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Progressin Explaining the Mysterious Sounds
Produced by Very Large Meteor Fireballs
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Abstract — Strange sounds, heard simultaneously with the sighting of bril-
liant meteor fireballs many tens of kilometers distant, have been an enigma
for more than two centuries. The term " electrophonic sounds™ is now widely
used to describe them and distinguish them from the normal sonic effects
heard after thefireball has passed by. A physically viable explanation for me-
teor fireball electrophonic sounds has been developed and verified by obser-
vation and experiment. The history of this neglected branch of meteor science
is presented in some detail, drawing attention to the difficulties which stood in
the way of asolution until fairly recently.

Introduction

The entry into the atmosphere of alarge meteor fireball isone of the most awe-
some natural phenomena that a human being can witness without being greatly
endangered. The largest and most spectacular meteor fireballs are very rare
events, and few people ever see oneduring their lifetime. For about ten percent
(Lamar and Romig, 1964) of those who do witness a very luminous meteor
fireball, the mental impression is heightened by strange swishing, hissing and
popping nhoises coincident with its passage across the sky. Such sounds are
quite anomalous in that they imply acoustic propagation at the speed of light.
Thisanomaly wasfirst recognized more than two centuriesago, and has defied
explanation until quite recently. It isthe purpose of this essay to relate the long
history of observation of anomalous sounds from bright meteor fireballs, and
to recount the course of events which led to a viable physical solution of the
mystery.

But first, terminology. For reasons that will emerge, the anomal ous sounds
heard to accompany the flight of a meteor fireball will from here onwards be
called el ectrophonic sounds to differentiate them from the acoustically propa-
gated booms and rumbles which are heard from seconds to minutes after the
light of thefireball has extinguished. Electrophonic sounds should not be con-
fused with the electrophonic effect, otherwise known as electrophonic hear-
ing, which relates to the sensation of hearing arising from the passage of an
electric current of suitable magnitude and frequency through the body (Adri-
an, 1977; Walker, 1988). Also, in the interests of brevity, the word bolide will
be used in lieu of "large, bright meteor fireball”, since that is its accepted
meaning.
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History

The first lucid account of electrophonic sounds related to the flight of a
bolide originated from Chinain 817 A. D. At the same time asit was seen, the
bolide made"anoise likeaflock of cranesinflight" (Astapovich, 1951; LaPaz,
1958). It is very probable that electrophonic sounds were heard in more an-
cient times. Some of the celestial noises mentioned in the writings of early au-
thors such as Hesiod and in the Christian Bible (for example Acts 2:2) may
well have been electrophonic of bolide origin.

Thereis no doubt about the el ectrophonic effects of alarge bolide seen over
England on the 19th of March, 1719. Edmund Halley (1719) reported some
eye-witnesses "hearing it hiss as it went along, as if it had been very near at
hand," but he dismissed such claims as™the effect of purefantasy." Thisrejec-
tion is related to Halley’s realization, by careful triangulation from many ob-
servations, that "they abundantly evince the height thereof to have exceeded
60 English miles", which isfar too distant for sound waves to arrive instantly.
Halley was one of thefirst to show that meteors occur at a great height com-
pared to most other atmospheric phenomena and that their velocity was "in-
credible", being " above 300 such milesin aminute."

During the next half century there were two further accounts of electro-
phonic bolides in the Philosophical Transactions of the Royal Society (Short,
1740 and Pringle, 1759) and another drawing attention to what now would
seem to be electrophonic sounds emitted by an intense auroral display (Der-
ham, 1727).

In the year 1783 a spectacular bolide passed over Scotland, eastern England
and part of Europe (for arecent evaluation of this event and its importance to
meteor astronomy, see Beech, 1989). Many reports of electrophonic sounds
were gathered by the Secretary of the Royal Society, Thomas Blagdon (1784).
Blagdon, a former army surgeon who was quite familiar with the delay be-
tween the flash and the boom of distant artillery, was, like Halley, perplexed by
the simultaneous perception of hissing sounds with the visual appearance of a
bolide more than 50 miles distant. He was so convinced of the veracity of the
witnesses that he did not reject the anomaly and decided that he' would leaveit
asapoint to be cleared up by future observers." Again, following Halley, Blag-
don did adisservice to the subject by suggesting that the sound perception may
be psychological through "an affrighted imagination." These conclusions, by
eminent men, bedeviled studies of electrophonic sounds for two centuries.

It must berealized that the views of Halley and Blagdon were circumscribed
by the limits of existing scientific knowledge: by 1784, Coulomb had not yet
discovered the fundamental law of electrostatics, and afurther century wasto
elapse before Hertz demonstrated the existence of radio waves.

Over the intervening period there were a number of inconclusive reports of
electrophonic sounds from bolides and similar hissing noises from very bright
aurorae. The great Leonid meteor shower of November 13th, 1833, gaverise
to many reports of sounds accompanying some of the largest meteors. Denison
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Olmsted (1834, 1835), Professor of Mathematics and Natural Philosophy at
Yale, gathered many reports and wrote, " The sounds supposed to have been
heard by afew observers, are ... represented either as a hissing noise, like the
rushing of a sky rocket, or as slight explosions like the bursting of the same
bodies. These comparisons occur too uniformly, and in too many instances, to
permit us to suppose that they were either imaginary or derived from extrane-
ous sources."

About ayear after Hertz' experiment, aletter to Nature from Samuel Sexton
(1885) drew attention to the similarity of sizzling, hissing and buzzing sounds
to theaffliction of tinnitus aurium, suggesting this to be the explanation for au-
roral sounds.

Even when electric fields and radio waves became well understood, the so-
lution to the problem of instantaneous sounds from bolides remained elusive.
The only evidence was anecdotal and the incidence of the sounds remained
highly capricious, being sometimes heard by only one or two members of a
group of eye-witnesses in close proximity to each other. This feature of the
electrophonic bolide sounds, together with their simultaneity with a visual
event tens to hundreds of kilometers away, undoubtedly led respected meteor
observers such asW. E Denning (1903) to uphold Halley and Blagdon’s judge-
ment, despite the existence of a number of reports suggesting otherwise, such
as"Whilewalking in my garden my attention was attracted by adistant hissing
sound, and on looking up | saw the meteor' (quoted in Denning, 1903).

Although "W. F. Denning was one of those rare amateur astronomers who
achieved world-wide respect and fame in several areas of astronomy ... heis
probably best remembered today for his work in the field of meteor astrono-
my"* (Beech, 1990). Therefore Denning’s conclusion that **hissing and similar
noises ... may be dismissed as imaginary,” and is an " observational illusion™
(1907) carried considerable weight among meteor scientists. He later likened
auroral sounds with electrophonic sounds from meteors, stating, " They areei-
ther imaginative or due to causes not directly connected with the phenomena
observed" (Denning, 1915).

Such was the climate of opinion when a spectacular bolide lit up the night
sky of almost the entire State of Texas on thefirst of October, 1917. Engineer-
ing Professor J. A. Udden of the University of Texas gathered more than 60 re-
ports of the event with the intention of locating itsimpact point somewhere in
central Texas. He noted that "' Several parties who saw the bright body at adis-
tance of about 200 miles (320 km) or less, report hearing a swishing or buzzing
sound, which seems to have been simultaneous with the appearance of the
light." After analyzing nine reports of these sounds, he concluded (1917a), "'If
these observations are not subjective, the cause of the sound may perhaps be
sought in either waves that, on meeting the earth, or objects attached to the
earth, such as plants or artificial structures, are in part dissipated by being
transformed into waves of sound in the air." His very apt conclusion was evi-
dently prompted by one of the observers who* seems to refer this sound to ob-
jects attached to the ground” (Udden, 1917b).
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Udden's perceptive hypothesis was not readily tested because of the rarity
of electrophonic bolides at any given location. Every few years areport of an
electrophonic bolide would appear in a scientific journal and, without first-
hand experience of the event, all ameteor scientist could do wasto gather and
collate such reports. One such was Udden's fellow American, C. C. Wylie,
Professor of Mathematics and Astronomy at the University of lowa, who
wrote an article " Sounds from Meteors™ in Popular Astronomy (1932). In it,
Wylie asserted "' The explanation is without doubt psychological.”

Infollowing Denning rather than Udden, Wylie was undoubtedly influenced
by hisearlier investigation of the large bolide seen over central Illinois in July
1929. He concluded his summary of that event (Wylie, 1929) with the para-
graph "Many letters report a swishing or hissing sound. Some report other
noises; but we often have from the same community a definite report that no
sound was audible to some one sitting on a porch where everything was quiet.
Further, thereis no mention of an appreciableinterval of time between the ap-
pearance of the meteor and the hearing of the sound. In all cases the interval
should have been minutes. Hence, none of these sounds can be accepted as
from the meteor.”

Later, Wylie (1939) embellished his case by lumping electrophonic bolides
with other, better founded, examples of psychological errors affecting meteor
reports from the general public. He also claimed that persons knowing that a
meteor must be fifty or more miles away never report hearing such sounds.

The negative opinions of acknowledged meteor experts such as Denning
and Wylie led many meteor scientists to shun the subject of electrophonic
bolides. Among the exceptions was H. H. Nininger (1939), one of the first
prominent meteor scientists to begin “to regard the matter as a problem in
physics rather than psychology™ and to " finally become convinced of thereal-
ity of such sound where the environment of the observer is favorable."
Nininger based his view on the" Many cases (that) are on record wherethein-
formantsinsist that the sound attracted them from behind or within buildings,
and, in some instances of daylight meteors, the sound was commented upon
before any light was seen or known about.”

Nininger had earlier (1934) proposed " that there may be, in connection with
meteors, ethereal as well as aerial propagation of sound." In hislater paper he
revealed, "In 1934, Mr. EImer R. Weaver of the U. S. Bureau of Standards sug-
gested to me in conversation that possibly ether waves are transformed into
sound waves upon striking objects in the environment of the observer."
Nininger went on to report that it is a matter of common knowledge among
radio engineers that many different kinds of object, in the vicinity of powerful
radio transmitters, serve as receivers, ' sometimes giving out very good repro-
ductions of programs which were being broadcast.” In these instances the
radio signals were being rectified by the objects in order to demodulate and
produce the audible sounds. Similar speculations involving microwave and
millimeter-wave energy were presented by Anyzeski (1946).
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Weaver's hypothesis came tantalizingly closeto success: it was not accepted
for want of evidence of radio signalsfrom even thelargest bolides. Nor had he
been explicit about his suggested transformation process, so the subject re-
mained open to speculation.

Returning now to the problem of nomenclature, Nininger (1939) proposed
"that 'ethereal' be used as a designation for sound produced by the natural
transformation of ether waves into audible sound™ suggesting that he, too,
must have been closeto realizing how such sounds may be heard. Soon after, in
1940, Professor Peter Dravert, of Omsk University, introduced the term ‘elec-
trophonic fireball' (Bronshten, private communication) and this quite rapidly
became the accepted practice in describing such events.

Barringer and Hart (1949), in discussing the mechanism of soundsfrom me-
teors, were unimpressed by psychological arguments. After summarizing the
"mass of data'’ available, they concluded that "a meteor's audible accompani-
ment can scarcely be dismissed as a product of the imagination of the visual
observers." They presumed that such sounds were carried by radio waves and
estimated that alarge bolide could easily dissipate energy at the rate of several
gigawatts. Of thishighlevel of energy, thethermal radio wave component was
far too weak leading them to consider that the light of the bolide might be
modulated at audiofrequencies. This, of course, led to severe problems of gen-
eration and detection mechanisms quite unknown to science. They retreated to
suggesting that the ionized wake of the bolide" may reasonably be expected to
give off radiation of the intragal actic type," probably alluding to the early dis-
coveriesin radio astronomy of hissing signals of extra-terrestrial origin.

Barringer and Hart's suggestion was taken up in a serious way by Hawkins
(1958a, b), who conducted a search for radio emissionsfrom meteors at sever-
al frequencies, namely 475, 218 and 30 MHz and also at 1 Hz using a magne-
tometer. The meteors Hawkins observed had visual magnitudes between -1
and +5. He concluded "Thus it is probably true to state that meteors do not
emit radio noise within the frequency range 1 Hz - 500 MHz above the limits
of sensitivity of these measurements. Meteors therefore show a surprisingly
low efficiency in converting kinetic to radio energy."

In the meantime, the problem of electrophonic bolides was under scrutiny in
the Soviet Union. The most notable work was undertaken by Professor I. S.
Astapovich, who compiled an extensive catalog of electrophonic bolides and
drew several important conclusions from his detailed investigations
(Astapovich, 1958): only bolides brighter than -9 absolute visual magnitude
produce sustained el ectrophonic sounds; the majority of reports noted that the
bolide trgjectories had very small inclinations to the horizontal; and, since al
of the bolideswere observed at mid-latitudes, their low inclinations meant that
they were moving at alarge angle to the earth's magnetic field lines. Other So-
viet scientists noted that the sharp crack or " peal’ sometimes heard is always
associated with the disintegration and detonation of the bolide. They consid-
ered these soundsto beapurely psychological effect, but accepted the physical
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reality of other electrophonic sounds from bolides (see Romig and Lamar,
1963, p. 53). The controversy over the nature of electrophonic sounds was
contested as strongly among Soviet meteor scientists as it was in Western
countries: Academician B. Yu. Levin supporting the psychological explana-
tion, while Astapovich, an ardent defender of the reality of electrophonic
sounds, argued in favour of aphysical explanation (Bronshten, personal com-
munication).

In areview article, the experienced meteoriticist L. LaPaz (1958) observed
that opinion had turned strongly towards accepting with Udden the objective
reality of anomalous meteoritic sounds. He attributed this as a possible result
of the "ever-increasing amount of prompt, first-hand interrogation of numer-
ous witnesses of large fireball falls" and noted that "several attempts have
been madeto give rational explanation of their cause."

Such was the situation when the United States Department of Defense de-
cided that the matter should be examined, not least because it was well known
from the literature on the subject that Soviet scientists were actively investi-
gating naturally occurring el ectrophonic phenomena. A contract was awarded
to the Rand Corporation, which assigned Mary Romig and Donald Lamar to
the work. Their "study was motivated by the possibility that a better under-
standing of these phenomena will lead to new techniques for determining the
size, nature and path of any large body entering the earth's atmosphere™
(Romig and Lamar, 1963).

Romig and Lamar's 65-page unclassified report presented 88 references, a
catalog of 41 anomalous-sound observations with seven detailed maps (their
Appendix A), and afurther catalog of 63 Russian observations (Appendix B).
Their detailed study of the evidence available was, and still is, essential read-
ing for any student of the subject. However they reached no firm conclusion on
the physical mechanism for producing the sounds except to attribute them to
an " electromagnetic disturbance,” and recommended that "'the properties of
the plasma sheath and ionized wake should be the subject of further research."
Romig and Lamar gave no indication of the generation process other than to
state (without a reference) that *"the presence of turbulence can greatly en-
hance normal plasma radiations.” AsRomig and Lamar's report wasinconclu-
sive, many meteor scientists continued to invoke the time-honored psychol og-
ical explanation for electrophonic soundsfrom bolides.

At this point it is worth summarizing the difficulties which faced any inves-
tigator studying el ectrophonic sounds, specifically those from bolides:

1. They arerare. Few people have ever heard them, either from bolides, au-
roraeor lightning. Nor has anyone ever had the good fortune to have had
atape recorder in readiness to record them.

2. They are evidently capricious. Not all witnesses in a group may hear
them.

3. Their propagation isinstantaneous, implying transmission at the veloci-
ty of light, but no electromagnetic disturbance had been known to pro-
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duce sound except for electrostatic brush discharges. Such discharges
do not propagate over distances of up to 300 km.

4. No electromagnetic disturbance of sufficient magnitude had ever been
detected from large bolides or aurorae.

5. The method of conversion of electromagnetic radiation into sound was
quite obscure.

6. No physical mechanism was known for the production of strong electro-
magnetic radiation from bolides or aurorae.

Thisis where mattersstood prior to theinitial resolution of the problem pub-
lished by the author in 1980 (Keay, 1980b).

The Great New South WalesBolide of 1978

On the morning of 1978 April 7, the dark moonless night sky above eastern
New South Wales became as bright as day when alarge bolide arriving from
the southwest passed over the city of Sydney and headed seaward past New-
castle (Keay, 1980a). Despite the early hour, ninety minutes before sunrise,
hundreds of witnesses deluged the news media with telephoned sightings. The
bolide reached a maximum brightness of at least -15 mag (absolute) and many
observers were temporarily blinded by it.

As usual with such a bright bolide event, there were a number of reports of
strange sounds heard while the bolidewasin view. At first | rather fashionably
dismissed these as a psychological effect, until persuaded otherwise by some
clear examples of sounds being noted prior to any visual acquisition of the
bolide or itslight.

At Rose Bay, Sydney, 20 km from the ground track of the bolide, S. Mc-
Grath "Heard a bang before seeing the light. It was like a person in the next
apartment slamming a door like a screen door: rather rattley but not loud."
This witness had time to get to awindow and watch the bolide recede and dis-
appear.

At Edgecliff, Sydney, 20 km from the ground track, A. Hayes "Heard a
noise like an express train or bus travelling at high speed. Next an electrical
crackling sound, then our backyard was aslight as day."

At Vaes Point, 40 km from the ground track, J. Ireland *"Heard asound like
an approaching vehicle and saw aflash of light (from behind hisright shoulder)
as everything was lit up like daylight."

At Kotara, Newcastle, 40 km from the ground track, N. Jones heard a noise
likea" phut" when the bolideflared, but "It was not loud enough to wake any-
one." However a friend standing by the door on the other side of their car

heard nothing.
Other impressions of the sound simultaneous with the sighting were "aloud
swishing noise"; ""a humming sound like atransformer or distant siren™; "'like

steam hissing out of a railway engine for a count of about ten"; "a swishing
sound like the onset of an unexpected high wind"; and "a low moaning,
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whooshing transcribable on ataperecorder." It ismost unfortunate that atape-
recorder was not immediately availableto the latter witness.

Publicity surrounding the 1978 bolide elicited recollections from witnesses
of earlier bolides, who provided descriptions of simultaneous sounds quite
similar to the above examples. It became clear to me that the psychological ex-
planation was not realistic and a physical explanation had to be sought.

The Search for an Explanationof Electrophonic Sounds

Clearly, the transmission of energy from a bolide to the vicinity of an ob-
server of electrophonic sounds must be by electromagnetic means. High elec-
trostatic fields causing audible brush discharges may not be ruled out, but it is
difficult for these alone to explain electrophonic sounds heard well over 100
km from the ground track of abolide travelling at an altitude of only 30 or 40
km. Electrostatic fields produced by meteoroids entering the atmosphere ver-
tically have been studied by Ivanov and Medvedev (1965) who showed that the
induced potentials over distances of the order of the scal e height may be sever-
a hundred voltsfor large meteoroids, hardly enough to cause el ectrophonic ef-
fects.

Sustained electrophonic sounds accompany bolides in trajectories having
very small inclinations (Romig and Lamar, 1963) rather than very steep or ver-
tical paths. In the latter case, sounds of an electrophonic nature are generally
of very brief duration.

The work of Hawkins, already referred to, was widely considered to rule out
the generation of electromagnetic radiation by meteors, at least at the frequen-
cies examined. However it seemed to meentirely plausiblethat very large me-
teors which penetrate low into the atmosphere — bolides — could excite plas-
ma oscillations not possible with the smaller bodies at higher altitude which
were observed by Hawkins.

A literature search disclosed instances where bolides produced no electro-
magnetic radiation at frequencies in the broadcast band and above, up to at
least the microwave region of the spectrum (Keay, 1980b). On the other hand,
the acoustic effects suggest that the el ectromagnetic energy may lie within the
audible range from 100 to 10,000 Hz, in which case no rectification is needed
to detect the signals: simple transduction suffices. There exists no observa-
tional evidence ruling out em radiation at frequencies in the ELF/VLF range,
so energy transfer in thisregion of the spectrum was accepted as aworking hy-
pothesis, with transduction to acoustic energy taking place close to or within
the hearing organs of some observers (Keay, 1979). The response to this idea
was mixed: a prominent meteor scientist dismissed it with the words, "Or is
this a more fruitful field for psychologists rather than physicists?* (anon.,
1979).

At this point, it should be noted that Romig and Lamar (1963) did suggest
"that the sound is electrically transmitted and transduced near the observer."
Equality of frequency was not implied because they elsewhere employed the
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word transduction for examples where the em frequency did not lie in the
audio frequency range. In alater paper, Romig and Lamar (1964) mentioned
the possibility that " perhaps the electromagnetic waves act directly on the
brain.” But Lamar and Romig (1964) claimed (without references) that " There
are also many individuals who report that the sounds seemed to have originat-
ed from surrounding objects rather than the fireball." Ingalls (1967) quotes a
Cornell Radiophysicist, Dr. B. W. Hapke, who, with his wife, witnessed an
electrophonic bolide. He stated, " The hissing and crackling noises were defi-
nitely associated with the meteor, although we cannot be sure whether or not
they appeared to be coming from the meteor or from all around us."

Evidence for direct transduction of ELF/VLF em radiation into sound has
been available from at least two sources. Lightning strokes emit em energy
over a very broad spectrum and for many years instances of “vits,” "clicks"
(McAdie, 1928) "tearing noises”" and " swishes" (Cave, 1926) preceding thun-
der have been reported. The latter are probably due to arapid increase in the
geoelectric field just prior to the discharge (Schonland, 1964), but the sharp
sounds are usually coincident with the flash. Similar clicks are said to be heard
at the instant of atmospheric nuclear weapon detonations from which the
strong em pulse is well studied and known to peak at around 12 kHz (Johler
and Morganstern, 1965).

The Electromagnetic Energy Gener ation Process

A large bolide shedsits kinetic energy at rates upwards of tens of gigawatts.
Itsluminousefficiency, afunction of velocity and composition, is of the order
of afew percent. lonization is of the same order, while the remaining energy is
mainly liberated as heat. The extremely high energy density residing in the
plasma trail should excite all oscillatory modes possible, including those at
frequenciesin the audio range (ELF/VLF radiation). The problem is to discov-
er aredlistic generation mechanism. One possibility appeared to be through
excitation of ahybrid-mode magnetohydrodynamic wave within the plasma of
the bolide trail. For atypical ion density of 10% m™ at an altitude of 30 km, the
plasma frequency is of the order of 10" Hz, in the microwave region of the
spectrum. lon cyclotron oscillations in the Earth's magnetic field have a very
low frequency, about 100 Hz, but they are prevented by the high collision fre-
quency of at least 10® Hz.

Turning to the possibility of bulk oscillationsin thetrail plasma generating
Alfven waves, the collision frequency at the above altitude in afully ionized
plasmaat a temperature of 5500° K isfound to be 1.5 x 10'? s”!. Thisyields a
conductivity

2
0= -75x10°Gm™" (1)
m,v,

Assuming an effective oscillating column length across the trail of 200 m,
and taking, from the chosen altitude of 30 km, atypical valuefor thetrail den-
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sity of 2x 102 kg m™*, the Lundquist number, which determines the likelihood
of magnetohydrodynamic wave generation (Alfven and Falthammar, 1963), is

Lu=BLS [Fo _¢ s )
2n° \p,

Thisisquiteinsufficient, asit needsto be much greater than unity.

In the search for other possible generation mechanisms the production of
the pulse of electromagnetic radiation from a nuclear explosion was investi-
gated. Of the principal mechanismsdiscussed by Price (1974), thoseinvolving
X- and gamma-radiation may be ruled out for bolides. But the third mecha-
nism, involving the expulsion of the geomagnetic field from the ionized re-
gion surrounding the bolide, bears examination.

The ratio of thermal to magnetic energy per unit volume in the plasma
sheath of the bolide is given by

%S"—RZ ~13x10° 3)

B°M
where the molecular weight M is taken as the standard value of 29 and the
strength of the geomagnetic field B is taken as 0.3 gamma (3 X 10°G). This
indicates that the energy density in the sheath is 8 orders of magnitude greater
than the geomagnetic field energy density and therefore the geomagneticfield
iseasily pushed aside by the bolide.

The geomagnetic field expelled from the plasma sheath surrounding a
bolide leaks back into the trail plasma at a rate which may be estimated from
skin depth considerations. It can be shown that the expelled field will pene-
trate the bolidetrail plasmain atime no greater than

2
1, =ﬂa;&=5x10‘3s (4)

where r,istheinitial trail radiuswhichistaken as 1 meter for amagnitude -16
bolide and total ionization is assumed as an upper limit. This result indicates
that the geomagnetic field can be expelled only from thefirst few tens of me-
ters of the bolide trail. The power radiated amounts to no more than u,Av,
where A is the cross-sectional area of the plasma and v is the bolide velocity.
Thisyieldslessthan 100 wattsfor abolide of magnitude -16, aconsequence of
the trail expansion expending most of itsenergy doing work against the ambi-
ent air pressure rather than against the geomagnetic field. Clearly, the mecha-
nisms which operate to produce VLF radiation from a nuclear fireball are
unimportant for ameteor fireball unlessit is of comparable size and energy.




Explaining Electrophonic Meteor Fireballs 347

Asindicated, theinitial expulsion of the geomagnetic field is very tempo-
rary and thefield leaks back into the plasma only a short distance behind the
bolide body during the brief interval beforethe onset of wake turbulence. The
re-established field isthen controlled by plasma motion provided the magnetic
Reynolds number Re, iswell above unity.

Assuming theinitial scalesizeof theturbulenceZ,, isof the order of thesize
of the bolide itself, around 1 meter in diameter, the velocity of the turbulent
motion v, isone tenth of the velocity of the bolide, and the conductivity has
the value given above, the magnetic Reynolds number is

R,=H,L,v,=20 (5)

This value is adequate for the transfer of the abundant turbulent wake ener-
gy into magnetic field energy for aslong as the electrical conductivity remains
high.

The turbulent motions in the wake have characteristic frequencies upwards
of v,/2nL,, around 500 Hz, as energy is transferred to smaller eddies. The tur-
bulence excites vibrations of the geomagnetic field giving rise to the emission
of electromagnetic radiation in the ELF/VLF region of the spectrum. A major
release of stored magnetic energy occurs when the conductivity falls, dueto
recombination or electron attachment as the plasma cools and the magnetic
Reynolds number falls to less than unity. The twisted and tangled " magnetic
spaghetti** then relaxes, releasing its strain energy as vibrations of the geomag-
netic field within the earth-ionosphere cavity. These field vibrations have
wavelengthsof theorder of 100 km, corresponding to an electromagnetic wave
frequency of 3 kHz.

The above mechanism for the generation of electromagnetic radiation from
large bolides is in accord with the observational finding that only very large
bolides give rise to reports of electrophonic sounds. Astopovich (1958)
claimed that only those bolides having an absolute visual magnitude brighter
than -9 produce sustained electrophonic sounds. This empirical criterion has
since been upheld by model calculations (Keay, 1992a) based on the need for
the bolide to penetrate the atmosphere deeply enough to produce a turbulent
wake (see, for example, ReVelle, 1979) in order for geomagnetic field trap-
ping and scrambling to occur.

Soon after the development of the above bolide radiation mechanism by the
author (Keay, 1980b) it was confirmed by Bronshten (1983a and b), who
showed that a typical electrophonic bolide of magnitude -13 could generate
well over amegawatt of radio power in the ELFIVLF region of the spectrum.

Electrophonic sounds have been reported from bolides fainter than magni-
tude -9. The sounds are usually of brief duration coincident with flaring or an
explosion. Under these circumstances the expansion of the plasma fireball,
still travelling forward at high velocity, would create the turbulent conditions
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necessary for the generation of radio waves. Japanese observers (Watanabe,
Okadaand Suzuki, 1988) have succeeded in photographing alarge Perseid me-
teor (a borderline bolide) which exploded and produced an electrophonic
"phut" sound, while simultaneously from two other locations radio records
were obtained (see Keay, 1992c). This was a remarkable feat given the rarity
and random incidence of electrophonic bolides which makesit very difficult to
record their radio emissions.

Turning now to other electrical and el ectromagnetic phenomena associated
with meteor flight, Bronshten (1991) has conducted an exhaustive investiga-
tion of such effects, concluding that the problem isfar from a solution. Many
attempts have been made to investigate electric fields and currents in meteors
and their trails without conclusive results. Claims that meteors can produce
transient pulses in the geoelectric field (Hopwood, 1989) have not been inde-
pendently verified.

The Electrophonic Sound Transduction Process

It iscommon knowledge that high el ectrostatic fields make dry hair stand on
end. Human el ectrophonic hearing (the direct perception of electrostatic fields
varying at audio frequencies) has been reported (Sommer and von Gierke,
1964) but the field strengths required are large: several kilovolts per meter.
Tests undertaken in an anechoic chamber with 44 volunteers to check their re-
sponse at frequencies of 1, 2, 4 and 8 kHz showed quite wide variability be-
tween subjects (Keay, 1980c). The findings of Sommer and von Gierke were
confirmed for the least sensitive subjects. At the higher frequencies, 4 and 8
kHz, the greatest sensitivity was shown by three subjects (2 female) whose
common characteristic was very loose or "frizzy" head hair. Their threshold
peak-to-peak electric field strength was 160 V/m. Another subject (male) was
found to be 3to 4 db more sensitive at 2 and 4 kHz when wearing glasses.

These findings point towards external transduction near to the ears as being
more effective than internal electrophonic hearing processes. Thisisborne out
by Sommer and von Gierke’s observation that it proved extremely difficult to
eliminate direct acoustic radiation from the electrodes employed. This was
also truein the abovetests, which required acoustic insulation to suppress elec-
trode sounds. Later it became clear that such electrically excited sounds were
really those being sought! Interestingly, Ingalls (1967) alludes to the same
problem in his similar tests, which "failed to produce effects which which
could be attributed to other than normal aural pathsfrom 20to 20,000 Hz."

In the same anechoic chamber, tests were al so conducted to check the ability
of the volunteers to hear magnetic fields varying at audio frequencies. Up to
peak magnetic fields approaching 0.1 mT (the maximum attainable with the
equipment available) there was no significant response from any of the sub-
jects.

Later, in another anechoic chamber, tests were conducted to test a number of
mundane objects, including vegetation, for their ability to act as transducers
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(Keay and Ostwald, 1991). Under electric fields of 400 kV m™ peak-to-peak
varying at 0.5, 1, 2 and 4 kHz, samples including aluminium cooking foil and
typing paper produced sound levelsin the 40 to 60 dB (SPL ref. 20 micronew-
ton m) range, while sprigs of casuarina pine and coastal myrtle produced
from 10 to 25 dB (SPL). These represent minimal responses because the sam-
ples were not shaped or mounted in any special way to enhancetheir transduc-
tion ability. Of course, larger or more extensive amounts of the sample materi-
als could be expected to produce similar sound levels at lower levels of
electrical excitation. Furthermore, objects having resonant frequencies of vi-
bration in the audio range would exhibit an enhanced response and color the
sounds emitted.

Fromtheabovetestsit isclear that for mundane objects, which may beclose
to observers of electrophonic fireballs, their transduction efficiencies may
vary by ratios of more than 70 dB (power) accounting to some extent for the
seemingly capricious incidence of reports of electrophonic sounds. This is
borne out by the loudness range of witness reports, which span acoustic power
levels (assuming the transduction occurs close to the observer) from aslow as
20dB (10" watt), ""barely audible hissing”or "like a very faint sighing,” to at
least 80 or even 90 dB (10~ watt). For example, from quite different locations,
three independent witnesses of the 1986 fireball over the south-west region of
Western Australia reported "a violent explosion," "very loud sounds” and "a
roar" during the passage and about 90 seconds later all heard the sonic boom
effects. A collection of over 100 electrophonic sound observations indicates
that reports of faint sounds are far more common than loud sounds, suggesting
that ambient noise levels mask el ectrophonic soundsin many instances.

Possibly Related Phenomena

Apart from the instantaneous sound occasionally heard to accompany a
lightning stroke, as mentioned earlier, the phenomenon most obviously related
to electrophonic sounds from bolides is the existence of many claims of
soundsfrom very bright aurorae. Although their existenceis hotly disputed by
many auroral scientists, accounts of such sounds date back at least one thou-
sand years (Dall’Olmo, 1980). The whole subject of auroral sounds has been
exhaustively investigated by Silverman and Tuan (1973) who conclude "that
the observational evidence supports the reality of auroral sounds and that the
most likely source of these seems to be brush discharges, and that these are
generated by aurorally associated electric fields." This was also the conclu-
sion of alife-long student of such sounds, the late Professor C.A. Chant of
Toronto (Keay, 1990). Very large electric fields of the order of 10 kV per meter
from intense aurorae have been measured (Olson, 1971) but the equipment he
used may well have been unable to rule out a large audio-frequency compo-
nent of thefield. Sixty years ago, Burton and Boardman (1933) reported bursts
of VLF emission accompanying flashes of auroral light and there have been
many similar observations since then proving that the polar regions of the
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Earth are at times a very strong radio source with power levelsin the gigawatt
region (Gurnett, 1974). Four possible generation mechanisms have been pro-
posed (Gurnett, 1978) and the subject isfar from resolved.

An intriguing phenomenon, which may also result in the direct transduction
of ELF/VLF electromagnetic energy into sound, is the correlation often re-
ported between strong radio emissions and subsequent earthquakes (Corliss,
1983). A number of reports mentioning a "rushing" sound preceding earth-
quake shocks were gathered by Milne (1841). More recent accounts of such
sounds may be lacking because of greater incidence of similar man-made arti-
factsreducing public alertness to sounds of seismic origin. However, audiofre-
guency electromagnetic disturbances associated with earthquakes have been
discussed in thisjournal (Parrot, 1990), while laboratory studies mentioned by
Johnston (1987), and others, show that rock fractures generate el ectromagnet-
ic signals. Cress and his coworkers (1987) recorded signals peaking in the
range from 900 Hz to 5 kHz. Field studies conducted by O’Keefe and Thiel
(1991) during large rock-blasting operations revealed a series of electrical
pulses with arepetition frequency as high as5 kHz and an amplitude of several
volts. The substantially greater energy release in an earthquake could be ex-
pected to generate signals many orders of magnitude higher in amplitude. The
connection has yet to be confirmed between these experimental observations
and the alarm frequently exhibited by animals immediately prior to an earth-
quake and, of course, the sparse reports of earthquake sounds by human ob-
servers.

Lastly, a phenomenon which is ailmost certainly identical to the subject of
this essay, was first reported when NASA space shuttles began landing in
Florida (Keay, 1985). J. Oberg and D. Potter of the Johnson Space Center
began receiving reports of people hearing a " swishing'" sound as the shuttles
re-entered the atmosphere over northern Texas and Oklahoma. Several at-
tempts to record the sounds and the radio signals were thwarted by mission
changes and the Challenger disaster. This quest has not yet succeeded, though
the relative predictability of space shuttle re-entries makes the deployment of
recording equipment more likely to be rewarded than for random bolide
events. The destructive re-entry of large rocket stages also may produce elec-
trophonic sounds: such areport was forthcoming from one of the witnesses (D.
Deane of Townsville, QLD) to such an event over north Queensland on the
early morning of 31 July 1992, when the Cosmos 2204 rocket reentered the at-
mosphere.

Conclusions

Physically acceptable explanations have now been found for each stage of
the transfer of energy at luminal speed from a bolide to the ears of a witness.
The explanations are, as yet, far from exhaustive, and thereis ample scope for
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further investigations. In particular, there is need for a comprehensive treat-
ment of the " magnetic spaghetti’* radio generation mechanism taking turbulent
plasma processes fully into account, and a need for thorough analysis of the
acoustic response of mundane physical objectstoimpressed electrical stress.

The collection of high-quality observational data is an important priority.
The difficulties of capturing records of bolide events are quite formidable
given their rarity. Also important for correlation with synoptic ELF/VLF
records are catalogs of electrophonic observationsfor which the times should
be as accurate as possible. This has long been recognized by Russian meteor
scientists who have now published five catalogs containing over 600 observa-
tions of electrophonic bolides (Bronshten, 1991). The only such catalog of
Western origin is contained in Romig and Lamar's (1963) comprehensive
study, although a new catalog containing more than one hundred entries has
been assembled and is shortly to be published by the author in the WGN Re-
port series of the International Meteor organization (Heerbaan 74, B-2530
Boechout, Belgium).

A limited search, with negative results, was conducted by Wang, Tuan and
Silverman (1984) using data collected from a VLF monitoring station at
Thule, Greenland. Thedistances from the bolide eventswerelarge and the fre-
quencies examined were probably too high. Thereis a pressing need for better
radio observations of bolides known to have been associated with confirmed
reports of electrophonic sounds.

Lastly, it isessential for geo-scientiststo take reports of audible phenomena
more seriously in order that some progress can be made in identifying the
physical mechanisms involved. The subject of electrophonic sounds from
bolides is now considered respectable within the meteor science community
(Keay, 1992b), and a similar shift in acceptance is now overdue within the
communities of auroral and seismic scientists.
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17-55F2.8 aps | 18-55F3.5-5.6STM aps  17|18:+1  35|35:+2 55[55:+2
17-55F2.8 aps | 55-250F4-5.6STM aps  55|70:+1
17-55F2.8 aps | 16-35FAL aps 17]/16:-2 35]35: 0
17-55F2.8 aps | 24-70FAL aps 35[35:+2 55|70:+2
17-55F2.8 aps | 16-35FAL ful  17|24:-2  35|35:-1
17-55F2.8 aps | 24-70FAL ful  17]24:-2  35|35:-1  55[70:-1
18-55F3. 5-5. 6STM aps | 16-35F4AL aps 18]16:-1 35]35: 0
18-55F3. 5-5. 6STM aps | 24-70F4AL aps 35[35: 0 55]70: 0
16-35F4AL ful | 16-35F4L aps  24|16:+1  35|24:+1
24-70F4L ful | 24-70FAL aps 35|24:+1 70|35:+2 70|70:+2
24-70F4L ful | 24-105F4L ful  24|24: 0 35|35: 0 70[70:+1
55-250F4-5. 6STM aps | 18-55F3.5-5.6STM aps  70|55:+2
55-250F4-5. 6STM aps | 70-200F4L aps  70]70:+1

70-300F4-5.6 0  aps | 55-250F4-5.6STM aps 70|70:+2 300|250:0
70-300F4-5.6 0  ful |[100-400F4.5-5.6L I ful  70/100:0 300|400:0
70-300F4-5.6 T  ful | 24-70FAL ful ~ 70]70:+1

x2. 2TOL XD
COFHEILA I/ ELGEICKELIMBALIZEZEICERAINET, 2LUTTHNIELFREAEE
MY FERA. GBBEEENEFDIHNOEED-HETIHI—F—ANELLFHEShTHEEA)

100-400F4. 5-5. 6L I ful : +5 70-300F4-5.6 1  ful:+5

24-70F4L ful :+4 16-35F4L ful:+4 24-105F4L ful :+3
16-35F4L aps:+3 17-55F2. 8 aps:+2 55-250F4-5. 6STM aps:+1
24-70F4L aps: 0 70-200F4L aps: O# 18-55F3. 5-5. 6STM aps: 0

10-22F3.5-4.5 aps: -2 10-18F4.5-5. 6STM aps:-4
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Letter — Entertaining meteor observations by a student group — 2016
Perseids by Meiji University students

Masahiro Koseki', Yoshihiko Shigeno?, Tatsuya Hiraizumi®

It seems group observing of meteors is not approved today. Aren’t the results of group observing useful? In our
opinion the answer is yes, group observing is entertaining and bears fruits well even if their first observation.
We show group observing by students can yield comparable results to veteran observer’s and, more, students are
encouraged to do further studies.

We examined the reports of Meiji University students including their first meteor observations and get rea-
sonable ZHRs and the magnitude ratios. It is suggested even chats during observations could stir up their morale
and they learn how to observe meteors in practice. This report is an answer from Japan for ‘A perspective on
the future of meteor astronomy’ discussed in IMO members.

1 Observations

Members of Meiji University Astronomical Club made an expedition for 2016 Perseids and stayed at Aizu Astraea
Lodge in Minami-Aizu heights Fukushima during 2016 August 10-16 (Figure 1). The list below shows the
participants of observations including those that are not meteor section members. Almost all freshmen experienced
their first meteor observations and many others also are not trained in it.

Figure 1 — Meiji University 2016 Perseids campaign participants.

They organized two teams of six for each time span; recorder, time keeper and four observers each. They
seated as shown in Figure 2 and two teams depart 10-15 m apart. When a meteor appeared, observers call
meteor magnitude and shower membership. Figure 3 shows a recoding sheet for an example.

They could observe Perseids only two nights August 11/12 and 12/13. Their Perseids campaign by the style
shown below has started since 2010 but resulted in failure three times 2011, 2014 and 2015, because summer
season in Japan is wet. Many Japanese observers were hindered by bad weather and by the existence of the moon
in evening sky 2016. They were even lucky in Japanese circumstances last year and enjoyed Perseids display of
bright meteors. Table 1 presents the summary results.

1 4-3-5 Annnaka Annaka-shi, Gunma-ken, 379-0116, Japan. The Nippon Meteor Society (NMS). Email: geh04301@nifty.ne.jp
2 5-6 Kizuki-Sumiyoshi, Kawasaki City, 211-0021, Japan. Meteor Science Seminar (MSS). Email: cyg@msswg.net
3 4-3-18 Nishinogawa, Komae City, Tokyo, 201-0001, Japan. Meiji University Astronomical Club.

Email: libra.h.tty.1040gmail.com
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Table 1 — Summary results of Perseids campaign 2016. Lm with an asterisk represents observations under moonlight.
Slashes in the duration columns show two groups started/ended observations independently and the duration differs.

Day Time Duration Perseids Sporadics Lm
(min) N HR Sum N HR Sum
11/12 21 40/43 2~5 2.8~17.5 24 0~5 0~75 21 2.89 ~ 4.67*
22 50 3~ 10 3.6 ~12.0 48 4~10 4.8 ~12.0 52 2.89 ~ 4.67*
23 50 7T~17 84~204 94 4~14 48~16.8 66 2.89 ~ 5.08
00 45/49 5~18 6.7~ 220 82 4~13 49~173 74 4.66 ~5.80
01 52 9~15 104~ 17.3 50 13~34 15.0 ~39.2 88 5.08 ~5.49
02 45/49 11~21 13.5~28.0 127 6 ~ 26 8.0 ~ 31.8 112 2.84 ~ 5.56
03 54 9~13 100~ 144 45 6~ 11 6.7~ 12.2 32 5.49
12/13 21 30/35 1~6 2.0 ~10.3 21 2~8 4.0 ~13.7 36 2.89%
22 35/50 7~12 84~189 73 4~17 4.8~29.1 70 2.89 ~ 5.08%*
23 50/55 8~20 8.7~24.0 99 3~10 3.6~10.9 48  4.66 ~ 5.08
01 54 28 ~31 31.1~344 120 16 ~25 17.8 ~27.8 84 5.08 ~5.56
02 50/60 15~26 16.0~31.2 174 6~17 7.0~18.0 100 5.08 ~ 5.80
Total 3984 957 783

The participants of 2016 Perseids campaign in Aizu
were as follows: Group 1

Freshman: Kazuki Aigo, Miyuki Aoyama, Tatsuki
Ashida, Hikaru Izhima, Miwa Ichikawa, Erika Imai,
Kentaro Okuma, Nagisa Okazhima, Sho Osano,
Momomi Kimmura, Kosei Kataoka, Ryota Kudo,
Akane Kuwakubo, Ikuya Satake, Takumi Sato,
Kaina Shibata, Mihoko Suzuki, Kota Tanikawa,
Koki Tsuda, Kaho Nagata, Shiyu Nakamura, At-
suya Nimi, Nobutaka Niwa, Rintaro Noda, Wataru
Hayasaka, Tichi Hirabayashi, Tomoaki Fujita, Yu-
dai Hojo, Atsuko Matsumoto, Hirohiko Mizuno,
Yuki Yamahash, Tichi Yokoe.
Sophomore: Atsushi Owada, Yu Ozawa, Soichiro A
Kato, Daiki Kimiduka, Tomohiro Kuno, Naoto !
Koyama, Takaya Saito, Akari Sakanashi, Shoseki, ' 10~15m apart
:
Y
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Kazuki Sugi, Yugo Tokino, Ryo Nagasawa, Ozora G 2
Nobata, Takumi Haba, Tatsuya Hiraizumi, Ryo roup
Moriya, Shuhei Yamakawa, Daiki Yonemochi.
Junior: Nanako Abe, Saki Izawa, Kazuki Ide,
Yu Iwase, Mayu Ueda, Yuka Utsumi, Rika Oki,
Azumi Ono, Mami Kawai, Maho Kawakami, Shino
Kimura, Reo Kotani, Maho Sasaki, Natsumi
Suzuki, Ryota Suzuki, Hiroko Sone, Masono Tak-
shima, Naoyuki Takahashi, Takayuki Teramura,
Keita Nawata, Anna Niwa, Seiichiro Hagino, Nat-
sumi Yoshida, Mitsfumi Yoshimura.
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2 Results from observations

2.1 ZHRs Figure 2 — The disposition of 2016 Perseids campaign.

Observations in evening hours were hindered much by

moonlight and the limiting magnitude records are wide

spread (Table 1). If we calculate ZHRs strictly by the records, they would reach unreliable values. It is necessary
to correct the record by the method described in following section (3.1 Limiting magnitude) and, then, we get
proper results as shown in Figure 4.

2.2 Magnitude ratio

If we corrected the observed limiting magnitude by following way (3.1 Limiting magnitude), we could get good
estimates of the magnitude ratio of Perseids also. There are two ways to estimate the magnitude ratio; compen-
sating the observed limiting magnitude to the ideal sky by Kresdkova’s (1966) perception coeflicient or comparing
magnitude distribution with sporadic one (see 2.2.2).
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Figure 3 — An example of the recording sheet of group observing. The first frame; Title, the second; Primary observational
records (Day, time, location, and so on.), the third; records for individual meteors (four observers’ magnitude estimates
are shown in each column with indication for Perseids by a circle.).
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2.2.1 Compensating by Kresakova’s perception

coefficient

We calculate ZHRs by the formula such as ZHR =
HRr™~"™0 /gin h, where HR is the hourly meteor rates,
r is the magnitude ratio, m is the observed limiting
magnitude (Lm) and my is set 6.5 usually. Here we
accept the hypothesis that we might see meteors in
proportion to the power of the difference between m
and mg. This means we consider the perception coef-
ficient would be shifted by the difference between m
and mg also.

One of the author, Koseki (2011) modified
Kresdkovd’s table to 0.1 magnitude bin interpolating
with the third power function. We use the modified
table to compensate the meteor number and estimate
the magnitude ratios for Perseids and sporadics (see
for an example Figure 5). We can estimate the mag-
nitude ratios from the slope of the drawn in the figure
for Perseids and sporadics 7per = 2.11 and rgpo = 3.15
respectively.

2.2.2 Comparing meteor numbers of Perseids
with sporadics

If we assumed the perception coefficient of Perseids
equals to sporadics, we could calculate the ratios of
Perseids to sporadics not using any supposed per-
ception coeflicient. Figure 6 gives an example from
the same observation period of Figure 5. If we use
Tspo = 3.5 based on Kresdkové’s result, we could esti-
mate rpe; = 2.14 from the slope of the line.

3 Problems

3.1 Limiting magnitude

As shown in Table 1 the observed limiting magnitudes
(Lm) differ very widely because of the disturbance of
the moonlight and of inexperience of observers to such
recording. IMO instructs to select the area in which
star number increases smoothly near Lm in order to
record Lm correctly. But, sometimes we need observa-
tions of major meteor showers when the moon is bright
or when city light hinders much. In such cases, we
cannot help using discontent areas and are confronted
with a difficult problem to estimate proper Lm.

We have two approaches to reach reasonable Lm;
the meteor magnitude distribution and the existence
of two independent observing groups in this case.

Firstly, we test observed magnitude distribution
and Lm by shifting Kresakova’s perception coefficient
at where we could get the proper magnitude ratio. Ta-
ble 2 lists the magnitude distribution of 8 observers
(see the second line of Table 1). It is clear they could
not recognize magnitude +3 meteors and magnitude

140 TZHR
® Meiji Univ.
X X X v
120 T IMO
100 T %
°
80 T o0
X
60 T ® . X
®* . °
40 T X e
® o
20 T
Solarlon
0 } } t ; : } } t y
1388 139.0 1392 1394 139.6 139.8 140.0 140.2 1404 140.6

Figure 4 — ZHRs calculated from students’ observation (black
circle) comparing with IMO VMDB (2016, asterisk).
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Figure 5 — Magnitude distributions of Perseids and sporadics
compensated by Kresakova’s perception coefficient (modi-
fied). Data used here are combined two groups of 12/13 night

23 JST period.
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Figure 6 — Perseid meteor ratios to sporadics with magni-

tudes.

ratios both Perseids and sporadics would be reached improbable value if Lm = 2.89 is correct. If we shifted
supposed Lm to 4.7 on the basis of an observer’s report Lm = 4.67, we could get rpey = 3.01, 7spo = 3.76. It is
suggested we can select the faintest Lm in all reports or the next star in Lm table rather than reported value
themselves. This suggestion can be confirmed by following interesting observations.

Secondly, we compare the report of two groups apart 10-15 m, who recorded Lm independently by using
different areas in 12/13 night 22 JST period. One used No. 6 and other No. 16. Former group recorded Lm = 2.89,
because they hindered much by moonlight and could see only corner stars. Another turn opposite to the moon
and got Lm = 4.66-5.08. Nevertheless, two groups observed similar sky area, that is, up to the zenith. Therefore,
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Table 2 — The magnitude distribution in the moonlight.

JST mag. 0 +1 +2 43
21:17(20)—22:00 Perseids 0 10 11 3
Sporadics 0 2 15 4

Date
11/12

we can combine two observations and test above suggestion. Figure 7 shows clearly the estimation of Lm = 5.08
is better than Lm = 2.89; the estimated magnitude distribution by shifting Kresdkova’s perception coefficient
to Lm = 5.1 (Perseids_ Lm = 5.1 in Figure 7) seems to be more probable than Lm = 3.5. We would be better
to use ‘next’ star in the Lm tables to the reported Lm (star) itself when the sky condition is not good. We get
ZHRs in the section 2.1 ZHRs by this manner.

. . 5.0 TlogN
3.2 Membership judgement s L o8 «
Though we can get proper magnitude ratios for Perseids 4'0 1
and sporadics in 2.2.1., there are several cases which show 3'5 1
unreliable meteor number ratio Perseids to sporadics and 3'0 1

give the contrary magnitude ratios. 11/12 night 01 JST

period is an example; Nper/Ngpo = 50/88, rper = 3.36 and 2.5 7 B y:0.40;3x+ 13735
Tspo = 2.02. Koseki (2011) pointed out beginners intend to 2.0 7

reject possible Perseids out to sporadics. When a beginner 1.5 4 X - X- Perseids_Lm=3.5
looks up the zenith heading for the south, he/she would see M o ¢ Perseids_Lm=5.1
meteors distant from the radiant point and feel difficulty > __. x--7 05 T Mag
to classify them as Perseids/sporadics. We had better note X t 0:0 t f } !
Perseids magnitude ratios from whole data in this campaign -2 -1 0 1 2 3 4

might be higher than the real one and ZHRs lower. But,
if we choose carefully observations done properly, we could
get very nice results shown in 2.2.1.

Figure 7 — Comparison with the compensation of the
limiting magnitude on the magnitude distribution.

3.3 Magnitude estimation

. . 2.5 TlogN
Some groups have a tendency to estimate meteor magnitude o8

narrower extent. It may be suggested they are not familiar
with a fireball and to record faint meteors and record them
moderate magnitude. But, as Figure 8 shows a good linear
expression, they had done good job for estimating meteor
magnitude. Shigeno and Toda (2008) concluded that mean
magnitude estimates by students equals of video ones.

20 T

7= 0.2908x + 1.4494

4 Discussions

Japanese meteor observers have discussed the future meteor
observations with several IMO members and it became clear
that encouraging young observers is very important. This

report is an answer from Japan and following discussions are
based on such progress. The outline of this report was pre-
sented at the 145th MSS (Meteor Science Seminar) meeting
and we exchanged the ideas for enjoying observations and

Figure 8 — Magnitude distribution compensated by
Kresakova’s perception coefficient (modified). Data
used here are 12/13 night whole records and the magni-
tude distributions of each period are weighted by each

L Perseids number.
obtaining more useful results.

Determination of the limiting magnitude is difficult for
every observer. We feel uncertain the faintest star we look is real one or a vision. It is recommended we accept
such star as real or we estimate the limiting magnitude from the next star we confirm.
— Students are not familiar with any asterisms always and they missed area No.14 which is the most suitable in
their observations in this campaign.

The bulk data from student group observing make possible to reach reliable results, though each data might
be insufficient, that is, errors of the identification and estimates of magnitude exist somewhere.
+ Student observations must be entertaining and this leads to gather more and more participants.
— Checks of the data are necessary. It should be corrected the limiting magnitude report by comparing magnitude
distributions of observations with estimates from the perception coefficient for an example.

There may be interference between observers when they seat near and call their estimates to a recorder, but
such conversations or even chats play important role in group observing especially for students.
+ Chats keep one awake.
+ If one slipped a meteor, he/she would concentrate his/her care to the sky not to overlook the next.
+ If estimates were different, they might talk about it and make efforts to get more proper results.



30 WGN, THE JOURNAL OF THE IMO 45:2 (2017)

Observers in this campaign saw the same area but it seems to be interesting to see different areas. They may
count different meteor number.
+ The group observing is said to do so as Levy (2008) wrote.
+ It would be useful to observe 90 degrees different direction each four members.
— Observers who see the opposite direction to the radiant might feel difficulties to classifying meteors.
+ It would be entertaining and interesting to alter the center of one’s view; who could count meteors most?
— It is necessary to special chair to alter one’s view or a “coffin”. If not, the change from the zenith could not
be larger than 30 degrees.
— To look the same view and to chat on the event are joyful and give useful experiences for students.
It is very useful to keep looking up the sky and record meteors on a roll paper not looking down the record.
+ A recorder and a time keeper can join observations. Time calling might be left to a talkative clock.
— Chattering with neighbor observers is useful to activate observers’ mind.
We feel happy when we take a meal together and _—
would take a positive attitude (Figure 9). A
— To avoid being sleepy in observations, we had better
be careful in overeating or enjoying alcohol drinks.
The observational method might be different with
what is the goal of observations.
+ Observers seat side by side and call witness to a
recorder when we intend to enjoy and skill up obser-
vations.
+ Observers seat radially and write down record by
oneself when we try to get better results.
— This method is good for veteran observers not for
students.
+ Experienced and enthusiastic students can challenge
video, radio observations simultaneously with visual
ones.
Group observing sheets (Figure 3) give more information for future meteor works.
+ We can study why the difference magnitude estimates causes; the existence of the train, the angular speed of
a meteor (the distance from the radiant in case of a meteor shower), and etc.
+ The rate of missed meteors with magnitude could give us real perception coefficients.
+ The relation of the rate of different classification to the distance from the radiant might suggest us the ideal
direction of the center of the view.
— IMO instructs us to see the areas distant from the radiant 20-40 degrees. It is a good idea all four observers
faces to such area but it is problematic to post one who see the unfavorable direction when they turn to different
direction.

>

Figure 9 — Joy of the expedition: students powered by meals.

[NOTE]: Why Japanese observers often look up the zenith?

Light pollutions became severe in the last quarter of the 20th century in Japan and many observers looked up the
zenith in order to avoid poor sky. To observe zenith area is said as the ordinary way in visual observations even
if the good sky condition afterward. Many observers now record meteor numbers and magnitude estimates only,
not plotting meteor paths on the charts and, so, it is easier to lie on a rug than sit on a chair. Guidance books
recommend beginners to look up the zenith and young observers act in obedience to the instruction, though
skilled observers view where they like, of course.
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Perseids to Get a Jupiter

After the Moon sets, the Perseid meteors could be unusually rich.

The most-observed meteor shower is
the annual Perseid display, active for sev-
eral nights in prime vacation season. This
year the Moon will be waxing gibbous on
the predicted peak night, August 11-12.
But the Moon will set around 1 a.m. for
mid-northern observers, leaving the night
dark for the three or four prime meteor-
watching hours before dawn: this is when
your side of the Earth faces most directly
into the oncoming meteoroids.
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In a normal year, you may see about
60 to 90 Perseids per hour on the peak
night between midnight and dawn if
you have an excellent dark sky. But the

shower can vary a lot from year to year.
And this year’s shower will prob-

ably be better than usual. There’s even a

chance that it could be spectacular.

Four hours, compressed. “I created a composite of all the meteors captured on August 13, 2015,
from 12:30 to 4:30 a.m.,” writes Brad Goldpaint from northern California. “The large mountain in
the distance is Mount Shasta, and the glow from the base of the mountain is the city of Mount
Shasta.” The evening before, he recorded the starry sky and its reflection in the still lake in a
25-second exposure. The landscape is from a long exposure he shot at a very low ISO during deep
twilight. He took dozens of sky exposures during the morning hours, subtracted out the 65 mete-
ors that these recorded, and aligned them to their star backgrounds in the original sky image.




me Emmy-nominated broadcast meteorologist at News 12 in Westcheste

ronomet for. neatly 50 years. He won the Astronomical Leag

An Enigmatic Enhancement

For the last several years, the Perseids
have been quite normal. But in the late
1970s and early 1980s the shower turned
unusually active. The 1980 display was
one of the best in memory up to then;
many observers reported seeing more
than 120 per hour and occasionally up

to 5 or 6 a minute. A reputable Japanese
observer counted nearly 250 in one hour.

The Perseid meteoroids are dusty
debris bits shed by the periodic comet
109P/Swift-Tuttle, which was discovered
in the summer of 1862. Many experts in
the 19th and 20th centuries calculated
its orbital period to be 120 +2 years, and
summer 1981 was considered the “most
probable” time for the comet to be recov-
ered. Meteoroids tend to be thicker in the
vicinity of their parent comet, so astrono-
mers naturally assumed that the strong
Perseid activity in 1980 was due to the
impending arrival of Swift-Tuttle.

Yet the comet failed to appear during
its anticipated 1979-1983 time frame. Per-
seid activity through the 1980s returned
to normal, and many assumed that
Comet Swift-Tuttle — which had evolved
into a strikingly beautiful object after its
1862 discovery — had somehow slipped
by undetected.

The late Brian G. Marsden, longtime
director of the Minor Planet Center
(MPC) at the Harvard-Smithsonian Cen-
ter for Astrophysics, put forward an alter-
native solution: that Comet Swift-Tuttle
was perhaps identical with a comet briefly
seen in 1737. If so, it might still return. . .
around 1992.

Few astronomers believed it. Hadn’t
the Perseids ramped up around just the
right time? The legendary astronomy
popularizer Sir Patrick Moore pooh-
poohed the idea that Swift-Tuttle would
reappear in 1992 and bet a colleague a
bottle of whiskey that it wouldn’t.

He lost. The comet indeed returned
in the fall of 1992, validating Marsden’s
prediction. And the Perseids in the years
around then were even more memorably
abundant.

flterSegit

So what caused the high rates in 1980?
It was probably a completely unrelated
perturbing influence by the most mas-
sive planet: Jupiter.

The first to formally propose that
Jupiter plays a role in Perseid activity
were Esko Lyytinen of Finland and Tom
Van Flandern of the U.S. Naval Observa-
tory, in 2004. The comet passes a good
1.7 a.u. above Jupiter’s orbit while moving
inbound toward the Sun. But because the
comet — and the meteoroid stream all
along its orbit — have made hundreds of
trips around the Sun over tens of thou-
sands of years, slight periodic perturba-
tions can add up.

Every 11.86 years (Jupiter’s sidereal
period), Jupiter passes under the broad
rubble stream. Each time, its gravita-
tional field shifts some of the comet dross
about 0.01 a.u. closer to passing Earth’s
orbit. This segment of dusty debris takes
about 16 more months to reach our path,
whether Earth happens to be there or
not. The long-term result: when Earth
reaches the Perseid-intersecting part of
its orbit in mid-August, occasionally an
extra stream of Perseids will be passing
through at the same time.

If this happens about every 12 years in
sync with Jupiter’s orbital period, we have
a nice explanation for not only the strong
1980 display, but also the enhanced
showers that were reported in 2004, 1968,
1945, and 1921. "

What About 2016?

This would appear to be another of those
“prime years.” Russian meteor expert
Mikhail Maslov, who has closely studied
the evolution of the Perseid stream in
space, predicts a “significant increase

of Perseid background activity, with a
zenithal hourly rate (ZHR) of 150-160.”

By comparison, last year’s Perseid shower

reached a peak ZHR of about 90, judging
from the counts submitted to the Inter-
national Meteor Organization (IMO) by
observers worldwide.

The shower’s predicted time of maxi-
mum is 12:40 UT August 12th. That’s

after sunrise for North America, but peak
activity usually lasts about 24 hours.

Maslov points out that in addition,
fresh debris trails shed by Swift-Tuttle in
1479 and 1862 (“fresh” implies dense and
narrow) will likely encounter Earth and
might also provide a brief enhancement
of activity. Eastern Europe and western
Asia are in the best position to watch for
this, as it should happen during their
early-morning hours when the Perseid
radiant is highest.

Moreover, French meteor expert Jéré-
mie Vaubaillon has calculated an older
discrete trail of the comet’s rubble dating
back to 1079. He forecasts Earth pass-
ing closest to the middle of this trail at
4:56 UT August 12th, which would favor
eastern North America on top of whatever
else is happening. This might lead to a
sudden outburst of bright meteors, but
Vaubaillon cautions, “This 1079 trail [is]
quite old, making the forecasting less
certain. I certainly would look for it, but
just keep in mind the uncertainties.”

As always, the rates you actually see
are less than the ZHR unless the radi-
ant (in northern Perseus) is overhead
and your sky is dark enough for magni-
tude-6.5 stars to be visible. Light pollution
reduces the numbers, though the bright-
est ones will shine through. The meteors
themselves flash into view anywhere in
the sky, not necessarily near the radiant.

To do a meaningful meteor count by
standard methods, so that your count can
be integrated with others made all over
the world for many days running, see
imo.net/visual/major. There too you will
find the required forms for submitting a
report of your count.

Good luck and clear skies to alll

— Joe Rao
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