudes, and a large percentage of such flights would be above any over-
cast. This would prevent the direct determination of drifi and ground
speed, and would make dead reckoning of doubtful value; it would not
affect radio, except in the event of complete failure or excessive statie,
and it would not affect celestial navigation. For longer flights, -then,
especially over ocean routes and for many military missions, celestial
navigation becomes a primary method, and of at least equal importance
with radio.

ACCURACY

The accuracy of the results depends on the skill of the observer,
the mstrumental equipment, and the conditions under which the sextant
observations are taken. By means of astronomical observations a sur-
veyor on the stable earth can determine his geographic position within
a few yards; on a ship at sea, position can usually be determined within
a mile or two. Under average conditions in the air, an accuracy of 5 to
10 miles should ordinarily be obtained, although considerably greater
errors may occur with a light airplane and bumpy air.
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Since a single observation may be greatly in error, it is common-
practice to take from 5 to 10 observations in quick succession, and to
determine the line of position from the average of the observations. Ob-
viously, the better the flying conditions the smaller the number of ob-
servations needed fcr a satisfactory determination.

SIMPLICITY

There is a widespread belief that celestial navigation is very difficult,
and can be used only by expert observers and mathematicians. On the con-
trary the method is very simple. In the practice of celestial navigation
the most difficult part of the whole process is the taking of the sextant
observation; obviously, this is largely a matter of mechanical practice.

Agside from the observation with a sextant, three other steps are
necessary. The first is to note the exact time of the observation:; the
second is to compute the line of position from the sextant observation
and the time it was made; and the third is to plot the line of position on
the chart. An error of 4 seconds in noting the time of observation will
produce a maximum error of only 1 mile in the line of position; the com-
putations have been reduced to simple arithmetic, requiring nothing more
than addition and subtraction; and the plotting of the position line on
the chart is as simple as measuring the course angle.

In addition to the instruments ordinarily used in other methods of
navigation, the following equipment is required: sextant, chronometer
(accurate watch), the current Air Almanac, and the preferred tables for
performing the necessary computations. A suitable form for computing
the line of position is convenient, but is not absolutely necessary.

BASIC PRINCIPLES

Almost directly above the north pole of the earth there is a fairly
bright star known to most people as the North Star. It is also called the
Pole Star, or, more properly, Polaris. Let us suppose that ihis star were
exactly over the north pole: To an observer at that point it would appear
to be directly overhead; that is, its altitude (angle of elevation above the
horizon) would be 90°,

To an observer at the equator the star would appear to be on the
horizon, with an altitude of 0°. The star is actually in line with the
earth’s axis, nearly 4,000 miles beneath his feet, but the distanee to the
star is so great by comparison that all rays from the star to different
points on the earth appear to be parallel. Thus (fig. 173), from all points
on the equator the altitude of the star is 0°, and the equator may be
called a “circle of position,” passing through all points where the altitude
of 0° might be observed.

To an observer at A, latitude 80°, the line BC will appear to be
horizontal, and he will see the star one-third of the way from the horizon
to the point in the heavens directly overhead (the zenith)—that is, the
altitude will be 30° (the same as the latitude). As before, it is un-
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.important what point on the 80th parallel is considered, since all rays
from the star are parallel, and the altitude of the star is 30° from all
points on the parallel, and from no other point. The 30th parallel may
therefore be called a circle of position, or a “circle of equal altitude,”
passing through all points where the altitude of the star is 30°. In the
same way it can be shown that the 40th parallel is a circle of position
for all points where the altitude of the star is 40°, and so on.
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Figure 173 Parallels of latitude as circles of position.

Figure 174 is an ordinary polar equidistant projection of the north-
ern hemisphere, with our fictitious star projected down upon the pole,
the point directly beneath it on the earth. The parallels of latitude, at 10°
intervals, represent so many circles of position drawn about the point
directly beneath the star (the “sub-stellar point”) as a center. Since the
scale is true along all meridians of this projection, it is clear that the
radius of the 60th parallel is equal to 30° of latitude, its actual distance
from the pole. Similarly, the radius of the 30th parallel, where the ob-
served altitude would be 30°, is equal to 60°, and in each case the radius
is equal to 90° minus the altitude that would be observed.

These principles hold true not only for a star directly over the pole,
but for all stars. Every star is the center of a system of concentric circles
of position which moves with the star in its daily passage over the earth.
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By reference to the Air Almanac the point directly beneath a star may
be known for any instant of time, and any given circle of position may
be drawn around that point with radius equal to 90° minus the observed
altitude.

We do not usually think of distances in terms of degrees and minut_es,
although we are accustomed to measuring distances along a meridian
(latitude) in these terms. When great-circle distances are computed

Iigure 174 —The radius of u eircle of pusition is eyual 10 90° ranus the ohrerved altitude.

between any two points, regardless of the direction, they are always
computed in degrees and minutes, and then converted into the desired
conventional units, such as nautical miles, statute miles, or meters.

A chart may have a scale of distances In terms of degrees and
minutes of a great circle, just as it has a scale of distances in terms of
statute or nautical miles. If a small scale chart (the scale of the planning
charts, or smaller) were provided with such a scale, it would be possible
to plot on the chart, from the Air Almanac, the position beneath any
star at the instant of observation; and with that point as a center, to
draw the circle of position graphically, with a radius equal to 90° minus
the observed altitude, with no computations whatever, This principle may
prove of very practical value on special charts of the transoceanic routes,
or even some of the transcontinental routes. It has already been used
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by the Army Air Forces for several experimental charts at a scale of
1:10,000,000.

We have seen that the observed altitude of a star definitely deter-
mines a circle of position at a known distance from the point beneath the
star. If at the same time and place the altitude of a second star is ob-
served, a second circle of position is determined; since the observer is on
both circles, he must be at a point where the two intersect. This is
illustrated in figure 175, which is a greatly reduced representation of the
planning chart of the United States. The positions of the stars observed
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Figure 175.—Two ardes of poution establich location,

(Vega and Alphecca) at the moment of observation were plotted on the
chart from data in the Almanac; then with radius equa! to 90° minus the
observed altitude in each case, the two circles of position were drawn,
determining the fix as shown. Note that the distance between the top and

bottom parallels of the chart is 25°, the lengths of the radii being laid off
proportionately at the same scale.

From the figure it may be seen that the two circles of position would
also intersect just outside the southern border of the chart. For every
pair of intersecting circles there must be two points of intersection, but
this is not confusing in practice, since the two points are usually far
enough apart that one of them may be dismissed as impossible. In the
problem illustrated, the poorest navigator, somewhere in Nevada, should
be able to know at once that he was not in Mexico, 1,500 miles away.
When using larger scale charts for this purpose, the radius of the circle
of position is often too long for the limits of the chart and the circle of

position cannot be drawn as just deseribed; the procedure must therefore
be slightly modified.
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THE LINE OF POSITION

To determine a circle of position on the larger scale charts, the navi-
gator starts with an assumed position, 4, figure 176, which may be either
his dead reckoning position, a nearby projection intersection, or any posi-
tion arbitrarily assumed for most convenient use with the tables selected.
Using the preferred tables, he then computes the azimuth and the altitude
of the star as it ‘would have been observed from the assumed position at
the instant of observation. Let us suppose that the computed azimuth of
the star is 250° and the computed altitude 86°49’: the line AZ is plotted
from A, and represents the azimuth of the observed body; in reality it
is the end section of a radius of the circle of position on which the point
A was located at the instant of observation, and the line LP, at right
angles thereto, is a short section of that circle. Now suppose that the

LP = tine of position through assumed position

36° 49 = Altitude computed for assumed position

37° 00 = Altitude observed
11’ = Difference between observed and computed altitudes
L'P* = Line of position through true position

Yigure 176. The hine of position on large scale charta.

altitude actually observed was 37°00’: this is 11’ greater than the altitude
computed for the assumed position and we know, therefore, that the ob-
servation must have been taken at some point on a circle of position 11
closer to the star than the circle of which LP 1s a part. Thercfore, a dis-
tance equal to 11’ of latitude is laid off along AZ, toward the star, and the
hme L’P? (at right angles to AZ and parallel to LP) is a short section of
the circle of position on which the navigator was located when the observa-
tion was made. In such cases the radius of the circle of position is so
long that the short sections of circumference may be drawn as straight
lines without appreciable error. Such a short section is commonly called
a line of position.

In practice, of course, it is not necessary to draw the line LP; the
altitude difference is simply laid off from the assumed or dead reckoning
position along the plotted azimuth, and a line at right angles therelo
through the point so obtained is the desired line of position. .

As in the case of a'radio line of position (p. 232), a line of position
from a single star does not definitely determine position; it determines
only a line at some point on which the observer was located at the instant



256 PRACTIOAL AIR NAVIGATION “

of observation. In order to obtain a fix, lines of position from two or
more stars must be obtained; since the observer is somewhere on each
line of position, he must be located at their common point of intersection.
When three lines of position are plotted they seldom meet in a point,
because of inaccuracies of observation; instead, a triangle is formed, and
the position may be regarded as anywhere within the triangle. In theory,
the most probable position of the observer is often outside the triangle
formed by the three lines of position. In air navigation, however, the
exact solution of this “triangle of error” is an unnecessary refinement,
and for practical purposes the position may be regarded as anywhere
within the triangle.

Although one line of position does not provide a fix, it may still
prove of real value. For example, if the line is approximately parallel to
the path of the airplane, it informs the pilot as to whether or not he is
on course; if the line of position is approximately at right angles to the
track it furnishes a definite check on the distance made good, and on the
ground speed. In the latter case, if the starting point or the destination
is used as the assumed position, the distance made good or the distance
vet to go is obtained directly, without any additional calculations. A
single line of position from celestial observations may be combined with
a radio line of position in order to obtain a fix; or, if a pilot has been
able to determine his position as somewhere along a fairly straight sec-
tion of river, shore line, or other landmark, a single position line crossing
the feature would provide a fix.

In celestial navigation, as in other methods, the projection of the
chart is of no little importance. When the difference between the observed
and computed altitudes is comparatively large, as is frequently the case
in the air, additional error is introduced by the use of unsuitable pro-
jections. Due to the accuracy of the Lambert projection in representing
azimuths, and the fact that a straight line thereon closely approximates
the track of a great circle, error from this source is very small. The
properties of the Lambert projection also make it particularly suitable
for the graphic method of position finding from celestial observations,
as suggested above for small scale charts.

CELESTIAL COORDINATES

As we look at the night sky, it is as though a great bowl were in-
verted over the earth, and the stars and other heavenly bodies were fixed
to its inner surface. This inverted bowl is referred to as the celestial
sphere. It has a system of coordinates which correspond closely with
those of the terrestrial sphere, although the names are different. The
easiest way to become thoroughly familiar with the celestial coordinates
is to compare them with the familiar terrestrial terms.

The earth rotates on its axis, the extremities of the axis being known
as the north and south poles, respectively. Halfway between the poles,
an imaginary plane perpendicular to the axis cuts the surface of the
earth in a line known as the equator. The terrestrial axis and equator are
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considered as extended to meet the celestial sphere, their intersections
therewith being known as the north and south celestial poles and the
celestial equator. As the earth rotates daily from west to east on its axis,
there results an epparent rotation of the celestial sphere from east to
west, on the axis passing through the celestial poles.

On the earth, latitude is reckoned from 0° at the equator to 90°
north latitude at the north pole and 90° south latitude at the south
pole; on the celestial sphere latitude is known as declination. The distance

P.P' ~ the cele-tul poles

V  the verng) equinas ur “celestial Greenwich ™

Dechination 15 meacured

Nt of the pagater (a) nr
South ot the equatue (=)

Right Ascension 1s e stured from V toward *be east
from Oh up o 24h

Sidereal Hour Angle 15 mea ured from V low id the
voet, from O up to J60°

kigure 377.—The gelestial sphere.

north or south of the celestial equator is known as north or south declina-
tion; as with terrestrial latitude, declination is expressed in degrees,
minutes, and seconds. North declination is often designated as plus (+),
while south declination is known as minus (—).

The longitude of a point on the earth is usually referred to the
meridian of Greenwich as a zero point; on the celestial sphere the zero
point is known as the vernal equinox, or the first point of Aries. For
convenience, this point is usually designated by the symbol ¢, which is
suggested by the horns of Aries, the Ram. It is the intersection of the
ecliptic (see p. 284) and the celestial equator, and is the point at which
the sun appears to cross the equator in the spring, as the earth makes
its annual journey around the sun.

On the earth, longitude is usually reckoned up to 180° east or west
of the meridian of Greenwich, although it is sometimes reckoned up to
860°. It is occasionally reckoned in terms of time, 15° being equal to
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1 hour of time. Thus a point on the earth may be described either as 75°
80’ west of Greenwich, or as 5 hours and 2 minutes west of Greenwich.
On the celestial sphere longitude corresponds both to right ascension and
to the sidereal hour angle, The former is usually reckoned in terms of
time, and is always measured in the same direction, from west to east,
the complete circumference of 360° being equal to 24 hours. The latter
is always measured from east to west, from 0° at the vernal equinox up
to 360°; it is equal to 860° minus the right ascension of a body. The
sidereal hour angle has been introduced in the Air Almanac for greater
ease in obtaining the Greenwich hour angle of a body.

The difference of longitude between the point directly beneath a
heavenly body and the meridian of Greenwich is known as the Greenwich
hour angle (GHA) of the body; the difference of longitude between the
point directly beneath the body and the meridian passing through the
position of the observer is known as the local hour angle (LHA).

For convenient reference and comparison, table 8 lists the various
terms of the celestial sphere opposite the corresponding terms for the
terrestrial sphere. Figure 177 shows these terms graphically.

PRACTICAL AIR NAVIGATION

TABLE 8.—Coordinates of the cclestial sphere and corresponding terms om the
terrestrial sphere

Terrestrial sphere Celestial sphere

North Pole North Pole.
South Pole South Pole.
Equator_.... .. . .. ___ Equator.
Latitude: Declination:

North latitude__
0° to 90° north of Equa-
tor.

South latitude .. _____ ___.
0° to 90° south of Equa-
tor.

Longitude:

ckoned from Greenwich_._ .
0° Ct’;o 180° east or west

of G.
0* to 12> east or west
ol

North dechnation (+):
0° to 90° north of celestisl equator.

South declhination (=)
0° to 90° south of celestial equator.

Right ascension:

Reckoned eastward from vernal equinox, or first point

of Aries:
0b to 24® cast of T (cf. “east longitude™).
Sidereal hour angle:

Reckoned westward from vernal equinox, or first

point of Aries:
0° to 360° west of 7 (cf. “west longitude").
(ireenwich hour angle:

Difference of longitude between the point directly
beneath the celestial body and the meridian  of
Greenwich.

Local hour angle:

Difference of longitude betwceen the point directly

beneath the body and the observer's menidian.

THE ASTRONOMICAL TRIANGLE

It is not essential that pilots understand, or even read, this section on

the asironomical triangle. While a knowledge of the mathematical prin-
ciples involved is desirable, and is of value in itself, the explanation pre-
sented elsewhere in this text is sufficient for practical purposes.
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In spherical trigonometry, if any three parts of a triangle are known
(whether sides or angles), the remaining three parts may be computed.
The position of the star on the celestial sphere, the latitude and longitude
of the assumed or dead reckoning position, and the observed time and
altitude provide the information needed to compute the astronomical
triangle ana to obtain the data for the line of position. This is illustrated
in figure 178, which shows the celestial poles, P and P’, the equator, and
the horizon. The earth is a tiny dot at the center of the celestial sphere,

Figure 178.—The astronomical triangle.

and Z is the zenith, or the point directly above the assumed or dead reckon-
ing position of the observer,

The circumference PZP’ represents the meridian passing through
the assumed position of the observer, and the arc PS is a portion of the
meridian passing through the observed star S. The angle between these
two meridians ZPS is the local hour angle, and the angle PZS is the
azimuth of the star from the assumed position. Some students can
visualize the triangle more readily if they think of it as projected down
upon the earth; in this case P becomes the terrestrial pole, Z the assumed
or dead reckoning position of the observer, and S the point directly be-
neath the star.

The arc from the equator to the star is the declination of the star,
and is known from the Almanac. It is also known that the arc from the
equator to the pole is 90°. Therefore, the side SP — 90° — declination.
If the star were south of the equator (in south declination), the side SP
== 90° - declination.

Since Z is the point directly above the assumed or dead reckoning
position of the observer, the declination of the point Z is the same as the
assumed latitude, and the side ZP — 90° — |atitude.

The local hour angle of the star may be known by combining the
Greenwich hour angle of the star at the instant of observation (obtained
from information in the Almanac), and the assumed or dead reckoning
longitude of the observer.
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From these three known parts, two of the remaining paris of the
triangle are computed: the azimuth of the star, PZS, from the assumed
position of the observer; and the side SZ, which is the distance from the
star to the assumed position, or the radius of the circle of position
through the assumed position. In figure 178 it is seen that the arc from
the horizon to the zenith Z is 90°, and the computed altitude (H.) of the
star is therefore equal to 90° — SZ.

In order to save as much time as possible, the various navigation
tables are so arranged that they may be entered directly with the declina-
tion of the star and the latitude of the assumed position (instead of 90°
minug these quantities, as might be supposed from the above explana-
tion) ; also, the computed altitude is obtained directly instead of the
side SZ.

Unless the navigator happened to be exactly on the circle of position
passing through the assumed or dead reckoning position when the sex-
tant observation was made, the computed altitude will differ from the
altitude observed. The altitude difference and the computed azimuth
provide all the data needed for plotting the line of position, as illustrated
in figure 176. If the observed altitude is greater than fhe computed
altitude, the airplane was toward the star from the assumed position,
and the altitude difference is therefore laid off toward the star; if the
observed altitude was less, the airplane was farther away than the
assumed position; see fig, 173.

THE SEXTANT OBSERVATION

Before actually making the sextant observation the navigator should
be able to identify the star observed. It is as impossible to compute and
plot on the chart a line of position from an unknown star as to plot a
radio bearing from an unknown radio station. The identification of the
stars and planets is not difficult, and is treated at the end of this chapter.

It is also important to select for observation stars that are favorably
situated for the problem under consideration. The value of a line of posi-
tion from a star directly along the line of flight, or from a star directly
to the right or left of the aircraft, has already been pointed out, The more
nearly two position lines are at right angles to each other, the more
accurate is the fix obtained. An intersection at an angle of less than 30°
is not desirable, although even this may prove of value in an emergency.
It is desirable, then, that stars (or other bodies) should be observed
which differ in azimuth by approximately 90°; if at all possible, they
should differ in azimuth by not less than 80°. Because of the varying
effect of refraction (p. 262) on the observation of a star near the horizon,
the bodies selected should ordinarily be at least 15° above the horizon.

For celestial navigation by day there is, of course, little choice
among the heavenly bodies. The sun is available, and, at times, the moon.
At night, however, we have our choice of the stars, usually of one or
more of the planets, and, about half the time, of the moon.
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The moon, and the planets Venus and Jupiter, are so much brighter .
than the stars and are so easily identified that they tempt the beginner:
With the Air Almanac, the computation of a line of position from one of
these bodies is no more difficult than for the stars; all should be.used
from time to time as a matter of practice, in order to be able to use them
quickly and with confidence if the need should arise.

The sextant observation is probably the most difficult step in the
practice of celestial navigation. Certainly, it is the most important. No
matter how accurate the computations, a line of position based on an
inaccurate observation is still inaccurate.

Sextants are of various types, some making use of the natural (sea)
horizon, others making use of an artificial horizon formed by a bubble
level. Most bubble sextants can also be used with the natural horizon, if
the horizon is visible. In some sextants the eyepiece is to be pointed
directly at the celestial body, while in others the eyepiece is always
horizontal, and the body observed is reflected through an arrangement
of mirrors. In any case, good sextant observations are largely a matter
of practice and of thorough familiarity with the instrument.

The bubble sextant is generally used in air navigation, since the
natural sea horizon is often not available because the airplane is over
land, or above clouds or haze, or because the horizon is obscured by dark-
ness. Improved sextants, averaging a series of observations mechanically
or visually, and incorporating other important advantages, have been
developed and will be available to the public with the coming of peace.

After the observations are made and recorded, several corrections
may need to be applied. One of these is for the index error of the
instrument itself. Obviously, if an altitude of 0°5’ is indicated when the
reading should be 0°, this same error will affect all altitudes measured
with the instrument, and a correction for this error must be applied to
all observations. It is often possible to adjust the sextant so that it does
read correct'y, and this correction becomes unnecessary. The method of
adjustment will not be discussed here, since it is assumed that anyone
who purchases an instrument will receive with it complete instructions
on its care and adjustment. In the absence of detailed instructions for
the adjustment of a particular sextant, general instructions of a very
practical nature are contained in The American Practical Navigator
(Bowditch), published by the United States Hydrographic Office. The
correction for index error is usually abbreviated as I. C. (Index Cor-
rection).

1f the natural horizon is used in taking the scxtant observation (in-
stead of the artificial bubble horizon), a correction must be applied for
dip, or the height of eye of the observer. This is made necessary because
the eye of the aviator is higher than the true horizon. In addition to the
angle between a truly horizontal plane and the observed body, he also
measures the small angle between the horizontal plane and the lower
“horizon” which he sees below him. This small angle, therefore, must
always be subtracted from the observed altitude.
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When the natural horizon is used for an observation on the sun or
moon, the altitude is taken when the reflection of the upper or lower edge
(the “upper limb” or the “lower limb”) of the body is brought into con-
tact with the horizon. Since the altitude of the center of the body is
required, it is clear that a correction for the semidiameter (half the diam-
eter) of the body must be applied. Consequently, the semidiameter of
the sun and of the moon is given for each day, on the corresponding page
of the Air Almanac. If the lower limb is observed, the semidiameter must
be added in order to find the altitude of the center; if the upper limb is
observed, the semidiameter must be subtracted.

Additional corrections must be made for refraction and, in the case
of the moon, for parallax.” In one sense, it is immaterial whether the
student understands the theory of these corrections or not; by means of
tables given in the Air Almanac the application of the corrections is very
simple. For the benefit of those who wish to understand the principles
involved, the following brief explanation of these two corrections is given,
but it may be passed over without reading, if desired.

In figure 179, the earth is represented, P and P’ being the poles; HH
is the horizon of an observer at O, S the star observed. A ray of light
from the star to the observer is bent by the effect of
the earth’s atmosphere, much the same as a stick partly
submerged in water appears to bend where it enters the
water. As a result of refraction, a star always appears
to the observer to be slightly higher than it really is, at
S’ rather than at S, and the angle of elevation measured
is always too large. As the star approaches the horizon
its light must pass through a thicker section of the
Figure 179.—Refraction. €arth’s atmosphere (OH), at a more oblique angle than

when it is near the zenith (OZ) ; consequently the cor-
rection for refraction is greatest for bodies near the horizon and decreases
with the altitude of the observed body above the horizon.

An additional correction for refraction must be made for observa-
tions made through the astro-dome, or “blister,” provided for the navi-
gator in recent bombers and transports. When the observer’s head and
sextant are properly positioned in the dome, the correction for the refrac-
tion of light passing through the dome is small, and a table of the neces-
sary corrections is usually cemented to the dome. In the absence of such
a table, the following corrections ==

; 8 " Corres
have been determined as correct, extant altitude ‘ Correction
within a minute or two, for the ;8: -2
standard astro-dome: 30° or more :g'

The correction for parallax is illustrated in figure 180, in which the
circle represents the earth, P, P’ the poles of the earth, and M the moon.
For an observer at O the altitude of the moon is represented by the angle
h, but to be used for position determination all altitudes must be reduced
to the horizontal plane through the center of the earth, where the altitude
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is k’. The difference between the two angles, b’ — h, is the parallax (as
used in celestial navigation). By geometry it can be shown that the angle
at M=h'—h, and therefore represents the parallax; it is the angle
formed at the observed body by lines to the observer's position and to the
center of the earth. From the figure it may be seen that the angle at M is
greatest when the body is near the horizon and decreases to zero when the
body is overhead. It is also evident that as the distance of the celestial

)

M Parsfiax

Figure 180, -Parallax.

body from the earth inereases, the angle at M (parallax) becomes smaller.
Parallax is of navigational importance only in the case of the moon, which
is comparatively near the earth; the sun and planets are far enough from
the earth that parallax is negligible, while the stars are at such infinite
distances that it cannot be measured.

While considerable time has been used in explaining these corrections,
with a little practice they can be taken from the tables and applied in a
very few moments with little possibility of error.

Finally, when using a bubble sextant a correction may need to be
applied for the effect of the earth’s rotation. More than a century ago
(1829) it was announced by Coriolis, a French physicist and mathema-
tician, that the rotation of the earth causes moving objects to be deflected
to the right (clockwise) in the northern hemisphere, to the left in ‘the
southern hemisphere. As a result, the horizon indicated by the bubble is
misplaced so that, in the northern hemisphere, altitudes measured to the
right of an aircraft are slightly too small; those to the left are slightly too
large. This is true regardless of the direction of flight.

From the foregoing it may be seen that a line of position is always
misplaced to the left of the track (in the northern hemisphere) and should
be moved toward the right. In the southern hemisphere, of course, this
rule is reversed. The line of position in each case should be moved in a
direction at right angles to the track, in exactly the same way that a line
of position is advanced in plotting a running fix (see p. 224). Shifting a
few lines of position in accordance with these instructions should make
it clear that no displacement results for a line of position at right angles
to the track; maximum displacement occurs when the line of position is
parallel to the track. The amount of this correction, which increases with
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. the velocity of flight and the latitude of the observer, is given in the fol-
lowing table. The corrections may be considered either as nautical miles

" or statute miles, according to the unit of ground speed with which the
table is entered.

o
4%’3
LT
Z

4

2T

TABLE 9.—Bubble sextant correction for the rotation of the earth.

Ground Latitude

_8peed - —

Gnmph) | oo | 100 | 20° | 30° | 40° | 50° | 600 | 70° | so° | so°
100 0 0 1 1 1 2 2 2 2 2
150 0 0 1 2 2 3 3 3 3 3
200 0 1 2 2 3 3 4 4 4 5
250 0 1 2 3 4 4 5 5 6 8
300 0 1 2 3 4 5 6 8 7 7
350 0 1 3 4 5 6 7 7 8 8
400 0 1 3 5 6 7 8 9 9 9

In the Air Almanac this is referred to as the “Z Correction for Bubble
Sextant.” It is accompanied by a second table giving a correction for a
rather similar error due to the curvature of the track of an airplane
because of precession, when steered by directional gyro or gyro-pilot.
The algebraic sum of the two corrections may be used to enter another
table in the almanac, in order to find a correction which may be applied
directly to the observed altitude, instead of plotting the line of position
and moving it as described. This is not recommended for general practice,
however, as being more subject to error. There is reason to believe that
gyros reasonably free from precession may soon be available, and that this
part of the correction may become unnecessary.

In fact, many practical navigators disregard this entire correction
for the earth’s rotation, a practice which appears to be justifiable except
for unusually fast aircraft in high latitudes.

THE AIR ALMANAC

The Air Almanac for each year is issued in three sections covering
4 months each. It is arranged so as to afford the desired information
from a single page opening in most cases. The information for the sun,
moon, and three planets has therefore been listed on a separate page for
each day. The values for a. m. are given on the front of the page, and
for p. m. on the back.

The data on the page for each day are tabulated at 10-minute in-
tervals throughout the 24 hours. Two identical tables are provided for
interpolating between the 10-minute tabulations, for the exact time of
observation; see p. 297. One of these is on a flap which may be inserted
facing the p. m. side of the page; the other is on the inside of the front
cover, It is expected that the daily pages will be removed from day to
day, leaving the interpolation table on the inside of the front cover
always facing the a. m. side of the page for the current day. In either
case, all the data that are needed for a solution for the sun, moon, or a
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planet, may be obtained at one opening of the almanac. Tables for refrac-
.ion and dip are on the back cover, and a convenient table is provided for
converting an observed altitude of Polaris into latitude (see p. 300).

On the a. m. side of each daily sheet (p. 299), at the tops of the re-
spective columns appear the names and the symbols representing the sun,
three planets, and the moon. The stellar magnitudes of the planets (p. 283)
are also indicated. Beneath each heading the GHA and the declination of
the body is given for the hours tabulated.

Column 3 tabulates the GHA <o ; that is, the GHA of the vernal
equinox. As explained later, this quantity is used in obtaining the GHA
of a star. The GHA < is also the Greenwich sidereal time, in terms of arc;
it is, therefore, a tabulation of the Greenwich sidereal time for the cor-
responding Greenwich civil time,

The last column lists the correction for parallax, for observations of
the moon. The plus sign is a reminder that this correction is always to
be added to the sextant altitude. Near the bottom of this column are the
corrections for semidiameter (S. D.) for the sun and for the moon. When
interpolating for the GHA of the moon, under some conditions a slight
error is introduced. A correction to eliminate this error, when needed, is
given at the bottom of the same column, under “Corr. HA ¢.”

The diagram at the right-hand edge of the sheet shows the positions
of the moon, planets, vernal equinox, and four stars, with respect to the
sun. The sun and moon are represented by their well-known conventional
symbols. The stars and planets are identified by name. The diagram
represents the narrow band along the ecliptic within which the sun, moon,
and planets appear to move. The ends of the diagram are each 180° from
the sun; that is, each half of the diagram represents a complete arc across
the sky, from horizon to horizon. If the'diagram is held toward the south-
ern sky, with the symbol for the sun toward the eastern horizon (sunrise)
and the west end toward the western horizon, the relative positions of the
stars and planets near the time of sunrise may be visualized from the
west half of the diagram., If the symbol for the sun is held toward the
western horizon (sunset), with the east end toward the east, the other
half of the diagram pictures the visible planets and selected stars near
the time of sunset.

On the p. m. side (p. 298), the tables at the right show the time of
rising and setting of the sun and moon, and the duration of civil twilight.
The last column, under the heading of “Diff.,”” gives the number of minutes
later at which the moon will rise or set on the following day.

The inside back cover (p. 301) lists the sidereal hour angle (SHA),
right ascension (RA), and declination (Dec.) of 55 navigational stars.
The Greenwich hour angle (GHA) of a star is obtained by adding the
GHA of the vernal equinox (GHA ), as given in the daily pages, and the
SHA. of the star. As a convenient reminder, this equation is printed at
the bottom of the page of star data:

GHA*=GHA v | SHA*
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DETERMINING THE GREENWICH HOUR ANGLE (GHA)

The GHA is determined from the Air Almanac, as illustrated by the
-following examples for the sun, a planet, the moon, and a star. These
examples were arranged without regard to the position of the chosen
body above or below the horizon, and serve only to illustrate the methods
required for the various bodies. In each case, a Greenwich civil time
(GCT) of 2126.4, April 18, 1944, is assumed.

Ezxample 1.—GHA of the sun. From the table on p. 298 we find the
GHA of the sun for 2120 GCT on Tuesday, April 18. From the table on
p- 297 we find the correction for 6 min. 24 sec. (06.4). Adding these, the
required GHA is obtained.

GHA 2120 __ . o e e e 140° 11’
Corr. 064 ___ ___ ... . e ._—..__ 1 86
GHA 21264 . et e 141° 47

Ezample 2—GHA of Venus. From the table on p. 298, we find the
GHA of Venus for 2120 GCT on April 18 and, from the table on p. 297,
the same correction as in example 1, for 6.4 min. Adding these, the GHA
is obtained.

GHA 2120 156° 47
Corr. 064 .. _ e e e — 1 36
GHA 21264 _ s e e e 158° 23’

Exrample 3.—GHA of the moon. From the table on p. 298, we find the
GHA for 2120 GCT. From the table on p. 297, under “Moon,” the correc-
tion for 6.4 min. Adding these, the required GHA is obtained.

GHA 2120 . o i i e e —___.___ _189° 51’
Corr., 064 _ _ - . . - 1 33
GHA 2126.4 . - . e e e .. 191° 247

Erample 4—GHA of Sirius. From the table on p. 298, we find the
GHA * for 2120 GCT, and {from the table on p. 297, the same correction as
in examples 1 and 2, for 6.4 min. From the table on p. 301, we obtain the
SHA of Sirius. The required GHA is found by adding these three quan-
tities.

GHA P 2120 __ o i e 166° 52’
Corr. 064 . . ______._ e e e e e 1 36
SHA Swiruas - .. . . e .- 259 20
GHA 21264 _ 427° 48
—360° 00’

67° 48’

When using sidereal time for any of the special methods, it is im-
portant to remember that a sidereal time interval is always shorter than
the same number of hours and minutes of civil time, but when used for



B e T o \ - -
w O s \ .

CELESTIAL NAVIGATION 257

angular measure (GHA or LHA) the two are equal. In both cases, a com-
plete circumference of 360° is equal to 24 hours.

DETERMINING THE LOCAL HOUR ANGLE (LHA)

All conventional methods for computing a line of position require
that the LHA be known. The LHA is found by combining the GHA of
the body at the instant of observation with the longitude of the assumed
or dead reckoning position.

Formulas have been evolved for obtaining the LHA for varying con-
ditions of longitude and GHA, but they are generally difficult to memorize
and apply. Remembering that GHA is always measured west from the
meridian of Greenwich, in exactly the same way as west longitude, it is
easy to sketch a time diagram for any possible condition, that will clearly
indicate the simple arithmetic to be performed.

Figure 181 shows a series of time diagrams for obtaining the LHA
under different conditions. In the figure, the circles represent the earth

WEST LONGITUDE EAST LONGITUDE

a Star west of the observer and s - a.  Star west of the observer and
west of the meridian of Greenwich west of the meridian of Greenwich®
¢ GM =longitude west GM =longitude east
GMS=GHA [ GS=GHA
MS=LHA MGS=LHA
H LHA=GHA —~ longitude LtHA=GHAHongltude
M M
b.  Star east of the observer and Star west ot the observer and
west of the merrdian of Greenwich east of the mendwuan of Greenwich*
GM =longitude west GM = longitude east
& GS=GHA G GMS=GHA
MS=LHA MS«LHA
s GS=360°~GHA
LHA=longl! GHA
naitude— LHA=longitude ~(360°~GHA)
M L}
S [~ Star east of the observer and Q Star east of the observer and
east of the meridian of Greenwich, east of the mendian of Greenwich
GM =longitude west GM=longitude east
G GMS=GHA 6 GQS=GHA

MGS=LHA

MS=LHA

GS=360"—GHA GMS=360°~-GHA

S

LHA= 360°— GHA+fongitude LHA=(360°~ GHA)~-tongitude

M L}
Figurc 181.—Dectermining the local hour angle (LHA).

as it would appear looking straight down upon it from a point over the
north pole. P is the pole and the circumference represents the equator;
PM is the meridian passing through the position of the observer. Note
that the meridian of the observer PM always takes the same position,
below the pole, and the other points are located with reference to it. The
diagrams at the left of figure 181 are for longitude 100° west; those at
the right are for longitude 100° east. The construction of the dlagram
at the upper left is as follows:
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With the meridian of the observer PM drawn in, the meridian of
Greenwich PG can be drawn, about 100° east of M. The GHA of the star
was about 155°, and the meridian passing through the star PS can now
be drawn, with S about 155° west of Greenwich; that is, the angle
GPS =155°, The angle MPS is the local hour angle, and from the
diagram it is clear that it is equal to the GHA of the star minus the
longitude of the observer; LHA = 155° — 100° == 55°,

The LHA is usually measured from 0° to 180° east or west from the
observer’s meridian. It is desirable to note on the work sheet whether
the LHA is east or west of the observer, to avoid error in laying off the
azimuth and the altitude difference a toward or away from the star.

In some texts the time diagram is drawn with the observer viewing
the earth from the south pole, and with the east-west relationships
reversed. This seems unnatural, for people of the northern hemisphere
at least, and is not recommended.

LINE OF POSITION TABLES

There are a number of tables specially designed to simplify solution
of the astronomical triangle. Most of these incorporate some particular
advantage which is preferred by some, while the features of another table
are desired by others. Almost any of these tables are excellent for those
who have learned to use them. A few of the more popular tables are
briefly described in the following paragraphs:

H.0. 208 (Dreisonstok). This consists of two separate tables totaling
63 pages in one volume. Table I is entered with the latitude to the nearest
whole degree, and an assumed longitude such that the LHA is also a
whole degree. Four quantities are obtained from one page-opening of
table I; one simple addition is performed, and three quantities are taken
from table II. Three additions are then performed in order to obtain the
computed altitude H. and azimuth Z. The position assumed for easy use
of the tables must be plotted on the chart before the line of position itself
can be plotted. The table is useful for all latitudes and for all celestial
bodies.

H.O. 211 (Ageton), This consists of one table of only 36 pages, in
parallel “A” and “B” columns. It requires several more page-openings
and slightly more arithmetic (addition and subtraction), but the method
is simple and fewer rules are required. It may be conveniently used with
the dead reckoning position or any convenient projection intersection,
making it unnecessary to plot an arbitrarily assumed position on the
chart before the line of position can be drawn. This table, also, is useful
for all latitudes and for all celestial bodies. Pages 802 and 303 are from
H.O. 211, and figure 182 shows the complete solution for a line of position
using this table; the solution is described more fully on p. 270. '

H.0. 214. This is one of the more recent tables for the purpose, con-
sisting of eight volumes covering 10° of latitude each (0° to 80°). Vol-
ume VIII contains instructions for special methods for latitudes above
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80°. Each volume contains about 240 large pages of tables, plus ex--
planatory text and auxiliary information. For normal use, the tables
are entered with an assumed position and an assumed declination, the
altitude and azimuth are read directly, and a correction for the difference
between the assumed and true declinations is obtained from an auxiliary
table, to be applied to the tabulated altitude. Some find the bulk of these
volumes objectionable, but the ease of solution has made these tables
popular. Page 304 shows a portion of a page from H.O. 214. The dead
reckoning position may be used, if desired, but the procedure in this case
is more complicated.

H.0. 218 (Astronomical Navigation Tables—"“A.N.T.”’). These are
the most recent of all, reproduced by agreement with the British Air
Commission. For the duration they are classified as “restricted,” and are
not available to the public. The tables are in 14 volumes of approximately
200 pages, covering only 5° of latitude each, from 0° to 70°. Each volume
is in two parts, the first of which contains 4 pages for use with each of 22
navigational stars; the second part contains 4 pages devoted to each
integral degree of declination. When using these tables, the azimuth and
altitude are read directly. For a particular star, a small correction may
need to be applied for the time elapsed since 1940 (the date for which
the tables were computed); for an integral declination (when bodies
other than the 22 selected stars are observed), a small correction for the
difference in declination may need to be applhied. In either case, con-
venient tables on the inside of the covers make this correction very easy
and almost instantaneous. Page 305 is from Vol. G of H.O. 218, and p. 306
shows the correction for date to tabulated altitude of stars. Their use is
explained more fully on p. 293. The normal correction for refraction is
also included in the data tabulated, making it generally unnecessary to
apply refraction when using these tables. On the back of the Air Almanac,
a special “Table B” provides an additional correction for refraction for
sextant observations taken from high altitudes.

COMPUTING THE LINE OF POSITION

A standard form for computing the line of position is not absolutely
necessary, but for convenience, speed, and accuracy, a blank form is very
desirable. One of the chief advantages of using a form is that it reduces
the entire operation to a routine procedure which may be followed through
correctly, even though the navigator has forgotten all the reasons why.
The successive steps are presented in order, and the processes of addition
or subtraction are clearly indicated.

The form adopted, of course, will vary with the particular tables to
be used for the computation. Figure 182 shows one form, designed for
use with H.O. 211. Some prefer a form arranged in a single column, and
figure 183 shows such a form for use with H.Q. 208, 211, 214 and 218.

The column designed for the tables being used should be cut out and
laid at the edge of the page in the navigator’s work book. Using the
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entries of the form as a guide, problems are then worked out in parallel
columns in the work book, to form a permanent record of the work done.
The process of finding the LHA is identical for all methods, as is apparent
from figures 182 and 183.

A fairly complete explanation of the solution shown in figure 182
should suffice for the forms shown in figure 183 as well. Any quantities
still unfamiliar in the latter may be easily understood by reference to the
explanatory text accompanying each of the tables.

WORK SHEET — CELESTIAL NAVIGATION (] Hs
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Figure 182.—Form for computing altitude and asunuth, using H.Q. 211,

In the upper left corner of figure 182 two rules are included, as a
convenient reminder; their application will be discussed later. The only
other rules required are the two which appear at the tops of the pages
of the table itself. Below the rules on the form, spaces are provided for
recording the date, the time, and the star or other body observed.

The abbreviation GCT stands for Greenwich civil time which is
simply the standard time at Greenwich; the only difference is that Green-
wich civil time is reckoned from 0 (at midnight) to 24 hours each day,
instead of 0 to 12 and then repeating. That is, 2:40 p. m. would be written
as 1440; 8:20 a. m. would be written as 0820. The navigator’s watch
should normally be set to keep Greenwich civil time, and should be reset
or checked at least once every day by radio time signals. (See p. 278.)

The form is given the local date of April 20, but the GCT recorded
is for April 21. The civil time where the observations were made (about
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longitude 88°45’ W.) was about 9:52 p. m. (2152) eastern standard time,
but the time at Greenwich was 5 hours later, nearly 8 hours past midnight
and hence April 21, When this situation exists it should be noted on the
form, to avoid any possibility of taking the values from the almanac for
the wrong date.

The name of the observed body completes the general information at
the upper left. At the upper right of figure 182, space is provided for
recording a series of as many as 10 sextant observations, with the time of
each observation. The 10 times and altitudes are both averaged, and the
average time of the series and the average altitude are used in obtaining
the line of position,

With the new averaging sextants, the average altitude for the series
is read directly from the sextant. The average time for the series is
obtained in different ways: some note the time of beginning and ending
observations and use the average of the two; others observe 3 altitudes,
note the time, and observe 3 more, using the time observed at the middle
of the series as the average. In figure 182, if only the times at beginning
and end of observation are averaged, the error amounts to 2 seconds,
which can result in an error no greater than 14 mile.

The abbreviation H, is the altitude (height) actually measured with
the sextant. Under Par (Parallax), Dip, Ref (refraction), S. D. (semi-
diameter), and I. C. (index correction), any corrections for these items
are entered. The total of these corrections (Corr.) is then applied to H,
to obtain H,, which is considered as the observed altitude.

At the upper left of the part of the form used for the actual computa-
tions, there are two columns for obtaining the GHA of the observed body:
one to be used for the sun, the moon, or any planet, the other to be used
for a star. The first column is headed by the symbols for the sun (©®), the
moon (<), and Venus (¢ ), the brightest of the planets; the second is
headed by the symbol for a star (*). If the data for a star are being
computed, it is recommended that the other column be crossed out to avoid
confusion, and vice versa. .

The GHA is next combined with the longitude to obtain the LHA,
the relationship for this problem being as shown in the time diagram of
figure 182. The declination (Dec.) of the star is taken from the Air
Almanac. Then the A value of the LHA is taken from H.O. 211 (see
p- 302), and the B and A values of the declination are taken from the table
(see p. 302) and entered on the form as indicated. Now the 4 and B values
in the first column headed “ADD,” are added, obtaining another 4 value;
this number is found in one of the A columns of the table, and the cor-
responding B value entered in the next two columns of the form. The A
value is repeated in the last column, which we will now refer to as
“column 4”; the preceding three columns will be referred to as columns
1, 2, and 3, respectively.

The subtraction indicated in column 2 results in the A value of “K,”
which is merely an auxiliary part introduced to facilitate solution of the
astronomical triangle, but of no importance in itself. This A value is
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found in the A columns of the table, when the value of K in whole degrees
is read from the top or bottom of the column (in accordance with the
rule at the top of each page of the table), and the additional minutes for K
are read at the side, opposite the A value.

A rule at the top of the form reads “Give K same name as declina-
tion”—that is, if the celestial body is in north declination, K should be
labeled North; if the body is in south declination, K should be named
South. K i$ next combined with L (latitude) in accordance with the
second rule at the top of the form, and the B value of this combination is
entered in column 3. The two quantities in column 3 are added as in-
dicated, resulting in the A value of H. the computed altitude. The cor-
responding B value is obtained and entered in column 4; when subtracted
there as indicated, the A value of the azimuth is obtained.

The azimuth as obtained from the tables is reckoned, for north
latitudes, from the north up to 180° toward the east or west, depending
on whether the body is east or west of the observer. In this case the
azimuth is named N. 83°44’ W., which means that the body is 83°44’
toward the west from true north. This is equivalent to an azimuth of
276°16’, measured from true north according to the conventional 360°
system (see p. 45). The abbreviation Z, indicates the conventional azimuth
from true north.

The computed altitude H, is now compared with the observed altitude
H, to obtain the intercept a, and the LOP (line of position) is then drawn
toward or away from the body observed, according as the observed altitude
is greater or less than the computed.

The process of computing a line of position is not nearly as difficult
nor as time consuming as it sounds. Students may prove this to their
own satisfaction by working out a few practical examples. By comparing
figure 182 with the corresponding column of figure 183, it may be seen
that both forms indicate identical procedures. With the use of some of
the newer tables (especially H.Q. 218), the computation is reduced to
little more than taking the values from the tables, by inspection.

OTHER METHODS

There are several short-cut methods for obtaining the data for a line
of position. For example, there are mechanical computers, on which the
observed data and the information from the Air Almanac can be set up,
and the answer can then be read directly from the instrument. By their
use, some slight saving in time is effected, and any possibility of error in
arithmetic is removed; but it is as possible to set up the data erroneously,
on the computer, as to make a mistake in arithmetic, and in either case
the results are worthless.

Another short cut is found in the use of precomputed altitudes. By
this method, using the best data available, the estimated positions of the
airplane along a projected route are determined by dead reckoning, for a
series of regular time intervals. The altitudes and azimuths of the bodies
selected for observation on the flight are then computed for the dead
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reckoning positions and the corresponding times. These altitudes are
then plotted in the form of a graph, against the proper time intervals,
and a smooth curve is drawn through the points so obtained. The com-
puted azimuths are each plotted on the chart of the route, from the dead
reckoning positions to which they apply; see figure 192,

This method affords no saving in labor; its one advantage is that the
labor is performed on the ground, before taking off, leaving a minimum
of work to be performed in the air. The procedure while in flight may be
outlined as follows:

Having obtained the corrected sextant altitude and noted the time of
observation, as already described, read from the graph the precomputed
altitude for the same time. The difference

between the precomputed altitude and the W% | % | 8% | %

observed altitude is the altitude difference p— - - -

(intercept) required for plotting the line - _— ™ P

Of pOSition. CORR CORR coRrR CORR
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muth ig already plotted on the chart, and it LAT ) vEC AT

is only necessary to lay off the altitude dif- oEc

ference, from the dead reckoning position oec | am]  wrw AT

toward or away from the body according b oecd wé comn

as the observed altitude is greater or less b-oec A u e

than the precomputed altitude. If the time sdcorn *

of observation happens to fall between Al peea e a

two of the dead reckoning positions used 8 e

for the computations, a new dead reckon- Loa be L af s

ing position corresponding to the time of = . e

observation is plotted on the chart, and the "; K_L: R dm:

azimuth is laid off by eye, in a direction e z

roughly parallel to or intermediate be- - ot

tween the azimuths plotted from the T el

nearby positions; the computed altitude oo e

for the time of observation is read from 2 e

the graph and compared with the ob- z a

served altitude; and the altitude differ- z

ence is then laid off as before, to obtain RA

the line of position. If curves are precom- Hed

puted and plotted for two or more celestial Is

bodies, lines of position from each can be z

most quickly plotted, as already described,

and their intersection fixes the position of ¥iers 183 —Forms for computing altitede

the airplane.

Any difference between the actual position of the airplane and the
dead reckoning position does not affect the accuracy of the line of posi-
tion, provided only that the azimuth and altitude difference are laid off
from the dead reckoning position on the plotted route as determined from
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the original data used in precomputing the altitude curve., rather than
from any data obtained during the flight.

If desired, the corrections for index error, refraction, etc., can be
applied to the precomputed altitudes, with reversed signs, when plotting
the curve. In this way, sextant altitudes can be used without applying
these corrections, still further reducing the work required while in the air.

One of the simplest methods is provided by the “star altitude curves.”
In this method, intersecting circles of position from three stars are
printed on the same graph in different colors. The altitudes of the stars
for which the curves have been drawn are observed in quick succession,
and the Greenwich sidereal time (see p. 265) of the observations recorded.
It is then necessary only to note the point of intersection of the curves
corresponding to the altitudes observed, and read from the margins of the
graph the latitude of the observer’s position and the local sidereal time
at that place. Combined with the Greenwich sidereal time by ordinary
arithmetic, the local sidereal time affords the longitude.

This method is subject to the disadvantage that it cannot be used
by day and is available for relatively few slars at night. For satisfactory
results, not more than a minute should elapse between the two altitude
observations; if more time does elapse, a method is provided for carrying
forward the curve corresponding to the first observation.

A further development of the star altitude curves is provided by the
astrograph. With this instrument properly installed in an aircraft, the
star curves are projected directly upon an outline Mercator chart, scale
1:1,000,000 at latitude 56° north. The film containing the star curves
incorporates a graduated time scale, by means of which the time of obser-
vation is easily set against the particular meridian selected as the “setting
longitude” for a given flight over the charted area. Curves are for only
two stars for any given time, but a correction is noted along the time
scale which, applied to an observation of Polaris, affords latitude and, in
effect, provides a third star. All the work required may be performed
before beginning the flight, and the circle of position is projected on the
chart without plotting. If an appreciable time interval must elapse be-
tween two observations, the first circle of position can be sketched on the
chart and advanced in the usual manner. Like the original star curve
method, the astrograph has a very limited choice of stars for observation;
additional disadvantages are the special charts required and the possi-
bility of mechanical failure.

Other simple methods have been developed, or rediscovered, during
the war, designed for an approximate determination of position in life-
raft navigation, with little or nothing in the way of instruments.

One such method provides for the determination of latitude from the
duration of daylight, simply by noting the time when the sun first peeps
above the horizon in the morning, and the time when it just sinks below
the horizon in the evening. Longitude is-also determined from the time
of sunrise or sunset.

Another method considers that a *“sextant observation” of 0° has
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been taken for the lower limb of the sun, when the time is noted as it is
just tangent to the morning or evening horizon. Refraction under these
conditions is uncertain, but an approximate line of position is possible.

Still another method makes use of the Polynesian system of de-
termining position from the star directly overhead at a given time. This
makes use of a special chart of the stars, with a means for showing them
in their correct relation to geographic features for any instant of time.

The ancient method for the determination of latitude from the
meridian altitude of the sun (or any other body) is also of interest. For
example, the altitude of the sun is measured by sextant, or by other
simple means, when it is at its highest point, due south of the observer,
at noon. A simple diagram such as figure 184, shows how easily latitude
can be determined when the sun’s declination is known.

In the figure, the observed altitude was 60°, and the declination of
the sun is known to be 20° N. atl time of observation. The angle X clearly

Sun Zenith

Honzon

&
%,
Gfo’

Figure 184. Latitude by meridian altitude.

is equal to 60° —20°, or 40°; since the angle between the earth’s axis
and the equator is 90° (a right angle), angles X - Y are also equal to
90°, and the angle ¥ =90° — X, or 50°. Since the elevation of the pole
is equal to the latitude of the observer, the latitude is determined as 50°.
A shorter solution points out that the are from the horizon to the zenith
is equal to 90°, and the arc from the sun to the zenith (the zenith dis-
tance) is therefore equal to 90°—60° (the H,), or 30°. From the
equator to the zenith, then, is 20° -}- 30° = 50°; that is, the “declination of
the zenith” in this case is 50°—and there is a rule that “the declination of
the zenith is the observer’s latitude.”

A LINE OF POSITION FROM POLARIS

In the case of Polaris, a line of position may be obtained with very
little computation, the line of position being the parallel of latitude on
which the observer is located.

As suggested on page 251, the altitude of the celestial pole is equal
to the latitude of the place from which it is observed; however, Polaris
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is not exactly at the pole, but moves about it in a small circle with a
radius of about 1° (see fig. 185). Now if the altitude of the pole is equal
to the latitude, it is apparent that when Polaris is directly above the pole
the radius of 1° must be subtracted from the altitude of the star in order
to find the altitude of the pole—and hence the latitude of the place. If

Celestial pole
’7@ Polaris

’/' Altitude of celestial pole

- Pd = Latitude of observer

Observer’s horizon ,

L

Figure 185.—Latitude by Polaris,

the star is directly below the pole, the radius of 1° must be added to the
altitude of the star in order to obtain the altitude of the pole; if the star
is directly to the right or to the left of the pole, the altitude of the star
is the same as the altitude of the pole.

In the Air Almanac there is a special table (see p. 300), giving the
correction to be applied to an observed altitude of Polaris for various
values of the LHA 9 (local hour angle of the vernal equinox). The GHA
¢ is taken from the daily sheet of the Air Almanac, and combined with
the longitude of the assumed position in the usual way in order to obtain
the LHA . With this LHA the special table is entered and a correction
obtained which is to be added to or subtracted from the observed altitude
H,, as indicated. The result is the latitude of the observer, which is most
easily plotted on the chart as a line of position.

The process of taking and recording 5 to 10 sextant observations,
computing the data, and plotting the line of position on the chart will
probably require not less than 10 minutes. That is, after obtaining one
line of position about 10 minutes may elapse before a second can be
plotted on the chart. During this period a fast airplane can cover 30 to

50 miles, and the first line of position must be carried forward the course
and distance made good by dead reckoning between the two observations,
just as described in connection with radio bearings, on page 224. Simi-
larly, the resulting fix must be carried forward the distance and direction
made good after the second observation, in order to obtain the current
position of the airplane. If Polaris is selected as the second star, the
distance that the first line of position or the fix must be carried forward
is reduced to & minimum because of the shorter time required for com-
puting and plotting a line of position (latitude) from Polaris.
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A LINE OF POSITION FROM AN UNIDENTIFIED STAR

Assume that a trans-Atlantic flight is in progress, and that the air-
plane has been enveloped in clouds for several hours; the radio has failed,
and a position from celestial observations is urgently required. Finally
a break appears in the clouds and a single star of about the first magni-
tude, or brighter, is seen for only a few minutes. In this brief interval,
four sextant altitudes of the star are obtained, but since the identity
of the star is unknown, the necessary data for computing the line of posi-
tion cannot be taken from the Air Almanac. By some method, the star
must be identified before the line of position can be computed.

A few stars, such as Sirius and Vega, possess such distinctive char-
acteristics that they can usually be identified, even if no other stars are
visible, but under conditions of haze or partial cloud even these stars
may be difficult to recognize individually. For the most part, a star is
identified by its position with reference to known star groups (such as
the Great Dipper) more than from its individual appearance.

There are available several star finders, such as the Rude Star
Finder and Identifier (published by the U. S. Hydrographic Office) from
which, after the approximately known data are set up, the star may be
identified. There are also special Star Identification Tables, H.O. No. 127,
by means of which the star may be identified with but little difficulty. In
addition, most of the tables commonly employed can be used for star
identification. Figure 186 shows a form designed for use with H.O. 211.

The method is basically simple, but, like most other methods, it
requires enough time that it would not be used in air navigation except
under extreme conditions, It consists essentially in working the ordinary
problem backward in order to find the declination and LHA of the star
observed; with these values approximately found, the SHA can be deter-
mined and the star can be identified in the Air Almanac. The problem
is then worked in the usual way (as in fig. 182) in order-to obtain the
line of position. In figure 186 the problem just presented is worked out.

As shown on the form, the mean time for the series of observations
wag 2842 GCT, April 18, 1944; the observed altitude H, was 19°45';
and the azimuth of the star was estimated as 55° east of true north. The
A value of the azimuth is added to the B value of the corrected altitude,
and the result A 11296 is obtained in column 1. This total is repeated
in column 4, and the B value corresponding to it is written in columns 2
and 3 as indicated. The subtraction required in column 2 is now per-
formed to obtain the 4 value of K; K and L are combined as in figure
182, and the B value of the combination added as indicated in column 3.
This results in the A value of the declination of the star observed; the
corresponding B value is then subtracted as required in column 4, to
obtain the A value of the LHA which is marked east, from the known
direction of the star. The declination is marked north or south in
accordance with the rule appearing on the form.
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On the circle (time diagram) which appears on the form, the merid-
ian of Greenwich is now drawn in, 30° east of M (the observer’s
meridian) and also the meridian of the star, approximately 105° east of
M. Next, the GHA <« for 2342 GCT on April 18, 1944, is obtained from
the Air Almanac as 202°27/, and added to the time diagram, about 202°
to the west of G.

WORK SHEET — STAR IDENTIFICATION GCT Hg
Hi
tf Z 13 groater than 90° take K from bottom of table 53- T‘"o- Z;_ _____ ZQ__:’_’ _____
GlveX same name as Lstitude il ';1; _"_1:,,__ .
Toke Dec fram top of table, "“":ﬁé_ :5_'2__ 17 __4F ]
gve Dec. same name s Lalitude UNLESS 000 77T o £33 f5 20 of |
both Z and K-L are grester than%0°> 0 Je-o--eetitasctooleeomme—oStoooo
Take LWAfPOR:  Jeeeesesses e e e es e

TOP of table when K 1s greater thenl; e e
BOTTOM of table when K s less than L.

Date ____APril /8 194k ___ __
60T oo 23* 427 000
/66 120 797"
ittt T 23 42 oo (M 19°4#
Assumed latituds ___SOTN_________ ’ . SO[Par | 0m[RA[1C |oon - 87
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Figure 1B6.—Form for star identification, using H.0 211,

From the relationship pictured, the GHA of the star is equal to
360°—T74°09" or 2856°51’. (NOTE: The 74°09’ was obtained by subtracting
the assumed longitude from the LHA.) The SHA of the star is equal to
the GHA of the star minus the GHA ¢ : 285951’ — 202027’ — 83024,

At the right side of the page of star data in the Air Almanac (see
p. 301), stars are listed in order of increasing SHA. Running down the
list, we find 81°15’ SHA, and declination 38°44’ N., for the zero magni-
tude star Vega. No other star even approaches these values, and it is
therefore safe to assume that Vega was the star observed. The data for
Vega are therefore entered on the form shown in figure 182, and the
line of position computed as before.

RADIO TIME SIGNALS

The exact time is of great importance to accurate navigation, both
at sea, and in the air. For this reason, radio time signals are broadcast

-
Yo
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from Annapolis, San Francisco, Pearl Harbor, and from Balboa (Canal
Zone), during the last five minutes of the hour, at frequent intervals
during the day. The regular hours and frequencies are changed from
time to time, but the Naval Observatory, Washington, D. C., will furnish
full information to those interested, on request.

Beginning at 5 minutes before the hour, a signal is transmitted each
second except the twenty-ninth, to the fiftieth. From the fiftieth second
to the end of the minute, signals are broadcast as shown in table 10.
Vacant spaces in the table indicate the omission of a signal. Note that
the number of signals in the group ending on the fifty-fifth second of
each minute indicates the number of minutes yet to be broadecast. The
beginning of the sixtieth signal of each minute marks the exact begin-
ning of the following minute,

With this arrangement of signals, the navigator is afforded many
opportunities to check his watch during the 5 minutes, instead of merely
waiting for the long dash at the end of the hour. For example, the watch
may be checked on the thirtieth and sixtieth second of each minute.

TABLE 10.~Schedule of Radio Time Signals

Seconds

Minutes

g

51 52 53 54 55 56 57 58 59

TNIOE

Frrrd

In addition to the time service of the U. S. Naval Observatory
described above, the U. S. Bureau of Standards broadcasts time signals
continuously on frequencies of 5 and 10 megacycles during the 24 hours
of the day and night; also on 15 megacyecles during the daylight hours
and on 2% megacycles at night. These signals are so arranged that time
checks can be had at any time. A complete description of the signals is
broadcast by voice just after the beginning of each hour and half-hour.

In order to make full use of the advantages of some of the short
methods, a navigator may wish to carry a watch rated to and set for
sidereal time. With the Air Almanac and the radio time signals it is
very easy to set the exact sidereal time on a watch.

For example, suppose that the sidereal time corresponding to 2100
GCT on April 18, 1944 is desired (see p. 298). For 2100 GCT, the
GHA < is 161°51’. It has already been pointed out that the GHA v is the
GST (Greenwich sidereal time) in terms of arc. From a table in the
almanac for the conversion of arc to time, it is seen that 161°51’ =
1047:24 (10 hours 47 min. 24 sec.). Accordingly, the sidereal watch is set
for that time and started going when the radio time signal for 2100 GCT
is received.
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IDENTIFICATION OF STARS

It has already been pointed out that it is useless to observe the altitude
of a star unless the identity of the star is known. The beginner is apt
to be confused by the number of stars, and to suppose that it is difficult to
distinguish one star from another. On the contrary, stars differ from one
another considerably, in relative brightness, in color, and in their peculiar
groupings. The Air Almanac lists 55 principal navigational stars, all of
which are shown on the navigational star chart in the back of the almanaec.

Any flat map has its difficulties, This 1s painfully apparent in the star
chart of the Almanac, 1n which the poles are stretched out into lines ex-
tending all the way across the chart. Globes are not so convenient to carry

kigure 187 Navigator’s star map, northern hemisphere.

LSF Or THIS MAP

This map may be oriented by holding 1t overhead and toward any group of 1'.“': {as the Grest Dipper),
and turning it until the positions of «tars on the map corresp to the of the same stars in
the sky. All other stars m that part of the map will then pemt to the stars in the sky which they represent.

For an observer in the northern hemusphere, this map may also be oriented by holding it overhead
with the current month toward the north, the southern part of the map will then show the relative posi-
tlons of stars between the genuh and lln- southern horizon of the observer as they will appear at local
midnight, Stars toward the east and west will alsn be properly onenlad

When using the map before or after it be
respectively; one month of the border acale is equll to 2 hours.

or kwise,
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about, but the serious student will be well repaid for the purchase of a
good celestial globe, some of which may now be had quite reasonably.
With a globe, the astronomical triangle and celestial coordinates can be
clearly seen; the relation between civil and sidereal time can be demon-
strated, and the approximate solutions of navigational problems can be
obtained graphically. With any good star chart, however, and a little
patience, it is not difficult to identify any or all of the principal stars, if
we start from some familiar group.

Figures 187 and 188 are included in this text as an aid to star identi-
fication. In these figures the 55 principal navigational stars are shown in
sohd black, and are named. Only the star patterns which help to identify

Figure 188 Navigator's star map, southern hemisphere.

USE OF THIS MAP

This map may be oriented by holding it overhead and toward any group of stars, them turning it
until the positions of stars on the map ¢ pond to the positl of the same stars in the sky. All
other stars im that part of the map will then point to the stars in the sky which they represent.

For an observer in the southern hemisphere, this map may also be oriented by bolding it overhead
with the ocurrent month toward the south; the northern part of the map will then show the relative posie
tions of stars between the zenith and the morthern horison of the observer as they will appear at loesl
midnight Stars towsrd the east and west will also be properly oriented

When using the map before or after midnight, it should be turned counterclockwise or clockwise,
respectively.
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- the navigator’s stars are shown,.in outline, with broken lines connecting
them and tracing out the pattern..

For example, everyone is familiar with the “Big Dipper” which is
part of the constellation (star group) known as Ursa Major. Most peo-
ple are also aware that the two “pointer stars” in the bowl of the dipper
point to Polaris, the North Star. The star nearer the pole is named
Dubhe, the other Merak. Now, if we follow the curving handle of the
dipper, extending the curve beyond the dipper about the length of the
dipper itself, we come to the bright yellow star Arcturus, in the constella-
tion Bobdtes. Continuing the same curve about an equal distance again
we find the star Spica, in Virgo, a little fainter than Arcturus and blue-
white in color.

On the opposite side of Polaris from the Big Dipper, and about the
same distance from it, is an easily recognized W (or M, depending on the
position), which is the distinguishing feature of Cassiopeia. Two of the
stars in the W are named in the Air Almanac: Caph and Ruchbah.
Toward the south from the W, and about as far from it as the W is from
the pole, is “the great square in Pegasus,” two of the four stars of the
square being Alpheratz and Markab.

The constellation of Orion is the brightest and most conspicuous
star group visible from the northern hemisphere. Its distinguishing
characteristic is the group of three stars in “Orion’s belt,” with the
bright stars Betelgeux and Rigel about equidistant on each side of them.
The writer is always able to distinguish between these two stars by
remembering that Betelgeux was described by the ancients as “the ruddy
shoulder star”—and it is distinetly reddish in color. Rigel is definitely
blue-white.

The three stars in Orion’s belt point almost directly toward Sirius,
the brightest star in the heavens, toward the southeast. In the opposite
direction from the belt stars and at about the same distance as Sirius,
is Aldebaran, which is also reddish in color and still further identified
by the “V” of faint stars (The Hyades). With Betelgeux as a center,
if an arc is swung northward from Sirius, it will pass through Procyon
and Pollux, all at about the same distance from each other as Sirius is
from the belt stars. Procyon represents the “Little Dog,” Sirius the
“Big Dog,” which further helps to identify these neighboring bright
stars. Pollux is accompanied by his twin brother, Castor, just slightly
fainter than Pollux.

In the same way, a few at a time, all the navigational stars may be
Jearned.

STAR NAMES

For centuries, the brighter stars have been known by special names,
as Sirius and Vega. They also have another name, consisting of a letter
of the Greek alphabet and the possessive form of the constellation name.
Thus, Alpheratz is also known as « Andromedae. In celestial geography
this is about the same as a city and state name, « being the city and
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Andromeda the state. We may have o Andromedae and « Cassiopeiae,
just as we have Portsmouth, N. H., and Portsmouth, Va. Only a few of
the navigator’s stars are referred to by their Greek-letter names, but for
convenient reference the Greek alphabet is given in table 11.

TABLE 11.—The Greek alphabet

Letter Name Letter Name Letter Name
B Alpha. . Iota. S Rho.
: S—— Beta, Koo Kappa. O Sigma.
b (AN Gamma. ) N Lambda. Tormee——f Tau.
S Delta. B Mu. Ve Upsilon.
e Epsilon. N Nu. - S—— Phi.
G Zeta. F S Xi. R Chi.
T Eta, Ommmm e o Omicron. R Psi.
O Theta. T e | P [ A Omega.

BRIGHTNESS OF STARS

Stars are classified as first magnitude, second magnitude, etc., ac-
cording to their apparent brightness. A first magnitude star is 214 times
as bright as a second magnitude star, and so on; conversely, a second
magnitude star is 24 as bright as a first. Antares and Spica are first
magnitude stars; Polaris is second magnitude.

A few stars are brighter than first magnitude, and are classified in
order of increasing brightness as 0, —1 or —2 magnitude. Sirius, the
brightest star, is —2 magnitude; Arcturus is 0 magnitude, which is one
magnitude brighter than first.

In the preceding paragraphs the nearest whole magnitudes are given,
as is usually done in speaking of them. Astronomers determine mag-
nitudes to the nearest hundredth, and each whole magnitude includes
approximately half a magnitude on either side of it. Thus, first magnitude
extends from 0.51 to 1.50, second from 1.51 to 2.50, and so on. In the
Air Almanac magnitudes are tabulated to the nearest tenth, Sirius being
listed as —1.6 (nearest whole magnitude —2).

THE PLANETS

The stars are self-luminous like the sun, which is our nearest star:
the planets (of which the Earth is one) shine only by light reflected from
the sun, just as the moon does. Of our sun’s family of planets, only four
are of interest to the navigator: Venus, Jupiter, Saturn, and Mars. They
can usually be distinguished by their steady light, which does not twinkle
like the light from a star.

Venus is easy to recognize, since it is brighter than any star; it is
golden yellow in color and is often called the evening star, or the morning
star, since it is rarely seen more than 8 hours after sunset or 8 hours
before sunrise.
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Jupiter is a little fainter than Venus, but brighter than Sirius, the
brightest star. It is, therefore, also very easy to identify.

Saturn is about as bright as a first magnitude star and is pale yellow
in color.

Mars is decidedly red in color, and varies in brightness from second
magnitude (as bright as Polaris) to minus 3 magnitude, which is between
Jupiter and Venus in brightness.

The sun and its planets, including the earth, all appear to move along
approximately the same path or plane in the sky, known as the ecliptic,
which may be defined as the intersection of the plane of the earth’s orbit
with the celestial sphere. Frequently there are one or more planets to be
seen at night, and it is not difficult to visualize the approximate position
of the ecliptic, along the line connecting them. If at any time a bright
star is seen near the ecliptic where none is shown on the star maps, it is
fairly certain to be one of the four planets mentioned above.

MOTION OF THE STARS AND PLANETS

All are familiar with the way in which the sun rises in the east,
climbs up the sky on an inclined path until noon, when it is toward the
south (for an observer in the United States), and circles downward to set
in the west. In exactly the same way the stars and planets pass across
the night sky from east to west. Stars close to Polaris, the North Star, do
not set. They describe small circles around it and never pass below the
horizon, passing from view in the daytime only because of the greater
brightness of the sun. As the distance from the north pole increases, the
radii of the circles increase until, near the southern horizon, stars de-
scribe only flattened arcs not very high above the horizon.

For an observer in south latitudes, of course, this is reversed in some
details. Stars (or other celestial bodies) that are farther north than the
observer, rise in the east and follow an inclined path up the sky to a point
north of the observer, then descend to set in the west. Stars close to the
south celestial pole do not set, but describe small circles around the pole.
As the distance of the star from the south celestial pole increases, the
radius of the circle increases until, near the northern horizon, stars de-
scribe only flattened ares.

Aside from this nightly passage of the stars across the sky, their
apparent motions in space with respect to each other are so slight that
they are spoken of as “fixed,” and the star patterns or constellations re-
main unchanged for millenniums. By way of contrast, there is an ap-
preciable motion of the sun and planets against the background of the
stars, even from day to day. In spite of this, the new arrangement of the
Air Almanac makes it as easy to determine positions from these bodies
as from the stars. This is all the more important since they are the
brighter and therefore the more easily observed bodies.

Some of the subjects mentioned briefly in this final section, such as
the motion of the stars and planets, may be considered as general astron-
omy. They are not essential to the practice of celestial navigation. If
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these elements are known, however, the various problems are more clearly'ji
understood, and may be solved more intelligently and quickly. Those who
desire to study the subject further are referred to some of the standard
texts listed on p. 344, and also to any of the better encyclopedias.

THE PRACTICE OF CELESTIAL NAVIGATION

In all methods of navigation it is essential that the pilot maintain
constant headings and air speed for satisfactory results. In celestial
navigation, in addition, the aireraft must be held straight and level while
sextant observations are made. Movements about the longitudinal axis of
the aircraft will have the greatest effect on observations of bodies to the
right or left; observations of bodies ahead of or behind the aircraft will
be most affected by changes in air speed. A definite system of signals
should be arranged so that the pilot may know when the mavigator is
about to take observations, and may concentrate on flying as steadily as
possible.

Time will be saved in observation if the navigator knows in advance
what bodies he intends to observe, and their positions with respect to the
direction of flight. The approximate altitude of each body should usually
be set on the sextant before beginning observation. The work is further
simplified if an assistant is available to record the time of observation
upon signal from the navigator.

Since a line of position from Polaris (latitude) requires a minimum
of time to compute and plot, it might well be one of the stars selected,
whenever it is visible. One line of position does not afford a fix, but it
may still afford very useful information. For example, if the line is ap-
proximately parallel to the track of the aircraft the pilot may know
whether he is making good the desired track and, if not, the distance off-
course. If the line of position is approximately at right angles to the
track, it furnishes a definite check on the distance made good, and also
on the ground speed. "

For the reasons just stated, it is good practice to obtain a fix at the
end of climb, when the aircraft has leveled off at cruising altitude; sub-
sequent fixes, referred to this point, help to establish ground speed at
cruising altitude. If the point of departure is used as the assumed posi-
tion for this first observation, the intercept is a direct measure of the
distance made good, and of the ground speed to that point. Similarly,
if the destination is used as the assumed position and a fix is obtained
about an hour before the estimated time of arrival, the intercept is the
distance yet to go, and a more accurate estimate of the arrival time can
be made.

In order to facilitate selection of the most advantageous bodies for
obgervation for a given flight, a pamphlet of “Sky Diagrams,” has been
issued by the Nautical Almanac Office for trial use. It consists of two
pages of sky diagrams for each month, for latitudes 10°, 30°, 50° and
70° N,, and 10° and 30° S., at intervals of 2 hours throughout the night.
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Figure 189 is the diagram for 0300 LCT (3:00 a. m., local civil time),
April 1944, for latitude 10° S.

Each diagram is, in reality, a small-scale star map, and the cross at
the center represents the observer’s zenith., An arrow has been added to
the diagram of figure 189 to represent the direction of flight (030° in
this case), with a broken line at right angles to the direction of flight.
By inspection, it is apparent that star number 22 will be directly ahead
of the aircraft at this time, with star number 7 directly off the left side.

STARS
1 Achernar 12 Dubhe
3 Acrux 13 Fomalhaut
3 Aldebaran 14 Peasoch
4 Alpherats 16 Pollex
§ Alaér % Precyon
¢ Antares 17 Reguls
T Arcturos 18 Rigel
8 Betelgeux 19 Rigil Xent
9 Canopus % Birics
10 Capslla 1 Bplea
11 Dened 2 Vess
MOON

(O Posiion on Apnit 1

@ Position on April®

N P Nonn S P Seuth

MAGNITUDE SCALE

A -3 2 -1 o 1
¢ a ¢ O O o

ALTITUDE SCALE
L] 0 L4 0

Lo laalaal

‘The positions of tha stars are ahown for the fiftesnth of
the month

Figure 189.~-Sky diagram for Istitude 10° S., at 0300 LCT, April 1944, with legend.

From the legend, which has been reproduced (in part) beside the dia-
gram, it is seen that these stars are Vega and Arcturus; and from the
altitude scale of the legend, their altitudes will be approximately 35° and
45°, respectively.

In approaching a small objective in an area devoid of landmarks
(such as a small island after a long over-water flight), it is often desirable
to fly deliberately to one side of the destination, then approach it along
a line of position. This is much more efficient than attempting to hit the
destination “on the nose,” flying to and beyond the estimated time of
arrival, and then being uncertain whether to turn right or left. In
following this procedure, it is well even to allow for any uncertainty in
the dead reckoning position of the airplane.

To illustrate the procedure just described, suppose that an airplane
is approaching Island X, figure 190, when an LOP (line of position)
from the sun is obtained, intersecting the plotted course at F. All navi-
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gational data fix F' as the position of the airplane with a possible error
no greater than 15 miles. Therefore, a circle-of-error of 15-mile radius
is drawn around F, and the position may be anywhere within the circle,
If we assume that the airplane is at the southerly side of the circle of
error, then the line to A represents the maximum change of course neces-
sary to insure approaching the island from the north, The LOP through
the island may be reached anywhere between points A and B. Well in
advance of the estimated time of reaching the LOP through AB (10 or
15 minutes) another sun line is obtained and plotted as a “preliminary
LOP.” This line is advanced to pass through the island, the distance

LOP advanced for
final approach
Preliminary

5 LOP
/ /s
/% -

=
-
A

—
—

e
7

ISLAND
X

Figure 190 Approaching the destination atong a nine o: posimen.

between the two lines is measured, the aircraft continues until this dis-
tance is made good, and is then turned along the LOP for the final
approach to the island. !

The direction and magnitude of the intercepts from two hodies
may be used for orientation or “quadrant identification,” as in radio
range flying; they also provide the angle of approach toward the destina-
tion. In figure 191, an aircraft was being flown toward Is.and X along
the plotted course shown, but at the estimated time of arrival the island
could not be seen. For the ETA the computed altitudes of stars 1 and 2
are known, and may be represented by the lines of position shown pass-
ing through the island. If altitudes of the two stars are observed in quick
succession, and both intercepts are AwWAY from the lines through the
island, it is apparent that the aircraft is in the northwest quadrant; if
both intercepts are TOWARD, it is in the southeast quadrant. If the LOP
from star No. 1 is AWAY and that from star No. 2 is TOWARD, the northeast

quadrant is indicated; and in the reverse case, the southwest quadrant is
identified.
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If the LOP from No. 1 is 15’ AWAY and the LOP from No, 2 is 15
- TOWARD, the aircraft is in the northeast quadrant and on the bisector of
the quadrant; the true course to the island is therefore 225°, and the
distance to go is equal to the hypotenuse of a right triangle, the sides of
which are 15 nautical miles each (about 21 miles). If the LOP from
No. 1 is 30’ AWAY and the LOP from No. 2 is 15’ AWAY, the aircraft is

-~

o~ Co\_\(s"-
2 ool
)
I
He No 1 s % No2
O Island X
No 1 #

Figare 191.—Orientation snd sngle of spprosch
by comparison of intercepts.

in the northwest quadrant; the true course to the island may quickly be
determined as about 153°, and the distance is the hypotenuse of a triangle
with sides of 80 miles and 15 miles (nearly 34 miles). These sides can
be laid off on the grid of a computer, and the value of the hypotenuse
quickly obtained.

EXAMPLES

Ezample 1.—A pilot flying “over the top” by dead reckoning, be-
lieved his position to be about latitude 37°30’ N., longitude 99°30 W.,
when he was able to obtain a series of altitudes of the sun.

Having made the necessary computations with the aid of his pre-
ferred navigation tables, these data are available:

Azimuth (bearing) of the sun 236°

Observed altitude, H, - 42°3¢4'

Computed altitude, H. 42°20'
Altitude difference, a _.______ 14

The azimuth, or bearing, of the sun is laid off from the dead reckon-
ing position of the airplane. The altitude difference of 14 minutes (equal
to 14 minutes of latitude) is measured on any convenient meridian, and
laid off along the bearing, toward the body (since the observed altitude
is greater than the computed altitude). A line drawn at right angles to
the bearing through the point so obtained is the required line of position.

The intersection of this line of position with a second line obtained
by observing the moon (if visible by daylight), or the intersection of
lines of position from two stars at night, fixes the location of the airplane.
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Ezample 2—A nonstop flight is planned from Los Angeles municipal %
airport to LaGuardia Field, New York City. The flight is to be made at -
20,000 feet, April 18, 1944. From the best data available, a ground speed
of 287 mph is expected (265 mph cruising speed plus 22 mph assistance
along the course from a WNW wind of 30 mph).

The distance as scaled from the planning chart is about 2,475 miles,
and approximately 8 hours and 40 minutes are required for the flight.
From the daily page of the Air Almanac (see p. 298) it is found that the
sun gets in the latitude of New York on this date at about 1841 loecal
civil time, or 7:41 p. m., EZW.T. It is desired to land at New York about
1 hour before sunset, at 1740 LCT; the departure from Los Angeles is
therefore set for 8 hours 40 minutes earlier, or 10:00 a. m., EW.T.—
7:00 a. m., Pacific war time, 1400 GCT.

The dead reckoning positions of the airplane for each hour, begin-
ning at 11 o’clock E.W.T., about 1 hour after take-off, are determined,
and each position is assigned a number corresponding to the eastern war
time when the airplane should be at that place. The dead reckoning posi-
tions at these time intervals are as shown in figure 192.

/ Lt ST

18 wrw voRn  ~M
7\ BN s NV T
|\
SI M
o lolg z_‘oo P
. '
s —y i -3

D R POSITION LATITUDE LONGITUDE Ewr GLr ALMUTH ALUTUDE ((:’L"I'Ll:‘:s' )
11 35°32 113°54 1100 1500 93719 23°35 23°36*
12 36°57 109°12 1200 1600 107 38| __ 38757 38°58'
13 38°08 10422 1300 1700 128°27 52720 52°21
14 39°08 99°14/ 1400 1800 161°37 60°42 60°42/
15 39°656 93°68 1500 1900 202 02 59°24: 59°24
16 40°30 88°35/ 1600 2000 232°17 49°2¢/ 49°27'
17 40°49 83°09 1700 2100 25205 35°35/ 35°36°
18 40°52- 77°42 1800 2200 267°00/ 20°23 20°24¢

ligure 192 Data for route from Los Angeler to New York.

Using the latitude, longitude, and GCT corresponding to each dead
reckoning position, as shown in t{he table of figure 192, the altitude and
azimuth of the sun for each position are computed. From the refraction
table on the back of the Air Almanac, the corrections for refraction are
applied, with reversed sign. During flight, ihen, the only corrections to
be applied to sextant observations of the sun are those for index error,
astro-dome, and Coriolis (if the latter is considered worth while). The
azimuths from the various dead reckoning positions are laid off, and the
precomputed altitude curve of figure 198 is plotted and drawn.
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To illustrate the use of the method in flight, suppose that at 2080
GCT a sextant altitude of 42°52’ is obtained. Applying a known index
correction of —1’, and a correction of —4’ for dome refraction, the
corrected sextant altitude is 42°47. From the curve of figure 193 the
altitude of the sun for 2030 is read as 42°35’. Since the observed altitude
is 12’ greater, the position at the time of observation is 12’ closer to the
sun. At 2030 the dead reckoning position of the airplane is halfway be-
tween positions 16 and 17; the approximate azimuth of the sun is laid off
through that point, as indicated by the light broken line, and the line of
position LP is drawn 12’ toward the sun from the dead reckoning posi-
tion. If desired, an azimuth curve can be constructed in the same way
as the altitude curve, affording the true azimuth for any desired GCT.

At night, precomputed altitude curves for two or more bodies (stars,
planets, or moon) can be constructed. Lines of position can be obtained
in each case as simply as in the problem just described, and a fix can be
ohtained practically without computation.

Erample 3.—O0n a night flight, high above an overcast, a position
is required, using the star altitude curves. With this method the cor-
rection for refraction is incorporated in the curves themselves, and the
only corrections necessary (when using the bubble sextant) are the
corrections for index error, astro-dome, and Coriolis. The following ob-
served altitudes were obtained: Vega, 39°35’; and Polaris, 37°58’,

The appropriate page is selected, as shown in figure 194, and the
intersection of the (interpolated) curves is found near the upper left
corner of the page. Opposite the intersection, at either side of the page,
the latitude of the observer is read as 38°58’. Directly above the inter-
section the LST (local sidereal time) of the observer’s position is read as
1409.5. For this method, the simplest procedure is to carry a chronometer
set for GST (Greenwich sidereal time). The GST of the observations for
this problem was noted as 2016.5. Subtracting 1409.5 from 2016.5 gives
the longitude of the observer in terms of time, as 0607 (6_(hrs. 07 min.),
which is equivalent to a longitude of 91°45’. No computation other than
this one subtraction is required.

At the bottom of the page of star curves, the scale of LST is in
terms of are. For those who do not wish to carry a chronometer rated
to sidereal time, the GCT of observation is noted, as usual. The cor-
responding GST (GHA o) is easily obtained from the Air Almanac in
terms of arc, and the subtraction described above gives the longitude
directly in terms of arc (degrees and minutes) from Greenwich.

Vega was observed first, and Polaris immediately afterward. The
average time of the observations of Vega was used for both stars, as the
altitude of Polaris changes so slowly. The line from the intersection of
the two altitude curves to the side of the page is always drawn parallel
to the upper and lower borders, not parallel to the altitude curves. In
this case, the curves for Polaris are very nearly parallel to this line; on
other pages, the curves for Polaris may be at an appreciable angle to the
upper and lower borders.
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Figure 194.—A fix by star altitude curves,
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Th
Ezample 4—O0n April 8, 1944, at dead reckoning latitude 32°27’ M.,
longitude 95°45’ W., at 0345 GCT (= 21456 LCT, April 2), after all cor-
rections were applied the observed altitude of Arcturus was 34°01’. Find
the computed altitude and azimuth, using H.O. 218. Note that the normal
correction for refraction need not be applied when using these tables,

The LHA is obtained in the usual way as 61°26’ E., but in these
tables LHA is always measured westward, and is therefore 298°34’ W.
When using these tables confusion will result in determining azimuth
unless this usage is followed. In order to enter the tables with a whole
degree of latitude and a whole degree of hour angle, an assumed position
of latitude 32° and longitude 95°19” is adopted for this problem, making
the LHA 299° W. (61° E.).

From the proper page for Arcturus in H.O. 218 (see p. 305), under
latitude 32° and for HA 299° (in the right margin) the following data
are found:

Alt. t Az
34023 —8 87°

At the bottom of the page it is stated that no correction for date
(t) is necessary until 1944. In the table on the inside of the front cover
(see p. 306), under £ — 8 and opposite 1944, a correction of 1’ is indicated;
the minus sign given for ¢ indicates that the correction is to be sub-
tracted, and the computed altitude H, is therefore 34°22’,

For azimuth, the rule at the bottom of the page for Arcturus reads:
“For argument HA on the right, True Azimuth = Tabulated Azimuth.”
Since the HA in this case, 299°, was found in the right margin, the
tabulated azimuth of 87° is correct.

The assumed position (lat. 32°, long. 95°19’) is plotted, and from it the
azimuth of 87° is measured, and the intercept (84°22’ — 84°01’-=21’ of
latitude) is laid off from the assumed position AWAY from the star, since
the observed altitude was less than the computed. The LOP is then drawn
through the point so obtained, at right angles to the azimuth.

SPECIMEN PAGES

Pages 297 to 301 are from the Air Almanac for 1944. Pages 302 to
306 are from H.O. 211, H.O. 214, and H.Q. 218. These specimen pages
are included to illustrate the use of the almanac and the various tables
in the solution of typical examples.

QUESTIONS

1. Under what conditions is celestial navigation practical today?

2. With present equipment, what accuracy can normally be expected
for a fix from sextant observations?

3. Distinguish between a cirele of position, a circle of equal altitude,
and a line of position.

4. As the point beneath a star is approached, does the altitude of
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the star increase or decrease? What is the relation between the change
of altitude and the distance from the sub-stellar point?
' b. Can position be determined from one sextant observation?

6. State the relationship between the latitude of a place and the
altitude of the celestial pole.

7. What information can be obtained from a single line of position?

8. Why might the starting point or the destination sometimes be
used as the assumed position? )

9. What celestial coordinates correspond to the following terrestrial
terms: latitude? longitude? difference of longitude?

10. What is the relation between right ascension and sidereal hour
angle?

11. What is meant by the “astronomical triangle”?

12. What three parts of the astronomical triangle are usually known
in celestial navigation, and how are they obtained?

13. What is meant by the “intercept,” and what use is made of it?

14. Why is a single sextant observation unreliable in air navigation?

15. Name the various errors likely to be included in a sextant ob-
servation, and the sources from which corrections can be applied.

16. For how many celestial bodies is the correction for parallax
important?

17. What is meant by the “Coriolis effect,” and how may it be cor-
rected?

18. What is meant by Greenwich sidereal time? How is it different
from the GHA «?

19. What is a time diagram, and how may one be constructed?

20. How does the LHA differ from the GHA?

21. What advantage is there in being able to work from a dead
reckoning position, or any convenient projection intersection, rather than
from some position arbitrarily assumed for easy use of tables?

22. What is the advantage of using a standard form for computing
a line of position?

.23. What is the difference between the H, and the H,?

24. Describe the construction and use of precomputed altitude curves.

25. How are the printed star altitude curves used?

26. What is the astrograph? What are its advantages and disad-
vantages?

27. How may latitude be obtained from an observation of Polaris?

28. Describe the methods by which the navigator may be sure he
has the correct time. ;

29. How may a line of position be obtained from an unidentified
star?

30. Are stars usually identified by their apparent size and bright-
ness, their color, or their relation to other stars?

31. Which is brighter: a star of zero magnitude, or a first mag-
nitude star? how much brighter?

32. Why are planets not shown on star maps?
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88. Name the four planets of interest to navigators, with their dis«"
tinguishing characteristics. X

84. What is meant by a “fixed star”? How many stars are fixed?

35. What positions of stars relative to the moving aircraft are
usually considered most desirable for observation?

36. What is the surest method of approaching a small objective,
such as an island, after a long over-water flight?

PROBLEMS

The following problems may be solved by working from the specimen
pages, pp. 297 to 306.

1. What is the time of sunrise on April 18, 1944, for a place at lati-
tude 30° N.? 60° N.? 30° 8.7

2. Convert the times of sunrise in question 1 to central war time;
to GCT.

3. What is the time of moonset on April 18, 1944, at latitude 70° N.?
20° N.? 400 8.7

4. Convert the answers in question 3 to eastern standard time and
GCT.
5. What is the GST of 1414:14 GCT, April 18, 19447 Of 2121 GCT
on the same date?

6. Is the duration of evening twilight longer at the equator, or at
latitude 70° N., on April 18, 1944?

7. From the headings on p. 298 arrange the planets Venus, Mars, and
Jupiter in order of brightness.

8. On April 18, 1944, at 2247 GCT, the observed altitude H, of
Polaris was 33°47’; dead reckoning longitude, 84°35’. Determine the lati-
tude of the observer.

9. For dead reckoning latitude 38°00’ N., longitude 32°3% W., for
GCT 2320, April 18, 1944, determine the computed altitude and azimuth
of Arcturus, v

10. For 0845 LCT on April 19, 1944, at dead reckoning latitude
3400’ N., longitude 73°07" W., compute the altitude and azimuth of
Arcturus,

11. Nearly simultaneous observations of three stars were obtained,
as follows: Polaris 35°00’; Aniares 22°00’; Vega 42°00’, The average
GST for the series of observations was 1909. Determine the latitude and
longitude of the point of observation by means of the star altitude
curves, figure 194.

The following problems will require general tables or charts, or both:

12. A direct over-the-top flight is to be made from Houston mu-
nicipal airport to Brainard Field, Hartford, Conn. Cruising altitude is
10,000 feet; true air speed at predicted conditions 218 mph; wind is fore-
cast as 270°, 30 mph. The flight is planned for arrival at sunrise, May
3, 1943. Determine the GCT for the take-off at Houston and for the
arrival at Hartford; also, compute and plot aititude curves for Antares
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"and Deneb. When the curve for Deneb reaches altitude 60°, change from

"“Deneb to Alpheratz.
13. The GHA of a star at a certain time is 125° and its declination

47200’ N. If your position is at latitude 41° N., longitude 99° W., deter-
mine from plate I your distance (in degrees and minutes of arc) from
the sub-stellar point. What should the star’s altitude be? What is its
LHA?

14. On plate II plot the following data to obtain a fix:

Assumed position: lat. 82° N.; long. 96° W.

Star No, 1: H,—27°49’; H.=27°57"; Az.="1T3°
Star No. 2: H,= 39°23’; H. = 39°19’; Az.=349°

What is the latitude and longitude of the resulting fix?

15. Assume that after observing star No. 1, the airplane was flown
for 13 minutes at 226 mph, making good a track of 135° true, before star
No. 2 was observed. What latitude and longitude are obtained from a plot
of this running fix?

16. Determine the computed altitude H. and azimuth from true north
Z, for each of the following:

Lat. I Long. l GHA l Dec. H, Zn
32°00’' N 77° 15’ W 183° 27/ 14° 24' N
47° 15’ N 116° 30 W 67° 30’ 1R° 3% 8
42°00’ 8 69° 24’ W 350° 36/ 9°12' N
15°43' N 95° 20 | 195° 40/ 15° 43’ S
63° 00’ N 150° 30’ E 271° 30’ 23° 27 N

17. On May 5, 1944, at 0300 GCT, the following observations were
obtained:
Spica: H,=—40°56'
Regulus: H,=—61°07’
The dead reckoning position was at latitude 31°00’ N., longitude
95°30’ W. Compute the necessary data and plot the lines of position on
plate 11, to determine the latitude and longitude of the fix.



CELESTIAL NAVIGATION W;

Sample page from *“A i Afr Al »
INTERPOLATION OF GHA
SUN, PLANETS 7T MOON
Int Corr Int  Corr Int Corr Int Corr Int Comr Int Cor
o, s . ’ . ] moa o, m 3 e m g
0000000 0317050 0687140 0000000 03”049 “”!87
aool o HERT 2om o0 $138
09002 2’052 ‘9142 10002 33051 ul39
18003 83053 53143 1‘003 37052 56140
17004 0 54 57!44 18004 4[053 0700141
21005 ‘1055 0701145 22005 ‘5064 04142
”006 45056 05140 26008 49055 ”143
5007 45 0 57 05 147 2007 390356 15 144
33008 53058 13148 uOOB 580“)7 1‘145
37009 530 50 13149 35000 o 88058 140
‘1010 “01100 21150 ‘3010 06059 25!47
‘5011 olel zsl5l ‘70" 10100 ”148
”012 09102 29152 51012 14101 33149
53013 13103 33153 55013 18102 37150
57014 17!04 37154 010001‘ 22103 ‘llﬁl
o1 01915 2105 31155 2015 2104 G152
05016 25106 ‘5156 08°l6 31105 ‘9153
“011 29107 ‘9157 12017 35108 “154
l3018 83108 53158 ls018 39107 58'55
019 109 1 59 019 108 1 50
o2 110 57200 20020 310 08902,
25021 ‘slll 05201 zs021 5‘110 10158
29022 ‘9112 09202 33022 5G'll) 14159
33023 53113 1320'3 37023 0500112 18200
31024 51]14 17204 ‘1024 o‘l 13 2820!
41025 0501115 21205 ‘5025 ”114 27202
41026 oL1186 21206 o2 8115 203
‘9027 09117 29207 53027 16116 35204
53028 131 18 33208 68028 201 17 39205
22020 Biae 32200 | o802 20118 5208
02 01030 21120 41210 05030 29119 ‘7207
0 31 121 211 0 31 120 2 08
05 25 46 10 33 52
09032 29122 ‘9212 “032 3112] 66209
‘3033 33123 53213 18033 41122 ”00210
l.,034 31124 57214 22034 ‘5123 04211
0 35 125 215 0 35 1 24 212
21036 1126 9035 260 38 912 %213
28037 12z r217 B0 58126 2214
0 38 128 2 18 0 38 127 215
33 83 13 39 08 02 21
0 30 120 219 0 39 128 216
37 57 17 43 06 25
‘1040 0601130 21220 "040 l0129 29217
45041 05131 25221 5,04[ 1‘130 33218
0 42 1 32 2 22 0 42 131 219
49 09 29 55 18 37
53043 13133 33223 0305043 23132 41220
57044 17134 37224 04044 27133 ‘5221
o3 01045 21135 122 08045 8!134 g0 2 22
0 46 136 2 26 0 48 135 23
0 g 47 25 4 37 45 5 27 12 5 47 35 { 38% 54 5 24
09 29 49 16 39 58
0 48 1 38 2 28 0 48 137 228
13 33 83 20 43 10 00
l.'0419 37139 51229 2‘049
2]050 ‘1140 1000230
Correction to be added to GHA (or interval of GCT
STARS
No Name Mag SHA Dec No Name Mag SHA Dec
1 | Achernar 08 336 06 | 857 31 )| 12 | Dubhe 20194 55 | N62 03
2 | Acrux 11 174 07 562 47 j| 13 | Fomalhaut 13 16 22 529 55
3 | Aldebaran 11 201 49 | N16 24 || 14 | Peacock 21 54 42 S568 55
4 | Alpheratz 22 358 38 | N28 47 {l 15 | Pollux 121244 32| N28 10
5 | Altair 09 62 50 | N 8 43 || 16 | Procyon 05245564 N b 22
6 | Antares 12 113 31 { 826 18 (| 17 | Regulus 13(208 39| N12 14
7 | Arcturus 02 140 43 | N19 28 !l 18 | Rigel 0328302 B8 16
8 | Betelgeux 0112|271 58] N7 24| 19| Rigil Kent 03]141 03! B60 36
9 | Canopus -09 264 19 552 40 {{ 20 { Sirus 1 625020 B18 39
10 | Capella 02 281 562 | N45 57 || 21 | Spica 12) 15028 810 52
11 | Deneb . 13 50 07 | N45 0§ || 22 ega . . 01 81 15 | N8s 44

Complote Blar List on inside back cover, Jan ~Apr,, 3004



PRACTICAL AIR NAVIGATION

Sample page from “A

Air Al

218 GREENWICH P. M. 1944 APRIL 18 (TUESDAY)
act O SUN v VENUS-3.3 MARS 13 JUMTER -1 9 ® MOON g San | 5 {Moon {xm
GHA Dec GHA | GHA Dec | GHA Dec | GHA Dec | GHA Dec me | 2 | me 18
] @ 1+ ® . e +| o . e s+] o . e s ° ¢ e 4 o r © ¢
12 00 0 10 N10 53| 26 29] 16 51 N 2 29 284 23 N24 50{246 37 N16 43| 55 01 S14 03| N
10 240 59| 19 20 286 33 249 07 37 26 Oljoid mim b m|m
2 510 a1 29| 21 S 289 23 251 38 59 50 14 00|70] 3 42| 86} § 19| *
80 740 - - | 3400[2420 - - [20453+ . 125408 | 6215 -1358|68| 3 57| 72| 4 55| 00
0l 10 10 36 30{ 26 50 204 23 256 39 64 39 56166/ 4 0o 621 38| 07
50| 12 40 39 05 29 20 3 259 09 67 04 55164 191 58 21| 12
§5 80 [| 15 10 NIO 54] 41 31} 31 50 N 2 30299 24 N24 50| 261 39 N16 43| 69 28 S13 53{62) 28} 51; 4 08 17
10 || 17 40 44 01) 34 20 301 5 264 10 71 52 51160 38| 49| 3 56| 21
20 § 20 10 46 32} 36 S0 304 24 266 40 74 17 50)58 42) 46 471 24
30l 2240 - - | 40 02| 39 20 « {30654 - - 269 11+ - | 7641 - 4Bl56/ 48[ 42| 39} 26
40 || 25 10 51 33 41 50 309 24 271 41 79 06 46)54 53] 40 31 2
50 || 271 54 03[ 44 20 311 54 214 11 81 30 5{52| 4 58| 38 25) 30
84 00 [ 30 10 N10 54| 56 33| 46 50 N 2 31314 25 N24 50276 42 N16 43{ 83 55 S13 43[50{ 5 02 36| 19} 32
10 { 32 40 50 04( 49 20 316 55 279 12 86 1 45 11] 321 3 05| 37
20 | 35 10 61 34| 51 50 319 25 281 43 88 44 40140 18| 29] 2 54| 40
30( 3714l . » [ 6405]5420 - +« {32155 - 284 13 « | 91 08 38{35 251 27 45( 42
40 {! 40 11 66 35) 56 50 R4 5 286 43 93 32 36)30 30| 26 37 44
S0} 42 41 69 06} 39 19 326 55 2689 14 95 57 35120 40) 24 221 49
10 48| 221 2 10} 52
15 00 )] 45 31 N10 55) T1 36) 61 49 N 2 331329 26 N24 50]291 44 Ni6 43| 98 21 51333
10 ] 47 41 4 061 64 19 331 568 204 15 100 46 31| o| 556) 21| 1 58 55
20 )i 50 11 16 37| 66 49 334 26 206 45 109 10 29
30 || 52 41 79 07,69 19 . 33656+ . [29916. . |105 35. 28|10| 6 04] 22 45| 59
40 f| 55 51 81 38| 71 49 339 26 301 46 107 59 26§20 12} 22 34| 62
$0 || 57 41 84 08174 19 341 56 304 1 110 23 24(30 21| 24 19| 66
16 00 || €0 11 N10 58] 88 38)| 76 49 N 2 34344 27 N24 50|/ 306 47 N16 43|112 48 513 23(35] 26[ 26] 11| 69
10 {| 62 41 89 09 79 19 346 57 309 1 115 12 21140 311 27[ 1 02| 71
20| 85 11 91 3g| 81 49 349 27 311 48 117 37 19]45{ 38| 29/ 0 0] 75
30 6741 . 101 84 19 « . 351 57 . - 1314 18 . « 1120 0t - 17{30 46¢ 32 31| 18
40 (| 70 11 96 40 86 49 454 27 316 48 122 26 16}52 50( 33 30} 81
S0 12 4 99 10 89 19 356 57 319 § 124 S0 14154 54} 35 23| 83
37 00 | 75 11 N10 57101 41| 91 49 N 2 35(359 28 N24 50/ 321 49 N16 43]127 15 S13 12}156| 6 58| 37 151 66
10 )| 77 41 104 11 94 19 1 58 24 20 129 39 10}58| 7 03| 38| 0 06] 88
20 || 80 11 106 42| 96 49 428 326 50, 132 04 09{60| 7 08| 42|25 27| 94
30 ) 8241 . . |109 1299 18 » - 658+ « |32920. = [13428- O07]g
40 f| 85 11 111 42(101 48 9 28 331 51 136 53 05
50 || 87 41 114 13104 18 11 58 334 21 139 17 03
18 00 (| 90 11 N10 SB|116 43106 48 N 2 36| 14 20 N24 50| 336 52 N16 43[141 41 S13 02" ¢ = Tu —
10 | 92 119 14100 18 16 59 339 22 144 06 130015150 13 " |8
20| 95 11 121 44111 48 19 29 341 52 146 30 12 58, "~
30 )] 97 41+ - J124 15{114 18 -~ - 12159+ « {34423+ - {14855+ 58
40 {100 11 126 45 (116 48 24 29 346 53 151 19 55|N
80 1102 41 129 15 /119 18 26 50 349 24 153 44 53| °|h mim |h mim
19 00 |[105 11 NJO 59(1J1 46 (121 48 N 2 37| 29 30 N24 48] 35) 54 N16 43§56 08 S12 51({70{20 20| 87|11 21]125
10 107 41 134 16124 18 32 oo 354 24 158 33 9(68/20 04 73|11 44|114
20 {110 11 136 47 }126 4R 34 30 356 55 160 57 48(66|19 52| 63(12 01108
30 |[112 4t - 139 17(129 18 =+ | 37 00 « 359 25 ¢ (163 22 - 46|64 41| 57 16102
40 (115 11 141 47 (131 48 30 1 56 165 46 44{62| 33} 52| 28| 87
SO |[117 41 144 181134 18 42 00 4 26 168 11 2|60 25| 48 381 93
20 00 11120 {1 N31 00[146 48136 48 N 2 39| 44 31 §24 49] ¢ 56 Ni6 43{170 35 S12 41|58 18} 43 47| 89
10 1122 41 149 19139 18 47 0i 9 27 172 59 9{56] 12| 41|12 55| 88
20 11t25 11 151 49 {14y 47 49 31 1t 57 175 24 37154] ©07) 39{13 02) 84
28 igg ﬂ A :gg ;g :4g z; - 53 g: e - | 1428- - |177 48 355219 02| 36} 07| 82
4 5 16 58 180 13 3315018 58) 34| 13| 80
50 {1132 41 159 20149 17 57 01 19 28 182 37 32 :g 4;1; g; §5 ;az
4 5
21 00 1135 13 N1 01161 51151 47 N 2 40| 59 32 N24 49] 21 59 N16 43[185 02 S12 30)35 35| 27 4| &
10 || 137 41 164 21 (154 17 62 02 29 187 26 281301 29| 25|13 51| 67
20 {[140 11 166 52 (156 47 64 32 27 00 189 51 26{20 19| 23(14 04{ 62
30 (142 42 ¢ 169 22159 17 - - | 6702 « | 2030 - 19215 25]10 11] 22 14] 59
@hen ~pmmwia jem o me e
6 31 197 04 1 18
22 0 |150 12 N1t 01176 541166 47 N 2 41} 14 31 24 49) 37 0L N6 43|19 98 12 20|18 03 2| 24] 56
152 42 179 24189 17 77 03 39 32 153 17110]27 2
20 |i155 12 181 54 (178 47 79 33 42 02 204 18 15120 i-sr 2§ 23 i-'r
30 (1157 42 184 241174 17 - 82 03 . 44 32 - |206 42 - 14]|30] 38| 24{14 58| 43
40 1160 12 186 55176 47 84 23 47 03 209 07 12135 33] 26]15 03] 40
50 ({1682 42 189 25 |179 17 87 03 49 33 11 31 10[40 27| 28 13| 38
23 00 })185 12 N11 02)191 56181 46 N 2 42| 89 34 N24 49] 52 D4 N16 43213 38 S12 0B]45 21] 30 221 4
10 [|167 42 194 26 1184 16 92 4 54 34 16 20 06150 13{ 33 33 30
20 1170 12 196 58 {186 46 * 94 34 57 04 218 45 05152] 09| 34| 38| 28
0 (17242 - [19927(189 16 - - | 9704 . 59 35 . {221 09- 03|54 o05] 36| 44| 26
40 ||175 12 201 57191 46 99 34 62 05 223 34 12 01|56]17 01| 38| 50| 24
50 |1177 42 204 28(194 16 102 04 64 36 225 58 11 59 gg }g gg :o }g 57 ?za
24 00 /180 12 N11 03(206 581196 46 N 2 431104 35 N24 49{ 67 06 N16 43228 23 S11 57| g 216 05




CELESTIAL NAVIGATION

Sample page from “American Air Almanae.”

GREENWICH A. M. 1944 APRIL 21 (FRIDAY) 23
ccr O s - VENUS-33 MARS 15 JUPITER - 1 ® ® MOON @
GHA Dec GHA GHA Dee GHA Dec GHA Dec GHA Dec Par
. - -] [ -] ’ o ’ -] [} (-] ’ o [4 o , (-] , e ’ o ’ ] ’
0 o {180 18 N11 45208 56196 29 N 3 41105 22 N24 42] 69 02 N16 42|202 255 2 0
10 | 182 48 211 27/198 59 107 52 71 32 204 50 2 00
20 || 185 18 213 57|201 20 110 22 74 03 20714 158 o~ &
30/l18748- - |21628j20358- - |11252 -] 71633 - 20939 35 &
40 [ 190 18 218 58/206 28 115 23 79 03 2206 530 +| B
50 (| 192 48 221 28208 58 117 53 81 34 21428 511 0 o f
1 00 ll195 18 N11 45(223 59/211 28 N 3 43120 23 N24 42) 84 04 N1G 41(216 535 5 49| 8 Z9 |E
10 {197 48 6 29213 58 122 53 86 35 21918 47l 13 gl [a
20 || 200 18 22y 00216 28 125 23 89 05 221 42 44| 17 o
30 (202 48+ - |201 30(218 53 + ¢ |12753 ¢ - | 9135+ - |22407° 42| 2 3¢
40 [{205 18 234 00(221 28 130 24 94 06 226 32 40| 22 35
50 {1207 48 236 31(223 58 132 54 96 36 28 57 38 25 ¢ | 1
2 00 (210 18 N11 461239 01226 28 N 3 44135 24 N24 42| 99 07 N16 41/231 21 5 1 36( 27 3§
10 (1212 48 241 32(228 58 137 54 101 31. 33 46 33| 20 %,
20 [1215 18 244 02231 28 140 24 104 07 236 11 | ar 3
3021748+ - (24633(203 58 - * {14254 - (10638° ° 238 35- 28 32 7,
40 (1220 18 249 03{236 28 145 25 109 08 241 00 27| 34 201l o« le
50 222 48 251 33238 58 147 55 111,39 243 25 24 gg P T,
O |,
300 ||225 19 N11 47254 04(241 28 N 3 45{150 25 N24 41|114 09 N16 41]245 49 S 1 22| 39 jz %,
10 (| 227 49 256 341243 57 152 55 116 39 - 248 14 20| 40 45 3
20 ({230 19 259 05246 27 155 25 119 10 250 39 18] 42 43 |z
30 ||232 48 - . |261 35(248 57 -+ - |15755 - - |121 40 - 253 03 16| 43 43 |
40 235 190 264 05(251 27 160 25 124 11 25 28 13| 45 §)
50 {1237 49 266 36 (253 57 162 56 126 41 237 53 11| 48 % - e,
4 00 [|240 19 N11 48(259 06256 27 N 3 46|165 26 N24 41129 11 N16 41|260 17 S 1 09| 47 4 o
10 [|242 49 271 3711258 57 167 56 131 12 262 42 07 49 40|
20 |1245 19 274 0T (281 27 170 26 134 12 265 07 05[ 50 %7 o
30 {247 49 276 37263 57 - - [172 56 - 136 13 - 267 31 2| st 39 o,
40 )|250 19 279 08/266 27 115 26 139 13 269 56 1 00| 52 ;6 %,
50 11252 49 281 38 [268 57 177 51 141 13 272 21 0 58| 53 7 )
5 00 [|255 19 N1l 49284 09271 27 N 3 47180 27 N24 41|144 11 N16 41{274 4% 5 0 56 55 34
10 [1257 49 286 39 [273 57 182 57 146 11 277 J0 53} 56 37
20 1260 19 289 10{276 21 185 27 119 15 219 35 s1f 57 7 s
30 [|262 49 * 1201 40|278 57 - 187 57 * * 1151 15 ° * 281 59 49{ 5% 31 "t‘
40 1265 19 254 30|281 27 190 27 154 15 281 24 41} 59 3/ @
50 |{267 49 296 411283 56 192 58 156 16 260 49 15} &0 29 [~ o]
61
6 00 270 19 N11 50{299 11(286 26 N 3 49195 28 N24 41]150 16 N16 11|289 13 S 0 42| 62 57
10 272 19 301 42288 56 197 58 161 17 291 38 40| 63 26 o [
20 || 275 19 304 12|91 25 200 28 164 17 201 03 38 64 55 Yon
30 {277 49 - 306 42(293 56 + - (202 58 * 166 47+ + 296 27 - 36 63 51 ff {%3
40 {280 19 J09 13(296 26 205 28 169 18 298 52 31} 67 23
50 282 49 311 43|708 56 207 59 171 18 ot 17 31 68 53
7 00 1285 19 NIl 50{314 11(301 26 X 3 50({210 29 21 41{171 {9 N6 11[304 42~ O 29| 69 27
10 [} 287 19 316 441303 56 212 59 176 19 306 06 27 10 20
20 | 290 19 319 14306 25 315 29 179 19 208 31 25| 71 40
30 (292 49 - ¢ |421 45(308 56 * * |2ET 99 ¢ I8 950 310 56 * 2 72 18
40 295 19 324 15(311 26 220 29 181 0 313 20 20'} 73 17
50 (297 49 326 46 (313 56 223 00 186 51 13 45 1o 14 J%
8 00 11300 19 N11 S1[d29 16 [316 206 N 3 51235 30 N21 41[1%9 21 NG $1{3I8 10S 0 16] 75 15
10 |(302 49 331 46 (318 56 228 00 191 51 320 34 11} 76 .
20 [|305 19 334 17321 28 230 30 191 22 322 59 uj
30 [|307 49 - 336 47 (323 55 - * 1233 00 - = 196 52 I3 24 09| 78 /3
40 {310 19 339 181326 25 235 30 199 23 a7 48 o1 18 72
50 [|312 49 341 48328 55 238 01 201 54 330 13 05 zg To
9 00 (1315 19 N11 52(dad 19331 25 N 3 52]|240 31 N24 451|204 23 N6 41{332 38 S 0 03
10 [|317 49 346 49 [333 55 243 01 206 54 335 02 0 00
20 {320 19 349 19 (336 25 245 31 209 24 337 27N 0 02 sp O
30 (322 49 - 351 50338 55 - 248 01 211 55+ + {339 52  o4] ¢ <,
40 [lags 19 354 20)341 25 250 31 214 25 342 17 06| 16 .
50 327 49 356 51343 55 253 02 216 55 344 41 09 .
10 00 [|330 19 N11 53]359 21346 25 N 3 53255 32 N24 40[219 26 N16 41|317 06 N 0 11| sp €
10 1332 49 1 51348 55 258 02 221 56 349 31 13)
20 {335 19 4 22351 25 260 32 22 27 351 55 15| 16 .
30 (1337 49 - . 6 521353 55 - » 1263 02 e jo26 57 ¢ 1354 20 - 17 _
40 11340 20 9 231356 25 265 32 229 27 336 45 20) Corr
50 [l342 50 11 53358 55 268 03 231 58 33909 22| pa £
11 00 [|345 20 N1J 54} 14 23 125 N 3 55/270 33 N21 401231 28 MG 41 1 3N O 24 H
10 {1347 50 16 54| 354 273 0. 236 59 359 26] _ & 2
20 [|350 20 1924] 62 275 33 239 29 623 29 E &
30 (352 50 - 2155| 856 «- [278 03 241 59 - 848 31l m .
40 {1355 20 24 25( 11 24 280 33 244 30 193 33 0,
50 {357 50 26 56| 13 54 283 04 2147 00 1331 33|10
12 00 | 020 NII 55| 20 28] 16 24 N 3 56285 34 N24 40249 31 NI6 41] 16 02N 0 37




PRACTIOAL AIR NAVIGATION

Sample page from “Ameri Afr Al »
- POLARIS
LHA® Corr. | LHAT Corr. | LHAT Corr. | LHAT Corr. | LHAT Corr. | LHAT Corr.
o 2 ’ [ I ’ e ! e ? ’ o 7 ’ LI [
38 89 40 128 50 179 11 270 34 309 49
it B | sow=2 | el | 11zt | 21t | s04s”if
a1 91 48~ 130 49 183 48 273 41 311 477
649-98 | 9249—2% | 53148718 | 18620108 | 273 44134 | 3124618
—57 —23 +17 +57 +33 —-17
952-37 | o350 | 1a2astl | 1s038T07 | 274 4673] | suaasT(Y
183658 | ea52m3 | 1aaast]d | 193 22TE8 | 275 4s12) | a4 45730
18 59 o5 53-21 | 134 497 108 51730 | 276 497 318 46”29
33 40~ 96 53720 | 1as 5ot 20 | 213481%0 | 27 s0 2 | 316 46
903”30 | o7 136 51 219 17 278 51 317 477
2a-8 | essT18 | 137587 22301758 | 279 ;2118 | 318 49—22
~57 -17 +2 57 +17 —-23
wss0-3 | easa=ll | issssil | 226 10130 | 280 8Tk | a1 0”30
48 28~ 100 52 190 58724 | 228 51738 | 281 30718 | 320 53724
—55 18 H 231 167 282 507 321 55
50 51 101 51~ 141 0112 5 15 -2
—54 14 + 233 28 283 497 322 59
B3 O1- 55 | 10250 55 | 142081397 | 233 25+58 +13 -27
5503753 | 10349713 | 13 091%] | 23832730 | 28048710 | 324 03730
56 57 104 47 144 14 237 27 285 46 325 07~
51 -1 +20 751 | 288 40411 2
88 4551 | o5 45”11 | 148 207 239 171 5) 1| sz 12s2
0 28° 106 43 146 26 241 01 287 43 327 18~
—49 -9 31 | 10149 | 28743470 | 327 28 3
s206-4 | ww = § | wruil | 2za2i H 25—31
0341743 | 10889” 5 | 1842l | 2041810 | zsoasT 3 | a2 32738
513747 | to9 37— 7 | mosiIR | mssotd | 200367 7 | 330 40— 32
66 41-%8 | 11934~ 8 | 1510173 | 247 20778 | 201 347 P | 331 50— 3
80745 | m1se— 5 | w2z izt | usastll | z2ait § | 3a3 00”33
e031=48 | n2ze— 4 | 1s323F30 | 25012723 | 203298 T | 3s4 113
70 53~ 113 26" 154" 37 251 35 294 26 335 23
42 — 3 +38 42 +2 —38
72 12 me2u= 3 | 1sss0f3S | 2s286137 | 295 24% 2 | 336 733
73 30_ us21— ) | 170773 | 284 18750 | 26 21t | 287 52730
1441730 | neis, § [ 1824ty | 253210 | 20718 D | 339 09— 3
1602739 | n7ast l | 9 satfy | 2s648FdR | 28157 ) | 30 27”
1716-3% | nsust 3 | 1e1 0412 | 2802138 | 200137 F | 341 46732
1828-37 | morot § | 162277288 | 250 16737 | 300 107 3 | 343 0833
1929730 | 120087 & | 1e3mfql | 26027138 | so1e7_ £ | 3u4 32”2
80 49~3% | 121057 5 | nes19Fq2 | 26138732 | 302087 3 | 245 38”12
815938 | 122087 & | 166 49790 | 26248737 | 203027 § | 347 268
07=53 (128007 7 | 16821} 26357133 | 30400 7 | 348 88”47
8¢ 4”32 | 123 s8T § | 16987148 | 265 05732 | s04 58— 3 | 350 3”13
85 21-30 | 124 56F % | 171 38700 | 266 13730 | s08567,3 | 352 1150
86 27730 | 125 65719 | 173 22130 | 267 19730 | 306 8417 | 363 54—0
s732=2 | 126 8371} | 175 1273) | 2825173 | 307 s2”]1 | 3s8 42l
883628 | 127 s1t12 | 7 orti? 1 29 30 2 | 30850712 | 257 3633
9 40 128 50 179 11 270 34 309 49 359 38
LHAT Rei not included Use Table A.
STARS, CROSS REFERENCE ADDITIONAL STARS
A.A.A. B.A.A. B. A, N.T| Astrograph Name Mag. SHA Dec.
A¢hernar P Achar Achar o 7 °
Adhare | Adara. NI D Alkaid . . 1.9 |[15340] N¢o 35
Aldebaran |, . . . ‘Aldeban | Aldeban vyArgus . . .| 1o |23808| 'S4710
Alkaid Benetoasch | . . ¢ . 5Can.Maj.. }| 20 |25328) 852618
Alnilam | Amlam N b Castor. . .| 16 |24715| Nazo1
8 Centaun . 0.9 150 02 560 08
Alpherats |. . . . Alphaz
Arcturus e e Arctus ElNath . . ¢ 1.8 279 19 N28
¢ Argus Avior Ce . yGem. . . 18 261 23| NIi6 27
Betelgeux | Betelgeuse | Betelus $ Oronms . . 19 275 31 8158
3 Can. Maj. | Wezen . Schedir, . 21-26 {350 41| N56 14
ErRan T RER™® s lirro | i pansty sten of the Asromemicel Nutpon Teb may
Fomalthaut | . . . . Fomalt | Fomalt Jsn-Apr., 1944
v Gem. Albena P PR
Marfak Mefak -~ o220
lhulﬁle RasAlhague . . « o [o & o &
il Kent, igel Kent, | Rikent | Rikent
Schedir | Schedar  |o o o s (o o s o
{Orionis | Alnitak  {. ... ). ...




CELESTIAL WAVIGATION

Sample page from *“Ameri Air Al »
STARS
Alphabefieal order Order of SHA
Name Mg BHA Dec. SRA Dee RA Namp
® . L] ’ o ’ . ! I3 -

Acamar . . . .. 8.4} 315 58| Bs0 32 14 31| Ni14 54|23 02| Markab
Achernar. ., . 1 0.6 33 06| S57 31 16 22 S29 55| 22 55 | Fomathaut
Aerux . . . 2 LY 174 07 882 47 28 50| S47 14| 22 08| Al Na'ir
Adhara . . . ¢ 1.6 255 B4 | 528 54 34 30! N9 37(20 41| Enf
Aldebaran . . .8 1.1 291 49| N16 24 50 07 | N4d5 05 | 20 40 | Deneb
Alioth . . . ... 17| 167 06| N56 16 54 42| 856 55| 20 21 | Peacock
AlNatir . . .. . 22 28 50| B47 4 62 59| N8 43|19 48] Altair
Alpilam . . . .t 1.8 276 39| 81 14 77 03] 526 '22 | 18 52 | Nunki
Alphard t 22 218 47 88 25 81 15| N38 44| 18 35 Vega
Alphecen . t 2.3 126 55| N26 654 84 53| S84 25[ 18 20 | Kaus Aust.
Alpherats 4 2.2 | 358 38| N28 47 o1 11| N51 30| 17 &5 | Etamin
A} Suhail R 2.2] 223 31| 843 12 96 55 ) N12 36| 17 32 V!
Altair 5 0.9 62 59| N8 43 97 33| 837 04 ( 17 30 | Shaula
Antares . 8 1.2 113 31 826 18 103 13 $15 39| 17 07 | Sabik
Arcturus . . . 7 0.2 146 43 ] N19 28] (109 19)] 868 55| 16 483 | @ Tn Aust.
eArgus . ., . 17 284 39| 859 20 113 31 S26 18| 16 26 | Antares
Bellatrix . . . 1.7 270 28| N6 18] 120 45| 822 28 156 57 | Dschubba
Betelgeux . 8| 0.1-1.2 271 68| N7 24 126 55| N26 654 | 15 32 | Alphecca
Canopus . . . 9 ~0.9 2684 19| 852 40] (137 17)} N74 23| 14 51 | Kocheb
Capel ... 10 0.2 281 52| N45 57 141 03 | S60 36 | 14 38 | Rigil Kent.
Caph . ... 24 358 28| N68 50| 146 43| N19 28 ( 14 13 | Arcturus
¢ Contauri , , 23| 149 09| 836 06| 149 09| 836 08| 14 03 | 6 Centauri
8 Crucis . . . 18 168 53 859 23 169 26} SI0 52| 18 22 | Sples
yCruoms . . . . 16 172 59 556 48 159 35| N55 13| 13 22 1zar
Deneb . . . . 11 1.3 50 07 N45 05 187 06 | N56 16| 12 52 | Alioth
Deneb Kait. . } 22| 849 490 Si8 18] 168 53| B50 23| 12 44 | g Crucis
Denebola . . .t 22 188 27 { Nl4 53 172 59 856 48 | 12 28 | 4 Crucis
Dschubba . . 2.6 120 45 S22 28 174 07 S62 47 | 12 24 | Aerux
Dubbhe. . . 12 20| 194 55{ N62 03{ 183 27| Ni4 53 | 11 468 | Denebola
Enif....... 2.5 30} N9 37 194 55 | N62 03 | 11 00 | Dubhe
Etamin . . . 24 91 11] N51 30] 208 39| N12 14 | 10 05 | Regulus
Fomalhaut 13 1.3 16 22| 829 55 218 47 ] S8 25 9 25} Alphard
Hamal . . . .. t 22 320 00| N23 12 (221 50)| 869 <20 9 13 | Miaplacidus
Kaus Aust, . . 20 84 53 S34 25 223 31 S43 12 9 06 { Al Suhail
Kochab . . . . 2.2 (187 17)| N74 23 234 39 859 20 8 21 | ¢ Argus
Marfak ... . . 19 309 55; N49p 40 244 32 N28 10 7 42 | Pollux
Markab . . . . . 26 14 311 Ni4 54 245 B4 | N5 22 7 36 | Procyon
Miaplacidus . . 18) (221 50)] B69 20] 255 54| B28 54| 6 ﬁg Adhara
Mizar . . . . . 24 158 35| N&65 13 269 20| S16 39| 6 43 | Sirius
Nupki . . . .. 21 77T 03| B26 22{ 264 19| S52 40| 6 23 | Canopus
Peacock . . 14 21 54 42 856 65 271 58 N7 24 5 52 | Betelgeux
Polarls. . . 2,1 )¢333 51)] N8 001 276 39 81 14| 5 33| Alnilam
Pollux . . . . 159 1.2 244 32| N28 10 270 28| N 6 18 5 22 | Belatrix

ocyon . . 16 0.5 245 54| N5 22 281 82| N45 57 5 13 | Capella
Rasalague . . .t 2.1 o6 56| N12 36 282 02| S8 18 5 12 | Rigel
Regulus . . . 17 1.3 208 39 N12 14 291 49| N16 24 | 4 33 | Aldebaran

gel . . . 18 0.3 282 02| S8 18 300 55 | N49 40 3 20 | Marfak
Rigil Kent. . . 19 0.3 141 03} S60 38 315 58 S40 32 2 56 | Acamar
Ruchbah . . . . . 28 330 28| N59 57| 320 00| N23 12{ 2 04 | Hamal

bik . ... 26| 108 13} S15 39] (338 51)) N8p 00| 1 45| Polaris
Bhaula . « . « . L7 97 33| 837 04] 33 06| 857 31| 1 36 | Achernar
Sirjus ., . . . 20 1.6 259 20| Slé 39 339 28 | N59 &7 1 22 ohi
Sples . .. . 21 1.2| 159 26| S10 52| 2349 49| 818 18| 0 41 | Deneb Kait.
a Tyl Auat, . . . 1.9} (109 19)] B68 55] 358 28! Nb68 50| O 08 ph

« o0 22 0.1 81 15| N38 44 358 88 | N28 47 0 05 | Alpherats
SHA=360°—RA GifA*=GHAT +8HA® Jankpr, 104
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PBACTICAL AIR NAVIGATION

Sample page from “H 0. 211 (Ageton).”
WHEN LHA (E OR W) IS GREATER THAN %°, TAKE ‘°K’’ FROM BOTTOM OF TABLE

1!"6'67; 3550 165 00 1W3§ Y75 00 )
’ A A A A A B

;E‘—‘m 1508 L‘Bﬁ‘d’l 1609 | 55066 | 1716 | W 1826 | 55406 | 1940 | 30
88677 | 1507 | 57287 | 1611 | 55944 | 1718 | 54644 | 1828 | 53386 | 1942

1] 58653 | 1509 | 57265 ] 1612 55922 | 1719 | 54623 | 1830 | 53365 | 1944 | 29
58630 | 1511 ] 57242 | 1614 | 55900 | 1721 | 54602 | 1832 | 53344 | 1946

3158606 | 18121 67210 | 1616 | 55878 | 1723 | 54581 | 1834 | 53324 | 1948 | 28
58583 | 1514 | 57196 | 1618 | 55856 | 1725 | 54559 | 1836 | 53303 | 1950

3] 58560 | 1516 | 57174 | 1619 | 55834 | 1727 | 54538 | 1837 | 53283 | 1952 ] 27
_ | ©8536 | 1517 ) 57151 | 1621 ] 55812 | 1728 | 54517 | 1839 | 53262 | 1954

4| 58512 | 1519 | 57128 | 1623 | 56790 | 1730 | 54496 | 1841 | Bu241 | 1956 | 26
58480 | 1521 ] 57106 | 1625 | 55768 | 1732 ] 54474 | 1843 | 53221 | 1958

5] 58465 | 1523 | 57083 | 1627 ] 55746 | 1734 | 54453 | 1845 | 53200 | 1960 | 25
58442 | 1524 | 87060 | 1628 | 55725 | 1736 | 54432 | 1847 | 53180 | 1962

"6 | 58118 | 1826 | 57038 | 1630 | 55703 | 1738 | 54411 | 1849 | 63160 | 1964 | 24
B8305 | 1528 | 57015 | 1632 | 55681 | 1739 | 54390 | 1851 | 53139 | 1966

7] 58372 | 1529 | 56992 | 1634 | 55659 | 1741 | 54388 | 1853 ] 53118 | 1967 | 23
_ ] 58348 ) 1531 ] 56070 ; 1635 | 55637 ; 1743 | 54347 | 1854 | 53098 | 1969

8 | 58325 | 1538 | 56047 | 1637 | 50615 | 1745 | 54320 | 18566 | 53077 | 1971 | 22
2| 1534 | 56925 | 1629 | 55503 | 1747 | 54305 | 1888 | 53057 | 1973

9 | 58278y 1536 | 56902 | 1641 | 55572 | 1749 | 54284 | 1860 [ 53036 | 1976 | 21
58255 | 1838 | 56880 | 1642 | 55550 | 1750 | 54263 | 1862 | 53016 | 1977

O] 582327 1540 1644 | 56528 | 1762 | 54242 | 18647] 52995 | 1979 | 20
58208 | 1541 | 56835 | 1646 | 55506 | 1754 | 54220 | 1866 | 52975 | 1981

11 | 58185 | 1548 ] 56812 | 1648 | 55484 | 1756 | 54100 | 1868 | 52054 | 1983 | 19
58162 | 1545 | 56700 | 1649 | 55463 | 1758 | 54178 | 1870 | 52934 | 1985

12| 58138 | 1546 | 56767 | 1651 | bb441 | 1760 | 54167 | 1871 | 52014 | 1987 | 18
58115 | 1548 | 56745 | 16658 | 55419 | 1761 | 54136 | 1878 | 52803 | 1989

13 § 58002 | 1550 | 56722 | 1655 | 55397 | 1763 | 54115 | 1875 | 52873 | 1991 ] 17
58069 | 1852 ] 56700 | 1657 | 55376 | 1765 | 54004 | 1877 | 52852 | 1993

14 | 58046 | 1553 | 56677 | 1668 | 55354 | 1767 | 54073 | 1879 | 62832 | 1995 | 16
58022 | 1585 | 56655 | 1660 | 55332 | 1769 | 54062 | 1881 | 52812 | 1997

15 | 57090 | 1557 | 56632 | 1662 | 55311 | 1771 | 54031 { 1883 ] 52701 { 19991 15
] 57976 | 1559 | 56610 | 1664 | 55289 | 1772 | 54010 | 1885 | 52771 | 2001

18 | 57053 | 1560 | 565688 | 1665 | 556267 | 1774 | 53080 | 1887 | 52761 | 2003 | 14
57930 | 1562 | 56565 | 1667 | 55246 | 1776 | 53068 | 1889 | 52730 | 2005

17 ] 57907 | 1564 | 56543 | 1669 | 55224 | 1778 | 53947 | 1890 | 52710 | 2007 | 13
57884 | 1568 | 56521 | 1671 | 55202 | 1780 | 53926 | 1892 ] 52690 | 2009

T8 | 57860 | 1867 | 66408 | 1673 | 65181 | 1782 | 53905 | 1894 | 52670 | 2010 | 12
57837 | 1569 | 56476 | 1674 | 55150 | 1783 | 53884 | 1896 | 52640 | 2012

19 | 57814 | 1571 ) 56454 | 1676 | 55138 | 1785 | 53864 | 1898 | 52629 | 2014 | 11
57791 | 1572 ] 56431 | 2678 | 55116 | 1787 | 53843 | 1900 | 52600 | 2016

20 | 57708 | 1874 | 50400 | 1680 | 55005 | 1789 | 53822 | 1902 | 52588 | 20i8 | 10
57745 | 1576 | 56387 | 1682 | 55073 | 1791 | 53801 | 1904 | 52568 | 2020

21 ] 57722 | 1578 | 56365 | 1683 | 55051 | 1793 | 53720 | 1906 | 52548 | 2022 9

__| 57690 | 1579 | 56342 | 1685 | 55030 | 1795 | 53750 | 1908 | 52528 | 2024 |

22| 7676 | 1681 | 56320 | 1687 | 55008 | 1796 | 53738 | 1910 | 52508 | 2026 § 8
57658 | 1583 | 56298 | 1689 | 54987 | 1798 | 53718 | 1911 | 52487 | 2028

23 | 57630 | 1584 | 56276 | 1691 | 54065 | 1800 | 53697 | 1913 | 52467 | 2030 7
57607 | 1588 | 58254 | 1692 | 54944 | 1802 | 53676 | 1915 | 52447 | 2032

34| 57584 (1688 | 56231 | 1694 | 54922 | 1804 | 53655 | 1917 | 52427 | 2034 | 6
57561 | 1590 | 56200 | 1696 | 54901 | 1806 | 53634 | 1919 ] 52407 | 2036

25 | 57538 | 1591 | 56187 | 1698 | 54880 | 1808 | 53614 { 1921 | 52387 | 2038 ] &
57516 | 1593 | 36165 | 1700 | 54858 { 1809 | 53593 | 1928 | 52368 | 2040

26 | 57403 | 1595 | 56143 | 1701 | 54837 | 1811 | 53572 | 1925 | 52346 | 2042 [ 4
57470 | 1597 | 56121 | 1703 | 54815 | 1813 | 53551 | 1927 | 52328 | 2044

27 | 57447 | 1598 | 56099 | 1705 | 54794 | 1815 ] 53531 [ 1920 | 52308 | 2046] 3
57424 | 1600 | 56076 | 1707 | 54773 | 1817 | 53510 | 1931 | 52286 | 2048

38| 57401 [ 1602 | 56054 | 1709 | 54761 | 1819 | 53480 | 1933 | 52206 | 2080 | 2
57378 | 1604 | 56032 {1 1710 | 54730 | 1821 | 53468 | 1935 | 52246 | 2082

20 | 57356 1 1605 | 56010 | 1712 | 54708 | 1823 | 653448 | 1936 | 52226 | 2064 | 1
57333 | 1607 | 55088 | 1714 | 54687 | 1824 | 53427 | 1938 | 52208 | 2086

80 | 57310 | 1609 | 55006 | 1716 | 54066 | 1826 | 406 | 1940 | 52180 | 2068 | O
A B A B A B A B A B

[*] Y) [} Y] 1) Y2 -3 ] -} 9
164° 30 164° 00 163° 30 163° 00 162° 30 —

(20)




OBLESTIAL NAVIGATION
Sample page from “HO 211 (Ageton).”
WHEN LHA (E OR W) IS GREATER THAN K°, TAKRE “‘"mﬂ!’;ﬂ_o_““'l‘m

307 00 “"30° 30 00 L3 A LA T+l

S A B | A B | A [_B A_| B A B |

0 | 30103 | 6247 | 20453 | 6468 | 28816 | 6603 | 28191 | 6923 | 275670 | 7168 | 30
80002 | 6251 | 20442 | 6472 | 28806 | 6697 | 28181 | €927 | 27560 | 7162

1§ 80081 { 6254 | 20432 | 6475 | 28705 | 6701 | 2817t | 6931 | 27559 | 7166 20
30070 | €258 | 20421 | 6479 | 28785 | 6705 | 28161 | 6935 | 27540 | 7170}

2 | 30050 | 6262 [ 29410 | 6483 | 28774 | 6709 | 28150 | 693% | 27539 | 7174 § 28
30048 | 6265 ] 29399 | 6487 | 28763 | 6712 ] 28140 | 6943 | 27528 | 7178

3| 30037 | 6269 | 29380 | 6490 | 28753 | 6716 § 28130 | 6947 { 27518 | 7182 [ 27
30026 | 6273 ] 29378 | 6494 | 28743 | 6720 | 28119 | 6951 | 27508 | 7186

4 | 30016 | 6276 | 20367 | 6498 | 28732 | 6724 | 28100 | 6954 | 27408 | 7130 | 28
30005 | 6280 { 29357 | 6501 | 28722 | 6728 0 | 6958 | 27488 | 7193

5] 29094 | 6284 | 29346 | 6505 | 28711 | 6731 | 28089 | 6962 | 27478 | 7197 } 25

_ | 20083 | 6287 | 29335 | 6509 | 28701 | 6735 | 28078 | 6966 | 27468 | 7201

6 | 29072 | 6291 ] 20325 | 6513 | 28600 | 6739 | 28068 | 6970 § 27458 | 7208 § 24
20061 | 6294 | 29314 | 6516 | 28680 | 6743 | 28058 | 6974 | 27448 | 7209

7 1 29950 | 62908 § 29303 | 6520 | 28669 | 6747 | 28047 | 6978 | 27438 | 7213} 23
20039 | 6302 | 20293 | 6524 | 28650 | 6750 | 28037 | 6982 | 27428 | 7217

8 | 20928 | 6306 | 20282 | 6628 | 28648 | 6754 8027 | 6988 | 27418 | 7221 | 22
29017 | 6309 | 29271 | 6531 | 28638 | 6758 | 28017 | 6989 | 27408 | 7225

o ]| 29007 | 6313 | 29261 | 6535 | 28627 | 6762 ] 28008 | 6993 | 27308 | 7229 21
209896 | 6316 | 29250 | 6539 | 28617 | 6766 | 27996 | 6997 | 27387 | 7233

10 | 20885 | 6320 | 29239 | 6543 | 55606 | 6770 | 27986 | 7001 | 27377 | 1237 ] 20
29874 | 6324 | 20229 | 6546 { 28506 | 6773 | 27976 | 7005 | 27367 | 7241

11 | 20863 | 6328 | 209218 | 6550 | 28586 | 6777 | 27965 | 7009 | 27357 | 7245] 19
20852 | 6331 | 29207 | 6854 | 28575 | 6781 | 27055 | 7013 | 27347 | 7249

121 29841 | 6338 | 29107 | 65568 | 28565 | 6786 {4 27945 { 7017 | 27837 | 7253 { 18
20831 | 6339 | 20186 { 6561 | 28554 | 6789 ] 27935 | 7021 | 27327 | 7287

13 | 20820 | 6342 ] 20175 | 6565 | 28544 | 6793 | 27925 | 7024 | 27317 | 7261 | 17
20809 | 6346 | 29185 | 6569 | 28533 | 6796 | 27914 | 7028 | 27307 | 7265

12 | 20798 | 6350 | 20154 | 6573 | 28523 | 6800 | 27004 | 7032 | 27207 | 7260 | 16
20787 | 6363 § 20144 | 6576 | 28513 | 6804 | 27804 | 7036 | 27287 | 7273

15 } 20776 | 6357 | 20133 | 6580 | 28502 | 6808 | 27884 | 7040 | 27277 | 7277 ] 15
20766 | 6361 § 20122 | 6584 | 28402 | 6812 ] 27874 | 7044 | 27267 | 7281

16 29756 | 6364 29112 | 6588 28481 | 6818 27863 | T048 27257 | 7 14
20744 | 6368 | 20101 | 6591 | 28471 | 6819 ] 27853 | 7052 | 27247 | 7289

17 | 20733 | 6372 29091 | 6595 ] 28461 | 6823 | 27843 | 7056 | 27237 | 7293 | 13

| 29722 | 6375 | 20080 | 6599 | 28450 { 6827 | 27833 | 7060 | 27227 | 7297 |

I8 | 20711 | 6379 | 20069 | 6603 | 28440 | 6831 | 27823 | 7064 | 27217 | 7801 ] 12
29701 | 6383 | 20050 | 6606 | 28420 | 6835 | 27812 | 7067 | 27207 | 7305

10 | 29600 | 6388 | 20048 | 6610 § 28419 | 6839 § 27802 | 7071 | 27107 | 7 11

—_| 29670 | 6390 | 29038 | 6614 | 2 6842 | 27702 { 7078 | 27187 | 7313

30 | 20068 | 6394 | 29027 | G618 | 28308 | 6846 | 27782 | 7079 | 27177 | 1817 | 10
29657 | 6398 | 29016 | 6622 2 6850 | 27772 | 7083 | 27167 | 7321

21 | 20847 j 6401 | 20006 | 6625 | 238378 | 6854 ] 27761 | 7087 ] oms57 | 7328 O

7_4 20636 | 6405 | 28995 | 6629 | 28367 | 6858 [ 27751 | 7091 | 27147 | 7329

2 20625 | 6409 | 28085 | 6633 | 28357 | 6862 | 27741 | 7095 [ 27137 | 73331 8
20614 | 6412 | 28974 | 6637 | 28346 | 6868 | 27731 | 7099 | 27127 | 7337

o3 | 20604 | 6416 | 280684 | 6640 | 28336 | 6889 | 27721 | 7208 ] 27117 | 7341 7
20503 | 6420 | 28053 | 6644 | 28326 | 6873 | 27711 | 7107 | 27107 | 7345

84 | 20582 | 6428 | 28042 | €648 | 28315 | 6877 | 27701 | 7111 | 27008 | 7849 6
29571 | 6427 | 28032 | 6652 ] 28305 | 6881 | 27690 | 7115 | 27088 | 7353

25 [ 20560 { 6431 | 28021 { 6655 { 28295 27680 { 7118 ] 27078 [ 7387] 5
29550 | 6435 | 28011 | 6859 | 25284 | 6889 | 27670 | 7122 | 27068 | 7361

86| 20530 | 6438 | 28000 | 6663 | 28274 | 6893 | 27660 | 7126 | 27068 | 7368 | 4
29528 | 6442 | 28890 | 6667 | 28264 | 6896 | 27650 | 7130 ] 27048 | 7369

27 | 20517 | 6446 ] 28879 | 6671 | 25253 | 6900 | 27640 | 7134 | 27038 | 7373| 3
29507 | 6449 | 28869 | 6674 | 28243 | 6904 | 27630 | 7138 | 27028 | 7377
20400 | 6453 | 28858 | 6678 [—é_‘szas 6908 | 27610 | 7142 | 27018 | 7881 | 2
20485 | 6457 | 28848 | 6682 | 25222 [ 6912 | 27600 | 7146 } 27 7385

29 | 20475 | 6461 | 28837 | 6686 | 28212 | 6916 | 27599 | 7160 ] 26093 | 7389 ] 1
20464 | e484 | 28827 | 6890 | 28202 | 6920 | 27580 | 7154 | 26083 | 7398

B0 | 90453 | 6468 | 28816 | 6693 | 28101 | €923 | 27570 | 7188 | 26078 | 79971 0O
A A B B A A B I

’ 149° | 149 o0 148° 30 148° 00’ s | ¢/
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‘PRACTIOAL ATR NAVIGATION

Sample page from “H.0. 214."

oo [ l,par-;

PR TR
-\s‘l 1]

DECLINATION SAME NAME AS LATITUDE

S0° 50’

215 00/

21° 80/

P 00’

92° 3

Alt.

Alt. AZ.

AS.

T ada 8
6700.01.002 180.0
6659.11005177.6
6656.31008175.2
651.71011172.8
68453 »14170.4

s adat *
6730.01.002180,0
6129.11.008177.6
6726.31.008175.1
672161011172.7
6715.1 9141703

Alt. As.

A%
€80081.00 1800
615901008 177.5
675621.008 175.0
67514 w11172.6
67448 9141701

8.;&:»..84 g 8.

66372 17 168.1
66272 1191658
66156 w2 163.5
66023 9725 161.2
65474 00231590

67068 m17167.9
6656.7 9820 165.5
66 44.8 0723 163.2
66313 9725 160.9
66 16.1 0828 158.6

67364 w17167.7
61261 821653
6714.1 07231682.9
67003 07326 160.6
66449 0428 158.3

Alt.

7 "adat ° |
6830.01.002 180.0

6829.01008177.5
6826.11.008174.9
68213 w111724
68145 w141609

Alt. AR,

% 7 AdAt ©
6900.01.002 180.0
6859.01008177.4
6856.01.008174.8
68511 0111723
6844.2 2015169.7

Alt.

v Ak
09300100
©9201.008
W26010m
69209 w13
9139 w15

68059 mw17167.4
6755.5 e620165.0
67432 0723 162.6
67292 0628 160.2
6713.8 06 157.9

68355 0018 167.2
6824.8 %21 164.7
68124 9721623
6758.1 ve27150.9
67422 21575

69050 %18
8542 mn
63415 o7
68270 vz
68108 053

6530.9 9530 156 8
65128 %433154.7
64533 m335152.6
64324 2571506
102 1485

6559.4 9630 156.4
65411 »433154 3
6521.3 ®as5152 2
6500.1 9238150 1
6437.6 0140 148.1

66279 9531 156.0
66093 9433 153.9
6549.2 9334 151.7
6521.7 9220140.6
6504.3 6140147.6

ajnwa~Slonus

o]

6346.7 w41 146 6
6321.9 2043144.7
62560 28451429
6228.9 8747141.1
6200.8 8648 139.3

6413.7 w42146.1
6348.7 044 144.2
63224 8451423
6255.0 8747140 5
62266 8840138 8

6440.7 9042 145.6
64153 44143.7
6348.7 sT48 1418
63210 8543 140.0
6252.3 s550138 2

61317 8550137.6
6101.7 %452136 0
6030.7 8383134.3
§953.9 :254132 8
§926.3 s156131.3

61572 a3 31 137.1
6126.8 84852135 4
60556 8334 133.8
60235 a255132.2
5950.6 8156130 7

62225 m51136 5
61519 m351134 8
61203 s254133.2
60479 8155131.6
6014.7 8057130 1

66563 9531 155.6
66374 0434153 4
66170 93 151.3
65552 0239 140.1
6532.0 9041 147.1

61246 9422155.2
6705.4 9834153 0
6644.7 92371508
6622.6 91391486
6550.1 90411468

67529 ux
67334 w38
67124 w7
66499 0140
66260 042

6507.5 sa43 145.1
64418 s345143.1
64149 s747141.2
6346.9 80481390 4
63178 8550137.6

GSUI wrlMs
65082 9845142.6
64409 e747 1407
64126 5401388
6343.2 14511370

66009 3344
65344 s748°
6506.8 ss4s,
6438.1 s300°
6408.4 451"

6247.7 8452135.9
6216.7 8353134.2
6144.8 8255 132.6
61 12.1 8166131 0
60386 ™571295

63128 3521353
62414 241336
6209.2 81851320
6136.2 ma8130.4
61024 75 128.8

63376 s388;
63060 s254 |
62334 sos8°
6200.1 3573
61260 58,

§853.0 8057129.8
58189 w58 128.3
ST442 B501206 9
§708.8 7700125.6
S632.8 7761124 3

S917.0 8067 123.2
58426 8 127.8
58676 1m0 126.4
5731.9 7760 125.0
5655.7 61123 7

5556.3 7663 123.0
55192 5e121 7
54416 161205
54036 T304 119.3
§325.1 13651182
52462 1205117.0
§206.9 7106115.9
51213 ne7114 8
50473 067113 8
0070 mes112.7
264 welil 7
48455 wo0 110.7
48048 e360100 8
7129 s 1088
4412 677107.9

5594 6101070
45173 6670 106.1
4435.1 0671105 2
43526 061 104.4
4310.0 6671103 5

56189 7563122.4
55416 4e3121.1
55038 7464 119.9
54255 Bes 118 7
53469 12e5117.6

S307.8 260116 4

52283 nes1153
S1484 7067114.3
51083 67113 2
50278 eves 1122
49470 wes 111.2
49060 esen 110 2
4824.7 e300 109.2
4743.1 6770108.3
47013 e770107.4
%193 0670 106.5
45372 87 105.6
4454.8 0571 104.7
4123 571103 8
4329.6 as71 103 0

B3 6571102.7]
41444 065721018
41014 65721010
40183 4 72100.2

3935.1 w73 995
BS1.T a7z 98.7

2BR=VIBE
00 G 02

v

ul
bk
b
a
3

42468 0572102 2
42038 6172101.3

38 @
34 5
zagajaggal ggga
ARRBBEYSBRPRERIS
T S SIS

N
g
2

]
N...giomqaalﬁuu-—s]amqaaalAu»—glumqau‘u hunﬂsicﬂ\lﬂ’g!*@N”glﬂmﬂ@glﬁuﬁ-glﬂw-la

EFEICREE]
gwo|Nwon

23832

Jasjdagdajadgad

2z
h @ O

59408 7953128.86
5906.1 M 127.2
5830.8 77e0125.8
57549 7661124.4
5718.4 7562123.1
5641.4 7563121.8
56038 74e3120.5
5525.8 764 1190.3
54473 7265118.1
54084 7300117 0
53294 Nneo1159
52494 067114.8
5209.4 7067113.7
5129.1 0es112.8
50484 c0es111.6
5007.5 es 60 110.6
4926.3 o700 109.6
48448 670108 7
4802 e71m1077
4721.2 0670106 8

60044 78581280
59295 851265
5853.9 7760 125.1
S817.7 611238
57410 73621225

6027.9 0 127.4
§952.6 7780125 9
§916.8 7031124 5
58403 71562123 2
58033 7463121 8

§703.7 e 12] 2
56259 B 119.9
5547.6 264 118.7
55089 7265117.5
54298 nea116 4

5758 nei20 6
56478 me11193
56093 72e5118.1
5530.3 71166 116.9
5451.0 70681158

5350.3 70661153
53104 70071142
52302 enes113.1
S140.7 8651120
51089 ese3111.0

SI113 wer 1146
53313 aer 1136
52509 eses1125
S2102 o811l 5
5129.2 ¢760110 4

56278 67601100
4946.5 6760 109.1
49049 0570108.1
48230 66 0107.2
47410 6601063

46391 66720106 9
45569 6571105.0
45144 e371104.2
44318 6571103 3
43490 6472 102.5

4306.1 64721010
41399 s 721

Fegesss

©wo EA&OQ -

UV 2 92.6
33401 2713 91.9
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NORTH LATITUDES

R
[

ARCTURUS

o

30

31

o

32

33

LAT,

Al.

Al

Az,

Ale,

Al Az.

Al.

Az,

H.A.

o o 8
79 3019
79 27 19
79 20 18
7909 18
7853 18

78 34-17
78 10 17
77 44 16
77 14 16
76 42 15

76 08-15
75 3t 14
74 53 14
74 13 13
73 32 13

72 50-12
72 06 12
7122 11
7037 11
69 51 11

69 04-10
68 17 10
6729 10
66 431 10
6553 9

65 04 —9
6415 9
6325 9
6235 9
6145 9
60 55 -9
6005 8
5914 8
s823 8
5§73z 8

56 41 -8
5550 8
5459 8

s407 8
s316 8

52 24 -8
5133 8
so4r 8
4949 8
4858 8

48 06 -7

O B3I ON AW NMO.

DWNBE NN
SHRIBR PENNE S350 Fanusy

pBERY

W W W W
\Oﬂ\le\g

2abn

140

137
134
131
120
126

124
122
120
119
117

116
114
113
111
110

100
108
107
106
105

104
103
102
102
101

100
99
99
98
97
97
96
96
95
94

)

78 30-

$
19

78 28 19
78 21 18
78 11 18
77 57 18

77 39-18
7717 17
76 53 17
76 25 16
75 55 16

75 23-15
7449 15
74 12 14
7335 14
73 85 13

72 15-13
71 33 12
70 50 12
70 07 1z
69 22 11
68 37-11
6752 11
67 05 11
66 18 10
65 31 10

64 43-10
63 55 10
63 07 10

62 18
61 29

60 39 -

59 5o
59 oo
58 10
§7 20

9
9

9

- - -N -

56 30 9

55 39
54 49
53 58
53 07

52 17 ~8

51 26
50 35
49 43
48 52

8
8
8
8

48 01 =8

180
175
171
166
162

157
153
150
146
143
140
137
134
131
129

127
125
123
121
119

118
116
115
114
112

111
110
109
108
107

106
105
104
103
102

102
101
100
29
99

o8
97
97
96
96

98

° ’

¢

77 30-19

77 28
77 22
77 12
76 59

19
19
18
18

76 43-18

76 23
76 o0
75 35
Ty 07

17
17
16
16

74 37-16

74 o4
73 30
72 54
72 17

15
15
14
14

71 38-13

70 58
7017
69 35
68 52

13
13
1z
1z

68 08~-12

67 24
66 39
65 53
6s 07

64 21~10

63 34
62 46
61 59
61 10

10
10
10
10

60 22~ 10

59 34
58 45
§7 56
§7 06

56 17
55 27
54 38
53 48
52 §8

5207
SI 17
50 27
49 36
48 46

9
9
9
9

-9

9
9
9
9

-9
9
8
8
8

4788 -8

180
176
171
167
163

159
155
152
148
145
142
139
136
134
131
129
127
125
123
122

120
118
117
116
114

113
112
111
110
109

108
107
106
105
104

103
102
102
101
100

99
99
o8
97
97

06

‘ o
180
176
172
168
164

L. *
76 30-19
76 28 19
7623 19
76 14 18
7602 18

75 4718
75 28 18
7507 17
74 43 17
74 17 16
73 49-16
7318 16
72 46 15
72 12 15
71 36 14

70 5914
70 21 14
69 41 13
69 0or 13
68 20 13

67 37-12
66 54 12
66 11 12
65 26 12
6442 11

63 56-11
63 10 11
6224 1
61 37 10
60 50 10,

60 03-10
59 16 10
58 28 10

57 39 10
56 51 10

160
157
153
150
147

144
141
139
136
134

132
129
127
126
124

122
121
119
118
116

15
114
113
m
110

109
108
107
106
105

56 03-10
5514 9
5425 9
5336 9
5246 9
$1 57 -9 101
5108 ¢ 100
5018 9 099
4928 9 o8
4838 9 o8

4749 -9 97

10§
104
103
102
101

P
75 30+19
75 28 19
7523 19
758 15 18
7504 18

74 50—18
7433 18
7413 17
7351 17
73 26 1y

72 59-:6
73 31 16
72 00 16
71 28 15
7054 15

70 18-14
69 42 14
6904 14
68 25 13
6745 13
67 05-13
6b23 13
65 41 12
64 58 12
64 14 12

63 30-12
62 45 11
6200 11
6115 11
6029 11

59 43—
§856 u
s809 10
§7 22 110
§634 10

55 47-10
54 59 10
§4 X1 10
§3 22 10
5234 10
SI 45-10
50587 o9
5008 o
4919 9
4830 9

4741 -9

180
176
173
169
165

162
158
155
152
149
146
143
141
138
136

134
132
130
1.8
126

124
123
I21
120
118

17
116
114
13
112

11
110
109
108
107

106
105
104
103
103

102
o1
100
100

360
359
358
357
356

355
354
353
352
351

aso
349
348
347
346

345
344
343
342
341

340
339
338
337
336

335
334
333
332
33

330
329
3a8
327
326

325
324
323
322
321

320
319
318
317
316

For argument H A. on the left, True Azimuth = 360° — Tabulated Azimuth.
For argument H.A. on the night, True Azimuth ~

Ne correction for

26

‘abulated Azimuth.

date 18 necessary until 1944.

|

3



)

PBACTICAL AIR NAVIGATIOR

Sample page from “H.0. 218.”

§.—CORRECTION FOR DATE TO TABULATED ALTITUDE OF STARS

IWMMS.W7WWO HEoxwmobo o ,m, " = 8o N ] G T - -1 4
] wn '
R b R e T e S N T L LA Rt i L T
LI ] LB O~ I i [ ] Lo I ] L R~ N -] Lo I T I R I I I - ] LB I ) Mo M LB B )
R o~~~ WHNOMm CHENRN VMO OO RO RW COR00 O mmuN HNMEOI® *YEFININ MOOO . NINKV® 00000
R R T R L R = I R R R R Y )
S o=~ ANPNOM OEPETI MNOOY PRNMV WO 000 =n "NANM MEAFEYE MININOWO OO DS WVWO® B S
I oo S BB S S A - R T A -
® [O=- L MO CETTE MNINOO ONNN®N VPN O C0000 ~~="HN NMMEIE $FFINn FODOO N ND®
SRR -SRI R R S i A B U
[ o O MOTETE MNNNO CODNDN NOWNNW FFC00 OO0 mm ENNNM MMt EE CNNNO OBO N
ot be e P Gm At M B e W Lo .- g a s L IR B )
€ jomn L] N8 OO ET TN OOOVON NINNWX B OO O 0000~ m~m~mat NMMme +++¢11 n1n OO
Lo I - e e e e e 4 b L ) l.ll-l‘
»n o0~ QNN MMM TE CELTNN NOOOD OB NWO VRRVWD > CC000 00 ~=nw NNNNN MEATE ¢t
P30 -A0-p - -fpodiiofiogi - SRV SR SERORR s S S S S gt gt
“ O 0™ L] NN OO ¢ HTHTN NNNOO OO RN NN 0 CCGOD 00000 Nmmmil NNNMO Qe ¢
2RI - Rre ool L - S SRR S ]
0 |00~ PHAAEN M0N0 AT MNVNNVNOVOOOD NG 0RWOIB R COCROO0 DOO0 mm ~=wmWN &N @M
I3~ T- e~ rejofipe e ipegh L BN R
N oo~ HHAAN NNMOM MMNETET THERAL VNOOO OO RIS 000 VB COR OO0 00 === meunno
IR I=A- - pegyogyogielie B S S
n |90~ " N N0 OO TEETn MNNINY OOOWOY NI 0000 WFARRR O 000 00 mwm o
MR-
m [- - X - n.z LR | N OMMMe CETETE THEN NN NMINDO OO COOOINS SN0 0000000060 0 OO 9mooo
== -
e |ooe " =N NN NN MMM OMMEE CEETCTE M mInn OO OO 6667777778838888999)
o 00O - cll - N L] NN MO AT TS TN MUV VOOV OOV SN IS oD 00 6
o~ [ N-N-3 - - omaN o~ N NN NOOMOe MO CET T TN NN VLNOVY VOOVOY D
® looo - LRI R ] LGN HNE NN MMM OO $ TS T TETE NNV MV VOO0
-n o000 (-] - - - NN NANANN NNNNN MO0 MMM MY TE TTCHE CCETTN nvnn
L

~ |ooo ° L R LG HEHAN NNANNE ANNANN NNTOM MIMOM OO0 OMeeTE ¢ e
[ ] (- -] (-] 00 mumwwm - o - b e e e ) NN N NN NN NN NN NNN NN NN MM MM e
L - N-X.] (-] 00 200 -] - o BAOPS v b4 Be W bt oee e e b ki B e B bt Be s b e be e ) N NN N INNN NN
- |9 o0 ° 00 00000 ooo O O OO0 OO O OO ™ '+ m oo bt 5 04 5 bu bt 2a 0 om ot pu o0 04 b of s 26 o o0 b0 P o

[
iﬂl‘

1046

1949
1930
1981

1956
1987
1958
1959

1960

1971
1972
1973
1974
1975

EEREE

igd

1981
1985

ja3dt




Chapter XI.-NORTH POLAR NAVIGATION
THE APPEAL

Books, magazines, and newspapers have presented numerous maps
showing that the shortest intercontinental routes in many cases pass
over or near the north pole. It has even been stated that the world waits
impatiently for commercial transpolar flight, and that conquest of the
polar cap will be an epic adventure for navigation.

To offset this over-enthusiasm for polar routes, others have hastened
to point out the difficulties of cold-weather operation, and have even tried
to prove that air commerce of the future will follow the long established
east-west routes and population centers of surface transportation; that
air transport must go where the traffic is. The truth is probably some-
where between these two extremes.

It is certain that air traffic must continue to serve the communities
established by the ancient east-west routes. It also seems certain that,
with airplanes capable of such flights, in these days of shrunken global
relations, there will always be a considerable amount of high priority
transpolar traffic, both of men and material. The necessary bases will be
established, with good accommodations for travelers who must stop over.
In addition to the demands of business, many will ckoose to travel by
way of the pole because of the lure of adventure, and the very novelty
of the trip.

Due to these and other related considerations, the matter of polar
navigation is of definite interest to all concerned with the future develop-
ment of air transport whether in the government or in commercial or-
ganizations.

THE PROBLEMS

Only the problems pertaining to navigation will be considered here,
omitting those incidental to climate, weather, and other engineering dif-
ficulties, The basic problems of navigation anywhere are those of distance
and direction. These are especially troublesome in near-polar areas for
two reasons: convergence of the meridians at the geographic pole, and
the nearness of the magnetic pole.

At the equator, convergence of the meridians is zero; it increases
with latitude until ai the pole itself it amounts to a degree for each
degree of difference in longitude. Figure 195 shows the difficulty this
introduces in the matler of directions. Starting from A toward B, the
true course is 000°, but upon crossing the pole it changes to 180°. In
going from A to C, the initial course is 330°; at the mid-point this has
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ehanged to 270°, and at the destination to 210°. In going from A to D
the eourse changes from 030° to 150°—a change of 120° in approximately
240 miles.

It would be difficult, if not impossible, in any location, to make the
large and continuous changes required to maintain straight-line flight
under such conditions; it is made even more difficult in the polar area

RS

AB = 278 st m
AC= 241 st m
AD = 241 st m

Figute 195  Fxcessdve changes of direction near the pole,

because the magnetic compass, which normally provides the basic refer-
ence for direction in flight, is practically worthless due to the weak direc-
tive force acting on the compass near the magnetic pole.
Most charts in the polar areas contain a note such as the foliowing:
Owing to nearness of the north magnetic pole, the force directing the
compass needle is small. Under normal conditions too much reliance can-

not be placed in the compass, and in times of magnetic distutbance 1t may
become wholly useless.

Magnetic variation near the poles changes as much as 180° in a
very short distance; see figure 196. In addition, our knowledge of varia-
tion in the polar arcas is very limited, and considerable differences from
the charted isogonic information may exist.

The foregoing and other related difficulties have led to the develop-
ment of new instruments, such as the gyro-stabilized flux gate compass
and the astro compass, and to the development of new techniques.

An ordinary magnetic compass is not very satisfactory within 1,000
miles of the magnetic pole; the new flux gate compass is said to furnish
a satisfactory indication of magnetic directions to within about 200 miles
of it. Nevertheless, it is still a magnetic compass; it is therefore limited
by our incomplete knowledge of variation in the area, and is useless
within about 200 miles of the magnetic pole. The astro compass provides
a method of navigation independent of the earth’s magnetic field; its
use will be described later,

Some of these problems sound worse than they really are, The most
rapid changes of direction occur close to the geographic pole, which must
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always be near the mid-point of any flight through the area, and précisd
navigation near the mid-point of a route is less important than at the
beginning and end. Also, for much of the area the changes in magnetic

Figure 196 Magnetic variation near the north pole

variation tend to offset the changing directions due to convergence of the
meridians, making the total rate of change less rapid.

CELESTIAL NAVIGATION

In polar areas, celestial navigation also has some added difficulties.
During the long arctic day only the sun is visible, and a single line of
position is all that is available. With the approach of winter, the sun
becomes too low for satisfactory observation and finally sinks below the
horizon; for some weeks, however, it 1s so little below the horizon that
the stars are not visible against the bright sky. During this period the
moon should be available part of the time, and possibly one or two of
the planets.

With these exceptions, celestial navigation near the pole becomes
even simpler than elsewhere. The north pole itself is always taken as the

i
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assumed position. The meridian represented by the GHA of the observed
body, taken from the Air Almanac, is always the direction of the body
from the assumed position (the pole). This should be apparent from the
very definition of the GHA. Finally, the computed altitude is merely the
declination of the body. All that is necessary, then, is to compare the
observed altitude H, of the body with its declination as given in the
almanac, and to lay off the intercept so obtained along the meridian
corresponding to the body’s GHA at the time of observation. The inter-
cept is laid off from the pole (the assumed position) toward or away
from the body according as the H. is greater or less than the declination.

The substantial black dot at the lower part of figure 197 represents
the earth, greatly enlarged with respect to the celestial sphere. The

N Celestad

Celestial Equator

i
"< Honzon at North Pole —

Figure 197 From the north pole, Hc 15 equal to
the declination.

horizontal line represents the horizon of an observer at the north pole,
the distance to the celestial sphere being so great that the earth’s radius
is as nothing, by comparison, and the observer’s horizon and terrestrial
equator may be considered as identical, both pointing directly to the
celestial equator. From the figure it should be clear that, after all ob-
servational errors have been removed, the computed altitude H, and the
declination are both measured by the same angle,

Any transpolar flights must be for long distances, and will probably
be made at high altitude for a number of reasons. They should therefore
be above most storm levels, and this simple method of navigation should
generally be possible. It is the writer’s present belief that such flights will
use this method, in combination with improved radio navigation and the
best results obtainable by dead reckoning. There is also reason to believe
that new instruments will make possible satisfactory dead reckoning, even
under these more severe conditions. This method of celestial navigation is
described in some detail, with examples, in Vol. VIII of H.O. 214,

LINE OF POSITION OR CIRCLE OF POSITION

On p. 26b it was pointed out that ordinarly a short section of a
circle of position could be drawn as a straight line of position without
appreciable error. When the intercept becomes long (as much as 5° or
10°) and the observed altitudes are high, this error may became im-
portant,

In figure 198 it is assumed that an LOP has been obtained from each
of two bodies, resulting in the “false fix” shown. The circle of position
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n each case coincides with the LOP at the meridian which represents
the azimuth (GHA), but curves away from the LOP as the distance
{from the meridian increases. The intersection of the two circles of posi-
tion, of course, represents the true fix.

Ordinarily, this method should be used only when the aircraft is
within 5° or 10° of the pole. Within this limited area, unless the aircraft
is several hundred miles from the meridian which represents the azimuth
of the star, the difference between the false fix and the true fix just
described should not exceed a few minutes of arc; the nearer the pole is

Lor2

False fix

k/\

True fix

Figure 198.—Frror of line of position
with long intercept.

approached, the less is the error from this source. At greater distances
from the pole, conventional methods of celestial navigation should be used.

If it is necessary to use a line of position from a high-altitude body,
or to use this method at appreciably greater distances from the pole, an

/ 5

3

~ True fix

Figure 199,~The *“‘Ellsworth hod* for ob g
a true line of position.

approximate method of correction is available. In figure 199 (which is
an enlargement of part of figure 198), the aireraft was actually located
on the LOP tangent to the circle of position at the true fix and inter-
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secting the star’s meridian (GHA) at E. The point F is known as the
“Ellsworth point,” since it was used by the explorer on his flight over
Antarctica. The Ellsworth point may be located with reference to the
intercept point I, from table 12, which also gives the angle Z between
the perpendicular through E and the desired LOP. By keeping in mind
a picture of the relations shown in figure 199, the application of these
two corrections should always be clear.

Note that the Ellsworth point E is always measured from the in-
tercept point I, away from the star. The table is to be entered with the
observed altitude and the approximate distance between the observer’s
position and the meridian representing the azimuth (GHA) of the body.
The distance is in nautical miles, and may be obtained with sufficient
accuracy by a preliminary plotting of LOPs to obtain the “false fix”
illustrated in figure 198.

TABLE 12.—Coriections for the curvature of a curele of position from a line of position
(Ellsworth method)

DISTANCE 1IN NAUTICAL MILES

— | S
Al 100 200 300 | 400 500 600 700

elz |elz|elz |elz|elz|8lz|5]|z
10°0.__{0.2] 03 [10} 06 | 28[0°9 | 41! 1264|195 |02 158|125 21
15.7o4| 04 [1'5] 09|35 1.3]6.3]1.8]9.8|22 10027 191 31
200106/ 06 {211 1.2 47| L8 |8.5]24[13.2| 3019036 |25.9] 4.2
25 ..(0:7{ 08 |27 16 [ 61|23 10831 (16:9] 3.0 (243 4.7 |33.0{ 54
3 0.8 1.0 (83]1.9]|7.6|29134]38|20.9]48]|300|58)|40.7] 67
35 (nol 12 |at|23]e2|35|wz2|a7|n3] 58 (36270 402 81
0 |12l 14 laol 28009 42191 56{302]70(433]| 83|56 97
85 1.4 1.7 {58083 (13050 (23.01606 (357 | 53 |51.2] 9.0 | 69.2| 11.5
50 . "[1771 200 6l9l 20 1551 59 2741 79 |42 41 95 |60.4]11.7 |81.3] 1356

THE “G SYSTEM” OF DIRECTIONS

In order to avoid the nuisance, which amounts to almost an impos-
sibility, of rapid changes of direction for even a short flight near the
pole, the G system of directions has been proposed. Under this system
a series of grid lines is drawn or printed on the navigator’s chart, at any
desired spacing, but all parallel to the meridian of Greenwich. These are
in addition to the conventional meridians and parallels, and might well
be in some different color, to avoid any confusion., All directions are
measured with reference to these grid lines, the direction from Greenwich
toward the pole (and beyond it) being considered as 0° the direction
from the pole toward Greenwich being 180°. The customary 360° system
is used, but in order to distinguish “G directions” from those referred to
conventional north, they are written with a small capital “G” instead of
the usual degree mark. Thus a direction of 105° with respect to this new
and arbitrary grid is written: 105¢. Figure 200 shows an ordinary polar
stereographic projection with the G system of grids shown by broken
lines. A line representing a true course of 250¢ is also shown; note that
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the direction is 250G across the whole projection. (Point A4 and angle X
will be referred to in a later portion of the text.)

An additional feature of this proposed system of directions is the
use of “isogonic lines” which will combine the correction for magnetic
variation and a correction for convergence of the meridians. These
“synthetic” isogonic lines would be much more widely spaced than the
real isogonic lines, making changes in magnetic direction much less fre-

003
53+

| 250°
| | 250 : |
X —
| I !
| | ' |
! : !

Figare 200 —Directions veferred to the G (Greenwich) grid.

=
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quent. The net result of the method, in areas where some form of the
magnetic compass is usable, would be comparable to the use of the Mer-
cator projection in equatorial latitudes, where a straight line approxi-
mates a great circle; courses may be measured at afy convenient
meridian; and the application of magnetic variation provides a magnetic
heading that can be flown for a reasonable period of time. One writer
on polar navigation has referred to the correction afforded by these
synthetic isogonic lines ag “G-viation.”

It has been pointed out that for an observer at the pole the GHA
of the body indicates its direction, or the meridian along which it will be
found. From figure 200 it may be seen that the azimuth of a star in
terms of the new system will differ from the GHA by 180°. Thus, if the
GHA is 30° (meridians are at 30° intervals in the figure), the azimuth
in terms of G is 30° - 180° = 210%; if the GHA is 330° the azimuth in
terms of G is 330° — 180° = 1506,

Again, to an observer at the pole all celestial bodies appear to rotate
parallel to the horizon, 360° in 24 hours, 15° every hour, or 1° every
4 minutes. That is, the direction of the star with reference to the meridian
of Greenwich, changes 1° every 4 minutes.
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FLYING “G” COURSES

Having established a new set of “meridians,” there still remains the
problem of maintaining a G-direction of flight, since we have no “G-seek-
ing compass” to furnish the desired reference. The answer is found in
the combined use of the directional gyro and the astro compass. As men-
tioned in Chapter IV, the aircraft gyro has no directional properties of
its own, but must be set at frequent intervals because of precession. The
magnetic compass is useless for this purpose near the pole, and is there-
fore replaced by the astro compass; see p. 72.

Referring again to figure 200, suppose that a flight is starting from
A, on true course 250G, The GHA of the sun at that moment is 30°; this
means that the sun lies along the first meridian to the west of Greenwich
in the figure, which makes an angle of 30° with the meridian of Greenwich.
Knowing also the direction of the true course with reference to the merid-
ian of Greenwich, it is easy to determine that the angle X is equal to 40°;
that is, for an airplane at that point, headed along the true course, the
relative bearing of the sun is 40° left. Since the sun is so far from the
earth that all its rays are parallel, the relative bearing of the sun for an
aircraft at any other point along the same plotted route, at the same
moment, is also 40°.

Using the astro compass as a pelorus, the relative bearing of 40° is
set off on the azimuth circle of the instrument, and the airplane is turned
until the sun’s shadow line appears on the shadow screen. At that instant
the airplane is headed along the desired track; the directional gyro is set
at 0°, and the heading maintained for the next 10 or 15 minutes by gyro.

In the above procedure the curvature of the earth is ignored and the
polar area is considered as a plane. Within 5° of the pole the maximum
error in direction from this assumption is about 2°, which is scarcely of
practical importance in that area. At latitude 75°, the error may reach 5°
or 6°, and precise conventional methods should be used when possible,

Continuing the assumption of the polar area as a plane surface, we
know that the sun’s azimuth changes 1° in every 4 minutes (see p. 313)
with respect to the meridian of Greenwich. In 12 minutes, then, the
initial relative bearing of 40° will have changed to 37°. This bearing is
set off on the azimuth circle and the sun’s shadow is again brought to the
shadow screen (by turning the aircrafi as necessary); the directional
gyro is reset to 0° and that heading maintained by gyro, as before. In
this way the gyro is reset as often as necessary to correct for precession.
The procedure is the same for a star, except that the star is brought into
line with the sights (since it casts no shadow).

If the wind direction is changed to the G system also, all wind tri-
angles may be solved with computers, or graphically, in the usual way.

RADIO NAVIGATION

When polar routes are established commercially, the usual radio
aids will undoubtedly be constructed as well. In the meantime, it is
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known that the present working radio frequencies are not suitable in
polar areas due to reflected sky waves and related difficulties common in
high latitudes. For this reason, even in Alaska, it is often possible for a
pilot to hear the signals of a radio range station (of moderately low
frequency) when the communicator at the station is unable to receive
his call (at higher calling frequency).

With the adoption of suitable frequencies, the use of the radio range
in the arctic should normally differ in no way from its use elsewhere.

Radio bearings might be plotted at the geographic meridian nearest
the assumed position, but this would be rather a weak method, in view
of the difficulty of determining a true north reference point. A better
procedure would be to observe all bearings as relative bearings with
reference to the true heading of the airplane in degrees of the G system.
These are readily converted to G bearings, which may be plotted from
any convenient G “meridian’” without correction. If preferred, the recip-
rocal of the G bearing can be plotted directly from the station, using a
G grid meridian as reference, without correction of any sort.

Another possibility in polar regions would be to establish ground
direction finding stations, the positions of which would be definitely
known and charted, with a true compass rose around each station. A
bearing reported by radio to the pilot from such a station could be
plotied on the chart at the geographic meridian through the station,
without correction of any kind, and would furnish a positive line of
position,

SUMMARY

The G grid system provides a relatively simple method of straight
line flying in polar areas. Although no aeronautical charts containing
this grid have yet been issued for general use, it is possible that it, or
some simpler system, may yet be adopted as standard.

The whole question of polar navigation is under intensive investiga-
tion at the present time, and this brief treatment is included to provide
the student with a general picture of some of the problems peculiar to
the region, and of the solutions favored at the present time (1944). Even
in the near future, new instruments and methods may permit simpler
procedure and more accurate results.

EXAMPLES

Ezample 1.—In the vicinity of the north pole, on January 10, 1944,
at 1847 GCT, the observed altitude of Arcturus was 17°06’ and of Pollux
27°35’. Find the latitude and longitude of the observer.

From the Air Almanac the GHA is found in the usual way, and the
following data are tabulated:

Arcturus Pollux
GHA = 177° 8% GHA =275° 27
dec. (H.) = 19 28 dec. (H.) = 28 10
H.= 17 06 o= 80 25

a= 2 22 (away) a= 2 15 (toward)
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Arcturus lies along the meridian of 177°38’ west longitude; the inter-
eept of 2°22 is plotted AWAY from the star, 2°22’ on the opposite side of
the pole, and the line of position is drawn.

Pollux lies along the meridian of 275°27’ west longitude, or 84°83’
east longitude. The intercept in this case is laid off from the pole TOWARD
the star, since the observed altitude is greater than the declination (H.).

The intersection of the two lines of position determines the latitude of
the observer as 87°10’ N., the longitude as 45°5(’ E.

Ezxample 2.—January 20, 1944, at GCT 0615, in dead reckoning
latitude 79° N., longitude 60° W., the following altitudes were observed:
Arcturus 24°50’, Pollux 36°63’. Find the geographic position of the
observer.

From the above and the Air Almanac the following data were
available:

Arcturus Pollux
GHA = 358° 59’ GHA = 96° 48’
dec.—= 19 28 dec. =28 10
.= 24 50 H,=36 53
a= b 22 (toward) a= 8 43 (toward)

Lines of position from these data were plotted as in example 1, re-
sulting in a “false fix” at latitude 79°02’, longitude 59°45’. This fix was
about 600’ (nautical miles) from the meridian of Arcturus, and 400’
from the meridian of Pollux. With this information, table 12 was en-
tered, and the following data for plotting the Ellsworth corrections were
obtained:

Arcturus: E 24.2, Z 46
Pollux: E 16.1, Z 427

After these corrections were applied the true position of the observer
was determined as latitude 78°84’ N., longitude 59°00’ W,

Example 3.—A flight is to be made from a fictitious base on Elles-
mere Island to Murmansk, and the true course is determined as 1306. At
Ellesmere Island (lat. 83° N., long. 70° W.), the wind is 000° and 32 mph;
at a base in Peary Land (lat. 83°30” N., long. 80° W.), wind is reported
as 040° and 35 mph; and from Spitsbergen (lat. 78° N., long. 17° E.), it
is reported as 090° and 33 mph. Navigation will be a combination of dead
reckoning and celestial navigation, with radio bearings from stations at
the points of origin and destination and from Reykjavik.

For dead reckoning, the first step is to convert the wind from true
directions to G directions. The wind at the Ellesmere Island base, 000°,
is found as 0705: 000° 4 70° west longitude. (Note: In this case, 180°
need not be added as described on p. 812, since it is the direction from
which the wind is blowing that is required.) At Peary Land the wind of
040° is found as 070%: 040° - 80° west longitude; and the wind of 090°
at Spitshergen is found as 0736: 090° —17° east longitude. From this it

‘is seen that throughout the whole area the wind is of approximately uni-
form velocity, and of uniform direction with reference to the meridian
of Greenwich.
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A wind triangle is now set up on the computer, setting the course of
180G at the true index, and the wind at 0706. With the wind velocity of
85 mph and the true air speed of 210 mph, the true heading is determined
as 122G, and the ground speed as 191 mph.

The flight is to be made on June 10, 1944, starting at 1130 GCT. From
the Air Almanac the GHA of the sun for that instant was determined as
852°41’'—that is, its bearing with reference to the meridian of Greenwich
is 172°41’ (remember that the direction from the pole toward Greenwich
is considered as 1806). The relative bearing of the sun, then, is 42°4Y1’
to the right of the true course of 1806, or 50°41’ right from the true
heading of 122G, The take-off is made in advance of the scheduled de-
parture, and the airport is circled for altitude. Using the astro compass
as a pelorus, the relative bearing of the sun from the desired true heading
is set on the azimuth circle, the airport is crossed at 1130 and the air-
craft turned until the sun’s shadow falls on the shadow screen. The
directional gyro is set to 0°, and the flight proceeds as described earlier.

During the early part of the flight the track is checked by radio
bearings to the station at the Ellesmere Island base. These are observed
as relative bearings from which they are most readily converted to G
directions, after which they may be plotted at any convenient “meridian”
of the G grid, without correction.

At 1330 the relative bearing of Reykjavik was determined as 79°,
which is equivalent to 201G: the true heading of 122G plus the relative
bearing of 79°. This bearing may be plotted from any convenient G
“meridian,” to pass through the station, or its reciprocal may be plotted
from a G meridian through the Reykjavik station without correction of
any kind. When this was done the 1330 position of the airplane was de-
termined as latitude 83°35’ N., longitude 22° W,

The flight proceeds, with all the above operations frequently re-
peated, resetting the gyro from time to time by relative begrings of the
sun. Lines of position are also obtained from sextant altitudes of the sun,
checking the track and progress along the route at different times of the
day, as the azimuth of the sun changes. Finally, the radio station at
Murmansk is used for homing during the last hour or so of the flight.

QUESTIONS

1. What are some of the advantages and disadvantages of polar
flight?

2. State some of its peculiar difficulties.

3. Is any method of navigation less difficult in polar areas than else-
where?

4. Why is even the flux gate compass of limited usetulness near th
poles? :

5. What is the preferred method of computing the altitude of a
celestial body when the pole is used as the assumed position?
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6. For an observer at the pole, what is the relation between the GHA
of a body and its azimuth?

7. What is meant by an “Ellsworth point,” and how is it used?

8. What is meant by the “G system”?

9. On a course of 270G, what will be the relative bearing of a body
with GHA 40°? Of one with GHA 320°?

10. What instrument is used in polar navigation for setting the
directional gyro?

PROBLEMS

In the absence of a suitable chart for plotting the following problems,
2 pad of 50 “Maneuvering Board” diagrams, known as H.O. 2665a, may
be obtained from the Hydrographic Office, U. S. Navy Department, Wash-
ington 25, D. C., for 60 cents. These are very convenient bases for plot-
ting problems in polar navigation, and may easily be ruled with the G
system of grid lines. In the absence of a plotting board of the Mark 3A
type, these diagrams may alse be used for such problems as radius of
action, interception, and other similar work.

1. At 1700 GCT, December 8, 1944, from a position near the north
pole, after all corrections are applied the following sextant observations
are obtained: Regulus 15°09’; Aldebaran 18°09’. Find the geographic
position of the observer as lat, 87°02’ N., long. 175°20' E.

2. At 2323 GCT, December 22, 1944, on a transpolar flight, the foilow-
ing corrected sextant observations are obtained: Arcturus 23°11”; Capella
40°49’; Vega 43°44’. Find the geographic position of the observer, at
the center of a small triangle of error, as lat. 84°47’ N., long. 177°25" E.
Disregard the Ellsworth correction in this problem.

3. At 0747 GCT, June 26, 1944, when near the pole, the following
corrected sextant observations are obtained: sun 29°47’; moon 9°22’. Find
the position of the observer as lat. 81°87 N., long. 24°35’ E. (Note:
Although they are not large, Ellsworth corrections are used in this
problem.)

4. An airman is at latitude 85° north, on the meridian of Green-
wich. In terms of the G system, in what direction will he fly if he
travels—

(a) toward the pole;

(b) toward Greenwich;

(c) at right angles to the meridian of Greenwich, in an easterly
direction;

(d) At right angles to that meridian in a westerly direction?

B. Assume that a flight is started from an air base at lat. 82°30’ N,
long. 70°00 W., on a true heading of 0706. After an extended period of
flying, a relative bearing of 120° left was obtained, toward a station located
at lat. 85° N., long. 180° W.; within a minute or two later, a relative bear-
ing of 130° right was obtained toward a station at lat. 85° N., long. 20° W.
Find the position of the aircraft (at the north pole).

6. A flight is to be made from the fictilious base on Ellesmere Island
(lat. 83° N, long. 70° W.) to another island base at lat. 80° N., long. 95° E,
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From a weather station at the pole itself, wind is reported as “from the
south,” at 81 knots. From a station at lat. 87° N., long. 80° W., wind is re-
ported as 220° true, 30 kt.; from a third station at lat. 85° N,, long. 80° E.,
wind is reported as 020° and 32 kt. True air speed is 185 kt. The take-off
is to be made on July 8, 1944, at 1652 GCT.

Find the data for the flight as follows:

TC = T18% 3¢

Wind = 8009, at 81 kt. (average)
TH =172¢
GS =217 kt.

R/B sun=180° (“R/B” =relative bearing).



Chapter XII—THE PRACTICE OF NAVIGATION
DETAILS OF NAVIGATION

The art of navigation is made up of many details, each varying some-
what with the changing conditions of flight. In order to present the pro-
cedures under these different situations, considerable explanation seems

) necessary, and there is some danger of becoming lost in the details.

The basic principles are comparatively simple. If they are kept in
mind, they should point the way to the solution in each case, regardless of
the varying conditions. This chapter has been prepared in an effort to cor-
relate the individual steps, and to emphasize the simple procedures in the
practice of air navigation.

PREPARATION OF CHARTS FOR USE IN FLIGHT

The route to be flown, if at all long, is plotted on a planning chart,
then transferred to the chart to be used in flight. The plotted route on the
flight chart is next marked in 10- or 20-mile intervals, with the mileage
indicated at 50- or 100-mile intervals, The spacing dividers shown in figure
201 are very convenient for this purpose. The scale of miles along the route

makes it easy to estimate distance made good and
ground speed.

Major landmarks and check points along the
route are boldly circled in pencil, and radio bear-
ings at about 10° intervals are plotted from.each
radio station likely to be used for radio bearings.
In flight, with the ground speed known, the time
for reaching each landmark may be obtained (by
computer or spacing dividers), and noted beside
it on the chart, making it easier to identify the
feature and to check progress along the route.

A flat chart is desirable for study and lay-out
of routes; in flight, except in large aircraft, it is
inconvenient, if not impossible to handle. In order
to avoid the handling of numerous charts even
for short trips, and the resulting annoyance in all
navigational problems, both sectional and regional

Figure 201.—Spacing dividers. charty have been designed to cover fairly large
areas; nevertheless, charts of both series will be found very convenient
for use in the air when properly folded. It is recommended that the charts
be foldet_i once, back to back, along the line AB (fig. 202), then in 4 or 6
“accordion folds” in the other direction, along the vertical broken lines
indicated in the figure. In this way the entire chart may be consulted
merely by turning over the accordion folds.

Strip charts are very convenient for those flying frequently over the
same route, but they cannot fully satisfy the need, even for this type of
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flying. A pilot may be compelled to leave the charted airway, because of
adverse weather conditions or other reasons, and find himself over un-
familiar territory with no chart of the ground below. If a strip chart is
prepared showing only the region immediately adjacent to the route, com-
plete charts showing a wider area, folded for most convenient reference in
case of need, should also be carried.

If a strip chart is desired and an additional chart is not available for
reference in an emergency, the chart can be folded as a strip without
destroying or cutting away any part of it. For example, if it is desired to
make a strip chart covering the route CD (fig. 203), fold the chart so as to
leave the route in the center of a strip 10 or 12 inches wide; then fold the
strip in the accordion fold illustrated in figure 202. By this method the
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Figure 202.—Folding the chart for use in flight,
folded-back portions of the chart are still available if they should be
needed.

In describing the folding of charts, all the illustrations have shown
the route as complete on a single chart. Unfortunately, it seems seldom to
work out that way in practice. If it is desired to fly from A to B (fig.
204), even though the distance is not great, the route sometimes requires
parts of four charts. For this situation, a strip chart made by pasting
together parts of the four charts will be found very convenient. If it is

desired not to cut away or destroy the areas not wanted for this particular
route, each of the charts may be folded in one of the ways already illus-
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trated. For example (fig. 204), chart 1 should be folded as shown in figure
203 ; charts 2, 8, and 4 as shown.in figure 202, with the corner nearest the
junection exposed in each case, A little thought given to the most suitable
manner of folding the charts for each new combination that may arise will
be found well worth while in flight.

Figure 208.—Folding the chart as a strip.

Whenever charts or portions of charts are to be joined together, as is
often the case when making up strip charts, rubber cement should be used,
sinee it does not cause the wrinkles and distortions so common when using

&) @
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|

Figure 204.~Folding four charts for a route near their common corner.

other adhesives. If a thin coat of rubber cement is applied to both the
surfaces to be joined, and allowed to dry before pressing the surfaces
together, a fairly permanent junction can be made.

PILOTAGE

With the charts all prepared, an example of pilotage, or landmark
flying, will be considered first. This type of flying is so generally under-
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stood and practiced that it is scarcely necessary to give an example; how-
ever, suppose that it is desired to fly from Yakima Airport to Fancher Air-
port, at Wenatchee (pl. IV). After taking off from Yakima, the desired
altitude is gained while skirting either edge of the city; the Yakima River
and the main highway and railroad track along it are then picked up and
followed through the rough gorge toward Ellensburg. The beacon on the
ridge to the left is a check on position near Wymer. The same general
heading is maintained until the irrigation canals of the Ellensburg Valley
are crossed, with the city of Ellensburg 3 or 4 miles to the left. Even from
this distance the “vista,” or cut-over path where the power line goes over
the ridge to the north is clearly seen, and the heading is changed to pass
between the power line and beacon 10, roughly along the secondary road
leading to the Columbia River. With this heading, the approaching moun-
tain ridge can be crossed without climbing to a high altitude. The Columbia
River comes into view as soon as the top of the ridge is passed, and the city
of Wenatchee can be seen up the river, a little to the left. The airplane is
then headed for Fancher Field, which may be seen on top of the first shelf
northeast of the city, between the main road and the secondary road.

In order to keep on the desired route, it is a good practice whenever
possible to select two landmarks ahead, which are known to be on the
course, and fly the airplane so as to keep the two objects in line. This is
known as flying a range. Before the first of the two landmarks is reached,
another more distant object in line with them should be selected and a
second range flown. In addition to other advantages, this type of flying
automatically takes care of the correction for wind.

To illustrate the use of ranges under conditions of good visibility and
ceiling, suppose that a flight is planned from Yakima Airport to Boeing
Field, at Seattle (pl. IV). A straight line drawn between these two points
on the chart at first appears to be a desirable route, with the Naches River
valley and highway furnishing an excellent series of ranges for the first
portion of the flight. From a further study of the chart, however, and
from local information, this route is decided against as being in large
measure over high, wooded terrain with few spots level or clear enough
for emergency landings. Consequently, the Yakima River and railroad are
followed, as in the previous example, to Ellensburg, Cle Elum, and Easton,
by ordinary pilotage.

A few miles west of Easton, the Northern Pacific Railroad turns left,
through a tunnel, to Stampede. The transmission line, with its wide vista
through the timber, is followed over Stampede Pass, and along the railroad
to Lester.

From Lester to Palmer, the railroad itself furnishes an excellent
series of ranges. From Palmer the following points are lined up in turn to
furnish a series of ranges: Palmer and Ravensdale; Ravensdale and Maple
Valley ; Maple Valley and the ponds northeast of Lake Youngs; the ponds
and the water tower ; the water tower and Renton; and Renton and Boeing
Field.
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CONTACT FLYING

Contact flying may be considered generally as a combination of land-
mark flying and dead reckoning. To illustrate it, suppose that a flight was
planned from the Omaha municipal airport to the municipal airport at
Joliet (28 miles south of Chicago) with one stop at Moline Airport (Illi-
nois) for refueling. The Des Moines and Chicago sectional charts were to
be used.

The straight-line route from Omaha to Moline lies well to the right of
the civil airway, and therefore satisfies the requirement of keeping to the
right. Since this portion of the route covers about 514 degrees of longi-
tude, the straight line was broken into two sections, at Indianola (south of
Des Moines). The portion of the route between Moline and Joliet was also

"broken into two sections, the change of course in this case being made near
the town of Sheridan, for reasons to be explained later, The data for the
four sections of the route were as follows:

Section of route True course Magnetic variation Miles Total
Omaha—Indianola. ... ___._ .. 087° 8°E 122
Indianola-Moline. . ... .____. 088° 6°E 158 280
Moline—Sheridan. _ ...._..... 087° 4°E 98
Sheridan—Joliet. ... .. .. ... 090° ' 3°E 28 124

The trip was to be made in accordance with contact flight rules, and
the airplane was not equipped with radio. It was planned to leave Omaha
early on April 18, 1940, but at the airport weather bureau office it was
learned from the 7:30 a. m. map ** that a low-pressure area was centered to
the north of Lake Erie, and that precipitation and low ceilings and visibil-
ity existed west of Chicago. At Omaha, visibility was only three-fourths
mile, and contact flying was not permitted.

When the 1330 weather map was posted in the afternoon it was seen
that ceilings had lifted, and there was no precipitation west of Pennsyl-
vania. It was planned to fly at altitudes not more than 1,000 feet above
the ground, and therefore only the surface winds were of interest,

At Omaha, the surface wind was northwest, about 7 mph.

At Des Moines, surface wind was not shown, but a layer of stratus
clouds was shown, moving southward at 2,000 feet.

At Moline, surface wind was ENE, 7 mph; cumulus clouds moving
southward at 3,000 feet.

At Chicago, surface wind was NNW, about 18 mph.

The cruising speed of the airplane was 120 mph, and the correction for
wind was found as 8° for the first section; ground speed 124 mph. In
additién to the pilot's wrist watch, the only chronometer carried was a
dollar watch. With the watch set to 12 o’clock at the time of taking off,

2 Weather Information for this example has been taken from Weather Map D-1, of Civil Aeronautics
Bulletin No. 2§, Meteorology for Pilots, which may be consulted, if desired, to verify the date and values
used.
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the time registered by it thereafter is the elapsed time of flight. With his
computer set for the ground speed, and a knowledge of the elapsed time,
the pilot may estimate his position along the route at any time, with con-
siderable accuracy, Later, as positions are identified from time to time in
flight, the elapsed time is written on the chart adjacent to the feature.
This provides the means for rechecking ground speed.

No flight plan was filed, and the flight was cleared by the Omaha con-
trol tower at 1530, After circling for altitude, the airplane was turned
to the compass heading for the first section, which was 076° (087° —8o
WC —8° var. 4 0° dev. = 076), .

The pilot now began to check the accuracy of his compass heading by.
landmarks. An excellent check was obtained just 4 minutes from Omaha,
in crossing the CGW railroad, about 8 miles distant. The true course
plotted on the chart passed just to the north of the short east-west section
of the railroad, as shown in figure 205; the pilot found that he crossed the

el T 7

Flgure 205.~Cheoking the track by the angle snd pesition
of crossing railroads,

railroad in just about this position, confirming the accuracy of his compass
heading.

If the wind had been stronger, or more northerly, and the same head-
ing were flown, the crossing would have been as indicated,;at AA in the
figure, and additional correction should have been made for wind.

-,

K1 e

Figure 206.~Cheoking the track by eunltural and topographic landmuarks.

\

If the compass heading were considerably in error for any reason, the
crossing might have been as at BB. The angle and the position of crossing
not only check position, but indicate the nature and even the amount of
any additional corrections that may be required,

Similar checks were obtained st Oakland (13 minutes from Omaha)
and Lewis (about 21 minutes from Omaha), as shown in figure 206. At
Oakland, a crossing of the stream, railroad, and highway pattern at any
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other point (as CC, or DD) could easily have been detected. At Lewis
the saine is true; in addition, the east-west section of the stream provides.
a further definite check. A crossing at any other point would have been
readily apparent. The straight section of highway between Oakland and
Lewis, so nearly parallel to the route, also furnishes an excellent check on
the compass heading.

Shortly after passing Lewis it became apparent that the airplane was
being drifted somewhat south of the intended track. This was in keeping
with the southward moving clouds noted at Des Moines on the weather
map. No change was made in the heading, however, until Martensdale
was identified, about 15 miles southwest of Des Moines. The unusual rail-
road pattern here could not be mistaken; see figure 207. The railroads

1]
Figure 207.—Railroad pattern at Murtensdale, Towa,

were picked up to the south of Martensdale, and were followed back to the
position of the plotted route.

It was seen from the mileage ticks along the route on the chart that
Martensdale was about 60 miles from Lewis. The airplane had been about
3 miles south of the intended track at Martensdale, and an error of 3 miles
in 60 meant an error of 3° in the compass heading.

The compass heading was to have been changed at about this point
from 076° (the heading for the first section) to 079° (088° — 3° WC —
6° var, -4- 0° dev. = 079°), for the second section. An additional 3° cor-
rection for wind was applied, which made the compass heading 076°.

With only minor variations, the same procedure was followed until
the Mississippi River was sighted near Muscatine, and followed in to
Rock Island and the Moline Airport.

Landing was made at Moline at 2:20 by the dollar watch, 5:50 by
the pilot’'s wrist watch, indicating an average ground speed of exactly
120 mph for the 280 miles. The first section had been at about 124 mph,
the second at about 118 mph.

At 6:15, the take-off was made for Joliet, with the dollar watch
again set to 12 o’clock. The course had been plotted from Moline to the
railroad junction just west of Sheridan. This junction was selected as
the turning point for two good reasons. First, it is well to the right of
the airway, and thus meets the requirements of right side traffic. Second,
the railroad pattern provides an ideal check point; see figure 208. If the
airplane is directly on course with this pattern, the converging railroads
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can scarcely be mistaken, the point of intersection is definitely fixed, and
the new heading can be assumed with certainty.

' If the airplane is too far to either side, as at E or F, the angle at
which the railroad is met is positive notice of the direction off course,
the railroad is followed to the point of intersection, and the new heading

Figure 208.—Railroad pattern near Sheridan, Illinois.

assumed with an added correction based on the estimated distance the
airplane was off course.

The junction was reached at 12:48 by the dollar watch, 7:08 by wrist
watch, with just sufficient daylight to identify it. The airplane was turned
to the final heading for the Joliet Airport, and landing was made at
7:18 p. m., 1 hour and 3 minutes from Moline.

INSTRUMENT FLYING

The details of instrument flying having been given elsewhere, at
this point there will be given only the procedure of a hypothetical instru-
ment flight. The following example is adapted from an instruction
manual of the Air Traffic Control Division, prepared for its own use. It
is included here primarily to acquaint pilots with the facilities and services
available to them in instrument flight, which are illustrated in the ficti-
tious chart of figure 209,

One day, John Doe decided to make a flight from Summit Airport
to Valley Airport. His aireraft was a Stinson with identification number
NC 1234, equipped with two-way radio plus all instruments required for
flight without visual reference to the ground.

Before going to the hangar he consulted the meteorologist, who
informed him of the weather, and of the wind directions and velocities
at various altitudes along his route. With these data he was able to
choose the altitude offering the most favorable winds.

Having prepared his instrument flight plan, he picked up his micro-
phone and called the airport control tower, as follows:

“SUMMIT TOWER THIS IS STINSON ONE TWO THREE FQUR
IN FRONT OF THE ADMINISTRATION BUILDING WOULD LIKE
TO SUBMIT A FLIGHT PLAN.”

The control tower operator replied:
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“STINSON ONE TWO THREE FOUR THIS IS SUMMIT TOWER
OVER.”

The following information was then submitted, as required by the
Civil Air Regulations:

Aircraft identification mark NC 1284,
Type of aircraft Stinson.
Pilot’s 1ast name Doe.

Point of departure Summit,
Proposed altitude and route 11,000 direct.
Point of first intended landing Valley.
Cruising air speed 130 mph.
Radio transmitting frequency 3105 kes.
Proposed time of departure 1400E.
Estimated elapsed time for flight 1 hr. 50 min,
Alternate airport Athens.
Hours of fuel supply on board 4 hrs. 25 min.

The tower relayed this flight plan to the Airway Traffic Control
Center and a controller checked the flight progress board (a graphie
record of all flights) to see if this flight would conflict with other aircraft
flying at the same altitude and in the same direction. While this was
being done, the control tower: operator issued taxi instructions to Doe
as follows:

“STINSON ONE TWO THREE FOUR CLEARED TO RUNWAY
THREE SIX, WIND NORTH ONE ZERO, ALTIMETER THREE
ZERO FOUR, TIME, ONE THREE FIVE SEVEN HOLD WEST OF
THE RUNWAY.”

(In radio communications numbers are spoken as digits, for purposes
of clearness. The 24-hour clock is used and, when no misunderstanding
can result, time is given in minutes only.)

The above clearance requested Doe to use runway 36 (= direction
of 360°), since a take-off is made into the wind. By the time Doe had
reached the south end of the runway, Airway Traffic Control had com-
Pleted its check, and the control tower operator forwarded the ATC clear-
ance, as follows:

“STINSON ONE TWO THREE FOUR ATC CLEARS YOU FROM
SUMMIT TO BEAR LAKE, CRUISE AT ELEVEN THOUSAND, CON-
TACT BEAR LAKE RADIO AS SOON AS POSSIBLE, OVER.”

After Doe had repeated the clearance back to the tower to avoid any
.possibility of error, the tower then advised him of the local traffic:

“STINSON ONE TWO THREE FOUR AN AMERICAN DOUGLAS
REPORTED EIGHT MILES NORTH, FIVE SEVEN AT ONE THOU-
*‘SAND EIGHT HUNDRED DESCENDING, LANDING SUMMIT,
CLEARED FOR TAKE-OFF.”
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Figure 209.—Portion of hypothetical airway traffic control area on which typical instrument flight is based.

Setting his brakes and testing the engine for a final check-up, Doe
then released the brakes and was on his way. This entire procedure from

the time Doe called the tower to the time he took off amounted to only
4 minutes,

The actual departure time was forwarded by the airport tower to
ATC, and the controller receiving the information recorded on the flight
progress hoard Doe’s expected arrival times over the points where he
would report his actual progress: the times of passing over the Roseland
and Bear Lake range stations, and arrival at Valley Airport. By posting
these data, the center would have the information necessary to protect
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Doe from collision with other aircraft, by issuing further instructions.
if necessary.

Doe climbed immediately to 11,000 feet, his prescribed eruising alti-
tude, and kept to the right side of the beam. After 10 minutes’ flying time
be tuned his radio to the Roseland radio frequency. When passing over
the Roseland station, he contacted the communicator and advised him as
follows:

“ROSELAND RADIO THIS IS STINSON ONE TWO THREE
FOUR, OVER ROSELAND RANGE STATION TWO ZERO AT
ELEVEN THOUSAND, ONE ONE THOUSAND, OVER.”

The aireraft communicator repeated his position report and for-
warded it to the Airway Trafic Control Center where the record of Doe’s
progress was being kept.

Twenty-five minutes after passing Roseland, Doe tuned his receiver
to the Bear Lake radio frequency. Ten minutes prior to his estimated
arrival over Bear Lake he advised the communicator of his position and
requested a clearance to proceed beyond this point, as his original clear-
ance only covered his flight from Athens to Bear Lake. This clearance
had already been sent by interphone by the Athens Airway Traffic Con-
trol Center, and the communicator transmitted it to Doe.

After passing over the Bear Lake station Doe advised the communi-
catay of the time and altitude. This information was relayed to the
Athens Airway Traffic Control Center for recording on the flight control
board. Fifteen minutes later Doe was approaching Valley and began
his descent from 11,000 feet in order to be at the right altitude to start
his landing.

His calculations were correct for as he broke out underneath the
clouds at 2,000 feet, 18 minutes later, he saw Kayne Bridge, a promi-
nent landmark 16 miles south of Valley Airport, to his right. Doe then
tuned his receiver to the Valley Tower frequency, for he could now con-
trol the aireraft with visual reference to the ground and no longer needed
to follow the radio range.

After radio contact had been established with the tower, Doe noti-
fied the control tower operator of his position and altitude:

“VALLEY TOWER THIS IS STINSON ONE TWO THREE FOUR
OVER KAYNE BRIDGE FOUR ONE AT TWO THOUSAND, OVER.”

The words “FOQUR ONE” gave the time of his position report, in
minutes after the hour.

The tower cleared him to the traffic pattern as follows:

“STINSON ONE TWO THREE FOUR THIS IS VALLEY TOWER,
KAYNE BRIDGE FOUR ONE AT TWO THOUSAND, CLEARED TO
ENTER TRAFFIC PATTERN, WIND NORTHEAST ONE FIVE, RUN-
'WAY FOUR, OVER.”

Doe answered:
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“STINSON ONE TWO THREE FOUR, ROGER”,
which meant that he had received the instructions and information. As
he came within sight of the airport control tower, the controller advised
him of local traflic:

“STINSON ONE TWO THREE FOUR TWO MILES SOUTH, YOU
ARE NUMBER TWO TO LAND, AMERICAN DOUGLAS EAST OF
THE FIELD AHEAD OF YOU.”

This meant that he could expect to be cleared to land after the
Douglas had completed its landing. Shortly after, Valley Tower cleared
Doe to land. By this time he had circled the field and was in position for
final descent.

After he had landed, the tower gave Doe the following taxi insfruc-
fions:

“STINSON ONE TWO THREE FOUR CLEARED TO GATE FOUR
WATCH FOR MOWING EQUIPMENT TO THE WEST OF THE

NORTH-SOUTH TAXI STRIP.”
Doe answered:

“STINSON ONE TWO THREE FOUR ROGER OUT,”

and kept his receiver tuned to the tower frequency for any emergency
instructions, until he had reached the gate and shut off the motor.

The control tower operator notified Airway Traffic Control-of his
arrival. This information completed the record of the flight and will be
kept on file for reference if necessary. At no time had he been out of con-
tact with one of the ground agencies, and the Athens Airway Traffic Con-~
trol Center. During the entire flight he had used the navigational radio
aids, and the Air Traffic Control services, in so doing protecting himself
and other pilots flying the same course.

-

CONCLUSION

The flight just described represents a normal or routine case. The
pilot on such a flight should take every precaution, however, which might
prove helpful in an emergency. Most important of all (as already pointed
out), radio should be considered as an AID to dead reckoning—not as a
substitute for it. In the event of radio failure, either in transmission or
reception, the pilot who has failed to keep an accurate log of heading, drift,
and ground speed, is left without any dependable information on which tn
base his plans. )

For flights wholly within the United States it is hardly likely that
navigation other than a combination of dead reckoning and radio will evey
be required (unless for practice). For transocean and other comparable
flights, the good navigator will want to use everything. For example:

1. Use of a radio beam directed out to sea, for the first leg of the
flight; or
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2. Homing flight away from a radio beacon station;

3. A star (or sun) sight as soon as cruising altitude has been reached,
using the point of departure as the assumed position;

4. Determination of actual wind by double drift at intervals of 30 or
60 minutes, if possible; if not, from a series of fixes from celestial or radio
observations; "«

5. Radio cross bearings, whenever a station is available; :

6. Celestial fixes from 3-star observations as.frequently as practical;:

7. A star (or sun) sight as the destination is approached, using the
destination as the assumed position in order to check the distance still to
go, and the ETA.

All these will be used by the careful navigator singly and in combina-
tion. At all times the probable error in a succession of fixes should be con-
sidered and allowed for. In the event of becoming temporarily lost, it is
very important to maintain a constant heading until the position can be
identified by some means. In contact flying, this affords some idea of the
angle at which one may expect to cross streams, railroads, and other
charted features; in instrument flying, even though no landmarks can be
seen, it is just as essential. There is no surer way of getting hopelessly
lost, even with good visibility, than eircling aimlessly about in search of
some feature that can be identified. In a short while the sense of direction
becomes so confused that even familiar features are not recognized.

It has been said that the good navigator is one who distrusts all
observations except a sight of the landing field. Two final rules might be
stated, which apply to all phases of navigation and flying:

1. Take nothing for granted.
2. Plan ahead; consider all the things that may happen, and know
what to do in each case.
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Chapter XIIL.-APPENDIX

ABBREVIATIONS AND SYMBOLS

. . In the solution of navigational problems and the tabulation of data, the use of
suitable abbreviations saves time and affords greater clarity. The following abbrevia-
tions are often used and will be found very convenient in practice:

a = Altitude difference (intercept).
AA = Air Almanac.
A /C = Astro compass.
alt = Altitude or elevation above sea

level.
ANRA = Air Navigation Radio Aids.
AP = Airport.
AS = Air speed.
ATC = Airway Traffic Control Center.
n = Beacon.
C = Convergence.
CAR = Civil Arr Regulations.
CAS = Cahbrated air speed.

CC = Compass course.
CFR = Contact fight rules.
CH = Compass heading.

Ck. pt = Check point.
corr = Correction.
D = Drift angle. .
d, = Distance out (radius of action).
D /Dr = Double drift.
Dec = Declination.
Dev = Deviation.
D /F = Direction finding.
D /G = Directional gyro.
DR = Dead reckoning.
DRM = Direction of relative movement,
E = Earth (origin or starting pomt),
ETA = Estimated time of arrival,
FHA = Fuel hours available (same as T).
FM = ¥an marker, radio.
ft /min = Feet per mmute.
G = Greenwich.
al = Gallons.
GCT = Greenwich civil time.
GHA = Greenwich hour angle.
GS = Ground speed.
GS, = Ground speed out.
G8, = Ground speed back.
GST = Greenwich sidereal time,
X, = Computed altitude (from assumed
or DR position).
H, = Obeerved altitude (sextant alti-

tude corrected for refraction, cte.).

H, = Sextant altitude (uncorrected).
I/A = Instrument approach.
JAS = Indicated air speed.

IC = Index correction.
IFR = Instrument flight rules.

Jo = Junction.

L /D = Let-down, point of.
LHA = Local hour angle.
Long = Longitude.

LOP = Line of position.
M = Meridian of observer.
MC = Magnetic course,
metro = Meteorologica.l.
MH = Magnuetic heading,
ms)dl'n = Miles per hour.
MRM = Miles of relative movement.
n. ni_} = I}\,Ila.utica.l miles. " d triangle)
= Plane’s position (in wind triangle).
P/A = Pressure altitude.
Par = Parallax.
P /I = Point of mterception.
RA = Right ascension.
R/A = Radius of action.
R /B = Relative hearng.
Rbn = Marmne radiobeacon. .
RC = Radio compass (naval radio direc-
tion finder station).
R /C = Rate of climb.
R /D = Rate of descent.
R /Dy = Rate of departure.
Ref = Refraction.
RH = Homing radio beacon,
RM = Radio marker beacon.
R /R = Rate of return.
R Ra = Radio range station.
RS = Radio station (commercial broad-

cast).
8D = Semndiameter,
SHA = Sidereal hour angle.
SP = Seaplane port.
SRM = Speed of relitive movement.
St. mi = Statute miles,
T = Total time (same as FHA).
TA = True altitude.
TAS = True air speed.
TC = True course.
TH = True heading.
T /I = Time of interception.
to = Time out (tune to turn),
Tr = Track.
Var = Variation. )
W = Wind (direction and velocity).
WC = Wind correction angle.
WNA = Weekly Notice to Airmen,
Z = Azimuth or bearing,.
2 = Moon.
#* = Star.
© = Sun.
o = Vernal equinox (first point of
. DeAnes)._
= Degree sign.
! = Minute sign (arc).
" = Second &ign (arc).
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GLOSSARY OF PRINCIPAL NAVIGATIONAL TERMS

Airport, control.—An airport designated as having control over all traffic within a
radius of 3 miles. If the associated radio range station is more than 2% miles from
the airport, the controlled zone includes a strip % mile on each side of the center
line between them.

Airport of entry.—An airport through which air traffic may be cleared to or from
& foreign country; aircraft making an international flight must take off from and land
at such an airport, to comply with customs regulations.

Airport traffic control.—The control of local traffic in the vicinity of an airpert by
the airport management.

Air speed.—The velocity of an aircraft with respect to the air.

Air speed indicator.—An instrument for indicating the air speed of an aireraft.

Airway, eivil.—A strip of land, together with the navigable air space above it, and
the various air navigation aids, 5 miles on either side of the center line connecting the
designated terminals and intermediate points, and extending 5 miles in all directions
beyond the terminal airports.

Airway traffic control.—The control of traffic on the airways, exercised by Federal
personnel.

Alternate airport.—An airport other than the point of first intended landing, speci-
fied in the flight plan, and to which the flight may be directed in emergency.

Altimeter.—An instrument for registering the altitude of an aireraft, usually in
terms of feet above sea level. By adjustment of the barometric scale (on instruments
8o equipped), the altitude above a particular airport, or other point, may be indicated.

Altimeter setting.—The setting to be made to the barometric scale of an altimeter,
such that, upon landing, the pointers of the instrument will indicate very closely the
actual elevation of the airport above sea level.

Altitude.—The height of an airplane, usually expressed in feet above sea level.
Indicated a. is that shown on the face of the instrument with the barometric scale set
for the current altimeter setting; pressure a. is that indicated with the barometric
scale cet for the standard sea-level pressure of 29.92 inches; true a. is the pressure
altitude corrected for temperature.

Altitude, absolute.—The height of an aircraft above the ground, obtained by radio
altimeter, or by subtraction of the surface elevation from the altitude of flight.

Altitude curve.—A series of altitudes of a celestial body, precomputed for the
predicted dead reckoning positions and plotted against time, as a graph; from it, the
computed altitude for any given instant during flight may be obtained by inspection.

Altitude difference.—The difference between the computed altitude and the observed
sextaat altitude after all necessary corrections have been applied.

Altitude, sextant.—The angle of elevation of a celestial body above the horizon.

Approach channel.—The air space from the surface up to 17,000 feet, Iocated within
2 miles on either side of the center of a radio range beam, usually for a distance of
35 miles from the station.

Aries, first point of.—The intersection of the celestial equator and the ecliptic; the
vernal equinox. It is the origin of the celestial coordinates of right ascension and
sidereal hour angle, and is usually referred to simply as “Aries.”

Astro compass,—An instrument for indicating direction from celestial bodies, when
properly adjusted for the position of the star and the approximate position of the
observer.

Azimuth.—See “direction.”

+ Barometer, aneroid.—An instrument indicating atmospheric pressure mechaniecally,
by means of a resilient pressure chamber from which most of the air has been
exhausted,

Barometer, mercurial—An instrument indicating atmospheric pressure in terms of
the height in inches or in millimeters of the column of mercury supported by it in an
evacuated glass tube.
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Beam bracketing.—~The process of finding and, by a series of turns, detersaining
the heading necessary to follow the right edge of a radio beam. Eaeh pair of turns-is
considered as a “bracket,” and each successive bracket is expected to be reduced about
one-fourth,

Bearing.—See “direction.”

Beaufort scale.—A scale for estimating wind veloeities by noting the visible effects
of the wind.

Bent courses.—Radio range courses deflected from their normal straight path be-
cause of topographic or other physical irregularities,

Bisector, average.—The average of the bearings of the individual bisectors of two
opposite quadrants of a radio range siation.

Chart, aeronautical.—A small scale representation of the earth, its culture, relief,
and the various aeronautical aids; designed with special consideration for the needs of
air navigation.

Chart, weather.—A chart, usually of small scale, for representing weather condi-
tions and trends throughout the charted area.

Chronometer.—An accurate clock or watch, often with special conveniences for use
in navigation.

Circle, great.—The intersection with the earth’s surface of any ‘plane passing
through the center of the earth.

Circle, small.—The intersection with the earth’s surface of any plane which does
not pass through the center of the earth.

Circle of position.—A circle drawn around the point on the earth directly beneath
a star or other heavenly body, from all points of which the altitude of the body is the
same.

Civil Air Regulations.—The regulations prescribed by the Civil Aeronautiecs Board
for the regulation and promotion of the many phases of aviation.

Civil airway.—See “airway.”

Climb.—That period of flight during which an aircraft is climbing to its intended
cruising altitude; generally expressed in feet per minute, measured by a rate-of-climb
indicator.

Compass compensation.—The systematic reduction of compass deviation by insert-
ing or adjusting small magnets incorporated in a magnetic compass for that purpose.

Compass, magnetic.—An instrument indicating magnetic directions by means of a
freely suspended compass card; the primary means of indicating the heading or airec-
tion of flight of an aircraft.

Compass, radie.—See “radio.”

Compass rose.—A circle, graduated in degrees from 0 to 3605 printed on aeronau-
tical charts as a reference to directions, true or magnetic.

Compass testing platform.—A suitable platform at principal airports, designed for
checking the directions indicated by the compass of an aireraft against known magnetic
directions, and so determining the error, or deviation, of the compass; also called a
“‘compass rose.”

Computer, aeronautical.—A mechanical device for graphie solution of wind triangles
and other problems of dead reckoning, including speed-time-distance problems,

Cone of silence.—A limited area, shaped like an inverted cone, directly above the
towers of a radio range station, in which the range signals are not received.

Contact flying.—Flight of an aircraft in which the attitude of the aireraft and its
flight path can at all times be controlled by visual reference to the ground or water,
within the prescribed minimums of ceiling and visibility.

Contour.~—An imaginary line formed by the intersection of a horizontal plane with
the surface of the earth, all points on any given contour being at the same elevation
with respect to sea level (or other chosen reference plane).

Contour interval.—The vertical separation between the horizontal planes of two
adjacent contours.

Control airport.—See “airport.”
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Control zone.~—The air space above an area within 8 miles of the center of a control
girpert, and within one-half mile of a line from the center of such airport to the asso-
ciated radio range station,

Control zone of intersection.—The air space within 26 miles of a radio range station
designated as the center of such zone. )

Convergence.—The angle between meridians on the surface of the earth, varying
as the sine of the latitude, from 0 at the equator to 1° per degree of difference in
longitude at the poles.

Also, the angle between meridians of the Lambert projection, which varies accord-
ing to the standard parallels selected for the latitude band under consideration.

Coriolis effect.—The effect of the earth’s rotation, which causes bodies in motion to
be deflected to the right in the northern hemisphere, to the left in the southern hemi-
sphere.

Course.~—See “direction.”

Cruise.—That portion of a flight conducted at a constant altitude.

Cruise control.—Determination of the most favorable flight level for a particular
aircraft under specific conditions, and of the cruising radius of the aircraft.

Culture.—Generally applied to the cities, railroads, highways, and other constructed
features on the surface of the earth; often referred to as “the works of man.”

Danger curve.—A dotted line on aeronautical charts outlining an area within which
it is dangerous for seaplanes to land; usually the 6-foot depth curve.

Dead reckoning.—See “navigation.”

Declination.—The angular distance of a celestial body north or south of the celestial
equator.

Declination, magnetic—Engineering term for magnetic variation.

Descent.—That period of flight during which an aireraft is descending from its
cruising altitude; usually expressed in feet per minute, measured by a rate-of-climb
indicator.

Deviation.—The error of a magnetlc compass due to magnetic mﬂuences in the
structure and equipment of an aircraft.

Devistion card.—A card recording the deviations of a particular compass and indi-
cating the compass direction corresponding to any desired magnetic direction,

Dip.—In celestial navigation, the error introduced when the natural sea horizon is
viewed from altitudes above the surface of the sea.
Direction:

Azimuth.—The initial direction of the arc of a great circle; the angle between
the plane of the great circle and the meridian of the place. As used in air
navigation it is measured from the north, in a clockwise direction, from
0° to 360°.

Bearing.—In air navigation, the same as azimuth,

Courgse.—The direction of the rhumb line, or the line of constant direction. As
used in air navigation with the Lambert projection, it is measured at the
meridian nearest halfway between the starting point and destination.

Heading.—The direction in which the airplane is pointed, in contradistinction
to its path over the ground.

Track.—The rhumb-line direction of the actual flight path of an aircraft over
the ground.

All the above directions may be true, magnetic, or compass, according as they
are referred to true north, magnetic north, or compass north,

Wind.—Always the true direction from which the wind blows.

Directional gyro.—An instrument which maintains for & limited time, by gyroscopie
means, any direclion for which it may be set.

Dividers, spacing.~—Multiple-point dividers, so constructed that a line between ita
extreme points is always divided into 10 equal parts.
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Drift angle.—The angle between the heading of an aircratt and its track, or fight
path over the ground.

Drift, double.—A method for determining the direction and velocity of the wind by
means of the drift angles observed on two headings at right angles to each other.

Drift sight.—An instrument for determining the angle of drift; often accomplished
by observing the apparent motion of points on the earth’s surface along & grid incor-
porated in the instrument.

Earth.—One of the nine known planets comprised in the solar system.

Ecliptic.—An imaginary line on the celestial sphere, traced by the intersection of
the sphere with the plane of the earth’s orbit. )

Elevation.—The vertical height above sea level, of a point on the earth’s surface.

Ellsworth point.—In celestial navigation near the poles, a point used in correcting
a line of position for its departure from the corresponding circle of position.

Equator, celestial.—The intersection of the earth’s equator, extended, and the
celestial sphere.

Equator, magnetic—An imaginary line on the earth’s surface, approximately half-
way between the magnetic poles of the earth.

Equator, terrestrial.—An imaginary line formed by the intersection of the earth’s
surface and a plane perpendicular to the earth’s axis at its middle point.

Equinox, vernal—See “Aries, first point of.”

Equisignal zone.—The zone within which signals from two adjacent quadrants of a
radio range station may be heard with equal strength.

Fading.—Diminishing of signal strength because of increasing distance from a
radio station, or because of other radio phenomena.

Fix.—A definite position of an aireraft, determined by the intersection of two or
more bearings or lines of position, or by other means.

Fix, radio.—A geographical location on a civil airway above which the position of
an aircraft in flight can be accurately determined by radio alone (such as a Z marker
beacon, fan marker, or intersection of two radio beams).

Fix, running.——A fix obtained by moving forward the first of two lines of position
the distance and direction made good between the taking of two observations, to inter-
sect with the second line of position.

Flight check.—The correction of the details of an aeronautical chart, by comparison
in flight with the ground beneath.

Flight plan.~—A statement of the essential information for a proposed flight, which
must be submitted to and approved by the airway traffic control cgnter, for all flights
other than contact flying.

Gnomonic.—A chart projection on which all great circles are exactly represented by
straight lines,

Greenwich.—The location of the principal British observatory, near London. In
most countries, longitude is reckoned east or west from the meridian passing through
this observatory. -

Ground speed.—The speed of an aircraft with reference to the surface of the earth.

“@” system.—A system of directions proposed for use in polar areas, under which
all directions are referred to a series of grid lines parallel to the meridian of Greenwich.
The direction from Greenwich to the pole is considered as 000°.

Heading.—See “direction.”

Homing.—Flight toward or away from a radio station, using a radio compass (or
equivalent) as a primary means of maintaining direction,

Horizon, artificial—A gyro-stabilized instrument providing a horizontal reference
for aircraft in instrument flight. «

In celestial navigation, the horizon obtained by means of a spirit level incorporated
in the optical system of a bubble sextant.

Horizon, natural.—The horizon line where sea and sky seem to meet.
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Hour angle: .

Greenwich.—The difference of longitude between the meridian of Greenwich
and the meridian of a celestial body. Measured from Greenwich toward the
west, up to 860°

Local.—The difference of longitude between the meridian of the observer and
the meridian of a celestial body; usually measured from the meridian of the
observer toward the east or west, from 0° to 180°,

Sidereal.—The difference of longitude between the meridian passing through
the vernal equinox and the meridian of a celestial body. Measured from the
vernal equinox toward the west, up to 360°.

Instrument approach.—An approach to an airport by instruments and radio guid-
ance, designed to break through an overcast within the required weather minimums,
and to permit a landing after break-through by visual contact.

Instrument flying.-——Flight of aircraft in which visual reference is not continuously
available and the attitude of the aircraft and its flight path can be controlled in part
or in whole by reference to instruments only.

Intercept.—In celestial navigation, the difference between the observed and com-
puted sextant altitudes of a celestial body.

Interception.—The problem of determining the direction of flight, the direction and
speed of relative movement, and the time required to intercept another craft in motion.

Isogonic line.—An imaginary line on the surface of the earth at all points on which
the magnetic variation is the same,

Knot.—A velocity of one nautical mile per hour.

Lambert.—The name of the chart projection used as a base for aeronautical charts
of the Coast and Geodetic Survey. Straight lines on this projection closely approximate
great circles, and distances may be measured with a high degree of accuracy.

Lambert equal area.~—Another chart projection devised by Lambert, used for
certain weather charts of the Army Air Forces.

Latitude.—Distance north or south of the equator, measured in degrees, minutes,
and seconds of arc.

Legend.—The marginal written notes and pertinent information, which are intended
“to be read.”

Line of position.—A short section of a circle of position; in reality, a tangent to
a circle of position, constructed through the assumed position, which is at the end of a
radius from the center of the circle.

Line of position, radio.—A line from a radio station, from all points of which the
bearing of the station is the same.

Localizer, airport.—May be thought of as a low-powered radio range, at least one
beam of which passes over an airport to which it serves to direct traffic; usually of
very high frequency (VHF), and with two courses instead of four.

Longitude.—The distance along the equator between the meridian passing through
a place and (usually) the meridian of Greenwich; measured in degrees, minutes, and
seconds of are,

Magnitude (of a star).—The relative brightness of a star according to a fixed
standard of measurement. Each magnitude is 2% times as bright as the next fainter
magnitude,

Mercator,—The chart projection commonly used for nautical charts. On this pro-
Jection the rhumb line is represented by a straight line; great circles (radio bearings
are great circles) are represented by curved lines. Due to the rapidly expanding scale,
distances must be measured with the scale for the middle latitude between the two
points' in question. It is also used for aeronautical charts near the equator, for the long
range navigation charts of the Army Air Forces, and for the aeronautical charts of
vhe Navy.

' Mercator equal area.—Another projection devised by Mercator, used for certain
weather charts of the Air Forces.

Mercatorial bearing.—A radio bearing is converted from a great-circle direction
to a rhumb-line direction (‘“Mercatorial bearing”) for plotting on a Mercator chart,
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Meridi.n. true or geographic.—Any of the great cireles passing throngh the
geographic polea of the earth.

Meridian, magnetic.—The great circle the plane of which makes an angle with the
plane of the true meridian equal in direction and magnitude to the magnetic variation
of a place.

Meridian, prime.—The meridian which serves as the origin from which longitude
is reckoned; in most countries this is the meridian of Greenwich,

Meridian altitude.—The altitude of a celestial body, observed (or computed) as it
passes over (transits) the meridian of the observer. It furnishes one of the simplest
methods for the determination of latitude.

Mile, nautical.—The ordinary unit of 6,080.20 feet (1,858.25 meters) for measur-
ing distances at sea. For practical purposes a minute of latitude may be considered
as equal to a nautical mile. It is approximately equal to 1.156 statute miles.

Mile, statute.—The ordinary unit of 5,280 feet for measuring distances on land. It
is approximately equal to 0.87 nautical miles.

Millibar.—A unit of barometric pressure, 1,000 millibars being equal to 29.53
inches of mercury; conversely, 1 inch of mercury is equal to 383.86 millibars.

Multiple courses.—A number of narrow equisignal zones resulting from the break-
ing up of a radio range course by mountainous topography or other causes.

Navigation:

Celestial.—The determination of position by means of sextant observations of
the celestial bodies, together with the exact time of observation.

Dead reckoning.—The determination of the distance and direction between two
known points, or the determination of position from a knowledge of the
distance and direction from a known point.

Pilotage.—Directing an airplane with respect to visible landmarks.

Radio.—The determination of position by mears of observed radio bearings.

Night effect.—Variation in the positions of the radio range courses, or displacement
of a radio bearing due to interference from reflected sky waves or other causes pecu-
liar to night conditions.

North, magnetic.—The direction indicated at any place by the needle of a magnetice
compass undisturbed by local magnetic attraction.

North, true.—The direction of the north geographic pole. .

No-wind position.——The position at which an aircraft would be at any given time,
as a result of the distance and direction of its flight, if there had been no wind.

Octant,—An instrument similar to the sextant, except that the arec by means of
which the altitude is measured is only an eighth of a circumference (instead of a
sixth); usually referred to as a “sextant.”

Orientation.—In radio navigation, a method of determining position relative to the
quadrants and equisignal zones of a radio range station; or of determining position
relative to a radio station by means of radio compass or direction finder.

Over-the-top flight.—Flight of aircraft above an overcast, usually a cloud for-

mation.,
Parallax.—In air navigation, the angle at the moon between lines to the observer's

position and to the center of the earth.

Parallel.—The intersection of the earth’s surface with a plane parallel to the
equator.
? Parallel, standard.—One of the two standard parallels of a Lambert projection
along which all distances are true; a parallel of true scale in any projection.

Pelorus.—A circular bearing plate, graduated in degrees, which may be used to
determine the true or relative bearings of objects.

Point of no return.—The point beyond which an aircraft has insufficient fuel to
return to its starting point.

Pole, celestial.—The point on the celestial sphere intersected by the extenaxon of

the earth’s axis.
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Pole, maguetic—A point en the aarth where a freely suspended magnetic needle
would point vertically. The north magnetic pole is located at about latitude 71° north,
longitnde 96° west; the south magnetic pole about latitude 78° south, longitude 1566°
east. .
Pole, geographic.—The intersection of the earth’s axis with the surface of the earth.
Precomputed altitude curve.—See “altitude curve.”

Projection.—The system of reference lines representing the earth’s meridians and
parallels on a chart. The projection is usually designed to retain some special property
of the sphere, as true directions, true distances, true shape, or true area.

Protractor—A device for measuring angles; usually associated with a straightedge
for drawing the angle measured.

Radio.—The call to be used when calling a radio range station; as “Jacksonville
radio, this is Stinson 1234.”

Radio altimeter.—A device for measuring the height of an aircraft above the sur-
face of the earth (not above sea level), by means of reflected radio waves.

Radio beam.—See “equisignal zone.”

Radio compass.—A device employing a fixed loop antenna and visual indicator;
used chiefly for “homing” flight (flight directly toward or away from a radio station).

Radio direction finder.—A device similar to the radio compass, but employing a
rotatable loop antenna; signals are often,received both aurally and visually.

Radio direction finder, autematic.—Similar to the ordinary radio direction finder,
except that rotation of the loop is automatic, and the indicator needle continuously
indicates the bearing of the station.

Radio direction finder station.—A greund station (or group of stations) equipped
to determine the directional bearing (or position) of craft from the station, and report-
ing the results to the navigator by radio.

Radio fix.—See “fix, radio.”

Radius of action.—The distance or time an aircraft may safely fly toward its
destination before turning back to the starting point or to some alternate airport.

Range.—An alignment of landmarks along a route such that the desired track
may be made good by flying so as to keep the objects continually in line.

Range approach channel.—See “approach channel.”

Rate of climb.indicator.—An instrument indicating the rate of ascent or descent
of an aireraft, usually in feet per minute. Often called (more accurately) a vertical
speed indicator.

Reciprocal.—Any given direction (whether course, bearing, or heading) plus or
minus 180°,

Rectifying.—The process of removing from the compass heading observed in flight
the errors due to deviation, variation, and wind.

Refraction.—The bending of the line of sight from a celestial body by the earth’s
atmosphere, as a result of which the observed altitude of the body always appears
higher than the true altitude.

Relative bearing.—The bearing of a radio station or object relative to the air-
plane’s head.

Relative movement.—The movement of an aircraft relative to another craft also
in motion.

Relative wind.—A fietitious wind, the resultant of the actual wind and the motion
of the craft to be intercepted, in problems of interception.

Relief—The inequalities in elevation of the surface of the earth; represented
on the aeronautieal charts by contours and gradient tints. Elevations are generally
expressed in feet above mean sea level, the one exception on aeronautical charts
being that the shore line is the line of high water.

Rentricted areas.—Areas within which flight is restricted or prohibited. as follows:

Caution area.~—An area in which a visible hazard 1o fught exists; Yo pe avoided
it practicable.
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Danger area.—An area in which invisible hazards exist; all flying prohibited
unless authorized by the agency having jurisdiction over the area.

Prohibited area.—An area established by the President, in which all flight is
prohibited except for aircraft attually engaged in defense misgions.

Range approach channel.—See “approach channel.”

Traffic tunnel.—An area within which flight is restricted between fixed limits
horizontally, and between maximum and minimum altitudes vertically.

Rhumb line.—A curved line (“loxodromic spiral”) on the surface of the earth,
crossing all meridians at a constant angle,

Right ascension.—In celestial navigation, the distance of a body on the celestial
sphere from the vernal equinox; measured toward the east, from Oh up to 24h; corre-
sponds to longitude on the terrestrial sphere.

Scale—A statement of the proportion existing between a chart and the region
charted; usually stated as 1:1,000,000; as 1:5,000,000, and the like.

Sextant~An instrument used in celestial navigation for determining the altitude
of a celestial body above the horizon.

Sinusoidal.—Another name for the Mercator equal area projection.

Standard parallel.—One of the two parallels of latitude at which the cone repre-
senting a Lambert projection band intersects the sphere; in any projection, a parallel
along which the scale is true.

Stereographic.—A chart projection used in air navigation chiefly for charts of
the polar areas, where it possesses the same properties as the Lambert projection in
lower latitudes. )

Teletype—A system of communications by automatic typewriters, operated by
wire, or by radio. Extensively used by the Civil Aeronautics Administration in trans-
mitting weather data and other flight information,

Terrain clearance indicator.—See “radio altimeter.”

Time, civil—Time measured by the rotation of the earth with respect to the
mean sun,

Time, mean.—See “time, civil.”

Time, sidereal.—Time measured by the rotation of the earth with respect to the
vernal equinox.

Time, standard.—The civil time adopted as standard within a zone approximately
15° of longitude in width.

Time signals.—Precise signals transmitted by radio to provide navigators and
others with the exact time. In the United States this servicq is rendered by the
U. 8. Naval Observatory and by the National Bureau of Standards.

Tower.—The call to be used when calling an airport control tower; as “Jackson-
ville tower, this is Stinson 1234.”

Tower, airport control.—The communication center through which pilots receive
traffic instructions from the local airport management and from the Federal airway
traffic control center, and to which they report the required flight information.

Track.—The actual flight path of an aireraft over the ground.

Tracking.—Plotting on the chart the continuous series ef positions (track) of
an aireraft from a knowledge of the direction and velocity of the aircraft and of
the wind.

Twilight:

Astronomical.—The twilight glow which exists when the sun is not more than
18° below the horizon, either at evening or in the morning. When the sun
is more than 18° below the horizon, the faintest stars ordinarily visible
can be seen. .

Civil—The period when the sun is between the horizon and a point 6° below
the horizon. It is ecivil twilight that is tabulated in the Air Almanac.

Variation, magnetic.—The angle between t{rue north and magnetic north at any
given place,
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‘Wind angle.—The angle between the true course (or the heading, as, the eua
may be) and the direction from which the wind ig blowing; measured from the f.rue
course (or the heading) toward the right or left, from 0° up to 180°,

Wind correction angle~—The angle at which an aircraft must be headed into the
wind in order to make good the desired track.

Wind direction.—See “direction, wind.”
Wind star—A graphic solution for the direction and velocity of the wind by plot-

ting the drift angles observed on two or more headings approximately at right angles.
Zenith.—The point on the celestial sphere dxrectly over the head of the observer.
Zone of intersection.—That part of 2 civil airway which overlaps and lies within

any part of any other civil airway.
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PRICE LIST OF AERONAUTICAL CHARTS

All seronautical charts of the United States published by the Coast
and Geodetic Survey may be obtained from the Director, U. S. Coast and
Geodetic Survey, Washington 25, D. C., or from one of the following
regional offices:

Hudson Terminal Building, 50 Church St., New York.
Customhouse, Boston, Mass.

4283 Canal Street, New Orleans, La.

1001 Monticello Avenue, Norfolk, Va.

Post Office & Courthouse, Los Angeles, Calif.
Customhouse, San Francisco, Calif.

Insurance Building, Seattle, Wash.

502-3 Panama Building, Portland 4, Oreg.

Authorized agents have again been appointed throughout the United
States for the distribution of aeronautical charts. A list of these agents,
with the dates of latest prints of charts, will be printed from time to time
in the Weekly Notice to Airmen. This information may also be obtained
from the Director, U, S. Coast and Geodetic Survey.

Prices of charts for single copies are as follows:

Aeronautical planning charts (scale 1:5,000,000) 40 cents.

Radio direction finding charts (scale 1:2,000,000) 40 cents.

Regional charts, United States and Alaska (scale 1:1,000,000) 40
cents.

Sectional charts (scale 1:500,000) 25 cents.

Local charts (scale 1:250,000) 25 cents.

Airport charts of principal civilian airports (for instrument ap-
proach and landing; see p. 11) 10 cents.

Great-circle chart No. 3074a (scale approximately 1:5,000,000) 40
cents,

Magnetic chart of the United States, No. 3077 (scale approxi-
mately 1:7,500,000) 20 cents.

Air-line distances chart, United States (scale 1:5,000,000) 40 cents.

Aeronautical wall map (planning chart of the United States, en-
larged to 1:3,000,000; in 2 sheets, size of complete map 44 x 66
inches) $1.00.

A discount of 8314 % from full published prices is allowed on aero-
nautical and auxiliary charts amounting to $10 gross when made in one
shipment to one address. Charts are not returnable,

PUBLICATIONS OF THE CIVIL AERONAUTICS ADMINISTRATION

Listed in the following are the available publications of the Civil Aeronautics
Administration which may be of interest to pilots. The sales price, if any, of each
publication 1s given after the title. A complete list of all publications may be obtained
from the Civil Aeronantics Administration.
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The publications for which there is a charge must be obtained from the Superin-
tendent of Documents, U. S. Government Printing Office, Washington 26, D. C. Others
may be obtained from Information and Statistics Service, Civil Aeronautics Admin-
istration, Washington 25, D. C.

The rules of the Superintendent of Documents require that remittances be made
in advance of shipment of publications, either by coupons, sold in sets of 20 for $1
and good until used, or by check or money order payable to the Superintendent of
Documents. Currency may be sent at senders’ risk. Postage stamps, foreign money,
or smooth coins are not acceptable. A discount of 25 percent is allowable to book
dealers and quantity purchasers of 100 or more publications, on condition that the
purchaser will adhere to the public sales price set by the Superintendent of Documents
and that publications shall not be overprinted with any advertising matter.

CIVIL AERONAUTICS JOURNAL

This is the official periodical of the Civil Aeronautics Administration. Published
on the 15th of each month, it carries articles and news items on civil aero-
hauties. News of activities of the Civil Aeronautics Administration are
emphasized but other information is carried, particularly statistical material
on scheduled air carriers, private operations, and aircraft manufacturing. A
special section of the JOURNAL is devoted to official actions of the Civil Aero-
nautics Board. Considerable emphasis is also given to aircraft accident
reports. Subscription price of the CiviL AERONAUTICS JOURNAL is 60 cents a
year in the United States. Foreign subscriptions are 75 cents a year. Single
copies are 5 cents each.

CIVIL AERONAUTICS BULLETINS

No. 6. Flight Instructors’ Manual. 35 cents.

No. 22, Digest of Cijvil Air Regulations for Pilots. 20 cents.

No. 23. Civil Pilot Training Manual. 65 cents.

No. 24. Practical Air Navigation. $1.

No. 25. Meteorology for Pilots. 75 cents.

No. 26. Aerodynamics for Pilots. 80 cents.

No. 27. Pilots’ Airplane Manual. 30 cents.

No. 28. Pilots’ Powerplant Manual. 76 cents.

No. 81. Patter for Elementary Flight Maneuvers. 15 cents.

No. 32, Fundamentals of Elementary Flight Maneuvers. 20 cents.

MISCELLANEOUS

Aeronautical Statutes and Related Material. 15 cents,
Army-Navy-Civil Committee Reports:
ANC-1 (1) Spanwise Air Load Distribution. 60 cents.
ANC-1 (2) Chordwise Air Load Distribution.
ANC-2 Ground Loads Handbook. 10 cents.
ANC-5 Strength of Aircraft Elements. 35 cents.
ANC-14 Spin Requirements for PT Airplanes.
Civil Aeronautics Act of 1938. Public, No. 706, 10 cents.
Obstruction Marking Manual.
Pilot’s Written Examination Guidebook.

STANDARD TEXTS RELATED TO AIR NAVIGATIUN

Airlines War Training Institute:
Blackburn, Elbert F. Celestial Nangation.
, Blackburn, Elbert F. Navigation Principles.
Ford, John J. Loading and Cruising.
Alexander and Allan. The Observer’s Book on Dead Reckoning Navigation.
Baker, Robert H. An Introduction to Astronomy.
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Bef], K. Hilding. Astronomical Methods in Air Navigation. (Nationsl Advisery
Committee for Aeronauties, Report No. 198).!
Bernhard, Bennett, Rice. New Handbook of the Heavens.
Bowditeh, Nathaniel. American Practical Navigator (H. 0. 9)."*
Boxhall and Devereux. Contours.
Chichester, Francis. The Observer’s Book on Astro-Navigation; Parts I, I, 111,
and IV,
Civil Aeronautics Administration. See page 343.
Deetz, Charles H., and Adams, Oscar S. Elements of Map Projection
(U.S.C.&G.S. Special Publication No. 68).
Dutton, Benjamin, Navigation and Nautical Astronomy.
Federal Communications Commission, U. S. Study Guide and Reference Maie-
rial for Commercial Radio Operator Examinations.*
Gatty, Harold. The Raft Book.
Irvin, George Ellis. Aswreraft Instruments.
MeclIntosh, Colin H. Radio Navigation for Pilots.
Mixter, George W. Primer of Navigation.
Navy Department, U. S.:
Bureau of Aeronautics—
Air Navigation:
Part  I. Introduction to Earth.
Part 11. Introduction to Navigation.
Part 11I. Dead Reckoning and Lines of Position.
Part 1IV. Navigation Instruments.
Part V. Relative Movement.
Part VI. Contact Flying.
Part VII. Nautical Astronomy and Celestinl Navigation.

Instrument Flight (Part One).
Hydrographic Office’ *—
H.0. 127, Star Identification Tables.
H.O. 208. Navigation Tables for Mariners and Aviators (Drewsonstok),
H.O. 211, Dead Reckoning Altitude and Azimuth Tables (Ageton).
H.O. 214, Tables of Computed Altitude and Azimuth.
H.O. 218, Air Navigation Table: (restricted),
H.O. 2102¢, Rude Star Finder for Aviators. .
H.O. 2665a. Maneuvering Board Diagrams (pad of 50).

Naval Observatory—
The American Air Almanae.

Olcott, William Tyler Field Book of the Skies.
Redpath, Peter H., and Coburn, James M. Air Transport Navigation.
Tornich, Mary. Radius of Action of Aircraft.
War Department,® U. S.:
Air Navigation, Technical Manual TM 1-205.
Celestial Air Navigation, TM 1-206 (restricted).
Air Navigation Tebles. TM 1-208.
Atreraft Instruments. TM 1-~413.
Instrument Flying Training. TM 1-}45.
Weems, P, V. H, Air Navigation.

1 For gale (unless restricted) by the Superintendent of Documents, Washington, D. C.
?For sale (unmless restricted) by the Hydrographic Office, Washington, D, C.
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INDEX
Page Page
Abbreviations 103,383 Astro-compass 72
Active air defense zZoN€oeeceeeee 89 Astro-dome 262
Aeronautical charts: Astrograph _— 47, 274
See Charts, aeronautical. Astronomical triangle . _______ 258
Aeronautical data . _____ 76,86-95 Astronomy, general — o oo 280-286
Agents, authorized . _______ 343 Atmosphere, standard —_____.__-__ 59-61
Ageton, Lt. Arthur A _______ 268 Avigation 16
Agonic line 113,227 Azimuth - 44, 256
Agriculture, Department of _______ 95 Bank-and-turn indicator . _____ 67
Aids to navigation . ___.____ 1,86-94 DBarometer, aneroid - caeno 60
Air Almanac .- 258, 262, 264-279 Beacon light 2, 87-89
Air Force charts ——— . __ 13,16,54 Beam 202
Air marking - 79,87 Bearing 44, 227, 236
Air navigation, definition —_._____ 3,15 Bearing, radio ———__- 45, 220~236, 241-246
Air Navigation Radio Bearing, reciprocal —_________ 92, 226, 241
Aids 11,92, 203,207 Bearing, relative - _____ 229, 235, 316
Airports: Bent courses - 205, 212
charts 9 Bijbliography ——— 344
classification e ___ 86  Bisector, average - ___ ________ 208-213
control - 92 Bowditch, Nathaniel - - —______. 261
facilities 86 Boxing the compass _____________ 656,105
of entry - - 87 British Air Commission - —_______ 269
Aijrport trafic control . _____._ 5,93 Bubble sextant — 261
Air speed e ____ 59,108,110,161 Caution areas - - 89
Air speed circle 136  Celestial globe 280
Air speed indicator . ______ 59  Celestial navigation:
Air Traffic Control Division_______ 327 aceuracy 250
Air traffic rules 4,92 Air Almanac —.______ 258, 262, 264, 279
Airway traffic control . _________ 4,8,92 altitude 252, 260
Airway traffic control center_____ 5, 92-94 altitude difference __...__. 255, 260, 272
Alaska 11,42 Aries, first point of ___27, 257, 265, 276
Almanae, Air: astronomical triangle . ________ 268
See Air Almanac, astronomy, general —_________ 280-285
Alphabet, Greek .. . ____.__ 283 azimuth 44, 265
Alternate airport .. ___. _____ 142,178 basic principles . _ . ________ 251
Altimeter . _ _ _______60,163 Bowditch - 261
Altimeter, radio — 71 bubble sextant —o—— oo 261
Altimeter setting . _________ 60 celestial sphere —_____________ 256
Altitude: circle of position____.. 251-254, 274, 310
absolute .. . ... ____. __ 62 civil time 24, 270, 278
density o ___ 62 coordinates . ___ . _________ 256
flight 62 declination . _____ _____ 257
indicated 62 definition — 156, 250
pressure —— 62 dip 261
true 62,163 ecliptic -257, 284
Altitude (celestial navigation) __252,260 equinox, vernal:
Altitude difference . ___ 255, 260,272 See Aries, first point of.
Altitude, precomputed ... ___.__ 272, 289 examples 288-293
Altitude, safe . ___ 61, 85, 212, 216 fix 254
Angles, estimating . ___._______ 121 forms 260
Approach charts ... ______ 15 globe 280
Approach control towers _____.___ 92 Greenwich civil time . ______ 270
Aries, first point of —_____ 27, 267, 265, 276 Greenwich hour angle —_______ 258, 266
Artificial horizon 69, 261 height of eye 261
Ascension, right 268 horizon 30, 261, 269
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Page Page
Celestial navigation—Continued Charts, aeronautical—Continued
hour angle 258, 266 price list 343
identification of stars and projections 36,67
planets 280, 283 properties 76
index error 261 radio direction finding _.-11, 13, 92, 226
instruments 261, 260 reading 75100
intercept 2586, 260, 272 regional 11,13, 84
latitude from Polaris .. _____ 265, 276 scale of . __ 9,11, 75, 79, 81, 96
line of position___255, 268, 275, 277, 310 sectional ._.11,18,78, 84, 91, 93, 104,125
line of position table__________ 268, 302 series 11,13
local hour angle 258, 267 special-purpose e 11
method 251 strip 320
parallax 262 symbols 75-100, 333
apractical value e 250 Chronometer 58, 324
precomputed altitudes —__. ___ 272,289 Circle of equal altitude o —_ 2562
refraction 262 Circle of position mee——._ 251-254, 274, 310
right aseension o _ 258 Civil Aeronautics Administra-
selection of stars 260, 285 tion b, 86, 95, 201, 236
semidiameter 262 Civil Aeronautics Administration
sextant observation ———e—_____ 260-264 publications .o o094, 203, 343
sidereal hour angle ___.________ 268 Civil Acronautics Board ———————__ 94
sidereal time e 27,274,279 Civil Acronautics Journal e 237,844
star altitude curves e ... 274,291  Civil Air Regulations —____.4, 94, 211,216
time diagram 267 Civil airways 7, 92-94
usefulness 250,285 Civil time, Greenwich e 24, 270, 278
zenith 259 limate 29
Centigrade 162 Climb 129
Charts, aeronautical: Clock ____ 584 824
aeronautical data o __ 76,86-956 Code, airway 88
Air Force 13,15,54 Communications ___________ b, 93, 327
airport 11  Compass, compensation 0f woee—mea 66
Alaska 11,42 Compass course 116
approach 15 Compass deviation oo 66, 116
changes on 75,94 Compass heading .—meee—- — 101, 116
corrections to 75,94 Compass, magnetic — o~ ___64,101
date of information -~ 94 Compass, radio ——wmoge——m—v 70, 220, 229
gegle'? 332 Compass rose:
efinition .
ﬂight check Of ________________ 95 ma.gnetlc 65! 91! 226
folding 320 reciprocal 92, 226
great-circle 11, 50, 53 true 5
index of 10,12,14 Computer 157-198
information on — e 76 Cone of silence 204
joining 46,820 Contact flight rules 4,324
legend 77,94 Contact flying o ____ 97, 324827
local 11 Continental code wemmeecm 88
long-range navigation .. 15,47  Contour interval — e 84
magnetic 11 Contours 81-86, 212
maps compared with . 75 Control AIXPOTtS e e 5, 92, 93
rll:‘criyfor ;g Control zone of intersection a-.—- 93
new editions 94, 343 Conve?gence _____ 42-48, 194, 201, 228, 244
new prints 94’ 843 Coordinates:
outline 1 celestial 256
planning 11, 13, 15, 42, terrestrial . 23
46,104, 125,263 Coriolis - 263
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Page
Course:
compass 116
definition 89,44
departure from __..... 45, 114,118,132
magnetic 113
measurement 44,105
not & bearing 44,120
not the heading - ______ 108
off-course corrections —._.......132,171
plotting 44, 104-107
true 44, 106, 119, 120
Cross-country flying ———_____ 76, 320-327
Cruise control - 142
Culture 77-81
Customs airports —-——o.ecoee o 87
Danger areas 89
Danger curve 86
Daylight 80
Dead reckoning:
advantages 101
basic problemg . ________ . 102
combined with radio navigation_- 206
definition 16,102
directions --39,102
drift eeee——~----_-108, 134, 206, 229, 326
errors 122
procedure _______________ 102,118,122
radius of action __________ 138, 164,174
returning to intended track.____ 132
special problems . ____________ 129
subdividing a long route________ 105
Declination, celestial . ___ 267
Declination, magnetic . _____ 67,112
Definitions:
See Glossary.
Descent 129
Deviation, compass ____ ________66,116
Dip 261
Direction 39, 44, 51
Direction indicator ... . ________ 67
Directional gyro . ___ ________ 68, 264
Distance 38, 60, 253
Double-drift method . ___. 63,134,174
Dreisonstok 268
Drift —_..-_68,108, 134, 174, 206, 229, 326
Drift sight 62
Earth:
area, - 18
axis 22, 28
coondinates - 23
dimensions - 22
ecliptic 257, 284
features of 18
Orbit 22
planet 18, 283

population 19

Page

Earth—Continved

representation . 36-54

revolution 22

rotation 22, 266, 284

spheroid - 22

time e e 24
Ecliptic - 2567, 284
Elevations ——__ 81,212
Ellsworth point 312
Equator:

celestial 256

magnetic 84

terrestrial 23, 256
Equinox, vernal .. _____ 27, 2517, 266, 276
Equisignal zone 201
Frror circle - 122
Fahrenheit - 182
False cone of silence . _______ 204
Fan-marker beacon ———— o __ 91, 218
Fix, radio 219, 220, 224
Fix, running - 224, 234
Flight altitudes 61,216
Flight check 95
Flight, history of ——ccooe o 1
Flight plan e ____ 5, 93, 325, 328
Flight strips - 87
Folding the charts . _________ 320
Forms for computation (celestial

navigation) 269
Globe, celestial . 280
Glossary — 334
Gnomonic projection _ _________ 43, 60, 562
Gradient tints ._.________________ 81,96
Graphic scales 39, 54, 96
Great cirele oo __ 38, 43, 50, 61, 253
Great-circle chart . ___________ 11,50, 53
Greek alphabet _________________ 283
Greenwich hour angle . ___. 258, 266
Ground marking . . _______ 79, 87
Ground speed . __.. 108, 166, 220, 285
G-System of Directions ...._______ 312
Gyro, directional __.._____ ____.____ 68, 314
Gyro flux gate compass . ________ « 67
Hachures 82
Heading:

compass 101,116

definition 108

magnetic 112

true 107,119,168
Heartland 32
Height of eye 261
Highways, prominent versus

secondary —_ 79
Hipparchus b8
Homing w—e oo 70, 91, 220, 229, 382
Horizon 80, 251, 259
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Horizon, artifieial — o 69,261 Nautical charts .o cmm- — 86
Hour angle 258,266 Nautical mile ___..__..._..39, 50,987,161
Howgozit 142 Navigation:
Identification of stars and aids to 1,86
planets 280, 283 air —— 15
Index error 261 celestial 250-306
Instrument approach - __ — 236 contact flying 4,324
Instrument flight rules « . —oa 4 dead reckoning . oo 101-128
Instrument flying ——— oo B, 327 definition 1,16
Instrument landing - ___._ 2,236 ingtrument flying . _____ 5, 827
Instruments, navigating - ___._ 58-13 pilotage . ____. ... 16, 97, 101, 822
Intercept —— oo 255, 260, 272 practice of 820-332
Interception —weee e 147,183 preparation of charts_. . _____ 320
Intermediate fields — o 2,86 radio 199-249
Isogonic lines — 91,113 surface — . . . 16
Kitty Hawk — 1 Night effect . __________.._205,212, 221
Knot 89,60 Notams 94
Lambert projection —__..- 40, 201, 223,256  Notice to Airmen . __ 94, 207, 843
Landmarks: Null 220
cultural oo 76,78,97 Off-course corrections .. _____ 132, 171
exaggerated seale - . ..o 75,81 Omnidirectional radio beacon_____. 206
flyingarange e 323 Orientation - 210-221
natural - __ 123,328 Orientator, airport . ______ 215
topographic .- 75,917,123 Orthomorphic 40
value o .-.__75,97,322 Parallax o ... 262
Latitude - 23,388,188 Parallel of latitude ——_________23, 38,188
Legend e ioie oo e 77,94 Parallel, standard . _____ 40, 47
Line of position: Philippine charts 31, 42
celestial navigation __.___ 2566, 268, 275, Dilotage . ____.__ 16,101, 322
277,310 Planet 18, 283
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