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[1] Observation of spatial VLF field structures in an artificially disturbed ionosphere is
reported. The disturbed area with horizontal sizes ∼50 km in a quiet middle‐latitude
ionosphere was produced by the powerful RF Sura heating facility (56°1′N, 46°1′E).
Measurements were carried out onboard the DEMETER satellite while passing the
disturbed area at height ∼700 km. Spectra broadening (Df < ±1 kHz) and considerable
(up to 30 dB) increase of signal intensity of VLF transmitters’ signals were observed.
The VLF field and electron density irregularities have similar spatial structure. The
characteristics of the VLF field in disturbed by RF heating area are analyzed.
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1. Introduction

[2] Active experiments in ionosphere and magnetosphere
have been carried out since the 1970s [Storey, 1953;
Helliwell, 1969; Helliwell, 1988; Gurevich, 2007].
[3] It is believed that VLF signals from powerful ground‐

based transmitters determines the lifetime of energetic radi-
ation belt electrons (100 keV–1.5 MeV) on L‐shells in the
range of 1.3–2.8 [Abel and Thorne, 1998a; Abel and Thorne,
1998b; Millan and Thorne, 2007]. Moreover the authors of
[Abel and Thorne, 1998a; Abel and Thorne, 1998b; Koon
et al, 1981; Imhof et al, 1983] concluded that man‐made
VLF transmitters operating continuously in the 17–23 kHz
range have a significant impact on 100–1500 keV electron
lifetimes. The studies of transmitter‐induced precipitation
(e.g., Inan et al., 1984) have concentrated on magneto-
spherically “ducted” propagation, placing the predicted
precipitation regions in the vicinity of the major transmitters,
largely located at L‐shells of L > 2. To test the hypothesis
that VLF signals from ground‐based transmitters determine
the lifetimes of energetic radiation belt electrons, one needs
to know the characteristics of the VLF signals in the radiation
belts. In turn, the intensity of VLF signal is determined
substantially by the structure of ionosphere‐magnetosphere
plasma.
[4] Usually it is believed that only large‐scale irregulari-

ties elongated along the magnetic field (ducts) can influence
the wave propagation into the ionosphere and magneto-
sphere [Helliwell, 1969; Helliwell, 1988; Inan, 1987; Milikh

et al., 2008; Poulsen et al., 1990; Smith et al., 1960]. How-
ever there is an alternative that small‐scale irregularities
(∼100 m and over) also play a significant role in wave
propagation. In this case the wave‐scattering on irregularities
with a mode transition is a significant phenomenon deter-
mining the characteristics of VLF waves in upper ionosphere
and magnetosphere.
[5] Irregular structure of VLF field and increase of its

intensity in inhomogeneous ionosphere was observed in
numerous DEMETER satellite measurements in the auroral
region [Titova et al., 1984a;Titova et al., 1984b;Trakhtengerts
and Titova, 1985; Basu, 1978; Reid, 1968; Sudan et al., 1973;
Villain et al., 1985, Sonwalkar et al., 2001; Baker et al., 2000;
Groves et al., 1988; Seyler, 1990]. The increase of VLF field
intensity was accompanied by a spectral broadening while the
satellite crosses the area with inhomogeneous medium. The
effect of VLF wave spectrum broadening was also observed
in satellite measurements of artificial ionosphere perturbations
created by RF heating facilities [Bell et al., 2008; Rapoport
et al., 2007]. Moreover the effect was observed only in the
heated area and ceased when the satellite left the area.
[6] The broadening of VLF signals’ spectra could be

interpreted by a whistler wave transformation into quasi‐
longitudinal (electrostatic) mode. [Bell and Ngo, 1990; Bell
and Ngo, 1988; Trakhtengerts et al., 1996; Bell et al.,
2008]. The lower hybrid (quasi‐longitudinal) waves are
excited as the electromagnetic whistler mode wave scatter
from magnetic‐field‐aligned plasma density irregularities in
the ionosphere and magnetosphere. Calculations of wave
scattering on small‐scale irregularities with whistler to
electrostatic mode transformation were performed by Bell
and Ngo [1990]. The spectrum width of lower hybrid
waves in the process is determined by the irregularity’s
spatial spectrum and is comparable with it.
[7] Unlike the wave scattering on small‐scale irregulari-

ties the process of VLF wave propagation in duct has a
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narrow spectrum. Under the eikonal approximation the
angle between wave vector and magnetic field is determined
by Snell’s law. It is approximately equal to the relative
electron density perturbation and is no larger than 0.1–0.2.
Thus the transversal component of the wave vector must be
considerably smaller than longitudinal one in the process of
wave trapping into the duct. Analysis of wave propagation
in artificially created waveguides was performed by
Karpman and Kaufman [1982]. The eigenvalue and eigen-
vectors of waves propagating in such a waveguide are given
by Yoom et al. [2007].
[8] In our experiments discussed below the VLF wave

intensity increased sharply and its spectrum broadened
while the satellite crossed the disturbed area. This assumes
that the wave‐scattering on small‐scale irregularities with a
mode transition is realized in the experiments.
[9] The subject of the present paper concerns the char-

acteristics of the VLF signals at 18.1 kHz as observed on the
DEMETER spacecraft at 710 km altitude, see special issue
of Planetary and Space Science, Parrot, M. (2006),
“DEMETER,” Planet. Space Sci., 54, 411.
[10] The analysis of the VLF waves’ propagation in the

area with artificially created irregularities allows us to match
the data on transversal scales of waves with a theoretical
model’s characteristics (such as dispersion characteristics,
impedance, etc.).The VLF signals spectral features permits
the supposition that the process of energy transfer between
the whistler end electrostatic mode occurs and could be
described as diffusion in k‐space.
[11] In our experiments, the heating of the ionospheric

plasma has been performed by the powerful RF Sura facility.
The DEMETER satellite was used for diagnostics of iono-
spheric parameters and electromagnetic waves [Rapoport
et al., 2007; Frolov et al., 2007].

2. Experiment Results

[12] Measurements of VLF wave fields and plasma
parameters in the ionosphere disturbed by RF Sura heating
facility were carried out by the DEMETER satellite
[Rapoport et al., 2007; Frolov et al., 2007]. The experi-
ments were carried out in the evening (22 LT ) on 1 May
2006 and 17 May 2006. The height of the satellite orbit was

710 km, and the satellite velocity was ∼7.7 km s−1. The Sura
facility operated during 15 min in CW (ordinary polarized
wave) mode creating an artificial ionosphere turbulence.
The minimum distance between the satellite and the center
of the perturbed area was approximately 35–40 km.
[13] The characteristics of the satellite instruments are

presented in a special issue of Planetary and Space Science,
Parrot, M. (2006), “DEMETER,” Planet. Space Sci., 54, 411.
[14] The DEMETER plasma wave instrument (ICE)

[Berthelier et al., 2006] was used to detect the VLF (up to
20 kHz) and quasi‐static electric field (frequency range 0–
1.25 kHz). Langmuir probe [Lebreton et al., 2006] was used
to measure electron density and the Magnetic Search Coil
(IMSC) instrument [Parrot et al., 2006] for magnetic field
measurements. The satellite measurements were carried out
in Burst mode, under which the electron and ion density and

Table 1. Experimental Characteristics of 1 May 2006 and 17 May
2006 Experiments

1 May 2006
Experiment

17 May 2006
Experiment

Time of the closest approach of the
satellite to the center of the
perturbed region (UT)

18:28:38 18:28:30

The minimum distance from the
satellite to the center of the
disturbed magnetic tube

35 km 39 km

Pumping wave frequency 4300 kHz 4785 kHz
Pumping wave effective power 80 MW 120 MW
Inclination of SURA facility

antenna beam
12° to the south 12° to the south

Ionosphere cutoff frequency, f0(F2) 5.8 MHz 5.9 MHz
Pumping wave reflection height 230 km 220 km
Kp index 0+ 0
Special conditions Es diffusivity up

to 3.8 MHz

Figure 1. Electron density (Ne), VLF electric field (EVLF,
frequency range of 17.6–19.1 kHz), and quasi‐static electric
field (EELF, frequency range of 0–1 kHz) as a function of
the distance (in brackets) up to the center of the disturbed
region of field tube (the heated area). Figure 1a is related
to the 1 May 2006 session whereas Figure 1b corresponds
to the 17 May 2006 session.
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the temperatures of the plasma component were registered
with a time resolution of about 1 s. The sampling frequency
of electric and magnetic field detectors was 40,000 samples
per second. Ionosphere cutoff frequency f0(F2) and the main
parameters of the Sura facility during the experiment’s
sessions are given in Table 1.
[15] Figure 1a shows an electron density (Ne), intensity of

the VLF electric field in a frequency range of 17.6–19.1 kHz
(EVLF), and the intensity of the quasi‐static electric field in a
range of 0–1 kHz (EELF) over a 40 s time period for the 1
May 2006 session. These data were acquired near the
magnetic field line intersecting the heating area of the Sura
facility. Figure 1b is the same for the 17 May 2006 session.
In both sessions, the beginning of measurements in Burst
mode was at 18:28:32 UT (22:28:32 LT).
[16] From Figures 1a and 1b one can see that at the closest

approach to the center of the heated area both electron
density of plasma and electric field intensity increase. The
size of the perturbed electron density area is estimated as LN
’ 45 km since time of satellite flight in the disturbed region
in about 6–7 s. The size of the increased electric field area is
about LE ’ 90–100 km and outside this area the intensity of
the VLF field decreases abruptly by ∼30 dB.
[17] The frequency‐time spectrogram of VLF electric field

in a frequency range of 0–19.5 kHz is shown on Figure 2.
This spectrogram is given for the 1 May 2006 experiment
session between 18:28:32 and 18:29:28 UT (distances to the
center of the heated area are in brackets). Several VLF
transmitter signals were detected—a continuous wave (CW)
signal at a frequency close to 18 kHz and a pulsing signal at
frequencies close to 12, 13, and 15 kHz. Ovals mark the
frequency broadening of CW VLF signal and quasi‐static
noise caused by artificial ionosphere irregularities in the
heated area.

[18] In the heated area of the ionosphere which DEMETER
flew through at 18:28:33–18:28:45 UT (marked with vertical
lines) the intensity of CW VLF signal at 18 kHz significantly
increases together with its spectrum width. Signal bandwidth
for this transmitter is as large as 1 kHz during this period.
Spectra of pulsing VLF signals also broadened in the areas
with artificial ionosphere irregularities.
[19] Figure 3 shows the sequence of electric and magnetic

fields’ power spectra measured in the disturbed area in a
frequency range of 17.5–18.7 kHz. On each spectrum, the
electric field is shown by a thin line (the left scale of inten-
sity, dB to 1 mV/m Hz1/2), and magnetic field is represented
by a bold line (the right scale of intensity, dB to 1nT/Hz1/2).
To compute spectra we used series of 10 data arrays of 0.2 s
duration (spectral resolution ∼5 Hz) and then averaged these
power spectra.
[20] As one can see from Figure 3, the spectrum of the

VLF electric field consists of two components: a quasi‐
monochromatic line at the VLF transmitter’s pumping wave
frequency (18.1 kHz) and a noise continuum with a maxi-
mum at the same frequency and a bandwidth of about 0.4–
0.5 kHz (at a 3 dB level). The noise continuum level increases
up to 30 dB in a bandwidth of ±0.3 kHz. At distances up to
60 km from the center of disturbed area the carrier frequency
is masked by the noise level. At distances of 60–100 km the
intensity of pumping frequency signal did not change, while
the intensity of the noise continuummonotonously decreases.
At distances of 100–130 km the signal decreases abruptly
(by 30 dB).
[21] Figure 4 shows the power spectra for the electrostatic

field (a continuous line for a frequency range of 0–1 kHz)
and for the noise VLF continuum (2, 3). Here the VLF
frequency is counted both up and down from the pumping
frequency (18.1 kHz). The dashed curve corresponds to the

Figure 2. The electric field frequency‐time spectrogram for 1 May 2006 session. Vertical lines mark the
time of DEMETER flight through the heated area. Signals of VLF stations (continuous wave and pulsing)
are marked with arrows. The boundary at 8–11 kHz corresponds to LHR frequency.
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interval of frequencies of 18.1–19.1 kHz, and the dotted
curve to an interval of frequencies 18.1–17.1 kHz.
[22] The frequency dependence of a continuum spectral

intensity E(f) may be defined as a power law E2 ∼ f a. In this
case, the change of the spectral intensity could be charac-
terized by a spectral index a = log10(E1

2/E2
2)/log10( f2/f1). The

spectral index of the quasi‐static electric field is about a ’
−2.6 in a frequency range of 30–1000 Hz (Figure 4). The
spectral index of the VLF continuum is a ’ 0 in a frequency
range of 30–150 Hz, and at frequencies from 150 to 300 Hz
it is a ’ −2.6. At frequencies above 300 Hz spectral
intensity of the VLF continuum sharply decreases (a ’
−5.5). The spectra of the VLF signal for positive (18.1–
19.1 kHz) and negative (18.1–17.1 ) frequencies from the
central frequency are similar (Figures 3 and 4).

3. Discussion

[23] A solitary large‐scale electron density irregularity
with the size of ∼40 km was observed above the heated area.
The electron density within this irregularity exceeds the
background level by 10%–20%.
[24] We can assume that the small‐scale irregularities of

electron density have the same scales as electrostatic field.
Taking into account the satellite velocity, the electrostatic
field was recorded by satellite probes at frequencies 10 Hz–
1 kHz, and this corresponds to spatial scales of l ∼ wvsat/2p
∼ (1000 ÷ 10) meters.
[25] As it follows from Figure 1, the area of increased

electric field largely coincides with the electron density
disturbance area, which has a noticeably large size. The VLF
field abruptly decreases outside the heated area confirming
the guiding of VLF waves into the upper ionosphere. It is

apparent that waves do not propagate in a duct, but more
likely as waves which “move” along the small‐scale irreg-
ularities of the electron density (duct is understood as a
waveguide with the cross‐section more than wavelength).
[26] In order to study the VLF spatial spectrum features

we consider the spatial distribution of the VLF field irreg-
ularities and their connection with dispersion characteristics
of the field. For whistlers with

!LHR � ! � !He; !0e; ð1Þ

Figure 3. The sequence of averaged power spectra for VLF electric and magnetic fields in an interval of
frequencies 17.5–18.7 kHz for the consecutive moments of time and distances of satellite up to the center
of the field tube of the heated area. The distance (km) from the satellite up to the center of the field tube
and the time (UT) are shown above each spectrum. The intensity spectral density of electric field is shown
by a thin line (the left scale of intensity, dB to 1 mV2/m2 Hz), the spectral density of a magnetic field is
given by a bold line (the right scale of intensity, dB to nT2/Hz).

Figure 4. The power spectra of an electric signal for the
electrostatic field—a continuous line for the frequency range
of 0–1 kHz (1), and for a noise VLF continuum: dashed line—
in a frequency range of 18.1–19.1 kHz (2), dotted line—in a
frequency range of 18.1–17.1 kHz (3). (dB to mV/m Hz1/2).
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(where w is frequency of the VLF waves, wHe and w0e are
electron gyrofrequency and plasma frequency, respectively,
and wLHR the lower hybrid resonance frequency), all com-
ponents of dielectric permeability tensor are proportional to
the electron density [Karpman and Kaufman, 1982]. The
dispersion equation for the VLF waves with the condition
(1) is as follows Karpman and Kaufman [1983a and 1983b]
and:

n2? ¼ 2u2
� ��1

1� 2u2
� �

n2k � 2a�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n4k � 4an2k

qh i
; ð2Þ

(where k0 = w/c is the wave number in vacuum, a = w0e
2 /wHe

2 ,
u = w/wHe).
[27] Here instead of wave number k the parameters n = k/k0

with components nk (along a magnetic field) and n?(across a
magnetic field) are used. The sign “−” before the square root
corresponds to the whistler mode (W), and the sign “+”
corresponds to the electrostatic mode (ES). There is an
interval of nk in which both modes exist simultaneously. The
dispersion curve nk(n?) for the case w0e/wHe = 2.5, w/wHe =
0.02 (which corresponds to middle‐latitude ionosphere para-
meters at height of ∼700 km, and for a VLF signal frequency
∼20 kHz) is shown on Figure 5. The dotted part of the curve
on Figure 5 corresponds to the whistler mode (W), and the
continuous part of the curve to the electrostatic mode (ES).
[28] Time dependence of the satellite data records is

connected with the spatial structure of the field by the
expression:

Esat tð Þ ¼ e�i!0 tE r0 � vsattð Þ: ð3Þ

(E(r) is the amplitude of the VLF field along the trajectory
of the satellite, r0 are the coordinates of the satellite at t = 0).
The frequency shift (DF) is defined by the expression DF =
kirreg vsat/2p (where lirreg ‐ is the scale of irregularities,
∣kirreg∣ = 2p/lirreg is the “wave number” of irregularities). In
our case (for values a = w0e

2 /wHe
2 = 6.25, and u = w/wHe =

0.02), the relation between frequency shift and n? is given
by DF ≈ 0.35n?.
[29] Scattering of the electrostatic electric field (ES) to

whistler (W) or of the electromagnetic whistlers (W) to
electrostatic electric field (ES) from pre‐existing density
irregularities should be satisfied by synchronism conditions:

kW � kES ¼ kirreg; ð4Þ

where kirreg is the wave vector of electron density irregu-
larities. These irregularities are elongated along the geo-
magnetic field. i.e., their spatial spectrum width along the
geomagnetic field has a narrow wavelength range. kk,irreg �
kk,W, kk,ES. Thus, in the analysis a small parameter m =Dkk/kk
appears.
[30] Figure 6 shows the scattering from one mode to the

other by arrows (solid arrows for scattering from whistler
mode to electrostatic one, and dotted arrows in the reverse
direction). Each act of wave scattering is accompanied by a
change of kk at the value Dkk ∼ kk,irreg.
[31] The presence of small parameter m allows consider-

ing the VLF spatial spectra evolution as “diffusion” of wave
in k‐space along the longitudinal wave vector component
(kk). Such “diffusion” may occur in the part on the disper-
sion curve where both modes (whistler and electrostatic)

Figure 5. Dispersive curve nk(n?) for VLF waves (w0e/wHe = 2.5, w/wHe = 0.02).
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exist simultaneously. Figure 7 shows the distribution of the
electric field intensity along the dispersion curve. Figure 7
represents a three‐dimensional diagram combining the data
from Figures 4 and 5. The spectral density of the electric field
is more or less constant within the trough and drastically
reduces on exit from it.
[32] An important parameter of radio wave propagation is

admittance function (the ratio of the magnetic induction B to
the electric field E) and its dependence from the spatial

structure of the field. The relation follows from the Maxwell
equation [k E] − wB = 0 and the dispersion equation (2) as:

B

E
¼ nk

c

!2
0e=!

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2?n

2
k þ n2? þ !2

0e=!
2

� �2q ð5Þ

[33] The dotted curve on Figure 8 shows the calculated
admittance (5) for the same parameters (w0e/wHe = 2.5,

Figure 6. Wave scattering by ionosphere irregularities with mode transformation.

Figure 7. Distribution of the electric field intensity along the dispersive curve.
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w/wHe = 0.02) as for the dispersion curve (Figure 5).
Figure 8 also represents B/E ratio obtained from experi-
mental data. Thin lines shows the B/E values corresponding
to spectra similar to spectra shown on Figure 3 for distances
49 km, 61 km, and 75 km. The darker line corresponds to
averaged values. As it is evident from Figure 8, there is a
good correspondence between theoretical calculation and
experimental data.
[34] To summarize, a spectrum broadening effect and an

increase of the VLF signal scattered by ionosphere irregu-
larities was observed only in the disturbed area and was
totally absent outside it. Experimental values of the admit-
tance are in agreement with the calculated ones.
[35] It is believed that similar processes (wave scattering

accompanied by the mode interaction) may occur in other
frequency ranges. Specifically, such scattering may occur in
the ULF range, where the transformation of magneto‐
acoustical waves into Alfvén waves, as well as in HF range
in the interval of frequencies between the upper hybrid
frequency and the plasma frequency. In all these cases a
sufficiently effective scattering of waves of one mode into
another may take place on small‐scale irregularities of
electron density

4. Conclusions

[36] The main conclusions are:
[37] 1. Above the HF heated area waves propagate not in

duct (a waveguide with the cross–section more than wave-
length), but more likely as waves that “move” along the
small‐scale irregularities in turbulent medium.

[38] 2. Interaction of whistler and electrostatic waves
leads to “filling” of the trough on the dispersive curve
(kk(k?) dependence).
[39] 3. A spatial spectrum of VLF waves has a flat part

(whistler mode and the beginning of electrostatic mode), a
part with a spectral index of −2.6 (a short‐wave part of an
electrostatic mode). Outside the trough, the signal is prac-
tically absent.
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