
a maximum of ionization exists, that is,he sole or tne lonosp ere In the ionization is greater than it is either
above or below the layer.

Radio Wave Pro a ation The ionization of the ionosphere layersp g is principally due to ultraviolet radiation
from the sun. The detailed processes by

J. H. DELLINGER which the ionization is produced and
NONMEMBER AIEE maintained at any given level, are ob-

scured by the almost complete lack of
precise knowledge of the composition,

Contents coni's demonstration. Oliver Heaviside state of dissociation, and temperature

I. Introduction reached the same conclusion and pub- at those levels. The ionization pro-
Ionosphere structure lished2 it at nearly the same time; his duced in the daytime is carried over into

*onospher characteristics paper however mentioned only a single the night by chemical, electrical, or otherIonosphere cbaracteristies
Skip distance layer. This postulated layer was known reactions which are at present unknown.
I. Regular characteristics of the iono- for a number of years as the Kennelly- Some speculation has appeared in print
sphere Heaviside layer, and the entire ionized on some of the details, but that is outside
Virtual heights and critical frequencies region in the upper atmosphere which the scope of this paper, which is essenti-
Variations with time of day and season affects the transmission of radio waves ally a presentation of the known facts.
Year-to-year variations is now called the ionosphere. Radio These facts are fairly complicated, and
Variations with longitude and latitude waves transmitted by means of it are it is noteworthy that while some of them
III. Normal radio transmission called sky waves, in contradistinction have been explained by some of the specu-
Relation of oblique to vertical incidence to the grouild waves, those which are lative theory, such theory has in each
Maximum usable frequencies and skip dis- propagated along the earth's surface. case been developed to fit the facts after
tances While it might at first be astonishing the facts had been discovered.
Transmission by multiple reflections that the extremely rare upper atmosphere
Optimum frequencies could contain enough material to affect IONOSPHERE STRUCTURE
Received field intensities at high frequencies the passage of radio waves, yet the very
Broadcast-frequency sky waves thinness of r is wat pet the to

Since the distribution of energy in
The contributions of the several layers to thinness of the air is what permits this to the spectrum of radiation from the sun,
practical transmission happen. At a height of 100 kilometers and likewise possibly the chemical com-
IV. Effects of inosphere irregularities (62 miles) above the earth's surface, for position and temperature of the air at
Sporadic E example, the air pressure is probably different heights, vary at different times
Scattered reflections much less than a millionth of what lt is of the day and year, the ionized layers
Sudden ionosphere disturbances at the earth's surface, or the equivalent in the atmosphere do not remain always
Prolonged periods of low-layer absorption of a vacuum in an electric-discharge at the same height but vary diurnally,
Ionosphere storms vacuum tube. The air particles are seasonally, and otherwise, in both height
V. Conclusion separated so far from one another that and ionization. There may be a con-

collisions are far less frequent than in the siderable number of such layers at a
I. Introduction lower atmosphere, and when an atom is given time. Of these, two are permanent,

ionized by solar radiation it remains and two others are semi-permanent
HEN Marconi electrified the world ionized for a considerable time There- The two permanent ones are called the
in 1901 by sending radio signals fore at any given time a large proportion E and F layers. The E layer is at a

across the Atlantic Ocean, he incidentally of the air particles are in an ionized con- height of 90 to 140 kilometers at different
proved that the upper atmosphere is dition. When a radio wave passes times, usually about 110 kilometers.
electrified. Diffraction was insufficient through such ionized air the electric The term F-layer is ordinarily reserved
to explain the bending of the electro- force of the wave accelerates the ions, for the other layer as it exists at night;
magnetic waves around the 30 degrees whichtakeonacertainamountof motion in the daytime during most of the year
of the earth's curved surface. The waves at the wave frequency, this accelerated it divides into two layers which are called
could not penetrate the earth. So there motion in turn giving rise to radiation. the F5 and F2. The night F layer is at a
was only one way they could go the in- There is thus an interchange of energy height of 180 to 350 or more kilometers.
credible distance, and that was by re- between the ionized air particles and the The F, layer exists in the daytime (except
flection from one or more conducting radio waves, with a net effect of reflection in winter), at a height of 130 to 250
strata in the atmosphere. So reasoned or refraction of the waves. kilometers. The F2 layer exists every
Professor A. E. Kennelly, and he pub- It has been found from radio experi- day, at a height of 250 to 350 or more
lishedi the idea a few months after Mar- ments that this ionized condition does kilometers in the summer, dropping tolished_______________________________ not increase uniformly as the air pressure about 150 kilometers in the winter day.
Paper number 39-47, recommended by the AIEE decreases with altitude. Because of (The "virtual" heights, defined later
the AJtEE win tCercomnvenatiton,S Newd york, N. Y., varying distribution of chemical com- are higher than these values.) The
January 23-27, 1939. Manuscript submitted position of the air with height, and be- fourth layer, which is semipermanent,
printing December 29, 1938. cas ftedfeetgass dfeng is the D lae; it exists onyin the dy
3. H. DELLINGER is chief of the radio section Of capability of absorption of solar radia- time and its height is of the order of 50 to
the National Bureau of Standards, Washington, tion of different frequencies, there are 90 kilometers. Little has been done on

l. On he levtio o th Blctrcaly Cn- certainstrata or layers in the airinwhich the determination of the quantitative
ducting Strata of the Earth's Atmosphere," A. E. 2. "'Telegraphy," Oliver Heaviside, Encyclo- characteristics of the D layer, its effects
Kennelly, Electrical World and Engineer, volume pedia Britannica, tenth edition, volume 33, De- lagl dirctl
39, March 15, 1902, page 473. cember 19, 1902, page 215. being iaglnferred rather than drcl
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observed. Existing knowledge covers sorption capability of each of the iono- of volume, that is, the ionization density.
mainly the E, F, F1, and F2 layers.25 sphere layers. Since each layer has a It requires a greater density of ioniza-
The structure of the ionosphere may certain thickness it is necessary to define tion to reflect the waves back to earth,

be visualized in an elementary way from the sense in which the term height is the higher the frequency. It has been
figure 1, which is for a typical summer used. A ray or wave train starts to shown that, for electron ionization, the
daytime condition, the F1 and F2 layers bend toward the ground immediately relation4 (for the ordinary ray) is
both being present as well as the E. upon entering the layer, as illustrated in N = 0.0124 f2 (1)This is drawn to scale, so the angles of figure 2, and follows a curved path in the
reflection of radio waves from the layers layer until it emerges at the same vertical where N is the number of electrons per

DeZAlo AtIC/

Figure 1. The principal layers of the iono-
sphere, drawn to scale for a particular time

may be estimated correctly. The three of day and year cubic centimeter and f is the highest
layers are shown as mere thin lines, for frequency, in kilocycles per second, at
simplicity. The layers have in fact a which waves sent vertically upward are

ioniztaion varickessomewandth ienthstick-o angle at which it entered. It has been reflected back to earth. Waves of allionzatonans smewat n histhik- shown3 that the time of transmission frequencies higher than this pass on
ness. At the right of the diagram is a along the actual path BCD in the ionized through the ionized layer. This fre-
rough illustration of a possible distribu- layer is the same as would be required quency is called the critical frequency,
tion of ionization density with height. for transmission along the path BED if and measurement of it is, with the equa-

D)otted lines indicate two of many pos- there were no ionized particles present.
sible paths of radio waves from a trans- The height h, from the ground to E, the E
mitter to a receiver as transmitted by intersection of the two projected straightX '
reflection from the ionosphere layers. parts of the path, is called the virtualA
This picture, simple as it is, does in fact height of the layer. This is theimportant LX D OF IONOSPHERE
represent the basic mechanism of radio- quantity in all measurements and applica- 7 \ LYE
wave transmission over long distances. tions./
When we consider the variations of The virtual height of a layer is meas-/ \
ionization and height of the layers with ured by transmitting a radio signal from /

upon the received intensity and the limits transmitted along the ground and the ' ///////
of transmissible frequency at any par- echo, or signal reflectedby the ionosphere, Figure 2. Diagram for explanation of virtual
ticular time, the picture loses its sim- and measuring the difference in time of height of ionized layer
plicity. The purpose of the present arrival of the two. The signal is a
paper is to outline the principal known special, very short pulse in order that the
facts and implications of this complicated two may be separated in an oscillograph, tion JUSt given, a means of measuring the
situation. We shall see that the phe- as the time differences are mere thou- maximumionization density inan ionized
nomena of long-distance radio trans- sandths of a second. The differenceelayer
mission may be completely explained by between the distance (AE -1- EF) and The critical frequency iS thus the
thionosphere. Aifud mutpinhe asr practical measure of the ionization den-the A F is found by multiplying,the.measure sity, the second of the principal quan-

IONOSPHERE CHARACTERISTICS tim difrneb.h vlct flgt tities determining the role of the iono-
There are three principal ionosphere From thistuandtheih knw distlcuaned At F, sphere in radio transmission. The way

characteristics which determine radio thu vrually honenight hti cacuated Itisr thecritical frequencyis measured is to
transmission. These are the height, the that is, to transmit the signal vertically 4. Relation evolved through the wvork of Eccies
ionization density, and the energy ab- upadndrcietathesm ple (1912); Larmor) (192141); nBreitenikandT Nvr(126)
2a. The D, E, and F layers were first identified (and the term "virtual height," rigor- (1931); and given as ehqui ppation5 tof"Stdiesofby E. V. Appleton (Papers of the URSI General ously defined, is for this case). Transmission,' S. S. Kirby, L. V. Berkner, D. M.Assmbl,Wshigto, 127,volme , prt1, Th f h iStuart, Bureau of Standards Journal of Research,passem2.heyWashngtn 1927 volumwee1irs parntif Thde effectiveness of te ions in re- volume 12, 1934, page 15 (research paper 632).
by J. P. Schafer and W. M. Goodall (Nature, flecting the waves back to earth depends A summary of the scientific aspects of the iono-volume 131, 1933, page 804) and S. S. Kirby, L. V... . speeigvnin"hPyicofteIoper,Berkner, and D. M. Stuart (IRE Proceedings, on the number of ions present in a unit sHer is giveno }2inTewofMdrPhysics,oh voospher"volume 21, 1933, page 757). The D layer was 9, 1937, page 1; this article also presents a valuablefirst shown to serve as a reflecting layer by N. 3. Page 571 of article, "A Test of the Existence bibliography, comprisinlg 309 references (the litera-Smith and S. S. Kirby (Physical Review, volume of the Conducting Layer," G. Breit and M. A. ture is so extensive that even this list is far from51, 1937, page 890). Tuve, Physical Review, volume 28, 1926, page 554. complete).
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determine the virtual height of the layer spective symbols, fP2' and fF?2. In the EASTERN STANDARD TIME 15.302
by the method mentioned above, using case of the E layer, usually the ordinary I

vertical or nearly vertical transmission ray predominates and the extraordinary S00
(that is, with the transmitter and receiver ray is so weak it does not affect radio
not far apart), and keep increasing the reception. 700

frequency until signals are no longer Automatic recording equipment is 0
received back from the layer. The high- used by the National Bureau of Stand- z 600
est frequency at which signals are re- ards and a few other laboratories to
ceived back from the layer is the critical record the virtual heights and critical 0

frequency of that layer. (For some frequencies of the ionosphere layers. A
purposes this definition is not exact; sample record is shown in figure 4. In I 400-
see discussion of "sporadic E" in section this case (afternoon in May 1933) the '
IV.) The results of such a measurement E-layer critical frequency was 2,900 300-
are illustrated in figure 3. Starting at kilocycles per second and the F,-layer
a frequency below 2,000 kilocycles per critical frequency was 3,800 kilocycles per z 200-
second, the virtual height is found to be second. The dark curved line in the
about 110 kilometers, and remains at upper right corner of the figure of the loo
about this height until about 3,000 same shape as the line below it, is a
kilocycles per second. The critical fre- multiple reflection, that is, the wave was o-
quency of the E layer at the time of this not only reflected back from the F2 , ° ° 0 0

measurement is thus 3,000 kilocycles per layer, causing the lower line, but was FREQUENCY -KILOCYCLES PER
second. At this frequency the waves then reflected back up from the earth's SECOND
penetrate the E layer and go on up to a surface and down again a second time Figure 4. Example of frequency-height rec-
higher layer, the F2. The F2 layer has a from the F2 layer. ord as recorded by automatic multifrequency
greater ionization density and so it re- Measurements of the type just de- recorder of ionosphere echoes
flects back waves of frequency greater scribed are usually made at vertical
than 3,000 kilocycles per second. It is incidence, that is, the waves are trans- May 8,1933
not until frequencies greater than 12,000 mitted straight up to the ionosphere and
kilocycles per second are used that the F2 received at a place not far from the trans- sec 4 = a/h, h being the virtual height
layer fails to reflect them, in the case mitter. Strange as it may seem, such of the ionized layer. Also,
illustrated. measurements tell us a great deal about
Near the critical frequency the waves long-distance radio transmission. Thus, a = Jd2 + a2

are excessively retarded in the ionized from the results of such measurements 4
layer, which accounts for the abnormal can be calculated the upper limit of
rise of the curve at the critical frequency. frequency usable over any given distance. d being the horizontal distance of trans-
At the right of the curve appear two A simple relation for reflection from a mission. Therefore,
critical frequencies for the F2 layer. This sharply defined layer follows from con-

(3)

is an indication of double refraction of sideration of its dielectric constant and fm -42 + 1 (3)
the waves due to the earth's magnetic index of refraction. To a first approxi-
field, two components of different polariza- mation,' This is the approximate relation between
tion being produced. One is called the the maximum usable frequency at a
ordinary ray and the other the extra- fm = s f0/ 4 (2) distance d between transmitter and re-
ordinary ray. The symbols o and x where fm is the maximum usable fre- ceiver, and the two important characteris-
are used for these, respectively. The quency over any distance, f, is the critical tics of the ionosphere layer, the virtual
critical frequency of a layer n is repre- frequency measured as above described height h and critical frequency f0.
sented by the symbol fn, and to such at vertical incidence, and 4 is the angle
symbol the o or x is added as a super- of incidence of the waves at the iono- SKIP DISTANCE
script. Thus the critical frequencies of sphere, that is, the angle between the An interesting consequence of this
the F2 layer for the ordinary and extra- wave's line of travel a and the vertical relation is: the distance at which a given
ordinary rays are indicated by the re- lne giving the virtual height h in figure frequency is the maximum usable is

5. This is only a first approximation, also the minimum distance over which
as we shall see later, but it is close enough that frequency is receivable, that is,

Figure 3. Relation between observed virtual to permit estimating certain important there is a zone around the transmitter in
height and frequency of radio waves effects and results. From figure 5, which the frequency is not receivable

5. Relation following directly from Snell's law
of refraction and Eccles-Larmor equations for

a) 800 index of refraction in an ionized medium. Derived
a I l l l l lll l l l | ] i by my colleagues in National Bureau of Standards
w Illl in 1934; published in "Multifrequency Ionosphere
X 800 - - - -fF f'F2 Recording and Its Significance," by T. R. Gilliland,600

l l l l l l l l l l l l 2 f2 National Bureau of Standards Journal of Research,
volume 14, 1935, page 283 (research paper 768);

1 40I A l I in document "Study of Question 7 Proposed for
I- l l l fE - l the Fourth Meeting of the C.C.I.R., Report Sub-
i_ - - - - -|-t |-| F2|1 _ l l mitted by U.S.A.," 1936; and elsewhere, for

T 200 -
E

- -
l

- -
_

example, in "Maximum Usable Frequencies for
- - -- - - - - j ~~~~~~~RadioSky-Wave Transmission, 1933 to 1937,"

by T. R. Gilliland, S. S. Kirby, N. Smith, S. E.
0 ~~~~~~~~~~~~~~~~~~~~~~Reymer,National Bureau of Standards Journalt> 0 2000 4000 6000 8000 lO,000 I20 14PW o Research volumea B2f0, 193o8 pSage 627 (research

FREQUENCY-KILOCYCLES PER SECOND paper 1,096).
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but outside of which it is receivable. II. Regular Characteristics consistent data particularly for the last
Thus figure 6 shows the calculated upper of the Ionosphere six years. The present is a good time to
limit of frequency of waves reflected summarize the facts of the ionosphere,
back by the ionosphere for various dis- Since the upper limits of frequency for it is only now that we have come into
tances, for a particular time (midnight, usable for radio transmission over a given comprehensive possession of such facts
December 1937, F layer). This was distance depend directly upon the virtual throughout the entire significant period
calculated by the simple formula (3) heights and critical frequencies of the of half a solar cycle.
with the virtual height h = 310 kilo- layers of the ionosphere, and since these The only place where the ionosphere
meters and f, = 4,180 kilocycles per are constantly varying with time of day, is known to have been continuously under
second. The maximum frequency re- season, and other factors, it is particularly observation for this period is the National
ceivable at a distance of, say, 1,200 kilo- important to have definite data on the Bureau of Standards at Washington.
meters is 8,300 kilocycles per second, and variations of these two ionosphere char- The measuring technique6 involves oscil-
this is higher than that receivable at any acteristics. Radio transmission condi- lographic observation of radio echoes of
shorter distance. This means that radio tions in general follow the critical fre- a sharp pulse. Similar work has been
waves of a frequency of 8,300 kilocycles quencies; for example, when the critical done from time to time by numerous
per second are reflected by the F layer frequencies are high the maximum usable observers and laboratories, and continu-
of the ionosphere and receivable at a frequencies and the best frequencies for ous observations are now in progress in
distance of 1,200 kilometers or more, but radio communication are also high. In many countries. Knowledge of the be-
at any shorter distance such waves view of the known relations between radio havior of the ionosphere is coming to be
pass on through the F layer to outer transmission and ionosphere data, the so important in the operation of radio
space and are lost. Consequently the facts of radio transmission can indeed be services that the National Bureau of
zone around the transmitter of a radius summarized in far more compact form in Standards broadcasts information on the
of 1,200 kilometers is a skipped zone for terms of ionosphere data than in terms of ionosphere characteristics and vagaries
the frequency of 8,300 kilocycles per direct radio data. from its radio station WWV one day
second, and the distance of 1,200 kilo- A survey of the factual data of the each week. These regular broadcasts
meters is called the skip distance for that ionosphere is in some respects like a sur-
frequency at that time. There is good vey of weather conditions. Like the If -
reception beyond the skip distance and predominant roles played inweather con __L -
none within it. This is subject to the pphenomena by atmospheric pressure, Lqualification that there is a short dis- temperature, and humidity, we have the w IO -
tance close to the station in which recep- predominant roles played in ionosphere f
tion by the ground wave is possible; this phenomena by the ionization, the virtual |
is of no interest in long-distance reception height, and the absorption. Our task 6 5
and is outside the scope of this paper. is to learn the characteristic variations X
There is also some reception, usually weak of these factors. While the two realms, I
and unsatisfactory, within the skipped weather and ionosphere, have this simi- o. I. -II400

zom due to scattered reflecton of waves larity, they are, so far as we know, inde- KILOMETERS
from irregular ionized patches in the pendent of each other. Weather is local; Figure 6. Relation between limit of fre-
ionosphere (see section IV hereinafter), the ionosphere phenomena are world- quency receivable and distance of transmis-
The reality of the skip distance is quite wide. Weather is due to happenings in sion, calculated by simplified formula for a

striking. It frequently happens that, in the troposphere, extending about ten particular time (midnight, December 1937,
kilometers above the earth's surface, while F layer)

IONOSPHERE the ionosphere phenomena occur at

raR heights many times this. The seasonal were begun in 1937. It maybe necessary
h effects in the ionosphere are synchro- in the future to have such service daily

EARTH nous with the sun's position, not lagging from a number of places, like the weather-
d - a month or two as do the seasons of forecasting service.

weather. Ionosphere phenomena exhibit
Figure 5. Simplified geometry of angle of a greater regularity than weather phe- VIRTUAL HEIGHTS
incidence of radio waves on ionosphere nomena and are in some respects better AND CRITICAL FREQUENCIES

layer understood. A satisfactory way in which to present
A large body of facts regarding the and use the data on ionosphere layer

order to get radio messages through on a virtual heights and critical frequencies 6. "A Test of the Existence of the Conducting
certain high frequency over a short dis- of the ionosphere layers is now available. Layer," G. Breit. and M. A. Tuve, Physical Review,volume 28, 1926, page 554.
tance, two stations not far apart com- Much less is known about the absorp- "Preliminary Note on an Automatic Recorder
municate with one another by relaying tion. All three vary from hour to hour, Giviynga ContindtDuous Height Record of the Ken-
their messages through a third station a from season to season, and from year to Kenrick, Bureau of Standards Journtal of Research,

' ~~~~~volume 7, page 783, 1931 (research paper 373);great distance from both. For example, year. Each of these variations would IRE Proceedings, volume 20, 1932, page 540.
two stations in Pennsylvania 100 kilo- be expected because of their dependence "Note on a Mult.ifretquency AutmtGicad Recrderu
meters apart may be unable to send mes- upon radiation from the sun. The ultra- of Standards Jou4rnal of Research, volume 11,
sages directly toeach other on 15,000 violet radiations from the sun vary in an paed561, 1933u(esearch34 paper2608;IEPo
kilocycles per second but both may easily 11-year cycle. The last minimum was in "Studies of the Ionosphere and Their Application
communicate with a station in South 1933, and there were maxima in 1927 to Radio Transmissiotn, S. S. Krby,L v.Bendrk-
America and relay messages through it to and 1938. The ionosphere was under Journal of Research, volume 12, 1934, page 15

. , ~~(research paper 632); IRE Proceedings, volume 22,each other. studly throughout this cycle, and we have 1934, page 481.
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heights and critical frequencies is by p 4001C 1 F

means of graphs of monthly averages of 2 300 1 1 1X
these quantities as a function of time of 0

200
day. The monthly average issignificant loo

because the variations from day to day are > o
small, usually less than 15 per cent, except 's,oo |JUNEI937
for disturbed days, which constitute a 14,000

separate subject, treated in section IV. 0
Typical examples of the monthly average 2,000
graph are given in figure 7, showing sum- 11,000

mer and winter conditions. Similar c oI,1/
curves have been published7 by the Na- ,0ooo

we,
tional Bureau of Standards for every 3c 8,000o
month from May 1933 to the present, 0 7,000
and continue to be published in the < 6,000 |

Proceedings of the Institute of Radio Ut 5,000
Engineers each month. Such data are uR 4,000
also published8 in tabular form every 3,000
quarter. 00 111 I I1
The virtual heights shown in these

graphs are the heights for the lowest
frequeycies used in the determinations. 2 4 6 8 10 12 14 16 18 20 22 0 0 2 4 6 8 10 12 14 16 18 20 22 0

EASTERN STANDARD TIME
There is a slight variation of height with
frequency, as suggested in figure 3, and Figure 7. Typical summer and winter monthly accords with the simple theory of ioniza-
as discussed in section III hereinafter,astdiscussedtiin isection II h indcafber averages of the diurnal variation of virtual tion by ultraviolet radiation from the
hut the vanration Is small and can be heights and critical frequencies sun, according to which, assuming re-

neglected for many purposes. The ver- cobnto ofin ob sfiinl
combination of ions to be suficiently

tical dashed lines on the graphs are for
the times of sunrise and sunset at the Doubtless some of the ionizing radiation rapid
ground, not the earlier sunrise time and does reach the ionosphere somewhat be- fE = KVcos ,k (4)

later sunset time at those heights in the fore ground sunrise and after ground sun- w iwhere 6 iS the zenith angte of the sun,
atmosphere where the ionosphere layers set, but it is by scattering, diffusion, or and K is a factor depending on the in-
are located. While this is surprising at other special process. tensity of the solar radiation. This holds
first sight, the ground times of sunrise The abscissas in figure 7 are time of w fr c l f

and sunset are the logical ones to con- day (Eastern standard time), on a 24- not too closetom90de re durn th
' ~~not too close to 90 degrees, during the

sider, because the sunlight arriving tan- hour basis, for example, 0 = midnight, daylight hours of any one day.
gentially to the earth's surface cannot 14 = 2 p.m., etc. The following sym- No such simple relation characterizes
reach any atmospheric level above the bols are used: the variation of the critical frequencies
dark hemisphere without having first
tarav heled pdown wthrough thatvand lowrs fE = critical frequency of the E layer. of the F, Fl, and F2 layers. As may
traveled down through that and lower This is the critical frequency of be seen from figure 7, the daytime critical
levels above the lighted hemisphere, the ordinary ray unless otherwise frequencies of the F2 layer are much

and the ionizing radiation would be specified. When it is desired to higher in the winter than in the summer

largely absorbed in those lower levels. specifically indicate it as that of the (although reports from the southern
__ordinary ray, the symbol is fE0. hemisphere indicate that the reverse is

7. "Multifrequency Ionosphere Recording and fFl, = critical frequency of the F, layer. true there), and the night critical fre-
Its Significance," T. R. Gilliland, Bureau of extraordinary ray.
Standards Journal of Research, volume 14, 1935, quencies are somewhat lower in winter
page 283 (research paper 769); IRE Proceedings, f

= critical frequency of the F2 layer, than in summer. The diumal maximum
volume 23, 1935, page 1076. fF2
"Characteristics of the Ionosphere and Their extraordinary ray. The night por- of the F2 critical frequency almost always
Application to Radio Transmission," T. R. Gilli- tions of the fl,x curve are for the
land, S. S. Kirby, S. E. Reymer, and N. Smith, F layer. The symbols for F and occurs after noon, and is much later in
Bureau of Standards Journal of Research, volumethdainsmetatinwier Te
18, 1937, page 645 (research paper 1001); IRE F2 at night are sometimes used the day in summer than in winter. The
Proceedings, volume 25, 1937, page 823. interchangeably. post-sunset drop in the night F critical
"Characteristics of the Ionosphere at Washing-
ton, D. C., January to May, 1937," T. R. Gilliland,
S. S. Kirby, N. Smith, and S. E. Reymer, IRE VARIATIONS WITH TIME OF ter than in the summer; indeed in summer
Proceedings, volume 25, 1937, page 1174. DAY AND SEASON the midnight F critical frequency is
"Characteristics of the Ionosphere at Washing-
ton, D. C...," published each month in IRE No regular diurnal or seasonal varia- sometimes as high as the noon F2 critical
Proceedings for the second month before, starting
with the September 1937 issue. tion is observed in the virtual height of frequency. The outstanding characteris-

8. "Averages of Critical Frequencies and Virtual the E layer, wvhich appears to be almost tics of the F2 critical frequency are (1)
Heights of the Ionosphere Observed by the Na- always between 110 and 120 kilometers. a seasonal variation inverse to that of the
tional Bureau of Standards, Washington, D. C.,
1934-36," T. R. Gilliland, S. S. Kirby, N. Smith The critical frequency of the E layer E critical frequency, and (2) a diurnal
and S. E. Reymer, Terrestrial Magnetism an has however a regular diurnal and sea- lagging behind the altitude of the sun.
Atmospheric Eletrircity, volume 41, 1936, page 39
Similar summaries in each succeeding quarterly sonal variation. It varies synchronously The F and F2 maximum critical fre-

issue. ~~~~~~~~withthe altitude of the sun, reaching the quency occulrs in the winter day, and the
9. Relation given on page 251 of "*Radio Observa- ... .. . .
tions of the Bureau of Standards During the Solar diurnal maximum at noon, and having minimum in the winter night. The day
Eclipse of August 31, 1932," 5. 5. Kirby, L. V. a higher diurnal maximum in the sum- and night summer vralues are between
Berkner, T. R. Gilliland, K. A. Norton, IRE
Proceedings, volume 22, 1934, page 247. mer than in the winter. This behavior these extremes.
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The F2 layer also differs markedly from minor fluctuations. To examine these There is also fair week-to-week but not
the other layers in having much greater three things separately, it is possible to day-to-day correlation.
height in the summer than in the winter. redraw the curve with the seasonal The F2 layer presents a more compli-
The F2 layer acts as though it were ex- variations eliminated, and this has been cated picture, since purely terrestrial
panded by the heat in summer, resulting done. By means of equation 4, it is influences, such as the temperature of the
in higher virtual height and also greater possible to calculate the value of the E- layer, play an important part. No such
volume for a given number of ions and layer critical frequency at that point on simple method therefore exists for elimi-
thus lower ionization density and lower the earth's surface where the sun's nating diurnal and seasonal variations as
critical frequency. This is not a com- radiation is perpendicular; this is K, may be done for the E layer. Figure 9
plete explanation, as the F2 layer has or fE/!co`s , and it is plotted as the shows the variation, by average for each
many other anomalies, for example, a dashed curve. month, of the F2 and F critical frequency
slight drop of critical frequency in mid- For comparison, curve a gives average for various parts of the day. The
winter from the seasonal maximum. sunspot numbers for each month. The "midmorning" curve is for the time

spots on the sun increase in number and halfway between midnight and sunrise,
YEAR-TO-YEAR VARIATIONS activity as the solar cycle progresses, and and the "diurnal minimum" curve is for

Superposed on the variations of the it is believed that the intensity of the the time when the F critical frequency
ionosphere characteristics with season ultraviolet radiations causing the ioniza- reaches its lowest value, about 30 minutes
are the long-time variations with the tion of the layers of the ionosphere before ground sunrise. The midforenoon,
solar cycle, caused by the rising and increases along with the sunspots midafternoon, and midevening curves
falling in an 11-year cycle of the sun's Neither the sunspots nor the ultraviolet are for times halfway between sunrise
ultraviolet radiations. Practically the radiations are the cause of the other, but and noon, noon and sunset, and sunset
entire period of the observations under both are manifestations of those pro- and midnight, respectively. All of these
discussion, 1933 to the present, has been found activities within the sun which curves show the general rise in critical
one of increasing solar radiation, as we undergo the 11-year variation It is not frequencies superposed on the seasonal
are now at about the top of the cycle. possible to compare directly against variation. The amplitude of the seasonal
There has consequently been an increase measured ultraviolet radiation from the variation, as well as the average value,
from year to year in the ionization and sun because all the radiations which has risen each year, and is thus greater
the critical frequency of all the layers. produce the ionosphere phenomena are for greater solar activity. The high
The trend reversed in 1938 and the absorbed in the ionosphere and do not daytime values in winter, and high night
critical frequencies will in general de- reach the surface of the earth. The values in summer, stand out. The mid-
crease until about 1944. comparison with sunspot numbers is winter dip in the daytime curves should
The heights of the various layers do merely a comparison with a crude index also be noted. The diurnal minimum

not change appreciably from year to of solar activity, but it is of some value, curve shows the least seasonal variation;
year. The chief change in respect to The detailed correspondence of the this might be more or less expected,
them is the disappearance of daytime dashed curve b with sunspot numbers is since the influence of the sun is least at
F-layer stratification in the winter as the in fact impressive. It shows not only this time.
solar cycle advances. Thus, figure 7 that the E-layer ionization follows the Twelve-month running averages, which
shows no F1 layer in December 1936, general trend of the sunspot numbers, but eliminate the seasonal variations, are
whereas in 1933 to 1935 there was a that the detailed changes from month to given as dotted lines for the noon and
stratification into F1 and F2 layers in month show a fair amount of agreement. the diurnal minimum values. They show
winter as well as in the summer although more clearly the trend from year to
the stratification was much less marked in year, and also make it easy to see the
the winter than the summer. Figure 8. Variations of monthly average amplitude of the seasonal variations.
Both seasonal and year-to-year changes sunspot numbers and critical frequency of the It is interesting to compare them with the

of the E-layer critical frequency are E layer, 1933 to 1938 curve of sunspot numbers in figure 8.
shown in figure 8, curve b. This gives The solid curve (b) is the E-layer critical The long-time trend of the ionosphere
the average fE at noon for each month. frequency as observed at Washington, and critical frequencies is shown more clearly
The full-line curve b shows the rise each the dashed curve is the calculated E-layer in figure 10. The general trend parallel
summer and drop each winter, the climb critical frequency at the point where the to that of the sunspot numbers is striking.
to higher values each year, and also some sun's radiation is perpendicular All had their minimum in 1933 and maxi-

SZ120 lHgX T EM X Fi S i fH
ZM 80- ~~~~~~SUNSPOT NUMBERS
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1C
9

Figure 9. Varia- tributed differently in latitude. In par-
8 MIDEVENING 8 tions of monthly ticular, disturbances called "ionosphere

6 6~~~~~~~~~~~~vrgeF n storms, lasting a day or more and

4'-%k 2 1933 to1938ritcaFrquecy causing great changes in the F2 layer
3 ~~~~~~~~~~~I o198 height and ionization, are more intense

9 19 ~~~~~~~~~~~~~~~~~~~andmore frequent as the magnetic pole is
8 14 ~~~~~~~~~~~~~~~~approached. It is therefore important

Iz F I U I ~~~~~~~~~~~~~~~toseparate days of this type from the
-5 ~~~~~~~~~~~~~~~undisturbed days, particularly when

of DAFTERNO9Nconsidering data from higher latitudes.
8 5 ~~~~~~~~~~~~~~~~~~~Thisis discussed further in section IV.

5F
u f_ III. Normal Radio Transmission

I
.." 9 ~~~~~~~~~~~~~~~Asexplained in section I, some of the

>- 7 j N, ~~~~~~~~~~~~~~~~importantfacts of radio wave transmis-
W_ sion over great distances are determin-

w 10 10 ~~~~~~~~~~~~~~~~~~~ablefrom the characteristics of the iono-
IMIDFORENOON sphere. We shall -now inquire miore

7 carefully into the way in which this is
_ ~~~~~~~ 1Idone, and explain the application of these

05 IDIURNAL MINImum.1Ir4---[..1111 IIII facts to practical radio-communication
3 7 ~~~~~~~~~~~~~~~~~~~problems.

4--MI'DMORNINGI I117 RELATION OF OBLIQUE TO
3 7 ~~~~~~~~~~~~~~~~~VERTICALINCIDENCE

6 MI To compute long-distance radio data

- - - - - ~~~~~~~~~~~~~fromionosphere data is essentially to
2F 1. 2 ~~~~~~~~~~~~~~~determine the relation between radio

n 3 a transmission incident obliquelyon an

1933 19341935 1936 1937 1938 ~~~~~~ionosphere layer and transmission inci-
dent vertically on the layer. This is

mum in 1937. Again we see evidence and no material differences fromn the because ionosphere data are an expres-
that the sunspot numbers and the ultra- Washington data are found. sion of, and are determined by, radio
violet radiations which ionize the iono- Latitude is quite another matter. It transmission incident vertically on the
sphere have a close interrelation. The is to be expected that the varying angle ionosphere. When radio waves are trans-.
situation revealed in figure 10 is one of of incidence of the solar radiations with mitted over some horizontal distance,
the most interesting of all the results latitude would lead to greater ionization they are sent obliquely into the ionized
yielded by radio-wave-transmission re- in equatorial than polar regions. Data layer, and as we have seen the ionized
search. are limited; the available informnation1'

indicates that changes with latitude, other 120 12-0
VARIATIONS WITH LONGITUDE, than those occasioned by the difference

0 o
AND LATITUDE ~~~~~~~~~ofseason as the equator is approached or w USO

Thedatapresented in th~~~~~~~~ispaper are crossed, are niot great. Measurements ~NMBR
mostly those obtained in and near Wash- at latitude 12 degrees south indicate that Z 60

ington, D. C., where the latitude is 39 the annual average critical frequencies 40- - -_ - 12
z

degrees north. It is important to in- (and thus the ionizations) are somewhat
quire how representative these are: are higher, and the virtual heights somewhat

01

the ionosphere characteristics the same lower, than at Washington, 39 degrees
at other longitudes and latitudes? There north. There is relatively little seasonal 3 9 --
is no a priori reason to expect any variation variation near the equator. Measure- V)85

w
with longitude other than the large ments at latitude 70 degrees north, on the 0a..
variations characteristic of the local time other hand, show lower average critical
of day prevailing simultaneously at dif- frequencies, and greater variations with
ferent longitudes. Ionosphere data from- season, than at Washington. 4.

different longitudes inth same general The variatio with latitude is bound u
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maximum usable frequency at various dis-
tances and times of day the reflecting layer is a function of Figure 12. Average for December 1933 of

frequency. The higher the frequency the maximum usable frequency at various dis-
farther into the ionized layer do the radio tances and times of day

medium is able to reflect such waves of waves penetrate. Thus, in figure 3 the

frequencies considerably in excess of the virtual height rises slightly with fre-
vertical-incidence critical frequency. As quency; this figure is for vertical in-
indticatencdebynte aproximate

f equationA cidence, and a similar rise appears in the from the ionosphere changes depicted inidt equion relation for oblique incidence. figures 8 to 10. In fact, the diurnal,
2, fm,, = f,sec 1/, a layer of given ioniza- reainfoobiuiniec.ssnl,ndthrfetshwnntee
tion density returns waves of frequencies Secondly, the simple relation is modified seasonal, and other effects shown in these

because the earth's surface and the iono- curves follow directly from the ionosphere
of incidence upon the layer Thus, ex- sphere layers from which the reflection data of the type presented in section II
cept as limited by the curvature of the takes place are not plane but curvTed, of this paper.

earth, higher frequencies can be reflected altering the geometry. Thirdly, the In figures 11 to 14, the layer which

the greater the distance of transmission presence of the earth's magnetic field determines the maximum usable fre-
andthe lower theheightofthereflecting alters the relation, depending upon the quency is marked on each curve. Asand the lower the height of the reflecting length,direction, and location of the path shown, the F and F2 layers determine it
layer. of transmission, most of the time; this iS because their

In figure 1, for example, the E layer is
All of these effects together make the ionization so much exceeds that of the

shown reflecting a ray (1). Supposing calculation of maximum usable fre- lower layers. In the daytime in summer,
which can be reflected by the E layer at quencies somewhat complicated. The however, the E-layer ionization is so

that angle of incidence, then the ray National Bureau of Standards therefore great, and beyond a distance of about

(2) with a slightly smaller angle of publishesl" curves of maximum usable 500 kilometers the lower height of the

incidence would not be reflected by the frequencies as well as of critical fre- E layer results in so much more oblique

E layer but would penetrate it and go on quencies in its monthly and other pub- transmission, that the E layer is control-
up to the F1 or F2 layer and be reflected lications on the ionosphere. Examples ling. The curvature of the earth and of

by one of them because of its greater are given in figures 11 to 14. Comparison the E layer limits the reflection distance
ionization density. As the angle of of figure 14 with figure 6 shows how the to about 1,700 kilometers; beyond that

incidence is decreased (angle of take-off simple secant relation or its equivalent, the F2 layer IS controlling as the curves
increased), we arrive at a ray (3) which equation 1, is inadequate to represent show. The F1 layer is seldom (summer

would not be reflected by the F2 layer the actual facts of radio transmission. day, for 2,000 to 3,000 kilometers) enough
lower than the F2 layer, and enough more

buter wouldspaceneT it andgebee toe MAXIMUM USABLE FREQUENCIES ionized than the E layer, to determine the

arrouatespace. suggestedby3th AND SKIP DISTANCES maximum usable frequency.
arrow at the end of ray 3.
The approximate relation, sec Figures 11 to 14 give the averages (for There are times when transmission

gives a rough idea of the relation between the days free -from ionosphere storms) does take place at frequencies higher
f6, the vertical-incidence critical fre- for the months shown, of the upper limits than these critical frequencies, either

quency, and fmn, the maximum usable of usable frequencies, as a function of because of "sporadic E" layer or scattered

frequency, at any oblique angle of in- distance, for various times of day. The reflections. These special phenomena

cidence, that is, at any distance. The characteristic differences between summer are discussed in section IV.

exact relation12 has to take into account and winter are shown, and also the strik- Each point on these curves not only
a number of other factors. In the first ing increase of frequency with the advance gives the upper limit of frequency which

place, the angle 4 is itself a function Of of the cycle of solar activity during 1933 is usable over the distance, but also
frequency, because the virtual height of to 1937. This is whatwould be expected conversely gives the lower limit of dis-

____________________________ tance over which the frequency gives
12. "Application of Vertical-Incidence Ionosphere 13. "Maximum Usable Frequencies for Radio saifcoyk-wvtrnmso.Th
Measurements to Oblique-Incidence Radio Trans- Sky-Wave Transmission, 1933 to 1937," T. R. curves thus serve the additional pur-
mission," N. Smith, Bureau of Standards Jousrnal Gilliland, S. S. Kirby, N. Smith, and S. E. Reymer, poe fgingdtonspdsac.
Of Research, volume 20, 1938, page 683 (research Bureau of Standards Journal of Research, volume poe f
paper 1100). 20, 1938, page 627 (research paper 1096); IRE Where skip distances are of primary
"The Relation Between Atmospheric Transmis- Proceedings, volume 26, 1938, page 1347.
sion Phenomena at Oblique Incidence and Those "Characteristics of the Ionosphere at Washing- interest, the relation between frequency,
at Vertical Incidence," C;. Millington, Physical ton, D. C.,....,"published each month in IRE distance, and time of day may be
Society (Great Britain) Proceedfings, volume 50. Proceedings for the second month before, starting'
1938, page 801. with the September 1937 issue, more conveniently shown by curves
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of skip distance as a function of time tance of transmission by a single hop, to the latitude of each hop. As men-
of day, for various frequencies. Such that is, reflection from any ionosphere tioned in section II, changes of iono-
a curve is shown in figure 15; it is layer, is limited by the geometry of the sphere characteristics with latitude are
for June 1937, and thus gives the same earth's surface and the layers, and also by not great, and it follows that the effect of
data as figure 13. Curves of skip dis- absorption at the ground of those waves latitude is of minor importance in
tance against time, as in figure 15, are which are nearly tangential. It is found radio transmission, except for extreme
useful in selecting frequencies for a mobile in practice that the minimum angle with differences of latitude. In particular,
radio station, such as an airplane or a the ground of the radio waves transmitted for transmission within an area the size
ship, where the distance of transmission or received averages about 3'/2 degrees of the United States, or Europe, differ-
continually varies and it is necessary to over land. From the geometry it results ences of latitude do not need to be taken
determine a time and distance at which that the maximum distance along the into account. In transmission between
to change from one frequency to another. earth by a single hop is ordinarily about the United States and Europe, how-
Another useful form in which the data 3,500 kilometers for the F2 layer, and ever, although the difference of latitude

may be put is a set of curves of frequency about 1,700 for the E layer. These may may be no greater than within either
as a function of time of day, for various be exceeded in particular cases. area, the ionosphere characteristics vary
distances. The data for June 1937 are XVhile the curves are drawn for single- materially along the transmission path
shown in this form in figure 16. The hop transmission, they are nevertheless from another cause. This is the effect
curve for zero distance is identical with available for solving problems of multi- of propinquity to the north magnetic
the curve of vertical-incidence critical hop transmission, that is, multiple re- pole. Certain ionosphere disturbances,
frequency. Curves of this type are given flections from the ionosphere, with inter- as mentioned in section II, are more in-
in the monthly ionosphere reports of mediate reflections from the ground. tense and more frequent as the magnetic
the National Bureau of Standards."3 Calculation of the maximum usable fre- pole is approached. There may also
Such curves are useful in the operations quency for multihop transmission is be a steady or permanent set of iono-
of radio stations communicating between necessarily somewhat complicated. In sphere effects having a maximum at the
fixed points, as they are an aid in selecting the first place, we have to consider the magnetic pole. See in this connection
the frequencies to be used during various time of day of the locality where each section IV.
times of day, for communication over a reflection from the ionosphere layer takes For very long paths in which widely
given distance. place. To a first approximation, the different longitudes (that is, times of day)

Since all the curves change with time of maximum usable frequency is the lowest are involved, it sometimes happens that
day, and since on any long radio trans- one of the several corresponding to the the waves travel different parts of the
mission path (except north-south) the times of day at the several localities where way by different layers. For such cases,
time of day is different at all parts of the reflection takes place, for the distance it is necessary to take account of the
path, it is important to select the proper on the curves equal to the transmission
time of day in using these curves. The distance divided by the number of hops.
proper time is that of the locality where For very long paths, if very widely Figure 14. Average for December 1937 of
the waves reach, and are reflected by, the different latitudes are involved, it may maximum usable frequency at various dis-
ionosphere. For paths in which the be desirable to use curves appropriate tances and times of day
waves go from transmitter to receiver by
a single reflection from the ionosphere, 44
the place of reflection is halfway between
transmitter and receiver.

TRANSMISSION BY Figure 13 (below).
MULTIPLE REFLECTIONS Avrg fo June1937 of maximum 3.~
It may be noted that figures 11 to 16 usable frequency at -_0

give no distances greater than 3,500 various distances and 32.
kilometers. The maximum possible dis- times of day | _| -| - - -

w
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heights of the different layers to deter- monthly average maximum usable fre- how the times of beginning and ending of
mine the lengths of the several hops, and quency for the given distance and time. two-hop transmission agree with the times
also to employ separate curves of maxi- It is not ordinarily possible to keep the calculated maximum usable fre-
mum usable frequency for each layer. changing frequency continuously so some quency passed through about 26 mega-
The waves reaching a given point may such range of choice is necessary. Below cycles per second at the western and

be a combination of waves having traveled 50 per cent, the received waves are likely eastern hops, respectively: that is, the
by different numbers of hops. For each to be too weak for use, and above 8o two-hop transmission began as soon as the
of these it is necessary to take account of per cent communication will be impossible western hop permitted and ended when
the time of day, and to consider which on some days. the eastern hop failed. After the failure
layer is effective, for the locality where Interesting examples of the calculation of two-hop transmission at 1,850 (even-
each reflection from the ionosphere of frequencies to be used for practical ing), the station came in weakly by one
occurs. radio transmission, from the graphs of hop. As the evening progressed (after

maximum usable frequency, have been 1,850) the intensity increased, owing to
OPTIMUM FREQUENCIES published'4 recently. the departure of the daytime absorption

It is necessary to inquire whether the Experimental confirmation of the va- and the rise in height of the layer, with
maximum usable frequency is the opti- lidity of these calculations and these con- a consequent more favorable angle of
mum frequency. It is found in practice siderations of the relations between take-off. The failure of single-hop trans-
that in general (especially in the daytime) ionosphere characteristics and radio trans- mission at 2,030 is seen to agree with the
the absorption is greater, that is, received mission conditions is given by extensive time of diminution of the calculated
intensities are less, as the frequency is experience of radio stations and also by maximum usable frequency through 26
lowered below the maximum usable special experiments. The National Bu- megacycles per second. (The very low
frequencies. Thus it requires much reau of Standards continuously records
greater power to get communication the intensity of radio waves received 30
through on frequencies very much be- from a number of stations at various Ozo
low the maximum usable. On the other frequencies and distances, in order to (, 3500 KILO-
hand, a frequency should be chosen investigate this. 25 _ METERS
somewhat below the values indicated An example of the type of evidence , 3000
in the curves of monthly averages be- given by these recordings is given in - 2500
cause of the variability from day to day, figure 17. The upper part of the figure7
which is generally within 15 per cent. is a continuous record of the field in- w \ / - 2000

Fair efficiency of communication is tensity of W6XKG, Los Angeles, Calif., 1__ -
usually provided in the daytime by on 25,950 kilocycles per second, at a z ---- - -.
frequencies down to about 50 per cent of distance of 3,700 kilometers. The lower a \/000
the maximum usable frequencies, and part of the figure gives graphs of the cal- T C|
at night by frequencies down to somewhat culated maximum usable frequency over
less than 50 per cent of the maximum us- this distance, for both one- and two-hop <

able frequencies. Definite limits cannot transmission. This distance is slightly D 5

be set because there are large irregular beyond the ordinary maximum distance D

xvariations of absorption with time over for good one-hop transmission, and the <_ -
both short and long periods. At fre- one-hop transmission is thus weak. 00 04 08 12 16 20 00

LOCAL TIMEquencies near the maximum usable fre- The changes between one- and two-hop LOCALTIM E
quencies there is relatively little differ- transmission are well marked; the ratio Figure 16. Maximum usable frequency at
ence between night and day absorption. of average received intensity is as great
As the frequency is lowered, however, as 100 to 1. This difference in intensity Solid curves-F ldyer
the daytime absorption increases rela- is due partly to the unfavorable angle Dashed curves-E layer
tively much more rapidly. of take-off for the single hop, and partly
A simple rule is to use a frequency be- to the increased absorption over the intensity after 2,030 is electrical noise,

tween 50 per cent and 85 per cent of the flatter trajectory. It should be noted that is, atmospheric disturbances or

"static.)
3500
3500C [71 \ \ I I \ l 25 RECEIVED FIELD INTENSITIES

3000 /5 MEGA- \ \ \ / I AT HIGH FREQUENCIES15 MEGA-
CYCLES PER 2 The received field intensity of waves250 SECONDinestF- 2500 / \ / 2 propagated via the ionosphere depends

S .. /on so many factors as to defy expression020CC/ in any simple summar or any set of

z IsooL <_______ 1_ I_/_I dis tance at various P________________ _Y____eH ^,- times of day and 14. "Maximum Usable Frequencies for Radio
o ~ ~ g\ \ ~ __ frequencies, June Sky-Wave Transmission, 1933 to 1937,"' T. R.(L 1OOO . X %& / S4̂~~~~~~~~~~~~~~~~Gilliland, S. S. Kirby, N. Smith, and S. E. Reymer,

/ \< 10 / 7~~~~~~~~~~~~~~137 Bureau of Standards Journal of Reseerch, volume6 \ / J - ~~~~~~~~~~~~~~~20, 1938, page 627 (research paper 1096); IRE
500 ____\_____ Solid curves-F Proceedings, volume 26, 1938, page 1347./ \ \ / Id~~~~~~~~~~~~~lyer "The Application of G;raphs of Maximum Usable/ \ 5 8/ ~~~~~~~~~~~~~~Frequencyto Communication Problems,"t N.

O l____\_ l Dashed curves-E Smith, S. S. Kirby, T. R. Gilliland, Bureau of
00 04 08 12 16 20 00 Standards Journal of Research, volume 22, January

LOCAL TIME layer 1939 (research paper 1167).
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Figure 17. Example of efect upon received fairly large body of such information in of solar cycle, and location of transmitter
intensity of change of transmission from one the 1937 London Report of Committee The numbers are quasi-maximum Field inten-

to two hops and back to one hop on Radio Wave Propagation."6 In a sities expressed in decibels above one micro-

January 26, 1938; W6XKG, 25,950 kilo- series of 18 figures, it gives contour lines volt per meter, for one kilowdtt radiated.
cycles per second, Los Angeles, Calif.; 3,700 of field intensity on a world map for The dotted line is the locus of sunrise (L) and

kilometers from Meadows, Md. two frequencies (8,600 and 18,800 kilo- sunset (C). The shaded areas are regions
cycles per second), for three times of day, of zero reception

being accumulated in the daily operations for one epoch of the solar cycle, 1929-32, f 18.8 megacycles per second (16 meters),
of radio stations and in such special and for the transmitter (or receiver) winter, 1200 local time

located at London. For other locationsrecodin laoratrie asthe atinal of transmitter (or receiver) the data
Bureau of Standards. As such data are oftasier(recvr)heda

analyzed they are found to be consistent would be different, both because of dif- during the summer day than during the

with the ionosphere factso uch as are ferent latitude and different distance winter day. A given frequency at large
reported in this papere but detailed con- from magnetic pole. The data given do angles of incidence (long distance) be-

nections are limited because of the lack not apply to times of ionosphere storms haves, with respect to absorption, like
of direct measurements of ionosphere or other vaganres. One of these figures a much lower frequency at small angles
absorption. However, the facts of re- is reproduced here as figure 18. It gives of incidence (short distance).
ceived field intensities are adding to our received intensities for one kilowatt Definite information about absorption
knowledge of the ionosphere, as just radiated from the transmitter. The and other characteristics of transmission
illustrated in the discussion of figure 17. curves are averages of values varying via the different layers is given by con-
Data on the received field intensities of over a wide range. No set of graphs or tinuous graphical records of received in-

waves propagated via the ionosphere, tables would be adequate to gve the tensities. To illustrate the type of
facts of transmission for all frequencies, information given by many thousands ofas obtained in connection with the opera- tms n te odtos

aingvnb aytosnso
tions of radio stations, have been pub- tmes, and other conditions. such graphs which have been recorded,
lished in numerous articles.'5 Since Received intensities are largely de- two examples are given in figure 19. The
sky waves exhibit great fading, the inten- pendent on the absorption of the wave top pair of graphs shows morning and eve-
sities constantly fluctuating over a great energy in the ionized parts of the atmos- ning intensities of reception from a station
range, it is necessary to deal with aver- phere below the ionized layer which re- on 6,060 kilocycles per second at a dis-
ages. A convenient form of average for flects the waves. The absorption in tance of 648 kilometers. Shortly before
this purpose is the quasi-maximum, which general increases as frequency is decreased 0700 (morning) there is a sharp increase in
is the value exceeded by the instantane- below the maximum frequency trans- the general level of received intensity,
ous value of the field intensity five per mtissble va a given layerm. The absorp- and shortly before 1800 (evening) there
cent of the time. tion determines themainmum usable is a sharp decrease and change in charac-
An attempt was made to summarize a frequency and the maximum distance of ter of the received intensity. These are

communication, just as the ionization the times at which the radio transmission
15. A few examples are: density or critical frequency determines changed from F to E layer and vice
"Some Measurements of Short-Wave Trans- the maximum usable frequency and the versa. It follows that at these times the

Southworth, IRE Proceedings, volume 14, 1926, minimum distance (skip distance). maximum usable frequency via the E
page 613. The absorption is found to vary with lyrfor a distance of 648 kilometers was
"Short-Wave Wireless Telegraphy," T. L.lye
Eckersley, IEE (London) Journal, v>olume 65, time of day, season, frequency, and length 6,060 kilocycles per second. The vertical-
i927, page 600. of path. It is usually greater during the incidence critical frequency correspond-
"The Propagation of Short Radio Waves Over
the North Atlantic," C. R. Burrows, IRE Pro- day than during the night. It is greater ing to this is 2,450 kilocycles per second.
ceedings, volume 19, 1931, page i634. cag
"Attenuation of Overland Radio Transmission Determination of the times of chneof
inl the Frequency Range 1.5 to 3.5 Megacycles per 16. "Report of Committee on Radio Wave layer from such records gives a means of
Seconld,"' C. N. Anderson, IRE Proceedings, Propagation," IRE Proceedings, volume 26, 1938 dermnto ofhevtia-cdne
volume 21, i933, page 1447. page 1193. dtrmto ftevria-niec
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500 u1 500 1 Figure 19. Typical paths far from the magnetic pole and
i3200Iz-i j 200 Zi l l zl changes of layer at one for paths relatively near the magnetic

ao high frequency pole. This is because of the special
; and abroadcast effects in the vicinity of the magnetic
< 20ifr pole mentioned above. The effect is
0
< 20 20T1 1 s i] NPL R lr | | e1S,_ Top - W8XAL, very large. For instance, for transmis-
!R 10{U0l Itl 111111 l Irilw lg . _!_dMason, Ohio; fre- sions between the United States and
3 5 fEK2LOYE 'FE 450 S- quency 6,060 kilo- Europe, a distance of say 6,000 kilometers,
le I ,[PERSECOND E-LAYER F- cycles per second, the intensities are less than a tenth of
W 0 LAYE E-AE2 TRANSMISSION 648E*,J 2 4-LAYtER E- LA,YER + 2 LAYER distance 68kilo- what they are for transmissions over the0 (600 0700 0800 0900 1500 1600 1700 1800 1900 meters; April 7 s
cr EATR TNADIEoo ame distanice between the Ullted StatesEASTERN STANDARD TIME 13

A _IuO ' and South America.
F50 1r itl| 5°0 JV1 UJ- ;8 tl Bottom - WTIC, There are variations from year to year.

2 20 z 20 ~~~~~~~~~Hartford, Conn'; The evidence indicates that sky-wave
a. 20 25 Hif r cy 1,040 intensities at broadcast frequencies are

41) ~~~~~~~~~~~~~~~~kilIocycles per sec-
_______ ond, distance 480 less in years of high sunspot numbers.

0 2_

tr
2

lilillz [ i 11 1111 1v1 1 1Wi1 1 ] kilometers; January The data expressed by the curves repre-
o 16, 1937 sent only a beginning of effort to reduce

z 0.2 k E-LAYER-* LoW LAYERv 0.2 kLOW LAYER W E-LAYER

Z 0.1
< 450o 0-.1 5011I||

o 0.05 KC PERSEC 0.05 fLOW.< 450
id I__I I_I__ KC_ PER __SEC

0600 0700 0800 0900 1500 1600 1700 1800 1900 100 40EASTERN STANDARD TIME k

.. . . . F I W1\N 1. I~~~ ~~~~~~~~~~~~~~~~3r0critical frequencies at particular times. sphere measurements have not been made
This is the reverse of the process by which directly upon it. Its properties are in- W | se
the graphs of maximum usable frequency ferred from data of the kind shown in co

described above were obtained. figure 19. oA
There is considerable empirical in- o \\0\ & 0

BROADCAST-FREQUENCY SKY WAVES formation on received sky-wave inten- : m Io C
Referringfurther to figure 19, the lower sities at night on broadcast frequencies - - 0--. - | 1 - |

pair of graphs shows the morning and (which in Europe are from 150 to 1,500 - - - -
evening intensities of reception from a kilocycles per second), for distances out 0- - - -
broadcast station, on 1,040 kilocycles per to about 4,000 kilometers, and limited l l
second at a distance of 480 kilometers. information for distances out to about o.1 I20
At about 0740 in the morning there is a 15,000 kilometers. For these frequencies 0 5000 10,000
change of character and the start of a the known facts can be expressed very KILOMETERS
rise in intensity, and at about 1640 in the simply, since to a first approximation the Figure 20. Received field intensity at night
evening there is a marked change of received intensity is the same for dif- over great distances on frequencies from 1 50
character followed by a rise in intensity. ferent frequencies and times of year, and to 1,500 kilocycles per second
These may be interpreted as the times at great distances is practically inde- Quasi-maximum for one kilowatt radidted
at which the radio transmission changed pendent of ground conductivity. A For the signiFicance and limits oF application
from the E to a lower layer, and vice curve of quasi-maximum values of re- of these curves, see text
versa, and thus the times at which a ceived intensities at night on broadcast
layer below the E layer had a maximum frequencies, for one kilowatt radiated
usable frequency of 1,040 kilocycles per from the transmitter, is given in figure this complex subject to quantitative
second for the distance of 480 kilometers. 20. The same information on an ex- form. The data for distances from 4,000
From this it may be calculated that the panded scale, for a part of the distance to 12,000 kilometers are based on meas-
vertical-incidence critical frequency of range, is given in figures 21 and 22. urements which although extensive, and
the low layer is something less than 450 These two figures are for two typical averaged for several years, were all made
kilocycles per second; the exact value cases of ground conductivity c, stated at one time of year, early morning in the
cannot be computed from this one ob- on the figures in electromagnetic units. winter; it is not known to what extent
servation because the height is not known. The divergences of the curves in they are representative for other times
This shows that there is a layer below figures 21 and 22 for distances less than of the night and year. Incidentally,
the B layer by which waves of broadcast about 400 kilometers arise merely from the practical importance of this is re-
frequency are reflected in the daytime. the fact that at those distances the ground duced, as far as east-west transmission is
(In the summer the absorption is so wave contributes appreciably, while at concerned, because night conditions re-
great there is no transmission via the greater distances the received intensity main only ashort time over thewhole ofa
ionosphere at broadcast frequencies is due entirely to the sky wave, that is, the very long path, particularly in the sum-
greater than about 1,000 kilocycles per wave propagated by reflection from the mer; furthermore there is little broad-
second.) ionosphere. casting after midnight at any one place,

This low layer may be called the D The curve splits into two for distances and thus time differences in the broad-
layer. Little is known about it, as iono- beyond about 1,400 kilometers, one for casting tend to prevent interference.
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THE CONTRIBUTIONS OF THE SEVERAL distance and frequency, and need seldom be distinguishable from one another and
LAYERS TO PRACTICAL TRANSMISSION be considered; this is because it is seldom from some of the regular ionosphere
It is extremely hazardous to generalize enough lower than the F2 layer and variations such as changes of critical

about the intensity or the satisfactoriness enough more ionized than the E layer frequency and consequent change of layer
of radio reception at different seasons, to serve as the transmitting medium, in radio transmission. This is another
different ranges of frequencies, etc. A partictularly for considerable distances. reason, besides the one cited in section
simple summary is impossible because (a) Daytime sky-wave transmission at II, why the present is a good time to
the constant changes of conditions in broadcast frequencies is via the D layer. summarize the facts of the ionosphere
each layer are much too complicated, Night-time transmission at broadcast and their effects in radio transmission.
(b) radio transmission changes from one frequencies is principally via the E layer.
layer to another, and (c) the facts of At frequencies higher than about 1,000 SPORADIc E
absorption are largely unknown. Fur- kilocycles per second and particularly It sometimes happens that waves are
ther complications are the various ir- for the shorter distances, it is commonly reflected by the E layer on frequencies
regularities described in section IV. via the F layer; this is particularly true higher than that at which the E-layer
Furthermore, the satisfactoriness of re- in winter, sporadic E transmission re- waves normally disappear and the re-
ception is determined by other factors be- placing the F during much of the summer flection of waves by higher layers begins;
sides the received field intensity, notably Specific information as to the layer for instance, in the example shown in
the intensity of received noise or atmos- which is operative in transmitting a figure 3 waves may sometimes be re-
pheric disturbances. Noise itself ex- particular frequency over a particular flected at the E-layer height of 110 kilo-
hibits complicated variations with time distance at a particular time is given by meters by frequencies higher than 3,000
of day, season, place, etc.; a discussion actual records of received intensities kilocycles per second. These reflections
of noise and its effects on radio reception such as figures 17 and 19; there is, of are due to a different process than the
is outside the scope of this paper. course, as previously mentioned, no way normal reflection in the ionized layer;
Some information on what layers are of compressing all the information from the process is probably one of reflection

effective in radio propagation at various such records into a simple summary. from a sharp boundary of stratified
ranges of frequencies is given in the curves When the facts of radio transmission are ionization. The existence of these "spo-
of maximum usable frequencies, such as examined, it is found that in general they radic E" reflections necessitates a re-
figures 11 to 16, but not full information. follow very nicely from the facts of the definition of the term "critical frequlency,"

ionosphere and the interpretations given previously defined as the highest fre-

0,000l 1 1 I -T 180 here. quency at which signals are received back
from the layer. When sporadic-E re-

$ _-=-'= = = == = = 70 IV. Effects of flections occur they may be received
Ionosphere Irregularities simultaneously with reflections from

-Ai\ 1OOO X 4 L < Lhigher layers; thus, for example, in the

The primary effects of the ionosphere on case shown in figure 3, vertical-incidence
Xa. 4 :t s i __ N-_ __50 ' radio-wave propagation are those already reflections might be received at 8,000
-j~~~~~~~~~~~~~~~~~L7A 1¢3Mtlt * described, which are due to the normal kilocycles per second from both the E

I5O00KCJSEc 2000 M
200 METERS 200KMCE or regular characteristics of the iono- and the F2 layers. The E-layer critical

O 100 UN4a: °° < ARtFAR O-v>t ° sphere. The modes of variation of those frequency, more precisely defined, is the
POL c(NOTH characteristics have been shown to be of value (3,000 kilocycles per second in

l tI t30 a regular and fairly predictable nature.

10 - - - - (EAST WES5TP E There are some other ionosphere phenom- o,oooo o0
0 500 000 I5W 2000 ena which are irregular in their natutre -l

KILOMETERS and make radio phenomena in general E =
Figure 21. Night field intensity on fre- much less predictable. Five types of ,l
quencies from 150 to 1,500 kilocycles per such phenomena have been identified; c.c

second, for propagation over sea water sporadic E-layer transmission, scattered 2 -

a- = 4 X 10-1l electromagnetic units reflections, sudden ionosphere disturb- E1 INvERSE 5Qo
ances, prolonged periods of low-layer a l DISTANCEQuasi-maximum for one kilowatt radiated X. . T \ vL\ Icabsorption, and ionosphere storms. The >

For the significance and limits of application last three are probably due to irregular 0 PATH40
of these curves, see text U 2-0 FARFRO

radiations of various types from the AGNETIC

sun. The nature and origin of the first 200K/SEC oJrH) 30
When the maximum usable frequency is two are less well known; study of them PATHNEAR MAGTI
transmitted by the F2 layer, for instance, must consider diffusion processes in the 10 0 1500 20
the curves give no information as to how ionosphere as well as emanations from the KILOMETERS
effectively a lower layer may be serving sun and stars, meteors, and perhaps Figure 22. Night field intensity on fre-
at the same time as the means of trans- other agencies. The last three are quencies from 150 to 1,500 kilocycles per
mission forIlower frequencies. Thusinfact primarily du2e to irregularities in time, second, for propagation over land of average
most long- and medium-distance com- while the first two are primarily due to conductivity
munication in the summer is via the E irregularities in space; the space irregu- f- 01 lCrmgei nt
layer; this iS in part occasioned by the larities are patches or "clouds" in the =~X1~ lcrmgei nt
frequent occurrence of sporadic E. The ionosphere. Quasi-maximum For one kilowatt radiated
F1 layer is normally useless for radio It is only recently that these irregulari- For the significance and limits of application
transmission except for narrow ranges of ties have been well enough identified to of these curves, see text
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figture 3) at which the observed virtual Figure 24. Varia- 50 -
height shows a sudden rise to very large tion of the preva- 4.5
values as the frequency is increased. lence of sporadic E,
Except for the occurrence of sporadic-E 1936 to 1938 4-
reflections, all waves of higher frequency Per cent of total l
pass through the E layer and are not time of observations < -
reflected by it. on 4, 5, 6, and 8
The action of sporadic E may be megacycles per sec- O45 MEGACYCLES 6

analogous to partial reflection in optics ond; 6-megacycle F 20 __ PER SECOND
while the regular ionosphere layer action observations begin ,

otc. April1 1936, 8- (r4. 8is analogous to total reflection in optics. megacycle observa- ||
The sporadic E is confined to limited tios begi Aust Io f ll
regions, like clouds or patches, in the 1937 6St
E layer which have a very sharp bound- 6
arv. These patches may be from perhaps
one kilometer to several hundred kilo- < @E < -- < i z ao @ > <,,< Xo< oEa << z< o ° a-
meters in extent. Waves reaching them 1936 1937 1938
are reflected, even when of frequencies
much higher than the E critical fre- intense enough to reflect 56-megacycle Like sporadic E, they occur at frequencies
quency. Sporadic E is thus patchy in transmissions was found to be somewhat which may exceed the F2 critical fre-
space as well as sporadic in time, so that larger than the state of South Carolina, quencies, but are unlike sporadic E
its name is well justified. as shown in figure 23; transmissions from in that they are complex thus causing

Sporadic E leads to interesting results distant points by a single hop, at such signal distortion. They are almost use-
in radio transmission. It accounts for distances from a receiving point that they less for communication purposes. Some
long-distance transmission up to higher were reflected from this patch over the types of them are of very weak intensity.
frequencies than by any other means. general vicinity of South Carolina, were The scattered reflections are charac-
The maximum vertical-incidence fre- received on frequencies as high as 56 terized by very great virtual heights,
quency for which strong reflections by megacycles per second. Transmissions usually somewhere from 400 to 1,500
sporadic E have been found is about reflected from outside this patch were kilometers. Their occurrence was for
12 megacycles per second. By reason limited to lower frequencies determined a time thought to indicate the existence
of the large angles of incidence possible by the normal ionosphere ionization. of another layer above the F2 layer
with the E layer, this has made long- Sporadic E occurs most commonly in which might be called thie G layer. It
distance communication possible on fre- the summer, particularly in the morning is now, however, thought that they are
quencies as high as 60 megacycles per and evening but may occur any time of of several types, and that some of them
second. Such communication is gener- day or night. It occurs occasionally at are due to complex reflections from small,
ally for only a short time and for re- all seasons, particularly in the evening. ephemeral, scattered patches of ioniza-
stricted localities. For example, on a Detailed information on its prevalence tion in or between the normal ionosphere
particular day a patch of sporadic E is published each month in Proceedings layers. It has been suggested that

of the Institute of Radio Engineers by some types of these ephemeral patches
the National Bureau of Standards. A of ionization may be due to irregular
summary of known data is given in figure radiations from the stars. Scattered
24, expressed in terms of vertical- reflections are shown in portions of
incidence transmission. The figure shows figures 27, 28, and 30, as explained in
its year-round occurrence, its greater the text referring to each.

AH prevalence in May, June, July, and Au-
gust, and its variation from year to year. SUDDEN IONOSPHERE DISTURBANCES
The prevalence of sporadic E has not The most startling of all the irregu-

-72 { \ =increased uniformly with the advancing larities of the ionosphere and of radio
solar cycle, like the regular characteristics wave transmission is the sudden type
of the ionosphere, but it is believed to of disturbance manifested by a radio
be more prevalent at sunspot maximum fade-out. This phenomenon is the result
than sunspot minimum. Its occurrence of a burst of ionizing radiation from a
is not correlated with other types of bright chromospheric eruption on the
ionosphere irregularities nor with thunder- sun, causing a sudden abnormal increase
storms or other known phenomena. in the ionization of a portion of the iono-

t\t&X1 ~~There is evidence that it occurs more at sphere below the F layer, frequently
I -MW9lCORAL high than at equatorial latitudes. with resultant disturbances in terrestrial

magnetism and earth currents as well as
I _z#- ~~SCATTERED REFLECTIONS radio transmission. The radio effect is

Figure 23. Location of large patch of An irregular type of reflection from the sudden disappearance of radio signals
sporadic E by reception of numerous trans- the ionosphere occurs at all seasons and received on high frequencies.

mitting stations over long distances both day and night. These reflections The diminution of the radio signals

Points of reflection for 56-megacycle trans- are most noticeable within the skip zone, to zero usually occurs within a minute.
missions on May 15, 1938, reported by or at frequencies higher than those nor- The effects occur simultaneously through-

W4EDD, Coral Gables, Fla. mally receivable from the regular layers. out the hemisphere illuminated by the
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sun, and do not occur at night. The the region where it is noon). A radio the D layer is probably from 50 to 90
effects last from about ten minutes to fade-out sometimes occurs when it is kilometers at different times.
an hour or more, the occurrences of night at the receiving point, but only The reason this abnormal ionization
greater intensity in general producing when the path of the wave is somewhere is produced low in the atmosphere and
effects of longer duration. The effects in daylight. not in the regular reflecting layers (E,
are more intense, and last longer, the The cause of the 'sudden disappearance F, etc.) is doubtless because the solar
lower the frequency in the high-frequency of radio signals is the sudden production, eruptions emit some radiation of different
range (that is, the range from about by a burst of ionizing radiation from the frequencies from those of the steady
1,500 kilocycles per second up). The sun, of abnormally great ionization below radiations which maintain the ionization
radio, magnetic, and other effects are the E layer. This causes abnofmally of the E and higher layers. This ab-
markedly different from other types of great absorption of radio waves passing normal radiation is probably of such a
changes in these quantities. The effects through this ionized region on their way frequency as to pass readily through the
are most intense in that region of the up to and down from the regular re- E and higher layers and be absorbed by
earth where the sun's radiation is per- flecting layers. The ionization of the the ozone which exists at heights from
pendicular, that is, greater at noon than regular reflecting layers is not affected. about 15 to 60 kilometers. The fre-
at other times of day and greater in There is some evidence that received quency of this radiation is presumably
equatorial than in higher latitudes. waves of broadcast and lower frequencies in the ultraviolet, nearer to the optical
The effect is most striking. Fre- increase rather than decrease in intensity frequencies than those which produce

quently all "static" as well as the radio during one of these occurrences. As the regular ionization of the E and
signals disappear. Many a radio opera- such waves are reflected by, instead ot higher layers.
tor has taken his radio receiver apart, passing through, an ionized layer of the Study of these effects is arousing great
thinking that some wire had become dis- atmosphere below the E layer, this is interest and focusing new effort upon the
connected, and many a time it has been consistent with the explanation of the study of the sun. The sudden iono-
thought that a fuse had blown in the disturbance as due to increase of ioniza- sphere disturbance is the only known
station, when one of these sudden fade-
outs occurred.

Figure 25. Effects of sudden ionosphere 500- 15,625 KILOCYCLES PER SECOND, RKBAn example showing both radio and disturbance on May 28, 1936, SKILOMETERS FROM
magnetic effects is shown in figure 25 by radio fade-out and terrestrial magnetic 200 RIVERHEAD, .Y.
The four records of received field in- perturbation 101)
tensity from distant stations show that 50
the radio intensity suddenly dropped 21
from normal intensity to zero at 1758 1000 -IIO _ _
Greenwich meridian time, that is, 12:58 500 RECRDER OFF

p.m., Eastern standard time. This com- 9570 KILOCYCLES PER SECOND,WIXK, a-
2p.m.,Eastern.standard time. This com- MILLIS,MASS.,600 KILOMETERS Z

pletely wiped out radio transmission FROM WASHINGTON, D.C. -1
throughout the hemisphere; reports to 200
that effect were received from many 100 o 6060 KILOCYCLES PER SECOND,

points in the United States, also Europe W8RSFOXAL,MASONHINGTON,KLO
and Japan. As shown, the effect lasted
much longer on 6,060 kilocycles per 20
second than on 9,570 kilocycles per
second at about the same distance. It D 110

did not last longer on 9,570 than on K s5
13,525 or 15,625 kilocycles per second 02
because the distance (and the angle of ° _____l_l_l______> IQooo
incidence) was greater in the latter cases. 3,525 KILOCYCLES PER SECOND,A hU GLH,ENGLAND,5400 KILOMETERS 10As has been noted previously in other i FROM RIVERHEAD, N.Y. 5
regards, effects on a given frequency for S - 0.
a short-distance path correspond to
those on a higher frequency for a long- -0 D 0

distance path. SC £
Taking due account of the variation 2 0 I|

of the effects with frequency and dis- IC -IO ERRESTRI'AL
tance, varying effects in differing direc- 10 CHETENHA
tions can be explained. Reception in 21 - z
the United States from stations in the otIL1 -lo10l
southern hemisphere Usually exhibits 1700 1800 1900 2000 1700 1800 1900 2000
greater effects than reception from other GREENWICH MERIDIAN TIME
directions (because of passing the equa-
torial regions). Similarly, when the tion below the E layer. It is not knlown instance in which a specific happening
disturbance occurs at a time when it is at just what height the ionization is on the earth follows directly from a
morning at the receiving point the effects produced, but it may be in the D layer, specific random happening on the sun
are usually greater in reception from mentioned in section III as the layer or other heavenly body. The ionosphere
the east than from the west, and vice responsible for daytime broadcast trans- gives information about some of the
versa for the afternoon (because of passing miission in the winter. The height of radiations from the sun which can be
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soo
IL eruptions in these years, which were

200 t s A L ~v>> also years of increasing sunspot numbers.
100 ~~~~~~~~~~~~~~~~Thevariation of number of sudden

OFF AYR-1 S v EmXionosphere disturbances from week to
week, and from month to month, corre-

.0 sponds fairly well with the number of
solar eruptions, but not with the number

5 of sunspots. Thus, just as we found in
D 2 the case of the ionosphere critical fre-
t] XqL <D MBER 5, 1937 quencies (figure 10), the sunspot numbers
0,,0.5 show a year-to-year but not a short-

o500 time correlation.
0

U 20C0AUR 6,13 _ PROLONGED PERIODS
100

STATION] OF LOw-LAYER ABSORPTION
OFF AIRl_

r This phenomenon is similar to the
20 _|l_ sudden ionosphere disturbance in its
10 effects and characteristics except that
s L I 1 1 ^ 1 I I 1_ its beginning as well as recovery is gradual

rlll ArI]] 1 and it has a longer time duration, com-
21 L Al monly several hours. The intensity
04 6 8 0 12 1 1 I8 20 22 0 2 _ diminution is in general not as severe

EASTERN STANDARD TIME as in the more intense fade-outs, but
sometimes the intensities at the medium

Figure 26. Comparison of recorded field turbances of the ionosphere are much high frequencies fall to zero.
intensity on normal undisturbed day and on brighter than the average eruption. The phenomenon is illustrated in
day of prolonged period of low-layer ab- There were 17 known instances of the figure 26, which shows two field-intensity

sorption sudden ionosphere disturbance in the records of transmissions from a station

W8XAL, Mason, Ohio, 6,060 kilocycles year 1935, 103 in 1936, and 220 in 1937. on a frequency of 6,060 kilocycles per
per second; 650 kilometers from Washington, There was a similar increase of solar second, distant 650 kilometers from the

D. C. point of reception. The upper graph,
for December 5, 1937, is a record of a

Figure 27. Effects of prolonged period of n d
low-layer absorption on two different fre- normal day The average intensty goes

studied in no other way because they quencies down slightly during the middle of the
are wholly absorbed in the ionosphere day, indicating somewhat more absorp-
and do not reach the earth's surface. January 27, 1938 tion during the middle of the day than
The solar eruptions in particular can Top-W1XK, Millis, Mass., 9,570 kilocycles during the morning and evening hours.
be studied very well by the aid of the per second; 600 kilometers from Washington, (The very low intensities at each end of
sudden ionosphere disturbances which D. C. each graph represent "static.") The
they cause. Such study may eventually Bottom-W8XAL, Mason, Ohio, 6,060 kilo- lower graph, January 16, 1938, shows a
elucidate the nature of the eruptive cycles per second; 650 kilometers from prolonged period of low-layer absorption.
processes within the sun and the causes Washington, D. C. Here the intensity falls gradually from
of sunspots and the 11-year cycle.
While the evidence indicates that 5000

every sudden ionosphere disturbance is 2000
accompanied by a solar eruption, the 000

converse does not appear to be true. IIl
And there is no reason to suppose that 200 I _L1 1

100every solar eruption would emit radiation sol ___l
of the particular frequencies which 5 ll
penetrate through the earth's ionosphere
to the D layer. Probably many eruptions ___ _ IInl
rise high enough in the solar atmosphere 01

to permit the escape of visible light but 500
not high enough to permit the escape of > llll
this ultraviolet radiation. v ____ iill1] S11

There is no seasonal variation in the 2 IIII
occurrence of the sudden ionosphere 501 - ____l 1ill
disturbances or the solar eruptions 21 ill!X R0t
which cause them. The solar eruptions ___ [ STA|TION1||
produce the effect regardless of location _____|1i 2 || FOFF AITRw
on the sun's surface. An eruption V | I|L I siR _

an active sunspot group. Most of the 6o ID 2 14 16 L8- 20 22 0 2 4
eruptions which produce sudden dis- EASTERN STANDARD TIME
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the normal value at 0800 (a.m.) to zero, flected from layers of different heights, then "static." In the bottom graph,
and is zero or very low for several hours, F and E layers respectively. This figure for W8XAL, are shown: "static" from
rising again to normal value at 1800 illustrates the value of the concept of 0400 to 0530, then F transmission until
(6 p.m.). Except for the gradual be- equivalent vertical-incidence frequency 0615, then E transmission until 1820,
ginning the effect is similar to the sudden in evaluating absorption over long paths. then F transmission until 0200, then
ionosphere disturbances. Records of vertical-incidence reflections "static.")
The different effects of this phenome- at several frequencies are shown at the The absorption causing the low-layer

non at different frequencies are shown bottom of the figure. The reflections at absorption effect appears to be due to
in figure 27. Both records are for the
same day. The upper record, for a 5000
station on 9,570 kilocycles per second, 2000 _ 2
shows some absorption, that is, reduction °1 Il
of intensity in the middle of the day.

200

The lower record, for a station on a lower 200
frequency (6,060 kilocycles per second) sc
at about the same distance, shows very
much greater absorption in the middle X 20

0.
of the day. Thus, just as in the sudden z _K__

ionosphere disturbances, the effects are ° ,

less at higher frequencies if distance and > 200
other conditions are the same. ° 100

(Other phenomena shown in this figure m 50
are as follows. In the top graph, for 20

WlXK: scattered reflections in the __1__ _ __l_

early morning until about 0800, then SOTFFTIR ___
abrupt beginning of F-layer transmission tl t
as the ionization increases, abrupt failure 2
of F-layer transmission as the ionization 0

decreases at about 1910, then scattered 600 6200KILOCYCLES
reflections. The bottom graph, for ,,,O0 PER SECOND 6200

W8XAL, shows: a burst of F layer at ,440 4 770004_|0
0530, then scattered reflections until < [ 2500 -

J200-
0730, transmission until 1600, then F 00 2l
F2-layer transmission until some un- ' o - -
known time after 2000, then scattered 4 6 8 10 12 14 16 18 20 22 0 2 4

EASTERN STANDARD TIME
reflections until 0200.)

Figure 28 shows that the simultaneous
occurrence of low-layer absorption and Figure 28. Occurrence of sudden ionosphere ionization in a part of the ionosphere
sudden ionosphere disturbances is pos- disturbances during a prolonged period Of below the E layer, exactly as for the
sible; in fact it shows two severe fade- low-layer absorption sudden ionosphere disturbances. The
outs happening during a prolonged January 20, 1938 ionization is caused by an abnormally
period of low-layer absorption. The Top-Wgreat outpouring of ultraviolet light
lower field-intensity record, for W8XAL, persecondp 600 kilometersafromW9shington from the sun, but in this case it is not so
shows a period of low-layer absorption D. C. sudden as in the eruptions which cause

which reduced the received intensity . the sudden ionosphere disturbances. The
to zero for several hours. Because this cyeles perseco-dX 650 kilo 6eters fko variation of the effects with frequency,
had already gone to zero it could not Wcshineton, D. C. and other characteristics, are the same
indicate the two intense fade-outs which as for the sudden ionosphere disturbances.
occurred during this period. They ap- Both phenomena occur at all seasons,
pear, however, on the upper record, 2,500 kilocycles per second were lost but the prolonged periods of low-layer
which is for a station of higher frequency between 1100 and 1630 Eastern standard absorption have been found to occur in
(WlXK), because the low-layer absorp- time because of low-layer absorption, a group of several weeks duration at
tion did not reduce the intensity at this so the fade-outs could not be shown at periods of high sunspot activity, the
higher frequency to zero. The simul- this frequency. The reflections at the groups being separated by more or less
taneous occurrence of these two phe- higher frequencies were not eliminated quiet periods of several months. They
nomena was fortuitous. by the low-layer absorption, and the frequently but not always occur during

The equivalent vertical-incidence fre- loss of reflections between about 1300 periods when sudden disturbances of
quency for station W8XAL was about and 1500 Eastern standard time in- the ionosphere are numerous. They
2,300 kilocycles per second and for dicates the fade-outs. seem to occur more during years of large
W1XK was about 6,500 kilocycles per (Other phenomena shown in figure 28 solar activity than at sunspot minimum.
second. The reason that the vertical- are as follows. In the top graph, for
incidence critical frequencies are not WlXK: "static" from 0400 to 0530, INSHRSOM
proportional to the transmission fre- then scattered reflections until about An ionosphere storm is a period of
quencies over nearly the same distance 0800, then F2 transmission until 2030, poor radio transmission (except for the
is that the two transmissions were re- then scattered reflections until 0100, low frequencies, below 500 kilocycles per
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second, which are sometimes improved) tudes, and literally tears it up. On the transmission may not even be by a
lasting a day or more, and usually ac- rare occasions when the auroral zone has great-circle path.
companied by a magnetic storm, that is, extended as far south as Washington, an The moderate phase, following the
a period of unusual fluctuation of terres- increase in F-layer ionization has been turbulent phase of an ionosphere storm,
trial magnetic intensity. It has two observed to precede the turbulent phase. is characterized by an expansion and
phases, an initial turbulent phase and a This is consistent with the idea that the diffusion of the higher F region, extend-
following moderate phase. Usually only carrier of the energy of the ionosphere ing into latitudes farther from the auroral
the second phase occurs in medium and storm, when it first entered the high zone, the greater the intensity of the
low latitudes. The initial turbulent ionosphere, caused an increase in ioniza- storm. This expansion and diffusion
phase is the cause of the moderate phase tion. No consistent increase in F-layer of the ionosphere increases the virtual
which follows, but is confined to the ionization has been observed to precede heights and lowers the ionization densi-
auroral zone, that is, the region around the ordinary less severe storms, when the ties. This results in abnormally low
the magnetic pole in which aurora is auroral zone did not extend as far south critical frequencies and abnormally great
visible and which is usually limited to as Washington. virtual heights of the night F and day-
within about 20 degrees of the magnetic During the turbulent period of the time F2 layers, and to a less extent of
pole, which region is greatly extended ionosphere storm, high-frequency trans- the daytime F1 layer, and also increases
in very severe storms. missions are very erratic, both signals the absorption, that is, reduces received
The turbulent phase consists of a and "static' surge violently, being trans- intensities. (When the ionosphere storm

violent boiling or turbulence of the mitted with good intensity for shott occurs in a winter day, the normally
entire ionosphere in the auroral zone, intermittent periods, interspersed with unobservable F, layer appears.) The

night F layer is more complex and
800 - - -1. - . _ turbulent than normal. Increased ab-

700-; X - sorption of the xcomponents of the day-7-- _ F time F1 and F2 layers is especially notice-
w600-- -. .able. TheE layer is usually not appre-

ciably affected. This moderate phase of
9 soo W WASA4WXAWAH the ionosphere storm extends to the

latitude of Washington much more fre-
400 t t t t 2 t t 9 2 t t 2 quently than the turbulent phase. It

w H ~~~~~~~~~~~~~~~~~~lagsbehind the severe effects of the
I

W.- ~~~~~~~~~~~~~~~~associatedmagnetic storm by several
e 200FD H<+ i etggXH hours. During the moderate phase the

X ; ;;; t tionosphere gradually returns to normal
-r ----_ __ E-_ ___ 7 conditions, but this recovery also lags

behind the associated magnetic storm's
recovery.
The maximum usable frequencies for

L,ooc I I I night F-layer and daytime F2-layer
transmissions are much reduced because

0 - - - - of the lowered critical frequencies and
increased virtual heights. Thus the

a' ZrL - - - - higher frequencies are not usable. Fre-
,,,000 quencies low enough to be received are

J k 11 .t ff2~1 1 1 1 1t lfF2ll 1 1- Nusually abnormally absorbed, especially
>- 7,0001k 1 11 L.1 11 1.i*
o I.1 I Figure 29. Com- during the daytime. There is usually

I Il I parison of iono- increased fading and instability of trans-

b || 11. - - | It | | sphere characteris- missions over night paths. Sky-wave
Z 5,000 | - - |F | tics on a day of field intensities at broadcast frequencies
a 2 j| l * 1-1 1 -| j| |I |1l | | ionosphere storm rise much later at night and reach valuesa
z 4p000 and normal undis- much lower than normal.11 Hi fE 1 11 s | turbed days Ionosphere storm effects diminish
I 3,000 June 1938 greatly with distance from the magnetic

I,| | | | | || |Salidcurves-Aver pole. Transmissions reflected from the
age for undisturbed ionosphere south of a radio receiving

11000l 1 I Yil I I 1- 1 1 ' I I Iddys point may often be received satisfactorily
DrAves- while those reflected from the ionospbere0~~~~~~~~~~~24 Dote cu8e -0 1 41 1 02 farther north are not. Sometimes there

EASTERN STANDARD TIMEJune8- ~~~~~~~~~~~~~appearsto be a fairly sharp line of
cleavage between the disturbed region

resulting in irregularly moving small periods of complete failure. This in- (to the north) and the undisturbed (to
clouds of ionization and a disintegration dicates severe turbulence in the iono- the south). Transmissions which pass
of the normal stratification of the iono- sphere with small unstable patches or through the disturbed regions in the
sphere from the E layer on up. What- clouds of high ionization densities. Such ionosphere are affected regardless of the
ever causes the storm apparently plunges clouds may not be directly over the mid- direction of transmission.
into the ionosphere at auroral-zone lati- point of the great-circle path and the In most ionosphere storms only the
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second or moderate phase is experienced successive days is sometimes followed, the ionosphere pioneers (scientists and
at any except very high latitudes.. The after several days, by one or more iono- engineers) who have created the body
principal effects of this phase may be sphere storms. of knowledge here reported. I am
summarized as: (a) increase of virtual On account of their differences, differ- especially indebted to my colleagues in
heights of F, F,, and F2 layers, (b) de- ent procedures are followed in practical the National Bureau of Standards upon
crease of critical frequencies of the same radio communication to combat the whose work I have drawn most heavily:
layers, (c) greater sharpness of F, critical
frequency (d) decrease of maximum
usable frequencies, (e) increase of skip 50 1 IFEBRUARY 17,1938 I|I I
distances, (f) increase of absorption zoo UK lIt 1I I RIAILI 111. ..II III

(that is, decrease of received intensities). °°H100 1ll--11f r

Effects (a) and (b) are illustrated in 50Ll51 lll1 rllIl t !soI

figure 29, which shows virtual heights D20I F II I I 1 1 1-
and critical frequencies of a day of iono- z

10 IL1
sphere storm (June 8, 1939) in comparison 5J 5I-III

with the month's average of undisturbed 0100

days. The E layer was the same on X- so I I IJNAY}13
June 8 as on the undisturbed days. ol |I1iS1l
Effects (d), (e), and (f) are illustrated

20

lllLAL
in figure 30, which shows (at top) a 50 L I -l lf'J'IQ S .

foanrialu Ditredaan (t EASTERN STANDARD TIME

bottom) a similar graph for a day of
severe ionosphere storm; on the day of Figure 30. Comparison of received intensities S. S. Kirby, T. R. Gilliland, N. Smith,
ionosphere storm the intensities were on a day of ionosphere storm and on a normal F. R. Gracely, and A. S. Taylor.
extremely low, even for the "static." undisturbed day Sotdsac ai rnmsinb

(Other phenomena shown in figure 30 WlXK, Millis, Mass., 9,570 kilocycles per means of the groundwave is notincluded
are as follows. In the top graph: second; 600 kilometers from Washington, in this paper, which is limited to the
'static"' fromO0400 toO0600, then scattered D. C. sky wave. Thus the important domains
reflections untill 0700, then F2 transmis- of very low frequencies and ultrahigh
sion until 2200, then scattered reflections frequencies are not covered. The ground
until 0100, then "static" until 0400. In effects of the two types of disturbance. wave is calculable and is relatively un-
the bottom graph are shown: very weak When a sudden ionosphere disturbance varying with time; its phenomena are
"static"^ for a few minutes after 0400, occurs it may be possible to continue not so complicated or interesting as the
then scattered reflections until 0700, communication by shifting to a higher sky waves. It isbyuse of thesky waves
then very weak "static"' until 1130, frequencv; communication could also that nearly all long-distance radio com-

then vctery eak "staetic."Thu top010 be accomplished by using a frequency munication is carried on.

grahen recrdeweadvsatic." abou thre lower than the broadcast range, but a This paper also does not include the

grapheshigeroromed 5

had values abecutshre change to such low frequency would in subject of atmospheric disturbances (that
time higerfom 155 t 220, beause general be too cumbersome for the short is, natural electrical noise or "static").

Of a change of antenna at 1755; it is time of the sudden ionosphere dis- They are themselves radio waves, origi-
shown here as it would have been with turbance. During the turbulent phase nating principally in distant lightning
constant antenna conditions.) of an ionosphere storm the only way to flashes, and propagated by the same

Ionosphere storms (and the magnetic assure dependable communication is to mechanisms as other radio waves. As
storms that usually accompany them) use a frequency below the broadcast their effects are largely produced by
have several characteristics the opposite range. Du-ring the moderate phase of waves traveling in the ionosphere, much
of those. of sudden ionosphere dis- an ionosphere storm it may be possible of the information presented in this
turbances (and the magnetic perturba- to continue communication by shifting paper is applicable to their study.
tions that sometimes accompany them). to a lower frequency within the high- This paper has shown how sky-wave
The former are more intense the higher frequency range. transmission is determined by, and
the latitude, while the latter are more calculable from, the heights and ioniza-
intense the lower the latitude. The V. Conclusilon tion densities and other properties of the
former occur both day and night, and ionosphere layers. Themaximum usable
the latter are confined to the day hemi- The ionosphere is a new world to which frequencies at any distance, for instance,
sphere. The former last one or more radio research and radio operations have are directly determinable from the
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ionosphere during the five types of irregu- C L L C L
larities or anomalies discussed in section Resonant- ype .onstant- urrent
IV greatly clarifies our understanding
of certain radio phenomena, and leads D It.
to knowledge of how to overcome trans-
mission difficulties.

Examination of the facts and relations ROLAND R. MINER
of radio wave propagation via the several MEMBER AIEE
layers of the ionosphere should give
ample warning that it is hazardous to
generalize about good and bad radio Synopsis: This paper deals with the funda- with a number of resistance loads. The
reception. Any conclusion must take mentals of resonant regulators for constant reactance consumes very little energy, but
into account the heights and ionization current, and compares them with other kinds
ensitisacou theseveral lavers concerned, of regulators. It also discusses the various is such a large part of the total impedance

densities of the several layers concerned, forms such regulators may take, their ap- that resistance loads can be connected
the absorption at the various levels plications and control, and protective equip- into and out of the circuit without making
through which the waves pass, the time ment required for them. A simple method large changes in the current. The fixed
of day, the season, the epoch of the sun- of predicting performance by means of the series reactance does not give current
spot cycle, the distance of transmission voltage diagram is developed. sufficiently constant for most purposes,
and angle of take-off of the waves and and it is not widely used.
angle of incidence at the ionosphere HE constant-current regulator is one A variable reactance, either of induct-
layer, the latitudes and propinquity of piece of equipment that has been ance or capacity, inserted in series with
the transmission path to the magnetic given little attention for some years. the load and so designed that it auto-
pole, and the occurrence of ionosphere At a recent meeting of a Section of the matically adjusts its reactance until the
disturbances and irregularities. Institute it was apparent, when the sub- desired current flows in the circuit is the
The more one views the complexities ject of constant-current regulators was type of regulator in common use today.

of radio transmission via the ionosphere, mentioned, that many engineers present A new form of regulator of this type,
the more he marvels that it provides had only a very hazy idea of what they sometimes known as a semiresonant or

any intelligible communication. How- were. A description of the resonant nonlinear network type, is one in which
ever, as the facts of the ionosphere be- type of regulator, now in its fourth a saturable reactor in parallel with a

come better known, and the mechanism decade, was received with considerable capacitor of proper size behaves in the
of reflection of radio waves from the interest as an entirely fresh subject. circuit like a variable capacitor, and
ionosphere layers is more fully worked Here, then, is a "Rip Van Winkle" who automatically adjusts its effective re-

out, it becomes more nearly possible to has come back to renew acquaintance actance until a certain current flows.'
assure long-distance radio transmission with some of those other hoary oldsters The more common form is the moving-
at all times. To this end it is fortunate that have reappeared in new clothes and coil transformer that changes its leakage
that a beginning has been made on an increased stature. In that honorable reactance. The moving coil is repelled
ionosphere-data reporting service. As company we find the step-type voltage from the other coil by the reaction of
this is extended, it will be easier to predict regulator the wound core transformerl the currents in the windings. When prop-
radio-transmission conditions for a given the overhead ground wire, and the spark erly counterbalanced, the coils will
time and path. The reliability of such gap lightning arrester. approach each other until the leakage
prediction should surpass that of weather, The term, constant-current regulator, reactance is just sufficient to pass the
for the controlling factors are better as used here means a device that is used current for which the counterbalance
known and more uniform. Both weather to supply a constant current to an elec- weights are adjusted. In spite of the
and ionosphere phenomena are due tric system in which the receiving devices wide variance in physical form of these

primarily to the sun, but the sun's effects are in series, and in which the applied two regulators, they are essentially the
are more direct and more uniform over voltage must be varied in proportion same. Each is a variable reactance in
the earth for the ionosphere than for to the impedance of the devices in use at series with the load.
weather. The weather, incidentally, has any particular time. It is assumed that The inherent characteristics of the
no relation to ionosphere phenomena, the regulation is automatic. The dis- regulators composed of a variable re-
being produced in much lower regions cussion is confined to a-c regulators. actance in series with the load may be
of the atmosphere. summarized for purposes of comparison
Study of the ionosphere not only pro- Types of Constant-Current as follows. The input current as well

vides means of improving radio services, Regulators as the output current is constant. Con-
but is also advancing other branches of sequently, the volt-ampere input to this
knowledge. It is furnishing an explana- A crude form of regulator can be made type of regulator is constant and ap-
tion for the variations of terrestrial byinserting a large reactance in series preciably greater than the full load volt-
magnetism, hitherto a great mystery. byampere output. The power factor is
It supplies a way of studying various comparatively low. The load circuit is
tpsof radiations from the sun, many Paper number 39-82, rlecoamcmendedy the AWesne reactive in character. In case of a break

of which do not reach the earth's surface at the AIEE South Weat District meeting, Houston, in it a very tenacious arc is drawn which
Tex. April i7-19, 1939. Manuscript submitted

because of being absorbed in the earth's Pebrfuary 4, 1939;' made available for preprinting frequently causes damage to equipment
atmosphere. These advances are be- March 13 1939. or contacts. The input circuit is also
lieved to be only the beginning of gains ROLAND R. MINER is electrical engineer with the reactive in character, so switches and

whic fuure xplratin o theionsphee Kansas Gas and Electric Company, Wichita. other control devices must be capable of

whichbrnfutrehepoaionothndne.inshr 1. For all numbered references, see list at end of breaking the reactive currents. The
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