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Preliminary results

Searc hing for meteor ELF /VLF signatures

Je an-L ouis R ault

1

F or more than t w o cen turies, credible rep orts ab out v arious audible sounds app earing sim ultaneously with

visible meteors ha v e b een collected. Kno wing that the sound v elo cit y is m uc h lo w er than the ligh t v elo cit y , it

w as imp ossible to explain suc h a phenomenon un til some theories predicted that an electromagnetic w a v e v ector

could b e the reason for suc h sim ultaneous ligh t and sound observ ations. Sev eral optical/sound/radio recording

campaigns ha v e b een p erformed in the last decades but with no conclusiv e rep orts. The presen t study simply

aims to examine the lo w frequencies electromagnetic activit y during a meteor sho w er and to searc h for an y

in teresting correlations with meteors detected b y VHF forw ard scatter means. Preliminary results tend to sho w

a signi�can t correlation b et w een certain meteors and the time-correlated corresp onding ELF/VLF ev en ts.

Pr esente d at the International Mete or Confer enc e 2009, Por e £, Cr o atia, 2009 Septemb er 24�27

Receiv ed 2009 Septem b er 23

1 In tro duction

Audible sounds heard at the same time as �reballs are

in view ha v e b een rep orted for man y y ears b y h undreds

of credible witnesses. As the sp eed of sound in our

atmosphere is around 340 meters p er second and �re-

balls generally app ear at altitudes of tens of kilome-

ters, the sounds asso ciated to the �reballs should b e

dela y ed b y sev eral h undreds of seconds. T o explain

these anomalous sounds app earing sim ultaneously with

meteors, Kea y (1980) prop osed that some ELF/VLF

(extremely lo w frequency/v ery lo w frequency) electro-

magnetic energy is radiated b y the deca ying meteor and

then transduced in to audible sounds at the observ er lo-

cation. This ELF/VLF high sp eed v ector is supp osed

to explain the observ ed sim ultaneit y of sound and me-

teor ligh t. A Global Electrophonic Fireball Surv ey p er-

formed b y Vink o vi¢ et al. (2002) suggests that the elec-

trophonic meteors, as Kea y named them, pro duce a

v ery wide family of hissing, swishing, rustling, buzzing,

who oshing or crac kling sounds. Kea y's theory states

that trapping and t wisting the earth magnetic �eld lines

in the turbulen t w ak e of the largest meteors and then re-

leasing them suddenly could b e the reason for pro ducing

high p o w er ELF/VLF radiation in the 100 Hz to 10 kHz

range. Beec h and F osc hini (1999) explained that Kea y's

theory w as only able to explain the long duration noises

suc h as hisses and other high-pitc hed whistles, but not

the p ops, tic ks and other claps whic h w ere often re-

p orted. They dev elop ed their o wn �space c harge mo del�

theory whic h states that some sharp sho c k w a v es o c-

curring in the meteor trail plasma could induce some

sudden electrical �eld transien ts. Dep ending on the

authors, the magnitudes of the electrophonic �reballs

v ary from magnitude � 10 (Beec h et al., 1995) to � 6:6
(Beec h & F osc hini, 1999). Price and Blum (2000) state

that man y w eak er meteors can also radiate detectable

ELF/VLF electromagnetic energy (Drobno c k, 2001 and

2002). In fact, due to the extreme rareness of the phe-
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nomenon, instrumen tally recorded electrophonic meteor

data are v ery scarce. Kea y (1994) for example presen ts

an observ ation b y W atanab e et al. (1988) ab out one

single coincidence b et w een a particular ELF radio spik e

and a photographed �reball. Beec h et al. (1995), thanks

to a VLF receiv er asso ciated to a photometer, observ ed

during their P erseids 1993 campaign a single VLF ev en t

coupled with a magnitude � 10 �reball. During the

1999 Leonid return, Price and Blum (2000) detected

an imp ortan t increase of the n um b er of VLF spik es in

the 300 Hz frequency range, but did not correlate the

observ ed radio spik es to an y particular discrete mete-

ors. Gara j et al. (1999) detected during a 5.5 hours

record session in Mongolia some coinciden t meteor ligh t

�ashes and VLF radio emissions, but no correlated au-

dible sounds. During the 2001 Leonids, T rautner et al.

(2002) detected an enhanced activit y in the ULF/ELF

electric �eld, but again no particular meteors w ere asso-

ciated with an y of the recorded ELF-ULF ev en ts. More

recen tly , Guha et al. (2009) argued they detected some

long VLF meteor signatures in the 6 kHz range during

the Geminids 2007 meteor sho w er, but they did not cor-

relate them with an y discrete observ ed meteors. Due to

the lac k of con vincing detections of electrophonic me-

teor VLF radiations, the Kea y magnetic �eld theory

and the Beec h et al. electrical �eld transien ts theory still

ha v e to b e con�rmed b y more exp erimen tal data asso-

ciating ligh t, sound and/or ELF/VLF radio w a v e sen-

sors. The purp ose of the presen t exp erimen t, �Searc hing

for meteor ELF/VLF signatures� is simply to v erify , b y

means of statistical analysis of coincidences b et w een ra-

dio and meteor ev en ts and b y sp ectral analysis of the

candidate VLF radio ev en ts, that some meteors en ter-

ing the Earth atmosphere are radiating some detectable

ELF/VLF electromagnetic energy .

2 Exp erimen t

2.1 Exp erimen t principle

The aim of this study is to record in parallel as man y

ELF/VLF ev en ts and meteor detections as p ossible, to

compare an y inciden t radio signals (in the 20 Hz�20
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kHz range) with an y o ccurrence of meteors in the ra-

dio �eld of view of the observ er, and to determine sta-

tistically if the radio ev en ts are signi�can tly correlated

with the incoming meteors. A signature analysis of eac h

radio ev en t related to a particular meteor is also p er-

formed in the frequency and in the time domain, as an

attempt to p erform a kind of taxonom y study of the

meteor radio signatures, if an y . T o detect as man y me-

teors as p ossible, the radio forw ard scatter metho d w as

selected (Rault, 2007), rather than the optical obser-

v ation metho d. Compared to the visual/video meteor

observ ation metho d, the forw ard scatter radio metho d

is o�ering more opp ortunities to detect fain t and brigh t

meteors (up to sev eral h undreds of radio ec ho es from

sp oradic meteors p er hour), and is not sub ject to dis-

turbances from the Sun and Mo on ligh t or from an y

masking clouds or fog. A radio meteor detection system

is able to w ork 24 hours a da y , except for the few p erio ds

when an anomalous radio propagation phenomenon o c-

curs, suc h as Es (apparition of a sp oradic E la y er ionized

cloud) or in case of trop ospheric propagation. The idea

b ehind this is that b y m ultiplying the n um b er of meteor

detections, the c hances should b e higher to iden tify in-

teresting temp oral correlations b et w een the meteor ar-

riv als and the ELF/VLF ev en ts. It has to b e noted that

the data reduction of suc h records is quite c hallenging,

b ecause the ELF/VLF sp ectrum is cro wded with natu-

ral and man-made signals. Eac h coincidence b et w een a

radio and a meteor ev en t has therefore to b e pro cessed

man ually . Man y tec hnical details are giv en in this publi-

cation, the goal b eing to encourage others to in v estigate

in this domain.

3 Observ ational set-up

As is sho wn in Figure 1, the observ ational set-up is

mainly made of:

ˆ a VHF reception c hain dedicated to the forw ard

scatter detection of meteor pings,

ˆ an ELF/VLF sensor,

ˆ a stereo digital recorder.

Figur e 1 � Instrumen t con�guration.

The equipmen t is designed to b e p ortable, self p o w-

ered and as ligh t as p ossible. The reason is that it has to

b e run in remote areas only , i.e. as far as p ossible from

an y p o w er lines, cities, or railw a ys whic h alw a ys radiate

a lot of h um and v arious an thropic noises. The data

crunc hing set-up consists of a laptop computer �tted

with a sp ectral analysis soft w are whose purp ose is to

pro cess and to displa y sim ultaneously the data coming

from the stereo c hannels.

Most of the laptop computers are p o or �eld audio

recorders b ecause most of them radiate a lot of v arious

radio noises in the VLF to VHF domain. F urthermore,

their em b edded audio sound c hipset do es not generally

�t the dynamic and frequency range required for the

ELF/VLF records. This is the reason wh y a go o d qual-

it y digital recorder has to b e preferred.

The data recorded in the �eld are stored on Com-

pact Flash memories whose con ten ts can b e easily trans-

ferred to an y computer for further analysis. As is sho wn

in Figure 2, the p ortable equipmen t is protected b y a

w atertigh t con tainer and p o w ered b y a 12 V car battery .

This p ortable recording system design is presen tly sub-

ject to v ariations and p ermanen t impro v emen ts. The

curren t con�guration (2009 June) consists of:

ˆ a VHF an tenna (50 MHz dip ole or 4 elemen ts Y agi

143 MHz b eam, dep ending on the forw ard scatter

transmitter to b e used),

ˆ an A OR AR5000A general co v erage receiv er (10

kHz to 3 GHz, all mo des) dedicated to meteor

ping reception, but also o ccasionally used to re-

ceiv e some time stamps from sev eral VLF or short

w a v e time signal transmitters,

ˆ an ELF/VLF cylindrical an tenna,

ˆ a home-brew ELF/VLF receiv er,

ˆ an M-Audio Microtrac k I I digital recorder �tted

with a exc hangeable 8 Gb Compact Flash memory

card,

ˆ a 12 V/ 54 Ah car battery giving a recording au-

tonom y of more than 48 hours,

Figur e 2 � A ctual �eld installation.
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ˆ a 12 V/5 V DC/DC con v erter used to enhance

the autonom y of the in ternal battery of the digital

recorder,

ˆ sev eral ancillaries suc h as a 12 V LED ligh t, a set

of headphones, a batc h of v arious cables, a laptop

computer to con trol the records in the �eld and

a �surviv al to olkit� including v arious to ols, spare

parts and a 12 V DC soldering iron.

The general co v erage A OR receiv er and the Micro-

trac k I I digital recorder are commercial equipmen t, so

all the tec hnical details can b e found in the man ufac-

turer sp eci�cations a v ailable on the In ternet. More de-

tails ab out the ELF/VLF an tenna and its asso ciated

receiv er are giv en b elo w, b ecause they where sp ecially

dev elop ed for the presen t exp erimen t. The sp eci�cation

requiremen ts for the ELF/VLF reception c hain w ere as

follo ws:

ˆ cut-o� frequency as lo w as p ossible,

ˆ high dynamic range,

ˆ lo w distortion,

ˆ ligh t w eigh t,

ˆ lo w cost,

ˆ lo w p o w er consumption.

The frequency resp onse of the Microtrac k I I recorder

(20 Hz to 20 kHz � 0.3 dB) and its dynamic range

(101 dB) at 48 kHz sample rate w ere used as metrics

for the dev elopmen t of the asso ciated ELF/VLF an-

tenna and receiv er. The ELF/VLF part of the radio

sp ectrum corresp onds to v ery long w a v elengths, rang-

ing from 15 kilometers to more than 15 000 kilometers.

It means that the an tenna dimensions lo ok necessarily

v ery small compared to the w a v elengths to b e observ ed.

T w o t yp es of aerials can b e used in suc h conditions, the

magnetic lo ops and the electrically short whips, whic h

are resp ectiv ely sensitiv e to the magnetic and to the

electrical comp onen t of the inciden t RF electromagnetic

�eld. An ELF/VLF magnetic lo op is hea vy , bulky and

di�cult enough to build (man y turns of copp er ha v e

to b e w ound on a v ery large and strong frame), so the

electrically short whip principle w as selected for this

exp erimen t. It has to b e noted that suc h an �electrical

�eld� receiv er is sensitiv e to the electrical comp onen t of

an y inciden t electromagnetic w a v e, but also to an y elec-

trostatic �eld v ariations. Suc h a short whip presen ts a

v ery high capacitiv e reactance in series with a v ery lo w

radiation resistance.

The capacitance of suc h an aerial is:

C =
24:2l

log
�

2l
0:001d

�
� 0:77353

(1)

with C expressed in picofarads, l (the length of the

aerial) in meters and d (the diameter of the aerial) in

millimeters. The radiation resistance can b e neglected,

as it is presen ting a v ery lo w v alue whic h is in the 10� 7


Figur e 3 � F ron t end diagram of the ELF/VLF receiv er.

range. The an tenna built for this exp erimen t is a one

meter long metallic cylinder with a diameter of 50 mm,

whic h giv es a capacitance of ab out 29 pF. It consists

of a rectangular piece of wire mesh wrapp ed around a

plastic foam cylinder. Suc h vibrations damp ening de-

vice w as preferred to the usual thin and rigid whip aerial

for t w o main reasons:

ˆ it is less sensitiv e to the mec hanical vibrations

pro v ok ed b y the strong winds whic h can b e faced

in the �eld,

ˆ the capacitance of suc h a large diameter an tenna

is higher than the one of a thin whip, impro ving

therefore the lo w cut-o� frequency of the reception

c hain.

Suc h a lo w series capacitance an tenna implies the

use of a v ery high input imp edance ampli�er. A FET/

BJT (Field E�ect T ransistor/Bip olar Junction T ransis-

tor) cascade fron t end design w as selected, b ecause of

Figur e 4 � Sim ulated bandwidth of the en tire ELF/VLF re-

ception c hain (aerial, fron t end and switc hable Butterw orth

�lters).
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Figur e 5 � Diagram of the en tire ELF/VLF receiv er.

its in trinsic qualities, suc h as high input imp edance, lo w

noise, lo w distortion, and high dynamic range. The de-

tailed diagram of the fron t end stage of the receiv er is

sho wn in Figure 3.

The 2SK170 FET and BC550C BJT transistors w ere

selected o wing to their go o d p erformances in the noise,

dynamic range, and distortion domains. The gate of

the FET transistor is grounded thanks to a 100 M 

resistance made of ten 10 M 
 lo w noise metallic �lm

resistors wired in series. This v ery high v alue resistance

is mandatory to k eep the lo w cut-o� frequency p erfor-

mance of the whole reception c hain as lo w as p ossible.

The neon bulb is an attempt to protect the fron t-

end against an y high electrostatic disc harges, but its

e�ectiv eness is not 100% certi�ed. The 470 k 
 R14 re-

sistor, whic h is not mandatory , is used to protect the

receiv er against an y high lev el RF �elds whic h could b e

receiv ed from nearb y or p o w erful broadcast transmit-

ters, if an y . R14 can b e remo v ed if the receiv er is to b e

used in radio electrically quiet places.

The fron t end stage is follo w ed b y t w o selectable lo w

pass �lters. Eac h of them consists of a classical 4th or-

der Butterw orth �lter presen ting a theoretical roll-o�

rate of 80 dB p er decade (see Figure 4). The �rst �lter

is a 4 kHz lo w pass �lter, the second one is a 10 kHz

�lter. The frequency band-pass of the receiv er is sho wn

b y con tin uous lines in Figure 4 (output amplitude in

decib els v ersus frequency), dep ending on whic h �lter

� or no �lter � is selected. The three dotted lines

represen t the corresp onding phase shifts (in degrees).

T o obtain go o d �ltering p erformances, it is imp ortan t

to resp ect as m uc h as p ossible the v alues of the R and C

comp onen ts constituting the Butterw orth �lters. This

can b e ac hiev ed b y using series or parallel com binations

of resistors c hosen in the 1% tolerance family . Figure 5

sho ws the diagram of the complete ELF/VLF receiv er

whic h is p o w ered b y t w o 9 V rec hargeable batteries

wired in series. Its consumption with a 18 V p o w er

supply is ab out 10 mA. Shielded cables m ust b e used

to connect the ELF/VLF and VHF receiv ers outputs to

the digital recorder stereo inputs. The ELF/VLF an-

tenna has to b e k ept a w a y from the electronic devices.

A lo w capacitance coaxial cable, whose length has to b e

as short as p ossible, m ust to b e used to connect it to

the receiv er input. The t yp e of cable used for car radio

an tennas is preferred for the presen t exp erimen t. Its lin-

ear capacitance is ab out 37 pF/m, instead of 100 pF/m

whic h is a t ypical v alue observ ed on most of the usual

50 
 coaxial cables. The system m ust b e grounded with

the help of a ground ro d driv en in a moistened soil. It

is recommended to install the digital recorder in a little

tigh t metal b o x, b ecause its fron t panel displa y is lik ely

to radiate some unexp ected noises.

3.1 Observ ation lo cation

Cho osing the righ t observ ation place is a delicate task.

Finding a go o d lo cation for the reception of the VHF

forw ard scatter meteor pings is not di�cult. The con-

strain t is only to install the VHF aerial in a clear area

whic h is free of an y nearb y obstacle masking the sky

and the horizon.

On the other hand, the qualit y of the ELF/VLF

data is sub ject to t w o main conditions:

ˆ a v oiding the presence of an y ob jects (tree, bush,

car, building, p ole, etc.) or p eople in the vicinit y

of the an tenna, b ecause they all deeply atten uate

the incoming signals,

ˆ lo cating the system as far as p ossible (i.e. some

kilometers if p ossible) from an y p o w er lines or

buildings whic h alw a ys radiate a h uge amoun t of

h um, main harmonics, and v arious spik es.
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Figur e 6 � Example of a meteor head ec ho displa y ed in the

frequency domain.

Figur e 7 � Example of the same meteor head ec ho in the

time domain.

The second condition is more and more di�cult no w-

ada ys to meet in Europ e. Eac h candidate lo cation has

to b e carefully c hec k ed b efore installing and running the

en tire system. Using a ligh t p ortable station consisting

only of a 50 cm v ertical whip, the ELF/VLF receiv er

and the digital recorder �tted with a pair of headphones

allo w to c hec k quic kly if there are no bad surprises in

the selected �eld, suc h as a buried 220 V A C line, or

some noisy sheep electric fences (as it happ ens often,

ev en in �desert� regions of F rance suc h as the Aubrac

or Larzac tablelands).

3.2 T en tativ e taxonom y of the ev en t

signatures

3.2.1 Ev en t represen tation

The analysis of the signatures of the VHF meteor pings,

of the ELF/VLF signals, and of their p oten tial coinci-

dence is p erformed b y lo oking at the ev en t signatures in

the frequency and in the time domain, and b y listening

to them thanks to a stereo headset. F or this purp ose, a

free Digital Audio Editor suc h as Audacit y

1

, or a more

p o w erful but more complex Signal Analysis T o olkit suc h

as Sp ectrum Lab

2

are p erfectly suitable.

1

http://audacity.sourceforge.net

2

http://freenet-homepage.de/dl4yhf/spectra1.html

Figur e 8 � Example of a Tt (meteor turbulen t trail) ec ho.

Figur e 9 � Example of a HTt (head and turbulen t trail)

meteor ec ho represen ted in the frequency domain.

3.2.2 Meteor ec ho signatures

The VHF pings are radio ec ho es coming from a distan t

transmitter illuminating the meteors (or more precisely ,

illuminating the ionized trails and/or the plasma sur-

rounding the meteoroids themselv es). The actual ec ho

radio frequency (around 50 or 143 MHz) is translated

b y the VHF receiv er in to audio frequencies (20 Hz to

20 kHz) whic h can b e easily p erceiv ed b y the h uman ear

and pro cessed thanks to a common PC sound card. A

frequency analysis of the incoming meteor ec ho es is the

most suitable to ol to study the meteor pings, b ecause it

giv es details on the sp eed of the meteor and/or its trail.

F or this study , the di�eren t t yp es of meteor ec ho es ha v e

b een classi�ed as follo ws:

ˆ the H t yp e (H for head ec ho, see Figures 6 and 7)

ˆ the T t yp e (T for trail ec ho) including the t w o

sub classes Tt and T s, standing for turbulen t trail

ec ho (see Figure 8) and smo oth trail ec ho.

In the t w o head ec ho examples ab o v e, the signal

frequency of the ec ho decreases v ersus time, and this is

due to the Doppler e�ect pro duced b y the fast mo ving

target (the plasma surrounding the meteoroid itself ).

Figure 8 represen ts a trail ec ho whic h is frequency

spread b ecause of a hea vy turbulence a�ecting the ion-

ized trail. The o v erall shap e of the ec ho lo oks lik e an

in v erted U, and this is due to the fact that the trail is

mo ving at a sp eed of a few tens of meters p er second,

thanks to the high altitude winds.

A meteor head ec ho follo w ed b y its ionized trail ec ho

is sho wn in Figure 9.

3.2.3 ELF/VLF ev en t signatures

The 5 Hz to 24 kHz electromagnetic sp ectrum whic h

w e are lo oking at for this study is cro wded with a lot of

v arious an thropic and natural noises. Some examples

of natural noises recorded during this study are sho wn
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Figur e 10 � Example of diurnal slo w-tailed sferic (time do-

main).

Figur e 11 � Example of whistler (frequency domain).

Figur e 12 � Burst of return strok es during a th underb olt

(time domain).

in Figures 10 to 12. These most common natural noises

at the 40 to 50�
North latitude lo cations are caused b y

sev eral geoph ysical phenomena suc h as:

ˆ sferics (distan t ligh tning spik es propagating in the

ionosphere-Earth w a v eguide during the da yligh t)

ˆ t w eeks (nigh t sferics)

ˆ whistlers (sferics propagated from the opp osite

hemisphere along the Earth magnetic �eld lines

The shap e of the slo w tail sferic (see Figure 11) is

due to a propagation phenomenon of the VLF broad-

band spik e within the Earth surface/ionosphere w a v eg-

uide. The upp er frequencies in suc h a w a v eguide tra v el

according to a TM (transv erse magnetic mo de), and the

lo w er frequencies (at the righ t of the �gure) tra v el at a

lo w er group sp eed according to a QTEM (quasi trans-

v erse electric magnetic) propagation mo de. The TM

mo de presen ts a lo w frequency cuto� and the w a v es

propagate with a higher v elo cit y than with the TEM

mo de (Cummer, 1997; Delcourt, 2003). The v arious

group v elo cities of the comp onen ts of distan t ligh tning

spik es tra v eling in the magnetospheric plasma along the

Earth magnetic �eld lines explain again the shap e of

Figur e 13 � P erseids 2009 observ ation lo cations.

a whistler. In Figure 12, the highest frequencies are

reac hing the observ er b efore the lo w est ones. The de-

tails ab o v e ab out all these kind of ELF/VLF ev en ts are

giv en just to sho w that man y natural ev en t signatures

are w ell kno wn and quite easy to iden tify .

4 Results

A 143 MHz transmitter w as preferred for this campaign

instead of a 50 MHz one. The main reason for this

c hoice is that the p o w er of the meteor ec ho es decreases

with the third p o w er of the frequency , and their du-

ration as the square, allo wing th us to only detect the

larger meteors. F urthermore, using a higher frequency

scalp el pro vides more detailed ec ho es, and m uc h b etter

head ec ho es than on lo w er frequencies.

More than 20 hours of VLF and VHF radio observ a-

tions, i.e. ab out 20 GB of data ha v e b een recorded dur-

ing the pre-P erseids 2009 (August 6 in Brittan y) and

the P erseids 2009 (August 11 and 12 in Corréze). T en

hours and ten min utes of data records ha v e b een care-

fully analyzed, mainly during the �rst and second burst

(i.e. around 8 AM and 6 PM UTC) of the P erseids but

not during the third burst at 6 AM UTC on August 13,

whic h w as not recorded). During these 610 min utes,

500 meteors ha v e b een detected thanks to the F renc h

Gra v es military radar op erating on 143 MHz (see Figure

13).

F or these 500 meteors, 174 coincidences w ere ob-

serv ed with ELF/VLF ev en ts, whic h giv es 35% of candi-

date meteors radiating some v ery lo w frequency electro-

magnetic energy when en tering the Earth's atmosphere.

Great care has b een tak en for deciding if an ELF/VLF

ev en t w as related to a meteor or not:

ˆ the time b et w een a VHF meteor detection and a

p ossibly related ELF/VLF ev en t had to b e less

than 500 ms,

ˆ The signature of the asso ciated ELF/VLF ev en t

had to b e of un usual amplitude or shap e com-

pared to the w ell kno wn common natural noise

signatures. The details ab out the di�eren t sorts

of meteor and ELF/VLF ev en ts are sho wn in T a-

bles 1 and 2.

In T able 1, the meteor ec ho signatures are iden ti�ed

as follo ws: n : head ec ho; n__ : head ec ho follo w ed b y
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T able 1 � Meteor ec ho es sorted b y t yp e.

File n n__ = n_ - - - - ==== Misc. T otal

40 6 15 0 13 2 2 38

42 4 14 0 9 7 3 37

68b 8 12 0 10 3 5 38

69b 131 37 0 21 5 28 222

78 34 4 2 26 1 33 100

79 4 1 1 2 2 5 15

80 5 3 7 1 2 5 23

81 10 2 2 2 5 6 27

T otal 202 88 12 84 27 87 500

a trail ec ho; =n_ : head ec ho with a turbulen t trail at

the b eginning, follo w ed b y a smo oth trail ec ho; - - - - :

smo oth trail ec ho; ==== : turbulen t trail ec ho.

In T able 2, the ELF/VLF ev en t signatures are clas-

si�ed as follo ws:

ELF: extremely lo w frequency signal,

VLF: v ery lo w frequency signal,

Spik es: train of VLF spik es,

T w eek: nigh t time sferics.

Some examples of remark able coincidences are sho wn in

Figures 14 to 19.

Figur e 14 � VLF spik es during a meteor head ec ho (fre-

quency domain).

Figur e 15 � Same VLF spik es but seen in the time domain.

T able 2 � ELF/VLF ev en ts sorted b y t yp e.

File ELF VLF Spik es T w eek Misc. T otal

40 7 1 12 1 1 22

42 7 3 11 0 3 24

68b 2 0 11 2 7 22

69b 9 5 24 0 11 49

78 5 2 4 0 13 24

79 1 0 6 0 2 9

80 1 0 6 0 4 11

81 2 0 8 0 3 13

T otal 34 11 82 3 44 174

All these examples w ere selected b ecause they lo ok ed

represen tativ e of in teresting ELF/VLF meteor candi-

dates, their lo w frequency radio signatures b eing di�er-

en t from the common natural noises. It is to b e noted

that almost all of the detected ELF/VLF meteor ev en ts

o ccurred during the deca ying phase of the meteoroids,

and not during the trail ec ho phase. This is tending to

pro v e that the radio frequency radiations, if an y , o ccur

mainly during the ablation phase of the meteors and

are not generated b y an y p ersisten t trail plasma phe-

nomenon. No long duration ELF/VLF ev en t signals at

all w ere detected during this study . All of them b elong

to the short duration/spik e category , unlik e some recen t

observ ations (Guha et al., 2009) claiming long duration

signals in the 6 kHz band. Figure 14 sho ws a t ypi-

cal lo w frequency burst accompan ying the head ec ho

of a meteor. Figure 17 is an example of an un usually

large long-tailed spik e (thirt y four similar ELF spik es

w ere iden ti�ed during this study). Figure 19 sho ws a

burst consisting of some uncommon sa w to oth spik es

with a p erio d of around 4 ms. Figure 20 is an exam-

ple of a VHF re�ection on a cloud-cloud th underb olt

ionized column, whic h has nothing to do with a real

meteor ec ho (Rault, 2005). Some th under activit y w as

lo calized in northern Spain (see Figure 21) at the time

Figur e 16 � ELF t w eek asso ciated to a VHF meteor ping.

Figur e 17 � Time domain represen tation of a v ery large ELF

spik e asso ciated with a meteor ping.
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Figur e 18 � Burst VLF spik es asso ciated with the b eginning

of a turbulen t meteor trail.

Figur e 19 � Time domain represen tation of the ab o v e VLF

burst.

sev eral similar ev en ts w ere recorded. Suc h a th under-

b olt ev en t sho ws that the greatest care has to b e tak en

when p erforming suc h an ev en t analysis. A go o d kno wl-

edge ab out the VHF ec ho signatures and the ELF/VLF

ev en t shap es is mandatory for correctly iden tifying the

p oten tial candidate samples.

5 Discussion

Lo oking for correlations b et w een meteors and ELF/VLF

ev en ts is a v ery demanding and a v ery time consuming

task. The dectection of the in teresting ev en ts cannot b e

automated, b ecause the ELF/VLF ev en t signatures are

not kno wn in adv ance. A t the b eginning of this w ork,

a statistical approac h w as en visaged. Determining the

statistical rate of fortuitous coincidences b et w een the

meteors and an y of the lo w frequency ev en ts and then

comparing it to the observ ed rate w as though t to b e

a go o d indication of an y meteor radiated radio energy .

One �le con taining 100 meteor pings, 24 coincidences at

less than 500 ms and 2880 ELF/VLF radio ev en ts w as

therefore used to compute the statistical c hances for

fortuitous coincidences to app ear. With the collected

data, the c hance for one VLF ev en t to fortuitously ap-

p ear at less than 500 ms from a meteor ping w as around

42% for a one hour record. Compared to the 24% of

observ ed correlations, this is clearly not a con vincing

indication of an y meteor radio radiation. This is due

to the fact that all the ELF/VLF ev en ts w ere tak en

in to accoun t, and the h uge n um b er of ev en ts w as p ol-

luting the �nal result. So another approac h w as �nally

used for this w ork, whic h consists in selecting only the

Figur e 20 � Upp er trace: VHF re�ection on a ligh tning.

Lo w er trace: asso ciated VLF return strok es.

Figur e 21 � Th under activit y (see ��� crosses in the north-

ern Spain area) at 18:45 UTC of 2009 August 12.

ELF/VLF ev en ts whose signatures are clearly di�eren t

from the usual ones. These candidate meteor ELF/VLF

signatures are listed in T able 2. 174 ELF/VLF ev en ts

for 500 VHF meteor ec ho es (i.e. ab out 35%) is a v ery

encouraging result.

6 Conclusions

The theories stating that some meteors can radiate lo w

frequency electromagnetic energy seem to b e supp orted

b y the presen t practical study whic h is based on h un-

dreds of actual discrete observ ations of meteors and

ELF/VLF ev en ts. It is to b e noted that the 35% of the

observ ed candidate correlations seem to happ en most

of the time during the b eginning of the meteor radio

re�ections. Ho w ev er, more data are still needed to con-

�rm suc h a conclusion. The next meteor sho w ers (suc h

as the promising Leonids 2009) should b e the next op-

p ortunities to collect more in teresting correlations.
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