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Abstract. A new method of determining the anisotropy
parameters of small-scale irregularities in the ionospher-
ic F region is presented and experimental results are
shown. The method is based on observations of ampli-
tude fluctuations of radio waves transmitted by satellites
flying above the F region. In practice, Russian naviga-
tional satellites are used and both the amplitude and the
phase of the received signal is measured on the ground
level. The method determines both the field-aligned
anisotropy and the field-perpendicular anisotropy and
orientation of the spatial spectrum of the irregularities,
assuming that the contours of constant power have an
elliptic shape. A possibility of applying the method to
amplitude tomography is also discussed. Using a chain
of receivers on the ground level, one could locate the
regions of small-scale irregularities as well as determine
their relative intensities. Then the large-scale back-
ground structures could be mapped simultaneously by
means of ordinary ray tomography using the phase
observations, and therefore the relations of small-scale
and large-scale structures could be investigated.

Key words. Ionosphere (auroral ionosphere; ionospheric
irregularities; instruments and techniques)

1 Introduction

The relations of small-scale irregularities (with scale
sizes from about 10 km down to the ion gyroradius) and
inhomogeneities of larger scale play an important role in
the physics of the high-latitude ionospheric F region (for
a review, see Tsunoda, 1988). The small-scale structures
are generated by plasma instabilities driven by strong
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ionospheric electric fields and plasma density gradients
(for a review, see Keskinen and Ossakow, 1983).

The two main methods of investigating the small-scale
ionospheric irregularities at high latitudes are based on
coherent scatter and scintillation. In the former case,
backscatter from field-aligned irregularities is observed
by means of coherent radars with their antennas pointing
in such a way that the wave vector of the probing wave
will meet the irregularities in a direction perpendicular to
the geomagnetic field. The main information given by
coherent scatter radars is the intensity and Doppler shift
of the scattered signal, which can be used to determine
the intensity and line-of-sight phase velocity of the
irregularities. By probing a given region separately with
two widely spaced radars, the two-dimensional drift
velocities can be obtained. The conditions for the
generation of the irregularities can be studied by simul-
taneous incoherent scatter measurements of the iono-
spheric electric field. At VHF or UHF frequencies this is
only possible for E region irregularities (e.g. Nielsen and
Schlegel, 1983; Haldoupis et al., 1990; Eglitis et al., 1996)
but at HF frequencies also for F region irregularities
(Baker et al., 1983; Villain et al., 1985).

In the scintillation method the diffraction pattern
caused by the ionospheric irregularities is observed on
the ground level (for a review on the scintillation of
radio waves, see Yeh and Liu, 1982). In this case the
probing signal originates from a satellite or a radio star
and passes through the whole ionosphere thus contain-
ing information on the irregularities from the whole of
its path. The changes of the diffraction pattern, which
are observed both in the amplitude and in the phase of
the signal, are due to the motion of the radio source as
well as due to the temporal changes and the motion of
the irregularities. A conventional way of studying
scintillation is to investigate the two-dimensional corre-
lation function of the diffraction pattern on the ground
level, which gives both the drift velocity and the
anisotropy of the diffraction pattern. This implies the
use of at least three receivers which are separated by
suitable distances, typically by several hundred metres.
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In this paper a method based on amplitude fluctua-
tion measurements is presented, which allows the deter-
mination of the anisotropy parameters using a single
receiver. The field-aligned irregularities at high latitudes
cause more intensive amplitude fluctuations when the ray
direction lies close to the direction of the geomagnetic
field (so called aspect effect). Therefore, the level of the
amplitude fluctuations in this direction is expected to be
sensitive to the changes of the irregularity parameters.
This paper shows the validity of this assumption by
comparing the experimental data to theoretical models.
It also presents the possibility of determining such
parameters as the anisotropy of the high-latitude irreg-
ularities and the direction of the anisotropy in the plane
perpendicular to the magnetic field.

When several receivers measuring the total electron
content are arranged in a chain, the electron density
distribution in the vertical plane above the receivers can
be determined from the phase observations using
tomographic methods. In this paper it will be shown
that, with some simplifying assumptions, tomographic
methods can, at least in principle, be applied to the
amplitude data in order to determine the location and
perhaps also the relative intensities of the ionospheric
small-scale irregularities. Since phase and amplitude are
registered by the same instrument, the background
ionisation and the small-scale irregularities could then
be determined simultaneously. This would give a new
dimension in studying the generation of the irregular-
ities: The location of irregularities could be found by
means of amplitude tomography, the background elec-
tron density and its gradients would be obtained from
ordinary phase tomography and, finally, the electric field
could be given by an incoherent scatter radar.

2 Theory

We assume that the electron density in the ionospheric
plasma is a random continuous function of space. It can
be represented in the form

N(r,t) = No(r) + ON(r,1) , (1)

where Ny(r) is the average density and ON(r,¢) is the
density fluctuation with zero mean. Here the average
density is assumed to vary so slowly in space that it
would cause no scintillation alone, and the electron
density fluctuation is the source of scintillation. The
propagation of radio waves in such a medium has been
studied in numerous works (e.g. Ishimaru, 1978; Ku-
nitsyn and Tereshchenko, 1992).

We consider a satellite transmitting a radio signal
through the underlying ionosphere to a receiver on the
ground level. If the density fluctuations dN(r,¢) are not
negligible, scintillation will be observed both in the
phase and in the amplitude of the received signal. In the
below theory we will neglect the phase fluctuations and
will investigate the amplitude variations only.

At each point in space, the density fluctuation is a
stochastic process with some specific frequency spec-
trum. The fluctuations at different points are not

509

independent, but they correlate. This correlation is
expressed by the three-dimensional spatial correlation
function

Res(r.0) = (ON(r)ON(r + @) . 2)

Its Fourier transform

D(r, k) = //°°/ R(3(r, @) exp(—ix - @) d’p 3)

is the three-dimensional spatial spectrum of the fluctu-
ations. Here g is the spatial increment vector, k is the
three-dimensional wave number vector and &(r, k)
indicates the power spectral density of the fluctuations
at the wave number x in the point r.

In the continuation, it is convenient to choose a
Cartesian coordinate system with its z axis pointing
from the receiver to the satellite and the geomagnetic
field vector at the altitudes of the scattering layer to lie in
the yz plane. This is shown in Fig. 1. Thus the xy plane
will be perpendicular to the radio beam and the x axis
will be perpendicular to the geomagnetic field. The angle
between the z axis and the direction of the geomagnetic
field, denoted by @, is obviously a function of z. When
the satellite travels along its path, the coordinate system
will turn accordingly with the satellite motion. At a
certain satellite position, the value of ©® at a fixed height
h obtains its minimum value, which is denoted by ©;,.

The signal observed at the receiver is affected by
scattering due to irregularities at or close to the z axis.
The signal is statistically controlled by two-dimensional
autocorrelation functions of density fluctuations in
planes perpendicular to the z direction. These functions
are defined by

Magnetic meridional plane

Ground level

Fig. 1. The geometry and coordinate system for scintillation obser-
vations
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Roy(r,0,,) = /R(z)(f, 0)dp,
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- / (ON(r)oN(r + @) dp, | (4)

where 0y = Prx + 08, and p, are the spatlal increments
perpend1cular and parallel to the z axis, respectively. It
can be easily shown that

R )( gxy // I, Ky,) exp(iky, - @) dx, dx, |

(5)
where k,, = ke, + ke, is the fluctuation wave number
vector perpendicular to the z axis. This indicates that
Ry (r,@,,) contains information on those density fluc-
tuations which have their wave fronts parallel to the z
axis.

Using the Markov approximation (Rytov et al.,
1978), the logarithmic mean relative signal intensity at
the receiver is

A? /12r2 7
1 e
woml) =3
where 4 is the observed amplitude, 4, is the amplitude
as it would be without the irregularities, A4 is the wave
length of the probing signal, r, is the classical electron
radius, and z; and z, are the lower and upper limits of

the region of irregularities at the z axis. Using Eq. (5)
this can be put in the form

R(2> (zez, 0) dz 5 (6)

2zl

22
8712

PD(ze., kyy) di, di, . (7)

Hence the medium behaves like a stack of thin
diffracting plates, which lie perpendicular to the line of
sight. Some of the incident energy is scattered aside from
the z axis in each plate, so that the average intensity is
reduced exponentially much like in absorption. No
secondary or higher order scattering is taken into
account. The scattering is due to those wave fronts of
the density fluctuation which lie parallel to the z axis.
If the surfaces of constant power of the spatial
spectrum are ellipsoids with one of their principal axes
pointing in the direction of the geomagnetic field, the
spectrum depends on three anisotropy parameters; the
field aligned anisotropy «, the perpendicular anisotropy
f and the orientation angle ¥ of the perpendicular
ellipse. Then, if 4y and the shape of the spatial spectrum
were known, measuring the fluctuations of 4 could in
principle give a possibility of determining the anisotropy
parameters by solving the inversion problem posed by
Eq. (7). The value of 4 is not known, however, since we
only measure the fluctuating amplitude. Attempts have
been made to estimate 4y by means of filtering or low-
order polynomial fits, but these methods actually give
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(weighted) averages of 4 rather than experimental
estimates of Ay.

The error made in using the mean value of 4 instead
of Ay can be evaluated as follows. It is well known that
the logarithmic relative amplitude

A

r=In—r (8)
obeys Gaussian distribution in the case of weak
scattering (see e.g. Goodman, 1985). If no absorption
and scattering in backward direction is assumed, the
energy conservation implies that the mean intensity is
independent of height. This condition together with the
Gaussian distribution of y gives a mean value

() =—a, 9)

where o 7 is the variance of y. Hence the energy
conservation implies that the ratio of the mean value
of y and its variance is fixed. Using this result, one can
easily show that the mean amplitude is

&2
(4) = Ag exp (— é) .

Therefore, if Ay is replaced by (4) in estimating X, the
measured quantity will actually be

(4?) A (4)?
lnw_1n<A—%> In v =X +o, (11)

so that the value of X will always be overestimated by
2
a;.
“In this paper we use a different approach. Instead of
X or X,, let us consider the quantity

(10)

A
Lo = ln—> . (12)
< ()
Using Eqgs. (8)—(10) it is readily seen that
M _ 5 %
<1 A0> In e =(y)+ > =% (13)

The variance of y can now be obtained by using the
Rytov approximation. This gives

RZ
4yd vdi,

dz

8n2 D(ze,, Kyy) sin’

(14)

where z; is the distance between the transmitter and the
receiver and Ry = [Az(z — 2)/20]"/* is the radius of the
first Fresnel zone. A comparison with Eq. (7) reveals a
close similarity between the two equatlons The only
difference in the integrals is the factor sin®(Rz«2 /4n) in
Eq. (14). The quantity y, can be determined fv rom the
observed amplitude fluctuations and, due to its direct
relationship with o-i, it is a convenient tool for studying
the properties of small-scale irregularities.

It is convenient to present the spatial spectrum in the
form
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O(r,k) = oy (1) Do(r, %) (15)

where o3,(r) is the variance of the density fluctuations

and @y (r,x) is the normalised spectral density (i.e. its
total power is equal to unity). With this notation Eq.
(14) can be written as

2

2,2
\’e _ )\4 / d
Z =~ drk, dx, . (16)

> 2
. L REK
X D (ze,, Kyy) sin
T
—0Q

Here the double integral in the wave number space
depends only on the shape of the fluctuation spectrum
but not on the strength of the fluctuations.

The use of this result for our purpose implies an
explicit definition of the shape of the spectrum. We shall
adopt the widely used power law spectral shape

aBLAT(p/2)
27l(3/2)I[(p - 3)/2]

Doy (1, ) =

I 2 -p/2
0 2.2 2 2 2
1+ () G+ e+ 2| an)

In this formula T is the gamma function, p is the power
index, Lo is the scale size of the irregularities, and x|, 1,1
and x,, are the components of x in the directions
parallel and perpendicular to the geomagnetic field.
Assuming o > 1 and f > 1 the irregularities are elon-
gated in the directions of the geomagnetic field and the
xL axis. In the case of symmetric irregularities the choice
of the perpendicular axes is arbitrary. The anisotropy
parameters o and f§ actually indicate the relative scale
sizes in the field-aligned and field-perpendicular direc-
tions, while the absolute scale size is given by Lj. The
present method will allow the determination of the
anisotropy parameters, but the absolute scale size
remains undetermined.

For simplicity, we first assume that the spectrum is
isotropic around the field direction, i.e. f =1 (this
assumption will be relaxed later). Another simplification
is given by the fact that, when VHF frequencies are used
in radio probing experiments, the first Fresnel’s radius
does not exceed 1km. Since the external scale of the
irregularities Ly is estimated to be tens of kilometres (see
e.g. Aarons, 1982), the ratio Rr/Lg is small. Then the
spectral shape in Eq. (17) can be replaced by

Po(p) (1, 0)
[(Lo/zﬂ)z(;ci + o2 ﬁ]p/z ’

@0@)(1‘, K) = (18)

2 _ 2 2
where k] =Ky, +x;, and

al2T(p/2)
Pop) (r,0) = 27[1"(3/20)F[(p -3)/2] o

The use of this spectral shape for power indices
0 < p < 4 in calculating the integrals in Eq. (16) leads to
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C P22ur) a2 /
Xelw) = T 4(p — 3)/2] sin p/4
2
UN(Z) p—2
R z
[+ (o2 —1)sin2 @)/ " )
2 1) ain?
< F|1 = pj21y2,1, X DSITOE) |,
1+ (2 — 1)sin” O(z)

where F is the hypergeometric function (see e.g.
Abramowitz and Stegun, 1970 or Gradshteyn and
Ryzhik, 1965).

The value of the argument of the hypergeometric
function in Eq. (20) is equal to 0 when sin® = 0 and
approaches 1 when sin  # 0 and a approaches infinity.
Therefore, since the irregularities are field-aligned, there
is a small range of angles ©(z) around the local magnetic
zenith where the z dependence of the hypergeometric
function must be taken into account.

Because o > 1, for all other directions the hypergeo-
metric function can be replaced by its limiting value

F(1—p/2,1/2,1,1) :% .

This approximation helps in understanding the impor-
tance of the hypergeometric function in Eq. (20). In the
practical calculations the true values of the hypergeo-
metric function were used, however.

For a given position of the satellite, the slowly
varying function R?z(z) can be easily calculated.
Furthermore, a geomagnetic field model gives sin ©,
and therefore the integral in Eq. (20) can be calculated
for a model 6% (z) and a choice of the parameter o. Then,
in principle, it will be possible to reconstruct y, by
varying o and finding the value which gives the closest
agreement with the observational results.

One may suspect that this result is sensitive to the
choice of the spectrum model. Some idea of the effect of
the spectral shape is obtained, if the power law is
replaced by the Gaussian spectrum

(21)

oL} L\’
Dy (1, k) = 3/% exp [ <Z> (K2 + o@;&)] ) (22)
When this function is inserted in Eq. (16), the 1nteg2ra-

tion gives, with an accuracy of the order of (Rr/Ly)",

e(G) = —n3/2r5/12<xL0

o ()
Z/d [1+ (22 — 1) sin® O(z)]'"/?

1y (2% — 1) sin” O(2)
271 4 (o2 = 1)sin” O(2)

(23)

A comparison of Xe(p) and y,q) in Egs. (20) and (23)
indicates that the integrands are identical for p = 6 so
that, excluding the scaling factor, the results are the
same. Hence ., and y,g behave essentially in a
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similar way, i.e. y, does not depend strongly on the
shape of the fluctuation spectrum.

It is interesting to notice that the spectral shapes in
Eqgs. (18) and (22) give expressions to the double integral
in Eq. (7) which are otherwise similar to those in
Egs. (20) and (23), but without the hypergeometric
functions and the factors containing the Fresnel’s radius.

Since the irregularities are not symmetric around the
direction of the geomagnetic field, the simplified theory
with f =1 is not general enough for real data analysis.
The above derivations can be repeated for a general case
also. The results are quite complicated and therefore y,
is given here only for the spectrum obeying the power
law. When the irregularities are anisotropic in a plane
perpendicular to the field direction, we then have

Zy

AzrzocﬁL3 “Prlp-1)/2 /

Fel) = T 3T(p— 3)/2 sin pre/4
_ @) pl B
Vi +v2(z)RF o [1 221 y(z)]
-p/2
x [C(z) —1/A4%(2) +Bz(z)] , (24)
where
TR TEE o5
C(z) — \/4%(z) + B%*(2)
and
= 5[ )sin® O(z)
+ (B )(sm2 ¥ cos® O(z) — cos’ P)]
B = (> — 1)sin ¥ cos ¥ cos O(z)
C=1+ %[(a — 1)sin’ O(2)
+ (B — 1)(sin® P cos? O(z) + cos* V)] .

Here Y is the angle of orientation of the irregularities in
the plane perpendicular to the geomagnetic field, ¥ = 0
and ¥ = 180° indicating geomagnetic westward and
eastward directions, respectively. The above theory can
be applied in determining the anisotropy parameters of
the ionospheric irregularities from observed amplitude
fluctuations. Experimental estimates for y, will be first
calculated from observed amplitude fluctuations, and
the resulting time series will be then fitted to theoretical
values of y,. Since the absolute scale size Lo appears in
Egs. (20) and (24) only in the product L Pg2, it is
inseparable from the absolute value of the ﬁuctuation
variance, and therefore it cannot be determined. A
noticeable feature of this method is that a single receiver
is sufficient in determining the anisotropy parameters.

3 Experimental setup

The above theory was applied in analysing data
collected in the Russian-Finnish tomographic campaign
in November 1995. The experimental setup consisted of

E. D. Tereshchenko et al.. Anisotropy of ionospheric irregularities

Russian navigational satellites and a chain of four
satellite receivers extending from the north of Norway to
the south of Finland. A more detailed description of the
campaign is given by Nygrén et al., (1996).

The experimental setup was originally constructed
for measuring the total electron content by means of the
conventional difference Doppler method with coherent
waves at two frequencies (150 and 400 MHz). A brief
description of the receiving system is given by Chernya-
kov et al., (1993) and Markkanen et al., (1995). For the
present campaign the receivers were developed to allow
the determination of the signal amplitude at 150 MHz
frequency for the purpose of scintillation research.

An extra amplitude channel was added to a direct
measurement of the object wave so that both phase and
amplitude can be registered. Data from the amplitude
channel can be compared with the amplitude given by
the quadrature detector. Phase observations from this
same data base were used in previous studies on satellite
radiotomography. Unlike those works, the present one
only makes use of the amplitude data. The data selected
for analysis come from the two northernmost sites in the
chain, i.e. Tromse (69.662°N, 18.940°E) and Esrange
(67.877°N, 21.064°E).

The satellites used in the experiment fly at an altitude
of about 1000 km approximately along a geomagnetic
meridian during their southward passages. Of course,
they only rarely fly precisely above the receiver chain,
and therefore the situation is usually like that shown in
Fig. 1. This means that the satellite only seldom passes
the local magnetic zenith, and therefore @.;,, the
smallest angle between the satellite direction and the
magnetic field direction at the altitude of the scattering
layer, usually clearly departs from zero.

4 Data analysis

In those cases when the satellite trajectory lies nearly in
the geomagnetic meridional plane of the receiver,
Onin = 0 while the satellite passes the local magnetic
zenith. Then scintillation due to weak irregularities can
only be observed close to this direction, and the data are
affected merely by the field-aligned anisotropy. Thus the
field-perpendicular anisotropy cannot be determined but
the field-aligned anisotropy can still be obtained by
means of Eq. (20) [actually the same result is given by
Eq. (24) with a fixed value f=1]. If the satellite
trajectory departs form the geomagnetic meridional
plane of the receiver, @, is never zero. In this case the
data are affected not only by the field-aligned but also by
the field-perpendicular anisotropy. Then enhanced scin-
tillation is observed at directions close to @ ,;,, and both
o and f can be determined using Eq. (24).

The data were sampled at a frequency of 50 Hz. The
fact that the sampling interval is close to the correlation
times of metre-scale irregularities poses no problem,
since the contribution to amplitude scintillation comes
mainly from the more slowly varying irregularities with
scale sizes of tens or hundreds of metres, i.e. from scales
longer than the 3-m wave length of the probing wave.
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Fig. 2. Examples for phase (top panels) and y, (bottom panels) from
two satellite passages at Troms (continuous lines) together with results
of theoretical fits to the amplitude data (dots). The horizontal axis
indicates the geographical latitude of the satellite. In these cases the
satellite flies close to the geomagnetic meridional plane of the receiver

The amplitude data were first processed to obtain y,.
For this purpose the time series were divided into
intervals of 500 data points, i.e. intervals of 10 s in the
time domain at the applied 50 Hz sampling frequency. A
linear fit was then made to each interval and, for each
sampling time, the fitted value (4), was taken as the
experimental estimate of the mean value (4). Next the
quantity In(4/(4),) was determined for each sample in
the interval and, finally, their averages (In(4/(4),)) were
calculated for each interval. These values are used as
experimental estimates of y,. This procedure gives y, at
a resolution of 10 s. Since the antenna pattern affects the
observed amplitudes, it was carefully checked that the
pattern was smoothly behaving within the scale of
irregularities. This guarantees that the observed changes
come from the irregularities rather than from rapid
variations of the antenna pattern.

In order to choose the spectral model to be used in
the analysis, power spectra of the original data were
calculated and the results were compared with theoret-
ical power law spectra. It turned out that in all cases the
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(O, is small), and therefore the spectrum is assumed to be
symmetric around the geomagnetic field direction in theoretical fits.
The assumed spectral shape is a power law with a power index 11/3,
The best values of o are indicated in the bottom panels

power index varied between 3 and 4. Within this range
of index values the spectral shape depends only weakly
on the power index and therefore a single value
p = 11/3, which is commonly used in literature, was
adopted for simplicity.

Once the power index is selected, y.i/3 can be
computed for various satellite directions using Eq. (24)
or Eq. (20). Then it is possible to compare the observed
behaviour of y, with theoretical values y, (3 calculated
for different values of o, ff and the orientation angle V.
This implies a choice of a model for the variance a3 (z).
A constant variance within the altitude range 250-350-
km altitudes was used in the analysis. Testing different
models indicates that the result depends only slightly on
the height and thickness of the layer within the
horizontally limited region where the effect of spherical
geometry can be neglected. The value of the variance
was adjusted to give the same depths of the minima in
Xe(l %/3) and the experimental curve y,.

he procedure of fitting was briefly as follows. Since
it is known that « can vary roughly from 10 to 100,
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several tens of values of o were chosen from this range.
Then f was varied from 2 to 30 or 40 for each value of «
and keeping the orientation of the perpendicular
anisotropy in east-west direction. Next, those values of
o and S which give the closest fit were used in
calculations where the angle of orientation ¥ was varied
by +40° from the east-west direction. The angle giving
the best fit was then used in finding new best-fit values of
o and f, which were again used to find a new value of VP,
etc. The iteration was continued until the results no
more changed.

5 Results

Results from four cases where the satellite nearly passes
the local magnetic zenith are shown in Figs. 2 and 3.
The first three of these examples are from Tromse,
which is the northernmost site in the receiver chain, and
the last one from a more southern site at Esrange. The
continuous lines in the upper and lower panels contain
the observed phases and values of y, as functions of the
geographical latitude of the satellite. The best fits of
Xe(11/3) are shown by dotted curves.
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In these figures the scintillation is always observed
within a short latitudinal range of satellite positions
corresponding to a narrow cone around the geomag-
netic field direction. The phase curves show rapid
changes at the same latitudes indicating the presence
of strong horizontal electron density gradients.

Since O, is small in these cases, y, is much more
sensitive to the field-aligned anisotropy than to the
perpendicular anisotropy. This means that the assump-
tion § = 1 must be made in the analysis, and only o can
be determined. In Fig. 2 the best fit gives o = 80 for the
parallel anisotropy parameter in both cases, whereas in
Fig. 3 the anisotropy at Esrange is weaker (o = 35) than
in Tromse (o = 100).

When comparing the positions and widths of the
theoretical and experimental peaks, the best agreement
is met in Fig. 3b, where Op;, = 0.3°. An analysis of a
more extensive data set shows that a good agreement is
always obtained, if Op;, < 0.5°. If O, is greater,
disagreement will be observed either in the position or
the width of the peak. This is clearly seen in Figs. 2b and
3a with O, = 1.7° and O, = 2.2°, respectively. Even
in Fig. 2a, where O, = 0.7°, some disagreement in the
peak position is observed.

350 T T T T

Esrange
300 (- B
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250 | @min =0.3° u
200 |-

150

100

55 60 65 70 75 80
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eeo0e0e \/|ode|
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_70 1 1 1 1
55 60 65 70 75 80

b Latitude (deg)

Fig. 3. Same as Fig. 2 for a satellite passage at Tromse and the other at Esrange
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Fig. 4. Examples for phase (top panels) and y, (middle and bottom
panels) from two satellite passages at Tromse (continuous lines)
together with results of theoretical fits to the amplitude data (dots).
The fits in the middle and bottom panels are obtained using spectra
which are symmetric and asymmetric around the geomagnetic field,
respectively. In each case the spectral shape obeys power law with a

A second set of examples, with greater values of @y,
is portrayed in Figs. 4 and 5. Just like in the above cases,
strong peaks of scintillation are observed within a small
range of satellite positions. The enhanced values outside
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power index 11/3. The best values of o and f are indicated in
respective panels. In the bottom panels the orientation of the
perpendicular anisotropy is given by ¢, which is the directional angle
of the horizontal projection of the axis of perpendicular anisotropy,
measured eastwards starting from geographic North

the main peaks are either due to noise or such strong
inhomogeneities that they are capable of producing
scintillation in all directions. The phase curves indicate
that in some cases the scintillation is associated with
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Fig. 5. Same as Fig. 4

large horizontal electron density gradients (Figs. 4a and
S5a) but in other cases, especially in Fig. 4b, the
irregularities are superimposed on a smoothly behaving
phase curve. Unlike in Figs. 2 and 3, the peaks are not
always met at the same latitude. This results from a
geometrical effect due to the case-to-case variation of
Onin and the orientation of perpendicular anisotropy.
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The centre panels in Figs. 4 and 5 show theoretical
best fits calculated using Eq. (20), i.e. assuming perpen-
dicular isotropy. In all cases the results are essentially
worse than those in Figs. 2 and 3. The closest agreement
is met in Fig. 4a, where O, is smallest. The disagree-
ment is a clear indication of the effect of perpendicular
anisotropy on scintillation observed on the ground level.



E. D. Tereshchenko et al.. Anisotropy of ionospheric irregularities

The results of theoretical fits obtained using Eq. (24),
i.e. by taking into account the perpendicular anisotropy,
are plotted in the bottom panels of Figs. 4 and 5.
Regardless of the value of @,,,, an excellent agreement
is now observed in all cases. The agreement is even
better than in the previous best case in Fig. 3b in the
sense that the peak remains thin all the way up close to
the zero level.

In all cases shown in Figs. 4 and 5, the field-aligned
anisotropy parameter is of the order of 40-45 and the
perpendicular parameter of the order of 10-15. Instead of
¥, the direction of the perpendicular anisotropy is
expressed in terms of the directional angle of the
horizontal projection of the axis of perpendicular anisot-
ropy. This is measured eastward from geographic North
and it also shows considerable variation from case to case.

Finally in Fig. 6, three examples from Esrange are
presented. Here the dip angle is smaller than in Tromsg.
The examples are chosen to cover a wide range of the
values of Opin. Also here a good agreement by obser-
vations and theoretical fits is found. The values of « and
p are of the same order as in Figs. 4 and 5, and variation
of the directional angle is observed also here.

6 Discussion

A new possibility of determining the parameters of
anisotropy of ionospheric irregularities is demonstrated
in this paper. A central point in this method is that a
single receiver is sufficient in providing both the field-
aligned anisotropy and field-perpendicular anisotropy as
well as its orientation. The method can be applied when
inhomogeneities are weak and they are present in the
region where the proper geometrical conditions are valid
for the probing wave. The latter means that the largest
density gradients of the inhomogeneities must be
approximately perpendicular to the ray from the satellite
to the receiver. Then the probing wave passes through a
thick grating created by the inhomogeneities, and
amplitude scintillation is observed only within a narrow
range of scattering angles. Therefore fitting to a
theoretical model can be made assuming a constant
variance of the density fluctuations.

A more conventional way of investigating the
anisotropy of ionospheric fluctuations is studying the
statistical properties of the diffraction pattern of the
probing wave on the ground level (see e.g. Briggs and
Maude, 1978; Khudukon et al., 1994 and Woodman,
1995). This method, however, implies at least three
closely-spaced receivers. Furthermore, it only actually
provides the anisotropy of the diffraction pattern, not
the field-aligned and perpendicular anisotropies of the
irregularities. A benefit of the multireceiver method is
that it is capable of giving the drift speed of the
diffraction pattern, which cannot be done using a single
receiver. Also, it is not limited to the existence of weak
irregularities precisely at a proper location, but it is
applicable for other directions as well, provided the
irregularities are strong enough to cause sufficient
scintillation. One should notice that the present method
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Fig. 6. Examples of amplitude observations and fitted results from
three satellite passages at Esrange. The fitting is similar to that in the
bottom panels of Figs. 4 and 5

is well applicable in multireceiver experiments as well.
Hence, combining the two analysis method could give a
more complete picture of the plasma irregularities
causing scintillation.

An unusual feature in the present method is that it is
best applicable when the satellites do not pass the
receiver close to the local zenith. If this happens, the
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scintillation is overwhelmingly controlled by the strong-
er field-aligned anisotropy so that the field-perpendicu-
lar anisotropy cannot be determined properly. The
above examples also indicate that in such cases the
theoretical fits are not so good as in cases where the
satellite has passed the receiver at greater distances.

Although derived for the purpose of determining the
anisotropy, the formalism presented in this paper can be
used for wider applications as well. If the inhomogene-
ities are strong enough, Eqs. (7) and (14) can be used for
scintillation at directions outside the narrow cones
discussed in this paper. This means that, when receivers
are arranged in a long chain for the purpose of ordinary
ionospheric tomography, the same regions are visible to
different receivers at different directions. When a satel-
lite is flying above a chain of receivers distributed along
the same magnetic meridian, the integrals in Eq. (14)
would be calculated along lines crossing each other in
the same regions and they would contain information on
the distribution of the variance o¢%. This means that
tomographic methods could be applied in determining
the spatial variation of a3,.

The principle of amplitude tomography as sketched
above actually implies that the density fluctuations
remain in the same position and their spatial spectra
remain stationary during the interval needed in the
tomographic measurement. These conditions are not
necessarily fulfilled and therefore the results must be
investigated with a critical eye. Even if the spatial
variation of 0']2\, were not reliable, however, the method
would at least allow finding the regions of irregularities.
Then, by means of combining amplitude tomography to
the conventional phase tomography, one could investi-
gate the conditions of background ionisation responsi-
ble for the instability processes generating the small-
scale irregularities.
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