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I, Radiofrequency Radiation From Lightning Discharges 

A. Glenn Jean* 

A number of complex discharge processes which 
t ake place in lightning strokes are responsible for the 
emission of radiofrequency energy. The amplitude 
pectrum of such emissions extends from a few cycles 

per second to hundreds of megacycles per second, 
usually attaining a peak within the VLF region. 
'rhe energy radiated from a cloud-to-ground stroke 
is of the order of 250,000 joules and can cause serious 
interference to radio communications systems. These 
emissions have been widely used as a source of signals 
in radio propagation research, in locating active 
thunderstorms, in identifying and tracking storms, 
and in basic investigations of the discharge mechan­
isms themselves. The radio engineer , the mete­
orologist and the physicist are concerned with the 
discharge processes and the nature of the resulting 
electromagnetic radiation . 

It is the main purpose of this note to summarize 
recent research pertaining to the radiofrequency 
radiation from lightning discharges . 

The most common type of lightning discharo'e 
occurs within the cloud between the two principle 
areas of opposite charge [Pierce, 1957]. The break­
down process involves the advance of a pilot leader 
through air that has not been ionized ; and there is 
evidence that there is no return s troke as encountered 
in cloud-to-ground discharges. The pilot leader 
may advance in steps [Schonland, 1953], as in the 
case of the discharge to earth, and it is likely that the 
steps are mainly responsible for any induction and 
radiation fields produced. Radiation from the rapid 
fi eld changes, such as the step referred to, has been 
observed at very high radiofrequencies. Atlas 
[1 958] , using a 2800 M c/s radar, reported receiving 
atmospherics, having durations less than 1 msec and 
amplitudes of about 30 f.1.v/m (in a 600 kc/s bandpass) 
from discharges which occurred within the upper 
regions of a thundercloud. It was postulated tha t 
t hese atmospherics resulted from stepped-leader 
type discharges in the ice crystal region of the cloud. 
Following the reception of these atmospherics, radar 
echoes lasting from 0.1 to 0.5 sec were obtained from 
ionized regions up to 27,000 ft tall with horizontal 
base diameters of 30,000 ft. It is thought that the 
radar signals were reflected from the ionization 
created by the discharges rather than from dielectric 
discontinuities associated with heated columns of air. 
There is evidence that the ionization is propagated 
up toward the cloud top after the discharge . Atlas 
[1958] estimated that partial or "soft" reflections 
were obtained from regions having electron densities 
between 106 and 109 electrons/cm3• (A density of 
1011 electrons/cm3 is required for a unity reflection 
coefficient from a sharp boundary at 2800 Mc/s.) 
There is also evidence resulting from 3-cm radar 
observations that many of the discharges might have 

' N ational Bureau of Standards, Boulder, Colo. 

extended through the ice crystal anvil into clear air 
as reported on occasions by others [vYard, 1951 ; 
Bays, 1926]. The simultaneous observations of at­
mospherics and radar reflections from ionization 
created by the discharge constitute a powerful tech­
nique in exploring the mechanism of cloud discharges. 

Oloud discharges which occurred in tornadoes 
were described by Jones [1958]. On three occasions, 
rapidly recurring light patches were obsenred which 
appeared to come from discharges within the cloud. 
Simultaneous observations of atmospherics indicated 
a noticeable absence of return-stroke discharges from 
cloud-to-earth and an unusually high rate of occur­
rence of atmospheric components at 150 kc/s. The 
150 kc/s observations were made using crossed-loop 
direction-finding equipment. The direction-finder 
responses were observed to be straight lines rather 
than ellipses, from which it was inferred that the 
cloud discharges were vertical. Jones [1958] reported 
receiving approximately 45 atmospheric components 
per second at 150 kc/s from a severe storm at a 25-
mile range in 1957. During this interval, 10 k?/s i 

components were not observed. These atmosphencs 
are reported to be related to "flare type" discharges 
which were visually sighted as streamers which pro­
jected over the leading edge of the anvil top of the 
cloud. 

It would be of interest to compare observations of 
150 kc/s atmospheric components observed by Jones 
[1958] during tornadoes with emissions at similar 
frequencies which might result from severe Pacific 
storms [Kimpara, 1958]. 

Most of the radiofrequency energy emitted in the 
VLF region from lightning discharges occurs from the 
return stroke. Since multiple return strokes play 
an important part in establishing the ambient noise 
level at VLF, it is of value to determine the radiation 
properties of individual strokes and the statistics 
regarding the occurren ce . of s uccessi ve discharges. 

Tepley [1959] observed two classes of ELF wave­
forms in Hawaii. The fu'st class consisted of a 
single large half-cycle sometimes followed by a 
second half-cycle of substantially lower amplitude 
and of longer duration. This type of waveform 
may be obtained theoretically from a Dirac current 
source. The other class of ·waveform consists of 
two half-cycles of comparable amplitude, the second 
of which is longer than the fu·st . A possible thircl 
haH-cycle is sometimes observed. The first two 
half-cycles are explicable in terms of a unidirectional 
source current of longer duration than the current 
responsible for the fu'st type of waveform . Pierce 
[1955] found that over 90 percent of all ground­
return strokes are of positive polarity, corresponding 
to the lowering of a negative charge-to-ground. .' 
Brook [1957] reported one ground-return stroke in 
700 produced a negative field change . Hence , it 
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appears that t he positive-to-nega ti ve polarity ratio 
I of the ground-r eturn stroke should be much greater 

than uni ty . . On the contrary, T epley [1959] found 
tbat slow-tails arc negative by a ratio of more than 
3 : 1 . rrhe possibili ty that most of the negative 
low-tails do no t originate in ground-return strokes 

is considered . Pierce found that the ratio of slow­
negative to slow-positive field chan ges is about 2 : 1 
for heat storms and about 7: 1 for frontal storms. 
']'epley's observations are in reasonable agreement 
with these ratios. 

Wait [1960a] pointed out that lightning discharges 
from cloud-to-ground and cloud-to-cloud are seldom 
vertical or horizontal. The modification of the 
pulse shape of t he ELF waveform, as a resul t of the 
inclination of the current channel , would .appear to 
be an important factor in interpreting observed data. 
In particular , pulses with both positive and negative 
polarities of tho first half-cycles stron gly suggest (as 
mention ed by Tepley) that the horizontal compo­
nent of the so urce current is important. An ob erved 

\ pulse baving a second h alf-cycle can only be rec­
onci led with an inclined source. For certain small 
values of horizontal so urce compon ent a thi rd half­
cycle of relatively small ampli tude i also produced. 
In vie\ of the small dimensions of the di scharge 
paths in terms of a wavelength , Wait replaced the 
source channel by superimposed vertical and hori­
zontal electric d ipoles and calculated the resul tan t 
responses of tbe radiation ficld by uperposition . 
Various ELF waveforms were given corresponding 
to different horizon tal and vertical electric field com­
ponents at the om·ce . These waveforms agree 
remarkably well with observed waveforms. 

A great number of experimen taI and theoretical 
investigations h ave been carried out to determine the 
nature of the atmospheric waveform near the source. 
Wait [1956b] presented ealculations showing the 
nature of the transient response of an idealized 
ligh tning discharge at hort ranges where the iono­
spherically reflected wave can be neglected or 
separately acco unted for. An expression was derived 
for the instantaneous product of the dipole curren t 
and vertical height applicable to the return-stroke 
discharge. Solu tions were given for moments hav­
ing a buildup time of about 10 jLsec and a pulse 
width of abou t 50 jLsec which is representative of 
observed r eturn-stroke discharges. Solutions are 
given in graphical form for the field response wi th 
time, parametric in distan ce, for a perfectly conduct­
ing earth. The effeet of the earth conductivity 

< upon the pulse shape at 100 Ian \vas demonstrated 
and the effect of the earth curvature considered. 
Additional terms can be used in the expansion of 
the dipole moment to include a sustained return 
CtuTen t. 

Wait [1958d] calculated the response of the wave­
guide to an impulsive current source for different 
ranges . The pulses have the appearance of damped 

I inusoids as the result of the modal charaeteristics 
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of the propagation medium. The length of the .fir (, 
half-cycle becomes progressively shor tened wi th in­
creasing range while the oscillatory nature of th e 
pulse is becom in g enh anced . It i also hown thn,t, 
differen t exponential source fun ctions produce wave ­
forms having differen t quasi half-periods at n, fixed 
dista nce. Thus, the quasi half-cycle of atmospheri c 
is dete rmined by t be Ource pulse as well as by the 
propagation medium. The results of these calcula­
tion s compare favorably with q uasi ha,lf-periods of 
atmospherics observed by H epburn [1957]. 

Watt [1957a] calculated a representative radiation 
spectrum of return-stroke diseharges usin g wave­
forms recorded at s hort ranges. H e then s)Tl1Lhe­
sized a radia tion spectr um combining the radiation 
from the r eturn-stroke discharge wi th radiaLion 
from stepped-leader discharges as observed by 
N Olindel' [1954] . The resultan t spe ctrum was sub­
seq llently used in estimatin g ambient noi se levels 
at distances between 1,000 and 4,000 km from thun­
derstorms. The predicted levels of noi se, which 
extended over a frequency range from 1 to 100 kc/s, 
compared favorably with observed noi e levels. 

H ill [1957] formulated a theory for the ge neraLion 
of low-frequency radiation in the return stroke of th e 
cloud-to-ground lightning fla h . The radiated pulse 
is a single cycle with a field variation wl}i ch varie 
linearly \vith time. The spectrum of Lbe radiated 
energy is centered at 11 k .. c/s and the energy radiated 
is about 220 ,000 j. 

Hefley et a1. [1960] reported the development of 
equipment capable of automatically recordin g the 
directions of anival and spectral components of 
atmospheri cs. R esults of observat ions made at 
10 .5, 40, and 100 kc/s in the Northwes tern part of the 
U ni ted State reveal the directions of anival and the 
rates of reception of atmospheri c components ex­
ceeding fixed amplitude level . 

Rece ntly, observations of the radiation spectra 
of return-stroke ligh tnin g discharges were reported 
by T aylor and J ean [1959]. In thi s work, atmos­
pheri c waveforms were recorded at eli tan ees ranging 
from about 150 to 600 km. The locations of the 
individual ligh tning fiashes were determined usi ng a 
direction-finding network. At these ranges , it was 
possible to separately identify the ground a nd sky­
wave components. The preeaution taken in se­
lecting atmospherics radiated from return-stroke 
discharges and in u t ilizing the ground-wave pulse 
are described. The atmospherics resulted from di s­
charges over high terrain at alLi tudes of 5,000 It or 
more in the R ocky Moun tai 11 area . Values of total 
energy were reported to be abo ut 30,000 j compared 
with approximately 300,000 j reported by Lady et al. 
[1940] and as derived in other experiments from 
discharges which oeclU'l"ed over land of lower eleva­
tions . These resul ts indicate the desirabili ty to 
perform similar atmospheric observations at lower 
land elevations and over sea water . 



2. Properties of Atmospheric Noise at Various 
Receiving Locations 

William Q. Crichlow* 

The properties of sfcrics from individual lightning 
flashes are dealt with in other scctions of this report. 
On t he other hand, the composite effccts at the re­
ceiver resulting from simultaneous thunderstorm 
activity throughout the world are discussed in this 
section. Although extensive investigations of these 
phenomena have been m ade in the past by several 
agencies and predictions of worldwide atmospheric 
noise levels have been published [RPU Tech. Rpt .5, 
1949 ; NBS Circ. 462 , 1948 ; Crichlow et aI., 1955; 
C.C.I.R. Rp t . 65 , 1957]' most of the recent studies 
in this country of worldwide noise levels and charac­
teristics have been made by the Central Radio 
Propagation Laboratory of the National BUTeau of 
Standards. 

DUTing the International Geophysical Year, a 
worldwide network of 16 radio noise recording stations 
was established by CRPL [Crichlow, 1957] at the 
following locations: 

Station 

Balboa, ('anal ZOll e ______ ________ _ 
Bill, Wyo ___________ __ __________ _ 
Boulder, Colo __ _______ ___________ _ 
Byrd, Ant arctica _________________ _ 
Cook, Australia _______ ___________ _ 
N ew Delhi, India __ ______________ _ 
Enkoping, Sweden _____ ___ ________ _ 
Front Royal , Va _________________ _ 
Ibadan , Nigeria __________________ _ 
K ekaha, K a uai, H a waiL __________ _ 
Ohira, Japan ____________________ _ 
Pretoria, Union of South Africa ____ _ 
R a bat, Morocco ____ ___ ___ ________ _ 
Sao Jose dos Campos, BmziL ______ _ 
Si ngapOl'e, Malaya _______________ _ 
Thule, Gree nland ________________ _ 

Latitude 

9. ON 
43.2N 
40. IN 
SO. OS 
30. 6S 
2S. SX 
59.5N 
3S. SK 

7. 4X 
22. ON 
35.6N 
25. SS 
33.9N 
23. 3S 
1.3N 

76.6 N 

Longitude 

79. 5W 
105.2W 
105. ] W 
122. OW 
130.4E 

77. 3E 
17.3E 
7S.2vV 
3.9E 

159.7W 
1+0.5E 
2S.3E 

6. SW 
45. SW 

103. SE 
6S. 7W 

Five of these stations are operated by CRPL, two by 
the Signal Corps Radio Propagation Agency, and 
the remaining nine by foreign governments. 

Standardized recording equipment, which was 
designed and furnished b)- CRPL, provides meaSUTe­
ments on eight frequenc ies from 13 k.c/s to 20 ').1c/s. 

*.'\a tional Bureau of Stand ards, Boulder, Colo. 

The mean received power in a 200 cis bandwidth, 
averaged over a per iod of several minutes, is the 
basic parameter recorded. It is expressed as an 
effective antcnna noise fig ure , which is defined as 
the noise power available from an equivalent lossless 
antenna in decibels above ktb , where k = Boltzman's 
constant (1. 38 X 10- 23j ;o) , t = absolute room tempera­
ture (taken as 288 0 Ie), and b= bandwidth in cycles 
per second . 

In ordcr to obtain additional information on the 
character of the noise, two other statistical momen ts , 
the average envelope voltage and the average 
logari thm of the envelope voltage are recorded at 10 
of the stations. All data from the network are 
processed at the NBS, Boulder Laboratories and are 
published qlhLrterly [Crichlow, 1959a; Crichlow, 
1959b]. 

The amplit ude-probability distribution (APD ) of 
the instantaneous IF envelope voltage provides a use­
ful means of expressing the detailed characteristics of 
atmospheric noise. The fiTst measurements of the 
APD by U.S. experimenters were made at the Uni­
versity of F lorida [Hoff, 1952; Sullivan et al. , 1955 ; 
Sullivan, no date ; George, 1957] and subsequently in 
Colorado, Alaska, and Panama b)' NBS personnel. 
From the NBS [Watt et a l. , 1957b] measurements, 
it was found that the noise envelope at the low­
amplitude levels is Rayleigh distributed, while that 
at the higher levels approaches a distribntion having 
a much greater change in level for a given change in 
probability. The dynamic range between the value 
exceeded 0.0001 percent of the time and the value 
exceeded 90 percent of the time varied from 59 to 
102 db at 22 kc/s in a bandwidth of 1 kc/s. As the 
bandwidth is reduced, the dynamic range approaches 
2l.18 db, the value expected for the Rayleigh dis­
tributed envelope of thermal noise. This occurs a t 
a bandwidth of approximately 0.2 cis for atmos­
pherics at 22 kc/s . This stuely of the characteristics 
of atmospheric noise was extended to covcr the 
frequency range from 1 to 100 kc/s [Watt et al. , 
1957]. The variation of level and dynamic range 
with ~req nencr was examined both theoretically H,nd 
expenmentall~Y . 

The value of the APD in determining the per­
formance of radio systems in the presence of atmos­
pheric noise has been demonstrated b~' additional 
studies at NBS [Watt et al. , 1958]. The expected I 

error rates, both with manual telegraphy and FSIe ~ 
systems, have been calculated from the noise APD 
and confu'med experimentall)-. 
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Direct measurements of the APD a t a la,rge 
Ilumber of locations and over a wide frequency range 
nrc prohibi tive, both in equipment and personn el 
)'cq uil'cmcnts. Since data on the sta,tistical momen ts 
measured by the NBS noise recorder are ava ilable 
from the worldwide network over a wide Ireq nenc), 
range, an investigation was made of methods for 
dcriving the complete distribution from these 
moments [Crichlow et al. , 1960a]. It was found 
that the distribution , when plo t ted on Rayleigh 
graph paper , had a characteris tic shape that could 
be described graphically by three independen t param­
eters. This characteristic shape W ,lS confirmed by 
measurements in Colorado [Watt et aL , 1957b ; 
Crichlow et al. , 1960a], Alaska [Wat t et al, 1957b], 
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Panama [Watt et a1. , 1957b], Florida [Sullivan et nl. , 
]955 ; Sullivan , no date; George, 1957], England 
[Horner , 1956], and Japan [Yuhara, 1956]. Using 
numerical integrat ion methods on typical distribu­
tions, a relationship was found between th e three 
moments measured by the NBS noise recorder and 
the three graphical param eters, thus pro viding the 
complete distribution from the three meas ured 
moments . F amilies of distribu tion curves in terms 
of the moments will be published in an NBS Mon o­
gr<tph [Crichlow et al. , 1960b] for case in ev;tluation . 

The effects of bandwid th on. the APD have been 
published [Ful ton, 1957] and fur ther studics tu e ill 
progress at NBS to determin e the effect of band­
width on the statistical momen ts . 



3. Summary of Research on Whistlers and 
Related Phenomena 

3.1. Stanford University 

R. A. Helliwell* 

The following is a synopsis of research on whistlers 
and related phenomena carried out at Stanford Uni­
versity since the XIIth General Assembly of URSI. 
Many results are presented here for the first time 
.and will be elaborated in reports and papers in prepa~ 
ration. Support for this work was obtained from 
several agencies including the National Science 
Foundation, the Air Force Office of Scientific R e­
search, the Office of Naval Research, and the Na­
tional Aeronautics and Space Administration. 

a. Methods of Whistler Analysis 

Techniques for spectrographic analysis of whistlers 
have been developed [Oarpenter, 1960]. Included are 
methods for identifying the causative sferic asso­
ciated with whistlers. In many cases, three sona­
grams from a single two-minute run will provide 
unambiguous identification of the sources of both 
long and short whistlers. Simultaneous data from 
·other stations are often needed to resolve ambiguities. 
Methods for quantitative description of whistlers are 
<lescribed. 

h. IGY- IGC Synoptic Whistler Results 

Some tentative results from the 10-station whistler­
west program are summarized in the following para­
graphs. The cooperation of the several persons and 
groups associated with the whistlers-west program is 
gratefully acknowledged. R esults of pre-IGY experi­
men~s and details of the synoptic program have been 
publIshed elsewhere [Helliwell and Morgan, 1959' 
Smith et al. , 1958; Helliwell, 1958c] . At the time of 
writing this report, about 10,000 sonagrams of whis­
tlers and VLF emissions had been produced. Some 
1,500 whistlers had been analyzed , and the causative 
atmospherics for roughly 1,000 of these had been 
identified. 

The statistical results obtained from the aural data 
are subject to some uncertainty because of differences 
in the training and ability of the listeners. For this 
reason, many of the indicated trends of the data can 
not be accepted without reservation. For example 
VLF hiss is sometimes mistaken for background 
noise. However, the following results appear to be 
<lemonstrated by the data which have been examined. 

More whistlers are heard at night than during the 
day, probably because V-region absorption increases 
the dayti~e attenuation from source to the input end 
Dr t~e whistler path and from the output end to the 
reCeiver. 

·Stanford University, Stanford, Cali f. 

Seasonal variations of whistler activity are com­
plicated. Stations at geomagnetic latitudes lower 
th an roughly 52° and greater than 62° show' a winter­
time maximum in occurrence, whereas stations 
between 52° and 62° geomagnetic latitude show a sum­
mertime max~um. Thi~ curious effect may possibly 
be related to differences ill the behavior of long and 
shor t whistlers. Theoretically, wintertime should be 
more favorable for the observation of whistlers since 
the local noise level is low and the sources or'short 
whistlers are relatively numerous. However, at 
locations where long whistlers are known to occur 
frequently (principally middle la titudes), strong sum­
mer thunderstorm activity could easily produce a 
whistler rate exceeding that in winter. At high and 
lo w latitudes long whistlers are seldom heard , and so 
the wintertime peak above 62° and below 52° can b e 
understood. The over-all whistler rate reaches a 
maximum at approximately 50° geomagnetic lati tude. 

Comparison of daily wrustler rate with daily 
average magnetic index shows little correla tion . 
However, any effect may be masked by the large 
day-to-day variation in whistler rate, wruch is 
probably correlated with variations in thunderstorm 
occurrence. 

Comparison of daily whistler rates between sta­
tions indicates that for station spacings of 1,000 km 
or more, the occurrence rates tend to be independent. 
This conclusion includes stations of similar latitude. 
It is interpreted to mean that either the paths of 
propagation are highly localized in both latitude and 
longitude, or that t he number of whistlers is highly 
sensitive to thunderstorm activity in the immediate 
vicinity of the ends of the path of propagation. 

Chorus and hiss show a peak in occurrence at 
about 56° to 58° geomagnetic latitude, the distribu- l 

tion being skewed toward the high-latitude side. 
I t was discovered that the latitude distribution of 
chorus is sensitive to magnetic index. For days of 
average Kp5: 1.5, chorus peaks at 64°, while for days 
of average Kp 2::4, the chorus peaks at 58°. Thus, it 
appears that location of chorus generation, like the 
aurorae, moves toward the equator during the 
disturbed periods. 

Chorus and hiss occur more frequently on days of 
low-background noise than on days of high noise. 
The effect is apparently not due to increased detecta­
bility on days of low noise, since whistler rates do 
not show the correlation. This conclusion is based 
on one year of data from six stations. On the 
average, there was t wice as much chorus and hiss on 
days of low noise as on days of high noise. The 
reduction in background noise is believed to have 
been caused mainly by increased absorption of 
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atmospherics of relatively distant Ol'lgln. This 
interesting and apparenLly significant resul t is 
interpreted to mean Lhat the VLF a bsorption is 
correlated with the occurrence o( chorus and hiss. 

Tho efl'ecLive area of discrete VLF emissions is 
found to be comparable with that for whistler (i.e. , 
a bout 1,000 km across), suggesting that the paths of 
propagation for emissions and whistlers may be the 
same. No cases of the same VLF emission forms 
occurring at conjugate stations have been found, 
indicating that the generation mechanism is highly 
asymmetrical with respect to the geomagnetic 
equator. 

Whistler dispersion data show an interesting and 
> unexpected annual variation for seVClral stations. 

The dispersion was determined from time delay 
measurements at 5 kc/s [Carpenter, 1960). Dis­
persion is minimum at t he June solstice and maxi­
mum at the D ecember solstice, and shows the same 
variation in both hemispheres. The explanatio n of 
this remarkable circumstance is not clear, but may 

, be related to the eccentricity of t he earth's orbit 
about the sun or to the seasonal asymmetry in the 
relation between t he sun-earLh line and Lil e geo­
magnetic equator . 

) 

A comprehens ive study of nose whistler dispersions 
using data from boLh hemispheres suppor t the annual 
variation of dispersion found for ordinary whistlers. 
Furthermore, it is deduced that the annual variation 
in dispersion indicated by t he nose whistlers must be 
caused mainly by actual electron density changes in 
t he ouLer ionosphere !'aLher than path changes. 

c . Whistler Sources 

The spectra and locations of whistler so urces are 
being studied. lUthough finc. l l'csul Ls of Lilis work 
are no t yet available, some tentaLive conclusions 
were reached in cooperation wiLh Lhe Boulder 
Labomtories of the National Bureau of Standard 
[Helliwell et a1., 1958 b). It was found that often the 
spectrum of the source peaks at ro ughly 5 kc/s, 
whereas most lightning discharge peak at h igher 
frequencies, neal' 10 kc/s. A tendency was fo und for 
whistler-produci ng discharges to occur more often 
over sea than over land. I t was further shown in 
this investigation that the predicted time of origin 
using tbe E ckersley law of dispersion was often in 
error by as much as 0.4 ec. This discrepancy is 
readily explained in terms of the theory of noise 
whistlers. 

d . Association Between Auroras and VLF Hiss 
Observed at Byrd Station, Antarctica [Martin 
et al., 1960] 

At Byrd Station, Antarctica (70.5° S Geomag­
netic) detailed and remarkably inter esting records 

; of hiss, chorus and whistlers have been obtained. 
Various bands of hiss have been identified ranging 

, from the lower frequency limit of the r ecorder (150 
cis) to the upper frequency limit (16,000 cis). The 
hiss above about 4 kc/s shows a close association 
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with visual aurora observed at the same station. 
The center frequency of this biss IS about 8 kc/s 
and shows variations which may be related to the 
particular type of aUl'ora ; in particular , a center 
freq uency of 9.6 kc/s appears to be associated with 
"red" aurora. The average in tensity of the auroral 
hiss ranges from 1 to 3 mv/m. 

e . Duct Theory 

Multiple path whi tIers are explained in terms of 
discrete paLh of pl'opagaLion in the outer iono­
sphere. It is posLulated that such paths are Cleated 
by column of enhanced ionizaLion alined with the 
earth 's magneLic field. These "ducts" of ionization 
act much like ordinary wave guides. Experin1entaJ 
evidence supporting this hypothesis has been ob­
tained from "hybrid" whistlers. A hybrid whistler 
consists of both long and shor t components excited 
by the same source. The delay of the short compo­
nent is exactly one-half the delay of the long com­
ponent. It is concluded, there fore, that Lhe dis­
pers ion of a whistler is independent of the location 
of its so urce and depends only on the propel'Lies of 
Lhe ionosphere. Further eviden ce in support of 
Lhe duct theory i found in whistler echo Lrftins, in 
which the echo delays are always multiples of ome 
particular component in the ini Lial ,vhisLlel'. Other 
evidence is found in the integral relation beLween 
the delays of simultaneous lon g and shor t whistlers 
excited by different sources in opposite hemispheres. 

f. Ray-Path Calculations 

The guiding of whisLlel's was treated using ray 
path consep ts [SmiLb , 19601J]. The ma -imum al­
lowable haH-angle of the ray paLh cone was found 
to deCl'ease froJTt 19°29' at zero frequency (deduced 
flrst by Storey) to 11 ° atj= 0.19jH, th en increase to 
90° atj=fH' 

Calculation based on the ray-path equation de­
rived by H azelgrove were made for various fre­
quencies, geomagnetic latitudes, initial wave normal 
directions, and models of the ionosphere [Yabroff, 
1959]. Generally speaking, the ray paths do not 
follow the earth's m agnetic field when a smooth 
distribution is assumed, The final latitude may be 
either greater or less than the initial latitude depend­
ing on conditions. Under some conditions, there 
is spatial focusing of the energy for certain initial 
latitudes. There can also be time delay fo eLlsing 
in which wave packets entering the ionosphere over 
a range of latitudes arrives in the opposite hemi­
sphere with the same total delay. 

Ray theory concepts were applied to the problem 
of whistler propagation in ducts [Smith et al. , 1960a]. 
It was found that total t rapping of the whistler 
energy will occur whenever the electron density at 
the center of the column exceeds the background 
level by a certain amount. Under cer tain condi­
tions the energy can be trapped in a minimum of 
ionization. For middle latitudes, enhancements of 



the order of only 10 pcrcent are required to com­
pletely trap the whistler. The theory explains the 
marked decrease in whistler occurrence with decreasing 
latitude. 

g . Electron Density of the Outer Ionosphere 

Nose whistlers from stations in both hemi'>pheres 
have shown a consistent relationship between nose 
frequency and nose time delay. Nose frequencies 
vary from 3.0 to 32 kc/s. Theoretical analysis of the 
dispersion of nose whistlers has led to a new method 
for calculating the electron density of the outer 
ionosphere. It is found that the shape of the nose 
whistler trace is insensitive to the shape of allowable 
electron density models. Application of this theory 
to the data gives a model of the outer ionosphere 
out to five earth radii. The average distribution 
of electron plasma frequency in cps can be given 
approximately by 

where fH is the electron gyrofrequeney 111 eyeles 
per second. 

h. Theory of VLF Emissions 

A theory of the origin of the VLF emissions was 
developed jointly by Gallet and Helliwell [1959a]. 
It accounts, in a geneml way, for VLF emissions 
and very long tntin'> of whistler echoes. 

The required magnitude of traveling w,we gain 
was assumed in developing the theory. Further 
theoretica,l work has led to a quantitative solution 
for the · gain along a low densi ty stream flowing 
through a plasma [Bell and Helliwell, 1959]. For 
a particular simplified case thought to be typical 
of the conditions related to VLF emissions, a gain 
of approximately 2 db per wa vclength in the medium 
was obtained. 

i. Controlled Whistler-Mode Experiments 

Observations at Cape Horn , South America, of 
pulses from Station NSS on 15.5 kcs, Annapolis, 
Yfd. demonstrated that the whistler-mode is open 
a large fraction of the time at night, but that the 
pa ths of propagation vary widel~' trom night to 
night [Helliwell et aI., 1958a]. Time delays from 
the man-made signnlswerc in close agreement 
with those obtained from whistlers. Simultaneous 
recordings at Byrd Station (70.5° Geomagnetic) 
and Greenbank, W . Va. (50° Geomagnetic) showed 
that the Northern H emisphere echo delays are not 
twice those from the Southern Hemisphere . Quanti­
tative comparison of these results with Cape Horn 
KSS data and whistler data support the interpreta­
tion that the measured ec ho delay depends on the 
strongest component which in turn depends on the 
location of transmitter and receiver . 

j. Satellite Measurements 

Sigmtl strength measurements of Station XSS 
an d background noise were made at 15.5 kc/s III 

Explorer VI. Data are currently being analyzed. 
Clear signals from NSS were picked up by the 
satelli te receiver from the launching point up to 
the D-region. Above 70 km NSS disappeared into 
the background noise, presumably because of D­
region absorption. No unusual sources of natural 
noise were discovered within the ionosphere. How~ 
ever, the sensitivity of the receiver was limited by ~ 
interference thought to have been generated by 
power converters within the satellite. It appears 
that for frequcncies below the gyrofrequency the 
outer ionosphere is relatively quiet, being shielded 
from both extra-terrestrinl noise and terrestrial at ­
mospherics. 

k. Geocyclotron 

A new mechanism for accelerating charged particles 
in the outer ionosphere is proposed [Helliwell et 
aI., 1960]. It is based on the propertics of whistler­
mode propagation, and the device for performing 
experiments is called the "geocyclotron". A cir~ 
culady polarized swept-frequency VLF transmitter 
located on the ground or in a satellite accelerates 
relativistic electrons trapped by the earth's magnetic 
field . Energy from a ground-based transmitter 
reaches the in teraction region by propagating in 
the whistler mode. The frequency of the radiation 
is adjusted so as to equal the gyrofrequency of 
relativistic electrons circling th e lines of force of 
the earth's field in the plane of the geomagnetic 
equator. The frequency is decreased with time in 
such a way as to impart energy to thc relativistic 
clectrons. The mechanism is roughly analagous 
to thtLt which takes place in a syncrocyclotron. 
Thc presence of the artificially accelerated particles, 
which should form a shell about the earth, could be 
detected with radiation countcrs carried in a satellite 
or probe. 

The geocyclotron could be used in various ways 
to study dynamic processes in the outer ionosphere 
as well as whistler-mode propagation. 

3.2. Dartmouth College 

M. G. Morgan * 

a. Whistlers-East 

A meridional chain of observing stations, nominHlly 
along W75 ° was sct up to make synoptic observa- 1 
tions during the lGY from Thule to Florida , at 
Huancayo, and from Cape Horn to Antarctica. 
Fifteen stations were involved, cach a story unto 
itself. Cooperating, in ordcr of latitude , were 
Danes, Canadians, Americalls, Bermudians, P eru­
vians, Argentines , and Britons. Somc rcsults have 
been published by independent cooperating workers 
as for example the Godhavn , Greenland, results 
by Ungstrup [1959], Hud the IV,tshington results , 

* Dartmouth College. IIauover. X.H. 
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b.\- Dwger (1960]. Geographically cOlnprehellsi ve 
t udies have been made at Dartmouth and will 
oon be presen ted for publication. The following 

conclusiolls are based on the su bjccti ve reduction 
of the magnetic tapes and su bseq uent statistical 
analysis. (Latitudes given are geomagnet ic.) 

(1) Whistlers. In the Northern Hemisphere, in 
the longitude under stud~~ , very nearly all whistlers 
observed are found to be "long", and in the South ern 
Hemisphere , very nearly all to be "short". There 
is a pronouneed seasonal variation in activity with 
a large maximum in July and August and a smaller 
maximum in J anuary and February. These maxima 
are found in the data from both hemispheres. In 
t he northern winter months, the northern stations 
report more activity in long whistlers than do the 
t he southern station s in short whistlers . 

The northern stations, Knob Lake (66°) , :Mont 
Joli (60°), and Dartmouth (55°) , exhibit similar 
a nd consistent patterns of whistler activity, whereas , 
for reasons unknown , ' Vash i ngton (50°) and Bermuda 
(44°) are notably different. (A point to consider is 
that these two stations used long-wire anten nas, 
whereas all others used loops. ) 

In the Nor thern H emisphere , whistler activ i t~­
reaches a peak at about 55° and falls off rapidl.\" 
above and below that lat itude. In the So uthel"ll 
Hemisp here, it can be said that act ivi ty at Por t 
Lockroy (53 .0°) is signiflcantly greater than tt t 
E llsworth (67 °) or at Ushuaia (43.3°). 

Generally speaking, there is tt . broad diurnal 
maximum of activity at each station during the nighL­
time hours, ,md a, distinct minimum just before locttl 
noon. The ratio of maximum ,1ct ivi ty to minimum 
varies widely from station to station and seasonally . 

At Battle Creek, 13° west of D artmouLh and 2° 
sou th , the pattern of behavior h ,1s been foulld to be 
similar to that at D artmouth but at a mu ch lower 
level. 

At Huancayo on the geomagnetic eq u,l, tor , no 
whistlers were reported, though the station was well 
run througho ut ] 958 and all of the tapes carefully 
monitored . Taking a time of very high whistler 
activity at Dartmouth tmd listening Lo the cor-

I responding recordings from Huanca:\ro, it appears 
that very, very faint whistlers can occasionally be 
heard. They would never be detected without con­
centrating attention on a particular moment as 
directed by observations from higher la t it udes. The 
noise level at Huancayo is, of course, uniformly high . 

At Knob Lake (66°) only weak, long whistlers have 
been heard. At Frobisher Ba~' (75°), they are also 
heard but less often and even more wealdy. They 
have no t been heard at Godhavn (80°) . Short 
whistlerlike signals having D = 40 to 60 and a high 
minimum frequency have been heard at Frobisher 
Bay and Godhavn, but it is an unanswered question 
whether these are ordinary whistlers or some other 
form of emission. 

A study has been made of meteorological co ndi tions 
at 06 h Z for 1957 October, November, and D ecem­
ber in an effort to discern a geographical pattern of 

storms Hssociated with long whistlers observed at 
D ar tmouth . Of the 92 dl\Ys involved, whistlers 
were obgerved at Dartmouth on 66 and none on 26. 
Storms with electric~1,1 discharges reported were 
10c,l,ted in the general area of eastern United States 
and the Nor th Atlantic on 89 days. It is interesting 
to note that on the three days when no storms were 
reported , long whistlers were obser ved. 

The incidence of whistler echoes has been studied . 
lUthough it shows a large and smooth diurnal 
varia tion, very closely repeated from 1 )T to the next, 
ranging from 5 periods/month at O1h Z to 0.3/moJlth 
at 14 h Z (respectively, 20 h and 09 h W 75° time); 
the dimnal variation of the probabili t~, that echoes 
will occur when whistlers are presen t, is onl~' about 
2 :1. The maximum and miJ1imum of the probability 
curve occur at approximatel~r the same t ime as those 
of the echo curves themselves. 

(2) Ionospherics. During the JGY, n/l,tumlly 
occurring VLF phenomena other than whistlers, were 
grouped into three ill-defined ca tegories: "chorus", 
"hiss" , Ilnd "other". Together these were called 
"VLF emissions" . We lll'tve now adopted the term 
"ionospherics" Jor these, as con trasted wi th "tropo­
spherics" (l ightning ). As defmed for the IGY, 
"hiss" WitS Laken Lo mean a broad band of noise of no 
special bandwidth or ferquency ; phenomena which 
occurred as isolated evenLs or " unusual" sounds were 
called "other"; and most everytb ing else, "chorus." 
On the basis of these defmi tions, the following fncts 
have been determined concerning chorus. 

In the Northern H emisphere, stations at 55° to 60° 
show the most activity. The act ivit:\, 11<1,8 a sha rp 
maximum in April and ~vlay and ,I, minimum in 
November and D ecember. 

In the Southern Hemisphere, Ellsworth (67°) 
show consi ten tly greater activity than Port 
Lockro.\- (53.4°), and, r emc'td mbly, bo th show a 
pattern largely independen t of the time of ~ eear . 
Ohorus is mrcly heard at Ushuai,l (43 .3°) . At 
Ellsworth it is presen t abou t 40 percen t of the t ime. 

The diurnal varia tion 01 chorus activity is sharply 
defined at 11 h Z (6 h W 75° t ime), at Mont Joli 
(N 60°), and at D ar tmouth (N 55°), whereas at 
Washington (N 50°) and Bermuda (N 44°) , there is 
a maximum near 08 h Z (03 h 'N 75° time). E lls­
worth (8 67°) and Mont Joli (N 60°) show almost 
identical activity but Port Lockroy (S 53.4°) shows 
hardly any notable diurnal variation. 

The diurnal variation seems to differ but slightly 
with the season. At Dartmouth , the station for 
which most data are available, activity for May­
July and for August- October have about the same 
diurnal variation with a peak at 10 h Z. The diurnal 
variations of the activity in the periods February­
April and N overnber- J une are similar to each other 
but have a broad maximum at 09 to 12 11 Z. The 
level of activity for the spring months is abou t twice 
that for the win ter months . 

As with whistlers, the paLtern of chorus activity 
at Battle Creek has been fonnd to be very similar to 
that at Dar tmouth, but the level much lower. 
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I 0 ionospherics were reported from Huancayo, 
but chorus is heard up to the very highest latitudes, 
including Thule (N 88°). . 

Very little analysis of "hiss" and "other" has been 
carried out so far. It can be said that more hiss has 
been observed at Dartmouth than at any other 
station. 

b. E 4° (Geomagnetic) Stations: Successor to 
Whistlers-East 

Recognizing that the three sonthern hemisphere 
points, Ushuaia, Port Lockroy, and Ellsworth are 
about the best that can be had for the foreseeable 
future, and that the northern conjugate positions of 
the~e stations. line up along W 65° (E 4° geomag­
netIc), attentIOn has been concentrated along that 
line in the Northern Hemisphere. Frobisher Bay 
(75°) and Knob Lake (66°) lie close to that line. 
Mont Joli (60°) is being moved 150 miles northeast­
ward to Moisie (61.7°) 15 miles east of Sept Isles on 
the north shore of the St. Lawrence Gulf, and a 
tation i being established in southernmost Nova 

Scotia. The Bermuda station has been moved to a 
vastly improved location. Washington and Gaines­
ville, Fla. , have been discontinued, and Huancayo 
has been discontinued. 

c. Post-IGY Results 

Commencing with all data taken after 1959 July 1 
the classification of ionospherics has been greatl~ 
refined and this is producing interesting new resu lt~. 
For example, the chorus data from Mont Joli (60°) 
and D artmouth (55°), when restricted to rising 
tones only, recurring faster than 2/sec, and going 
above 2 kc/s, have a maximum occurrence at the 
same local time rather than 1.5 to 3 hI' later at the 
higher latitude when all forms of chorus arc lumped 
together. 
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d. E 94° (Geomagnetic) Stations 

At the instigation of D artmouth workers, stations 
have been set up on Saltholmen I sland in the strait 
between D enmark and Sweden at Copenhagen, and 
at Marion Island 1,400 miles southeast of Cape 
Town. Although in geomagnetic latitudes N 55° 
and S 49°, respectively, these stations are very close 
to conjugate positions . A station has also been set 
up at Naples which is close to the northern conjugate 
of Durban, South Africa. These stations are in 
geomagnetic latitudes N 42° and S 32°, respectively. 
The two pairs of stations lie close to the E 94° 
geomagnetic meridian and are, therefore, exactly 90° 
east of the E 4° stations. In addition to whistler 
observations, the 16 kc/s whistler-mode signals from 
GBR in Rugby will be observed at Marion Island, ' 
whi.c~l is less than 400 miles from Rugby's conjugate 
pOSItIOn. 

The cooperating institutions are the Royal T ech­
nical University of Denmark, the University of 
Naples, the University of Natal, and Dartmouth 
College. A graduate student from the University of 
Natal is spending a year at Marion Island. 

e. Angle of Arrival Measurements 

An experiment to measure the angle of arrival of 
wh~stlers and ionospherics by comparing the time of I 

arnval at three stations mutually 100 km apart is in 
progress and results will be available for reporting to 
the XIIIth Assembly. 
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4 . A Summary of VLF and ELF Propagation Research 

James R. Wait * 

4.1. Introduction 

The ren?wed interest in the VLF and ELF portions 
of the. radIo spectr':lm has been very evident in the 
3 yr .slll~e the prevIOUS Geneml Assembly of URSI. 
Apphcat~ons. of VLF a~ld ELF to long-distance 
co~mur.llcatlOn? worldwIde frequency standards, 
navlgatIOnal alds, and detection of storms are 
providing continuous motivation for furthe~' re-
earch in this field. * * 
It is the purpose of this report to summarize 

research acti.vity in VLF .and ELF propa.gat ion 
carned. out In the USA smce January I , 1957. 
AttentlOn I confined to published papers relatin o' 

to terrestrial propagation, and thus reference t~ 
solar and exospher!c pheno~ella is exclLlde~. qlosely 
related worl carned out lJl other countnes .IS also 
briefly mentioned. 

4.2. Theoretical Studies 

For certain a'pplicat~on.s . aL VLF, particularly at 
hort ra:nges, It lS penmsslble Lo neglect the presence 

of the Ionosphere . In fact, at frequencies of the 
order of 100 kc/s Lhe grolllidwave may dominate 
the skY'v~ve for ranges as great as 500 km. FmLher­
more, wIth t~e use of pulse-Lype tmn missions, 
uch as used III the Cytn,c or Loran C navigation 
ystems, the groundwave may be elistinauished 

from the skvwave for distn,nces as areat a~ 2 000 .; b' 

kn: [Fra~tz, .1957 ; D ean, 1957 ; Frank, 1957]. With 
thIS motlvn,tlOn, a nun:ber of theoretical papers on 
g;rolllldwave propagaLIOn have appeared in the 
hterature dealing speeifica11y ·with : (a) Amplitude 
ancl.phn,se versus distan ce curves [Johler et al., 1956 ; 
Walt et al., 1956a ; Johler et al. , 1959n,] ; (b) land-sea 
boundary effects [Wait, 1958b ; W ait et al. , 1957c]; 
and (c) propagation of electromagnetic pulses over 
the surface. of homogeneous and inhomogeneous 
grolllld [Walt, 1956c ; Johler, 1957 ; Wait 1957h ' 
Wait, 1957a ; Levy et al., 1958 ; Johler, 1958 ; Johle~ 
et al., 1959b;. Wait et al., 1959b ; Wait, 1957d]. 
The penetratlOn of groundwave fields into the 
earth or sea has also been considered in orne detail 
[Wait, 1959c; Wait, 1959d; Kraichman 1960' 
Keilson, 1959] and the influence of earth st'ratifica~ 
bon on the attenuation rn,te of the groundwave 
has. been given further attention [Stanley, 1960; 
Walt, 1958e]. 

Unfortunately, in cw ystem and at distances as 
small as 100 km flym the source, the sky wave may 
often mterfere wIth the groundwave. Thu, the 
total field may be considered as the resultant of a 
groundwave and a number of ionospherically re­
flected waves in the VLF band at moderate ranges 

'National Bureau of Standards, Boulder, Colo. 
" The VL F band is here defiued as the decade 3 to 30 kc/s and the ELF band 

<lOvers the range 1.0 e/s to 3 kc/s. 
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(i.e.; less than 1,000 km or so)[Wait et al., 1957b; 
WalL et al., 1957f ; Johier et al., 1960' Pfister 1953 ' 
Poeverlcin, 1958a ; Poeverlein , 1958b]: How~ver, it 
appears to be more conveuient to represent the total 
field as a sum of waveguide type modes for VLF at 
great distances and, for ELF, ,Lt nearly all distances. 
In fact , for many applicaLions only one or two 
n;todes need be retained, since the higher modes are 
eIther "cutoff" or have severe attenuaLion. A num­
ber of pn,pers on mode Lheory were presented R.L Lhe 
VLF Symposium held in Boulder , 0 10. January 
195! [LlCbermann , 1956b ;Budden , 1957 ; Wait, 1957g; 
WaIt, 1957e]. In Lhe e, Lhe ionosphere was repre­
~ented b.~ a sharply boullCled and homogeneous ion­
Ize~ mechum, allel . the influence of the emth' mag­
netIc field wa neglected. Also, since the frequen cy 
could be assumed to be much less than the effective 
coll! ion fr.equcnc?, Lhe iono phere was equivalen t to 
3]: IsoLroplC conducLor. More recent investigaLions 
of mode Lheory have removed orne of the Mrlier 
res Lrictions. For example, Lhe influence of sLnttiu­
cation in the D and E r egions was accounted for bv 
u si~g layered an~ cxponen tinl models [Shmoys, ] 956 ; 
Wmt,J9.58a; W~lt, 1960b ; Bremmer, ]959]. 

It 1 wterestmg to observe that Al'pert ill the 
USSR has a1so pursued the mode theo ry of VLF 
propagat ion [Al'prrt, 1956]. In his work: he also 
neglecLs the earLh's magneLic field and, in his in iti ni 
fOl"lnulaLiol1 , the ionosphere is sharply bOlllldeel. H e 
LreaL the dfect of iOllOspheric sLratification by using 
an .Epstein moc~el which . is sLrictly valid only for 
honzonLn,1 polarlz,tLlon. III mue ll of the wOl·k on 
this topic, Lhe effect of earLh curvature is neglected 
for purposes of computing the atLenuation of the 
modes. Some time earlier, Budden [1952] had ob­
tained a first-order cOlTection for earth curvature by 
using an earth-flattening type of approximation , and 
more recently Wait [1958f] had u ed a similar modi­
fication in some published curves of VLF Lmnsmis­
sion loss. From this work, it appears Lhat eal-Lh 
curvature has a negligible effect on the modes fol' 
frequencies less than about 15 kc/s . 

Actually, for frequencies at the upper end of the 
VLF band (i.e ., 15 to 30 kc/s), it is necessfLry to 
abandon first-order curvature corrections and to in­
troduce higher-order approximations for the spheri­
cal-wave functions which occur in the riaorous fonnu­
lation. This aspect of the problem i b di scussed at 
length by Wait in a recent paper which includes an 
extensive discussion of related theoretical work 
[Wait, 1960c}. 

The i~fluence of Lhe earLh's magnetic field on the 
attenuatIOn and phase of the modes i a diIficult 
subject. However, if expressions for the plane-wave 
reflection coefficients for an anisotropic ionosphere 
can be derived, it is not too difficult to extend these 
to ~he computation of the mode [Budden, 1952 ; 
Walt, 1960c]. Thus, the results of Bremmer [1949], 



Yabroff, [1957], and others [Wait et al., 1957b; Wait 
et al., 1957f; Johlel' et al. , 1960] may be adapted for 
mode propagation between the curved earth and a 
doubly refracting ionosphere [Wait, 1960c]. Using 
s uch an ~Lpproach, Crombie [1960] has adapted the 
plane-wave reflection coefficients for a transverse mag­
netic field to the case of mode propagation around 
the magnetic equator. The latter example clearly 
demonstrates nonreciprocity in VLF propagation. 

While the mode theory would seem to be paI·ticu­
larly appropriate at ELF, certain assumptions which 
are usually made become questionable. These 
longer wavelengths penetrate further into the iono­
sphere so that the sharply bounded model must be 
modified [Bremmer, 1959]. Another approach is to 
postulate an effective increase in the ionospheric 
height as the frequency decreases [Pierce, in press]. 
Even more important at ELF is the fact that dis­
tance from source to observer is usually comparable 
with the wavelength. Thus, the numerical treat­
ment of the mode series has been considered by 
"Vait [1960a] for unrestricted distances. 

Again using the concept of modes, the propagation 
-of both VLF and ELF pulses has also received con­
siderable attention [Liebermann, 1956b ; Wait, 1960a; 
Wait, 1958c]. Of some importance is the manner in 
which the quasi-half periods of the oscillatory wave­
form of the pulse var.'- with range and time [Wail, 
1958c] . 

4.3. Experimental Studies 

Since the observed characteristics of VLF and 
ELF propagation depend on so many factors, one 
should be careful in placing undue emphasis on any 
single experiment. In particular, the validity of a 
particular theoretical model cannot be established 
-on a basis of experimental data obtained in a single 
geographical area and for restricted intervals of 
time. Nevertheless, certain experiments are crucial 
in the sense that they confirm the concept of the 
model. For example, if the measured dependence of 
VLF field strengths on distance and frequency are in 
general accord with theoretical predictions, one can 
say that, at least for those ionospheric conditions, 
the model is perhaps adequate in a phenomenologi­
cal sense. 

A crucial test of the waveguide mode concept of 
VLF propagation was provided by Heritage, Weis­
brod, and Bickel [1957] in a series of airborne meas­
urements of field strengths in the Pacific Ocean. 
They utilized transmissions in the frequency range 
of 16 to 20 kc/s from the United States, Hawaii, 
and Japan . The daytime experimental data were 
in good agreement with the mode theory as indicated 
b.'- Wait [1957g]; however, the nighttime data were 
highly variable and certain nonreciprocal effects 
were in evidence. 

The U.S. Navy is also conducting a long-range 
tudy of VLF propagation characteristics by means 

of measurements made over several paths selected 
to show the effects of various geophysical conditions 

encountered (private communications from H. E. 
Dinger, Naval Research Laboratory). 

Phase variations of the 16 kc/s carrier signal of 
station GBR in England have been measured by 
P ierce (J. A. ) [1955; 1957] in Cambridge, Massa­
chusetts. The diurnal variation of the change of 
the phase has been interpreted by Wait [1959a] III 

terms of mode theory in a satisfactory manner. 

4.4. Recent Applications of VLF Propagation 

Research in VLF propagation has been prompted 
by many important applications. In particular, the 
low attenuation and h igh-phase stability of VLF 
signals make it feasible to set up a worldwide fre­
quency standard employing only one transmitter. 
A careful study of this problem by Watt and col­
leagues [Watt et al. , 1959] indicates that a minimum 
radiated power of 10 to 100 kw for frequencies of 
20 kc/s would be required. Minimum observation 
times of 15 to 30 min would be needed to obtain a 
precision of frequency of 1 par t in 109 . Another 
application is to long-range navigational systems such 
as the Radux-Omega in which the phase difference 
between two widely separated transmitting stations 
is measured. Frequencies used in this system are in 
the range 10 to 18 kc/s with typical phase stabilities 
on a path of 8,000 km of 4J.L secs in day and 5J.L secs 
at night [Casselman et al., 1959]. 

By application of highly precise quartz oscillators 
coupled with the use of atomic freq uenc), standards, 
it has become possible for the U .S. Navy to stabilize 
its existing VLF transmitters so as to provide ex­
tremely accurate frequency and time information 
to naval units on a worldwide basis. The Naval Radio 
Station (NBA) at Balboa in the Canal Zone, Pana­
ma, has been equipped by the Naval Research 
Laboratory for this service and is now transmitting 
precise time and constant frequency. The Pearl 
Harbor, San Francisco, Culter, and Annapolis 
stations will be controlled by constant frequency as 
soon as equipment becomes available. Thus, no 
additional VLF spectrum will be required to provide 
the entire Navy with complete synchronization 
of time and frequency. These transmissions should 
also provide an excellent tool for propagation studies 
at VLF (private communication from H . F. Hastings, 
Naval Research Laboratory). 

Many studies of VLF propagation have been 
made using lightning strokes as a source of energy . 
For example, Watt and Maxwell [1957a] showed that 
the propagation modified the spectral content of 
atmospheric radio noise in a manner which again 
was quite compatible with mode theory. In par­
ticular, the predicted absorption band [Wait, 1957e1 
at frequencies around 3 kc/s was confirmed. Atten­
uation rates at VLF have been deduced from the 
spectral analyses of atmospheric waveforms observed 
simultaneously at widely separated stations [Taylor 
et al., 1959a; Taylor, 1960]. Asinlilar technique has 
been developed for deducing phase characteristics of 
VLF propagation in a frequency range from 1 to 30 
kc/s [Jean et al., 1960]. 
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Experimental studies at ELF have been primarily 
devoted to the recording of the ELF or "slow tail" 
portion of the atmospheric waveforms [Liebermann, 
1956a; Holzer et al., 1957 ; Tepleu , 1959]. In many 
cases, it appears that this ELF part of the waveform 
is a highly damped pulse with seldom more than two 
half-cycles with periods of the order of several 
milliseconds. The relation of ELF wave shapes to 
the orientation of the lightning troke has been 
recently analyzed [Wait, 1960a] . 

In presenting propagation data at VLF and ELF 
care should be used in properly separating the losses 
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due to propagation and those due to the antenna 
systems. It is important that the change 
of impedance of the antennas due to the ground 
plane be accounted for. To retain the basic idea of 
power tran fer in troduced by Norton [1953] , yet 
separate out the influence of the an tenna environ­
ment, the concept of " propagation loss" was proposed 
[Wait, 195ge]. It forms one component of the 
system loss [Norton, 1959] which is the decibel ratio 
of the power into the terminals of the transmitting 
antenna to the power available at the terminals of 
the receiving antenna. 



5 . Hydromagnetic Waves and ELF Oscillations 
in the Ionosphere 

James M. Watts* 

The hypothesis that hydromagnetic waves [Alfven, 
1942; Lundquist, 1949] occur in the ionosphere has 
been pursued theoretically, observationally and 
experimentally in the United States. 

The theoretical investigations have usually taken 
the form of arguments for the existence of these 
waves, since the conditions for their propagation 
exist in the region [Dessler, 1958]. The theories of 
the consequences of the waves have then been 
extended to explain certain geophysical phenomena, 
such as the sudden commencements of magnetic 
torms (Francis etal., 1959; D essler et al., 1959a] and 

auroras (Warwick, 1959], ionospheric heating (D essler, 
1959b], ionospheric tides (White, 1960a j 1960b], and 
the motion of ionized gas near the earth (Gold, 1959] . 

A review of the observations of geomagnetic 0 cilla­
tions suggests that they maybe explained by waves of 
the Alfven type (Map1e, 1959] excited by solar dis­
turbances since 27 -day solar dependence and cor­
relations with magnetic and ionospheric F -Iayer 
disturbances were evident (Campbell, 1959; Berthold 
et aI. , 1960; Campbell, 1960] . 

"National Bureau of Standards, Boulder, Colo. 

However, hydromagnetic oscillations do not seem 
to explain other classes of electromagnetic disturb­
ances [W~tts, 1957 ; Gallet , 1959b] whose frequencies 
are pnnClpally well above those characteristics of 
geomagnetic micropulsations. Therefore, emphasis 
has been placed on the the theory of traveling wave 
amplification to explain those phenomena (Gallet et 
aI., 1959a; Bell et al. , 1959]. 

During the triennium 1957 to 1960 controlled ex­
pe~'iments have b~come feasible, using rockets, arti­
fiCIal earth satellItes, and nuclear explosives. It 
has been possible to create hydromagnetic waves in 
the ionosphere by explosions and observe them by 
rockets and satellites (Nat. Acad. Sci., 1959; Kel­
logg et aI., 1959]. That the magnitude of these 
effects is comparable with the magnitudes of nat­
ural occurrences is evidenced by the records of ' 
conventional magnetometers and by the sighting of 
auroras (Matsushita, 1959 ; Steiger et aI. , 1960]. 
. A rocl~et alone has sho:vn evidence of instability 
111 the dIstant geomagnetIc field. Measurement of 
the magnetic field intensity vector at large distances 
from the earth indicated a complex behavior, including 
nearly periodic oscillations which may have been 
due to hydromagnetic waves [Sonett et aI. , 1959] . 
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6 . The Exosphere 

James M. Watts * 

6.1 . Introduction 

The lower boundary of the exosphere ll 1<ty be above 
defined variously as the ionospheric level just about 
the entire F region, as the critical level above which 
particles encounter no collisions and are, therefore, 
in free flight , or as the level above which hydrogen 
is the predominant constituent. If the outer 
boundary is taken to be 6 to 8 earth radii, including 
most of the gas within the region of influence by the 
earth's magnetic and gravitational fields, the exo­
sphere includes the entire region in which whistlers 
are greatly dispersed, in which VLF emissions may 
originate, in which geomagnetic micropulsations are 
supposed to originate , and in which the earth 's 
trapped radiation lingers. 

Therefore, significant understallding of the exo-
phere has been achieved by observing those phe­

nomena. The reader is refened to the USA report 
on whistlers for the extensive observations of whis­
tlers and VLF emissions during the IGY, and to the 
repor t on hydl'omagnetic waves and ELF oscillations 
for reference giving the USA work in tbat region . 

6 .2 . Theories of the Exosphere 

a . Magnetic Storm Effects 

During 1956, the hypothesis was developed that 
solar corpuscular r adia tion can be inj ected into the 
earth's magnetic field and trapped there [Singer, 

i 1956] . The particles were considered to create an 
electric current which was held responsible for the 
main phase of magnetic storms [inger, 1957] . 
Later, a mechanism based on F ermi accelerations 
for increasing the enerO'y of ome of the particles 
sufficiently to produce some of the auroral effects 
was proposed [Singer, 1958a; 195 b] . It eemed 
very possible that the electrons thus accelerated 
can be identified with the outer radiation belt while 
the protons injected directly from the sun are re­
moved after a very hort time by charge exchange 
with neutral hydrogen in the earth's exosphere, 
thus bringing the magnetic storm~to a decline.laHer 
1 or 2 days [Singer et al., 1960]. 

b . RadiationtBelt Theory 

orne work on propertie of geomagnetically 
trapped particles was done prior to their discovery, 
for example: their penetration into the auroral 
ionosphere [Rhodes, 1959], the behavior of trapped 
cosmic ray albedo [Griem et al. , 1955] , and an experi­
m ent for their detection was discussed [Singer , 
1958d]. 

Following the discovery of trapped r adiation in 
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Explorer I in May 1958, the neutron ,tlbedo theory 
was developed as a means of explaining the presence 
of hard radiation and calculated its approximate 
al titude distribution, noting t be probable existence 
of a maximum clo e to the earth [Singer , 1958e; 
1958f] . Following this, t he existence of two bel ts 
was predicted explicitly, on.e an inner belt close to 
the earth's equator produced by cosmic ray neutron 
al bedo , and another an outer belt of soJaI' origin and 
connected with the amora [Singer, 1958a]. These 
features were roughly verified by the Pioneer and 
Lunik probes. 

In detail , calculations were made oJ the lifetime 
of trapped particles bo th for pro 1,011 s a, n d 1'01' electrons 
[Wentworth et al. , ]959]. Th e distribution in 
energy and in pace of trapped pro tons was lll­

vestigated [Singer, 1959c] . 

c . Composition of the Exosphere 

Th e distribution of neu tral particles in an exo­
sph ere, taking in to account ballistic and escape 
orbits, was calculated [Opik , et al. , 1959] . 

Some th eoretical work based on lmowleuge of 
general features o( tb e ionosphere have led to extrap­
olation of these features into the exosph ere, in 
order to predict Lhe composition [Singer , 1959 b] and 
densities [Johnson, 1960 ; Wright, 1960] above the 
F-Iayer maximum. From the latter work it appears 
that the region of the exosph ere nearest the F -layer 
i expected to have a profile resemblin g a Chapman 
layer with a scale height or 100 km . 

6.3. Experiments in the Exosphere 

Experimentally, the region has been explored in 
several different ways. RockeLs for the fu'st time 
penetrated the region [Van Allen, 1957 ; Harris et al. , 
1959] and were the forerunners of the well-known 
artificial satellite experiments which have delineated 
the high-intensi ty radiation belts in the exosphere 
[Van Allen, 1959b ; Van Allen et al. , 1959a ; Van 
Allen et al. , 1958a and 1958b; Stuart, 1959] . High­
altitude explosion of nuelear devices has shown that 
the radiation belts can be modified artificially and 
the resulting deca,y studied to verify that the theory 
of radiation trappin g provides the coneet way of 
interpreting the natural radiation [Singer, 1959a; 
Nat. Acad. Sci., 1959b] . 

Experiments not involving atelli tes and rockets, 
however , are relatively inexpensive and ar c well 
adapted to measurin g the elec tronic content of the 
exospher e. 

The moon radar measurements of F araday rota­
tion [Bauer et al ., 1958] have given an excellent 
picture of the total electron content of the ionosphere 
plus exosphere and its vari aLion with time . 



An entirely new Lechnique for vertical incidence 
sounding of the ionosphere [Bowles, 1958] has the 
advantage that blanketing reflections do not obscure 
d.etails above .the maxima of layers, since all reflec­
tlOns are partIal for the frequencies used. This use 
of extra high power and sensi tivitv in a sounder 
enables true heights and electron 'densities to be 
measured directly and should be a powerful means 
of studyin g the nearer regions of the exosphere. 
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