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Observation of nonlinear interactions in large-scale
density enhancements of the high-latitude ionosphere

Arnaud Masson,! Francois Lefeuvre, Zheng Y. Zhao,?2 Dominique Lagoutte,

and Jean-Louis Rauch
Laboratoire de Physique et Chimie de ’Environnement, CNRS, Orléans, France

Abstract. Simultaneous measurements of electron density and ELF electric field
by the AUREOL-3 satellite have allowed Cerisier et al. [1985] to point out the
existence of large-scale density irregularities in the high-latitude topside F region
and to establish the role of the gradient drift instability in the plasma structuring.
High-resolution spectra of the density and field fluctuations show the presence of
low-frequency peaks linked by relationships such that fr, + fn = fm+n. Bispectral
analyses point out nonlinear interactions between waves at 7.8 and 15.6 Hz and
density irregularities at 5.85 Hz. The consistency of the results with regard to
instability models is discussed. The existence of an interaction process involving

Schumann resonances is suggested.

1. Introduction

Large-scale (tens of kilometers) density irregularities
are currently observed in the high-latitude F' region of
the ionosphere and above [Vickrey et al., 1980; Mul-
drew and Vickrey, 1982; Rino et al., 1983; Béghin et
al., 1985; Weber et al., 1984, 1985, 1986; Kersley et
al., 1988; Basu et al., 1988, 1990]. It has already been
shown that they are the seat of gradient drift instabili-
ties [Linson and Workman, 1970; Muldrew and Vickrey,
1982; Cerisier et al., 1985; Basu et al., 1990]. The
object of the present paper is to point out non-
linear interactions associated with these plasma
inhomogeneities.

Simultaneous density and electric field fluctuations,
recorded on board the AUREQL-3 satellite in the high-
latitude F region, have been analyzed by Cerisier et al.
[1985]. One of the main results was that instabilities
are developed on the positive gradients of large-scale
density irregularities convected by the DC electric field.
As the same spectral indices were found for the density
and electric field fluctuations, the authors concluded
that the instabilities were of the gradient drift type.

However, irregularity and field spectra often present
oscillations at the smallest frequencies, i.e., at the
longest wavelengths (at least in the zero phase velocity
approximation). If most of them can be approximated
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by a single spectral index, two power law segments,
having different indices, may be required to obtain a
correct fit. Villain et al. [1986] found that 25% of
AUREOL-3 irregularity spectra are better fitted by two-
component spectra. Proposed interpretations were
discussed by Tsunoda [1988]. To study that point, high-
resolution spectral analyses have been performed by
Zhao et al. [1997] on AUREOL-3 data already analyzed
by Cerisier et al. [1985]. They show the existence of
well-defined frequency peaks at the smallest frequencies
both on the irregularities and on the field spectra. As
frequency relationships of the type fm + fn = fm+n
are pointed out, it seems reasonable to look for the
existence of nonlinear interactions.

Now, the power spectra are second-order statistics.
Frequency relationships derived from them may be pure
coincidences. One way to check the physical meaning of
relationships of the type fm + fn = fm+n is to estimate
third-order statistics, i.e., bispectra and bicoherency
functions [Kim and Powers, 1979; Lagoutte et al., 1989].
Although nonzero values only point out phase relation-
ships (or phase coupling) they may be interpreted as
a signature of a three-wave nonlinear interaction. Ap-
plications to space plasmas have been published by Lee
and Kuo [1981], Riggin and Kelley [1982}, Tanaka et
al. [1987], Lagoutte et al. [1989], Trakhtengerts and
Hayakawa [1993], Dudok de Wit and Krasnosel’skikh
[1995] and Rezeau et al. [1997].

It is the aim of the present paper to revisit Aureol-3
density and electric field fluctuations already analyzed
by Cerisier et al. [1985], in order to (1) determine the
frequency peaks in the power spectra with the maxi-
mum possible accuracy, (2) show the power variations
when the satellite crosses the density inhomogeneities,
and (3) identify any eventual nonlinear process of
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Figure 1. Aureol-3 data to be analyzed (see text): left the first time interval (or selection 1),

and right the second (selection 2).

energy transfer between the fluctuations and the
frequencies (or wavelengths).

2. Data

The data studied by Cerisier et al. [1985] have been
obtained by the low-altitude (400-2000 km) Aureol-3
satellite launched into a nearly polar orbit on Septem-
ber 21, 1981. The satellite was three axis stabilized.
Low-energy electrons and ions were measured by the
SPECTRO experiment [Bosqued et al., 1982]. The
electron density was measured by the high-resolution
Interferometer Self-Oscillating Probe (ISOPROBE)
mutual impedance sounder [Béghin et al., 1982). In the
mode of operation used at the time of the recording,
the electron density value (N.) was estimated every 0.2
ms. The wave field measurements were performed by
the Trés Basses Fréquences (TBF) experiment [Berthe-
lier et al., 1982]. Waveforms associated with the

measurements of two electric and three magnetic wave
field components in the ELF frequency range (1-1500
Hz) were transmitted to the ground. According to
the characteristics of the filters, the corresponding time
series were also sampled at 5 kHz. In what follows,
we shall mainly consider the E} electric component
that stays approximately perpendicular to the Earth’s
magnetic field direction.

Detailed analyses of N.(t) and Ej(t) fluctuations
have been performed over time intervals where medium
scale irregularities in electron density are identi-
fied. Here, the presentation will focus on TBF and
ISOPROBE data for which Cerisier et al. [1985] have
made a spectral analysis. They were recorded on March
16, 1982, during a crossing of a diffuse aurora region
(precipitated electrons are seen on SPECTRO between
~0447:30 and ~0451:00 UT). At the time of the anal-
ysis, the satellite was approximately at 650 km alti-
tude. The invariant latitude was ~ 70° (L~8.8) and



MASSON ET AL.: OBSERVATION OF NONLINEAR INTERACTIONS

the Magnetic Local Time (MLT) was 0744. There are
8 s of data that can be analyzed. For technical rea-
sons, they have been split into two 4-s time intervals.
From hereinafter, they will be referred as selection 1 and
selection 2.

The top panels of Figure 1 represent the N,(t) time
series. The electron density fluctuations §N,(t)/N.(t)
are obtained here by applying a wavelet decomposi-
tion at level 8 based on the Daubechies 5 wavelet
[Daubechies, 1992]. This allows to remove discontinu-
ities we get when subtracting mean values as of Cerisier
et al. [1985] but the results are basically the same.
If we denote by N?O(t) the level 8 approximation ob-
tained after wavelet filtering of the N,(t) time series (see
second panels of Figure 1), the expression of the elec-
tron density fluctuations is given by

6Ne(t)  Ne(t)— N2(t)
N.(t) — N.(t)

ey

To be consistent with the wave data (see below), they
are passed through a 200-Hz low-pass filter. The low-
frequency parts of the 6 N () /N,(t) time series are given
in the third panels of Figure 1.

The original waveform of the electric field compo-
nent is not represented here. A hiss emission, with
a low cutoff frequency around 300 Hz, masks the
phenomenon we are interested in. It is removed by
filtering the Ep(t) time series below 200 Hz. The
final time series are displayed in the bottom panels
of Figure 1. Strong amplitude variations are seen
both in Ej(t) and in 6N, (t)/N.(t) during the time in-
tervals: 0449:04.161-0449:04.961 UT and 0449:08.040-
0449:08.840 UT. In order to extract physical infor-
mation from these strong inhomogeneities, spectral
analysis has been performed.

3. Spectral Analysis

The estimation of the autopower spectrum of a time
series requires the stationarity condition, that is to say
the conservation of its moments through time (at least
over the time of observation). In our case, the tempo-
ral evolution of the moments reveals a clear departure
from stationarity (see Figure 2 of Zhao et al. [1997]).
Nevertheless, discrete events, or tramsients, seem to
be superimposed on random fluctuations. Following
Hinich [1990] and Pflug et al. [1995], we will assume
that a transient signal has the characteristics of a deter-
ministic signal. Furthermore, for the sake of simplicity,
we will consider the noise to be normally distributed.

Let z(t) be the time series associated with one of the
fluctuations. According to our model, it can be written

z(t) = d(t) + n(t) (2)

where d(t) and n(t) label the transient signal and the
noise.
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Assuming n(t) to be stationary over the time of
observation, the z(t) autopower spectrum can be writ-

ten
Sz(f) = E[X*(£)X(f)] 3)

with X(f) the Fourier transform of z(t), X*(f) its
complex conjugate, and E[ | the mathematical
expectation.

Then, assuming d(t) and n(t) uncorrelated, we get

with D(f) and N(f) the Fourier transform of d(t)
and n(t) respectively, D*(f) and N*(f) their com-
plex conjugate and Sy(f) = D(f)D*(f) and Sa(f) =
E[N(f)N*(f)]- The stationarity condition a priori re-
quired on z(t) is now only needed on n(t).

Estimations of the autopower spectra of Ex(t) and
8N,(t)/Ne(t) are performed using the Welch [1967]
periodogram method over the full 4-s time intervals
(13 FFT are used, there is a 50% overlapping). The
frequency resolution is £ 0.97 Hz. The results are
displayed in Figure 2.

Let first consider the autopower spectra of E, (Fig-
ure 2, top plots). Comparing the two analyses, one ob-
serves a well-defined peak at 7.8 Hz, more or less stable
peaks around 15.6 Hz, 21 to 24 Hz, and 31.2 Hz, then
a time-dependent peak (11.7 Hz). For the main peak,
the frequency resolution may be improved by integrat-
ing over the two time series. One obtains 7.8 & 0.4 Hz.
As far as the approximately stable secondary peaks are
concerned, the absolute uncertainty on the frequencies
of the peaks is 2 Hz.

Similar phenomena are observed on the autopower
spectra of 6 N /N, (Figure 2, bottom plots). The peaks
at 5.85, 13.65, and 17.55 Hz are approximately stable.
The peak at 21.45 Hz is time dependent. Except at
11.7 Hz, peaks in the electric field are associated with
peaks in the density fluctuations, which is consistent
with the properties of a wave in a plasma as derived
from the Maxwell’s equations. Uncertainties in the
frequency values may be due to the generation pro-
cess or/and to the propagation from the source to the
observation point. We will return on this subject later
on.

An important point in the analysis is to deter-
mine whether the frequency peaks seen on the Ej
power spectra may be associated with electrostatic or
electromagnetic emissions. In order to answer that
question autopower spectra of the second electric com-
ponent (nearly parallel to the direction of the Earth’s
magnetic field) and of the three magnetic compo-
nents have been computed (but not displayed). As a
result, peaks comparable to the ones of Figure 2 are
observed on the electric power spectrum but not on the
three magnetic. Now, this does not imply that all the
modes are electrostatic. The sensitivity of the magnetic
sensors varying as 1/f, it is very likely that electromag-
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Figure 2. Power spectra: of the Ej, electric field component (top part of the two panels) and of
the fluctuations in electronic density (bottom part of the two panels) for the two time intervals

of Figure 1.

netic modes cannot be detected at the lowest frequen-
cies. This is easily checked: (1) assuming cold plasma
magnetic modes in a uniform medium, (2) deriving the
values of the refractive index n from the Appleton-
Hartree formula in the case of a parallel propagation
[Stiz, 1992], then (3) estimating the expected magnetic
field power from the relation n = ¢B/E, with E,
the measured electric component perpendicular to the
Earth’s magnetic field By (i.e., ~ E). Taking f = 8 Hz,
fee = 1.1 MHz and f,e = 2.8 MHz, one obtains n 22 400
for the slow Alfven mode as well as for the fast Alfven
mode. Having measured values of Ej, of the order of
=~ 12 uV/m/Hz'/2, one could expect & 15 my/Hz/?
on B. Knowing that the sensitivity of the magnetic sen-
sors is of the order of 50 m~y/Hz/2 [Berthelier et al.,
1982], one concludes that at 8 Hz, peaks on the electric
power spectra cannot be seen on the magnetic ones.
The hypothesis of an electromagnetic mode cannot be
rejected at the lowest frequencies.

Now, a careful examination of Figure 2 shows that
frequency relationships such that f,, + fn. = fm4n €xist
between the Ej(t) and §N.(t)/N.(t) peaks. They are
summarized below.

For both selections

En(t) + 6Ne(t)/Ne(t) = 6N.(t)/Ne(?)
(5)
78 Hz+5.85 Hz = 13.65 Hz
and for selection 2 only
En(t) + 6Ne(t)/Ne(t) = 6N.(t)/Ne(?)
(6)
156 Hz +5.85 Hz = 21.45Hz

The temporal evolution of the electric field and the
density irregularities power spectra at the frequencies
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frequency.

given in (5) and (6) is displayed in Figure 3. The time
variation of the plasma frequency is recalled in Fig-
ure 3c. The time step is 1282 samples (0.25 s). At
every time step, the power level of a given frequency
is obtained from the calculation of an FFT performed
over 2564 samples (0.5 s). Finally, it turns out that the
power of the 7.8-Hz peak on E}, (Figure 3a) varies with
the large-scale density structures, whereas the power
of the two first harmonics (15.6 and 23.4 Hz) have
their maximum values in the regions of positive density
gradients. The fact that there is a time delay between
the power of the 7.8-Hz component in the field and the
density is consistent with a propagation effect. With
regards to the peaks in the irregularity power spectra
(Figure 3b), they are all localized inside the density
gradients.

The point is to know if the frequency relationships
of (5) and (6) are pure coincidences or if they are the
result of nonlinear interactions.

4. Bispectral Analysis

In order to test the presence of three-wave non-
linear interactions, bispectral analyses are performed.
By pointing out phase relationships between Fourier
transforms at frequencies such that f, + fn = fiiin,
potential energy transfers may be identified between fre-
quencies or wavelengths.

The frequency relationships of (5) and (6) clearly
suggest to perform a cross-bispectral analysis between
Ey(t) and 6N,(t)/Ne(t). Additional reasons to make a
cross-analysis are first, that the noises from the equip-
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ments are uncorrelated, and second, that this is the only
way to involve the frequencies conveying the maximum
energy both in Ej(t) and in 6N,(t)/Ne(t). Results of
autobispectral analyses will be examined later on.

Let z(t) and y(t) be the time series associated with
Ep(t) and 6N, (t)/N.(t) respectively, and X and Y their
Fourier transforms. The cross-bispectrum of z(t) and
y(t) may be written

B(fm, fn) = E[X(fm)Y(fn)Y* (fm+n)] (7)

It is equal to zero except for f,, + fn = fmtn-
The stationarity constraint is the same as, if not
stronger than, that for the power spectral analysis.
Assuming the model of (2) holds, we can write

B(fm:fn) = Dx(fm)Dy(fn)D¥(fp) +

+ E[NX(fm)NY(fn)N;(fm+n)] (8)

with X and Y related to z(t) and y(t) as defined for
(7).

As a definition, a nonzero value of B(fn,fn)
identifies the presence of a nonlinear phenomenon
involving fp., frn, and fm4n. However, to interpret
the results of a bispectral analysis one is lead either to
look for relative maxima or to estimate a normalised
function b?(f, f») named the bicoherency function.
The normalization factor used here involves values of
the power spectra at fn,, fn, and fmyn. The bi-
coherency function varies between 0 and 1. It measures
the degree of phase coupling. Now, considering that
a phase coupling is accompanied by an energy transfer
when the coupled frequencies convey a sufficient amount
of energy only, one is used to estimate the bispectrum
first, then to select the values of the peaks for which the
bicoherency function get values above a given threshold.

By assuming stationarity for nx(t) and ny(t),
one may estimate the averaged bispectrum over each
selection. The estimation is performed using 13 FFTs,
each calculated over 2564 samples, i.e., 0.5 s. In so
doing, the overlapping is 50% and the frequency
resolution is & 0.97 Hz.

We select the time delays between xz(t) and y(t) for
which the cross bispectra are maximum. The nonzero
parts of the cross bispectra are displayed in Plate 1.
The frequency domain is the one defined by Nikias and
Petropulu [1993] for cross bispectra.

Let us first examine the cross bispectrum of
selection 2 (Plate 1b). The maximum value is
obtained for a XYY™ combination with a time delay
(En(t) in advance of 0.36 s on 6N, (t)/N.(t). We will
propose an interpretation of this value after having
examined the results on selection 1. The top part of the
frequency domain (a rectangle) represents the measure
of the phase relationships between Fourier components
such that f,, + fn = fintn, where f, > 0 and f, > 0.
The lower triangle covers the domain f,, > 0, f, < 0,
and f,, > 2|fs|- Two peaks are clearly visible in the
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upper rectangle: one corresponding to an interaction
between the 5.85 Hz on §N. /N, and the 7.8 Hz on Ej;
and the other between the same 5.85 Hz on 6N./N,
and the 15.6 Hz of Ej,. These results correspond to the
expected frequency relations mentioned in (5) and
(6). In the lower triangle, a phase relationship is
detected between the conjugate of the Fourier compo-
nent 5.85 Hz of §N. /N, and the 15.6 Hz Ej, frequency
component according to the relation:

Ep(t) — 6N(t)/Ne(t) = 6&Ne(t)/Ne(t)

9)

156 Hz— 585 Hz = 9.75 Hz

This could be surprising since the 9.75 Hz does not
show up on the § N. /N, power spectrum (selection 2) of
Figure 2. However, assuming the model of section 2
is valid, one may estimate a power spectrum, from a
single FFT, in the supposed region of interactions. This
has been done, within a density gradient, i.e., over a
time interval where strong transients phenomena are
detected. The result is displayed in Figure 4. It shows
four well-defined peaks at frequencies: 5.85, 9.75, 13.65,
and 21.45 Hz, i.e., at the frequencies involved in the
quadratic relations (5), (6), and (9). Curiously, the
17.55-Hz peak observed in Figure 2 has disappeared.
It is likely that the energy transfers are time depen-
dent. It may be interesting to note that the bicoherency
function, estimated over selection 2, has the same peaks
as on the bispectrum; with maximum values greater
than 0.6. This means that, independently of the values
of the power spectra, there is a strong phase coupling
between the frequencies involved.

The cross bispectrum of selection 1 is displayed in
Plate 1a. The maximum of the cross bispectrum is
found for a XY'Y™* combination with a time delay (Ej(t)
in advance of 0.28 s on 6N.(t)/N.(t)). A single peak
emerges. It corresponds to a quadratic interaction
between the 7.8-Hz peak in Ej, and the 5.85-Hz peak
in 6N.(t)/N.(t). The corresponding bicoherency peak
is 0.6.

Let return to the time delays used for selections 1
and 2. They are not surprising. Three non-exclusive
explanations may be suggested. First, the phase
relationships we are looking for may be modified by
frequency shifts Af; associated with a strong turbu-
lence or/and a Doppler effect. In such a case, a
time delay is used as a correcting factor. Second, the
observation may be taken out of the interaction region.
In that case, differences in the propagation characteris-
tics of the two fluctuations generate a time delay. Third,
the energy transfer may be time dependent. As an
example, a mode may need to reach sufficient ampli-
tude before emptying its energy into one or two other
modes. Now, with the few data we cannot go further
on.

In order to try to point out the origin of
the nonlinearities, autobispectral analyses have been
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Figure 4. Power spectrum of 6N, /N, for the second time interval (selection 2), within a density

enhancement.

performed. Clear results are obtained when selecting
(i.e., filtering) the autobispectra values for which the
bicoherency is greater than the threshold 0.6. This is
the case for the density fluctuations but not for the
electric field fluctuations (where the maximum of the
bicoherency function is below 0.5). The filtered bi-
spectra of 6 N.(t)/N.(t) are displayed in Plate 2. They
present the same peaks as in Plate 1 (top rectangles).
Curiously, they involve frequencies that are seen on the
Ey autopower spectra (7.8 and 15.6 Hz) but not on
the 6N, (t)/N,(t) autopower spectra. This suggests that
there is a cross nonlinear interaction first, then that the
phase relationships are duplicated (via Maxwell’s equa-
tions) to the density fluctuations and, with a weaker
efficiency, to the electric field.

In parallel to Figure 3, the temporal evolution of
the cross-bispectrum maximum value and of the cross-
bispectra value obtained for the frequency couple (7.8,
5.85 Hz) is displayed in Figure 5. The filtered elec-
tric field E; and the plasma frequency are recalled

in the two bottom panels. The time step is 1282
samples (0.25 s). At every time step, the bispectrum is
estimated using one FFT performed over 2564 samples
(0.5 s). It clearly appears, first, that the nonlinearities
are concentrated within positive density gradients, and
second, that the coupling between 7.8 and 5.85 Hz is
often the strongest.

5. Discussion

Spectral analysis performed by Cerisier et al. [1985],
on electric and density fluctuations observed in the F
region of the ionosphere by the Aureol-3 satellite, have
been remade with a higher-frequency resolution. They
have been completed by estimations of bispectra and
bicoherency functions. The results of the new analysis
can be summarized as follows.

The power spectra of the electric field components
present several frequency peaks. Three are relatively
well defined: the first at 7.8 Hz, a second around 15.6



MASSON ET AL.: OBSERVATION OF NONLINEAR INTERACTIONS

Temporal evolution of cross—bispectrum values
1 | 1

22,507

Arbitr. Units

—= max

—— 7.8 Hz/5.85 Hz

o
N
T

{
o
N

T

x10

2.8

2.7

MHz

2.5 | 1 |
0 1 2 3

4 5 6 7 8

Figure 5. (a) Time variation over the full time interval (selection 1 + selection 2) of the
maximum value of the autobispectra and of the value of the auto bispectra at f,, = 7.8 Hz and
fn = 5.85Hz; (b) the electric field fluctuation and (c) the plasma density over the same time

interval.

Hz, and a third between 20 and 24 Hz. Time-dependent
peaks may also be seen. According to the power of the
electric field, the expected value of the refractive indexes
and the sensitivity of the magnetic sensors, it is impos-
sible to decide whether the emissions associated with
the lowest-frequency peaks are electrostatic or electro-
magnetic.

The power spectra of the density fluctuations have
three relatively stable frequency peaks: one at 5.85
Hz, the second at 13.65, and the third at 17.55 Hz.
Time-dependent peaks are seen at 9.75 and 21.45 Hz.
One notes that the 13.65-Hz frequency in 6N, (t)/N.(t)
may be obtained by adding the 5.85-Hz frequency in
8Ne(t)/Ne(t) to the 7.8-Hz in Ej(t). In the same way,
the 21.45-Hz frequency in 8N,(t)/Nc(t) may be ob-
tained by adding the 5.85-Hz frequency in §Ne(t)/Ne(t)
to the 15.6-Hz in En(t). For the sake of simplicity,
relationships involving negative frequencies are not
discussed here.

Values above 0.6 of the cross bicoherency functions
show that phase relationships exist between the den-
sity and electric field fluctuations for these two sets of
coupled frequencies. According to the values of the
cross bispectra at the same frequencies, one may con-
sider that some energy is transferred between the fre-
quencies (or wavelengths) and the fluctuations. Values
above 0.6 of the §N.(t)/N.(t) autobicoherency func-
tion, for the same sets of frequencies, suggest that the
cross interaction between frequencies is duplicated (via
Maxwell’s equations) on the density fluctuations. The
same phenomenon is less clear on the field fluctuations.

These features raise at least four questions: (1) what
is the origin of the peaks at 7.8 and 15.6 Hz on the
electric fluctuations? (2) what is the origin of the peak
at 5.85 Hz in the density fluctuations? (3) what is the
mechanism responsible for the energy transfers between
the frequencies and the fluctuations? and (4) what
is the importance of that phenomenon in the plasma
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structuring of the ionosphere? According to the data
we have in hand, we can only suggest answers for the
two first questions and give indications of research for
the third. Answers to question four are left for future
work.

Let consider the first question. Although ULF waves
observed on satellites may be of instrumental origin
we have no reason to suspect a similar effect for the
7.8 and 15.6-Hz peaks on the electric fluctuations.
Reports on ULF waves of instrumental origin usually
refer to a rectification of a powerful signal produced by
a Langmuir wave or an upper hybrid resonance |[see,
e.g., Stasiewicz et al., 1974]. However, no wave emis-
sions are seen on the HF ISOPROBE antennas [Béghin
et al., 1982] at the time of the observation. Now, the
absence of HF emissions also rules out any possible
natural parametric instability driven by a Langmuir
wave or an upper hybrid resonance as described, e.g.,
by Tripathi and Sharma [1988]. Obviously, the 7.8 and
15.6 Hz may be produced locally as electrostatic emis-
sions. However, any geophysicist observing a 7.8-Hz
frequency in the ionosphere is tempted to associate
it with an electromagnetic emission associated with
Schumann resonances [Sentman, 1995]. It has been
known for long that electromagnetic waves generated
during atmospheric storms are trapped within the
Earth/ionosphere waveguide and resonate at ~7.8 Hz
and its spherical harmonics. A priori, there is no way
to transmit a significant amount of wave energy density
at the Aureol-3 altitude. However propagation mod-
els taking into account the existence of strong density
gradients have not been investigated so far. Even if it
is weak, the probability of observing Schumann reso-
nances in the upper F region of the ionosphere is non-
null. One is faced with similar problems to interpret
the observations of fractional-hop whistlers coming from
the Earth surface and reaching Aureol-3 in a frequency
range going from a few hertz to 500 Hz. Although the
classical ray tracings do not predict them, the observa-
tions are made.

As far as the density fluctuations are concerned, it
seems reasonable to consider that, as for the frequency
peaks in the electric field fluctuations, the 5.85-Hz
frequency is of a natural origin. The simplest hypoth-
esis is that it is produced by crossings of ~1 km den-
sity structures. However, there is no way to check that
hypothesis.

Now, whatever the nature of the wave emissions at
7.8 and 15.6 Hz (electrostatic or electromagnetic) and
the origin of the density structure at 5.85 Hz, both
observations are the result or the signature of
instability process(es). Assuming an electrostatic wave
field and considering (1) the conditions of observation of
the field fluctuations on Aureol-3 (stability of one side
of field-aligned plasma density enhancements and insta-
bility of the other side) and (2) the very similar values
they obtained for the spectral indices of the density and
electric fluctuations, Cerisier et al. [1985] claimed
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that the instability was of the gradient drift type.
Although this instability assumes a background
electric field parallel to the density gradient |Kintner
and Seyler, 1995], which is not obvious at the Aureol-3
altitude, this conclusion was not contested by authors
who worked on the same data [Tsunoda, 1988] or on
comparable data [Basu et al., 1990]. Nevertheless, Basu
et al. [1990] presented evidences showing that consid-
eration on the spectral shape were not enough for an
unambiguous determination of an instability type.
They showed that the magnitude AE of the electric
field perturbation that is associated with §N,(t)/N.(t)
could give a supplementary constraint. However, it is
difficult to know if the relation they got, from statistical
studies of two types of instability, can be applied to the
Aureol-3 data. If it is the case, it is likely that the insta-
bility we are looking for is not of the gradient drift type.
Now, testing an instability model on real data being a
very delicate task let assume that the instability we are
studying is the gradient drift. In that case, according
to Kintner and Seyler [1985] the instability could evolve
towards a three or four wave nonlinear process, which
could explain the results of our bispectral analyses.

Other instabilities may produce three or four wave
interactions. They can be superposed to an instability
of the gradient drift type. A full review is beyond the
scope of the paper. However, the analyses being made
in an inhomogeneous medium one cannot rule out the
triggering of drift waves, i.e., of unstable magnetoionic
modes [Mikhailovsky, 1983; Stiz and Swanson, 1983] by
the wave at 7.8 Hz. It is likely in that case that the un-
stable modes are electrostatic. However, the triggering
wave may be electrostatic or electromagnetic.

As a matter of fact, the phase coupling pointed
out on the cross-bispectra and bicoherency functions
between waves at 7.8 and 15.6 Hz in one hand, and
density fluctuations at 5.85 Hz in the other hand sug-
gest the existence of a parametric instability or of a
coupling between two modes [Chen, 1974; Oraevsky,
1984; Mima and Nishikawa, 1984]. However, in the
two cases (parametric instability or mode coupling) the
difficulty is to find the driver. Examples of nonlinear
interactions driven by natural resonances such as Lang-
muir wave, upper hybrid wave and lower hybrid wave,
and attributed to a parametric instability can be found
in the literature [Lee and Kuo, 1981; Riggin and Kel-
ley, 1982; Tripathi and Sharma, 1988; Stasiewicz et al.,
1996]. Other examples involving VLF transmitter sig-
nals have been published [ Tanaka et al., 1987; Lagoutte
et al., 1989; Trakhtengerts and Hayakawa, 1993]. One
of them has been interpreted by Sotnikov et al. [1991]
as a coupling between a VLF transmitter signal and a
natural emission. However, in the case we are interested
in, where the wave frequencies are well below any natu-
ral resonance and where there is apparently no powerful
source of energy transmitted from the ground, it does
not seem possible to invoke such types of instability.

Now, examining the power spectra of the Lagoutte
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et al. [1989] Aureol-3 data on nonlinear interaction
triggered by a VLF transmitter signal, one observes
that the wave which is supposed to trigger the inter-
action (i.e., the transmitted emission) is not the one
whose the wave energy density is maximum. This sug-
gests that the quantity to take into account in such
interaction is not the wave energy density at a given
point but the flux of energy conveyed within the inter-
action region. Then, the size of the interaction region
and the group velocity of the wave within that region
are probably more important parameters than the wave
energy density at the observation point. It turns out
that even if it is observed with a weak energy density,
the upgoing propagating part of Schumann resonances
may trigger a parametric instability or a mode coupling
involving a density fluctuation at ~5.85 Hz. In both
cases, the wave reaching the interaction region has ob-
viously to be electromagnetic, even if the propagation
characteristics are such that the electric field is largely
dominant. However, before exploring in details such
directions of research, one must try to find other cases
and to make statistical estimations of all the relevant
wave and plasma parameters. This supposes an exten-
sive investigation of the Aureol-3 satellite data that are
the only ones to contain simultaneous measurements of
the field and density fluctuations. Such a work is in
progress.
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