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Abstract—The dynamics of medium-scale traveling ionospheric disturbances is compared to small-scale
annual variationsin polarization, arrival angles, and scintillation of the 136-MHz radio signal from the geosta-
tionary satellite ETS 2 measured in Irkutsk. The diurnal observations agree with the model of the filtering of
atmospheric gravity waves by the neutral wind. Two groups of disturbances with opposite directions of phase
velocities, close to the direction of small-scale traveling ionospheric disturbances and the normal to the mag-
netic vector shadow in the antenna array plane, are observed at night. The results obtained allow us to suppose
that night-time medium-scale irregularities are frozen in the magnetic field as small-scale ones.

INTRODUCTION

The study of ionospheric processes, associated with
the propagation of atmospheric gravity waves (AGV)
and recorded as medium-scale traveling ionospheric
disturbances (TID) with typical dimensions of about
100 km, is of great interest to the physics of the iono-
sphere and radiowave propagation in the ionosphere.
One of the interesting AGV manifestations at iono-
spheric altitudes, whichisrelated to TID filtering by the
neutral wind, has been studied for the last two decades
[1-10].

The geomagnetic field is another important factor,
responsible for the structure and dynamics of iono-
spheric irregularities. The magnetic field most percep-
tibly affects the structure and dynamics of small-scale
irregularities with characteristic dimensions of 0.1 to
1.0 km. The measurements of the velocity and anisot-
ropy of these irregularities during transionospheric
radio sounding at midlatitudes indicated that the irreg-
ularities are extended along the geomagnetic field lines
and travel perpendicular to thisdirection [11-13].

However, the data of the observations of not only
small-scale but also medium-scale (10-100 km) field-
aligned irregularities appeared recently [14]. Therela
tionship between medium-scale TID and small-scale
irregularities was found during the study of F-scatter-
ing in the ionosphere, resulting in a separation of traces
inionograms [15].

This work is aimed at studying the dynamics of
medium-scale TID, as compared to that of small-scale
irregularities, on the basis of the data of continuous
round-the-clock measurements of polarization, arrival
angles, and scintillation of the 136-MHz radio signal
from the geostationary satellite ETS 2, collected by us
in Irkutsk (52.5° N, 102.5° E) from December 1989 to
December 1990 [16].

DYNAMIC CHARACTERISTICS
OF MEDIUM- AND SMALL-SCALE
IRREGULARITIES

The dynamic characteristics of medium-scale TID
were analyzed on the basis of statistics of daily and sea-
sonal variations in the following characteristics of the
transionospheric radio signal, obtained at a time inter-
val of 30 swith the help of algorithms described earlier
[16-18].

(1) Tota electron content (TEC) in a vertical col-
umn I(t), obtained on the basis of polarization plane
rotation measured to an accuracy of an unknown con-
stant component related to night ionization.

(2) Variations in the phase time derivative ¢ (t)
determined during the measurements of the Doppler
shift of frequency.

(3) Variations in the phase spatial derivatives @, (t)

and @, (t) proportional to changes in the directrix of

arrival angles and calculated during measurements of
phase differences between signals at spaced antennas.

(4) Variationsin velocity v and direction  of phase
front travel.

Continuous sets of the above parameters were fil-
tered in the range of periods 30—60 min most typical of
medium-scale TID.

The data on TID dynamics are obtained using the
statistical method for determining a velocity v and
direction Y of radio signal phase-front travel in the
antenna array plane [17, 18], which was developed by
us and generalized the method proposed in [7].

At each specific instant t, the simplest space-time
phase variations @(x, y, t) of a transionospheric radio
signal, proportional to TEC variations Al(X, Y, t) in the
ionosphere, can be represented as a phase front moving
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relative to a planar ground
o(x, y,t) = KAI(X, y,1)

= QDAL+ @ () AX + @y (1)Ay,

where k is aproportionality factor. We assume that dis-
tances Ax, Ay between receiving antennas are consider-
ably shorter than the characteristic spatial scale of adis-
turbance, and that thetimeinterval At between readings
is much less than the temporal scale of the disturbance,
so that the effect of second derivatives can be ignored.

Then, at each specific instant, phase front velocity
v (t) and direction )(t) can be determined as

Wy(1) = @ (/@i (t); Wi (t) = @ (t)/@i(1);

(1)

V(1) = 11 /W(t) +Wi(t); )
W(t) = arctan[W,(t)/W,(1)].

The simplest model of a solitary planar traveling
wave of a TEC disturbance is a particular case of (1)

Al = 3losing(t) = dlosin(kex + Ky —Qt +dg), (3)

where |, is an undisturbed TEC value; 9, k,, ky, and Q
are amplitude, x and y projections of the wave vector,
and angular frequency of disturbance; T = 21/Q and
N\ = 217 |K| are time interval and wavelength; and ¢, is
theinitial phase of the disturbance.

Inisshown [7] that, during transionospheric sound-
ing, TEC disturbances dl(x, y, t) duplicate the horizon-
tal component of the corresponding disturbance of
electron density dN(X, V, z t) and can be used in TID
azimuth () measurements (to an accuracy of 180°).
Our method makesit possible not only to eliminate azi-
muth  indefiniteness but also to determine travel
speed v.

In this work, the instantaneous values of v and |,
determined at atime interval of 30 s, are used to form
the azimuth P() and velocity P(v) distributions over a
time interval of about 2 h. In an ideal case of solitary
planar traveling wave (3), transformations (2) give
time-constant values of azimuth and velocity, and the
distribution functions have aclearly defined maximum.
More complex distribution functions are also possible
in the experiment.

Certain data of the continuous annual cycle of
observations were eliminated from the subsegquent
analysis mainly because of interruptions in satellite
transmitter operation. The results of statistical data
manipulation below, correspond to the winter, spring,
summer, and autumn 1989-1990 (17, 35, 20, and
43 days, respectively). In the period of observations
considered, the geomagnetic conditions were charac-
terized by medium values of K, index with the average
value of about 2.36. In individual days, specificaly,
during the strong magnetic storm on April 10 1990, the
geomagnetic activity index exceeded 6.0.
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To compare the dynamics of medium-scale TID and
small-scaleirregularities by means of classical correla
tion analysis, we treated the records of amplitude scin-
tillations at spaced receiversfor identical timeintervals
[16].

The daily variations in space-time phase character-
isticsof theradio signal from ETS2 in therange of peri-
ods 30-60 min on November 15 1990 are plotted in
Fig. 1(K,=0.76). Thedaily variationsof TECin aver-
tical column (Fig. 1a) are typical of awinter day with
guiet magnetic conditions: the amplitude is up to 35 x
10% electron/m?, and the zero value corresponds to a
minimum TEC value at night.

The variations in TEC a day after the strong mag-
netic disturbance on April 11 1990 (K, = 5.3) are
substantially different (Fig. 1d). On that day, maximum
TEC value in daytime was not higher than 15 x
10 electron/m?, though it was about 30 x 10'° elec-
tron/m? two days before. The TEC variations are simi-
lar even in summer days with quiet magnetic condi-
tions, which agrees with the data of other researchers.

Figure 1 shows the daily variations in the instanta-
neous values of Yi(t) and v (t) for series @ (t), ¢, (t), and

@, (t) on (b, c) November 15, 1990 and (e, f) April 11,
1990. It is seen that the magnetically quiet day is char-
acterized by aregular clockwise rotation of direction
in the azimuth interval 130°—220°. In the magnetically
active day, we can hardly distinguish any regularity in
direction Y variations.

TID DYNAMICS

Figure 2 displays total azimuth P({)) and velocity
P(v) distributions of medium-scale TID and small-
scale irregularities, plotted on the basis of phase char-
acteristicsand amplitude scintillations of the ETS2 sig-
nal measured during 115 days of 1989-1990: (a) in the
daytime with the use of 138 995 thirty-second intervals,
(b) at night with the use of 149 842 time intervals, and
(c) at night on 922 six-minute intervals.

Thedaily P(y) distribution (Fig. 2a, left plate) hasa
symmetric form and an average value of 160°. We
should note that a majority of g values range between
90° and 230°. The velocities P(v) are also symmetri-
caly distributed with the mean value of 133 m/s
(Fig. 2a, right panel).

The data of night-time measurements are substan-
tialy different. The P(Y)) distribution of medium-scale
TID (Fig. 2b, left panel) has two clearly defined, sym-
metric, principal maximawith most probable val ues of
about 35° and 215° and an insignificant spread in val-
ues (within £10°). The distribution of directions of
small-scale irregularities has a similar form (Fig. 2c,
left plate). The only differenceisthat thisplot is asym-
metric with a more pronounced southwestward direc-
tion (Y = 240°), exceeding the corresponding value for
TID by 15° on average. It is also interesting that the
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Fig. 1. Daily variations in space-time phase characteristics of the radio signal from ETS 2 for magnetically quiet conditions on
November 15 (left image) and during the strong magnetic disturbance on April 11 1990 (right image): (a) and (d) total electron con-
tent; (b) and (e) velocity of the phase front travel; and (c) and (f) travel azimuth counted clockwise from a northern direction.

P(v) distributions of medium- and small-scale irregu-
larities show close average values (61 and 46 m/s,
respectively) and forms.

For qualitative analysis of TID hourly dynamics, the
v and Y values, determined at a thirty-second interval,
were averaged on acurrent two-hour interval (240 read-
ings), and an average value was assigned to a specific
daytime. While considering seasonal variationsin TID,
we averaged hourly average valuesfor all daysin acor-
responding season. Figure 3 represents the hourly val-
ues of azimuth (t) and velocity v (t) plotted as vectors
in polar coordinates on the sweeps for the local time of
the day during (a) winter, (b) autumn, (c) spring, and
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(d) summer. An arrow length corresponds to an abso-
lute value of velocity.

The analysis of the autumn and winter vector dia-
gramsindicatesthat, at night, the number of oppositely
directed displacements with most probable azimuths
about 35° and 215° is equal. In the morning and day-
time hours, the TIDs rapidly change their eastward
direction to a southeastward and almost regularly rotate
clockwise toward the southwest. Two opposite direc-
tions are observed in the evening. The summer and
spring vector diagrams generally agree with the daily
behavior of the velocity vector in autumn and winter.
The directions are dightly more variable at night, and
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Fig. 2. Tota distributions of azimuths (Ieft panels) and velocities (right panels) constructed for: (a) daytime (08.00-16.00 LT);
(b) night (20.00-04.00 LT) by the data of the phase measurements during 115 days in 1989-1990; (c) night-time by the measure-
ments of amplitude scintillation characteristics. The data of diurnal measurements [25] are shown as a dotted line in Fig. 2a, right
plate. The data of nocturnal measurements [26] are plotted as dotted linesin Fig. 2b.

the velocity vector rotation is less regular during day-
light hours.

Both the P(v) distribution form and average veloc-
ity vary smoothly in the winter and autumn. The most
probable night value of v does not exceed 30 m/s, aver-
aging ~60 m/s. In the morning, the distribution form
starts changing monotonically (it becomes more sym-
metric), and v increases up to ~130 m/s. A virtually
symmetric opposite process starts in the afternoon. The
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forms of P(v) distributions in the summer and spring
are close to those in the autumn and winter, but the
night velocities are higher.

Different averaged modelswere used in earlier pub-
lications devoted to experimental verification of AGW
filtering by the night wind [1-10]. For a comparison,
we used amodel that enabled us to calculate a neutral -
wind velocity for arbitrary daytime with allowance for
the magnetic activity index [19].
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Fig. 3. Hourly vector values of azimuth and velocity aver-
aged for the seasons: (a) winter, (b) autumn, (c) spring,
(d) summer. An arrow length corresponds to an absolute
velocity value.
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Fig. 4. Results of comparison between the hourly values of
the phase front direction and the neutral wind direction,
measured during 60 days in the autumn and winter seasons
of 1989-1990 for: (a) complete days; (b) the daylight hours
(06.00-18.00 LT). For night hours (18.00-06.00 LT,
Fig. 4a), a comparison is made with the normal to the geo-
magnetic vector projection in the receiving antenna plane.

AFRAIMOVICH et al.

In Fig. 4, the hourly values of the phase-front direc-
tions during 60 days in the autumn and winter seasons
of 1989-1990 are compared (according to the model
[19]) with the neutral wind direction (for the daytime)
and the normal to the geomagnetic vector projectionin
the receiving antenna plane (for night). In this sam-
pling, the values of the geomagnetic activity index K,
were not higher than 4.0.

Figure 4a shows the differences Ay in directions
between disturbances and wind. The values of root-
mean-square deviations are plotted as vertical lines.

In the daytime, the Ay value averages 180° with a
root-mean-square deviation of ~15° were obtained for
the entire data body. This is far more reliable (than it
was established previously) evidence that the medium-
scale displacements of ionization irregularities in the
ionospheric F2 region are directed against the neutral
wind.

However, the night experiment is considerably dif-
ferent from the filtering model (Fig. 44). If we accept
the previously formulated hypothesis that night
medium-scale irregularities are extremely magnetized,
the experimental and model data will be much closer.
To illustrate this conclusion, we show the differences
between the measured directions of travel and the nor-
mal to the magnetic vector projection in the plane of the
receiving antenna array, reduced to 180° (Fig. 4b, from
1810 06 LT). As aresult, the difference between mea-
sured and calculated directions averages 180° with a
root-mean-square deviation of ~9° for the entire data
body.

DISCUSSION

Our results for daytime agree well with the TID
velocities and directions measured in vertical sounding
[2, 3, 5, 6, 20-22] and with the data of transionospheric
measurements [4, 7-10, 23, 24]. For a comparison, the
well known P(v) distribution [25] is plotted as a dotted
linein Fig. 2a.

The published data of TID velocities v measured at
night do not allow one to distinguish any regularity in
the variation of the travel direction [4-6, 9, 10, 21, 23].
The spaced ionosonde measurements and simultaneous
night-time recording of F scattering give velocity val-
ues close to our data; the results obtained in [26] on the
basis of 2400 measurements are shown as P(v) distri-
bution in Fig. 2b (right panel, dotted line). The night-
time TID velocities during F scattering were 30—
50 m/s, according to the antennaarray measurementsin
Australia[27]. Thenight-timeTID directions measured
inAustraliafall within an azimuth sector of 290°-310°
[26—-29]; the datafrom [26] are given for a comparison
(Fig. 2b, left plate).

A large body of data on TID dynamics were
obtained in the USA (36° N, 106° E) during a 500-day
continuous cycle of measurements (1993-1994), using
a radio interferometer with a large base (50—100 km)
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and recording the 137-MHz signal from the geostation-
ary satellite GEOS2[9]. For 0816 LT inthe spring and
autumn periods, these data quite well agree with our
data on TID rotation from the southeast to the south-
west. It isinteresting that the datareferred toin[9] find
their logical continuation on the interval 1622 LT.
Here, we see a tendency toward the azimuth displace-
ment in the sector south-southwest (1618 LT), south-
west-west (18-20 LT), and west-northwest (2022 LT).

The new results of measurements of AGW charac-
teristics, with the use of radio heliograph (Nancy,
France, 47.3° N, 2.2° E), are cited in [10], where the
data of almost 800-hour observations of non-solar and
solar radiation sources are analyzed. The directions of
TID propagation are rather variable, the southern direc-
tion being predominant. Southeastward (in the day-
time) and southwestward (at night) directions are dis-
tinguished inthe daily distribution of averaged TID azi-
muths. Our daily data well agree with the data from
[10], including a distinct change in directions from
southeastward to southwestward ones. If the arguments
for a southwestward (rather than a northeastward)
direction, cited in [10], are used in the interpretation of
our night-time data, the datafrom [10] will be virtually
coincident with the corresponding data of our measure-
ments on the entire daily interval.

We should note that the authors of [9, 10] do not
think that their datareliably corroborate the hypothesis
that TID are filtered by neutral winds. Therefore, it
seems to be of current concern to continue experiment-
ing with radio sounding facilities using both reflected
and transionospheric radio signals.

CONCLUSION

The above data on medium-scale TID dynamics
during daylight hours are in virtual agreement with the
hypothesis that AGW are filtered by the neutral wind.
The assumption that similar medium-scale distur-
bances, detected a night during transionospheric
sounding, are frozen in the magnetic field as small-
scale ones (rather than being governed by the neutral
wind), seems also to be substantiated.

It is aso interesting that a night value of medium-
scaleTID directionsisusually 10°-15° smaller thanthe
corresponding value of small-scale irregularities,
which (as expected) coincides with the normal to the
magnetic vector shadow in the antenna array plane.

These effects are most pronounced in the winter and
autumn and are amost independent of the magnetic
activity level (upto K, =5).
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