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Foreword

In this number of Acta Geodaetica, Geophysica et Monta-
nistica Hungarica papers are published which were presented at
the first seminar devoted to the problems of ionospheric irreg-
ularities and aeronomy of the upper atmosphere in Sopron,
Hungary, April 9-13, 1985. The seminar was sponsored by the
Committee on Planetary Geophysics (KAPG) working in the frame-
work of the academies of sciences in the Socialist countries.
The topics discussed at the seminar covered the structure of
ionospheric irregularities, the study of the sporadic E layer,
wind systems in the upper atmosphere, atmospheric waves, turbu-
lence and aeronomical processes, origin and transformation of
the irregularities in the ionosphere, as well as origin of the
sporadic E layer. For the introduction of the most important
problems discussed at the seminar papers were invited. In these
invited papers the irregular structure of the F region and of
the outer ionosphere and related phenomena, the turbulence and
aéronomie processes in the lower thermosphere were reviewed.
Besides these three invited review papers 25 contributed papers
were presented in 5 half-day sessions.

It was obviously not possible to discuss all aspects of
ionospheric irregularities and problems related to their forma-
tion. Thus, the papers dealt mainly with the ground based ob-
servations of ionospheric irregularities and related phenomena,
which limited in advance the topic. Nevertheless, this collec-
tion of papers gives an overview of the present situation in
the investigation of ionospheric irregularities and also shows
those trends which developed in these countries. Thus, it in-
dicates also those problems which will be studied in the next

years.

P Bencze

Geodetic and Geophysical Research
Institute, Hungarian Academy of
Sciences, Sopron, Hungary






Acta Geod. Geoph. Mont. Hung., Vol. 22 (1-2), pp. 5-45 (1987)

THE IRREGULAR STRUCTURE OF THE F REGION AND THE OUTER
IONOSPHERE

M N Fatkullin

Institute of Geomagnetism, lonosphere and Radio Wave Propagation (IZMIRAN),
Academy of Sciences of the USSR, 142092 Troitsk,
Moskovskaya oblast, USSR

The present state of the investigation concerning the irregular struc-
ture of the F region and the outer ionosphere is reviewed. The review deals
with questions as the experimental methods, results of the measurements
carried out by radiophysical and in-situ methods, occurrence of irregulari-
ties in the different plasmaparameters, models of the electron density ir-
regularities and physical mechanisms of the formation of irregularities at
the heights studied here. Tasks of future investigations are also discussed

Keywords: irregularities; plasma instabilities; radiophysical methods

1. INTRODUCTION

The plasma in the ionosphere is an irregular and non-
-stationary medium concerning its spatial structure with a
broad spectrum of characteristic space and time scales. During
the last 10 to 15 years it became clear that these irregulari-
ties appear not only in the electron concentration (ne), but
also in other parameters of the ionized and neutral component,
although the occurrence of the irregularities in the different
parameters has not been uniformly studied. The characteristic
spatial scales of the electron density irregularities vary from
a meter to some thousands of kilometers depending on different
conditions.

Let X be the local value of a certain parameter of the
ionosphere in a certain moment and X (r, t) the space and time
average or the background value of X(r, t). By an irregularity
of the parameter X the quantity OX = X(r, t) - XQ(r, t) is
understood and as a measure of the irregularity the mean square
fluctuation of the parameter X is generally used, i.e. the

Acta Geod. Geoph. Mont. Hung. 22, 1987
Akadémiai Kiadd, Budapest



6 M N P/MKULLIN

quantity ('"l"l_)_('Yj = TXT~) - _(_)Z_)_l, where the overbar indicates mean
value and also the relative fluctuation 6'X =[ ( AX)2 XQ
is calculated, i.e. the relative error obtained by replacing X

by its mean value XQ. In such an approximation XQ(r, t) com-
prises the "regular" large scale irregular structure of the

ionosphere, e.g. regular height, latitudinal and longitudinal
variations of its parameters.

The investigation of the irregular structure of the iono-
sphere by radiophysical methods, especially by the bottomside
vertical sounding began in the mid-thirties after the discovery
of the spread-F and sporadic E layers in the equatorial iono-
sphere (Berkner and Wells 1934, Booker and Wells 1938).

In the last years the interest in the study of the irreg-
ular structure of the F region and of the outer ionosphere
increased from both experimental and theoretical points of view.
As a consequence of the intense studies concerning the irreg-
ular structure of the ionosphere in the height region consid-
ered, a series of monographs, reviews and numerous original
papers were published in the last years.

Considering the irregular structure of the ionosphere a
very important aspect is the study of the conditions connected
with artificial disturbances of the ionospheric plasma, when
the disturbing factor is controlled and the initial conditions
are known. The artificial disturbance of the ionospheric plasma
can be produced by different procedures: heating by radio waves,
injection of bundles of energetic particles, nuclear and indus-
trial explosions, aerodynamic effect of rockets and satellites,
release of chemically active and inactive materials. Effects in
the ionosphere connected with earthquakes and volcanic erup-
tions belong to this circle of phenomena, too. Individual
aspects of the irregular structure of the ionosphere in the
presence of artificial effects of different origins are dis-
cussed e.g. in the reviews by Davis (1979), Karlov et al. (1980),
Winkler (1980) and in the collection of papers "Non-linear
thermal phenomena in the plasma" (1979).

Here, attention is devoted to the results of investiga-
tion of the irregular F region and the outer ionosphere in
natural conditions. An attempt is made to generalize the up-to-
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-date results and to discuss unsolved problems. Because of the
great number of papers concerning this problem it will be re-
ferred only to papers in which detailed reviews of original

studies can be found.

2. EXPERIMENTAL METHODS FOR THE STUDY OF THE IRREGULAR STRUC-
TURE OF THE IONOSPHERE

The known and relatively new methods used at present for
the investigation of the irregular structure of the ionosphere,
first of all for the study of the irregularities of the elec-
tron density can be devided into direct, in-situ measurements
carried out by means of rockets and satellites, and into radio-
physical methods. In other words, the irregular structure of
the ionosphere is studied practically by the same methods which
are generally used in ionospheric investigations. Merits and
deficiencies of each method are known well enough. Therefore,
here only some comments will be made which may be useful in the
estimation of the completeness and adequacy of the experimental
information concerning the parameters characterizing the irreg-

ular structure of the ionosphere.

2.1 Methods of the direct measurement of the

ionospheric parameters

The direct methods are discussed in detail by Bauer and
Nagy (1975) and by Fejer and Kelley (1980). By direct measure-
ments, as it is known, experiments are meant, which enable the
determination of the parameters of the medium in the vicinity
of the flying object carrying the measuring tool.*

At present in-situ methods are used for the measurement of
such important parameters of the ionospheric plasma as the con-
centration, temperature, chemical composition and the velocity
of the ordered motion of the ionized and neutral components, as
well as electric and magnetic fields. For the measurement of
the concentration and temperature (Tg and T”) of the charged

*This does not refer to the remote sounding of the ionosphere by satellites.
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particles Langmuir-probes, retarding potential analyzers and
high frequency methods with different modifications are used.
The ion composition is measured by means of mass spectrometers
of different types (Bennett type radiofrequency, with magnetic
deflection and quadrupole). The density, temperature and chemi-
cal composition of the neutral upper atmosphere is determined
by the measurement of the drag of satellites and by means of
microphon detectors and mass spectrometers, respectively.

When measuring in-situ the absolute values of different
ionospheric parameters, a number of uncertainties and difficul-
ties arise. As regards the irregular structure of the iono-
sphere, when mainly the relative quantities of the type Sng are
of interest, these uncertainties in the absolute values are in-
significant .

In-situ measurements of the parameters of the ionospheric
irregularities by means of satellites are certainly valuable
and useful. Nevertheless, it is useful to consider some short-
comings of these methods (Gdalevich 1980, Fatkullin 1982).

1. Probe measurements on board of satellites enable the
determination of characteristics of the irregularities along
the satellite's orbit, in addition, as it is known the satel-
lite intersects the geomagnetic field lines in different lati-
tudes at different angles. Therefore, it is not always possible
to identify this type of data with the physical concepts of the
transverse (to the Earth's magnetic field) and longitudinal
(along the magnetic field) dimensions of the ionospheric irreg-
ularities. Because of the conditions mentioned above, the
dimensions of the irregularities are according to the data of
in-situ satellite measurements smaller at high latitudes and
larger at low latitudes than in reality (Gdalevich 1980).

2. It is not possible to distinguish the spatial (lati-
tude, longitude, height) characteristics of the irregularities
from their time variations considering individual transitions
of a satellite. If the height of the satellite is also fixed,
different physical phenomena are recorded at different lati-
tudes because of the variation of the physical conditions

(especially that of the ion composition) with latitude, with



IRREGULAR STRUCTURE OF THE F REGION 9

hour of the day etc.

3. The scale of the irregularities along the satellite's
orbit is determined by "the resolving power", i.e. by the speed
of sampling of the actual instrument. Therefore, if at the time
of an in-situ satellite measurement irregularities with charac-
teristic dimension 171 along the satellite's orbit were
observed, then this does not mean the absence of irregularities
1 ~ 1 under the conditions of this experiment.

4. lon traps with electrodes of constant potential are
used in some satellite experiments for the investigation of the
characteristics of irregularities and the changes of the ion
current = en® (ys+v”) are mesured where n” is the total ion
density, ug is the velocity of the satellite and v* is the
velocity of motion of the irregularities (or that of the wave
propagation causing the irregularities of the concentration of
charged particles). Obviously the dimensions of the irregulari-
ties obtained at the analysis of the data of in-situ satellite
measurements cannot correspond to the real conditions in case
of (yL) ~ (y ). An analysis of the data of the reasurements
carried out on board of the satellite IK-8 has shown that at
low latitudes changes of the ion current are mainly due to cor-
responding variations of the total ion density (i.e. A ~ 6rb)
and at high latitudes the change of the velocity (5v™ contrib-
utes also to (5 (Serafimov et al. 1976).

5. The frequency characteristics of the ionospheric irreg-
ularities depend on the Doppler-effect: fH =|f - (k ys)J,
where fA is the frequency of the oscillations observed at the
satellite, k = (2X/N) is the wave number ( A is the wave length

of the observed oscillations).

2.2 Radiophysical methods of the investigation of
ionospheric irregularities

The different radiophysical methods of the investigation
of the ionosphere have been described in details (Davies 1962,
Evans 1969, Eccles and King 1970, Farley 1971, Galkin et al.
1971, Migulin 1973, Evans 1974, 1975, Namazov et al. 1975,
Migulin et al. 1978, Fejer and Kelley 1980, Afraymovich 1982,
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Hanuise 1983). Here they are discussed from the point of view
of their applicability for the investigation of the irregular
structure of the ionosphere.

Radiophysical methods are based on the solution of the
inverse problem, where the parameters of the ionosphere affec-
ting the propagation of radio waves are determined on the basis
of the characteristics of radio signals reflected, scattered or
transmitted by the ionosphere. Such parameters are the ampli-
tude, phase, the time of retardation, the angle of incidence,
the polarization and the diffuse character of the signals
received.

The ground based radiophysical methods can be summarized
in the followings.

1. Standard vertical sounding. By this method an ionogram,
i.e. the virtual height of the reflections at a fixed frequency
h'(f = const, t) is recorded. The measurement of h'(f = const, t)
enables the study of travelling ionospheric disturbances (TID)
and in case of measurements at three or more points the estima-
tion of the velocity and direction of TID-s. Different types of
the apread-F phenomenon and disturbances of the electron
density appearing on ionograms in form of slopes or hooks are
investigated. The analysis of multiple reflections enables the
study of medium scale irregularities taking into account the
intensity of the different multiple reflections.

2. Oblique incidence and back scatter soundings especially
in case of transmission paths of great lengths do not have
sufficient spatial resolution for an investigation of the ir-
regular structure of the ionosphere (Namazov and Novikov 1980).

3. Vertical sounding of the ionosphere by signals intri-
cately modulated and compressed in time or in frequency. A
resolution of 0.75-1.5 km in the virtual height can be reached
in this case while the resolution in virtual height amounts to
15 km with standard ionosondes in case of a duration of 100 ps
of the impulses.

4. Measurement of the Doppler shift of fixed frequency
radio waves incident vertically, slightly obliquely and ob-

liguely. Measurements at a single frequency do not enable the
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determination of the location of the irregularities and the
study of their vertical displacement. Soundings at many frequen-
cies enhance the possibilities of this method (Bertel et al.
1984).

5. Incoherent scatter of radio waves are a powerful means
of the investigation of the irregular structure of the iono-
sphere, but it has no sufficient spatial and time resolution
yet, except in individual equipments. Sometimes the development
of the irregular structure producing among others spread-F can
be observed by means of this method.

6. Forward scatter of radar signals in the HF band by
ionospheric irregularities. Among others, irregularities of
1 = 3 mcan be observed by the radar station at Jicamarca which
is used for the study of the equatorial spread-F. The radar
system at the island of Kwajalein is designed to the study of
irregularities with 1 = 1.93, 0.36 and 0.11 m.

7. Phase (Doppler) and polarization (Faraday) measurements
of monochromatic signals in the range from some tens to some
hundreds of MHz carried out by both low orbiting and geosta-
tionary satellites. Sometimes discreet sources of cosmic radio
emissions are observed. For the investigation of the irregular
structure of the ionosphere fluctuations of the signals re-
ceived are used.

This method enables, when used as remote sounding of the
ionosphere by satellites, to study the conditions at heights
h > h”F being inaccessible for ground based radiophysical
methods. Du Castel and Faynot (1964) called attention already
in 1965 to the presence of characteristic curved traces in
ionograms identified with travelling disturbances when analyzing
the data of the topside sounding satellite Alouette-1. At
present the experimental material obtained by this method is
used for the investigation of the irregular structure of the
ionosphere at heights of hmF2a h 6. 3000 km producing scatter-
ed reflections on the ionograms (spread-F) (Calvert and Schmid
1964, Dyson 1968, Maruyama and Matuura 1980). One of the basic
merits of the method is the possibility that a global "snapshot

of the outer ionosphere can be obtained from pole to pole in
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relative short intervals, moreover - what is very important in
certain heliophysical and geophysical conditions - the local-
character of the irregular structure of the ionosphere can be
observed (Fig. 1). The use of topside sounding data presented

1 | 1 1 1it11, 13 1 | Lo till]__ 1

LST 1200 1400 1600 0000 0200 0400 1000

1 | | 1 | | 1 | I L. | . | _

GMLAT 20 0 -20 -40 -60 -60 -40 - 20 0 20 40 60 60 40

Fig. 1. Variation of the spread-F index S along the orbit of the satellite
ISS-b constructed on the basis of 100 ionograms (Maruyama and
Matuura 1980). Individual points denoted by a - f correspond to
ionograms published in that paper

in form of ne(h) profiles began in the last years for the study
of medium and small - scale irregularities of the electron
density and of corresponding wave-like disturbances in the outer
ionosphere (Solodovnikov et al. 1981, Fatkullin et al. 1984,
Sclodovnikov et al. 1984). This is so far useful as it is pos-
sible to determine the height and latitude dependence of the
irregular structure along the satellite's orbit in the given

case. However, there are two limitations. The first is that the
spatial, latitudinal-longitudinal scale of the observable
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electron density irregularities is limited in case of iono-
spheric stations of small power. For instance in case of the
satellite Alouette-1 (frequency range of the sounding 1-12 MHz,
speed of the frequency sweeping 1 MHzs x), only irregularities
with spatial scales of the order not less than some hundred
kilometers, i.e. medium - or large - scale irregularities can
be revealed. The second limitation is connected with the ac-
curacy of the computation of ne(h) profiles on the basis of
topside sounding ionograms. This accuracy makes the determina-

tion of local electron density irregularities impossible.

3. RESULTS OF EXPERIMENTAL AND MORPHOLOGICAL INVESTIGATIONS

There are many discussions on the results of the experi-
mental and morphological investigations of irregular structures
in the electron density at the height of the F region and in
the outer ionosphere, obtained by means of different methods
(Herman 1966, Aarons et al. 1971, Gershman 1976, Crane 1977,
Alimov and Rakhlin 1979, Erukhimov et al. 1980, Fejer and
Kelley 1980, Gdalevich 1980, Ovezgeldiev and Muradov 1980,
Kelley and McClure 1981, Vsekhsvyatskaya 1981, Fatkullin 1982,
Hanuise 1983, Pancheva and Samardzhiev 1983, Gershman et al.
1984).

3.1 The irregular structure of the electron density
distribution

The characteristic spatial scales of the electron density
irregularities vary from a meter to some thousand kilometers
depending on different conditions (e.g. the linear dimensions
of the irregularities causing the spread-F phenomenon and the
scintillation of the radio signals from cosmic sources and of
satellites range from some hundred meters to some kilometers).
Some examples are presented in Figs 2, 3 and 4 showing the
spectral distribution of the linear dimensions of the electron
density irregularities in individual cases. As a rule the broad
spectrum of the characteristic dimensions of the electron
density irregularities is divided into certain ranges, though
such a division is in want of a generally accepted terminology.
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Irregularity scale size in km

power

Spectral

Fig. 2. The power spectrum of the electron density irregularities of dif-
ferent scale according to measurements carried out by means of the
satellite 1SIS-1 November 1, 1969 (orbit no 3092).

A__/V~60.1°N, h — 1374 km, 13 30 MLT, EhA ~ 65.8°N, h 1517 km,
13 14 MLT, C-/1- ~ 76.4°N, ha 1810 km, 12 13 MLT, D-A_~ 80.8°N,

h~ 1957 km, 11 09 MLT, E--N-- 83.7°N, h -2103 km, 9 23 MT
(Phelps and Sagalyn 1976)

For instance, the following division of the scales of irreg-
ularities in the equatorial F region was suggested by
Livingston et al. (1981): 1 > 1000 km planetary scale, 10— 1—
fé 1000 km medium-scale, 0.1 ~ 1~ 10 km intermediate scale and
1 < 10 n short wave length. The electron density irregularities
of 1 < 1-10 km belong (after Erukhimov et al. 1980) to small
scale irregularities. Troitsky (1980) distinguishes two groups,
medium-scale and large-scale irregularities, considering the

electron density irregularities related to travelling iono-
spheric disturbances. In case of large-scale perturbations the
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AE-D #652 Dec.1.1975

MLT(rs) 21 Ad 23 21 42
ALT(km) 348 AD 455

Fig. 3. Data of the orbit no 652 of the satellite AE-D between 14 01, 30 s,
and 14 03, 30 s UT December 1, 1975 showing the zonal component
(E-W) of the velocity of the plasma drift, the velocity of the
energy input, the onedimensional spectral index of the irregulari-
ties with scale 1< 1 km and the amplitude of the electron density
irregularities. In the regions of precipitating electrons large
spectral indices appear and ine spectral index decreases, where in
strongly structured irregularities large amplitudes of ionospheric
irregularities occur (Basu et al. 1984)
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Fig. 4. Energy spectra of me-
dium- and large-scale
fluctuations of the
electron density in
the outer ionosphere
at fixed heights from
an analysis of topside
sounding data of the
satellite Alouette-1
(December 30, 1967,
orbit no 9031,

f = 74.8-4.9°N,
\ = 134.4-166.5°E,
00 20-03 00 LT, Kp = 3,

ho.7 m 155>

horizontal wave length is 1 ~ 1000 km, the period T >30 min,
the horizontal component of the phase velocity 400-1000 ns
In case of medium-scale irregularities, 1 amounts to ten or
hundred kilometers, T~ 10-60 min and V 100-250 ms .

3.11 The spread-F phenomenon

One of the indicators of the F region's irregular struc-
ture is on bottomside vertical soundings of the ionosphere, as
well as in topside soundings by satellites, the increase of the

duration of the signal reflected from the ionosphere as com-
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pared to the duration of the sounding impulse. This phenomenon
is called spread-F. Based on the experience of many years of
bottomside vertical sounding, four types of spread-F are dis-
tinguished: 1. range spreading (spread in height or distance),
2. frequency spreading, 3. mixed type spreading (the traces of
the reflections are broadened both in virtual height and in
frequency), 4. spur (all transitional types of the spread which
correspond to none of the definitions mentioned above).

Numerous reviews were devoted to the study of the spread-F
phenomenon (e.g. reviews by Herman 1966, Booker 1979, Ovezgel-
diev and Muradov 1980, Kelley and McClure 1981, Gershman et al.
1984). As characteristics of the spread-F phenomenon, the in-
tensity and the probability of its occurrence P(Fsp) are used.
P(F5p) depends on latitude, longitude, local time, season, on
solar and geomagnetic activities. The basic regularities of the
different variations of P(Fgp) are well enough documented by
the tabulated data of the network of vertical sounding stations.
They are investigated by means of the topside sounding of the
ionosphere on board of different satellites, too (Calvert and
Schmid 1964, Dyson 1968, Maruyama and Matuura 19CO0). Gne exam-
ple is shown in Fig. 5. Some properties of the occurrence of
the spread-F determined by statistical analysis are the follow-
ings: 1. spread-F is basically a night-time phenomenon except
of magnetic latitudes ¢ >60°, 2. in the period of high solar
activity intense spread-F is only observed within the zone ¢=
= + 20° and at high latitudes ( ®>60°), in case of low solar
activity it is observed at mid-latitudes, 3. range spread-F,
characteristic of the low and equatorial latitudes, appears im-
mediately after sunset, the maximum of P(Fsp) occurs before lo-
cal midnight; the daily maximum occurrence of the frequency
spread-F, characteristic of the high and mid-latitudes, appears
after local midnight; at transitional latitudes mixed type
spread-F is observed, 4. at mid-latitudes ( dc* 25°-55°) the
probability P(F ) is small. The minimum of P(F ) is at
b~ + 20° SP SP

In spite of a great number of papers devoted to study of

the global, regional and local morphology of the spread-F on
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Dip latitude

Fig. 5. Distribution of the occurrence probability of scattered reflections
on the topside sounding ionograms (satellite 1SS-b) as a function of
local time and magnetic dip latitude for the period August-December,
1978 (Maruyama and Matuura 1980)

the basis of the network of vertical sounding stations, this
phenomenon remained uncleared to the beginning of the seventies
because of the lack of independent measurements under condi-
tions when on vertical sounding ionograms spread-F is observed.
It was not clear, to what extent it can be concluded from the
observations of spread-F on the quantitative characteristics of
the irregular structure of the F region at different latitudes.
Results obtained in the study of spread-F in the last years
are due to the investigation of the relation between the occur-
rence of spread-F and the different parameters of the F region
(foF2, total electron content, half width, height of the layer,
velocity of the vertical motions, temperatures of charged and
neutral particles), to the correlation to other phenomena
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(scintillation of the signals of discrete sources and different
satellites, night air glow at the wave length 6300 B\ VLF emis-
sion), to complex measurements using rockets, satellites and
incoherent scatter equipments, to the measurement of the scin-
tillation of satellite signals to Doppler observations etc.

The most significant results in the experimental investi-
gation of the structure of the ionosphere under spread-F condi-
tions have been achieved in the last years at equatorial lati-
tudes, because of two facts. On the one hand a relatively
narrow band of intense spread-F can be found there, on the
other up-to-date measuring equipments are located there. Some
results of these studies can be summarized as follows (Figs 6
and 7).

Elevation angle — deg

Fig. 6. ne(h) profiles in the equatorial ionosphere for different elevation
angles of the radar beam on the basis of the data of incoherent
scatter measurements in Altair (Marshall Islands, geomagnetic lati-
tude 4.3°N) August 18, 1978 (Tsunoda 1980)
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Magnetic dip latitude — deg
1 2 3 4 5 6 7 8 9 10 1

0
-700 -600 -500-400 -300 -200 -100 O 100 200 300 400 500 600 700

Magnetic north distance from Altair — km

Fig. 7. Contour maps of the latitudinal distribution of the electron density
(n_ "2.10” cm-*) and regions of decreased plasma density elongated
along the geomagnetic field lines according to the data of incoher-
ent scatter measurements in Altair August 18, 1978 in the interval
11 32-11 46 UT. On the horizontal axis (bottom) the distance is
plotted from the measuring site FA1(F) to the field-aligned irregu-
larity in the F region (Tsunoda 1980)

Firstly, range spread-F occurs in the equatorial iono-
sphere only when the velocity of the vertical drift remains in
the F region after sunset upwards directed. However, the maxi-
mum intensity of the spread-F is observed when the drift veloc-
ity is small or even it is directed downwards (see e.g. Rastogi
1984). In the beginning the range spread-F appears at the bot-
tom of the F region or even below it, than it propagates
through the whole F region because of the downward motion of
the whole region or in consequence of the upward motion of the
irregularities. The vertical motion of the scattering layer- may
occur independently of the general motion of the main F layer.
Sometimes these motions are of opposite directions. The a lti-
tude of the height scattered echo on the ionogram corresponds



IRREGULAR STRUCTURE OF THE F REGION 21

very well to the height of the maximum intensity of the scat-
tered echo in VHF back scatter records, contrary to the virtual
height of vertically reflected signals. This means that the
range spread-F phenomenon recorded on HF sounding ionograms and
back scatter echos indicate in the equatorial ionosphere at
frequencies exceeding the plasma frequency the same process of
scattering by layers with steep gradient of the plasma density.
The frequency spread-F is unable to reflections at VHF.

According to complex experiments irregularities of small
dimension with 1 equal to about some meters and those with
1— 0.1-1 km coexist in the equatorial ionosphere in the dusk
hours. However, later (about one hour after the occurrence) the
small irregularities disappear, but the irregularities with
1— 0.1-1 km remain. At about midnight eastward drifting irreg-
ularities of the electron density appear causing scintillation
of VHF radio waves (f = 413 and 1239 MHz) but leaving radar
signals unaffected. This indicates that in the I|?te night hours
the spectrum of irregularities ends between 100 | and 3 m.

An increase of the velocity of the downward plasma drift
is observed in the night-time F region according to the data of
the measurements carried out by the incoherent scatter method,
in case of the presence of spread-F on ground based vertical
sounding ionograms at mid-latitudes (Namazov and Ozyubanov
1979).

At high latitudes spread-F is nearly always present. It
was shown by complex experiments (Kelley et al. 1980) that the
spectrum of variations determined from ionospheric sounding and
from scintillation observations is usually less steep then k™
In the layer with a thickness of the order of some hundred kilo -
meters, IAnel is =71.0-10' cm-3 in the phase of development

of an auroral substorm.

3.12 In-situ satellite measurements

Results of satellite measurement concerning the spectral
characteristics of electron density irregularities can be found
in a lot of papers. Some of these publications are listed in

Table I., where comments are also made. Moreover, in Figs 2, 3,



Authors
1

Dyson (1969)

Getmantzev et al.

(1973)

Dyson et al.

(1974)

Table |

Comments
2

Autumn, 1966, satellite Alouette-2, irregularities of the electron density with scales 1
from 100 m to some hundred km measured by Langmuir probe. Height 500" h ~ 3000 km and
54 dne 4; 70 % The comparison of the probe measurements with simultaneously taken iono-
grams shows that at the height of the satellite spread-F is observed whenever fine struc-
ture occurs. Nevertheless, spread-F is recorded in the height of the satellite especially
at mid-latitudes, if the probe measurements do not show any irregular structures. In cases
when spread-F is observed, but the probe measurements do not indicate irregular structure,

dng 4 5 % (resolving power of the Langmuir probe).

December, 1970, satellite "Kosmos-381", latitude 40°~ f — 74°N, irregularities of the
electron density with scales from 0.5 to 120 km measured by high frequency impedance sonde.
Altitude about 1000 km. The ratio Ang/ne increases with increasing linear dimensions
of the irregularities.

Satellite 0G0-6, scales 1 =70 m- 7 km, n = 0.92 + 0.06 (polar latitudes) and 1 = 70 m -

- 4 km n = 1.08 + 0.28 (equatorial zone). The index n does not depend on latitude and am
plitude of the irregularities. Quasi-periodic irregularities were observed and also irregu-
larities, where a harmonic component has been found in the power spectrum in the dependence
of 1. The distribution of the intensity corresponding to scales 1é 3 km is sometimes of a

random character in the spectra of the irregularities.
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Table | (cont.)

1

Phelps agd Sagalyn
(1976)

Basu (197B)

Maier et al. (1978)

Komrakov and
Skrebkova Q980)

2

February, 1969 - April, 1972, satellite 1SIS-1, irregularities with scales 1 = 200 m-100 km,
n =15 - 2.5 measured by a spherical electrostatic probe. Altitude 547 — h — 3523 km, A
(invariant latitude) > 40°. In the day-time cusp n = 2.1 at Kp >3 and n = 1.8 at Kp 6" 3.
In the auroral zone at the night side of the Earth n = 2 in case of Kp >3 and n = 1.8 at

Kp — 3. In the polar cap n = 2.05 and 1.9 in case of Kp > 3 and Kp < 3 respectively.

November, 1969 - February 1970, satellite OGO-6, the scale 1 of the irregularities changes
from hundreds of meters to some kilometers. The relation of small-scale irregularities to
steep gradients of the plasma density perpendicular to the L-shells at the height of the
F region has been studied for 2 —L — 4. The small scale irregularities connected with
gradients of n(0+) correlate with low frequency electrostatic fluctuations, but not with

some significant variations of the temperature.

Satellite 1SIS-2, in the region of the cusp of the northern hemisphere at a height of
1400 km; small scale irregularities are analyzed. In the sector 8-16 hour local geomagnetic
time irregularities of the thermal plasma having a broad spectrum with typical scales
1 —0.7 km are found at 76°°=: A é= 82°, further irregularities of electrons with energies
E > 20 keV at 75°— A ~ 80°. The amplitude of the irregularities of the thermal plasma is
~10 9% but in individual cases reaches a factor of 2. lonospheric irregularities correlate

better with low energy electrons and auroras than with energetic electrons.

1973, satellite "Interkosmos-Kopernik-500", the scales of the irregularities 1 = 0.5-100 km
measured by high frequency impedance probe, n = 1.5 +0.12, height 180 ~ h” 1400 km. The
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Table I (cont.)

spectra of the irregularities with 3— 1 —10-20 km change according to a power function.
At 1 (>10-20 km the slope of the spectrum decreases. For the height region 180~ h 6=500 km
the value of n is somewhat larger (0.1-0.14) than for altitudes 600 — h — 1400. At mid-la-
titudes (40 + 2)°N, n = 1.85 + 0.12 in average in the midday hours.

Komrakov et al. January, 1971, satellite "Kosmos-381", Ang/ne = 2-4 %at 0" Kp”™ 8 and 47 "R"83,
(1983) where R is the sunspot number. Any systematic variations of n depending on Kp and R could
not be shown, though, the mean value of the spectral index depends on the mean level of
solar activity.

Rodriguez and Summer, 1978, satellite S3-4, scales of the irregularities 1 = 75-150 km in the high-lati-
Szuszczewich tude ionosphere at the height of the lower part of the F region (170 ™ h 6)200 km). During
'1984) moderate geomagnetic activity (Kp = 2-3, AE” 100) for the day-time auroral oval and the

polar cusp irregularities with scales 1 >7.5 km are the most characteristic ones. In the
polar cap at the twilight side a strengthening of the irregular structure of the ionosphere
is recorded.

NITINMLYd N N
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4, 8 and 9 examples are shown.

The results of satellite measurements refer to different
heliophysical and geophysical conditions as height, latitude,
longitude, local time, levels of the solar and geomagnetic ac-
tivities. They are related to irregularities of different
scales. Therefore, it is obvious that experiments to summarize
them in form of some qualitative and quantitative scheme cannot
be always unambiguous.

The main results of these measurements can be summarized
as follows. 1. There are two known zones, the high latitude and
the equatorial zone in the latitudinal variation of the proba-
bility of electron density irregularities at the height of the
F region and in the outer ionosphere (Fig. 10). The low lati-
tude boundary of the high latitude zone coincides approximate-

ly with the poleward edge of the mid-latitude trough. The most

8 Feb 1974 05:32UT Longitude 109*

Fig. 8. Variations of the relative values of nCN«), n(Ar), n® and T along the
orbit no 594 according to the measurements carried out by tne sat-
ellite AE-C February 8, 1974. The relative scales along the orbit
are shown and the vertical lines indicate the phase relations
between the parameters (Reber et al. 1975)
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of the dimensions of the ion density irregularities (top) on the
basis of high resolution measurements carried out on board of the
satellite AE-D (orbit no 652). The measurements correspond to the
point denoted in Fig. 3 by the point (Basu et al. 1984)

Fig.

10. Schematic repre-

sentation of the
distribution of
electron density
irregularities

as a function of
latitude and lo-
cal time causing
scintillation of
satellite signals
(the density of
the lines indi-
cates qualita-
tively the occur-
rence frequency
of deep fadings)
(Aarons et al.
1971)
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intense irregularities are observed in the auroral zone. There
is an asymmetry in the high latitude zone of irregularities
between the two hemispheres. During disturbances the equatorial
boundary of the high latitude zone of irregularities is shifted
to lower latitudes. 2. The probability of the irregularities
depends on local time, season, longitude, solar and geomagnetic
activity. The probability of irregularities at all latitudes s
greater during night than during the day. The seasonal varia-
tion of the characteristics of the irregularities is hardly
studied. According to certain data during geomagnetic storms
the probability of irregularities and their intensity increases
at all latitudes.

A detailed investigation of the characteristics of the ir-
regularities with scales of 10— 1 — 150 km along the noon-mid-
night meridian on the basis of the satellite "Cosmos-900"

(h~ 500 km) in case of 17" Kp 6 (Gdalevich et al. 1980)
shows that according to the character of the variations

6'ni ~ (Tne = ( 7 a* the height of the F region in
both hemispheres five latitudinal zones can be distinguished in
the dependence on the geomagnetic activity 1. auroral zone

2. polar caps 3. mid-latitude region ($ — 25-50°) 4. pre

equatorial zone 5. geomagnetic equator ($ = 3°). In case of
Kp = 1 at latitudes near the cusp (bn™ & 10 * in the day-time
hours. In case of Kp >3, irregularities with 1., 10-150 km are
observed at all latitudes.

3.13 Vertical distribution of ionospheric irregularities

The vertical distribution of irregular electron density
structures can be inferred under different heliophysical and
geophysical conditions from studies by e.g. Gupta (1980),
Kelley et al. (1980), Tsunoda (1980), Bakay et al. (1981),
Narcisi and Szuszczewicz (1981), Kelley et al. (1982). Some
examples are presented in Fig. 6.

Rocket measurements of the electron density, temperature
and ion composition of the equatorial ionosphere were carried
out by Narcisi and Szuszczevicz (1981) in the presence of
spread-F. The first rocket was launched during the final phase
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of spread-F and the second experiment was carried out during
the presence of a well defined spread-F. At the first experi-
ment significant troughs (bubbles) were found in the electron
density profile in the whole F region from 260 to 500 km (Fig.
11). During the second experiment electron density irregulari-
ties were observed only in the lower part of the F region (Fig.
11). The ion composition in the irregularities is characterized
by the reduction of the concentration of N+ and 0+ ions, as well
as by small changes in the concentration of the molecular ions
NO+ and 0O+, and of the metal ions Fe+ and Mg+, too. The ratio
n(N+)/n(0+) decreases in the "bubbles". The lack of significant
changes of the molecular ion concentrations with height in
"bubbles" shows that atmospheric turbulence does not play a
significant role in the lower part of the equatorial F region

in the formation of electron density irregularities.

3.14 Empirical models of the irregularities of the electron

density

Three kinds of models of the different parameters are de-
veloped for the regular structure of the ionosphere namely em-
pirical, theoretical and semi-empirical or hybrid models (Fat-
kullin 1975). The aim of the empirical modeling is to syntheti-
ze in a model presentation the basic parameters based on analy-
sis and generalization of the often scanty experimental data
which would indicate originally the situation in the ionosphere
under this or that conditions. A number of models of different
parameters are suggested for the regular structure of the iono-
sphere (Fatkullin et al. 1981). For the parameters of the
electron density irregularities there are no general empirical
models spanning the broad spectrum of the parameters of the ir-
regularities in typical heliophysical and geophysical conditions
if the whole problem is to be considered (Erukhimov et al. 1977,
Gershman et al. 1984). Individual attempts have been made to
construct empirical models of the irregularities on the basis
of the scintillation of satellite signals and the study of
spread-F (Fig. 12).
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11. Large scale structures in the normalized profiles ng(h)/N,F2 measured (continuous
line) during the rocket experiments PLUMEX-1 and PLUMEX-2 on the atoll Kwajalein
(geomagnetic latitude 4.3°N). The assumed zero order profiles ne(h)/NnF2, i.e.
without the large scale structure are denoted by dotted lines (Narcisi and
Szuszczewicz 1581)
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Fig. 12. Schematic representation of the spectrum of ionospheric plasma
fluctuations as a function of the angular spatial frequency gener-
alizing the up-to-date state of the investigations (Booker 1979)

Model of the electron density irregularities producing scintillation of
signals in the VHF/UHF bands

Several reviews deal with the scintillation of signals
produced by non-stationary processes in the ionosphere and with
experiments to estimate the parameters of ionospheric irregu-
larities on the basis of these data (Aarons et al. 1971, Crane
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1977, Alimov and Rakhlin 1979). Fremouw and Rino (1973) made an
attempt to construct empirical models of the electron density
irregularities. They assume that the electron density irregu-
larities of the F region, causing the scintillation of signals
are concentrated at a height of 350 km, the thickness of the
layer containing the irregularities amounts to 100 km and the
ratio of the longitudinal to the transverse dimensions of the
irregularities is 10. This model of the electron density irreg-

ularity is presented in the form

an Ane (R, D, ¢, t)ga . Anp (@ . t)mi(j ¢
(1)
+ Ano (R, ¢ , t)hi ¢ Ano (R, ¢ , t) aur
where
Ane (R, D, @, t) = (5.5- 10*) (1 + 0.05R)m
21
1-0.4 cosiL | 4 10 exp
" (2)
- 23.5
toexp ;o 3.5
eiexp - (jD) el /nl
Ano (¢, t)ymid = (6.0 « 108) (1 + 0.4 cos To"
(3)

exp el/m'

Anp (R, @, t)hi = (2.7 «10y) i1 +

(4)
. Peds R .
T et 502 (R, t) etrm
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One (R,d, t) (5.0 « 107) R-

aur

(5)
ex 70 + 2 cos (JCt/12)
P 0.03R

®b =79 - 0.13R - (5 + 0.04R)-
(6)
ecos (JCt/12) degrees.

$is the geomagnetic latitude, t the local time (in hour), D
the number of the day in the year and R the sunspot number.
According to Fremouw and Rino (1973) the mean value of the
transverse scale of the irregularity corresponding to a reduc-
tion to its e-th part multiplied by the spatial autocorrelation

function of the scintillations can be given in the form

(7)

In Eq. (1) the first term describes the maximum of the
scintillations at the equator at midnight, the reduction of the
intensity of the scintillations in the early morning hours, a
simple harmonical seasonal variation with maxima at the equi-
noxes, linear dependence on the solar activity and the latitu-
dinal dependence in the form of a Gaussian distribution with
reduction of the intensity by e'l in 12° at both sides of the
geomagnetic equator. Simple diurnal and latitudinal variations
of the scintillations at mid-latitudes are given by the second
term. The third term in Eq. (1) describes the scintillation at
high latitudes not directly related to auroral disturbances.
Scintillations connected with the auroral activity in the vi-
cinity of the auroral oval are represented by the fourth term.

The comparison of this model with experimental data gives
guite satisfactory results concerning the scintillation of

satellite signals under different heliophysical and geophysical
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conditions.

Models of irregularities causing spread-F

At present two procedures are used for this purpose though,

both are based on the same relation
( Nne/neo) ~ 2 ( Af/IfQ) , (8)

where Neo and fO are the background values of the electron con-
centration and the critical frequency of the F2 layer respec-
tively, An and Af are the deviations of n and f F2 from
the background value. In case of ( Ang/ne) "1 and ( Af/fQ) 1
this relation can easily be obtained from the formula

ng, = 1.24 « 104 (f2, MHz) cm-3.

In the first procedure some model of the global distribu-
tion of fOF2 and Ane is used as a basis and Af is computed
for the frequency spread-F. For instance Singleton (1975)
constructed a model for the global distribution of the occur-
rence probability of spread-F applying the empirical model of
the global distribution of fQF2 and the model of the global
distribution of An according to Fremouw and Rino (1973). For
latitudes below 70° this model corresponds well to the observa-
tions .

In the second procedure a determination of Ang is at-
tempted by taking f F2 and Af data referring to spread-F con-
ditions. Kutimskaya and Gudkova (1983) analyzed the global
distribution of the indices S = 1, 2 and 3 for spread-F which
correspond to Af = 0.25, 0.5 and more than 0.5 MHz. For the
analysis the authors used the S indices of 45 ionospheric sta-
tions located at low, middle and high latitudes. The results of

the calculations of Ang are quite satisfactory.

3.15 The irregular structure of the ionosphere and low fre-

quency electromagnetic waves

Useful informations concerning the relation between the
irregular structure of the ionosphere and low frequency electro-

magnetic waves can be found in the articles by Kelley (1972),
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Holtet et al. (1977), Kelley et al. (1979), Likhter et al.
(1960), Kelley et al. (1982). The observation of ELF electro-
magnetic waves on board of the 0G0-6 satellite in the equatori-
al ionosphere at altitudes below the maximum of the F2 layer
shows that steep gradients of the plasma density are not stable
against processes producing equatorial spread-F in the region
where the electromagnetic waves are observed. Simultaneous
rocket (with probes) and radar measurements of the irregulari-
ties with characteristics dimensions of 10-100 m and less
than 10 m were made in the equatorial F region by Kelley et al.
(1982) when intensive reflections from the F region were ob-
served, the strength of which gradually diminished. According
to the data of the rocket measurements the spectrum of the
electron density fluctuations varies as k ”~ above 200 km while
the spectrum of the fluctuations of the electric field as k_
At lower heights the power spectrum for wave lengths of the
order of some ten meters is less steep.

n,, T and the fields of ELF and VLF emissions were mea-
sured on board of the satellite "Interkosmos-14" by Likhter et
al. (1980) in the region of the mid-latitude trough. The phase
of the fluctuations of Tg is opposite to that of n”. The connec-
tion of the fluctuations of n, and Te with the fluctuations of
the electric field of the emissions is of a complicated charac-
ter, however, there are indications accounting for the local
generation of the VLF waves within the trough in the zone of

irregularities.

3.2 The appearance of irregularities in other
parameters of the ionospheric plasma

Irregularities can also be observed in the temperatures of
electrons (TO), ions (T”) and neutral particles (T ), in the
velocities of electrons (ve), ions (v”) and neutral particles
(y ), in the concentration of the different ions (0+, NO+, 0%,
N+, N*, H+, He+) and neutrals (0, N., Oj, H, He, Ar).

It is to be noted that variations of the parameters
mentioned above are hardly studied under conditions, when
electron density irregularities of different spatial and time



IRREGULAR STRUCTURE OF THE F REGION 35
scales occur.

In Fig. 8 an example showing the wave like structure of
n(N:), n(Ar), ni and Tg is presented on the basis of simulta-
neous measurements of the AE-C satellite (Reber et al. 1975).
An analysis of the fluctuations of ng and Tg has shown along
the orbit of the Aeros-B satellite (hs = 200-870 km, July,

1974 - September, 1975) that the global distributions of Ang
and ATg are analogous, but of different amplitude (Minther et
al. 1978). Maximum fluctuations of ne and Te are observed in
the auroral zone of the northern hemisphere in November, and in
the southern hemisphere in June. At mid-latitudes the fluctua-
tions of ne and Te are weak during the day and considerable at
night. Intense fluctuations of ng and TO are observed which do
not correlate with the Kp indices.

Hanson and Sanatani (1971) published data indicating the
increased concentration of metal ions (Fe+) in the equatorial

ionosphere during spread-F.

4. PHYSICAL MECHANISMS OF THE FORMATION OF IONOSPHERIC IRREG-
ULARITIES

A number of reviews is devoted to the discussion of the
results of investigations about different formation mechanisms
of irregularities at the height of the F region (Herman 1966,
Gershman 1974, O'Angelo 1977, Gelberg 1977, Gershman and Grigo-
rev 1978, Ossakow 1978, Booker 1979, Erukhimov et al. 1980,
Fejer and Kelley 1980, Gershman 1980, Ovezgeldiev and Muradov
1980, Ossakow 1981, Fatkullin 1982, Keskinen and Ossakow 1983,
Pancheva and Samardzhiev 1983, Gershman et al. 1984).

All investigators agree that the broad spectrum of irreg-
ularities from some meters to some thousands of kilometers can-
not be explained by one mechanism. This is so far obvious as on
the one hand depending on height and latitude the physical con-
ditions in the ionosphere change quickly, on the other hand
there are a number of factors independent of each other which
can generate irregularities.

Some data concerning the fundamental parameters of the
ionospheric plasma as the free mean path (/1) and gyroradius
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(r) of charged particles are listed below. At the height of the
F region (h ~ 160 km) and in the outer ionosphere (h ~ 1000 km)
the mean free path is 0.3 £ Agf 81 km for electrons and for
0+ ions 0.02 é "0+~ 27 km, for NO+ ions 0.03 ~ ANg+~ 30 km,
for H+ ions 0.04 ~ A fe 40 km. The values for the gyroradius,
in the same height interval are 2 rg” 6 cm 3£ rQ+”~ 8 m,
4.2 ~ rNg+* 10 m and 0.8 rH+ é 2.0 m (Fatkullin et al. 1981)

Basic processes of the formation of irregularities at the
altitudes in question (neglecting the interaction among them)
can be divided into three groups. 1. Plasma instabilities pro-
duced by the irregularity of the concentration, temperature or
any other parameters of the charged particles, by fluxes of
precipitating energetic charged particles, by electric fields,
currents and so on. 2. Processes connected with the redistribu-
tion of charged particles due to the motion of the neutral com-
ponent produced by the propagation of waves of different types
in the upper atmosphere. 3. Magnetospheric processes and ion-
-acoustic waves with frequencies w 2102 s at hr 1000 km
generated by the former as a result of the transformation of
hydromagnetic waves.

Formation mechanisms of irregularities at the height of
the F region and in the outer ionosphere related to magneto-
spheric processes are quantitatively not yet studied. Some in-
dications of the presence of medium- and large-scale irregulari
ties in the outer ionosphere (500 h £ 3000 km) were found by
Solodovnikov et al. (1984) analyzing the data of the satellite
sounding of the ionosphere the formation of which is connected
with ion-acoustic waves.

A lot of papers deal with the study of the perturbations
of the ionized component due to the propagation of waves of
different types in the upper atmosphere (e.g. Hooke 1968,
Francis 1974, Gershman 1974, Gershman and Grigorev 1978). Trav-
elling ionospheric disturbances (TID) are usually brought into
connection with this mechanism. The sources of atmospheric
gravity waves are the auroral and equatorial electrojets,
strong explosions, earthquakes, volcanic eruptions, tornadoes,

storms, solar eclipses, jet streams in the lower atmosphere,
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the terminator, meteor impacts, launches of large rockets etc.

Travelling ionospheric disturbances are usually divided
into large-scale, medium-scale and small-scale TID's (Drobzhev
1980, Troitsky 1980). There are many indications that the forma-
tion of large-scale TID's with 1 ~ 1000 km and T > 30 min is
due to auroral phenomena. The sources of medium-scale TID's
with 1 of the order of some hundred kilometers and T ~ 10-60 min
are not well understood. The situation is rendered more diffi-
cult by the fact that depending on the given conditions some of
the sources of the atmospheric gravity waves mehtioned above
may be absent, but others may act simultaneously. In the study
of the medium-scale TID's at mid-latitudes preference is given
to the sources located in the lower layers of the atmosphere
and connected with the dynamics of the atmosphere. The small-
-scale TID's with T~ 15-30 s and 3-5 min do not show corre-
lation with the geomagnetic and solar activities. This type of
TID is geographycally localized.

The procedure of the investigation of the effect of atmo-
spheric gravity waves on the ionosphere is well known (see e.g.
Gershman and Grigorev 1978). Here, it is to emphasize that this
question is seldom considered in self-consistent form, i.e. the
corresponding equations of both the charged and the neutral
particles are not simultaneously considered but the dynamics of
the neutral particles itself depends on the state of the iono-
sphere. The parameters of the ionized component are often taken
from independent sources in the study of the generation and
propagation of gravity waves in the upper atmosphere.

In the ionosphere different types of plasma instabilities
may occur. One of the basic tasks of the investigation of the
plasma instabilities in the ionosphere consists of a) clearing
the question, where and in which heliophysical and geophysical
conditions one mechanism (or several mechanisms) is predominant
as compared to other possible mechanisms b) to connect by quan-
titative relations the quantities characterizing the formation
of instabilities with basic parameters of the ionosphere in an
undisturbed condition.

The majority of the papers on mechanisms of the iono-
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spheric plasma instabilities deals with small perturbations in
a quasi-hydrodynamical approach. Naturally, the small perturba-
tion approximation cannot characterize the whole process of
development of the instabilities. However, the question cannot
always be answered till which phase of the development of the
disturbances the perturbations may be considered as small and
linear ones. In the initial phases of the development the
linear approximation yields quite acceptable results. On the
other hand, the quasi-hydrodynamic description is applicable
only if the dimensions of the irregularities are much greater
than the mean free path of the charged particles. In case of
smaller dimensions of the irregularities, the kinetic approach
is needed.

The formalism of the investigation of plasma instabilities
in the F region of the ionosphere, presented in detail by
Gershman et al. (1984) and the individual computations are
omitted, here the results obtained can be summarized as follows.

Three regions are considered separately the equator,
middle and high latitudes.

1. At present the situation is the best studied in the
equatorial ionosphere. Numerous investigations (see e.g. Ossakow
1981) show that spread-F is caused here by irregularities of
the electron density, the dimensions of which cover 3-6 orders
of magnitude. In the vicinity of the lower boundary of the
night-time equatorial F region irregularities with dimensions
of many kilometers are produced by the Rayleigh-Taylor insta-
bility. In connection with these irregularities, bubbles of de-
creased electron density are formed at the lower boundary of
the F region which result in the irregular structure of the F
region by rising due to an ExO drift. The spectral density of
the electron density fluctuations with scales mentioned above
is proportional to kj:o, where ki is the wave number vector per-
pendicular to the geomagnetic field. Theoretical results show
that irregularities with dimension less or of the order of 10 m
are generated by kinetic drift instabilities of different types.
The instabilities are formed by a two step process. They are

generated by steep height gradients of the electron density,
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which on the other hand are produced by primary instabilities
of the Rayleigh-Taylor type.

In the ionospheric plasma with the characteristic property
of the presence of all kinds of TIO's, instabilities, among them
the Rayleigh-Taylor instability occur seldom in a "pure" form.
In realistic conditions the situation is more complicated. The
presence of TID's can result in spatial resonance and serve
then as a mechanism inducing plasma instability if their phase
velocities are equal to the velocity of the electromagnetic
drift in the direction of the TID.

2. In the mid-latitude F region the situation concerning
the predominant mechanisms of plasma instabilities is not clear.
In the presence of gradients (e.g. in the vertical direction)
of the electron density the gradient-drift instability arising
from the drift of charged particles in transverse electric and
magnetic fields is not effective (Gershman 1980). However,
plasma convergence connected with the spatially irregular mo-
tion of charged particles is possible. In this case the incre-
ment of the instability 'jp~ div LKg, where UQ is the velocity
of the ions in the "background" state of the ionosphere.

3. The results of theoretical investigations concerning
the mechanisms of the irregular structure of the ionosphere at
high latitudes are reviewed by Keskinen and Ossakow (1983). The
basic mechanisms of the generation of irregularities in the
high latitude F region are convective-current and gradient-

-drift instabilities.

5. COMMENTS CONCERNING FURTHER DEVELOPMENTS

In the present phase of the experimental and theoretical
investigations of electron density irregularities at the height
of the F region and in the outer ionosphere, there are many un-
solved problems. An attempt is made here to list some of them.

1. Determination of the longitudinal and transverse dimen-
sions of the irregularities, or of their ratio is one of the
most important tasks of the experiments. Livingston et al.
(1982) used at Poker-Flat (Alaska) the measurement of the spa-
tial coherence of signals transmitted by the satellite Wideband
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for the determination of the characteristics of the anisotropy
in electron density irregularities with transverse scales of
about 1 km in the auroral F region. Three types of the anisot-
ropy of the irregularities have been distinguished a) plate-
-like irregularities elongated along the magnetic field and L-
-shells, b) cylindrical type irregularities also elongated
along the geomagnetic field, c) irregularities of elliptical
cross section. The study of the dependence of the irregulari-
ties on geomagnetic latitude in night-time conditions indicates
the influence of the auroral convection on the form of the ir-
regularities. Plate-like irregularities are observed at the
equatorial side of the auroral zone in the region of the east-
-west plasma drift, cylindrical irregularities are found at the
northern boundary of the auroral zone and irregularities of el-
liptical cross section occur in the vicinity of the Harang-dis-
continuity .

2. It is a consequence of the historical development that
the irregularities of the electron density are meant as irreg-
ular structure of the ionosphere. From a practical point of
view, e.g. for the propagation of radio waves of different
frequencies the knowledge of the irregular structure of the
electron density distribution in the ionosphere is very impor-
tant. However, from a physical point of view, especially for
the study of the formation mechanisms of the irregularities and
their concretization, simultaneous measurements of the charac-
teristics of the irregularities have special significance not
only those of the electron density, but also of other parameters
of the ionospheric plasma (T , T, Tn, ion and neutral composi-
tion, velocities of the charged and neutral particles).

3. The ionosphere is a region of the atmosphere where many
processes are of local or regional character. This refers fully
to the irregular structure, too. Therefore, estimates of the
spatial and time characteristics of the different irregulari-
ties are urgently needed. It should be cleared e.g. for spread-
-F by spaced vertical sounding stations located in different
distance from each other and by simultaneous measurements how

far identical or how different are the properties of the occur-
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rence of this phenomenon on ionograms recorded at a given time.

4. At present as it has been already mentioned a signifi-
cant quantity of data has accumulated concerning the parameters
of the irregularities obtained by means of satellites in dif-
ferent heliophysical and geophysical conditions. They remained
so far incomplete. Therefore, it would be necessary to attempt
a synthesis of some empirical models of electron density irreg-
ularities on the basis of these data taking into account basic
heliophysical and geophysical factors.

5. In the last years the interest in the ionospheric
effects of lithospheric processes (earthquakes, tsunamis, vol-
canic eruptions), as well as of underground and surface pro-
cesses, increased significantly, though, according to the few
available data, these effects appear superposed on the irreg-
ular structure of the ionosphere. This problem is of interest
on the one hand due to its practical significance, i.e. due to
the search for precursors of earthquakes, on the other hand be-
cause of the necessity of quantitative estimates of changes in
the ionosphere being independent of the effect cf the Sun on
the upper atmosphere and ionosphere.

6. Experimental determination of the characteristic time
of formation and dispersal of irregularities of different
scales.

7. The question has been discussed in the fifties and
sixties whether there are isolated ionospheric irregularities
or the structure of the ionosphere itself is cloudy. In addi-
tion the existence of electron density irregularities of the
most diverse forms (cylindrical, spherical etc.) was suggested.
In the seventies the formation of electron density irregulari-
ties was brought into connection with wave perturbations of the
neutral upper atmosphere. In realistic ionospheric conditions,
both types of electron density irregularities exist simulta-
neously. The question is where and when this or that type of
the irregularities predominates.

8. Further clarification of the role of plasma instabili-
ties and of the basic formation mechanisms of irregularities in
typical heliophysical and geophysical conditions. Considera-
tion of non-linear effects in the development of plasma in-
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stabilities.

9. Numerical modeling of ionospheric irregularities.

10. Investigation of the role of wave motions in the neu-
tral atmosphere and their formation mechanisms.

11. Questions related to the effect of irregularities of

different scale on the large scale structure of the ionosphere.
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EXPERIMENTAL INVESTIGATION OF THE IRREGULAR
STRUCTURE OF THE IONOSPHERE
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In this paper results of an experimental investigation of the following
large scale irregular structures in the ionosphere at mid-latitudes are pre-
sented: sporadic E layer and the absence of the F2 layer (G condition ac-
cording to the Handbook of lonogram Interpretation, Pigott and Rawer 1972).

Data obtained by processing ionograms of the bottomside sounding of the
ionosphere are used in the period 1964-1976 within the latitude range 46-
-60°N.

Morphological characteristics of the occurrence of the above mentioned
structures are determined. A parameter characterizing the screening density
of a sporadic E layer is introduced and its properties are studied in case
of mid-latitude Es types as a function of the level of solar and geomagnetic
activities. The occurrence of the condition G increases with latitude with-
out a simultaneous change of the shape of the diurnal variation.

The obtained irregularity characteristics are to be considered in mod-
eling and prediction of the propagation of radio waves in the ionosphere.

Keywords: effects of solar and geomagnetic activities; Gcondition; ir-
regular structure of the ionosphere; sporadic E layers

The method of vertical sounding of the ionosphere by means
of automatic ionospheric stations is widely used for the in-
vestigation of large scale irregular structures at mid-lati-
tudes. There are large height gradients of the electron density

both in the lower ionosphere- - that is sporadic formations in
the form of thin Es layers of high electron density - and in
the upper ionosphere- - sporadic vanishing of the main electron

density maximum F2.

It is known that sporadic E layers have extensions of
hundreds and thousands of kilometers in N-S and E-W directions
(Chavdarov et al. 1978) and the G condition can be observed at
different latitudes (Datsko et al. 1984). For the description

of these phenomena probabilistic relations are used. Large
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scale irregular structures with large electron density gradi-
ents play a substantial role in the determination of the path
and in the prediction of the propagation of radio waves. The
formation of dense Es layers alters the path of the ionospheric
propagation of radio waves, and the vanishing of the F2 layer
may contribute to the degeneration of existing ionospheric
channels (Shlionsky et al. 1979). At the same time small scale
irregularities of the electron density also exist which produce
by scattering the radio waves ionospheric wave guides or remove

waves from them (Gurevich and Tsedilina 1979).

DIURNAL, SEASONAL AND SOLAR CYCLE VARIATIONS OF Es

Diurnal, seasonal and solar cycle variations of the per-
centual occurrence of sporadic E layers are considered which
differ from each other in the degree of reflection of radio
signals. These are so called screening layers not transmitting
the incident signals, and they are characterized by the almost
complete coincidence of the screening frequency fbEs with the
boundary frequency foEs, i.e. the range of their semitranspar-
ency is AfbEs = foEs-fbEs é 0.5 MHz. Semitransparent layers
are characterized by the range of semitransparency 0.5 MHz <

< AfbEs < 2 MHz and the transparent layers by AfbEs > 2 MHz
(Chavdarov et al. 1978).

As it can be seen in Fig. 1, where diurnal variations of
the percentage occurrence PE % of the screening (1), semitrans-
parent (2) and transparent (3) Es layers are presented for
three seasons of the year of solar activity minimum (1964) and
that of a year of solar activity maximum (1969) at the station
Kiev, the screening layer predominates in all seasons. The
character of the diurnal variation shown by the percentage oc-
currence of the screening Es layer changes with season. The
single winter maximum of the occurrence (PEs ~ 40-50 %), which
appears about noon, is substituted in the equinoctial and summer
months by two maxima of PEs (10 LT and 18 LT). Meanwhile, the
magnitude of the occurrence somewhat increases (PEs < 70 %) and
in summer the maxima are displaced forming an additional maxi-
mum at noon. In the year of solar activity maximum the morning
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Fig. 1. Diurnal variations of the percentage occurrence of the screening,
semitransparent and transparent Es layers in winter, summer and
equinoxes of the solar activity minimum (----—--- ) and maximum (--------- )
at the ionospheric station Kiev

maximum increases in all seasons and simultaneously the evening
maximum is reduced. Contrary to the screening layer, the diur-
nal variation of the percentage occurrence of the transparent

Es layer does not show characteristic properties and amounts to
~10 % in winter and at equinoxes. At the same time the diurnal
variation of the semitransparent Es layer shows night-time and
morning maxima of ~30 %

Seasonal variations of the percentage occurrence of the
screening and semitransparent Es layers at mid-latitudes have
similar character. In the year of solar activity minimum, a max-
imum PEs of the screening layer is observed from May to October,
i.e. during the greater part of the year, but the semitranspar-
ent layer appears less often than in 1969, especially at
equinoxes. Thus the character of the diurnal and seasonal vari-
ations of the Es occurrence is determined at mid-latitudes by
the screening properties of the layer. The effect of the solar
activity on the diurnal and seasonal variation of the screening
Es occurrence is more definite in the evening hours and in

autumn respectively.
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RELATION OF Es TO GEOMAGNETIC ACTIVITY

As it has been shown earlier (Datsko et al. 1978), the oc-
currence of screening Es layers is inversely proportional to
the geomagnetic activity in the afternoon and night hours, at
the latitude of Kiev. In the winter months such a relation does
not exist. Moreover, there is a negative correlation between
the occurrence of Es and daily mean value of the geomagnetic
horizontal component during increased solar activity. An in-
crease of the occurrence of intense Es layers with increasing
geomagnetic disturbance SO has been revealed. More detailed re-
sults concerning the relation of Es to geomagnetic activity
have been obtained by analysing the seasonal change of the di-
urnal variation of Es occurrence in case of the four mid-lati-
tude types f, 1, ¢ and h in 1964 and 1969 for two levels of the
geomagnetic activity characterized by the geomagnetic index C
(Fig. 2). The clearest inverse relation is observed between the
percentage occurrence of the types f, 1 and geomagnetic activi-
ty during equinoxes at 18-19 LT in the period of the daily
maximum and in summer at 20-22 LT. Besides the reduction of the
percentage occurrence of the types f, 1 the magnetic disturbance
results at the equinoxes in a change of the diurnal variation
of PEs, due to the strengthening of the second night-time maxi-
mum of Es occurrence at 3 LT. In the years of increased solar
activity analogous features are observed at 7 LT in the morning.
The high types of the sporadic E layer are more often found in
the period of weak geomagnetic activity in day-time hours. |In
summer an increase of the evening maximum is experienced. At
equinoxes during the day the effect of the geomagnetic activity
is insignificant, though the winter day-time behaviour is
characterized by an increase of the percentage occurrence of
the high types in geomagnetically disturbed periods what is
especially significant afternoon in the year of minimum solar
activity.

Thus, at low solar activity disturbances of the geomagnet-
ic field which reduce PEs in summer, enable the appearance of a
maximum of the c type Es in winter and that of the night type 1
at equinoxes. In years of increased solar activity especially
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f, 1964 f, 1 1969

c,h 196A c,h 1969

Seasonal changes in the diurnal variation of the percentage oc-
currence of the midlatitude Es types f, 1 (Fig. 2a) and c, h in
the years of the solar activity minimum (1964) and maximum

(1969) for geomagnetically disturbed (1) and quiet (2) periods
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in the evening hours the negative correlation between the occur-
rence of Es and the geomagnetic activity is strengthened, though
the appearance of an additional morning maximum of the 1 type

Es is also observed.

SOME PROPERTIES OF Es

Datsko et al. (1978) have determined the parameter screen-
ing density in the form of the ratio fbEs/foEs for mid-latitude
Es types. In Fig. 3 diurnal variations of the density of the Es
types f, 1 and c, h are plotted for different seasons of the
years of minimum (1964) and maximum (1969) solar activity. The
most dense layers are observed during the day. In the evening
and night hours the density is substantially less and a great
difference is found between the screening density in the years
1969 and 1964. The density of f and 1 type Es decreases signifi-
cantly with increasing solar activity in all seasons in the .

morning and afternoon and it

Fig. 3. Diurnal variations, of the monthly mean values of the screening
density fbEs/foEs for the Es types f, 1 (a) and ¢, h (b) in three
seasons of 1964 and 1969
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increases in the day-time hours in winter, as well as at equi-
noxes. The density of the high Es layers (c, h) is the largest,
which almost did not change during the whole period of observa-
tions, somewhat decreasing after 1618 LT. In the year of high
solar activity in winter and summer the day-time Es types are
also characterized by a decrease of the density. Thus, the ef-
fect of the solar activity is larger on the magnitude of the
density in case of the lower lying sporadic E layers.
Seasonal variations of the screening density of the Es

layer are shown in Fig. 4 for given hours of the day, corre-
sponding to the time of the daily maxima in the occurrence of

the mid-latitude Es types f, 1, ¢, h in the years of maximum

rtbEs ¢ 1969-1970
IfoEs ¢ 1964-1965
c,h
\!!‘I
m v M IX X
months months

Fig. 4. Seasonal variations of the screening density of the Es types f, 1,
c, h for individual hours of the day in the periods 1964-65 and
1969-70
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and minimum solar activity. The screening density of the Es
types ¢ and h hardly changes during the year. Only a tendency
of decreasing screening density in the summer months can be ob-
served, being more stable about noon. In case of the low lying
Es layers another behaviour can be observed. Basically, it is
an irregular seasonal variation of the density in form of an
increase of fbEs/foEs at equinoxes. Contrary to the day-time
high Es types in the years of minimum and maximum solar activ-
ity the character of the density variation about midnight re-
mains approximately the same. In case of night-time low lying
Es layers a higher negative correlation is found between the
screening density and the solar activity. Because of the large
scattering of the values, the analysis of the diurnal varia-
tion of fbEs/foEs of the f, 1 and ¢, h type sporadic E layers
did not show any definite clear relation between the magnitude
of the screening density and the level of geomagnetic activity
(Fig. 5) in geomagnetically quiet and disturbed conditions of
the years of minimum and maximum solar activity. Small changes
of the screening density have been observed in case of the
types ¢, h during the day, by the types f, 1 at night. At
equinoxes in geomagnetically quiet periods they amount to 0.15,
while the changes of density with geomagnetic activity are
significantly less, i.e. 0.05, especially in the year of solar
activity minimum. Thus, it could be shown that the screening
density (or the irregularity) of the sporadic E layer is de-
termined by its type, its height, varies during the year with
the level of solar and geomagnetic activities. It has also been
demonstrated that in case of the low Es types the irregularity
is largest in the night hours in all seasons. At mid-latitudes
the irregularity of the Es types f, 1 is more sensitive to
changes of the solar activity, than to that of the geomagnetic

activity.

STRUCTURAL IRREGULARITIES IN THE F REGION OF THE IONOSPHERE

Changes of the structure of the ionosphere (sporadic layers,
stratifications, especially the displacement of the height of
the electron density maxima) prove to be often of crucial
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importance in the prediction of the long-distance HF propaga-
tion. Therefore, the gradual decrease of the electron density
in the F2 layer to the electron density should be studied at
the maximum of the FI layer and less. According to the Handbook
of lonogram Interpretation and Reduction (Piggott and Rawer
1972) this is the so called "G condition".

In the followings the results of a study of the G condi-
tion morphology are discussed based on the data of vertical
sounding of the ionosphere at stations of the northern hemi-
sphere in the latitudinal zone 45-60°. For the mid-latitude
station Kiev the diurnal and seasonal variations of the per-
centage occurrence of G were determined in each month of the
years 1963-65, 1974-77. It has been found that in 40 % of the
cases the G condition is observed for a short time (5-15 min)
and only in 1 % of the cases it exists for 5 hours or more. In
Fig. 6 the diurnal variation of the percentage occurrence of G
is presented in summer and equinoxes in the vicinity of the

solar activity minimum. In summer the occurrence has two maxima,

Fig. 6. Diurnal variations of the per-
centage occurrence of the G
condition at mid-latitude sta-
tions: 1 - Rostov, 2 - Kiev,
3 - Kaliningrad, 4 - Moscow,
5 - Leningrad
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one in the morning at 8 LT and a second in the afternoon at
1415 LT, but at equinoxes only one in the morning appears. Be-
sides, the morning maximum is usually predominant. In addition
to the diurnal variations the seasonal variation of the occur-
rence of G has also been studied at different latitudes. In the
years of the solar activity minimum the characteristic feature
of the seasonal variation is maximum occurrence in July. A
clear 11 year period of the occurrence of G has also been found
with maxima in 1975 (86 %) and 1964 (68 %) as compared to 26 %
in 1976 and 32 % in 1965. In the period of maximum occurrence
of G, July 1975 the latitudinal variation of the phenomenon,
has been investigated in more -detail. Data of the mid-lati-
tude stations Rostov, Kiev, Kaliningrad, Moscow and Leningrad
have been used. In Fig. 7. the seasonal variations of the
monthly mean occurrence of G are plotted at the individual sta-
tions. Except an increase of the occurrence of G with latitude

in all seasons there is no definite change of the character of

Fig. 7. Seasonal variations of the
monthly mean percentage
occurrence of the G condi-
tion at mid-latitude sta-
tions
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the diurnal variation and that of the seasonal variation with
latitude. A clear dependence of the occurrence on the parameter
L could also not been shown.

Examples of the variation of the electron density at fixed
heights in the ionosphere during G condition are presented in
Fig. 8 and the corresponding height variation of the lines of
equal concentration obtained on the basis of the computed N(h)
profiles are also given. The vanishing of the F2 layer maximum
is preceded by sharp decreases of the concentration at alti-
tudes below 200 km. The development of the G condition is fol-
lowed by a rise of the FI layer by 30 km, however, during this
process significant changes in the E layer are not observed.

From this analysis it follows that the downward displacement of

Fig. 8. Variations of the parameters of N(h) profiles during G condition:
a) electron density at constant heights, b) hE, hFl and hF2 in
case of constant electron densities
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the main ionization maximum to the height of the FI layel* is
simultaneously observed in a large area of the northern hemi-
sphere developing mainly during minimum solar activity in the
period of moderate geomagnetic activity. The speed of the change
of concentration seems to depend on latitude. Nevertheless, the
displacement of the maximum can also be of local character of-
ten occurring at high latitudes.

Besides a gradual change of the structure (G condition)
the fast vanishing of reflections from the F region (from the
levels of the FI and F2 layers) called as phenomenon "lacuna"
in the Handbook of lonogram Interpretation and Reduction is of-
ten observed at high latitudes. The lacunas are considered to
be the result of processes related to the precipitation of par-
ticles from the dayside cusp, to magnetospheric phenomena
(Sylvain and Carton 1979). The influence of both the lacuna and
the G condition producing sharp gradients of the electron den-
sity in the ionosphere are of decisive importance for the pro-
pagation of short wave signals. Nevertheless, the mechanism of

the development of these phenomena may be different.
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Basic morphological properties are shown and a statistical model of the
spread-F phenomenon is constructed. The quantitative characteristics of this
phenomenon are studied by means of the method of spectral analysis. It is
assumed that internal gravity waves can play the initiative role in the ge-
neration of the irregularities responsible for the phenomenon spread-F.

Keywords: internal gravity waves; irregular structure of the ionosphere;
spread-F

The F region of the ionosphere is a dynamical, unstable
formation subjected to different regular and irregular varia-
tions. The regular variations of the parameters of the F region
have been studied in detail, empirical and theoretical models
suitably describing these variations were constructed. The ir-
regular variations of the F region parameters, produced by a
number of factors of so far unknown physical nature are less
studied. Therefore, the investigation of these variations is of
scientific and practical interest in order to construct models
of their spatial and temporal distribution and for the clari-
fication of the physical mechanisms of their formation.

One of the most frequently occurring irregular phenomena
in the ionosphere is the spread F appearing in vertical sound-
ing ionograms in form of a dimmed trace of the reflected sig-
nal. In earlier phases of the investigation of the ionosphere,
spread F has been only a factor making the interpretation of
ionograms more difficult and the physical character of this
phenomenon has been considered only marginally. Nevertheless,
with the development of the ideas concerning the physical
processes in the upper atmosphere the opinion has gradually

Acta Geod. Geoph. Mont. Hung. 22, 1987
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been confirmed that this phenomenon is due to the scattering of
radio waves by small scale irregularities of the ionosphere.
Experimental investigations have shown that in consequence of
the scattering on irregularities in the region of reflection
the reflected impulse is of a much greater duration than the
transmitted one. As a result of this the trace on the ionograms
becomes dimmed, diffuse, consisting of more scattered reflec-
tions .

The study of the spatial and temporal characteristics of
the spread-F led to information on the regularities of the
distribution of ionospheric irregularities responsible for this
phenomenon and to recognition of their formation mechanisms.

In the last years the study of spread-F draws growing at-
tention due to broadening of the possibilities of making ex-
periments by means of both ground based and satellite methods.
Scattered reflections have been recorded on topside sounding
ionograms, on the basis of which a model of the spatial and
temporal distribution of spread-F has been constructed in the
outer ionosphere well agreeing with the results of the bottom
side sounding. It became clear that the irregularities respon-
sible for the spread-F are located in a large height interval
both below and above the maximum of the F region of the iono-
sphere. Valuable information on the fine structure of the
spread-F has been obtained by means of the incoherent scatter
stations. Briefly, many experimental methods are used at pre-
sent for the study of the spread-F by means of which experimen-
tal data are obtained for processing and quantitative interpre-
tation.

It has to be noted that radio waves are subjected in case
of spread-F at the reflection from the ionosphere to the lar-
gest fluctuations if the dimensions of the scattering irreg-
ularities are equal to the magnitude of the first Fresnel zone.
Therefore, the study of the spread-F phenomenon in the iono-
sphere is of great practical importance.

The analysis of the results of systematical observations
concerning spread-F based on the experimental data of the

network of ionospheric stations enabled to establish the basic
morphological properties of the spatial and temporal distribu-
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tion of this phenomenon (Ovezgeldiev and Muradov 1980). Consid-
ering the geographical distribution of the occurrence frequency
of spread-F according to the geomagnetic latitude of the observ-
ing station three basic zones are distinguished. The first zone
is constituted by the equatorial region between the geomagnetic
latitudes + 20°. Here spread-F occurs steadily in the night-
-time hours, predominantly in the evening and pre-sunrise hours.
This is the zone of maximum spread-F occurrence frequency.

The second zone of the maximum spread-F occurrence fre-
quency starts at a geomagnetic latitude of about 40° and ap-
proaching the poles, the percentage of its occurrence frequency
increases to 100 % The high latitude spread-F is observed ba-
sically at night, but it occurs frequently during the day, too.
At latitudes above 70° spread-F appears during the day, this
zone is called the region of the "steady maximum". The mid-la-
titude spread-F is similar to the high-latitude one but it is
of a much lower probability of occurence and of a less
intensity.

The third zone is constituted by the geomagnetic latitudes
from 20° to 40°, this is the zone of minimum spread-F occur-
rence frequency. On the basis of many experimental data of the
station Ashkhabad located in this zone a statistical, empirical
model of spread-F has been constructed (Muradov and Mukhametna-
zarova 1981). Diurnal seasonal and solar cycle variations of
spread-F have been determined in geomagnetically quiet and dis-
turbed conditions. Scattered reflections appear in this zone
exclusively in the night-time hours (Fig. 1) and their charac-
teristics are similar to the equatorial spread-F.

At equatorial and transitional latitudes the maximum pro-
bability of the occurrence of scattered reflections is in summer
months, but at middle and high latitudes in winter months.

Spread-F varies also with solar and geomagnetic activi-
ties. The correlation between scattered reflections and the
solar and geomagnetic activities depends on the latitude of the
observing station.

Spread-F occurs more frequently at equatorial stations in

the year of solar activity maximum. The probability of the



64 0 G OVEZGELDIEV et al.

Fig. 1. Empirical model of
spread-F obtained
on the basis of the
data of the station

Ashkhabad
I - quiet condi-
tions; Il - dis-

turbed conditions;
a,b,c - minimum,
medium and maxi-
mum solar activi-
ty; 1,2,3,4 -
spring, autumn,
summer and winter

occurrence of scattered reflections is at high latitudes also
higher in the year of solar activity maximum.

At the latitude of Ashkhabad the probability of the occur-
rence of scattered reflections decreases with increasing solar
activity. Thus, according to our results the percentage occur-
rence of scattered reflections is almost three times greater in
the year of solar activity minimum than in the year of solar
activity maximum (Fig. 1).

The correlation between spread-F occurrence and geomagnetic
activity is negative at equatorial latitudes (lower than 20°
geomagnetic latitude), at middle and high latitudes it is po-
sitive.

At the station Ashkhabad the percentage occurrence of
scattered reflections is substantially higher in geomagnetical-
ly quiet conditions than in disturbed times. Thus, the situa-
tion is at these latitudes the same as at equatorial latitudes.

Moving from high to equatorial latitudes the correlation
between spread-F occurrence and geomagnetic activity changes to
the opposite.

Here it should be reminded that the latitudinal variation of
ionospheric disturbances. As a rule negative ionospheric dis-
turbances are transformed into positive disturbances when
moving from high to equatorial latitudes at a certain tran-

sitional latitude of 30-40° geomagnetic latitude and retain
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their sign till the equator. There is certain similarity between
the latitudinal variation of ionospheric disturbances and the
dependence of spread-F on the level of geomagnetic activity. An
explanation of this experimental fact should be attempted
later.

Besides the generally accepted basic quantitative charac-
teristic of the spread-F, i.e. the probability of its occur-
rence (the ratio of the number of cases with scattered reflec-
tions to the number of observations) new quantitative charac-
teristics of this phenomenon have been introduced (Muradov and
Mukhametnazarova 1982): the height range of the scattering, pro-
portional to the duration of the reflected impulse and the pa-
rameter Af/f being the quantitative measure of the mean ampli-
tude of the electron density irregularity ( Af is the frequen-
cy range of the scattering).

For the quantitative interpretation of the experimental
regularities of the spread-F further investigations are needed
concerning the formation mechanism of this phenomenon. In the
last years more and more attention is devoted to the wave
mechanism of the spread-F formation related to the effect of
acoustic-gravity waves (Booker 1979). According to up-to-date
theoretical considerations steep gradients in the F region of
the ionosphere due to acoustic gravity waves can result in the
development of a Rayleigh-Taylor instability and in the forma-
tion of zones of decreased electron density ("bubbles") the
presence of which is in many cases followed by the formation of
small scale irregularities elongated along the direction of the
geomagnetic field and they are responsible for the phenomenon
spread-F and the ionospheric scintillation of satellite signals.

Acoustic-gravity waves in the ionosphere have been record-
ed by direct satellite measurements (Trinks and Mayr 1976,
Mayr and Hédin 1977). According to recent data acoustic-gravity
waves extend over a broad range of the frequency spectrum
beginning with the Brunt-Vaisala frequency to frequencies in-
cluding the diurnal variations of the atmosphere. The horizon-
tal dimensions of the acoustic-gravity waves extend from sizes

corresponding to the scale height of the neutral atmosphere at
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the altitude of the F region to dimensions of the order of the
Earth's radius, the vertical dimensions are of the order of the
scale height (Booker 1979).

Acoustic-gravity waves are generated primarily in the neu-
tral atmosphere. As a result of the collision of neutral parti-
cles with charged particles the latter are forced to oscillate
along the geomagnetic field lines. Because of the magnetization
of the plasma at the height of the F region the neutral parti-
cles cannot move the plasma perpendicular to the geomagnetic
field lines and undergo a damping known as "ion drag". The re-
sulting motion of the plasma is called travelling ionospheric
disturbance (TID).

It was already in the fifties that the phenomenon spread-F
was related to TID's (Uyeda and Ogata 1954, Me Nicol and Bowman
1957). Further investigations have shown that ionospheric scin-
tillations of satellite signals and of discreet radio sources
correlate also with spread-F. This result hints at the joint
formation of the phenomena mentioned above.

For the experimental proof of the existing conception con-
cerning the wave origin of spread-F a special experiment was
carried out by the simultaneous vertical sounding of the iono-
sphere at two sites with different distances between them and
the distance having different orientation. Such experimental
data as the non-simultaneity of the occurrence of scattered
reflections at different sites, the shift concerning their oc-
currence and ceasing at different sites, as well as their de-
pendence on the distance between the sites and its orientation,
the similarity in the distribution of the newly introduced
guantitative spread-F characteristics at the different points
prove the wave origin of this phenomenon (Muradov and Mukhamet-
nazarova 1983).

Periodical components have to be present in case of the
wave origin of the irregularities in the acoustic-gravity wave
range of the spectrum of the fluctuations. Thus, periodical
components from 15 min to 85 min have been revealed (Titheridge
1971) on the basis of the spectrum of total electron content
fluctuations obtained by the Faraday rotation of the polariza-
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tion plane of satellite signals, where the lower limit corre-
sponds to the Brunt-Vaisala frequency at the height of the F
region and the upper limit is determined by the filter wused in
the spectral analysis.

For the quantitative study of the structure of spread-F
spectral analysis was used by the authors, after an investiga-
tion of its use for time series of ionospheric parameters car-
ried out by Karadzhaev (1982). Concerning the interrelation
between spread-F and sporadic E layer it was assumed that the
sporadic E layer could be the source of middle scale internal
gravity waves generated by turbulence in the turbopause region
which could play a role in the production of irregularities re-
sponsible for spread-F by propagating to the F region of the
ionosphere. In these investigations synchronous power spectra
of the quantitative spread-F parameter ( Af/f) (Muradov and
Mukhametnazarova 1982) and of the frequency parameters of the
sporadic E layer were computed. For this purpose data of the
continuous vertical sounding of the ionosphere were used. On
the basis of the data obtained with continuous spaced sounding
of the ionosphere simultaneously, coherence spectra were calcu-
lated at two pairs of stations with distances of 18 and 120 km
from each other. The results of 12 series were analyzed, each
lasted from 2 to 4 hours.

The power spectra were computed by the maximum entropy
method while the coherence spectra were obtained by means of
the method of Blackman-Tukey. The critical frequencies of the
Es layer and of the F region (foEs and foF2), the blanketing
frequency (fbEs), the quantitative spread-F parameter ( Af/f)
and the ratio AfbEs/fbEs being an indicator of the turbulence
in the zone of Es formation were submitted to spectral analysis.
At the computation of the spectra components with periods great-
er than 1 hour were eliminated by a sliding average filter
(Karadzhaev 1982).

The computation of time spectra of the ionospheric para-
meters mentioned above was carried out in the frequency range
of 1-6 cycles/h. The results of the computations have shown
that the spectra obtained are characterized by one maximum.
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From 9 power spectra of the spread-F parameter Af/f determined
from sounding data of the station Ashkhabad, there are in 7
cases maxima distributed in the range from ~13 min to ~30 min
with a mean value of about 20 min (Fig. 2). This period appears
in the range of acoustic-gravity waves observed in the height
of the F region of the ionosphere and according to the opinion
of the present authors it is a quantitative proof of the wave
origin of the spread-F (Muradov et al. 1984).

A single steady maximum appears also in the power spectra
of the other ionospheric parameters during spread F. This may
be an evidence cf the similarity between the structure of the
F region and that of the Es layer. In all cases considered here

strong turbulence was observed, the value of AfbEs varied on

Fig. 2. Power spectra of the
frequency parameters of
the F region and of the
Es layer during spread-F
(Af/f —— , foF2
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the average from 1 MHz to 2.8 MHz. The maxima of the power
spectra of foEs occur on the average at a period of 21 mim
changing within the range from 20 min to 30 min.

The wave origin of the spread-F is indicated also by the
spectra of spaced sounding data. Spectra obtained in case of
small distances (Ashkhabad-Vanovsky 18 km) (Fig.3) have maxima
at the same period. In case of greater distances (Ashkhabad-
-Bakharden) in the spectra of only one of the stations (Ashkha-
bad) occurs a maximum (Fig. 4).

The above mentioned results are supported by the coherence
spectra obtained for the stations in question. Coherence is
found in case of short bases (Fig. 5a), the coherence ceases in

case of long bases (Fig. 5b). The mechanism discussed here

Fig. 3. Power spectra of the parameters in question in case of short bases
for the station pair Ashkhabad-Vanovsky (18 km). Notation as in
Fig. 2
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Fig. 4. Power spectra of the parameters in question in case of long bases
for the pair of stations Ashkhabad-Bakharden (120 km). Notation as
in Fig. 2

0 2 4 6 f, cycles/hour

5. Spectra of coherence between
the frequency parameters of
the F region and of the Es
layer on the basis of con-
tinuous spaced sounding for
pairs of stations with short

0 2 4 6 f,cycles/hour (a) and long (b) base. Nota-
tions as in Fig. 2
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enables to explain the similarity of the latitudinal variation
of ionospheric disturbances to the dependence of spread-F on

the level of geomagnetic activity.
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In the present paper the influence of meridional winds, generated at
auroral latitudes by Joule heating is investigated on the electron distribu-
tion in the ionosphere-magnetosphere system during geomagnetic storms. The
electron concentration obtained from ground based whistler measurements as
well as data of the ionospheric station in Sofia have been used. It is
shown that the magnetospheric irregularities found near the equator for
1.5 < L< 2.5 are connected with the positive reaction of the day-time mid-
-latitude F region.

Keywords: F region of the ionosphere; geomagnetic sto~m; ionospheric
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INTRODUCTION

During geomagnetic disturbances, energy provided by the
solar wind is consumed in the magnetosphere-ionosphere system
by threei main mechanisms (Akasofu 1981) a) particle injection
into the inner magnetosphere with an energy QR proportional to
oD ./ 3t, b) Joule heating Q, due to the dissipation of auro-
ral electrojet currents and <c) energy deposited in the auroral
ionosphere by precipitating particles. During the main phase of
the geomagnetic storm QR — Qj, i.e. the Joule heating is usual-
ly the second energy sink after the ring current. During the
recovery phase, however, because of increased single or sequen-
tial magnetic substorms, Qj exceeds often significantly OQR,
i.e. the Joule heating becomes the most important energy sink.
In the paper of Davies (1981) the role of the precipitating
particles in auroral latitudes is discussed. It is established
that 30 % of the mean energy is due to them and the remaining

70 X is due to Joule heating. As a result of this significant
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heating of the ionosphere at auroral latitudes, a meridional
wind directed to the equator is generated. These winds move the
plasma upwards along geomagnetic field lines. The upward drift
delays the ambipolar diffusion, being normally directed down-
wards. As a result the F2 maximum is formed at greater heights,
where the recombination coefficient is smaller. Therefore merid-
ional winds induced by the Joule heating are responsible for
the increase of the electron concentration in the mid-latitude
F region (or the occurrence of a positive phase can be attrib-
uted to them). These electron density enhancements can propa-
gate upwards along the geomagnetic field lines to the equator.
Thus, the enhancements of the electron concentration near the
equator shown by ground based whistler observations can be the
result of the increased electron density at all altitudes along
geomagnetic field lines from the mid-latitude F2 maximum to the
equator, i.e. the result of the positive phase in the reaction
of the mid-latitude F region. This means that such an increase
in the magnetospheric electron concentration during geomagnetic
storms can also be an indication of the occurrence of a positive
phase in the reaction of the mid-latitude F region.

In the present paper the influence of the neutral wind on
the electron distribution in the ionosphere-magnetosphere sys-
tem during geomagnetic storms is studied. It is shown that the
magnetospheric irregularities observed near the equator at
1.5 < L < 2.5 are connected with the positive reaction of the
day-time mid-latitude F region. The electron concentration de-
termined on the basis of ground based whistler observations as
well as data of the ionospheric station Sofia have been used.

The occurrence of irregularities in the electron concentra-
tion at ionospheric and magnetospheric heights during geomag-
netic storms depends significantly on the intensity of the in-
duced meridional wind. Thus, it is closely connected with the
rate of Joule heating at auroral latitudes. Therefore, in order
to understand the energy transfer or the connection of the
solar wind with the magnetosphere-ionosphere system, it is im-
portant to establish good estimates of the global Joule heating
rates. For that purpose as an approximate measure of the global
Joule heating rate the auroral AE-index is used (Baumjohann and
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Kamidé 1984). It was found that: Qj = 0.32 AE, where Qj is mea-
sured in [GW] and AE in [nT]. If the electron irregularities at
magnetospheric altitudes near the equator indicated by whistler
measurements in Sofia and the positive phases of the day-time
F region reaction revealed by the ionospheric station are due
to meridional winds, clearly expressed peaks in the AE index
coinciding or preceding the measurements should exist. The in-
crease of the auroral activity leads to a change of the geo-
magnetic field recorded in low-latitude observatories (Gonzales
et al. 1979). Consequently, significant changes in the AE-in-
dices should be accompanied by disturbances in the equatorial
DM-index. The present work considérés four cases of magneto-
spheric irregularities observed near the equator at 1.5 < L<
<2.5 and in the afternoon and night hours. In two cases both
AE- and Dst.-indices are available. The AE variations have ac-
tually some effect on the D”-index. This allows us to use the
variation of D”-indices as an indication of Joule heating in

the auroral region, if the AE-index is missing.

EXPERIMENTAL RESULTS

Data of the Sofia ionospheric station, as well as ground
based whistler observations also carried out in Sofia during
geomagnetic storms have been used. The results are given in UT.

1. March 19-20, 1971

Figure 1 presents the 3-hourly Kp-indices, the AE-indices,
the critical frequencies of the F2 layer (fQF2) with the month-
ly median value and the magnetospheric irregularities obtained
by whistler observations for the interval 1.8-1.9 L together
with the background electron density respectively. The storm
considered starts with a sudden commencement (SC) on March 19
1150 UT. The whistler measurements were made on the same day in
the interval 2050-2052 UT indicating irregularities with con-
centrations of 6.1 » 105 ¢m®> and 1.2 » 107 &m® , while the back-
ground concentration in this height interval was (1 to 2)* |IO"cm"?
The midlatitude F region shows a well defined two-phase reac-

tion, positive in the afternoon and night hours of March 19 and
strong negative reaction during the next day. At the time of
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1. a) three hourly geomag-

netic planetary Kp index,
b) auroral electrojet mag-
netic activity index AE,
c) fOF2 (continuous line)
compared with the nonthly
median value (dashed line),
d) observed irregularities
in the equatorial magneto-
spheric electron concentra-
tion compared with back-
ground electron density
(dashed line) for March
19-20, 1971
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the whistler measurements AfOF2 =
= fOF2 - (foFZ).med' = 2 MHz or
ANmF2 — 5104 cm . The change
of h'F was Ah'F ~ 20 km, i.e.
due to the effect of the wind the
F region maximum has been formed
at a greater height.

2. December 17-19, 1971

This is a double geomagnetic
storm with two sudden commencements
at 1904 UT on December 16 and at
1417 UT on December 17. Figure 2
presents the Kp, AE, D ” indices,
fOF2 and the results of whistler
measurements after the second SC
as the big Dst decrease (-202 'J)
occurred after it. This figure de-
monstrates the wel . defined syn-
chronism of the geDmagnetic indices
used here. The auroral activity is
characterized by two peaks which
may be responsible for the double,
two-phase reaction of the F region.
The whistler measurements were
carried out in the interval 1500-
-2000 UT on December 18, i.e. dur-
ing the recovery phase of the D
index. The electron concentration
determined is~10”~ cm-5, i.e. almost
an order of magnitude higher than
the corresponding background elec-

tron density. In this period

Fig. 2. a) three hourly Kp index, b) AE
index, c) equatorial Ds" index,
d) fOF2 compared with the monthly-
median value, e) revealed equa-
torial magnetospheric irregulari-
ties for December 17-19,1971
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AfOF2 d 1.5 MHz, or ANmF2 d 2.8 «104 cm 3 and Ah'F ~ 20 km.

3. October 12-14, 1972

This is not a strong geomagnetic storm. It is distinguished
by the strengthening of auroral activity which continues during
the three days considered (Fig. 3). The mid-latitude F region
reaction shows four consecutive two-phase cycles due to the au-
roral activity. The whistler measurements were made on October
14 in the interval 1200-1400 UT. The maximum electron concent-
ration observed is 2.7 « 104 cm 3, i.e. by one order of magni-
tude higher than the background electron density. In the period
of the whistler measurements Af F2d 1.7 MHz, or AN F2 ~
~ 3.6 «10% & and Ah'F ~ 40%m. m

4. December 12-14, 1977

Figure 4 shows that this storm is also not astrong one and
is characterized by intense auroral activity, well illustrated
by the recovery phase of the O0s”-index. It is possible that
exactly this activity gives rise to the consecutive two-phase
cycles in the reaction of the mid-latitude F region. The whist-
ler measurements were made on December 13-14 in the interval
1250-0352 UT, again during the recovery phase. Irregularities
with a concentration of 3 ¢ IO+ cm are observed at mid-night
at altitudes 1.8 L and 2.0 L. After mid-night irregularities at
1.9 L determined on the basis of whistlers have a concentration
of about 4.5 ¢ 103 cm-3. During this period AfQF2 d 2 MHz, or
AN F2 d 5+¢104 cm 3 and Ah1lF ~ 30 km, i.e. in this case the
F2-maximumis formed higher than under quiet geomagnetic condi-

tions .

DISCUSSION AND CONCLUSIONS

In the above mentioned four geomagnetic storms (detailed
description in Pancheva (1985)) there is a close relation be-
tween auroral activity, characterized by the AE-index, posi-
tive mid-latitude F region reaction and the magnetospheric ir-
regularities revealed near the equator at 1.5 < L < 2.5.
Because of this and due to the fact that the magnetospheric ir-

regularities have been observed during the recovery phase (ex-
cept in the first case), if the large-scale convective electric
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Fig. 4. a) three hourly Kp index, b) Ds” index, c) foF2 compared with the
monthly median value, d) equatorial magnetospheric irregularities
December 12-14, 1977
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fields decrease quickly, the conclusion may be drawn that the
meridional wind, generated during auroral substorms is the main
link connecting the positive reaction of the mid-latitude F
region in the afternoon hours with the magnetospheric irregula-
rities, found near the equator (Pancheva 1985). The positive
reaction of the F region during geomagnetic storms can also be
associated with the penetration of electric fields which origi-
nate from the magnetosphere. Maynard and Chen (1975) present
more than 15 cases of magnetospheric irregularities observed
near the equator the appearance of which they attribute to mag-
netospheric convection.

In order to decide which of the two mechanisms (neutral
winds or electric fields) predominate in the present case, it
is necessary to see how these two mechanisms work.

During geomagnetic substorms and storms, energy supplied
by Joule heating and precipitating particles is deposited in
the auroral ionosphere. This energy results in temperature in-
crease which in turn affects the neutral compos tion (Mayr and
Harris 1983). Temperature and density variations change the
pressure gradient and drive meridional winds directed to the
equator. The meridional wind appears almost immediately after
the energy deposition in the auroral zones. Neutral winds carry
the plasma along the geomagnetic field lines, i.e. they raise
it to heights, where the recombination is less. This explains
the positive reaction of the F region. Oue to the wind the
energy is redistributed by adiabatic heat transfer. This leads
to an increase of the low-latitude temperature, i.e. to the de-
crease of the temperature gradient. Simultaneously another pro-
cess influencing mainly neutral composition takes place. The
wind-induced diffusion - a considerably slower process - ac-
complishes the following composition changes: an increase in
the heavier constituents N,, Ar, O. at high-latitudes, as well
as that of the lighter components He and 0 at low-latitudes.
Therefore, in the mid-latitude F region the ratio O/N:. changes
(usually decreases on the second day of the storm). This leads
to an increase of the recombination and consequently to a nega-
tive reaction of the F region. The observed succession of posi-
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tive and negative phases in ionospheric reaction can be ex-
plained by the different time-scales of the two processes, wind
generation and composition changes. If the neutral wind is the
main cause of the positive reaction of the F region then it is
necessarily followed by a negative one. Besides due to the op-
posite effect of the composition change on the wind and temper-
ature fields the two phases are interrelated. The increase of 0
and He densities at low-latitudes affects significantly the to-
tal atmospheric pressure and is the main cause of the decrease
of the pressure gradient. This immediately leads to the de-
crease of wind which reduces the adiabatic heat transfer, or
increases the temperature difference between high- and low-la-
titudes .

Strong electrostatic fields of magnetospheric origin pene-
trating into the polar ionosphere drive by Lorenz force neutral
winds with velocities up to 1 km/s. The wind systems generated
by heat (Joule heating) and momentum (Lorenz force) sources
differ considerably, the former are divergent, the latter vor-
tical. Although the winds created by the latter can' reach high
velocities, they do not affect considerably the composition,
because they do not drive vertical motion. Therefore, when
electric fields produce the positive reaction of the F region,
it is not necessarily followed by a negative phase causally
connected with the preceding positive phase.

In order to prove that this wind mechanism predominates it
is necessary .. to show that in case of the above mentioned geo-
magnetic storms we have to deal with a really two-phase reac-
tion, . to find a definite connection between the two phases.
This can be achieved by the investigation of the intensity of
the ionospheric reaction, defined by ufQF2 = fQF2 -

—(f F2) m/(f F2) « 100 % Figure 5 shows the variation of
<5"foF2 for four geomagnetic storms. The main features of the
variation of O0fQF2 are the succession of positive and negative
phases, i.e. their junction in so called two-phase cycles of
the reaction of the mid-latitude F region, and a reverse con-
nection between them. In order to compare the two phases of
each cycle, both the intensity and the duration of the iono-
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spheric disturbance must be considered. The product of these
two values is proportional to the energy of the process. For
that purpose the areas under the curve of dfoF. in the figure
were studied. Table | shows areas of the two-phase cycles, cor-
responding to the four geomagnetic storms. They are marked by
where i =1, 2, 3, 4 and give the number of the investiga-
ted storm, while j corresponds to the number of the cycle in

each storm. Figure s shows the connection between S+. and S’ ..
1] 1)

Table |
Number of Number of S+. Ny
the storm the cycle I St
1 1 S/Ni=343 8-1=27!
2 : 521:225 S" = 60
2 S22-221 S-2= 77
1 t =
3 [?31 232 S31= 5.
2 S]2= 86 S$32= .,
3 S*3=136 S-3= 73
4 S;4=i0° S34= 4
4 1 s;i=268 Sal= ..
2 S, 2:=2938 S42= s

The inverse relation between them is well expressed. This is an
indication that the mechanisms causing these phases are inter-
related. The inverse relation is a direct result of the feed-
-back coupling between composition changes (result of wind-in-
duced diffusion) and wind and temperature fields. Only the first
storm,, during which the whistler measurements have been carried
out in course of the main phase of the storm, differs consider-
ably. This can probably mean that the effect of the neutral
wind, driven by Joule heating is combined with the influence of

electric fields of magnetospheric origin.
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16 Fig. . Connection between S”?j and Sjj
for the geomagnetic storms

16 18 20 22 2A logSi* studied here

The complex ionospheric reaction during geomagnetic sub-
storms and storms is due to circulation, electrodynamical and
wave processes. In order to estimate the relative importance of
the different processes, it is necessary to ha e a large base
of solar, geomagnetic, magnetospheric and ionospheric data, as

well as improved analytical and numerical models.
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DYNAMICS OF IONOSPHERIC DISTURBANCES AT HIGH LATITUDES
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A statistical analysis of the ionospheric disturbances poleward of the
main trough of ionization has been carried out. Data of a chain of iono-
spheric stations working along the meridian of Norilsk in the period
December 1982 - February 1983 and also data of the ionosondes in Arkhan-
gelsk and Heiss Island were used. At each station for each hour of the day
the probability of ionospheric disturbances of different types has been de-
termined at different Kp values. On the basis of the probabilities obtained,
schemes of the development of the ionospheric substorm were constructed at
different latitudes in LT-Kp coordinates. An analytical relation determining
the invariant latitude of the main ionization trough as a function of LT and
Kp has been established.
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ionospheric disturbances; main ionization trough
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ordered according to increasing latitude, that longitudinal
variations are insignificant and do not distort the general
scheme determined by the latitude of the station, by the local
time and the geomagnetic activity.

The expedition "Taymir-82" enabled to get a lot of experi-
mental data for the investigation of the dynamics of ionospheric
disturbances on the basis of a meridional chain and the possi-
bility of a comparison with the results of Benkova et al. (1984)
for the explaination of the solar activity effect. Besides 5
stations located along the meridian of Norilsk, data from Heiss
Island and Arkhangelsk were also used for the better latitudi-
nal resolution. The coordinates of the stations are shown in
Table |I.

Table |I. Coordinates of stations

Geographical

Station name .coordinates_ I|na\i?trlj32t L
Latitude Longitude
Heiss Island 80 ,6° 58 .0° 73,.8° 12.9
Sterlegova 75 .4° 89 .,° 69 ,4° 8,1
Ust-Taree 73 .3° 90 .5° 67 ,4° s ,9
Norilsk 69 .3° 88 .2 ° 63..6° 5.0
lgarka 67 .2 ° 89,3 62..0° 4.5
Arkhangelsk 64 .6 ° 40 .5° 60 .:° 4.2
P-Tunguska 61 ,6° 90 .0 ° 55 .,s° 3..2

For each station a statistical analysis of the ionospheric
disturbances has been made as a function of the Kp value and
local time. In this procedure the probability of the different
disturbance types has been determined for each hour of the day
and Kp value. Comparing the probabilities obtained, in an LT-
-Kp coordinate system for each station schemes of the develop-
ment of an ionospheric substorm has been constructed, which
show what type of the disturbances is most probable in case of
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a given station, for a given hour and given value of Kp. These
maps are shown in Fig. 1. The following notations are used:
N--regular day-time F2 layer; F--anomalous ionization in the F
region produced by a flux of low energy electrons (E < 1 keV)
in the diffuse zone of precipitation (Liszka 1967, Khalipov et
al. 1977); R--r type sporadic E layer, the appearance of which
is due to the precipitation of electrons of energies up to

~3 keV or that of ring current protons (Eather et al. 1976,
Besprozvannaya and Shchuka 1977, Kukushkina 1982); D--sporadic E
layers of other types, generally types a and f accompanying
discrete auroras the energy of the electrons being in this case
5-10 keV (Eather et al. 1976, Kukushkina 1982); A--absence of
reflections from the F region due to screening by an Es layer
indicating the redistribution inside the energy spectrum of the
fluxes towards higher energies; B--total absorption produced by
the enhanced ionization in the o region due to the precipita-
tion of electrons of energies more than 40 keV (Driatsky 1974).

The boundary of the region of occurrence foi each distur-
bance type is given by P =70.5 (probability more than 50 %).

Figure 1 shows how the onset time of the disturbance and
its type varies at the same Kp value depending on latitude. The
unhatched areas in the evening and morning hours indicate that
under these conditions any type of the disturbances is equally
probable.

In P-Tunguska the regular F2 layer is observed during the
whole night in case of Kp < 4. With the increase of Kp and the
latitude of the station, the area of its occurrence is reduced,
displaced to the midday hours and at Heiss Island it disappears
completely. In P-Tunguska anomalous ionization in the F region
(F) appears after midnight at Kp ~ 4 connected with the motion
of the northern edge of the trough. With increasing geomagnetic
activity and latitude the zone of F extends gradually toward
evening and morning hours and is displaced to lower values of
Kp. At Heiss Island, where solar radiation is completely absent
in winter the anomalous ionization in the F region can be ob-
served round the clock in form of scattered and inclined ref-

lections .
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Heiss Island
9-73*8

Sterlegovo
2'=69" 3

Ust-Taree
9 -67*3

Norilsk
9 -63*6

lgarka
9=62*

Arkhangelsk '

9 -60*1
P-Tunguska
9=55* 4
O B
Fig. 1. lIllustrations of the development of an ionospheric substorm in LT

coordinate system in the winter 1982/83 (near the solar activity
maximum)
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The F2g layer disappears in Norilsk and Igarka at Kp 4
because of absorption and screening of the F region by the Es
layer in Norilsk and Igarka in the evening and midnight hours.
The screening (A) is observed with the highest probability. At
high-latitude stations in the morning hours the occurrence of
F2g layers, screening and absorption are equally probable. Long-
-lived periods of total absorption are observed only in Igarka
in case of Kp > 4 and in Arkhangelsk at Kp >5. At stations
located more to the north or more to the south, the probability
of absorption decreases.

Es” is observed with the highest probability in Norilsk
and Ust-Taree. In Norilsk the area of occurrence of Esr expands
symmetrically from midnight if Kp increases from 0 to 3. At
Kp > 3 Esr is mainly observed in the evening hours. In Ust-
-Taree the r type predominates during the whole night at Kp”*2,
at Kp >2 two intervals of occurrence of the type r with proba-
bilities higher than 50 % develop in the evening and morning
hours, which are displaced with increasing activity in opposite
directions. In Sterlegovo there are two zones of P(R) > 50 %in
the morning and evening hours at Kp < 3. In Heiss Island Es® is
observed morning and during the day at Kp <€3. From 15 00 to
01 00 LT the probability of its occurrence is less than 10 X
Both Esr and F2g are again observed in Igarka and Arkhangelsk
at P(R) < 50 % in P-Tunguska at Kp ~5 with high probability.
In case of very high activity it appears in the trough and in
the mid-latitude zone. The regularities of the occurrence of
Esr at high-latitude stations, Heiss Island included are con-
sistent with the structure of precipitation of electron fluxes
in the auroral zone. Obviously the Es” layer in P-Tunguska dif-
fers from that observed at auroral stations. For its appear-
ance ring current protons are most probably responsible.

The zone of observation of other Es layer types is located
around midnight displaced somewhat towards the evening hours
and expands with increasing latitude. In Heiss Island Es layers
are steadily present, but their frequency exceeds rarely 2 MHz,
whereas in the zone the most probable values of fbEs fall into
the range 3-4 MH.zZ

In P-Tunguska flat Es layers are observed in the day-time
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hours and the zone of their occurrence is gradually reduced
with increasing Kp. Such a behaviour is characteristic of mid-
-latitude Es layers and differs strongly from the morphology of
Es layers at high latitude stations.

Illustrations of the development of the ionospheric dis-
turbance show which type of perturbations predominates in case
of a given Kp at the given station in particular hour of the
day. Unfortunately, the irregularity of the structure of the
ionosphere to the north of the trough renders more difficult
the analytical description of the boundaries separating areas
of the occurrence of the different disturbance types. Moreover,
the structure of the ionosphere within the auroral zones depends
on the solar activity. The schemes of the ionospheric substorm
development are shown in Fig. 2 for comparison at the stations
Dixon, Norilsk and Arkhangelsk in the winter of 1975/76. Common

features are at the three stationsthe substantial decrease of

Dixon
94 67*6

Norilsk
9-63*6

Arkhangelsk
9-- 60*1

Fig. 2. Illustrations of the development of an ionospheric substorm in the
winter of 1975/76 (solar activity minimum)
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the zone of F.s occurrence in the year of solar activity mini-
mum, the broadening of the area of Esr occurrence and the exis-
tence of a zone, where due to the low level of the ionization
reflections are absent (E conditions, i.e. foF2 < 1 MHz). The
zone of Esr is present during the whole night at Dixon (see
Ust-Taree) in the year of solar activity minimum (hereby it
screens the F region) and the duration of the total absorption
is significantly increased. In Norilsk and Arkhangelsk the same
changes are observed. Similar changes can probably be attribut-
ed both to the lower level of the background ionization in the
year of solar activity minimum and to the decrease of the in-
tensity of diffuse precipitation. Thus, even a slight enhance-
ment of the discrete fluxes can result in a total absorption or
in the appearance of screening Es layers. Boundaries of the area
of the regular F2 layer occurrence are more stable depending on
the level of solar activity. This boundary corresponds to the
main ionization trough, inasmuch as it separates the undisturbed
ionosphere from the disturbed one. Using the changes of the
boundary P(N) = 50 %with LT and Kp at the different stations
shown in Fig. 1 and taking the coordinates of the stations, the
equation of a parabola is obtained, by which the location of
the main ionization trough is described in time and space as a

function of Kp:
P 0.16 t - 0.4 Kp. + 1.3

where @' and t determine the displacements of the axis of the

parabola as compared to the midnight meridian

t - 2.5

® = ¢' - 60° c

where ¢' and t are the invariant latitude and local time. The
locations of the trough, obtained by the authors are compared

in &' LT coordinate system for Kp = 1, 3, 5 with locations of
the boundary of the diffuse electron precipitation (Khalipov et
al. 1977), with determinations of the trough by satellites
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(Spiro et al. 1978) and with data of the Yakutsk meridional
chain (Benkova and Zikrach 1983) (Fig. 3).

Fig. 3. Variations of the location of the main ionization trough in ¢-LT
coordinates for Kp = 1, 3 and 5, as shown by a) the data of the
Norilsk meridional chain, b) satellite measurements (Spiro et al.
1978), c) the data of the Yakutsk meridional chain (Benkova et al.
1984), d) location of the boundary of the diffuse precipitation
(Khalipov et al. 1977)
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In many satellite and ground based experiments in the subauroral iono-
sphere a narrow band of very large westward ion drifts has been observed due
to intense local electric fields directed to the pole. In this paper changes
are studied in the structure of the high latitude ionosphere during the de-
velopment of narrow bands of rapid drift. The results show that narrow
(~ 100-200 km) and deep troughs of the latitudinal distribution of Ne are
formed in the subauroral F region of the ionosphere in the vicinity of the
zenith of the observing station at this time.

Keywords: band of rapid westward ion drift (SAID); polarization jet;
spaced receiver method; vertical and oblique incidence sonnding (DlI)

The most important part of the convection pattern in the
subauroral zone during a substorm is a jet of very rapid west-
ward plasma drift which is formed in the vicinity of the polar
edge of the trough. This has been shown on the basis of measure-
ments on board of the satellites Kosmos-184, S3-2, 0G0-6 and
AE-C in the last years (Galperin et al. 1973, 1974, Smiddy et
al. 1977, Maynard 1978, Spiro et al. 1979).

The narrow jet of rapid westward drift has been first ob-
served at an invariant latitude of -A0 ~60° in the measurements
on board of the satellite "Kosmos-184" in November 1967 and
described in detail by Galperin et al. (1973, 1974), who called
it "polarization jet". Direct measurements of the drift veloci-
ty have shown that a "polarization jet" of velocities to
1.9 km s.. is formed during a large flare of a substorm in the
midnight sector at the equatorial edge, broadening and inten-
sifying the bands of westward drift along the auroral oval in
the evening sector (MLT ~ 21) almost at the same invariant la-

titude, but in the southern hemisphere. After 40 min the
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satellite "Kosmos-184" traversed again an analogous narrow jet
of rapid westward drift which was also located at the equatori-
al edge of the broad band of eastward drift in the subauroral
zone and was probably the continuation of the "polarization
jet" in the evening sector.

These observations of the narrow jet of rapid westward
drift at L shells near the plasmapause have later been confirmed
and extended on thip basis of other satellite measurements
(Smiddy et al. 1977, Maynard 1978, Spiro et al. 1979). Smiddy
et al. (1977) reported cases of observation of intense local,
poleward electric fields, measured by the satellite S3-2 in the
vicinity of the projection of the plasmapause. These fields
have sporadically been observed in a latitude zone from L = 2.4
to L = 4 and they have always been found in the vicinity of the
local electron density minimum with spatial scales less than
100 km.

The same intense local fields near the minimum of the main
trough have also been revealed by the analysis of measurements
carried out on board of the satellite OGOs in the premidnight
sector at latitudes 60° in 1969 (Maynard 1978). The author as-
sumes that such fields can be produced during substorms as a
result of an extension towards low latitudes of the region af-
fected by convection maintaining the low conductivity of the
ionosphere in the area of the main ionization trough. Spiro et
al. (1979) reported on the basis of measurements of the satel-
lite AE-C observations of rapid westward subauroral ion drifts.
Based on a large statistics of data resulting from 5 year opera-
tion of the satellite, the character and morphology of this
phenomenon have been studied. As a characteristic of subauroral
ion drifts the coincidence of narrow bands of large velocities
with those of sudden ion concentration gradients at altitudes
180-600 km is considered. They note that in all cases of narrow
jets in the trough, the drift velocity was directed to west un-
til local morning hours. Spiro et al. (1979) have shown that in
spite of the fact that 85 % of rapid ion drifts were found in
connection with a well defined trough in the F region ioniza-
tion, jets with rapid ion drifts have been recorded only in
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20 % of the observations of mid-latitude troughs. As a possible
formation mechanism of jets of rapid drifts, a polarization
electric field is considered which is produced by gradient
drift at the separation of positive and negative energetic
charged particles of the plasma layer in the vicinity of the
inner boundary of the Alfven layer during substorms (Southwood
and Wolf 1978). This mechanism does not demand an anomalous re-
sistance at the equatorial edge of the negative electrojet as
it has been assumed in the interpretation of the phenomenon
"polarization jet" (Galperin et al. 1973, 1974) on the basis of
the polarization mechanism suggested by Coroniti and Kennel
(1972) :

The results of model calculations concerning the parame-
ters of the subauroral lower F region (Spiro et al. 1978) and
E region (Banks and Yasuhara 1978) have shown that an additio-
nal narrow concentration "subtrough" is formed in the band of
the "polarization jet" due to the transport of ions connected
with the increase of the effective recombination coefficient.
Regarding the F region this conclusion is in qualitative agree-
ment with the measurements (Spiro et al. 1978, 1979).

Recently additional data of both satellite (Bythrow et al.
1980, Rich et al. 1980, Maynard et al. 1980) and ground based
measurements (Mikkelsen et al. 1981, Bourdillon et al. 1982,
Robinson et al. 1982) have been published concerning the "polar-
ization jet" which confirmed the important role of this phenom-
enon in substorm processes at L shells near the plasmapause.

The small latitudinal extent of this band and the large
gradients of the electron density at its edges cause difficul-
ties in its exploration. It is noted that according to model
calculations (Spiro et al. 1978, Banks and Yasuhara 1978) the
most definite changes in the characteristics of the subauroral
ionosphere occur below the F region maximum, therefore, for a
topside sounder on board of a satellite the chance of finding
such a narrow structure in the vicinity of the polar edge of
the trough is low. At the same time, the role of this feature
of the convection is certainly very important in the latitudi-
nal concentration profile at the polar edge of the trough in
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the production of electron density irregularities, of air glow
effects etc.

In order to discover a "polarization jet" on the basis of
a large number of ionosonde data, its development on the iono-
gram of a subauroral station must be known. In order to recon-
struct this development, Sivtzeva et al. (1982, 1983) considered
three characteristic events in detail, when a reliable identifi-
cation and localization of the "jet" as relative to the station
is possible by means of published direct satellite observations
of the "polarization jet" above the region of Yakutsk and based
on ionograms of a meridional chain of ionospheric stations.

Filippov et al. (1984) constructed a quantitative model of
the high electron density distribution in the subauroral F re-
gion during the occurrence of a narrow band of rapid drift in
the vicinity of the zenith of the observing station and on the
basis of it, model ionograms similar to that observed at a sub-
auroral ionospheric station in the vicinity of the band were
computed.

In this paper another case of simultaneous observation of
rapid ion drift bands is studied based on the data of the satel-
lite DE-2 (Sugiura et al. 1983) referring to the vicinity of
the meridional chain of vertical and obliqgue incidence sounding
stations and on the variations in the structure of the iono-
sphere according to the data of bottomside sounding stations.
The observations were carried out on October 7, 1981. For this
purpose at the stations Zhigansk and Yakutsk the horizontal
rhombic antenna was reversed what enabled sounding to the
"north" and to the "south" and to get substantially new experi-
mental data on the electron density distribution with the iono-
sonde located below the band of intense northward electric
fields. The experimental equipment is described by Mamrukov et
al. (1982). In Fig. 1 a succession of ionograms of vertical and
obligue incidence sounding obtained are shown in case of sound-
ing to the "north" and to the "south" at the stations Tixie,
Zhigansk and Yakutsk. Bottom right the magnetogram of Tixie is
also presented where the times of soundings are denoted by

arrows. Figure 1 shows that an additional reflection of a lower
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357357 3573517 3573517

Fig. 1. Succession of vertical and oblique incidence sour ding ionograms at
the stations Tixie, Zhigansk and Yakutsk during the occurrence of a
narrow band of rapid drift on October 7, 1981. The magnetogram of
Tixie is also shown

critical frequency and in a distance larger than the trace of
the regular F2 layer appears at time of the development of the
substorm active phase (09 15 UT) in the vertical sounding iono-
gram of Tixie. This reflection is characteristic of the occur-
rence of a rapid westward drift band and corresponds to the
decrease of the electron density in the zenith of the observing
station (Sivtzeva et al. 1982, 1983). Later above the station
Tixie this trace disappeared and at 11 15 UT it appeared above
the station Zhigansk, however, at the station Tixie reflections
corresponding to the location of the station below the diffuse
zone of precipitation are observed (Halipov et al. 1977).
Traces in a distance of ~ 500 km characteristic of the approach
to the boundary of diffuse precipitation appeared at 11 30 UT
(20 30 LT) by the oblique incidence sounding to the "north"
from station Zhigansk, at 12 00 UT station Zhigansk got to the
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zone, though reflections of the type F3s can be seen
the oblique incidence sounding to the "south" (Sivtzeva

1982, 1983) proving the motion of the narrow trough to

the south of station Zhigansk. At 12 30 UT reflections showing

the approach of the polar edge of the trough already to the

latitude of station Yakutsk appeared by the oblique incidence

sounding to the "north" from station Yakutsk.

ing

In Fig. 2 maps of the lines of equal ionization correspond-
to consecutive ionograms of the vertical and oblique inci-

dence sounding presented in Fig. 1 are shown. Bottom right in

Fig.

results of electric field and field aligned current mea-

surements on board of the satellite DE-2 are plotted, where the

observation time of a narrow band of intense poleward electric

Fig.

7 October 1981

UT 1026 10 28 10 X
MT 813 845 874
MLT 201 206 209
ILAT 731 665 598

Succession of maps of equal ionization lines obtained on the basis
of ionograms of Fig. 1 and a sudden jump of the northward electric
field recorded on board of the satellite DE-2 (Sugiura et al. 1983)
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field ( > 150 mV m is denoted by an arrow, on the map of
lines of equal ionization the time of the jump in the electric
field at 11 15 UT is denoted by a thick arrow. The satellite
measurements were carried out 45 min earlier than the narrow
trough appeared above the station Zhigansk, but displaced ap-
proximately just as much in MLT to the east from the meridian
of the ground based measurements. It should be noted that the
map of equal ionization lines was constructed with invariant
latitude and virtual height coordinates using traces in the
ionograms which correspond to the narrow trough of ionization
and to motion of the polar edge of the trough. In this proce-
dure the knowledge of the directional antenna pattern allows to
get information concerning the angles of reception of the re-
flected signals and to use them in the construction of isolines.
In Fig. 2 the numbers on the curves indicate the plasma fre-
quency in MHz. The narrow ionization trough is located at the
equatorial edge of the diffuse precipitation.

In the following parameters of a narrow band of rapid
drift recorded by means of the spaced receiver method (..) are
discussed. For the identification of a band occurring in the
vicinity of the observing station, its development in the
structure of the subauroral ionosphere indicated by character-
istic reflections has also been used. The observational results
on November 26, 1983 are shown in Fig. 3. Top the sucession of
ionograms obtained with vertical and oblique incidence sounding
to the "north" and "south" at station Tixie, bottom the drift
velocity measured by means of method .. and the magnetogram of
station Tixie are presented. In the vertical sounding ionograms
small circles denote regions of the ionosphere, at the reflec-
tion from which the drift velocity was determined by method DI,
further, numbers around the small circles correspond to the
number of the drift velocity vector. The simultaneous occur-
rence of traces characteristic of a station with all three an-
tennas (vertical sounding, obliqgue incidence sounding "north"
and "south") below the band of the "polarization jet" and their
uniformity indicate that the narrow ionization trough is locat-
ed at the zenith of the observing station and it is of a small
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26 11 83
Hkm 1715 1730 1745 18.00 LT

05.. 5
VS
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2 6 26 2 6 2 6 FMHz

r 71T °J
5 18 2 o . 3. Drift velocities measured by
. means of the method D1 during
4 100m1% 130
s - roor the occurrence of a narrow
~ band of rapid drift on Novem-
I o> < g7 ber 26, 1983 at the station
n.=65" Tixie. The magnetogram of

Tixie is also shown

spatial extent (~ 100-200 km). The results of the experiment
show that in the region of the ionosphere affected by the band
of rapid ion drift at the beginning and at the end of the ob-
servations large (up to 700 ms westward drift velocities are
recorded, though in the centre of the observation period drift
velocities in the regular F2 layer and in type E3\ reflections
(Filippov et al. 1984) are approximately equal and directed to
the west (compare arrows Nos 2, 3, 4 and 5). Similarly high
drift velocities were measured under analogous conditions in
Zhigansk on February s, 1982 by means of the method DI. Thus,
results of the measurements carried out by the method DI show
that through the structural properties of the ionosphere ac-
complished by a band of rapid westward ion drift substantially

large valocities of westward plasma convection are observed.

CONCLUSIONS

The experimental results presented in this paper show that
in the subauroral F region, during the development of a narrow

band of rapid drift narrow and deep ionization troughs are
formed, which are produced partly by rapid westward transport
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of the ionization, partly by the change of the speed of photo-
chemical reactions in strong electric fields, resulting trough
recombination processes in a sudden reduction of ionization in
this region of the ionosphere (Schunk et al. 1976).

According to measurements carried out by means of the
method o: in the region of the "polarization jet", high west-
ward drift velocities of the ionospheric plasma are recorded
(up to 700 ms-1).

From the measurements of a meridional chain of ionosondes
a characteristic succession of vertical and oblique incidence
sounding ionograms observed during the development of the "po-

larization jet" is presented.
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IRREGULARITIES IN THE DISTRIBUTION OF 0+ AND H+ IONS
IN THE SUBAURORAL |ONOSPHERE
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In this paper experimental data are presented concerning the distribu-
tion of O+ and H+ ions in the subauroral ionosphere at altitudes from 400
to 1000 km for night hours of the winter solstice measured on board of the
satellites "Intercosmos-12" "Oreol-1, 2" and "Meteor".

Irregularities of characteristic scales of 200 km in the latitudinal
distribution of 0+ and H+ ions are observed both in geomagnetically quiet
and disturbed conditions in the region of the midlatitude trough.

For the interpretation of the results, data of a chain of vertical and
oblique incidence sounding stations have also been used. The possible mech-
anism is discussed which leads to the observed irregularities in the lati-
tudinal distribution of 0+ and H+ ions in the subauroral ionosphere.

Keywords: ionospheric irregularities; mid-latitude trough; subauroral
ionosphere

Investigation of the ion distribution in the subauroral
outer ionosphere has been carried out by means of a number of
satellites, and of known data concerning the location and dy-
namics of the mid-latitude trough in concentrations of the ions
0* and H+ (Kohnlein and Raitt 1977, Brinton et al. 1978, Ahmed
et al. 1979, Ivanov et al. 1980, Moffet and Quegan 1983). The
mechanisms leading to formation of the mid-latitude trough in
the outer ionosphere could be identified by the study of the
simultaneous distributions of different ions in the region of
the trough, as well as investigation of the irregularities in
the distribution of different ions directly in the trough.

Only a few recent reports can be found about observations
of irregularities of the dimension of i100-200 km in the region
of the mid-latitude trough. According to Miller and Grebowsky

Acta Geod. Geoph. Mont. Hung. 22, 1987
Akadémiai Kiadd, Budapest
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(1977), structures of increased electron concentration have
been observed on the basis of the data measured on board of
"ISIS-2". They presented cases of the occurrence of irregulari-
ties in concentration of the ions 0+ and H+ with characteristic
dimensions of - .00 km in the region of the mid-latitude trough
recorded by the satellites "Intercosmos-12" (Gdalevich et al.
1979), "Oreol-1 and 2" (Ershova and Sivtseva 1974, Grechnev et
al. 1977) and "Meteor" (lvanov et al. 1980) at altitudes be-
tween 400 and 1000 km in the night hours of the winter solstice
and in the electron concentration found on the basis of data of
bottom side soundings. All satellites except "Meteor" were un-
oriented .

In Fig. 1 cases of localized irregularities are shown in
the distribution of the o+ concentration at the bottom of the
trough at invariant latitudes n.60-67u recorded on the
satellites "Oreol-2" and "Meteor" under quiet conditions
(Kp = 1-, Kp = 0 respectively) after midnight. Here peaks of
uniform structure of the O concentration can be seen within

elem s'1
10

K
KTn.crn3

10

Fig. 1. Examples of irregularities in the concentration of 0 ions in IF
area of the mid-latitude trough from the measurements of the satel-
lites "Oreol-2" (a) and "Meteor" (b). In Fig. la | corresponds to
the flux of electrons of energy ~ 2 keV. In Fig. |Ib the integral
flux of electrons of energy E > 350 eV measured simultaneously by
the satellite "Meteor" is shown by the histogram
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the trough both at 450 km (data of the satellite "Oreol-2") and
at 900 km (data of the satellite "Meteor"). Simultaneous mea-
surements of precipitating particles on board of these satel-
lites indicate their absence in the area of occurrence of the
irregularities. The O+ concentration increases by a factor of
2-3. Thus, the irregularities revealed in the distribution of
the o+ concentration at the bottom of the trough are not con-
nected with precipitation.

In Fig. 2 examples of the occurrence of irregularities in
the distribution of H+ ions are shown in the area of the light
ion trough; they have been recorded by the satellites "Oreol-."

and "Intercosmos-12" at altitudes between 450 and 650 km in the

Fig. 2. Examples of irregularities in the distribution of H ions within
the light ion trough recorded by the satellites "Oreol-1" and
"Intercosmos-12". The location of the boundary of diffuse aurora
obtained by means of the model Gussenhoven et al. (1983) is in-
dicated by arrows
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post-midnight period under quiet conditions (K = 0). In these
cases the location of the polar edge of the trough is shown by
arrows indicating the location of the diffuse auroral boundary
(BDA) determined on the basis of a model for the morning sector
(Gussenhoven et al. 1983). Thus, the increase of H+ concentra-
tion in the vicinity of the invariant latitude 60° takes place
within the light ion trough at both satellites.

However, if the angular characteristics of the H+ ions is
sufficiently broad (both satellites were unoriented), it is im-
possible to determine with certainty, whether the given accumu-
lation of H+ ions corresponds to the increase of H+ concentra-
tion, or in these cases fluxes of H+ ions are recorded by the
mass-spectrometer. If it is supposed that fluxes have been re-
corded then they will be directed to the east in the morning
sector corresponding to the pattern of convection in the post-
-midnight sector.

In Fig. 3 another case of irregularities in the distribu-
tion of H+ is shown at the bottom of the trough which was ob-

served by the satellite "ocreol-2" in a height of 800 km at

50 60* 70*

Fig. 3. Latitudinal distribution of the ions 0+ and H+ measured by means of
the satellite "Oreol-2" February 5, 1974 during a substorm
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21 MLT and Kp = 2+. These measurements were carried out in the
initial phase of a substorm (according to the Kiruna magneto-
gram), occurring after a quiet period of three days. Here, a
sudden and localized ( ~ 100 km) increase of the H+ concentra-
tion can be seen at the bottom of the light ion trough. In this
case the measurements were made along field lines at pitch-
-angles near zero. It is possible that this irregularity in the
distribution of H+ indicates a downward flux of H+ ions along
the field lines.

The ionosphere's structure in the area of the main ioniza-
tion trough is studied by the data of bottomside sounding sta-
tions. Figure 4 shows the ionograms of the station Zhigansk
(A = 61°) for December 27, 1977. Vertical and oblique inci-
dence soundings of the ionosphere have been carried out by
means of an aerial of the type "horizontal rhombus". The direc-
tional patterns of the antenna for the oblique incidence sound-
ing have the characteristic feature that at 2-3 MHz its effec-
tivity to receive signals from the region near to the zenith of
the station is approximately equal to that of the antenna for
vertical sounding.

In Fig. 4 the ionogram of the oblique incidence sounding
to the north is denoted by OS "N", while that of the vertical
sounding by VS. It can be seen from the figure that an addi-
tional reflection having a critical frequency exceeding that of
a regular layer appeared at 01 00 LT in altitudes above the
regular F2 layer. The traces appearing at high virtual heights
can simultaneously be seen both in the ionograms of the verti-
cal sounding and in the ionograms of the oblique incidence
sounding showing that this reflecting region is located near
the zenith of the station. This is also confirmed by the form
of the trace having additional reflections characteristic of
the vertical reflections. This night such reflections were ob-
served only at the station Zhigansk, at the stations Yakutsk
and Tixie they were absent. From the latitudinal profile of
ionization it follows that the station Zhigansk is located at
this time on the day-side of the main ionization trough. At the

time in question the polar edge of the trough was above Tixie
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Fig. 4. Successive ionograms of the station Zhigansk for 27. 12. 1977 at
the time of additional reflection recordings in the area of the
main ionization trough

(TV = 65.5°). According to the magnetogram, in Tixie a nega-
tive disturbance with an amplitude of ~ 150 nT was recorded.

An analysis of successive ionograms shows that the distur-
bance develops within ~ 2 hours and the station Zhigansk gets
into the zone of diffuse aurora. It is suggested that the ad-
ditional vertical reflections at heights ~500 km shown in Fig.
4 correspond to the increase of electron concentration at these

heights in the area of the main trough and to the appearance of
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the effect "release" of ionization from the plasmasphere into
the ionosphere.

Similar ionograms have also been recorded in a number of
cases.

Taylor (1973) presented results of the measurement of ion-
ization height profiles obtained by the method of incoherent
scatter of radio waves in Malvern where an additional electron
density maximum was observed in the area of the main ioniza-
tion trough at heights 72600 km, wich descended gradualy to the
height of the regular F2 layer.

The results presented here shaw that irregularities in the
latitudinal concentration distribution of the o+ ions and elec-
trons are observed in a broad range of altitudes from the F
region maximum to 1000 km. It is possible that in case of these
irregularities one of the formation mechanisms is localized
fluxes of thermal H+ ions from the plasmasphere into the iono-

sphere in the initial phase of substorms.
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ON SOME CHARACTERISTICS OF SPREAD-F AND THE NIGHT
ENHANCEMENTS OF fqgF2 AT LOW LATITUDES
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Based on vertical sounding data of the African stations Dakar,
Ouagadougou and Djibouti for the period 1976-81, characteristics of the
anomalous night enhancement of foF2 and spread-F are investigated. The re-
sults obtained support the conclusion that the two phenomena are closely
but inversely related. A joint study of the characteristics and properties
of both events mutually supplementing each other is needed.

Keywords: geomagnetic anomaly; night enhancement of foF2; spread-F

INTRODUCTION

The purpose of the present work is to determine some char-
acteristics of the anomalous night enhancements of the critical
frequency fQF: ( AfQ) and that of the spread-F (FSpr) of the
ionosphere over the African zone. For the period 1976-1981 data

from three stations have been used. These are

Dakar - f = 14°46'N, K = 17°25'W, ¢ = 21.7°N
Ouagadougou - Y = :1,°,,.N, \ = 01°32'E, $ = 16.6°N
Djibouti - f = ..°31'N, \ = 42°50'E, ¢ = 07.0°N

The dependence of the two phenomena on solar activity is traced
from len in 1976 to the years after the maximum in 1979. The
parallel investigation allows to determine interrelations and

their variations (Samardzhiev and Smaradzhiev 1985).

RESULTS

A) Night enhancements of fQF2

A common characteristic of the African zone is the very
small number of enhancements as compared to the number of cases
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observed in the American and Asian zones (Samardzhiev and Sa-

mardzhiev 1981, Samardzhiev and Uzunova 1984). For the sake of
objectivity when comparing the characteristics at the different
stations and for the different periods the parameter "frequency
of occurrence" has been used.

The first parameter considered is the frequency of occur-
rence V % = where m is the number of nights in the month
when AfQ was observed and w is the number of nights with mea-
surements. In this region two cases per night are very rarely
recorded. In Fig. la the monthly means of V are shown at the
three stations for each year of the period investigated. The
curves show a very well defined yearly variation with a minimum
in summer and a maximum in winter. The character of the yearly
variation at the three stations is similar but differences are
observed too which are obviously determined by the location of
the stations with respect to the geomagnetic equator. The larg-
est difference between the values of V for the winter and sum-
mer periods occurs in Dakar at the site being most distant from
the geomagnetic equator and the smallest difference is found in
Djibouti at the southernmost point.

In Fig. 2 the hourly distribution of the fQF2 night en-
hancements are plotted expressed by the parameter = +j-, where
n is the number of cases with AfQ in the given hour of the
night of the month investigated and w is the number of observa-
tions. The figure shows values averaged for two seasons: a -
summer and b - winter. It is known (Pancheva et al. 1983) that
at low latitudes the year is to be divided into two seasons,
into summer including the period from April to September and
winter lasting from October to March. Since during the summer
period the number of the observed AfQ is much smaller than in
winter, the ratio of the scales of the two seasons summer/win-
ter is given by 1:5.

As seen from the figures in the occurrence of the night
enhancements mostly one maximum is observed. In the different
years the time of the maximum is different, and a definite de-
pendence on solar activity is evident. In summer at the sta-

tions Ouagadougou and Djibouti this maximum is shifted from
foremidnight at low solar activity to the post-midnight hours
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at high solar activity. The data from the station Dakar show
an inverse relationship, at high R the maximum in the occur-
rence of AfQ moves even to early night hours (about :.h).
During the winter period the distribution of oC has also one
maximum except some years at the station Dakar. Here a tenden-
cy similar to the summer and a change of the time of maximum
occurrence during the solar activity cycle are found. At the
same time the data from the other two stations show that the
time of maximum occurring in the midnight hours does not change
essentially.

Figure 3a gives the night variations of o averaged for
one year. From the curves a definite spatial dependence of the
night enhancements and the influence of the solar activity on
their occurrence is well established. The general increase of
the number of AfO enhancements with the increase of R is ob-
served at the stations Dakar and Ouagadougou except the years
1979-80. This does not refer to Djibouti where the determina-
tion of a corresponding dependence is hampered by the lack of
data for 1976 and 1977 and by the availability of a smaller
number of observed events during the remaining years.

In Fig. 4a seasonal average values of the frequency of
occurrence V are given. Here the dependence of the events on
the solar activity cycle can be seen. The results obtained for
the occurrence of the night enhancements are mostly analogous
to those obtained for the Asian and American zones (Samardzhiev
and Samardzhiev 1981, Samardzhiev and Uzunova 1984).

b) Spread-F

In the investigation of the spread-F phenomenon the same
characteristic has been used as in case of the night enhance-
ments of foF2, i.e. the frequency of occurrence 13 %

In Fig. Ib the montly average frequency of occurrence /3
is given for each year. The yearly curves in this figure are
of different type, but there is still a tendency for higher
values of the parameter during summer months than during winter
months. This, however, is not valid for the station Dakar in
1976 and partly in 1977 (low R). For the period of high solar
activity during many of the months in 90-95 % of the hours
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ngr is observed, and in 7 of the summer months Fspr can alwa)‘lss
be observed (/3” = 100 %). These are in Dakar April, 1980; in
Ouagadougou May and July, 1980 and May and August 1981, and in
Djibouti May and Dune 1979.

A better idea of Fspr occurrence is obtained from the
hourly distribution of the frequency of occurrence. In Fig. 5
the seasonal averages are shown for summer (a) and winter (b)
in each year. Here the scales for the two seasons are the same,
thus the results may be directly compared. At all the three
stations and in almost each year the proportion of disturbed
hours is higher during summer, i.e. F r is a more frequent
phenomenon during summer.

On the whole the curves show one maximum type oC distribu-
tion. The maximum in winter is very characteristic and abrupt
and occurs at all the three stations before midnight, between
21 and 23h. In summer in the years with increasing (1978) and
high (1979-80) R, the most disturbed hours are around midnight.
The most apparent deviations from the general behaviour of the
distribution can be found in Djibouti in summer of 1980 (the
number of cases of F r is less and maxima occur at 21 and
O03h)and 1981(maximum at 02h). At the station Dakar another pe-
culiarity has been observed: in the period 1976-77 the number
of hours with ESpr is less in summer than in winter, and in the
winter months of 1979 this number is significantly larger than
that in 1980, although in the two years the level of solar ac-
tivity was the same.

An idea about the hourly distribution of aoZ can be ob-
tained from Fig. 3b where the variations averaged for the years
in question are shown. At all the three stations in the period
1978-81 the maximum number of cases occurs in the premidnight
hours. In 1976-77 the phenomenon is less frequent and the
hourly distribution is different from that of the remaining
years. It is very interesting that at all three stations 1979
is the year with the largest number of hours with F The
other characteristic of the distributions is that in case of
the station Djibouti-besides the very low level of disturbance
in 1980 - the hourly distribution has definitely two maxima at
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21 and 03h and a minimum exactly at midnight in the period af-
ter Rmax

The best survey of [ is given in Fig. 4b where for the
different years seasonal averages are presented. The variation
from year to year at the station Dakar is well expressed and
considering the variation with R,logical and the variations of
the seasonal values are of opposite sense, reciprocal (with the
exception of 1981). For the other two stations the relation of
/3 to R as well as the connection between the seasonal values

are only partial.

COMPARISON OF THE CHARACTERISTICS OF THE T™WO PHENOMENA

A stable dependence of the fQF2 enhancement on season can
be seen in Fig. la with minimum occurrence frequency of the
phenomenon in summer and maximum in winter. The variation of
these frequencies is shown in Fig. 2. The F f curves in Fig.
Ib have no so well defined yearly variation, while the hourly
distribution (Fig. 5) is characterized by the same type of
curves in both seasons at all the three stations. The rough
comparison of the two series of curves shows that the frequency
of occurrence of F r is higher in summer, especially for the
hours after midnight. Therefore, it may be quite definitely
stated that the night-time anomalous enhancement of fOF2 is a
winter phenomenon, and the spread-F a summer one.

Figure 3 presents the spatial variation of the two phenom-
ena. The number of Ai is larger at the stations lying nearer
to the northern crest of the equatorial anomaly than at the

near equatorial station Djibouti, while in case of Fgpf the re-

verse ratio is observed both at Rmin and Frenax,, the lowest fré-
quency of occurrence is found at the station most distant from
the equator, i.e. in Dakar. This observation is confirmed by
Fig. 4.

CONCLUSIONS

On the basis of vertical sounding data of three African

stations for tne period 1976-81 some characteristics of the
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anomalous night enhancements of fQF2 and spread-F have been
studied. The following results were obtained:

1. The anomalous night enhancements of fQF2 occur more
frequently during the winter period than in summer. At the sta-
tions near to the equatorial anomaly the number of cases is
larger. The frequency of occurrence is directly proportional to
the solar activity.

2. The spread-F phenomenon occurs more often during the
summer period than in winter. A certain although less expressed
dependence on geomagnetic activity is observed. More definite
is the connection between F and solar activity - maximum
values are observed in 1979.

3. The results obtained support the conclusion that the
two phenomena are closely, but inversely related. Therefore, a
joint study of the characteristics and properties of the two
phenomena mutually supplementing each other is needed for the

purpose of a complex investigation.
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SPATIAL CHARACTERISTICS OF THE IRREGULARITIES
IN THE MID-LATITUDE IONOSPHERE
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In this paper the results of investigations are described about a
method for the prediction of the irregular structure of the ionosphere. In
the prediction the virtual height as a function of the frequency, the
Doppler velocity and the angle of incidence at the vertical sounding of the
ionosphere are used as initial data.

Keywords: irregular structure of the ionosphere; prediction; propaga-
tion of radio waves

Parameters of the signal at the receiving site can be com-
puted only if the refractive index of the medium n (r, t) is
known in the region between the transmitter and the receiver.
The determination of the parameters of the medium on the basis
of the results of sounding is problematic even assuming that
the medium consists of plane layers (basic assumption in the
computation of N(h)-profiles), and it has often no unambiguous
solution. The reconstruction of a three-dimensionally irregu-
lar medium can only be realized on the basis of measurements in
a single point with severe assumptions concerning the model,
the validity of which is doubtful. Additional difficulties
arise from the fact that the state of the medium cannot direct-
ly be determined, indirect (radiophysical) methods are only
available, for which algorithms are necessary concerning the
reconstruction of the medium from the parameters of the re-
flected signal.

In general, the problem of the prediction of state of the
ionosphere consists of the construction of suitable models, by
which the reconstruction of the parameters of the ionospheric

Acta Geod.Geoph. Mont. Hung. 22, 1987
Akadémiai Kiadd, Budapest



12B O N BOYTMAN et al.

disturbance is possible from measured parameters of the signal.
In this procedure the undisturbed concentration of the iono-
spheric plasma is assumed to be known, i.e. the density of the

plasma is expressed in the form
N(Cl,t) =NQ (z)[lI + £(e, t)]- (1)

In the prediction the virtual height as a function of the
frequency h'(f) and a series of Doppler velocities vp and angles
of incidence of the signal at the vertical sounding are used as
initial parameters. The undisturbed part of the electron densi-
ty Ng(z) is computed on the basis of ionograms.

The algorithms developed in SIBIZMIR for the prediction of
the irregular structure of the ionosphere have been controlled
by a measurement program of the digital ionosonde "Basis" and
by the computation program IVK-2. The scheme of the measure-
ments is presented in Fig. 1.

The software (SW) consists of two parts namely of standard
and special programs. The standard SW includes the operational
system RAFOS adapted to the configuration required by the hard-
ware. The special SW consists of a program library controlling
the experiment and collecting and preprocessing the data of
ionospheric sounding. The modules of the library are programs
executing the following tasks:

- control and collection of information with the ionosonde
"Basis",

- control and collection of information with the equipment
PRK-3M,

- preparation of files and computation of electron density
profiles,

- preparation of data files and computation of the Doppler
frequency and the angle of incidence.

Moreover, the special SW comprises programs which enable
the direct prediction of the electron density on the basis of
results of the data preprocessing. The decisive phase of the
prediction is the construction of certain rules or decisive
functions F enabling the estimation of the predicted quantity

from the predictors.
As predictors the time series of Doppler velocities, of
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PRK-3M

Fig. 1. Functional diagram of the ionospneric measuring r-omplex

angles of incidence and electron ck'Sity profiles, obtained
from ionograms of the verticcl sounding of the ionosphere ware
selected. The predicted quantity is a function describing vari-

ations of the electron density ic tim. nd space.

The error of the predictic is indirectly estimated by
comparing the observed I rrycr sties of ne obliqgue incidence
transmission path with thru if trajectories in the medium com-

puted by the predicted quant, ty.

In general, the decisive function is a model consisting of
the superposition of determined d "andon. quantities.

The deterministic function Is a Fourier series, i.e. it is
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assumed that

N
i(E, t) = ~ 6'i cos (u>i(t-tQ) + A
i=1
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Fourier analysis of the initial time series yields esti-
mates of the most significant spectral components.

For the time series of Doppler frequencies F*, AX* and AY"
denote components of the power spectrum, and <x, oC* and $F~*
components of the phase spectrum. Then, for each of N waves
included in the initial model the amplitude < of the per-
turbation, the module of the phase velocity V., the wave length
Aj and the azimuth of the propagation and the phase f. of
the wave can be computed by the following formulas:

_ F JCF .
H = ﬁou':'] , A,
2 b uJ. Vi, vax? AY? L VAX.  AY?
(A)
ti arctan (AXj/AYj); ho- T

Equations (2)-(4) enable to construct a scheme of the de-
terministic prediction of the electron density perturbation.

In order to determine time and space limits of the effec-
tivity of the prediction scheme, a correlation analysis of the
initial time series was carried out. In this procedure the time
interval is estimated in which the correlation function of the
initial series decreases to 0.5 and this value is called the
radius of inertia. Then the scheme enables to prepare the pre-
diction based on the inertia for a period not exceeding the
radius of inertia. In case of predictions for periods greater
than the radius of inertia the decisive function (model) should
be supplemented with a stochastic component. This will be de-
veloped later.

If the period of prediction is greater than the time in-
terval, in which the correlation function becomes zero, then an
electron density profile computed on the basis of certain glob-
al ionospheric models (e.g. Polyakov et al. 1978) can be used
as predictors.

For an estimation of the errors attributed to the scheme
of the deterministic inertial prediction, a comparison of pre-
dicted and observed data is necessary, after removing errors

as errors of measurement of the reconstruction of Nqg(z) and
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others. For this purpose a model experiment was carried out.
Time series were synthetized for a three dimensionally irregu-
lar reference medium by means of trajectory computations (Var-
shavskiy and Kalikhman 1984) both for vertical propagation and
for four obligue transmission parths of 10,0 km lengths.

By means of the method presented here and on the basis of
the series fD(t), &Cx(t) and oG/ (t) parameters of the electron density
waves were estimated and the ionospheric box has been predicted
(Varshavskiy and Kalikhman 1984). Further some parameters of
the radio signal, as the azimuth y and angle of deviation of
the ray from the vertical o were compared for the reference
and the predicted media at four selected transmission paths.

In order to estimate the degree of perturbation of the
azimuth and the angle of incidence, mean square deviations of
these quantities (/1 'y and /1 0 ) were calculated. It can be
shown on the basis of these parameters how large the error of
the prediction would be if it would be prepared on the basis of
the background part of the electron density profile.

The error of the method in question is given by the mean
square deviations c¢fy , d 9 of the reference parameters y and
0 from the predicted values. The corresponding estimates are

presented in Table |I.

Table 1. Estimates of the mean square deviations of the
reference parameters y and o

Test Oy O o ,  0*9
number (degree) (degree) (degree) (degree ;
1 12 .88 1.276 2.31 U.085
2 6.84 0.905 2.42 0.404
3 5.7 1.17 188 0.18
4 4.04 11 3.11 0.22

The investigations carried out allow us to formulate a
method for the deterministic inertia: prediction of the irregu
lar ionospheric structure. The model experiment proves the ef-

fectivity of the suggested prediction scheme.
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Further improvement of the method would consist of the de-
termination of the radii of inertia for the predicted parame-
ters and of their temporal and spatial variations on the basis
of experimental data.
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NON-STATIONARY QUASI-HYORODYNAMICS OF CHARGED PARTICLES IN THE
IRREGULAR IONOSPHERE (E AND F REGIONS)

A S Minkin® and M N Fatkullin:

linstitute of Geomagnetism, lonosphere and Radio Wave Propagation,
Academy of Sciences of the USSR, 142092 Troitsk, Moskovskaya oblast, USSR

Non-stationary quasi-hydrodynamics of electrons and ions is studied
considering time varying electric fields, the velocity of neutral wind, as
well as gradients of charged particle concentration and temperature. For
the electrons and ions their collision with neutral particles is taken into
account. Allowance is made for the departure of the geographical coordinate
system from the geomagnetic coordinate system. Different special cases are
discussed.

Keywords: ionospheric plasma instabilities; plasma dynamics; physics
of the ionosphere; wave perturbations in the ionosphere

INTRODUCTION

The dynamics of charged particles in the ionosphere of the
Earth has been discussed in a number of papers (e.g. Gershman
1974, Fatkullin 1982). This problem is important from the point
of view of questions as structure of the ionosphere, currents
in the ionosphere and their geomagnetic effects, wave perturba-
tions in the ionosphere, ionospheric plasma instabilities etc.
In theoretical studies the starting point is generally the

quasi-hydrodynamic equation of motion of charged particles

3=C i _ eoCnaC
mC un* + ev >|JL =€cmot!| - —E— * S -
"L at
- grad RC + m* n* g - £ nB %pa(y*- Xa) - (1)
13yicC
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where m” , , y~ , p~» and e® are the mass, concentration,
velocity, pressure and charge of the particle of type oC, E
and | are the electric and magnetic fields, respectively, g is
the acceleration due to gravity, yn the velocity of neutral
particles and ¢ the velocity of light. Furthermore

noC/3, (2)

where is the collision frequency and y” B the reduced
mass. In ionospheric investigations the stationary solutions of
Eq. (1) are sufficiently well understood (Gershman 1974) and
some of them will be considered as special cases below.

As regards ionospheric conditions, nonstationary solutions
of Eg. (1) have not been studied so far taking into account the
time dependence of the forcing factors (E, y , vp ), as far
as it is known for the authors. In the physics of ionized gases
such problems have been considered for some cases by a number
of authors (Landau and Lifshitz 1960, Boguslavskiy 1961, Schuman
1963, Alfven and Falthd&mmar 1967).

In this paper an attempt is made to study the nonstation-
ary solution of Eq. (1) for electrons and positive ions in real
ionospheric conditions and taking into account arbitrarily time
dependent electric fields, velocity of neutrals and concentra-
tion gradients of charged particles, This has importance as un-
der ionospheric conditions some parameters of the medium under-
go variations of characteristic periods ranging from fraction

of a second to some tens of minutes.

INITIAL CONDITIONS

1. In case of the positive ions and electrons only colli-
sions with neutral particles are taken into account.

2. It is assumed that the ion-neutral and the electron-
-neutral collision frequencies do not depend on time.

3. The problem is studied in the geographical coordinate
system, where ¢ is the radius vector, ©is the colatitude, A

is the geographical longitude. The following nciaMons will be
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used :
m — 3 n-123 T-J_ 1 3 M |
vr = V=T " 30’ Va= T sin® X (J
4. In the geographical coordinate system the magnetic field

of the Earth has the following coordinates
Br = ||| (+sin 1), B@= 111 cos | cos D , = 1Bl cos | sin D, (4)

where | is the dip angle, D the magnetic declination and the
upper sign refers to the northern hemisphere, the lower one to
the southern hemisphere. The same notation will be applied below.
5. In Eq. (1) the term m (v ¢ V) v-is neglected.
Satisfying the conditions mentioned above the initial sys-
tem of equations is for particles of type

-an w* + Q~cos | sin Du* - (”cos | cos Dv» +  (t) ,
- Q7cos | sin DMC - @Cu”i Q7 sin Iw + UM (t; , (5)
cos | cos DWw* + il*sin luK - VA o+ ()
where w*» , u” and v are the vertical, meridional and zonal

velocity components of the charged particles of type <k, W< (t),
(t) and V* (t) are the forcing factors

N
nn dn € B (6)
B« m™ C '’
e/ vV ? e
W (t) =--- E +oay w +(S]’f --------- = '{f;> U, (t) =-———- Epd +

(7)

, N e RC

T8 Un TRARA o« A (1) Bl + acvn - [U7TH7
where Wn,, un and vn are the vertical, meridional and zonal coni-

ponents of the neutral wind.

SOLUTIONS FOR DIFFERENT CASES

The general solution of the initial system of equations

has a lengthy form. It is presented in Appendix |. Moreover,
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in Appendix |l solutions referring to the initial conditions

t =V V =Vo’'V =Vo and V Vo are given-
Here a more detailed discussion of a number of more spe-

cific cases is attempted.

1. Considering high latitudes, where | —-y , the relations
waC (t) e e (t) dt + Cx (8)
unr (t) = e " cos CI"tje “ (UM (t) cos t + (t) sin fI~t) dt
| idl .
+ sin/I™ t le N (t) sinD™M t + (t) cosO”t) dt + (9)

+ G cosO™Mt + Cj sinfIr t

ant

Vv sinflI* t e (v~ (t) sinON t + (t) cosily t) dt +

1
(0]

*
+ cos t e4 (VA (1) cosflr t + (t) sinfl~rt) dt + (10)

+C sinQ”t + Cj cosily t

are obtained, where C», C. and are integration constants.
At the time t =1t , it should be V (t) =Vo- V (t) =
= ur.Q and vACt) = . In case of these initial conditions Egs

(s )—CIO) take the following forms
t

-at anrt
- adCT
whr (1) = e e (t) dt +w”- e a (11)
a,t .
U (1) = e-%Ct cos fIn t (IU (t) cosDoCt : wvdC(t) sinQoc t) dt +
M
+sinilrt  J e (UM (1) sinQ™ t + (t) cos t) dt (12)
-anX

g e sin (il*"X +y ),
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at
(1) =e sinil*t | e (VA (t) sinilrt + (t) cosily t) dt +
i st )
+ cos fINt e (VA (t) cost + (t) sinu”™t) dt (13)
t
- aoCT 3
+qe sin (n™x + f)
where
X- t-to, tany»-~-, tan f=~~, 4 =f{io +io ' (14)
<0 o ’

If the forcing factors do not depend on time, then Egs (..)-
- (13) can be written as

_ -ayt - ao<r
ac BT % > +wao1 (15)
-ah A
1- e -a
i (aoCUc + 4 (16)
O +oi
1- e -alE
- racCvot 1 a7
(§ +O
1 -at
In case of X)E>z— e 0 Eqs (15)-(17) lead to
a<t
W
= ag (18)
N Ll* + rl* V’
2 2 (19)
al +
aCV 1 Qo 4*
\(@C 9 ) (20)
al + 0*

The forcing factors should vary with time according to the

following relation
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W (t) M) +X Wk sin (kux + vV - UC (1) = Uds +
K =1

I

Cco co

+ X Uok sin (kwT + V » V (t) =VoCo + X Wfk sin (ktJt +*k}-

k=1 k=I
Then, the initial conditions, being X= 0, =n
and My = v o the equations for the velocity components of the

charged particles take the form

v ) =T a-e°S +Y Jro ke tsn (it +ak-v

k=i Vaw +

(22)

~ N adC/\

a0 sin (oCk - o k) *Wyo €

“<<*> =Jf rr (~ ui0O ; alwm '*5 uldk * vik
acC+MdC k=|
sin (kcoT + ok -Xuy + Ak) sin (kwT + <k - \Yk + AK)

\/a ™ mkeco +/:1 " . us + 1)

(23)

-a"T [~ sin (o - xk + Ak) sin (oCk - \"k +AR)

- e
_\Man + (kmm +i1 % \/a22 + (kvo -1:1%. )2, _
~al ¢
+qe sin (fIr/t + y )
-adld
V <o m¥ ) @’\\/ol UcVamo . uik * vik
ad +/1a K=l

cos (kojT + cfk - x k + Ak) cos (kuJt + <k - \Yk + A)

\land + 'kuj +/AJL 2 'la*. + (kco - IM*. Y
(24)
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-anr COS (cCk - *k + Ak) cos (oCk - \>k + Ak)

L \VadC + (ko] +¥C)2 \Jad. + “xbl )2
-al-T
+ q e sin (MNacTr if) »
where
ki_u + MoC ko-» -iLoc
tan © = tan x kK =------ommooeem- tan \>K -—----memmemee
acC 30C aC
(25)
tan Ak = UK
aCK
2. Now the case should be considered when | — 0 (equatori-

al latitudes); however, the geographical coordinate system does
not coincide with the geomagnetic coordinate system (D Y 0). In

this case following equations of the velocity components are

obtained for the initial conditions w” = w , ur = u”Q and
Vo = Vg o at the time t =t

-Sect L
wh(t) =e cosQt e WA(t) cosilrt dt +

o

) fo e ) )
+sinfl Mt e WAit) sinQoct dt

30Ct
+ & sind”c t e UAN(t) cosilrt dt -
L f (26)
aot " ) o
- cos t e UANit) sinil™ t dt
a,t
- O sin fInt e (t) cosily dt -
aoct

cosilrt | e VAtt) sinilrt dt f + g e sin (0T + (1)
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\% f adf

u. (t) =e e cDuO(t) + SOV~ (t) dt

f( t - J
- Sr sin t e (t) cosQ”t dt -

ant
- cos t e (t) sin A~t dt

ant
COSA"t e UAN(t) cosA™t dt +
(27)
+ sin ANt e UM (t) sin ANt dt
AN at VACt ANt dt +
spcp  ©0s rt e ) cos t dt

a,t

+ sinANt e (t) sinA"&t dt > + e Q0(COM o + SDV oo+ +

+ g Sncos (M2 +C)

—ai *t
(1 =3 5 &' cACH) mS(t) ar +
tO
ant
sinANt e (t) cosA~™t dt -

aCx .
- COSA rt e WA(t) sinAAMt dt

COSA"t ake

sSDCD e (t) cosA~™t dt +

(28)

+ sin ANt e (t) s i n t dt

SinANt e (t) sinA~™t dt +
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a,t
+ cosilrt e /f (1) cosQj t dt
t
—C
-aoCt
te SD
where

89 =8iA B g@=cos D g =\/Wo + (SDU~ ' CoV . '

SdV o " CDVdO

tan £ == VXI‘“

If the geographical coordinate system coincides with

geomagnetic coordinate system (D = 0), one gets

t
~acCt T a"t
weC =e -cos Q” rt e Wam(t) cosQ, t dt

L

a,t
- sinilnt e W- (t) sinQ rt dt -

n

act
- sin t e (t) cosflrt dt +
) ant i . -adT .
+ cosil™t e V. (t) sinD , t dt + 09" e sin W, T
-alt r art
ur(t) =e e Unrtt) dt +u”~o e
-ant cif
vj-(t) = e SinRoC t e (t) cosf)~ t dt -
a,t
- cos n”rt e (t) sin flrt dt +
ant

+ sinn~t e (t) sinQ”"t dt +
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(29)

the

(30)

- £7),

(31)

(32)
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a7
+ cos Ut e (t) cosily t dt - q' e cos (QAX - £1)

where
Ko

q" :\/Wc%O + VCED , tan £ -- (33)

If the forcing factors WC, Uat and W are independent of
time, then in case of Di O

-ac Wit + )
«c (t) =

a +7N2

-Em / WE + (SDJT\ - CD/\)Z

-6 e N sin (il"T +B-t) (34)
a + Ac
-q' e sin (Q"T + C ),
| -aaeT
u<”M(t) =17 D (CDY + SV s 1 - e } o+
SD [- + (S~ - G )]
2 n 2
aoC+
(35)
-a*T Cq\C )2
" M * <SDU* -
UD\/ 2 .2 cos ( A~T +/b+J-) +
\% a@lC+ n oC
-a-ft
+ e 1Speglcos (NT.ANX + £) +
veC (t) =7, SD (CDU® + SdV } & - e ) +
Ch [Q ~ - a™ (Sn.* - )]
ai +n /
(36)
- / wi DUC -- CDWC
-ea? p wore )Zcos(l'l,t +RB-y) +
4 R
al -
-a-T

[ «wu.* sovo} _ co' q°
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where

4*
ae (37)

tan sDux - coV tansa =4¢C

In case of 0 = 0, from Eqgqs (34)-(36) the relations

alC «C an , K "+vi
VO =" 2 n2 T') +
+ P
adC V 4 aft. (38)
+ e *oqgrosin ( »>£)
-ant -acct 30
Ly e ) *vo e (39)
OA + Y, ak /[ owd_+ v$
\C = - € » ~a2~ cos (iVT +T') -
V. +iV
-ant (40)
- e q' cos ( fINT + £.7),
are obtained, where tangf 3* .

The forcing factors should he given by voletions of the
type (21). Then, from Egs (26)-(28) for D 0 one gets *i.e re-

latrons
. _ "a*.WCo + /1 ¢(SD;: <o* CPVxo'
w/ (t) = y -y
n >1 . ai
'aAE VI VB * BBy - W oo - .
) 73 T nT ———sin (0/C -y
edC +
(41)
N - .
IV T v 2 %8s (vl + AT K
Dv <Kk’
(\i 4a&C + (ku” '-oc
- IKy -a -r! cos <
.. 7'
\/arf. + (k2 ®wU , Yy i varc+ <«. +iU >
cos U k- v>k - rKyn' -*T )
ai e sin (QMC +C) ,

‘larTciu, -o.e jf
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! aect
u*Ct) =i~ + (1 - € } o=
S pl”~o -~"W o - _
al +M-2
c *
- ];I\ 1_2 (sdV o .cos CO|JT +fl+ Ta)
o al +A 1
1\ D (CDUOCK + SDVIfIP  (Ain (koot + Sy -
k=l Ne * (kuo)® (42)
~adt _
€ sin U k' ok} . +
sin (kuoT + Ak Xk - T .
" oy \jal + (koo - )2
-a,t sin U k - xk - Tk) sin U k- *k - Tk)
- e Vot
VA LT A A% )2 \al + (k> - fIn )2 -
+e Gco (Cqu + SVAQ + Sqq’ cos (nAL + %)J>
1 -anT
m57 SD«Wo *V«> 1 - >
CDIXVo- "«W o -V«>]
N 2 2
al +Al
-aoCL * -
- e a V\AO <WOO 4 1005 (Q”r"t  +/3-TO) +
o+ Pd
SD (CDUoCk + SDVoCK) i (kooT + Ck~ o k)
k=1 a” + (kuu )
(43)
-a <<
sin (dk - 0k)]- . CD VWetk + ASDUoCk ' CDVick)

sin (kooT + dL x k -

\ar  + (koj + iir)A

r k)

sin (kcot + "k " A~k + T|P

Va + (ku - flu

) 2
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wrG  -Sin (*k - *k- Tk) sin U k -yyk* Tky

+
\a  + (kw + y2 ylar_ + (kco -Mn y2 _ ’
-anr
*e SO ACDU M + SDVdLor * CD 4' COS + oA
where
w,.
TN Yo TE LT, e P TR ey g, (44)

If the geographical coordinate system coincides with the geo-
magnetic coordinate system (D = 0), Eqs (41)—43) take the form

aj, + a,Vv,., -a/C \/ + V2,
" (t) _ <€ ;s_o 2cc c£Q N\ ocd F/QS in AT i
adC+ +nd
(45)
cos (ci.k - n7k + TKk) N
> +q em sin (MX - £")
J oo g
a
uvn -al-T
unit) =-r> (1 - e *1 Jock
acC
71N~a6i +
) N -a00 .
sin (kuiiT + ok - « k) - e sin (oCk - o k) (46)
nVC
u e
(£0
OJ, +a,Vv, ;a M\ / W+ W

Vo o(t) = F %O € * |/-f5 cmmmmeeee A.cos (QAT e* +%;) -
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I sin (kuoT + ok - Xk + )
|
7\VK **Db (47)
k=I ANADc+ (kb +°-di.):
sin (kuuT + otk - x?k - rk ) -ant sin U k - Xk + Tk>
""""" € b —
n + %0J ) _ya < + (koj + _.5
sin (*k - Xk - Xk) =
. - - - q e cos (fIrX -£.,"),
Ja2 k(o -ilr )2 J.
where
<co . °ck
tan T Q=T tan T = (48)
000 dck
DISCUSSION

If the forcing factors are independent of time, then in the
general case (Appendix 1) forX $ -r- the solutions are trans-
formed into known relations of the stationary case (Kievtzur
and Fatkullin 1983).

In all equations g)(btained for the velocity of charged par-

tides the factor e *m appears. Estimating the value of this
function for real ionospheric conditions, in Fig. 1 for elec-

trons and ions a-art is presented as a function of time and
for different fixed heights. The va ues a =) and a. =—7"—[J~

for summer day-time conditions in the mid-latitude ionosphere
and for low solar activity are taken from Fatkullin et al.
(1981). At heights of the F region and in case of T -- 10 s the
contribution of the factor e ~ may be significant.
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-anl
Fig. 1. The variation of e as a function of T for fixed heights,
. - for electrons, . - for ions

APPENDIX |

General solution of the initial system of equations is:

(t) =e + St e3cCt [; Sjw~ (t) + C(CDUoC(t) +

+

SpV” (t)) 1dt - Cj [cosn”t e WACt) cosil™t dt +

* %

a
+ sin fInt e WACt) sinflrt dt ]+ CCSg sinflrt +

+ SjCp cos fL"t) e UACt) cosfl~t dt - Cj(SQcosflrt +
ant
s sicg sin M t) e U~N(t) sinnet dt - Cj(+SjSq cosil™t +
aoct (1)
+ AQsinnet) e VACt) cosil™t dt - CjC+SjSg sinfl”t
an | St
- CD cos Cl<Mt) VA(t) sinflrt dt + C

1+ CISD



150 A S MINKIN and M N FATKULLIN

Cj C+SjSp cosily t + CQ sinQ ~t)
?
LB B

Cj C+SjSg sinQ~t - Cp cosilyt)
- C
1= LJ bp

. “all*
Uir_(t) = e Moy O risjwact) + cjccpurcy

r aoct
+ SpVoc(t)) ]dt - CJCTS|Cp cos At + SpsinA~t) | e WA (t) cosflrt dt

acct
Cj(+SjCp s.inA"t + Sp cosA”™t) | e WA(t) sinAMNt dt +

+

AN

f «
(1 - CjCp) (cosA™t j e LIrc(t) cosANt dt +

+

, (1.2)
+sin 1 Mt ! e? ct UoC (t) sinnet dt - (CJZSpCp COSANt

3

f soC
+ §. sinA”"t) e " Voc (t) cosflrt dt - (CjSpCp sinA"t +
) ) s o )
+ Sj cosily t) e Voc(t) sinA~t dt + Ch-g-—--
2 n i
CiSpCp cos ANt + Sj sinAMt CASpCp t + Sj cosAoct

" c2 — 1772 «‘ 3 : T 2
. " Cl SD -Ts

Vo< (1) = e asp © G-SjwWACt) + CjCCpU~Ct) + SpVACt)) ]dt +

3oCt
+ Cj(Cp sinA<£t + SjSp cosA”"t) e (t) sinAAMt dt -
Yy

ant
- Cj (Cp cos ANt + SjSp sin A" t) e WANit) sin AN t dt -

ant
(CiSdCd cos A A t + S jSinAAt) e U/\it) COSA"™t dt +
(1.3)
ant
+ (+Sj cos Q"t - CjSpCp sin A"t) e (t) sin A~t dt +

) ) aoct
+ 1 - CjSp) (sino Mt e (t) sinA™t dt +
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+ CosAjA e (t) cosA™t dt) + Cj + G cosil*t + Cj sin A"t
where CA, C. and Cj are integration constants, - - cos I,
Sj = sin |, cos D, Sq = sin D.

D =

APPENDIX [

Solution of the initial system of differential equations
with initial conditions at the time t =t

VRIL(t) =W "> Uof(t) = U VdAL = VauT

X
m<tt adx . .
wArCt) =e S, ISjWrf.Ct) + GjQGjUoc(t) + SjjvALt)) dt -
- Cj (cosilnt e Woc (t) cosA ~t dt +
s <X
+ sin ANt e (t) sin.A”t dt) + Cj (S" sinAM t +

. f aoC* .
+ SjCp cosD”t) | e U,* (t) cos t dt - Cj (Sg cosA"t

(11.12)

aoCt
+ SjCp sinA"t) e Uoc(t) sinnet dt - Cj (CDsinAMNt +

t:

3oCt

+ SjSQcos A"t) (t) cosA™t dt +Cj (CDcosA™t +
. ant

+ISDS sin 4y t) e V/ (t) sin Aoct dt

-aact )
+ e + Se A+ esin (AT +5")
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aoCt I
CICD
\'D

f a
- Cj (Sp sinA”~t +Sj Cg cosil?t) | e WA (t) cosA”t dt +

ant

Cj C cosA”t + SjCg sinA™t) e (t) sinAnNt dt +

+ (1 - CjCg) (cos A "t e (t) cos Q" t dt +

. r
+ SinA”"Mt

+ Sj sinA"t)

Hof t)

(ANt

vhit) =e

a oA

t ?
U~Nit) sinA~t dt ) - (CjSgCg cosA "Nt +

N

t
ea V At) cosAMt dt - (CjSgCg sin Art +

oCt

e Voc(t) s t e w +

f

o) >

Ct .
e ISjW”?it) + Cj (CgUoClt) + SgV~"t)

N

ant
+ Cj (Cg sin A"t + SjSg cosA™t) e (t) cosil”rt dt

30Ct

- G- (Cg cos At + SjSg sinA"t) e (t) sinO™ t dt

1

e iSjWAit) + CjiCgU~It) + SgVAU))  dt

(11.2)

dt
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acCr
- (CjSgCq cosQ™t + Sj sinflnrt) e UACt) cosjQ”t dt
Sect
- (CjSQG sinflrt +Sj cos/IMt) e UA(t) sin Qott dt
) ) aoCt )
+ 1 - CjSD) (sinfl* t e (t) sinfl~ t dt +
ant
+cosj t e (t) cosfl (Lt dt f +
CjSpA + Gsin (fi*T + K >1-
where
1 =t " ) A z '
o} mD SIWAO + n (ctfVo ¢V «-"']
B_CJViCi"(fD-Si (CD';;0 +V « .2 * 'V -, % »
Clw

Sr
tan 5" dO- 71 (Ch\.o + soVo> N

U waveo

F [ch  {iSjw”0 - cr:av.jol+ ¢ ' -"'0J *.0j (CI SOWso

t ClOn f+s lwrin * cISn Vrfoj ' (I ~ fILO) V i

Ir~
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ON STABILITY OF THE LOW-FREQUENCY LONGITUDINAL POTENTIAL
PERTURBATIONS OF THE CHARGED PARTICLE DISTRIBUTION
IN THE F REGION OF THE IONOSPHERE

A M Antonov® and M N Fatkullin*

*Institute of Geomagnetism, lonosphere and Radio Wave Propagation,
Academy of Sciences of the USSR, 142092 Troitsk, Moskovskaya oblast, USSR

The stability of the height distribution of charged particle concentra-
tion in the F region of the ionosphere is dealt with from the point of view
of low-frequency longitudinal (directed along the magnetic field) potential
perturbations. Collisions of a single type of ions (0+) with neutrals are
considered. Conditions for these perturbations becoming unstable are found.

Keywords: dynamics of the ionosphere; F region; irregular structure of
the ionosphere; plasma instabilities

In the ionosphere at heights of the F region (160 é- ha-

a 1000 km) a very broad spectrum of space and time scales of
electron density irregularities are observed (Erukhimov et al.
1980, Fejer and Kelley 1980, Fatkullin 1982, Hanuise 1983). Un-
fortunately, there are at present almost no experimental data
concerning the scales of irregularities perpendicular (lj_) and
parallel (1uy) to the magnetic field. Gershman (1980) mentioned
that the separation of very small ratios of :j/:4 ~ 10 10
is experimentally not sufficiently well founded. According to
Fatkullin et al. (1981), Solodovnikov et al. (1984), middle
scale irregularities of the electron density with characteristic
horizontal scales (:”) of some hundred kilometers and large
scale irregularities of |h —2000-3000 km can be observed in the
outer ionosphere (h e hmF2) up to altitudes of h a 3000 km.

The difficulties arising in the explanation of the irregu-
larities in case if a broad spectrum of space and time scales,
by a single physical mechanism is considered, have several times
been mentioned (Gershman 1974, Gelberg 1977, Erukhimov et al.
1980, Fejer and Kelley 1980, Fatkullin 1982). The mechanisms of

Acta Geod. Geoph. Mont. Hung. 22, 1987
Akadémiai Kiado6, Budapest
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generation of the irregularities at these altitudes, being lim-
ited to a given level by certain conditions, i.e. without con-
sidering the interaction among them, can be divided into three
groups. 1. Processes affecting the redistribution of the char-
ged particles, produced by the motion of the neutral component
due to the propagation of internal gravity waves in the upper
atmosphere. The sources of generation of the internal gravity
waves in the upper atmosphere are auroral phenomena, processes
in the vicinity of the terminator, the non-linear decay of the
tidal mode and also tropospheric and stratospheric phenomena
(atmospheric fronts, storms, tornadoes, earthquakes, voles >ic
eruptions etc.). .. Magnetospheric processes, like e.g. genera-
tion of ion-acoustic waves with frequencies w é 10 s at
heights h = 1000 km as a result of the transformation of hydro-
magnetic waves (Poeverlein 1966). 3. Different instabilities of
the ionospheric plasma due to factors like spatial irregular,
ties of different parameters (electron density ng and electron
temperature Tg, ion temperature T”, velocity of electrons vp
and that of the ions v”) in "background" state of the iono-
spheric plasma, fluxes of precipitating charged particles, elet
trie fields and currents and irregularity of thf motion of char-
ged particles.

In the following problems of he stability of low-frequency
longitudinal (relative to the geomagnetic field) potent;r. rii
turbances in the distribution of charged particles in rhe ir-
regular (but undisturbed) F region of the ionosphere are studi-
ed. Only small perturbations will be considered. In plasaa
physics small longitudinal perturbations anti ehe question re-
lated to their stability (or instability) have becui in.estiga-
ted several times (e.g. Mikhaylovskiy 1970, 1971, Sreeni: n
and Schroeder 1983). lonospheric conditions at ti alti .ode of
the F region have been discussed in a number of paper?. (Sr*'oil-
man 1963, 1974, 1980, Keskinen and Ossakov 1983 Zhnur 1978).

INITIAL CONDITIONS AND EQUATIONS

1. Only small perturbations of the concentrations and ne
longitudinal velocity components of electrons and ions are
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considered :

n n + n + e V d
= . o n.
e eo e’ ni = Yo ! =e Y¥o U an
. ~ il
L. = V.
= =10 + 010 >
case of o g’ d
" y « n. o, _
e « neo i io =e « =eo an
N
<< .
Ti =io
Here n_ , n. , V" and V1 mean the background electron
eo 10 =eo =10

concentration,the background ion concentration, the longitudi-
nal velocity components of electrons and ions; N = neo = n. ,
i.e. quasi-neutrality is arbitrarily assumed; for an arbitrary
vector A, A" = b (A b), with b = B/B being the unit vector in
the direction of the magnetic field.

2. In the quasi-hydrodynamic equations of electrons and
ions the gradients of the concentrations (ne and n”) and the
temperatures (T and T”), the longitudinal velocity component
of the undisturbed neutral wind (vno). the grav.tational accele-
ration (g"), the inner electric field (EM, the collisions of
electrons with ions ( and the collisions of ions with
neutral particles ( \>*n) are taken into account. Only one type
of positive ions (0 ) being predominant in the F region is con-
sidered .

3. In an undisturbed state the longitudinal velocity com-

ponents of electrons and ions are determined by the ambipolar

diffusion, i.e.
=eo = -io " =d" >
where (2)
v = yn D" V>TP 1 I n
=mo a g )
-n K (Teo * |o)
Ja no E]i'n " Mp Y "eo + Tio
(3)
K (Teo * |o) _ Vi oy
0 - 1 )
n/\g ]I) ﬂno - N
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lg" = g"/g , DY is the coefficient of the longitudinal ambi-
polar diffusion, pin the reduced mass and K the Boltzmann con-
stant .
4. The perturbation of the electric field is considered
potential, i.e.
Fil = ~V|[Ujj : (4)

5. Only low-frequency perturbations are studied for which

A= -

[v

> wl eV
FT + S0 + «hAo- V.ve °F *ei=e
Al
3 Vi

v v + )

at + ! FZo <Jfio- VL H « Adin A

If the conditions mentioned above are valid, the concentra-

tion perturbations of electrons and ions are described by

0 NT «no V,n a vV, T
at - pi ANE S R P R R L
\Vi.D1 o
+Pe .1 a 1 I " V..N
D¢ vmi Hi + Di Hp 9
Ur*no VDl + MN Ve "
1+ N N Ig J+
Da
. VN io M , 4D1 (6)
v . I LI
+TP =no N Ig Lme Da g
L "
r_n ; v Ig me 1 ( VnN— |g N -
mo Py v i m H PN !
v, bi V,N
b. bi Aund =0
1
ONE v" f o 1
D. A - D" AN, + 0" g -
ar e é\l | n 1 e Fe {/I gl

as
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W R v s age 4N.
K Dj--nr~+ DATT -
V,N me vV, *no
N m T, W ) mV i
VN W VN V' Tp .
v pa + NN
{ Yho VieN A  eo Z . my O v i
v O N +D e m H ot 9
_ ig. VN
Hi?,, H. 19°- Ni + Cbe - bi)
SECHRI I S e o

and the potential of the disturbed electric field by the equa-
tion

V,9 = - 4ft e N(Ni - N) (8)

In Egs (s)-(s) the following notations have been used:

n
N D" = KT io
N : I_Ino 8i‘n

kT
n 11l e O
De ei nno ®in Wi

kT.10
H'l - nog (9)

_ -12
1.10 = 2.73 10 no (V>

leo = 4.2 «10-; (TeQ/300)-°-85 no (NO+)

’

where me is the mass of the electron,D», Dg and b”, bg are the
diffusion and mobility coefficients of ions and electrons.
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For the sake
Ni = Ne and Vqj=
fined to Eq. (s).
ratio (Te/rtb), EQ.
ON
~at’ AN
where
v
=no
N
i ox
11 =no
D"
a
-K i
p
In general

the background distribution

the structure of Eq.

AN DY aaliNMNEEIKKLNN

INSTABILITY OF LONGITUDINAL PERTURBATIONS

of simplicity quasineutrality is assumed, i.e.

0. In this case the investigation can be con-
Neglecting the terms proportional to the
(¢) can be rewritten in the form
dr (I'{ « V,Ni) + Dg fALNt = O, (10)
Da \Jv pa V D Ko
aJvN o Di + D{ HP

7" Ds i L
(v. IVN+ vTP (1D

D} N J AN

P

Yoo  MN"ig
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the F region parameters depend

is complicated, if

of

on latitude and height, and the curvature of the geomagnetic
field lines is taken into account. Bearing this in mind, the
structure of Eq. (10) in a dipole coordinate system is consid-
ered (Fatkullin and Sitnov 1972). Inf this coordinate system for
a scalar quantity f and a vector A
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e is the wunit vector in the direction of the field lines, h/j
is the Lame coefficient, r,0 are the radial distance and the
geomagnetic colatitude.

Taking into account this relations, Eq. (10) can be rew-

ritten in the form.
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In a spherical coordinate system the structure of Eg. (10)

is the following
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where
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where | is the magnetic dip.

For investigation of the stability, a spherically symmet-
ric distribution of the background F region parameters is taken
where all meridional gradients are zero. At | & 60° horizontal
perturbations can be neglected. Further vnQr = 0 is taken and
the terms comprising the factor are omitted. With these

assumptions Eg. (16) has the form
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The dependence of the perturbation on space and time is taken

into account in the form

. t)
e] (Krr (19)

where @ =u + j =\ K is the vertical component
of the wave vector. Substituting Egs (19) into Eq. (18) the
following relations are obtained for uj and

oo= Vf Kr (20)
where
n. OT. D." o N,
Vj = -sini | T 1 5 1 1 ho
noo + Ti r nno ol
"oT D . (21)

m " . - a
g v o) iy 14 T o >



CHARGED PARTICLE DISTRIBUTION 165

) __avnoo ho
sin. | S cot no©Tm . ?Tcot r-
_ sin2l
2Da 3N aTp K ° Mo 9T. Da' Mo I *
a 3 (@
NTP r r nnoT ar ar “no" ar r
1
Da 92N q 227p ON Fino o
N a0, + Tp ars HPN ar Hpnno ar a - f

and Vj if the phase velocity of the wave-like perturbation.

Estimating the values of the quantities v» and 'J for the
actual ionospheric conditions, the night-time ionosphere (o100
LT) is considered at heights of the F region (from 170 to 500
km) at a latitude of 60° in equinoctial months and medium solar
activity (Flg 1 é 100).

The same height distribution of the plasma parameters as
used by Fatkullin et al. (1981) is applied. In this case the
neutral wind is directed to the pole (vnQg < o) and its veloc-
ity is determined according to Stubbe (1972). It is also assumed
that all constituents of the ionosphere have the same tempera-
ture Tg = T™ =T . The variation of the concentration and tem-
perature of ions with height is given in Table I. The numerical
values for each term in Eq. (21) are also given there. A com-
parison of these values shows that the motion of the neutral
atmosphere (if it is present) is a basic factor, which determi-
nes the velocity of propagation of the wave perturbations. Then,
in order of decreasing importance at heights below the maximum
of the F2 layer follow the concentration gradient of the charged
particles and at heights above the maximum the concentration
gradients of the neutral and charged particles and the force of
gravity. From Table | follows that the wave travels towards the
Earth (negative sign of v”). The phase velocity and frequency
increase with increasing height.

In Table Il values of the terms of Eq. (22) and the magni-
tude of the increments for the wave length Xz = .. km are pre-
sented. The negative sign of the increment shows that the per-

turbation is damped. The attenuation is mainly due to ambipolar
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diffusion that suppresses perturbations of wave-length 4 <

:(* g’:‘—/v.l and to recombination at low altitudes (to 250 km).
A substantial contribution to the value of the increment is
made by the term containing the second derivative of the charged
particle concentration. The term including the second derivative
of the temperature is small and its contribution can be neg-
lected .

At heights above the maximum of the F2 layer the increment
depends substantially on the force of gravity and on the gradi-
ent of the neutralparticle concentration, besides the attenua-
tion is enhanced bythe terms including the gradient of the neu-
tral particle concentration. At intermediate heights (200-300
km) the stability of the plasma depends strongly on the direc-
tion of the neutralwind. |If it is directed to the equator,
damping is increased, and if it is directed to the pole, then
the damping is substantially weakened and in certain conditions
it can produce instability. The dependence of the increment on
altitude is shown for Jir = 10 km in Fig. 1. For the maximum of

Fig. 1
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-f-Chy at h = ..o, km the dependence of the increment on the wave
number has also been plotted (Fig. 2). It shows that perturba-
tions of a wave-length Jir ~ 15 km are unstable, however, it
should be noted that the approximation (19) is valid only in

(-JJ(:}- -gg’\}-FjF Therefore, that part
of the curve, which does not correspond to this condition, is
indicated by dotted line.

Finally, it is emphasized that the condition of production
of instabilities is the presence of a neutral wind directed to
the pole.
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GLOBAL ANALYTICAL MODEL OF THE SPORADIC E LAYER FOR RADIO
COMMUNICATION

O G Ovezgeldiev: and G V Mikhaylova:

APhysical Technical Institute, Academy of Sciences of the Turkmen SSR
7A4000 Ashkhabad, Gogol ul. 15, USSR

For the prediction of radio communication a global analytical model of
the sporadic E layer is suggested which enables the quantitative estimation
of the role of this complex anomalous formation in radio wave propagation.

Keywords: ionospheric sporadic E; probability of sporadic E; radio
wave propagation

A global analytical model of the sporadic E layer was de-
veloped enabling a reliable determination of the role of this
complex anomalous formation in the ionospheric propagation of
radio waves. The model is based on a complex investigation of
the structure and physics of the Es layer and on the generaliza-
tion of a large number of experimental data collected in a
world-wide network of ionospheric stations. It is analytically
described by the following formula (Ovezgeldiev 1970, Ovezgel-
diev and Mikhaylova 1976, 1977, 1981, 1983, Mikhaylova 1982).

PEs > fv = PEs [I - & (u)Jd, (1)

where PEs is the general probability of the occurrence of an Es

layer, fv is the equivalent vertical sounding frequency,

tp(n) . exp (2)
Vili
=
is the function of normal distribution, its values are given in
tables (Yanko 1961) and

Acta Geod. Geoph. Mont. Hung. 22, 1987
Akadémiai Kiad6, Budapest
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u (3)

The formula of the probability of reflection at frequencies

higher than a given arbitrary frequency f is:

ig f e ™ foEs T g f E (4)

and the probability of screening at frequencies higher than this

frequency is:
So = A E- A fbEs V g fpE (5)

Thus, the parameters of the analytical model are the gener-
al probability of occurrence of an Es layer, PEs, the mean value
of the logarithm of the critical frequency, Ig foEs, the mean
value of the logarithm of the blanketing frequency, Ig fbEs, the
mean-square error of the logarithm of foEs, " fogs and the
mean-square error of the logarithm of fbEs, 7 fbEs'

Probabilistic-statistical and space-time regularities of
the Es layer show that the parameters of the model can be suit-
ably approximated by relations of the form

3

aQ (i, x) + Y [an”x”™ cos nE + hn(x) sEn Ht] > (s)

n=|

where 6 is the Sun's declination, t the local mean time,

§ are tg Vco;gfI (7
the modified coordinate and I, f are respectively the magnetic
dip and the geographical latitude. It has to be emphasized that
the constant coefficient of disintegration aQ depends on the
season and on the coordinate x, while the coefficients of the
variable components an and bn depend only on x. The model is
made so more compact and its practical use is simplified.
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The values of the disintegration coefficients are deter-
mined by the experimental data of the world-wide network of
ionospheric stations in the northern hemisphere (about five
million individual measurements are used) and are presented in
a generalized form in .10 summarized tables, for all five para-
meters of the model 5 tables with the values of the constant
component and 5 tables with the values of the variable compo-
nents. Moreover, in the latitude zone x 5 to 80° the values of
the disintegration coefficients are given in steps of 5°, in
the equatorial zone (x 0 to 5°) and in the auroral zone as well
as at higher latitudes (x 80 to 90°) in steps of 2°. Besides the
values of the disintegration constants are given for two levels
of the geomagnetic activity, i.e. for geomagnetically quiet
(Kp = 1, 0) and geomagnetically disturbed conditions (Kp > 3)
in the auroral zone, where the Es layer depends on the level of
the geomagnetic activity.

The model has the property of transformation, namely, for
its application to the southern hemisphere it is sufficient to
shift it in time relative to the northern hemisphere by half
year. Therefore, though the values of the disintegration coef-
ficient are determined on the basis of experimental data of the
northern hemisphere, the model can be applied in global scales.

The prediction of the influence of the ES layer on the
propagation of radio waves enables either to establish the pro-
bability of screening of the over-lying ionospheric region by
an Es layer, or to determine the probability of the establish-
ment of radio communication and television transmissions through
an Es layer with a given sounding frequency. In addition the
operating frequency for the oblique incidence sounding fw, the
coordinates of the corresponding points of the transmission
paths, the hour of the day and year should be given. Then, the
general scheme of the computation consists of the following
operations :

1. On the basis of the given coordinates of the points,
geographical coordinates ( f, A ) of the reflection point and
the length of the transmission path are determined. The magnetic
dip | of the reflection point is also computed.

the
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2. Using Eq. (7) the x poordinate of the reflection point
is calculated.

3. The values of the model parameters, i.e. PEs, Ig foEs,
lg fbEs, foEs’ ®ig fbEs are comPute™ for the given hour
of the day and month of the year using Eq. () and the values
of the disintegration coefficients corresponding to the coordi-
nate of the reflection point of the transmission path given in
the tables. It has to be noted that all computations are car-
ried out for the local mean time in the reflection point. More-
over, if the coordinate of the transmission path does not coin-
cide exactly with the value given in the tables, those values
of the disintegration coefficient can be used which are nearest
to the value of x. In case of a more accurate computation,
within the limits of each interval of the coordinate x linear
interpolation should be used.

4. In case of reflection from the E region, where as it is
known the Es layer is formed, the equivalent vertical frequency
f corresponding to the given operating frequency of the ob-
ligue incidence sounding f -is determined on the basis of the
length of the transmission path. In contrast to the regular
layers of the ionosphere the secant law is not always valid at
the propagation of radio waves through the Es layer. For fre-
quencies lower than or somewhat higher than fbEs, the secant
law is valid, i.e. MEs = M = sec,/. , where,/: is the angle of
incidence and at higher frequencies, when reflection takes
place in the range of the semi-transparency of the Es layer,
MEs > M. In the latter case the relation MEs = " Mis used in
the model calculation. On the basis of the generalization of
the experimental data, the value of has been chosen to 1.56.
Thus in model calculations the conversion of the equivalent

frequency f is carried out according to the following criteria

w

ME "M >0 Vs % -s<lle FUE > 19TT

if lg fB[Eg + 1.5 er < lg-fiS-

MEs * 1.56 M g xb.g

Naturally, the value of the coefficient will be further
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improved depending on the availability of new experimental data.
In addition, the effect of the energetics of the transmission
channel and the directional characteristics of the antenna must
also be taken into consideration besides a possible frequency
dependence of MEs. It is well known that in case of vertical
sounding the characteristics of the Es layer depend on the
technical parameters of the equipment.

5. At oblique incidence sounding the probability of reflec-
tion and of blanketing of the given operating frequency are de-
termined according to formula (1). The probability of reflec-

tion is computed as:

Igi fy - Iga fOES

and the probability of blanketing as:

~ I% fV - Iga f.bES

6 Ig(jl f.bES

In case of multi-hop propagation via the Es layer the
computation is carried out in the following way. According to
the scheme described above the computation is separately exe-
cuted for each hop. The resultant valuesof the probability of
reflection and of the probability of blanketing by the Es layer
are obtained in case of multi-hop propagation as the product of
the probabilities of the individual hops.

The computations can be carried out both manually and by
computers. In the Physical-Technical Institute, Academy of Sci-
ences of the Turkmen SSR, where the analytical model in ques-
tion was developed, a Fortran program was prepared.

The suitability of the model calculations has been proved
by experimental data obtained both by vertical sounding and at
oblique transmission paths. In the majority of the cases, the
difference amounts to not more than 15 % which is usually less

than the random fluctuations of the layer from day to day due to
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the probabilistic character of its formation.
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SPREAD-F AND SPORADIC E LAYER IN THE EQUATORIAL ZONE

A H Depueva* and N P Benkova*

Nnstitute of Geomagnetism, lonosphere and Radio Wave Propagation
Academy of Sciences of the USSR, 142092 Troitsk, Moskovskaya oblast, USSR

It is shown that the seasonal and solar cycle variations of spread F
and Esf in different longitudinal zones are similar. In an attempt to find
the formation mechanisms of irregularities producing these phenomena, the
role of metal ions is discussed.

Keywords: spread F; sporadic E; longitudinal variation

Spread F has been an interesting ionospheric problem for a
long time and the importance in the last years if this problem
augmented. Recently since on the one hand the demand for a know-
ledge of ionospheric irregularities essential for spotting,
radiolocation and operation of different radiosystems had in-
creased, on the other hand spread F is connected to plasma pro-
cesses in the ionosphere which were investigated more and more.
In the followings some experimental results concerning spread F
in the equatorial zone are presented which demonstrate its
already known properties and show some new features.

One of the interesting properties of the equatorial spread
F is the longitudinal effect in its occurrence along the magnet-
ic equator. The longitudinal effect is characterized by the
circumstance that in the longitudinal zone near Huancayo the
seasonal variation (variation of the probability of observing
spread F during the year) is better developed, its amplitude is
larger than in the longitudinal zone near Kodaikanal; with a
minimum at winter solstice (Nov.-Jan. in the northern hemi-
sphere and June-August in the southern hemisphere) and maximum
at summer solstice (June-August in the northern hemisphere and
Nov.-Jan. in the southern hemisphere), its form is approximately

Acta Geod. Geoph. Mont. Hung. 22, 1987
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the same in all longitudes. Approaching the place, where the
magnetic and geographical equators intersect each other (in the
Atlantic), the seasonal variation has an intermediate character
(Chandra and Rastogi 1970, Benkova and Depueva 1983). The second
property of the longitudinal effect is its different dependence
on solar activity; in the vicinity of Huancayo it is inversely
proportional, in the neighbourhood of Kodaikanal directly pro-
portional to solar activity. This property of the longitudinal
effect is illustrated in Fig. 1 taken from Chandra and Rastogi
(1970). A similar longitudinal effect is characteristic also of
the night-time sporadic E layer. At equatorial stations (and
generally at low latitudes) a flat Es layer occurs often and
can be both transparent and blanketing.

J 1 | L

| v Ml X

Fig. 1.

In Fig. 2 the seasonal variation of the probability of
Esj occurrence in Kodaikanal (Chandra and Rastogi 1974) and the
histogram showing the seasonal variation of Egf occurrence in
Huancayo (constructed on the basis of data by Rastogi 1977) are
presented. The similarity of the seasonal variations of Egf to
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Huancayo
o/ ' 1958
% Vil X
Fig. 2.
the seasonal variations of spread F is striking, i.e. the summer

maximum in both hemispheres. Considering the dependence of Egj
on solar activity, in the Indian sector it is directly proportion-
al and in the West-American sector inversely proportional to
solar activity. In the region of intersection of the magnetic
and geographical equators, Esj as spread F has an intermediate
seasonal variation. In Fig. 3 the seasonal variation of spread
F in this area of the Atlantic taken from Benkova and Depueva
(1983) is plotted. In the same figure the probability of Esf in
the low latitude zone of the Atlantic in different months are
shown by <crosses based on data of the vertical sounding on
board of the research vessel "Akademik Kurchatov". Although they
do not give the whole seasonal trend of the phenomenon, the si-
milarity to the seasonal variation of spread F is evident.
Regarding the characteristics of the longitudes between 75 W
and 75 E it should additionally be mentioned that at the sta-
tion Ibadan (Africa) a well defined seasonal variation of spread
F and a weak variation of Esf with a low maximum in summer and
minima at the equinoxes are observed. The seasonal variation of
spread F is directly proportional to solar activity (see Fig. 1),
but substantial dependence of Es” on solar activity could not
be revealed (Awe 1971).

In an attempt to explain the morphological proporties
(longitudinal-seasonal variation, relation to solar activity)

of spread F the similarity between the behaviour of spread F
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Fig. 3.

and E j shown above has to be taken into account, in spite of
the fact that this similarity appears in general statistical
regularities, however in individual cases an unambiguous rela-
tion could not be found. The similarity in question proves that
for an intensification of irregularities both at the level of
the E-region and in the upper ionosphere the same heliogeophys-
ical conditions are favourable. From this point of view the
hypothesis relating spread F to long lived metal ions looks
promising (e.g. Hanson et al. 1973). The role of metal ions in
the formation of Es (including the equatorial area) has been
many times demonstrated. In connection with the general increase
of electron density and the strengthening of dynamical processes
the positive correlation between spread F and Es” is mentioned
by many authors. The more complicated question of negative cor-
relation in the relatively narrow West American sector has been
studied by Pancheva et al. (1983) from the point of view of
confined electric fields affecting the precipitation of parti-
cles being especially intense in the South-American region.
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VARIATIONS OF Es PARAMETERS IN DIFFERENT GEOPHYSICAL CONDITIONS

L P Korsunoval, T A Gorbunoval, V D eakaldinal
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Dependence of the virtual height of Es layers (h'Es) and that of the
range of semi-transparency has been studied on solar and magnetic activity.
It was found that h'Es decreases with increasing solar activity at latitudes
to the south of 50°N, while at latitudes to the north of it, the opposite
relation applies. As regards geomagnetic activity a tendency of increased
h'Es values and range of semi-transparency with increasing Kp was revealed
in all seasons at latitudes northward of 50°N.

Keywords: ionospheric sporadic E; semi-transparency; turbopause

Considering the Es layer as an indicator of turbulent pro-
cesses in the lower thermosphere (Ovezgeldiev et al. 1977), re-
gularities of the variations of the virtual height h'Es and of
the range of semi-transparency have been studied during the
solar cycle, as well as in geomagnetically disturbed periods.
For this purpose data of the hourly measurements of Es parame-
ters were used from vertical sounding stations located in the
same longitude zone (~60°E), but at different latitudes of the
northern hemisphere [Heiss Island (~80°N), Moscow (~56°N),
Ashkhabad (~38°N), Djibouti (12°N) ] from the period 1958-68.

In order to eliminate the local time effect and for a reliable
identification of the height, night-time data (2004 LT) were
selected. These data were grouped according to the individual
summer (May-August) and winter (November-February) months, then
for each of them the monthly mean value of the Es layer virtual
height h'Es and that of the range of semi-transparency were cal-
culated .

A comparison of these values with the corresponding Wolf
numbers (W) has shown that the variation of the range of semi-
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-transparency with solar activity is rather irregular, while in
the height change some regularity can be observed.

The character of the relation between the height of the Es
layer and the sunspot number was deduced for the winter months from
curves of the values h'Es = f(W), (Fig. 1). In spite of a sig-
nificant scatter of the points at each station a height change
of Es layers with solar activity can be traced. The observed
scatter may be due either to the quasi-biannual variations of
h'Es (Korsunova et al. 1983) or to instrumental errors. It fol-
lows from Fig. 1 that there is a positive correlation at ">500M
between h'Es and solar activity while at -|O<500N a negative
correlation exists; more precisely h'Es increases from 103 to
110 km with increasing solar activity at the station Heiss
Island, at the station Moscow it increases from 107 to 115 km,
however, at the station Ashkhabad the height of the Es layers
decreases from 105 to 100 km. At the low latitude station
Djibouti the height of the Es layer also decreases with increas-
ing Wolf numbers from 115 to 107 km. The correlation coeffi-

cients computed for the stations Djibouti, Ashkhabad, Moscow

km
120 Heiss Island
no
100
120 Moscow
100

Ashkhabad
110
120 Djibouti

100 200 w Fig. 1. Relation between h'Es and

sunspot number
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and Heiss Island from all h'Es and W values amount to -0.56,
-0.62, 0.27 and 0.47, respectively. The significance of these
coefficients exceeds the 99 % level with the Student-probe in
case of stations Ashkhabad and Djibouti, at Heiss Island it
reaches the 95 % while in case of Moscow it does not reach the
90% level of significance. Consequently, a real connection may
only exist between h'Es and the sunspot number at latitudes

f <50°N. In the latitude range from 10 to 50°N, the variation
of h'Es is opposite to that of the sunspot number. Since for
the analysis night-time values of h'Es were selected, when ab-
sorption is practically absent, the variation of the Es layer
heights with the solar cycle is due to internal properties of
the layer. As h'Es indicates the height of the turbopause, the
turbopause would sink with increasing solar activity at mid-
-latitude and rise at high-latitudes.

The seasonal and latitudinal variations of the turbopause
was deduced in different periods of solar activity for the
years of maximum (1958-61) and minimum (1962-66) solar activity
from the monthly mean values of h'Es at stations located in the
mid-latitude zone ( f <50°N), where the significance of the
solar cycle variations is high. In case of the station Djibouti
data of the years 1967 and 1968 have also been included, since
the data of the previous solar activity maximum were not suf-
ficient. In case of the majority of the stations the number of
monthly means exceeded 100. For the latitude range 10-50°N the
calculated h'Es values are plotted in Fig. 2. The correlation
between the height of the sporadic E layers and solar activity
is also here negative and the solar cycle variation is maximum
at low latitudes. The amplitude of the effect does not depend
on the season and the rise of the Es layer is followed at

of <46°N in the year of minimum solar activity in summer by
an increase of the range of Es semi-transparency. In the vi-
cinity of f ~ 50°N the sign of the effect switches to the op-
posite so that the value of the range of Es semi-transparency
becomes larger with increasing solar activity. These results
were confirmed by an analogous analysis carried out for sta-

tions of the southern hemisphere.
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Rostov

100

Fig. 2. Seasonal variation of h'Es
for different levels of solar
activity:

maximum solar activity

minimum solar activity
(0—0—o0)

There are some references that the height of the Es layer
h'Es shows some variation during the solar cycle (Samardzhiev
and Serafimov 1972). Nevertheless, the solar cycle variation
of the Es parameters have formerly been attributed to the con-
ditions of observations, to the changes of absorption in the
0 region of the ionosphere and to variations of the E region
ionization with solar activity. If in the period of maximum
solar activity the enhancements of the E and Es layer critical
frequencies are due to increases of the solar ionizing radia-
tion, the variation of the height of the Es layer formation
indicates that the dynamical conditions, especially the height
variation of wind shear change substantially. The possibility
of the solar cycle variation of the neutral wind shear and of
the corresponding changes of the Es parameters were also men-
tioned by Reddy and Matsushita (1968).

In so far as the effectivity of the redistribution of
ionization due to wind-shears decreases rapidly with decreasing

height,the average probability of the Es formation has to
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decrease with increasing solar activity at mid-latitudes as it
has been observed. Consequently, the variation of PEs during
the solar cycle can be partly explained by internal physical
processes and not only by variations of the absorption. The
conflicting results obtained by different authors on variations
of the Es parameters during the solar cycle may be related to
the change of sign of the effect with latitude.

Since the sporadic E layer is formed in the zone of the
turbopause at mid-latitudes, the results obtained indicate a
real decrease of the turbopause height with increasing solar
activity at latitudes < 50°N and confirm results by Zimmerman
and Murphy (1977) and by Danilov et al. (1980) on an inverse
relation between the height of the turbopause and solar activi-
ty in a limited amount of material.

The influence of the geomagnetic activity on the turbo-
pause has not been studied so far, though it is an important
problem. The morphology of the Es layer shows that its relation
to changes of the geomagnetic field depends substantially on
latitude. Since the Es layer is a tracer of the turbopause, a
similar behaviour may be characteristic of the turbopause pa-
rameters. This is confirmed by Danilov et al. (1980) and by
Bencze and Marcz (1981) on the basis of measurements in Heiss
Island and in Juliusruh.

The relation between ionospheric sporadic E and geomagnet-
ic activity has been reviewed by Chavdarov et al. (1975). Here
special attention was paid to the probability of Es occurrence.
There are indications that the virtual height of the ES layers
h'Es is larger on geomagnetically disturbed days than on quiet
days. Nevertheless it is difficult to estimate the real varia-
tions of h'Es in geomagnetically disturbed periods,because the
group retardation of the radio signals is subtantial in day-
-time. For the elimination of this effect, night-time Es ob-
servations were studied when h'Es corresponded to the real
height of the layer.

Since variations in h'Es are due to changes in the
dynamics of the medium, it had to be taken into consideration

that the reaction of the neutral atmosphere is delayed at mid-
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-latitude as compared to the main phase of the magnetic storm
by at least one day. Thus, night-time measurements of h'Es car-
ried out at the stations Moscow, Rostov, Ashkhabad were selec-
ted in the period of maximum solar activity (1958-60) and then
grouped according to seasons. As indicator of the geomagnetic
activity, the daily sum of Kp indices was used taking into ac-
count the effect of the delay ( AT~1 day).

The relation between h'Es and the daily sum of Kp indices
is presented at the station Moscow for the different seasons in
Fig. 3, where each point represents the mean of the night-time

values of h'Es for one day. The h'Es values corresponding to

MOSCOW
Summer

Fig. 3. Relation between h'Es and the daily sum of Kp at the latitude of
Moscow for different seasons
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certain values of the daily sum of Kp indices are denoted by

crosses. h'Es increases continuously with increasing Kp values

in all seasons, the scatter of the points is large even in geo-
magnetically quiet periods. In the period of solar activity
studied here the change from year to year is insignificant. The
latitudinal boundary of the effects was determined by means of
the same method from the behaviour of h'Es in the same years at
the stations Rostov and Ashkhabad. A moderate enhancement of
h'Es with increasing geomagnetic activity occurs at station

Rostov but it is practically missing at Ashkhabad. Consequently,

the latitude ~ 46°N can be considered as the southern boundary

for the occurrence of the geomagnetic disturbance effect. As
the Es layer is an indicator of the behaviour of the turbopause,
the height of the turbopause increases to the north of 50°N in
geomagnetically disturbed periods. This fact should be consid-
ered when constructing thermospheric models.

Thus, the analyses carried out lead to the following con-
clusions :

1. h'Es and the range of semi-transparency increases at lati-
tudes f > 46°N with increasing solar and geomagnetic ac-
tivity,

2. south of f - 46°N, the sign of the effect changes to the
opposite,

3. similar variations of the height of the turbopause with so-
lar and geomagnetic activity can be inferred from the re-

sults obtained here.
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An analysis of the simultaneous measurements of the geomagnetic field
and ionospheric parameters has been carried out, based on the data of the
experiment "Taymir 82". Specific features of the behaviour of the Es layer
at different latitudes during substorms have been revealed. It has been
found on the basis of auroral stations that the development of the substorm
is preceded by a reduction of fbEs to the perfect vanishing of the layer.
At subauroral latitudes the opposite effect is observed. Before substorms
the zone of sporadic ionization in the E region moves in the evening and
midnight hours towards the equator, then expands suddenly to the pole with
fbEs increasing simultaneously. Comparing the location of the area of maxi-
mum fbEs values with the structure of the electrojet the conclusion can be
drawn that the westward electrojet is located to the north of the zone of
maximum conductivity.

Keywords: auroral electrojet; geomagnetic substorm; sporadic E layer

Geomagnetic and ionospheric disturbances are manifestations
of the energy produced during the development of the magneto-
spheric substorm and are consequently interrelated. In previous
papers (Goreliy et al. 1980a, 1980b, Blagoveshchenskaya and
Pirog 1982, Zherebtsov et al. 1982) the dependence of the varia-
tions of ionospheric parameters on geomagnetic activity has been
studied and it was found that at the latitude of Norilsk the Esr
layer appears 0.5-1.5 hours before the onset of the substorm in
the H component of the geomagnetic field and the electron den-
sity in the layer varies during the substorm simultaneously with
the variations of H. At this time the parameters of the F2 layer
change insignificantly. Thus in Norilsk the occurrence of the
Es layer may be a precursor of the substorm (Blagoveshchenskaya
and Pirog 1982). Unfortunately, there were no simultaneous geo-
magnetic and ionospheric measurements at other stations.
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Nevertheless the variations of foEsr do not correspond in Dixon
to the observations in Norilsk (Goreliy et al. 1980b).

During the experiment "Taymir 82" (Vakulin et al. 1984) in
1982 the variations of the geomagnetic field and that of the
state of the ionosphere could be simultaneously recorded at
four points located along the meridian K= 90° in the range of
latitudes 62° < (b < 69°. This enabled to continue the study of
the dynamics of magnetospheric disturbances.

The variations of the ionospheric parameters and the H
component of the geomagnetic field were analysed in the whole
period of observations (December, 19B2 - March, 1983). The
analysis confirmed the finding that the state of the F region
is determined by its location as compared to the main trough
of ionization which depends on the mean level of disturbance
characterized by Kp (Zhrebtsov et al. 1982). During the night
the critical frequency of the F2s layer varies between 4 and
6 MHz. In case of large disturbances no F region can be seen
because of screening by the Es layer or due to total absorp-
tion. The behaviour of the Es layer is more interesting.

In Fig. 1 simultaneous variations of fbEs and of the 1
component are shown for four stations plotted according to de-
creasing latitude. As examples, typical isolated substorms were
selected on a quiet background in the evening hours, at midnight
and after midnight. The electron density in the Es layer is
characterized by fbEs. |If the Es layer is absent, the minimum
frequency reflected from the F region can be taken instead of
fbEs, in case of total screening or absorption the maximum
frequency of the F2 layer observed previously. The most char-
acteristic features of fbEs are the decrease at the auroral
stations and the increase at subauroral stations before the on-
set of negative bays. Moreover, at high latitude the beginning
of the decrease of fbEs can be preceded by the beginning of the
negative disturbance in the H component which is not observed at
subauroral stations where the substorm is preceded by the occur-
rence of the Esr layer (Goreliy et al. 1980b, Zherebtsov et al.
1982). That means that within the auroral zone negative disturb

ances of high intensity develop in case of low E-region ionization (See Fig.l|
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Fig. 1. Variations of [OH and fbEs during substorms observed at a meridional
chain of stations (a) before midnight, (b) at midnight and (c) after
midnight. OH < 0 (----—-- ), JIH> 0 (......... ), fbEs (----—----- )

JIH ~ 600 nT, Ng~ 10" cm ~ in Sterlegovo and Ust-Taree) while at the
southern boundary of the zone weak bays are observed in case of
Ng > 10 cm-'5. The appearance of an Es layer after the onset
of a geomagnetic substorm is more often observed in the evening
hours. After midnight the simultaneous development of +he geo-
magnetic and ionospheric disturbances is more probable. All
statements above relate to negative disturbances. Positive dis-

turbances are observed at all stations used here in case of
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enhanced E region ionization.

The temporal and spatial distribution of Es layers during
a substorm are confirmed by the results of a statistical analy-
sis shown in Figs 2 and 3. It follows from Fig. 2 that the pro-
bability of a delay of the fbEs growth as compared to the onset
of the geomagnetic substorm (t* < t8) decreases with decreasing
latitude. The increase of fbEs is preceded by the onset of the

bay in the H component most often at Sterlegovo, more rarely at

P(/0)

<0)
<,

Fig. 2. Variations of the probability of the different type Es layer behav-
iours as compared to changes of the H component. Here t0 is the
time of the beginning of fbEs growth, ty is the time of onset of the
geomagnetic disturbance, (a) before midnight, (b) after midnight and
(c) for the whole night
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Fig. 3. Variations of the probability from
evening to morning, averaged for
all stations. The symbols are the
same as in Fig. 2.

Ust-Taree and almost never at lIgarka. The probability of the
simultaneous increase of the geomagnetic intensity H and of
fbEs (t'(_)| =ots) is maximum in Ust-Taree. Cases of the delay of
the substorm commencement as compared to the development of the
Es layer (t’l_| >t’$) predominate in Norilsk and lIgarka fP(tB>th) =
= 70-85 %]. The decrease of fbEs to the perfect vanishing of
the Es layer before the onset of the substorm is observed with
the highest probability at Sterlegovo (up to 80 %) and Ust-Taree
(~ 60 %). In these cases the minimum reflected frequencies de-
crease to 1-2 MHz. In Norilsk and lIgarka the probability of sim-
ilar cases is significantly lower and fbEs remains more than

3 MHz, i.e. at subauroral latitudes the electron density in the
E region is 2-3 times larger than within the zone.

The diurnal variations of the probabilities show that
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P(tg < tZ) is maximum in the evening h|_(|)urss, decreases toward
midnight and then increases again. P(t0 = to) increas?s tovcvard
midnight and has a maximum in the period 0003 LT. P(t > t':)
hnFe < O\j vary oppositely what is obvious, sincg the)(/) are
phenomena excluding each other. P(tH > t*) increases from eve-
----- < 0L <t~ decreases.

The dynamics of the zone of increased ionization in the
E region is compared in Fig. 4 with the structure of the elec-
trojet. For the sake of simplicity isolated substorms were se-
lected in the presence of only one westward electrojet shown in
Fig. 1, when the positive deviation of the H component from
the zero level is less than 50 nT except on December 22, 1982.
It follows from the map of contour-lines of H and fbEs that
the areas of maximum negative values of JIH, AZ = 0 and of
maximum electron density in the Es layer coincide partially,
however, the latter is always located equatorwards. Thus the
main current in the westward auroral electrojet does not flow
in the region of maximum conductivity, but somewhat to the

north of it. Before substorms in the evening and at midnight

22.12.1982

19 20 2 2 31T

Fig. 4a. Map of the contour lines of the geomagnetic component AH and |U r,
constructed for substorms on the basis of Fig. 1. Numbers at the
contour lines denote AH(nT) and fbEs(MHz). AH (—---), fbEs
(- )) AZ =0 (xxxxx)
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4 S.01.1983

the equatorward motion of the zone of sporadic ionization in
the E region starts, then the sudden expansion follows to the
pole with a simultaneous increase of fbEs. In this process the
poleward motion of the Es zone is correlated to the break-up
phase of the substorm. The maximum of the sporadic ionization
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SPORADIC E LAYER IN THE TWILIGHT PERIOD DURING WINTER AND ITS
RELATION TO SUNRISE IN THE CONJUGATE AREA

V P Abramchuk”, V N Oraevsky*, Yu Ya Ruzhin?

""Institute of Geomagnetism, lonosphere and Radio Wave Propagation
(IZMIRAN), Academy of Sciences of the USSR, 142092 Troitsk,
Moskovskaya oblast, USSR

A maximum in the occurrence probability of sporadic E layers has been
found based on the data of the network of ionospheric sounding stations in
the twilight period during winter. Conclusions have been drawn on the basis
of the analysis of six years' data from the period Oecember-January (sym-
metrically to the winter solstice equal time intervals have been selected).
A definite relation of the occurrence of the sporadic E layer has been re-
vealed with the sunrise in the magnetically conjugate area.

It is suggested that the sporadic E layer formation can be explained
by a mechanism due to the magnetospheric propagation of non stationary
Alfven waves generated in the ionosphere by the supersonic motion of the
terminator in the lower layers of the atmosphere. The occurrence of a
sporadic E layer due to the electrostatic interaction of the magnetically
conjugate areas of the ionosphere has also been studied.

Keywords: magnetically conjugate area; sporadic E layer; terminator

INTRODUCTION

In the last years the problem of the relation between the
processes in the lower atmosphere and in the upper layers of
the ionosphere got into the centre of interest. It has been
found that earthquakes, lightning discharges, fall of meteor-
ites, the supersonic motion of the terminator (Somsikov and
Troitsky 1975) etc. are powerful sources producing disturbances
in the neutral component of the ionosphere. In the dynamo re-
gion of the ionosphere, where the ion-neutral collision frequ-
ency exceeds the ion gyrofrequency, there is a real possibility
for the transfer of motion of the neutral component to the ion-
ized, i.e. the motion of the neutrals and ions is strongly in-
terrelated in the weakly ionized plasma of the lower ionospher-

ic layers (lgnatev 1969, Gershman et al. 1976).

Acta Geod. Geoph. Mont. Hung. 22, 1907
Akadémiai Kiado6, Budapest
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If the geomagnetic field lines are considered as equipo-
tentials there is an electrostatical connection between the
magnetically conjugate ionospheres resulting in a symmetrical
behaviour of the ionospheric layers of the two hemispheres
(Mozhaev et al. 1976). The symmetry may be upset in case of
unequal illumination of the magnetically conjugate ionospheres
especially in the solstice period, when in one of the ends of
the geomagnetic field lines the ionosphere is illuminated by
the Sun, but the other end is in darkness. In such conditions
it is expected that disturbances in the lower layer affect the
processes in the magnetically conjugate ionosphere due to the
fast motion of the shade boundary.

In the present paper the authors call attention to the
energy transfer from the ionosphere of one hemisphere to the
other due to the magnetospheric propagation of non-stationary
Alfven waves generated in the ionosphere by the supersonic mo-
tion of the terminator in the lower layers of the atmosphere.
Suitable magnetically conjugate points are the mid-latitude
stations Krasnaya Pakhra (55°28'N, 37°19'E) and a point in the
Indian Ocean (42°36'S, 56°24'E). As an indicator of the energy
transfer the occurrence of a sporadic E layer above the mid-
-latitude ionospheric station at night in the period of the
winter solstice has been selected (Abramchuk and Ruzhin 19B5).

EXPERIMENTAL RESULTS

The occurrence probability of a sporadic E layer (PEs)
was studied in the winter period on the basis of the data of
the ionospheric stations Krasnaya Pakhra, Alma Ata and Karagan-
da for the time interval from 1976 to 1982. Data symmetrical to
the date of the winter solstice were selected in order to ena-
ble an analysis of the violation of the symmetry in case of the
illumination of the magnetically conjugate area. Moreover, any
kind of sporadic E layers was taken into account in the period
from 21 hour to 8 hour. Since in the period considered here
the variation of the Es occurrence probability is approximately
uniform at the above mentioned stations (considering only the
difference between the sunrise in the magnetically conjugate
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area and the point of observation for these stations), the data
of the station Krasnaya Pakhra were only used.

In Fig. 1 the night-time variation of the occurrence pro-
bability of an Es layer is shown for the years 1976-1902. Dis-
regarding individual fluctuations in the curve (they are de-
scribed in more detail in the paper by Abramchuk and Ruzhin
1985) the occurrence probability of a sporadic E layer has two
deep minima in the twilight period (the,first in the time in-
terval from 2 to 3 h LT and the second in the period from 6 to
7 h LT) having approximately the same magnitude,further a maxi-
mum at about 5 h 30 m LT. In the maximum the value of PEs is

approximately 20 % greater than the value of PEs in the minima.

2022 23 01 2T A 56 T 830’Etime

Fig. 1. Occurrence probability of the Es layer for December and January of
the period from 1976 to 1982 (on the basis of the data of the sta-
tion Krasnaya Pakhra)

As computations have shown this phenomenon may be connected
to the sunrise at the observing site and in the magnetically
conjugate area. In Fig. 1 the variations of the times of the
sunrise are shown by thick horizontal lines in the height of

the ozone layer for the months December and January at the ob-
serving site (thick arrow) and in the magnetically conjugate
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area (dashed arrow). This question will be discussed later in
more detail. At stations located at latitudes lower than the
station Krasnaya Pakhra (e.g. at Alma Ata, Karaganda) the
twilight effect is somewhat masked in the occurrence probabil-
ita of Es because of the small time difference between the sun-
rises at the observing site and at the magnetically conjugate
point.

The course of the PEs curves has shown in the months
December and January of selected years that the so called
twilight effect (on the analogy of the diurnal variation of
foF2 (Bukin et al. 1968)) appears in this case less often in
the period of solar activity minimum, but it remains detectable
(Abramchuk and Ruzhin 1985). The variation of the occurrence
probability of the Es layer in years of different solar activ-
ity hints at the fact that even if there is a connection be-
tween PEs and the level of solar activity, then PEs does not
depend on the number of sunspots or on their area rather it de-
pends on the limits of the variations of these parameters.

The experimental data confirmed the twilight time depend-
ence of the critical frequency of the sporadic E layer (foEs).
A typical curve demonstrating such a dependence is shown in

Fig. 2. The curve presented here indicates this dependence

Fig. 2. Critical frequency of the Es layer in the twilight period
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quite qualitatively, since for a more detailed study of the
time variation of the Es parameters continuous sounding of the
ionosphere is needed as according to the observations the spo-
radic E layer is submitted to fast variations. The time depend-
ences of PEs and foEs (Figs 1 and 2) are similar and the great
amount of data enables to conclude that this correlation is not
accidental. The correlation between PEs and foEs in the twilight
period indicates the change of the effectivity of the mechanism
responsible for the formation of Es layers in the same period.
During the minima of the occurrence probability of an Es layer
its critical frequency does not reach 1 MHz. Obviously, the use
of ionosondes with a frequency range extended to lower frequen-
cies and the continuous sounding of the ionosphere would promote
the study of these effects and of their relation to other iono-
spheric parameters.

The following analysis was made for a more reliable clari-
fication of the connection between the formation of sporadic E
layers and sunrise in the magnetically conjugate area and in the
observing site. Those days of the months December and January
were considered at the station Krasnaya Pakhra in the time in-
terval 1976-1982 when the sporadic E layer appeared near or dur-
ing the twilight period. The days, when an Es layer was observ-
ed earlier, were excluded. The points in Fig. 3 indicate the
time of occurrence of the Es layer in the period studied. Lines
are also plotted showing the sunrise at the horizon and in a
height of 60 km in the magnetically conjugate area of the sta-
tion Krasnaya Pakhra. The greatest part of the data is located
above the line showing the sunrise in 60 km altitude what con-
firms the conclusion drawn above.

Times of vanishing (dots) and formation (triangles) of the
sporadic E layer in the morning are plotted in Fig. 4 on the
basis of the data of the station Krasnaya Pakhra. In the same
figure lines show the sunrise at the horizon and in heights of
60, 200 and 500 km. The steep decrease of PEs before morning may
be connected with the sunrise at great altitudes at the observ-
ing site, and the morning increase of PEs is due to the sunrise

at the height of the ozone layer.
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30'E time

December January

Fig. 3. Time of the appearance of sporadic E layers on ionograms in the twi-
light period and their relation to the sunrise in the conjugate area
(on the basis of the data of the station Krasnaya Pakhra)

30°Etime

December January

Fig. 4. Time of vanishing (dots) and appearance (triangles) ox the sporadic
E layer and their relation to the sunrise at the observing site
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The virtual height of the sporadic E layer (h'Es) shows al-
so some changes in the period studied here which were consid-
ered by Abramchuk and Ruzhin (1985). In the majority of cases
an anticorrelation is observed between the values of foEs and
h'Es. The strengthening of the Es layer is followed by a de-
crease of its virtual height, and the reduction of foEs is fol-
lowed by an increase of h'Es.

This fact and some other phenomena deduced from the ex-
perimental data are explained by a mechanism of Es formation in
the twilight period suggested below.

Before a discussion of the mechanisms, responsible for the
connection of the phenomena in magnetically conjugate areas,
the basic features of the phenomenon revealed are listed.

a) The occurrence probability of midlatitude sporadic E
layers increases at twilight in the winter solstice period.

b) The increase of the probability is connected with the
sunrise in the magnetically conjugate area of the summer hemi-
sphere, and it is due to the appearance of the solar radiation
at the height of the ozone layer (below 60 km).

c) The decrease of the occurrence probability of Es layers
may be connected with the sunrise above the observing site, but
at very great altitudes amounting to 200-500 km.

d) The morning rise of the occurrence probability of Es
layers is also connected to the passage of the terminator at
the height of the ozone layer, but above the observing station.

e) The relations between the observed effect and the level
of solar activity indicates a dependence not on integral charac-
teristics (number of sunspots, their area), but on the dynamics
of these parameters in the time interval studied (December-
January).

f) The effect appears also at lower latitudes, though,
strongly masked by the sunrise at the observing site (see point
d).

DISCUSSION

Relations between the magnetically conjugate ionospheres
are discussed in a number of papers. This relation appears both
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with the occurrence of effects of external, e.g. of magneto-
spheric origin, and with the transfer of energy from the iono-
sphere of one hemisphere to the ionosphere of the other hemi-
sphere along geomagnetic field lines. In the latter case, the
effects of the energy transfer are most definite during serious
violation of the symmetry in illumination of the two areas,es-
pecially, if one of the areas is completely illuminated and
the other is yet in darkness.

Bukin et al. (1968) discussed the disturbances at the
height of the F2 layer produced by the precipitation of photo-
electrons coming from the illuminated part of the ionosphere.
The conjugate occurrence of sporadic Es formation and varia-
tions of their parameters at mid-latitudes may be due to the
connection of this layers with the directional fluxes of trap-
ped electrons with energies of 30-100 keV (lvanov-Kholodny and
Lazarev 1966), and to the electrostatic interaction between
the magnetically conjugate areas of the ionosphere assuming a
high conductivity of the magnetospheric plasma in the magnetic
flux tubes and consequently an equipotential character of the
geomagnetic field lines (Mozhaev et al. 1976). At mid-latitudes
the mechanism connected with directional fluxes of energetic
particles is less probable, since fluxes of 1010 cm'~s"1 are
necessary for the formation of sporadic E layers (lvanov-Kho-
lodny and Lazarev 1966).

The occurrence of sporadic E layers could be explained by
an electrostatic link of the conjugate ionospheres. Thus, Kolo-
kolov (1979) studied disturbances of the night-time F2 layer
due to the sunrise in the magnetically conjugate area. Because
of the electrostatic coupling of the two hemispheres the down-
ward drift of the plasma produced by the westward dynamo field
of the summer hemisphere determines in the initial phase the
general equilibrium. Later the eastward field connected with
the occurrence of steep gradients of the transerve conductivity
at the height of the dynamo region increases abruptly with de-
creasing zenith angle of the Sun in the summer hemisphere. As
a result of this the downward drift is gradually substituted

by an upward drift. In this case the increase of the probability,
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and even more the maximum of the occurrence probability of Es
layers at 4-5 h LT refers to the period, when an upward plasma
drift has to form due to the electrostatic link in the iono-
sphere of the night-time hemisphere. According to the wind-shear
theory (Gershman et al. 1976) sporadic E layer must not exist
in this case. However, in the wind-shear theory the possibility
of the formation of a sporadic E layer is considered separately
from the turbulence in the dynamo region. Taking into account
the turbulent diffusion for the stationary state (sporadic E

layer exists) the following relation has been obtained.

D(ANL)Z = 0t (VNo ) + L Ho rot u) (Ni):

In normal conditions, regions of increased ionization are
formed due to the terms containing the turbulent diffusion co-
efficient but the effektive molecular diffusion leads to their
vanishing. Nevertheless, due to the presence of wind shear and

to the effect of the geomagnetic field the term

/:\,in (||0 rot “) (N )2 .

appears which maintains the irregularities by the wind shear if
HQ rot i1 > o .

Now,we consider the possibility of generation of eddies in
the dynamo region due to disturbances in the lower layers of
the atmosphere. The source (e.g. the supersonic motion of the
terminator at the height of the ozone layer (Somsikov and
Troitsky 1975)) can generate a broad spectrum of acoustic waves,
however, the longest of them do not reach ionospheric altitudes
because of the acoustic cut-off frequency. The same is true for
the short waves because of the viscous dissipation. As a result
of this atmospheric filtering, the range of periods observed at
ionospheric heights is limited to the band from some minutes to
some hours. These long wave disturbances of the neutral compo-

nent propagating from the area of their generation in the near
surface layer are dissipated reaching the upper boundary of the
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dynamo region due to the transfer of energy to the shorter wave
range of the spectrum. An experimental proof is given by
Chernisheva et al. (1976), who showed the occurrence of irregu-
lar inter-layer formations at altitudes of 150-200 km connected
with sunrise.

Eddies developing in the weakly ionized plasma at
N”n > MH, can be the source of Alfven waves (Alfven 1952) in a

broad frequency range
w Ra 0.5 u_,
s

where R is the radius of the eddy, co its angular frequency and
ug is the velocity of sound.

The Alfven waves are selectively transmitted through the
upper layers of the ionosphere to the magnetosphere and reach
the conjugate ionosphere nearly without loss (Sen 1971). The
small conductivity of the night-time ionosphere allows this
flux of waves to get as far as the heights where the wind shear
mechanism works. Here, the waves transfer their energy within
the skin layer accomplishing the cellular structure of the ed-
dies in the dynamo region of the night-time ionosphere. The
"damping" spots are geomagnetically conjugate with the non-
-stationary eddies of the dynamo region in the other hemisphere.
These spots produce either a weak modification (insignificant
for ionospheric sounding), or occurrence of chaotic regions of
increased ionization forming transparent sporadic E layers de-
pending on their dimensions, on the direction of the eddy elec-
tric field, on the height and thickness of the skin layer. In
individual cases a stronger layer may also be formed in the E
region. Estimates show that the local flux of energy transmitted
by Alfven waves is sufficient for the operation of the wind
shear in the night-time ionosphere.

Thus the decrease of the occurrence probability of the
sporadic E layer after 5 h (30° E time) becomes also clear. The
Sun illuminates the upper layers of the ionosphere from 200 to
500 km at this time (Fig. 3), which results in the steep change
of the leaking conditions of Alfven waves reaching the conjugate
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ionosphere. The increasing conductivity leads to a more effec-
tive reflection process in the upper layers of the ionosphere.

The morning increase of the occurrence probability of Es may be
connected with the increase of turbulence in the dynamo region
due to disturbances of the neutral component in the spectrum of
acoustic waves propagating from below where they are generated
by the fast motion of the shade and by sudden changes of tem-

perature and density in the lower layers of the atmosphere con-

nected with the former in the region of the observing station.
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SOME PROPERTIES OF SPREAD-E IN THE MID-LATITUDE |IONOSPHERE
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Results of the sounding of the E region are presented at the station
Moscow by means of an SP-3 type ionosonde with improved characteristics.
This improvement resulted especially in a broadening of the pass band of the
receiver to 100 kHz and in a reduction of the duration of the impulses to
30 -us. Thus, mid-latitude spread-E has been recorded. Typical examples are
shown and some characteristics of the spread-E phenomenon are studied.

Keywords: E region; irregular structure of the ionosphere; sounding of
the ionosphere; sporadic E layer; traveling ionospheric disturbances

At low and mid-latitudes, spread-E can be observed by bottom-
side vertical sounding of the ionosphere using standard equip-
ments. At the same time scattered reflections from sporadic E
layers are also recorded. Because of the conditions mentioned
these phenomena are studied only in a few publications (Anas-
tassiadis et al. 1970, Chen et al. 1972, Chen 1973). Anastassi-
adis et al (1970) and Chen et al. (1972) discussed the effect of
spread-E and of the scattering by sporadic E layers on the scin-
tillation of radio signals transmitted by satellites at low la-
titude. Reid (1968) and Chen (1973) attribute the formation of
large scale irregularities of the electron density to gradient
instability of the plasma in perpendicular electric and magnet-
ic fields.

According to the authors' knowledge spread-E has not been
observed yet by vertical sounding at mid-latitudes in natural
conditions. This is mainly due to the fact that the usual iono-
sondes have small height resolving power (~ 30 km) and a re-
ceiver of narrow pass band (~15 kHz). Because of the latter the
low-frequency part of the spectrum passes the receiver and the

Acta Geod. Geoph. Mont. Hung. 22, 1987
Akadémiai Kiad6, Budapest
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impulse is retarded and broadened.

For the investigation of the large scale irregular struc-
ture of the ionosphere by means of bottomside sounding an in-
crease of the height and frequency resolving power of the iono-
sonde, as well as an improvement of the accuracy of the virtual
height determination are necessary. In order to increase the
resolving power of the ionosonde SP-3, the pass band of the re-
ceiver has been extended to 100 kHz and the duration of the
transmitted impulse has been reduced to 30 .; « in IZMIRAN (Va-
siliev et al. 1978). This enabled to improve the height re-
solving power to 3-5 km and so to study the fine structure of
the mid-latitude E region.

Special experiments have been carried out in IZMIRAN for
the investigation of the spread-E phenomenon in 1977-78 and in
1982 by means of the improved SP-3 ionosonde under different
helio- and geophysical conditions. Some preliminary results of
these investigations are published by Fatkullin et al. (1985).
Here a more detailed discussion of the results is presented

for typical conditions.

SOUNDING AT A FIXED FREQUENCY

In order to demonstrate the possibilities offered by the
improved ionosonde, the virtual height records obtained at the
fixed frequency f = 2.2 MHz are shown in Fig. 1 (Fatkullin et
al. 1985). Top of the figure shows that by switching the re-
ceiver to broad band, the "cloudy" structure of the E region
can be observed while individual traces of the reflections from
small scale irregularities cannot be distinguished in case of
narrow band reception because of the broadening of the impulses
in the receiver and their merging into the signal. Moreover, at
the time of switching from broad band to narrow band reception,
the height of the lower edge of the trace increases suddenly by
~ . km and changes depending on the amplitude of the signal.
Fig. 1 bottom shows a record of scattered reflections at the
same frequency f = 2.2 MHz in case of broad band reception. The

cloudy structure can be quite clearly seen.
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Fig. 1. Variation of the virtual height at the frequency f = 2.2 MHz in

Moscow, June 21, 1977. Bottom, (a) the sounding b;gan at 1545 LT.
During the first second the station worked with b:oad band ( Af =
= 100 kHz), then during the following 3 seconds with narrow band
( Af =15 kHz), afterwards broad band reception has been used again.
In the lower part (b) the scattered reflections recorded with broad
band reception at the same frequency f = 2.2 MH are shown (July
21, 1977 1546 LT)

SOUNDING WITH SWEPT FREQUENCY

This type of sounding has been carried out only at fre-
quencies I"fA=4-5 MHz using the improved SP-3 ionosonde. For
this reason the state of the ionosphere at heights abov.e the
E region was practically not studied in the cases considered
below.

In Fig. 2 ionograms are shown recorded by an SP-3 iono-
sonde simultaneously with improved and usual characteristics.
If the ionograms are recorded by the ionosonde with usual pa-
rameters practically no spread phenomenon can be observed in
the mid-latitude ionosphere.

The following examples illustrate the development of
spread-E in time. In Fig. 3 examples of the development and
vanishing of the spread-E are presented. At 1509 no spread-E
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Fig. 2. Comparison of ionograms obtained simultaneously by means of two
SP-3 ionosondes,one of which had improved characteristics (a), the
other the usual parameters (b). The measurements were carried out
in Moscow on July 17, 1977 1800 LT

was recorded. Later spread-E appeared from 1514 to 1559 near
the critical frequency of the E layer. Under these conditions a
stratification in the E layer has also been observed. At 1559
no spread can be seen in the E region. From 1604 to 1634 a
clearly developed spread-E appeared with the difference that it
is observed initially only in the vicinity of the E layer crit-
ical frequency, then spreads over the whole layer. This phenom-
enon continues till 1704.

Some typical examples of ionograms showing clearly defined
spread-E under different helio- and geophysical conditions are
presented in Figs 4 and 5.

An analysis of the results of measurements carried out in
different conditions indicated the possibility of its occur-

rence in different circumstances in the mid-latitude ionosphere.

1. Spread-E in absence of scattering from sporadic E layers

and at some indications of traveling ionospheric disturbances
(TID) (Figs. 4a and b). In this case spread-E may be observed
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Figs 3a, b. Development and vanishing of spread-E according to the measure-
ments on May 12, 1978

in the vicinity of the E layer critical frequency, but some-
times it spreads practically over the whole range f £ foE
(Figs 4d-f).

2. Scattering from sporadic E layers without spread in
E layer (Figs 5b and ¢ and Fig. ). Figure s shows the scat-
tering in the Es layer (type c¢) to begin at 1200, however, no
spread in the E layer is present. In the interval from 1258 tr

the
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Figs 4a, b. Examples of ionograms showing spread-E in different helio- and
geophysical conditions, a - June 9, 1977, 0805 LT, b - February
7, 1978, 1255 LT, c¢ - July 9, 1977, 0900 LT, d - June 15, 1977,
1810 LT, e - June 17, 1977, 1800 LT, f - February 7, 1978,
0950 LT

1312 scattering in both the Es and the E layers is simultaneously
observed in the vicinity of the E layer critical frequency. At
1315 scattering is absent both in the Es and the E layers,

3. Scattered reflections racerded both in the E region
and from sporadic E layers of the types ¢ and h (Figs 2a and ).
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Fig. 5. Typical examples of the simultaneous occurrence of spread-E and
scattering from a sporadic E layer, a - June 9, 1977, 1710 LT,
b - June 15, 1977, 1925 LT, c¢ - June 9, 1977, 1050 LT

4, Cases of the occurrence of spread-E, when on the iono-
grams traveling ionospheric disturbances are seen (Fig. ).
Spread-E is typically observed in geomagnetically quiet
conditions (Kp é; 3). In day-time (0718 LT) scattered reflec-
tions from the E layer can be observed approximately with equal
probability independently of the season. In the majority of

cases, the frequency band of spread-E amounts to 0.5-0.s MHz,
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Figs sa, b. Examples illustrating the development and vanishing of the
scattering from a sporadic E layer according to the measure-
ments on June 21, 1977

but some times the range of the frequency spread may reach
2.0-2.4 MHz (Fig. 7a). The virtual height of spread-E extends
to an interval of s to 30 km, however Ah' — 60-80 km or even
more is observed in individual cases (Fig. 7b). The duration of

the spread-E amounts usually to 15-30 min.
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Fig. 7. Distribution of the (a) frequency and (b) height ranges, in which
spread-E has been observed under different helio- and geophysical
conditions (n - number of observations)

DISCUSSION

The spread-E phenomenon in ionograms of the bottomside ver-
tical sounding is connected with the back scatter of high fre-
quency radio waves from small scale irregularities of the E re-
gion, if the ratio of the scale of the irregularity in the di-
rection of the vector of the incident wave to the wave length
is 2Jt/K= A,=N/2. Different cases, when at mid-latitudes
spread-E can be observed in vertical sounding ionograms have
been discussed by Fatkullin et al. (1985). The role of small
scale irregularities in the reflections from mid-latitude
sporadic E layers has been discussed by Erukhimov and Savina
(1980).

At present the mechanism of the formation of small scale
irregularities in the mid-latitude E region cannot be unambigu-
ously specified. The turbulence of the neutral atmosphere may
play a role, when the plasma behaves like a passive mixture
(Gershman 1974). This mechanism may be effective at heights

below the level of the turbopause. Irregularities elongated
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along the geomagnetic field are created by gradient instability
in perpendicular electric and magnetic fields (Reid 1968, Sato
et al. 1968) or by thermal instability (Erukhimov et al. 1983).
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SIGNALS REFLECTED FROM DIFFERENT TYPE Es LAYERS
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The energetic parameters of reflected signals have been investigated by
recording the amplitude U of the received signal at the mid-latitude trans-
mission paths Arkhangelsk-Kazan and Moscow-Odessa in the period 1976-80. Two
types of Es layers are distinguished, a reflecting and a scattering type one.

The reflection coefficients peff of Es layers were determined in case
of scattering and reflection. It has been found that for frequencies of
15 MHz Es layers with large values of fbEs (>3.5 MHz) result in 9eff—1-0.
i.e. they are reflecting, but those with low fbEs values give peff — 0.5,
i.e. they are semitransparent and scattering. There are cases, when
Peff > 1, these can be obviously explained by focussing at the reflection
of radio waves from the irregular structure of the Es layer.

Es layers can also be divided into "regular" and "occasional" groups.
In case of "regular" Es layers the secant law is valid, as for the regular
E layer. The "occasional" Es layer is characterized by suddenly increasing
and decreasing values of foEs during a period of some tens and hundreds of
minutes. Applying corrections of 10-50 % the secant law can be used.

Keywords: absorption coefficient; oblique incidence sounding of the
ionosphere; reflection coefficient; scattering of radio waves; secant law;
sporadic E layer

Two types of Es layers can be distinguished: a reflecting
and a scattering type. The reflection coefficient p Es and the
validity of the secant law for the Es layer are determined by
the type of the Es layer. These energetic parameters have been
studied by recording the amplitude of the received signal at
the mid-latitude transmission paths Arkhangelsk-Kazan and
Moscow-Odessa in the years 1976-80. lonospheric stations worked
at about the midpoints of the paths.

In case of radio waves reflected from the Es layer the

voltage at the input of the receiver is
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Reflections from the regular E layer have been obtained at
a frequency of 9 MHz at the transmission path Arkhangelsk-Kazan.
from 0600 to 1800 hours. Therefore one mode reflections from
the Es layer have been observed from 1800 to 0600 hours. The
signals scattered by the ionosphere were less than 15/iV. All
signals larger than 15 /UV were considered as scattered or re-
flected from the Es layer.

The value of U0 has been found on the basis of the para-
meters of the transmission path Arkhangelsk-Kazan. Then, it has
been adjusted to the case of reflections from the regular E
layer using Egs (2)—5). Finally a value of 750/jV was obtained.

For the time interval from 1800 to 0600 hours, when the
radio waves of 9 MHz frequency propagate via the Es layer,
has been determined on the basis of Egs (3) and (5). The effec-
tive coefficients of reflections from the Es layer obtained for
August 1976 are plotted in Fig. 1 as points. In this figure the
half hourly values of of the regular E layer, averaged

for a month are denoted by crosses.

Fig. 1. The effective reflection coefficients referring to the Es (........ )
and E (xxxx) layers at the transmission path Arkhangelsk-Kazan,
August, 1976

The value of for the Es layer does not exceed the
level 0.4 and only individual values reach the level o s in the

postmidnight and morning hours, when scattering is predominant.
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In the evening and premidnight hours, when reflection is pre-
dominant values of of the Es layer are heavily scattered
reaching 1, some times the values of 9eff can exceed 1.0. This
is probably due to the focussing of radio waves by the Es layer.
The coefficients of reflections from individual irregularities
of the Es layer have been studied in the transmission path
Moscow-Odessa at frequencies of 10 and 15 MHz.

In Fig. 2. the values of the field strength at these fre-
quencies are compared for some measuring periods. In the major-
ity of the cases a simultaneous increase of the field strength
at both frequencies is observed. Nevertheless, many points are
located in the bottom right part of the Figure when large values
of the field at 10 MHz correspond to its small values at 15 MHz,
i.e. the Es layer is transparent at 15 MHz, however, it is
reflecting at 10 MHz.

4sMV

1000

800-

600

400

200.

oL , u »

20 400 600 800U, juV

Fig. 2. The connection between the field strengths of signals reflected from
Es layers at 10 and 15 MHz at the transmission path Moscow-Odessa in
August, 1980

As an example continuous reflections from an Es layer are
presented at the frequencies 10 and 15 MHz from 1900 to 2200
hours, August 23, 1980.

On the basis of the method described above <peff was com-
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puted in every 15 minutes. The results are presented in Fig. 3a,
where 9 eff is denoted in case of 10 MHz by points, in case of
15 MHz by crosses. For the same time interval the variations of
the parameters fbEs and foEs are plotted in Fig. 3b. Figure 3a
shows that Ceff is equal to 1 in case of 10 MHz during the
first hour, while for 15 MHz geff is small and varies between
0.01 and 0.33. That is in this period radio waves of a fre-
guency of 10 MHz are reflected by the Es layer, however, those
of a frequency of 15 MHz are scattered. Large reflection coef-
ficients reaching values of ,.7-1.0 are observed at both fre-
guencies in the time interval 20-22 hour. Some decreases of

¢ if at 10 MHz may be connected in this period with the struc-
ture of the Es layer. A comparison of the values of 9 with

those of fbEs shows that the best agreement appears at higher

Fig. 3. a) Temporal variations of the reflection coefficient at the frequen-
cies 10 MHz (e-*-+-¢) and 15 MH (x--x--x) at the transmission path
Moscow-Odessa, as well as b) that of the parameters fbEs (-------- )
and foEs (-------- )
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frequencies. At 15 MHz Ceff is directly proportional to fbEs.
The increase of fbEs to 4 MHz and higher is followed by high
values of the reflection coefficient, though, at 15 MHz it re-
reaches the value of 0.9 15 min earlier than an Es layer with
fbEs = 4 MHz develops. At the frequency 10 MHz such a clear re-
lation has not been found. In the time interval studied here
the magnitude of the reflection coefficient attain values of
0.7 and higher. At the frequency 15 MHz Es layers with large
values of fbEs ( > 3.5 MHz) result in ¢~"csl.O, i.e. they are
reflecting, while Es layers with small values of fbEs give 9eff-
0.5, i.e. they are semitransparent and scattering. At 10 MHz
the mean value of g¢eff is equal to 0.83, at 15 MHz it is equal
to 0.71. There are cases, when ¢ > 1 and this can be obvi-
ously explained by the focussing effect of the irregular struc-
ture of the Es layer at the reflection of radio waves.

Es layers can be divided into "regular" and "occasional"
layers. The "regular" Es layer exhibits a probability of occur-
rence of 100 % in summer, the variation of its parameters follow
the change of the Sun's zenith angle, however, at about 17 hour
a second maximum starts. On the basis of summer measurements it
has been found that the lowest value of foEs amounts to 1.6 MHz.
For the "regular" Es layer the secant law is valid, as in case
of the regular layers. Values of foEs suddenly increasing or
decreasing within some tens or hundreds of minutes are charac-
teristic of the "occasional" Es layers. The secant law can be

applied with corrections of 10-50 %
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AMPLITUDE AND FREQUENCY CHARACTERISTICS OF THE Es LAYER AT
OBLIQUE INCIDENCE SOUNDING
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The characteristics of Es layers have been studied by means of the
mid-latitude transmission paths in the USSR From the measurements the fil-
ling coefficient ~ Es has been determined as a function of the threshold
amplitude at the receiver input U-* and the operating frequency f for mini-
mum and maximum solar activities. It is possible to forecast the probability
of communication via the Es layer for any season using these relations in
case of given f, Uth and length of the transmission path.

Keywords: filling coefficient; oblique incidence sounding of the iono-
sphere; sporadic E layer

The characteristics of the Es layer have experimentally
been studied at the mid-latitude transmission paths in the USSR.
The list of the paths and their symbols where the measurements
were carried out with the parameters are given in Table 1. Here
f, feqU are the operating frequency and the equivalent frequency
corresponding to the vertical sounding (f wu = f/secf , f s
the angle of incidence at the Es layer), L is the length of the
path.

Simultaneously with the signals reflected from the Es layer
signals produced by back scatter, spread-F and reflections from
meteors are also present in the recording channel. In order to
eliminate them a threshold amplitude UM = ., fdl has been set
at the receiver input.

At oblique incidence sounding the probability of the pre-
sence of an Es layer is characterized by the filling coefficient
m Es, which gives in percents the relative time of existence of
radio waves reflected from the Es layer at a given sounding

frequency.
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Table |

No Transmission path f Symbol L fequ

MHz km MHz
1 Arkhangelsk-Kazan 9 AK-9 1070 2.4
2. Moscow-Kazan 10 MK-10 660 3.7
3. Arkhangelsk-Kazan 14 AK-14 1070 3.7
4. Moscow-Odessa 15 MO-15 1130 3.8
5. Moscow-Kazan 15 MK-15 660 5.6
5 . Arkhangelsk-Kazan 24 AK-24 1070 6.3
7. Salekhard-Tyumen 27 ST-27 1050 7.3
8 . Moscow-Kazan 20 MK-20 660 7.4
9. Moscow-Odessa 40 MO0-40 1130 101

As it is shown in Fig. : for the path Moscow-Kazan at
= 15 MHz in June, 1979 the magnitude of Es reaches maxima
at about 10-12 and 20 hour during the day. The probability of
the presence of an Es layer is maximum in summer and minimum in
winter. In Fig. 2 the seasonal variation of ~ Es at the path
Moscow-Odessa is presented in case of a frequency of f = 40 MHz
It can be seen from Fig. 2 that in summer the value of ~ Es

reaches : % while in winter it is less than : %

Fig. 1. Diurnal variation of the filling coefficient ~ Eg for the trans-
mission path MK, at 15 MHz in June, 1979



Es LAYER CHARACTERISTICS 229

o
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Fig. 2. Seasonal variation of the filling coefficient °i E for the trans-
mission path MO, at 40 M

Values of » Es have experimentally been determined for the
transmission paths listed in Table | by averaging the summer
observations at I)th = 20/j.V. For comparison the values of * Es
are plotted in Fig. 3 as a function of fequ (see Table 1). With
increasing f u the value of ~ Es decreases. This relation can

be approximated by the formula.

(1)

If the values of 'nEs determined at the transmission paths
for summer are taken as unit, then the equinox values of ”~ Es
are on the average 0.27 and the winter ones -0.13. |If formula
(1) is used with these factors, then mean values of ~ Es can be
obtained for both the equinoxes and winter for arbitrary paths
with arbitrary operating frequency.

For transmitters of an average output of 1-10 kW the am-
plitude of the signals reflected from the Es layer falls into
the range from 1 to 10.000/iV. The distribution of the ampli-
tudes can be approximated by Rayleigh's law.

From the measurements at the transmission paths Arkhan-
gelsk-Kazan, Moscow-Odessa, Moscow-Kazan " Es has been obtained
as a function of (Fig. 4); values for solar activity maxi-
mum are shown by solid lines and for solar activity minimum by
dashed lines. The value of ~ Es decreases with increasing Uth
and feqU (see Table 1). The relationship shown here can be



230 T S KERBLAY and P G MINULLIN

Fig. 3. The filling coefficient - Eg as a function of the equivalent frequen-

cy fgqU at mid-latitude transmission paths

approximated by the formula

4 Es =b (19 U?h - Uth} + ~ Es (2)

where U°h is the initial threshold amplitude, 20/j.V, E° is
the value of ~ Es at U°h, which can be found from (.), b is a
coefficient determined experimentally and for which values of
0.38 have been obtained at solar activity minimum, and at solar
activity maximum values of 0.66. Using the formulas derived
above for the particular season the probability of the communi-
cation via an Es layer can be forecasted in case of given f,
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Fig. 4. The filling coefficient "j B as a function of the threshold ampli-
tude Uth at different transmission paths for solar activity maximum
(- ) and minimum (--------- )
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THE IRREGULAR STRUCTURE OF THE MID-LATITUDE Es LAYER
ACCORDING TO DATA OF SPECTRAL ANALYSIS
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744000 Ashkhabad, Gogol ul. 15, USSR

Time series of Es frequency parameters measured every minute, as well
as that of the amplitude of the signal reflected from the Es layer were
analyzed statistically and spectrally. The structure of Es layers seems to
be characterized by a broad spectrum of irregularities from large scale
ones with horizontal dimensions of 150-200 km to small scale ones with hor-
izontal dimensions of 500-100 m generated by stable cellular eddies and
turbulence at the level of the turbopause.

Keywords: ionospheric sporadic E; irregular structure of the iono-
sphere; spectral analysis

Karadzhaev (1982) has shown that the spectral analysis of
the time-series of Es characteristics yields data concerning
the structure of irregularities in mid-latitude Es layers. As
the Es layer is a natural tracer of the turbopause, many pos-
sibilities are offered for the study of its dynamical structure,
which would be hardly attainable by direct measurements. Here
results of an investigation of the irregular structure in Es
layers obtained by means of spectral analysis are presented.

The results of Es observations of both a single station
(Ashkhabad) and several ionospheric stations spaced 18, 120 and
328 km from each other were used. On the basis of minute mea-
surements of the frequency parameters, a spectral analysis was
curried out by means of the maximum entropy method and by
Blackman-Tukey filtering with the low frequency (T > 1 hour)
components eliminated by a simple sliding average filter. It
was found from 123 records that the power spectra are charac-
terized by a line structure. In general two types of the spec-
tra can be distinguished, namely spectra with a single maximum

Acta Geod. Geoph. Mont. Hung. 22, 1987
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and spectra with two maxima. Sometimes spectra with three max-
ima do occur, too. Similar results were obtained from the data
of the station Moscow (48 spectra). According to the Moscow
data, the mean periods are 10 and 48 min, in Ashkhabad, mean
periods of 10 and 42 min were obtained what indicates the simi-

larity of the structure of Es layers at latitudes 38° and 60°N
(Fig. 1).

Fig. 1. Power and coherence spectra of the temporal variations of Es fre-
guency parameters on the basis of the data of stations (a) Ashkha-
bad and (b) (Moscow). Full and dotted lines represent foEs and fbEs,

respectively

Based on the results of simultaneous soundings at spaced
stations, the spatial coherence spectrum of the Es frequency
parameters was computed. The mean coherence spectra determined
on the basis of all measurements with spacingsof 18, ..., and
328 km are shown in Fig. 2a, b and c. The coherence of the
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Fig. 2. Spatial spectra of the coher-
ence of foEs (full line) and
that of fbEs (dotted line)

frequency parameters decreases with the increase of the spacing
and at a distance of 328 km it disappears. Thus the horizontal
dimensions of the irregularities responsible for occurrence of
these periods are limited to the range 120 km < 1 < 320 km.
Variations of the Es frequency parameters are believed to
be due to variations of the dynamical structure of the turbo-
pause; namely the random variations of foEs are produced by
small scale turbulent eddies (Gershman and Ovezgeldiev 1973)
and those of fbEs by vertical shears of the horizontal wind
arising either as a result of internal gravity waves (Miller

and Smith 1978) or as the manifestation of large scale cellular
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eddies (Barat 1973). Then, the basic periodicities of the spec-
tral analysis are obviously of different nature.

The low frequency maximum with a period T « 40-50 min is
larger, more stable, it can be found in the majority of the
spectra. A larger coherence decreasing with the increase of the
spacing belongs to it. From the point of view of the physical
mechanism resulting in the formation of Es layers at mid-lati-
tudes, the low frequency maximum is most probably due to cellu-
lar eddies with horizontal dimensions of 120 km < lh < 300 km
considered usually as wind-shears. It has to be noted that the
same spectral characteristics are possessed by internal gravity
waves of the corresponding scale. Nevertheless, in spite of the
similarity of the spatial and temporal scales of internal grav-
ity waves to those of cellular eddies, substantial differences
exist between these two forms of the meso-scale atmospheric
motions comparing the vectors of their phase velocities. In the
lower thermosphere the horizontal phase velocity of internal
gravity waves is a multiple of the wind velocity and due to
the isotropic spatial distribution of the sources of these
waves, they have no prevailing direction of propagation (Kra-
sovskiy and Shefov 1976). Two dimensional cells characterized
by rising and sinking (i.e. elongated along the wind direction)
fluxes are transported by the wind, consequently, their veloci-
ties are the same.

In order to explain the nature of the periodicities, the
power spectra and coherence spectra of 48 time series of the Es
frequency parameters have been computed, which were measured by
identical vertical sounding stations located at the vertices of
a triangle with legs of 70-90 km (Vasilev et al. 1975). The oc-
currence and the periods of the spectral components observed at
the same base differ substantially in different directions as
compared to the wind velocity vector. Namely, the periods coin-
cide and the coherence is large at the leg which is located in
east-west direction, coinciding with the direction of the
neutral wind (Fig. 3). The results obtained can be hardly in-
terpreted with the location of internal gravity waves in spite

of the fact that the presence of the cellular structure of the
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Fig. 3. Dependence of the coherence spectrum of the frequency parameters on
the direction of the spacing between the stations a) east-west
direction, b) nord-south direction

wind enables to explain the formation of quasiperiodical ir-
regularities which have a prevailing direction of motion coin-
ciding with the wind velocity vector and are elongated along
it. Thus the spectral components of the temporal variations of
Es frequency parameters with periods T ~ 40-50 min are due to
cellular eddies with horizontal dimensions of Ih ~ 150-200 km.
The vertical structure of the eddies can be estimated by
spectral analysis of the temporal variations of two phenomena,
i.e. ionospheric sporadic E and 01 (5577 ,OA) emissions observed
at the same site, but spaced in height by 10-20 km. The number
of periodic components in the frequency range 0.5-5 cph is 1.5
times less in simultaneous fluctuations of the Es frequency
parameters than in the intensity variations of the oxygen green
line. An analysis of the coherence spectra of the same period
has shown that the fluctuations studied here are uncorrelated
and a large coherence between fbEs and 5577 K was only observed
in some individual cases (Fig. 4), though, the corresponding
variations of foEs and the intensity of the airglow were uncor-

related. The observed lack of correlation in the initial data
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Fig. 4. Relative spectra of co-
herence of foEs (full
line) and that of fbEs
(dotted line) with the
intensity of 01 5577 A

may be due to the different spatial occurrence of the periodic
components (in case of the internal gravity waves), or to a
significant anisotropy of the large scale eddies. As periodic
components of the variations of the Es layer are caused by cel-
lular eddies, their vertical dimensions can be estimated in

1 < 15 km. The results obtained agree with the results of
Gorbunova et al. (1982), where simultaneous spectra of h'Es and
01 5577 OAdata of 43 nights were studied using the Ashkhabad
atlas of the night air glow. In case of observations of the two
phenomena at near by heights ( Ah ~ 5 km) a connection between
the short period variations of h'Es and intensity of the oxygen
green line was found. Moving off in height this connection di-
minishes so that at a distance of ~ 10 km the events were no
more correlated. Thus, large scale cellular eddies of horizon-
tal dimensions of 10 = 150-200 km and vertical extensions of
lz = 5-10 km are present at heights of 100-115 km in the mid-
-latitude thermosphere. These eddies are the sources of Es ir-
regularities with the corresponding scales.

Time spectra of the structure parameters of the mid-lati-
tude Es layers also show a characteristic high frequency maxi-
mum at T = 8-10 min. This maximum is less stable than the low
frequency one at T~ 40-50 min and it can be more frequently
observed in foEs spectra. The irregularity, the low power and

coherence of the high frequency maximum indicate that its source
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can only be turbulence. Using Taylor's frozen turbulence hypo-
thesis and a mean wind velocity of U~ 70 ms-1 the high frequen-
cy maximum corresponds to turbulent eddies of 1 — 40 km, sup-
posed to be manifestation of the external scale of the turbu-
lence at the turbopause. In the range of the external scales
power spectra of the turbulence normalized to dispersion can be
described by the relation C(f) ~ f-m, where the mean value of
m is 3 from 17 measuring series. Consequently, the theoretical
relation obtained by Shur and Lumley (Monin and Yaglom 1967)
for a thermally stable stratified atmosphere and a range of
scales, where the influence of the mean flow is strongly felt,
is confirmed by the spectral relation.

The spectrum of small scale turbulence was investigated
using continuous records of the amplitude of radio waves re-
flected from the Es layer at 4.1 MHz. According to Ovezgeldiev
and Babaev (1971) the reflected signal is formed in the range
of semi-transparency of the Es layer (fbEs < fw < foEs) by back
scatter from small scale irregularities of the electron density,
the dimensions of which are equal to the wave-length of the
sounding impulse (1 — /1/2 ~ 40 m). On the basis of 16 series
of amplitude records in the range of semi-transparency of the
Es layer, an inverse relation was found between the spectral
density and wave number,where the value of m averaged for all

series is 1.6 (Fig. 5). The spectral curves have also a slope

Fig. 5. Power spectra of the amplitude
fluctuations of radio waves
reflected from the Es layer.
fw ~ foEs (-——-- ), fwsa fbEs
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of ms; 1.6 for 17 series with fW« fbEs, when in the formation
of the reflected signal irregularities of — Atake part.
Consequently, the spectral distribution of energy obeys the law
C(f) ~ f-~'~ in the range of scales from 40 to 100 m. According
to the theory of locally isotropic turbulence (Monin and Yaglom
1967) the spectra of the fluctuations of velocity and density
are described by the same power function C(k) ~ k-575 in the
inertial range where, k is the wave number. The approximate
coincidence of the slopes of the experimental and theoretical
spectral curves (1.6 and 5/3) proves that the irregularities
with 1 ~ 40-100 m are formed by turbulent eddies of scales be-
longing to the inertial range. The smaller eddies are used up
by viscous forces so that the internal scale of turbulence is
probably 40-50 m in the region of the turbopause.

Thus, a broad spectrum of irregularities of the Es layer
has been detected from the anisotropic large scales of 1" =
= 150-200 km and 1 = 5-10 km to the small scales of 1. =
= 40-100 m, which are formed by cellular eddies and turbulence

occurring in the lower thermosphere.
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FORMATION OF THIN Es LAVERS DUE TO THE INFLUENCE
OF ELECTRIC FIELOS

0 | Razuvaev

Sibirian Institute of Geomagnetism, lonosphere and Radio Wave Propagation
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The role of the electric field in the formation of flat sporadic layers
at high latitudes is analyzed on the basis of hydromagnetic equation. In the
region of field aligned currents leaving the ionosphere the accumulation of
metal ions cannot result in the formation of thin layers. No such layer can
be formed due to the vertical drift of the metal ions. Starting from elec-
tric field models, a zone is found where thin layers can be produced by an
electric field. This zone is located in the poleward part of the Harang dis-
continuity.

Keywords: electric fields; Harang discontinuity; sporadic E layers

INTRODUCTION

The high-latitude ionosphere is characterized not only by
a high probability of the occurrence of sporadic E layers, but
also by their great variety. Concerning its study the interest
is due to the relation of the occurrence of such layers to com-
plicated processes taking place in the magnetosphere, and to
practical needs of the telecommunication. Recently, a large ma-
terial accumulated but an interpretation is lacking. Really,
the nature of the formation of thick r type Es layers which are
connected with collisional ionization due to charged particle
fluxes precipitating from the magnetosphere, is more or less
clear. For the explanation of the occurrence of thin f type Es
layers at high latitudes there is no suitable theory yet.

In this paper the role of the magnetospheric convection
electric field is discussed in the formation of thin Es layers

in the presence of metal ions.
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EFFECT OF THE HORIZONTAL TRANSPORT

Lyatskaya et al. (1978) have shown that ions must be con-
centrated in the region of outflowing field-aligned currents.
This is due to the fact that the carriers of the field-aligned
current are electrons while the carriers of the short-circuit
current in the ionosphere are ions (Fig. 1). If the mobility of
ions along the electric field is maximum at the height of the
maximum Pedersen conductivity, then - in a non-stationary
case after the sudden strengthening of the field-aligned cur-
rent - the accumulation of ions at this height proceeds
faster than at other altitudes. Thus, a definite maximum can
be formed in the electron density profile. For the main ions of
the E region the effect of such a process is substantially re-
duced by recombination. The situation is more favourable in
case of metal ions since their recombination coefficient is

very small (<€~ 10 cm s ).

Fig. 1. Scheme explaining the redistribution of the plasma in the iono-
sphere due to field-aligned currents. Top the distribution of the
potential ¢ in the magnetosphere, the current system j, as well as
the charge carriers and their direction of motion are shown. Bot-
tom the resulting latitudinal variation of the plasma density is
plotted
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Computations carried out by Lyatskaya et al. (1978) are
supplemented here by the study of the horizontal changes in the
distribution of ions which produce new effects.

The one-dimensional problem is considered where all quan-
tities change only along the horizontal axis X. Magnetic field
lines are considered as equipotential and directed vertically
downwards parallel to the Z axis pointing upwards. Then the
following equation is obtained from the equations of motion and
continuity for the metal ions neglecting diffusion, ionization
and recombination:

On/ 9t + (e/H) f m(E 3n/ 2x + n JE/ 2x) = 0,

(1)
f = Ri/CcUu/s I) , =0Ji/ vi

where n, m oo are the concentration, the ion-neutral col-
lision frequency and the gyrofrequency of metal ions, B ” is
the magnetization parameter of ions. From the continuity equa-
tion of current the electric field E can be expressed by the

field-aligned current entering the ionosphere as follows
j. =2p 3EMX)/ 3K
The height integrated Pedersen conductivity £p is assumed to

be constant and the distribution of the field-aligned current
is given in the simple form:

jun(X) = j0 cos Kx

where K = 2JC/L, L is the width of the auroral zone. Then in

case of the initial condition n(x,0) = nQ
n(x,t) =2 nQ [(1 + cos Kx) exp (2 ft/f) +
+ (1 - cos Kx) exp (-2 ft/T )J-», (2)

T= 2 (H/c) 1 pl/jo
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For Kx = 0 and XC

n =nQexp (+ 2 ft/T ) ,

is obtained, i.e. in the region of the outflowing current the
concentration of metal ions increases exponentially and it is
reduced in the region of the entering current. = 1 cw and
i = 2 + 0.5 Alkm results in t = 50-200 s.

From Eq. (2) the width of the horizontal concentration
profile is at the level of n = rnQ (r is an arbitrary factor)

dx 1 2/r - exp (2 ft/T) - exp (-2
- X arccos - exp” (2 ft/T ) - exp (-2 f

The relation n(x,t) enables us the determination of the
width d2(t) of the vertical concentration profile. For this the
parameter f has to be determined as a function of z. Consider-
ing that the collision frequency is proportional to the con-
centration of neutrals, which are distributed within the height
of the wuniform atmosphere Hg according to the barometric law

f(z) =(y./w.) / (1+~2/co2)% exp (-z/Hg)/[I+exp (-2z/Hg)]

Then
ri , o 1/2
-pji —in 1+ [l - ((t /t) In r)ZI371r.
9 1 - [ - ((t /t) In r)2]

In the further calculations L/Hg = 50 has been taken.

The curves of dx and dz are plotted in Fig. 2 at the level
corresponding to the tenfold increase of the concentration.
This level was selected because the concentration of metal ions
is usually lower by 1-2 orders of magnitude than the electron
concentration. The concentration of metal ions increases in the
maximum by one order of magnitude from the beginning of the
intensification of the field-aligned current in the time of
~2T (Fig. 2). The formation of the horizontal layer of a
width ~ Hg proceeds very fast and remains for ~ 0.5 1 . From
the time t ~ 3 T the width dx begins to drop, at the same time

the width d2 increases steadily. This leads to the degeneration
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d/H,

Fig. 2. Variation of the widths dx, dz of the horizontal and vertical elec-
ron density profiles with time

of the layer into a thin vertical "wall" of ionization. It is
Clear that such a mechanism cannot result in the formation of
thin (width « H ) Es layers.

EFFECT OF THE VERTICAL TRANSPORT

Korenkov (1977) mentioned another possibility of the for-
mation of metal ion layers in the mid-latitude ionosphere due
to a vertically non-divergent neutral wind or to an electric
field. The mechanism consists substantially of vertical plasma
drift in the inclined geomagnetic field. The vertical drift of
the plasma is controlled by the component E*B at high altitudes
because of the large variation in the degree of magnetization
of ions with height, while at low altitudes by the component of
the Pedersen drift. In case of a definite direction of the wind
or of the electric field at a certain height, the formation of
a node of the vertical drift velocity convergence and conse-
quently the development of a layer of increased electron den-
sity is possible.

Such a mechanism is sufficiently effective at high lati-
tudes too, where on the one hand the magnetic field lines are
almost vertical and this reduces the effect of the vertical
drift, however, on the other hand there is a strong magneto-

spheric convection electric field.

Let the ionosphere be horizontally uniform, but its
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properties change with altitude. The ionospheric plasma consists
of three components: electrons (index e), molecular (index il)
and metal (index i2) ions. A coordinate system is used with
the Z axis directed upwards, the X axis to the north and the Y
axis to the west. The vector of the magnetic field H lies in
the XZ plane, it is directed downward making a small anglex
with the vertical. Let the electric field E be uniform.The di-
rection of this field in the horizontal plane relative to north
is determined by the angle f . In a stationary case the follow-
ing relation is obtained (Razuvaev 1984) from the equations of
motion and continuity for the vertical valocity of the metal
ions :

dni2/dz dne/dz

i2z | Da . "4 E sin X
ni2

(3)
mf[cos'p-/3i (f+1//3e) sin f ]

Here n is the concentration, Dg is the coefficient of ambipolar
diffusion, the parameters f and B were determined above. The
character of the drift of ions is described by the second term
in the expression of Ui2z< This term is zero, if the electric
field has a north-west (JC/2 > f > 0), or south-east

(31c/2> f > % ) direction. In the first case the divergence
of the velocity is negative which corresponds to a node of the
convergence of the velocity, in the second case the divergence
is positive. Consequently, the formation of a layer is possible
in case of the north-west direction of the electric field and
the height of the layer is given by the relation

COt f ft Bi(Zmax) * I/Be(Zmax)

In the latter condition, for the divergence of the drift
velocity in the maximum of the layer an expression can be ob-
tained in case of different directions of the electric field.
The height profiles of the divergence are presented in Fig. 3
for a certain model of the neutral atmosphere. Curve 1 corre-

sponds to an electric field of 30 mV/m, curve 2 to a field of
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Fig. 3. Height profiles of the divergence of the velocity in case of an
electric field and wind-shear

60 mV/m. For comparison profiles of the divergence of the ve-
locity in case of a wind-shear of 0.04 s ”~ are plotted for
east-west shear (curve 3) and for north-south shear (curve 4).
At high latitudes the effect of the electric field is compara-
ble or even it surpasses the effect of the wind-shear.

The magnitude of the divergence term can be used for the
estimation of the characteristic time of the ionization reduc-
tion process X = (dUi2z/dz) For electric fields occurring
in the ionosphere X varies between 200 and 1000 s and it is
minimum at a height of about 121 km,where the magnetization
parameter of the ions is B = 1.

In the state of dynamic equilibrium the ionization reduc-
tion process due to the electric field is compensated by dif-
fusion. Therefore, Ui2z determined by Eq. (3) must be equal to
zero at all heights. Then, assuming photochemical equilibrium
of the molecular ions and quasi neutrality the following system
of equations is obtained for the determination of the concentra-

tion profiles of the different plasma components,



248 O | RAZUVAEV

q - dnenu =0

’

ne = nil + ni2
y
From this one gets
ne =neo tl1 + F(2)] 1/2
nil = neo tl1 + F(z)] '1/2 > >

ni2 = neo F(z) [1 + F(z)] '1/2

F(z) =Fgexpl 2 sinx EJ (f/0a) [cos f -

- (/31 + 1/ /2e) sinf ] dz | ,
where neQ(z) =\AqToC is the electron density profile due to
collisional ionization, the constant F is determined by the
total metal ion content, which is takergJ as 2.109 (':m2 in this
paper.

Results of model calculations are presented in Fig. 4 for
two directions of the electric field and three values of the
characteristic energy of the precipitating electrons Eq (nQ
thick line, n” dashed line, n”2 thin line). The magnitude of
the electric field E is 30 mV/m, the flux of precipitating par-
tides 107 om 25t

Considering the similarity of the profiles obtained to the
profiles computed for the wind-shear mechanism, the conclusion
is drawn that the electric field can form thin ( ~ 1 km) Es
layers in the high latitude ionosphere due to the vertical
transport of metal ions. Besides the formation of flat layers
of different types (f, 1, c and h) is possible.

CONCLUSIONS

The measurement of electric fields in the high latitude
ionosphere shows that electric fields of north-west direction

are fairly infrequent phenomena. Nevertheless, they can occur



FORMATION OF THIN Es LAYERS =2
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Fig. 4. Profiles of the density of the plasma components computed for dif-
ferent directions of the electric field and for different charac-
teristic energies of the precipitating electrons

in the region of the Harang discontinuity, where the electric
field vector rotates counter-clockwise from northern to south-
ern direction (Maynard 1974). Moreover, according to Heppner's
(1977) model the configuration of the electric fields in the
region of the Harang discontinuity is such that the Federsen
drift of ions has to be directed from the flanks of tne Harang
discontinuity to its centre and from its southern end to the
norhern tip. The results of the first part of this paper show
that in the high latitude ionosphere the distribution of metal
ions depends considerably on their horizontal transport by
electric fields. Thus, the formation of thin Es layers due to
the mechanism considered here might be expected in the pole-
ward part of the Harang discontinuity.

The height of such layers should decrease as the station
moves below the Harang discontinuity corresponding to the

counter-clockwise rotation of the electric field vector.
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Aeronomical processes depend on the transport of atmospheric gases.
From the transport processes the turbulent diffusion is the least studied,
though, probably the most important. In this paper a method of the determi-
nation of the turbulent diffusion coefficient on the basis of sporadic E
parameters is discussed. The processes controlling the formation and dis-
persal of the sporadic E layers (chemistry of metal ions, wind shear and
turbulence) are reviewed. The results obtained by this method are presented
showing aeronomical applications, too.

Keywords: aeronomical processes; ionospheric sporadic E; turbulence

The composition of the neutral gas mixture and of the ions,
thus the properties of the gas in the upper atmosphere depend
not only on the production (q) and loss (L), but also on the
transport of the gas (div nv), as shown by the continuity equa-

tion

dt =q - L + div (n\é)
The transport term comprises the wind, turbulent and molecular
diffusion. In the lower thermosphere the turbulent diffusion
plays an especially important role. That is, the turbopause
forms in the lower thermosphere, where the coefficient of mo-
lecular diffusion increasing with height equals the turbulent
diffusion coefficient. The gravitational separation of the com-
ponents of the gas mixture begins above the turbopause and thus
the neutral gas composition above it depends on its height.

The determination of the turbulent diffusion coefficient
is thus an important problem of the aeronomical investigations.
Therefore, a method is needed by means of which the turbulent

Acta Geod. Geoph. Mont. Hung. 22, 1987
Akadémiai Kiad6, Budapest
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diffusion coefficient can be determined regularly at many
places, inasmuch as it is possible. At present, only ground
based measurements can be taken into consideration from this
point of view. As it is known, the vertical sounding of the
ionosphere is the most wide-spread ground based method of the
study of the upper atmosphere.

During ionospheric soundings parameters are also determined
the magnitudes of which depend on the dynamics of the iono-
sphere, on the kinetic state of the medium. The characteristics
of the sporadic E layer are those parameters,which refer to the
lower thermosphere and are directly connected with dynamical
processes. According to the generally accepted theory of the
formation of mid-latitude sporadic E layers, they are produced
as a result of the wind-shear. However, the wind shear is only
a necessary but not sufficient condition of the sporadic E
layer formation. For the persistence of the layer the presence
of metal ions of very small recombination coefficient is also
necessary. Besides these factors of the layer formation the
turbulence is opposed to the persistence of the layer. The pre-
sence of metal ions, the wind shear and turbulence determine
together the formation of sporadic E layers at mid-latitudes.
The height of the layer formation depends on the wind shear.
The density of the layer as compared to the background electron
density is determined to a certain value by the wind shear. |If
the magnitude of the wind shear exceeds a certain limit, Then
turbulence develops, which receives energy from the wind shear.
This means that below the limit the wind shear strengthens,
then it weakens the layer.

In the lower thermosphere the wind shear is produced by
atmospheric gravity waves (other sources of the turbulence are
unimportant in the lower thermosphere, in a thermally stable
region of the atmosphere). The gravity waves are generated either
locally, or in the posphere. As the waves reach, the lower
thermosphere they begin to be damped. The energy of the waves
is transformed into the energy of eddies of different scale,
into turbulent energy and finally into thermal energy. This

process is shown by the sporadic E layer. Further, the processes
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resulting in the formation, persistance and dispersal of the
layer are discussed in connection with aeronomical processes.

CHEMISTRY OF METAL IONS

As it has been shown above, the presence of metal ions is
also necessary for the persistance of the layer. Metal ions en-
ter the atmosphere in consequence of the infall of meteors.
During the impact of meteors their material is heated due to
friction in the dense layers of the atmosphere ( <120 km). In
this process molecules evaporate from the surface of the meteor.
lons are produced either directly due to collision with the
molecules of the atmosphere, or later as a result of charge
exchange.

Investigations concerning the relation between the ioniza-
tion of the sporadic E layer and meteor influx led only gradu-
ally to unambiguous results. On the basis of hourly values
Hedberg (1974, 1975, 1976) found that the correlation between
the parameter fbEs of the Es layer (proportional to the ion
density) and the meteor influx is maximum, if the meteor fluxes
are correlated with fbEs data measured from 3 to 9 hours after
the observation of the meteor flux. The delay of the enhanced
ionization in the layer as compared to the increase of the
meteor influx depends on season, it is less in summer than in
winter. However, this result is due to the different diurnal
variations of the quantities compared (see Fig. 1). The inves-
tigations of Sinno (1980) based on daily mean values have shown
the delay of the enhancement of the ionization as compared to
the increase of the meteor flux to be 1-2 weeks and greater in
summer than in winter. Finally, on the basis of ionospheric
data of 37 years and using daily values Baggaley and Steel
(1984) have shown that there is no significant correlation be-
tween the parameters of the Es layer and the meteor influx.
Thus, the meteor activity establishes a reservoir of metal ions
in the lower thermosphere which is steadily replenished by me-
teors and depleted by the wind shear.

A comparison of Es traces on ionograms with radar reflec-
tions from meteor trails has shown that sporadic reflections
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Fig. 1. Diurnal variation of the normalized total hourly percentage occur-
rence of IEm type observations (for the period from February, 1964
to January, 1965). The annual averaged hourly diurnal meteor rate
is also shown (Goldsbrough and Ellyett 1976)

from the E layer can be divided into three groups; 1. reflec-
tions from sporadic ionization produced by a single meteor
(type 1 Em), 2. reflections from sporadic ionization created
by meteor showers (type 2 E”) and 3. reflections from sporadic
ionization formed by the concentration of metal ions due to
wind shear (type 3 Effll (Ellyett and Goldsbrough 1976). The
types 1 Emand 2 Efi are the direct consequences of meteor im-
pacts, while the type 3 Emis only an indirect phenomenon. Type
1 Em reflections do not influence the critical frequency of the
Es layer (fo Es) (Goldsbrough and Ellyett 1976). In Fig. 1 the
diurnal variation of the normalized total hourly percentage oc-
currence of 1 E type observations and the diurnal course of
the hourly meteor rate are shown. The annual variation of the
normalized total percentage occurrence of observed 1 Em type
reflections (influenced by 2 Emtype reflections during meteor
showers) and the annual variation of the average hourly meteor
rate are presented in Fig. 2. In case of 2 Em type reflections
the greater number of ionized meteor trails may have an effect
on foEs, however such cases are seldom. Thus, this result seems
to confirm the conclusions drawn by Baggaley and Steel (1984).

By comparing the occurrence frequency of 1 Em and 2 Em type
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Month

Fig. 2. Annual variation of the normalized total percentage occurrence of
IEm type reflections and the annual variation of the average hourly
meteor rate (for the period from February, 1964 to January, 1965)
(Goldsbrough and Ellyett 1976)

reflections from sporadic ionization of meteoric origin with
3 Em reflections it was found that the majority of the reflec-
tions belongs to the group 3 Em, i.e. to the reflections from
sporadic stratifications produced by wind shear. Experience
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shows that the higher the value of the parameter foEs, or that
of fbEs is, above which the changes of the occurrence frequency
of the sporadic E layer are studied, the greater is the influ-
ence of the meteor activity.

Summarizing, it has to be noted in connection with the
interpretation of the correlation between the meteor influx
and the ion density in the Es layer that two conditions have
to be considered, when searching for correlation between meteor
activity and Es, 1. presence of other factors producing sporad-
ic E layers, 2. steady existence of metal ions in the E region.
The latter condition can be proved by the comparison of the
concentration of metal ions measured in periods without meteor
showers with the concentration of these ions observed during
meteor showers.

The concentration and distribution of metal ions in the
lower thermosphere have been intensively studied in the last
years. The metal ions in the F region are in the order of de-
creasing concentration: Fe+, Mg+, Al+, Si+, Na+ and Ca+. Con-
sidering the spatial and temporal variations of the concentra-
tion of Fe+ ions at night, the probability of the concentra-
tion being greater than a certain level is maximum below 400 km
and at low latitudes ( <20°) in the evening hours (Kumar and
Hanson 1980). Metal ions are transported by different processes
from the lower ionosphere to the upper ionosphere and inversely.
If the forces acting on ions (winds, magnetic and electric
fields) are known, the diurnal variation of the transport can
be determined. In daytime the poleward wind forces the ions to
move along the geomagnetic field lines downwards from the F
region, while at night the equatorward wind returns them to
the F region. During the flight of the satellite 0G0-6 measure-
ments have shown the presence of Fe+ ions at low latitudes to

an altitude of 1000 km. Generally, the presence of Fe+ ions in

such large altitudes is explained - in the presence of a steady
eastward wind in the E region - by an Uxb drift. This could
raise ions at all latitudes to an altitude, where they are

carried by an equatorward wind to the F region. In the vicinity

of the magnetic equator the transport is assured by the vertical
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E*b drift. The detection probability of Mg+ ions is maximum

below 150 km in daytime and in 230 km at night, and at low la-
titudes near noon (Kumar and Hanson 1900). The concentration of
the other metal ions is by an order of magnitude less than that

of the

The metal ions in the E region are in the order cf decreas-

ions Fe+ and Mg+.

ing concentration Fe+, Mg+, Ni+, Al+, Ca+, K+, Na+, Cr+, Co+

and Si+. In the lower ionosphere the metal ions form usually

layers

without

of the

tic of

and this is due to the wind shear. During periods
meteor showers measurements have shown a distribution

metal ions presented in Fig. 3. The general characteris-

such profiles is a layer of a half-width of 5-10 km near

93 km containing mostly Fe+ and Mg+ ions, but also Na+, Al+,

Fig. 3.

Density-ions/cc

lon composition in the E region of the ionosphere after sunset
showing a blanketing sporadic E layer fNarcisi 1973, reproduced
with permission of D. Reidel Publ. Co., Dordrecht, Holland)
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Ca+, Ni+ and ions of other metals, as well as other thinner
layers at higher altitudes consisting of Si+, Mg* and Fe+ ions
(Narcisi 1968, 1971). In the lower layer the relative abundances
of these metals agree with the relative abundance of these
metals in chondrite meteorites. The profiles of the different
ions are similar. The height of the lower layer and the con-
centration of ions in it are steadier as compared to the upper
layers. A thin layer comprising Si+ ions at a height of 1i0 km
seems to be a frequent characteristics of the daytime iono-
sphere, too. The condition that the concentrations of the ions
NO+, 07 in the metal ion layers are less than outside these
layers is due to the higher concentration of electrons in these
layers accelerating the loss of molecular ions by dissociative
recombination. The charge exchange between metal and molecular
ions can also contribute to the decreased concentration of
molecular ions. The concentration of metal ions amounts to 10
to 100 percent of the total ion density.

During the year the greatest meteor showers are the
Perseids in August and the Geminids in December. The results of
the measurements carried out during the Geminid meteor shower
are shown in Fig. 4 (Zbinden et al. 1975). The concentrations
of the metal ions are not higher than in the ©periods without
meteor showers. The ions Na+, Mg+, Al+, Si+, K+, Ca+,

Ti+, Cr+, Fe+, Mn+, Ni+, Co+, Zn+ and the isotopes of Mg+, Si+,
K+, Ca+, Fe+, Mn+, Ni+ were identified. The main metal ion layer
exists also in this case. The fact that the density maxima of
the heavier metal ions are located at somewhat higher altitudes
than the density maxima of the lighter ions can be explained
by the different shift, with which these ions follow the nodes
of the gravity waves. Computations have shown that only a
small part of the metal atoms is ionized. In this case the con-
centrations of the ions Na+, Al+ and Ca+ relative to that of
Mg+ ions agree well in the region below the main metal layer
with the values of the solar system, but the abundances of Fe+
and Ni+ are approximately twice as great. In the main metal

layer the dominant metal ions are Fe+ and Mg+, however, in the
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Fig. 4. Height variation of the metal ion densities during the Geminid mete-
or shower (Reprinted with permission from Planet. Space Sei., vol.
23, Zbihden P A, Hidalgo M A, Eberhardt P, Geiss J, Mass spectrome-
ter measurements of the positive ion composition in the D- and E-
-regions of the ionosphere, 1975, Pergamon Journals Ltd.)

upper layer the Si+ ion is the most abundant one as also in
periods without meteor showers. The difference between the
distribution of Si+ ions and the profiles of metal ions is due
to the fact that the metal oxides can be reduced by atomic oxy-
gen, while in case of SiO this is not possible. The concentra-
tions of alkali ions are twice as great as the usual values.
This is probably connected with the low ionization potentials
of the alkali metals. The results of the measurements carried
out during the Perseid meteor shower are shown in Fig. 5 (Herr-
mann et al. 1978). The main meteoric layer appears also here in

the profile. As in other cases, Na+, Mg+, Al+, Si+, K+, Ca+,
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Fig. 5. Height variation of the metal ion densities during the Perseid mete-
or shower (Reprinted with permission from Space Res. XVIII.,
Herrmann.0, Eberhardt P, Hidalgo M A, Kopp E, Smith L, Metal ions
and isotopes in sporadic E layers during the perseid meteor shower,
1978, Pergamon Journals Ltd.)

Ti+, Cr+, Mn+, Fe+, Co+ and Ni+ ions were observed. As in the
profile total metal ion concentrations are plotted, the .con-
centrations of these ions are also in this case not higher than
in periods without showers. The study of the abundances of the
metal lons has shown that the concentration of the iron group
ions Ni+, Cr+, Co+ and Mn+, but also that of Na+ ions normalized
to the concentration of Fe' agree with the elemental abundance

in carbonaceous chondrites. However, the concentrations of the
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Mg+, Al+, Ca+ ions but especially the concentrations of the Ti+
and Si+ ions are substantially lower, than in carbonaceous
chondrites. This depletion of Ti+ and Si+ ions is probably con-
nected with the chemical processes differing from the reactions
of other metal ions as it has been demonstrated in case of the
Geminid shower. The isotopic ratios showed no substantial dif-
ference between the isotopic ratios in the E layer and the
terrestrial isotopic abundances.

As regards the existence of the alkali metal ions Na+ and
K+, observations have shown that the concentration of K+ ions
of meteoric origin does not change during the year, but due to
vertical transport the concentration of Na+ ions of terrestrial
origin is greater in winter than in summer (Megie et al. 1978).

In the D and E regions the following reactions participate

in the production and loss of metal ions:

Ot M — M+ 02 (1)
NO+ + M _x M+ + NO 2
O+M > MO+ + e 3
oy * MO _— MO+ + O2 (4
NO+ + MO — MO+ + NO (5)
Mr + onp — MO+ + 0 (6)
M+ + og — MO+ + 02 (7
+02 * X xm MO* + X (8)
MO+ + O - M+ + 02 9
MO* + 0 -> MO+ + 02 (10)
MO+ + e M+ 0 (11)

where M, X denote respectively metal and a third particle.
Photoionization can be neglected as compared to the charge

exchange. Assuming quasi-stationary conditions the following

equations are obtained on the basis of these reactions for the

metal ions
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r+n  (Ki[Oj] +>2 K]> M - k9 [MOH [o]

K6[°Z] +k7[%3] +k8[°] [X

k3[0][M] + (kjo”j & k5[NO+]) [MQ] + (kjO 2]+ K7[0 1) [M+]
ko kv e '

MU | =

, KoK][°l
k9[0] + ku [e]

keM][02[]

KioT°3

Computations have shown that the concentration of metal
oxides is determined erroneusly in the majority of the cases at
the processing of mass spectrometer measurements. The concentra-
tion established is usually greater than it would be according
to the chemical reactions. The erroneus value of the concentra-
tion is due on the one hand to a contamination of the mass
spectrometer, on the other hand to the conditions that the mo-
lecular weight of the metal oxide is equal to the molecular
weight of an other component of the ionospheric gas (Murad
1978). As regards SiO, it is noted that though the deposition
of the neutral silicon in the E region is similar to the depo-
sition of iron and magnesium, below 100 km due to the reactions

Si+ + H20 —=a HSiO+ + H
HSIO+ + e SiO + H

SiO is produced and thus the concentration of Si+ is less than
the concentrations of other meteor ions. Below 90 km Si+ ions
are lost by reacting with 02 more quickly than Mg+ and Fe+ ions
and produce Si02 (Ferguson et al. 1981). This is the reason why
the concentration of Si is low as compared to the concentra-
tions of Mg+ and Fe+ ions in the main layer.

The investigation of the metal dioxides yielded similar
results (Murad 1978).
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Experimentally found recombination coefficients of the
metal ions are very small. These conditions provide for the
lasting presence of a layer of an ion density greater than in
its surroundings.

WIND-SHEAR

Wind-shear is the other basic factor of the formation of
sporadic E layers. However, as it will be explained later, the
wind shear promotes not only the formation, but also the dis-
persal of the layer.

The determination of the wind shear is both directly and
indirectly difficult. Therefore, the number of papers dealing
with the wind-shear is also small. As regards the direct meth-
ods, the wind shear can be determined by means of chemical
trails. This method leads to a good height resolution. Rosenberg
(1968) collected the data of 70 mid-latitude wind profiles ob-
tained by the method of chemical-release. In Fig. 6 the height
profile of the wind shear determined on the basis of these data

is shown. The wind shear decreases with increasing height first

! | 1 Ll

| [l ]
2 5 10 20 30 5 10 20 30
m/s/km m/s/km

Fig. 6. Height profile of the mean wind-shear determined on the basis of
chemical trails (left) (Rosenberg 1968) and computed by means of
sporadic E parameters (right) for winter circulation disturbances
in the lower thermosphere connected with stratospheric warmings
(triangles) and for normal winter conditions (circles) (Bencze 1980)



264 P BENCZE

slowly, then more quickly. Another direct method of the wind-
-shear determination is the partial reflection method. From the
data obtained with this method Manson et al. (1974) inferred
the day-time variation of the wind-shear in different height
intervals (Fig. 7). Although the day-time variation presented

here refers only to April, it is however characteristic of the

Fig. 7. Day-time variation of
the amplitude (AV),
shear and vertical
wave length ( N12) as-
sociated with the ir-
regular wind component
(Manson A H, Gregory J
B, Stephenson D G,
1974, J. atmos. Sei.
31, 2207-2215, by
courtesy of the

hours, CSX American Meteorological
Society)
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other months, too. There is no day-time variation in the height
interval 74-88 km. In the height interval 89-103 km the day-

-time variation is irregular, though near noon a small minimum
can be seen. In the height interval 104-111 km the day-time va-
riation shows a minimum about noon with increasing values to-

wards both sunrise and sunset. In summer the wind-shear is sig-
nificantly less than in winter or during equinoxes.

An indirect method of the wind-shear determination at mid-
-latitudes is based on the application of the parameters of the
sporadic E layer. As it is known from the wind-shear theory of
the sporadic E layer formation, the influence of the geomagnet-
ic field on the motion of ions moving with the neutral parti-
cles results in stratifications of the ion distribution. From

the equation of motion of ions one gets:

where \r, are respectively the collision frequency and
the gyrofrequency, U is the wind velocity and £ is the unit
vector of the geomagnetic field. Since the motion of ions is
determined by the motion of the neutral gas and by the geomag-
netic field, the velocity of ions has three components, paral-
lel to the velocity of the neutral particles, perpendicular to
both the velocity of the neutral particles and the geomagnetic
field, and parallel to the geomagnetic field. The factor by
which the terms in the equation are multiplied, is the ratio
of the collision frequency to the gyrofrequency. Since in the
lower thermosphere the collision frequency decreases with
height more rapidly than the gyrofrequency, their ratio de-
creases, too. As a result of this the motion of the ions is
determined at the base of the thermosphere by the motion of
the neutral particles, i.e. by the wind and the direction of
the motion corresponds to that of the wind. With increasing al-

titude this component becomes insignificant and the motion
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becomes predominant, which is determined by the wind and the
geomagnetic field, and is perpendicular to both the wind veloc-
ity and the geomagnetic field. Finally, also this component
loses its importance and the motion determined by the geomag-
netic field and parallel to it becomes dominant. Substituting
the expression of the ion velocity into the continuity equa-

tion

and neglecting the gradients of the ion density and of the tem-
perature, the vertical and meridional components of the wind,
in quasi stationary conditions the effective wind-shear is ob-

tained as

where n”o is the ion density in the absence of the wind-shear
(within the layer), n. is the maximum ion density in the
layer and | is the magnetic dip. It is assumed that the recom-
bination coefficient within the layer is equal to the recombi-
nation coefficient outside of the layer. Reddy and Matsushita
(1968) employed this relation for the determination of the
wind-shear. Instead of the undisturbed ion density at the
height of the layer (in absence of wind-shear) they used the
maximum electron density in the E region (foEO) multiplied by
a factor. In the computations of the collision frequency and
of the gyrofrequency the changes of the atmospheric parameters
with height were not considered. Their data are mean values of
the effective wind-shear referring to the height range, where
sporadic E layers occur. In Fig. 8 the diurnal variation of the
effective wind-shear constructed by means of these data can be

seen which has a day-time maximum and a minimum at night, just
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Fig. 8. Diurnal variation of the effective wind-shear deduced from blanket-

ing sporadic E in June-July. The solid curves represent average
values for 1958-1961, the broken curves for 1962-1965 (Reprinted
with permission from J. atmos. terr. Phys., vol. 30, Reddy C A and
Matsushita S, The variations of neutral wind shears in the E-region
as deduced from blanketing Es, 1968, Pergamon Journals Ltd.)

contrasted with the results of the partial reflection measure-
ments. This is probably due to the approximations mentioned
above. Reddy and Matsushita determined also the seasonal varia-

and the change of the effective wind-shear with solar ac-

tivity. They found that the effective wind-shear is larger in

summer than in winter, moreover, it decreases with decreasing

activity.
In order to correct the déficiences of the effective wind-

-shear determination a method has been developed. The values of
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the undisturbed ion density at the height of the sporadic E
layer are computed by means of formulas giving the electron
(ion) distribution in ionospheric models. In these formulas
foE values measured simultaneously with the Es parameters are
used. Thus, the computations are limited to day-time hours. In
the determination of the collision frequency the decrease of
both the neutral gas density and of the molecular weight with
height are taken into account using atmospheric models. Com-
puting the gyrofrequency, the decrease of the geomagnetic field
and of the molecular weight are also taken into consideration.
Thus, it was possible to determine also the height variation of
the effective wind-shear (Bencze 1980). According to these re-
sults, in the winter months the effective wind-shear decreases
with increasing height. At the same time, during winter cir-
culation disturbances in the lower thermosphere connected with
stratospheric warmings the effective wind-shear is less to a
height of 130 km than in other periods of the winter (Fig. 6).
Since the decrease of the wind-shear is due to the increase of
the vertical wave length of the gravity waves, it may be assumed
that this indicates the decreased damping of atmospheric waves

or the increase of the vertical energy flux.

TURBULENCE AND AERONOMICAL PROCESSES IN THE LOWER THERMOSPHERE

The wind-shear can produce not only stratifications, but
with its increase a limit is reached where the turbulence pro-
duced by the wind-shear promotes the dispersal of the layer.
Therefore, the possibility of the development of the turbulence
and its intensity have to be determined. As it is known, the
criterion of the turbulence can be expressed by the Richardson
number. According to experiments, if the gradient Richardson
number

90
9z

is less than 0.25, the motion is turbulent. Here the vertical
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temperature gradient, i.e. the stabilizing force is in the nu-
merator, while in the denominator the wind-shear squared, that
is the destabilizing force can be found. Computations carried
out with model values of the temperature and with wind-shear

values obtained by means of sporadic E parameters have shown

that in Es layers the motion is always turbulent. This means

that the turbulence plays an important role in the formation

of sporadic E layers.

This condition can be used in the study of aeronomical re-
actions, if a relation between the gradient Richardson number
and the parameters of the turbulence (intensity, rate of dis-
sipation and coefficient of turbulent diffusion) can be found.
Deacon (1959) presented an empirical relation between the
gradient Richardson number and the vertical component of the
turbulent wind

= + 0.15 (|Ri|)1/2 + 0.08

where w is the vertical component of the turbulent wind and U
is the horizontal component of the wind. Since the turbulent
wind and its square, the turbulent intensity depend on the
spectrum of turbulent motions, the intensity and other para-
meters of the turbulence can be determined, if the dimensions
of the eddies arising in the flow are known. The dimensions of
the eddies can be estimated from the fact that they are smaller
than the wave length of the reflected radio waves. If the di-
mensions of the eddies are larger than the Kolmogorov micro-
scale and smaller than the Obukhov length, then an inertial
subrange exists in the spectrum of turbulence. Investigations
show that in our case this is the situation. Then the turbulent
parameters can be computed by the formulas (Zimmerman and Murphy
1977)

<w2> = 3.4-"-; £=-]- <w2> N ; K =-i- N
where N is the Brunt-Vaisala frequency, £ and K are respective-
ly the rate of dissipation and the coefficient of turbulent
diffusion. Since in aeronomical investigations the turbulent
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diffusion coefficient is used in the majority of cases, in the
following only the turbulent diffusion coefficient is consid-
ered .

Using these formulas the day time and seasonal variations
of the turbulent diffusion coefficient have been determined.
In Fig. 9 the day-time values of the turbulent diffusion coef-
ficient computed by means of sporadic E parameters are shown
at different altitudes (Bencze 1984). There is a good agreement
with the results obtained by other methods. In Fig. 10 the day-
-time variations of the turbulent diffusion coefficient are
presented in different altitudes. In agreement with the results
obtained by the direct methods the turbulent diffusion coef-

ficient is less in day-time than at night. The seasonal

Turb.diff. (m?s")

Fig. 9. Day-time values of the turbulent diffusion coefficient at different
altitudes computed by means of sporadic E parameters compared with

the data of other authors (-------- Johnson and Gottlieb 1970, .........
Philbrxck et al. 1973, ----------- Hunten 1975, black circles Woomera
am, 16 Oct. 1969, squares pm, 17 Oct. 1969, Roper 1977, 0O Ebei

1978, F-—t Alcayde et al. 1979, - Allen et al. 1981,--—--—---

molecular diffusion coefficient) (Bencze 1984)
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seasonal variation has a minimum in summer and a maximum in
winter. This result corresponds to the seasonal variation ob-
tained by other authors. However, as it is indicated by the
scattering of the data, the variability of the turbulent dif-
fusion coefficient is large. Since in case of other published
data the scattering is not indicated and in the majority of
cases the curve is based on individual, or few data, the con-
clusion might be drawn that the seasonal variation changes from
year to year.

On the basis of the computed values of the turbulent dif-
fusion coefficient the height of the turbopause can also be de-
termined (see also Ovezgeldiev et al. 1984). First, using atmo-
spheric models the turbulent and mocelular diffusion coeffici-
ents are calculated. As it is known, the turbopause is located
at the height, where the molecular diffusion coefficient equals
the turbulent diffusion coefficient. If once the height of the
turbopause is known, the relative change of the concentration
of the atmospheric gases due to the rise or sinking of the tur-

bopause can be obtained on the basis of the formula

diInT \
dz j

Az

where n” is the concentration of the atmospheric gas of the
type j, H, Hj are the scale height of the | type atmospheric
gas and that of the atmosphere, aCis the thermal diffusion
factor, Az is the height change of the turbopause, H”, H and
T are obtained from atmospheric models. In Fig. 12 the seasonal
variation of the computed relative atomic oxygen concentration
is shown. Both the form and the magnitude of the seasonal vari-
ation of the relative atomic oxygen concentration agree with
the results of mass spectrometer measurements. In this way, the
variations of the relative concentration of other atmospheric
gases due to height changes of the turbopause can also be de-

termined .
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JFMAMIJ JA S OND
Month

Fig. 12. Seasonal variation of the turbopause (below) and of the relative
atomic oxygen concentration due to height changes of the turbo-
pause (above) (The solid curve represents values obtained with the
data of the ionospheric station Juliusruh, the dish and dot curve
is obtained with the data of the station Békéscsaba)
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A COMPARISON OF METHODS OF TURBULENCE DETERMINATION BASED ON
IONOSPHERIC DATA

L P Korsunova
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Sciences, Gogol st. 15, Ashkhabad, 744000, USSR

The vertical distribution of the turbulent diffusion coefficient Kt
determined from ionospheric data on the basis of the "wind-shear" theory of
mid-latitude Es for heights between 95 and 120 km is discussed. Formulae are
given, which allow to calculate K+ by means of the frequency parameters of Es
and simultaneous wind measurements. It is shown that the annual variation of
Kt indicates significant spatial variations.

Keywords: semi-transparence; sporadic E; turbulence; wind-shear

At present it is a commonly accepted fact that mid-latitu-
de sporadic E can be used as an indicator of turbulence in the
lower thermosphere. At heights from 95 to 120 km the same ver-
tical shears of the horizontal wind are responsible both for
the Eg formation and the generation of turbulence. Due to this
several methods based on the wind-shear theory of this layer
have been suggested for the determination of turbulent para-
meters using Eg data (Ovezgeldiev et al. 1977, 1978; Bencze
1983, 1984).

Taking into account the role of eddy diffusion in Eg for-
mation, formulae have been obtained which allow to determine
the coefficient of turbulent diffusion K#, if the simultaneously
measured profiles of electron concentration and that of the
neutral wind components are given (Ovezgeldiev et al. 1978).
For the Es maximum:

cizm xoi 2Qx (1 + Z2QY) g

*n2 (I + Q7 I+ Qf

K (1)

where N is the electron content of the Es layer.
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Akadémiai Kiad6, Budapest
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and C(Zm) are respectively the electron concentration

and the wind shear at the layer maximum,

«V V- iz
m

(Generally accepted notations are not explained).

In Fig. 1 the average distribution of the vertical turbu-
lent transfer coefficients is shown, which have been calculated
by means of Eq. (1) from the published data of rocket measure-
ments of ne and wind, carried out in Wallops Island, USA at
night during the summer months (Korsunova and Ovezgeldiev 1981).
These calculations confirmed the existence of turbulence with
a layered structure at h = 95-100 km revealed by the observa-
tion of chemical releases (Rosenberg et al. 1973), and it made
possible to draw the following conclusions:

1. the value of K. in the mid-latitude lower thermosphere is
106-107 cm2/s

2. maximum values are recorded mostly near the height of
110 km.

Fig. 1. Vertical distribution of the turbulent diffusion coefficient obtain-
ed on the basis of rocket experiments at Wallops Island

It was noted even then that the intensity of turbulent
transfer seems to change from day to night and from season to
season. However, the reliable determination of these variations
by rocket measurements is difficult because of their sporadic
and short-lived character. The necessary information can be

obtained only by long-lived observations at stations of
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vertical ionospheric sounding. It has been shown (Ovezgeldiev
et al. 1977) thajt the range of the semi-transparence of mid-
-latitude Es j due scattering of radiowaves on
small scale irregularities of electron concentration comprises
information on the intensity of turbulent processes in the
height of Eg formation. Thus, using the data referring to the
range of Eg semitransparence spatial and temporal variations of
the turbulence in the lower thermosphere can be studied. In
Fig. 2 the annual variations of obtained on the basis of
Eg observations in Washington (USA) (38.7°N, 77.1°W) and that
of KJ calculated by Eg. (1) for published rocket and wind measurements
at Wallops Island (USA) (37.9°N, 75.1°W) during low solar ac-
tivity (Korsunova and Ovezgeldiev 1981) are plotted. As it can
be seen the character of the changes of these quantities is
similar except the period April-May, which may prove the reality
of the relative changes of turbulent intensity obtained by
ground-based measurements of the Es frequency parameters. An
analysis of the annual variations of the range cf Eg semi-
-transparence at other ionospheric stations located within the
latitude zone of 20-60°N shows that turbulent mixing increases
during solstices as compared to equinoxes (Ovezgeldiev et al.
1984).

Fig. 2. Annual variation of the range of semi-transparence at Washington
(1) and that of the turbulent diffusion coefficient at Wallops
Island (2) in 1961-65



278 L P KORSUNOVA

For the investigation of aéronomie problems, especially
for the determination of the neutral composition it is neces-
sary to turn from the relative changes of the turbulent inten-
sity to the absolute values of the turbulent diffusion coef-
ficient. Such a conversion is possible only for mean
statistical distributions of the range of semi-transparence
with height. Ovezgeldiev et al. (1977) have shown that the
height of the most frequent Eg occurrence is characteristic of
the mean height of the turbopause relating to the given condi-
tions, where the condition = Gmis satisfied. In fact, heights
of the turbopause determined for f= 40°N coincide within the
range of experimental errors with rocket data referring to the
homopause (Ovezgeldiev et al. 1984). Comparing the range of
semi-transparence at the height of the turbopause with Om the
value of the_coefficient of turbulent diffusion can be estimated
to which » J observed at other heights within the zone of re-
distribution (10-15 km) corresponds. In Fig. 3 the mean profiles
of KJ (Curve 1) are shown calculated in the above manner for
summer day (a) and night (b) conditions in 1966-1967 at the la-
titude of Ashkhabad (38°N).

It may be interesting to compare the profile of the tur-
bulent diffusion coefficient determined by means of the above
technique with that which is obtained by the method described
by Bencze (1983) for one and the same point and time.

According to the latter method (Bencze 1983) K. is calcu-

lated from

2
<WZ>Ti| (2)

a 28

8 A&

which is valid for the inertial range of small scale turbulence.
Our calculation concerning the energy spectrum of small scale
Eg irregularities confirmed the turbulent character of these
irregularities and the presence of the inertial range in the
spectrum as well (Karadzhayev et al. 1984).

The applicability of formula (2) for the determination of
turbulent parameters on the basis of Eg data can be considered

as experimentally proved. If the condition Ri < 0.25 is satis-
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Fig. 3. Vertical distribution of the turbulent diffusion coefficient in
sumer determined by different methods for Ashkhabad, a) day,
b) night

fied, the turbulent intensity <W2> is calculated using hori-
zontal wind velocity data at Es heights. The gradient Richardson
number (Ri) is calculated taking into account the height varia-
tion of temperature and density according to CIRA 72, as well
as that of the wind shear computed from measured Es parameters
(suggesting a parabolic form of the layer) and model values of
the background electron concentration. The effective wind
shears obtained were reduced to true ones by the transformation
coefficient K' calculated from the relationship

for each given height (in 5 km intervals) and for all values of
effective shears during a season. In this procedure the limiting
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values of wind shears observed (Rosenberg and Zimmerman 1971)
were taken since Eg formation is connected with the presence of
large wind shears. The neutral wind velocity at Eg heights was
determined on the basis of simultaneous measurement of the
drift velocity of small scale irregularities by the spaced re-
ceiver method. In the computations observations of Eg and
drifts carried out at Ashkhabad, USSR (38°N, 58°E) in 1966 and
1967 were used. Mean profiles of the turbulent diffusion coef-
ficient calculated according to Eg. (2) for summer day (a) and
night (b) conditions are shown in Fig. 3 (Curve 2). Comparison
of the profiles in this figure determined by the different
methods shows an agreement of the values in case of the
statistically sufficiently numerous summer data within the lim-
its of a factor ox 1.5-2. The heights of maximum turbulense aX-
so coincide within a range of 5 km.

In Fig. 4. the annual variation of the turbulent diffusion
coefficient is shown at h = 105 km calculated using the range
of Eg semitransparence and turbopause height at the latitude of
Ashkhabad.

Fig. 4. Annual variation of the turbulent diffusion coefficient at h = 105 km
for daytime (Ashkhabad)

Results of daytime ionospheric observations of many years
were used. Crosses show K values determined by means of the
method of Bencze (1983) for simultaneous measurements of ES and

wind carried out in different months of 1966-1967. The agreement



COMPARISON OF METHODS 281

between the two methods of determination is evident and
proves the significant change of turbulent intensity from sum-
mer to winter (by one order of magnitude).

A comparison of the annual variations of K. at stations
located at the same latitude in the western and eastern hemi-
spheres (Figs 2 and 4) shows some longitudinal effect. This ef-
fect is characterized by the occurrence of a second winter
maximum of turbulence in the annual variation of in the west-
ern hemisphere. The results obtained by Bencze (1984) for 46°N
latitude and the data mentioned above show marked spatial
changes of the turbulent intensity.

Thus the investigation carried out enables to state that
the different methods of turbulent diffusion coefficient deter-
mination based on routine measurements of ionospheric parameters
and especially that of Eg parameters give results, which are not
conflicting and are in agreement with the data obtained by mid-

-latitude rocket experiments.
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CHARACTERISTICS OF WIND SHEAR, ATMOSPHERIC GRAVITY WAVES AND
TURBULENCE AS DETERMINED BY METEOR RADAR MEASUREMENTS

V V Sidorov, A N Fakhrutdinova, V A Ganin

State University of Kazan, 420008 Kazan, Lenin str. 18, USSR

The results of meteor radar measurements carried out in Kazan are pre-
sented, basic relations concerning the variations of wave and turbulent mo-
tions with time and height in the lower thermosphere are discussed. In the
height variation of the prevailing wind a quasi-sinusoidal wave of a wave
length of 14 km has been found. Considering the height profile of the wind
and on the basis of the wind-shear theory, the thickness of the Es layer
has been estimated.

Keywords: atmospheric waves; meteor radar method; wind-shear; turbu-
lence

The meteor radar investigation of dynamical processes in
the height range of 80-110 km is one of the most perspective
methods and developed intensively in the last decade both in
the USSR and in other countries. The development of the method
is promoted by correcting the methodology of observations, by
the improvement of the system of radio location, its equipping
with height measuring instruments. This assures a reliable de-
termination of the parameters of the prevailing wind, tides,
internal gravity waves, turbulence and wind-shear in the lower
thermosphere by means of meteor radar measurements.

The knowledge of the wind system of the lower thermo-
sphere including temporal and spatial variations of the wind
structure is urgently necessary for the study of the irregular
structure of the ionosphere. Based on theoretical and experi-
mental investigations carried out in the last decade, wave like
perturbations of the parameters of the neutral atmosphere and
ionosphere are brought into connection with the passage of in-
ternal gravity waves. The theory of formation of sporadic
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stratifications in the lower ionosphere (Es) is directly based
on the variability of the wind profile.

The wave-like perturbations of the wind parameters in the
range of periods characteristic for internal gravity waves,
tides and planetary waves have been studied on the basis of a
long series of data obtained in Kazan in the period 1978-1984
by meteor radar measurements. The experimental data were ana-
lyzed by means of a method of filtering developed by the authors
and published by Sidorov and Fakhrutdinova (1981). The method
is based on the application of demodulated reception and zero
frequency filters changing the pass band which allows to de-
termine the dynamics of the studied periodicity.

For the separation of short period internal gravity waves
wind measurements during intense meteor showers have been selec-
ted. In these cases the statistical reliability of the wind mea-
surements for unit time increases, the area of random location
of reflecting points in the \meteor zone is constricted to the
plane (plane of echoes) perpendicular to the radiant of the
shower. In consequence of this favourable conditions are pro-
duced for the separation of perturbations, the wave front
(plane of constant phase) of which is parallel to the plane of
the echoes. If there is a definite relation between the inclined
propagation and the period of the internal gravity wave, the
echo plane of the meteor shower of a given radient plays the
role of a filter.

During meteor showers first internal gravity waves in the
range of scales corresponding to maximum values in the lower
thermosphere have been separated by the meteor radar method
(Sidorov et al. 1983). Advancing in chronological order, wave
like perturbations of periods T ~ 4 min exceeding the level of
turbulent noise with a probability ~ 99 % have been separated
in the data obtained during the Perseid (August 1978 and 1984)
and Geminid (December 1981) meteor showers. The maximum ampli-
tude of the separated wave-like perturbations amounts to
15-20 ms mm In Fig. 1 the spectral density in the range of pe-
riods T = 3-60 min is shown on the basis of measurements on
12 12 1981 (2-4) h, which has been computed for different band
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T, min

Fig. 1. Spectral density of the wind velocity perturbations at meteor heights
in the range of time scales T< 1 h in the period (2-4 h) December
12, 1981

width of the mathematical filters, corresponding to widths of
the averaging window of 30, 60, 90 and 120 min. The change of
the curves illustrating the spectral density as a function of
the width of the averaging window selected enables to estimate
the duration of the periodicity in question. According to the
results presenter) in Fig. 1, the duration of the periodicities
of T =4 and 8 min is longer than two hours.

Based on a long series of meteor radar observations car-
ried out in Kazan in 1978 and 1980, the wave like perturbations
in the range T = (1-6) h, as well as in the ranges of tidal and
planetary waves have been studied. The following results have
been obtained.

Practically during all observations a random quasx-peri-
odicity of significant amplitude modulated by long period va-
riations was present in the range of periods analyzed, differ-
ences between the spectra of disturbances of the zonal and that
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of the meridional circulation have been found.

The spectral density of the zonal and meridional components
of the wind velocity shows in all seasons significant peaks in
the interval T " 3 h, while in the range T > 3 h basically a
continuous increase of the spectral density can be observed.

Regarding the diurnal variations the increase of the in-
tensity of disturbances with periods T < 3 h in the second half
of the day may be mentioned.

In case of the seasonal variations a decrease of intensity
of the disturbances from January to June have been recognized,
being most definite in the range T < 3 h. The seasonal varia-
tions of the spectral characteristics | are illustrated by Figs
2 and 3. The presence of disturbances in the range T— 3 h in-
dicates that the deep mesometeorological minimum in the spectrum
of motions observed in the lower troposphere at about 1 hour is
weaker developed in the lower thermosphere, as it has been
found earlier by the authors based on observations in 1969 with
the height finder.

Analyses of the wave like perturbations in the interval of
tidal waves have shown a definite modulation of the semidiurnal
and diurnal tides by planetary waves. The observed maximum am-
plitudes of the latter are of the order of 4-16 ms~". A clear
dependence of the amplitude of the modulation on season could
not be detected. In consequence of the modulation significant
wave like perturbations appear in the form of trains.

The superposition of wave motions in the lower thermo-
sphere produces random fluctuations of the parameters of the
atmosphere which can be statistically described by means of the
theory of turbulence. Considering the hypothesis of "frozen
turbulence" and the meteor radar wind measurements carried out
in Kazan in the period from February to June 1969 by the radar
equipment fitted with a height finder, the turbulence in the
range of horizontal scales from 2 to 200 km has been studied.
The limiting scales, which can be investigated by the meteor
radar method are determined by the accuracy of the angle mea-
surements and the sensitivity of the radar system within the

directional pattern of the applied aerials. On the basis of the
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Fig. 2. Diurnal and seasonal variations of the spectral density of perturba-
tions in the zonal circulation for the range of time scales TE£ 6 h

in 1980

measurements the maximum temporal and spatial scales of the ho-
rizontal turbulence have been estimated and found to be respec-
tively 20-30 min and 40 km (Teptin and Fakhrutdinova 1972a,

1972b). These results have recently been confirmed by
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Fig. 3. Diurnal and seasonal variations of the spectral density of perturba-
tions in the meridional circulation for the range of time scales
Ta 6 hin 1980

ionospheric data and observations of the intensity variations
of the atomic oxygen emission at 557.7 nm.
By the method of measurement of the turbulent parameters

based on the analysis of the intensity of long-lived fading
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radar reflections in the phase of cessation,the specific turbu-
lent energy dissipation has been estimated and found to be
3300 cmzs'3 in case of the minimum time scale of 16 s. The de-
tailed results are presented by Teptin and Fakhrutdinova
(1972c).

On the basis of meteor radar measurement of the drift ve-
locity carried out by height finder, the height profiles of the
zonal component of the prevailing wind U”w and that of irregu-
lar motions UEw in the summer and winter months of 1983 have
been determined, internal gravity waves with a period of about
one hour, vertical wave length of ~ 13 km and phase velocity of
220 ms_i have been separated. The amplitude of the gravity waves
increases with increasing altitude. In Figs 4 and 5 the

Fig. 4. Vertical profiles of the zonal component of the prevailing and ir-
regular motions on August 11, 1983
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Fig. 5. Vertical profiles of the zonal component of the prevailing and ir-
regular motions on December 28, 1983

variations of the height dependence of and averaged in
the vertical and horizontal plane for an interval of respective-
ly 2 km and 200 km are shown from hour to hour.

The regular variability of the height profile of U”w can
clearly be seen. The observed gradients dU”/dH reach values of
0.05 s-1, they increase with height and decrease with time in
the morning from 0 to 4 hours. The wave length of height pro-
files of presented here varies between 10 and 16 km.
Analogous relations are found also in case of the meridional
component. The irregular component of the motion tends to in-

crease with height, which is clearly seen in the time intervals
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0-2 h, August 11, 1983 and 2-4 h December 28, 1983. This corre-
sponds to an increase of the amplitudes with height of the in-
ternal gravity waves propagating in the lower thermosphere.

In agreement with the theory of wind shears (Gershman
1974) the height of formation and the thickness of the Es layer
are determined by the height profile of the zonal wind in case
of large values of its vertical gradient. Considering the ex-
perimental data mentioned above for the formation of Es layers
of an effective thickness Az —hz/2%\TK~favourable conditions
exist in the height range £ 92 km. Taking as K —14 km, for
the value of the parameter A - 10-50 (Gershman 1974),

Az -0.3-0.7 km is obtained.

The results regarding the wind system presented in this
paper indicate in addition to the prevailing wind the presence
of wave-like motions classified as internal gravity waves,
tidal and planetary waves in the lower thermosphere, the
damping of which produces turbulence; the observed wind-shears
can be considered as a consequence of internal gravity waves

propagating in the lower thermosphere.
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RESULTS OF SIMULTANEOUS MEASUREMENTS OF NEUTRAL WIND AND DRIFT
VELOCITY OF THE IONOSPHERIC PLASMA ACCORDING TO THE DOPPLER
SHIFT OF THE 630.0 ran [Ol] and 731.9 nm [Oil] EMISSIONS
IN THE AURORA
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In this paper the results of ground based measurements of temperature,
neutral wind and drift of ions at the height of the F-region of the iono-
sphere in auroras are presented. The measurements were carried out by means
of Fabry-Perot interferometers in moderately disturbed conditions at Tixie
Bay (65.6°N, 194.9°E) in February 1983. The temperature and the neutral wind
velocity have been determined by the Doppler broadening and shift of the
emission line 630.0 nm [01]. The drift of ions has been obtained from the
Doppler shift of the emission line 731.9 nm [011]. In the geomagnetic sys-
tem of co-ordinates the neutral wind and ion drift are directed to the west
before midnight and to the east after midnight. It has been found that the
change of the direction of the neutral wind velocity is delayed by 40-30
min as compared to that of the ion drift. The maximum zonal velocity of the
ion drift is 4-5 times higher than the neutral wind velocity. The meridional
wind is directed during the night to the equator, its velocity increases
towards the morning hours to ~ 250 ms~l. A decrease of the Doppler tempera-
ture from evening to midnight and an increase of it towards the morning
hours can be observed. The minimum temperature is reached at 0004 LT. Maxi-
mum and minimum temperatures of respectively ~1220 K and ~960 K have
been recorded.

Keywords: Doppler temperature; ion drift; neutral wind

INTRODUCTION

The state of the upper atmosphere at high-latitudes is de-
termined by the temporal and spatial characteristics of the
energy input. The main sources of energy are absorption of the
solar ultraviolet radiation, electrodynamic (Joule) dissipa-
tion, energy yielded by auroral particles, transmission of wave
energy from the lower atmosphere, heating due to plasma waves.
In perpendicular magnetic and electric fields the motion of
neutrals is significantly influenced by the drift of ions.
During disturbances the electric field due to the magnetospheric
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convection increases which leads to an increased effectivity of
this source. Therefore, the simultaneous measurements of tem-

perature, neutral wind and ion drift in the upper atmosphere at
high latitudes can give important informations about the physi-

cal causes of motions in the auroral ionosphere.

APPARATUS AND METHOD OF THE MEASUREMENTS

For the measurement of the Doppler broadening and shift of
the emission lines 630.0 nm [01] and 731.9 nm [Oil], photo-
graphic interferometers have been used. Each interferometer
consisted of a Fabry-Perot etalon mounted in a barostat and a
double thermostat. Before the Fabry-Perot etalon an interferen-
ce filter has been placed. For the amplification of the illumi-
nation three chamber electron optical transducers cooled to a
temperature of 40-50°C have been used. The form of the inter-
ference pattern was filmed (Yugov et al. 1975). The active sur-
face of the Fabry-Perot étalons was 80 cm . For the measurement
of temperature,neutral winds and ion drift free spectral bands
of respectively 0.025 nm, 0.0099 nm and 0.0134 nm have been
used. The monochromatization of the light was accomplished by
interference filters centered at the wave length 630.0 nm with
half widths of 0.9 and 1.18 nm, the transmission coefficients
of which were respectively 0.33 and 0.38. The interference
filter centered at the wave length 731.9 nm had a half-width of
0.7 nm and a transmission coefficient of 0.38.

The photography of the interference pattern of the emis-
sion lines 630.0 nm [OIl] and 731.9 nm [Oil] has been carried
out successively at a zenith angle 60° in the directions north,
south, east, west and also in zenith. At the end of every cycle
the interference pattern of the laser radiation at 632.8 nm has
been photographed which was used as a complementary reference
line for the determin-tion of the Doppler shift of the emis-
sion lines 630.0 nm [OI] and 731.9 nm [011]. The instrumental
profiles of the interferometers have also been determined by
means of the line 632.8 nm. T