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P. 17: The equation of parsgraph 3 should read
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P. B2t In the example, third paragraph, the longitude given in line
5 should be "280W", 1In the same parsgraph, line 7 should
read "1100 GMT, 1lle at adout 0730 end 0910 local time,
respectively®.

P. 53t Second paragraph, last eentence! The report referred to is IRPL-RI,
p. 90: Line 2 should read: "only about 1/7%, etc.
p. 97: Bquation, next to last line, should read:
F=Fo-8, K& +FP
Pig. 9: The valueg of the gyro-frequency given are roughly 0,06 Me
too low, and eghould accordingly be ralsed when calcula-

tions are made,

Flg. 105: Velues of X So shown as curve paraneters should »e divided
by 10&

Filge. 121 through 125: Second sentence of legenda should read:
"For CW reception, field intensities required are 0.1k
as great, 1.e., decrespse logarithm w»y 0,85, %

Figs. 126 through 128: Values given as 0.5, §, 50, 500 kw on

auxiliary power-dlstance scale should ¥e O, U, 4O,
40O kw, respectively.



IRFL RADIO PROPAGATION HANDBOOK, PART 1,

.Note,- It is expected that this Part 1 will be followed by
other Parts later, Present tentative plans for these are given in
the Appendix on page 98. The suggestions of readers for the re-
vigion of Part 1 and the proparation of future FParts are invitesd
by the Interservice Radio Propegation Laboratory. It is expected
that the entire Handbook will eventually be issuved as a printed
book,

Sectiong I and II hereof give a general explanation of radio
propsgation with principal emphagis on the eky wave, which malkes
long=digtance tranemiseion possible, While it is helpful to the
user to have this background, he can skip this and proceed directly
to pages U7-K2, 79~8%, 91-35, and 95-37, to learn how to calculate
maximum usaeble frequencles, fleld intensity produced by a trane~
mitter, required field intensity, and lowest useful high frequencies
togethor with dlstance ranges, respectively.

The IRFL acknowledges valuable assistance:in the preparation
of thig book from materisl recelved from the Inter~Services lono-
sphere Buresu and National Physicsl Laboretery of England, the
Augtrelisn Kadio Propagation Committee, the Cenadien Naval Service,
the Carnegie Institution of Washington, and the National Bureau of
Standards,
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SECTION I, INTRODUCTION

1, Purpese of the Handbook

The purpose of this Yandbook is to provide a radic operater or
a radio cemmunicationg officer with a working kmowledgze of the prin-
ciples underlying the propsgetion of ‘redio waves from a transmitting
antenns to a receiving mntenns., This Handbook explaing hew the radio
- waves travel from the transmitting antenna to the receiving antenns,
and how they can be effectively utlilized irn spite of varying condi-
tions that occur in their travel. The purpose is also to give an
outline of methods for calculating the field intensity to be expected,
et any place in the werld, produced by g trsnsmitter in eny other
pert of the world, and for evelusating the results in terms of whether
the recelved Intensity ie great enough to be useful,

In general, radio wave propagation varies with time of day,
Eeason, phase of the sunspot cycle, and geogrephical location of
the tranemitter and receiver. On some frequencies, propagation is
less varisble than on others, and data may be given which sre valid,
within limite, for a long period of time, On other frequencies,
‘however, propasgation may vary widely with time, and so for these
frequencies only the general principles of calculstion can be
glven here, quantitative date belng included in monthly supplements
of predictions of radio transmission conditions.

- A& bagic knowledge of the fundamentals of radio is gssumed.
Thus it is presumed that the reader has some ides of what s redlo
wove ie ond how it ir generated, and that he is familiar with. such
terms as frequency, wavelength, power, field intensity, and poleri-
zation of the wave. J

2. Modes of Redio Propsgation

Section I of Part 1 is devoted to a genersl description of
radio wave propegation, There are two principel ways in which the
woves travel from transmitter to receiver: by meens of the gronnd
‘wsve, which travels directly from trensmitter to receiver, and by
mesns of the "sky weve, which travels up to the "ionosphere®, the
electricelly conducting leyers in the esrth's upver atmosphere, and
is reflected by them beck to earth. Long~distance transmission on
frequencles grester than about 300 kc takes place principally by
meana of the sky wave; short-distance transmission and transmission
on ultra~high frequencies takes rlace mainly by meens of the ground
* wave; trangmission on fregquencies below about 370 kc has somewhat
the nature of a "guided wave" belng propagated between two con-
ductors, the earth and the ionosphere,
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This section is en introdnction to radio sky-wave caleulstinng,
pnd explaing in deteil what the ioncaphere ie, and how it affects
‘high=frequency radio trensmission,

3. Ground-Yave Propagation

In Section I of Part 3 of this Handbook is described the
mechanism of ground-wsve propegation., There gre three genersl
clasges into vhich ground-wave propagation falls.

{2) Trensmission at medium and high fregueneies, where the heights
of the antennas above ground are usnally smell In comparlson to a
wevelength, The "surface wave" is the predominant component of the
ground wave at these freovencles. The electrical properties of the
ground are the most important fectors here.

(b)) Transmisslon at very high, ultra-high, and super-high fre-
quencles, where the antennas are usually a number of wavelengths
above the earth. The "direct wave", "ground-reflected weve", and
"tropospheric wave” are the predominant components of the ground
wave at these frequencles. Local metecrological conditions are
more importent in these rangee than sre the slectrical properties
of the ground, ’ " .

{c) Tronsmiesion above about 3 megacycles where ome or both of
the.antennas sre elevated a great number of wavelengths above the
ground (as for plane~to-plane or plane-to-ground communicetion),
The direct~ and ground-reflected wave components are ¢f principasl
importence here, gnd meteorological conditions play an important
role at the higher frequencies.

In this section graphs, nemogrems, and methods ere given for
calculating groundewave field intensities -and distance ranges for
frequencies up to about 30 megacycles.

ts Low-Frequency Fropsgation

In Section II of Part 3 is descrided the mechenism of nrorega—
tion of frequencies from 15 tao ebeut 300 ke between the concentric
conducting eurfaces of the lonosphere and the earth. The wavelengths
Involved st these frequencles are large compared with distences in '
the lonosphere, and so the ionosphere is reletively S5mooth and
stable, Consequently transclselon conditions vary only slowly
with time, &nd "phese-interference" patterns, consisting of regions
where the inteneity 1s very small compared with Iintensities a few

miges awey, are very pronounced et short distences (1000 miles or
SO.

Graphs, nomograms, and methods are siven for calculating low-
frequency fleld intensities, and descripiions arc given of diurnsl
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and sepsonal varistions snd the effects of ionosphere sbnormalities,
such as ionosrHere storms snd sndden lonogrhere disturbances.

5« Sky-Wgve Fromagation ét High Frequencies

Sky-weve transmission over a fixed distance 1s confined betwecn
two limite of frequency, the "meximum usabdle frequency" (m.u.f.) and
the "lowest useful high freguency" (l.uv.h.f.). Similerly, at a fixed
frequency, sky-wave transmission is corflined between two limits of |
distance, the "skip distance" and the "distance range". The limite
of frequency and distance within which eky-weve tranemission is pos-
sible depend upon time of day, season, and sunenot crcle, as woll
ab other factore. 2

The skip distance and the maximum ugable freguency sre nearly
independent of transmitter power, and are limited by the reflecting
properties of tne ionnsphere, which decrease abruptly for frequen—
cles above the maximumn usable. The distance renge and the lowest
ugefvl hizh freaquency, on the other hand, depend on trhnsmitter
power, radio nnlse level of the recelver, entenna characteristics,
.and operatorts skill, me well as upon ionospheric propertier,

Sections III and IV of Part 1 zive the principles of calcula-
tion of m,u.f., end of sky-wave field intensities, together with
gome general rough infermatior on rodlo nolise levels in different
parts of the world, Grasvhs, nomograms, snd methods ere given for.
calculating slty~wave pronagation cslculstions from basic date,
samples of which are attached. PBecsuse of the great veriation
of basic data with time, it is necessary to use up-to=-dete pre-
dicted material. This material 1s issued monthly by the Inter~
service Radio Propagation Laboretory st the National Buresu of
Stenderds in the form of supnlements to this lendbook.

Skr~wave field Intensitlss are in genreral grepter, the higher
the freourncy. It is therefore an edvantege to use as high a fre~
auency ss nossible, compatible with the m,u.fo The m.,u.f,, Lowever,
ie not cnnstant at the seme hour from day to day, but varies within
liriite of u» to + 20 percent from the monthly average. The best or
"optimum" frequency to use is thus somewhat below the average m.u.f.
Since & factor of safety is thus  introduced, it is permissible to
make certain simplificstions in the world-wide picturs for certein
spplications. Buch procedures are outlined in Part 2 of tiils Hand-
took, and short—-cut methods of caleculestion ere given for varilous
typee of probilem. One such generel probiem, for exsuple, is tiket
of frequency allocetior, discussed in Section III of Fart 2,
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6o’ The Transmission Path

The length, direction, and geogrephic location of the transmission
path are of fundemental importance in redio propagation calculations,
This is especinlly true for long-distance sky-wave calculations, since
the condition of the ionosphere at any time varies widely over the
world. Although trensmisalon is uenglly by way of the great-circle
path joining the trensmitter end receiver, it may on occasion take
place by paths which deviste somewhat from the great circle.

The basic problem ie that of determining the great-circle path
between transmitter and receiver, and of locating the places along
the path where the ionosphere controls the transmission, For
transmission paths less than 7500 miles in length the miu.f. 1is
determined by ionospheric conditionm at the midpoint of the path,
and a0 the latitude and local time of this midpoint are the most
important information. For transmission psths grester than 2800
miles in lerssh the m.u.f, is determined by the condition of the
ionosphere at two "control points" 1250 miles from each end of
the tronsmigsion path, and so the location and local time of thesge
points Are of importance for such trensmission psths. Methods for
these and other path calenlations sre given in Sections I to IV
of Part U,

7. Angles of Arrival end Depsriure

~ In designing equipment for specific communication purposes, it
is necessary to know how best to direct the waves emitted from the
transmlitting antenna so thet they will be as intense as posgible on
arrivel at the recelving antenna, For sky-wave communication over
great distances this involves knowing the verticel angle or the
probable range of vertical engles which will cover the degirved
transmiesgion diatance, by reflection from regular ionosphere layers,
For ultra~high-frequency comminicetion, it involves knowing how to
allow for tropospheric reflection or refraction, and the proper
combination of direct~ and ground-reflected wave comronents,

Furtheruore, transmission over long distences does not always
take place via the great-circle path, but there msay be arpreciable
and indeed great deviations therefrom, especially over paths in cer-
tain parts of the world, Both for the design of directional antennas
for point-to-point communication, and in practicel operstional use
of direction finders, 1t ils neceszary to “now about horizontal ,
angles of arrival and departure of the waves,

In Part 7 of this Handbook are given data and methods for
evaluation of vertical and horizontal angles of departure and ar-
rival, and discuesion of the deviations and varintions from the
normal, Applications to special problems, like distance estimation
end off-path transmission at frequencies greeter than the m.u,f.
along the greet-circle path, are mentioned,
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&, Reqpired Field Intensities

In order to interpret calculuted recelved fleld intensities in
terms of their usefulness for communicatlion, it ls necessary to know
the minimum value of field intensity regquired for rsception. This
ia a function primarily of the radlo noise level 2t the recelving
location, although the factors of antenna directivity and operator's
skill also enter in. The type of service desired (phone, CW, direc-
tion finding, ete.) also must be conscildered. :

At frequencies generally used for sky-wave communicstion, and
in some parts of the world at still higher frequencles, the radio
noise level at a good receiving location {vne free from man-made
noise} is due primarily to stmospheric electricsl disturbances, ’
propagated from their sources {mostly thunderstorms) to the re—
celver Jjust as radio waves ere propageted. . If the number, intensity,
and location of thunderstorms everywhere in the world are known at
any given time, then the radlc noise level anywhere ir the world
should be calculable, FPractlcally there is but a handful of prin~
cipal noise centers in the world., This simplifies the picture
somewhat.

Since the csleculstion of radio nolsg levels, on this basig,
ie itself & redioc propesetion problem, the methods outlined in the
rest of the Handbook for radio wavea can be applied to the propsge-
tion of the nolise emanating from the disturbasuce centers. In Sec—
tions V and VI of Part I sre given dote snd methods for performing
these caleulations and for deriving therefrom required field inten-
sitien for various types of service.

A discussion is mlso given of redlc set noilse and man-mads
electricel interference, both of which plsy important roles in cer-
tain locations (big cities, etc.), and for certain types of service
(mobile communication on u.h.f., etce

9, Transmission above L0 Me

Above 40 Mc, transmission is mostly by megns of the ground
wave, except for irregular perliods of sporadic-E transmission and
for short periode of F2—1ayer transmission in the middle of the day
gt synspot maximum. CGround-wave trensmission at these frequenciss
is markedly different in characteristics from that at lower free
quencies because:

{(a) The surface wave gives only & minor contribution tc the re-
celved fisld intensity,

(b) The antennas are usually elevated nt least several wavelengths
above the earth, ‘ '
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(¢) Refleetion and refrection in the lower atmosphere (up to a
fow thousend feet) is extremely important, becoming more so
sz the fregquency is ralsed. .

(4) line=of-sight transmission is often, but not alWays, the
moet reliable kind.

The reptricted distance range of the ground wave makes these frequenw
cleg useful wvhere it 1s desired to cover g limited aree and not be
.intercevted at great distances, Frequencies up to 100 Mc or so

must be used eantlougly, however, 1f it 1s desired to evoid inter—
ception, becauss there is denger, great at times, of sporadic trans-
nisglon over great dlstences,. .

In Far$é 5 grapbhe and nomogrems are given for opiical-path trans—
pission, and for surface-wave coverage, and atmospheric reflection
and refraction is diszcusssd. Bpeclal congidsration 1s.glven to nolse
lsvels at these high frequencles, and to transmiselon over sea water
gnd different types of ground.

i0, Badiation from Antennas

The fiald intenslty produced by & transmitter over & given trans-
" mission path at & glven time is proportional to the square root of

the rediated power (transmitter-output power times antenna efficiency).
Turthermore the fisld intensity over a glven path, for a given power
cutput and freguemey, may vary snormously depending upon the diree-
tional propertise of the tranemitting antenns., It 1s therefore im-
portant to know the smount end direction of the power radiated from
the antenna in ordsr %o celculate the field intensity at a distance.

Close %0 any antenng there is an "induction fleld", superposed
on the "radigtion field®, so that any object (such as a parssitic
reflector), placed close to the antenna, responds to the induction
as woll ag to the radiation TField, A4lso the sffective vertical
direotional pattern of an entennas 1s dlfferent for distances in~
volved for sky-wave traunsmisslon then it is near the antenna, be-
ceuse the purfsce wave decreases mors rapldly with distance than
does the space vave.

Part 7 glves the principles underlying radiation from an-
tennes and gives methods for sastimating the surface and space waves
at various distences from the antennss and in various directionsa
An elemsntary diseugsion of directiomsl arreys 1s also given.

11, Serviceg of the Interservice Badio Fropagation Laboratory

The Interservice Radio Propagation Laboratory, at the Natlonal
Bureau of Stenderds, Washington, D.C., has been set up for the gpe=
cific purpose of centraliszing radlo wave propagation data and of
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digseminating guch inforumation to the armed forces, The facilitiea:
‘of the IRFL ars avallable, upon dirsct request through au*thorized
channela, for the solution of any type of radlo wave propagetion
problem, on either o special or regular basis, IExemples of special
problems of this type would he:

(2) Selection of locations and frequencies for new commanications
pervices, point-to=peint or in specific areas.

(b) Recommendations of best frequencies for operations in specific
aress at specific times in the near futuraa

(¢) Survey of frequencies alloceted for gpecific services, with
recommendations for improvements.

(&) Eptimates ofldistanca ranges of communication eguipment in
specific parte of the world. .

(e);Specificiopinﬂans on various phases of radio wave propegation,
both theoreticml and empiricel.

(f) Aesigtance in setPing'up schedules for brosdcasis or communi-
cation,.

(g) Estimsteg of the grade or quality of radio trenemission om
specific daye, including forecasts or werninge of radio disturbance
e dey or more in advence,

(h) Recommendations of types of équipment (frequency ranze and
power) for specific communications needs,

(1) Any problem requiring knowledge of ionogpheric data in various
perts of the world, esge, & distance=range estimation problem, or
one involving vertical angles of arrival.

Examples of regular services of a specific nature are:

(a) Monthly predictions of best frequencies or best of assigned
frequencies for point=to-point services, for eamch hour of the day.

(®) Regular predictions of m.u.f. for various distences in
gspacific aress.

(c) Regular reports of up=to-the-minute ionospheric deta to
serve as corrections to previous predictions,

(4) Regular warnings or forecasts of radio disturbances,

(e) Reguler predictions of frequencies to be monitored for interw
cept work {monthly average for each hour of the day).



" =10w

(f) Regular predictions of best frequencies for mobile unit-base
cormunication in any area (monthly average for each hour of the day).

{g) Regulsr predictions of frequencles for use on regular shipning
or alr lenes for comminication with post or base.

(h) Any problem involving regular reports on best frequencies,
field intensities or distance ranges for specific services. .

The predictions are availeble in grephicsl, tabular, and nomographic
forma It is suggested that those degiring regular reports for
specific paths or aress consult with the IRPL to determine the

best form for thelr individual use.

The IFPL igseues regularly at present several series of pam~
phlets covering both general and specific problens, '

{a) IRPL series &, "Tables of recommended frequency bands for use by
ghips or aireraft for communication with bases in the
Atlantic and Pocific.' Iscued every three months for
three months ahead, )

(v) IRPL series B, "Tables of recommended f}equency bands for use
by esubmarines for communication with beses in the Pacific.®
Issued every three months for three months aheand,

(c) IRPL seriss H, "Prequency guide for operating personnel," Ig-
sued every six monthe for six months ghead,.

{d) IRPL series K, "Tebles of best freousncies for use by ground sta-
tions for communication with aircraft or other ground sta-

tions in the Atlantic," Issued every three months for
three months ahead.

(e) "Radio propsgation conditions". Monthly supplement to this Handbook,

(£) "Redioc propasgation forecest". Issued each week.

12, Obteining Informetion from the IRFL

The authorized channels for esubmission of probleme to the IRFL
are:

(&) Por the Army: - )
Office of the Chief Signal Officer,
Communicetions Lirison Branch,

Room 3D243, Pentagon Bldg.,
Washington, D,C,
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(b) For the Navy:
Chief, Radio Bection,
Buresn of Aeroneutice,
Navy Department,
Washington, D,C.

(e) For all others:
Oheirman, Wave Propagation Committea,
Combined Gommunications Board,
Washington, D.C.,

or

Chief, Interservice Radio Propagﬁtion Lagboratory,:
Hational Bureau of Standards,
¥Yashington, DL,

SECTION II, ERADIO WATE PROPAGATION

~

1, Genarsl

The rsdio waves which are emitted from s transmitting anteana
are both electric and magrnetic in nature, and are therofore called
electromegnetic waves, The elternating electric field produces a
similarly alternating magnetic fileld, and thie elternasting magnetic
field gives rise to an alterneting electric field, snd the whole
structure propagates itself through space at the speed of light,
{(Light, in fact, conaigts of electromagnetic waves of extremely
high frequencies)e In this Hendbook the electric field alone will
usually be deslt with, so that whsan fleld intensity is mentioned,
for example, the electric field intensity is meent, It muset de
remembered, however, that both electric and magretic fields axiet
together and that neither the slectric nor the magnetic field of
8 redio wave can exist alone. )

Practical limitations on the size of a radlo antenna result in
very little power being radieted gt frequencies less than 15,000
¢yclas per second, so only frequencles greater than thet are used
in radio communication, The frequencies used in radio e¢ommunication
are clessifled er follows!
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Frequency Bange Nature of Range . Abbreviation
Below 30 ke Vory low frequencies VLF
30-300 ke Low fremencies - 1P
3003000 ke Medium freguencies MF
3000~30 000 ke High frequencies EF
30~300 He Very high frequencies VHEF
300~3000 Mc Wtra high frequencies U
3000=30 OO0 Mo Supsr high fragqusncies SHY

This 1s the official classification of rmdio waves, as approved by
the Combined Communications Board.

2. Modes of Propsgation

There are two principal ways in which radlo waves travel from
transmitter to receiver; by means of the "ground wave®, which travels
direstly from transmitter to receiver, and by meense of the "sky
vave®, which trevele up to the electrically conducting layere in

. the earth's upper atmogphere, called the "lonosphere", and is
reflected by them Yack to earth. long-distence redic transmisclon
tekes place mainly by memns of the sky waves; short—distance trans-
migsion and nltre~high frequency transmigslon take place nainly
by momne of the ground wave. The propagation of the ground wave
ig determined principelly by the electric charescteristics of the
ground (eoil or mea):;it is different in different places, but rew:
meins practically congtont with time. Sky-wave propagstion, on
the other hand, is very variadle, since the state of the upper
atmogphere 'is alwaye changing. Transmission by meens of gky
wavee varies with time, plece, and direction of transmission.

The electric intensity of e received radic wave varies ns ths
square root of the power radlated. The intensity of & direct wave
in free space varies inversely as the distance from the source, '
The ground-wave intensity is less, the greater the distance, the
poorer the conductivity of the ground, and the higher the freaquency.
Excopt very neer the transmitting antenna, it is much less than the
intensity which would be due to the direct wave in free spece at the
seme distance from the same transmitting antenns, The slky wave hes
to travel gll the way up to the ionosphere and down agein, and so
1s reduced in intensity at least azs mch es a direct wave would be
which traveled an equivalent distonce, There is frequently, howw
ever, relatively little energy ebsorption in the ionosphere, ®me
sky=wave intensities are commonly strong enough for communication
at great distances.
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Most redio waves are long enough to be provegated around.small
obstacles and gertle curves, such as that of the earthls surfeace,
with little obstruction. At very high frequencles, however, the
wavelength is short and the effect of obstacles In producing a
Yghadow! 1s pronounced,

3. The Ground Wave

The waves radisted from an antenns spread out into the atmos-
phere, along the earth, snd slsc inte the earth, Beceuse of the
condu:ting properties of the earth some of the energy ie reflected
from the earth's surface, and the part which enters the earth is
rapldiy dissipated in the form of heat, Ths waves which spreasd
dut along the earth and into the atmosphere travel to the receiver
end provide radio communication,

. The wave which 18 received in the sbsence of. a "sky wave' is
generslly known as the "ground weve", fThe field intensity of the
ground wave depends in a complex manner upon the geometry of the
transwinslon path and of the tranemitting and receiving antennas,
upon the diffrection of the waves around the earth, upon the .elec-
trical charascteristice (conductivity and dislectrie constant) of the
local terrain, upen the frequency of the weves, and alao upon local
meteorplogical conditlons, suck as the dlstribution of the water—
vapor content of the atmosphere along the path. Most of the re-
ceived ground-wave field intensgity cen usually be eccounted for in
terms of one or more of the above-«listed factors. Where the ground
wave cen be coneidered as due predominently to one or more ¢f the
factors separately, 1t may receive a speclal name such as "direct
wave®, "ground-reflected wave", "surface or diffracted wave", and
"tropospheric wave',

The direct-wave component is the weve which travels most
directly from the transmitting antenns to the receiving esntenna.
In the casge of commurication between airplanes, say, et heights' of
seversl thousand feet end over distences of a few miles, thie 1s
the principal mode of trensmission. The electric field intensity in
a direct wave .varies inversely as the distance of transmission;
this is called the "inverse-digtance! attenuetion, and is caused
by the spreeding out of the waves, wherebdy the energy in a unit .
volums of space is less, the farther away the volume 1s from the
source, The dlrect-wave component ig not affected by the ground,
or the earth’s surfsce, but it is subject to refraction in the at~
mosphere between the transmitter and the receiver, This refrsction
is particulerly importent at very high frequenciles.

The ground~reflected weve component, as its neme implieg, is the
vave which resches the recelver after being reflected from the ground.
For communication between planes lower then a few thousand feet and
separated by several milsg the ground-reflected wave takes on an ime
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portence comparable to the direct weve for communication. The phase
of the wave is altered upon reflection from the ground, The combinae-
tion of the direct with the ground-reflected wave 1sg affected by
their relative phase, ms well as their amplitude.

The so-called "gurface® or diffracted wave iz the wave whick isg
affected primarily by the conductivity and dieleéctric constant of
the sarth, and is able to follow the earth's curvature. When both
trapsmitting snd recelving -antennas sre on or close to the ground,
the direct and ground-reflected waves cancel out, and the entire
field intensity ia that of the surface wave. The surface wave is,
howevar, not confined to the earth's gurface, but extends up to
considerable heights, diminishing with increasing height, .Energy
is constantly fed into the earth from the surface wave, to supply
the ensrgy dissipated in the ground, When the transmission dip-
tance is appreciadly greater than line~of-gight transmission, the
surface wave, in the absence of & tropoaphere wave, constitutes the
entire fleld, The effect of ordinary refraction in ths layers of
the atmosphere cloge to the earth's surface contributes to this
veve also, This refraction is caused by the normal vertical change
of atmospheric density and moisture content,

Al

The tropoephere wave component is the wave which is refracted
or reflected primarily from relatively steep gradients in atmos-
pheric mmidity ‘and possibly also from steep gradients in atmos-

"pheric density and temperature. Its phase is more or less random
11th respect to the other components of the ground wave, and it is
regpongible for (1) fading of the ground wave beyond the optical
horizon, and (2) abnormal, and sometimes great increases in ground—
wave flald intensity at distances far beyond the normal ground~weve
range, This effect 18 similar to e mirege, which is simpilerly
epused by refraction of light from stmospheric gradlents.

The electricel properties of the underlying terrain which de-
termine the loss of ground-wave field intensity vary bhut little
with time, so that "ground-wave" transmission has relatively
stable characteristics, An exception to this may be found in locali-
ties where there are distinct "wet! and "dry" seasons, and where the
ground characteristics may thus be markedly different in different
seasone. '

In general, waves of low fregquencies ere transmitted by the
ground wave with less energy loss than are high frequencles, At
low and medium frequencies, the conduotivity of the underlylng ter-

-rain is more important than the dielectric conetant; the decrease
of field intensity 1s less over soll of high conduetivity, The
condustivity of sea water is approximatsly 5000 times as great as
that for dry soil, EHence groundwwave transmission over sea water
1s far supsrior to that over land., If the path between transmitter
and receiver lies principally over water, it is adventageous to
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have the tranamitting station located as close to the waterfs edge
as precticable; the loss in fleld intensity ceused by removal of the
trensmitter from such a location to a distence as little as a mile
inland 18 quite appreciable.

At high frequencies (above 3000 kc) the dielectric constant
playe a greater role in the decrease of ground-wave field intensity
with distance, and beccmes the chief factor at very high frequencles,

For frequencles higher then atcut 30,000 k¢ the transmitting
antenna ls usually several wavelengths sbove the ground, and the de~
creage of fleld intensity with distance 1z much more rapld than for
lower frequencless The fleld intenslty varles roughly inversely as
the square of the distence, The comblnation of direct and ground-
reflected waves, from antennas at helghte of a wavelength or more
above the earth's surface, 1s responsidle in part for this,

&g wlll bYe mentioned later, frequenclee above about 4o Me are
in general unsnltable for communicatlon over great distancees, and
on these freguencles only ground-wave transmission 1g rellable,
The surface wave component becomes less and less lmportant as the
frequency 1s raised, und the direct snd ground-reflected wave come
ponents assume the predominant role. It should be noted that
whereag the distance range of the ground wave at low frequencles
can be effectively incfeesed by incressing the radisted power, the
distance range st frequencies of sbout 30 Mc and higher can be
effectively increased only by increasing the heights of the trans-
mitting end receiving antennas.

The ground wave is essentlally vertically polarized at appre-
ciable distances from the antenna. This ig caused by the cancella=
tlon of direct with ground-reflected weve components &t low angles
for horizontslly polarized waves. and also by the relatively
greater attenuation of a horlzontally polarized surfece weve
component a&s compared with that of e vertically polarized surface
wave componente

L, Propagation in the Atmosphere

The stmosphere has, in general, lees conductivity than the earth,
tut itg conduetivity is far from negligible. Conductivity of the ate
mogphere 1s due to the presence of electrically charged particles of
matter, called tonss These particles are produced chiefly by solar
radlation, which separates such electrically charged particles from
the atoms of matter comprising the atmosphere, At very great heights
there are only a few such ions per unit of volume, since the atmogm
phere there is very thin and there 1s little matter present to absord
the raediation and become ionized., At low levels, below about 30
miles above the earth, there is a great amount of air present, but
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the powsrful ultraviolet solar radiation hae been mostly absorbed,
end there are few ions because there 1s not much radiation left to
produce them. At helghts between 60 and 200 milec above the earthls
surfece, there occur reglone where the density of ionization is
great. This 1s becouse (1) these reglons have enough matter to
produce sufficient ions, (2) the concentration and degree of ioni-
zation of the oxygen.and nitrogen in the earth's stmosphere there
are such ag to ahsorb the lonlzing rediation particularly well,

end (3) the solar radiation has suffered liitle absorption before
rveaching such ‘levels,

Ivns mey be positive or negative in electrical cherge, and of
different gizes; the small negetively charged particles called elec-
tro.s are the most importent in affeeting the behavior of radio
waves, becaunss of their small mass snd the corresponding ease with
which they can bs set in motion,

When en electromagnetic wave encountsrs an electron, some of the
energy of the wave 1s ebsorbed by the alectron, and the electron 1isg
get into mechanical vibration by the wave. Part of the energy thus
gbsorbed is disslpated when the electron hits nearby air particles,
but the rest ls reramdiated by the electron, The slight lose of
time involved in this process tends to siow down the speed of propa~
gation of glectromegnetlic energy treveling in matter. 4Actually,
howevey, the wave itself ls speeded up and 1s traveling faster then
in frse spece. The reason for this 1s thet the electron possesaes
a certaln amount of inertla, and therefore does not reradiate the
wave 1in phase with the wave incident upon ity but rather adysnces
1% part of & cycle, The velocity with which the wave ltgelf is
propegated 1s called the "phase velocity". The velocity with which
the enargy is prupsgated 1s called the "group velocity*. The en~
velope of modulation of a radlo wave travels with the group veloclty;
the propegation of the individuel weves, however, determines where
the group is to go. The waves may be consldered as merely comsti-
puting & gulde, and telling the energy, which travels at a different
velocity, where to go, '

The effect of inerecase in wspeed of the waves ies to change the
direction in which they travel as they pass through the ionized
vogion, The manner in which this occurs is illustrated in Fig., 1,
Aach point along a wave front may be regerded as an individual
gource of electromegnetic waves (Huygens! principle). If ws cone
sider a wave sufficlently distant from its originel source so that
the wave front mey be regarded as plane, and the direction of travel
a5 perpendicular to that plene, as in Fig. 1A, the individual
point sources, a, b, ¢, etc., may be regerded as sending out in=-
dlvidupl wsves, Theee are represented by the small semicircles,
which indicate positione having the same stage of the alternntion
(eousl "vhase"). At the sidee of these individual weves, 1, m, n,
0, ete,, where they encounter ecach other, one will cancel the afé
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fect of the other, if they are equal in atrength, eince they are moving
oppositely. The total effect ls the propagation of the wave forward,
vwhere there 1ls no such interference,

If, however, some of these individual waves were sd®anced part of
an alternation over the others, there would not be total cancellation
of their effects in the same places, and the wave front would change
direction., This is shown in Fig, 1B, %The constant advencement of
wave form a2 the waves enter the lonlzed region is effectively the
same ag if they moved at greater speed, as far as their interferencs
with other weves is concerned. The individusl wave fronts, which,
combined, mplke up the total wave front, are thus seen to lie so as
to cause the resultaent wave front to move in a direction away from
the perpsndicular to the surface separsting the lonlzed medlum
from the non-ionized space, & wave front bent in this menner
ts -sald to bs refracted,

The ratio of the sine of the =mgle of imcidence to the sine
of tha angle of refraction depends upon the mumber of electrone
por unit volume in the ionized medium and upon the freguency of
the elactromegnetic waves, This ratio is equal to the refractive
index of the ionized medium (Snell's lew), If N 1z the number of
electrons per cuble centimeter, £ the frequency of alternstion in
ke, and pn the refractive index, 1t may be easily shown that

This neglects the effeet of the earth's magnetic fleld: if thig
field is conesldered,the expression for m ig much more complex,

The earth's magnetic fleld, in combination with the slectromag-
netic mlternations of the radlo weve, hds a very interesting effect
on the reradiation of the wave by an electron. Instead of simply
vibrating back and forth with the applied force of the wave, the
electron is piilled out of ling by the earth's magnetic fleld, pro-
portionally to the speed it possesses while vibrating. This is be~ -
cause the moving electrical charge of the electron is equivalent
to an electrical current; the current 1s proporticnal to the rate
of mation of the charge. The speed being greatest at the center of
its path of vidration, the electron 1s caused to move in a small
elliptical path,

At high frequencleg the electron has not enough time in which
to attain great speed, so that the effect of the earth's magnetic
field is only slight. As the frequency is lowered, the speed in-
creassee and the electron's elliptical path becomes larger. The
field rersdiated from the electron, therefore, is affected by the
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electron's behavior in the earth's magnetic fileld, and this effect
is greeter the lower the frequency. '

Actuslly, a plene polarized wave incident upon the ilonosphere
is eplit info two oppositely rotating elliptically polarized com~
porents, the one rotating to the lef't being known es the ordinary
wave, and the one rotating to the right as the extraordinary wave.
The physleal explanation of this ls that the electron in its com-
plicated motion, radistes a wave which can be regarded as made up of
two waves, ons of whieh travels fmeter than the other, and has a
different but a definite state of polarization., The refractive
indexes of the lonized medium for the two kinds of waves are dif-
ferent and so their propagation characteristics are diffarent,
botk as to veloclty and absorption, When the two component waves
emarge from the ionlzed medlum sgaln, they comblne, no longer as &
pleans polarized wave but sg & single ellinticelly polariged wave
of characteristic smplitude, phase, and orlentation of axes.

- |

Due to a resonance effect, the extraordinary wave 1s absorbed
to » great extent 1f thse frequency 1s near the so-colled *gyro-
fraquency” whieh has the nature of a frequency of precezslon for
elsotrone in the sarth's magnetic field. This frequency 1s about
14 Mo, Nemr this frequency the direction of the electron which
ie driven by the radlo wave changes Just as the direction of the
elestrical force 1n the wave scting on 1t reverses, snd thé path
of the electron becomes & spiral in which the electronts speed
builds up indefinitely, so0 that & great deal of energy 1s taken
from the incldent radlo wave, and very little of 1t rersdlated.

He Reflection from the Jonosphere

So far in thlg discussion a sharply deflned boundary hag been
espumed between the ionized and the nonwioniged reglons. This is,
however, not the cese in the lonosphere, for the number of electrons
per unit volume increeses gradually with distance of penetration,
According to Snell's law, mentioned ebove, the sine of the angle
of incidence (¢o) of the wavee upon the lonogphere 1s always equal
to the product of the refractive index (J) and the sine of the
engle of refrection ¢ at any point, Expreseed mathematically,

F51n¢=éin¢° .

Ag the wnves penetrate farther and farther into the loncsphere N -
beocomes greater and therefore n becomes smaller. Sipce ¢o is conw
‘gtant thie means that § must become greater, i.e., the waves are
bent farther and farther from the vertical, until finally, at e
eriticel valus of p equal to sin @, the weves are traveling hori-
zontally.
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At thig ingtant the portlon of the wave front which l1s traveling
in the reglon of greater density {the higher region) is traveling
faster than that part which 1z traveling in the lower region, of
Jower electron density, The wave 1lg therefore bsnt downwaerd and
eventually is deflected back egain into the non-iocnized medium.

The smallest value of u encountered by the wave 1s the value

n = sin ¢Qﬂ The electron denslty corresponding to thls value 1s

£< 2
N= &y coe fig
The frequency f, at angle of inmcldsnse D,, ig thus raflected from a
region of mlectron density N = 0,0124% £2 coe? .

If & wave 1g sent lato the Lonosphere at nommsl incidence {por-
pendieular to the lonosphere), @, = 0, and the wave is reflected
from & isvel where the electron dﬂnsity 1s N & 0.012% £2, where f
ig in kilocycles end N is the number of electrons per cubic centiw
meter. It follows that a wave of froguenny £ gec ¢0 does not need,
for raflaetinn at an Bngle of incldence ﬁ any greater electron
dengity than does a wave of frequency f a normai ineldence, If
there s a maximum value of N reached somewhars in the loncaphere,
then higher frequency waves will be reflected at oblique incidence
than at nermal inéldence.

The two components of the wave present when the earth's meg-
netic field ig considered require somewhat different electron den-
sities for reflection. At normal incidence the electron density re-
giired for reflection of the ordinary wave is indepsndent of the
earth’s magnetie fleld, but this is not the case for the extra-
ordinary wave, nor for the ordinary wave at other angles of lp-
cldence, If £, is the frequency of the extraordinary wave, and T,
that of the ordinary weve, reflected at @ level where the electron
density is N, and if fy = eH/2mw me,  ths "gyro-frequency", where
K ig the intensity of the earthls mognetic fleld in gauss and ¢
ie the veloelty of light, then st ncrmal incldence!

.O_ x .
f2«f(ij: £

6, Sky=-Wave Tronsmission

Por ordinary values of power radisted from an anténna, trang-
nission of & signal over very great distances is only practicable
by the sky wave refracted back to earth from the conducting layers
in the upper atmosphere. This is becmuse the loes in field intensity
ig far less for this method of transmlzsion than for a direct path
to the receiving mtation, and so thiy wave generally predominates
for ell except ghort distancss, for frequencles between ebout 300
ke end an upper limit which varles at different. times from 2000 ke
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to as much as 100,000 kc. Because of the wide veriations in the sky
wave caused by the ionosphere, it is necessary to know the ionigzation
characterigtices of the earth's atmosphere in order to explain or pre-
dict long-distance radio trensmission charecterigtics.

At frequencieg of 100 ke and below, and especismlly between 15 and
50 kc, radio transmission over long distances takes plece by 5 com=
bination of sky weve and ground wave, At such low frequencies the
two components are not readily dlgtingulshaeble, as they are at the
highar frequencies, between 1000 and 50,000 ke, say. FPropagation
at low frequencies has the nsture of a wave guided between two con=
duoters, the earth and the conducting leyers in the atmosvhers,
rather then the combination of two separate waves, the ground wave
and the sky wave. Propazation at frequencles of about 100 to 300
ke or so ls not easy to describe, since theese frequencies mark the
trangition between gulded-wave propagation, where the distance be-
twoen ground snd conducting atmospheric layer ig but a few wave-
lengthy, and skye-ground-weve propegetior, where the distance is
greater than seversl hundred wavelengths.

The sky wave, which travels outward. toward the upper atmosplere,
sufferg comparatively little loss or deviation from & straight line
untll 4% reaches the conducting layers, where there'are many free
elsctrons, These laysrs lie at heights of from 60 to 200 miles
above the earth's surface, If there is sufficient ionization (a
great enongh number of free electrons) at these heights, and if too
mach of the wave'!s energy has not been absorbed at the levels im-
medistely below, dus to collisions of electrons with molecules of
air, tho wave is refracted or bent arcund 80 &s to return to earth
again, perhaps at great digtances from the emitting antenna.

The distance at which the wave returns to the earth depends
upon the height of the ionized leyer snd the amount of bending of
the path whlle traversing the layer, the latter depending on the
frequancy of the wave., Upon return to the earthls surface, part of
the ensrgy enters the earth, to be repidly dlissipated, but part is
reflected hack into the atmosphere again, where 1t may travel upward
to the ilonized layera, as before, and be refracted downward agaln
at g atlll greater distance from the transmitter, This mode of
travel in hops, by alternate reflections from the lonosphere and
from the earth's surface, mer continus indefinitely, and may enable
meseages tO be received at enormous distances from the transmitier,
Fige, 2 and 3 illustrate this mode of travel for paths involving
one and two reflections from the ionosphere (single-and double-
hop transmiseion),

The paths shown here illustrate three of the many possible
pathe of radlo waves from a transmitter to & receilver as trans~
mitted by reflection from the electrically conducting layers in
the atmogphere. This plcture, slmple as it is, does in fact rep=



regent the baslc mechanism of long~distance high-~fregquency radio
transmisg¢lon, When the varistions of Innization and heights of the
layers with time end the effects of the lonlzation upon the fleld
Intengity and the limits of useful frequency at a particular tlme
are teken into congiderstion; the plcture loses 1te eimplicity.
Almost all longwdlstance high-frequency radio trensmission is, how=
aver, explainable and predicteble in terms of the behavior of the
conducting layers of the earth's upper atmosphere.

Ia general, radio waves are radlated st all vertical angles
from ths trenemitting antenna. For a frequency ebove a certain
limit {&bout 5 to 10 Mc by day, 2 to 5 Mc by night) there is e
certsin eritical angle, sbove which the waves pees all the way
through the lonosgphere and are nct reflected back to earth. The
distance corresponding to this ceritical angle and a glven layer
height 1s the minimum distance from the transmltter at which the
sky wave of the glven fregquency will return to earth, This dig=
tence is called the "skip dimtance” for the given frequency, since
the eity wave skips over all points closer to the tramsmitter,
Correspondingly, the given freguency is the '"maximum usable fre—
gnency?, sbbreviated m,u.f., for the distance, because waves. of
higher fraguencies wlll not be returned to earth at that distance.
Tha relation between m,u.f., and skip distance is therefore thats

The meou.fe fOr a given digtance 1lg the frequenqx for which
that distance is the gkip distence,

When the skip distance’is zern, the aky wave will return to
earth near the transmitting location, and both the sky wave and the
ground wave may heve nearly the same fleld intenslty, but e rendom
relative phase. When this occurs,the ficld of the sky wave successive~ .
ly reinforces and cancels that of the ground wave, causing eevere
Wfading' of the signal. When the skip distance 1s great enough so
that the ground-wave fleld intensity is too gmall to detect mt th.t
dlstence, therse is-a reglon, between the limiting range for the
ground wave and the skip dlstence, within which ns signal can be
heard, This reglon 1o known as the "skip zone". The limits of the
skip zone depend on frequency, eince both the ekip distance and the
rets of weakening of the. ground wave with distance depend on fre-
AUeNCYs

Bayond a certaeln distance from a gilven trenemitter on e given
frequency, the woves are too wesk for rellable communication, This
is & result of the weaskenlng of the waves with distarce, due both
to the spreading out of the waves and to the absorption of the
waves' energy as they travel alomg, This limiting distance 1s
known ag the "distance range' for the glven frequency and trans-
mitter power, The ebeorption of redlo wsves in the ionosphere 1s
greater, the lower the 'frequency, and so sky waves of frequancles
lower than the glven frequency wlll not be strong enough to datect



@t the distance mentioned, The given fregquency is therefore celled
the "loweet useful high frequency" for the distsnce and power (ab-
breviated leu.hofs)e The relation betwesn the l,u.h.f. and the dis-
tance range 1iai

The ls.uzh,f. for a given distance and transmitter power is the
frequency at which that dlstance ls the distance range for the glven

POWers

The path whic¢h the radlo waves normally traverse in traveling
from the transmitter to the recelver lies in the plane passing
through the center of the earth and the trensmitting and recelving
pointe, 7The intersection of thls plane with the surface of the
earth is the "great-circle" path between trensmitting and receiving
points, Hadlo~wgve transmisslon pathe which lie in this plane are
generally, for brevity, elso cslled great-circle paths, Frequently,
however, waves do not follow paths confined to this plane, and this
is called ¥off-path transmisalon®.

7

The geozraphiecal part of the lonosphere whieh controls sky-
ware propagation is the portion of the ionosphera traversed by the
waves in traveling from transmitter to recelver., For gingle~hop
trangmigsion, this portion 1s a region centered about the midpoint .
of the great-cirele path; for multihop transmission that part of the
fonosphere lying betwoen the first and last reflection points on the
transmisgion path affects the propagation of the waves.

Waves can follow either the major are or the minor arc of the
greéat-circle path between transmitter and receiver., The two types
of transmission are celled "long-path" and "short-path" transmission,
respec tivaly,

7o Summary: Oversll Plcture of Radio Transmission

Thy overall plcture of radio transmission om frequencies greater
than about 1000 ke 1s this: There s a ground weve extending to
ghort digtances about the transmitting antenna; the higher the fre~
quency and the poorer the ground, the shorter the distance., Beyond
this renge and on frequencies greater than a certein limit (the
maximum neable frequency), there is a zone of silence where no glgnal
can be heard. At the skip distence, the slgnal ruddenly comes in
very gtrongly: ae the dletance is stlll further increased the inten-
sity fallus off until beyond the "distance range" it can no longer
be used for communication. The gky wave 1s weaker, the lower tha
frequency, the longer the dlgtance of tranemission, and the more
sunlight there is over the path, The maximum usable frequency is
graater, the longer the distence (up to 250C miles), and the more
sunlight there is over the path. Thum the best frequency to use
for comrunication over more than a few hundred mlles is greater
during the day than at night, and greater the longer the distance.



~  Por any dlstence beyond the ground-weve distance renge, there
is a band of ugeful frequencies, bounded on the one hand by the
lowest useful high freguency (lsu,h.f.) and on the other by the
maximum usable frequency (meu.f.). The l.u.h.fe is limited by the
ebsorption, and the msu.f. is limited by the ionization, - Corres-
pondingly, for any frequency for which the skip distance 1s not
zero there is & range of useful dlstances bounded on the one hend
by the gkip distence and on the other hand by the dlstance range.
The distance renge ig limited by the absorption, and the skip
dlstance by the lonlzmstion,

At Frequencles below 2000 ke there 1z generally no skip distance.
At gome dlestances, however, the sky wave may bz equal in strength to
the ground wave, and the interference of ths two ceuses continual.
variation of the sigral strength, or "fading®,

As the frequency 1s lowsred below about 1000 ke, the ground.
wave extends farther and farther out, snd the sky wave becomes more
intense. At the lower frequencles the weves are gunlded betwean the
earth and the ionoephere, acting as conductors, and redloc trans-—
mlssion Ly more steble and reliable.

2. The Ionosphere

The sky wave ls reflected from electrically conducting layers in
the high atmogphere of the earth, from 60 to 200 miles above .the
sarth's surface, Tue alr st these levels is rendered slectrically
conducting by the ultraviolet rsdiation from the sun, ‘and aslso by
charged particles shot off by the sun. This upper reglon of the
atmosphere 1s called the "ioncephere"; the conducting property of
the laysrs 1s called "ionization'; the lerm "ion" 1s used to desige
nate ths extremsly small electrified particles of the alr,

Soler radlation at such high altitudes 1s far more intense
then st the earth's surface, since 1t has been but little absorbed
by the atmosphere. In fact, the ultraviolet radiation from
the sun ie so intense at such helghts that it would prove fatal to
humen beings, Fortunately most of this radistion 1s absorbed by
the atmogphere at high levels, thereby enabling the earthis inhabi-
tants beth to live, and enjoy good radlio transmission, c

The ultravioclet light absorbed by the atmoephere 18 sufficilently
intense to disrupt the atoms of the alr, separating cherged particles
from them. Two parts of atoms so disrupted are oppositely charged
slectrically, and are attracted to each other, tending eventually
to rejolin. Distances hetween atoms at such helghts, however, are
very great, snd once lonization occurs, recombinstion mey not take.
place for a conglderable time, The probability of recombination
1s greater, the greater the atmospheric density (1.0, the lower
the height above the surface of the earth).
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The ionization in the ioncephere 1s not uniformly distributed with
height, but is stratified, and there are cartasin definite layers where
the ionization density is sufficient to absorb or reflect radio waves,
If one were able to ascend to somewhat:more than twice the higheat
altitude ever reached by man, one would encounter, between heights
of about 30 to 55 miles (50 to 90 km), the first reglon of pronounced
lonization, known aes the D layer or I reglon, In comperisorn to con-
ditions in the layers existing at greater helghts, the amount of
ionigaticn here is not very great, nsnd has littls effect in bend-
ing the paths of -high-frequency radio waves. The chlef effects
of the ionization in this reglion are (1) to cause a weskening of
the field intensity of high-freguency radio waves as the trang-
misgion peth crosses this layer, snd {2) to cesuse complete reflec—
tion of low- end medium-~frequency radio waves, The D leyer ie only
found to exist during daylight hours, since its level le sufficlently
low 80 that rapld recombination of lone tekes place, It is chiefly
responsible for the fact that the intensity of sky waeves 1s lower
~ when the trensmisslon path lies in sunllt reglons than when it

lies 1n darkress.

At helghts between 55 and 90 milee (90 and 1UO km) lies snother
reglon of ionizatlon, called the B reglon, in which there appears
g woll defined layer of much more intense ilonization at a height
of about 70 miles {110 ¥m), This 1s known es the B layer. Thia
layer 1s aleo ordinarlly observed only during daylight houre,
since 1ts level iy low enough for fairly repid recombinaticn of
iong to take place, The lonlzation in it 18 a maximum at about
locel noon, The number of electrons per unlt volume in this layer
may be great enough regularly to refract radlo waves of frequen~
cles aa high as 20 Mc, at times, back to earth, The E layer is
of great importance to radic transmission for distances below
about 1500 miles, For greater dlstances than this, transmission
by X layer ie rather poor because of the low vertical angle of
departure from the ground, Better transmission will teke place
by the ¥, Fl, or F2 layers, for thess distances., -

At helghte of hetween 90 and 250 miles above the earth's sur—
face is another region of ionization knowrn as the P reglon. In this
reglon at nlght, there exlets a layer of ionization called the F
layer, the lower edge of which 1s at about 170 miles {270 km) in
height, The atmosphere at these helghts is so rare that recombina-
tion of lons talkes place very slowly, and sufficlent ions remain
here all during the night to refract redlo waves of some frequencies
back to emrth,

During the deylight houre, especislly when the sun i1s high, as
in troplcal latitudes and during summer months, there are two layers
in the P region; the F, layer, with e lower edge at & helght of
sbout 100 miles (140 ki) ,and the F, leyer, with a lowsr edge at a
height of about 160 to 220 miles, depending on season and time of day,
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Bosldes these reglons of ilonization which appsar regularly,
and undergo varlations in height and lonigation diurnally, season=-
ally, and from year to year, other layers occasionally appear,
particularly at heights near that of the X layer, much as clonds
appear in the sky. Frequently their appearance is in sufficilent
emounts to enpble good radlo transmission to teake place by mesns
of reflection from them. At other times, especlizlly during dis-
turbed conditions in polar reglons, diffuse ionizetion may occur
over s Telrly large range of heights, and may be detrimental to
radio transmiasion, because of the excessive asbsorption it pro-
ducse Bm) .

The relative heights, thickneeses and degree of lonigzation of
the regular lonospheré leyers are iilustrated in Flg, 2, which 1s
for a typicel swmmer daytime condition, the E, ¥y, end F, layers
all being present. Thig dlegram ie drawn to scale, 80 the engles
of reflsction of radlo waves from the layers may be estimated cor=
ractly., The three layars are shown as thin lines, for simplicity.
The ieyers heve in fect & certain thickness, and the density of.
ionization varies somewhat in this thickness. At the right of the
disgram 18 & rough illustration of & possible distribution of ioni-
zatlion dénslty with helight,

- 9 Measurement of Ionogphere Characteristice

The principal ionosphere characteristics whilch contrel long-—
distance radlio trensmisslon are the helght and the lonization den-
slty of each of the ionognhere layers,

It ig necessary to define the semse in which the term, height,
is used, since each layer has a certain thickness, When radic waves
are reflected b7 a layer, the traln of waves 1s slowed down as soon
os it starts to penetrate into the leyer, The process of reflection
goes on from the place at which the waves enter the layer until they
have bean fully bent back around end lesve the layer., This 1g trve
whether the waves travel vertlcally or obliquely to the ionosphere.
It 1s 1llustrated for the oblique case in Fig, 4, The waves fol-
low & curved path in the layer uatll they emerge at a vertical
angle equal to that at which they entered, The time of trans-
miseion along the actuel path BCD in the ionized layer is, for
the simple case, the same pg would be required for tranemigsion
along- the path BED if there were no lonized particles present.

(This is known as "Breit and Tuve's theorem".) The height h'
from the ground to E, the intersection of the two projected
straight parts of the path, 1e calied the "virtual height" of the
layer, Thias is an important quantity in all measurements and ap=—
plications,

Knowledge of the helght and degree of ilonization of the dif~
ferent lonosphere layers, and how they vary wlth geogrsapnical posim-
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tion end with time, ie obtalned by sending radic weves of wvarious
frequencies up to the lonosphere and measuring the tlme which elapses
before they are received after belng reflscted by the lonosphere.
Referring to Fig, 4, the virtual height of a layer ig measured by
tranemitting a radio signal from &, and receiving at F both the
gsignal transmitted along the ground and the echo, or signal re-~
flected by the lonosphere, and measuring the differencs in time

of arrival of the two, Since the time differences are mere
thousandths of a second, the signal iz a very short pulse, in
order that the ground-wave and reflection may be sepersted in an
ogeillograph, The difference between the distance (AR + EF) and AF
ip found by maltiplying the measured time difference by the veloocity
of lights, ¥rom this and the known disztance AF, the wvirtual height
is ealenlated, In practice, meazuring squipment is calibrated
directly in kilometers of virtual helght rather than time differ—
ences, It is usual to make AP zero, 1.e.,, to transmit the signal
vertically vpward and recelve 1t at the same pleee (and it 1e for
this case that the term "virtusl heizht! rigorously applies). In
generel, the virfual height varise with frequency of the radlo
waves uged in the measurement, The virtual height for such
vertical~incidence meagurements 1s.called h' and o curve showlng
the voriation of h' with the frequeney £ is called an "h'-f curve',

The offectiveness of the ionosphere in refleoting the waves
back to earth depends on the number of slectrons pregent in a unit
of volume, i.e,, the lonization density., The higher the frequensy,
the greater is the deneity cof lonlzetion reguired to reflect the
waves back to earth. It has been shown that & wave of fregquency f
incident verticelly upon the layer will psnetrate the lonosphere
until 1t resches 8 level where the ionization dengity N ig equal
to 0.0124 £ (£ in ke, N in electrons per cubic centimeter). Thie
relaption i for the "ordinary wave" referred to in Section II, L,
If ¥ represents the meximum wvalue of lonization density in the
laysr, then the corresponding frequeney f i1s the highest frequency
vhich will be returned to earth by the layer. This value of f igs
celled the "oriticel frequency" of the layer. For vertieal trans-
misglon, waves of all frequsnciles higher than thie pass on through
the ioniged lpyer and are not reflected hack to earth, while waves
of all lower frequencler are reflected. If the frequency ls too
low, however, the wevee may be abgorbed s¢ mich se to be oo wesk
to obmerve on their return to earth (see discussion of absorption
below), Measurement of the criticsl frequency is, with the equation
Just given, a means of measvring the meximum lonization density in
‘an ionized layer. (Waves of freguencles higher then the eritical
are sopetimes reflected by enother mecheniem =~ smee discussion of
¥Sporadic B*, below).

The procedure generally followed in memsuring the critiesl
freguency 1s to messure the virtual height, h!, by the method
degeribed pbove, et successively incremsing freguencles, until the
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waves are no longer recelved back from the layers, Typical results
of such mesgurements are illustrnted in the h'=f curves of Figs.

%, 6, and 7, obsorved at Washington, D.C., for daifferent times of
yeer, day and night. The sharp increases in virtuel height, in
certaln frequency renges, indicate the critical fregquencies. Theee
sharp increases in virtual helght occcur because waves of frequencles
rear the eritical asre excesslively retarded in the lonized leyer.

For exsmple, in Fig, 5, sterting at a frequency below 2000 ke
(2 Mc), the virtual height is found, in this exemple, to be about
110 kilometers, and remeins st about this height until about 3,3 Me,
The criticel frequency of the Z layer -at the time of this messurement
ig thus 3.3 Mc, i.e., thie is ths highest frequency st which vertical-
ly incident waves are reflected back to earth from this layer; all
vertically incident waves of higher frequency pass on through the B
layer and g0 on up to the next higher layer, the F;. At about 4.6
Me the waves pese on through tke F. layer and gzo on up to the ¥s
layer. The ¥p layer has a greater lonization density and so it
reflects back waves of frequency grester than 4.6 Me. It is not until
frequencies greater then 11.6 Mc ore used that the Fo layer failse to
reflect them, in the case illustrated, Near the critical frequency
of any layer the virtusl height increanses sharply with increasing
frequency, until the wave id no longer reflscted by the layer;
with further increase of freguency, reflection is only obtalned
from a layer of & highsr criticael frequency at e higher level.
If there ig no such level, the waves Zo on into space and ere lost,

At the right of each curve appear two critical frequencisg for
the F or Fy layer. This ls an indicetion of the splitting of the:
wave inte ewo componants due to the earth's magnetic field, mentioned
abeve, = Section II, L4 , The ordinary wave and the extracrdinery
weve are designated by the symbolg ¢ ard x, respectively. The criti-
cal frequency of m loyer n is represented bv the symbol f,, and to .
such symbol the ¢ or x iIs added as & punerscript. Thus the criticsl
freouencies of the Fp layer for the ordinarv and extraordinary waves
are indicated by the rpnppcttve symbols, fF and f§2.

C

In the cese of the E layer, the ordinery wave isnally predominstes
end the sxtreordinary wave 1s so wesk it does not affect radlo recep~
tions The extraordinery wave must however be considered in F, Fy or
Fa-leyer transmission. At Washington the criticael frequency for the
extraordinary wave ig gbout 750 ke higher then for the ordinery wave,
for frequencies of HOOO ke or higher. The difference in frequenoy
is proportional to the intensity of the earth's megnetic field at
the place of reflection, and is therefors different st different
places on the earth, and at different helghts in the ionosphere,

It elao varies with the megnitude of the critical frequency. The
difference ig given by ths relation
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where . 1p the gyro frequency, and £° and fX ere the critical fre=
quencles for the ordinary and extraordinery waves, respectively.
The map of Fig, 9 glves the gyro frequeney for the F, F2 layer, at
any place on the earth. In reporting results of measurements of
eritical frequencles 1t 1s customary to give the values for the
ordinary wavea

Begides the virtual heights and eritical frequénciegg the
abgoyption of the enevgy of radio waves by the lonoephere is an
importent factor in limiting redio transmisglon., Thie absorption
exists becanse the electronsg set in motlon by the radio waves col-
lide with alr molecules and dissipate the energy they have taken
from the redio waves, The ensrgy thus abgorbed from the radio
waves is greater, the greater the distance of penetration of the
waves into the ilonized lsyer and the greater the density of ions
end air molecules in the layer, l.e., the greater the numbar of
eollisiong between slectrone end alr molecules. Absorption is
especiglly great in the dsytime, and it occurs chiefly in the D
reglon, beecause of the relstively great atmospheric density in this
roglons It also occurs in the high ionosphere, near criticel fre-
quenciss, The D-region abgorption is usually of greater signifi-
cance in radio communicstion than 1s absorption near the critical
frequencies, Most of the D-region abeorption disappeers with the
decrease of lonization of this region at night. Higher frequencies
are leges affected by absorption then are lower frequencies, for
vavep paseing through the same loniged layers,

10, Normal Varigtion of Ionosphere Characteristice

Regular variations in lonosphere characteristies are of three
typest diuwrnal, seasonal, end from year to year with the sunspot
cyole.

Mowt fundemental is a gradusl, long~period variation with soler
activity, like that manifested by the solar sunspot cycle, Sunspots
.-are whirlpools in the outer layers of the sun, which are visible as
dark spotes on the sun's disc and which indicate local variations of
the sun's tempersture. The number pnd activity of sunspots are a
genarnl indleation of the relative intensity of the radistions from
the swn, The intensity of solar radiation varies in spproximetely
an eleven-year oycle, called the "sunspot eycle”. There is a cor-
regponding verlation of radlo transmission characteristics. The
period of time near the year 1937, for example, was a period of
meximam solar activity, as menifested by the number of sunspots
observed, The ionizatlion of the lonosphere snd consegquently the
eritical frequencles of all lonogphere layers were at a meximum at
this time. A period of minimum solar activity occurred in 1933,
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and will probably repeat in the latter pert of 1944 or in 1945, The
next period of meximum will probably occur about 1949 or 1950, but
the times and relative degrees of sunspot mexima and minime can not
be predicted accurately. :

Prom uie sunspot minimum in 1933 to the sunspot meximum in 1937
the F,F,-lnyer criticel frequencies doubled, for most hours of the
day, anﬁ the E-layer critiesl frequencies becqme 1.2% times as grest.
Coneaquently the best radio frequencies for long-iistance trang-
misglon were approximetely tvice es great ia 1937 es in 1933 (ex-
cept for summer deoytime, when they were sbout 1.5 ‘times as Zreat).

In ebout 1944 or 1345 they sre expected to retura to minifum values,
and reach maximam velves ageln s#hout 1545 or 1356, '

Ionogphere charmcteristics vary regularly with season and time
of dey, since the emount of sunlight received at any nlace on gerth
depends on ‘the season of’ the year and the time of daya

The "diurnal and sesconal variations of the criticsl frequencies
of the normal E layer are particularlv regular. The critical fre-
nuenciss vary with the altitude of the sun, belng highest when the
sun is most neerly overhesd, Thus the diurnel maxizum of the E-layer
criticel frequency is et locel noon, and the semsonal maximum is at
the summer solstice. At night this layer’ usually does not’ regularly
reflgct at vertical incdidence waves of frequencies higher than ahout
one megprvele.

The diurnpl nnil sepsonel Variastions of ‘the. eritlenl frbqucnciee'
of the ¥,Fy leyer are'quite different from. those 6f thé E layer.
The daytimeé F,F -lpyer ‘critical frequencles are in 'géneral’ greater
in winter ﬁhan ‘n summer, They are higher in the trenpics than else-
where 1n the world, They have generslly a broad dlurnsl . meximum, -
centering about 1300 or 1400 local time, except that in the northern
hemisphere in summer, the maxirmm occurs about sunsét., The night
F-layer eritical frequenclés are lower in winter then in summer,
and reach = minimum Just before sunrige. HMore detalls 6f the
diurnal and eeasonal varirtions may be seen from the crltical
fremuency mens of Flgs. 47 through La, :

The F, virtual heighte are much lower ‘durlng & iintef'day taan -
durihg s sﬁmmer day. The F virtual heights at niwht are about the
same in winter as in summer,

The seasonal effects in the ionosphere eynchronize with the
sun's semponal position, not lagging m month or ‘two as do the
gepsons of weather. Winter conditions in ths Fy leyer obtain
during a period of several months from sbout the fall equinox
to the spring equinox, and summer conditions for a period of
geveral monthe from mbout May to August,inclusive, On ‘the ‘summer
side of the equinozes, therc is a trsnsition period of ‘about & month
in which the change occurs between winter end summer conditions,
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Pig, 8 showe the typicel varistiong of lonocapheric eritical fre-
quencies and virtual heights during the day for both summer and winter
at Washington, D.C,, and for perlods of meximum and minimum soler zc~
tivityr,

The eritical frequencies and virtual helghte of the iloncsphers
layare are not the same from dey to day, at the cemme hour, but are
spt to vary, within limlts, Thie 1e discussed 1n detall in Sec.

ITI belows It ig gufficlent to sey here that the F,Fo~layer criticel
frequencies will in general nearly alwsys fall within + 15% of the
averege, on qulet days, i.e,, days when theve ig no ionosphere storm
(see below)s The E- end Fy=lsyer critical frequencles show much less
day-to~dey variatiom, '

For a given local time, the cordition of the ilonnsphere varles
considerably with geographical latitude, end also somewhat with geo-
graphicsl longltude., To a first avproximation, a world-wide pleture
may be glven, as in Figs, 10 through 25 of this Handbook, in terms
of latitude and local time, neglecting the above mentioned longitude
variations. This simplified pilcture willl lead to some dlscrepancies
when 1t ig attempted to apply the world lonosphere cherts to longi-
tudes other than those for which the charts are constructed.

An example of the longltude differences may be reen on comparw
ing Fig. 1L, which gives the June, 1943, ionocsphere characteristics
for Waghington, D,C. (39.0°N) with Fig, 15, which gives the June,
1943, ioncsphere characteristics for Stanford University, Callf,
(37.U°N), The daghed curves in each Fig, are from the predicted
world chart which was mnde welghting the Washington obgervations
more than the Stanford obtservetions., The Washington observetions
are seen to fit the predictions more closely than do the Stanford
observations, ‘

A more striking exemple of the longitude difference 1s seen
in Figs, 25 and 24, which compare predictions and observations for
July, 1943, for Baton Rouge, Le. (30.5°N) and Delhi, India (2&,6°N),
Both predictions were made without the benefit of observatlons from
elther place, but the locations considered in meking the predictions
(1ees, Washington and Fuerte Rico) were much closer to the longitude
of Baton Rouge (91,2°W) than to the longitude of Delhi (77.2°%).

It seems posglble that lopgitude variations may be connected
with geomagnetic latitude, the critical frequencies being lower,
the higher the magnetic latitude, for a given geographic latitude.
It may be seen from the map of Fig, 43 that the auroral zone is
farthest south at sbout longitude 70°W, and this mey be related to
the fact that the F,Fo~layer critical frequencies appear to be lower
at Waehington then st 39°N latitude at eny other place in the world.
The statement about F,Fo=layer critical frequencies is based both on
critical-frequency observations and on actusl radio communication
data over different paths.
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Diurnal curves of critical freauencies and virtual heighte are
given, in Figs. 10 tkrough 22, for thirteen observing stations
scattered throughout the world, for June, 1943, These represent
typical ccnditions in June near the sunspot minimum, and conatitute
rn sample of the type of data esvellable for making predictions aend
constructing world charts similar to those of PFlgs. 47 through 58,
Worthy of note is the similarity of the curves for Watheroo, Mt,
Stromlo, Brigbane, snd the Kermadec Isa, 8ll falrly cloese in geow
grevhical locatlon, In each of the Flgs. 10 through 25, the solid-
lire graphs show the eversges of the observed walues; the deshed-
line &rephs show the IRPL predletions made five months.before., -The
bredictions shown are not those for the stations themselves tut are
for the latitudes of the statlons, teken from the predicted smoothed
world chart,

11, Abnormel Varistions in ionoaphere Characteristics

While the normal behavior of lonospheric ionization is such
thet its characteristics may be predicted with fair success for
comparatively long perlods of the future, there are occesionel
lerge deviations from thls benavior which are important in their
effect upon radlo transmisgion.

a. Sporadic E.~ The presence of occasional scattered irreguler
clouds or pstches of ilorlzetion in the atmosphere hes already been
mentioned. Most prevelent 1s the sppearance of puch clouds at about
the height of the E layer, where they may oftern be so intensely
ionized and en contimious in oceurrence that excellant radic com=
minicetion at high frequencies 1s posslble by means of reflections
from them. In temperate latitudes this so~called "gporadic-E"
ionization 1lg most prevelert in the summer. It is a meximum in
the surorsl gzones during disturbed veriods (see below). It in-
cresges with decreasing sunspot number, which 1s very fortunste,
gince 1t sometimes enmbles better radlo trznsmiesion to be achleved
during pre~sunrise hours than might otherwise be obtained due to
the very low lonization densities which oceur durine such timea.

Sporedic-E reflections occur from F-layer helghts tut at
freouencles ctnglderably in excess of the regulsr m.u,f. for the
R layer. Thus in the exemple shown in Fig, 6 waves of frequencies
up to about 17 Me would he reflected, at vertical incidence, at
I-laysr helghts, although this would not regularly occur for
frequencles above 3.9 ¥c, as shown, Some of these reflectlions
are probably produced by"partial reflection" st a sharp boundary
of stratified ilonizatlon; this may, but need not necessarily,
Anvolve great ionizatlion densities, Radlo transmission may
teke place to polnts within the normel slrip zone, by such
sporadic~E reflectlions, The existence of these sporadic re-
flectiong necessitates & redefinition of the term "critical



frequency", previouely defined as the highest frequency at which
waves sant vertically upward are recelvsd back from the layer.
Whan spormdic~% roflections ocenr they may often be recelved
gimltansously with reflsctions from higher layerg; thug, in the
case roferrad to sbove, wertical~incidence reflections might be
received at 7 Mc from both the E and the Fp layers. The I-layer
eritical frequency, more preclsely defined, is the value (3.9

Mc in the example shown in Fig, 6) at which the observed virtual
height shows s suddan rise to large values ams the frequensy is
increased. Except when sporsdic-E reflectlons occur, all waves
of higher fraquency pass through the E leyer end are not reflected
by ite )

Sporadic I lesds to interesting resulte In long-distance radio
transmiggion, &z stated, it produces transelssion within the normal
sklp gone of the reogular layers, and 1t accounts for leng-distance
treansmiseion up to higher frequencles than by any other means,
Strong verticgl=incldence reflections by sporadic I gometimes
occur at frequenciss up to sbove 16 Mc. By reason of the large
angles of incldence possible with the E layer, thls malkes occaslon-
al long=distance communicatlon possible on frequencies as high as
B0 Me, Such communication ls generslly for only a short time and
for restricted locelities. Sporsdiec E 1s patchy in both time and
#pace .

b. Scattered Reflectlions.- 4n irregular tyve of reflection
from the lonosphere cccurs at all serpsons and is prevalent both
day and night, These refloctions are observable within the skip
zonea of the reguler layers, and at frequencies higher than those
well recslvable from the regular layers, They are comolex, con-
glsting of s large number of reflections of slightly different
retardation, They may cause slgnel distortion and so=celled
"flutter fading®, Either they arrive from all directlions, or,
if the transmitter operates with & highly dlrectional sntenna,
thay may s2ppear to come from the direction In which the antenna
is pointed. Many of these scattered reflections are believed to
be produced in the E layer. The mechanism of scettering by ths
E layer may be envisaged by the following analogy, in terms of
visidtle lights o )

Let the redlo transmitter be replacsd by a small light bulb,
or 4f 1t 1s used with & highly directionsl antenna, by s focussed
searchlight, Yow consider the F leyer to be s mirrer (for the moment
ignoring the phenomenon of "ekip"). If the frequency 1s high enough,
the normal E layer will always be penetratsd; 1t can be represented
in this analogy @s a tenuous layer of smoke, If the focussed search-
light is directed upward towsrd the mirror (¥ layer) for reflection
downward to the roceptlon point {a single-hop tranerission), the

L.
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beamn will pass through the smoke region (E leyer) both going up to
d returning from the mirror. The regions in the smoke leyer

?g layer) will be illuminated end become visible, e.gs, will scate

Ter some of the radiation. This scattering can be thought of as

the lrreguler reflection of the radiation from s very large number

of very small reflectors. C

If the scattering region were absent, no resdiation would illumin-
ate the ground except that in the réflected beam, With the scatter—
ing layer .present a relatively weak illumination will fall over a
considereble sree below the places where the E layer or scattering
reglon is illumineted by the direct rsdiation,

There are several important features of this E-layer scattering.
The radiation scattered from the portlon of the E layer illuminated
by & transmitter is in general very wesk and is only easily detected
if the originel trangmitter is very powerful, and if no regularly
reflected radiation is present, l.e., the particular observation:
point must be within the skip zone for regular transmission,
Insofar as vertical~incidence pulse measurements of virtual
heights are concerned, scattered reflections coming from direc~
tions other than the vertical will, from the time delay involved
on the path, sppear to come from heights between or above the
regular layerss At one time observations of this sort were thought
to indieate higher leyers. .

Since scattered reflectlions sre usually obgervable within the
normel skip zone, it follows that bearirgs taken on such reflectione
coming from an eres of the E reglon illuminsted by e narrow beam of
rediation, may be in error by ss much es 180°; indeed such bearings
will have no mesning whatscever as far ss locating the tramsmitting
gtation 1s concerned,

Another type of very complex reflectlions, sometimes called
"epread echoes", is often observed at night and during lonosphere
storms, These are of intensities as great es, or greaster then the
intensity of the normel F=~lgyer reflections, and their apparent
virtual heights may cover a range of seversl hundred ltilometers,
beginning with e height of about thet of the normal F layers
These reflections esre usually observed moet strongly near (below,
ae well as ohove) the FP-layer critical frequency, end mey make the
determinetion of the critical frequency quite difficult. Little
is known about the mechanism of production of this type of scat—
tered reflections, or about their effect on redio trensmission,

It seems llkely, however, that trensnission is poseible by way of
thege reflections at frequencles in excess of the reguler m.u.f.

ce Sudden Ionosphere Disturbances (Dellinger Effect).— The
mogt startling of sll the irregularities of the lonosphere and of
radio wave transmission ls the sudden type of disturbance mani-
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feated by & "radioc fadeout. This phenomenon 1s the result of a
turad of ionlszing radistion from & bright eruption on the sun, caus~
irg o suddsn gbrnormal increase in the lonlzaetion of the D layer,
fregqusntly with resultant disturbences in terrestrisl magnetism
and sarth currents as well as in redio trensmisesion, The redio
offeet is the sudden cessation of radiec sky-wave transmission on
frequoncles usually abeve 1000 ko, caused by abgorption in the D
roglon, This effect has occasionally been ohgerved on somewhat
lower fyrsquencies, At the very low frequencies the effect of the
guddon lenogphere dlsturbance 1s s strengthening of the gky wave,
bacauss of the increase in the conductivity of the D layer,

The dyop of the radlo aignals to zero usually occurs within &
minute. The effects ocenr gimultaneously throughout the-hemisphere
ilinminated by the sun, and d6 not oceur at night., The effecta laet
feem about ten minutes to en hour or more, the cccurrences of greater
intensity in genersl producing effects of longer durption, The ef-
facts are more intemse, and last longer, the lower the frequency in
the high-frequency range (l.,e., from sbout 1000 kc up), It is con~ -
gaquontly sometimes poesible to continue communication during a radio
fadsout by relsing the working frequency.

The radio and magnetic effects are marksdly different from other
types of changes 1n these quantitles. The effects are most intense
in that region of the earth where the sun®s radiation is perpendicular,
{ets, groater at noon thafh at other times of dey and greater in

@aua%orial than 1n higher latitudes,

Teking dus account of the relations between the occurrences of
thess disturbsnces, the frequency snd the distence, varylng effects
in differing directions can be explained, Thus, reception in the
United States from etatlons iIn the southern hemigphere vsually ex-
hibite greater sffects than reception from other directions (be-
couge of passing the squatorisl regioms). Similarly, when the die=
$urbgnee cccurs at a time when it 1s morning at the receiving
point the affects are usuelly greater in reception from the east
than from the west, and vice versa for the afternoon (beceuse of
passing the region whers it is noon), A radio fadeout sometimes
gepurs when 1t ie night at the recelving point, btut only when the
path of the waves ls somewhere in daylight,

This sffsct should not be confused with the "radio blackout!
associated with ionosphere storms in polar latitudes (see below).

d, Frolonged Periods of Low-Layer Absorption,~ This phenomenon
ig zinilar to the sudden lonosphere disturbance in its rsdio effects
and characteristice except that its bYeglnning as well as recovery
iz gradusnl gnd 1t has a longer time duration, commonly several hours.
The intenaity diminution is in genersl not =s severe as in the more
intense fadeouts, but sometimes the intensities fall to zeroa
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The low~layer absorption effect appears to be due to ircreased
ionization in the D region {(below the E layer), exactly as for the
gudden ionogphere disturbéncess The increased lonization ls caused
by an abnormally great outpouring of ultraviolet llght from the seun,
tut in this case it is not so sudden as in the eruptions which cause
the sudden iorosphere disturbances. The varlatlon of the effects
with freauency, and other chsracterietics, are the same as for the
sudden lonoaphere disturbences.

Both phenomena occur at all seasons, but the prolonged perlods
of low-layer absorption have been found to occur Ilrregularly in
groups of high sunspot activity, the grouns belng separated by more
or less quiet periods of seversl montha., They frequently but not
elways occur during periods vhen sudden lonosphere disturbancee sre
nume ro\i1s

es lonosphere Storms.- An lonogphere storm 1s a period of dige
turbance iIn the lonosphere during which there are great ancmalies of
eritical freauericies, virtusl helghts, and absorption, High-fre-
miency radlo sky-wave transmigsion gbove sbout 1500 kc is -of low
intensity and subject to flutter fadlng caused by complex reflec-
tions from an unasteble ionosphere. The flutter feding is especielly
merked ot night and may then be pregent over high-latitude paths
for- even minor storms, At frequenciee below about 1500 kc the sky
vave 1s considerably wegkened at night. At the very low frequwncles
the daytime sky wave increases in intensity while at broadcast fre~
quencles it sometinmes increases snd sometimes decresses in intensity.
The high-frequency effects usually last for one or two days while
the low-frequency effecte persist for meveral days or souwetimes
veeks, An lonosphere storm lg usually accompanied by e magnsetic
storm (1,6., & period of unngual fluctuation of terrestrial megnetic
intensity). During the first few hours of very severs lonosphere
gtorms the ionosphere is turbulent, stratification 1s destroyed,
end radio weve propegation erratic. During the latter gtages of
very severe storms and. during the whole of more moderate storms,
the upper part of the ionoephere, principally the Fo layer, is
expended pnd diffused., The critical frequencies are much lower
than normal and the virtusal heights mich greater, and therefore
the maximum usable frequencles are much lower than normal. It is
often necessary to lower the working frequency in order to maintein
communicetion during one of these storms. There is also increased
abeorption of radlo waves during en lonosprhere storm. Ionosphere
storms are most severe ln aurcoral latitudes end decrease in inten-
8lty ss the equator is approached, Ionosphere storms occur approxi-
mately slmiltaneously over wide geogrephicel aress. The conditinn
of the lonosphere is much less uniform from point to point than on
undisturbed daysa. .

An ionosvhere storm usuelly develops during a period of a few
minutes to several hours, The effects are noticed first in the F,F5
layer and move progressively downward. Recovery to normal conditions
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usualiy takes several days, depending on goeographlcal latltude and
dhe ssverity of the storm. lonospheve storms are probasbly csuszed by
bursts of slectrifised particles from the sun. They are prone te
sgeur durlng barsts of high soler activity, and to recur at about
P2T-day iantervals, the paricd of solar rotatlons The letter effect
mey,be caused by the resppearance of an actlve area on the part of
the guw which faces the earth,.

12 ® Fadi%

When radio tranemission tekes place by way of sky waves or
tropoapherse waves, the intensity is not constant, but varies with
time , because of fluctuations in the atmogphere or in the lonosphere,
The alternate lncrease and decrease in fleld intensity of the re-
ecaived waves is celled "fading", In general fading is more rapid
on high than on low frequencles. ‘

There are many types of fading, which fall into four principal
elassess {1) interference fading, (2) volerization feding, (3) -
ebsorption fading, end (4) skip fading. Most of the rapid fading
wgually observed when listening to a slgnral is a combination of tha
Pirst tws. typem.

B Enﬁerfarence Fading.~ Interference fading is caused by phage
interferense of two or more waves from the same source arriving at
the recaiver cover slightly different paths. If the paths are of
diffayent lengtha, and their relative lengths vary, because, gpay,
of fluctumtions in the height of the ionosphere layers, the rela—
$ive phases of the waves arriving over the various paths vary .
with time also, causing alternate reinforcement and cancellstion
of the fipld intensity. Because of irregularities in the iono-
gphere, & singles arriving sky wave is reelly the summation of a
great nueber of waves of small intensity and of random relative
phasese The resultant fleld intensity cen vary over wide limits,
the maxlmun value being the value which would be observed were:
all the componsnts in phase, 1.0+, for a "homogeneous" wave,

Thig magimum value occurs only rarely.

Tha most convenlent wvalue of thipg fluctuating fileld intensity
to talk about i the "median® value, or the value which is ex~
gasded {ifty parcent of the time by the instantaneous fisld Inbes—
8ity, The digtribution of the resultant value of a large number
of waves of yandom phages and of nearly the same amplitude hes
teen studied, and gives the following relation;

~0.693 ( )
T =€ # .
where T 1z the fraction of the time the ingtantaneous field inten-
8ity exceeds the velue P, and Fﬁ is the mpdian value of the field
intensity, This is called the Rayleigh“ distribution,
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Very bad interference feding is experienced in cases where the
sky wave returns to earth at e distence from the transmitter such
that the ground weve 1s of comparable emplitude. The combination
of g randomly fluctuating sky wave with the steady ground wave
produces nmch more severe fading than is commonly experienced with
the sky wave alons,

The Vflutter® fading, or very repid fluctuations of intensity,
asgociated usually with lonnspheric disturbances on peths passing
in or near the smroral zone, is another type of interference fading.
It is ceunsed by the combinstion of a large number of wave components
which have traversed paths differing eppreciably (possibly several
wavelengths) in length., This type of feding is 2150 amsoclated
with trensmission by scattered reflections, for the scattering
centers,; themselves, are felirly widely separmted, snd the waves
travel different distences in going to and from the scattering
centers,

Another type of interference fading is experienced primarily
at low frequencies, where radio trensmiseion is relatively stable,
Neer sunrise and sunset the heighta of the lonosphere layers change
rather rapldly, and the sky wave arrives alternately in and out of
phese with the ground waves, producing interference fading with a
reletively long period,

be Polarization Fading,~ Polarization fading ie ceused by
variations in the state of polarization of the wave relative to
the orlentation of the receiving asntenns., When the polarizetion
is such that the electric forece in the wave has 2 large component
in the direction of the recelving antenna, the resultant voltage
induced in the antenna is large; when thet component }s smell, the
induced voltage is also small,

In general, the state of polarization of the downcoming sky
weve is constantly changing, Thiag is due meinly to the combination,
with random amplitudes and pheses, of the two oppositely polarized
nsgneto-innie comnonsnts, the ordinery weve and the extraordinary
wave {sees Section I1, Y¥)., The state of polarization of the down-
coming sky wave 1s In general elliptical, with eituer direction of
rotetion, and with random snd constantly chenging values of the
dimenslons nnd orlentation of the ellipse with reapect to the re-
celving antenna. The stete 49f polarization of gky waves varies more
‘repidly the higher the freguency, which esccounts in part for more
rapld fading on the higher frequencles,

Near the critical frequency for the ordinary wave, the re-
terdation of the ordinery weve becomes great and erratic compared
with that of the extraordinary weve, and the plece of reflectien
of the ordinary wave is not very definite, In this case tha
polarization and Iinterferernce fadine due to the combination of the
two components of the sky wave is particularly severe, .



n-ssut

c. Abgorption Fading.~ Absorption fading is caused hy short—time
varietions in the amount of energy lost from the wave because of gb-
sorption in the lonosphere, In general the pericd of tkis type of
fading le much longer then for the other two types, Bince the iono-
spheric absorption usvelly ckhanges only slowly. - The sudden. iono-
gphere disturbance is en extreme case of this type of feding, al-
though it is usually classified ar an anomaly rather than as fading.

Somewhat enslogous to this type of fading, although the couse is
not in the ionosphere but in reflections and sbsorption in objects
cloge to the recelver, is the type of feding experienced in recelv-
ing a aignal while moving along in an automobile, The fading out
of & signal when the recelver 1s passing under a bridge or near a
gteel structure le caused by mbsorption of -the wave's erergy by the
gtructurc, .Iffects of thig sort are involved in so~called "desd
spots” or places where radlo reception is especially difficult.
Also, reradiation from wires, fences, and steel structures can
ceunse an interference pattern which is relatively fixed in space,
and can be noticed on moving the receiving ecquipment around. Where
there ere nearby structures which can cause these effects, care
must he exercised in selecting a recelving site.

ds. Skipn Fading.-. Skip feding is observed at places near the
gkip distence, and is caused by the weves alternately skioping -and
returning to earth., Near sunrise and sunget, when the ionization
donaity of the ionosphere is changing, it may happen that the m.u.f,
for o given transmission path oscillates about the actual freauency.
When the skip distence moves out past the receiving station {gome-
times called "going into the skip") the received intensity abruptly
dreps by a factor of 100 or more, snd just as abruptly.increases
sznin when the skip . distance moves in again., This may take place
many times hefore steady conditlons of transmigsion or skip are
esteblishode '

Besides variations of field intensity, fading algo couges dis-
tortion of 'wradio telephone signals, This 1gs becsuse st any instant
the feding is different on different frequencies; end therefors
affects differently the sidebands and carrier wave. This is called
"eeleative feding! becemse the feding is thought of es "selecting®
some frequencias rather than others.

¥ading mey be reduced by a number of different methods, such as
autometic volume control, suppressed carrier trensmission, and di-
verslty reception. Discussion of these methods is not within the
gcope of this Handbook,

13. Availability of Ionospheric Data

Ionoasphere ocbeervationsy are made continuously at a number of
observatories throughout the world, The data thus obtained are
centralized, sunmarized, internrcted, and disseminated by three
principal laboratories:
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(1) The Interservice Radic Fropesgetion Laboratory at the National
Bureen of Standards, (IRPL), Weshington, DsCse, U, Sods

{(2) The Inter-Services Ionosphere Burean (ISIB), London, England.

{3) The Austrelisn Radio Fropagation Committee (ARFC), Sydney,
Augtralla.

All of these laborastories 1ssue regular lonospheric and redio trang-

» misaion dsta, and offer epeclal services in the solution of gpecific

probleme, :

In particular, lorg«range forecaste of maximum usable frequen-—
cles, optimum working fregquencies, lowest useful high frequencles
and distance ranges for all timee of day and all latltudes are pre~
sented in various IRFL publications in the form of contour charts,
nomograms, and tables, together with predictions of sporadic-E
occurrence and short-time transmigsion forecests, Informstion in
reply to special authorized reqnests concerning transmission probe
lems related to psrtlcular paths or eguipment ig eleo disseminated
by the IRPL. Also, monthly averege values of ionospheric data for
each station are aveilable at the IRFL shortly after the end of
ench month, FPredicted monthly average values are avallable at the
IBPL some months in advance -~ both values for the individual ob-
serving stations and vorld-map summaries made up by internolation
tetwean gtations for latitude end locel time.

The world maps and contour charts issued by the IRPL, of which
samples are presented in this Handbook, are all plotted on a modi-
fied oylindrical projection coordinate system. This projectisbn is
eimilar to, but not the same as, the farllier Mercator projection
of the world, The world maps and grest-circle cherts, Figs. 43
through 46, 92, 119, 120, are plotted in conventional latitude and
longlitude; the contour charts of m.u.f., ete., e.g. Figs, 47 through
58, 64 through €6, and 80 through 91, ere plotted in terms of lati-
tude and local time, exprescing thus the ides that the ilonosphere
"moves with the gun" eand is the same, on the aversge, at any lati-
tude, at the same local time. (This may not be strictly true - see
digcimalon of longitude effect in Sec, IIT below).

SECTION ITI, MAXIMUM USABLE FREQUELCIES
1, General
The maximum usable frequency, abbreviated m.u.f,, for radio
sky-wave transmisgion over a given distance depende on two gnan-

titien:

A (1} the maximum lonlzation density of the larer which reflects
the weves, which 1s messgurad by the critlcal frequency (fc),
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(2) the angle of incidence at which the waves meet the layers ‘this
depends on the height of the laysr, expressed in terms of ‘the "virtual
height" (ht), The m.u.f» ie s function: only of the ionospheric condi-
tions end the distance of trensmission; it Has nothing to do with the
radiated power Or the redlo noise level at the recelving location,

A ¥nowledge of the helghte and critical frequenciee of the ionoe
gphere layers is therefore sufficient tc emable the m.u.fs to be dew
termined. . For very precise determination, 1t is neceseary to know-
the virtual helghts of reflection for all frequencles, since the
height, ond therefere alse the angle of incidence, varies With
fraguency. -

If £, 1a the critical frequency, f' the maximum usable frequency
for a disfence 4, and h' the virtusl height end ¢ the angle of in-
cidence of the waves upon the layer (eee Fig, 3), then to a first
approximetion f¥f = fc gec P For relatively short trensmission paths,

2
. V h'2 + d
£t = f, —— GE) y approximately. (1)

h ] ' 4 N .

fore precisely, for a curved esrth,

VER(R + h*)(1-coe %ﬁ) + nt?
c - + @

h' + R(1l-cos 33

fr = f

where R is the rsdius of the earth, This reduces to the simﬁler'

BxpressiOnlwhen-% and%l are << 1, 1.es, for short distances and

low layer helghts,

Since the virtuel height h'! of reflection varles with frequency,
the height of reflection of radic waves travelirg from a transmitter
to o digtent recelver varies both with frequency and sngle of inci-
dence, Ip any actusl redio transmisgion, therefors, the frequency
and the angle of incidence of the waveg upon the layer must be suchk
that they will be reflected gt the prover helght to reech the re~
celver when they are reflected at the given engle., The frequency f!
and the helght h' muet zatisfy simultaneously both the geometricnl
relation (2) above mnd the observed h'-f curve.

The golution is most cenvenlently done gravhicelly, by plotting
on the ssme ceordinate seale both the ohserved h'~f curve and the
relation between h' ond f in the equation:

fl=f ;ec ? | (3)
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for the given frequency f' end distance d. The Intersection of the
two curves glves the height h'! of reflectlon of the waves and the
angle of incidence § implicitly from the relation sec § = f!/f,

If the curves do not intersect, the waves will ekip over the glven
distance; if they are Just tangent to each other, the frequency f!
ig the meu,f. for the glvern distance.

The calenlation 1s simplified by plotting both the h'-f curve
and the £'= f sec § curve (called the "trensmission curve") on
logarithmic or semi-logerithmlic scales. The m,u.f. can be deter-
mined by sliding the two curves along the frequency scele, with the
height scales coinciding, until the transmission curve for a glven
.distence 1s just tangent to the observed h'=f curve, The index
(sec § = 1) on the trensmiseion curve then indicates the m.u.f.

Figs. 26 through 22 show sets of transmigsion cirves plotted
on semi-logarithmic seceles for various distences in ordinary (ste-
tute) miles, nauticsl miles, and kilometere, respectively. {lNote
thet 1 nautieal mile = 1,1516 ordinery miles end = 1,8532 kilometers).

¥or more accurate determination of maximuim useble freaquency,
allowance muat- be made for the curvature of the ionosphere, and for
the effect of the earth's masgretic field., The lonosphere curvature
gorrection, for ¥ ,Fo-leyer trensmission, has been included in the
transmission curves of Figs. 26, 27, and 28, The correction for
the earth's magnetic fleld is too complex a subject to Be trected
in detail in this Handbook; 1t is of importence only st short dis-
tances, and conslsts of adding 2 small smount (usnally less than
0.8.¥e) to the ordinary-wave m,u.f. to obteln the extraordinery-
wavé m.u.f., The procedure ocutlined telow for calculating m.u.f.
includes an average value of this correction,

2. Boximun Usable Freguency Factorsg for Transmission
Vig the Reguler Layers

Other methods besldes the sbove have been devised for celculsat-
ing the m.u.f, for varicus dlstences from the verticel~incidence
hi-f ecurve, The results of all of them can be resdlly susmarized
into ar array of factors by which the critical frequency of a given
~layer may be multiplied to obtain the mauefo for redlo trenemisaion .
via that lsver over various distances. These factors, cslled the
Pmeu.f. feactors®, depend principelly on the transmission distences
end the helghts of the leyers, but also take into account the re~
fraction of the waves In the lower lonosphere layers.

The meu.f. factor is roughly propcrtional to the secant of the
angle of incldence of the waves upon the leyer, At short distences
“the mecant of this angle is nesarly unity ond varles but slowly; at
the lorger dletances it approsches a limiting movimum value corres-
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ronding to the weve'ls leaving the trensmliting antenns horizortelliy
end grazing the eprth, The factor thus variem between unity and

a limiting velue of approximetely VR/2h' where R ig the radius

of the earth and h' is the virtusl helght of reflection; it attains
14s meximam value for & distance ecousl to the meximum distance of
transmission for a single hop, which is rougkly USh‘Ea This latter’
expression, giving the limitetion of tranemlssion dlstance imposed
by the earth's curvature, comes from the following conmidermtion:
Tor entennas clese to the ground the waves cmnnot teke off at an
angle below the horlzontal; 1n fact littlc erergy will be rrdiated
at angles of less thon about 3° above the horizontal, over ordinary
ground. '

It has been found that the F,F_~layer mou.f, factor at zny dis-
tance can te expressed 8s a [ractler of the m.u.f, facter ot a
standsrd distmnce, aay 2500 miles, to a degree of anproximation
sufficlent for most soplications., This distance is a convenlent
one to use, since the E,F2~1ayer mou.?, for 2500 miles 1s aleo
the m.u.f. for lenger distances, for the ssme condltion of tke
Jonosphere. For more nrecise calculations, especlslly for trena~ .°
migslon distances of less than about 1000 miles, there ig some ade
vantaze in expressing the m.v.f. fector sag a percentage of the
verticaleincldence meu.f. factor (the vertical-incidence m.uaf,
fector ls the ratio of the extramordinery-wave critical frequency
to that for the ordinary-wave), The F,F ~leyer m.u.f. factor can
be determined more precleely yet for all dlstancee up to 2500 miles

by teking meamsured vzlues of 1t for three distances, such as O,
1000 miles, and 2500 mlles, plotting these values on a sheet of

the graph pasper shown in Figs. 29 or 30, and draving o smooth curve
through the polntg., The IFPL has on hand a stock of such graph
paper, and will supply some on request to those who wish o use !
this method in their operations,

Tables 1, 2, and 3 glve avsrage values of factors for celculat~
ing meou.f. from ionospheric or radic predietlion data furnished by
the IRFL, These factors are also presented 1n pomogram form in
Figs, 31 through U2, for direct use in multiplying criticel freouen-
cles by factors to get meu.f. for various distorces. The factors
giver 1n the tebles and Figs, referred to are averages only: in tho
case of B ,F_-layer transmission the factors mey vary somevhat with
time of day, latitude, and sesson. but the factors for B~ and Fy-
leyer trensmiselon are substantlelly constant for any given dlestence,

Table 1 glves average valuea of facters by which the 2500-mile
F,Fe-layer moua.f, and the 10C0~mile E~layer m.u.f. msy he smltiplied
to. obtain the m.,u,f. by ¥F, F.~layer trensmiseion and by B~ or By
layer transmission, respéctgvely, for eny distance up to 2500 miles,
The F,F,~layer factors are more accurste for distances of between
1000 ané 2900 miles than for chorter distancem; theyr asre gubliert to

en error of uv to perhans + 10% if used for distences of 100 or 200
miles: °
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A single set of factors ie glven in Table 1 taking care of both
E= and Fy-layer tranemission, Distances of 1500 to 2000 miles are
too great for slngle-hop E-lpyer transmission, but not for single-
hop Fl-layer transmipsion, It hag been found that the Fy~layer
msu.fs are roughly proportional to the E~leyer critical frequencies
during the day. Therefore the Fl-layer melefs can be obtained by
mltiplying the E-layer critical frequency by appropriate factors,
for the range of dietances whare the Fl layer rather than the E
leyer may control the m.u,f, The E- or Fl-layer factors shown in
Table 1 are a simplified approximation to the actusl case. Tha
m.u.f. does not appear to decremse abruptly for distances greater
than the maximun for single-hop E-layer transmission, possibly be-
cause effects such as extraordinary-wave transmission, sporadic E,
and scattering, come in to brldge over the gap where the actual
Fy=leyer mou.f. is lower. A detalled analysis and discussion of
this point 1s outside the scope of this Handbool,

For digtances of up to 1000 miles by F.Fg-layer transmisgion
At is better to use the factors given in Table 2, This table gives
the factors by which the vertlical~lncidence criticel frequency of
the F,Fo-layer, extraordiuery wave, may be multiplied to give the
n.u.fe 8t any distance up to 1000 mlles. Table 2 also gives fac-
tors by which the E-layer critlical frequency, ordinary wave, may
be multiplied to give the m.u.f. for dlstances up to 1400 miles.

For completeness, Tsble 3 is given to show the factors by
which the 1000~mile E-layer m.u.f., znd the 2000-mile ¥.=layer
meef. may be multiplied to obtsin the BE=layer and Fl-iayer Melafa
for distances up to 1400 milee and 2000 miles, respectively,
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Table 1

Distancé Factors for Maximum Usable Frequency

Meximum usasble frequency for a given distance is the greater of
the two wvalues obtained by multiplying the 1000mmile E m,u.f. and

the 2500-mile F,Fp mauo.f. by the factors in this table for the given
dietance.

Distance in. For E= or F =layer For F,F,~layer

miles transmisaion transmIsaion
0 0e22 0,35
106 0e25 035
200 0433 0036
300 Ool43 0037
400 005k 0039
500 0oh Oolt2
600 Ce? 0el45
700 | 0.%2 Oe
800 ' 089 Oo
900 0495 0.59
1000 1,00 0064
1100 1403 0,68
1200 1.02 0.72
1300 1,0 0.7
1300 107 0080
1500 , 1,08 0483
1600 1,08 0086
1700 1,08 0,89
1800 1,08 0.91
1900 1,07 0693
2000 1,07 0.95
2100 1,06 0697
2200 - 1,05 0098
zagg 1,03 0099
2 1.00 1,00

2500 0e95 1,00
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Table 2

Aversge Maximum Usable Frequency Factors (up to 1000 miles)

Maximum usgble frequency for a given dietance is the greater
of the two vslues obtained by multiplying the zero—distance’
2en.fe (or £X) for the E or F,F, layers by the appropriate
fsctora for the distance under consideration,

Distance in For E—;ayar For F,F?~1ayer
miles trensmission transmission
(o} 1,00 1.00
100 1.13% 1,01
200 1.47 1,03
00 1,33 1,07
100 2043 1,13
500 2.90 ° 1,21
500 332 1.30
700 - 3.69 1.
go0 . «01 1,54
900 4,28 1.68

1000 4450 1,83
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Table 3 R
Distance Factors for Maximum Usable Prequeféy

Heximum useble frequsncy for a givon distance is the greatest
of the three valuag obtained by multiplying the IOOOdmilo E mou.t,
and, the 2000-mile F, me.u.f, by the factors in this’ table for the
given distance and %y multiplying the 2500«m11e F,Fp meuefs by the
corresponding factors for that distance given in Ta le 1,

Digtance in Por E-layer For ?l-layer“ ’

mlles transmission tranemission

o- B 0022 0,30

100 . - 025 0031

200 0033 0633 -
agg O3 0635
0o5k 0ol0
500 0.65 0.46

800 - 007 0052
700 0.82 0.58
900 0095 0070
1000 1,00 - 0e75
1160 1,03 075
1200 1,05 0.82
1323 1,06 085
1 1,07 0,88
0,91
1600 0094
1700 0096
1800 0.97
1900 0.99

2000 1,00
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3, The Calculation of Maxinum Usable FPrequencisy for
Single-~Hop Transmission

The method of caleulsting m.,u.f. ig different for short dis-
tances from thet for long dlztances. The dividing line is roughly
at 25C0 miles, the maximum distence for single~hop F,F; transmission.
The methed of calculetion presented in this section 1a for trans-
mission distences up to 2500 miles. These m,n.f, are for trans-
miseion vis the regular ionosphere lsyers over the great-circle
poeih from trengmltter to recelver; scattering in the ionosphere,
sporadic-E reflections end off-path trenswiesion may modify the
mettofo conmiderably at times,

The first step ig to determine the E- and F,Feulayer criticsl
frecusncies, or, alternatively, the 1000=mile E-lgyer m,u.f, and
the 2500-mile F,F,-layer meu.fs at the midpoint of the transmisglon
path. The basic data from which these can be determined are sceled
regiulerly from recordes at the various lonospheric observing stations
over the world, and are aveilsble in detall at the IKFL, They are
gummerized and predlctlons are lessued regularly by the IRPL,

Sample world contour charts for the months of June, September, and
Decenter, giving critical frequencles and m.u.f., are presented in
Figss U7 through 52 herewlth. Table 4 (page 48) is & sample, for
2005 at sunspot minimum, of a set of tebles presentsd every six
monthg in the Supplement to this Hendbook, giving predicted 2500
mile F ¥, -layer m.u.fs and 1000~rile E~layer m.u.f, for each 20°
of latitude, for 12 months in advence, Daily veluer of nooh,
midnight, and pre—~sunriee minimum critical frequencles and meximum
ngeble freguencies for certain stations are received dally at the
IPPL and can he furnlshed upon request, where prompt information
is desired,

The method of caleculsting the m,u.f. for any path up to 2500
miles in length ig as followsed

1, Determine the latitude and longitude of the midpoint of the °
tranemienion path, Methods for such determination are givern in
Part 4 of this Handbook,

2¢ From the longitude of the midpoint of the path, determine the
local time st the mldpoint correeponding to the time for which the
cplenlation is to be made., Time 1le emrlier to the west, later to
the easty, at the rate of four minutes per degree of longltude,

3. From the avzlleble data for the month or day in question,
determine the E-leyer and F,F_-layer critical frequencles or the .
1000=mile E mev.f, and the 2560~m11e P mauef. for the latitude
and locel time desired. .

L, Convert these values to the mou.f, for the desired dlstance
by multiplying them by the appropriste factors from Tables 1 and 2,
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Fable 4, Sample of Predicted Maximum Usable Frequencies, in Megacycles,

Averesge for Quiet Days,

Midpoint of Transmigsion Fath at Latitude 20°%.

Local time July Aug. Sept, Oct, Nov, Dec, Jan, Feb, Mar, Apr, May June
' of day
For P,Fz-layer transmission, 2500 miles
Midnight 12,0 11,2 16,2 21,1 15,2 13.8 13,6 17.5 20,2 22,0 1€.8 12.6
4 AN, 11,8 9,6 11,9 10,0 10,0 9,6 Tol 11,1 11,7 11,0 11,0 10.9
8 AM, 18,3 18,1 23,0 22,0 24,0 18,0 21.9 21.0 24,5 25.8 20,2  1TeE
Nooxn 16,9 18,3 21.4 21,2 - 25,1 22,0 2062 20,0 23,1 23,8 19,5 17.3
4 PoM, 2062 1962 217 22,7 25.5 26,4 23,5 22,2 26,3 27.C  21.2 18,9
8 PM, 17.5 1346 2060 23,0 2l.1 21,0 20,9 20,1 22,7  22.8 13.5 13,5
For E=layer transmission, 1000 mileg

8 A.Mo 1108 ) 1207 N
Noon 14,9 15,8 156 16,0 15.9 16,0 16,6 15,8 16,2 15:4 . 14,0 13,9
4 PM, 12,2
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or ty using the nomogrems of Pigs.3l through 36. The greater of the
two values thus obtained, for Ew and ¥-layer trsnsmission, is the
menefs for the path.

5« If no E-layer values ere shown on the meps or in the tables,
or if they are shown dotted on the E~layer meps, as 1s ths cese
for some parts of the world, the E-~lsyer calculation can be
omitted, -

6. Skip distances con be obtsined from m.usf. values by noting
the fact that the mou.f. for & given distance is the frequency for
which that dlatence ie the skip distence.

7. Repsat steps 1 through 6 for each time for which the m.u.f. is
deslred,

Note that tables suchr as Table 4 and charts like those of Fige,
50 through 52 snd %6 through H¥ give explicitly the maximum usable
freauency by wey nf the F,Fp layer over s distence of 2500 miles,
and for tranemlession by way of the E layer over a distsnce of 1000
miles, The times and latitudes glven are those of the midpoints
of the vaths, In each case,

As an example of the use of tables like Table 4, suppose it is
deslired to know the m,w.fs for 1200 miles in December, for a path
whose midpoint is at latitude P09S and at 1200 local tize st the
midpoint. From Table 4 the 2500-mile F,F_-layer m.u.fe is 22.0
Mce 2nd the 1000-mile E-layer meu.fs is 10.0 e, For 1200 miles
the distsnce factors glven in Table 1 are 1.05 for E~ and 0,72
for 7,F,-laver transmission. 1,05 x 16.0 Me = 16,8 Mc for E-layer
transmianlan‘ 0u72 x 22.0 Mc = 1Rg8 dec for ¥ ¥ _-~layer transmission,
The meu.fs for the path 1s thus 16,8 Mc, and conversely the skin
distance for 16,8 Mc at the time and latitude indicated is 1200
milen.

' As an exauple of the use of the world charte for short-distance
analysie, suppose the meu.f. ie required for a trensmisglon path
between New York and Havana, during December, st 0200 local time at
¥ew York. The transmieslon path is 1370 mlles long, with the mid-
point st latitude 32. 50N end longitude 80%W, Local time of NBOO
at Few York corresponds to a locsl time of O7H0 at the mldpoint
of the pathe

The F,F?~Iayer m.ue.f, for a latitude of 32,5°N and local time
of CTH0 for & 2500-mile transmission path, as given by the chart of
Fig. 52, is 18.2 Me, The 100C~mlle I-leyer m,u,f, for the same
‘latitude and locel time is glven by the chart of Fig, 58 as 9.1,
This occurs in the reglon, indicated by dotted lines, whers ths
E lgyer néver controls the transmission, soc E~layer values need no
longer be considered for this mroblem,
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By interpolation botween the values of the factors gilven in
Tebls 1, the factor Dy which the 2500-mile meu.f. should be mule
tiplied in ordsr to give the me,w.fe for 1367 miles is 0.79. 3By
maltiplying 18:2 Me by 079, or by use of the nomogram of Fig, 31,
the meu.f. for Srensmission batween New York and Havane for the
time wnder consideration 1z 14U Me,

4, The Calculation of Haximum Usable Frequencies
N for Multi~hon Transmission

There is no practical way of simplifying the pleture of radlo
trensmisgsion ovor distances of 2500 miles or more. No single series
of graphs, nomogpamg Or tables can poasibly. represent all the varia-
tionzs of the factors involved in m.u.f. determination, especimlly
slnce the geographiical varlation of eritical frequencies obeys no
simple law and ontors into the determination of me.u.f, 1h a very
complex manner, -

For ¢ransmission over distances involving more than one hop,
or reflection from the loncsphere, the paths must be individually
analyzed, The phonomena of reflection in these cases are no longer
simple and able to be gpproximated by a geometrical ray theory,

The ionosphere, sz well as the earth {land or sea), is rough to &
radio wave, (ocean waves at times are higher than a wavelength of
o high-fraquency radio wave), and hence there is considersble scat~
tering of the radiation at each reflection from the ionosphere and
from the earth, This results in transmimssien over a multiplicity
of paths, easch of which can show different trangmission character-
igtics. Furthermore, the probability of offapath transmission
from don banks or clouds of sporadic-E layer is greater. For these
and othar reasons, transmisslion over paths longer than 2500 miles
can not be in general considered as a mimple extension of single=-
hop transmission to multiple hops. In some respects, such as
vertical angles of departure ("angles of fire") and arrivel, the
gimplified picture may give repults conelstent with experiment;

in respect to the calenlatlion of maximum usable frequencies, it
gartainly does note

After long detalled study of the relations between ilonospheric
data and loung-distance radio tranemission, during which it has been
attempted to exclude scattered transmission, sporadic E, and similar
offects, & relatively gimple operational procedure for long«path.
caleulation has been developed. ‘

The bssic materials needed for the calculations are the following:

{1) 2500=mile F.mou,fs charts of the world, showing average values
for the months for which caleculations are to be made, PFiga. B0
through 57 are samples included for illustration only, Predictsd
charts ar. issusd regularly as a supplement to this Handbook,
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(2) A great-circle chart of the world, centered on the equstor,
showing great-circle paths marked off with equal intervals of dis-
tance slong the paths, Fige. Y4 through 46 in thie Handbook are
such charte, with the distance intervals expressed in miles, nautical
miles, and kilometers respectively.

{(3) A world mesp showing oceans end land masses and the auroral
zones, which ere the zones of maximum ionospheric storminess, This
ig for essisting 1n locating the transmitter and receiver on the
great-circls chart, Fig, U3 in this Handbook is such a map,

~ (4) A supply of blank transparent paper for superposing over the
maps and charts,

The procedure for using the maps is as follows:

l. Rule horizontal lines on the transparent paper corresponding
to latitudes 90°N, 09, 9005 for aid in orienting the paper properly
on the several charts,

2, Place the peper over the world mep of Fig, Y3, so that the
latitude scales coincide ‘and mark the locations of the terminal
points of the peth to be investigated.

3. Mark the meridian whose locsal times are to be used ss the
times for the cslculation.

4. Place the paper over the desired one of the great-cirble charts
of Figs. 4 through 46 so that the latitude scales coincide,

5 Move the paper horizontally until the terminal points marked
on it elther fall on the game great-circle curve, or fall the same
proportional distance between sdjacent great-cireles curves.

6« Sketch in the great-circle curve between the terminal points,
and plot points 1250 miles (1100 nauticel miles, 2000 kilometers,
or 18 degrees of arc) from each end along the curve, Use the dis-
tance marks on the great ¢ircles of the chart as guides in 1ocatine:
these points. These are the fcontrol points", cr the pointe at
which the ionosphere determines the meu.f, over the path.

7s Flace the transparent paper over the 2500-mile F,Fanlaynr
ma.fs map for the desired month, so that the latitude scales
coincide. (It is not necessary to consider E~layer values).

8s Slide the paper horizontelly until the meridisn which was
marked in step 3 fmlls on the local time for which the m.u.f. ie
desired, '
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9, Bead the valus of the m.u.f. at each control point, The lower
of the two values is the mgu.f. for the path, The icnosphere between
the control points need not be considered, nor the number norlength
of the hopa.

10, Bepoat steps & anﬂ‘g for each time for which the m.u.f. is
desireds .

A on oxauple lat it be desired to calculate the mou.f. for the
path bstween New York and London, at 1100 GMT, in Dacember as shown
on the sample map of Fig. 52, The eontrol point at the New York
ond of the path is at about latitude LYON, longitude 53%; the contral
poiut at the London end is at about latitude 53°N, longitude 30,
Following the procedure outlined above, the control pointe, at
1100 GMT, 1ie at about 0730 and 0905 local time, reaspectively. -

The 2500-mile F ,F,-layer meu.f» at the New York control point ise
10,0 Me, and ab tEe London control point is 16,5 Me, The met,fe
for the path s thus 10,0 Mc at 0800 GMT, :

The idea given here, of waves taking off horizontally and ale
ways meking the first and last hops of maximm length 2500 miles’
ghonld not be taken as denoting that this is the actual mechanism
of transmission, It is mersly a ussble pleture for meu.f, calcula-
tion, which takes into account mome of the complexities which occur
in mmltipath, rmaltihop tranemission, These complexlties = scattered
reflections, laterml deviations from the great-circle path, asymmetry
-of the. trangmission path, laterally eand longltudinelly, scattering
Prom the earth and ionosphere, even upon normsl reflection, the.
cogxistence of several modes of transmiesion = all werve to in-
cereass the m.u.f. sbove what 1% would be according to the geow
mebrical ray theorys

I% should he noted further that all caleulations described here
are Tor average conditions on ioncgpherically quist days, i.e., days
when thare are no ilonosphere storms. They are mlszo for tranemission
via the regular leyers. The actual m.u.f, may often exceed the
valuez calculated as above becamse of reflections from clouds of
gporadio-B layer, or because of scattered reflections (described
helow)e

fio The Predletion of Criticel Freguencles and Maximunm
Usable Fredquenciey.

In ovder to predict maximum useble frequencies for the construe-
© tion of the world charts shown in Figs, B0 throvgh 58, 1t is first
necsssary to predlict the eriticel frequencles of the E, Fy, and ¥,F,
layers and to construct the F F. =layer critical frequency charts, of
Pigs, U7 throuwgh 49, Furthermcre, the complete story of maxismm
ugable freguencles is not told until information is also given on

the doy~to=day deviations of critiecal freguencies and m.u,f. from

the average.
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The avarage varletion of the critical frequancies of the varlous
ion~ephere leyers diurnslly, seasonslly, from year to ysar with the
gunspot cycle, and wlth geogrephiesl lstitude are sufficiently regular
to permit long-range predlctions to be made for average conditions on
ionospherically quiet days {deys without ionosphere dlsturbauces).

The method of prediction of critical frequencies used by tha
IRFL congiste of analyzing the deta supplied by each of its warious
cooperating leboratorlies ‘for sunspot cycle, seesonal, and diurnel
trends, extrevolating these trends to the time for which nrediction
is to ba made and properly combining the resulting predicted values.
Coordination of such predictions for varlous observation statlions
over the earth affords the mearns of making world-wlde predictions
of eritical freguency for any time. The prediction method is
described in detall in report IRPL-8l, evellable upon request to
the I BPLo

The extrapolated trends are them combined to obtain predicted
monthly aversge values of the critical frequency st each time of
day. A graph of diurnsl variatlon of the critical fregquency, for
the month comnsidered, is them drawn through the predieted points,
with due regerd to the observed diurnal curves for the same month
in previous years. The reeult gives velues of the predicted
eritieal freausncies for the month in guection,

The game procedure ie followed with respect to the ¥ ,F.«layer
men.fe factors for the steandard distance of 3500 kilometers“ (2175
miles). "his diatance waes adopted severml years sgo for the regular
eceling of me,u.¥, fectors from verticsl inclidence h'=f records, The
resultent predicted factors, converted into fectovs for 2500~mile
paths, arve multiplied by the predicted F,Fo-layer criticel frequen-
cles to obtain nredicted 2500-mile F,F ~leyer m.u.fe Predicted
values of the 1000=-nile E~layer msu.fs are obtalned by multiplying
the nredicted E-layer critical frequencies by a factor of ¥,5, which
i5 sssumed constant wlth time of day and sunspot cycle. The experiw
mental evidence to date 1s not sufficient to indicate any systematic
deviations from thie value of the factor, Similarly, predicted
values of the 2000-mile Fy-layer m.,uefe. are obteined By multiplying
the predicted Flwiayer eriticel freguencies by & constant factor of

38T

The predicted ¥ Fo~layer critical frequencies, 2500-mile
F.Fo-layer m.u.T, and 1000=-mile B=loyer m.u.f« for 2ach station
are plotted on the modified eylindricsl projection hese chart .
form,which is used for all the worid maps and contour charts in
this Handbook. Oontours are then drawn through the predicted
points to obtein the predicted world charts of F,Fo-leyer critical
frequencies, of which szmples ore shown in Figs. 47 through 49, and
the predicted world mans of m,u.f., of which semples are shown in
Figes, 50 through 53,
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6o Deviastiong from the Predicted Values

The contour wmeps and tables plotted from the date predicted as
described above show monthly average valuss, for quiet or undipe
turbed days only, for trapsmisslon via the regular ionosphere
layerss Qniet days are those when there 1s less than a certala
minlwum of jonospheric storminess (see Sec, II=lle above), It is
neceszgzary to present average values like these, rather than de-
tailed data, for the saks of simplifying a comprehensive plcture
of them.

MHaximam uaable frequenciee are not exactly the same day after
day, for the same time of day, but are distributed about the monthly
sverage. Furthermore, the monthly averages themselves do not faell
on a smooth seasonal curve, slnce the solar radiation varies irregu-
larly, snd thus far nearly unpredictably, about a mean valus. ¥Yor
both remsons the actual daily and hourly values of the m,u.f. during
& Ziven month show a deviation, even oz qulet days, from the pre-
dioted mean. The following discussgion indicetes the nature, source,
and approximate megnitude of deviations from the predicted aversges.

Doviations from predlcted aversge values for a particular time
and plece fall into six general claseest (1) errors in extrapolating
established -ionogphere trends; (2) day-to=day variations about the
average, random in mature; {3) irregular month-to-month variation
froe the gmooth trend, caussd probably by variations in solar
activity; (4) latitude interpolation errors, due to insufficient
number of obssrving stationeg frem which haplec data sre obtained;
(5) the errors in the aseumption that the only.longitude variation
of jonosphers eharasteristics 1g dues to difference in local time,
and (6) large deviations from the aversge due to jionoapheric
disturbances,

The errors of class {1) dus to incorrect estimation of ilono-
sphere trends are llkely to be relatively minor, since the trends
are well established for most of the obeerving stations., Thoze
dne to latitude interpolation errors can, in gensral, be estimated
only upon ths acquisition of more dats from a greater number of ob-
servation stations. -

It has only recently become possible to estimate the errors
incurréd in the assumption thet longitude differences in ionospherie
characteristics are the equivelente of thoere csused by differences
in locel time. At present, three pairr of observatories for iono-
spheric data are located so0 as to have coneciderable longitnde &if-
ferences in comparison with the latitude differences between them.
There are notable differences fn the critfcel frequencies reported
for Ottawe (Lat, Y5.UON, Long. 75.7%W) 1n compsrison with those
for Great Baddow (51.7°N, 0.5°E), for Stanford (37.4ON, 120,20W)
"in comparison with those for Washington (39,0°N, 76.80W), those
for Watheroo (30.398, 115,9°E) in comparison with those for it.
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Stromlo (35,3%8, 149,0°H), and those for Delhi, Indie (28,6°H, 77.2°E)
in comparison with thoge for Baton Rouge, Las {30.5°N. 91,29%). These
differences may possibly be caused by variation in geomagnetis lati-
tude, or by geographical effects upon the ionosphere, dus perhaps to
the influence of land masses upon stmospheric eonvection eurrents.
This is ths subjeet of lnvestigetion now going on,

In using the data for the above peirs of stations, the present
practice ig to compromise between two sate of velues, giving greater
welght to the values of that station for which the trends are best
ssteblished, This helps to guard against possibllity of the dis-
ereponey's being dus to random lonospherie variations.

The spprozimate megnliuds of the day-to-day deviation in E-,
F = and ¥ Fy~layer critical freguencles, at the present phase of the
sunspo# cyc%@ together with thelr sessonal and diurnsal varistions,
ie gshown in Fig, 59, Thse number of csses where the critical frequency
fulls betwsen band limits of every 0.5 Me, 1s given for Washington
for the winter, summer, and squinoctisgl months of January, June, and
April, in compsrigon with the monthly averages for thess guantities,

The B-layer criticel freguency variee much less from dey to day
than does the F,anlayer critical frequency. Deviations of F,F -layer
eriticel freguency from the monthly eversges are generally grestest
during the gpring eguinoctiel period, due to the prevalence of iono-
epheric storms during this peried. They are also greater for the
gteeply sloped portions of the diurnal curve in the morning and
evening, than for the level portlone at night, noon, snd the pre-
sunrise minimum periods. The day-to-day varistions of the m.u.f.
are somewhat greater then those of the critical frequencies, becsuse
m.u.f, variations depend not only upon variations of eritical
frequency, Wit also uvon varistions of virtual helght,

Tha diurnal varletion of the averege deviations iin the F FE-
layer eritical fraquencies, and approximately also of m,u.f, at
Washington, expressed in percentages of the aversge value, is shown
in Fig, 60, These velues are aversges of the day-to-day deviations
talten without regard to sign, OCorresponding aversge deviations reed
on the chart of Fig, 61 indlcate that at this latitude the use of a
frequency equal to or lLower then 80% of the monthly average m.u.fe.
for gummsar monthe, 85% of the monthly average for winter days, and
75% of the monthly avermge for winter nighta insures prectically
continuous tremsuission, except insofar as it i3 limited by absorp—
tion.

An indicaticn of the varlation of the normal day-to=day devie=
tione with letitude 18 given by Table 5. This table presents briefly
the resultes of a statistical survey of fivewhour aversges of the F,Fpm
layer criticel frequeney taken for the hours 23=03 incluesive,and 1ll=]l5
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inelusive, local time, at four stations. It will be seen that ths
relative digpersion of the values {relative dispersion ® standard
devigtion divided by the mean) is generally greater at night than
during the day. The particularly large night valuss for the Huancayo
data are doubtlsss partialily dus to the faet that the diurnal variag-
tion of critical frequency 1s unusually repid at this station during
thege hours. High veluss of relative dlspersion are also axhibited
by the data from Oollege, Alaska, f6r both night and day, This
station 18 in the suroral gone end the ¥,Fowlaysr eritical frequen-
cles are therefore subject to very great deviations from normal
guring periods of ionompheric storminegs, The critical frequencies
observed in north temperate reglons show a greater relative disper-
gion during the spring equinoctial period, as previously ncted, than
during other seasons, This is probably caused in part by-great de=
viations from normal durlng ionosphere storms, which are particularly
prevelent 1n the spring.

Pable §

Statistical analysis of H=hour aversges of fg ¥ for
i} ? 2

typical ‘night {23-03h) and middey (11-15h) conditions’
&t four obgervation stations

0
Mean fF.F

Station Middsy 2 Night

¥inter Spring Summer Auntumn | Winter Spring Summer Autumn

College ,Alasks | 5.92 5,36 4,97 5636 | 2,29 3,34 3,69 2,69
Vashington,DoCol 7299 Toltl 5,60 8,89 | 2,98 3,60 3,60 3,16
Buancayo 9,96 8.6U 7221 8.1 6,26 6517 4,9 624
Watharoo B:05 B.62  ToH6  B.84 | 5,30 Lok 3.5 4,51

Btandard Deviation

College Aleska | 0846 O0.87L 0,505 0,937 | 0.598 0,941 0.656 0,743
Vashington,DoUs| 0o789 1,212 0,651 0.698 | 0.482 0,803 0,409 0,31k
Huancaye 1,396 1,061 0,881 1,370 | 1L.M451 1,309 1,089 1,115
Vatheroo | 16392 1045 0,823 1,063 | 0u719 O.5U3. 0,581 0,653

Ralgtive Dispersion

College ,Alaika | 0,143 0,162 0,102 0175 | 0.261 0,282 0,178 0,278
Washington,D,C, o.ozg Dwlbl 0,116 0,078 | 0,164 0,223 0,114 0,099
1

Huansayo 1019

02123 0,122 00163 | 0,232 0.212 0,221 0s179

Watheroo T 0.173 0,121 0,107 0,120 | 0.136 0,134 0,164 0,145




. TFarther analyeis of the random dey~to—day deviations from average
has indicated that the distribution ebont the model (most probable)
velie is, in generel, fTairly symmetricel, although slightly flgtter
than for an 1desl "normml" random distribution»

In genersl, operating frequencies should be ¥ept slightly under
the meximmm usable freguency calculated, i1f continuous. transmisslon
is to be insured, to allow for day-to-dey varletions in eritical
freguency and virtual height. The frequency used should be, where
practicable, gbount 15% below the meximum for F Fzmleyer tranmission,
and about 3% belcw the meximum for E-layer transmission, sirce the
latter 1s less varisble. The “optimum working frequency", sbbre-
vigted o.wefe, 153 s near the meximun unssble frequency as can be
used, after the above, sllowances have heen made for prohable day-
tomdey varistions in the mo.u.f. This is because the loss of field
irtensity Dy sbeorption at medlum snd hlgher frequencleg 1s greater,
the lower the frequency.

7. Sporadic-E Reflections

Berldes the regnlar predictable asky-wave radlo trensmlssion
that ie cheracterized bty the mou.f. shown 1n the semple grephs and
charts of this Handbook, there oceunrs at irreguler and unpredictable
timee very strong redio trensmission, st frequencies much grester
then the normal mexlpum ussble freauency, crused by reflectlons from
E=leyer heights, Such trensmission ie celled sporsdic-F transmission,
and oftern results in excellent reception within the normel skip zone,
and over long distances oun frequencies which are considerably higher
then sny which normally are nropagated by sk wavess This type of
trensmission is not usually widespreed or of long durstion,
Sparedic~E reflectione are described in Sec, Il-1la ahove,

. Sporadic ¥ (abbreviated E_, end sometimes called "abnormsl EV,
since reflections occur at frequencies higher then those transmitted
by tke normal E leyer) appears to be of two classes, which may be
called the "reflecting" type (type R) end the "blsnketing" type
{tyne B) from their observed cherscteristics.

The R~tyme of gporadic E may cause either totel or partiel re-
flection ' of radlc waves. In generel it produces a very steady
stront reflectlon at the lower of the frequencles for which it is
cbserved at & given time, Its reflection coefficlient 1s wery high
gt these frecuencles, and 1t reflects all or neerly all of the
energy ircident upon it, so that no higher level reflectlions are
geen tkrough it, This type of sporadic E becomes, however, in-
creacingly transperent as the frequency of the waves ig incressed,
and a lerger and lerger fraction of the incident snergy penctrates
the leyer and is reflected by higher layers. It is the H=type of
eporedic B which is most prevelent in temperate latitudes in the
pummer, It seeme to correlats inversely with ionospheric stormi-
negs, being a minimum ir the spring and fall, when ionospharic
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stormiiness 13 most likely, and eccurring at hilgher freauencles and
much more regularly at the mipisum than at the maximum of sunspot
activity, Very 1little sporadic E has been reported from equatorial
latitudes, but instead there 1s present all the time e relstively
wegk ghavp-boundary E reflection which may produce usable radio
#ransnissions over long distances. This type of sporadic E does
not necessarlly involve grest lonizetion densities, but rather very
asteep gradients of lonization density.

The blanketing type of sporadic E (*ype B) is s0 nemed because
it is completely opadue to radio waves mt mll frequencies at which
it is observed, It 1s this tyvre of eporadic E which enpears to he
correlated with suroras in poler latitudes, and in temperate lati=-
gndes during the onset of severe lonosphere storms. It is most
prevalent and the frequencles at which 1t 1s observed are highest
during ilonosphers storms; it is moet likely to occur during the
spring end fell, when ionospheric storminess 1le most prevalent.

It is most likely to occur. during the houre of darkness; it ep-
pears pogsible that this type of ionization may produce ebsorption
during the daylight hours, and sporadic~E reflections at night,
hoth essocleted with lonospheric storminess. This type of sporadic
E probably involves great ilonization densitles.

Sporadic~E reflections, in view of thelr great prevalence at
certain seasons and hours of the day, are very important in their
effect upon radioc transmission. Because By reflects falrly high
frequencies at low helghte 1t cen produce transmission within the
normel skip zone of the regular laeyers, and it also accounts for
long-digtance transmission up to higher frequencies than by any
other means., Strong vertical-incldence refléctions by sporsdic E
gpometimes occur at frequencles up to sbove 12 Me, By reason of -
the large angles of incidence posgible with the E layer, this )
makes long~distance communication possible on frequencles higher
than 60 Mc, Communlication at such high freauencies is generally
for only a short time and for restricted localities., Sporadic E
ie patchy or gporadic in both geographic distribution end time.
At lower frequencles, howevor, it can sometimes produce nearly
continions transmission at frequencies esbove the m,u.f, calculated
for F,F2ulayer data,

Thers is svidence that the probablility of sporadic-E trans-
misgion over an obligque path on a given frequency is greater than
the probabllity of getting reflections et vertical incidence on a
frequency equal to the oblique-incidence frequency divided by the
secant of the angle of incidence (or by the factor § assumed for
long-distence transmission). This is accounted for by the "patchi-
ness" of the layer, permitting off-path transmission from patches to
the gids of the great-circls path, thereby greatly 1ncreasing the
number of poesible modes of transmieeion,



Sporedic-% reflesction da%ta are relatively few, except from a
few observing stationas, so that predictions of its occurrence are
considerably less precise than those of critical frequencies for
the regular layers of the lonosphere.

Vertical=incldence rveflections from sporadic E do not ordinarily
exhibit the variation of wvirtual helght with frequency characteristic
of the regular layers, ZFrequencles through en indefinltely estab-
lighed rengé are continuously reflected from 2 relatively constent
height, followed by the cegsation of reflection without any pro-
nounced retardation of the wave {increase of virtusl height) such
as characterizes a criticel frequency.

Sporadlc-2 ionization may be described by indlcating the rela-
tive frequency of occurrence of wvertical-incidence E, reflections
at a station for various transmission frequencies. %he curves of
Tig. 62 show the relstive occurrence of sporadic-E reflections for
three months, typical of summer, spring egulrox, and winter condl-
tions, at several observatorles, for meximum reflected frequencles
equal to or greater than 3 Mc, 5 Me, and 7 Me, respectively.
Sporadle~E reflections are seen to be most prevalent in the suroral
zone during morning and evening, Fglatively little sporadic I is
observed in eguatorial regilons (except the sherp~boundary E reflec~
tion mentioned above), )

Pig. 63 illustrates the apparent incresse in. sporadic-E occur—
rence with decreasing sunspot number. This increase 1ls fortunate
in that 1t somewhat compensates for the general decresse 1n the
critical.frequencles of the reguler layers with decreasing sunspot
number; 1t 1s, eepeclally in and near the auroral zones, of marked
ald to radlo transmiselon. The value of gporadiec-E reflection to
trensmission may be seen from Teble 6, Here is shown, for sach
hour, the percentege of time that transmission over a 2500=-mile
dlstance was possible at 15 Mc, due to F,Fo~layer reflection, and
to sporadic-E reflection, separately, and in combination during
typical winter, summer, and equinox months in 1943, These tables
are for the statlons at Washington, D,C; and at College, Alaska,
The sample contour charte of Figs, 64 through 66 show the relative
frequency of ocgurrence of long-dlstance gporadlc-E transmission
at 15 Mc for the typical months June, September, and December,
These' charts are based on the avallable information from sueh
jonnspheric stations as reported sporadic-E occurrence during
these months, On these charts, the relative freauencies of occur~
rence, expressed as percentages of total time, are shown as conw
towr lines, simllar to those of the eritlical frequency and meu.f.
charts, These, together with the regular me.u.f, charts, give a
mich more complete concept of radio transmission conditlions likely
to prevall during a given perlod, The sporadic-E charts are slso
issued regularly es predictlons by the IRPL. They should be cone
sidered in making any anelysls of sky-wave radlo transmission over
a Ziven path, !
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Table 6 _ '

Percentage of total time that meu.f, ia in excess of
15 Mc¢, for transmission distance of 2500 miles, dus to
F,Fomleyer reflection, sporadic~E reflection, and the
com%;nation of both,

Waghington, D.C,

Jenuary, 1943 April, 1943 June, 1943
Hour | F,F, Sp.k F,F, % Sp,E|TF,F

00 | 0.0 29.0 29,0 3,3 20.0 22,7 0.0 70,0 7040

01 0s0 38,7 38,7 0,0 16,7 16.7 0.0 50.0 5040
02 040 29,0 29.0 0.0 2040 20.0 0.0 63.3 633
03 | 0.0 1.9 41.9 0 2607 26,7 0.0 60,0 60.0
o4 | 0.0 LB M La L 0.0 20.0 2040 0e0 6040 6040
05 | 0,0 Uug.k 4g, 4 0.0 13,3 13,3 0.0 66,7 6647
06 00 35,5 35,5 269 16,7 39,1 18,2 &0.0 83.6
07 | 0a0 387 38.7 §3.6 20,0 62.9 47,1 70.0 gh.1

08 | 89,7 32,3 93.0 66.7 3647 7809 U1z 76,7 86,3
09 | 92,0 19,4 93.6 8Te5 2323 90 oM 35.3 733 82,7

10 1000 25.%8 10040 5761 16.7 64.3 76.9 6647 92,3
J11 10060 29,0 10040 80.0 13,3 82,7 %0.0 5303 - 90.7
12 1000 32.3 10040 7609 10,0 1942 92,3 56.7 9647
13 [100.0 29,0 100,0 g2.4 6.7 82.5 U4 6640 78,2
14 100,60 29,0 100.0 82,6 13,3 84,9 6342 53.3 82,8
15 1000 12,7 100.0 91.37 20.0 93.0 538 T70.0 8642
16 [L00.0 22,6 100.0 88,5 26,7 91,5 69.2 86,7 9549
17 (10040 32,3  100.0 92,6 26,7 94,6 84N 86,7 97.9
lg 5701 3837 7307 8809 26:7 91.8 96:0 7303 981'9
19 | 11,1 32.3 33.8 85:2 2303 8805 1000 60.0 1000
20 0.0 3203 32,3 73.1 13.3 76.7 92.0 7303 97.9
21 0.0 25.% 258 520 2343 6342 61o9 63,3 ° 860
22 | 0e9 19,4 19,4 To1 23,3 28,8 16,0 7303 7705

23 [ 040 25.8 25.8 7.1 20,0 25.7 3.8 60,0 - 61,5




Tstle b « {continued)

%

Percontage of total time thet m.u.f. ie in excess of
" 15 Me, for trangmlasion dlgtance of 2500 miles, due to
P, Fy~layer reflection, sporadic-I reflection, and the

combination of bath

College, Alnska

Jamary, 1943 April, 19u3 Juns, 1943
Hour | F,F, Spell F,F, & Spell | F,Fp S5p.E F,Fy & Sp.B [ F,Fp Sp.E F,F, & Sp,E
00 | 0s0 6865 68,5 0s0 5353 5303 5060 4245 Tlo2
o1 0.0 THe2 7hHe2 0s0 * 59,2 592 0.0 U5,.0 45,0
02 | 0.0 T76e6 75,6 0.0 BBe7 5667 - 0.0 5245 5265
03 000 70.1 T0e1 0.0 5540 550 0s0 49,2 ug.2
O | 0.0 653 6503 00 ¥.7 M7 0,0 U5.0 15,0
0% | 00 49,2 Ug,2 0D 22,5 22.5 70a0  32:5 7948
06 0,0 - Ug. b . Lg.h 0.0 12,5 12,5 0,0 18,3 83,7
07 - Qe 3300 ' 3300_ Oeo 8.3 5e3 0s0 107@3 10,2
08 0.0 21,0 21,0 040 U2 U2 83,3 11,7 8543
09 0.0 L.# 4,5 DD U2 be2 0.0 2.5 2.5
10 | 15,4 0.8 1543 0.0 0.0 0.0 89060 1,7 90,2 -
11 | Bh,0 2,4 h5,7% 4.5 049 4.5 83.3 540 gl 2
12 | 78.0 LD 76,0 B0 0,0 0a0 90,0 a2 90, U
13 | 76,0 0.0 7640 12e5  1o7 12,1 83,3 4,2 84,0
ik | 67,9 0.0 6749 11,5 0.0 11.5 80.0 17 8043
"15 | 42s3 0,0 42.3 12,5 3,3 11,7 0D 000 0s0
16 | 24D 4,8 2703 8.3 100 17,5 80e0  3s3 800h
17 | 9s0 1163 11,3 130 TeoH 19,6 8667 12,5 8843
12 0,0 12.5 12,5 12,5 15,0 25,6 90,0 10,0 - 91,0
19 0,0 4¥1.9 41,9 12,5 20,8 3067 8Os 10,8 82,2
2n 0.0 58,0 58«0 0s0 3h,2 34,2 90.7 1540 91,5
21 | 0.0 68.5 6855 6e2 5040 3ol 767 30.0 83a7
22 0.0 Tlo7 Na7 0.0 L83 8a3 6363 35.8 7645
23 0.0 66,1 666l 0.0 H8.3 Lg,3 6657 3Us2 78.1
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8. Sky-Weve Transmission by Scattered Reflections

Thus far sky-wave redio trensmiselon has been desgcribed in
terms of simplé regular reflections from the normal iomosphere
layere, exhiblting,except in the case of the sporsdic-3 layer,
well dsfined and calculeble abscrption end m.u.f, charscteristies,
The presence of scattering centers in the I layer, as descrited in
Sec. II above, requires that thils slmple picture be gomewhat modi-~
fied,

In general,radio waves of frequencies bigh enough to pass
through the E lsyer-are scattered In sll dirsctions by the patches
in the laver. Host of the enc-gy trovels forward iIn the general
dirgztion which the waves had vefore they entered the layer, but
eppreciabls anounts of energy may be eCattered at large angles 4o
this direction, and even backward toward the treonsmitter, es
deseribad in Sse. - -II. TFor short-distance single-hop transmission
(Less then sbout 10D0 miles) these scstiered reflectlons cause
transmission within the sklp zone of the regulsr layers, or at
fregnencles higheyr than the m.u.f. of the regnlar layers., In this
cage the reflectlons are complex znd Jumpy thus causing signal dis-
tortion and flutter fading, and are almest useless for radiotelephone
comminication, They are, however, useful for rafiotelegraph com-
manication, especially for manusl operation,

In goneral, redio transmission by scattered reflections can be
divided iInto two categories:. -

() YShort scatter® ~ the first reflection t5 resch the receiver,
coming directly off the Jower edge of the scattering pstches
or clouds,

(b) "Long smcatter" ~ the reflections returned to the receiver from
the upper surfece of the scattering patches or clouds, vie
the ¥,¥> layer, after haviwg resched the scettering patches
via the F,F? layer. : C

Long scatter 1g the most common esuge for reception in the skip
zone (reception on freguencies above the m,u.f.) and is often
reaponsible for the condition whereln no sharp bepring or a
sepurlous bearing is obtalned, Short scatter, coming from rela-
tively widely separated and short-lived patches ,usuelly glves rise
to slgnsls of poor quality, whereas waves recelved by long scatter
often arrive with fair gquality and can be used for automatie
telegrephy up to moderate speeds,

The sffect of scattering must be tsken into consideration in
determining transmission conditions over long peths, Mesasurements
have indicatad thet muek of the energy received from z transmitter



m63 by -

a long dlmtance awey sometimes comes from directions consideratly off
the great-circle peath,  This is especlally true for paths which are
subject to lonosphere storms, such ae the Yorth Atlantic path. Thus,
in sddition to the great—clrele prth calenlsation of the m.u.f, as out-
lined above, it is necessary to conslider to what extent scattered re~
flections from reglions off the great-circle psth nay affect the trans-
migglon,

The makner In which long scetter can afferet long—dlstance radio
transmiggion csn be visuslized ge followg., & radio trsmemitter in
general radiates energy in all directions, and a recelving set can
receive from all directicns, if sntenns directivity be neglected,

At frequencles lower than the m.u.f. the attenuation suffered by the
waves 1s, in general, less over the shortest pornltle psth betwesn
transmitter and receiver (l.e., the minor arc of the great circle

upon which they both lie)., Consequently the preponderant portion of
the recelved signml strensth arrives elong this path, The totel fleld
intensity is the sum of that due to propagetion along this path, and
that erriving from all other directions, dne to scatter,

In Sec, III, b, 1t was stated thet for long paths the meu.f. cCan be
obtelned by conelderstion of ionosphere conditions at only twn.polnts,
the so-crlled control points 1250 mi. from each end of tho' trsnsmiscion
paths Transmission and reception of radio waves at the working fre-
gnency are possible in gll the directions for which the m,u.f. at the
reapective control points 1s as high as or higher than the working fre-
quency. Thus, at some times of day 1ong~diqtance transmission or re-
ception is possible from ell directiops on a given high freaquency,
neglecting ebsorption, elnce at no polnt on the circle 1250 mi, in
radins around the Btation does the m.u.f. drop telow the workirg fre-
guencys If the frequency is high enough, however, a time comeg when
the meu.f. st one of the control points on. a given path drops below
the opersting freguency. For low- and medium-powered stations commuini-
cation generallv dsteriorates ranidly in quality at this time, and a
change to a lower frequency has to be made if it 1g desired to con-
‘tlnue compmunication,

When this happens there are nearly always directions = usumlly
toward the equator- over which glgnals can stll) be trznsmitted =nd
in which directiong the upper surface of the scattering region
may be"illuminated" by the downcoming waves from the F,Fp layer on
the first hop. If the power 1¢ sufficiently great, waves scattered
from these illuminsted sreas will continue tc be received above the
noise level at the receiving station, but the bearing, or horizontal
direction of arrival of the waves, will deviate from the great-circle
path toward the equator, The signnls would be expected to be re-
ceived by this process until, for all polnts on the cirecls of 12H0
mis radius about elther the tranemitting or the receiving statiorn,
the meu.f. is below the opersting frequency. Any further received
signals would be expected to be weak and of poor quality, propsgated
perhaps by a mechenism ianvolving short scatter., There i« iome experi-
rentel evidence in supocort of the above picture, e.¢., in the case of
reception in England of transmissions from Japan, where besring indi-
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cations point to a transmitter in the direction of the Indien Ccesn
neaer the time of failure »f communicetion caused by decreasing m.u.f.

Inpgmuch as the received waves always arrive predominantly by
the path offering the least overall sttenuation, the mechanism of
tranamission by long scattsr Just describved ia of considersble import—
ance, It ig especially important in Interespt work, both with regerd
to the pogsibilities of interception of intelligence on working fre-=
quencleg of an ordsr belleved to bs above the m.u.f. for snemy sia—
tions, and with regard to the false bearing indicationes which will
e obtalned., The effect of laterml deviation from great—circle
pathe appsers to be most pronounced or leng paths pessing through
high latitudes, for in such esses ionosphere storms may often block
direct great-circle communication and leave only the scattered
tranamiseion arriving by peths cleoser to the egquator.

Thus, although scattered reflections alone may not sufficeé to
explain transmission over long paths at frequencies in excess of
the eeleulated msu.fy, they may well provide s mesnsg whereby radia-
tion can reach nortiong of the ionosphere where the lonlzetion is
sufficient to supnort transmlesion in the regular menner over most
of the pathe This 1is esveclally applicable where the transmission
is limited theoretically by a leck of lonizatlon on one end of the
path, and scattering mey provide transmigsion over this difficuls
condition,

It is also worthy of note that the longer the path, the less
abrupt is the beginning or end of transmigsion as determined by the
Metiafs For paths of 1000 miles or less in length & change in field
intensity of 100 to 1 may teke place within a minute at these times,
whereas for paths of 3000 milles or longer the change mey require
saeveral hours, This probably indicates ths groater relative im-

" portance of scattered reflectlons over long paths,

Field-intensity records of radio transmission over a North -
Atlentic path show definite changes in transmission st the times
when the caleulated great-circle peth m.u.f. falls below the fre-
quency used. Transmission is, however, often cbmerved to persist
several hours after this changs 1s observed, This effect may be
explained, and taken sccount of ‘in deseribing or predicting radio
trensmlssion over long paths, by consldsring scattered reflections,

It 1g posaible that short scatter mey play some role in long-
dietance transmigsion, While normelly not corsidered ae important
as long seatter, it might account for prolongation of communication
on long east-west paths, when highly directional aentennas ere ussd
both for transmitting and recelving., If the m.u.f. at one control
point 1s too lew, it i possible that the effect of short scatter
may be to send some of the energy back to earth at & polnt about
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1500 mi. away, (as if the first reflection had taken place from
the & leyer). TFrom trhls ground-refiection polnt the waves nsay

ravel to a point in the F,FP layer, perheps as much as 2750 mi-
from tke station, where normel reflsction can tske plsce, Such
an outwerd extenslon of the control point mey permit continued
wesk signals to be vecelved for soversl hours after failure of
strone transriselon, The mechanism just described may slso be
extended te¢ nor~great-circle scatter communicatlon as suggested
previcusly. That 1g, nossibly the F Fy-leyer m,u.fs on a circle
of 2750 mi, redius around each gnd cof the tranemissiorn path iz of
imertance for this type of scatter.

The above discussion has been in terms of omni-directional
qerinle. This cendition is not necessary, however, for any prec=-
tinal directional antenne has many legrer readlatlion lobes besides
its principzl one, There cen thug be conslderable amounts of
energy redisted in nearly all directlions even from a good dlrectional
artennga. -

The genersl characteristice of the scattering patches whieh

have so far been principally discussed sre: ' .

(a) Theiy apparent colncidence in height with the E layer,

(b} Their frequent occurrence and short life, giving the effect
of & repldly fluctusting layer.

{c) The fact thet the intenslty of radlstior scattered from
these patches decrepses with incressing frequencye.

The type of complex reflections referred to in Sec. II, 11
gbove as "gprerd echoes" appears at frequencies near to gnd sbove
the F,F,~layer eritical fraquency, and at sbout ¥,Fo-lsyer heighte.
Trese reflecticns are very intense and complex, usually appesaring
only at night, It iz uncertaln as t¢ exactly whet reletion they
heve to long~distance readlo communication, out meesurements indlcate
that thev sraz somevhat eflfective in Increasing tle m.u,f., =lbeit
the signsls %ranamitted thue ere renidly fedlng nid fluttery. The
scattering centers responeible for these reflectione mey possitly
be patches or cleuds above the maln hody of the F layer, which re-
turn waves which have paseced threugh the leyer.

& third kind »f ecomnlex reflection spnears durlng lonospherve
storms, and prebably indicates e turbulent condition of the iono-
gnhere, ir vhich the normel satretificatlor ic brolen nup into eddles
nnd patches, Thls type of scetterine ls especlsally prevalent in and
nenr the auroral zone, but may enpeer elsevhere during severe lono-
svhere gtorms., They nay be croused by the influx of heterogenesus
groups of charged particles into the ionosphere, in the act of pro-
dicing an lonosphnere storms This "aurorsl zone" scattering ie known
to profuce off-pnth radle transmission on very kigh frecuenciec at
times, and mey bte one of the princinal sources of discrenencies in

~
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paths which pase near the auroral zone {gee belvwa for description of
auroral zome).

A fourth kind of complex reflection is especially prevalent at
night in equatorial latlitudes. It shows up, or vertlcal-incidence
mpasurements, on a lerge number of nights, shortly after sunszet, and
may persigt throughout mogt of the nlght, The regular<layer reflec~
tions sre entlrely obscured vy strong complex reflections with eguiva-
lent paths anywhers from less thso normal Pe-layer heights to many
times the normal F=layer helghts, They occur over & wide renge of
frequencies end often occur on frequencles greetly in excess of
the normal ¥F-leyer crltical freouency. They seem to have little
or no relatlon to the critical frequency, being in this respect
different from the second type of scattered reflecilons described
sbove. They show no correlation with lonosphere storms or other
disturbences. The extent to which they affect night-time radio
‘transmisglon in the tropics is unknown, but it seems likely that
they can cause radio transmission to teke place at frequenciles
far above the usual m.uif. for tropical latltudes at night.

. 9. Icnosphere Storm Effects

8. Ilonnsphere Storn

As described in S‘ec. 1I above, an ionosphere storm is a period
of disturbence in the icnoswhere charncterized by great anomslies in
critieal frequencies, virtuel heights, and ebsorption, It is prob-
sbly coused by bursts of electrified narticles from the sun, This
canses radio trpnsmission conditions to be sbnormal, with » decrenee
of maximum usabls frequencles, lncreese of skip distances, Yalsing of
layer heighte, and lowering of received rrdioc intensitieg. Usually
2leo mbnormal msgnetic fluctvations cceur, Hlgh-frequency radlc trans-
mincilon sbove 200 kilocycles 18 of low 1lntensity snd subject to flut—
ter fading.caused by complex reflections from a patchy end unstable
ionosphere. Night skyr waves below 2000 kilocycles ere greatly weakened,
both during the storm and for several deyrs after the effects on the
highar frequencies have disappearsd. All effects are grester in
radlo transmisslon pathe paseing through the poler reglons,

uring the firet faw hours of severe loncsphers s%orms, and
in high latitudes even for small gtorms, the lonosphers is very
turbulent and radio transmission is weak and erratic. During the
inter steges of the storms the maximum usable frequencles are
lowered and the lowest useful high frequencles are raised, so that
the bands of useful frequencles ers narrowed and sometimes com=
Pletsly digeppesar, This results in the condition often referred to
as "radio blackout”, which is often experlenced in Greenland, Ice-
land, Alaska, and Antarctica. Very low frequencles are little dis-
turbed, and communication may be carrled om at frequencies btelow
100 kileeyeles when all high-frequency communication is impossidle.
Ionosphare storme sre most severs in suroral-zone latitudes and de-
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¢regse 1ln intensity toward the egrator,

An icnogphere storm usuelly develops durlng g period of s few
minutes. to en hour or more, The effects are noticed in the F,F,
layer firat and move progressively downward. Recovery to normal
conditione usually takes several deys, dependirg on the severity of
the storm sand the gecgrsphical letitude,

»

be Auroral. Zone Fffects

When o radio transmission path passes through latitudes higha=x
than sbout 50° it may pass through regions where the ionosphere is
unstable and there is abnormslly high ebsorption of the radio wawve
energy even when no ionogphere storm is in progress. Such paths
gre cherscterized by lower recelved intensity, and more fluctuation
in fileld intensity, than other paths. Thils poor radlo transmiscion
ig ceused by conditions in the "suroral: zones", or the regions where
visible surora is most prevelent, In these zones there are nearly
continuons megretlc snd radlo disturbances, and the dleturbasnces sre
much more severe than in surrounding reglons, either closer to or
more remote Trowm the magnetic poles of the earths The aurorsl
zones are roughly circular, with centers shout 78°N, 65°W, and
sbout 7898, 111°E, The center line of each auroral zone has a
radins of roughly 20° of arc orn the sarth's surfece. The meximum
of radlo disturbence occurs in a band seversl degrees wide and
centered espproximetely at the center of the aurorel zore. The
rading of the suroyal zore lis grester durlng severe loncsphere
storms than durlng mild cr moderste storms., During the develop-
ment of a storm the radlus increases to an nltimate extent detenr-
mined by the severity of the storm, This increase often tekes
severel hours and the effect can be used to anticipate poor radio
conditions over paths passing not too far from tke normal aurorasl
-zone, During severe storms the dls*urbance st s given place within
the auroral zoene may actually be less than during less severe dls-
turbances becsuse of the expension of the radius of the gzone.

Transmisslons over peths which lle, even in vart, in or near
the auroral zones, are subject to & greater degree of irregular and’
erratic performance, and poor radio trensmission conditions than are
transmisgions over other psthe, Severe and prolonged lonosphere
storms with associsted redio blackonts ocecur frequently, often
develeping suddenly in the course of & few minutes, Over such
peths, it is not unugral for long-distance radic transmission to
be difficult or lmpossible on 211 high frequencies for a day or
more at a time, and to be erratic end only pertielly recoversd on
a smzll porticn of the frequency svectrum for as much as & weell.
There have been instances of ionospheric storminess lasting almost
continuously for = month,.
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Prequently, also, in auroral zones during ionosphsre storms,
there appear strong, wldespread, and contimious Intense gporadic~E
reflections lasting for meny hourz., These may considerably improve
radlo reception in certaln directions ard over some paths while the
gporadic E lasts, but there lg no way of predicting this.

For transmisslon pathe which do not pass through the surorgl re-
glons, radlo transmission mey generslly be had during an ionosphere
storm of modermte saverliy by using frequencies somewhat lower than
usuals. Such transmission, however, is probably weeker than normal,
and the change to lower frequencies should always be made with ceu-~
tion, because pbsorption ls lisble to Increase during lonosphere
storme, even for paths somewhat outside the surorsal zones. How-
ever, when an lonogphere storm of severe lntensity oescurs over
~such a path, or when even a relatively mild storm occurs over a
path which lies even partly in the auroral zone, there is usually
nothing that can be done to obtaln better wesk sporadlic radio
trenamission on any high frequency over a path of greater than s
hundred miles or so in lengths Transmlssion over suroral-zone
peths during lonosphere storms can be lnsured only by the use of
the ground wave or by using low frequencies (below 300 ke). Trans-
rissiong on frequencies below 100 ke are actually improved during
severe lonosphere storms; this 1s because the D layer becomes more
hesvily lénized at these times and therefore a better conductor,. .
and better able to reflect waves of wevelengths great compared
with the thickness of the layer, although 1t may completely absorb
waves of wavelengthe short enoughk to penetrate. through it,

For reference, the suroral gones, or zones of meximum auroral
frequency, are shown on the mep of Fig, 43, The dotted line shows
the approximete lower lestitude limlt of lonosphere storminess, for
nild and moderate storms., Severer storms start in the surorsl zones
and spread out from them.
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SECTION IV. LOWEST USEFUL HIGH FREQUEKRCIES

1., Genersl

The lowee* useful high frequency {l.,u.h.f.) for rsdio skv-weve
tranerigrlon over s gilven distance depernds chlefly oni

1, The power radiated by the tranémitting antemna (rot the power
output cf the tranemitter but ths ectual power radisted).

2. The energy loct by the rndio wave due to absorption in the
lonosphere,

3¢ The verticsl and horizontal directlonsl promerties of the
transpitting »rd recealvine anternnas,.

4, The radio noise level ot the receiving locetion {local noise
as well as atmogpheric noise propacated from a distance).

5s The skill of the radio receiving onerztor,

6. The type of gervice (A3, Al printing, Al aural, direction
finding, etce)e

It 1s possible to caleculete the emount of absorgtion of the
sky wave in the lcnosphere under specified conditions of rezson,
time of day, snd direction end length of the transmission path.

If the radiated power and the transmitting antenns sre also speci-
fied, 1t is possible to determine the axpected fleld intensity of
the recelved radio wave, 1n microvolts per meter, .

The question as to whether thies intensity will be great enouzh
to uge deperds on the other factors listed, These fectors may, %o
e. rough approximaticon, he considered together end epeciiled as a
frequired field intensity" for a given eservice. In genersl, the
required fileld Intensity for any specified service is varisble with
time nnd with geographical location, and often it is chiefly deter-
mined by the magnitude of the radio noise at the receiving location.

Ly process of determinlng the sKky~wave dictance range for a
given frequency, or the lsu.h,f. for a given distance, 1s really
two preblemss

(1) The ecnlculation of the ectual sky-wave field intensity at the
recelvers,

(2) The determination of the required field intensity,
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If the actual fleld Intensity 1s equal to or greater than the field
intenslty required, the communicatlion ean be cerriled on - otherwise
nots '

'The matter of required fleld irnteneities will be trested 1in de-
tall in Sections V and VI of Part 4 of thie Handbook. The present
digscuegsion 1s concerned chlefly with the celculetion of cky-wave
field intensity, and only rough indications of estimated required
field inteneities are given for uise as a guide until Part 4 is
fesued, ) ‘

2e Sky-Wnve Radiation

In traversing a non~lonized region of the atmogphere, practically
no energy is loet frem the wave, and the only decresse in field in-
tengity 1s that due to the spreading out of the wamve front, the
"inverse—-distance mttenuetion", The fleld intensity along s path
encountering no obstecles {(neither large messes nor ions) and no
interfering wave treginsg, veries inversely as the distence from the
emitting source; the energy density in the wever, which is pro-
portional to the sqnare of the fleld inteneity, veries inversely
as the squaere of the distance (the femiliar "inverese square law"),

If a short dipole (less than, say, 1/10 wevelength long) is
radlsating F kilowatte of power ir free mpace, the electric fleld
Intengity B of the dlrect wave at a distance 4 in a dlrectlon mak-
ing sn angle © with the axis of the dipole is given by

Ve

E = l}l,TQO e ein &,

where § is in mierovolts ner meter,
Fi1g in kllowatts radiated,
d is in miles,

Note thet P 1s the actual power radisted from the antenns (current
squared times radistlon resistsnce) and not the power qutput P, from .
the tranemitting set. (The ratio P/F, is the "radiation efficiency"
of the entenne)s The field intenelty produced by other antennas is
gimilar in magnitude, but different in detail as to directional pat-
tern, etce For example, the fleld intensity at one mile, due to a
short verticsl wlre nne end of whiech is on the ground, is glven by

B = 186,300 VP sin @

for perfesctly conducting ground. L is somewhset lese than thig for
average ground., Fart of this fleld intensity nesr the ground (near
6 = 90°) 1s due to the surface wave, vwhich is neglizible when the
wave reaches the ionosphere. Consequently the verticel directionsl
Pattern of an antenns, for sky-weve calculatlons, is considerably
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Jifferent from the pattern as meesured within a mile or go of tte
antenna.

‘To a first spproximestion, the sky-wave field intensity pre-
duced by an antenna can be considered as the field intensity pro=
dnced by a similer antenna over a perfect earth, amultiplied by the

nuantity_.éga where R is the plene-wsve reflection ceoefficient of

the ground for wavés Incident at en angle equel to the verticel
angle ¥ of deperture of the weves, This reflectlion coefficient
has & phage angle as well es a magnltuds, end is:

" lnuecos?'w - gin ¥

R = = === —-  for vertically polarized waves, and
u V l-wccog“y 4 sin ¥ .
usiny - 1~u2c032w . .

R = — for horizontelly polarized weves, whare
usin¥ + 1-ufcesd W

n -

1
—em
ﬂe = Jz
€ = dielectric constant of ground,

- 13,000 g

-]

9
i

conductivity of ground In m.%.8. unita,
f = freguency in e,
1ﬁ~19

The value of R is giver here for refevence only; further Aisenszszion
of 1t is outgide the scope of thir Handboel,

Tt
it

A more cormlete descrintion of redistion petterns from varicus
antennas is erlso outside the scere of this seetion of thie Handbook.
The czleuwlptions outlined in the remainder of this ssction are bassd
on the followlng entenna charactaristicss

lo & short vertical wire is assumed radliating 1 kilowstt, for trane~
mission dietences beyond sbout 500 miles (for verticsl angles of radia-
“tlonm ¢f about oY or less. above the horizontal), :

2, A half-weve dipole, one quarter wavelength above the eﬁfthp is
agsumed radiating 1 kilowatt for distances of ehout 100 miles or less
{for vertical sngles of radiation of sbent £0° or greater sbeve the
horizontel). .

z
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' 3, The fisld inteansity at verilecal anglec betwesn about 40% and
f0% ig interpolated between thess two cases.

The median value of the field intensity 1e the wvalue used in
mogt sky-wave calculations, Sometimes it is useful to consider also
the .? quasi~meximum® valne of the field intensity, or the value which
1z excesded only 5% of the time by ths instantaneous fleld intensity.
The quasiemaximum is sbout 1,5 times the medlan value of field inten-
g8ity, for & normally feding wave. ’

3¢ The Unabsorbed Field Intensity

The unabsorbed fisld intensity of & sky wave is defined as the
fleld intensity which 1v recelved at a given distance froem & transg=
mlttar of glven power and entenna system in the absence of lono~
spherie absorption, For standardization, the unabsorbed fleld in-
“tensity le usuelly referrad to 1 kw radleted from the antsannas
degeribed abova,

When no abgorption 1s introduced by the lonocsphere a radlo wave
decrsapog in strength with dlstence because ofs

(1} the "inverss distance” sttowustion (spreading of waves),

(2} the breaking up of the "homogeneous" weve intc components
vhich combine with random intensities and phases to produce
a fadlng wave whoge medlen field intensity is less than that
of the homogeneous wave;

(3) loss of ensrgy vpan reflection =t the ground between hepe.

, These effects, together with the assumed directlonal patterns
6f the traasmltting antennas, have all been consldersd together in
fommslating curves of “unabsorbed fleld intensity" given in Flgs, 74

through 76 and described for use below, For the convenlence of
ugers, most of the graphs and nomograms in thls Section are given
in termg of three distance units, ~ miles, nautical miles, and
kllometers. One mile {eometimes called statute mile) » 1.6092 km,
and one meutical mile (abbreviated n.mi.) = 1,8532 km,

4, Sky-Wave Absorption

The slower and mors regular warlations of intensity which the
gky-wave field undergoes are the resulti of absorption in the lono-
sphere. In general these varlations are predlstable, since they are
dus to dlurnal, seasonal, and year-to-year varlations in the ionow
sphere. The mechanism of absorption is essentlally ag follows:

‘ When the vadio wave encounters & free elsetron in the lomosphare,
goms of the onergy in the wave 1s given up to the electron, causing
1% to vibrate, gSome of thie energy le reradlated at the frequency
of the ineident wave, and some 1s lost in the form of heat as the
elegiron c0llides with neighboring air molscules, The loss of

b
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energy by collision becomes greater with increasing chance of colli-
pion, and therefore 1ls greater at higher atmospheric vressures, or
lower atmospheric heighte. The energy loes 1s mlso greater, the
greater the emplitude of vibration of the electron, For this reason,
the loss 1s greater, the lower the frequency. ’

The logs of energy through absorption per unit distance of travel
of a wave of fregquency f, in a region of the lonosphere where the den~
slty of electrong is N and the collisional freguency of electrons with
air molecules (due to ordinary thermal agitatiOn) is ¥ , 1s given by!

NV

k= e 2Y

cm p.fa

where e and m are the charge and mass of the electron, ¢ 1s the
velocity of light, end it 1e the refractive index of the medlum for
the frequency f« This is on the besie of the simple theory, not
consldering the effect of the earth's magnetic field.

The presence of the earth's magnetic field complicates the
picture greatly. In general, the extraordinary wave is absorbed
more then the ordinary wave, especially near the gyro~frequency
(about 1.k Me at Washington, — different st other places), Near
the ordinary-wave critical frequency, however, the ordinary wave
is absorbed more than the extrsordinary wave. The inverse-frequency-
squared variation of absorption is plso modifled, especlally at the
lower frequencies; the varlatlon with frequency 1s not quite so
rapld, for the ordinary wave, when the earth's fleld is considersd.
A more detailed discussion of this point 1s not at present in the
gcope of this Handbook,

As the sky wave leaves the transmitter, no loss, except that
due to apreéding of the wave front, is suffered until the wave en-
counters the lowest helght at which there is apprecisble ilonizationa
Here the absorption loss depends, as described above, upon the num-—
ber of electrons ner unlt volume, the density of the atmoaphere,.
end the length of time during whieh the wave remalns in the lonized
reglon. ‘

‘During the night hours, when the F layer 1s the only layer of
pronounced ionization present, lonospheric absorption is, for most
frequencies, negligible on frequencles above 2 or 3 Me, for qulet
conditions outsids the auroral zone, This ls becsuse at F-layer
heights there are relatively few encounters between lons and gas
molecules, There is some abgorption for frequencies near the maxi-
mum ugable frequency, becaunse waves of such frequencles are abnormally
retarded in passing through the ionlzed region and there 1s sufficient
time for appreciable energy loss to take place, This ig called "de-
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viative absorption' since 1t occurs with the bending of the wave

path in the iocnosphere, Since the eritical frequencies for ordinary
and extraordinary waves are sllghtly different, the maximum deviative
ebgorption for each component occurs at elightly different frequen-
cles; thus, while in general the extraordinary wave is more suscept-
ible to absorption, this gltuation 1s reversed at fregquencies very
near the critical or maximum usable frequency for the ordinary ray.

During daylight hours, there 1s also appreciable sky-wave
energy loss due to deviative abgorption for freguencies near the
m.u.f» for each layer. Howsver, the princlpal deytlme energy
losg occurs in the D reglon, which lles Just below the E layer.

In the D reglon the atmosphers is relatively dense, and the fre-
auency of colllsions betwsen electrons and alr molecules ieg far
_greater here than at the heights of ths other layers. . Thie type
of energy loss is called "non-deviative absorption", since it takes
place in e region where there iz little or no bending of the waves,

Ionization in the D region is principally caused by ultraviclet
radiation from the sun, and the height of the region is low enough
for rapid recombination to occur, so thet the density of electrons
in this reglion varles practically in step with the amount of sun-
light incident upon it. The electron density is thus grestest at
noon, &t latitudes directly under the sun,

5. The Mesgursment of lonospheric Absorption

In the messurement of ionospheric absorption, the quantity
actually measured is the "reflection coefficient" of the ionosphere,
the ratio of the field intensity of the reflected sky-wave to the
intensity of the incident wave at the lonosphere. The negative of
the logarithm of this number is called the "absorption cdefficient®,
The absorption coefficisent varies regulerly diurnslly, seasonally,
and from year to year with the sunspot cycle end lonospheric stormi-
ness, 1t 18 different for different frequencies, distances, geo-
grephical locations, and angles of Iincidence of the eky waves upon
the lonogphere,

Two princlpal methods are now used to measure the ionosphere

reflection coefficlent. One consists of uging pulses, and of com-
paring the relative emplitudes of succegsive reflected pulses at a
given frequency at verticsl incldence. The amplitudes diffeyr be-
ceuse of the absorption in the ionoephere, and also becauss of the
extra distences that musgt be traversed by different pulses (i.e.,
a pulse recelved efter two reflections will have suffered twice the
sbsorption of a pulee received after one reflection). The distance
traversed is known from lonospheric height measurements; therefore
the mbsorption can be evelumted,

The other method ls more widely applicable end does not need
special equipment like that needed for the use of pulses. . It conw
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slgts of meking continuous autometic records of the fileld intensities
produced by radio transmitters, both at vertical incidence and for
transmisgion from a distance. These records cen be interpreted in
terms of nown ionospheric data, so that the modes of transmission i
gre known, The fleld intensity as messured is the sum of the inten~
sities of a definite number of waves, whose relative amplitudes can
be deduced, By thies memsns a great mase of data cen be obtained amto-
matlically for a wide range of frequencles and angles 0f incidence,
and the reshlte combined into ecurves of absorption coefficient
against frequency.

The results indicate that the absorption coefficient of the
lonosphere for vertical incldence incresses with frequency to a
meximum at a frequency in the nelghborhood of one megecycle, then
decrenses gtendily with frequency, except for small renges of fre=~
quency in the neighborhood of the c¢ritical freguencles of the regu-
lar ionospheric layers, Fig,67 shows & typical curve of absorption
coefficient as a funetion of frequency for noon condltions at Wagh-
ington in Jenuery, 1942, as obtained from data of the National
Buresu of Standards. The absorption coefficlent is given as the
logarithm, to the base € , of the ratic of .the incident to the re-
flected sky~wave field irtensity. '

It is convenient to degl with absorption in terms of the .
logarithms of the field intensity ratios, because the relation
between actual field intensity and "unabsorbed" field intensity
over a given peth is

E= EOE

where E is the actusl fleld intensity, E, 1s the unebscrbed field
inteneity, or the intensity which would have been observed in the
abgence of ebsorntion, K 1¢ the average, over the path, of the
ebsorption ceoeffleient, 2nd 4 1s the length of the path of the
wave in the lonowmphere,

6. Summary of Absorption Fhenomena

=

Fig. 58 ghows the results of automatic field Intensity measure-~
ments for an actual station. Were no ionospheric absorption present,
the field internsity would be practically constant over the day; ac-
tually the intensity is much less during the daylight hours than
during the night hours, principally because of the absorption in the
D region during the daytime, Analysis of many records such as this
heve led to the following conclusions regarding absorption,

(1) The absorption over a given path can be represented by the
relation

[ ) 1

where  ig the median value of field intensity, E, is the medien value
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of unsbsorbed field intengity, which is negligibly different from
the night velue of E, for frequencies of 4 Me end above, and S is
the "absorption comstant", which depends on frequency, length of
path, and the amount of sunlight over the path.

(2) In general the absorption constant 5 cen be considered to be
mede up of the product of three factors, the length of the trans-
mission path, d; the "absorption index", K; and the "subsoler absorp-
tion congtent" So. The pbsorption index K depends on the elevation
of the sun above the horizon; It is a maximum at noon for a glven
latitude and sesson, 1t is unity at the subsolér point, and 1t de~
creases with increasing altitude of the sun, reaching zero when
the sun is about 9° or 10° below the horizon. There is apprecisble
absorption at ground sunrise end sunset, because of ionization of
the D region at these times due to diffusion, and other effects
whose description is outside the scope of this Handbook, The sub—
solar absorption constant S, is twice the logarithm to the bmse 10
of the ratlo of the 1ncident to the reflected sky-wave fleld inten-
sity for s wave traversing a unit distance (say 1000 miles) at and
near the subsoler point. It is a function of frequency end of
ionospheric conditions. “The distence d 1s expressed in the same
nnits as those for §, ~ in this case, thotisands of milee. Ve can
write, then,

= SOK d.,

This ig only valid for paths of lengths in excess of sbout 500 miles;
for shorter paths the distence d is not the length of the trens-
mission path on the earth's surface, but 1s vroportional to, but not
equel to the distence the wove travels in the D region.

(3) If the field intensity is expressed as the logarithm to the
base 10 of the microvolte per meter, the field intensity mey be
readlily caleulated as

F=F, -5 K d,

where F gnd F, are the logarithms to the base 10 of the actual and
unabsorbed field intensities, respectively, and S,, K, and d are as
described above, It is convenient to use logerithms in field inten-
sity work, because the response of most comminicetions epparstus is-
on a percentage basig,

(k) The veriation of the absorption index with the elevation of
the sun, except in the suroral zone, may be feirly well expressed
by the empirleal relation

K = 0,142+ 0,858 cos ¥ cos ¥V > -0
and K &0 cog¥. &< -0C
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HBers X is the ratlic of the absorption of a particular frequency at
pny latitude snd local time, to that directly under the sun, and ¥
i1s the zenith sngle of the sun for the latitude and locel time
under eonsidercticon,

Tie. B9 shows tyoleal veriations of fi¢ld intensity measured
throughout the dry for three different tranamiseslon paths on two
different freaqnuencier, The grapha shown are gverages for all the
deys of the month. They illustrate ths effesct of Dwregion sbsorp-
tion, as well ey the effect of "glipping,

For the lower of the two frequencies shown, l.e., 5000 ke,
night reception is comparatlvely good over the path from Washingten
10 Batou Rouge, for which path 5000 ke 15 well below the maximun
uwguble frequency. This transmission suffers 1little ionospherie
gbeorption. During middmy there ig pronounced D-region ahsorption
of A0NN ke over both paths, and, conssquently, low values of field
intensitv,

On the more nerthern transmission path from Washington to
Boston, for 5000 ke, the frequency is above the maxlmum usable fre-
quency, between about 2300 and 0530 (75°W time), so that relatively
gmall field intensitles are recorded between these hours. Just fol-
lowing this perled, at about sunrise, the average intenslty in-
creasges, following the curve of probablility that this frequency
will be reflected, and not sklp. In e short time following sunrise,
this probability becomes & certainty, but little increase of field
intenseity is now exhibited, sinece here the D-region icnization has
beceme gufficiently great to cause apprecinble absorption, In the
avening, the field intensity riser sgeln sg the D-region shsorption
disavpeara, and then falls because of the fret that the transmission
begine to skip ow some days of the month., As the tine gets later
in the evening the transmisslon sklps on wore and more days until a
tire 1s reached when it skips every dsy, and =t this time the
average fleld intensity becomes reletively small, since only secat-
tered reflections are received {see Bection III, &),

Fleld interngitles meagured on the higher of the two frequenclee,
{s0ay 13,525 ke, manifest charaecterizties pimllar to those shown on
BOOC ke over the northern path during the night, early morring, and
everlng hours, (The break in the curve between 015G and 0330 (L50W
time) indlcatee sbsence of recnrd at this time), During midday,
howsver, recorded field intensltlies are higher at this frequency
then at 5000 ke, since D-region absorption 1s less, the'higher the
freguency. '

7o Abnormal Ionospherie Absorption

In addition to such absorption effects, believed to be caused

by ultraviolet light normally radlated from the sun, there are the
effects, rreviously méntioned in Sectlion II of this Handboolk, due
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to sudden ocutbursts of soler activity and to solar psrticle emsna~
tion, They include the absorption effects msnifested during lono-
aphere storms and sudden icnosphere dlgturbances, and the absorp—
tion continuamlly present in the suroral zone,

As mantioned in Section II, there mre 1lrrsgulerities in the
pleven=~year pungnnt cycle, resulting in ghnormal variation of sun-~
¢pot number, During such perlods of abnormally increased solar
actlvity, D-layer ionlzation, and consequently lonospherlc sbsorp—
tion, is inereesed, Theee pericds msy last for several weeks, and
appear at intervels ¢f a few months epart.

During pericds of ionospheric gtorminess, which are often heralded
by the apoearance of large sunszpots or groups of svots, ionization
bacomes d1ffuse, and rometimes the normal stretification of the iono-
sphere into layers disasppears. At thesc times far more lonization
exlsts at low levels then ordlnarily, especielly at night, and ab-
sorption 1z abnormally high, and irregular in nature.

Pig, 70 shows, for compsripon, the recorde of fleld intensitiles,
measured on the same frequency, for an ionospherically quiet day,
and during days of moderste and severe storms, Fig, 71 precents
fisld—intensity measuvremente showing the effectes of a severe iono-
gphere gtorm on tranemission at three different fregquencles,

Coincident with the appearance of solar flares, or bright erup-
tions on the gun, there often cccour periode cf sbnormelly high D=
layer ionlzation, lasting from a few minmtes to an hoeur or more, and
occurring only during daylight hours. These sudden 1lonosphere dis~
turbances are caused by sudden intenss bursts of ultreviolet light
emanating from the solar flares, The intense ultraviclet light
reaches our atmcephere, penetreting to the lower reglons where it
produces sufficlently intence ionization to ceuse cessation of all,
or all but the higher, high~frequency radio trensmission,

This incresse in D=layer ionization makes it z batter con-~
ductor, and so wevea of frequencies which rormally are reflected
from this layer (frequencles below H0C kc or so) are ectually in-
creased in strength, while the waves which normally penetrate the
D layer, ms in the medium-frequency broadcast bzand, mey be strorgly
reflected from the D layer during thie time,

Fig, 72 shows field-irtensity records of signals recelved at
widely separated atations over quite different paths during a day
on vhich one of these sudden disturbances occurred., It will he
seen that the striking sudder drop in fleld intensity to mrsc-
tically zero occurs similtaneously.

Stresms of perticles from reziorns outside the earthis atmos-
phere arrive continually near the earth's magnetic poles, being
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deflected into the lower atmospheric reglons there by the earth's mag-
netic field. They alsc csuse pronounced ionizstion at low atmos—
pheric halghte, and are considered to be the primary csuse of aurorsl
digplays, which are also ionization phenomana,

Althongh auroras are freguently seen at lower latitudes, they are
obeerved most frequently at places located roughly on circles centered
sbove the earth's axis magnetic poles, ot 78CN, 69°W and 72°S, 111°R
in relatively narrow bands whose centers are about 20 degrees of arc
away from these poles, TFig. 43 shows the locations of these regions
of maximum suroral freguency.

Jonization in the auroral zones is intense at low levels, with =
generally diffuse and erratic distribution, 8o that there is pro-~
nounced absorption at nearly all times, enhancing the effect of or~
dinary daytime absorption and that appearing during ionospherie '
stormg, Aurorasl absorption reaches a maximum in the regions of
maximm suroral frequency shown in Fig, 43, in general, although
erratie variation in absorption occurs over many different paths
traversing this reglon.

Pigs T3 presents fleld~intensity records taken on two days, one
belng apvroximately normal, the other coincident with an aurorsl dis~
play. Here the sudden decrease of field intensity with oneet of the
auroral display is marked.

8, The Calculstion of Sky=Wave Field Intengities

" The distance range of radio waves is defined as the maximum dig~
tance at a given time end over = given transmiggion path at which a
transmitter of a given pover can produce a fiseld intensity great
enough to be useful, The lowest useful high freguency (arbreviated
l,u.h.f.} is the lowest frequency in the range of frequencies from
sbout 2 Mc up which will produce a field intensity great enough to
be useful over a gliven transmission path at a given time,

The first step 1n the calculation of distance ranges or l.u.h.f.
is to celenlate the field intensity that will be produced by a given
transmitter at a given dietence over & path whose location and loecal
timee are specified, ’ '

‘At distances gfeater than about 500 miles from the emitting
source, the field intensity received at a station may be expressed
by the following relstion:

FePf,-3(s, Kd) +4% 1log P,
where F = log1 of the field inteneity, in microvolts per meter,
rece?ved at the-location under consideration,
Fo= 10g10 of the "unabsorbed field intensity", in microvolts
per meter, produced at the distance d by a transmitter
radiating 1 kw of power,

So,= subsolar abserption constent, twice the log1p of the ratio
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of incldent to reflected sky-wave fleld intensity for a

weve traveling 1000 mileg at or near the subsolar point,’
i average value of the absorption index X over the peth,
length of the transmiszsieh path, in thousands of miles.
radlated power, in kllowatts.

L -]
% B oI

(s, and d can also be expressed in terms of thousands of kilometers,
ay thoussndes of nautical miles, 1If convenient).

To ald in evaluating the received fleld intensity, the following
aye presented in this Handbooks

Figs, ¥ through 76, Fo' the log of the unabsorbed field intensity
for l-kw radiated power, and its variation with both dis~
tance mnd frequency (distances expressed in ml., n.mi,, end
lm)ﬂ :

Figs. 77 through 79. The varilatlion with frequency of S,, the sub-
golar absorption constant, for calculations in terms of .
ml,, n.ml,, and km,.

Fige. B0 through 91, 4 set of absorptlion index charte showing the
variation of K with latitude and local time, for each
month of the year.

FPig, 92. An absorption map for the eurorel zone,

Miscellaneous graphs and nomograms facllitating rapld computation
of quantitles in the ebove eguation.

To compute the recelved fleld intensity, 1%t 1s necessary to know
the power radiated, the frequency of the signal, the locatlion of both
ends of the transmission path, and the time.

It is first necessary to calculate K, the average value of the
absorption index over the path, or K 4, the average sbmorption index
times the distance, over the glven path, If the distance of trans-
mission is not kmown, but 1ls to be calculated, it 1s necessary to
evaluate K or K d for various distances of transmission slong the path,

For paths which do not pmss through the auroral zones the fol~
lowing method is convenlent for this calculation:

(1} Plot the terminal points of the transmission path on a sheet
of transparent paper placed over the world map of Fig. 43, Just as
in the procedure for calculating the m.u.f. described in Section III
above.

{2) Mark the meridian whose local times are to be used as the
times for the celculation¥.

{3) Superpose the transparent paper on the great-circle chart of
Figs. W4, U5, or 46, depending upon the choice of mi,, n,mi,, or km
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a8 distance units, so that the latitude scgles coinecide,

(L) Slide the paper horizontally until the terminal points fall
on the same great=circle curve, or the ssme proportionsl distance
between great-circle curves.

~ (5) Sketch in the great-circle curve between the terminal points
and mark distance intervals of 500 milep on it for reference, using
as guldes the small circles on the chart placed 500 miles apart.
Y¥ote the total length of path d.

{(6) Place the transparent paper over the absorption-index map for
the month desired, Align the meridian marked in step 2 with the
local time for which the caleulation is to be mede,

{7) Read Ki and Ké, the values. of the absorption index at the
terminal points of the path, If one or both of the terminal points
lie 1in the region bounded by the K = O contour, enter 0 for these
values,

v

(8) Remd the length of the pmth, in thousands of miles (or n.mi.
or lm), which lies in the region where K is not equal to gzero, Call
this length D', .

(9) Rmepeat steps 6, 7, and & for each time for which the calcula-
tion is to be made,

(10) The quantity'f, the aversge value of K over the path, can
now be calculated by using the formula

¥ = 0,142 + 282D (g 4, - 0,264 T

v

where d is the total length of the path, Table T gives the values of
the function tan 3D'/D' for each 100 miles,

(11) The quentity K d can be calculeted by using the formula

K d = 0,142D% + tan 3D () + K, ~ 0.284),

(12) Alternatively, the quantities X and X 4 may be obtained by
entering the valnes of + K, and D' in the nomograms of Figs. 93
through 9%, and 96 through 101, respectively,

(13) Por other paths, or for the seme path at other months repeat
steps 1 through 12.
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Table 7

B
ta‘n-ré-
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Miles

0

100

200

300

400

500

600

700

800

900

1,000
2,000
3,000
4,000
5,000
6,000
7.000
8,000
9,000
10,000
11,000
12,000
13,000
14,000
15,000
16,000
17,000
18,000
13,000
20,000
21,000
22,000
23,000
24,000
25,000

05500
0.503
0,511
0.%25
0.547
0.5
0.62
0690

03930
1,247

1,968

6,049
wlt o 225
«1,407
0 5783
=0,510

04003

0»789

0.500
04503
0,512
GaH27
0,550
0.583
0.630
0:698
0.802
0.972
1,292
2.101
T.835
=l4310

=0a357 =003
0,259 =0,251 =0,243 =0,236 =0.229 ~0,222 «04215 0,209 ~0.202 =0,196
00190 «04185 =04179 ~0el7H =0,168 ~0,163 =0.158 =0,153 ~0.149 0,14k
0,150 =0,135 ~0,131 =0.127 =0,123 ~0,119 =0.115 =0.111 «0,107 -0.104
0,100 =0,096 ~0.093 ~0,090 =0,086 =0.083 =0,080 =~0.077 ~0.074 ~0,071
w0068 0,065 =0,062 =0,060 =0,057 =0a054 =~0.051 ~0,0U9 =0,046 ~0,0UH
w0 041 =04039 =0.,036 =0,03L ~0,032 =0.029 =0.027 =0,025 ~0,022 ~0.020
w018 =0,016 ~0,014 0,012 ~0,010 =0.007 ~0.005 -0,003 =0,001 0,001

0,500
0,504
0.513
0.529

O. 553

0.587
0,636
0.707
0.81
0.9
1.3
2,25
11.12

0,500
0.504
0514
0531
0.556
0.591
0,642
0.715
0.829
1,019
1,393
2,436

Ce500
0.505
0,516
0.533
0.559
0.595
0,648
0272
0.8
1,045
1,450
2,651

02501
0,506
0.517
0,535
D562
0,600
0.654
0. 734
0.859
1,07
1.51
2,911

0,501
0.507
0.519
0.538
0.565
0.605
0,661
0.ThY
0.875
1,107
1,585

210

0,501
0.508
0.520
0540
0568
0,609
0.668
0755
0.892
1,13

1,66

3.652

0,502
04509
0.522
0s542
0.572
0.614
04675
0,766
04911
1,170
1,754
4, 204

0502
0.510
0,524
0.545
0.576
0,619
0,682
0777
0.930
1,207
1,8kU
4,954

19,605 83,101-36,272-14,626 =9,150 ~6,604 ~5,163
~3,07T4 2,695 w2,398 ~2,156 =1.954 ~1,785 «~1.639 =1.515
=1,225 =1,149 «1,081 «1.020 ~0,96% ~0,913 ~0,866 ~0.823
w0 THT =0,713 0,682 0,552 ~0,62
~0.491 ~0. 473 =0 456 —0OU

-o.hzﬁ

ook

99 0575 ~0.552 =0.531
10 ~04396 ~0.382 ~04370

0,334 0,32l ~0,313 =0.303 =~0.29%4 ~0.28U4 ~0.276 ~0.267




For many caleulations, it simplifies the procedure to use a Quen-
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09, The Fleld=Intensgity Factor &

tity called the "field-intensity factor" (A) instead of working the
problems through in terms of radlated power and logaritamic field

intensity. The factor A comblines thesc two gquantities in a way

guch that after calculations have heen made for g glven path any
desired velnes of radiated power and reouired field intensity can

be used.

The fleld-inteneity faector A is deflned as

EE
A=l4 10510 T

where B is the fisld intensity in microvolts per meter, F ig the

1og10 of the field intensity in microvolts per meter, and P i

the redisted power

» {not the power output of the transmitter) in
kilowatts. A nomogrem showing this relation is given in Fig,102,

The field-intensity factor A is charecteristic of e given
peth at s given time,

Table 8 gives approximate values of A for certeln noise conditions

and t:pes of receiving set.

Teble 8

Estimated Values of Field-Intensity Factor A

.

| @ood recelving set | Average receiving set | Poor receiving set
Power Qniet| Moda Bad Guiet|Mod. | Bad Quiet|Mod. | Bad
. | noise | nolige noise | nolse noise | noisge
(low €& 9 12 8 11 1L 10 12 14
Phone (medium I 7 10 6 9 12 8 10 12
(high 2 8 L 7 10 6 g 10
(low 4 7 10 6 9 12 2 10 12
cW (redium| 2 B g L 7 10 6 g 10
(high 0 3 6 2 5 g L 6 8

The radtated power ls based on radiastion from the standard an-

tenng described above,

For other types of antenna, an "effective"

radiated power should be used, taking into sccount the relation be-

tween the horigontal

Examples of the use of the field-intensity factor are given belows

nod vertical radlation patterns of the antenna
as compared with those of a short verticel antenna.

.

L



a2l

10, The Caleulatinn of A over a Glven Peth

When the sverage valus of K over the path 1z known (X), the
field-intensity factor for high frequencies (above 3 Mc) may
readlly be czlculated for any vaelue of S, by the relation

A=4, -5, Kd,

where A ls the nnabsorbed fleld~intensity factor, defined as the
value o% A when E is replaced by H,, the unabsorbed field intensity
(or F replaced by F,, the logyg of the unabsorbed field intensity),
and F ls made unity.

Typleal velues of 5; for different frequencles and seasons are
ziven in Figs. 77 through 79. The values of A corresponding to the
above formula can be read off the graephs of Figs.l03 through 105,
These graphs show A gs & function of dlstance 4 and of the quantity
K S,» Given any two of these quantities, the third may be deter—
mined; for exemple, 1f the value of A is fixed by a known radiated
power and required field intensity, a glven distance corresponds to
a definite value of K S§,. Knowing what the K is for a given time
of day, the S, cen be calculated, and thus the frequency, through
the relation between 5, and frequercy. Alternatively, the relatlion
between A, d, and K 5, may be determined from the nomograms of
Figea106 through 14, which express the same relstion as the graphs
of Fige. 103 through 105.

The relation between &, X, 8,, and d can be represented graph-
ically in s number of different weys, each of which has its own
perticular convenience for a particuler operetional use. For
exemple, 1f it 1s desired to calculate regularly the l.u.h.f.
over a given path, 1t 1le convenlent to draw curves of K pgainst
frequency for that length of path, for various values of A, For
any time of day, then, 1t 1lg merely necessary to look up the velue
of f corresponding to the K for the path at the given time of dey,
corregponding to mn assumed value of A based on an mssumed required
field intensltys If the required fleld intensity corresponding to
the frequency so determined is not that assumed, it requires little
effort to adjust the required fleld intensity assumed until it does
sgree with that for the frequency determined from the grophs',

A set of such graphs is given for a path LOOO km long in
Flg.115. An exempls of their use is given later.

11, Direct Qalculations of Field Irtensities

EY

If deslred, the logarithm of the fisld intensity can be cal-
culated without reference to the fleld intensity factor. Figs.11%

through 118 give a graph of Fé, the log10 of the unsbsorbed field
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intensity, as a function of the distance d for various valucs of
redisted nower in kilowatts. _For e given freguency S0 ¢an be read
off Figs.77 , 78, or 719, end K d determined as above. Then, by
using the formula,

F=Fl~35 Kad,

F, the log of the fleld intemnsity in microvolts per meter can be
ottained,

12, Paths Passing through the Auroral Zone

When a radlo transmission path passes through lstitudes higher
than about 50° it may include reglons where thers is abnormally
high abenrption of the radic wave energy. Such paths are chareac-
terized by lower received intensity, and more fluctustion, then
other naths, ‘

Such poor reception is cansed by conditions in the "auroral
zonee", the reglons where vislble aurera is mnst prevalent. In
these zenes there are neerly continuous mmgnetic and redlo die-~-
turbances, and the disturbances are much more severe then in sur—
rounding reglons,

Since the absorption of the energy ¢of radio waves ils particu-
larly severe in the eurorel zores, and iz {hus not symmetrical
ebout the geocrephic poles of the earth, the verietion of absorption
in prlar regions is not dirsctly a function of locel time, 25 19
the normal D~reglon ebsorption represented by the absorption charts
of Figs. 80 through 91, An extra smount of shsorption, in sddition
to that shown in the charts, is undergone by radio waves traversing
polar reglons, and this atsorption is e functlon of geographie
longitude, mnd not of locel time., The following considerations
must therefore be allowed for, in determiring redio tronsmimsiorn
characteristics over any path which lies even partly in volar
reglons:

{1) Transmissions over paths which lie, even in part, in the
auroral zones, are subject to a greater degree of irregulerity
and erratic performence then are transmigsions over other paths.

{2) The sbsorption is very great, especlally durine daylight
conditions in polsr reglons. As an example, stations operating at
lese than 6000 %iloscveles can not be hesrd during dsylight hours
over any great distence in these regions,

(3) Severe srd prolonged ionosphere storms occur frequently,
of ten developing suddenly in the course of a few mimtes. They sre
menifested by greatly increessed abesorption, which reises the lowest
useful high frequency, and by a drop in the ionlizetion of the higher
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layers of the lsnosphere, whieh lowers the maximam ussble frecuency,
The result is the narrowing or complete diseppearance of the bands
of useful freguenclss, It is not unususl for long-distance trans-
mission %o be impossible on all high frequencies for a day or more
gt a time, snd to be erratic and only partlally recovered on a small
portion of thé frequency spectrum for as much as a week, Therec have
been inatances of lonospheric storminass lesting almost continuously
for g month,

(i) Freguently sise, in aurorsl zones during ionoephere storms,
thers sppaars strong, widespread, and continuous intense sporadic=E
trensmigelion Yasnting for many heurs. Thie may considersbly imorave
radioc reception in certain direations and over some peths while it
laats, but there is no way of pyedicting it.

{5} During the polar winter night conditions (except during
ionosphere storms) good redlo trensmission is often experienced
on frequencies np to near the maximum useble frequency.

(6) Some paths which sre similer except for directlion seem to
dieplay different propagation characteristics. For exsmple, from
parts of Greenland, the Europesn high-freguency stations on sbout
9 %o 15 megacyeles are heard much better than United States stations
at eimllar distances and frequencies. Algo, while transmission
seroge the emreral zone between the United States and Greenland
1z unfavorable for the brpadcast frequencies, 550 to 15C0 kilo-
cyeles, United States stations on these frequenclee are received
wall in northern Canads end Greenland, during the winter night,
Not enough is yet known sbout the aurorsl zore to exploln such
effects fully. . .

{(7) Obserwations seem to indicate that the northern band of
savere radin wave sbsorption lg a relativily sherp one, centered
slightly to the south of the northern line of msximum surorsl fre-
gueneye. Transmissions outside of this band are affected to a much
smaller extont by the auroral ebeorption. Transmiscione over waths
which lie mogtly within the band are not possible on freguencies
less than about 6000 ke, over apprecisble distances (1500 miles
or mors).

In the aureral zone, 1t is not poseible to express at all ac-
curetely the variation of ebsorption for ssveral reasons:

1; Insufficient deta exist for these rogions to give more, than
the roughest of estimates of absorption,

2. From avellable data, warlstion of sbsorption in the surorsl
zone is highly errmtic,

3o The location of the maximun reglon of auroral sbsorption belng
at a definlte longltude, rather than at a definite local time, pre-
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vents sccurete exvression of the lengltude wvariation of anroral ab-
sorption on a chart showing locel times For these reasons, celeula=
tion of absorption cennot be made in the manner described above.

The following procedure is offered to ascist in estimating the
normel performance of radio transmission paths whick lie in or near
the zurorsl zore, The mep of Fig, 92 hes been constrneted, on which
contoure have teer drawn following the observed zones of meximum
suroral frenuency., These contours sre markecd with numbers, which
represent the amount K' to be added to the quantity K d for paths
which pass through those regions. The methed of use is as follows:

(1) Sketch in the great—circle peth in the manner described above
for the celeulation of K,

(2) Analysze the path into posslble modee of trenemiesion, one~hop,
two-hon, ete, Determine the length of hop for esch mode; cell this
D, sey, for n-hop trursmission,

(%) Loeate the ground reflection points for each of the component
hops. Loczte points spproximately one—sixth of D, on esch mide of
_each ground reflection point, Thess are the D-leyer points,

(4) Por epck mode of itransmission, sdd together the valuec of X!
for all the ID=leyer points.

{5) The miniwum of the values so obtained for different modes,
rmltiplied by the factor giver in Table 9 for_the verious values
of Dy, is the emount (K") to be mdded tc the X 4 for the path, as
"glven in mfles, If K d is given in kilometere,these factors should
be multiplied by 1.609; if ir nautical miles, by 0,868,

For such paths, then, the value of K 4 calculated as described
ghove for the normal daytime absorption is to be increased by the
smount K" before the remsinder of. the field-intensity calculetion
‘cpn ba mede, This part of ¢he czlenlation is for undisturbed days.
Yhen an ionosphere storm takes plece ir the auroral zone, which
mey happen, during certain periods, sbout 50% of the time, the
zbsorption 1s greatly increased, ernd no high-freouency rsdio come
minication of any kind may be possible. It must be noted that
this ‘te only a first approximation to the caleculation of aurorsl-
zone sbsorption, It is included so that the user may have snme
kind of rough gulde as to the amount of absorption introduced
by pasenge through the suroral zone, Thie is based on information
8t present avzilable, which is rather scanty, As more information
becomes avallsble, the suroral-zone mep will be revised and better
values of K' given. '
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For paths which pass through the guroral zones it is ususlly
advisable to choose the highest frequency that cen be used for sky-
wave transmission, l.e., the msu.f. During times of disturbances,
the use of frequencies in excess of the normal m,u.f, may be tried,
since the presence of sporadic—X layer may permit trsnsmission
when the F-laver m.u.f. 1s so low that the absorption accompanying
the disturbence would be too great to permit trensmission on a fre-
ouency low enough 8o as not to skip by F,Fg-layer transmission,

Table 9

Abao;ption Fagtors for Auroral-Zone Paths

Miles 0 . 100 200 300 400 500 £00 700 200 900

0 0,11 0,11 0,12 0,14 0,16 0,19 04,22 0425 0.28 0,31
1000 0.35 0,38 0,41 0.4 047 0,50 0.53 0.55 0.57 0.59
2000 0.60 0,61 0a62 0.62 0462 0a62 - - - -

13, Distance Renges and Lowest Useful High Frequencies

As redio waves decrease in intensity on spreading out from the
transmitter, and as they lose energy by absorption in either the
ground or the lonosphere, they finally become go weak that they
can not be heard above the level of radio noise at the receiving
station., This radio nolse may be elther "static" or men-made elecw
trical disturbence. The minimum redio fleld intensity needed to
allow an intelligible eignal to be heard above the noise at the
receiving station is called the required field intensity, and the
distance from the transmitter to any point beyond which the radio
field intensity 1s less than the . required field intensity l1ls the
distance reonge.

The required fleld intensglty 1s subject to wide veriation,
It depends on the recelving antenna, the type and adjustments of
the receiving set, the local electrical noise, "static", and the
type of modulatipn of the radio weve, It varles, with the noise,
according to the time of dasy :ard season.

The distance range depends in addition on the transmitting sta~
tion powsr and antenne and on the energy loss by absorption in the
ground or ionosphere, The determination of distence ranges is a
very complex problem, although effects of many of the factors,
such as radlated power, antenna deslgn, and absorption of the
wove energy can be czlculated with falr precilsion,



In general, for a given nath of transmission and time of day,
weves of higher freguencles undergo less energy satrsorption then do
vwoves of lower frequencles. Thus weves of lower frequencies arrive
8% the recelving point with lest energy than waves of higher fre=-
quencies, if the radieted power of the tranemitter is the same on
high snd low freouencies. There is consequently ususlly gome fre-
nuency, for a given distance snd radisted vower of the transmitter,
below which the field intensity of the waves at the receiver is too
wesk to use, This is caslled the lowest useful high frequency, for
the given distance, radisted power, and stete of the ionosphere.
(It is not called tke lowest useful frequency, becsuse there is
useful ground-weve trensmission at very much lower frequencies).

In contrast to the maximum usable frequency, which does not
depend on radisted power, the lowest useful high freaquency depends
on all the fzctors which were given sbove as affecting the distance
range, The maximum wvsable frequency depends =lmost entirely on the
state of the ionosphere; the lowest useful high frequency depends
in addition on the equipment and on loczl receiving conditions, and
iz not nesrly as well-defined or clear—-cut es is the maximum usstle
fregunency. UHote thet the lowest useful high frequency has the same
relztion to the distance renge as has the maximum usable frequency
to the skip dlstance. Yhe ciestence range and the skip distance are
the limits of the rarge of useful distances; the meximum usable fre~
guercy and the lowest useful high frequency are the limits of the -
band of useful frequencies.

It is possible to emleunlnte witk felr accurscy, from vertical-
incidence measurements, the tntzl median sky-wave fileld intenaity ss
n function of distance for any radlsted power snd any smecified type
of antenna. The fleld intensities required for .reception depend on
many factors, and much more detalled data sre needed before these
requirements can he stated to sn sccursey compatible with that of the
field intensity.

' 14, Pield Intensities Required for 2eception

" In order to determine whether or not a signal will be success-
fully received, the field irntensity at the voint of reception must
equel or ewceed a» certain vslue, celled the "reonired field intenw
s1ty", determined by the sensitivity oT the receiving apprratns snd’
degree of mnsking of the sigznel br radio noiee, which includea re—
ceiving-set noire, men~made noise at and near the receiving station,
2nd atmosvhe~ic noise, both from noarby electrical or thunder storms,
and from distant noise.cernters, pronsgated sleong the tronsmission:
nath like the radio wave itself.

The minimum field intensity required for a given service also
depends on tre tipe of service., lMeasurements have shown, for example,
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that the field intensity required for a-glven rellabllity of radio-
telegreph (CW) communication is cnly about 1/8 of that required for
s radiotelsphone (phone) service of the same relimbility, Table 10
gives an indication of the reletive fisld inteneities required for

a rellable service, based on the ¥rlue for commercisl phone saervice.

Table 10

Correction Factors for Various Types of Service

(Ratio of required fisld intensity fer typs of service under .
consideration to that for barely satisfactory commercial telephony).

Ratio Loglo of Esatlo
Type of Servics Barely [Entirely Bareiy IEntirely
: ' satis= good satis~ gaod
factory factory

Commercial telephony 1.0 6.0 | 0o 08
Broadcasting 146 13,0 " Qo2 1.1
Telegranhy {aural) 0s2 0eb 0.7 ~0,3
Telegraphy {antomatle) 1,0 2,5 . 0e0 - 0.k
Talegraphy (printing) 1.5 RN 0e?2 006
Directlion finding (small leocp) 13.0 14060 1,1 1.6
Direction finding (modern) 2.0 6e0 0.3 0e7
Fecsimile 1,0 245 0.0 0.4

Apide from considerations of receiving set guality and opera~
torts ability, both of which are highly impertant, the ratlo of
fleld intensity to the radio nolse level is the most important
factor in determining the rellability of a given service. The
type of nolge must be considered in this respect, ~ whether the
noise conslgts of high peaks and a ralatively low background level,
or of relatively low peake and a high esverage backgreund noisse
level. The degree of directivity of the recelving antenna, to-
gether with the predominant dirsction of arrivel, if any, of the
atmogpheric noise plays an important role also, .

15, Atmospheric Radlo Noleg™

The first step in determining regquired fields consists of an
anslysis of the causes of atmospheric nolse levgl in different parte
of the world, Most of the atmospheric noise ia the world originstes
1n thunderstorms, At s glven locmtion the noise level ig made up
of nolge from nearby centers of nolse, such as local thundergtorms
whore distence from the recelving set may vary from a fow milss to
hundreds of miles, plus noise which has been vropagated to ths ram
colving locetion from one or more of the prineipal centers of noise
-2energtion, such a# the sctive thunderstorm areas in aguatorisl.

*Much of the information in-this Section ig based on
deta from or originally collected by I,.8.I.3,
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Africs, Central America, and the East Indies. The location and
activity of the verious noliss centers vary wlth time of day and
geason, Tt probably not much with the sunspot cycle.

The determination of the diurnal variatien of noise at any
locstion is thus a geries of radio propegsticn prohlems, in which
the noise originsting in esch center of storm sctivity produces »
definite field intensity at the locstion being studied. The probe
lem is to caleulate the relative field intensltiy contributed on
each freouency end st esch time of day by ench noise center, and
then to combine them, with due rezsrd to the direction of arrival
end the directivity of the recelving antenns. To this must be
ndded the nolse due to locel thunderstorm ectivity, if any, and the
result is a plcture of the dlurnal variation of the noise quelity
and level at the given receiving locotion. The nolse variation
thus theoreticelly csleulable can then be referred to average
required fleld-intensity date, for some freguencles and times of
day, ana curves can then be drawn of required field intensitles on
nll frequencles at all times of day,

The pbove ig.the line of investigstior to be followed In the
‘etudy of the reauired field-intensity problem. 4s g temporsry ex-
pedient, untll the more exhaustive study can begln producing re-
sults, the following informatlon on required field intensities is
preésented.

Figs. 119 and 120 are meps of the world divided roughly Into
noise zones, They are based on the well~known thunderstorm chsrte
of Dr, €., E. P. Brooks, but contain revisions based on more recent
date znd include the tropical oceen aress of bad weether, known as
the doldrums. The aress of the world in which thunderstorms are
moet freguent, and In which local thunderstorms may be of almost
daily or dally occurrence, are indiceted as zcnes 4 and 5, The
arese most remote from the principal thunderstorm areas, and in
which but little atmogpheric radio nolse ney bte expected, even by .
wgy of long-distence sky-wave propegatlon on high freguencies, are
indicsted as zone l. The other zones sre intermediaste in radio
noige expectation.

Corresponding to these noize zones sre the required field-
intensity grsphs of Figs, 121 through 12F, These dats sre for
sbont the middle of esch zone; for locations near the boundaries
betwesn zones the valves should be found by intervolation, The
required field intensities given zre those for a reasonably good
radiotolephone service; they are not adequate for a hroadcast
quelity service, nor sre they so low that much difficvlty &and
repetition would be required in order to get a nmessage through,
The valueg for other types of service mey be obtained from the
veluss on these curves by multinlying them by the ratios given
in Table 10,
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The atmospheric neise (sfien ¢alled atmcspherics, or static)
which governs the required field intensitiss for radiotelephony,
shown in the graphs, has all been assumed td originate iIn lightning
discharges somevhers on the surface of the sarth. Man-made noise,
slectrical or otherwise, and preecipltation static {raln, snow) or
gtatic due to dust er eandstorms, hevse not besen included in the
graphs, although they may at times, depending upon local considere~
tions at particular racelving sitss, be dominating factors. Light-
ning diecharges which cause atmospherlc radio noise are believed
to occur, al some time or other, at practically svery place on the
earth's surface except irn the polar regloms. However, most light-
ning discharges occur within certaeln rather well-defined areas.
Theee areas, whils primerily in the troples, extend well into
temperate regione in the respective summers and sutumns of each
- hemigphere {i.e., June, July, and August for the northern hemi-
sphere; December, Januery, and February for the southern hemisphere).

Over tropicel land messes, such as centeal Africs, northern
Sonth America, the West Indies, the Egst Indies, pnd Northern
Austrplia, the maximum incidence of thunderstorms occurs amt about
1600 local time, with a minimum at sbout OHOO locsl time. Even at
the minimum, however, there masy be consldersble storm activity.
Qver tropical oceen areas, l.e., the central doldrum area and thea
adjoininz regions of the trade wind belt, thunderstorms rarely occur
by day but are likely to be frequent at unight, and terd to a peak
of activity jurt before sunrise., In some regions of the East and
Yeat Indies, whers the ocean (doldrum} mechanism acts with the land
mechaniem of thunderstorm production, there msy te two pesks of
thunderstorm activity; one sgbout 1600~2000 local time and the othrer
about 0600 local time. Irn all trepiesl regions there is a minimum
of locel ptmompherics sround 0800-1100 local time,

A given lightning discharge produces a radice nolse intens=ity
ot g nearby receiver which depends, for a given recalver bard width,
rrincipally uwpon frequeney. The nolse irtensity is grestest on low
fraquencles, and appesrs in general to vary inversely as the first
or 3/2 powsr of the frequency. This frequoney characteristic, or
so~called "spectral™ law is roughly taken sccount of in the graphe.

In general, the aress marked 5 snd, t0 a lesser degree, thosa
marked 4, are reglons where one or more local thunderstorms ocour
nearly every day, in the vicinlty of any given point in the zone.

The radio noigse observed in thepe zones does not show any conspicuous
chenge in intensity from day to night. This 1: shown in Figs. 124
and 125, The nolse ig leest In %these zones in mid-morning, and

from about Q80O to 1100 locel time is the best time for radio re—
ception. It is to be noted thet o sirnel thset cennot be used for
communication et this time is likely %o be useless at sny cther

time of day in these zones,



For calculation of noise, reglons % and 5 may be regarded as
generating centers for the noise. The effects diminish with in-
erensing distarce from these centers. A falr approximation to the
noise level can be obteined by making calculations of the propaca-
tion from sreas U and 5, bearing i mind ths diurnal veristion in
intensity., The noise generated in areas 4 and 5 is moughly Propor-
tional to the areas of the zones; the sctivity ig erester in zone 5,
80 that a glven area of zone § is equivalent 6 a considersbly larger
sres 0° zone Y. The noise intensity produced by eny one land ceénter,
excluslive of propagation effects, may be congidered $0 vary within a
retio of abont § to 1 during the day, having & maximum at 1500 and
p minimum at OBDO local time.

Arezs morkeG 3 ore those in which there are occasional local
thundergtorms in most perts of the area, The local noise producsd
by these storms is slmllzr in intensity to that produced by the
ptorms of sreas U4 and 5, but the general noise level is greater
in srezs 4 and 5 becouse of the greater prevolence of storms.

Por frequencies of 2 to 10 Mc there is g substantial contributicn
to the noise level by ground- and sky-wave propagation of noigrs
from these reletively locel thundsrstorms, the remeinder of the
nolse belns caused by longer distance nropsgation of noise from
aress 4 and 5, For frequencies of 12 to 20 Mc by dey, and 8 to
15 Mc by night the local noise skips over the recelver, and the
remaining radlo nolse 1s caused by long-distsnce propegetion pri-
narily from aveas 4 and 5.

Areas marked 3 and U over tropital ocean aress are the source
of sudden intense night thunderstorms on some nights, These are
espacially likely to occur around 2000 and 0600 local time, slthough
they may cccur at any time during the night. When 2 period of nishts
occurs wlthout any storms, these areas are as gqulet as any other
ocenn area; when the night storms are vrevslent, the arezs may be
very noisy, Since those ocean areas sre noise centers by night
only, the regular diurnel varistion of noise doss not apply to
them, Consequently they are to be regarded as having their
ssslgned grade (3 or B) at night, but a lower grede by day. It
1ls suggested that this lowering of grade be accomplished, for
caleulation, by splitting the difference between the assigned
grade’ end grade 2, That is, if a location corresponds to grade
3.4, say, the daytime grede will be 2.7.

Areas marked 1 and 2 are remote from the centers of annlse
gereration, and the atmospheric noige iz determined slmost entirely
by pronagation from the centers of sresns M snd 5, In sres 2 there
may be sn occaslonal loerl storm; hardly ever will there be one In
arze l,

The diurna; cheracteriactics of nolee are most marked In sreas
1 end 2, and to a lesser dezree in 3. See Figsg, 121-123, In these
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zonss daytime noisge is fairly low et frequencies from 0.5 Mc up to
perhaps 10 or 12 Me, Above and helow this frequeéncy range, long-
distance propagatlon of atmospherics from the noise-generating
centers in areas % and 5 becomesg importent, and csuses the noise
level to increase. Above about 20 Me at sunspot mintmum, end
30-40 Mc at sunspot meximum, the long—distance nclse will not he
received because of skip. The graphs of Figs., 121 through 125
show thisg effect as -a droppling-off of the required field intensity
et the higher frequancies. X
In the daytimﬁ the atwospheric noise at frequencles betwean
0,5 Me and 12 Mc is greater in areas marked 3 than in those marked
1 and 2 becsuse of the increased number of thunderstorms occurring
within a radius of 100 to 1000 miles of the receiving site, The
effects of truly locel storms (those occurring within about 20 miles
of the receiving site) csn not be represented on.the charts becanse
of the enormous and varying nolse intensities they produce. Much
of the radlo noiss from such local storms, particularly on the lower
freguencies, is due t0 induction iIn the receiving antenna, rather
than to radisztion of the noise energy.

At night ir zones 1 ond 2, and in zone 3 to a lesser degree
{bocauss of some local noise production), the required field inten~
gity decreases with lncreasing freguency roughly according to the
spectral law mentioned zbove. Above the m.u.f. for long-distance
propagation (gbout 10 Mc at sunspot minimum, end perhaps 15-20 Me
st sunspot maximum) even the moegt oblique reflections cannct be
propagated, and the nolge decreases very rapidly with increesing
frequencys

‘ Yhen considering noige on directional receiving mntsnnas, it
should be noted that the prinecipal génerating centers, indicated by
aress % and 5, will have 1littls effcct on reception if the antemnss
point awey from them. On the other hand, s transmission path scross
one of the centers, like the path from London to Capstown, geins
nothing by having directional recelving antennas except 1o exelude
g Litsle nolee mrriviag from the slde., This ig becouse the antennsg
peint dirsstly at the noise source, Coasiderations such ae these
have in the past been responsible for supposed "non-reciprocity!
in high~frsguency radio communleation., For exempls, 1n trans-
misgion between New York and Berlin the Few York station always
recoived Berlin quite easily vhereas at times the Berlin station,
with eesentially the ssme equipwent, counld hardly hear Yew York.

The reason for this is that Berlin's directive receiving antennas
point algo toward the summer noise sourees in Floridas, Mevico, end
Contral Americe,

In using the reomired fleldeintensity grephs of Figs, 121
through 125 1% igs to be noted that the edges of the zones do not
reprageut suddsn changes in nolse, For eXamwle, & location in zone
2 near the boundsry between 2 and 1 will have a noise level part
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wey between those shown on the grevhs for grade 2 and those ghovn on
the graphe for grede 1, PFor purvoses of *nterpolaticn, the bounder-
ies batwesn zones may be token os half-rredes, For eremple, the
heoundary botween zomes € end 3 1 to bhe teken as grade 2.5, and the
center of zone 3 is to be tesven sv grade 3. It 1ls telleved thst e
wgeful indicatlon of the recquired fileld intevsity for radic commuai~
.coation on most dave and nights will be obtzined by the usc of the
arephs and maps of Figs, 121 through 125, hearing carefully in mind
511 the time the discusgion above, The required Tleld intensity
will in general vary from day to day; the grophe represent svevsge
conditions. The vrluse given on the grephs nre not vslid during
periods of purely locsl thunderstorms; during these periods the
required field intensitles may sometimes be very high.

It ig to be noted that the information as ziven in Figs, 121
through 12% ig intended to epply to non—directional recslving an-
tonnss only. The use of a directional antenna pointed awsy from a
"etatic" source will digcriminate against the noise end permit the
nge of o gmeller field intensity for communication than would te
necded were the antenna non-dlrectionsl,

16, The Galculgtion of Lowest Ugeful High Freguencles

The lowest useiml high frequency is the lowest freouency, in
the range from 2 Mec on up, by the use of which o tranemitter of e
given pover will produce at lecrt the minimum required field inten~
gity for a given service at & gZiven time of deay and over a given
path, It is obteined by cnleculating the field intenalty actuelly
produced by the tranemitter, =nd comparing it with the reguired
field inten-ity, on various frequencies, The frequency st which
the two are equal ie the l,u.h.f.

In making this comparison, the following variables heve to be
consldered$ the radieted power of the tramsmltter, the freocuency or .
freauencies to be veed, the abrorption index over the peth, ths re-
anired field intenslty for the degired service, the times wlen com-
nunication le desired, and the directivity, if any, of the trens-
mitting and receiving antennss, Depending on the tyne of »nrublem,
some of these verisbles are arbitrarily fixed, ard it ig desired
to cnlculate others, The methods to he followed for ragpid overs—
tional use cf iorospheric dete for this purpose need to be devised
or neviged for ecch perticulsr class of problem,

In Figs, 126 through 128 are given "master field-intensity
nomoerens" witkh provisicn on them for plotting any arbitrary varia-
tion of required fleld intensity with frequency., By the use of a
nuober of these for a given receiving location, one for each time
of day, Yelues of the l,u.h.fs can be scaled off very rapidly,
after having calcnlsted the values of K & for the paths to be
investigated.
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There nomogrems, like the other methods of flcld-intencity cal-
culation given in this Hendbook, sre bosed on the equastion:

- lea 9
F=F ~3s Ka.

The left-hend £cesle of the, nomogram, merked "equivelent distance"
needs specisl mention., The distances labeled thereon are accurate
for l-kilowatt redisted rower. For other values of power the ccele’
mist be displeced verticslly-upwerd for inpcressed power, downweard
for decreased vower — by a linemar amount proportional to the loge~
ritkm to the terse 10 of the radilsted power. For convenience, an
mxiliary distsnce scale has been printed glongside the nomogranm,
indicating how the scsle should be lined up for verlocus nowers,

The value of power F on the scale should he aligned with the

arrow on the nomogram.
_ A gtraight lire connecting the equlvalent distence with the

E 4 valus and crossing the frequency-field intensity grid deter-
ninss the varistion of field intensity with freguency for glvea
values of power, diegtsnce, and K d. If on the same grid a curve
of reguired field intensity sgalnst fregquency be drawn, the inter-
section of this curve with the streight line gives the l.u.h.f,
For this purpoce the nomogrems can be slmplified by omitting the
field-intensity lines and drawing only the verticel (frequpncy)
lines on a piece of transparent paper and the reguired field-
intensity curve.

For greater facility in estimating distence ranges or lowest
useful high frequencies under normal receiving conditions, where
the midpoint of the transmission path lies between 30°N and HCON,
resource msy be had to nomograms of the tvpe regularly presented
In the monthly report on rzdlo propegetion conditions, supplenont-
ary to thig Eendhcook, o sample cof which 1lg givern, for Iecember, in
Fig, 129. Here ip presented the co~varistion of the distence rarge,
power, tilme of dey, end fregnency, so¢ that any one of these quan— .
tities,may ba determined if the other tbree ere known. The lowest
useful high frequency for a given distance 1s the frequency for
which that dlstrnce 1z the distance range.

Fig, 130 similarly presents more comprehensive although some-
what lese preclselv knowr informetion on dlstance ranges and lowest

useful high frequencies for transmﬁsginn paths whose midpoints mey
be at any latitude between 6005 and 6027, {In this nomogram,

northern letitudes are represente? as positive, sonthern as nega~
tive volues).

Although the method of use of thig last nomngram is, as in
other cases, 1llustrated by an example thereon, speciel irstrue-
tions may not be amiss, since nomogrems of this tyne are rather
coimlex. '
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A perpendlculer is drawn from the time point on the latitude
line corresponding to the midpoint of the path to the reference
line C. A line is drawn from the letitude point corresponding to
the midpoint of the path at the base of the power cone to its verw'
tex. The intersection of this line with the line indicating the
radiated power, when connected to the frequency used, is pro-
jectsd to the reference line B. A line from the point determined
on reference line C, through the point determined on reference
line B, 1is projected to reference line A, From its intersectlon
with A, & perpendicular drawn to the latitude line corresponding
to the midpoint of the path indlcates the distance range.

If the foregoing process is reversed to the extent that the
desired distence range is previously known, the frequency indicated
will be the lowest useful high frequency for the transmission path,

17, Kote on Units

Becauge of the logarlthmic response of the human ear and much
radio equipment, and because absorption in the ionosphere 1s loga~
rithmic, 1t has been convenlent for caleculation to adopt the 10g1
of the fleld inten=ity in microvolts per meter, rather than the
field intensity in microvolts per meter itself, as the unit of
field intensity. For the benefit of radio and commnication
engineers who are familiar with the decibel as a unit of ratio,
it is to be noted that the fleld intensity in decidbels above 1
microvolt per meter is 20 times the log g °f the fleld intensity
in microvolts per meter, The power radiated from an antenna in
decibtels above 1 kw 1s 10 times the 1og10 of the radisted power
in kw. Since the fleld intensity is proportionsl to the square
root of the radlsted power, it is evident that s 10-db change in
radilated power also produces a 10-db change in the field intensity.
If a directional transmitting antenna has a gain of 15 db, the field
intensity at a given point will be 15 db higher than if & non=-
directional antenna werec usei. The absorption constant S, in ab
1z 10 times the value given in Figs, 77-79. The field-intenaity
factor A as used in thls book, may be expressed in db by multiply—
ing the values on the graphe and nomograms by 10,

The field intensity formula given on page 79 may be rewritten
F= Fo S0 Xa+ P

it P, Fy, So, and P are all given in db,
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Avpendix A, Flan for Future Parts of Handbook

(The order of Parts is chronological, 1l.,e., the sprproximete
order in which the lssuance of the multilithed versions is
planned, In the eventual printed verslon of the Handbook
e more logical order will be used).

Fart 2. Optimun Fraguencles
I, Definitlon
II, Calculstions
1. Shert paths
2. Long psths, good conditions
3. Long paths, poor conditlons
II1. Use.of optlimim frequencles
. 1, Frequency allocation
22 Choice of freguency from those allocated
3, Guide to compromise
IV,  Rapld estination of optimam frequencles and
field intensities

Peort 3, Ground~Weve and Low-Freonencv Provagation
I, Ground wave
. 1ly Descripticn
2« Gromnd-wave distance ranges
2. Methods of celculstion
I1, Low frequencles
1, Description
?. Dinrnel varistions
% Methnd of celculetlon
8. Redlpted mower
bs Intensities

Part 4, Factors Determining Propsgetion Conditions
T. Derendence of trensmission condltions on the peth.
1, Latitude and local time
. II, Great-circle path.
1. The direct path
2. The lcneg path
3. Latersl devietlions
I1I, Calculatlon for great-circle paths
1, Distance
2. Besring
3. Latitude and local times of midpoint:of path
IV, World maps
1, Rectangular nrojection
2. Meathod of determining grest-circle mnathe -
Y. World redlo conditions
1. Noise maps

2. Auroral zone meps
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VI. Required fleld intensities
) 1, Noise level

2. Type of recelver and operator

1. Type of operation

ﬂ. Antenna directivity '

5. Frequency

6+ Time of day end sesson

7= Variations

8, Atmospheric noise propasgntion

9s Grephs and tabular values

10, Radisted power:
a» Power input to antenna
b, Antenns effliclency
¢e Radlsted power
d. Directionel effects
e. Effective radlated power

11, The field-intensity fector "AW
a. Definltions
b. Measure of conditions over a path
Co Use in redio trangmission calculations

Part 5, Propagation above YO Mc
I. Generpl description
I1. Components of the weve at frequencles above 40 Me
1, Surface weve ‘
2¢ Dlrect wave
3. Ground-reflected wave
L, Troposphere wave
II1. Propegation effects
1. Hefraction end reflection in the atmosphere
2., Effect -of antenne helght
3s Effect of ground conductivity
4, Calculetion of fleld inteneity snd dimtsnce ranges
5. Anomalous propegetion effects
IV, Factors affecting dlstence renge
l, Antenns directivity
2+ Dadio noise at high frequencles.

Part 6, Angles of Arrival nnd Depsrture
I. Verticel angles

l. Reletion to ionospheric heights

2., Methods of calewlation for:

- 8., Single-hov transmisslon
b, Long-path transmission

3. Variatlons of vertical angles cansed byt
&8s Normsel ionospheric variations

#® b. Pading of various components

¢. lonospheric irregularities

4, Applications to specisl problems
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II., Horizontal angles

l, Great=circle and off=path transmiesesion
2. Causes of latersl deviation
3. <elation to m,u.f. =2nd modes of propagaticn
4. Geographical considerations
5 Relation to lenosphere irregulerities
£. Methods of calculation

I7I. Retardation times
l, Relation to sky-wave propagstion
2o Velocity of nropagation

. %, iletheds of celenlation
Y, Applications to specisl problems

Fert 7, Antennas Rediation and Reception
I, The mecteanlsm of radiation
l. Principles of rediation
. 2+ The electromagnetic field from antenns
&g, Induction field
b, Hpdlatlion field
2o Polarization
II. Directinnal effecte
lo Directional petterns of the simple anteunna
a. Ground weve
b, Sky wave
2, Dirsctionsl patterns of long-wi*e entennar
3. Direetionsl arrays
I17, Antenne deslgn end efflciency
1, Effect of pronmegetion datm on the design of
sntennas
ae Vertieanl snd horizontal angles of deperture
b, Location of sltes
2o Radlated power
8. Antenns losges
b Directional rediation
IV, Antennaes for specisl purposes
l. High- and low-engle antennae
2, Antennas for direction finding
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A, {field irtengity factor), &7, gL
Abvnormzi B region, 25, 31, 32, 57-61, 68 (Sece nlso Sporadic )
Abgorption, 16, 2022, 25, 69
abnormel, 77 (See sleo Dellinger effect, Storm, lonospheric)
suroral, 77, 85: celeuletion of, B86w89
coefficient, messur-.aent of, T4; variation with frequency, 75
congtant, S, 75, .76: qubsolar constant, S,, 76
Deregion, -24, 2%, 7h, 78
"deviative", TH
diurnal variation of, 75, 76
fnéing, 36, 38
field intensity, effect on, 73, 75, 76, 19
index, K, 75, 76; celculation of, 80=82
low layer, periods of, 34, 35
measurement of , T, 75
method for ealeulating, TO=E8
storms, abs. dve to, T8
subsolar abse constant 5., 76
sunspots , correlation witk, 78
trangmizsion path, abe, over, 75
Afrplanes, btransmission between, U4, 13
Allocation, frequency, IRFL service for, 9, 10
Angles, arrivael and deperture (angle of "fire", angle of "ghoot"), 6, 21
critlcal 2l
of ircidence, 18, 19; effect on meuofe, 4O, 41
of rafraction, 18 19
Antennas , directional prepertise of, 8, 69, 71, 90, 91, 94, 95
slevation of, 4, 7 °
Atmogpherle propegation, 15-20
Attemation, signal, 13 (See Absorption)
aurersl gzene, 67, 68
ground charscterigtics, with, 14, 15
Inverse distance, due to spreeding, 13, 73
sky weve, 22
Auroral zone,
absorption, 77, 79, 85, 86; celculetion of, 86-89
flutter fading in, 37
scattering, 65
storm effects in, 67, 68

Bearing, devietions in, due to scetter, 33, 63
"Blackeut", redio, 66, 67 (See also Storm, ionospheric)
Breit (and Tuve) theorem, 25
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Conductivity, soil, 13, 14

Control points, for trensmisgion path, 6, 22
multiple~hop transmiesion, 51
scatter, effect of, 63
single~hop tren: ﬂission h?

Critical angls, 21

Critical frequency, 26

Delayer (or region), 24, 24, 35
abgorption in, T4, 78
Date, leonospheric
-avallabllity of, 38, 39
reports, IRPL service, 9
"Dead spots®, 38
Dsllinger effect, 35, 34
sbsorption during, 78
Deviations, critical frequencies, MeWofe
frem average, 30, 55=57
from predicted values, 5457
"Deviative! absorption, T4
Dielectric constant, goil, 13«15
Diffraction, 13
Directlon, (see also Bearing, Angles, Antennaa)
“‘of propagation, 16, 17
of signals, 6, 33
Directional prOperties. antennas, &, 69, 71, 90, 91, 94, 95
Direet wavel, 4, 13=15
Distance range, 5, 15, 21-23, 69 .
calculation of, 7997
latitude variation, 96, 97
nomograms for determining, 95-97
predictlon sgrvice, IRPL, 9, 10
Disturbence, radio {See also Sudden ionosphere disturbance, Storm,
ionospheric)
IRPL forecsst service, 9
Diurnal wariation, lonosphere cheracterlstics
ahgorption, 75, 76 o
eritical frequencles and virtual heights, 28, 29, 30, 31, 53
nolse, 91-95
sporadic—E, 59

. B layer (or E region), 24
critical frequencise of, 27«30
scattered reflections from, 32, 33 {See also Scattering,
Scatterad reflectlions)
Earth, curvature,
limitation of single~hop transmission distence inposed by, 42
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Blectromngnetic waves, 11
Blegtrons, 16, 17, 18
mbgorptien by cellisions of, T2, 73
deneity of, for ionospheric reflection, 19, 26, 39
Energy,
attermation by spreading, 13, 13
dissipation of, in ground, 1%
loss, by 1onnspheric abebrption, 69, 83 (See alsoc Absorption)
Extraordinary wave {ext:aordinary ray, x~component), 18, 19, 26, 27, 2%,
37, k2, 43

F, F,F, lavers {sr regions), 24, 2
Fedthe, 21k, 21, 23, 36 ?
abgorption, 36 ig
flutter fading, 35, 37, 62, 65
interference, 36; at surxlse, sunset, 37
polerization fading, 36, 38
selective, 38
sklp fading, 36, 38
iTadeomt” (9ee Dellinger effeect,, 3%
Field, eleetrie and magunetlc, 11
Field intenalty,
abnormal increase in, 1h
calculation of, after absorption, 79-89; in terma of power,
distance, direction, 70
dlstance, at, from transmitter, &, 11,. 12. 13
jurnal variation of, T7
“extor, A, 83; calenisticn of, over path, g4
frequency. variation with, 77
ground wave, 14, 15
ground and sky wave, 21
measurement of, T4, 75
median, 36, 72, 75
nolse gredes, for varlous, 91
nocograms, for determining, 95
polerization, affects of, 71
" quaelempximm®, velue of, T2
required, 7, 69, 70, 89-96
sky-wave, £9, 70
soil effects on, 14, 15, 70-
unshsorbed, 72, 75
Forecasts,
sgreement with observation 3, 5&-57
IRPL service, 9, 10, 39
methods of, 52. 53
m.u.f, teble, sample, 48
sporedle-E, 69
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Frequency,
allocetion, IRPL service, 9, 10
classification of, 12
eritical, 26
lowest useful high; See Loweat useful high Preguency
maximum usable; See Maximum usable frequency
optimum working; See Optimum working frequency

W

Graph papar, mou.f. (IRPL), 42

Ground wave, 3, 1315, 22, 23
propagation, typical, at various frequencies, Y
very high frequency, 7, 8, 12, 20

Groundwreflected wave, 4, 13, 14, 15

Group velocity, 16

Guided wave, 3, 20, 23

Gyrofrequency, 18, 19, 28, 73

Heights, ionosphere layers, 24,6 25
Huygens' principle, 16

Incidence, angle of, 17, 18, 19

Index,
absorption, 76; calculation of, 80-82
refraction, 17, 18, 19

Induetion field, 8

- Information, IEPL service, 10, 11l

Interception, signal, &
IRPL gervice concerning, 9
Scatter, effect of, 6l

Interference fading, 36, 37

Interservice Radio Propegation Laborstory, services of,

g, 9, 10, 11, 39

graph paper for m.u.f, calculation, 42
m.u.f, prediction table, sampls, Ug
prediction methods, 52, K3, K9

"nvorse distance® attemustion, 13

lonigation, 15, 16, 23, 24
diffuse, 25
maximum density for ionospheric reflection, 19, 26, 39

Ionosphere, 12, 23=25
abnormal variation of characteristics. 31-38
characteristics of, 25«28
normgl varistion of characteristics, 28~31
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Ionosphere storm (See Storm, ienospheric)
Ionvspheric deta,
IRFL reportirg service, 9 . .
Tons, 15, 16
IRFL, services of, 8, §, 10, 39
grsph paper for m.u.fs calenlation, 42
Mmeuof., prediction table, sample, 48
prediction metheds, K2, 53, K

K, absorption index (See Index, absorption)
Kenrelly=Heavigide layer (See Ionosphers)

Letitude variation, in loncsphere characteristica, 3G, 31, 5h
Layers, ionosphere, 2U
"Line of sight" trsnemission, &
Longitude varistior , in ienosphere characteristice, 30, 31, 54
Long path’ trensmiegsicen, 22
"Leng scatter", 62, 63, b6U
Lewest ueefrl high frequency (loushofal, F» 22, 23, 69
celculstion of, 9%, 96, 97
general, 69, 70, 89
latitude variation, 96, 97
nomograme, 95, 96, 97
Low-frequency propegation, 4
Loushefe (See Lowest useful high frequency)

i
]

Meenetic field, esrth's, effects of, 17, 18, 19, 27, 28, 37, 41, 55
abgorption effects, 73 f .
storms, effecta on, 66~68

Meximum useble frequency, 5, 21, 22, 23, 39=61, &9
calculation of, multi-hkop trensmission, ROe62
caleniation of, aingle~hop trensmission, U7=50
deviations, from monthly aversge, 5 ‘
deviations, from predicted values, S5We57
foctor, M1k 3

tables of, LY, UK, Ug -
zero distance, 42, 43

Mepsurement of lonosrhere characteristics.
absorption, T4
criticel freouencles, 2528 .
virtuanl heights, 25=28

Meteorological conditione, effect on radic transmisseioen,

7, 13, 14 (See alsc "Noisel), 90-95

Multi=hop transmission, 20
calevlation of mou.f, for, H0=52

Meuefy, (See Maximm usable frequency)
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NuiSE. 59 ?| 69: 90"95
caleuletion of, 93-95
diurnal variation of, 91-95
effect on field-intensity factor, A, 82, 89, 9¢
frequency, dependence on, 92, 93
geographical distribution, 90-94%
zones, 91-95
UWon-deviative" absorntion, TH
"Nop~reciprocity’, transmitier-receiver, 9k

#Off-path® transmission, 6, 22, 50, 58
dus to scatter, 63, 65
Cptimum working frequency, 5, 22, 57
.IEPL service for, 9, 10
Ordinary wave (ordinary ray, O~component), 18, 19, 26, 27, 28, 37, 42, 43
Oewofo (Sce Optimum working frequency)

Paresitic reflector, 8
Particle radistion, solsr, effect on absorption, 78
Phaze, 16

chenge upon ground reflection, 1k

sffect in directing wave, 16

of troposphere weve, lh
Phase velocity, 16 \
Folarization,

gffect on fleld intensity, 71

gffect of megnetic fisld on, 138

feding, 36o 31

of ground wave, 15
Power radisted from antenna, 8§

aeffect on field intensity, &, 69, 70, 79, 83, &9
Prediction of ionosphere characteristics,

sgreement with observation, 31, 5457

IRPL serviecs, 9, 10, 39

methodg of, 52, 53 °’

n.u.f., sample tadle, 48

gporadic=~E, 59
Propegation, radlio waves,

atmogpherie, 15

modeg of, 3, 11, 12

velocity of, 16

Radiation field 8
Rayleigh distribution, 36 (See Fading)
Recombination, ionic, 23, 24
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Reflaction,
atmozphere, in lower, 8
iorospherie, 18, 19, 20, 25, 26
coafficient, of ground, plene-wave, 71
coefficient, of icnosphere, end measurement of, 74, 75
Refraction, :
angle of, 17, 1%, 19
atmosphere, in lowerB g8, 13, 1h
index of, 17, 18, 10
ionlzed medium. in, 17
Reporta, ionospheric data, IRPL service, 9, 10
Required field intensity, 7, 69, 70, 89~96
grapha, 94
service, for various types of, 91

S, See Abserption constant
Sa’ See Abgorption constant, gubsolsr
Scattering, 32, 33, 37, 50, 52, 62~hb
Seattered reflectione, 32, 33, 37, 52 (See Long acatter, short scatter)
ply-wave transmieasion by, 62
tropical, 66
Seasonal veristion in lonospheric characterietics, 28 29, 30, 53
in gporadic—i, 59
in redio noise, 91
"Seglective® fading, 38
Servies, IRFL, 8, 9, 10
types of,
sffact on leushafe, 69
resuired field intensity, for varlous, £9, 90
oinadow, radio wave, 13
Shortepath transmission, 22, 63
hShort scatter®, 62, 63, 6l
. Slngla<hop transmission.
liriting distance for, 42, 47
MmeMofs caleulation for, h7-50
Skip distance, 5, 20, 21, 22, 23, Ug, 89
signals within, due to scattering. 32, 33, 58, b2-5h
Skip fading, 36, 38
Skip zone, 21, 22 (See also "Skip distance®)
Sky wave, 3, 12, 19, 20
absorption, 72, 73 (See also Abgorption)
propegation, 5
radiation, 70
Snellfs law, 17, 18
Solar radiation, effects of, 15, 16, 23, 28, 29, 33, 34, 35, 36, 53
on gbsorption, T4, 77, 78 '
Spread of wropagation, radioc waves, 16, 19, 25, 26
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Spm-eﬁic“E 25(. 26 31 32 50 5‘—: 57"619 68| 86
guroral zone, in, 68
¥blanke ting® type, 57, 58
ireflecting” type, 57, 58
relative frequency of occurrence, 59
"Spreed echoes®, 33, 65
Sprecding of waves, atteruation, dus to, 73
offect of, 13
Storms, lonospheric, 35, 36, 52, 63
affect of, on absorption, 78, 85
scatter, during, 33, 65, 6668 :
Sudden ionosphere disturbance, (Dellinger eoffect), 33, 34
effect on abgorptien, 78
Super-high frequency, 12
Sungpot cyels variations in lonosphere characterigtice, 28, 29, 53
in gporadic-E, 59
gffect on radio noige, 91
Sunrise, sunsst, interference fading, 37
"Surfece wave', 4, 13, 14, 15
above 40 Me, 7, 15

Thickness of lonosphere layers, 25
Thunderstorms, effect on noise level, 7 (See also "Noisge"), 90-95
Time correction for longitude difference, 47
Transmission curves, 4l
Transmission path, 6
deviations from great-circle path 6, 22, 50, 58 (See algo
#Off-path” transmission, Scattering, Sporudin-E)
mc.fe caleulatlons for long, H0-H2
m,u,fe calculations for short, 47-50
Tropical "scatter!, 66
"ropogpheric! wave, 4, 13, 14
Tuve (and Breit) thecrem, 25

Ultra~violet radiation,{efrect of), 16, 23, 29, 33, 34, 35, 36, 53
an absorption, T4, 77, 78

YUltra=high" frequeney, 7, &, 12

Units, fleld-intensity, 97

"Very high" frequency, 7, &, 12
YYery low" frequency, 12
Velocity of propegation, redlc waves, 16, 19, 25, 26
Virtual height, ionosphere leyers, 25, 26, 27
role of =~ 1in meusfa, '

Wavee, electremagnetic, 11



CAUT 10N

Pigs, 43-B8, 66, 80-92, 119, 120 should all he to same scale
(length 9 in.) if transparency is used,
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g, 3. Sirgle~ and multiple—hon trengsmisslon by reflectlon from regular lonosvhere
layers, night {(or winter daytime) conditions.
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Fig, U4, Transmission path of & radio wave refracted by an ionosphere layer (ABCIF) ,
Virtual height is indicated by JE.
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summer and winter corditions, at pericds of sunspot
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Typicel diurpal verietion of critical frequency and
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Fig., 124, Logarithms to the base 10 of required field intensities for phone reception for loca-
tione in regions of noise grade 4, For CW reception, field intensities required are
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