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Abstract. Electric field and electron density measure-
ments made by the Arcad-Aureol-3 satellite are used
to study the small scale structure of the high latitude
topside ionosphere. The frequency range is between
12.5 and 200 Hz, which, under the hypothesis of zero
frequency turbulence, corresponds to spatial wave-
lengths between 40 m and 640 m. Two different groups
of regions have been identified, in which different types
of turbulence are observed: (1) the arc region of the
auroral zone, where intense sporadic turbulence
events occur (E=1 mV/m rms), which are associated
with precipitations, parallel current and velocity
shears; (2) the polar cap, diffuse auroral zone and sub
auroral region, where the turbulence is less intense

- (E=0.1 mV/m rms) and often associated with density
gradients. This second type, called gradient-drift tur-

_ bulence has been associated to the generalized E x B
instability. The frequency spectra of the electric and
density fluctnations generally have a power law shape
(power oc f~*). The distribution of the spectral in-
dices, a, is different in each type of turbulence, with
smaller and less dispersed values in the E x B turbu-
lence than in shear-associated turbulence. The most
important differences between these two types of tur-
bulence are the existence of magnetic fluctuations in
shear-associated turbulence and the value of the ratio
of the electric field to the density fluctuations. This
ratio is larger by a factor of 10—100 in the shear-asso-
ciated turbulence compared to the gradient-drift tur-
bulence.

Introduction

The high latitude ionosphere contains irregularities in the
plasma structure with spatial scales ranging from hun-

Offprint requests to: J.C. Cerisier

dreds of kilometers down to a few meters, corresponding
to the gyroradius of thermal ions. General reviews of
observations and theories have been made recently by
Kintner and Seyler (1985), Tsunoda (1988) and Kelley
(1989). Initially, the turbulent structure of the ionosphere
has been deduced from density measurements for the
larger scales and from electric measurements (Kelley and
Mozer, 1972; Kintner, 1976) for the smaller scales. The
existence of small scale turbulence has also been deduced
from the observation of scintillations in the transmission
of HF signals. Only a few recent experiments have simul-
taneously measured the electric and density fluctuations
(Cerisier et al., 1985; Basu et al., 1988, 1990).

Several mechanisms have been proposed to generate
the small scale plasma turbulence in the high latitude
F-region. The larger scale irregularities (4> 10 km), also
called blobs, are believed to be created by particle precip-
itations (Kelley et al., 1982) or to result from turbulent
mixing or from plasma detached from the denser low
latitude plasma regions by a rapidly changing convection
pattern. These blobs are a source of density gradients
transverse to the earth magnetic field. Experimentally,
they have been identified as the place where smaller scale
(from hundreds of meters to 10 km) irregularities develop
through non-linear cascading processes towards smaller
wavelengths. These observations have led to the hypothe-
sis that interchange processes such as the gradient drift
and current convective instabilities play a major role
in structuring the high latitude plasma (Keskinen and
Ossakow, 1983 a). This gradient drift turbulence has been
observed at all latitudes above the plasmapause, from
subauroral regions to the polar cap.

In addition to the turbulent mixing process, the inho-
mogeneity of the plasma flow is a potential source of free
energy which can drive the Kelvin-Helmholtz instability.
Shears in the transverse convection are often observed in
association with auroral arcs and with gradients in the
parallel current and in the parallel velocity. Increase
events of turbulence have been shown to occur in these
regions, initially by Kintner (1976) and, later, by Berthe-
lier et al. (1988) and by Basu et al. (1988).
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The frequency spectra of the turbulence are usually
well fitted by power laws. Power law spectra, but in
k-space, are also obtained by numerical simulations of a
two-dimensional turbulence, both in the gradient drift
case (Keskinen and Ossakow, 1982, 1983a) and in the
Kelvin-Helmholtz case (Keskinen et al., 1988). Experi-
mentally, several authors have shown that electric low
frequency fluctuations observed in the satellite frame at
ionospheric altitudes (Kelley and Mozer, 1972) and also
higher along auroral field lines (Temerin, 1978; Holmgren
and Kintner, 1990) are Doppler shifted spatial fluctua-
tions. It is then possible to compare the spectral indices of
the frequency spectra with those of the one-dimensional
wave-number spectra (Fredricks and Coroniti, 1976).
Such comparisons have been made by Basu et al. (1988)
who showed that there is a good agreement between sim-
ulations of the Kelvin-Helmholtz instability and turbu-
lence associated with moderate shears.

The large range of wavelengths involved and the nu-
merous available free energy sources make it clear that
there is no unique physical process responsible for the
turbulence. It is thus important to distinguish experimen-
tally between different types of turbulence events and to
establish their characteristics, such as the amplitude and
the spectral index of the electric and density fluctuations
and the relation between the occurrence of the turbulence
and the electrodynamic parameters of the medium. In this
paper, we describe the characteristics of the turbulence
observed by the Arcad-Aureol-3 satellite (hereafter called
A-3) in the upper ionosphere at high latitudes, in the
frequency range 12.5-200 Hz, which, under the hypothe-
sis of zero-frequency turbulence, corresponds roughly to
wavelengths between 40 m and 640 m. From measure-
ments of the electric field and electron density, we deduce
the amplitude and power spectra of the fluctuations and
we study their relation with the available frec energy
sources in the plasma. It is shown that turbulence of the
gradient drift type is observed throughout the polar cap,
auroral and subauroral regions, whereas stronger events,
associated with shears in the convection of the plasma,
are observed in the auroral and cusp regions, and that
these two types of turbulence have different characteris-
tics. In addition to a steeper power spectrum for shear-
associated turbulence than for the gradient-drift turbu-
lence, the electric field fluctuations are typically between
one and two orders of magnitude larger in shear-driven
turbulence while the density fluctuations remain at the
same level in the two types of turbulence. Also, magnetic
fluctuations are observed in association with shear-asso-
ciated turbulence. These results are compared with those
obtained by other spacecraft experiments (Basu et al,
1988, 1990) and also with results of numerical simulation
(Keskinen and Ossakow, 1983 b; Huba et al., 1988; Kes-
kinen and Huba, 1990).

Instrumentation and data presentation
The A-3 spacecraft was built in the frame of the French-

Soviet cooperation and launched on a low altitude (400—
2000 km) polar orbit. To understand this paper, it is suffi-

cient to know that the satellite is a three-axis gravity
gradient stabilized spacecraft, with the z-axis along the
local vertical and the x-axis in the orbital plane, the orien-
tation of these axes being maintained within less than 15°
from their nominal orientation. The wave experiment
(Berthelier et al., 1982a), consists of three magnetic and
two electric channels. The two components of the electric
field are E, along the z axis and Ey in a direction approx-
imately in the x-y plane and tilted at 15° from the y
direction. Thus, at high latitudes, the E; electric antenna
is close to the earth magnetic field direction and the E,
antenna is approximately perpendicular both to the or-
bital velocity and to the static magnetic field. Each elec-
tric antenna consists of two spherical probes at the ends
of booms, the length of which is 7.43 m for E; and 2.36 m
for E,. The frequency range is 10 Hz—1500 Hz for all 5
channels and the signals are telemetered to the ground in
real time. DC electric and magnetic fields are also mea-
sured with sampling rates between 1 and 12.5 points/s
(Berthelier et al., 1982b).

The electron density is measured by a mutual im-
pedance probe (Beghin et al, 1982). Density measure-
ments with a high time resolution (1 ms) are made when
the probe is operated in the self oscillating mode, in which
the sounding frequency is controlled by the resonance
frequency of the plasma. This is possible only when the
resonance spike at the upper hybrid frequency is sharp, a
situation which needs a large enough electron density
(N,>10* cm ™). This explains why the orbits discussed in
this paper are at a relatively low altitude.

From the examination of a large number of orbits, a
first classification of the turbulence events can be made
according to their region of occurrence. Outside of the
regions of precipitations and of field aligned currents, the
main source of free energy is the convection drift of the
density gradients and the turbulence is often clealy relat-
ed to these gradients, suggesting a gradient drift origin of
the turbulence. On the other hand, in the auroral region,
where currents and precipitations often coexist, the char-
acteristics of the turbulence are more complex and clear
identification of a single source of free energy and of the
linear instability mechanism initiating the development of
the turbulence is more difficult. However, in regions
where auroral arcs are observed, identified by structured
precipitations and localized field-aligned currents, the
turbulence is usually more intense and clearly correlated
with shears in the convection velocity.

In order to examplify the characteristics of the turbu-
lence, we mainly present in this paper detailed results of
two orbits, taking advantage of other data when neces-
sary. Their large-scale characteristics are shown on Figs.
1 and 2. Orbit 2314 (Fig. 1) is a morning pass from the
polar cap through the auroral zone and towards sub-
auroral latitudes. The auroral zone, which can be identi-
fied from the electron precipitation is crossed between
0447 and 0451 UT. A series of intensifications in the elec-
tron precipitation, probably associated with auroral arcs,
are observed on the high latitude side of the auroral re-
gion, whereas on the low latitude side, the precipitations
are more regular. Parallel currents, alternatively down-
going and upgoing, are observed between 0447 and
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Fig. 1. Orbit 2314. From top to bottom are shown: the energy-time
spectrogram of precipitated electrons; the rms electric field compo-
nent E in the range 12.5-200 Hz; the situation of the orbit in an
INV-MLT diagram. The direction of the lines drawn from the orbit
represent the direction of the current sheets and their length is
proportional to the intensity of the field-aligned current density.
Positive (negative) values indicate upward (downward) field-aligned
currents

0450 UT. The root mean square (rms) value of the E,
component of the electric field, integrated between 12.5
and 200 Hz shows fluctuations above the antenna noise
level (which is about 38 dB below 1 mV/m). These spikes
in the rms electric field are observed all over the polar cap,
auroral and sub-auroral zones and indicate the existence
of spatially inhomogeneous turbulence. Interruptions in
the data are due to onboard calibrations of the electric
sensors which occur every 128 s. The electric turbulence is
more intense in the arc region than in the polar cap and
in the diffuse aurora. The second orbit (orbit 2242, Fig. 2),
which shows similar features, is a pass from auroral lati-
tudes to the polar cap through the evening MLT sector.

AUREOL3 ORBIT 2242 March 10, 1982
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Fig. 2. Orbit 2242, From top to bottom are shown: the energy-time
spectrogram of precipitated electrons; the rms electric field compo-
nent £, in the range 12.5-200 Hz; the situation of the orbit in an
INV-MLT diagram. The direction of the lines drawn from the orbit
represent the direction of the current sheets and their length is
proportional to the intensity of the field-aligned current density.
Positive (negative) values indicate upward (downward) field-aligned
currents

For these two orbits, the magnetic activity is low to
moderate (Km=1*-3"; AE <100 nT). Both orbits are at
relatively low altitude, between 400 km and 800 km.

Turbulence outside the auroral zone

Examples of the gradient drift turbulence

Figures 3 and 4 display several detailed examples of
turbulence events observed at high latitude outside the

auroral zone. On each of these figures, the different panels
show the plasma frequency, the fluctuations of the elec-
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Fig. 3. Turbulence observed at sub-auroral latitudes during orbit
2314. From top to bottom are displayed: the rms fluctuation of the
relative density in the range 12.5—200 Hz; the electric field fluctua-
tion in the same frequency range; the plasma frequency

tron density and the ELF electric field components Ej
and E,. These fluctuations are rms values, integrated be-
tween 12.5 and 200 Hz. The lower frequency limit is im-
posed by the cut-off frequency of the VLF experiment.
The upper limit of 200 Hz has been chosen in order to
avoid the contamination of the signal by electromagnetic
waves such as ELF hiss which is a common feature above
200 Hz in these altitude and latitude ranges. In addition,
the variations of the electron density gradient along the
orbit are shown on Fig. 4a, b.

Figure 3 from orbit 2314 shows measurements made
at sub-auroral latitudes. Figure 4 a, also from orbit 2314,
and Fig, 4b, from orbit 2242, illustrate results obtained in
the polar cap. The clear association between density and
electric field fluctuations is emphasized by vertical ar-
rows. Figure 4a, b also gives spectacular evidence of in-
creases in the turbulence level associated with positive
density gradients of the blobs characteristic of the polar
cap region. On the contrary, such a correlation is absent
in the sub-auroral case of orbit 2314 shown on Fig. 3.

Relation between the amplitudes of Ey, E; and AN|N

The relation between the rms amplitudes of the electric
field components E, and E, is illustrated on Fig. 5 for the
polar cap data of the two orbits. As expected, it can be

described by a linear relationship between these two com-
ponents. In the case of orbit 2314, and for signal intensi-
ties larger than 30 pV/m, the E, component is about 6 dB
above the E,; component, indicating that the turbulence is
polarized in the plane perpendicular to the earth magnet-
ic field, (recall that E,, is close to the perpendicular to the
earth magnetic field, while E, is close to parallel). Notice
that this linear relationship is not true for the lower values
of the amplitude of the turbulence, where the E, compo-
nent tends to have the same amplitude as the E; compo-
nent. This spurious effect is due to a larger noise level on
E,. For orbit 2242, the two components have similar
amplitudes, suggesting that the turbulence is quasi-
isotropic. A thorough discussion of the anisotropy of the
turbulence spectrum is planned to be the subject of a
further paper.

The relationship between the fluctuations of the Ey
electric field component and the density fluctuations is
illustrated in Fig. 6. Although the data points are largely
scattered through the diagram, it indicates that these two
quantities are approximately proportional. The coeffi-
cient of proportionality between the amplitudes of the
electric field and the relative density fluctuations can be
estimated between 4 and 7 mV/m.

Power spectra

Power spectra of the two components E, and E; of the
electric field and of the electron density fluctuations are
shown on Fig. 7. These spectra, from orbit 2314, have
been calculated for the same time interval. In each spec-
trum, the intensity decreases regularly and the relation-
ship between the energy density and the frequency can be
approximated by a power law, characterized by the spec-
tral index « which is defined as the slope of the spectrum
in logarithmic coordinates (P=A f~%). In this example,
the Ej field and the density have equal spectral indices
whereas the E; field is characterized by a smaller value.
Spectral indices of the two electric components and of the
density have been calculated for about 40 events observed
during orbits 2314 and 2242 outside the auroral zone.
Their statistical distribution is given by the histograms of
Fig. 8. Each spectral index is calculated over a time peri-
od of 1.2 5, which corresponds to 15 elementary spectra.
Values of the indices smaller than 1.0 are not shown. The
mean value of the spectral index is about 1.6 for the E,
electric component and for the density, and slightly less
for the E, electric component. However, the width of the
distribution of the indices is larger for the electron density
than for the Ey electric field. In particular, it includes
values larger than 2.2. Also, the values of the indices of the
electric field and of the density are not correlated.

Auroral zone turbulence

Examples of auroral zone turbulence

In the auroral zone, the turbulence appears more com-
plex than in the polar cap and sub-auroral zone. An
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Fig. 4. a Turbulence observed in the polar cap during orbit 2314.
From top to bottom are displayed: the plasma frequency; the
rms fluctuation of the relative electron density in the range 12.5—
200 Hz; the density gradient along the orbit; the electric field fluc-
tuation Ej in the same frequency range; the electric field fluctuation
E; in the same frequency range. b Turbulence observed in the polar
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cap during orbit 2242, From top to bottom are displayed: the
plasma frequency; the rms fluctuation of the relative density in the
range 12.5-200 Hz; the density gradient along the orbit; the electric

field fluctuation Eg in the same frequency range; the electric field
fluctuation Ej in the same frequency range
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Fig. 5. Relation between the r.m.s. amplitudes of the electric com-
ponents E; and E; in the gradient drift turbulence: (Top) Orbit
2314; (Bottom) Orbit 2242

example is given in Fig. 9, which shows observations
made during orbit 2314. From 0447:30 to 0447:40 UT,
the satellite crosses a region of structured precipitation,
characteristic of auroral arcs. In this region, the electric
field turbulence is intense, with amplitudes as large as
1 mV/m rms. After 0477:40 UT, the satellite enters the
diffuse auroral zone, where the electron flux is more
steady and where the amplitude of the electric turbulence
decreases down to the mean level of 0.1 mV/m rms. Dur-
ing these two periods, the density fluctuations remain at
the same level, between 0.5 and a few percent rms, which
means that the arc region is characterized by a larger
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Fig, 6. Relation between the r.m.s. amplitudes of the electric com-
ponent Ey and of the relative density fluctuation - AN/N: (Top)
Orbit 2314; (Bottom) Orbit 2242

value of the ratio of the electric field to the density fluctu-
ations. This suggests that the nature of the turbulence is
different in the arc region and in the diffuse auroral zone,
a point which will be discussed in more detail below.

Characteristics of the turbulence in the diffuse auroral zone

Figure 10 shows the amplitudes of the electric field and
electron density fluctuations during turbulence events ob-
served in the diffuse auroral zone. These results are simi-
lar to those obtained for the turbulence observed outside
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drift turbulence. From top to botiom: a E, electric field; b Ey
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of the auroral zone, except that the relative amplitude of
the E, component of the electric field compared with that
of the E, component is larger. For a series of turbulence
events observed during orbit 2314, the average value of
the ratio of the intensities is E,/Ey =0.8, compared with
0.4 for the turbulence observed outside of the auroral
Zome.

The power spectral indices have also been calculated
for the same series of turbulence events. Histograms of the

distribution of these indices for Eg, E;, and the density
are shown on Fig. 11. As in the case of the turbulence
observed in the polar cap and in the sub-auroral region,
we observe a trend for the distribution of the spectral
index of the density fluctuations to be more flat than the
electric field distributions and to include larger values, up
to 2.8. The mean value of each distribution is however
slightly larger in the diffuse auroral zone than outside of
the auroral zone by about 0.2 units. It must be mentioned
also that there is no correlation between the values of the
spectral index of the electric field and of the density.

Turbulence associated with auroral arcs and shears

Figure 12 shows an example of a shear-associated turbu-
lence event observed at low altitude (430 km) in the mid-
night sector. Unfortunately, due to telemetry failure, only
the E, component of the DC electric field transverse to the
satellite motion is available for that orbit. However, as-
suming that the direction of the convection velocity re-
mains constant and parallel to the plane of the sheets of
field-aligned currents, the intensity of velocity shears can
be deduced from the variation of the E;, component of the
electric field in the following way. The intensity of the
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field-aligned currents and the direction of the current
sheet are deduced from the DC magnetic fluctuations.
From the ionospheric Ohm’s law, the fluctuations of the
magnetic field and the electric field are perpendicular
(Sugiura et al., 1982), so that the direction of the convec-

tion velocity (which is perpendicular to the electric field)
is the same as that of the magnetic fluctuations. Then the
shear intensity, defined as the derivative of the convection
velocity in the direction perpendicular to it, is given by

=1 dr 1 1 dE
“sinfcos® dx sinfcosf V,B dt

where 8 is the angle between the direction of the magnetic
fluctuations and the orbit of the satellite, B is the Earth’s
magnetic field and ¥, is the velocity of the satellite with
respect to the plasma, supposed to be equal to the orbital
velocity. It must be remarked that the above calculation
is not valid when @ is either close to 0 or to n/2. The period
illustrated on Fig. 12 is characterized by large variations
of E,, which are associated with a peak value of the shear
intensity close to 4 s~ 1. The electrodynamic parameters
represented on Fig. 12 show a sharp increase during the
period of strong shear. The parallel current shows small-
scale structures (a few kilometers transverse to the Earth
magnetic field) with intensities as large as 50 pA/m? The
flux of precipitated electrons is increased by a factor 50
above the background level during the event, reaching
a value of 8 x10° (cm? -5 - ster - keV)™! in the 750 eV
channel. The intensity of the electric turbulence is in-
creased by about 20 dB during the same period.

Figure 13 shows another example observed at a higher
altitude (1782 km). The maximum values of the shear
reaches 8 s~ ! and are associated with peaks in the ampli-
tude of the electric component of 30 mV/m rms in E,
and more than 100 mV/m rms in E,. It must also be
emphasized that, in agreement with previous observa-
tions (Kintner, 1976; Gurnett et al., 1984; Berthelier et al.,
1988), these shear events are systematically characterized
by simultaneous electric and magnetic fluctuations.

Further results concern the power spectra of the elec-
tric field and of the density fluctuations observed during
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Fig. 12. Turbulence event associated with an auroral arc. From top
to bottom are displayed: the downstream flux of electrons at
750 eV ; the parallel current deduced from dc magnetometer mea-
surements; the dc electric field component transverse to the orbit;
the rms amplitudes of the electric components Ey and E,

two turbulence events associated with shears, as shown
on Fig. 14, for which the values of the shear intensity are
different. Again these specira can be described by power
laws. Case a, which corresponds to a moderate shear
(C=0.6s""1), is characterized by a sharp electric field
spectrum (o, =3.13), while case b, for which C=1.4s7"1
has a shallower eleciric field spectrum (a;=1.66). In both
cases, the density spectrum has the same spectral index,
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Fig. 13. Turbulence event associated with a shear in the convection
velocity. From top to bottom are displayed: an evaluation of the
shear intensity; the de electric field component transverse to the
orbit; the rms amplitude of the electric component E,. The rms
amplitude of the electric components Ey

ay=1.72. Histograms of the spectral indices of the electric
and magnetic fluctuations representative of a set of about
50 shear events are shown on Fig. 15. The electric field
indices are spread over a larger range of values than for
the non-shear-associated turbulence. For the E, compo-
nent, the most probable value is between 1.6 and 1.8,
although values up to 3.6 are observed. The indices for the
E, component are larger than those of the transverse



- 400 -

734 H. Mounir et al.: The small-scale turbulent structure of the high latitude ionosphere

AUREOL 3 ORBIT 2418 24 March 1282

0648 MLT 72.8INV. ALT=793km
020336 UT C=06871

100, 103
3 043.13£0.22

10°! 0=2.30£0.08 107

102 ope1.7220.13 {05

10°6

1077

Electric field power [(mV/m)2/Hz )

10°8

Density fluctuation power [( Aryn) 2,’Hz]
Electric field power [(mV/m)szz ]

T T T T Tm0 T T T T T T ¥ TTHNT

AR R AT T RTT S AR U111 A AR

10-9

_.
=
=)

2.
R
2

Frequency(Hz)

06.08MLT 75.6INV. ALT=747km
0202:29UT C=1481

-1 21073
1 : 1662013 10
102L 0z=1.57£0.09 ], -4

0p=1.72£0.11

i Np—-.

Lot g

E <

10-3 = 100 g

= i ="

- ] ]

104 Ji06 £

: 3 g

107 E 1107 5

E 3 :é;

i . a
10"6 ] Lottty 1 IR I . N ] 10‘8

10! 102 103
Frequency (Hz)

Fig. 14. Power spectra of the electric field components Ey and E; and of the relative density for two examples of shear associated turbulence.

The shear intensity is: (Jeft) 0.6 872, (right) 14571

OCCURRENCE (%)

OCCURRENCE (%)

OCCURRENCE (%)

26 30 34 38

1T 14 18 22 4.2

SPECTRAL INDEX B
Fig. 15a—c. Histograms of the power spectral indices in shear asso-
ciated turbulence. From top to bottom are displayed: a the E,

electric component; b the E, electric component; ¢ the magnetic
field component

component E, and centered on 2.4. The spectral index of
the magnetic power spectra are less dispersed and much
larger than those of the electric field, with a mean value
of 3.6.

Discussion

We will discuss the A-3 results by referring to existing
instability theories and numerical simulations. Experi-
mentally, we will refer to two papers by Basu et al.
(1988, 1990), hereafter called paper 1 and paper 2, where
results of high latitude turbulence measurements made by
the Dynamic Explorer 2 (DE-2) satellite are presented.
Paper 1 is devoted to shear-driven processes while paper 2
concerns the gradient-drift turbulence. Assuming that the
fluctuations are frozen in the plasma frame (zero-frequen-
¢y turbulence) and that the plasma convection velocity is
smaller than the satellite velocity, the relation between
wavelength and frequency is deduced simply from the
Doppler shift due to the satellite motion. DE-2 results
concern mainly wavelengths larger than ~1 km and, toa
smaller extent, small wavelengths (1 <125 m). The wave-
length range discussed in this paper is between 40 m and
640 m, intermediate between the two ranges studied by
DE-2, although it overlaps slightly the short scale range.
We will compare the A-3 measurements to the DE-2 re-
sults in order to emphasize their complementarity and
their differences.

Spectral indices

The spectral indices obtained from A-3 measurements in
the gradient drift turbulence (Fig.8) are in the range
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Fig. 16. Example of double power law spectra of the electric field (Jef¥) and electron density (right) observed in the auroral zone turbulence.
The transition between the two values of the spectral index occurs at about 200 Hz (40 m wavelength) and corresponds to an increase in the

slope of the spectra

1.6—1.8 for the wavelength interval between 40 m and
640 m. The majority of the values are between 1.4 and 1.6
for the electric field and between 1.6 and 1.8 for the elec-
tron density. These values are close to those obtained by
DE-2 in the long wavelength range, where the mean value
of the spectral index is equal to 1.8+0.2 for both the
electric field and the density fluctuations. This means that
the spectral index remains quasi-constant (within about
0.2 unit) for wavelengths between 10 km and 40 m cov-
ered by DE-2 and A-3. At shorter wavelengths, it is shown
in paper 2 that the density spectral slope increases to
values between 2.5 and 3.5. This result is to be related to
(and agrees with) the observation made on board A-3 of
spectra which are better fitted by power laws with differ-
ent indices in different frequency ranges (Villain et al.,
1986; Mounir, 1989; Tsunoda, private communication).
An example of such an event is given in Fig. 16 for the
electric and density fluctuations. For that example, the
spectral analysis has been extended up to 500 Hz for both
fields. The “knee” in the spectrum occurs at a frequency
around 200 Hz (wavelength of 40 m) and corresponds, as
it is always the case, to an increase in the slope at the
higher frequencies. The wavelength of the knee varies
from 40 min Fig. 16 to about 300 m in the examples given
by Villain et al. (1986). Thus, from the results of both
DE-2 and A-3, one obtains a complete image of the elec-
tric field and density spectra in the gradient drift turbu-
lence: a power law spectrum with a spectral index of the
order of 1.8 for long wavelengths, between 10km and a
variable lower limit; at smaller wavelengths, the slope
increases to values of the order of 3. The wavelength of the
transition between these two regimes varies from case to
case, with a minimum value of 40 m. Such multi-slope
power spectra have also been deduced from phase scintil-
lation measurements by Fremouw et al. (1985).
Numerical simulations of interchange instabilities by
Keskinen and Huba (1990), taking ionospheric-magneto-
spheric coupling into account, have shown that inertial

effects modify the long-wavelength spectrum and that the
instability remains purely collisional at small wave-
lengths. They find a transition wavelength of the order of
2-3 km (2.5-4 Hz) where the spectrum breaks, with a
smaller slope at long wavelengths than at short wave-
lengths. This transition is below the long wavelengths
studied by DE-2 and above those studied by A-3. Exper-
imentally, if we consider the DE-2 and A-3 results togeth-
er, it appears that there is no such break in the spectrum.
However, as discussed above, a strong break in the spec-
trum if often observed, but at much shorter wavelengths,
of the order of 40 m. Furthermore, the simulations made
by Keskinen and Ossakow (1983 b) for the wavelength
range of A-3 have given spectral indices of 2.4—2.5 for the
electron density which are significantly larger than the
1.6—1.8 experimental value given by Fig. 8.

A-3 results show that the spectral indices of the electric
field in shear-driven turbulence are larger than those
measured in gradient-drift turbulence. From DE-2 results
(paper 1), it is shown that the mean electric field spectral
index is 1.8 in strong shears, but that it increases to 3.0 in
moderate shears. This is in agreement with the examples
shown on Fig. 14. It could also explain the fairly large
spread of the indices shown by the histograms of Fig. 15,
in which we have considered all shears, regardless of their
intensity.

Keskinen et al. (1988) have performed numerical simu-
lations of the Kelvin-Helmholtz instability with a sheared
flow perpendicular to the ambient magnetic field. They
found that, regardless of the intensity of the shear, the
spectral indices of the density and electric field depend
upon two parameters: (1) the importance of the Pedersen
coupling; (2) the direction along which the turbulent spec-
trum is measured, either parallel or perpendicular to the
shear direction. Numerically, their results show that the
spectral index of the electric field (assumed to be two units
less than that of the electric potential) varies from 3.4 in
the absence of Pedersen coupling to 2.6 or 3.3 (according



- 402 -

736 H. Mounir et al.: The small-scale turbulent structure of the high latitude ionosphere

to whether the spectrum is taken along or perpendicular
to the shear direction) in the case of a Pedersen coupling
characteristic of the auroral F-region. A certain dis-
crepancy is noted between these simulations and A-3
results, since the simulation values are larger than the
mean value measured by A-3 (Fig. 15, middle panel).
More precisely, only 20% of the «, values measured by
A-3 belong to the above range, the remaining 80% being
below 2.6.

Two-dimensional turbulence theory based on a nar-
row injection band of wave numbers (k=k;) has been
discussed by Kintner and Seyler (1985). For shear flow or
magnetospherically-forced turbulence, they predict an in-
verse cascade regime with a k™ /3 spectrum at long wave-
lengths (k<k;) and a direct cascade with a sharper k™3
spectrum at small wavelengths (k> k;). Such theoretical
spectra can fit the experimental multi-slope spectra dis-
cussed above, although there is no evidence (direct or
indirect) for an energy injection process at the wavelength
of the knee.

Kelley (1989) suggested that the mixing of ionospheric
density gradients by the magnetospheric turbulent con-
vection flow pattern could be a source for small scale
irregularities. He showed that the ratio between the linear
growth rates of the turbulent mixing process and the gra-
dient drift instability is equal to the ratio E,./E, of the
turbulent to the DC electric fields. The relatively low
experimental values of E,,... (typically 0.1 mV/m) suggests
that turbulent mixing is not likely to be a strong source of
turbulence in the frequency/wave-number range consid-
ered in this paper.

An important result of the present study is the large
value of the magnetic field spectral indices (centered on
3.6), which are systematically larger than those of the
electric field, leading to a ratio {B*)/{E?} ~ k™1 Such
a large difference between the spectral indices of electric
and magnetic fluctuations has already been observed by
Hawkeye (Kintner, 1976; Kintner and Seyler, 1985) and
DE-1 (Gurnett et al., 1984). It has been suggested by
Forget et al. (1991) that this behaviour can be the signa-
ture of static structures of field aligned currents with a
small transverse scale, through which the satellite is
moving: due to the imperfect mapping of transverse elec-
tric fields between the magnetosphere and the lower iono-
sphere, the parallel currents with a small transverse scale
tend to close horizontally at a higher altitude than those
with a larger transverse scale. At these higher altitudes,
the Pedersen conductivity is smaller, as well as the current
and the magnetic field. This can explain why the magnetic
power is observed to decrease with wavelength more
rapidly than the electric power.

Ratio of electric to density fluctuations

In paper 2, it is shown that the ratio of the electric field to
the density fluctuations is at least one order of magnitude
larger in velocity shear driven turbulence compared to
the value of the same ratio produced by the gradient drift
instability. The average values deduced from A-3 mea-
surements are summarized in Table 1, and compared with

Table 1. Ratio (in mV/m) of the electric field and relative-density
fluctuations measured by Aureol-3 and DE-2. The values for DE-2
are deduced from Fig. 20 of Basu et al. (1990)

Gradient-drift Shear-driven
turbulence turbulence
Aureol-3 7 (orbit 2314) 65 (at 20 Hz)
80 (at 100 Hz)
Aureol-3 4 (orbit 2242) 100 (at 20 Hz)
360 (at 100 Hz)
DE-2 15 180

those deduced from DE-2 (paper 2, their Fig. 20). Our
results essentially confirm those of DE-2. However, the
mean value of the ratio (E/(AN/N) measured by A-3 in the
gradient drift turbulence is smaller than that measured by
DE-2, a difference which could be attributed to the differ-
ent frequency ranges covered by the two experiments. It
must be noted that the dispersion in the values of this
ratio is large, both in DE-2 and in A-3 data. The two
orbits studied in paper 2 give different results, suggesting
that this ratio is not an absolute characteristic of the
gradient-drift turbulence, but that it depends upon other
parameters which vary from one orbit to the other. Also,
the A-3 results show a large dispersion in the values of
E/(AN/N). For illustration, from Fig. 6, we can deduce
that, in the gradient-drift turbulence, this ratio varies be-
tween 2 and 30 mV/m during orbit 2314 and between 2
and 8 mV/m during orbit 2242.

In shear-driven turbulence, the E/(AN/N) ratio has
been evaluated only in a limited number of cases. The
values of this ratio (Table 1) are systematically larger than
during the gradient-drift turbulence events, by one to two
orders of magnitude.

In the linear theory of the gradient-drift instability, the
E/(AN/N) ratio can be interpreted as giving the DC elec-
tric field in the frame of the neutrals. The values given in
the left column of Table 1 appear fairly small in this con-
text. In the numerical simulations of the gradient drift
(Keskinen and Ossakow, 1983 b) and Kelvin-Helmholtz
(Keskinen et al., 1988) instabilities, no value of this ratio
has been published. In the turbulent mixing theory of
Kelley (1989), this ratio can take any value depending
upon the intensity of the initial density gradient on which
the mixing process is applied.

It must be remarked also that contrary to the DE-2
geometry where the electric fluctuation is the component
along the spacecraft trajectory along which the density
fluctuation is also measured, the E; component measured
by A-3 is close to transverse to the spacecraft trajectory.
This may explain the differences noted above between the
DE-2 and A-3 results, if the turbulence is not isotropic in
the plane perpendicular to the Earth’s magnetic field.

Conclusions

Electric and magnetic fields and electron density mea-
surements made on board the Arcad-Aureol-3 satellite
are used to study the small-scale turbulent structure of the
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high-latitude topside ionosphere. The frequency range is
between 12.5 and 200 Hz, which corresponds to spatial
wavelengths between 40 m and 640 m. Two regions of
turbulence have been identified: (1) the auroral zone,
where the turbulence is most intense (E=1 mV/m rms)
and is associated with precipitations, parallel currents
and velocity shears; (2) the polar cap and sub-auroral
zone, where the turbulence is less intense (E=0.1 mV/M
rms) and associated with density gradients.

The most characteristic differences between these two
types of turbulence are the observation of magnetic fluc-
tuations in shear-associated turbulence and the value of
the ratio of the electric field to the density fluctuations.
This ratio is increased by a factor of 10 to 100 between the
gradient-drift turbulence and the shear-associated turbu-
lence.
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