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ABSTRACT 

Observations of auroras and vI;F hiss  were made during the 

About one thousand hours dark months of 1960 a t  the South Pole. 

of auroral  observations were made. 

t i c a l l y  on the  IEPJI 101 computer from 3432 cards. In the analysis 

detailed studies were a l s o  made of more than three thuusand hours 

of data from photmeters, magnetmeters, an a l l  sky camera, and 

a VIE receiver. 

The data were analyzed statis- 

A close association between h i s s  and auroral arcs  and 

bands was fuund, which had a diurnal occurrence peak a t  a few 

hours before the magnetic midnight. Ikss ident i f iable  long ray 

type aurora diurnal peak was found a t  around a f e w  hours before 

the magnetic noon. 

different  i n  various aspects. 

t h i s  thesis .  

emission mechanism i s  given. 

These two types of auroras were markedly 

The differences are discussea i n  

A brief  theoretical  consideration on the vI;F 

ix 
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I. INTRODUCTION 

Although the existence of naturally occurring audio- 

frequency electranagnetic waves had been reported by several 

authors, Burton and Boardman E9317 appear t o  be the f irst  t o  have 

observed any correlation between such emissions and various geo- 

physical disturbances . 
atmospherics and auroral activity.  

receiving equipment was 150 t o  4000 cps. 

Bey  reported a correlation between 

The frequency range of t he i r  

Various researchers have studied atmospherics and cosmic 

radio noises since then. Such radio emissions were found t o  be 

distributed mer a wide spectral range, not only i n  the kilocycle 

range but up t o  several megacycles or higher. Sme workers 

investigated the nature of noise i n  the megacycle region 

/rShain, 1954; Ellis, 1956; and Ellis, 19577. 

of researches i n  the megacycle region, however, was mainly the 

study of radio galaxies ,&hklovsky, l 9 q .  

developed the i r  theories and observed the phenomena i n  ELF-VLF 

region, seeking correlation between the lar frequency radio 

emission and changes i n  the earth's magnetic f ie ld ,  etc.  

e t  al., 1953, 1956; Menzel e t  al., 1948; and Willis, 194y. 

The work of Storey identified sane of the audio-frequency signals 

as  whistlers, inferring the electromagnetic wave emission frm 

me origklal  pzi iose 

Menzel and others 

@oris 
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lightning, which propagated through the exosphere by means of a 

quasi-longitudinal mode. There are other types of emissions 

which are independent of thunderstorm ac t iv i ty  [mis, 1959; 

and Gallet, 1957, such as stated by Burton and others. A close 

I 
correlation was found between solar ac t iv i ty  and the electro- 

magnetic emission of a second type in the frequency range between 

2 and 10 kc/s @lis, 1 9 q .  

called W E ,  very l o w  frequency emission. 

definit ions of V", ELF, and micropulsation frequency ranges are 

i n  use. 

quency of micropulsations and 1 - 3000 cps f o r  the EIJ? range, 

and 3000 - 30,000 cps for the VIP range Be l l iwe l l ,  19627. 

Among the many kinds of VLFE ,&rons, 1956, 1960; Ellis, 1957; 

Gallet, 1959; Martin e t  al., 1960; and Allcock, 195v a cer ta in  

type of emission identified as "hiss" has received attention 

recently f ia t t s ,  l g 5 r .  

t ions between h i s s  and variaus geophysical phenmena kens, 
1960; Ellis, 1960a and 196Ob; Martin e t  al., 1960; Watts, 1957; 

and H e l l i w e l l ,  e t  al., 1962q. 

Such radio wave emission i s  generally 

No widely accepted 

However, we are tending t o  use lcps  a s  the upper f re-  

Sme evidence has been found on associa- 

Watts reported h is  observation of "hiss" on March 3, 1956, 

recorded at  Boulder, Colorado, a s  follows: 

An observer arrived a t  the f ie ld  s ta t ion t o  find 
another signal which w a s  different fran whistlers and 
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choruses, a loud hissing noise, being recorded, The 
energy w a s  obviously enormous, since the needle of the 
tape recorded level  meter, normally near zero end of 
the scale except f o r  the atmospherics, was pinned 
continuously against the top stop. 

Such noise lasted more than twelve huurs. Gallet observed more 

than ten hours’ hiss; however, he found the average duration t o  

be 1.6 haurs for  I22 dis t inc t  cases ( is5g.  A relationship was 

found between 2130 kc/s cosmic noise and Es [ais, 19577. 

Ellis found appraximately 50 per cent of isolated noise bursts 

may be correlated with magnetic bays Luis, 196Ov. Correlations 

between the W E  and magnetic phenumena are reported elsewhere 

,&tts, 195F. 

wave emitter was measured recently Luis, 1 9 a .  

observations of sub-visual aurora and radio noise on 4.6 kc/s 

were made by =lis /‘i5g. 

and the aurora a t  Byrd Station and a diurnal variation of both 

events was shown s t a t i s t i ca l ly  /&&tin e t  al., l 9 g .  

study of the same nature a t  lower la t i tude  has not been a s  successflit 

/&rtlein e t  al., l g a .  

Systematic study of VLF hiss  and various types of aurora. 

!be physical dimension of the audio-electrcsnagnetic 

Simultaneous 

An association was fomd b e h e n  hiss 

A correlation 

I n  any case, there has been no one-to-one 

Theories of emission mechanisms have been developed by 

several authors E l i s ,  l957b; Gallet, 1959; Allcock, 1957; 

Aarons, 1960; Ondoh, 1961; and Chamberlain, 19g. Meinel 
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observed the incoming hydrogen, and recently Van Allen E9g 
discovered zones of highly energetic par t ic les  around the earth. 

Inferring fran theories @mer, 1955; and Kern e t  al., 19q, 

the  vI%E may have a relationship t o  these highly energetic 

par t ic les  and consequently t o  the cause of the  primary excitation 

of auroras. 

i s  related t o  the various geophysical phenanena, especially t o  

the aurora, based on the synoptic observations made by the 

author t o  the South Geographical Pole, dur ing  the Austral winter, 

The purpose of t h i s  paper i s  t o  show haw W E  h iss  

1960 . 
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11. 1”RUQNI”TTION FOR THE OBSEXVA!I’ION 

1. 

I 

This chapter w i l l  explain various instruments which were 

used f o r  the observation. 

Six detectors were operated simultaneously. mere were 

three photmeters, an electronic direct  reading magnetmeter, a 

VIP radio receiver, and the cosmic ray monitor. 

of cosmic-ray data in the studies discussed here. 

We used two different  recorder systems, having the folluwing 

W e  do not make use 

purposes i n  mind. 

tinuously throughout the  season with very low speed i n  order t o  

obtain a gross behavior of events. 

magnify special events t o  see f ine de t a i l  without d i s tu rb ing  the 

continuous recordings. 

was run with a paper speed of 3/4 inches per hour t o  study general 

correlations. 

1 mm/sec t o  magnify special events. 

recording paper, since we turned on the fast speed recorder only 

when it w a s  necessary. 

above described system. 

The f i rs t  purpose w a s  t o  run the recorder con- 

The second purpose w a s  t o  

Therefore, the Esterline Angus recorder 

A Brush DC recorder was used with paper speed of 

I n  t h i s  way, we did not waste 

Figure 1 shows the block diagram of the 
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Visual Program 

Visual observations of aurora w e r e  carried out according 

t o  the standard IGY method, w i t h  sane modifications /-ertlein e t  

ale, 1 9 5 r .  

Figure 2 shows orientation of various instruments on the 

roof of the aurora tower. The location of an alidide was accurately 

measured by M r .  Goodwin of USC and GS prior  t o  the aurora season. 

Figure 3 shows the exact location of the aurora tower re la t ive  t o  

the magnetic and Greenwich meridians.  

I n  order t o  measure the elevation and azimuthal angle of 

aurora accurately, we used alidide cards B b a U  e t  al., 195g, 

which is  shown i n  Figure 4 /Clark, 19q. Asswning the average 

height of the aurora t o  be 100 krn Eomer, 1955/, the elevation 

angle was converted in to  a l inear  distance from the observer, 

Figure 5 E l a r k ,  19q. 

isochasm. 

frequency l i ne  E l a r k ,  l g g .  

Figure 6 shows the l a t e s t  auroral 

Note tha t  South Pole i s  almost on the maximum auroral 

-hones from the vI;F receiver were wired t o  the visual 

dome, where a written log was kept by a dim-light-equipped pen 

dur ing  the observation. 

office . 
Intercom helped contacts from the aurora 
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W i n g  the aurora season the plexiglass dome w a s  often 

A new dome troubled with f ros t  i n  the Antarctic observatory. 

defrosting mechanism was devised, which somewhat eased the 

problem. 

of a i r  inside the visual dme. 

Essentially, the system involves a forced circulation 

Allsky Camera 

The standard 16-wn black-and-white A l l  Sky camera D v e y  

e t  al., 1957 was operated without a plexiglass dome. 

The All Sky camera holder was devised i n  order t o  be able 

t o  dismount the camera i n  case of a major breakdown during the 

season. 

We began the operation on April 16, 1960, when the sun was 

10' below the horizon. 

During the season the new plane mirror heater did not seem t o  put 

out enough heat so tha t  it was necessary t o  clean the surface of 

the m i r r o r  when the temperature was below 85' F. 

often accumulated on the binary number box. 

Exposures were 70-20-5 Glvey  e t  al., 195r. 

Drifting snow 

Since the arc lamp wire was replaced by a cold temperature 

wire, there was no trouble dur ing  the season. 
0 

The 5577 interference f i l t e r  of band width 50 

i n  front of the K-100 camera lens on August 28 t o  extend the 

A was placed 



operational period, since the f i l t e r  eliminated most of the 

scattered solar continuum. 

t o  be readjusted. 

sun was a t  5' N. 

A l l  the  indicator lamp voltages had 

The operation stopped on September 9 when the 

4. 

Phot meter 

The Photmeters i n  General. 

Three photameters have been operated at the South Pole 

s ta t ion since the winter of 1960. 

and the All Sky photmeter. 

l i g h t  is fac i l i t a ted  a t  the South Pole more than other geographical 

locations due t o  the continuous darkness i n  winter. 

They are  meridian, directional, 

Photametric measurement of the aurora 

V a r i o u s  experiments were attempted by using interference 

f i l t e r s  with peak transmissions a t  3914, 4861, 5577, and 6300 

Angstrm. 

Meridian Photometer . 
Since the spectrograph exposures were controlled by a 

programmed timer during the winter night, the spectrograph photo- 

meter c i rcu i t  w a s  connected t o  the cathode follower t o  record the 

auroral l i gh t  along the magnetic meridian. The aperture of the 
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photometer optics was 2 x 180". 

order t o  record the photometer output throughout the season. 

Figure 7 shows the modification. 

Integrator input w a s  modified i n  

A new cathode folluwer was  designed. There were d i f f i cu l t i e s  

involved i n  designing of the c i rcui t .  

w a s  the  inherent high noise in the output, and a large C-3 

ionosonde interference. Therefore, a 20-henry choke was  used 

t o  attenuate randan noise. 

The c i r cu i t  i s  shown i n  Figure 8. 

Sane of the  major trouble 

Condensers are  f o r  C-3 RF bypasses. 

Directional Photaneter . 
The electronic c i r cu i t  of t h e  directional photmeter w a s  

or iginal ly  designed by McIlwain of the State University of Iuwa. 

The c i r cu i t  was  s l igh t ly  modified for  the  Antarctic use. The 

modifications involve the replacement of l2AX7 with 12 AT7 and 

the removal of power c i rcu i t  frm the photometer turret. 

preamp and the transistorized power supply were b u i l t  i n  the 

The 

photometer optical  compartment i n  the original design. 

the en t i re  system stopped operation due t o  the law temperature 

(below 60" F). 

Yet 

Therefore, only the photomultiplier tube w a s  l e f t  

i n  the optical  canpartment. 

Further attention should be paid t o  the connecting w i r e s .  

All the  ordinary rubber insulation w a s  u t t e r ly  useless, since it 
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cracks and breaks. 

There are a t  l ea s t  three wires necessary t o  take the Tp21 output, 

i.e., photocathode, anode, and the 9th dynode. Such terminals 

were exposed under the snow. 

t ions  on these terminals caused considerable d i f f icu l t ies .  Various 

c i r cu i t  parameters were changed due t o  t h i s  modification. 

original c i r cu i t  i s  sham i n  Figure 9. 

was used t o  cover a wide dynamic range. 

calibration curve. 

the time sequence of various events, we only noted the proper 

logarithmic behavior of the c i rcu i t  from Figure 10. 

aperture of the  photometer i s  0.0413 steradian. 

photometer t u r r e t  w a s  mounted on the tripod base. 

photometer could be directed t o  any desired direction i n  the sky, 

Special cold temperature wire must be used. 

It was found tha t  the snow accumula- 

The 

A logarithmic amplifier 

Figure 10 shows the  

Since photometers were used mainly t o  measure 

The effective 

The en t i re  

Thus the 

A l l  Sky Photmeter. 

The function of the  A l l  Sky photometer i s  t o  monitor the 

a l l  sky radiation i n  S-4 response @!A tube handboog. 

the aperture i s  271 steradian. 

t ha t  of the a l l  sky camera, us ing  1.4 objective 25 mm D v e y  e t  al., 

195r. The c i r cu i t  i s  analogous t o  t ha t  of the direct ional  

photmeter. 

Therefore, 

The optical system i s  similar t o  

Figure 11 and Figure 1 2  show the schematic c i rcui ts ,  
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which were designed and b u i l t  by the author based on the directional 

and spectrograph photaneters 

The optical  system w a s  elevated from the roof about eleven 

inches t o  avoid interference from the All Slry camera indicator 

lamps. Since the A l l  Sky photaneter i s  sensitive t o  any visible  

aurora i n  the S e ,  the  output w a s  connected t o  the 12AU7 cathode 

folluwer with a relay i n  place of the cathode resistance. 

auroral alarm b e l l  w a s  thus activated by t h i s  relay. 

was designed and constructed by the author. 

An 

The c i r cu i t  

5 .  

VLF EQuipment 

A very low frequency receiving and recording system w a s  

develuped a t  the Radioscience Iaboratory of Stanford University. 

The band width of the receiver i s  150 cps t o  30 kc/s. 

record the intensi ty  of VLF emission continuously, a special 

In order t o  

clipper c i rcu i t  w a s  devised, which was designed by Morse of NBS 

and the author and b u i l t  by the author. 

sferics of a short duration and records "hiss". 

the c i r cu i t  diagram. 

The system eliminates 

Figure 13 shows 

"he R l  controls the phase of the clipped pulse. The R 2  i s  

the gain control, t he  R3 i s  the pulse height bias  setting, and the 



R4 i s  t h e  p o s i t i o n  con t ro l  f o r  t h e  E s t e r l e i n  Angus recorder .  

Figure 14 shows a block diagram o f t h e  e n t i r e  VLF system a t  t h e  

South Pole @orommi, 1961q. 

Magnetometer 

A cathode r a y  tube 6462 was used t o  measure t h e  magnetic 

f i e l d  e l e c t r i c a l l y .  

attempt was made t o  c a l i b r a t e  t h e  system. However, t h e  s e n s i t i v i t y  

w a s  abuut 300 7 p e r  inch. 

'Ilhe e l e c t r i c a l  d r i f t  was r a t h e r  l a r g e  and no 

The d e t e c t o r  w a s  placed about 300 f e e t  fran t h e  science 

bui ld ing  t o  avoid in t e r f e rences ,  

of t h i s  kind i s  u s e f u l  f o r  t h e  b r i e f  measurement of t h e  magnetic 

f i e l d ,  whereas t h e  standard photographic magnetometer r e q u i r e s  

processing before  the  measurement. 

%e d i r e c t  reading magnetmeter 

The c i r c u i t  was o r i g i n a l l y  designed by W. Haugh of NBS, and 

modified by Morozumi f o r  cu r ren t  use. 

c i r c u i t  diagram. 

Figure 15 shows t h e  modified 

The de tec to r  could measure Z, H, o r  F, according t o  t h e  

o r i e n t a t i o n  of t h e  tube axis r e l a t i v e  t o  t h e  f i e l d  vec tor .  



111. SUMMARY OF THE DATA OBTAINED 

A. Visual Program. 

About 6,500 v i s u a l  cards  were obtained from Apr i l  16 t o  

September 8, 1960. Also, 600 pages of ex tens ive  visual  sketches 

of t h e  aurora  with simultaneous observations of VLF h i s s  were 

made on t h e  MIT research  notebooks. The sky condi t ion  was reported 

by t h e  member of t h e  USWB every hour. 

B. All Sky Camera. 

The All Sky Camera was i n  operation from Apr i l  16 t o  

September 8, 1960. 

t h e  opera t ion  t o  t h e  end of t h e  spring t w i l i g h t .  

feet of T r i - X  f i l m  were obtained. All t h e  conten ts  were reviewed 

by  t h e  author  and t r ans fe r r ed  t o  IBM punch cards  by Mrs. Del;ong 

The 5577 in te r fe rence  f i l t e r  was used t o  extend 

Five thousand 

Of WDC-A. 

C. 35-m Color and B/W Aurora Photographs. 

About 200 co lo r  p i c t u r e s  of the aurora  were taken with 

Super Ektachrome. 

white aurora  photographs 

Wi-X w a s  used t o  t ake  about 1,000 black  and 
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D. 

E. 

F. 

G. 

If. 

I. 

Photometers . 
1 . Meridian Photometer 

2 . Directional Photaneter 

3. A l l  Sky Photometer 

Magnetogram. 

vI;F Recorder. 

Cosmic Ray Monitor. 

Bt-ush Recorder 

Recorder Speed 

3/4 in .  per hour 

3/4 in. per hour 

3/4 in. per hour 

3/4 in.  per hour 

3/4 in .  per hour 

3/4 in.  per hour 

1 mm per second 

5 r o l l s  each 

5 ro l l6  each 

4 r o l l s  each 

7 r o l l s  each 

3 r o l l s  each 

1 r o l l  each 

7 r o l l s  each 

All USCGS data and a par t  of NBS C-3 ionosonde data 

and Stan-vI;F data were microfilmed f o r  future analysis. 
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I V .  DATA CODIFICATION AND RF,DUCTION 

A l l  auro ra  d a t a ,  except spectrograph d a t a ,  and o ther  

important geophysical  parameters were t abu la t ed  i n  t h e  manner 

d iscussed  below and t r a n s f e r r e d  t o  t h e  IBM punch cards  at t h e  

Corne l l  WDC-A. 

The following information w a s  immediately a v a i l a b l e  from 

t h e  IBM cards.  

The a u r o r a l  beginning, peak and ending time, measured by 

t h e  All Sky photometer. 

manner with t h e i r  magnitude. 

c e r t a i n  serial number from t h e  beginning of t h e  season. 

590 s e t s  of d i s turbances  were counted during t h e  1960 season. 

Then t h e  e n t i r e  sky w a s  divided i n t o  48 s e c t o r s  t o  l o c a t e  t h e  

a u r o r a l  pos i t i on  exactly.  

A l l  Sky camera d a t a  by using a movie e d i t i n g  machine. 

d a t a  were a l s o  combined. 

major ca tegor ies .  

or three sub-classes. 

A l l  magnetic bays were l i s t e d  i n  t h e  same 

Each disturbance w a s  assigned a 

About 

This  information was reduced from t h e  

The v i s u a l  

Auroral forms were l i s t e d  under e i g h t  

Such ca t egor i e s  were f u r t h e r  divided i n t o  two 

The b r igh tness  of t h e  aurora  was reduced from t h e  All Sky 

Photometer da t a  and t h e  Visual Data. 

br ightness .  

There a r e  two types of 

One is the  b r igh tness  of t h e  A l l  Sky r e l a t i v e  t o  t h e  
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q u i e t  n igh t  sky. 

a u r o r a l  form r e l a t i v e  t o  the  background. 

Second is t h e  br ightness  of the  p a r t i c u l a r  

The motions of t h e  aurora  were reduced from t h e  v i s u a l  

d a t a  and the  All Sky Camera f i l m .  

c l e a r l y  d i f f e r e n t i a t e d .  

whole, second is t h e  more complicated, r a p i d ,  l o c a l  motion. E n t i r e  

d a t a  reduct ion  was done by t h e  author. 

Two k inds  of motions were 

One is the  motion of t h e  aurora  as a 

Cloud da ta  were provided from t h e  USWB. Ehtire magnetic 

The d a t a ,  inc luding  K p lane tary  and K south pole ,  were l i s t e d .  

i n t e n s i t y  of VLF'hiss was recorded on magnetic tape and sca l ed  

a u r a l l y  by Morse of NBS. 

by an ana lyzer  at Stanford University, 

VLF h i s s  i n t e n s i t y  w a s  recorded continuously,  t h e  q u a n t i t a t i v e  

information of which w a s  l i s t e d .  The C-3 ionosonde da ta  f o r  t h e  

types  of E F and the  t o t a l  absorption w a s  taken from t h e  f-plot .  

I n  a d d i t i o n  t o  t h e  above information,  d a i l y  average temperature,  and 

t h e  s u n ' s  and t h e  moon's angles  were recorded. 

Such d a t a  are now being analyzed at t h e  Corne l l  Univers i ty  

Figure 16 shows a t y p i c a l  d a t a  

A p a r t  of the audio spectrum wa6 reviewed 

I n  add i t ion  t o  t h e  t a p e ,  

s min 

and t h e  S t a t e  Universi ty  of Iowa. 

shee t  showing one day ' s  summary. Seventy n ine  columns were used 

t o  t r a n s f e r  t h e  above information t o  the  punch card.  

impossible  t o  analyze a l l  of t he  above d a t a ,  w e  s e l e c t e d  a few items 

Since i t  is 



of i n t e re s t ,  namely, t he  co r re l a t ion  between VLF and aurora.  

The following information is  the  key f o r  decoding Figure 16 

1. Universal  time. All events  are l i s t e d  under t h e  ind ica ted  

t i m e ,  e.g., 0100 included 0100 t o  0159. 

3. 

4. 

5. 

2. "he beginning of t h e  event i n  minutes. 

square i n d i c a t e s  magnetic ac t iv i ty .  

i n d i c a t e s  au ro ra l  a c t i v i t y  measured by the  All Sky Photometer. 

The peak t i m e  of  t h e  event.  

The number without 

The number with square 

6 .  

7. 

8. 

9. 

The end of t h e  event. 

The d i sp lay  serial number, counted from the  beginning of t h e  

1960 aurora  season. 

The mode of a u r o r a l  i n t e n s i t y  d i s t r i b u t i o n  vs. time. 

The loca t ion  of t h e  au ro ra ,  the sky divided i n t o  48 sec to r s .  

Form of t h e  aurora  i n  17 classes. 

I n t e n s i t y  of the  aurora.  

form, - v i n d i c a t e s  t he  A l l  Sky b r igh tness  r e l a t i v e  t o  t h e  

q u i e t  n ight  a i r  glow l e v e l .  

- 0 ind ica t e s  t he  b r igh tness  of a 

10. . Motion of t he  aurora  i n  two categories .  

11. Cloud number, name of t he  cloud. 

12. USCGS magnetometer data .  

13 9 Stanford VLF data.  

14. VLF h i s s  peak t i m e .  

15. VLF h i s s  amplitude. 

16. vI;F h i s s  durat ion.  
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17. VLF chorus. 

18. VLF whis t le r .  

19. Universal  time. 

NB. 

punch card  column numbers. 

fol lowing analysis is made, therefore ,  from 3432 cards.  

The above column numbers a r e  not  analogous with t h e  IBM 

We made ca rds  on hourly bas i s .  The 



V. ANALYSIS OF TKE RESULTS 

I n  t h e  a n a l y s i s  of t h e  da t a ,  an at tempt  w a s  made t o  

e l imina te  a l l  poss ib le  in t e r f e rence ,  

from t h e  winter  n i g h t s  with r e l a t i v e l y  few clouds i n  t h e  sky. 

cloud observat ions were made by members of t h e  USWB every hour. 

t h e  opaque coverage w a s  l e s s  than seven-tenths, t h e  d a t a  were considered 

t o  be va l id .  

and t h e  l u n a r  e l eva t ion  was less  than 14  degree6 south.  S ix ty-s ix  

p e r  cen t  of June,  J u l y  and August da ta  m e t  t h e  above requirements,  

which w a s  equivalent  t o  1425 cards.  

on t h e  IBM 101 at Cornel1 WDC-A. 

Thus t h e  d a t a  were selected 

"he 

When 

The s o l a r  depression angle w a s  more than 11 degree6 

The d a t a  were coded and computed 

The r e s u l t s  a re  t abu la t ed  i n  Tables I and 11. K is t h e  SP 
average K index at the  South Pole. F is the  F l a y e r  minimum 

r e f l e c t i o n  frequency. &mora has two columns. A u r - 1  shows t h e  

average i n t e n s i t y .  

as K 

F 1. 

m 

The method of computation is  exac t ly  t h e  same 

The weight of each point  is as follows: V 4, B 3 ,  M 2,  and 
SP 

m m b a l l  e t  a l . ,  19fl A u r - 2  shows the  percentage of a l l  

au ro ra  presented i n  a given one hour period. 

of i n t e n s i t y  of more than 1.5 i n  t h i s  computation. 

l i m i t a t i o n ,  i t  w a s  d i f f i c u l t  t o  s ee  the d i u r n a l  change due t o  t h e  

We s e l e c t e d  au ro ras  

Without t h i s  

f requent  occurrence of auroras .  
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TABLE I1 

VARIOUS EVENTS AS A FUNCTION OF K 

1 1.27 3 3 1 7 2 1 

2 1.25 1 13 8 12 0 9 

3 1.43 20 20 13 21 1 14 

4 1.65 42 15 25 28 4 14 

5 1.64 52 25 25 20 11 13 

6 1.85 54 43 23 23 11 43 

7 2.94 57 43 21 14 0 21 
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It is  clear from the tables that the intensi ty  dis t r ibut ion 

and Occurrence dis t r ibut ion of aurora are quite different.  Percent- 

age Occurrence of E00 U.T. f o r  example, i s  about the same as tha t  

of 0200 U.T. 

doubled a t  0200 U.T. 

However, the intensity of the aurora i s  almost 

Fran t h i s  example, we see innnediately that the 

midnight displays are mostly consisted of brighter auroras than the 

noon auroras. 

frequent than noon auroras (Figure l 7 A )  . 
However, an occurrence of midnight auroras is  less 

HA,B and RA,B are 

hanogeneow arcs  and bands, short ray arc and bands respectively. 

The r stands f o r  long rays and coronas. The B i s  the ionospheric 

t o t a l  absorption. 

In order t o  see the results from the different  points of view, 

And lastly the W hiss  occurrence is  sham. 

Table I1 was constructed. 

Then we plotted Figure 17 f r m  Table I. In  the figure, we 

see the diurnal variation of the following: 

a Aur-1, solid l ine .  Aur-2, dotted l ine.  

b Magnetic K index. 

C Hmcgeneous arcs  and bands. 

d W hiss.  

e Ung rays and coronas. 

f Ionospheric absorption of letter B Etlas of Ioncgram, 

195r measured by C-3 ionosonde. 

The abscissa of the graph indicates the universal time. The magnetic 

midnight i s  04:40 U.T. 



The percentage occurrence was canputed by taking the r a t i o  
I 

of the number of the events to the t o t a l  nmiber of cards a t  each 

one-hour interval (Table I). 

6 3  cards correspond t o  one hour's da t a .  

Since there are 1425 cards, about 

There are two aurora peaks in the d i u r n a l  variation curve 

Figure 18 shows typical 24 hour records of (Figure l7A). 

auroral l i g h t  by (a) zenith and (b) all-sky photmeter. 

filters were used in ei ther  case. 

represent the d iurna l  curve of Figure 17A. 

U.T. midnight or about three hours before the magnetic midnight 

was mostly due t o  HA, HB type of aurora which usually went through 

a typical  auroral display sequence. 

No 

Note that these data well 

The peak at around 

Note the s t a t i s t i c a l  agreement between the diurnal varia- 

t i on  of VIF h iss  and HA,B type of aurora, which suggests t ha t  

the above phenanena i s  locally observed fran the geographical 

point of view. 

Considering the physical significance of such a correlation 

mlis, 1957; Gallet, 195q, a close examination of these s t a t i s t i c a l  

results were made by one-to-one correlation study. 

There are two classifications of arc and band type auroras. 

The first class  is the display of arcs and bands without prminent 

development. The other type is  arcs and bands which were folluwed 
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by bre&-ups. However, i n  e i ther  case, h i s s  w a s  associated with 

the display i n  more than 50 per cent of the cases when bright HA, 

HB aurora and intense h i s s  were selected (Figure 17). 

Figure 19 shows a general relationship between the magnetic 

VLF and aurora data. 

Sky camera data fo r  Figure 19. 

the spectrum of the auroral h i s s  compared with the quiet time 

spectrum are shown i n  Figure 23. 

w a s  recorded when arc and band type of aurora of the f i r s t  class 

appeared, Figure 24. 

photometer white l i gh t  data was superimposed on the VLF data t o  see 

the time sequence between the two events, Figure 25. Note a sharp 

VLF h i s s  peak (about two minutes duration) i n  the beginning of the 

auroral development. The same event was magnified by a fast speed 

recorder, Figure 26. The corresponding A l l  Sky camera data, Figure 

27, showed tha t  the VLF h iss  peak time coincided with the  HA, HB 

Figures 20, 21 and 22 are corresponding A l l  

I n  reference t o  Figures 19 and 20, 

Such a u r o r a l  hi66 noise intensi ty  

To i l l u s t r a t e  the second class ,  A l l  Sky 

stage of the auroral development. However, when aurora broke up 

in to  an active form and arrived at the zenith, VLF h iss  intensi ty  

decreased a great deal i n  sp i t e  of an increase i n  the auroral t o t a l  

l i g h t  intensity. The same associations were shown elsewhere 

@rozumi, 1961b, Morozumi, 1966. I n  Figure 27 the magnetic north 

. is l e f t  and west is bottom of the frame. A glow i n  the direction of 
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t h e  magnetic west i s  twi l igh t .  

which is a long exposure i n  t he  automatic data cyc le  t o  check 

f a i n t  auroras.  

Disregard the  exposure of 2244 U.T,, 

When t h e  second c l a s s  of au ro ra l  d i sp l ay  and t h e  VLE' h i s s  

w a s  s t u d i e d ,  hiss peak c l e a r l y  preceded t h e  a u r o r a l  l i g h t  peak i n  

71 per cent  of t h e  cases. The average time l ead  w a s  8.5 minutes, 

The c e s s a t i o n  of t h e  s i g n a l  may be due t o  t h e  ionspher ic  absorption 

H. Martin e t  al . ,  1966 or r ad ia t ion  p a t t e r n  of t h e  source. 

The dura t ion  of t h e  South Pole h i s s  is  extremely s h o r t  

compared with t h a t  of the low l a t i t u d e  h i s s ;  average dura t ion  w a 6  

11 minutes. 

The secondary peak of aurora  d i u r n a l  occurrence at around 

U.T. noon, o r  a few hours before t h e  magnetic noon, w a s  dominated 

by s e r i e s  of sporadic long r a y s  and corona, Figure 17%. 

The c h a r a c t e r i s t i c  of such aurora is its low luminous 

i n t e n s i t y  and an as soc ia t ion  with large ionospheric e f f e c t s .  

Usually the  F minimum frequency increase  is q u i t e  prominent, 

I). 

t ime,  Figure l7F. 

of both types. 

au ro ra  and long rays at t h e  same time with VLF h i s s .  It seems t h a t  

when unusual depar ture  of magnetic K p l ane ta ry  index from t h e  average 

(Table 

Most of t h e  ionospheric nondeviative absorp t ion  o c c w s  at t h i s  

The aurora i n  between these  two peaks a r e  mixtures 

Therefore,  w e  may observe a r c  and band type of 

- 1  I 

- i  

- I  
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value takes p lace ,  t h e  r egu la r  d iurna l  v a r i a t i o n  p a t t e r n  discussed 

above may be d i s tu rbed  a great dea l  and non-hiss type of aurora  

may appear at around U.T. midnight, when hiss- type of au ro ra  

usua l ly  dominates and v i ce  versa.  

showed t h a t  62 pe r  cent  midnight (magnetic midnight 4:40 U.T. 

aurorae  without h i s s  were a t t r i b u t e d  t o  t h e  r a y  type. 

28 and 29 show an example of r ay  type auroras .  

charac te r ized  by t h e  appearance of unusually high F minimum 

frequency i n  C-3 ionosonde data.  

Close examination of t h e  F p l o t  

F igures  

Such aurora  w a s  

,The following is a t y p i c a l  q u a l i t a t i v e  desc r ip t ion  of  t h e  

I n  t h e  beginning, a au ro ra  event with h i s s  from t h e  v i s u a l  log. 

f a i n t  t r a c e  o f . h i s s  starts t o  appear on t h e  recorder.  

may last f o r  awhile i n t e rmi t t en t ly .  

e i t h e r  glow or f a i n t  HA on t h e  northern magnetic horizon. A 6  t h e  

h i s s  i n t e n s i t y  becomes h igher ,  homogeneous a r c  changes t o  i n t e n s e  

bands. 

s h o r t  f i n e  ray- l ike  s t r u c t u r e s  start t o  appear on t h e  a u r o r a l  bands. 

These s h o r t  ray- l ike  s t r u c t u r e s  move very rap id ly .  

of t h e  VLF h i s s  seems assoc ia ted  with t h e  b r igh tness  of t h e  au ro ra  

and its motion. The noise  eeems loud when the  b r i g h t e r  end of the 

band changes its shape. 

with au ro ras  with p inkish  lower borders. 

A weak h i s s  

The aurora  at t h i s  time is 

The motion of t he  aurora  is mostly lateral. Then very 

The i n t e n s i t y  

Extremely in t ense  noise  is o f t e n  a s soc ia t ed  

Within f i v e  t o  f i f t e e n  
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minutes,  a l l  the  forms break up i n t o  r a y s  and d rape r i e s ,  advancing 

southward very rap id ly .  Af te r  the  break-ups, VLF h i s s  usua l ly  

Stops. The f a c t  is i n  good agreement with the  r e s u l t  from the 

q u a l i t a t i v e  ana lys i s .  

Once the  aurora  a t t a i n s  the  m a x i m u m  a c t i v i t y ,  t h e  d i sp lay  

decays by leaving  patchy luminous sur faces  i n  the  sky. 

however, another  no ise  burs t  is observed, which again is as soc ia t ed  

with t h e  aurora  a r c  and bands. 

than two hours ,  average i n t e r v a l  of about 70 minutes. 

Sometimes, 

The per iod of recurrence w a s  less 

To summarize, we found c lose  c o r r e l a t i o n  between VLF h i s s  

and the  a u r o r a l  a r c s  and bands a t  the south geographical pole. The 

VLF h i s s  does not seem t o  be c h a r a c t e r i s t i c  of a l l  auroras ,  bu t  has 

a s p e c i a l  a s soc ia t ion  with au ro ra l  a r c s  and bands. 

a r c s  and bands were usua l ly  observed i n  the  beginning of t he  d i sp lay ,  

t he  d e t a i l e d  inves t iga t ion  of VLF h i s s  may he lp  the  s tudy of t h e  

cause of the  noise  i t s e l f  and a l s o  the cause of t he  primary 

e x c i t a t i o n  mechanism of a c e r t a i n  type of auroras.  

Since au ro ra l  

I n  t h e  next chapter  we review b r i e f l y  the  poss ib l e  mechanism 

f o r  production of r a d i o  noises  and assoc ia ted  phenomena. 

- 1  



VI. THEORIES OF RADIO WAVE EMISSION FROM 

PLASMA AND ASSOCIATED PHENOMENA 

Consider the energy conservation between photons and 

kinetic energy of the particle. The radio wave emission or photons 

will be produced at the expense of the kinetic energy of the particle. 

The reverse is the acceleration of the particles at the expense of 

photon energy. 

First we review the radio wave emission mechanisms. They 

a r e  

1. 

2. 

3. 

4. 

5. 

6 .  

Plasma oscillation 

Bremsstrahlung 

Cerenkov radiation 

Cyclotron emission 

Synchrotron radiation 

Traveling wave tube 

Mechanisms 1 through 3 do not require external magnetic 
- I  

field. 

accelerator, i.e. magnetic bremsstrahlung. Microscopical~y, particles 

are losing their kinetic energy by Cerenkov process to the photons 

in theory 6 .  

However, 4 and 5 are familiar phenomena found in particle 

We consider briefly the reverse phenomena which may be of 

interest, namely, the acceleration of particles at the expense of 



photon 's  energy. 

is a good example. 

I n  t h e  high energy reg ion ,  Compton s c a t t e r i n g  

The o ther  p o s s i b i l i t y  is  Landau damping. 

1. Plasma o s c i l l a t i o n :  

The mechanism of charged p a r t i c l e  o s c i l l a t i o n s  t o  account 

f o r  t h e  anomalous s c a t t e r i n g  w a s  detected and discussed by Tonks 

and Longmuir, &929 .  - 
Consider a bounded plasma region under t h e  condi t ion  

descr ibed by Tonks e t  al . ,  where the  negat ive and p o s i t i v e  p a r t i c l e s  

are d i s t r i b u t e d  evenly. The r e s u l t a n t  space charge is zero.  Then 

t h e  e l ec t rons ,  due t o  t h e i r  l i g h t  mass, w i l l  o s c i l l a t e  about t h e i r  

equi l ibr ium pos i t i on  i f  t h e  n e u t r a l i t y  of t he  charge i s  d is%ributed  

i n  any manner. 

Suppose t h e  e l ec t ron  displacement from the  i n i t i a l  p o s i t i o n  

is 7 and t h e  boundary planes t o  be X1 and X2, t h e  l i m i t  i n  t h e  

change of t he  e l ec t ron  concentrat ion A n  is 

a r  an =-n - 
a X  

The r e s u l t a n t  space charge c r e a t e s  an e l ec t ron  f i e l d  which can 

be ca l cu la t ed  from Poisson 's  equation 

- 1  



Since  

This  

t h e  space charge f i e l d  i s  zero when t h e  displacement is 

i e l d  which a c t s  on t h e  e l ec t rons  arises s o l e l y  from t h e  r 

displacement and is a long i tud ina l  f i e l d  i n  t h e  d i r e c t i o n  of t h e  

displacement. 

Applying t h e  f o r c e  l a w ,  

ze ro  
- 1  

Thus t h e  frequency of t he  plasma e lec t ron  o s c i l l a t i o n  is a func t ion  

of t h e  e l e c t r o n  concentration m e l d ,  1956; Condon, 1 9 s  and 

From t h e  rocke t  observations m i e d m a n ,  1 9 g ,  n may be 

6 
h. t o  /cm3 ( 2 0 0  k m )  

From t h e  emission mechanism B a m b e r l a i n  , 196-6, only 

e l e c t r o n s  a r e  considered at t h i s  height. 

Some of t h e  observa t iona l  f a c t s ,  such as t h e  motion of t h e  



i n t e n s e  a u r o r a l  s t ructure  and h i s s  noise ,  e t c . ,  are a t t r a c t i v e  t o  

t h e  plasma o s c i l l a t i o n  theory.  However, i n  genera l ,  q u a n t i t a t i v e  

i n t e r p r e t a t i o n  of plasma o s c i l l a t i o n  is d i f f i c u l t  B k e f i  and Brown, 

2. Bremsstrahlung: 

Balloon and rocket  f l i g h t s  detected X rays of 10 t o  100 kev, 

which is a t t r i b u t e d  t o  t h e  Bremsstrahlung from t h e  primary a u r o r a l  

e l e c t r o n s  &&I Allen, 1957; O'Brien, 1966. 

C l a s s i c a l  ca l cu la t ion  of bremsstrahlung f o r  e lectron-ion 

encounters are s a t i s f a c t o r y  i n  rad io  frequencies  a l s o  f i k e f i  and 

Brown, 1966. 

The frequency of emission is  

where Vi, V a re  t h e  i n i t i a l  and the f i n a l  ve loc i ty  

Radio emission may a r i se  from fast secondary 

f 

E m b e r l a i n ,  1966. 

Fur ther  p o s s i b i l i t i e s  of bremsstrahlung w i l l  

under cyc lo t ron  and synchrotron rad ia t ion .  

3 .  Cerenkov r ad ia t ion :  

of t h e  p a r t i c l e s .  

e l ec t rons ,  

be d iscussed  

The ex is tence  of Cerenkov r ad ia t ion  is w e l l  e s t ab l i shed  at 

o p t i c a l  f requencies ,  when a fast charged p a r t i c l e  t r a v e l s  through 
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an optical medium whose refractive index i s  greater than the 

r a t i o  of the velocity of the l igh t  t o  the par t ic le  velocity, i.e. 
~ 

C Irv > 

c c o w  =- 
' I v  

where 8 is the angle between one field and the electron's velocity 

vector @amberlain, 19a. The radio wave emission from the . 

Cerenkov radiation was discussed by Marshall and Ellis mis, 
1957b; Marshall, 19557. 

This radiation can be predicted as a solution of Maxwell's 

equation f o r  a charged par t ic le  i n  uniform rect i l inear  motion 

through a nedium i n  which the velocity of the electramgnetic 

radiation is  less than the par t ic le  velocity. 

not a f'unction of the mass of particle B t h e r ,  1951; Panovsky 

and Phillips, 1957. 

The radiation i s  

Canplex refractive index of magneto-ionic medium i s  given 

by Appleton's equation 

x 2 q =  I -  - 
I - i Z -  I -X- iz ( I - x -  ; z)z 

2 V 
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x 

z 

Y =  

f i t c l i f f ,  1959, p. @. - 
However could be simplified to 1 
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fo r  the longitudinal extraordinary mode De l l iwe l l  and Morgan, 

195g canbining equations 1 and 3, we obtain 

If Vw 2 c i s  2 Kc/s /-hllet, 1957, w will be .k5 and 9.42 Kc/s 

when wh/2 i s  9.84 Kc/s. 
d 

The radiation pattern of Cerenkov emission is  maximum along 

E ,@ather, 195v. 

4. Cyclotron emission : 

The cyclotron emission is a noncollisionalmechanism such 

tha t  the mean f ree  path must be long enough for a par t ic le  t o  

make a canplete turn between collisions under the magnetic f i e ld .  

Non-relativistic expression of the frequency i s  

I n  contrast t o  bremsstrahlung, cyclotron emission i s  

anisotropic. I n  general, it i s  e l l ip t ica l ly  polarized @kefi  and 

Brm, 1 9 q .  

The radiation pattern i s  maxjmum along B, i.e., B ' s  

maximum, where S i s  Poynting vector. When the angle between B and 

S i s  go0, the  wave not only changes i t s  amplitude but also changes 
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i t s  original frequency due t o  the existence of electrons i n  the 

path . 
We may be able t o  explain a long duration of l a w  la t i tude 

h iss  by t h i s  transverse mode of hiss propagation as par t ic les  

d r i f t  don@; longitude. 

signal i s  greatly modified i n  such cases. If the optical  depth 

i s  more than unity, the radiation w i l l  be tha t  of a Black body. 

Of  course, the frequency of the received 

Cyclotron emission i s  one of the poss ib i l i t i es  f o r  the 

VLF hiss  emission. 

the resultant frequency could be a continuum. 

frm the expression of frequency, which i s  a function of B. 

Proton cyclotron emission frequency i n  the earth f i e ld  i s  

calculated by M o n s  /‘igw, which is  in  the order of 800 cps or 

lower. 

5. Synchrotron radiation : 

Although an individual frequency is  discrete, 

This i s  apparent 

ELectron cyclotron frequency varies from 1.5 MC t o  few Kc/s. 

When the velocity of the particle approaches that  of l ight ,  

the radiation frm the cyclotron mechanism changes i t s  pattern 

Allen, 1 9 q .  The frequency of the emission must be corrected 

with the r e l a t iv i s t i c  mass. 

i n  the higher harmonics of gyrofrequency. 

correction must also be made for  the duration of one pulse fo r  

the computation of Fourier integral Ban Allen, 1 9 q .  

Most of the radiation energy resides 

The r e l a t iv i s t i c  doppler 
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The radiation pattern i s  maximum i n  the plane of gyration 

Banofsky and Phill ips,  195y. 

!the expression f o r  the maximnu frequency i s  

where B is  i n  gauss and E i n  k v  D k e f i  and Brown, l 9 a .  

The t o t a l  intensi ty  of radiation over all frequency i s  

P = 6.1 x i o  -221?~2 watts per electron D k e f i  e t  al., 19a. 

6. 'lkaveling Wave Tube Theory: 

The essent ia l  physics of the traveling wave tube i s  i n  i t s  

interaction of high energy plasma with the electromagnetic wave 

E i e r c e ,  195g. 

propagating electrauagnetic wave has a longitudinal component of 

electric. f i e l d  slmg +.he phase direc3ion of the prcgegatim. 

The condition for the interaction is that the 

The 

initial electromagnetic energy may cme from the thermal noise i n  

the exosphere or  any minute electranagnetic perturbation which i s  

amplified as they propagate. 

show that a t  re lat ively low frequencies the phase velocity can be 

as l o w  as c/100 i n  sane par t  of the atmosphere L W l e t ,  195g. 

those conditions, the canbination of the exospheric plasma and the 

magnetic f i e ld  plays the ro le  of very effective slow-wave structure 

Calculations f o r  whistler propagation 

For 

[=let, 195g. 



In the above case, t he  condition fo r  the amplification i s  

v = v  (1) where v is the phase velocity of the P P 
electruaagnetic wave; V i s  the velocity 

of the inccpning plasma. 

The local  refractive index is  

C and v = -  

Cmbining (1) and (3)  and solving for w gives 
P 7' 

Since the yaluz af the expressian 

(4) can be simplified with great accuracy t o  
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This equation i s  the basic expression of the theory. Thus the 

frequency emitted by the process i s  the function of the velocity 

of the plasma, the earth's f i e l d ,  and the density of the par t ic les .  

7. Landau damping: 

The reverse of the traveling wave tube theory i s  Landau 

damping, which i s  a mechanism whereby electrons whose thermal 

velocity i s  near the phase velocity of a plasma wave can abstract  

energy frm it b e k e f i  and Brown, l 9 a .  

0. Propagation of the signal i n  the magneto-ionic medium: 

S t m a t e d  t ransi t ions are more probable at  radio than a t  

optical  frequencies ,&tsushima, 1 9 q .  

12 IV The expression for the absorbing t rans i t ion  i s  B 

wheye BE i s  the Einstein coefficient. 

the radiation f i e ld  a t  the same time. 

The BZ1 Iv i s  induced by 

Therefore, two Einstein 

coefficients are related by 

where G i s  the s t a t i s t i c a l  weight. 2 
B21 G1 

BZ = - 

Cmbining the Boltzman formula 

so tha t  

- I  ~ 

- I  

- I  
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I 

1 

Hence the net absorption coefficient, dP , becomes 

In  the optical  region <!% w i l l  be neglected. 
-w 
e 47 However, i n  the radio range, the contribution from the 

term must be considered. Therefore, the radiation induced 

emission becomes very large. 

w i l l  behave l i ke  an amplifier t o  the incident radiation, or 

negative absorption phenmena miss, 1958; Gordon e t  al., 1957. 

Under such conditions, the medium 

This mechanism was applied t o  the laboratory experiment. 

The MASER, microwave amplification by stimulated emission 

of radiation is  t h e  device which u t i l i ze s  the above principle 

m r d o n  et  al., 1955; Smith, l 9 q .  The theory is  applied t o  

the production of radio 

19537 

Various theories 

mechanism of the plasma 

waves from aurora by Twiss miss, 

were reviewed. 

oscil lation i n  

If we assume the excitation 

the ionosphere Ehamberlain, 

1 9 a ,  the computed frequency of emission i s  too high f o r  the VLF 

hiss .  

- I  

Cerenkw radiation i s  a good possibi l i ty .  If t h i s  i s  the 
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case, the  r a d i a t i o n  should appear t o  come from the  zen i th  of t h e  

observer.  

below 1.5 Mc/s. 

magnetic zen i th  of t h e  observer. However, i n  case of a 

synchrotron mechanism t h e  r a d i a t i o n  i s  a minimum i n  t h e  d i r e c t i o n  

of  B. 

E lec t ron  cyc lo t ron  mechanism could emit f requencies  

This r a d i a t i o n  also appears  t o  come from t h e  

I n  any case ,  t h e  traveling-wave-tube type ampl i f ica t ion  

may be tak ing  p l ace  i n  t h e  exosphere. 

a q u a n t i t a t i v e  measurement of t h e  power emit ted from t h e  source 

and accu ra t e  measurement of t h e  s p e c t r a l  d i s t r i b u t i o n .  

For f u r t h e r  s tudy  w e  need 

- I  



VI10 IESCUSSION AND CONCLUSION 

The aurora i s  believed t o  be the visual excitation of the 

gases in the upper atmosphere by energetic incaning par t ic les .  

It i s  estimated tha t  auroral particles take twenty t o  t h i r t y  hams 

t o  t ravel  f'ran the sun t o  the earth [Wlein,  e t  al., 1 9 g .  

Cmbining Meinel's observation &exon, e t  al., 195y and the 

absorption of Ca 

be around 2-3000 km/s. 

+ 
ion B t r a ,  195g, the par t ic le  velocity must 

Recent observations showed evidence of dumping of high 

energy electrons of 40 t o  100 kev a t  an al t i tude of 1000 Inn at 

high la t i tude  E'Eirien, 1 9 g .  

In  order t o  account f o r  the large difference of the velocity 

of the par t ic les  i n  the above t w o  measurements, the energy exchange 

between electramagnetic waves and the kinetic ener,T af the 

par t ic les  was considered. 

plausible theory on this mechanism, we were able t o  arrive at  few 

characterist ics of VLF by the following reasoning. 

auroral observations were limited in  the vis ible  range (see 

Figure 5 ) ,  any observation which has a diurna l  Occurrence r a t i o  

proportional t o  the auroral occurrence must be limited i n  the same 

geographical range. 

Although w e  were unable t o  advance 

Since the 
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I Judging f r a n t h e  close agreement of VIF hiss  and the 

auroral  diurnal variation curve, we think that VLl? h i ss  may be 

propagated in a quasi-longitudinal mode. 

The strong diurnal recurrence suggests the solar origin 
I 

of the observed phenmena. 

Therefore, the most favorable interpretation of the observa- 

t ions may be the canbination of the cyclotron and Cerenkov theories 

with the Helliwell-Gallet theory. Considering the large range of 

possible emission regions, the frequency of the emission may very 

w e l l  vary between a f e w  kc/c t o  mc/s. 

I 
I 

I Further, we conclude that those par t ic les  which are injected 

at  around magnetic mid-night are capable of producing an intense 

h iss  and the band type of aurora. 

concentration of the ionospheric current i n  or above these band 

type of aurora. A careful analysis of the magnetogram and the 

all sky camera data showed such relationships (see Figure 30). 

In the  figure, a t  the time a, the edge of the aurora is about 

t o  pass the zenith. The aurora i s  overhead at the time b. 

The last edge of the auroral band passed through the zenith a t  

There must be a strong spa t ia l  

the time 

other time. 

at  around magnetic noon (roughly corresponds t o  loca l  noon a t  l o w  

C. W e  w i l l  study t h i s  interesting topic a t  sane 

On the other hand, those par t ic les  which are injected 
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l a t i t ude )  are capable of producing large ionospheric effects,  such 

as non-deviative absorption, etc.  Probably the occurrence of such 

aurora decreases as the la t i tude decreases not only due t o  the sun- 

l igh t  but a l so  due t o  the l a w  magnetic r ig id i ty  of the par t ic les .  

we should observe more ray type Suppose t h i s  is  the case: 

aurora and less arc type aurora inside the aurora zone. 

fore, we may receive less VLF h iss  there. 

There- 

Since the noon aurorae are caused by the direct  solar wind, 

the location of the rays are sporadic, whereas the midnight 

Burorae are w e l l  f mused by the earth's f i e ld  . 
The abwe model a l s o  explains the s h i f t  of aurora taward 

the magnetic pole a t  magnetic noon. Therefore, aurora must have 

an antisymmetric zone which may rotate with the sun. 

The general conclusion arrived a t  on the colllparison between 

two auroral m a x i m a  f rm t h i s  study is sham i n  Table 111. 

Now, in order t o  explain the HA,B type of auroras and VIF 

hiss  diurnal curve (Figure l7), we assumed a curved path of the 

solar par t ic les .  One of the most striking points i s  the sudden 

decrease of HA,B type of auroras and VLF h iss  occurrence after 

magnetic midnight. 

hours before magnetic midnight. 

15 degrees per hour, three hours corresponds t o  45 degrees eas t  of 

The diurnal curve showed a peak a t  about three 

Since the ear th  rotates  about 
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.TABLE I11 

Auroral 
Occurrence 

Auroral 
Brightness 

Duration of 
Display 

Auroral Forma 

Auroral 
Location 

VLF 

I onsphere 

Geomagnetism 

MIDNIGHT 
Peak 

Less  frequent 

~- 

Bright 

Long 
1 2 hours 

Arcs and bands with 
frequent break-ups 

~~- 

Mostly northern 
horizon, large dis- 
plays advance 
toward south 

Strong h iss  

Blackout only with 
bright auroras 

Large deflection 
only with bright 
auroras 

NOON 
Peak 

Frequent 

Less  bright 

Sporadic 

Long rays and 
c or ona 

Mostly zenith 

ChOrUS 

Blackout or high F 
minimum 

Frequent perturba- 
t ions of s m a l l  ampli- 
tude + 
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the magnetic meridian. If our interpretation i s  correct, the 

possibi l i ty  of solar par t ic le  penetration increases gradually 

u n t i l  the apparent location of the sun is  45 degrees east  of the 

magnetic meridian and decreases rapidly. 

l i t t l e  or  no chance for  solar particle penetration a f t e r  magnetic 

midnight . 
There should be very 

Wan t h i s  study, we see clearly that  VLF technique is  a 

powerful new method of observing the solar corpuscular radiation. 

Mfferent frm the auroras, the VIF technique is  independent of 

local interferences, such as clouds, moonlight, and twilight. 

Hawever, one large disadvantage i s  the existence of the ionosphere, 

which i s  optically transparent but opaque t o  radio waves of cer- 

t a i n  wave lengths. 

Thus it i s  desirable t o  carry out VLF eqerbnenta t im from 

space vehicles above the ionosphere. 

the t rue spectrum and exact location of the VLF source i n  space, 

which w i l l  undoubtedly give more infomation, not only on the emission 

mechanism but a lso the relationship between Van Allen par t ic les  and 

the aurora. 

Such measurement w i l l  provide 

Frm a theoretical  point of view, understanding of the VU? 

phenanena requires a vast amount of knowledge on the xgagneto-ionic 
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medium. 

l o w  energy photons and the kinetic energy of the particles, for 

example, is indeed an interesting subject. 

The energy exchange between the electromagnetic wave or 
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