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Abstract. Recordings of ELF-VLF waves with the right- the lightning strokes was addressed in many works (see e.g.
hand (RH) and the left-hand (LH) circular polarization were Hayakawa et al., 1994, 1995; Rafalsky et al., 1995; Cummer,
made in Northern Finland. Analysis showed a difference be-1997, and references therein).

tween the RH and LH polarized waves. A pronounced max- A cavity formed by conducting the earth and the lower
imum of the wave amplitude was observed at the first crit-ionosphere is a natural electromagnetic resonator (Nicko-
ical frequency of the Earth-ionosphere waveguide (the firsiaenko and Hayakawa, 2002). Sferics are natural radio sig-
transverse resonance) around 1.6-2.3kHz. The wave had thgy|s that cover a wide frequency band from a few Hz to tens

servations, we computed the characteristics of the waveguidgarth-ionosphere cavity in this frequency band.
modes by using the full wave solution in the night model of Signals of the global electromagnetic resonance occupy
the ionosphere. Computations show that the spectral maxi;,
. ; the lower ELF band (Schumann, 1952). Transverse reso-
mum at the first transverse resonance frequency arises from a . N
; X : . nance of the Earth-ionosphere cavity is observed at ELF-
small absorption of the LH polarized radio wave in the mag-

. : ) LF frequencies which is well documented and interpreted
netized ionosphere plasma, forming the upper boundary o
: : e.g. Rafalsky et al., 1995). The transverse resonance fre-
the Earth-ionosphere waveguide.

quencies arg¢f, = p-;, wherep=1, 2, ... is the resonance
Keywords. Radio science (Radio wave propagation) mode number is the effective height of the ionosphere and

c is the light velocity. By assuming that=65-95km, one
obtains the basic resonance frequenfgye [2.3-1.6] kHz

1 Introduction (see e.g. Nickolaenko and Hayakawa, 2002). Special ob-
servations of transverse resonance were reported in a few

Measurement of atmospherics (or sferics) is the mostvorks (Belyaev, 1991; Lazebnyi et al., 1988; Rafalsky et al.,
straightforward way to study the ELF-VLF radio propagation 1995; Shvets, 1997; Shvets and Hayakawa, 1998; Brundel et
in the Earth-ionosphere cavity. Signals originate from the@l» 2002; Shvets, 2008). Slgnlf|cant maxima of the power
lightning discharges and propagate over distances of a fevPectra were found at multiples of the frequeneg’kHz at
thousand kilometres owing to relatively small attenuation. the middie and low latitudes. At high latitude, the experi-
The sferics carry valuable information about the ionosphergM€nts on the ionospheric demodulation of the powerful HF
along the propagation path. The idea of using the ELF-adio signal also showed maxima around these frequencies

VLF natural pulsed radio signals to study the ionosphere andStubbe et al., 1982). The measurements showed charac-
teristic low frequency amplitude patterns caused by changes

in modulation frequency. The transverse resonance occurs

Correspondence tcE. E. Titova when the standing waves appear between the ground and
BY

(lena.titova@gmail.com) the ionosphere. In radio propagation, these frequencies are
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Fig. 1. Sample spectrograms of ELF-VLF waves recorded during the 20—26 November 2006 campaign in the auroral zone. The upper panel
shows the spectrogram of the total power, the second panel represents the dynamic spectrum of the LHP, the third panel depicts the RHF
dynamic power spectrum and the bottom plot shows variations afftheomponent of the geomagnetic field at the Sodankula observatory.

A narrow band maximum is clearly seen around the first critical frequency of the Earth-ionosphere duct or at the first transverse resonance
frequency: around 1.6-1.8 kHz.

regarded as the “cut-off” or critical frequencies of the Earth- plasma. This is why the tweek radio signals are observed
ionosphere waveguide. exclusively during night and are left-handed (Yedemsky et
al., 1992; Hayakawa et al., 1994, 1995). The alteration of the

The “tweek” pulsed radio 5|gna_1ls Cof“a'” s_pecmc S19° wave polarization from the tweek head to its tail was reported
natures of transverse resonance in their amplitude spectr@y Shvets and Hayakawa (1998)

(Ryabov, 1992, 1.994; Yedemsky .et al., 1992; Rafalsky et Yamashita (1977) investigated the long-distance sub-
al,, 1995). 'I_'he ta|l_of a tweek arnving from a remote stroke ionospheric propagation in the presence of an anisotropic
usually carries a smg!e (the basic) transverse resonance fret‘fomogeneous ionosphere. The numerical computations
quency, and its am.plltude spectrum has a sha.rp MaXIMUNL qwed a decrease in the attenuation rate at frequencies just
around 1.6 kHz (Mlk_haquva, 1988). ~ Theoretical results above the first cut-off frequency of the Earth-ionosphere

(Ryabov, 1992, 1994; Smimov and Ostapenko, 1986) ShoV\'Naveguide. These results were applied to explain experimen-

that peculiarities must be present in the wave polarization al.| observations of a sharp maximum in the amplitude spectra
the eigenmodes of the Earth-ionosphere waveguide, whiclz)f the tweek

depend on the ionosphere height and plasma anisotropy. The In this paper, we present the experimental amplitude and

Ie:ttetr IS chartac;terls”gd_ byfthe rattsv/wn% \_Nh:ehrev IIS :he polarization spectra of natural radio signals at frequencies
elec fron-neu ra _ﬁ? Ision rtra]qu_ency at 'Sb € electron ii around the first transverse resonance of the Earth-ionosphere
gyrolreguency. -1 ne 10nospheric gyrotropy becomes signi I'cavity (1.6-2.3 kHz). Observations were made at the auroral

«t:)ant \ghemﬁ L €., In arr’:\blen_t nlg:\t fhongglogsslz/"heﬂ_:hg latitudes (Northern Finland). We also performed the model
oundary ot Iower I0nosphere rses 1o the o5—=I5 km aititu e'computations and compare numerical data with observations.

Here, the magnetized ionospheric plasma becomes transpar-

ent for the right-hand polarized (RHP) waves, while the left-

hand polarized waves (LHP) are strongly reflected from the
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Fig. 2. Typical night-time sferics recorded at the Siselka station during the September—October 2005 campaign. Upper panels show the
spectrograms of the total ELF-VLF power at frequencies below 5 kHz. Middle panels depict the power spectra integrated oveed8min

of them corresponds to the spectrograms shown by the upper panels. The letters T, L, and R denote the total (blue), the LHP (red), and the
RHP (green) power spectra. Bottom plots show the ratio of the LHP to the RHP power. At the Earth-ionosphere waveguide cut-off and just
above (1.6-1.8 kHz), the perfect left-hand circular polarization prevails.

ing the effective area of 10009nThis receiver is known as
“VLF100aT". Since 2007, the loops were oriented along the
The observations of broadband ELF-VLF radio waves weregeographical North-South and East-West directions. Accu-
made in Northern Finland during the measurement camracy of orientation was based on the theodolite measurements
paigns during 2005-2008 (Siisélk September—October within +10 arcsec.

2005, Kannuslehto: November 2006, October 2007 and . . I
February-March 2008). Continuous recordings cover alto- Both the observation sites Siisé@lland Kannuslehto are

ether 45 days. Some recordings were made durin théocated more than 35 km from the nearest power Ii_nes and
I%innish EISC),/AT campaigns Tr?e ELF-VLE wavefor?ns settlements. The sensitivity of the UEV2300 system is about

were digitally sampled by the 24-bit ADC system and 1fT at the 5kHz, while the VLF100aT receiver reaches the

were recorded by the computer together with the GPS tirn_Ievel of 100aT (0.1fT). Thus, the receiver noise level is be-

ing. The sampling rate was increased from 39.0625 kHZ|QW the natural electromagnetic signal. A detailed descrip-

to 78.125kHz after the 2005 campaign. Two vertical t|pn of the Siisgllﬁ 2005 experiment and the data analysis is
square loop antennas (3¢ m) were used during Siiseik given by Manninen (2005).
2005 campaign (geographic coordinates 6718226.08 E, Figure 1 presents the dynamic ELF-VLF spectra for 20—
L=5.47). The effective area of the antenna was 2380amd 27 November 2006: the dynamic spectra of the total power,
the receiver is known as the “UEV2300 system”. The loopsLHP power and RHP power. The wideband spectra of the 0—
were oriented along the magnetic North-South (NS) and thel0 kHz band shows a systematic diurnal variation. The max-
East-West (EW) directions. imum intensity is observed around local midnight. Intensity
During the campaigns in 2006—2008 at Kannuslehto (geo-dramatically reduces by noon due to the daytime radio wave
graphic coordinates 67.78, 26.27 E, L=5.46), the anten- absorption in the D-region. The lowest plot in Fig. 1 presents
nas were 10 m10 m coaxial cable loops with 10 turns, hav- the geomagnetic field variations at Sodankyla Geophysical

2 Experimental data
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Observatory. The most disturbed period during the campaigrFig. 4. The electron density and the collision frequency profiles in
occurred during 22 to 23 November, when the intensity ofthe night IRI model used in the numerical computations.

the sferics decreased. The zero-order mode propagating in

the Earth-ionosphere waveguide is seen in Fig. 1 as strong

signals below the cut-off frequency of the first transverse res3 Computation of electromagnetic field

onance mode, around 1.7 kHz.

Figure 1 demonstrates different behaviours of the RH andye derive the characteristics of the low frequency radio
LH circular polarizations. LHP power exceeds RHP powerwayves by using the full wave solution technique given by
at frequencies from the cut-off to about 4-5kHz. Near theBudden (1961) (see also Nagano at al., 1975). A Cartesian
first transverse resonance (1.6-2.3kHz) a narrow maximungoordinate system (, y, z) is used as shown in Fig. 3. A plane
is observed in the LHP power during the ambient night con-wave occurs on an anisotropic medium which is assumed to
dition. Relevant maximum is absent in the RHP power. vary only in the z-direction. The incidence occurs in the X-Z

Typical nighttime electromagnetic activity is shown in plane. The ionosphere varies along the z-direction only. The
Fig. 2, recorded at Siisedk The top panels present the wide- orientation of the Earth’s magnetic fie® is (,m,n). We
band dynamic spectra, the middle panels depict the powegssume the time dependence of eit) form. The detailed
spectra integrated over the 13 min (from left to right): 02:15—description of the solution is given in Appendix A.

02:28 UT, 23:35-23:48 UT and 23:00-23:13 UT. The bottom

panels show the ratio between the RHP and the LHP powers.

The letters T, L, and R in the middle plots correspond to the
averaged spectrum of total power (blue curve), the LHP (red4 lonosphere model
curve) and the RHP power (green curve). o )

Figure 2 shows that the maximum power is observedwe_use(_j the nighttime IRI model correqundlng to geomag-
around the critical frequency of the Earth-ionosphere wavegN€tic latitude 65 and to November 2006. Figure 4 shows the
uide (1.6-1.8 kHz) combined with the left-hand circular po- nighttime profile of electron density together with the profile

larization. It is seen, at the bottom, that the LHP power ex.Of collision frequency. This particular model corresponds to

ceeds the RHP power by two orders of magnitude at trans20-00 UT, or to 22:00LT. The altitudeis shown along the
ertical axis similar as in Fig. 3. The red curve shows the

verse resonance. Characteristic oscillations are observed i 8 . .
the spectra at 23:35-23:48 UT around 3 kHz, which mightelectron density profile and the corresponding values of elec-

indicate the interference between the first and the secon{fOn density are given on the lower horizontal axis. The blue
waveguide modes (see Rafalsky et al., 1995). Iine depicts the profile of electron collision frequency gnd the
relevant values are presented along the upper abscissa. The
topside boundary of the ionosphere is assumed to be located
atz,=110 km altitude and the lower ionosphere — neutral at-
mosphere interface is assumed to be at 80 km altitude.

Ann. Geophys., 28, 19202 2010 www.ann-geophys.net/28/193/2010/
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110 - field reaches the maximum here. The wave polarization at
the ground surface is defined as:

100+ Hr = H+i-Hy, H =H,—i-Hy, R=|HR|,
L = |Hy| RoD (1)
= Ll E= ——
904 R+L
c We use the ellipticity parametet, which is +1 for the cir-
f‘. 50 cular RHP wave and-1 for the circular LHP. In the general

case, the sign of gives the sense (direction) of rotation of
the field vector. Parameteris positive for the RHP waves
704 (i.e. the counter-clockwise rotation when the wave propa-
gates along the Earth’s magnetic field) and it is negative for
the LHP waves.
Figure 6a shows attenuation coefficients for the first 5
modes in the frequency range of 1-4kHz computed from
Penetration depth, km Eg. (A13). The modes are labelled in accordance to the right
(R) or the left (L) polarizations; the numbers denote the mode
Fig. 5. The penetration depth of the RHP waves (red curve) and ofaymber. One may notice in Fig. 6a that the first-order and the
the LHP waves (blue line) at 1600 Hz frequency during the night- ¢o~qnd-order waveguide modes start to propagate from fre-
time. quencies of 1.6 and 3.2 kHz. The “new-born” waves have ini-
tially a large attenuation factor (at frequencies just above the
cut-off). The attenuation rapidly decreases with frequency
and soon it reaches the level of the conventional losses in the

During the night, we observe the resonance at a frequencfarth—ionosphere duct. It is also obvious that the attenua-
of about 1.6 kHz (see Fig. 2). Hence, the effective height of ion factor of the LHP waves is smaller than that of the RHP

the ionosphere i§ = & ~ 94 km. At this altitude, electron Waves at all frequencies.
densitv and collision ?r]; uenc —1 20 16° 3. and The real part of the longitudinal or the x-component of the
y q y ale=1. ’ refraction indexn, =k, /ko is shown in Fig. 6b. It is related

— —1 . . T
v=1.57x10%s~1, respectively. Relevant refractive indices to the phase velocityp, by the formula Rey) = ¢/Vy.

arent =0.05+6.3i for the LHP anchp =6.4+0.05-i for 7 o oer modes of the waveguide LO and RO satisfy
the RHP wave in the magnetized plasma &t §&omagnetic the relation:

latitude. The LHP field amplitude varies as €Xpn_z) =
exp(—0.23.z). Hence, the scale height of this wave is equal ,2 = p2 4 42, p, =1; n, =0 )
to ¢=1/0.23=4.4km. ;
We will regard below the scale height as “scale depth”. The wave number at the transverse resonance satisfies the
Figure 5 shows the scale depth of the 1.6 kHz wave as th&ondition:
function of altitude. The red curve corresponds to the RHP
{ 2 ik =Kk

60 L | L | L | T T
1 10 100 1000 10000

5 Estimates of scale depth

wave and the blue line shows LHP wave in the ambient nightk; = o
conditions. It is clear that at 94 km, which correspond to <
the first transverse resonance frequency, the scale depths are &, w2
618 and 4.89 km for the RHP and LHP waves, respectively”* = % = 1- (koh)2’ ®)
The values depart by a factor of 130. This data indicate
that the LHP waves are effectively reflected from the iono-As it can be seen in Fig. 6b, the refraction index Rg) & 1
sphere, while the RHP waves have a large “scale depthfor the zero-order modes LO, RO, hence, these are the prop-
and are poorly reflected. In other words, the great “scaleagating modes. The zero-order modeg] Which is also re-
depth” allows the RHP waves to escape into the magnetogarded as the g=wave, does not have the lower cut-off fre-
sphere through the ionosphere. quency. This mode supports the long distance ELF prop-
agation at frequencies below the first transverse resonance
frequency (e.g. Kikuchi and Araki, 1979; Nickolaenko and
6 Waveguide modes in the night ionosphere model Hayakawa, 2002).
Frequency dependence of the L1 mode indicates its cap-
The roots of dispersion equation (A5) are the eigenvalues ofure by the waveguide at the frequency of the first transverse
the waveguide modes and their imaginary part determinesesonance. The refraction index of this mode is equal
the wave attenuation. The tangential electric field is equalto zero at the resonance frequency and it grows towards 1
to zero at the ground surface and the horizontal magnetiavith the frequency increase. Electromagnetic energy of the

www.ann-geophys.net/28/193/2010/ Ann. Geophys., 28,203-2010



198 A. A. Ostapenko et al.: Characteristics of VLF atmospherics

] 1. RO
P o R1 VRJ

= 10 E \/
= 1
= 1
= |
S IRO >
~ L
% 10"+ [~ O 0
S o
o [o)
E 10°- L1 L1
< 1| T T 1 14 /

1 2 3 4 i ; : ;

f, kHz
' f, kHz
Fig. 6a. Attenuation factor of different modes for the night IRI

model of ionosphere. Fig. 6¢. Polarization of different modes for the night IRl model of

ionosphere.

Polarization ellipticitye is shown in Fig. 6c for different

1,01 RO eigenmodes. One can see that LHP wave has the circular
L1 polarization at resonance frequenciesg¢as—1 here. The

R1 LHP have the lowest attenuation rate above the resonance

frequency. This conclusion is confirmed by observations: the

left-hand polarized waves dominate at frequencies above the

first transverse resonance.

The field amplitude reaches its maximum at the resonance
frequency in conventional resonance phenomena. One could
expect a similar maximum in the amplitude spectrum of
transverse resonance, as it was observed in experiments with
the HF powerful transmitter of modulated amplitude (Stubbe,

f, kHz 1982). However, computations predict a large attenuation

factor at the resonance frequency (Fig. 6a), so that radio

Fig. 6b. X-component of refraction index for different modes. waves cannot propagate effectively in the Earth-ionosphere
duct. Two questions arise. In what way does the narrow

first waveguide mode is “trapped” at the first transverse resmaximum appear in the amplitude spectrum of the distant
onance frequency. Indeed, according to the modal equatioiferics? Does its position depend on the distance between
k? = k2 + k2, we obtaink, =0 in this case as 4 (k;)>=0  the source and observer?

at the particular resonance frequencyfet= ;.. Physically,

the phase front of the trapped radio wave is horizontal, paral-

lel to the boundaries. This wave is the standing wave. Owing7 Transverse resonance spectra excited by in-phase pla-

to the particular frequency, nothing is left in the dispersion  nar current

relation for a non-zeré, component responsible for the hor-

izontal propagation. Therefore, the wave is capturetiaf; We computed amplitude spectra excited by the in-phase pla-
and the Earth-ionosphere cavity acts as a planar Fabry-Peraiar current placed below the nighttime ionosphere. The se-
resonator. All the sites at the ground surface will detect thelection of the horizontal source current is justified by the
radio wave with the zero mutual phase shift. A non-zero following reason. The transverse resonance is associated
component appears at higher frequencies and the first-ordevith radio waves trapped between the ground and the lower
waveguide mode starts to propagate horizontally. The phasmnosphere (Lazebny et al., 1988; Rafalsky et al., 1995;
delay appears with the frequency increase, which depends oHayakawa et al., 1994, 1995; Nickolaenko and Hayakawa,
the length of the propagation path. This phase shift was ex2002). Such waves propagate vertically; hence, only hori-
ploited for establishing the source-observer distance (Rafalzontal current might be an effective source of the transverse
sky et al., 1995; Brundel et al., 2002). Finally, the wave frontresonance. In the case where the causative lightning dis-
turns into a vertical plane at the infinite frequency. charge has a tilted channel, the horizontal projection of its

0,0
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current serves as the field source for the transverse resonance 101_
signals. ]
We use an infinite horizontal in-phase current sheet as the

source, which is positioned at the height of lightning dis- %
chargesz=7km. The horizontal planar curregftex; flows S5
in the Y-direction, so that only th8, component is present.

The amplitude of the current is independent of frequency: =
Jex=const. Results of field computations are presented infﬁ
Fig. 7, where the source frequency is shown along the ab-
scissa in kHz and the amplitud8, | is depicted along the o
ordinate in arbitrary units. Our idealized source model al- 101
lows obtaining the transverse resonance in the clearest fash- ]
ion, demonstrated by Fig. 7.

The spectrum of Fig. 7 contains pronounced peaks cor- ' é ' é ' 4'1
responding to two transverse resonance modes. The signal
amplitude is increased by an order of magnitude owing to f, kHz
the resonance. Amplitude of the second transverse resonance )
mode exceeds that of the basic mode. It is explained by théilg. 7. Amplitude spectra of transverse resonance of the Earth-

- - . ionosphere cavity when excited by the infinite planar in-phase cur-
ignr(cz)slélggegfﬂmency of horizontal source when the frequency rent placed at the 7 km altitude above the ground in the ambient

) L . . . i night conditions. The amplitude maxima are observed at transverse
Thus, in the vicinity of horizontal lightning discharge, one osonance frequencies of 1.6 and 3.2 kHz.
can expect the amplitude maximum to be elevated over the

“podium” by an order of magnitude. In the case of our ob-
servations, the major sources were located at distances of@ Discussion
few thousands kilometres.

Figure 6 shows the wave attenuation factor exceedingl’he amplitude and polarization spectra of high latitude sfer-
20dB per 1000 km at frequencies above the transverse reses are often similar to those observed at the mid-latitudes
onance. Such attenuation would compensate the excess @Yedemsky et al., 1992; Mikhaylova, 1988) or in the vicinity
the resonance amplitude, provided that the distance from thef the equator (Hayakawa et al., 1994, 1995).
source to observer is 1000 km or more. Therefore, the exper- The first-order mode radio wave has the LHP at all fre-
imental maximum seen in Fig. 1 could hardly be associatedjuencies and it acquires the circular LHP at the resonance
with the sub-ionospheric propagation: the field sources werdor the cut-off) frequency of 1.7-1.8 kHz (Yedemsky et al.,
a few thousand of kilometres away from the receiver. This1992; Hayakawa et al., 1994, 1995). Tweek amplitude spec-
is why we believe that regularly observed nocturnal spectrakra have the sharp maximum and a strong dispersion nearby
maximum at 1.6-2.3 kHz frequency is connected with the lo-this frequency (Mikhaylova, 1988). Hayakawa et al. (1994,
cal sources in the auroral zone. 1995) used the full wave solution when modelling tweek po-

We now consider the rati®p of the quality factors per- larization in the Earth-ionosphere waveguide with a realistic
tinent to the LHP and RHP oscillations. It is the in- electron density profile. Our results confirm their conclusion
verted ratio of the relevant attenuation ratBs:= Q| /Or = that the attenuation of the first mode LHP wave is much lower
Imwgr/Imw . As seen in Fig. 6, the attenuation factor of the than that of the RHP waves. This is the reason why only the
LHP waves is two orders of magnitude smaller than that ofLHP waves are observed at frequencies just above the first
the RHP wave. This point explains why the LHP waves pre-cut-off frequency of the Earth-ionosphere waveguide.
vail in the observed resonance maxima, or in the “tail” of However, Hayakawa et al. (1994, 1995) do not explain the
tweek atmospherics detected on the ground. The ionosphemsell-pronounced amplitude maximum present in the spec-
is a rather good reflector for the LHP waves. Simultane-tra of the long distance tweeks: the peak is positioned at
ously, the RHP waves easily penetrate into the ionospher¢he cut-off frequency (Mikhaylova, 1988). The emergence
and escape from the Earth-ionosphere cavity into the magef such a peak was addressed in works by Yamashita (1977)
netosphere. The idea also explains the origin of “striped”and Ryabov (1992, 1994). They have found that the atten-
spectral structures of transverse resonance detected on boaundtion factor of the corresponding waveguide mode has a
the DEMETER and other satellites (Ferencz et al., 2007). narrow minimum just above the Earth-ionosphere waveguide

cut-off. Thus, the minimum of losses is observed as a sharp
maximum in the amplitude spectrum of tweeks.

Our computations are based on the full wave solution and
the obtained results deviate from those published by Ya-
mashita (1977) and Ryabov (1992): we did not find any

www.ann-geophys.net/28/193/2010/ Ann. Geophys., 28,203-2010
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minima in the wave attenuation rate around the transverseitation efficiency of remote horizontal lightning discharges
resonance (the waveguide cut-off) frequency. Therefore, théthe wave propagating in the sub-ionospheric duct) and this
maximum in the amplitude spectrum of sferics at the critical one of the signal arriving from the magnetosphere (the waves
frequency of the waveguide must be attributed to the transpropagating in plasma along the magnetic field lines).

verse resonance of the Earth-ionosphere duct. Computations

performed with the planar current source show a pure spec- )

trum of the transverse electromagnetic resonance, which coAPpendix A

responds to radio waves captured between ground and the

ionosphere. Such waves are effectively excited by horizon-The full wave solution

tal currents (e.g. Lasebny et al., 1988; Rafalsky et al., 1995W ) - .
Nickolaenko and Hayakawa, 2002). e derive the characteristics of the low frequency radio

In reality, the remote field source has the finite horizon- Waves by using the technique suggested by Budden (1961)

tal dimension. Therefore, the radio propagation is aIways(See also Nagano at al., 1975). A Cartesian coordinate sys-

present in the experiment. Guided radio waves travel in atem (x, y, 2) is used as shown in Fig. 3. A plane wave is

duct as a number of modes. Different modes interfere and thénct'gem on an%nlsptr%plc medium frprr;hbeg?v; atl an ara;gle
observed amplitude spectrum becomes substantially moditC the z-axis. The incidence occurs in the X-Z plane. lono-
sphere varies along the z-direction only. The orientation of

fied. A characteristic “mode beating” appears at every fre- i SR .
guency of the transverse resonance (Rafalsky et al., 199ghe Earth’'s magnetic field is (I, m, n). We assume the time
Nickolaenko and Hayakawa, 2002). The clear resonance pafjependence of the exp(wr) form. E!ectromagneuc fields
tern might be observed only in the spectrograms of distantSatISfy the following Maxwell's equations:

sferics. o _ V x H = —iweo(l +M)E (A1)
The transverse resonance in its pure form might be ob-
served only for a short distance between the source and oby » £ — j 0B (A2)

server. Such a situation was realised in the experiments of

ionospheric HF heating (Stubbe at al., 1982). Sometimes thgvhereso, 1o are the free space permittivity and permeabil-
transverse resonance is observed in the integrated daytimg, correspondingly) denotes the unit matrix, ard is the
ELF-VLF power spectra, provided that a thunderstorm oc-susceptibility matrix with the following elements:

curs close to the receiver (Lazebnyi et al., 1988; Belyaev et . y s
al., 1991). My = -XU=17Y")/UU"-Y"),

M.y = —X(iUnY —nlY?)/UU?-Y?),
My, = —X(—iUmY +ImY?)/UU?-Y?),
My, = X(=iUnY +1rnY?)/UU?-Y?),
We m_ade a study Qf ELF-VLF sferics recorded in N.orth- My, = —X (U —m?Y?)/UWU?-Y?),

ern Finland. Sensitive receivers allowed the detection of ) 2 2 o2
natural radio waves and relevant polarization studies of theMy: = —X((UIY —mnY")/UU"—Y7),
field. Pronounced amplitude maximum was detected nearthe/,, = —X (iUmY —InY?)/U(U?—Y?),
first transverse resonance frequency of the Earth—mnospherg,,zy = X (—iUnY)/UU?-Y?),
waveguide £1.6 kHz) in night conditions. Received radio
waves had the circular LHP, which prevails at frequencies upMZX

to 4-5 kHz. . i Here, we apply the following symbolsU=1+Z; Z=v/w;
Experimental results are interpreted with the full wave X=(wplom)?; o = e2NImeg; wg=eBlm; Y=oylo;, o, is
, Wy, ; ; ;

solution for the particular geometry of the nighttime iono- ¢ plasma circular frequencyy is the electron gyro fre-
sphere. We found that the attenuation factor of the LHP Wav&yency:m ande are the electron mass and its charge corre-
is much smaller than that of the RHP wave, which allows thespondingly;N is the electron density, is the electron colli-

leakage of the RHP wave into the magnetosphere through thg;,, frequency.

anisotropic ionosphere. ~ The ionosphere is the horizontally stratified medium and
Transverse resonance spectra were computed for the fielg o space-time dependence of each field component in the in-

source in the form of a planar infinite horizontal current ciqent wave is proportional to expfwt + iko(nyx +n.2)]
sheet. Analysis showed that transverse resonance becomggere «, is the propagation constant of the free space

evident when the wave propagates only in the vertical direc—nx —sing, n, =cod). By eliminating the£, and H, compo-
tion. This means that its convincing pattern might be ob-,ants from Egs. (1) and (2) and by applying the Snell's law,

9 Conclusion

= XU -n?Y®/UWU?-Y?),

tained for the nearby sources. _ ~we obtain the following equation (Budden, 1961):
The problem remains in the nearby field source at high
latitudes. To resolve this problem one has to treat the exde/dz =ikgTe, (A3)
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wheree is the column matrix composed of the horizontal upper boundary and finishing at the ground surface. The
electric and magnetic field components: coefficientscy, c¢2 remain undefined. To establish them, a
- particular solution of inhomogeneous Eq. (A6} must be

Ex added to the general solution (A8)
e=| & Zo= (1o/e0)"/? .
ZoH, |’ ’ i=2
ZOHy e= ZC[ -6 +€nnh (Ag)
' i=1
andT is the 4x4 matrix L . L
~ , Combination (A9) must satisfy the boundary conditions on
— e ’l’i"ﬁ{ 0 1‘1"+A+4M the perfectly conducting surface of the Earth and the un-
0 0 -1 0 known coefficients', ¢ are found.
T= % ~My, 1-n24M,, — A{ijﬁﬂf” 0 L’j‘{j : The field discontinuities might be met. For example, a cur-
.y MM MM, Y 0 _ iy My rent sheet/ exty positioned in the ionosphere at the height
L XX 1EM, 1+ M, xy 1+M,

causes a discontinuity in the tangential magnetic induction:
If the medium is divided into a number of thin homogeneous

slabs, formula (A3) becomes a differential equation with alBxl= (sz - BXl) |Z=ZO = o extv (A10)
constant matrixi within each layer. Then, a particular solu- hile

tion of Eq. (A3) corresponds to the factor exyikoq2) com-

bined with the complex wave amplitude. We obtain from Ex; |:=zo = Exy |:=20 = Ey; |z=20 = Ey; |2=20 (A11)
Eq. (A3) o

(T—gl)e=0 (A4) {ClEX1+C'2Ex2+Exnh=0} (A]_Z)
The condition of a nontrivial solution of Eq. (4) is: c1Ey1+c2Ey2+Eyph=0

Det(T —gl)=0 (A5) The solution of system (A12) is unique when the following

condition is satisfied:
Relation (A5) gives the so-called Booker quadric equation .
for ¢ and the relevant eigen values determine the characteri | Exi (20) 5 By (20)
tic modes of upgoing and downgoing waves being each of th ) #0
LHP and the RHP types. Equation (A5), within a homoge- | £x (1) 3 Ey2 (21)
neous layer, provides the eigenvalyeand Eq. (A4) allows  In the absence of source curreht=0 the following disper-
for constructing the corresponding eigenvectors of the probion relation is obtained:

lem. Ey (z1): Ev (z1)
Let us turn to the solution of the equation with a non-zero | ~*1 <%/ * £311<1 _0 (A13)

right part:
gntp Ey (z1) 5 Ey,(21)

Z—: —ikoTe=poJext. (A6) It defines the complex eigenvalues: the phase velocity of ra-
dio waves and the attenuation factor.
where J oyt is the external source current. The general solu-
tion of the fourth-order differential Eq. (A6) has the follow- AcknowledgementsThis work was supported by the Russian
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