Radio Science, Volume 34, Number 2, Pages 477-487, March-April 1999

Dynamics and anisotropy of traveling ionospheric
disturbances as deduced from transionospheric
sounding data

E. L. Afraimovich, O. N. Boitman, E. I. Zhovty,! A. D. Kalikhman,
and T. G. Pirog

Institute of Solar-Terrestrial Physics, Siberian Division of Russian Academy of Science
Irkutsk, Russia

Abstract. This paper presents the diurnal and seasonal statistics for the dynamics
and anisotropy of medium-scale traveling ionospheric disturbances (MS TIDs) in
comparison with the dynamics of small-scale irregularities (SSIs), using data from
an annual run of ETS 2 radio signal polarization, angle-of-arrival, and scintillation
measurements at 136 MHz in Irkutsk, Russia (52°N, 104°E). In daytime, phase
interference patterns have the form of traveling waves with the mean propagation
direction 1 equal to 160° and rms of 68°, and phase velocity of 133 & 62 m/s.
The mean value of v increases in a clockwise direction from southeastward to
southward and opposite to the calculated direction of the neutral wind, with the
spread not exceeding 10°-30°. This result is in agreement with the hypothesis of
neutral wind-induced filtering of atmospheric gravity waves (AGW) and MS TIDs
caused by them. It was found that at night, MS TIDs are characterized by a strong
anisotropy; the direction of elongation (modulo 180°) is, on average, 25° less than

for SSIs. This difference can be explained by assuming that medium-scale phase
disturbances detected at night are caused by magnetic-field-aligned irregularities

located in the plasmasphere.

1. Introduction

Traveling ionospheric disturbances with sizes
ranging from a few hundred kilometers to a
thousand kilometers are of interest for scientific
inquiry into ionospheric physics and as a fac-
tor that limits the accuracy of modern-day radio
engineering systems used in navigation and ra-
dio interferometry; a rich variety of publications
has addressed the subject of TIDs (see review by
Hocke and Schlegel [1996]). The central problem
of TID research is to seek the main geophysical
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factors governing the structure and dynamics of
these disturbances.

One such factor is the neutral wind. Accord-
ing to an earlier filtering hypothesis [Hines and
Reddy, 1967], its action manifests itself in filter-
ing of atmospheric gravity waves (AGWs), with
TIDs being their ionospheric response, along
the propagation direction. The earliest reliable
experimental evidence for TID filtering along
propagation directions was provided by observa-
tions from 1975 to 1976 obtained in the north-
ern hemisphere through vertical-incidence HF
soundings of the ionospheric Fy region during
the daytime using the angle-of-arrival and Dop-
pler methods [Kalikhman, 1980]. Subsequently,
some authors reported the detection of the filter-
ing effect for the daytime hours in doing ground-
based ionospheric radio soundings, with a rea-
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sonable degree of certainty [Waldock and Jones,
1986; Crowley et al., 1987]. Verification of
the filtering hypothesis received considerable at-
tention in publications on TIDs observed by
transionospheric VHF soundings [Mercier, 1986,
1996; Jacobson et al., 1995]. These authors
have presented observations which do not sup-
port this hypothesis. So experimental research
and modeling of the filtering effect have not
yet reached a point where the filtering process
is trustworthy and its origin adequately under-
stood. The resolution of this issue would sub-
stantially improve the diagnostic capabilities of
remote radio probing of the atmosphere.

The Earth’s magnetic field is another impor-
tant factor that determines the structure and
dynamics of ionospheric irregularities. The mag-
netic field effect is most clearly manifested in the
structure and dynamics of small-scale irregulari-
ties (SSIs) of a size typically between 0.1 and 1.0
kilometers. The most reliable SSI velocity and
anisotropy measurements at midlatitudes were
made by spaced-antenna reception of transiono-
spheric radio signals from discrete radio sources
and radio beacons on navigational-aid and geo-
stationary satellites.

Traditionally, experimental research into the
origin of two irregular features so different in
size (TIDs and SSIs) has been done without any
special correlation with each other. New data
were obtained by Jacobson et al. [1996], which
reported intriguing results on magnetically ori-
ented irregularities of an intermediate size (10—
100 km). The goal of this paper is to present
results derived by investigating the anisotropy
and dynamics of medium-scale traveling iono-
spheric disturbances (MS TIDs) in comparison
with the dynamics of SSIs based on transiono-
spheric sounding data as obtained in Irkutsk,
Russia, in 1989-1990. Results are discussed and
compared with data reported by other authors
throughout all sections of this paper.

2. A General Characterization of the
Experiment

The above mentioned statistical results are
based on analysis of data from a transiono-
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spheric radio interferometer (TIR) at the In-
stitute of Solar-Terrestrial Physics of the Rus-
sian Academy of Sciences [Afraimovich et al.,
1991]. This instrument is designed for simulta-
neous measurements at 136 MHz of the main
parameters of radio signals from the Japanese
geostationary satellite ETS 2 located at 130° +
0.5°E (polarization, angle of arrival, frequency
Doppler shift, and amplitude have 30-s time res-
olution, and amplitude scintillations have 0.2-s
time resolution).

A detailed description of the interferometer,
the method of data pretreatment, and the es-
timation of the sensitivity of measurements are
given by Afraimovich et al. [1991]; at this point,
however, we examine only the characteristics of
importance for the presentation of material.

Three receiving points A, B, and C of the ra-
dio interferometer were located at apexes of a
nearly right angle triangle, with sides about 200
m long. The receiving antennas of channels A,
B, and C were spiral antennas of a single po-
larization, with about 30-dB gain. In addition,
the central point A incorporated an additional
antenna D, of opposite polarization. The set of
A, D was used to measure the phase difference
A¢ between antennas A, D, which was propor-
tional to the value I of total electron content
(TEC) along the line of sight (LOS) to the satel-
lite (Faraday rotation measurements).

The value of I in units of 10'® m~2 at 136 MHz
is determined from the phase difference ¢ap =
éa — ¢p (“oblique TEC”):

I=173x10"2¢ap (1)

where ¢ap is measured in degrees [Davies, 1980;
Afraimovich et al., 1991].

The set of A, B, C formed part of the sys-
tem for measuring time variations of the phase
difference A¢ along baselines CB and AB, pro-
portional (subsequent to the filtering procedure
described below) to values of the horizontal com-
ponents I;; and I, of TEC gradient, where = and
y are directed eastward E and northward N, re-
spectively.

The value of I, in units of 10! m™3 at 136
MHz in our case is
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I = 1.61 X ¢ (2)

where ¢’ is measured in mrad/m [Afraimovich
et al., 1991]. For convenience of the presenta-
tion, we use phase derivatives with respect to
space (mrad/m) as well as horizontal compo-
nents of TEC gradient (cubic meters). In ad-
dition, amplitude scintillations with a time con-
stant of 0.2 s were recorded simultaneously from
the same antennas.

To determine characteristics of the dynamics
and anisotropy of MS TIDs using the method
described in section 3, the continuous series
Agap(t), Adcp(t), and Apap(t) of at least a
2-day duration were high-pass filtered out in or-
der to eliminate diurnal trends in the measured
quantities and those introduced by slow diurnal
changes in the satellite position in geostationary
orbit and variations in the regular ionosphere.
The range 30-60 min was largely used, which
lies within the generally accepted range of TID
periods caused by AGWs [Georges, 1968].

Filtered series of A¢ap, Adcp, and Adap
were used to determine TIDs-induced TEC dis-
turbances 6I(t) and variations of the phase
derivatives ¢;, and ¢,. Variations of the phase
time derivative ¢}(t) were determined from the
derivate of I(t). By testing the interferometer, it
was found that its sensitivities when measuring
disturbances of I(¢) and gradient components
I.(t) and I (t) in the range of 30-60 min periods
were about 5 x 10'® m~2 and 10° m~3, respec-
tively. In terms of spatial derivatives and the
time derivative, corresponding threshold sensi-
tivity values were not worse than 0.04 mrad/m
and 1.85 mrad/s.

The measurements were made on a contin-
uous and 24-hour basis since December 1989,
when the interferometer became operational, to
December 1990, when the transmission of the
136-MHz signal from ETS 2 was discontinued
for technical reasons. As a result of sampling,
when investigating the diurnal dependence of
the TIDs parameters under investigation, only
about 120 days, more or less uniformly dis-
tributed over the seasons of the year, were han-
dled. The data for the winter period cover De-
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cember 1989 and December 1990. In the statis-
tics to be discussed below, in winter there are
about 17 total days; in spring, summer, and fall
there are 35, 26, and 42 days, respectively.

For comparing the dynamics of MS TIDs
and SSIs, we processed all scintillation records
taken through spaced-antenna reception, satis-
fying the criteria of data standard correlation
handling (a total of 1318 6-min records). Dur-
ing the observing period the geomagnetic field
was characterized by moderate values of the Kp
index. The mean value of Kp is 2.36; the rms
value is 1.18.

3. Data Processing

The correspondence of space-time phase char-
acteristics in the antenna system’s plane, ob-
tained through transionospheric soundings, with
local characteristics of disturbances in the iono-
sphere is considered in detail in a number of pub-
lications [Georges and Hooke, 1970; Afraimovich
et al., 1994; Mercier, 1996] and is not analyzed
at length in this study. The most important con-
clusion of the cited references is the fact that, as
for the extensively exploited model of a “plane
phase screen”, TEC disturbances AI(z,y,t) de-
tected at a transionospheric sounding faithful-
ly copy the horizontal part of the correspond-
ing disturbance of local concentration and can
be used in experiments on measuring the TID
propagation velocity.

In the simplest form, space-time variations in
phase A¢(z,y,t) of the transionospheric radio
signal that are proportional to TEC variations
Al(z,y,t) in the ionosphere at each given time
t can be represented in terms of the phase inter-
ference pattern that moves without a change in
its shape (the nondispersive disturbances):

A¢(x,y1t) = F(t - 113/1);,; - y/vy) = F(‘P) (3)

where v, and vy are the velocities of intersec-
tion of the phase front of the axes z and y. In
real situations the ideal model (equation (3)) is
not realized because the AGWs that cause TIDs
propagate in the atmosphere in the form of dis-
persing wave packets with a finite width of the
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angular spectrum. In the first approximation,
however, on a short time interval of averaging
(in our case 120 min) compared with a time pe-
riod of filtered variations of TEC (30-60 min),
the phase interference pattern moves without a
substantial change in its shape.

Mercier (1986, 1996] suggested two approaches
to determining the propagation direction a of
the phase interference pattern. One involves de-
termining a series of instantaneous values of the
direction «(t), counted from the north in a clock-
wise direction

a(t) = arctan(g;(t)/ ¢y (¢)) (4)

where ¢/, and qS; are the first phase derivatives
with respect to the spatial coordinates z and y
at the reception point, and constructing subse-
quently, on a chosen time interval, the distribu-
tion function of azimuth P(c). The central value
of « is used by Mercier as an estimate of the
azimuth of prevailing propagation of the phase
interference pattern.

The other approach is based on determining
the contrast of the interference pattern. In this
case the ratio Cxy is calculated.

{ Cxy
Cxy

= UX/UY)

if ox >oy
5
=UY/UX, ( )

if oy >ox

where X and Y are series of the transformed val-
ues of ¢;(t) and ¢, (t), obtained by rotating the
original coordinate system (z,y) by the angle 3

X(0) =gsmptgess
Y(t) = —¢5(t)cos B+ ¢, (t)sin 3

and ox and oy are the rms of the corresponding
series. Mercier [1986] showed that it is possible
to find a value of the rotation angle fy, at which
the ratio Cxy will be a maximum and equal to
the value of contrast C. This parameter char-
acterizes the degree of anisotropy of the phase
interference pattern. The angle 3y in this case
indicates the direction of elongation, and the an-
gle a, = By + 7/2 indicates the direction of the
wave vector K coincident (modulo 180°) with
the propagation direction of the phase front.

A statistical, angle-of-arrival and Doppler
method (SADM) is proposed by Afraimovich
[1998] for determining characteristics of the dy-
namics of the phase interference pattern. SADM
implies that we measure not only the spatial
phase derivatives but also make use of the time
derivative of the radio signal phase ¢}(¢) at the
reception point. This permits us to ascertain
the unambiguous orientation of ¥(¢) of the wave
vector of phase disturbance in the range 0°-360°
and determine the velocity modulus v(¢) of the
phase—front propagation at each specific instant
of time by the formulas

Wy(t) = &, (t)/$}(t) = [W| cos

Wa(t) = ¢1,(8)/g4(t) = |W|sin %
-1/2

o(t) = W]t = (W2() + W2 (1))

Ideally, in the case of moving phase interfer-
ence pattern (eqution (3)), the transformations
(equation (7)) give a time constant value of az-
imuth and velocity, and distribution functions
show a well-defined maximum at these values,
because

¢(t) = F, = F,

In practice, instantaneous values of v and ¥
that were determined every 30 s were used in
our case to construct, on a selected time inter-
val (120 min), not only distribution functions
of the azimuth P(v) (as suggested by Mercier,
[1986]), but also the velocity P(v). Then P())
were analyzed to establish the prevailing direc-
tion of motion of the interference pattern. When
it exists, the pattern can be considered as trav-
eling, and the mean travel velocity can be deter-
mined from the P(v) distribution or by directly
averaging the v(t) data set. Different existence
criteria for a pronounced direction of displace-
ment can be chosen; however, it would be most
natural to estimate the rms of the azimuth. If
the rms exceeds 90°, then it is beyond reason to
speak of the directed motion of the interference
pattern. If, however, the rms is markedly less
than 90°, then it is reasonable to suggest that
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the pattern is displaced mainly in the direction
of the mean value of the azimuth.

The basic objective of this study is to exam-
ine the statistics of the diurnal and seasonal de-
pendence of TID dynamics characteristics. In
this connection, the data processing involved an
hourly treatment of the data for all selected days
of the 1-year period analyzed, followed by aver-
aging for each of the seasons. In this case, for
each hour, mean values of all parameters were
averaged on a 2-hour interval (240 counts), and
mean values were ascribed to the middle of this
interval.

The velocity v and the direction of propaga-
tion 7 of the amplitude diffraction pattern with
simultaneous spaced-antenna reception of ETS 2
signal scintillations under nighttime conditions
are used in this paper to compare with similar
results for MS TIDs. The algorithm for corre-
lational treatment of scintillation data is given
by Afraimovich et al. [1994b]. Analysis of our
data showed that maximum correlation coeffi-
cients are close to 1.0. The drift velocities pre-
sented in this paper were obtained for maximum
cross-correlation coefficients exceeding 0.6.

4. Diurnal-Seasonal Statistics of the
Anisotropy and Dynamics of MS TIDs

Since in the literature the statistics of night-
time observations are substantially smaller com-
pared with the daytime, it is interesting to make
a general assessment of the extent to which our
results differ from day to night. In order to ex-
clude transitional processes, we combined data
for the nighttime into the interval 2000-0400 LT
and for combined data the daytime into 0800-
1600 LT.

Figure 1 presents summary distributions. Plan
solid line in Figure la shows azimuths P(v¢)
(P1), and solid line in Figure 1b shows veloci-
ties P(v) of medium-scale traveling ionospheric
disturbances (MS TIDs), for the daytime. Plus
signs in Figure 1c show azimuths P(v) of MS
TIDs for the nighttime; the number of measure-
ments, each of which was obtained by averaging
on a 2-hour interval, totals 960. In Figure 1d,
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Figure 1. Shown are summary distributions. Plain
solid line in Figure la shows azimuths P(y) (P1),
and solid line in Figure 1b shows velocities P(v)
of medium-scale traveling ionospheric disturbances
(MS TIDs), for the daytime. Plus signs in Figure 1c
show azimuths P(¢) of MS TIDs for the nighttime;
the number of measurements, each of which was ob-
tained by averaging on a 2-hour interval, totals 960.
In Figure 1d, plus signs show azimuths P(%) for the
nighttime for small-scale irregularities (SSIs) for 95
days; the number of measurements, each of which
was obtained by averaging on a 6-min interval, to-
tals 1318. Solid lines in Figures lc and 1d show the
resulting azimuths P(1), reduced to the southwest-
ern sector. The mean values of ¥ for MS TIDs and
SSIs, shown by vertical dashed lines in Figures 1c
and 1d, differ by about 25°. A scaled reduced curve
P(y) x 0.5 of MS TIDs (P2) for the nighttime is
shown by dots in Figure la.

plus signs show azimuths P(¢) for the nighttime
for small-scale irregularities (SSIs) for 95 days;
the number of measurements, each of which was
obtained by averaging on a 6-min interval, totals
1318. Solid lines in Figures 1c and 1d show the
resulting azimuths P(v), reduced to the south-
western sector. The mean values of 9 for MS
TIDs and SSIs, shown by vertical dashed lines in
Figures 1c and 1d, differ by about 25°. A scaled
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reduced curve P(¢) x 0.5 of MS TIDs (P2) for
the nighttime is shown by dots in Figure la.

The P(v) distribution for the daytime (Figure
la) has a symmetric form, with a mean value of
160° and rms of 68°. The distribution of veloci-
ties P(v) Figure 1b also has a symmetric form,
with a mean value of 133 m/s and rms of 62 m/s.
These results agrees well with the existing more-
or-less representative statistics of measurements
using ionosphere-reflected HF radio waves [Ka-
likhman, 1980; Waldock and Jones, 1986; Crow-
ley et al., 1987] and VHF radio waves prop-
agating through the ionosphere [Mercier, 1986,
1996; Jacobson et al., 1995] (see also a review
by Hocke and Schlegel [1996], and new results on
a propagation characteristics of TIDs [Ma et al.,
1998)).

Nighttime measurements, however, provide an
unexpected picture that has not been mentioned
in the literature. The P(%) for nighttime TIDs
(Figure 1c, plus signs) is a symmetric two-hump
distribution, with a sharply defined main maxi-
mum with the most probable values of the 1max
directions 30° and 210°. In this case the di-
rection distribution for TIDs (modulo 180°) is
close to P(¢) for SSIs (Figure 1d). The only
difference lies in the fact that the P(¢) for SSIs
is asymmetric (the southwestward direction is
more pronounced when ¥payx = 235°).

The presence of two propagation directions si-
multaneously can be explained if, for some rea-
son, the time variations of ¢}(t) are unassociated
with corresponding variations of ¢/, (t) and By (1)
Such a situation arises when the propagation of
the TEC wave occurs in a background of broad-
band random TEC fluctuations and when the
TEC measurements themselves are made in a
high noise level. This is equivalent to the initial
method suggested by Mercier [1986] when only
variations of ¢, (t) and ¢{,(t) were processed. As
we were unable to determine the predominant
direction of propagation 1 at night, we saw little
reason for comparing the velocity moduli v for
MS TIDs and SSIs, and we have confined our-
selves only to the comparison of the azimuthal
distributions.

The difference in the distributions of P(¢)) be-
comes clearer when v is determined from the
modulus of 180° and when the distributions of
P(y) for both MS TIDs and SSIs are brought
to one of the chosen directions (northestward
or southwestward). In this case we choose the
southern hemisphere, as was chosen by Mercier
(1986, 1996], from a set of geophysical consider-
ations and data of other independent observa-
tions. Solid lines in Figures 1c and 1d show the
resulting azimuths P(¢), reduced to the south-
western sector. They are essentially symmetrical
with a small spread (30°- 40°). For comparison
with P(%) for the daytime (P1), a scaled reduced
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Figure 2. Diurnal dependencies of the autumn-
winter (left column, 59 days) and spring-summer
(right column, 61 days) average values of rms devia-
tion of TEC variations 61 (Figures 2a and 2d); rms
maximum deviation of spatial derivatives of TEC
I' .. (Figures 2b and 2e); and contrast C (Figures
2c and 2f). Horizontal dashed lines denote bound-
aries of the noise rms deviation of 6I (Figures 2a
and 2d), and I}, (Figures 2b and 2e).
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curve P(9) x 0.5 of MS TIDs (P2) for the night-
time is shown by dots in Figure la. The mean
values of ¢ for MS TIDS and for SSIs, shown in
Figures 1c and 1d by vertical dashed lines, differ
by about 25°.

Unfortunately, there are few published night-
time measurements of TID velocities. In addi-
tion, most experimenters pointed out an insta-
bility of the TID directions at night, when it was
difficult to determine a predominant propaga-
tion direction [Waldock and Jones, 1986; Crow-
ley et al., 1987; Jacobson et al., 1995].

When analyzing the seasonal dependence, we
revealed the resemblance of the characteristics
for autumn-winter and spring-summer; there-
fore, in the subsequent discussion we discuse
data for these two seasons.

Figure 2 presents diurnal dependencies of the
autumn-winter ( left column, 59 days) and
spring-summer (right column, 61 days) average
values of rms deviation of TEC variations, 61,
filtered out in a selected range of periods 30-60
min (Figures 2a and 2d); of rms maximum devi-
ation of spatial derivatives of TEC I .. (Figures
2b and 2e); and in view of (2)

L= 161x /()2 +(4,)

and of contrast C by Mercier [1986] (Figures 2¢
and 2f; see section 3). In Figure 2, horizontal
dashed lines denote boundaries of the noise rms
deviation of 6I and I,,, [see Afraimovich et al.,
1991].

It is apparent from Figure 2 that the diurnal
behavior of the relative amplitude 6I of medium-
scale variations in TEC for the autumn-winter
(Figure 2a; the ratio of the daytime mean to
nighttime value is of the order of 4-5) is more
pronounced compared with the spring-summer
(Figure 2d; the ratio is about 2). The diurnal de-
pendencies presented are sufficiently consistent
with the diurnal dependencies of the TEC values
themselves. This is associated with the general
behavior of TEC during different seasons of the
year, which is pointed out in numerous publica-
tions [Dawvies, 1980; Jacobson et al., 1995]. Our
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obtained evidence of the diurnal variability of
61 is virtually identical to the data reported by
Jacobson et al. [1995].

The spatial derivative I}, during the autumn-
winter (Figure 2b) shows a reasonably regular
diurnal behavior, similar to the dependence of
the relative amplitude 6I (Figure 2a). These re-
sults correlate well with the data reported by
Mercier [1996]. The spring-summer (Figure 2e),
however, is characterized by a more complicated
diurnal dependence, of which we are not yet able
to give any adequate interpretation.

The diurnal dependence of the contrast C that
characterizes the degree of elongation of irreg-
ularities is more pronounced for the autumn-
winter (Figure 2c; the ratio of the nighttime
mean to daytime value is about 2) compared
with the spring-summer (Figure 2f; the ratio is
close to unity). Mercier [1996] also points out
that maximum values of the contrast reach 3.8
in winter and only 2.6 in summer, which is in
quite good agreement with our data. It may
be that the large values of the contrast for the
nighttime (as high as 5-6) are accounted for by
the fact that medium-scale, like small-scale, ir-
regularities during the nighttime are elongated
along the magnetic field (for more detail see sec-
tion 5.2).

In Figure 3a (autumn-winter) and Figure 3c
(spring-summer), the solid dots give the daily
means of the azimuths (t) for waves with pe-
riods ranging from 30 to 60 min. On the basis
of considerations outlined in section 4, in Fig-
ures 3a and 3c we have retained for the night-
time data only one of the alternative directions:
southwestward. Interestingly, the our data agree
with data of Mercier [1996], including a pro-
nounced transition of the directions from south-
eastward to southwestward. To illustrate that
our data are in good agreement with those of
Mercier, in Figures 3a and 3c we marked by di-
amonds the data of Figure 13 of Mercier [1996].

Mercier [1986, 1996] points out a good agree-
ment (with the spread of 10°) of the azimuths
1 determined by analyzing the P(¢) distribu-
tion, and in the direction of maximum contrast
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Figure 3. Diurnal dependencies of the autumn-
winter (left column, 59 days) and spring-summer
(right column, 61 days) average values of azimuth
¥ (t) (Figures 3a and 3c, dots); average values of the
hourly difference Ay = 9 — 7 of propagation direc-
tions 1 of TIDs with the direction v of the neutral
wind (Figures 3b and 3d, dots); and difference of
azimuths Ay = (¥ — 1.) (Figures 3b and 3d, plus
signs). Vertical bars mark off rms values. Horizontal
lines in Figures 3b and 3d denote values Ay = 180°.
Average values of ¢ (t) (diamonds) plotted in Figures
3a and 3c are from Mercier [1996).

.. We have also carried out a similar analysis
of our data. Figure 3 gives mean diurnal depen-
dencies of the difference Ay = 9 — 9, for MS
TIDs (plus signs in Figures 3b (autumn-winter)
and 3d (spring-summer)). We found that almost
in all seasons, the difference Av(t) gradually in-
creases from midnight to midday, from about
15° to the maximum value of 60°, and after mid-
day it gradually decreases. This can signify for
the daytime that the propagation direction of
phase inhomogeneities does not coincide with
the normal to the elongation direction of the
anisotropic picture of the disturbance (although
this anisotropy appears only slightly during the
daytime; the contrast is not over 2.5). At night,
however, phase inhomogeneities are greatly elon-
gated (the contrast is up to 5), and their appar-
ent displacement proceeds in the direction nor-
mal to the principal axis of the dispersion ellipse.

5. Discussion and Conclusion

5.1. Verification of the “AGW Filtering
by the Neutral Wind” Hypothesis

Earlier publications devoted to an experimen-
tal verification of the hypothesis of AGW fil-
tering by the neutral wind [Kalikhman, 1980;
Waldock and Jones, 1986; Mercier, 1986, 1996;
Crowley et al., 1987; Jacobson et al., 1995] em-
ployed different averaged neutral wind models.
For reasons of space, we will not describe our
wind model used but highlight its main charac-
teristics. It was presented partially by Zhouvty
and Chernigovskaya [1988]; a more detailed de-
scription is in preparation.

We calculated horizontal wind parameters
from the equation of motion of the neutral
gas with specified parameters of the thermo-
sphere and ionosphere, with the inclusion of
pressure gradients of the neutral gas, the Corio-
lis force, molecular viscosity, collisions with ions,
and nonstationarity. Distributions of parame-
ters of the neutral atmosphere and ionization
were specified using empirical models by Jacchia
[1977) and Ching and Chiu [1973], with refine-
ments by Anderson et al., [1989]. These mod-
els reasonably represent the atmospheric gas be-
havior at midlatitudes under undisturbed geo-
magnetic conditions. The geomagnetic field was
calculated from the International Geomagnetic
Reference Field (IGRF) model [Langel et al.,
1991).

At the input of a numerical model, we speci-
fied the geographical latitude of the observation
site and geophysical parameters for determining
the atmospheric gas distribution: day number
of the year, solar activity index Fjp 7, sunspot
Wolf number on a given day R,, and average
(for a given day) level of magnetic disturbance
Kp. Results of our calculations include height
profiles of horizontal components of the neutral
wind velocity vector for each hour local time of
all days of the period being analyzed. For com-
parison with the experiment, we selected heights
corresponding to the maximum of the F} region.

Let us now compare the measured values of v
with those calculated using our model. Figure
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3 presents diurnal dependencies of the autumn-
winter (left column, 59 days) and spring-summer
(right column, 61 days) average values of the
hourly difference Ay = 9 — v of propagation
directions 9 of the phase front with the direc-
tion «y of the neutral wind (solid dots in Figures
3b and 3d) during the daytime. Vertical bars
denote rms values. Kp did not exceed 4.0.

The mean daytime value of (¢)—=) for autumn-
winter was 187° with rms of about 15°. This re-
sult is in accordance with neutral wind filtering
of AGW and hence MS TIDs caused by them.
For the spring-summer season, however, we did
not obtain evidence for the clockwise rotation
for the entire day. These conclusions are readily
illustrated in Figures 3c and 3d.

Of interest is the comparison of our data for
the daytime with recently published results of
radio interferometry with a long baseline (about
50-100 kilometers) of the signal from the geosta-
tionary satellite GOES 2 at 137-MHz frequency
in New Mexico [Jacobson et al., 1995]. Those
measurements were carried out during a 500-
day continuous run in 1993-1994. These au-
thors found two populations (modes) of TID az-
imuths for daytime (southward) and nighttime
(westward). New results derived by measuring
AGW characteristics at the radio heliograph lo-
cated at Nangay, France (47.3°N, 2.2°E), were
reported by Mercier [1996], who analyzed mea-
surements covering a nearly 800-hour time span
of observations of radio sources of solar and non-
solar origin. TID propagation directions reveal
a marked spread, with the predominant direc-
tion southward. The diurnal distribution of TID
azimuths clearly shows averaged southeastward
directions in the daytime (mode 1) and south-
westward directions at night (mode 2).

Our data on the azimuths ¢ may also be
represented [following Mercier, 1996; Jacobson
et al., 1995] as two populations: the day-
time P1 (south-southeastward), and the night-
time P2 (southwestward), the respective distri-
butions P() for which are presented in Figure
la. Such a representation of our data is in rea-
sonably good agreement with the conclusions of

Mercier [1996], which is clearly seen from the
comparison of the diurnal dependencies ¢ (t) for
our data and Mercier’s in Figures 3a and 3c. We
found, however (unlike Mercier [1996] and Ja-
cobson et al. [1995]), that during the daytime
the mean value of 9 increases in a clockwise di-
rection and opposite to the calculated direction
of the neutral wind.

5.2. Nighttime Irregularities

Experimental data bear witness to the elonga-
tion of SSIs along geomagnetic field lines at night
and to a random character of the directivity at
day [MacDougall, 1981; Kumagai, 1986]. The
experiment in Hiraiso showed that in terms of a
model of elliptical irregularities the direction of
the principal axis of the ellipses coincides with
geomagnetic field lines [Kumagai, 1986]. The
mean value of the ratio of the principal axes e
is 6.2. The above mentioned experiments estab-
lished with a high degree of reliability that the
propagation directions of SSIs 9 are normal to
the principal axis of the ellipse and can be calcu-
lated for a given LOS toward the radio source us-
ing appropriate models of the Earth’s magnetic
field. With this purpose the authors of the cited
references first calculated the spatial orientation
of the vector B of the magnetic field located at
the selected height H above the terrestrial sur-
face. After that, for the specified LOS toward
the radio source they determined the position
of the vector P, which is the “radio shadow”
of the vector B on the terrestrial surface; next,
they calculated the direction x of a normal to
the vector P. Comparison with experimental
data showed that the direction x coincides with
measured values of 9 for the SSIs.

During nighttime the directions 4 of MS TIDs
propagation were close (modulo 180°) to the di-
rections of SSIs (Figures 1c and 1d). In addition,
values of the contrast (up to 5-6) obtained for
MS TIDs are close to the corresponding char-
acteristics obtained for SSIs by other investiga-
tors [MacDougall, 1981; Kumagai, 1986]. The
data we obtained suggest a plausible hypoth-
esis that medium-scale irregularities at night
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Figure 4. Dependence of altitude H from direction
normal x to the projection of the magnetic field vec-
tor onto the plane of antennas. Vertical dashed lines
denote the mean values of normal % to the direction
of stretching of MS TIDs and SSIs.

are markedly elongated along a certain direction
close to the direction of elongation of SSIs. How-
ever, as is evident from Figures 1c and 1d, the
most probable value of the direction for SSIs is
25° higher than that for MS TIDs, and this dif-
ference markedly exceeds the measurement error
of 9.

Using the IGRF model [Langel et al., 1991],
we calculated the dependence of the height H(x)
on the direction x for the mean position of ETS
2 orbit culmination. Figure 4 presents this de-
pendence of H(x); vertical dashed lines denote
the mean values of normal ¥ to the direction
of stretching of MS TIDs and SSIs (see section
4). It is evident from the dependence H(x)
that with increasing altitude, the value of the
azimuth x decreases.

Calculations showed (Figure 4) that the di-
rection x for height 300 kilometers altitude (the
height of disposition of SSIs) is close to the mean
value of v of SSIs (55° or 235°). This result
is in agreement with known data [MacDougall,
1981; Kumagai, 1986] and gives grounds to use
our obtained dependence to estimate the height
H at which the irregularities elongated along
the magnetic field are located and which cor-
respond to the mean direction measured for MS

TIDs. Then the mean value of 9 of MS TIDs
for the nighttime (30° or 210°) can be explained
if it is assumed that medium-scale phase distur-
bances are caused by magnetic-field-aligned ir-
regularities located in the plasmasphere (accord-
ing to our data; between 2500 and 3000 kilo-
meters altitudes). However, such an explana-
tion is not reconcilable with the commonly ac-
cepted concepts of the different origins of the
SSIs and MS TIDs, which are most likely located
in the region of maximum electron density. At
the same time, this difficulty may be obviated
by assuming that the medium-scale irregulari-
ties observed at night are by no means traveling
wave-like processes caused by the propagation
of AGWs. This issue demands further investi-
gation.
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