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I. INTRODUCTION

The purpose of this Handbook 1s to show the conditions
under which the different radio frequencies are usable in
actual practice, The relations among frequency, distance,
time, and location of transmission path, are complicated,
but it has been possible to reduce the principal facts to
a set of graphs presented in this Handbook, The data given
herein are for wiﬁter-time only; 1t is expected to issue
supplements giving the data for other seasons., The prin-
cipal information 1s given by the graphs; a description
of the.graphs and how to use them is given in Secs. III
and IV, The data are based on extensive measurements and

communication experilence,

II, FACTORS DETERMINING DISTANCE RANGE AND
USABLE FREQUENCY.

The transmission of radlo waves between the trans-

mitting and receiving station; involves the passage of the
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~"ground wave" along the ground and the "sky wave" reflected
from conducting layers in the upper atmosphere. The sky
wave generally predominates for all except short distances,
The conducting layers from which sky waves are reflected
consist of lonized alr; they exist in the region called
the ionosphere, 30 to 300 miles above the earth's surface.
Knowledge of the ilonosphere is necessary to understand
radio wave transmission., An introduction to such under-
stending 1s given in this Section. The graphs in this
Handbook,however)can be utilized without an understanding
of the lonosphere or the processes of radio transmission;
gsee explanation of graphs in Secs. III and 1IV.

Noise Conditions at Recelving Statlon.- Since radio

waves decrease 1in intensity as they spread out from the
transmitter, and since they lose energy by absorption in
elther the ground or the ionosphere, they finally become
so weak that they can not be heard above the level of
electrical noise at the receiﬁing station. The electrical
noise mayrbe due to "static" or man-made electrical dis-
turbance. The minimum radio field intensity needed.to
allow an intelligible signal to be heard above the noise
at the recelving station 1s called the required field in-
tensity, and the distance from the transmitter to any
point teyond which the radio field intensity is less than

the required fleld intensity 1s the distance range.
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The required fleld intensity 1is subject to wide varia-
tion. It depends on the receiving antenna, the type and
adjustments of recelving set, the local electrical noise,
"static", and the type of modulation of the radio wave.

It varies, with the noise, according to the time of day
and season.

Other Factors Affecting Distance Range.- The distance

range depends in addition on the transmitting station power
and antenna and on the energy loss by absorption in the
ground or lonosphere, The determination of distance ranges
1s a very complex problem, althbugh effects of many of the
factors, such as radiated power, antenna design, énd ab-
sorption of the wave energy can be calculated with fair
precision. No one graph or series of graphs can represent
all possible variations of all the factors involved. For
the distance range graphs, therefore, average receiving
conditions were assumed;‘and calculatiohs were made consid-
ering transmitter power, averagé ground absorption for land
and for sea-water, ionosphere conditiéns and trends, ‘and
known variations of noise,

Fading.- In general, sky wave intenslties undergo
regular, well defined, and predictable long-time changes,
due to diurnel, seasonal, and year-to-year variations in
the ionosphere. They also undergo fast irregular changes,

known as fading. Fading 1s due to three causes: inter-



-5

ference of waves travelling over paths of slightly different
lengths, changes of the state of polarizatlion of the waves,
and changes due to rapld variations in the amount of energy
absorption which the wave undergoes while travelling through'
the ionosphere. In this Handbook fading 1s not considered,
beyond the statement that any radio fleld intensities stated
are a sort of average called the median fleld 1lntensity,
which 1s the value of field intenslity that 1s exceeded

half the time. That 1s, 50% of the time the instantaneous
recelved fleld intensity 1s greater than the stated value

of field intensity. Regarding the amount of time the in-
stantaneous received fileld intensity 1s greater than values
other than the median, the following approximate relation
gives some information: T = € "0'693(%‘:) , where T is the
fraction of the time the field intensity will exceed the
value F, and Fo 1s the median field intensity.,

The Jonosphere.- As previously mentioned, the lono-

sphere is the region 30 to 300 miles above the earth!s sur-
face in which there are layers of ionized alr which reflect
radio waves, Detalled information about the lonosphere 1is
given in the pamphlet (obtainable upon request from National
Bureau of Standards, Washington, D.C.), "Radlo transmission
and the ionosphere", and in articles listed therein. A

few main facts are gtven here,

There are two principal layers at night, and three in

the daytime. One layer, called the E layer, is at a height
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of about 60 miles. above the earth's surface., The F layer,
at night, is at a llttle under 200 miles. The Fl daytime
layer is at about 140 miles, and the F, daytime layer at

a helght which varies between about 150 and 250 miles.
Since the ilonization in these 1ayefs 1s produced oy sun-
light, there are changes 1in both the lonlzation densitles
and the heights of the layers diurnally, seasonally, and
from year to year.

The 1onization density of a layer has an lmportant.
bearing on the frequencies of radlo waves whlch can be
transmitted by reflection from it., The higher the fre-
quency, the greater is the lonizatlon density needed to
reflect radio waves of that frequency. The maximum lonlza-
tion density of a layer détermines the maximum frequency
which can be reflected from the layer. For waves trans-
mitted vertically upward this maximum frequency is called
the "critical frequency" of the layer., If the waves are
gsent obliquely, as in ordinary radio transmission, the
maximum frequency is called the “maximum usablé frequency"
for the given distance., Waves of higher frequency than the
critical or maximum usable frequencies penetrate through the
layer and are not reflected back to earth from 1it,

¥aximum Usable Frequencies and Skip Distances.- The

maximum usable frequency for transmission over a given 4dls-

tance depends on two quantities, the critical frequency (which
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depends upon the lonization density of the layer which re-
flects the waves) and the angle at which the waves meet the
layer (which depends upon the height of the layer). A know-
ledge of the helghts and critical frequencies of the iono-
sphere layers, therefore is sufficient to enable the maxi-
mum usable frequencles to be determined. The regular
trends and varigtions of these ionosphere characteristics
have been studled, and zre now well enough understood that
they, and therefore the meximum usable frequencies over any
path in the world, can be predicted with reasonable accu-
racy. Such predictions are given each month in a report
distributed to qualified agencles by the National Bureau
of Standards,

The maximum usable frequency, in general, lncreases
with transmission distance, at least out to about 2500
miles, Hence transmissions on the maximum usable frequency
for any distance will be gbove the maximum usgble frequency
for shorter distances, and therefore can not be heard, by
sky wave, closer to the transmitter than the given dis-
tance, In other words, instead of the higher-angle rays
coning down to earth at shorter distances, they penetrate
completely through the ionosphere and do not return to the
earth, This causes a zone of silence between the limit
of the ground-wave dlstance range and the distance for

which the freguency being used is the maximum usable fre-
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quency. The outer edge of this zone of silence, or '"skip
zone", 1s called the skip distance. More generally, the
skip distance 1is the dlstance to any point on one side of
which a sky wagve ‘can be received,'and on the other side

1t can not, because of penetration through the ionosphere,

Lowest Useful High Frequencies.- In travelling through

the 1onosphére, a radio wave sets the lons in motion. These
ions collide W1th the molecules of the air, ahd lose some

of their ehergy as heat in the collision. This energy is
lost to the radlo wave, and therefore the wave comes out

of the lonosphere with less energy than it had when it
‘entered. This energy is sald to be lost by "absorption"

in the ionosphere.

Absorption in the lonosphere is greater the lower the
frequency of the wave, and the greater the number of col-
lisions of lons wlth molecules of air in a glven time
(collisional frequency). Absorption can be measured at
vertical incidence, Just as the critical frequency can,
The ebsorption undergone by a wave at oblique incildence
(1.e., a wave travelling over a distance) can be calcu-
lated from the vertical-incidence absorption in much the
same way that the maximum usable frequency can be calcu-
lated from the critical frequency.

In general, for a given path of transmission and

time of day, waves of higher frequencies undergo less
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energy absorption than do waves of lower frequencles. Thus
waves of lower frequencles arrive at the receiving point
with less energy than wavés of higher frequencies, if both
types of waves start wut with the same energy (il.e., if

the radiated power of the transmitter 1s the same on high
and low frequencies). Thus there 1s usually some frequency,
for a given diétance and radlated power of the transmitter,
below which the field intensity of the waves at the re-
celver 1s too weak to use. Thls is called the lowest
useful high frequency, for the given distance, radlated
power, and state of the ionosphere. (It is not called the
lowest useful frequency, because there 1s‘useful ground-~
wave transmission at very much lower frequencies).

In contrast to the maximum usatle frequency, which
does not depend on radiated power, the lowest useful high
frequency depends on all the factors which were given
above as affecting the distance range. The maximum usable
frequency depends only on the state of the ilonosphere;
the lowest useful high frequency depends in addition on
the equipment and on local receiving conditions, and is
not nearly as well-defined or clear-cut as 1s the maximum
usable frequency. Note that the lowest useful high fre-
quency has the same relation to the distance range as has
the maximum usable frequency to the skip distance. The

distance range and the skip distance are the limits of
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the range of useful distances; the maximum usable freguency
and the lowest useful high frequency are the limits of the
band of useful frequencies,

It is possible to calculate with failr accurecy, from
vertical-incidence megsurements, the total median sky-wave
field intensity as a function-of distance for any radiated
power and a glven type of antenna., The field intensities
required for reception depend on many factors, and much
more detalled data would be needed before these require-
ments could be stated to an accuracy compatible with
that of the field intensity. The maximum usable frequen-
cles given 1n this Handbook can be conslidered as reagon-
ably accurate average values, but the lowest useful high
frequencies can be considered as only roughly approximate
average values.

Departures from Average.- Dilstance-range data are

usually given, for the sake of simplifylng a comprehensive
plcture of them, as averagesi they may be averages for
quiet days, for a month or a season, or some other perilod
of time, Qulet days are those when there 1is no lonosphere
storm (see explanation below). Distance ranges, maximum
usable frequencles, etc.,, are not exactly the same day
after day, but are distributed about an average. The
distribution of maximum usable frequencies about the

average 1s falrly well established. As a rule, on quiet
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days, the maximum usable frequency 1s practically never
less than &0% of the average and practically never greater
than 120% of the average; only 13% of the time is 1t less
than 90% of the average or greater than 110% of the average.
No such general statements can be made about the lowest
useful high frequency; local recelving conditions may
vary widely from day to day, and the variation of energy
absorption 1n the lonosphere has not been studied exten-
sively.‘

Anomalies.~ Besides the regular predictable sky-wave

transmission that 1s characterized by the maximum usable
frequencies shown in the graphs of this handbook, there
occurs at irregular and unpredictable times very strong
transmission, caused by reflection from E-layer heights,
but at frequencles much greater than the normal maximum
usable frequency. Such transmission is called sporadic-E
transmission, and often results in excellent reception
within the normal skip zone, and over long distances on
frequencies which are considerably higher than any which
normally are propagated by sky waves. This type of trans-
mission 1s not usually widespread or of long duration.
Sporadic E 1s patchy both in space and in time. It occurs
rarely in the tropics, frequently Qurinc the summer in the

temperate zones, especially at night, and quite frequently

in polar regions,
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Irregular and flwyttery weak transmigsions are often
heard within the normal skip zone. These are caused by
so-called scattered reflections. They follow complex
paths involving reflection from irregularities in the
lonosphere. They are stronger and more prevalent during .
ionosphere storms, but are receivable at other times within
a thousand 'mlles or so of the transmitter.

At irreguiar'and unpredictable times all high-frequency
transmissions on the daylight half of the world suddenly
thde out; Buch a fadeout is caused by a sudden very rapid
increase in energy absorption below the E layer, which in
turn 1s eaused by a violent eruption on the sun which very
éuddenly poufs out an enormous qﬁantity of ultraviolet
light, Recovery is gradual, lasting from a few minutes to
several hours or more, The effects are greatest in the
1owef ranges of the high fréquencies. Low frequencies
(below 1500 kilocycles) are little affected. This effect
is called a radio fadéout or "sudden ionosphere disturbance',

Anothgr type of anomaly is the "ionosphere storm",

It 1s a period of disturbance in the ionosphere causing
abnormal radio conditions, such as decrease of maximum us-
able frequenciés, increased skip distances, high layer
heights, 1ow‘received‘radio intensities, and usually also
abnormal magnetic fluctuations, High-frequency transmission

above 2000 kilocycles is of low intensity and subject to
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flutter fading caused by complex reflections from the
unstable lonosphere. Night sky waves below 2000 kilo-
cycles are greatly weakened, both during the storm and

for several days after the effeéts on the higher frequen-
cies have disappeared. All effects are greater in radio
transmlssion paths passing through the polar regions., Dur-
ing the filrst few hours of severe ionosphere storms, and

in high létitudes even for small storms, the ionosphere

is very turbulent and radio transmission is weak and er-
ratic. During the later stages of the storms the maximum
usable frequencies are lowered and the lowest useful high
frequencies are raised, so that the bands of useful fre-
quencies are narrowed and sometimes completely disappear.
Very low frequencies are little disturbed, and communica-
tion may be carried on at frequencies below 100 kilocycles
when all high-frequency communication is impossible. Iono-
sphere storms are most gevere in northern latitudes and de-
crease ln intensity toward the equator,

An lonosphere storm usually develops during a period
of a few minutes to an hour or more. The effects are no-
ticed in the F or F2 layer first and move progressively
downward. Recovery to normal conditions usually takes
several days, depending on the latitude and the severity
of the storm. Ionosphere storms are probably caused by

bursts of electrified particles from the sun. Thelr time
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of occurrence can not in general be predicted. They are
most nuﬁerous in years when there are many sunspots, and
at times they occur a day or two after one or more of the
sudden radio fadeouts described above. There 1is some ten-
dency for lonocsphere storms to recur at intervals of gbout
a 1little less than a month. This 1is about the period of
one rotation of the sun, and may be caused'by the reap-
pearance of an active area on the part of the sun which
faces the earth. This recurrence tendency may sometlimes
be used to predict the occurrence of mild or moderate

ionosphere storminess; severe storms do not seem to recur,

III. DISTANCE-RANGE GRAPHS

The attached Figs. 1 through 32 show, for certain times
of day at the receiving statlon, latitudes of the recelving
station, and azimuths (bearings) of reception, the limits
of distance over which practical radio communication 1s
possible, for various values of radiated power. These
graphs were calculated by the method outlined in the Ap-
pendix, The powers shown on the graphs are for radio-
telephone communicatidn; for a given distance range about
0.01 as much power would be required for radiotelegraph
(CW) communication., Non-directive transmission is assumed.
The graphs are based on the lowest fileld intensity which
permits practical reception in the presence of ordinary

background interference or noise., This does not mean
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satisfactory program reception for broadcasts, or extremely
weak signals for CW reception which would require much
repetition .and great difficulty to receive. The graphs
also assume the use of a reasonably good receiving set

and an operator of reasonably good ability.

The Glstance-range graphs are only for frequencies
greater than 1000 kilocycles (the behavior of frequencies
lower than this 1s shown for a few cases in the graphs of

the pamphlet, "Radlo distance ranges", issued by the

| National Bureau of Standards). The solid-line curve in
each graphrrepresents the sklip distance and also the maxi-
num usable frequency. The maximum usable frequency for
any distance is the frequency for which that dlstance is
the skip dlstance. The dashed-line curves represent the
upper 1limit of useful distance and also the lowest useful
high frequency, for various powers of the transmitter.

The curves Just mentioned represent sky-wave trans-—
mission, For frequencies above the maximum usable fre-
quency, the relatively short gréund—wave distance range
is ghown, for a power of 1 kilowatt, by the lines made
up of long dashes., The two lines are labeled "land" and
"ocean"; the distance range of the ground wave 1s much
greater over the ocean than over the land because of the
greater electrical conductivity of the ocean. For con-

sistency, the l-kilowatt line 1s everywhere shown with
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long dashes, On some of the graphs the l-kilowatt curve

is seen to have two branches at the lower frequencies (1 to
3 or U4 megacycles); this 1s because under some conditions
at these frequencies the ocean ground wave 1s stronger than
the sky wave, and determines the distance range over the
sea.

The skip distance in general increases with fregquency
out to about 2500 miles. This 1s because the waves meet the
lonosphere at angles which are flatter, the greater the dis-
tance of transmlssion. At distances greater than 2500 miles
or so from the receiving point, however, the waves fre-
quently encounter z degree of lonizatlion considerably less
than at or near the recelving point, and so the maximum
usable frequency for transmission over these greater dis-
tances is often less than that for shorter distances;
thus the skip distance curve often in such cases turns back
toward lower frequencies at greater distances.

The skip distance is independent of transmitter power,
since it 1is determined by complete penetration of the
radio waves through the lonosphere, and no amount of power
would be able to accomplish transmission under these con-
ditions,

For distances at which transmission is possible, the
power requlired for transmission increases as the distance

increases, 'All the frequencies and distances which lie

below the distance-range curves and to the left of the
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sklp-distance curves are useful for transmission,

The scales of abscissas and ordinates on the distance-
range graphs are cubical (i.e., numbers shown are propor-
tional to cube of distance along scale, or, dlstance along
scale 1s proportional to cube root of numbers)., This scale
was chosen because 1t spaces the data satisfactorily. A
linear scale would crowd the low values too much, and a
logarithmic scale would crowd the high values too much,

Use of the Graphs.- These distance-range graphs may

be used In a number of ways. They are given for six times
of ‘day for a receiving station at latitude L40°N, and for
two times of day for a recelving station at the equator
(latitude 0°). For each latitude and time of day they
are glven for four azimuths of reception, i.e., for sig-
nals which arrive at the receiving station with bearings
0°, 90°, 180°, 270°, measured clockwise from the north,
The graphs for a given azimuth apbly with fair accuracy
to paths which have bearings within about #15° of that
azimuth; they are roughly approximate for paths with
bearings within *U45° of'the'given azimuth, The graphs
for a givén time of day apply with fair accuracy to any
time within * & half hour of the given time; they are
roughly approximate for any time within * two hours of
the given tine, Somewhat better accuracy for intermed-

late azimuths and times of day may be obtained by con-

eldering the distance ranges to vary smoothly in the
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intervals, and to interpolate for the desired time and azi-
muth between the graphs on either side., Note that the

times of day glven are local time at the receiving station,

Interpolation for other latitudes of receiving station
18 a more difficult procedure. The graphs for !'!0°N may be
used for recelving locations between about latitudes 30°N
and 50°N, The graphs for the equator are for recelving
stations on or near land, where the static is great (trop-
lcal static). These may be used for receiving stations
between 10°8 and 10°N, For recelving on shipboard far away
from land the static 1is considérably less, and the distance
ranges are only slightly less (10% or 20% less) than for
the same azimuth at 40°N., The skip distances are the same
for recelving at sea as for receiving on or near land., For
recelving at latitudes between 10°N and 30°N, distance
ranges and skip distances should be determined by inter-
polation between the values for U40°N and the equator,

To summarize, the distance-range graphs of Figs, 1-32
may be used, with the necessary interpolation, to determine:
(2) For a given frequency and radiated power, the skip
dlstance and distance range for any azlmuth and time of day

at receiving station.
(b) For a given distance and radiated power, the band of
useful frequencles for any azimuth and time of day at re-

celving station.
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(c) For a given distance and azimuth, the power required
for communication at any frequency and time of day at re-
ceiving station.

(a) In general, any two of the following, glven the other
four:

Distance of transmission
Frequency

Azimuth of reception

Radiated power of transmitter
Time of day at recelving station
Latitude of receiving statilon.

Variations and Irregularities,- As mentloned above in

"Departures from Average", the maximum usable frequencies are,
except during ionosphere storms, practically never less than
80% of the amverage values given on the maps, end practically
never greater than 120% of these values. The distance ranges
and lowest useful high frequencles vary considerably more from
day to day, but no definite statements can be made about such
variations; many factors, such as varying local receiving con-
ditions, in addition to varying lonospheric conditions, cause
wide departures from the average values shown on the maps.
The dlstance-range graphs of Figs. 1-32 are for average con-
ditions on ionospheréically quiet (not stormy) days. As
described above in Sec. II, under ™Anomalies", they may be
subject to great variations on days of ionosphere storms,
especlally for paths which pass over or near polar reglons,
This 1s discussed further in Sec. V.

Under certaln conditlons it is possible to receive radio

waves of frequencies greater than the regular msxiwmum usghle
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frequency (from transmitting stations within the skip zone),
by means of sporadic-E transmission. This 1is also briefly
discussed in the Sectlion on "Anomalies" agbove. See also the
graphs in the Natlonal Bureau of Standards pamphlet, "Radio
Distance Ranges'. This type of transmission is more common
1n'temperate and polar latitudes than in tropical latitudes,
and it ls much more common, in the temperate latitudes, in
summer than in winter, and is practically negligible in the
spring and fall, The distance-range graphs are for trans—
mission via the regular layers of the ionosphere, and exclude
ény sporadic or scattered transmission within the regular
skip zone,

IV, USABLE-FREQUENCY "MAPS"

The attached Figs, 33 through 62 give the maximum usable
frequenclies, and the lowest useful high frequencies for 1
kilowatt radiated power, for reception, at the time and lati-
tude stated on each Fig,, from a transmitter located anywhere
in the world. These Figs. are contour diagrams, with uniform
latitude scales and iongitude-difference scales, They are
pseudo-maps, being like maps except that the horizontal scale
1s longitude difference.instead of longitude. They are on a
rectangular projection, which 1is similar to but not the same
as the conventional Mercator projection of the world. A map
of the world on this rectangular projection, showing the con-
tinents and land masses, 1s given in Fig., 75 for the purpose

of facilitating determining relative locations of transmitting

and receliving stationse.
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These diagrams will here be called maps. Their ordinates
are degrees of latitude, north and south of the equator. The
absclssas are degrees of longitude difference betweén the
transmitting and the receiving locations, Thus if the trans-
mitting location 1s 50° of longitude to the east of the re-
celving location it is located on the map 4 squares to the
right of the vertical center line (line of 0° longitude dif-
ference)., The receiving location 1é the intersection of the
vertical center line and the line of latitude for which the
map 1s prepared. The lines of longitude difference are spaced
15° because a longitude difference of 15° corresponds to one
hour of time,

Use of the Maps.-~ Each curve on the maps passes through

all the points in the world for which the maximum (or lowest)
frequency in megacycles, for transmission from that point to
the recelving statlion, 1s given by the number on the curve.
In order to find the band of useful frequencies for trans-
mission from any point in the world to the receilving station
(for 1 kilowatt radiated power, phone, non-directive trans-
mission), it 1s merely necessary to determine which of the
maximum usable frequency curves, and which of the lowest use-
ful high-frequency curves pass through the point in question.
A frequency wlll be useful for transmission if it is below
the maximum usable frequency, and gbove the lowest useful

high frequency. If the lowest frequency thus determined is

greater than the maximum usable frequency, transhsssion csn
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not take place on any frequency in the range from 1 to 30
megacycles,

Procedure for Powers Other Than One Kilowatt.- The maxi-

mum usable frequency maps are independent of radliated power,
as explained in Seec. III in the discussion of the skip-distance
curves. The maps of lowest useful high frequency are given for
a radlated power of 1 kilowatt, radio-telephone transmission.
For other radlated powers, or for CW transmission, for which
only 0.01 of the radiated power is required as for radio-
telephone transmission of equal intelligibility, the follow-
ing procedure may be used:

(a) Determine the lowest useful high frequency (for 1 kilo-
watt phone), from the maps.

(b) Select the distance-range graph (Figs. 1 through 32)
nearest to the desired latitude, time of day, and azimuth.

(c) On this graph find the distance range corresponding
to the frequency determined in (a), for 1 kilowatt phone.

(d) The lowest useful high frequency for any other power
1s the frequency corresponding to the same distance range
and the other power,

Interpolation for Other Conditions.- Interpolation for

times of day other than those glven in these maps and for
latitudes other than L4O°N or 0° may be made and are subject
to the same conslderations as were dlscussed above regarding

the distance-range charts. For long-distance transmission,

the maps are in general somewhat easier to use than the
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distance-range charts, since no knowledge of distance or azi-
muth of reception is required; one need only know the loca-
tions of the transmitting and receiving stations,

Two sets of lowest-useful-high-frequency maps are given
for the equator (latitude 0°). These correspbnd to receiving‘
locations on or near land, where tropical static is severe,
and far out at sea, where the static is little if any worse
than at 4O°N. The maximum-usable-frequency maps are, of
course, the same for both types of receiver location.

Variations of Data with Time.,- The same rema?ks on varig-

tions and irregularities that were given in Sec. III apply
also to the uéable-frequency maps (Figs. 33-62) described in
this section. The distance-range graphs (Figs. 1-32) as well
as the usable-frequency mep (Figs. 33-62) are for conditions
obtalning during the months of November 1941 through February
1942 (winter, 1941-42, in the northern hemisphere).

The distance ranges and lowest useful high frequencies
will probably be but little different for next winter (the
months of November 1942 through February 1943); the distance
ranges may be slightly greater and the lowest useful high
frequencies slightly less for this period. The maximum
usable frequencies for November 1942 through February 1943
will be about 10% less than shown in this Handbook. If these
variations are kept in mind, the graphs may also be used for

November 1942 through February 1943. Equinoctial and summer

condltions are quite different.
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V. PATES IN POLAR REGIONS

When a radio transmission path passes through latitudes
higher than about H0° it may include regions where there is
abnormelly high absorption of the radio wave energy. Such
paths are characterized by lower received intensity, and
more fluctuation, than other paths.

Such poor reception is caused by conditions in the
"auroral zones", the regions where visible aurora is most
prevalent., In these zones there are nearly continuous mag-
netic and radlo disturbances, and the disturbances are much
more severée than in surrounding regions, These zones are
roughly circular, centered at latitude 7&°N, 65°W, and at
78°8, 111°E. The center line of eagh auroral zone is con-
sidered to have a radius of about 20°, and is considered to
extend, for purposes of radio transmission calculations,
about 10° on either side of the center line; see Figs. 76 and
77

S8ince the absorption of the energy of radlo waves is par-
ticularly severe in the auroral zones, and is thus not sym-
metrical about the geographic poles of the earth, the varia-
tion of alisorption 1n polar reglons is not directly a function
of local time, as was assumed in making up the absorption map
of Fig. 63, Thus an extra amount of absorption, in addition
to that provided for in the charts, is undergone by radio

waves traversing polar regions, and this absorption is-a
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functlon of geographic longitude, and not of local time., The
following considerations must therefore be allowed for, 1in
determining radio transmisgsion characteristics over any path
which lies even partly in polar regions:

(1) Transmissions over paths which lie, even in part, in
the auroral zones, are subject to a greater degree of irregu-
larity and erratic performance than are transmissions over
other paths.

(2) The absorptlon is very great, especlally during day-
light conditions in poler regions. As an example, stations
operating at less than 6000 kilocycles can not be heard dur-
ing daylight hours over any great distance in these reglions,

(3) Severe and prolonged lonosphere storms occur frequently,
often developing suddenly in the course of a few minutes,

They are menifested by greatly increased absorption, which
raises the lowest useful high frequency, and by a drop in

the ionization of the higher layers of the lonosphere, which
lowers the maximum uszble frequency. Thé result is the narrow-
ing or complete disappearance of the bands of useful frequen-
cies, It is not unusual for long-distance transmission to

be impossible on all high frequencies for a day or more at

a time, and to be erratic and only partially recovered on a
smgll portion of the frequency spectrum for as much as a week,
There have been Iinstances of ionospheric storminess lasting

almost continuously for a month,
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(4) Frequently also, in auroral zones during ionosphere
storms, there appears strong, widespread, and continuous in-
tense sporadic-E transmission lasting fof many hours, This
may conslderably improve radio reception in certain directions
and over some paths while 1t lasts, but there is no way of
predlicting it.

(5) During the polar winter night conditions (except during
ionosphere storms) good radio transmission may be expected up
to near the maximum usable frequency.

(6) Some paths which are similar except for direction seem
to display different propagation characteristics. For example,
from parts of Greenland, the European high-frequency stations
on gbout 9 to 15 megacycles are heard much better than United
States statlons at similar distances and frequencies., Also,
while transmissidn across the auroral zone between the United
States and Greenland 1s unfavorable for the broadcast fre-
ouencies, 550 to 1500 killocycles, United States stations on
these frequencies are received extremely well in northern
Canada and Greenland, during the winter night, Not enough
is yet known about the auroral zone to explain such effects
fully.

In view of the scarclity of quantitative data for the
polar regions, the following procedure is suggested in order
to ald in selectling freouencles for paths passing through

polar regions:
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(1) Determine the useful frequency band by the methods
given in this Handbook,

(2) When any part of the transmission path enters one of
the auroral zones, choose a frequency as high as possible in
the band, say 80% of the maximum usable frequency. (To go
higher would entall the danger of sklpping, due to day-to-day
variations).

(3) At times during severe 1dnosphere storms, there will
bé perliods when no high frequency will be useful over a path
in polar regions. At these times long-distance radio trans-
mission is impossible except on a low frequency, 100 kilo-

cycles or less,




L3
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APPENDIX. .
CALCULATION OF DISTANCE RANGES FOR ANY PATH OR TIME OF DAY

The discussion here 1s of a more advanced nature than
in other parts of the Handbook. As has been explained the
graphs, Figs. 1 to 62, give directly, without calculations,
the 1limits of distance and frequency between which radio
communicatlion 1s carried on, For distance, these limits
are the sklp distance and the dlstance range, and for fre-
quency the limits are the maximum usable frequency and the
lowest useful high frequency.

The graphs, Figs. 1 to 62, however, apply only to
reception at two latitudes and at a few values of local
time., This Appendix gives the means for calculating dis-
tance range or usable frequency for times of day or lati-
tudes of receiving station Which are not represented in
the graphs, and to a greater degree of precision than can
be obtained by interpolation between the values on the
graphs.

Short-Path Calculations.- For radio transmission

paths not over 2500 miles (4000 kilometers), the limits
of usable frequency may be calculated with sufficient ac-
curacy by the following procedure:

(1) To determine the maximum usable frequency for a path
of length d, multiply the maximum usable frequency, given

on the map of Fig. 63 at a point a distance é.d away from
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the receiver in the direction of the transmitter, by the

factor from the following table for the nearest value of 4:

d in miles factor d in miles factor
250 0638 1500 0.85
500 Ol Uk 1750 0432
750 0.55 2000 0¢98

1000 0467 2250 1.01
1250 0e77 2500 1,03

(2) The lowest useful high frequency may be estimated by
multiplying the maximum usable frequency calculated above

by the following factors:

Time of day Tactor
‘Low Medlum digh
power power power
Night (sunset to sunrise) 0.15 0.1 0,05
Sunrise to two hours
after sunrise 0.6 045 Ookt
Two hours before sunset )
to sunset 0.6 0.5 O.lt
Around midday 0a7 0.6 0e5

For paths in excess of 4000 km (2500 mi), the following
procedure may be used.

Absorption Calculations for Long Paths.- Fig, 64 is an

energy-absorption map of the world for the months of November
through February. The curves on this map are lines of equal
wave absorption in the ionosphere. These lines are such

that a wave crossing a given line undergoes at that pcint
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the sgme absorption per unit distance along the path no

matter where it crosses the line. The curves of equal
absorption are centered on the sub-solar point, i.e., the
place on the earth where the sun 1is directly Pverhead.

In the maln, they follow lines along which the sun 1is the

same height above the horlzon, since wave absorption 1is
directly related to the altitude of the sun., They depart
from this regularity, however, between latitudes 60° and

80°, north and south, because of extra absorption in the polar
regions,

The numbers on the curves are values of the "absorption
index" (k). This 1s the relative absorption that a radio
wave undergoes referred .o the absorption over the same
length of path at the sub-solar point. At the sub-solar
point the value of k 1s thus unity, and on the dark side
of the world it is usually zero.

This map, as well as other maps used in this Handbook,
is plotted on a rectangular diagram, with uniform scalqs of
latitude and longitude difference. This 1s similar to but
not the same as the conventlonal Mercator projection of the
world., (An actual map of the world on this projection, show-
ing the continents and land masses, 1s given in Fig, 75 for
the purpose of facllitating the determination of the rela-
tive locations of transmitters and receivers), The ordinates

of Figs. 63 and 6l are degrees of latitude, north and
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south of the equator. The abscissas are local times, rather
than degrees of longitude, because ionosphere characteristics
are functions chiefly of latitude and local time only. ¢hat
is, the lonosphere "follows the sun", and ionosphere charac-
teristics at a given latitude are avnproximately the same at
the same local time, anywhere in the world. The local times

stated are always local times at the receiving location.

Figs. 65 through 69 are meps on which are plotted greest
circles for various azimuths passing through receiving loca-
tlons at varlous latitudes., They are on semi-transparent
paper and are for use in conjunction with Figs, 63, 64, and 75.
They are to ald in determining the regions of the world through
which passes the trahsmission path to the recelving location
from any place in the world. The recelving location 1s at the
intersection of the line of latitude indicated in the title of
the Flgure, and the vertical center line of the map (longi-
tude di:ference 0°). The abscissa scale in these maps is the
difference in longitude between the transmitting and the re-
ceiving locations. The great-circle curves are for every 15°
of azimuth measured clockwise from north., They converge on the
recelving location and also at the antipodes (points at the op=-
posite latitude and longitude at the edges of the map). The
"closed curves cross the great circles at distance intervals of
1000 kilometere and are used to obtain distances along great-
circle paths. The great-cirele map for a receiving station at

a southern latitude 1is the same as that for the dorresponding

northern latitude turned upside down.
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In this Avoendix, distances are given in kilometers rather
than miles, as published values of lonosphere characteristics are
commonlyrin kilometers rather than miles. One mile = 1,6093
kilometers. There is another kind of mile called the "nautical
mile", used by nautical men. One nautical mile = 1.1516 miles
(sometimes called statute mile) = 1.8532 kilometers,

Suppose 1t 1s desired to transmit from any point A to a point
B on & frecuency f. Select the great-circle map for the latitude
nearest the latitude of B, Align the great-circle map upon the
absorption map (Fig. 64) in such a manner that the latitude
gcales coincide, and the zero longltude-difference line on the
great-circle map lies on the local time on the agbsorption map
which 1s the desired local time of reception at B.

Determine the distance from A to B by reference to the 1000-
kilometer Iintervals on the great-circle map. Estimate the gb-
sorption index k at the -middle of each 1000-kilometer interval
between A and B and average them, Multilply tﬁe distance between
transmitter and receiver (d) by the average absorption index k
to obtain the "absorption factor" (kd) for the path. From the
graph of "ahsorption constant" So glven in Fig,70 as a function
of frequency, determine the value of S, for the desired frequency
f, The "absorption constant" is the wave absorption in the iono-
sphere per unit length of path (1000 kilometers), for the wave
at the sub-solar point, and is the logarithm of the ratio of the
reflected to the incldent fleld intensity, for a wave travelling

1000 kilometers at the sub-solar point.
From the graph of the logarithm of the unabsorbed fieid
intensity (F,) given in Fig. 71, determine Fo for
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the distance 4 from A to B. The "unabsorbed field intensity"
is the field intensity that would be measured at a given
distance for a radiated power of 1 kilowatt if there were

no wave abeorption in the ionosphere. For frequencies

above abeut 3 Mc, this condition 1s aporoximately true at
night, and so the unabsorbed field intensity is about the
same as the actﬁal night field intensity for the same dis-
tance. Fo is the logarithm of the microvolts per meter for
1 kilowatt radiated power,

The logarithm of the field intensity (F) actually pre-
sent at B, in microvolts per meter for 1 killowatt radiated
at 4, 18 F=TF_ - 5 (kd).

The logarithm of the field intensity for any value of
radiated power 1s then obtained by adding to the value of
F calculated above,the logarithm of the radiated power in
kilowatts.,

Having now determined the actual value of F, the loga-
rithm of the fleld intensity at B, consult the graphs of
logarithmes of required field intensities given in Figs. 72,
73, and 74 for three different latitudes, for the months of
November through February. Values for other latitudes may
be estimated by interpolation. If F is equal to or greater
than the value required for reception at B, transmission
from A to B may be accomplished unless restricted by the

maximum usable frequency. The values of required field
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intensity given here are for radlo-telephone (phone) recep-
tion. For radio-telegraph (CW) reception the field inten-
sities required are only one-tenth as great (logarithm
values are 1 less than given by the curves).

The required field intenslties for May through August,
for any latitude, are the same as those for November through
February for the same latitude on the other side of the

equator,

Maximum Usable Frequency Calculations for Long Paths.~

To determine whether the frequency f selected for trans-
mlssion from A to B is less than the maximum usable fre-
quency (and so will be usable), align the great-circle
map used above upon the maximum usable frequency map of
Fig. 63. This map, for the months of November 1941
through February 1942, is drawn so that the maximum
usable frequency in megacycles for a wave orossing a
line at the midpoint of a 3500-kilometer hop is the same,
no matter where or in what direction it crosses the line,
This map is laid off in local time, rather than in
longitude,

Place the zero longitude-difference line of the great-
circle map on the local time at point B on the maximum-
usable-frequency map. Find the lowest maximum usable fre-
quency which the path from A to B encounters., If this

lowest value occurs at elther end of the path the maximum
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usable frequency for transmisslion over the path 1s the
value at a point 2000 kilometers from that end toward
the middle of the path, If the lowest value occurs
along the path somewhere, note the maxlimum usable fre-
quencies 1000 kilometerg on elther side of the lowest
point, The lower of these two values 1ls the maximum
usable frequency over the path from A to B,

The distance-range charts and usable-frequency maps
of Figs. 1 through 62 were obtained by making these cal-
culations for a great number of dlstances and frequencles,
The calculations were plotted as field-intensity curves

and from these the distance ranges were obtalned.
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(Powsas SHOWN ON CURVES ARE FOR PHONE TRANSMISSION.
Powers FOR CW TRANSMISSION ARE 0.0l AS GREAT.)
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FIG.16. Rapio DisTance RANGES.
Nov 1941 THROUGH FEB. 1942.

3

LATITUDE:40° N. 1200 LOCAL TIME. AZIMUTH: 270°

(Powers SHOWN ON CURVES ARE FOR PHONE TRANSMISSION.
PoweRS FOR CW TRANSMISSION ARE 0.01'AS GREAT.)
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FIG.I7 Rapio Distance RANGES.
Nov. 1941 THROUGH FEB. 1942.
LATITUDE: 40° N. 1600 LOCAL TIME. AZIMUTH: O°.

(Poweas SHOWN ON CURVES ARE FOR PHONE TRANSMISSION.
POWERS FOR CW TRANSMISSION ARE 0.01 AS GREAT.)
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FIG.18.. Rapio DisTaNnce RaNGES.
Nov. 194| THROUGH FEB. 1942.
LATITUDE:40° N. 1600 LOCAL TIME. AZIMUTH: 90°

(PoweRs SHOWN ON CURVES ARE FOR PHONE TRANSMISSION.
PoweRs FOR CW TRANSMISSION ARE 0.01 AS GREAT.)
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FIG.19. Rapio Distance RANGES.
Nov 194| THROUGH FEB. 1942.
LATITUDE:40° N. 1600 LOCAL TIME. AZIMUTH: 180° -

(POWERS SHOWN ON CURVES ARE FOR PHONE TRANSMIS SION.
Powers FOR CW TRANSMISSION ARE 0.0 AS GREAT.)
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FIG. 20. Rabio Distance RANGES.

Nov. 1941 THROUGH FEB. 1942.
LATITUDE:40° N. 1600 LOCAL TIME. AZIMUTH: 270°

(Powzas SHOWN ON CURVES ARE FOR PHONE TRANSMISSION.
Powers FOR CW TRANSMISSION ARE 0.0l AS GREAT.)
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FIG.2l. Raplo DisTance RaNGEsS.

Nov. 194 THROUGH FEB. 1942.

LATITUDE: 40° N. 2000 LOCAL TIME. AZIMUTH: 0",

(POWERS SHOWN ON CURVES ARE FOR PHONE TRANSMISSION.
Powers FOR CW TRANSMISSION ARE 0.0l AS GREAT.)
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FIG. 22. Rapio DisTance RANGES.

Nov. 194 |
LATITUDE: 40" N.

THROUGH FEB. 1942.
2000 LOCAL TIME.

AZIMUTH: 90,

(PoweRs SHOWN ON CURVES ARE FOR PHONE TRANSMISSION,
PoweRrs FOR CW TRANSMISSION ARE 00! AS GREAT.)
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FIG. 23. Rapio Distance RANGES.

Nov. 1941 THROUGH FEB. 1942.
LATITUDE: 40° N. 2000 LOCAL TIME. AZIMUTH: 180"

(PoweRs SHOWN ON CURVES ARE FOR PHONE TRANSMIS SION.
PowERS FOR CW TRANSMISSION ARE 0.01 AS GREAT.)
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FIG. 24. Rapio DistaNnce RANGES.

Nov. 1941 THROUGH FEB. 1942.
LATITUDE: 40° N. 2000 LOCAL TIME. AZIMUTH:270°

(PoweRs SHOWN ON CURVES ARE FOR PHONE TRANSMS SION,
PowERS FOR CW TRANSMISSION ARE 0.0l AS GREAT.) '
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FIG. 25. Rapio Distance RANGES.
Nov. 1941 THROUGH FEB. 1942,
LATITUDE: 0", 0000 LOCAL TIME. AZIMUTH: O°

(PowERs SHOWN ON CURVES ARE FOR PHONE TRANSMISSION.
Powers FOR CW TRANSMISSION ARE 0.0l AS GREAT.)
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" FIG. 26. Rapio Distance RANGES.
Nov. 194! THROUGH FEB. 1942.
LATITUDE: 0% 0000 LOCAL TIME. AZIMUTH: 90°

(Powaas SHOWN ON CURVES ARE FOR PHONE TRANSMISSION.
POWERS FOR CW TRANSMISSION ARE O.O! AS GREAT.)
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FIG. 27. Rapio Distance RANGES.

Nov. 1941 THROUGH FEB. 1942.
LATITUDE: O° 0000 LOCAL TIME. AZIMUTH: 180°

(Poweas SHOWN ON CURVES ARE FOR PHONE TRANSMISSION.
Powers FOR CW TRANSMISSION ARE 00! AS GREAT.)
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(Powcas SHOWN ON CURVES ARE FOR PHONE TRANSMISSION.
PoweRrs FOR CW TRANSMISSION ARE 0.0l AS GREAT.)
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FIG. 28. Rapio Distance RAaNGES.

THROUGH FEB. 1942.

AZIMUTH: 270°
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FIG. 29. Rapio DisTance RANGES.
Nov. 1941 THROUGH FEB. 1942.
LATITUDE: O 1200 LOCAL TIME.. AZIMUTH: 0"

(POWERS SHOWN ON CURVES ARE FOR PHONE TRANSMISSION,
PowERS FOR CW TRANSMISSION ARE O0.0! AS GREAT.)
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FIG.30. Rabpio Distance RANGES.

Nov. 1941 THROUGH FEB. 1942.
LATITUDE: O° 1200 LOCAL TIME. AZIMUTH: 90°

(Powzas SHOWN ON CURVES ARE FOR PHONE TRANSMISSION.
PowERS FOR CW TRANSMISSION ARE 0.0l AS GREAT.)
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F1G. 3l. Rapio Distance RANGES.
Nov. 194 THROUGH FEB. 1942.
LATITUDE:O° ~ 1200 LOCAL TIME. AZIMUTH: 180°

(Pow:ns SHOWN ON CURVES ARE FOR PHONE TRANSMIS SION.
PoweRrs FOR CW TRANSMISSION ARE 0.0l AS GREAT.)
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FIG.32. Rabpio DisTaNnce RANGES.
Nov. 1941 THROUGH FEB. 1942.
LATITUDE: O, 1200 LOCAL TIME. AZIMUTH: 270°

(Poweas SHOWN ON CURVES ARE FOR PHONE TRANSMISSION.
Powers FOR CW TRANSMISSION ARE 0.0l AS GREAT.)
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Fig. 76. Northern auroral zone. A is the north magnetic
axis pole; 3B is the nortn geographic pole.
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Fig. 77. GSouthern auroral zone. A is the south maznetic
axis polej 3 is the south geojzravhic pole.
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MAPS FOR USE IN CALCULATING DISTANCE RANGES
IN ACCORDANCE WITH PROCEDURES IN APPENDIX.

Fig. 63. Maximum-usable-frequency map.
Fig, 64, Absorption-index map.
Fig, 65. Great-circle map for 80°N,

. Fig. 66, Great-circle map for 60°N,
Fig. 67. Great-circle map for 4O°N,
Fig, 68, Great-circle map for 20°N,
Fig, 69, Great-circle map for equator.

Fig. 75. Actual map of the world on rectangular projection,

These maps are printed on semi-transparent
paper so that they can be seen through when
" placed over each other., BSee instructions in

Appendix,





