


5. CONCLUSION

Thus, the results for the f3 * parameter determination by the experimental data essentially depends on using

a theoretical law of the amplitude distribution for signals reflected from the ionosphere. For the thin layer
(E-region) where scattering near the reflection level plays a basic role (a rough diffusion screen model)
Rice’s law describes the real sitnation well. But for a thick layer (the F-region) it is necessary to take into
account multi-fold radio wave scattering processes. These processes can be accounted for using the

distributions offered in this paper, adjusted to fit the experimental and theoretical estimates of ﬁz.

However, the problem of determining f3 % for the ionosphere cannot be considered finally solved.
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ABSTRACT

The use of computer Doppler filtering of ground wave method is suggested for treating the data of spaced-
antenna reception of signal from LF-broadcasting stations with a high-precision master oscillator signal.
This method can be employed in round-the-clock measurements of characteristics of motions, absorption,
and angles of arrival of the radio wave. The use of the method is exemplified by a treatment of data from the
LF-spaced-antenna receiving facility; first results on D-layer dynamics and absorption are presented.

1. INTRODUCTION

Recent meteorological research has witnessed a clear tendency for the Earth’s atmosphere to be regarded as
a whole and not to be confined to the tropospheric boundaries alone. Yet there is an obvious shortage of ex-
perimental data on atmospheric conditions at stratospheric and thermospheric heights and on the dynamic
regime of these regions. The most valuable data of this kind are furnished by MST-radars, but these are too
costly in regard to both the construction and operation and are therefore very scarcely distributed over the
globe. Furthermore, MST-radars are active instruments and contaminate drastically the cluttered propagation
medium.

Traditional incoherent spaced-antenna reception of broadcast LF signals is an alternative crucial method of
experimental research into the lower atmosphere dynamics [Sprenger and Schminder, 1967; Afraimovich,
1982; Kazimirovsky and Kokourov, 1995]. Such observations can provide the drift velocity and direction of
ionospheric irregularities at the height of reflection (typically 70-100 km for LF-range) provided they are in
ordered motion. Such a set of parameters obtained is exceeded by MST-radars, especially as their validity
has not yet been rigorously proved (the validity has been confirmed only through a comparison with other
observing techniques). On the other hand an installation providing such observations is much cheaper than
an MST-radar.

The reliability of these measurements can be ensured only on short radio paths provided that the ground
wave is totally suppressed; in this case the ionospheric(4; ) to ground wave amplitude {A; ) ratio G=A; /A,
does not exceed 30-50 dB, even in the nighttime. A classical approach is to use polarization filtering of the
ground wave using magnetic loops, which gives a gain in G of about 30 dB and resolves the problem of
nighttime measurements. In the daytime such a method is entirely unacceptable because of a further 20-40
dB decline in A;, [Afraimovich, 1982].

As a consequence, results obtained refer exclusively to the nighttime {Kazimirovsky and Kokourov, 1995].
For the same reason, analysis of broadcasting LF signals cannot be used when measuring the diurnal de-
pendence of such an important characteristic as the radio wave absorption.

This work is devoted to a description of an approach to treating spaced-antenna reception data. As a result of
this approach we can measure parameters of motions, effective absorption, and angles of arrival on a round-
the-clock basis. Upon bringing the technique to the appropriate performance level and defining its validity
range, it would become possibie to set up an entire network of ionospheric wind monitors because they are
relatively inexpensive. Such a network can provide adequate spatial resolution for investigating large-scale
processes in the atmosphere, which would qualitatively upgrade the value of geophysical data obtained. This
same approach may be useful when constructing spaced-receiver facilities operating in different frequency
ranges as well.

2. RAW DATA COLLECTION

The installation was located at the ISTP Research Range, Badary, Republic of Buryatia (51°N, 102°E); it
was a modernized facility for D-region drift measurements that has been operational for two decades now
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[Kazimirovsky and Kokourov, 1995). Unfortunately, in May 1996 the observatory at Badary was destroyed
by a major forest fire. Obtaining of data was discontinued, but we have observations covering about three
weeks of November 1995 and February/March 1996. The observatory is currently in the phase of recon-
struction at a different location.

We use the radio signal emitted by a broadcasting station located at a distance of 120 km. The signal fre-
quency is 198 kHz, and its relative stability is of the order of 1072, Height of reflection may be estimated
using the data on angles of arrival of radiovave. Angles of arrival may be calculated using phase delays be-
tween spaced channels [Afraimovich, 1982]. Direct measurements of height of reflection are performed by
Reinisch and Sales, 1974. Walues of height of reflection for 180 kHz signal lies in 75(night)-95(day) km
diapason. The radio station is in operation every day with a 5.5-hour break at night. The facility’s focation
had an additional advantage as the mountain range lying between the facility and the transmitter made a
further contribution to ground wave suppression.

A block-diagram of the facility is presented in Fig. 1.
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Figure la. Block-diagram of recording installation. DAC (Digital-to-Analog Converter), ADC (Analog-to-
Digital Converter). F (working frequency of the radio station); H1 and H2 (frequencies of the
first and second heterodyne signals); and IF1 and IF2 (first and second intermediate frequencies).
The dashed box contains the instrumentation of one of three remote sites; the two others will be
the same.

Figure 1b. Schematic map of antenna sites.
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The facility included three spaced magnetic
loops tuned to minimum reception of the
ground wave. Antennae were placed at the
vertexes of a right triangle with 500-m sides
directed from south to north and from west to
east. Remote sites were connected to one an-
other via cables.

400+

The signal received by the antenna (F=198
kHz) was amplified, and then mixed with the
first heterodyne signal (HI=326 IHz),
transmitted from the control building by cable
converting its frequency, and, filtered by the
quartz filter with 60 Hz band. The first inter-
mediate signal (F/=128 kHz) was fed to the
amplifier with controlled gain. The controlling
analog signals were produced for the three
antennae separately by a computer using a
DAC and were transmitted from the control
building by cables. Thanks to computer con-
trol of gains and absolute calibration of the re-
ceiving system, we can know the real radio
wave amplitude round the clock.

4004 ]

Amplitude, relative units
<o
[

2000 Cylt)

The signal from the first intermediate fre-
quency was transmitted by cable to the control
-2000 7 T T 1 building where it was subjected to a second
0 500 1000 frequency conversion, by mixing with the sec-
T, sec ond heterodyne signal (H2=128000.1 Hz). The
second intermediate frequency is /F2=0.1 Hz.
The Detector — [F2 Amplifier system was op-
erating as a low frequency filter with the
bound of about 1 Hz. And signal IF2 was then
C(t) are series after Doppler filtering. fed to th.e 12-bit ADC and stored b_y'the com-
The record starts on November 19, puter with 1 Hz frequency, specified by a
1995, 12:48 LT. at Badary. special clock. So the resulting data consist of
’ three rows of 12-digit of numbers (0-4095)
sampled with 1-s interval (10 counts for a full
cycle of second intermediate frequency)

Amplitude, relative units
(]

Figure 2. Cy(t) is an example of raw data; A(r), B(z),

The computer analyzed the amplitude of the /F2 signal and changed gain of the channels if needed,

The System’s master oscillator is a quantum frequency standard; it has high relative frequency stability (107
2y and synchronized all the parts of the system both in time and in frequency. So we can store not only the
amplitude of the radic wave but also its phase at the three spaced antennae during long periods of time.

Thus raw data are the series Ag(t), Bo(t), Co(1) of IF2 signal with one second sampling for the three channels.
Fig. 2a. gives an example of raw data for one of the channels, Cy(z). This series was recorded in the daytime
when G<1; so the depth of fading of IF2 is rather small.

3. APPROACH TO DATA TREATMENT

Relatively fast (with periods of tens and hundreds of seconds) amplitude fading of the ionospheric radio sig-
nal is caused by interference and diffraction of a multitude of rays reflected from ionospheric regions
(traveling with respect to each other and to the receiver) as well as the ground wave. In this case the ground
wave remains strictly invariable in frequency because the receiver is fixed with respect to the transmitter and
frequencies of rays reflected from travelling reflectors undergo Doppler shifts. Therefore, the spectrum of
the received radio signal contains not only the line corresponding to the frequency, emitted by the transmit-
ter, but also components shifted to either side of it.
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Fig. 3a. shows the initial amplitude spectrum
Cy( @) obtained by direct Fourier transform of the
Co(t) record (first 1000 points of Cy(t) are pre-
sented in Fig. 2a.). A strong peak at F,=0.1 Hz is
the consequence of the ground wave, and weak
serrations at the wings of that strong line are due
to ionospheric waves.

Our Doppler filtering technique for the ground
wave implies that the received signal is subject to
direct digital Fourier transform; subsequently,
spectral components corresponding to the ground
wave frequency are eliminated and then the in-
verse Fourier transform is performed. The elimi-
nating procedure involves multiplying the initial
spectra by a filter function R(®) (see Fig. 3b.), so
that spectral components corresponding to the fre-
quency of the ground wave (inside the &F interval)
and components that lie too far from the ground
wave line (outside the AF interval), are replaced
by zero. The parameter AF is adopted according to
the expected width of ionospheric signal spectrum
and typically does not exceed 0.02 Hz in LF-band.
After filtering the spectra, the inverse Fourier
transform is performed.

Hence the resulting series may be regarded as a
recording that is completely free of the ground
wave. An example of the proposed transformation
is shown in Fig. 3c. It should be noted that the ra-
tio of peak values of Cyfw) and C{w) is about 25
dB, and it is the measure of gain achieved by
Doppler filtering. Real gain is smaller and ac-
counts for about 15 dB because the C(w) spreads
over some frequency range but Cyf @} has the form
of peak. Fig. 3d. shows the spectrum of the phase
difference between IF2 signals of channels C
and B. It can be seen that phase difference
fluctuations are much stronger at frequencies
where the amplitude of C{@) 1s small.
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This is additional evidence that C(w) is not Figure 3. Procedure of Doppler filtering of spectra. (a)—initial

noise but a spectrum due to the ionosphere
within the region where C(w) is strong. The
final result of filtering is presented in the Fig.
2b, While the initial signal, Cy(z), fades rather
weakly, the filtered out signal, C{(2), is modu-
lated much more strongily. Curves A(?) and
B(t) represent the results of filtering the chan-
nels A and B data.

spectrum, Cy(@);  (b)—filter function, R(w); (c)—
filtered out spectrum, C{w); (d)~-spectrum of phase
difference between signals, C and B, &(w). F, — fre-
quency of ground wave; bold arrows point to valleys in
the amplitude spectrum, C({w), accompanied by spikes in
phase difference, @(¢3). The horizontal dashed line on
3c. shows the threshold, €, used to estimate the iono-
spheric wave amplitude. Vertical dashed lines mark the

boundaries of the ground-wave spectrum. November 19,
1995, 12:48 to 13:56 LT. at Badary.
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Figure 4. Mean value, L(t) (bullets), and root mean
square, RMS (vertical bars), of the relative
amplitude of ionospheric wave for 7 days in
February/March 1996, Badary.

During the filtering a narrow interval of the ionospheric spectrum is lost within the 6F. When the typical
width of ionospheric spectrum in the LF band is 0.02 Hz, 6F is chosen according to the natural width of the
ground wave line. The longer the initial recording, the narrower the spectral interval of ionospheric rays and
the smaller the ionospheric spectrum components information loss. To improve the characteristics of the
method, it is important to increase the length of continuous registration, provided it is smaller than the char-
acteristic time of phase instability in the transmitter-receiver system. Both our radio station and the master
oscillator have relative stability of about 10" so that the time may be estimated at hundreds of days which is
much more than the time of continuous operation of the transmitter. Therefore it is the optimal variant for
decreasing the ground-wave width to perform Doppler filtering for each 18.5-hour session. It requires
Fourier transform of 66600-point series. In this case the lost part of ionospheric spectrum will not exceed
10" Hz (or 107 in relative units).

The strong ground wave line sidelobe influence on the ionospheric part of spectrum can be reduced by em-
ploying an appropriate time window [Harris, 1978]. When a window with strong (up to 80 dB) sidelobe
suppression is used, 8F may be doubled but when treating such a long series it is not as important.
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After applying the inverse Fourier transform series can be processed by using different methods (based on
both coherent and incoherent reception schemes) in order to get ionospheric information with the needed
amount of data for desired time resolution,

4., EXAMPLES OF GEOPHYSICAL RESULTS

Data measured using the facility described include recording information on the amplitude and phase of the
received radio wave which are then used in computations of ionospheric parameters using different known
methods.

A teview of methods for analyzing the interference pattern at incoherent spaced-antenna reception is given
by Briggs, [1968]. When such a method is nsed in processing the series presented in Fig. 2. the direction of
motion (from north through east) and the velocity of ionospheric irregularities are 184.7° and 38.9 m/s, re-
spectively.

Pfister, [1971], gave a description of a method of coherent spaced-antenna reception. When such a rethod
is used, the values of azimuth and velocity are 171.0° and 58.0 m/s respectively.

The measurement of diurnal variations in absorption of the ionospheric wave are possible because of com-
puter controlied gain of channels while the channels are calibrated. The relative amplitude of the iono-
spheric wave can be estimated as the sum of components of the amplitude spectrum that matched the filter
function R(w) and greater than the given threshold € (see Fig. 3¢). A diurnal dependence of the mean iono-
spheric wave amplitude L(#) (in dB) during 7 days in February/March 1996 is shown in Fig. 4. Nighttime to
daytime difference of ionospheric wave intensity is due to the daytime enhancement of radio wave absorp-
tion and is 17-18 dB. These results are in excellent agreement with the data obtained for the 180 kHz by
Reinisch and Sales, [1974].
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ABSTRACT

A statistical method is proposed for determining the characteristics of the radio signal interference pattern
dynamics by measuring variations of phase derivatives with respect to time, and spatial coordinates as a
function of time or frequency. These data are used to calculate corresponding values of the velocity vector.
Subsequently, velocity and direction distributions are constructed and analyzed to verify the hypothesis of
whether there is a predominant displacement. If it exists, then the pattern can be considered to be traveling,
and the mean travel velocity can be determined from the velocity distribution. The use of this method is
exemplified by an investigation of medium-scale traveling ionospheric disturbances (MSTIDs) and srall-

scale irregularities (SSI) from simultaneous polarization, angle-of-arrival and scintillation measurements of .

the ETS-2 radio signal at 136 MHz made in Irkutsk (52° N, 104° E} during December 1989 to0 December
1990. The method may be useful both in experiments with ionosphere-reflected radio waves and in
transionospheric radio sounding operations. The new avenues for remote diagnostics of TIDs are based on
exploiting standard measurements of transionosheric radio signal characteristics and coordinate-time
measurements using multichannel receivers of the Global Positioning System (GPS).

1. INTRODUCTION

A Translonospheric Radiointerferometer (TIR) (Afraimovich et al., 1991) is designed for simultaneous
measurements of the main parameters of a 136 MHz radio signal from the geostationary satellite, ETS-2,
located at 130°E (polarization rotation, angles of arrival, frequency Doppler shift, and amplitude — with a
time resolution of 30 s and amplitude scintillations with a time resolution of 0.2 s). The comprehensive
nature of our measurements offer a means of investigating the structure and dynamics of ionospheric
irregularities simultaneously over a wide range of scales, from a few hundred meters to several hundred

kilometers.

Three receiving points A,B,C of the radio interferometer were located at the apexes of a nearly right-angled
triangle, with sides about 200 m long. The receiving antennas for channels A, B, and C were single
polarization spiral antennas. In addition, the central point, A, incorporated an additional antenna, D, of
opposite polarization. The set of antennas at A and D was used to measure the phase difference, 44,
between antennas A and D which is proportional to the total electron content (TEC), I(z), along the line of
sight to the satellite.

The set of A, B, and C formed part of the system for measuring time variations of the phase difference A¢
along baselines CB and AB, proportional to values of the gradients /'y and I',, where x and y are directed,
respectively, eastward, E, and northward, N. Furthermore, amplitude scintillations with a time constant of
0.2 s were recorded simultaneously from the same antennas.

To implement the method described in Section 2, the continuous series A@ag(?), A¢ca(t) and Agan(t) of at
least two-days duration were filtered out in order to eliminate diurnal trends in the measured quantities. An
eighth-order Butterworth filter was used in investigating MSTIDs. The period range 30 — 60 min, which lies
within the generally accepted range of MSTIDs periods, was used.

Filtered series of A¢ap, A¢cp and Agap were used to determine TID-induced TEC disturbances ol(t) and
variations in the phase derivatives, ¢',=A¢ca/Ax and ¢'y=A@an/Ay, where Ax and Ay are the reduced values of
the baseline in the E and N directions. Variations of the phase time derivative ¢'(r) were determined by
differentiating /() (Afraimovich et al., 1991).
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2. STATISTICAL MEASUREMENT OF THE RADIO PHASE FRONT VELOCITY VECTOR

Our statistical method developed for determining the velocity, v, and direction, , of the radio signal phase
front propagating in the antenna system plane is a generalization of a method proposed by Mercier (1986}).

In the simplest form, space-time variations in phase, Ag(x,y,), of the transionospheric radio signal are
proportional to TEC variations, Al(x,y,¢), in the ionosphere, at each time, f, and can be represented in terms
of a flat-Earth approximation of a traveling plane phase front

Ad(x,y,1)=kAl(x,,t)= @ (1) Ar+¢ Ax+',Ay (0

where k is the proportionality factor, and ¢, ¢'; and ¢', are the first phase derivatives with respect to time, #,
with respect to the spatial coordinates x and y respectively.

The propagation velocity, v(2), and the direction, yf?), of the phase front at each time may be defined as

W, (9 = ¢,(5/9{(8) =[W|cosy
W.(D = 9.(D/¢)(8) =1W|siny

- @
A %

o) =™ = (W2 + W)

In radio astronomical interferometry, measurements are only made of the spatial derivatives of ¢'y(r) and
¢"{t), which determine the direction Y modulo 180° (Mercier, 1986). Using the time derivative of the signal
phase makes it possible to determine the unambiguous orientation of the wave vector of the phase
disturbance in the range 0 — 360° at each particular instant of time.

In practice, we use instantaneous values of v and y, determined every 30 s, to construct — on a selected time
interval — not only distribution functions of the azimuth P{y) (as suggested by Mercier (1986)) but also the
velocity P(v).

Ideally, when a “frozen” interference pattern travels in a given direction without changing its shape
(specifically, a single plane traveling wave), the phase derivatives ¢'(t), ¢'(t) and ¢'(t) would be either in
phase or in anti-phase.  Then the

, transformations (2) give a time-constant

400 1 @ (1), mrad/s a) 2.00 — (R',y(t)r mrad/m  b) value of the azimuth and velocity, while

. distribution functions show a well-

200 defined maximum at these values.
0 - In real situations, there exist a plethora
. of factors that leads to more composite
-200 — distribution functions. Primarily, this
- car be due to the finite width of the
-400 T spectrum of directions of TID wave

vectors. But the main difference of our
proposed  method from  existing
techniques is that its area of application

W (1), grad c) v(t), m/s d)  is not limited to some generally accepted
0 400 = ° model for phase or amplitude
300
240 \ .
180 \\ . g 200 % ﬁﬁ Figure 1. Variations in space-time
120 J V4 A 22 : V characteristics of the phase from
ok * % ° ,j“ ¥ 3 10.00 to 12.00 LT on November 10,
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o 25 50 75 100 0 25 s0 75 100 curve; ¢'y(1), solid curve; c) y{r); d)
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20 20 7 P{V) Figure 2. a) Distributions of azimuths P( )
P a) b) and (b) velocities P(v)
corresponding to the dependences

10 10 — yqt) and v(z) Fig. 1.

A perturbation of the interference pattern

e T T T 0 ST T (for example, a single plane traveling

0 60 120 180 240 300 360 0 120 240 360 .uey On the contrary, analyzing the

W, arad v. m/s distributions facilitates a choice between

different models and makes it possible to

assess the degree of their validity.

Primarily, velocity and direction distributions are constructed and analyzed to verify the hypothesis of

whether there is a predominant displacement direction of the interference pattern. If it exists, then the

pattern can be considered to be travelling, and the mean travel velocity can be determined from the velocity
distribution.

Figure 1 presents typical (of noon) two-hourly variations of the space-time characteristics of the phase,

velocity and direction (a) — ¢'(z); b) — ¢'t), dashed curve; ¢'yt), solid curve; c}) — y(z); and d) — v(1)).

Distributions of azimuths P{\} and velocities P(v), corresponding to the dependences y{z) and v(z) of Figure
1, are shown in Figure 2. The mean value of the velocity, v, for the
daytime 2-hour interval is about 120 m/s and the mean value of the
azimuth , y; is about 150°.

8980 7 Aqw), rel. units

] 3. DETERMINING THE VELOCITY VECTOR OF THE

%00 AMPLITUDE DIFFRACTION PATTERN

5000 An example of a typical 6-minute recording of amplitude scintillations
1 from the outputs of three antennas A, B, and C for the ETS-2 signal is
4500 —_— given in Figure 3 (recorded October 6, 1990, beginning at 07.49 LT).
The figure illustrates a good likelihood of scintillations at the spaced
B{t), rel.units antennas, with well-defined time shifts caused by the movement of a
strongly anisotropic “frozen-in” SSIl-induced amplitude diffraction

5000 — pattern.

5500 ~

A multitude of independent counts of space-time derivatives of the

4500 — signal phase in terms of the proposed method can be obtained with the

spaced-antenna reception method in the frequency region when

analyzing a complex spectrum of scintillations for each of the

8000 1 ¢ o), re.units antennas, i.e., the amplitudes Sa(@), Sp(@) and Sc{®) and phase Da(w),
1 P w) and Pc(w) spectra, where @ is circular frequency.

5500 —
In this case, the phase derivatives ¢', ¢, and ¢, are now determined

5000 — not as functions of time ¢, as is the case with radio interferometry
(Section 2}, but as a function of frequency, @.

T T T

0 100 200 300 400
t, s

Figure 3. An example of a typical 6-minute recording of the ETS-2 signal scintillations from the outputs of
three antennas A, B, C (sequentially from top to bottom). The recording of October 6, 1990,
beginning at 07.49 LT. Only varying parts of signals are shown. Linear scale; amplitude of variations
is about 0.1 of mean value.
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Corresponding values of the velocity v(@) and direction y{®) are calculated by formulas (2).

Figure 4 presents frequency dependencies for space-time characteristics of the phase of the ETS-2 radio
signal scintillation spectrum, corresponding to the record in Figure 3: a) is the amplitude spectrum, S{®), of
channel A (solid curve) and the phase time derivative, ¢'{@), is the dashed curve; b) is the spatial phase
derivatives ¢'.{ @) and ¢'{®}; d) and c) are the azimuth, ¥(®), and velocity modulus, v(®), of the phase front
propagation. As expected, with a displacement of the “frozen” interference pattern, like Figure 3, ¢',(@) and
¢',( @) are almost proportional to the frequency, and all components of the scintillation spectrum travel in the
predominant direction with a almost constant phase velocity, v. In this case, the results obtained are

consistent with data from classical correlation and dispersion analysis (Briggs, 1968).
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Figure 4. Frequency dependences of space-time phase characteristics of the scintillation spectrum,
corresponding to the record in Fig.3: a) is the amplitude spectrum, S{w), of channel A (solid
curve) and the phase time derivative, ¢'(@), is the dashed curve; b) is the spatial phase
derivatives ¢’(@) solid curve; ¢'{w) dashed curve; d) and c) are the azimuth, ¥ ), and velocity

modulus, v(®).
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Figure 5. Distributions of azimuths P(1) — a) and velocities P(v) — b); weighted distributions of azimuths
Py{y) — c) and velocities P,(v} — d), corresponding to the dependences @) and v(®) Fig.4.

Distributions (corresponding to Figure 4) of the azimuths P(y), (a), and velocities P(v), (b), are given in
Figure 5. P{y) shows a well-defined maximum at y of about 220° and P(v) shows a maximum at v of about
30 m/s. Where necessary, one can construct “weighted” amplitude distributions in directions, P ), and
velocities, Py(v), which make it possible not only to take into account the number of cases corresponding to a
given interval of distributions, but also the weight of each velocity vector using the amplitude spectrum,
S(w). Relevant distributions are presented in Figure 5 (Py{y), (c), and Py(v), (d)). As would be expected, the
“simple” and “weighted” distributions are almost the same for the “frozen” interference pattern.

4. CONCLUSIONS

L. A statistical method is proposed for determining the characteristics of the dynamics of the radio signal
interference pattern in the plane of the receiving antenna system by measuring variations of the phase
derivatives with respect to time and spatial coordinates as a function of time or frequency. These data
are used to calculate corresponding values of the velocity vector as a function of time or frequency.

2, Subsequently, velocity and direction distributions are constructed and analyzed to verify the
hypothesis of whether there is a predominant displacement. If it exists, then the pattern can be
considered to be travelling, and the mean travel velocity can be determined from the velocity
distribution, When the signal is processed in the time region, this means that a consistent displacement
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of the “frozen” interference pattern is proceeding throughout the entire analysis interval; when
analyzing in the frequency domain, this means that all components of the signal spectrum travel in the
predominant direction. In the latter case, results using this method are in agreement with data from
classical correlation and dispersion analysis.

3. Method may be useful both in experiments with ionosphere-reflected radio waves and in
transionospheric radio sounding operations. The new avenues for remote diagnostics of TIDs are
based on exploiting standard measurements of transionosheric radio signal characteristics and
coordinate-time measurements using multichannel receivers of the Global Positioning System (GPS).
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1. INTRODUCTION

The use of an artificial Neural Network (ANN) to model the noon value of foF2 for Grahamstown (26°E,
33°8), using readily available geophysical parameters, has already been reported (Williscroft and Poole,
{19961 ). The term “model” is used here to emphasize that since the ANN relies on measured values of the
geophysical parameters as input, the values of foF2 produced must necessarily be past values and represent
either interpolated values or best guess average values for times when foF2 was not measured, but the values
of the input parameters were known. In this paper we investigate the ability of the ANN to predict short-
term future values of folF2.

2. TRAINING THE NEURAL NET

Williscroft and Poole [1996] give details of the architecture of the ANN used in this investigation. In that
paper the ANN was trained with four inputs, representing the sine and cosine components of the day
number, a two month running mean of the sunspot number R2, and a two day running mean of the magnetic
index which we called A16. These inputs allowed us to model noon foF2 with an rms error of 0.94 MHz,
measured over a complete sunspot cycle. The differences between the modeled and measured foF2 appeared
to be random, yet it is well known that if foF2 is enhanced or depressed, it tends to stay that way for periods
varying from hours to days. This caused us to wonder if using an earlier value of foF2 as additional input
would improve the ability of the ANN to meodel, and indeed to predict short term future values. Our
investigation set out to determine two things:

[i] What is the effect, if any, of varying the delay between the input and output foF2 values?

[ii] If an earlier value of foF2 is included as an input parameter, do any of the other inputs become
redundant?

Figure 1 shows schematically the input and output configuration for the ANN which we reported in
Williscroft and Poole [1996]. The inputs are DNC, DNS, R2 and A16. DNC is the cosine component of the
day number given by

DNC = cos[2n*DN/365]
where DN ( 1 < DN < 365 ) is the day number, and similarly DNS is
DNS = sin[2n*DN/365].

The reason for splitting DN into two components is to accommeodate the cyclic nature of DN (Williscroft
and Poole, [1996]). R2 is a two month average of the daily sunspot number, averaged over the two months
prior to the data for which the prediction is required. Al6 is similarly a 48 hour average of the 3 hourly
magnetic index Ay, averaged over the 48 hours prior to the time of the required prediction.

The output (target) values used were the noon foF2 values for Grahamstown for the 11 year period 1973-
1983, representing approximately one sunspot cycle, as well as an additional two years, 1989 and 1995.

From this data set, 70% was randomly chosen for training while the remaining 30% was used to test the
ANN.

For this research, we initially replaced the input set of figure 1 with the 11h00 values of foF2 only, which
we call foF2(11h00). The output data remained foF2(12h00) as before. This new ANN was trained and
stored. We then sequentially added the inputs of figure 1, retraining the ANN each time and storing the
result. The results for the testing set are summarized in table 1, ANNs 1 to 5, which lists the RMS errors
between the predicted and measured values in each case.
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Figure 1. This figure shows a schematic diagram of the input and output configuration of the Artificial
neural network, ANN.

Table 1. Results for several ANNs trained with different inputs.

ANN # INPUT RMS ERRORS
1 DNS, DNC, R2, A16 0.94
2 foF2(11h00) 0.55
3 foF2(11h00), DNS, DNC 0.53
4 foF2(11h00), DNS, DNC ,R2 0.53
5 foF2(11h00), DNS, DNC, R2, A16 0.52
6 foF2(10n00), DNS, DNC, R2, A16 0.64
7 foF2(09h00), DNS, DNC, R2, Al6 0.74

We thus trained several networks, each with different input parameters. Each network was trained on a “best
of 10 basis” (see appendix A). ANN 1 represents the results obtained in Williscroft and Poole (1996) .
ANN 2 was trained with only one input, the 11h00 value of foF2 (i.e, the previous hour). It is noticeable
that the rms error improves (decreases) dramatically with the introduction of foF2(11h00), and continues to
improve marginally as each additional input is added. ANNs 2-5 thus represent four neural networks trained
to predict the noon value of foF2 one hour ahead, but with increasing individual input requirements.

To investigate the effect of increasing the prediction delay, we trained two ANNs using the same input data
as ANN 5 but replacing foF2(11h00) with foF2(10h00) and foF2(09h00) in turn. The results are presented
in table 1, ANNs 6to 7.
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ANNSs 6 and 7 are thus networks trained to predict noon foF2 two and three hours ahead respectively. It is
noticeable that the rms errors get worse (increase) as the prediction delay time increases, as one might
expect.

3. CONCLUSION

It is emphasized that this investigation only compared ANNSs trained to predict the noon value of foF2.
There was no particular reason for this choice, just convenience. It is assumed that the results obtained here
would be just as applicable to other local times. If this is so, our investigations reveal that a neural net
trained with appropriate indicators can be used to predict foF2 up to 3 hours ahead, with a decreasing ability
to predict with increasing delay. Our investigation also showed that all the indicators mentioned play a part
in improving the prediction, although the role of day number (DNS, DNC), sunspot number (R2) and
magnetic index (A16) is less significant than that of the prior value of foF2. We interpret this to mean that
short term fluctuations (of the order of 1-3 hours) are well predicted by using the latest available foF2
measurement.
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Appendix A: Best-of-ten training:

At the start of a network training session, the values of the weights within the network are initialized to
small arbitrary random values. The training process is chaotic, and very small changes in the initialization
values lead to completely different routes to a final configuration, which is different in each case. The
predictive ability of each net, trained with identical data, but different intialisation, and measured by
comparison of the rms errors, is much the same, but there is a small amount of “noise”, with a standard
deviation of about 2%. Choosing the one from ten with the smallest rms error (best) gives an rms error
value whose standard deviation is reduced by V10, and thus improved its level of confidence for
comparative purposes. It is worth nothing that “best” net is only best for that particular exact set of training
and target data, and that very small changes in either can lead to another net which is less optimal.
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CLASSIFICATION OF THE VERTICAL IONOGRAMS TAKEN IN THE
POLAR CAP IONOSPHERE UNDER DIFFERENT GEOPHYSICAL
CONDITIONS

A.V. Shirochkov and L.N. Makarova, Arctic and Antarctic Research, Institute 38
Bering Street, Saint-Petersburg, 199397, Russia

Abstract.

A great variety of the vertical ionograms collected in the polar cap area by the ground-based ionosondes
cannot be completely interpreted using the standard URSI scaling rules. Therefore, an attempt is made to
classify the main types of the polar cap ionograms in accordance with the geophysical situations that are
most common in this area. Only winter F2 region cases are considered. It was possible to select six main
types of ionogram and tentatively proposed the corresponded geophysical situations for each of them.

1. INTRODUCTION.

The polar cap ionosphere properties attract the attention of many contemporary ionospheric researchers for
a number of reasons. First of all, the polar caps are areas of open geomagnetic field lines that are directly
connected with the solar wind so the dynamics and features of the polar cap ionosphere must be strongly
influenced by solar wind variations and by corresponding magnetospheric phenomena such as plasma
convection, electric fields etc. It also means that the polar cap area has none of the intense auroral
precipitation fluxes that are an important ionization source in the auroral high-latitude ionosphere. On the
other hand, the discovery of ionization patches in the polar cap ionosphere, and their intense study in recent
years, has led to the conclusion that these structural forms have their origin in the sunlit part of the
subauroral ionosphere. Such a twofold origin of the polar cap ionosphere means great spatial and temporal
variability in this part of the Earth’s ionosphere. In the early 50’s, Russian scientists began regular vertical
ionosonde soundings of the polar cap ionosphere and a huge archive of these data are now in the Russian
scientific centers.

Standard reduction of the polar cap ionograms using the URSI scaling rules was unproductive in describing
all the ionospheric features that were present on the ionograms. Recent progress made studying high-
latitude magnetospheric and ionospheric processes allows a re-evaluation of the information contained in the
polar cap vertical ionograms. Presumably, the numerous geophysical processes in the polar cap have
ionospheric signatures that could provide valuable new information. It seems that ground-based vertical
ionosondes, although unfashionable, are still able to
contribute significantly to polar cap studies.
Recently, Canadian scientists started observations
with the newly opened latitudinal chain of vertical
ionosondes located in the polar cap area
[MacDougall et.al., 1995]. In this paper, we try to
classify all typical ionograms taken in the polar cap
area in accordance with the main geophysical
situations observed in the polar cap. Of course, it is
only a preliminary attempt of this kind which must
be followed by the more detailed studies. It is hoped
that the results of this study could be useful in future
explorations of polar cap phenomena. Observations
made at Antarctic station Vostok (78,5 S; 106,9 E;
invariant latitude 83,3 S) and several ice drifting
stations "North Pole" crossing the Arctic polar cap
area are used in this study. The ionograms were
recorded using the standard analogue Russian
sounder AIS (Automatic Ionosphere Station) with a
double vertical thombic antenna. Only the situations
in the winter F2 region were consider save the cases

Figure 1. The ionogram with reflection from the
regular F - region (Vostok station).
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of pure F-spread events.

Figure 2. The ionogram with typical FLIZ - type
reflection (Vostok station, )

2. DATA ANALYSIS AND
DISCUSSION.

After careful examination of the available data,
we were able to distinguish the following types
of polar cap ionograms (besides the completely
diffuse reflections):

1. typical, ordinary, regular layer reflections
with signal retardation near the critical
frequency;

2. reflections with a very definite bottom part
of the track and a diffuse upper part. This
track is located at rather low heights (220-
250 km) and does not change with increasing
frequency. Earlier, this type of reflection
was called "FLIZ" (F -layer irregular zone);

3. cloud -like reflections without any definite
reflecting layer signature with foF2 about 3

o i G
to 5 MHz and hmax between

300 and 400 km;
4. reflections at rather low frequencies, 1.0 to 2.5 MHz with hmax in the vicinity of 250 to 350 km;

reflections from a region with an increased foF2, around 6 to 8 MHz, corresponding to a peak electron
density of (5 to 8) 10° m™ near 400 to 600 km;

6. successive lateral reflections, probably connected with the nightside auroral oval approaching the
station.

We are sure that each of these ionogram types corresponds to a definite geophysical situation and does not
represent the so -called "signal" effect, i.e. it is not an artefact of the ionosonde recording.

It is well known that the polar cap ionosphere is strongly influenced by convection of the ionospheric
plasma, produced by large scale magnetospheric electric fields. It is a very important factor in forming the
polar cap ionosphere together with the more common sources of ionization: solar ultraviolet radiation and
corpuscular fluxes. Both these latter sources are

assumed to be negligible in the polar cap, during | Fjgure 3. The ionogram showing reflection from the

winter (polar night conditions). However, in | region of the down - going field - aligned currents
winter the polar cap, ionograms with regular F- (Vostok station)

layer reflections are frequently observed. They
are the same as regular reflections produced by
solar ultraviolet radiation at middle latitudes. An
example of a such ionogram (type 1 in our
classification) is given on Figure 1. The F-layer
critical frequency, foF2, is usually about equal to
3 to 5 MHz and hmaxF2 is 250 to 300 km. Most
probably this type of reflections is connected with
convection carrying ionospheric plasma from
middle latitudes to high latitudes. The physical
processes of such a phenomenon are discussed in
many papers, for example in [Foster,1993]. So
the sunlit middle latitude ionosphere becomes the
ionization source for the winter polar cap
ionosphere. It is worth noting that we have found
that the type 1 ionogram appearance does not
depend on the IMF vertical component Bz
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orientation, i.e. the plasma can be brought to the
polar cap under both positive and negative Bz.
There is reliable evidence that the convecting
systems in the polar caps can explain access of
ionospheric plasma into the area under different
Bz orientations [Kamide and Troshichev,1994].

There is a region of intense corpuscular fluxes
precipitating into the cusp region which can be
considered the equatorial boundary of the dayside
polar cap. The so-called third region of the field-
aligned currents is thought to terminate here
through the ionosphere. It was shown
theoretically [Deminov,1979] that in the up-going
field-aligned current region an increase in the
jonospheric electron density must be seen while in
the down-going field-aligned current area a
decrease in the electron density is expected.
Therefore, we relate the type 2 (Figure 2)
reflections with the former phenomena, while the
type 3 (Figure 3) reflections with the latter case.
The region of the up-going field- aligned currents
is formed primarily by the down-going

Figure 4. The ionogram showing reflection from the
region close to the ion gyrofrequency
(Vostok station)

precipitating electron fluxes so a rise in the plasma instabilities is expected in this region and can be seen on
jonograms as plasma irregularities (FLIZ or F-spread) [see Pike,1971]. A radiowave reflected from field-
aligned plasma irregularities of different scales can produce special tracks on ionograms which do not

depend on the frequency.

Besides this, it is possible that a complicated reflection region (layer-irregularity-layer) may form with a big
group delay i.e. located at a height greater than the main layer height. If we relate the appearance of types 2
and 3 reflections with the zone 3 of the field-aligned currents, we must expect them to be strongly dependent
on the By-orientation. For Vostok Station data, such a dependence is clearly present. The type 2 reflections

can be preferentially observed during periods of

Figure 5. The ionogram with aurorally associated
reflection showing the " spot " of the high
electron density at the unusually great

altitudes (Vostok Station)

negative By (80 % of all cases) while type 3
reflections are observed during periods of positive
By (67% of all cases). The latter situation
corresponds to the ionospheric structure where the
up-going ion fluxes, responsible for the down-going
field-aligned currents, produce local troughs in the
ionospheric plasma.

Both type 2 (Figure 2) and 3 (Figure 3) reflections
can be observed preferentially at near-noon hours.
Such structural forms are moved by convection
across the polar cap and can sometimes resemble so
called patches of ionization which are widely
discussed in the literature [Crowley,1996]. The
scale of these ionospheric forms is determined by
the spatial scale of field-aligned currents in the polar
cap whose fine structure is known not so well. The
type 4 (Figure 4) reflection is characterised by very
low values of foF2, close to the ion gyrofrequency
(about 1.5 MHz at Vostok Station). They are
observed mainly in the morning (in magnetic local
time, MLT) hours under conditions of a undisturbed
sector structure of the IMF. Most probably they are

a manifestation of the so called "polar hole" which
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is formed by the plasma convection peculiarities

when the plasma could not be carried out from the Figure 6. The ionogram showing a sequence of the
dayside and the ionosondes only observe the reflections from the auroral oval

residual ionization level. approaching to Vostok Station

Type 5 reflections look like a faint spot of
ionization located at a comparatively great
altitudes (Figure 5). It is observed at Vostok
Station under positive Bz orientation and is
closely connected with the zenith auroral forms
observed by the all-sky camera at Vostok. This
reflection type appears under specific situation in
the IMF when both Bx and By are either positive
or negative i.e. under a distorted IMF sector
structure. It seems that this polar cap ionospheric
structure has not yet been described in the
literature.

The final classification type is shown in Figure 6.
It is characterised by the presence of several
successive reflections appearing during nighttime
(in MLT) hours. We interpret them to be lateral
echoes from the auroral oval approaching the
observation point. A favorable situation for their appearance is the simultaneous presence of enhanced solar
wind velocity and strongly negative Bz. It was shown (Makarova and Shirochkov,1986) that this situation is
a genuine signature of the auroral oval approaching to Vostok Station.

3. CONCLUSION

The results proposed in this paper must be carefully analyzed to get a more detailed interpretation. This is a
first attempt to classify the vast variety of the polar cap vertical reflections types and to choose the main
ones that can be related to definite geophysical situations. Obviously, it is one of a few possible ways to
produce an empirical model of the polar cap ionosphere which is a very complex system. This classification
is a result of a careful individual examination of a great number of ionograms accumulated during the last
three decades. The standard URSI scaling rules for ionogram reduction proved inadequate for extracting all
the information from these ionograms. We hope that the classifications proposed here will be useful for
ionospheric researchers who uses other more advanced ionospheric study techniques in the polar cap.
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1. INTRODUCTION

The phenomena of the diffuse broadening of traces in ionospheric vertical ionograms at some specific height
(frequency spread) or frequency (range spread) has been studied extensively. The spread of signals strongly
influences the propagation of VHF and HF radio waves and the operations of modern sophisticated radio
systems. It is known that the main reason of signal spread is scattering of radio waves by ionospheric
irregularities or acoustic-gravity waves (Booker, H.G. et al 1986; Bowman, G.G., 1988). The same reason
applies to the appearance of amplitude scintillations of radio stars and satellite-emitted radio signals
[Aarons, 1982]. The role of acoustic-gravity waves or large and medium-scale structures, and small
irregularities of different sizes and elongations in the formation of the spread of traces on the ionograms, or
of the rate of amplitude scintillations is still not fully understood.

Spread-F, or scattered signals, at the midlatitude ionospheric sounding station Roquetes, Spain (40.8°N; 0.3°
E) for 1991, a year of high solar activity, has been studied. Spread-F and scintillations appear in this region
less frequently in comparison to high and low latitude regions, where they are very actively studied. The
extent of measurements, observations and studies of irregularities and associated phenomena such as spread-
F and scintillations, in this particular region is limited.

2. SCALING SPREAD-F AND SCATTERED TRACES ON IONOGRAMS

To statistically evaluate the spread characteristics of ionogram traces, index letters and corresponding
numerical values were assigned to the different observed frequency spreads. The letter indices were
cece,cc,c,fff,fff ranging from no observed spread to significant spread. Associated numerical values ranged
from 1 (corresponding to ccc) to 6 (corresponding to fff). In terms of actual frequency spread the indices
c,f,ff fff correspond to trace spreads of F-region echoes of 0.5-0.8 MHz, 0.8-1.0 MHz, 1.0-1.5 MHz and 1.5-
2.0 MHz, respectively. Nearly 9000 ionograms, representing hourly ionosonde measurements for 1991,
have been processed and analyzed for this study (Soicher et al, 1995).

3. DIURNAL, SEASONAL AND ANNUAL VARIABILITY OF SPREAD-F

The averaged hourly index of frequency scattering, S, is defined as XSi/y , where 2.Si is the sum of all
hourly index values and N is the number of ionograms for the considered hour and month. Sy, varied from
0.6 to 3.3 during 1991. The variation of S, for the various months of 1991 is presented in Figure 1. It is
seen that Sy, normally maximizes at the dawn period and minimizes during the day. A secondary maximum
at sunset is only apparent in the spring months. The index variation during winter is irregular (the
December/January months are combined in the analysis due to the sparsity of data).

The mean hourly index of frequency scattering for the entire year, Sy, is shown in figure 2, again showing
the dawn maximum and daytime minimum. The mean monthly index of frequency spread, Sm, defined as
the overall sum of spread indices during any one month divided by all processed ionograms during that
month, is shown in figure 3. It is seen that Sm maximizes in July with a magnitude of 2.2, and minimizes in
March with a magnitude of 1.15.

4. PROBABILITY OF OCCURRENCE OF SPREAD-F

The mean hourly probability, P, of spread-F occurrence is defined as P, ="c/x, where Nc is the sum of
significant monthly spread indices c,f,ff,fff (with corresponding numerical values of 3,4,5,6), and N is the
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Figure. 1 Mean hour index of scattering Sh for the months of 1991, Roquetes, Spain, 1991.
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Figure. 2. Mean annual hourly index of scattering, Shy, for 1991, Roquetes, Spain.

2.4

Figure. 3. Mean monthly index of scattering, Sm, Roguetes, Spain, 1991.
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Figure 4. Seasonal probability, Ps, of spread-F occurrence; Roquetes, Spain, 1991.
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Figure. 5. Mean monthly index of F scattering for night, day and twilight periods; Roquetes, Spain, 1991.
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total number of ionograms with detectable F traces for the considered hour and month. The monthly
probability curves are shown in Figure 4, and they vary from 0% to 90%. March and April are the quietest
whereas June through September are the most disturbed.

5. EFFECT OF THE TERMINATOR

As the obtained data shows (Figs 1,2,3,4), spread-F occurrence reveals a strong diurnal dependence with a
large maximum at dawn and a not as large, but noticeable, secondary maximum at dusk. To better
demonstrate the effect of the terminator, ionospheric sunrise and sunset times at 200km above the
ionospheric sounder at Roquetes were calculated. Sy, indices, averaged for the 3 post-sunrise hours, for the 2
pre-sunset hours, and for the daytime and nighttime were determined and are presented in figure 5 for the
various months. As may be seen from the figure the index, Sy, is largest for the dawn period throughout the
year and maximizes from July to September. For the other diurnal time periods, the index is comparable
from September to May, with some more significant differences from June to August. The results indicate
that the sunrise terminator generates waves and irregularities in the ionosphere that produce spread-F and
scattered signals on the ionograms. The index maximizes for the summer peried, the most illuminated, with
a probability of 70-80%. The post-sunset period also maximizes during the summer time. The results are
consistent with those arrived at by other experiments (Tsedilina, 1994).

6. CONCLUSIONS

The morphology of ionogram Spread-F occurrences at a midlatitude ionospheric station during a year of
high solar activity has been described. The Spread-F traces have been looked at in terms of their amplitude
and probability of occurrence, and their diurnal and seasonal dependence. The index of frequency spread
maximizes in the dawn period for all seasons and normally minimizes during the daytime. In terms of
seasonal dependence, the averaged index is highest in summer, maximizes in July and minimizes in March.
Monthly probability curves indicate that occurrence rate varies from 0% to 90% with the higher rates
prevalent during the summer months.

The dependence of Spread-F on other parameters such as magnetic activity and strong absorption events will
be the subject of further investigation.
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EXPECTED IONOSPHERIC STATE WITH DIFFERENT IONOSONDE
RECORDS

T. L. Gulyaeva and N. R. Makarova, IZMIRAN, 142092, Troitsk, Moscow Region,
Russia, Phone: 7 095 334 0284. Fax: 7 095 334 0124,
email:tgul@charley.izmiran.rssi.ru

Data from more than 40 ionosondes of the global ionosonde network were analysed to define the quiet or
disturbed state of the ionosphere. The geographic coordinates of the stations are given in Table 1. Here
three types of data are presented: analogue (A) and digital (D) ionosonde records and quick-look-data (U)
exchanged through the International Ursigram Service. Data are used for 3 selected months: June 1993 -
summer (winter) in Northern (Southern) Hemisphere; October 1995 (equinox); and February 1997, winter in
the Northern Hemisphere and summer in the Southern Hemisphere.

The daily and monthly characteristics were evaluated from the F2 layer critical frequency, foF2. First, the
daily mean of foF2 is calculated and gives an integer value for each day:

M = (f1 + 2 +...+ fn)/n

where n < 24 is the number of hourly values of foF2 recorded during the day. Second, the peak daily value
of foF2 represents the maximum hourly electron density at the location:

P=max (f), i=1,2,.,n

The third parameter is the first derivative of the hour-to-hour variation of foF2, namely, the mean rate of its
change: n

R=Z(H-fi/ti-t))/n,
where j=i-1, t - hours, LT.

For all the above parameters, while any number of available numerical records may be available and can be
used, the accuracy of each parameter depends on the number of hourly values available.

For each station-day, the values of M, P, and R have been calculated. Their monthly means M*, P*, and R*
and standard deviation, are then obtained. The monthly means, M*, P¥, and R*, are given in Table 1. For
example, Figure 1-a,b,c presents the percentage deviations from the monthly means for each day of February
1997 at 3 selected sites: Magadan, Petropaviovsk, and Tashkent. The daily values of M, P, and R are shown
by solid lines and the range of the percentage standard deviation is shown by dotted lines. When a daily
value falls outside the one standard deviation range, we consider the day to be disturbed. We see, from
Figure 1, an appreciable ionospheric storm with positive phase on 6 February followed by ionization
depletion for the next four days at the high latitude station of Magadan. Similar, but less pronounced
features, are seen at the mid-latitude station of Petropavlovsk. At the same time, the opposite signature of a
positive storm is observed at the lower latitude station of Tashkent.

For comparison, the diurnal variation of foF2 on 11th February at the 3 stations is shown in Figure 2. Here,
the observed hourly values (solid line) can be compared with the monthly median (circles). Daily means, M
and P, are shown by horizontal lines. The rate, R, of hourly variability is shown in the bottom curves. On
the same disturbed day, depletion of ionization occurred at two high and mid-latitude locations but
enhancement of the ionization with a greater rate of hour-to-hour change was observed at fower latitudes.
With other station data there is wide spectrum of ionospheric states; from quiet to positive and negative
disturbances. The above example shows that the ionospheric "space weather” can differ from one global
region to another like meteorological weather observations.

The above approach allows us to make daily estimate of quietness, or storminess, in the ionosphere.
Ranking the parameters M, P, and R can be carried out the same as for other ionospheric and geomagnetic
indices [1,2] to identify ionospherically quiet (Q) and stormy (S) days. This work is in progress using the
long-term series of ionosonde observations.
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Figure 1. Day-to-day variations of daily mean (M - the upper plots), peak (P - the middle plot) and rate of
hourly increments (R - the lower plots) of foF2 (filled lines) for February 1997 at Magadan (left),
Petropaviovsk (middle), and Tashkent (right). The range of the standard deviation is plotted as

dotted lines

in all cases.
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Figure 2. Diurnal variation of foF2 during ionospheric stormy day on 11 February, 1997 (solid lines) and
monthly median (circles) at Magadan, petropavlovsk, and Tashkent. Bottom curves - rate of hour-
to-hour changes of foF2.
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Table 1. Monthly mean values of the daily mean (M*10), peak (P*10) and rate (R*100) of hourly variations
of foF2 critical frequencies at the ionospheric stations for summer, equinox, and winter months.

A - analogous ionosonde, D - digital ionosonde, U - URSIgram data.

Station Type | Lat. Long. | June 1993 October 1995 | February 1997
M* P* R* | M* P* R¥* M* P* R*

Preobrazehenija | A 74.7N 113.0E | 52 57 17

Dikson A | 735N 80.4E | 51 56 19 34 49 26

Loparskaya A | 68.0N 33.0E | 53 59 23

Kiruna A 67.8N 204E | 53 61 25

Wellen A 66.6N 190.2E | 50 56 22

Salekhard A | 66.5N 66.5E | 53 60 23 32 55 47 31 50 44

Lycksele D 64.6N 18.8E | 54 62 28 34 53 55

Eielson AFB U 64.0N | 210.0E 35 54 83

Tunguska A 61.6N 90.0E | 55 63 25

St. Petersburg A 60.0N 30.7E | 55 65 33 34 55 39 31 53 45

Magadan A 60.0N I5S1.0E | 55 70 31 35 58 43 33 53 42

Uppsala D | 59.8N 17.6E | 55 65 33 34 56 55

Tomsk D 56.5N 849E | 58 68 31 38 64 44 35 60 43

Sverdlovsk A | 564N 58.6E | 60 71 34

Moscow D 55.5N 373E | 63 76 43 39 60 40 36 53 33

Kaliningrad A | 547N 20.6E | 59 70 36

Juliusruh/Rugen | D 34.6N 13.4E 37 61 60 36 58 43

Novosibirsk D 54.6N 83.2E 1 59 68 30 41 67 44 36 59 44

Goose Bay D 53.3N 299.28 46 105 179

Petropavlovsk A 53.0N 158.7E | 59 73 34 40 60 42

Irkutsk A 52.5N 104.0E | 58 70 32

Warsaw D 522N 21.2E 41 62 63
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Station Type | Lat. Long. | June 1993 October 1995 | February 1997
M* p* R* | M* P* R* M* pP¥ R*

Slough D S1.5SN | 3594E | 5% 71 40

Dourbes D | 50.IN 46E | 58 76 85

Pruhonice U 50.0N 14.6E 41 64 65

Khabarovsk A | 485N | 135.1E | 64 78 36

Lannion 3) 48.5N 356.7E 41 65 69

Rostov D | 47.2N 3978 | 64 78 47 46 64 40

Poitiers U 46.6N 0.3E 43 69 71 41 62 67

Rome D | 41.8N 12.5E | 65 85 98 43 66 71

Tashkent A | 413N 69.6E | 69 89 59 52 81 54 47 67 36

Boulder A | 400N | 2547E 40 65 86

Ashkhabad D 37.9N 58.3E | 70 89 50 53 80 60

Wallops Island D 37.8N | 284.5E 41 64 75

Kokubunji D 35.7N 139.5E | 67 88101 51 83 97

Dyess AFB D 32.5N | 260.3E 43 70 96

Eglin AFB D 304N | 273.3E 47 77100

Chung-Li D 25.0N 121.2E 63 115 157 55110 95

Ahmedabad A | 230N 72.6E | 75113121 60112 122

Darwin D 12.48 130.9E 59 100 133

Townsville D 19.35 146.7E 54 86115

Learmonth D 21.08 115.0E 50 78 84

Camden D 34.08 150.7E 44 62 79 51 76 118

Canberra D 35.38 149.0E 41 59 75

Hobart D | 4298 147.2E 36 53 72

Terre Adelie U 66.78 140.0E 34 49 68
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SOLAR CYCLE DIFFERENCES IN THE LONG TERM
BEHAVIOUR OF THE F-LAYER OF THE IONOSPHERE

E. Feichter, R. Leitinger
Institut fiir Meteorologie und Geophysik, Universitat Graz
Halbéirthgasse 1, A~8010 Graz, Austria
Phone: +43-316-380 5257, Fax: +43—-316-380 9825,
e-mail: feichter@bkfug.kfunigraz.ac.at

ABSTRACT

At least in the Northern Hemisphere there are distinct differences from solar cycle to solar cycle in
the longterm behaviour of the F layer ionization. Vertical electron content is the best indicator for
the differences but they show in peak density too.

The differences are most pronounced in the early afternoon.

Cyecle 20 has an enhanced March/April maximum, whereas cycle 21 shows substantially higher Oc-
tober than March/April values. The European data for the following cycle 22 again have the highest
early afternoon values of the monthly medians in March/April. The change of the annual variation
from October to March/April maxima of the annual variation can be seen both in low solar activity
{e.g., R = 20) and in high solar activity (e.g., R = 150) periods.

For solar cycle 20 no comparable TEC data exist for Europe. However, the change of the annual
variation from March/April to October maxima can be seen in peak electron density data when one
compares cycle 20 with cycle 21.

One method to demonstrate the odd cycle / even cycle differences more clearly is modelling based
on Fourier analysis.

The solar cycle to solar cycle differences nearly disappear when an “ionospheric” index is used instead
of R or Ryy. An alternative is to use two models, one for odd and one for even cycles. The tradi-
tional break between solar cycles occurs near the middle of solar minimum. For modelling purposes
however, solar minimum is attributed to the new cycle. An appropriate condition must be defined
for “solar minimum”: e.g., Ryg < 40.

1. INTRODUCTION

Electron content from the Differential Doppler effect on signals from the US Navy Navigation Satel-
lites (NNSS, formerly TRANSIT, with polar orbits, almost circular with a height around 1100 km)
(Leitinger et al., 1975; Leitinger and Putz, 1978) was the main data source for these investigations.

Two European receiving stations have been in continuous coordinated operation since the beginning
of 1975: Lindau / Harz in Germany (51.6°N, 10.1°E) and Graz in Austria (47.1°N, 15.5°E). The
evaluation results are latitudinal profiles of ionospheric electron content, which means sequences of
data equidistant in latitude {data distance 0.5° in geographic latitude of the 400 km ionospheric
points). Up to the mid-80s, the observations from Lindau gave more material and were used for the
statistical investigation into the interval 1975-1986. The Graz data were applied indirectly, namely
to calibrate electron content by means of the “two stations method” (Leitinger et al., 1975). For
a high solar activity interval, 1988-92, the observations from Graz were used. For a given latitude
there is no significant difference in the monthly medians and quartiles calculated from Graz or Lindau
data.

From the latitudinal profiles the data for the geographical latitudes 60°N, 55°N, 50°N and 45°N were
selected. The observations from Graz which reach 30°N show that the results are valid down to 35°N
where the influence of the equatorial anomaly begins at high sunspot numbers.

The TEC data used are monthly medians for two hours intervals. The data were divided into two
classes: “Low Sunspot number” (LS) (R < 40, nominal monthly mean sunspot number for modelling
purposes: K = 20) and “High Sunspot number” (HS) (130 < R < 170 [cycle 21], 120 < R < 180 [eycle
22], resp., nominal value R = 150). (The widening of the R interval for HS/cycle 22 was necessary
in order to ensure data from at least two years for each month. Using data for 130 £ Ry < 170
— all months from November 1988 through December 1991 — leads to nearly identical results in
statistical investigations.)
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These selection criteria meant all data from 1975 and 1976 and data from July 1984 through December
1986 were included in the LS class and selected months from 1978 to 1982 and from 1988 through
1992, resp. in the HS class (see Feichter and Leitinger, 1993).

The first statistical studies (see Feichter et al., 1988, 1990, 1991, Feichter and Leitinger, 1993) were
based on two LS intervals (1975-1976 and 1984-1986) and on the cycle 21 HS interval (1978-82).
In 1989 data from 1984-86 were compared with two consecutive solar minima (1975-76 and 1984~
86) (Feichter et al., 1990). Since 1995 we have enough data to compare the HS period of cycle 22
(selected months from 1988-92) with that of cycle 21 too. Both LS and HS data show a switch from
an autumn maximum for cycle 21 to a spring one for cycle 22.

To extend the investigation to a wider range of solar cycles we included the annual variation of Npas
from ionosonde scalings (hourly values of foI*2). For Np,.. linear regressions were applied to find
the relation between Rjs and the peak electron density for each month and for each hour of the day.
The regressions were based on different data selections, e.g., all data from one solar cycle, data from
the rising part of a cycle and data from the falling part, the interval around the sunspot maximum.
Some regressions gave negative slopes or negative Rz = 0 intercept points. However, no negative
coefficients occured during daytime. For HS (Rj2 = 150) and intermediate sunspot numbers (e.g.,
Rjs == 85) solar cycle to solar cycle differences in the vernal-autumnal asymmetry of the seasonal
variation is stable and does not depend on the data selection: it appears when all data of one cycle
are included and also in partial data {rising part, falling part, etc.).

If not indicated otherwise the following TEC examples are for 50°N. The other latitudes investigated
show similar behaviour but the semi-annual component of the annual variation is more pronounced
at lower latitudes.

The results are discussed in terms of the Fourier transform of the 12 monthly medians of the annual
variation {cosine terms ag - - - ag, sine terms by --- bs) and reconstruction to order n:

n n
Fu.(t) = Z a; cos(jwt) + Y b; sin(jwt) = ag + a1 cos{wt) + by sin{wt) +

4+ azcos(2wt) + bosin(2uws) + - = Cyp+ Creos{wt — @) + Cocos(2wt — o) + -+ -
. 3 2 b] 27T N 271- .
with Cj = y/af + bf and tan¢; = o W= (¢ in months) or w = 538 (¢ in days).
y .

For details of data preparation and analysis see Feichter et al., 1990, Feichter and Leitinger, 1993.

The 22 years periodicity aspect of our investigations is dealt with in another publication (Feichter
and Leitinger, 1997), here we stress modelling consequences.

2. THE VERNAL-AUTUMNAL ASYMMETRY IN THE F LAYER IONIZA-
TION OVER EUROPE

For simplicity, we include all of the sunspot minimum 1975/76 into cycle 21, all of the sunspot
minimum 1984/86 into cycle 22.

2.1 Examples

Figure 1 is an example for latitude 50°N. It contains the annual variation for 12 LT reconstructed
from the first 3 Fourier components (mean, annual, semi-annual) for cycle 21 (top) and cycle 22
(bottom), LS (left) and HS (right). Figure 2 contains the diurnal variation of the first 3 Fourier
components (amplitudes and phases) for HS of cycle 21 (top half) and cycle 22 (bottom half) and
the latitudes 45°N (left), 50°N (middle), 55°N (right).

2.2 Explanation by means of the Fourier phases

Annual component: LS cycle 21: from 1500-0900 LT the maximum of the annual component
occurs during the second half of June, for the other LT intervals between the first half of July and
the first half of August. Cycle 22: from 1500-0900 LT the maximum of the annual component occurs
during the second half of June too, for the other LT intervals we find the maximum in the first half
of June, one or two months earlier than in the previous cycle.
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For ES there is a change in phase from day to night (Figure 2). Cycle 21: from 0900-1700 LT the
maximum of the annual component occurs between the first half of December and the second half of
February. Cycle 22: from 0900-1700 LT the maximum of the annual component occurs between the
second half of January and March, one or two months later than in the previous cycle (Figure 1). The
interval 1700-1800 LT is a transition between nighttime and daytime behaviour (Figure 2). During
1978-82 (cycle 22) the phase of the annual component shows a clear leap from night to day but a
smoother transition from day to night.

Semi annual component: For LS the maximum of the semi-annual part shows a different position
for day and night. At night it occurs around the solstices, (1900-0700 LT second half of June) and
during the day around the equinoxes {April, October). During the interval 0500-0700 LT there is a
night to day change. The change from day to night behaviour is more distinct for cycle 22 than for
cycle 21. )

In latitudes <55°N during the time of HS the phase of the semi-annual component is stable (cycle 21:
April, October, cycle 22: March/April, September/October, except for 01-05 LT [June, December]).

The change in the vernal-autumnal asymmetry does not appear in the Southern hemisphere
(Titheridge et al., 1996) but there is some indication that it appears (perhaps in modified form)
in North American West Coast data (Feichter and Leitinger, 1997).

3. VERNAL-AUTUMNAL ASYMMETRY IN THE SEASONAL VARIATION
OF GEOMAGNETIC ACTIVITY

A double sunspot-cycle variation also occurs in terrestrial magnetic activity. In even-numbered
cycles the last half of the sunspot-number—cycle is more active than the first half and the converse
is true for the odd—numbered cycles (Chernosky, 1966). The curve of the 22-years cycle of magnetic
activity is not symmetric relative to the minimum between two cycles.
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Figure 2: Diurnal variation of amplitudes (top and third row) and phases (second and bottom
row) for 4 (3) Fourier components of the annual variation of ionospheric electron content (TEGC):
mean (heavy lines), one year (marked with crosses), half year (thin line), four months (dashed Iine).
High sunspot numbers (R = 150). Solar cycles 21 (top) and 22 (bottom). LT from 00 to 24 hours.
Geographic latitude 45°N (left hand panels), 50°N (middle panels) and 55°N (right hand panels).
Based on bi~hourly monthly medians from months selected according to sunspot numbers criterium.
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Cycle 21, LS: Values for 52.5° N Cycle 21, HS: Values for 52.5° N
a0 al a2 bl b2 al al a2 bl b2
AD 5.8 -31.7 5.0 -13.6 -0.8 AQ 254.8 -142.1 321 -61.6 9.7
Al -194 17 62 51 bS8 Al -5.0 -63.3 30.0 -19.5 19.2
A2 20 79 -20 22 -08 A2 -56.3 385 -2.7 236 29
Bl 56 20 -52 -27 -00 Bl 10.8 358 -206 -52 -6.3
B2 1.2 35 -04 -11 0.1 B2 49 24 -54 -174 -1.2
Slopes of regr. lines (A¢ = —5°) Slopes of regr. lines (A¢ = —5°)
a0 al a2 bl b2 al al a2 bl b2
AQ 57 02 06 -14 -05 AO 229 -10.2 1.7 9.0 -19
Al 1.0 09 00 18 04 Al 08 -10 -13 27 -31
A2 -04 -02 -08 -00 -08 A2 -108 28 -19 50 27
Bl -04 -03 -04 -11 01 Bl 22 03 26 -31 03
B2 0.4 0.7 0.2 0.7 0.3 B2 3.3 -0.5 1.5 -24 1.9
Cycle 22, LS: Values for 52.5° N Cycle 22, HS: Values for 52.5° N
a0 al a2 bl b2 a0 al a2 bl b2
AQ 58.8 -27.7 5.8 -14.6 -1.2 AD 2385 -147.2 334 -69.0 11.5
Al -21.8 -16 62 91 869 Al 645 -39.6 279 -50 170
A2 -1.2 95 20 -10 -05 A2 -67.8 63.7 -33 413 42
B1 11.0 03 -20 -47 -28 Bl 205 -21.3 123 -11.8 48
B2 -2.0 51 -18 -07 21 B2 -18.7 169 -0.8 111 0.3
Slopes of regr. lines (A¢ = —5°) Slopes of regr. lines (A¢ = —5°)
al al a2 bl b2 al al aZ bl b2
AD 3.5 0.3 0.8 -14 -04 AQD 25.0 -11.0 25 -84 -3
Al 12 04 03 28 03 Al 97 05 -23 36 -22
A2 -06 08 -01 -1.2 -05 A2 98 66 -21 35 -10
B1 -0.2 -02 01 -05 -04 B1 58 55 1.6 -2.9 -246
B2 0.2 0.7 0.4 0.9 0.6 B2 -4.6 24 -1.5 2.3 -1.8

Table 1: Regional TEC models for cycle 21 (top half) and cycle 22 (bottom half): Regression
line parameters (central values and slopes) for the 5 x 5 Fourier-coefficients. Horizontally: diurnal
coeffients, vertically: annual coefficients. Left hand tables: low sunspot numbers (LS3), right hand
tables: high sunspot numbers (HS).

In 1988 the vernal — autumnal asymmetry in the seasonal variation of geomagnetic activity was
investigated by L. T¥iskové4 using the aa index. Analysing the variation of geomagnetic activity, not
from the viewpoint of sunspot cyeles, but with respect to the polarity of the main solar dipole, she
found an annual wave in the ae index with maxima alternatively around the vernal and the autumnal
equinoxes (Triskova, 1989). This aa index behaviour might help explain the double sunspot cycle in
total electron content of the ionosphere.

Assuming that a suitable geomagnetic index is an indicator for particle precipitation in higher lati-
tudes the (statistical) effect of the annual variation of geomagnetic activity on the annual variation
of F layer ionization could be based on the Joule heating effect of energetic particles reaching E and
D layer heights. A widely accepted theory for F layer “negative storm effects” (e.g., Taeusch et al.,
1971, Prolss, 1987, Prélss and Roemer, 1987) assumes changes of the thermospheric wind system and
changes of thermospheric neutral gas composition. The wind change depresses I layer ionization in
mid latitudes because the plasma is moved to lower altitudes resulting in increased recombination.
The composition change decreases the number density ratio [0]/[N2] which also leads to a depression
of ionization because recombination is enhanced compared with production. The “negative storm
effect” is a typical phenomenon which is observed on the day following the day of the onset of a ge-
omagnetic storm. In general it occurs in connection with moderate and severe geomagnetic storms.
Usually, the mid latitude F-layer reaction to weak storms, and to substorms, is not directly observ-
able because weak effects are masked by ionization variations unrelated to geomagnetic activity (day
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to day variability, TIDs, etc.). Experience with a large amount of European data (electron content,
peak density) shows that “positive storm effects” which can occur in the afternoon, when the onset of
the geomagnetic storm is in the (early) morning, does not cancel out the “negative eflects”. Except
in winter, the statistical effect of geomagnetic disturbances on F-layer ionization in European mid
latitudes, is a depression of ionization. Therefore, the annual asymmetry of F layer ionization in mid
latitudes should be in antiphase with the vernal — autumnal asymmetry of geomagnetic activity: as
we observed.

We do not want to rule out other possibilities to explain the double sunspot cycle observed in electron
content and in peak density, but it is unlikely that a “purely solar activity” explanation can be found.
There is no reason to believe in seasonal changes of the relation of a solar activity indicator to the
solar EUV output.

4, MODELLING CONSEQUENCES

An easy way to construct local models for electron content (or for foF2) is to restrict the Fourier
terms to a lower order. For many purposes restriction to 5 % 5 terms each for LS and HS and linear
interpolation to account for varying solar activity is sufficient for TEC. (For foF2 one could use three
levels of solar activity and quadratic interpolation.} The 5 x 5 terms comprise the average, the one
day, the half day, the one year, the half year periods and combinations thereof.

In modelling efforts no true longitudinal variation appeared over Europe in the sector 10°W to 30°E.
Therefore at least for this sector regional models need only a local time variation and a latitude
variation. To cover the latitude range 40°N to 60°N it is sufficiently accurate to adapt a linear
latitude dependence for all Fourier coefficients by means of linear regressions. Finally this leads to 4
sets of 5 x 5 coefficients: mid point (62.5°N) values and latitudinal slopes for LS and for HS. Table 1
gives the results for cycle 21 and cycle 22. Again comparison of the coefficients shows that the main
cycle to cycle difference is found in the phases of the one year components (lines 2 and 4).

Of course it is an open question whether the solar cycle to solar cycle change in the vernal-autumnal
asymmetry of the F layer ionization is considered to be strong enough to justify the complication of
cycle dependent modelling. If not it is recommended to base models on data from two or from four
complete cycles. The Fourier analysis approach is a purely linear process and therefore allows easy
construction of an average model from the separate even cycle / odd cycle models (Table 1) simply
by averaging for each coefficient.
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THE CONNECTION BETWEEN DAY-TO-DAY VARIATIONS OF THE
IONOSPHERE AND SOLAR ACTIVITY CHANGES

Gordienko G.i., Kaliev M.Z,, Institute of lonosphere, Academy of Sciences, 480068,
Almaty, Kazakstan. E-mail: gord@ionos.alma-ata.su

1t has been shown in [1] the earth’s ionosphere experiences not only sporadic and short-lived changes but
also has regular variations with quasiperiods of to 27 (T1), 13 - 15 (T2), and 8 - 9 (T3) days. The last, T3,
contributes to an ionospheric background level. These results have been found by investigating the
frequency composition of jonospheric parameter variations at Alma-Ata, (43°25' N, 76°92' E ). The studies
[1,2] show that there are some spectra common to variations in the ionospheric F2 layer critical frequencies,
the intensity of galactic cosmic rays, the 3340m atmospheric pressure, the intensity of solar activity (F10.7)
and the ionospheric total electron content. The cause of these variations [1,2] is thought to be the solar
activity modulating source.

However, when these studies were made, the question of the time evolution of separate spectral parts had
not been considered and here their properties are investigated. As before [1,2], the Sun is assumed to play a
leading role in the earth’s climate. A qualitative analysis of ionospheric oscillations has been carried out:
The absolute values of their amplitudes are not discussed (it is a separate question). From the beginning, it
is important to clarify whether there is a connection between solar activity and the scale of ionospheric
structures since often quasi-periodicities of 13 - 15 and 8 - 9 days are found in weather system statistics.

The initial data used are observations of noon folF2 made at Alma-Ata ionospheric observatory from
November 1 1985 to February 28 1989 and the daily F10.7 flux obtained from the Solar Geophysical Data
Summaries for the same period. A composite demodulation method [3], which makes it possible to select
separate harmonic components from general quasi-periodic processes, has been used to analyse the data.
The filter’s characteristics were chosen to conform with the harmonics T1, T2 and T3. The results are
calculated using a probability-statistical approach.

Figure 1 shows the results of digitally filtering the two data sets; the F10.7cm flux and Alma Ata foF2 (each
data set is 1247 days long). The 0.1 MHz noise level in foF2 variations, caused by the measurement errors -
foF2 is scaled to the nearest 0.1 MHz - is omitted. In Figure 1(a), the solid line is the distribution of the 27-
day harmonic, or wave, for the F10.7 flux. The 60 day long filter is is moved I day at a time. The dashed
lines are the upper and lower limits of the 27-day harmonic amplitude for the foF2 data. These lines form an
envelope for the range of foF2 oscillation amplitudes for T1, T2 and T3. Figure 1(b, c) shows the upper and
lower envelopes for the 14-day (Figure 1(b) ) and 9-day (Figure 1(c) ) harmonic amplitude, both for the
F10.7¢cm flux (solid line) and foF2 (dashed line). The vertical amplitude scale in the figures is arbitrary.

For all F10.7cm flux estimates there are some regions (or episodes) containing waves that are, at first sight,
invariant in space for some time intervals. These amplitudes reduce, become disturbed or irregular, and then
regenerate again. These episodes appear co-ordinated. The picture of recurrent signs is observed for afl
foF2 estimates.

Comparing the features of the harmonic amplitude distributions, we conclude that,
(a) foF2 and F10.7 variations are correlated;

(b) foF2 oscillations do not depart significantly in amplitude from the noise level measurements if the
solar F10.7cm flux oscillations are weak;

(c) the correlation between the F10.7cm flux and foFF2 variations for T2 and T3 are high. If the periods
T2 and T3 are simply the second and third order harmonics, related to the 27-day periodicity that
differs from a sinusoidal shape, then the same relationships exist for both the F10.7¢m flux and foF?2;

(d) there are some features, in each case, where these features are within the recurrence episode limits;

(e) the results of similar research for night-time (00h, or midnight; 1.10.85 - 1.02.87) show that the T1,
T2, T3 components are also correlated with variations of F10.7cm flux;
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(f)  the periods T1, T2 and T3 vary both over each episode, and from one episode to another, in roughly
the 22-36, 13-15 and 8-10 day range;

(g) variations in T1, T2, and T3 about the main peaks for F10.7cm flux and foF2 differ.

The question of whether these variations exist in the ionosphere, naturally, is not a new one. This paper
suggests that the quasi-periods, T2 and T3, are likely to be second and third order harmonics of the 27-day
periodicity in solar activity. The correlation between foF2 variations with F10.7cm flux variations is
evidence for this proposal.
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