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METEOROLOGY N
COMPLEX ACTIVE-PASSIVE SOUNDING OF CLOUD COVER

Leningrad TRUDY GLAVNOY GEOFIZICHESKOY OBSERVATORII: METODY AKTIVNOY I
PASSIVNOY RADIOLOKATSII V METEOROLOGII No 411, 1978 pp 3-12

[Article by G. G. Shchukin, L. P, Bobylev , Ya. K. I1l'in, A, I. Lyashko, -
N. F. Mikhaylov, N. I. Novozhilov, N. D. Popova]

[Text] The methods of active and passive radar sounding are being used suc-
cessfully to solve an entire sefles of meteorological problems [7]. -Both methods
taken separately have their disadvantages and advantages, which 1s also de-
termined by the specific nature of the problém at hand. Thus, when provid-
ing storm warnings the best results are obtained by the active radar method
at the same time as when determining temperature and moisture profiles pre-
ference is given to the radiothermal location method. The fact that none of
the remote methods of clectromagnetic sounding provides sufficiently complete
information about the physical state of the cloud atmosphere indicates the
necessity for complex utilization of them. When estimating the parameters

of the cloud atmosphere the characteristics of the reflected signal and the
natural thermal radio wavelength emission of the investigated target must be
obtained synchronously.

The complex utilization of the active-passive radar method appears to be the
most prospective for diagnosing the state of cloud systems in order to esti-
mate their suitability for the use of artificial means of regulating preci-
pitation. It is expedient to use the same complex method also to monitor
the results of the indicated active inputs.

To study the possibility of solving the above—enumerated problems, the GGO

[Main Geophysics Observatory] has developed a model of an active-passive

radar based on the MRL-2. In addition, a procedure has been developed for -
determining the parameters of the cloud atmosphere, and it has been checked )
out experimentally under field conditionms.

Active-Passive Radar Complex
For complete matching of the thermal location and radar information in time
and space, simultaneous operation of a radiometer and radar on one antenna

is necessary. This operation is possible only under the condition of solving

1
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the problem of electromagnetic compatibility inasmuch as the radiometer is a
very highly sensitive instrument, and to eliminate interference from the
powerful pulses of an active radar, decoupling of less than 120 decibels is
required between them [4]. Another aspect of joint operation of the radio-
meter and radar is preference for a technical design which will not require
significant alterations in either the radiometer or radar circuitry.

To the antenna

Figure 1. Block diagram of an active-passive radar complex

operating on A = 3,2 cm. 1 -- discharger (R), 2 -- MRL

noise generator (GSh), 3 =-- MRL receiver, 4 -- radiometer

(RM), 5 -- pin I attenuator, 6 -- pin III attenuator, 7 =--
commutator (X).

The Main Geophysics Observatory has developed a joint active-passive complex
based on the standard MRL-2 mobile radar and a modulation radiometer opera-
ting on a wavelength of A = 3,2 ecm with a sensitivity ZK (sie) for a time
constant of T = 1 sec. The design of the complex follows.

. A superhigh frequency commutator (K) based on pin-diodes on a double T-bridge
(see Figure 1) is built in between the noise generator (GSh) of the MRL-2
radar and its receiver input. From one of the outputs of this commutator
the signal goes to the input of the MRL-2 receiver; from the other output it
goes to the input of thc radiometer. The modulation frequency of the radio-
meter is equal to the sending frequency of the radar. The reference voltage
of the radiometer is generated by a special generator which is synchronized
by the MRL-2 start pulse and will permit a reference voltage phase shift.

The commutator (K) is controlled by the reference voltage of the radiometer.
The reference voltage phase is established in such a way that by the time
tl (see Figure 2) directly before the beginning of the pulse of the MRL
noise generator, the radiometer input will be closed. In this case, the
Pin II attenuator is closed, and the signal from the antenna goes through
the commutator (K) to t he input of the MRL receiver, insuring normal function-
ing of the MRL. Here the decoupling of the radiometer and the MRL is de-
fined as the sum of the attenuations of the pin II attenuator and the inter-
_ nal superhigh frequency commutator of the radiometer. Two of the type AP-5
- pin-diodes, which are series included, and each of which introduces an at-
tenuation of 40 decibels, are used as the pin II attenuator. The attenuation

2
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introduced by the internal superhigh frequency commutator of the radiometer
will be 30 decibels; consequently, the total decoupling of the radiometer

and the MRL with respect to the wave guide channel will be 110 decibels.

The additional decoupling of the radiometer and the MRL is achieved by selec~
ting the frequency characteristics of the channels of the intermediate fre-
quency amplifier of the radiometer and the MRL in accordance with the racom-
mendations of [4], and it amounts to about 30 decibels. Thus, the total de-
coupling will be about 140 decibels, which, within the limits of accuracy of
the measurements, completely excludes the effect of the MRL on the radiometer.

Figure 2. Diagram of the operation of the active-passive

complex. I -- pin I voltage diagram, II -- pin II voltage
diagram, III -- MRL and radiometer signal; 1 -~ signal of

the MRL noise generator, 2 -- MRL pulse, 3 ~- echo.

At the time tz(t2 - tl = (1/2)T, where T is the time between the two pulses

of the MRL transmitter) the pin II attenuator opens, connecting the radiome-
ter input to the antenna of the complex. 1In this case the attenuator pin I
closes. The time t, corresponds to the MRL-2 range of 92 km where the echo

is absent during operation of the ccuplex in the near zone. Here the decoup~
ling decreases to 30 decibels, but in viewof the absence of the MRL echo, this
is entirely adequate.

_ In order to eliminate tue influemce of the MRL discharger (R) in the preioni-
zation state on the .adiometer, instead of a dc voltage of 700 volts, a 730

- volt meander is fed to the discharger which coincides with respect to phase
with the control voltage Up1n 11 (see Figure 2).
This operating mode of the complex insures normal functioning of the modula~
tion radiometer and the MRL-2 with reduction of the range of the latter to
90 km.

B The advantages of the described complex are the following:
1) a high degree of decoupling of tae radiometer and the MRL;

2) simplicity of structural design;

3
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3) the possibility of using any radiometer in the three-centimeter range in
the complex.

The deficiencies must include the following:

1) large losses in the wave guide channel of the MRL from the antemna to the
input of the receiver (4.5 decibels), which leads to a nioticeable decrease
in the actual sensitivity of the radiometer;

2) high requirements on the phase stability of the reference voltage of the
radiometer;

3) reduction of the HRL range to 90 km (the latter directly. when operating in the
near zone).

Estimation of the Water Reserve and the Water Content Profile of the Cloud
Using the Active-Passive Radar Complex

By using an active-passive radar complex operating on a wavelength of A =

= 3,2 cm, it is possible to estimate both the water reserve of the cloud and
the water content distribution im it in the direction of the maximum of the
antenna radiation pattern. In order to determine the water reserve of a
cloud during measurements of the radiothermal emission on one wavelength it
is possible to use the method of radio brightness contrast. The radio-
brightness contrast [1] is defined as the difference of the radio brightness
temperature of the cloud atmosphere at the zenith angle 6 and the radio-
brightness temperature of the same atmosphere without considering the clouds.
It is possible to measure this contrast directly only by using the radiome-
ter, scanning by the antenna at a fixed zenith angle from the cloud to the
section of clear sky. However, this does not always appear possible.
Therefore in the given paper the radio brightness temperature of the pure
atmosphere was calculated by the radio sounding data (the radio sounding
station is located along side the radiomeasuring test area).

The radiobrightness contrast is related to the water reserve of the clouds by
a correlation. In order to find this correlation, model calculations were
performed on the BESM-6 computer. Models investigated in reference [3] were
taken as the models of the cloud atmosphere. These models describe the real

1 atmosphere of the northwestern part of the European Territory of the USSR.
Data files on the pressure, temperature and humidity profiles obtained using
radiosounding in Voyeykovo in the summer are used for the calculations. Each

- element of the given files (each specific situation of the cloud atmosphere)

was randomly assigned values of the altitudes of the lower and upper boun-
daries of the cloud layer and also its water content (water content within
the limits of the cloud layer was considered constant). The indicated pa-
rameters and also the water reserve of the cloud were calculated by the
formulas:

U=E+S|C', ) (1)

4
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Z, "Zu"'si”z"v (2)

Z,=Z,+S;9;, 3)
W=a(Z,—Z,), %)

where w is the water content, g/m3; ZH, ZB are the altitudes of the lower and

upper cloud boundaries, km; W is the water reserve, kg/mz. The bar over the
symbol denotes average values, and the letter ¢ denotes the mean square de-
viations. The average values and the mean square deviations of the cloud
cover parameters were selected in accordance with the type of cloud cover
{3) which was observed for the given case of radio sounding., In formulas
(1-(3), Sl’ 52 and S3 denote the quasirandom numbers distributed according

to a normal law. In order to obtain them, a random number generator was
used from the library of standard programs for the BESM-6 computer,

The calculation of the specific absorption coefficient which is needed for
calculating the radiobrightness temperature was made using the procedure
described in reference [2]. '

The radiobrightness contrast as a function of the water reserve of the clouds
(in the vertical direction) for A = 3,2 cm was calculated for 4 values of the
zeaith angle: 0 = 70, 80, 85 and 89° (without considering refraction). This
range of angles corresponds to the range of operation of the active-passive

complex. As was noted, the correlation between W and ATbright is linear.

Since our problem is estimation of W by the measured values of the contrast
ATbright(e)’ the relation between the given values is conveniently found in

the form

W= (ote) AT, - ®
(a)

Key: a. bright

where ¢ is the regression coefficient, and c¢ is the mean square deviation
of this coefficient. The values of ¢ and 0¢ found by the least squares

method are presented in Table 1. In order to have the possibility of estima-
ting the water reserve with respect to the contrast measured at any angle
from the investigated range it is necessary to know the coefficient ¢ for all
values of 8. The dependence of ¢ on 8 is linear. Consequently,

=01+ ;0. (6)
It is easy to find values of ¢l and ¢2:

5
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Finally,

A

W = [0,3436 — 0,0038 6]A T,(8). (8)
It is necessary to note that in the given case we have in mind the water re-
serve of the cloud in the vertical direction. In order to find the water
reserve of a: cloud along the direction of the maximum of the radiation

pattern of the antenna, it is necessary to multiply the vertical water re-
serve by sec 0.

In order to restore the water content profile in the cloud it is possible to
use the value of the water reserve obtained by the radiometer and the radar
reflectivity profile obtained using the MRL [5]. The initial position is the

Z = Anb, 9)

where A and b are the unknown parameters. The parameter b can vary from 1
to 2 [6]. 1In reference [6] it is recommended that a value of b = 2 be se-~

- lected for the cumulonimbus clouds which are the object of investigation of
this paper. Hence,

VZ=V 7w, ' (10)

Knowing the reflectivity profile in the direétion I, it is possible to inte-
grate expression (10):‘

-~

IVZA=VE (widi— '
T V_-,!w() Vaw, (11)

where wl is the water reserve of the cloud in the direction z. This makes
it possible to find the value of the parameter A:

A-{ Vzdz]’/ wh, (12)

Now, knowing the parameter A, it is possiblg to determine the water content
at any point of the cloud in the direction & by the formula

T w)=VITVE

Experiment and Analyais of the Results

13)

During the summer of 1977 on the active-passive radar complex (A = 3.2 cm)
installed at the test area of the Main Geophysics Observatory in Voyeykovo,
a series of observations were made on the cumulonimbus clouds (Cb). Radio-
sounding of the atmosphere was performed during the observations.

6
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Table 1. Values of the regression,coefficient and its mean

square deviation as a function of W = (¢ig¢)ATbright for i
a A=3.2cm
' ©
- 70 ) ] 8 ® -
- ) 0,081 0,043 0,024 0,009
% 0008 0,004 0002 o0r .

Table 2. Experimental results using the active-passive radar
complex (A = 3.2 cm) on 3 July 1977.

Time Coordinates K i T

hre |min | 221~ |eleva-['br.exp ["br.qlear Alye, | ®, wne | 2y e

— _ﬂ!u____th_____t_i%ﬂ _ + - -
9( 08 | 165 75 687 | 284 .| 403 1050 | 024
9| 12| 187 100 533 | 197 336 835 | 024
13 52 36 20,0 5.6 10,2 9.4 1,75 0,57 -
4] 21 13 | 200 827 10,2 5 | 1725 0,40
- 1“2 133 30,0 887 702 61,68 1480 0,40
Note. Tbright exp is the experimental value of the radio-

Tbright.clear is the value of Tbright -

for a clear sky, ATbright is the radiobrightness contrast,

brightness temperature,

Wz is the water reserve of the cloud in the sounding direction,
ZH is the altitude of the lower cloud boundary. -

The investigated thick Cb were selected using the MRL plan position indica-
tor. In order to obtain the radar reflectivity, a signal from an oscillo-
graph was recorded on photographic film using the FARM photo attachment.

In order to avoid obtaining clipped signals, damping was introduced and the
corresponding .isoecho level was selected. The photography was done with
each decrease in damping by 6 decibels. By the series of frames obtained
for each sounding direction, graphs were constructed of the variation of re-
flectivity along the sounding beam.

In order to determine the antenna temperatures the radiometer was calibrated
with respect to the "zenith." Here the calculation of the radiobrightness
temperature of the clear sky when observing in the zenith was made by the
radiosounding data. On the observation days, an analysis was made of the
synoptic conditions and the nature of the cloud-forming processes.

For analysis of the experimental results a series of observations of the Cb .
on 3 July 1977 was selected. On that day a cold front passed In the morning

7
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with low stratiformis dropping in places to 50 meters. During the
day active comnvection, showers and thunderstorms were observed in the un-
stable air mass behind the fronmt.

Table 2 gives the results of sounding the Cb on 3 July 1977. With respect to
magnitude of the water reserve of the cloud along the sounding beam and with
respect to the reflectivity profile, water content profiles were reproduced.
Figure 3 shows the result of this reproduction for 0912 hours on an azimuth
of A = 187° and with an elevation of B = 10°. The figure shows the profile
of the logarithm of the radar reflectivity 1lg Z and the water content profile
W, g/m3. As 18 obvious from the figure, the course of the water content pro-
file repeats the course of the lg Z profile. The values of the water con-
tents themselves (maximum ~4 g/m’, average »1-1.5 g/m3 correspond completely
to the water content of the Cb which can be observed [3].

In order to coordinate the reproduced profile of the water content with the
cloud Figure 4 gives the picture of the cloud system obtained using the IDV
of the MRL-2 on the near azimuth (A = 164°). Of course, the difference in
azimuth of 23° does not permit exact coordination of the reproduced water
content profile with the cloud which was observed using the active-passive
complex. However, it is possible nevertheless to make some defined remarks.
The first three peaks of the water content profile are for cloud I. 1In the
free space between clouds I and II, the water content in practice drops to
zero. Then the growth of the water content with the local maximum for a dis-
tance of *10-11 km from the active-passive complex is observed. This meximum
corresponds to cloud II. Then the water content gradually decreases, drop-~
ping to zero. This corresponds to the fact that the sounding beam (it is
shown as a solid straight line in Figure 4) passes through the upper layers
of the cloud at an altitude of 3-4 km. Either insignificant water content or
crystalline phase is observed in these layers.

-——

.lglv—wa./u’ (a)
ir 4r ) )

- — )

4 or 3+

-fF 2t

1
8 10 Lam

»
B
ol

- Figure 3. Profile of the logarithm of the radar reflectivity
(1) and the reproduced water content profile (2) corresponding
to the case of sounding the Cb on 3 July 1977.

Key: a. g/m3
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Figure 4. Diagram of a cloud system obtained on the IDV of .

the MRL on 3 July 1977 (0912 hours) on an azimuth of A = 164°. : e

I «= first Cb cloud, II -- second Cb cloud, 1 -- direction of
the sounding beam of the active-passive complex.

It must be noted that, unfortunately, during observations of the Cb using the
active-passive complex, direct aircraft sounding to obtain direct data on the -
water content is impossible. This does not permit comparison of the repro-

duced water content profile with the actually existing water content profile h
in the cloud. Such a comparison can be realized, however, for the aqueous -
nimbostratus clouds (Ns). aircraft sounding of which is possible.

Conclusions

The experimental observations of the cumulonimbus clouds using the active~
passive complex demonstrated that the proposed procedure for estimating the
water reserve of the cloud and reproducing the water content profile along
the sounding beam 1is prospective for the complex investigation of cloud sys-
tems. These cloud parameters are highly important when diagnosing the suita-
bility of cloud systems for weather modification to regulate precipitation
and monitor the results of these weather modification operations. However,
the authors admit that the effect depends tc a significant degree on the
evolution of the clouds observed at the given time and the changes which
oceur in the moisture content characteristics themselves with time. In order
to discover the cloud evolution, a special observation procedure is needed,
above all a sufficiently high frequency of observations of the same cloud
center inasmuch as another center (another mesosystem) can be in a different
stage of development and undergo its own evolution. It is also necessary to
include a procedure for estimating the integral water vapor content in the
complex method in order to have the possibility of tracing the redistribution
of two water phases in the cloud with time.

The development of the complex methods of cloud sounding considering the
stated remarks and also the methods of analyzing the physical processes of

cloud formation based on active-passive radar equipment is the next goal of
the collective of authors.
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I3

SOME POSSIBILITIES OF USING THE SYNTHETIC APERTURES METHOD FOR OBSERVING
METEOROLOGICAL TARGETS

Leningrad TRUDY GLAVNOY GEOFIZICHESKOY OBSERVATORII: METODY AKTIVNOY I
PASSIVNOY RADIOLOKATSII V METEOROLOGII No 411, 1978 pp 107-112

[Article by Yu. A. Mel'nik]

[Text] One of the most significant achievements in radar theory and engineer-
ing in recent decades was the development of the synthetic apertures method
whieh made it possible to increase the resolution of the radar systems .for sur-
veying the earth's surface to values commensurate with optical devices [1].

As 1s known, this method is based on using the a priori data on the law of
variation of the signal phase where during the process of radar observation
‘the target 1s shifted relative to the radar by a known law. For the harmonic
sounding oscillation with a frequency w the echo of the point target

N
1]

1)

turns out to be modulated. The variation of the amplitude S is usually
neglected; the signal phase ¢(t) is determined by the gistance R to the tar-
get. If the law of displacement of the target R(t) is known, the received
signal can be subjected to optimal processing which for the regular component
of the signals is defined by the expression

g r e e e e e -
A P
Q(v) = {S(t)sct—t)dt. ' . (2)
2

Its maximum value QM = (1/2)s'T is proportional to the signal energy for the
observation time T.
The optimal processing leads to the "compression' of the signal insuring
high resolution of the system. Thus, for example, it is known that in the

radar for surveying the earth's surface the accumulation of the signal on
the path of movement of the radar dc is equivalent to the use of a large

synthetic antenna of dimension dc which at a range Ro determines the linear

11
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- resolution Ax = X/cho, where A is the wavelength. The maximum possible path

on which the signal 1s received in turn depends on the beam width of the real
antenna (that is, on its aperture d), and it is dc - XRo/d. From these ex-

pressions it follows that the admissible value of the resolution along the
direction of movement i{s equal to the aperture of the real antenna installed
on the aircraft.

The method of synthetic antennas can be extended to the case of a set of tar-
gets made up of particles which move by given laws. The processing system
can be designed for isolation of the total signal of all the elementary re-
flectors, the parameters of motion of which Vis Vs eees Vo lie within cer-

tain limits v, + Avl, v, i.sz, v, * Avn. The result of the processing for

the observation time T is proportional to the energy of the signal character-
izing the reflectivity of certain particles in the irradiated space, the pa-
rameters of which lie within the indicated limits. The set of these limits

. establishes the region of indeterminacy, inside which it 1is impossible to
measure the specific values of the parameters.

l The region of determinacy depends on the characteristics of the radar and the
observation conditions. In the special case it can turn out that all the
limits Avi, with the exception of one (for example, Avl) exceed the maximum

actually possible variations of the corresponding parameters of motion. In -
this case the system for type-space coherent processing of the signals is the

- meter that measures the number of particles, the parameter of motion of which
vl is within the limits of vy + Avl. Being given various values of the para-

meter as a result of the time-space processing of the signal, it is possible
to determine the particle distribution vl by this parameter with the resolved
interval Avl.

For the solution of the stated problem it is necessary to determine how the
output effect of the optimal processing system varies if the parameters of
.motion of the elementary targets deviate from the given values. For this
purpose it is expedient to introduce a generalized parameter in terms of
i

which the deviations Avi of the specific investigated values of vi can be

expressed. The phase lead -- the increment of the signal phase for the ob-~
servation time T -—- is the generalized detuning parameter under certain
assumptions easily made in practice.

Let us propose that under other invariant conditions the actual law of motion
of the target differs somewhat from the given one, and the received signal is
defined by the formula

s(t) = S cosu + g(t) + ¢'(1)], (3)

where ¢'(t) 1s the phase increment by comparison with the calculated ¢(t).
In this case the output effect of the system can be represented by the ex-
pression '

12
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P
Q= T! cos ¢'(#)dt. (4)

Let us define the relative value of the output effect | = Q/QM considering
that the deviation of the phase of the given law takes place linearly:

() =o'yT (5)

and at the end of the observation interval the phase lead reaches a value of
¢'. Here the output effect of the processing gystem -

¢ = sin LY (6)

depends only on the phase lead. For a small phase lead where the processing
system in practice is matched with the signal, the value of | is equal to
one. As the phase lead increases (for ¢' > 7/2) the output effect Y assumes
different values within the limits of zero to 1/¢'. The maximum of this
value

$=1/¢' %)

can be considered a response to the signal of the given detuned filter.

The phase lead is a funation of the parameters of motion of the target. The
variation of some parameter V by comparison with the calculated value leads
to the appearance of the phase lead ¢' and attenuation of the output effect
by 1/¢' times. If we consider the output effect as a function of several
parameters vi’ vz, sees Voo the deviations of theqe parameters from the

calculated values (vi, Vi’ N v;) and the attenuation of the output effect
caused by them are characterized by the indeterminacy function w(vi, vé, vesy
vé). Geometrically the function can be represented by the'indeterminacy

body in the (n + 1)-dimensional space. The boundaries of the region of in-
determinacy can be given by attenuation of the output signal to the level of
wo or the resolved phase lead corresponding to it A¢ = llwo.

Thusy the region of indeterminacy is the cross section of the body of inde-
terminacy on the level Yo = l/A¢0 and can be represented by the equation

$Avy, Byyy ..., Av)=1/A0. (8)
The small phase lead

9= 10405 vp «ov s V),
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which is a function of the small deviations of the parameters of motion
vi, vé, veey v; from the calculated values, can.be expressed in terms of

these deviations as
/ 0 ’ d ' a g
¢ = 0, V;+ 0V, V2+ e 0 va Yar 9

This makes it possible to find the region of indeterminacy conmsidering the
effect of each parameter on the phase lead separately.

For illustration of the possibilities of the method let us conmsider the
example of radar observation of the precipitation, assuming that the gspeed of
the particles v is constant and is directed vertically. Let us find the
region of indeterminacy when the observation is made.by the ground coherent
radar (see Figure 1), and the synthesizing is done as a result of the natural
movement of the particles. With accuracy to the constant coefficilents the
expression (9) for this case can be represented in the form

o7 .. P T
where Ah is the resolution with respect to altitude, Avr and AvT are the re-
solutions with respect to radial and tangential velocity, respectively.

Figure 1. Synthesizing as a result of the natural motion of
the particles of the ground coherent radar.

Key: 1. radar

The 1limiting values of each of the indicated resolutions (under the condition
that the remaining parameters have rated values) are presented in Table 1.

As follows from the data in the table, with small accumulation time the sys-
tem is the standard meter of the radial velocity of the particles. However,
for a large observation time there is sufficiently high resolution with re-
spect to the tangential component of the velocity which is unusual for the
existing doppler systems.

14
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Figure 2. Synthesizing as a result of motion of the radar.

Key: a. radar
Table 1. Limiting resolution with respect to altitude (Ah) of
the tangential (AvT) and radial (Avr) velocity of the partfcles

as a function of the observation time T for the stationary
- ground radar with a distance RO = 300 km, waveléngth A = 3 cm

and particle velocity v = 5 m/sec,

Taec
o1 | 1| 10 100
ARM L. 18000 1800 180 18
Avpujsec. .. ... | 18108 1800 18 0.18
Av, M/BEC. . . . . ... 03 0,03 0,003 0,0003

Table 2. Limiting resolution along the path (Ax) and with
respect to the particle velocity (Av) as a function of the
observation time T for radar moving with a velocity v = 7.5
km/sec for R0 =300 km, A 3 cm and v = 5 m/gec.

| T sec

, 001 | ] 0,1 1
Axu 80 8 08
Av u/gec' 3 03 0,03

Let us consider another, theoretically different case where the synthesizing
18 realized as a result of the movement of the radar. Let us propose chat
the speed of the carrier V = 7.5 km/sec, and the altitude from which c..e
observation is made (RO)' is 300 km (see Figure 2). The equation of the

15
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Table 3. Limiting resolution along the path (Ax), with
respect to altitude (Ah) and velocity of the particles
(Av) as a function of observation time T for radar moving
with a velocity of 700 km/hr for Ry = 3km, A = 3 cm and

v.= 5 m/sec

Tgec
0,01 | o1 1
Ax 50 5 05
Ak u 500 50 5
Av ufgec 3 03 0,03

region of indeterminacy for this case can be approximately represented in the
form

ovr r

AxTRo_ —,—A’UT =1,

(11)

As follows from the data in Table 2 for a comparatively small time of signal
accumulation there are quite high values of the resolution with respect to
the speed of the particles (Av) and the position of the observed volume along

the direction of motion of the carrier (Ax). The system is not semsitive to
the remaining parameters.

The resolutions of Ax and Av can either be positive or negative. Therefore
formula (11) defines four straight lines in the coordinates x;, v' with re-
spect to the rated values of x and v. The region defined by these straight
lines (see Figure 2) includes the set of parameters of motion of the par-
ticles, the signals of which are released by the processing system.

o

Z -Az
-z :> zlv AZ o
A \\\\\\\i:> y |
' -V

1

Figure 3. Region of parameters of motion of particles, the
signals of which are generated by the processing system.

Analogously to formulas (10) and (11), the expression can be obtained for the
region of indeterminacy where the observation is made from an aircraft. As
i
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follows from the data in Table 3, the system has some resolution with respect

to altitude which is explained by the comparatively small removal of the
observed region.

Thus, the method of synthetic apertures is theoretically applicable for obser~
vation of meteorological targets. However, for determining the practical

possibilities of its realization and estimating the effectiveness, special
studies are required.
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OCEANOGRAPHY
OBSERVATIONS OF FRONTS IN THE POLYMODE AREA
Moscow OKEANOLOGICHESKIYE ISSLEDOVANIYA in Russian No 30, 1979 pp 86-88
[Article by A. G. Zatespin, A, Yu. Krasnopevtsev, K. N. Fedorov]

[Text] The existence of fronts in the Sargasso Sea is a well-known fact
{1, 2]. However, the subtropical convergence zone intercepting the
Sargasso Sea 1s a large-scale front separating the more saline and

warmer southern waters “and the fresher and colder northern waters. The
results obtained by A. D. Voorhis, et al. [2] indicate that the temperature
fronts occur at the boundaries of the "tongues" of warm and cold water
which are caused by affective tramsport by the geostrophic currents
connected with the eddies, The opinion has been stated that the fronts in
the ocean are well to be seen in the fall and winter period, and in the
sumer they are masked by warming of the upper layer. On the 25th trip of
the "Akademik Kurchatov" scientific research ship, an effort was made to
generalize this scattered information about the fronts which can be
extracted from the data of synchronous density surveys, from direct measure-
ments of the current velocities, towing of a thermistor and measurement by
a thermal-galinity probe on the path of the ship in the region of expedi-
tionary operations. As a result, it is possible to draw the following
conclusions, . : :

1. In spite of the masking effect of the summer warming, the fronts in
the vicinity of the test area are comparatively easily detected by the
temperature and salinity measurements in the surface .layer of the ocean.
The density survey also permits determination of the approximate position
of the fronts. The sharpest fronts were in September, which is explained
by sharpening of the zonal temperature and salinity gradients. These
gradients were smallest in August, During the time of the operations in
the test area, 13 cases of intersection of fronts by the ship were
recorded. The temperature gradients on the fronts fluctuated from 0.2 to
2,0°C; the salinity gradients fluctuated from 0.2 to 0.4 parts per thousand.
Gradients from 0.1 to 2,5 deg/km and from 0.1 to 0.2 parts per thousand/km
corresponded to them., On the average the temperature gradient was 0.2

to 0.3 deg/km. ‘
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Figure 1. Temperature at a depth of 10 meters (September):
Il - cyclone center; A -- anticyclone center. The regions
of location of the fronts are cross hatched.

2. The fronts detected in the test area were characterized by positive
correlation of the temperature and salinity gradients with far from com-
plete compensation with respect to density. Here the density gradient
was more frequently determined by the temperature contribution than the
salinity contribution.

3. The data of the density and the XBT-surveys confirmed the results of
A. D. Voorhis, et al, [3] pertaining to the existence of the warm and

- cold "tongues" of the advective origin connected with the dynamics of the
eddies. We have noted an analogous picture also in the salinity distribu-
tion, that is, the "tongues" and "spots" of more saline and fresher water
were detected. This structure of the temperature and salinity fields was
correlated with the structure of the eddy field, Usually the fronts are
located on the boundaries of the "tongues" and "spots." Fig 1 shows the
temperature map on which the cyclone and anticyclone centers are indi-
cated. The fronts were located in the crosshatched zones.

4. 1In the vertical sections the fronts are traced to the upper boundary
of the layer of 18-degree water (100-200 meters) and obviously do not
penetrate deeper, This is also confirmed by the T, S-diagrams of the
vertical temperature and salinity distributions with respect to different
sides of the fronts; they are :analogous to the T, S-diagrams obtained in
their time by E. J. Katz [1].

It is important to note that an explicit relation of the front positions
to the structure of the eddy field and to the vertical thermochaline
structure of the deep water has been detected. The fronts are located
above the peripheral regions of the eddies where maximum deviations of
the isotherms and isochalines of the principal thermocline are observed.

, 19
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Figure 2;_ Verticai section in the temperature field according
to the data from the XBT-survey (a), recording of the surface
temperature (b)

As direct measurements show, these regions correspond to the maximum
orbital current velocities in the eddies., Fig 2 shows the vertical
section in the temperature field. In Fig 2 the curve reproducing the
section of the analogous temperature recording recorded by the towed gauge
indicates the position of the front on the surface in the scale of the’
section. The problem arises of whether the fronts are not characteristic
Yeonductors" between the surface and abyssal layers which promote heat
and mass exchange through the thermocline. According to the opinion of
Voorhis, et al, [3], by means of the above-described "tongues" of water
of advective origin connected with the eddies, horizontal heat transfer
is realized. It is not excluded that the eddies have a significant
influence also on the vertical tramsfer through the fronts occurring on
their interaction, Hence, it is clear that the program for further
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research should irclude the atudy of the vertical structure of the fronts
and their interaction with the eddy field, :

Abstract

The relation of the temperature-salinity fronts in the ocean surface
layer to the large-scale surface temperature and salinity fields and the
eddy field structure in a thermocline is analyzed.
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STUDY OF TEMPERATURE FLUCTUATIONS WITH INERTIAL AND DIURNAL PERIODS
Moscow OKEANOLOGICHESKIYE ISSLEDOVANIYA in Russian No 30, 1979 pp 89-92
[Article by L. I. Limanskaya, Ye. G. Morozov, A. S. Samodurov]

[Text] The measurements of the temperature fluctuations in the various
parts of the ocean, as a rule, reveal the presence of energy peaks both
on inertial and diurnal periods [1]. This is connected with the existence
of different physical mechanisms exciting oscillations with the indicated
periods. The temperature fluctuations with a period of 24 hours are
caused by a baroclinic tide which obviously is caused by the interaction
of the barotropic tide of the same period with unevennesses of the ocean
floor or the coastal shelf [2-4]. The sources of the temperature fluctua-
tions with an inertial period are less investigated. However, on the
basis of the frequently noted fact of their alternation in space and in
time it 1s considered that the nonuniformities in the wind field are
responsible for generation [5, 6].

The region in which the studies are performed by the POLYMODE program has
the negative peculiarity:that the inertial period is close to 24 hours,
The difference in the physical classes generating, on the one hand, the
tidal fluctuations of the diurnal period, and on the other hand, the
inertial fluctuations, has aroused interest in the effort to expand the
temperature of the appearance of the two mentioned phenomena in natural
series,

The spectral functions calculated by the numerous temperature realizations
in the test area indicate the presence of a clearly expressed peak on a
period of about 24 hours, It is possible to consider that this peak is
caused by two processes -~ the diurnal internal gravity waves (a period

of 24 hours) and the inertial fluctuations with a period close to 24 hours
(the local inertial period on a latitude of 30°. is 24 hours, on a latitude
of 29°, at the center of the test area, it is 24.75 hours, at the southern
part of the buoy test area (buoy 1), 25.85 hours).

22
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As a result of such a small difference between the periods and insufficient
length of the serjies these fluctuations are not separated by the spectral
methods. Actually, the frequency difference on adjacent points of the
spectrum is : :

© Af=1/2Mat,

where MAt is the maximum shift of the correlation function in units of time.

In order to separate the periods T1=24 hours and T2-25.85 hours, the fre-
quency resolution must be :

The shift of the correiation function here is ‘

T,'Tl

MA = 2 1
2AT,—T)

=~ 168u.(1)

Key: 1. hours

In order to insure 20° of freedom of the calculations the series must be
no less than 1680 hours, that 1s, about 70 days., Here the values of the
spectral functions on the frequencies of interest to us will correspond to
the adjacent points of the spectrum with numbers 13 and 14 respectively.
For reliable separation it is necessary that there be at least one point
between the corresponding points of the spectrum, and this leads to an
increase by twofold, that is, a five-month series is required.

In order to obtain preliminary ideas about the structure of the inertial
and diurnal internal oscillations and their time variability, we made

an effort to separate these oscillations using the method of complex
demodulation first used in oceanology by V. Ye. Prival'skiy [7]. Thus,

we studied these oscillations directly by the series of isolated harmonics
of both periods. The filtration parameter here must be selected as follows
(filtration by the sliding mean): )

1 1

Key: 1. hours™1

that is, the filter parameter %, must be 335 hours. Selecting this filter
and adjusting the calculation for one selected frequency, wa.completely
suppressed the second, '

The results of the calculation (that is, the harmonics of each of the

periods) for the point I (the 50-meter horizon) are presented in Fig 1.
_ : The duration of the series is from 24 July to 26 September.
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Figure 1. Inertial (a) and diurnal (b) harmonics of the
temperature realization on the buoy I (horizon 50 meters)
obtained by "gluing" of the series according to the data
of two buoys operating in series with respect to time,
Key:
1, days

From Fig 1 it is obvious that the nature of the variability of each type
of fluctuation is different. This indicates that this variability is
determined by the nature of the fluctuations themselves and not by the
variation of the vertical temperature gradient in time, For the inertial
period the train structure is characteristic actually with one obvious
oscillation train for the entire two-month observation period. The
24~hour fluctuation is characterized by 12~13 day variability which can
be connected, on the one hand, with the synoptic processes [5], and on
the other hand, with the semimonthly inequality of the barotropic tides
generating the internal waves [8]. The result obtained can be considered
somewhat unexpected. C, Day and F. Webster [9] performed measurements of
the currents south of the Bermuda Islands at a latitude of close to 30°,
The results of the investigations indicate that the energy of the fluctua-
tions with a period of about 24 hours experiences significant variability
in time. According to the data of the mentioned authors, on the 50-meter
horizon this variability correlates quite well with the passage of storms
over the east coast of the United States. The relatively smooth varia-
tion of the amplitude of the inertial temperature fluctuations with time
discovered in this paper can be:zconnected with the fact that weather
conditions as a whole varied little during the period during which the

- ‘measurements were taken., The recorded train of inertial oscillations
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Posaibly 1s connected with the intensification of the wind in the test
area to 10-11 m/sec observed in the last 10.days of August for 7 or 8 days,

By the measurement results during the first setup in July-August, the
abyssal structure of the time variability of the diurnal and inertial
fluctuations was analyzed, '

Fig 2 shows the graph of the amplitude variation of the diurnal and inertial
fluctuations in time for different horizons at the point I for a period of
about 30 days in August. The nature of the variability of the inertial
fluctuations with respect to depth is different. At individual times in
certain horizons an increase in the oscillation amplitude is observed
whereas on other horizons, a decrease in it occurs, which is connected

with nonstationary regime and nonuniformity of the inertial fluctuationms.
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Figure 2. Variation of the amplitude of the inertial (a)
and diurnal (b) temperature fluctuations for the 50, 400,
700 :and 1400 meter horizons during August 1977.
Key: :

1, August

This structure can be determined by the multimodal nature of the fluctua-
tionc or different sources generating oscillations at different depths.
This can be determined also by a time delay in the different horizons of
the disturbance propagated with respect to depth from the surface. An
insufficient number of measurement horizons does not permit reliable
confirmation of the latter. However, the disturbances are delayed with
regpect to depth. According to the rough estimatee the average propaga-
tion rate of the disturbance downward is about 1.3 m/hr in the layer from
50 to 700 meters.,

The amplitudes of diurnal temperature fluctuations vary at different dept™r

according to different laws., However, the variability in the upper
400 meters is smaller. Their variability in the deep pair of horizons
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at 700 and 1400 meters is also similar. Obviously, there are two differ-
ent systems generated by different sources in the diurnal fluctuations.
This possibility in this area was indicated previously in reference [10].
It is possible to propose that the diurnal fluctuations in the upper layer
determined by the internal waves of the diurnal period are generated by
the interaction of the barotropic tide with the coastal shelf of the
nearby islands or continent [4]. The fluctuations in the basic thermo-
cline can also be determined by the internal waves generated by the baro-
tropic tide interacting with the unevennesses of the bottom [2, 3].

In conclusion it is necessary to note that the amylitudes of the tempera-
ture fluctuations on inertial and diurnal periods are approximately
identical, and therefore they make an equal contribution to the formation
of unseparated peak in the spectral densities of the temperature fluctua-
tions,

Abstract

By means of complex demodulation the diurnal and inertial temperature
fluctuations are distinguished as measured on buoy stations of the POLYMODE
test area., The time and depth variability of each of the fluctuations is
studied. Hypotheses are suggested for the mechanism of the fluctuations
under the conditions of the test area.
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SEPARATION OF SEMIDIURNAL TEMPERATURE FLUCTUATIONS DETERMINED BY THE
BAROTROPIC TIDE AND INTERNAL WAVES

Moscow OKEANOLOGICHESKIYE ISSLEDOVANIYA in Russian No 30, 1979 pp 78-81
[Article by Ye. G. Morozov, A. S. Samodurov, L. P. Filatova]

[Text] As is known, in the ocean there are always two types of fluctua-
tions of an identical time scale =~ this is the semidiurnal barotropic

tide and the internal baroclinic gravity wave with the same period. The
spatial scale of these oscillations is distinguished by approximately an
order, However, when studying the fluctuations of the hydrological ..
characteristics of the 12-hour period using time realizations of the
temperature and current at a point, the spatial scale cannot manifest
itself. Therefore, both types of oscillations are taken as a united whole.

Inasmuch as barotropic tide in practice causes no vertical shift of the
water particles, the temperature fluctuations caused by it are insignifi-
cant. The temperature fluctuations are determined basically by the
internal gravity waves having a vertical velocity component. Therefore
the tidal internal waves :are studied by the temperature fluctuations.

In many papers, in particular, in [1] it is demonstrated that the hori-
zontal coherence of the current fluctuation on a 12-hour period is small,
This is explained by the fact that both the barotropic tide and the
baroclinic tide make .contributions to the current fluctuations approx-
imately in equal proportions., In addition, from the general physical
arguments it is clear that the coherence of the fluctuations must be rela-
tively high.

In reference [2], by averaging the Fourier coefficients vertically, an
effort was made to separate the velocity field into barotropic and baro-
clinic tides. In this study another procedure was used. For the separa-
tion of these fluctuations, just as in reference [2] the property of the
barotropic tide was used -~ invariability of the horizontal current
velocity vertically. In the region encompassed by the POLYMODE program
(at point D) a buoy was installed with current velocity meters from the
surface to the bottom, The BPV-2 and BPV-6 instruments were installed
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at the 100, 700, 1400, 3000 and 4500 metexr horizoms at an ocean depth of
5200 meters, and at the 25, 50, 100, and 700 meter horizons temperature
recorders were suspended. The autonomous buoy station operated for 9 days
with a measurement spacing of 1 hour. Using the complex demodulation
procedure [3], the 12-hour harmonic was isolated from the realizations
(actually a band was isolated with a period of 1242 hours). The realiza=
tions of the U and V components, the velocity modulus and temperature were
subjected to this processing. Thus, in the current fluctuations band that
lias been isolated, both batotropic tide and internal wave were present.
The internal wave will make a basic contribution to the temperature fluc-
tuations, for the temperature variations caused by advection of the hori-
zontal nonuniformities of the temperature by thé& barotropic tide are small,
especially deeper than the seasonal thermocline layer. Below, a detailed
study was also made of the temperature fluctuations.

After isolation of the narrow-frequency band from the series of currents
for separation of the internal and barotropic tides the currents measured
every hour on one vertical were averaged. The series obtained was an
approximation to the velocity series (components and modulus) caused by
the barotropic tide. The word "approximation" was used inasmuch as the
five measurement horizons selected at the characteristic points of the
vertical is the minimum number of horizonms. for which such an operation

is justified, The approximation to the barotropic tide that was obtained
is further interpreted by us as the barotropic tide. Increasing the num-
ber of current meters naturally should improve the result, However,

even for such a small number of observation horizons the expected result
was obtained. The isolated averaged series of velocities (orbital
velocities of the particles of the barotropic tide) varied in time with

a period of 12 hours. The difference on each horizon between the initial
series which is the sum of the barotropic and the baroclinic tides and
averaged vertically, which is the barotropic tide, gives a series for

the orbital velocity of the particles in the internal wave. Let us denote
- these three series by Uy, Upes Ugy Yespectively. In all horizons the
series Ui, also fluctuate with a 12-hour period. It 1s necessary to
indicate the values of the oscillation amplitudes of the velocity modulus:
for the series U2=1°' Upe="5-6, Uy,~~5-6 cm/sec at depths to 1000 meters
: ' and 2-3 cm/sec at depths of more than 1000 meters for all variables.

Thus, during the semidiurnal fluctuations of the currents the barotropic
tide and the internal wave in the upper layers make an approximately equal
contribution; in the deep layers the barotropic tide makes the primary
contribution.,

It is interesting to note that C. Wunsch [4] estimates the energy of the
semidiurnal baroclinic tide on the whole throughout the ocean as 10-15%
of the barotropic of the same period.

Using our data, it is possible to calculate the ratio of the enerzg: oF

the baroclinic tide to barotropic in the vicinity of the investigated tes.
area by the expression
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Key: 1, iw=internal wave
2. bt=barotropic tide

where Ay is the dispersion of the current fluctuations caused by the
baroclinic tide on the corresponding measurement horizons; Abt is the
dispersion of the current fluctuations caused by the barotropic tide;
hy 18 the layer thickness; H is the depth of the ocean} f"'jéh

A= -

.- e .o ) i=

A similar estimate for the relative energy of the internal tide in our
calculations gives the value about 60%., This is insignificantly greater
than the value obtained by Wunsch, ‘

Let us consider the results of analyzing the barotropic tide wave. Using
the method of determining the direction of the wave adopted by

N. P. Fofonov [5] and A, Ye. Filonov [6], by the mutual spectral analysis
of the components U and V of the barotropic tide current we obtain its:
direction equal to 8°. It is determined from the formula presented in
the paper by Filonov [6] with accuracy to 180°:

1 2C0uv N
By=—arctg ——2

2 gva—Suu
where Coyy 1s the cospectrum of the components U and V; Syy-and Syy are
the spectra of the components V and U respectively. The calculations of
the tidal wave My executed in references [7, 8] agree well with this
result.

The calculation performed in this way for the internal wave gave the
following directions on the different horizons: 100 meters, 270°;
700 meters, 263°; 1400 meters, 261°; 3000 meters , 290°; 4500 meters,
213°, : .

The closeness of the direction of the internal waves on the different
horizons is a consequence of the semidiurnal internal fluctuations on

all horizons belonging to one system, that is, the fluctuations are close

to unimodal,

Let us consider the results of the mutual analysis along the vertical.
Inasnuch as when measuring the currents: by the BPV instrument the noise
level is large, in particular for the velocity components, as a result

of the absence of averaging of the direction we made a decision to use
only the velocity modulus for the mutual analysis. As should be expected,
the vertical coherence between the series |U|; is small. Thus, for the
pair of series'|U|z at 100-7000 meters the coherence is 0.32, For the
same pair of series |U|y, the coherence is appreciably higher; it is 0.69.
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In the deep layers of the ocean the inverse piecture 1s observed. For the
airs of horizions of 3000 to 4500 meters the coherence of the series

le is 0.46; the fluctuations take place in practice inone phase, For
the pairs of series |U|j, the .coherence is 0.22.

Thus, in the upper layer of the ocean where the internal tidal wave is
well developed, the addition of the internal and barotropic tides leads
to worsening of the mutual analysis functions., The internal wave
separated from the barotropic tide is well coordinated vertically.

In the deep layers where the amplitudesof the internal waves are small,
the fluctuations on a period of 12 hours almost completely are determined
- by the barotropic tide; therefore the total series is well correlated
vertically, and the internal wave is poorly correlated as a result of
small amplitudes.

Let us consider the results of mutual analysis between the currents 'and
the temperature., The coherence between the te erature fluctuations on
the 100-meter horizon with series [U E’ W U bt is 0.11, 0.30, 0.40,
respectively; on the 700-meter horizon, 0 2% 0.48 and 0.27 respectively.

In the layer close to the seasonal thermocline (100 meters) the coherence
for the total series is small, but it increases significantly on separa-
tion of the series into the internal wave and barotropic tide. Here quite
high coherence occurs for the two series of curtents TU |4w and |Uj bt*

The high coherence vertically is regular for the internal waves inasmuch
as the fluctuations of all the characteristics in it are functionally
related, The quite high temperature coherence of the barotropic tide

in the layer of the seasonal thermocline is obviously explained by the
fact that the barotropic tide carries over the horizontal nonuniformity
causing the temperature fluctuations at the recording point. The amplitude
of these temperature oscillations can reach the amplitudes determined by
the internal waves with respect to order of mdgnitude inasmuch as the
coherence in both cases is similar. Acting jointly, these processes are
accumulated one on the other, lowering the coherence. In the layer of
the principal thermocline on the 700-meter horizon the picture is differ-
ent. Here the fluctuations are basically étermined by the internal wave,
and the barotropic tide appears in the role of noise, lowering the
coherence of the total phase. When determining the internal wave from
the barotropic tide the coherence between the current fluctuations caused
by the internal wave and the temperature increases to 0.48.

In this paper an effort is made to consider the contribution of each of
the indicated types of fluctuations to the variability of the physical
characteristics of the ocean. The performed calculations gave hopeful
results. Further studies in this area will permit, on the one hand, deep-
ening of the knowledge of the structure and the mechanisms of the genera-
tion of the internal tides, and on the other hand, availability of the
required material for improvement of the calculation schemes for
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cohétructing the tidal charts of the World Ocean, In the future it is

expedient to increase the number of measurement horizonms, to locate them
at equal distances and increase the length of measurement series.

Abstract

A velocity time series caused by the barotropic tide is formed by vertical
averaging of the hour-values of the 12-hour harmonics of moored velocity
measurements, The remaining part of the series is defined by internal
gravity waves. The cross analysis of currents caused by internal waves
as a function of temperature and the interaction among themselves is
shown to give better results than the original series. The direction of
waves of the barotropic tide is calculated which correlates well with the
theoretical estimates.
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STUDY OF THE DIURNAL AND SEMI-DIURNAL TEMPERATURE FLUCTUATIONS
Moscow OKEANOLOGICHESKIYE ISSLEDOVANIYA in Russian No 30, 1979 pp 63-73

[Article by Ye. G. Morozov, A. S. Samodurov, L. I. Limanskaya,
L. P, Filatova]

[Text] A characteristic feature of the temperature fluctuations in
various parts of the World Ocean is the presence of high oscillation
amplitudes in the inertial and tidal periods [1, 2]. When processing the
temperature series obtained on the buoy stations in the region of opera-
tions under the POLYMODE program, special attention was given to the study
of the fluctuations with indicated periods as the most energy-bearing
mesoscale processes.

The region of investigation is characterized by the presence of powerful
eddy formations which moved a noticeable distance during the observation
time. The presence of eddies at each observation point is manifested in
the existence of currents that are variable with respect to magnitude and
with respect to direction in time and space. The average transfer in the
regearch area was small,

There 1s still another fact which distinguishes the test area., It is that
the test area is located in the direct proximity of 30° latitude which is
critical for the internal waves of diurnal period. The inertial period
here is 24 hours.

In our opinion, the presence of synoptic eddies and the proximity of the
region of investigation to the critical latitude caused the singularities
detected in the behavior of the long-period internal waves.

Brief Characteristics of the Hydrologic Situation. The vertical distribu-
tion of the hydrologic elements 1s characterized by the following. The
upper quasiuniform layer is thin (20-30 cm). The seasonal thermocline
layer is expressed sharply at depths from 40 to 70-80 meters and it is
traced to 150-200 meters. Then comes a quite powerful quasiuniform

layer of "18°" water, the lower boundary of which is at depths of about
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500 meters. The layer of the principal thermocline reaches 900 meters,
The maximum gradients are observed in the 700-800 meter layer. The
abyssal water with small vertical gradients is located still deeper. The
vertical temperature distributions T, provisional density distribution ¢
and the Brent-VaisHlY frequency N are presented in Fig 1. The Valsdla-
Brent frequency profile with depth, just as should be expected, is
characterized by two peaks in the seasonal and basic thermocline layers.
The corresponding periods (t=27/N) for these layers are close to 5 and

20 minutes. The period that is the inverse of the Valsala-Brent frequency
i8 about 2 hours for the 18° water.

" cw L%
% g‘_s;z'g 2728 o
a0’ a0 A

500

1000
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24 .
Figure 1. Vertical temperature distribution (T), provisional .
density distribution (op), and Brent-Vaisdld frequency (N)

When performing the experiment the temperature gauges were installed on
the 50 and 100 meter horizons -- in the seasonal thermocline layer;

400 meters in the "18°" water layer; 700 meters in the principal thermo-
cline layer; the current meters were periodically also installed in the
1400-meter horizon,

Survey of Spectral Density Functions. The spectral density functions
were calculated without filtration by the series with discreteness of

1 hour. These series were transformed from the initial ones with smaller
discreteness by low-frequency filtration with subsequent selection. The
spectra were calculated by the Fourier transform of the correlation
function, the maximum shift of which was 1/10L (L is the length of the
series) so as to insure 20 degrees of freedom of the calculation.
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Fig 2 shows the spectrum of the temperature fluctuations characteristic
of the investigation region. It was constructed by the realization of
two series of a month each at the 50-meter horizon at the point I,

;;nm*m
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Figure 2. Spectral density of the temperature fluctuations
for the point I (50-meter horizon). The calculation was
performed by the 2-month series made up of two realizations
Key: :
-1, 8, deg2-min
2, £, cycles/hr
3. T, hr

Fig 3 shows the spectral density for various horizoms of point C. Inas-
much as the measurements at the 1400 meter horizon at point C were not
performed, the magnitude of the spectral function for this horizon was
taken at point B. The level of the values of the spectral demsity of the

- temperature is determined on the one hand by the amplitude of the vertical
movements of the liquid, and on the other hand, by the vertical tempera-

_ ture gradient. Beginning with this fact, it is possible to substantiate
the difference in level of the spectral "emergy" vertically.
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Figure 3. Spectral density of the temperature fluctuations
for the points C (horizons 50, 100, 400, 700 meters) and
B (horizon 1400 meters). Series of l-month duration.
Key:
1. S, deg?-min
2, T, hr

At the 50 and 100-meter horizons the vertical fluctuations cannot reach
high amplitudes, for they are limited by the proximity of the ocean sur-
face, However, inasmuch as these horizons are in the seasonal thermocline
layer with large vertical temperature gradients, the amplitudes of the
temperature fluctuations are quite large here. In addition, in the upper
layer the temperature fluctuations can be explained not only by the
internal waves, but to a significant degree also by the advective trans-
fer of the horizontal temperature gradients by the currents.
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At the 400 and 700-meter horizons the amplitudes of the vertical fluctua—
tions must be of the same order or higher than in the upper layer. The
differencez in values of the spectral density are determined by a signifi-
cant difference in vertical temperature gradients in the quasiuniform
"18°" layer and in the layer of the principal thermocline,

The differences in the values of the spectral densities with respect to
horizontal are less significant. However, their variability in this
region is much greater than in the other parts.of the World Ocean. With
respect to the horizontal it 1s characterized by the predominance of peaks
at .different periods depending on the measurement point, For example, in
Fig 4 there are several spectral density functions for different points
of the test area,

(1)
SN0 -wun N *
W LYYy Ly 8, 0000 mn
H Q) 1
2t ' it
W

b

D ’
% 1”7 &8 & Iv -
. @

Figure 4. Variability of the spectral density functions
- with respect to the horizental (700 meters): -
a —point B-1; b~ point Il = 1; ¢ == point T -1
Key:
1. s, degz-min
2. T, hr

A eignificant time variability of the spectral functions is also
characteristic of the region of investigation. It is characterized by the
same peculiarities as the variability with respect to the horizontal.

Fig 5 shows the variability of- the spectra in time for the point L (at

a 700-meter horizon). The spectra are presented by the measurements in
August and September.

Analyzing the space and time variability of the spectral functionms, it is
possible to note that the large differences are noted in the location of
the peaks with respect to the frequency axis. The spectral energy peaks
are grouped near the periods equal to 24 and 12 hours. This is caused by
the fact that the inertial and tidal periods carry significant energy.
The series at our disposal are insufficient to separate the 24-hour baro-
cline tide from the inertial movement; therefore these fluctuations merge
into one common peak.,
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‘Figure 5. Variability of the spectral density functions in
time (horizom 700 met:rs): a -- point L - 1, August;
b -~ point L - 2, Srptember
Key:
1. s, degz-min; 2, T, hr

In addition to the presence of two basic peaks, in the spectral densities
there are a number of deviations, The most important of them is the

shift of one of the peaks to the left or right along the frequency axis.
In addition, on the spectra quite frequently additional peaks appear along
with the principal one (Fig 6). In some cases, quite rare, one of the

basic peaks is not observed at all (Fig 7, a). It is possible to consider:

that more than half of the series have at least one of these deviations.

(1) 800t mw
" Se00d’mw ‘ .
ant'sr 1 ,
Sapel'me (1)
20t
L1 : ‘ :
- TR N
’ b) )

L/ :
Figure 6. Example éf the peak shifts on tidal frequency 700 meter
horizon): a--right (point B-1), b--left (point H-1), c--right (point
Y-1); a significant number of surges of the spectral function to the
right in two periods--24 and 12 hours--are noted.
Key: 1, S, deg2-min; 2, :

The shifts in the position ofvthe'fluctuation energy peaks with respect
to the time axis of tidal periods can be caused by the following causes.
Let the measuremente be taken at a fixed point in space. Let us propose
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-that the wave of periad To having phase velocity C, is propagated in the
flow with velocity component along the direction o% movement of the

wave u. Then as a result of the Joppler effect, the measured wave period
Ty will differ from the true one. The relation between them 1s subordinate
to the radio

T‘ =

142
. C¢

Depending on the sign u the recorded period will either be greater than
To or less than. From the observed current velocities on the order of
30 km/sec, the phase velocities of the wave 83 cm/sec (for 24 hours) and
~360 cm/sec (for 12.4 hours) the intervals of variation of the periods will
be 38-18 and 13-11 hours respectively, They can be, however, even greater.
- For example, for a velocity of 50 cm/sec characteristic of the upper horizon
the indicated intervals are equal to 60~15 and 14-10.8 hours. A discussion
will be presented below of the estimate of the phase wave velocities. The
internal waves of diurnal period are more subject to the Doppler effect
than semidiurnal ones. This is connected with the fact that the phase
velocity of the internal waves of diurnal period is approximately 4 times
less than the semidiurnal inasmuch as the diurnal waves are characterized
by a high mode number,

On the basis of the difference in the velocities of propagation of the
inertial and diurnal tidal waves, splitting of the corresponding blips as
a result of the Doppler effect is possible., In Fig 7, b one of these
spectra is deplcted for the point I'-1 (50-meter horizon). The point was
located in the anticyclonic eddy in the zone of effect of strong currents.
In this sense the spectrum of the temperature fluctuations at the 50-meter
horizon at the point I~1 located near the critical latitude (nmorth of it)
in the vicinity of the strong cyclonic eddy currents caused by splitting
of the energies in the spectrum is characteristic. The spectrum for this
point is depicted in Fig 7, ¢, from which it is obvious that the diurnal
peak is split into two., This is characteristic to a different degree of
many spectra of the investigated regions. It is necessary to give atten-
tion to one characteristic feature of the depicted spectrum., The harmonics
of the diurnal oscillation up to 6 orders are noted in it in the absence
of a peak in the 24-hour period, This fact was not recorded once for
inertial waves [3].

The absence of the principal blips in the spectra noted very rarely and
only on the upper horizons, can be explained by the fact that the ampli-
tudes thems.lves of the vertical movements in the upper layers are small.
In addition, the joint effect of the internal wave and the transfer of
horizontal gradients by the tidal currents can be put together so that
when operating in opposite phases they mutually cancel each other.

Results of the Dual Analysis of a Temperature Realization, During the
course of the first buoy installation, as a result of technical failures
many of the temperature recorders uniformly distributed with respect to
space did not respond or only partially responded. Therefore it was
very difficult to perform the dual analysis. However, the study of the
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material advantageous for the solution of the stated problems has still
made it possible to draw sone entirely defined conclusions.

Sapet D) Sapei mw Q)
$ 713
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(1) Lol

R c) ¢ 3 (2) z
Figure 7. Example of the distortion of the spectral density
functions: a —- spectral density function for the point A-1
(horizon 100 meters); blip in the semidiurnal period absent;

b == I'-1 point (50-meter horizon); blip in the spectral density
on a 24-~hour period split into two; ¢ -~ point I-1 (50-meter
horizon); diurnal peak split into two; the harmonics of the
diurnal fluctuation are present to 6 orders.

Key:

1. §, degz-min; 2, T, hr

The coherence of the fluctuations on 24 and 12.4 hour periods, as a rule,
is not very high vertically, Nevertheless, on the majority of pairs of
realizations it is close to the confidence value. With an increase in
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distance vertically, it decreases. For the example, all of the coherence
calculations* in 12 hour-period for the D-3 buoy on which the number of
temperature meters vertically was increased, are presented in Table 1,

Table 1

Coherence of the Temperature Fluctuations Between Various Horizons

Horizons, meters 50 100 400 700
25 0.13 0.07 0.05 0.04

50 0.29 0,34 0.20

100 v 0.10 0.10
400 0.41

As 1s obvious from the table, the coherence in the deep layers (400-700 m)
is very high -~ this is characteristic for measurements at the majority of
points. The coherence of the deep horizons with the horizons in the upper
layer is somewhat lower, especially on the 25-meter level where the
activity of the upper layer introduces significant. noise. This fact was
noted for this region also earlier [4]. The structure of the fluctuations
here is two-layer as a result of the presence of the powerful quasiuniform
layer of 18-degree water. The coherence with respect to the horizontal
between the temperature fluctuations in the POLYMODE region is appreciably
lower than in the other parts of the World Ocean in which studies were
previously performed.

Apparently this result is connected with the intensive eddy activity in
this region. As a result of the spatial variability of the current field
in the test area the Doppler effect on the fluctuations is different at
various points of the test area. The mutual analysis was performed by
series lasting no less than 10-12 days and frequently up to 25 days, that
is, in a quite long time interval so that the eddies moved noticeably in
space. Accordingly, the Doppler frequency shift varies also in time. The
indicated time-space variability of the average conditions with sufficiently
dense packing of the eddies in the test area also led to the fact that

the horizontal coherence is absent in many pairs of realizations,

Considering these arguments, we performed a mutual analysis for the pairs
of realizations obtained under approximately identical average conditions,
that is, for example, when both realizations are obtained from buoys lo-
cated in one eddy formation or when both buoys are located in the deforma-
tion between the eddies. 1In this case, as a rule, the coherence turned

*The coherence was calculated by the formula H=(C§+Q2)/BSZX-S§), where

Cp and Q are the mutual spectral, S, and Sy are the autospectra,
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out to be appreciably greater than the confidence coherence. The most
reliable results were obtained in the principal thermocline layer in the
700-meter horizon. In the seasonal thermocline probably the noise caused
by the activity of the upper boundary layer is large. In the quasiuniform
layer at a depth of 400 meters on the basis of smallness of the vertical

_ gradients, the useful signal is also small, on the basis of which the

_ coherence frequently turns out to be below the confidence level.

We made an effort to estimate the parameters of the internal wave with
respect to the phase relations [5]. It must be noted that under the
above-indicated average conditions the proposition that the waves are
planar is highly provisional; therefore, the results obtained must be con-
sidered very rough., It is for this reason that the phase diagrams are not
closed in many of the:calculated triangles.

The parameters of the internal waves with periods of 12.4 and 24 hours were
estimated by the available data. It was possible to establish only the
general directions of the wave propagation. In Fig 8, as an example,

phase diagrams are presented for the results of calculating the directions
of propagation of the waves which was performed by three series of measure-
ments in one horizon. The estimates of the wave lengths in the region

of investigation tutned out to be as follows: for the 24~hour period,

72 km; for the 12,4-hour period, 154 km; the estimates for the phase
velocities are 83 and 360 cm/sec.respectively.

Figure 8. Phase diagrams for calculating the parameters
of the internal waves by the buoy triangles: the arrows
inside the triangle are the directions of propagation of
the wave., The numbers on the vectors are the magnitudes
of the phase shift in degrees; the arrows are the positive
direction of the phase shift; a —— the triangle of buoys
A-0-P, wave period 12 hours, horizon 700 meters, wave
length 84 miles; b —- buoy triangle A-B-V, wave period
24 hours, horizon 700 meters, wave length 39 miles.

Key:

1, 40 miles
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tumerical Integravion of the Intexnal Wave Equation, Ik ordex to compare
the wave iengih end phase wave velocities obtained with the calculated
eptimates for the actual conditilons of the test arez, we performed &
zumeriesl dotegration of the equation for the internal waves

do , Ntdw | N —w

Rl =0
da ™ g dz w? — f2

for wero bHoundary conditions and the selection of the inertial period aqual
to 24.75 hours, which corresponds to the central point of the test area.
Tihw results of the calculations for certain periods are presented in

ol P00 Uhe density distributilon was taken as the real density distiibu~
the hydrologic series data. The calculation was per-
nsity disiribution measured in the deformation field

Valueen eddies.
Ia order to estimate the limits of the variations of the wave parameters
under verious hydrologic conditions of the cyclone and anticyclone, a
calculation was also made as applied to the first mode of the semi-~diurnal.
oscillations in the central parts of the indicated formations., The wave
Lengths obrained are equal to 140 km for the cyclone and 153 for the anti--
cycione, raspectively.

Table 2

Wave Lengths of the Internal Oscillations of Different Periods
and Different Modes (km)

Period, hours
Mode No 2 4 6.8 10 13.4 14 16 ig 20" 22 2

1 20 42 65 89 115 149 176 215 265 334 443 oB4

2 55 252

3 , 43 - 197

) 4 . 29 135
5 e 24 109

6 20 92

7 16 _ 76

- - 67

Fig 9 shows the eigenfunctions of the first three modes of the semi-
diurnal internal waves. The calculation was performed for the velovcity W.
The extracwdinarily. high peaks of the second and third modes obviously
cwse strong differences in the wave 1enﬁuhs of the first mode from the
second and third.

From Fig 9 it is also obvious that the amplitudes of the fluctuations in

the upper layer (50 and 100 meters) are very small, which in certain
cases could cause the absence of a blip on the spectra.
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Figure 9. Eigenfunctions of the first three modes of the
semi-diurnal vertical velocity fluctuations. The functions
are normalized for maximum value vertically.

As is obvious from the presented theoretical calculation, the wave length
of the first mode of the semidiurnal oscillation agrees well with the
experimental estimates. Therefore it is possible to consider that the
semidiurnal internal wave of the first mode predominates in the test
area.

Comparing the results of the calculation by the phase relations with the
theoretical estimates for the diurnal wave, it is possible to conclude
that the primary contribution to the temperature fluctuations of diurnal
period is made by the internal waves characterized by the high mode
number (~7-8). The plausible explanation of this phenomenon 1s
{1lustrated by Fig 10. It depicts the dispersion curves for the internal
waves in a rotating liquid with the Coriolis parameter equal to f. The
vectors have projections (w, k) where w is the oscillation frequency,

k is the wave number of the corresponding harmonic. A study is made of
the case where all of the wave vectors are colinear. It is found that
in the internal wave system nonlinear triple-wave interactions are
possible where the resonance conditions are satisfied [6]:
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- - . -;.l.- P ...:-:_0.' cmpema w—e o
o+ o = w3 . @
ky Ry ks =0,

The system Investigated by us indicates that the internal wave of ddiurnal
perlod having high mode number can be excited on interaction of the
gemidiurnal and diurnal internal waves having low mode numbers, The
sbsence of the signs of the diurnal intermal wave of the low mode among
the results of the mutual analysis can be explained by the fact that in
the reglon of investigation it has low amplitude,

Figure 10. Qualitative picture of the triple-wave interactioci:
1 -~ dispersion curve of the first mode, 2 -- dispersion curve
of the second mode, Kj -~ wave vector of the diurnal wave of
the firct mode, Ky — wave vector of the semidiurnal wave of
the first mode, Ky -- wave vector of the diurnal wave of the
high mode.

In conclusion it is possible to draw the conclusion that when investigating
the internal waves in the POLYMODE region we encountered effects which
were not manifested so clearly in other areas, and therefore they had not
received attention.. Whereas previously we considered that the variability
of the average conditions is basically determined by the seasonal behavior
of the hydrologic characteristics, in the vicinity of the test area the
fluctuations of the average conditions were determined by passage of
synoptic eddies which greatly complicated the picture,
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Abstract

The diurnal and semidiurnal temperature fluctuations are investigated by
moored temperature measurement data. The frequency shift of the spectral

“peaid"is shown to be causé by the Doppler effect due to intensive
currents in the region under investigation. The parameters of the
internal waves are defined which appear to be close to the theoretical
estimates, o :
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LY OF ABYSSAL TEMPERATURE AND DENSITY STRUCTURE AND THE VELOCITY
PROFILES IN AN ANTICYCLONIC EDDY

Acseow OKEANOLOGICRESKIYE ISSLEDOVANIYA in Russian No 30, 1979 pp 32-35
{arcicle by A, S. Samodurov, V. G. Kort, Ye. G. Morozov, S, M. Shapovalov]

[Texc] A large number of papers have been published on the materials of
the American MODE experiment in which certain peculiarities of the behavior
of the synoptic ocean eddies in the southwestern part of the Sargasso

a dez are discussed, The first expedition by the POLYMODE program put the
richest material to study the eddy activity in the investigated program
in the hands of the oceanologists, Without touching on many of the
important aspects in the structure and eveolution of the indicated forma-
tions, let us only discuss onme detail which deserves attention. The first
area surveys already demonstrated that there are certain anomalies in the
vertical distribution of the horizontal temperature gradients. Thus,
whereas the isotherms are concave in the lower horizons in the anticyclone,
they are convex in the upper horizons. Thus, in the anticyclone there is
a lens of water with a temperature of about 18°, the horizontal axis of
which is at a depth of 200-250 meters, A similar phenomenon was noted in
this part of the ocean [1] by the materials of the XBT-sections, that is,
when investigating only the temperature data. As for the structure of the
cyclones, in them, onithe contrary, with greater convexity of the iso-
therms, thinning of the layer of 18-degree water is observed.

During the work of the "Akademik Kurchatov" scientific research ship in

che first phase of the POLYMODE expedition, we observed the anticyclonic
eddy located in the southern part of the test area. This eddy was traced

by the data of several large-scale test area surveys and during the observa-—
tion it moved significantly in the westerly direction. For the eddy that
we investigated it is characteristic that the isotherms and isopyens in

the upper 200-meter layer are convex upward, and below this layer, concave
downward. That is, if we judge only by the shape of the density isoline
distribution, the fmpression can be created that in the upper part the

eddy 1s cyclonie, and in the lower part, anticyclonic. The current measure-
ments on the buoy stations of the southern group-which were located ’‘a
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the eddy during its drift across the test area indicate that it is
anticyclonic with respect to its entire depth.

Por a detailed investigation of the temperature field distribution,
salinity and density in the anticyclonic region in the southwestern part
of the territory, two mutually perpendicular hydrologic sections were
created with installation-of a buoy. The position 'of the hydrologic
stations is shown in Fig 1, from vhich it is obvious that they were
executed with continuous horizontal step size., In the region where .the
buoy was installed, the depth of the stations was greater. The series were
performed to 1200 meters, and along the edges and in the center of the
sections, to 2000 meters. The depth of occurrence of the 15° isotherm is
~ presented in the same figure according to the data of the performed sur-
vey. By the position of the isolines it is possible quite precisely to
determine the center of the eddy, When making the meridional sectioen,
we were oriented by the survey data of the "Akademik Krylov'" scientific
research ship. The error in determining the eddy drift velocity reduced
to the fact that this section cut the rear part of the anticyclone in its
central part. The operative data processing from the first section made
it possible to correct the position of the second section in .time; it
passed in practice through the center of the eddy.

Fig 2 shows the temperature distribution (a) and the density distribution
(b) in the zonal section through the eddy. In the lower layer (400 m deep)
a dip of the isotherms and isopycns that is characteristic of an anti-
cyclone is observed., The difference in depth of occurrence of the iso-
therms at the center of the anticyclone and on its periphery is highly
significant. Thus, for the 18° isotherm it reaches 150 meters. In the
upper layer of the central part.of the'anticyeclone the isotherms and
isopycns are convex upward and are submerged toward the periphery of the
eddy. Thus, the layer of small gradients in this section is significantly
thicker (to 375 meters)than along the edges (200 meters).

As is obvious from the performed analysis, the bend in the isolines in
opposite directions is characteristic both for the temperature and for
the density. The fact that this direction remained for at least 3 months
is significant. Therefore, it is impossible to explain this effect by
the eddy activity of the adjacent layer of the atmosphere,

The causes of this eddy structure still are unclear. However, whatever

the mechanism of its formation, it appears that an important role is played
by the hydrology of this region itself, and more precisely the quasi-
uniform layer of the 18° water located within the limits of the depths
from 100 meters to 400 meters. Without excluding other explanations, let
us state some arguments with respect to causes of formation of the layered
structure of the observed anticyclone.

Let us propose that initially the anticyclone had the usual structure,

that is, all of the isolines were concave. Let us also propose that on
the whole it is stable and subject to geostrophic relations. The presence
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Figure 1, Diagram of the arrangcment of the hydrologic stations:
Isolines -- depths of the current of the 15° isotherm;
Triangle ~- position of the buoy station at the point Yj
' The arrrow -- predominant current direction in all horizonms
Key:
1. north latitude

of the quasiuniform layer of l8-degree water can cause the following
phenomenon, It is known that in the flow of a uniform liquid with trans-
verse velocity gradient (having an inflection point), the exchange between
layers moving with different wvelocities is possible. Let us assume that
on the periphery of the anticyclone such exchange has led to the reduc-
tion of the velocity in the quasfuniform layer of 18-degree water. Then
one of the possible paths of restoration of the geostrophic equilibrium
18 the occurrence of the compensation flows leading to lowering of the
isopycn of the upper layer with a change in sign of the horizontal
density gradient, This density is caused by the known equation following
from the geostrophic relatioms:

du g 1 dp
= u !
== e ox
r

here r is the eddy radius., Actually, in the uniform layer of the geo-
strophic flow du/dz=0; with a decrease in velocity on the vertical
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profile u, the minimum appears, which can be compensated for by the
appearance of a horizontal density gradient.

Key:
1.
2.

Worrepa emawqed (1) Whewte (2)
56 2357 2338 2539 2540 2336 2331 2338 2339 2340 2[0 3'0 4'0
T T T T " - Al v A} ‘zﬂ'p
mmE— 1)
wt e — " — 5
‘ /\/z” //’_—\/ 280
Z@- /\/ .
i .
Q00 8
Joor \/ /\2,"
: ”
8901 \/ S~
wot \/,e
7 e -
800
v .
il y
rml— e Lo
(1] . a) b) . . e) . -

Figure 2. Distribution of the hydrologic characteristics
in the sections and vertical velocity diagram.

Temperature distribution (a) and provisional density dis-
tribution (b) in the zonal section; diagram of the velocity
modulus at the point Y by the BPV measurements (c)

Station number
|u|, cm/sec . ‘

An autonomous buoy station (buoy Y) which operated for 36 hours, was

installed to study the vertical distribution of the horizontal velocity
. in the northeastern peripheral part of the eddy. The current meters are

located in the 50, 100, 200, 250, 300, 400 and 700 meter horizons.

Fig 1 shows the position of the buoy and the direction of the current

(the arrow), which for all the measurement horizons is in practice invar-

iant and was within the limits of 140 to 150°.
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Fig 2, c shows a diagram of the velocity modulus in the anticyclone by
the BPV measurement data. From the figure it is obvious that the minimum
velocity at the 200-meter horizom is quite obvious. Thus, the direct
measurements of the currents confirm the theoretical proposition of the
presence of a minimum velocity in the vicinity of the uniform layer, that
is, where the direction of the convexity of the isopycns changes.

Abstract

An an anticyclonic eddy observed in the POLYMODE area » the temperature and

density isolines are shown to be displaced upward in the upper 200-meter

layer and downward in the lower layers. This leads to a minimum in the

velocity profile that is confirmed by direct measurements of the currents,
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POLYMODE INTERNATIONAL LARGE-SCALE OCEAN EXPERIMENT
Moscow OKEANOLCGICHESKIYE ISSLEDOVANIYA in Russian No 30, 1979 pp 5-9
[Article by V. G, Kort]

[Text] An interdepartmental expedition to the central part of the Atlantic
Ocean provisionally called "Poligon-70" was made in 1970 under the direction
of the Oceanological Institute imeni P, P, Shirshov of the USSR Academy of
Sciences (IOAN SSSR). Continuous observations of the variability of the
basic hydrophysical characteristics (current, temperature, salinity, and

so on) over an area of 120x120 nautical miles were performed for 6 months
from expeditionary ships and autonomous oceanographic buoy stations. The
results of these unique sctudies of ocean dynamics turned out to be very
interesting. Large eddy disturbances of the current velocity vector
resembling atmospheric cyclones and anticyclones were detected in the open
sea, in the vicinity of quasistationary currents (the Northern Tradewind
Current). The characteristic scale of these ocean eddies was on the order
of 100 to 200 km. They were traced to depths of 1000 to 1500 meters. In
the vicinity of the test area, the eddies moved in a westerly direction
with wean diurnal velocity to 5 cm/sec with an average orbital velocity at
depths of 200-300 meters of 20-25 cm/sec., The detection by the Soviet
scientists of such powerful eddy disturbances in the ocean stimulated the
development of similar studies in other countries. Thus, in 1972 American
researchers begah to study eddy disturbances in the southwestern part of the
North Atlantic under the Middle Ocean Dynamics Experiment Prcgram —- MODE —
which is also called the MODE Program in Russian., The results obtained by
American researchers confirmed the existence and the great variety of the
eddy movements in the ocean with respect to scale and genesis.

The discovery of the synoptic eddies in the ocean has great scientific
significance; it has introduced basic changes into our concepts of the
internal dynamics of the ocean and it has directed theoretical and experi-
mental dynamic oceanology toward the study of the processes of synoptic
eddy formation and the interaction of eddies with large-scale processes.

It appears very important to consider the fact of the existence of synoptic
eddies when performing research with respect to many areas of oceanology

L
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such as acoustics of the ocean, the hydrochemical structure of water,
biological productivity, pollution and propagation of a passive admixture,
and so on, and to tie the results to the hydrologic and kinematic structure
of the océan formed by the processes of synoptic eddy formation,

Coneidering the important role of eddy disturbances in the dynamics' of the
water of the World Ocean and also the great complexity and tediousness of
studying them in 1974 the scilentific program for Soviet-American cooperation
in the study of the World Ocean was developed and adopted. This program —
the International Large-Scale Ocean Dynamics Experiment -- is a logical
development of the research under the Poligon-70 and MODE programs, and it
is provisionally called POLYMODE (POLIMODE in Russian). The :scilentific
research ships of Great Britain, Canada, France and the Federal Republic of
Germany are also participating in this program which is planned to last

5 to 6 years,

The basic scientific goals of the research under the POLYMODE program are
the following:

i. The kinematic and statistical study of the ocean eddy field, including
the interaction of the eddies with each other on significantly larger time-
space scale than in the preceding studies,

2. Determination of the local dynamic balance in the most typical parts of
the ocean.

3. Determination of the role of the eddy transfer of momentum and energy;
the variation of this transfer in space and time; interaction of eddies with
the average motion.

4, Study of the mechanisms of the occurrence, transfer and dispersion of
energy in eddies.

5. Study of the large-scale currents in the research area and their
variability with respect to depth and time.

6. Study of mesoscale phenomena in thé ocean (internal waves, inertial
currents) and the processes in the upper layer of the ocean and their inter-
relation to synoptic eddies.

7. 'Study of the lower layer of the atmosphere and the possiBle influence
of atmospheric processes on synoptic ocean eddies.

8. Development and checking of the numerical models of the medium=-scale
and overall ocean circulation considering medium-scale eddies.

The satisfaction of these goals permits us to. create a scientific basis
for short-period and long-period oceanographic forecasts and it will offar
the possibility of constructing a combined dynamic model of the ocean-
atmosphere system required for further improvement of the weather fore-
casting methods. ¥
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The POLYMODE program provides for Soviet research from July 1977 to
August 1978 in the hydrophysics test area located in the southwestern part
of the North Atlantic Ocean. The center of the test area 300x300 miles is
bounded by the coordinates of 29° north latitude and 70° west longitude.
This region is characterized by significant velocities in the eddy field
and a wind mode that is comparatively favorable for long-term operation of
the oceanographic buoy stations with surface buoyancy. The American
researchers continued the work started in 1976 on the oceanographic buoy
stations to -the morth, northeast and southeast of the Soviet test area and
performed a local synoptic experiment near the mair test area,

The schedule for the international expeditionary studies by the POLYMODE
program is presented in the table. In addition to the expeditionary work,
this plan provides for theoretical studies and numerical experiments on
hydrodynamic models of ocean eddies. The work is being participated in by
the leading Soviet ‘and American theoretical oceanologists. The head insti-
tutes with respect to execution of the POLYMODE program are the following:
the Oceanology Institute of the USSR Academy of Sciences in the USSR, and
Woods-Hole Oceanographic Institute in the United States.

The studies by Soviet oceanologists under the POLYMODE expeditionary program
began at the end of Jume 1977. Six scientific research vessels participated
in the first phase of the research (June-October 1977): "Akademik Kurchatov"
(Oceanology Institute of the USSR Academy of Sciences), "Akademik Vernadskiy"
(the Marine Hydrophysics Institute of the Ukrainian SSR Academy of
Sciences), "Akademik Krylov" (Hydrographic Service), "Petr Lebedev" and
"Sergey Vavilov" (Acoustics Institute of the USSR Academy of Sciences) and
"viktor Bugayev" (GOIN Institute).

In the test area the following were performed: the installation and adjust-
ment of the autonomous oceanographic buoy stations; controlling of them with
oceanographic observations on the side; quasisynchronous hydrologic surveys
on different scales; oceanogiaphic observations in microtest areas (on the
scale of one eddy format:ion), meteorological and geophysical observations
with respect to the routes of ships.

In accordance with the recommendations of the deiet organizational committees
for POLYMODE the work in the test area was performed on four scales (figures):

1) The quasisynchronous large~scale hydrologic surveys using losable tempera-
ture buoys (XBT)* throughout the body of water involved in any test area with

a uniform grid step size of 17 miles;

‘

* The XBT probes (iosable bathythermosondes) with starting recording device
were provided by theﬂ American scientists.
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[Rey to table "Schedule of International Research under the POLYMODE
Progranm"]: . A

1, Programs 14, Preliminary measurements, USSR
2, Types of operations, times, 15, Synoptic experiment, USSR
participating countries 16, Array in the Gulf Stream,
3. Density measurements (hydrologic, Canada
' CTD, XBT-surveys) 17. Array in the Northeast
4, Preliminary measurements, USSR Atlantic, England, France,
5, Synoptic experiments, USSR Federal Republic of Germany
6. Preliminary measurements, USA 18. Current measurements by the
7. XBT-program, USSR, USA SOFAR floats
8. LDE, USSR, USA 19, Tests; USA
9, Array 1I, USa 20, LDE, USA
10. Clusters A and B, USA 21. Current measurements by
11. Cluster C, USA . drifting buoys
- 12. 1DE, USA 22, France
13, Instrument measurements on. 23. LDE, USA
buoy stations

LDE — local dynamic experiment; array -— a group of waves in one line;
cluster —- a group of buoys clustered together.

2) Quasisynchronous mesoscale hydrologic surveys using XBT probes,
salinity temperature probes (ISTOK, AIST) and bathometric measurements in
the inside part of the test area with the same station grid spacing;

3) Long-term oceanographic observations at 19 autonomous oceanographic
buoy stations installed at the corners of equilateral triangles (39 miles
on a side) on the inside body of water of a test area 134x154 miles with
its .center at the coordinates 29° north latitude, 70° west longitude;

4) Oceanographic observations in microareas on the scale of individual
eddy formations.

Bottom depths in the water of the test area vary from 5100 to 5400 meters.
The current and temperature recorders were installed on the 50, 100, 400,
700, and 1400 meter levels. The observations by the XBT probes were made
to a depth of 750 meters, the ISTOK and AIST probes and the bathometric
series, to 2000 meters.

The selection of the mentioned obsérvation levels by the autonomous

buoy stations arose from the following arguments: 50 meters — this is

the layer of active interaction with synoptic processes in the atmosphere;

100 meters -- seasmal thermocline; 400 meters -- layer of 18-degree water

of the Sargasso Sea; 700 meters -— 700 meters —— principal thermocline;

on this level observations are being made in accordance with the American

program using the SOFAR acoustic floats; 1400 meters — depth of pure

barotropic synoptic current fluctuations. The TsIITT digital integrating
4
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Diagram of the POLYMODE expedition:
-1 ~ XBT-sounding; 2 -- hydrologic series; 3 -~ STD-sounding;
4 -~ autonomous buoy stations .

Key: .
1. 31° north latitude

automatic recorders developed and manufactured at the IOAN Institute
(designed by Valovskiy), the TsITT-3 meters (designed by Shekhvatov) and
the BPV-2 recorders (designed by Alekseyev) .were used to measure the
velocity vectors of the currents and the water temperature.

During the period from 11 July to 3 October 1977, the expeditionary ships
conducted five large~scale and three mesoscale surveys and also observa-
tions in several microareas. During the same time the "Akademik Kurchatov"

scientific research ship conducted 66 installations and 46 surveys of the
autonomous oceanograph&c buoy stations,
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During the first phase of the work in the test area, about.l million
recordings were made of the current velocity vector components, 463,000
water temperature recordings, observations at 1800 hydrologic-stations
and temperature sounding stations. All of the data went through primary
processing.

The materials of this and the subsequent.stages of the expedition will be
published in the collections of articles OKEANOLOGICHESKIYE ISSLEDOVANIYA
[Oceanological Research], Nos 31, 32, and so on.

Abstract

The Soviet-American POLYMODE proram, the goals of the experiment, the
ship measurement program and structure of the test areas in the south-
western part of the North Atlantic are described. The main types of the
studies to be performed during the expedition and the time-space scales
to be studied are analyzed.

COPYRIGHT: Mezhdovedomstvennyy geofizicheskiy komitet pri Prezidium
AN SSSR, 1979
[8044/0785-10845]

10845
CSO: 8044/0785
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STUDY OF THE TRAIN STRUCTURE OF SHORT~PERIOD TEMPERATURE FLUCTUATIONS
Moscow OKEANOLOGICHESKIYE ISSLEDOVANIYA in Russian No 30, 1979 pp 93-96
[Article by A, S. Samodurov, Ye. G. Morozov]

[Text] There are a significant number of studies in which it is noted
that the short-period (T~1 hour) internal gravity waves exist in the
ocean in the form of individual groups separated by sections of relative

- quiet [1~4]. Most frequently the groups (or trains) of waves are detected
in defined phases of the larger scale internal waves, as a rule, tidal,
However, the distinguishing feature of the indicated measurements is the
fact that they basically were performed in the coastal shallow region
where the amplitudes of the long-period waves are maximal. In the case
where the regime of the large-scale wave is close to critical it was
demonstrated [5] that the wave train is formed in the vicinity of the point
u=cy, where u is the orbital velocity in the wave, c4 is the phase velocity.

The present study was undertaken in order to discover how much the train

- structure of the short-period internal waves is characteristic for the
open sea and also to determine the periodicity of the appearance of the
trains. It must be noted that experimentally the train structure of the
short-period fluctuations was also noted in the open sea [6=7], but its
exlatence was determined by the series lasting no more than 8-10 days,
that is, it was not confirmed statistically. Therefore it is difficult to
Judge the periodicity of the appearance of the trains. The performed exper-
iment made it possible to obtain cuntinuous series of long duration with
small discreteness,

We have used series lasting about a month with a discreteness of 6 minutes,
With respect to the successive 2-day segments of this series spectral
functions were calculated for determining the clearly expressed energy-
bearing period T in the high-frequency region of the spectrum, The number
of degrees of freedom was 20 everywhere. An example of this series of
spectra 1s presented in Fig 1, from which it is obvious that on periods
close to 1 hour from time to time high energies appear, However, after

a short time these fluctuations cease to give blips on the spectra.
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It must be noted that the 50-meter horizon that we selected for investiga-
tion is the most characteristic by the variability of the fluctuation
spectra in time and also the large vertical temperature gradients inasmuch
as it is located in the seasonal thermocline layer. Let us note that on
other horizons the variability of the spectra in time also occurs, The
measurements performed with such small discreteness at a depth of 1400
meters indicate the presence of very strong variability also at this depth.

By uusing the method .of complex demodulation [81, from the initial realiza-
tion fluctuations were isolated in a narrow range of periods t+At., The
value of AT in all cases was 5 minutes. The period T was selected by the
spectral analysis, that is, T 1s also the period in the high-frequency
region of the spectrum at which high-energy blips appeared. After pro-
cessing the series by the method of complex demodulation, the harmonic of
the desired period was obtained with amplitude variable in time. From
this harmonic, a series of amplitudes were compiled, Its discreteness
was equal to the period 1 respectively. Thus, the series obtained is the
envelope of the harmonic isolated after complex demodulation., The spectrum
was again calculated by the formed series. The location of the peaks on
the constructed spectrum (let us call it y) indicates the most probable
periodicity of the appearance of groups of high-frequency internal waves.

2

S, 2p00 “Huw "
@ |
- 93t o
7
a2r -
grr i
- 1 1 T D e
720 60 36 30 2% Tmuw
(2)

Figure 1. Five functions of the spectral density calculated by
the successive two-day series on the buoy M (50-meter horizon).
The graphs indicate the time varfability of the temperature
fluctuations. The numbers are the numbers of the realizations.
Key:
1. s, degz-min; 2, T, min
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Before we proceed to a discussion of the results, let us note that the
region in which the measurements were made is distinguished by a complex
system of currents caused by the passage of the powerful ocean eddies,

In reference [9] it was demonstrated that as a result of the Doppler effect
existing here the tidal and inertial peaks in the temperature spectra can

- shift with respect to frequency, which frequently also occurs in reality.

- For the conditions of the test area the shifts .can be highly significant.
Thus, if the currentswith a velocity of 30 to 50 cm/sec and a propagation
rate of the observed wave of diurnal period are directed in opposite
directions, the corresponding peak shifts to the vicinity of the periods
of 38-60 hours. The described phenomenon turned out to be significant for
the results of this paper.

In Fig 2, a, d, spectral functions y are depicted for four points of the
test area. According to the data of the spectral analysis for the series
obtained at the points M, H, I, K the periods t of the isolated oscilla-
tions were selected equal to 60, 48, 50 and 60 minutes respectively.,

From Fig 2 it is obvious that at two points M and T there is a blip on a
. period of about 24 hours; at the points H and K there are quite strong

peaks in the 40-hour range; at the point I, a blip of about 50 hours.

As for the semidiurnal period, on the presented graphs it in practice

does not appear.

In our opinion, the peculiarities in the behavior of the function Y are
caused by the following causes.,

The groups of short-period internal gravity waves are formed in defined
phases of the internal tidal waves. This process occurs as follows. If
the short-period waves have a group velocity equal to the phase velocity of
some large-scale wave, the nonlinear resonance interaction occurring in
the system leads to growth of the small-scale disturbances {10-12], This
mechanism must be manifested most strongly in the vicinity of the defined
phase of the long wave where as a result of the peculiarities of the
vertical distribution of the velocity intensity (the Richardson number is
minfmal) the occurring small-scale wave disturbances are suppressed to

the least degree. '

As an illustration in Fig 3 we have the temperature fluctuations with a.
period of 24 hours isolated from the initial series using the method of
complex demodulation and variations in time of the fluctuation amplitude
with a period of 48 minutes at the same point. It is obvious that the
peaks of the lower curves frequently occur for the same phase of the
diurnal wave, It is interesting to note that the amplitude of the latter
in the indicated phase is zero. This means, ‘in particular, that the
time behavior of the amplitude of the short-period oscillation is caused
by aperiodic variations of the mean temperature gradient caused by the
diurnal wave.
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Figure 2. Spectral density functions ¥ constructed by the
series of amplitude peaks after processing the series by
the method of complex demodulation according to the data
of buoys M, H, I, K (50-meter horizon)

S, degz-min
T, hours
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Figure 3. Time variability of the diurnal temperature fluctua-
tion and temperature fluctuations with a period of 48 minutes
(50 meter horizon): a —- diurnal fluctuation harmonic, b --
amplitude of the fluctuation with a 48-minute period. The
lines join the amplitude peaks with a period of 48 minutes for
defined phases of the diurnal fluctuation.

T, days
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The appearance of the groups of high-fréquency waves with periods greater
than 24 hours 1s caused by the Doppler effect as a.result of which the
parameters of the diurnal internal wave vary [9].

The "energy" of the groups of waves appearing with diurnal periodicity is
greater than the "energy" of the trains of semidiurnal period inasmuch as
the parameters of diurnal wave are.such that in them the occurrence of
the trains of short-period waves has greater probability. The internal
wave with a 24-hour period is characterized by large mode number [9].
This means that the vertical scale of the diurnal wave is less than semi-
diurnal and, consequently, here for equal amplitude large vertical velocity
gradients are formed., In addition, for equal amplitudes the diurnal wave
is steeper than the semidiurnal as a result of the fact that for a large
mode number the wave length is shorter. This leads to instability of the
wave and the formation of a packet of short-period waves.

The increase in "energy" of the trains on periods of 38-60 hours is
explained by the fact that the corresponding gradients of the quasi-
stationary current are superposed on the vertical velocity gradients in
the diurnal wave, This implies an increase in the overall velocity shift
and promotes more intense growth of the short-period disturbances.

Abstract

The periodicity of the short-period internal wave trains is studied. The
wave trains are'shown to occur with the period of the diurnal tidal wave
due to the instability of the latter,
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PHASE RADIOGEODETIC SYSTEMS FOR MARINE RESEARCH

Moscow FAZOVYYE RADIOGEODEZICHESKIYE SISTEMY DLYA MORSKIKH ISSLEDOVANIY
(Phase Radiogeodetic Systems for Marine Research) in Russian 1979 signed
to press 11 Nov 79 pp 2, 152-153, 162-163

[Annotation, conclusion and table of contents of book by A. M. Agafonnikov,
Izdatel'stvo "Nauka," 1,000 copies, 164 pages]

[Text] Annotation. In this book the author generalizes and systematizes in-
formation on phase radiogeodetic systems operating in the range 1.5-3 MHz.
Their circuitry is described, as is the instrumentation itself and the
methods for using it. Information is glven on the propagation of radio
waves, The problems involved 1in increasing the accuracy of systems and

the prospects and directions of their development are considered. The
monograph is intended for scientific workers, graduate students, engineers
and students specializing in the field of marine geodesy and radionaviga-
tion. Tables 2, figures 77. Bibliography of 184 items.

Conclusion. As already confirmed by the enormous experience in their use,
phase radiogeodetic systems as a tool for horizontal coordinate tie-in
have a number of valuable qualities which make them indispensable in
conducting many types of marine research and exploration work: high accur-
acy, continuity of operation, - technical simplicity in obtaining a reading
of the conditional coordinates. At the same time they have a number of
shortcomings restricting the prssibilities of their use: low effective
range, need for setting up and servicing a chain of shore stations, and
ambiguity of the phase reading. How promising are phase radiogeodetic sys-
tems and will they not be replaced by other systems and apparatus having
positive qualities but which are without some of their shortcomings?

The most probable alternative for phase radiogeodetic systems are satellite
navigational and geodetic systems which operate without interruption. Ex-
isting satellite navigational systems have a high discreteness of deter-
minations (up to one determination each one or two hours in the low lati-
tudes in the "Transit" system) and a duration of one determination equal

to the time of satellite transit over the radiohorizon of thz point to

be determined (12-18 minutes). In the United States specialists have dn-
veloped a plan for the continuously operating "Navstar" satellite
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navigational system which it is planned will be in operation in 1985. Ac-
cording to preliminary computations, it will provide users (which at

first will be the United States Army, Navy and Air Force) with a contin-
wous determination of position with a horizontal and vertical error of 30
m. For the time being no real accuracy evaluations have been published. In
the future systems of this class can evidently replace phase radiogeodetic
systems. However, this will require that they ensure a guaranteed accuracy
in determining position the same as phase radiogeodetic systems and that
the cost of the apparatus and its operation be the same as in phase radio=
geodetic systems. A period of about 10-20 years after introduction of the
"Navstar” system may evidently be required in order to attain these
indices and until then the system will be used in reglons where the re-
quired accuracy and continuity of tie-in cannot be ensured by phase radio-
geodetic systems due to the impossibility of further deployment. It can
therefore be asserted that in the next 15-20 years phase radiogeodetic sys-
tems will not be replaced by satellite systems, at least in the tradition-
al areas of their use.

During recent years communications have appeared in the press concerning
the use of tropospheric scattering for increasing the effective range of
ultrashort-wave systems to 300 km. The advantages of the ultrashort-wave
range are: absence of reflections from the ionosphere and considerably less-
er restrictions on the width of the signal spectrum, as a result of which
exclusively wide-band systems ensuring an unambiguous determinaiion of
position with a still higher accuracy than phase radiogeodetic systems

are used in this range. Unfortunately, the effective range of these systems
is 1imited to the distance of direct visibility, not exceeding 70 km over
the sea under ordinary conditions (the heights of raising antennas is about
20-30 m). Tropospheric scattering makes possible a considerable increase

in the range of propagation of ultrashort waves beyond the horizon, but in
this case it is necessary to have a very great increase in transmitter
powers. To a considerable degree this limits the possibilities of using
such systems. In addition, the conditions for tropospheric propagation

are characterized by instability associated with tropospheric turbulence.
For these reasons there is no basis for assuming that ultrashort-wave
radiogeodetic systems with the use of tropospheric scattering can be an
alternative to phase radiogeodetic systems, although in some favorable
cases they can be used instead of them.

It therefore follows from everything set forth above that phase radiogeo-

= detic systems operating in the range 1.5-3 MHz will continue to remain an
indispensable means for highly precise horizontal coordinate tie-in for the
coastal zones of seas and oceans and will be promising for at least the
next 15-20 years. This will require their further instrumental improve~
ment and the further development of m:thods for their use.
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ARTICLES ON THEORY AND PREDICTION OF TSUNAMIS

Moscow TEORIYA I OPERATIVNYY PROGNOZ TSUNAMI (The Theory and Operational
Prediction of Tsunamis) in Russian 1980 signed to press 1 Nov 79 pp 3-4, 173

[Preface and table of contents from collection of articles edited by V. N.
Nekrasova, Izdatel'stvo "Nauka," 800 copies, 179 pages]

[Text] Preface. This collection of articles was prepared by the Commission

- on Tsunamis of the Interdepartmental Council on Seismology and Seismic Re-
sistant Construction of the Presidium USSR Academy of Sciences in collabor-
ation with the Sakhalin Multidiscipline Scientific Research Institute Far
Eastern Scientific Center USSR Academy of Sciences and other organiza-
tions. Earlier collections of articles of this type were published by the
Interdepartmental Council on Seismology and Seismic Resistant Comstruction
and the Sakhalin Multidiscipline Scientific Research Institute in 1956,
1961, 1968, 1972, 1973, 1977 and 1978 (twice).

- Most of the articles in this collection are devoted to improvement in the
seismic method for predictirg tsunamis, which since the beginning of the
1950's, when the service for warning the population of the Far East about
the approach of tsunamis was established, to the present time in essence
remains the sole working method for making such predictions. Due to its
gtatistical character it cannot, in principle, ensure a 100% reliability
and effectiveness of the service. The universal improvement of this meth-
od is evidently of great importance. Appropriate efforts are now being
undertaken in the following directions: 1) search for new criteria relat-
ing earthquakes to the generation of tsunamis; 2) refinement of the mag-
nitude criterion in relation to generation of tsunamis; 3) automation of
processing of selsmological data. :

As additional criteria relating to the generation of tsunamis, during re-
cent years it has been traditional to study the spectral composition of
body waves, earthquake depth and focal mechanism. In this collection of
articles A. I. Ivashchenko and A. A. Poplavskiy, R. N. Burymskaya and N. A.
Zhbrykunova examine the search for spectral criteria; definite progress is
noted here, but it must be noted that the mean absolute level of the am-
plitude spectrum of a longitudinal wave discriminated by A. I. Ivashchenko
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and A. A. Poplavskiy as a criterion for an earthquake generating a tsu-
nani in essence means giving a preference to the magnitude mp over the
ordinary magnitude M in evaluating whether an earthquake leads to the
formation of a tsunami. A detailed examination of the possibilities of
using the earthquake focal mechanism for increasing the effectiveness
of prediction is examined in an article by R. N. Burymskaya and Ye. A,
Vorob'yeva; the problem is difficult to solve due to the need for using
data for only one station under the present conditions of the service.

The articles of A. I. Ivashchenko and F. D. Zhuk, L. S. Oskorbin and O.
N. Solov'yeva refine the peculiarities of computation of magnitude of
an earthquake under the conditions of operational work at tsunami sta-
tions., The results make it possible to increase the accuracy of comput-
ations. A. A. Poplavskiy and I. N, Tikhonov continue a long~-term cycle
of studies for creating a set of algorithms on the basis of which it
would be possible to automate determination of the principal parameters
of an earthquake. The article by Ye. A. Vorob'yeva is devoted to a non-
traditional method for determining the epicentral distance of an earth-
quake, since on the records of instruments at tsunami stations in the
Far East transverse waves frequently are poorly expressed or are en-
tirely absent. This section was prepared under the direction of A. A.
Poplavskiy.

Three published articles describe individual possible components of an
observation system for the detection of tsunamis in the open ocean. For
example, I. M. Shenderovich and G. N. Mar propose a filter of a funda-
mentally new type for discriminating tsunamis from the superposing of
ocean level oscillations; A. G. Smagin and his colleagues propose a
quartz sensor for measuring ocean level; B. V. Levin, B. M. Lisenko and
V. Ye. Rokotyan propose that lidars be used for detecting tsunamis at
relatively short distances from the shore.

Individual articles are devoted to further theoretical work on problems
related to tsunami excitation and propagation. They contain new, orig-
inal results. S. S. Voyt, A. N. Lebedev and B. I. Sebokin examine the
problem of tsunami excitation when there 1s a horizontal effect on the
water layer -- a quite typical case under natural conditions, but vir-
tually not considered in the literature (in contrast to vertical move-
ments of the sea floor). V. F. Ivanov and L. V. Cherkesov undertake a
study of the contribution of dispersion and nonlinearity to the trans-
formation of tsunamis in the process of approach of waves to the shore
and obtain refined estimates. An article by Ye. N. Pelinovskiy, I. A.
Soustova and V. Ye. Fridman examines the phenomenon of diffraction of
teunamis which is difficult to analyze and therefore which has been
poorly studied.

The subject matter of two articles is treated for the first time in a
collection of articles on the tsunami problem. A note by A. M. Shury-
gin gives a preliminary statistical analysis of the process of inun-
dation of the coast by tsunami waves in the example of Libya and
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the article by V. A. Butkovskiy, N. V. Deryugin and N. A. Simonov describes
an automated system for warning the population about tsunamis which has been
created on Kamchatka which makes maximum use of the ordinary radio and tele-
vision system. In the cycle of further studies of the tsunami problem, great
attention will undoubtedly be devoted to the problems involved in tsunami
regionalization and communication subsystems.

Although within the framework of a collection of articles it is impossible
to reflect all the attainments in studies of the tsunami problem in the
USSR, it can be hoped that even in this form it will be of considerable in-
terest for specialists interested in development of means and methods for
contending with such threatening calamities.

A. A. Poplavskiy and B. N. Sheyn took an active part in preparing the col-
lection of articles.
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TERRESTRIAL GEOPHYSICS
UDC 550.34; 551.26+550, 3124551 . 34+621.311,21+625.110
SEISMOGEOLOGY OF THE MONGOLIAN-OKHOTSK LINEAMENT (EASTERN FLANK)

Novosibirsk SETSMOGEOLOGIYA MONGOLO-OKHOTSKOGO LINEAMENTA (VOSTOCHNYY FLANG)
(Seismology of the Mongolian-Okhotsk Lineament (Eastern Flank)) in Russian
1979 signed to press 18 Sep 79 pp 2-4 and table of contents

[Annotation, introduction and table of contents from book by V. V. Nikol-
ayev, R. M. Semenov and V. P. Solonenko, Izdatel'stvo "Nauka," Sibirskoye
Otdeleniye, 1,000 copies, number of pages not given]

[Text] Annotation. The geological structure, neotectonics and seismogeology
of the Tukuringra-Dzhagdinskaya part of the Mongolian-Okhotsk zone of deep
faults are examined for the first time for seismic regionalization pur~
poses. Seismogeological, seismic and geophysical data are used in deter-
mining the potential seismicity of specific morphostructures and for
carrying out seismic regionalization of a territory earlier considered to
be virtually aseismic. The seismogeological conditions of the Zeya Hydro-
electric Power Station and the Zeya segment of the route of the Baykal-Amur
Railroad are described. The book will be of interest to seismogeologists,
seismologists, speclalists in the field of neotectonics, and also those
engaged in the planning of transportation, hydraulic, industrial and civil
structures.

Introduction. A system of ranges, the Yankan, Tukuringra and Dzhagdy, ex-
tends latitudinally across the entire upper Amur region. This system is
bounded on the north by the Tukuringra-Stanovoye intermontane depression
and the Udsko-Zeyskly downwarp, and on the south by the Verkhne-Amurskaya
depression and the Amur-Zeya plain. This mountainous ridge is associlated
with the Yankanskiy and Tukuringra-Dzhagdinskiy anticlinoria, whose for-
mation is structurally closely related to the Mongolian-Okhotsk marginal
suture.

The Tukuringra-Dzhagdinskaya mountainous country is poorly populated. Nat-
urally, information concerning its seismicity was extremely scanty and
since seismic catastrophes have not occurred here, it has not attracted

the attention of seismologists and seismogeologists. The low level of
gseismic informaiion was equated to a low level of seismic activity of the
territory -- 5 scale units according to the norms given in the SNiP P-A.12-
69 (STROITEL'STVO..., 1970), although seismogeologists had assumed earlier
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that strong earthquakes can occur here (Gorshkov, 1937; Solonenko, 1950).

In connection with the planning of the Zeya Hydroelectric Power Station
the Institute of Physics of the Earth USSR Academy of Sciences during
1964-1968 carried out a study of the seismicity in the seismically danger-
ous zone of the hydroelectric power station. The period of investigations
by the Institute of Physics of the Earth coincided with a period of de-
creased activity and this zone was deemed to be aseismic.

However, on the basis of reconnaissance seismogeological observations in
1968 the region of the Zeya Hydroelectric Power station was deemed by us
to be seismically active; the seismic danger for the Zeya Hydroelectric
Power Station was related to specific structures -- the Tukuringra-Dzhag-
dinskly anticlinorium and a deep fault (Yuzhno-Tukuringrskiy fault) passing
near the dam site. Planning organizations were informed of this on time.
But only after a strong (8 scale units) earthquake on 2 November 1973 was
it possible to carry out systematic engineering field work in the neigh-
borhood of the hydroelectric power station (data on the seismicity of the
Zeya segment of the Baykal-Amur Railroad route were collected incidental
to this work).

The seismogeological investigations in 1974-1975 were made primarily in
the seismically active zone of the Tukuringra-Dzhagdy Ranges and to a less-
- er _degree to the north and south of it over an area of more than 120,000
km2, Parallel to this structure, along the Stanovoy Range, there is still
another seismically active zone which spatially corresponds to a zone of
extensive manifestation of disjunctive tectonics, a complex system of
horsts and grabens, high contrast and intensity of neotectonic movements
accompanied by Quaternary volcanism. The Stanovoy deep fault with a high
potential seismicity can also be traced here.

A segment of the route of the Baykal-Amur Railroad and its branch Tynda-
Berkakit is under the influence of the earthquakes of this zone.

The principal purpose of this book is a description of the geostructural,
neotectonic and seismotectonic characteristics of the Tukuringra-Dzhagdin-
skiy mountainous zone in relation to its deep structure and seismicity

so that on this basis it would be possible to compile a seismic regional-
ization map of the general type which in essence would graphically reflect
the prediction of intensity of intermediate-maximum earthquakes and the
regions of their occurrence. The authors by no means consider the solu-
tion of the problem proposed in this study to be above reproach, especial-
ly for such a geologically complex region where not a single fundamental
problem in the field of structural geology has an unambiguous solution.
The age of the folded systems and their boundaries are determined differ-
ently on each new map of structural geology. In addition, the geological
history evolution of the earth's crust is one of the criteria for deter-
mining the seismic potential of specific morphostructures.
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HOLOGRAPHY AND OPTICAL DATA PROCESSING IN GEOLOGY AND GEOPHYSICS

Leningrad GOLOGRAFIYA I OPTICHESKAYA OBRABOTKA INFORMATSII V GEOLOGII I
GEOFIZIKE in Russian 1979, pp 2-4, 193-164

[Annotation, table of contents and introduction from book edited by S. B.
Gurevich, Order of Lenin Physico-Technical Institute imeni A. F. Ioffe,
Leningrad, 500 coples, 195 pages]

[Text] Annotation

Reports read at the All-Union Seminar on Optico-electronic Methods of Pro-
cessing Geological and Geophysical Data, held in Tomsk in 1978, served as
the basls for the present collection. The main theme of the collection is
the processing of large masses of geophysical data and the creation of new
instruments and ‘devices for the optical processing of geological and geo-
physical materilals. Specific methods and devices are examined along with
survey reports on that theme., The materials presented in the articles are
of great importance for the development of work envisaged by the national
economic plan, They provide the possibility for specialists, geophysicists
and geologists to become acquainted with the new possibilities opened up
by holography and methods of optlical data processing in tasks of searching
and prospecting for minerals,
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V., P. Goiosov, V, Ye, Savarenskiy and S. D, Trankovsk
a pulsed laser to excite ultrasonic vibrations

R. S. Bachevskiy, S, A, Vasil'yev and G. I, Gas'kevich,

- the method of optic matching of filtration for the analysis of

lineament grids

D, A. Yanutsh, Z, G, Yefimova and N, V, Skublova. Use of coherent
optical processing in the geological decipherment of aerial photo

surveys

Introduction

The complexity of the problems to be solved in the search for petroleum,
gas and solid mineral resources requires a considerable increase of com-
puter capaclities and the development of methods and means of effective
process ing of geological and geophysical data. Computer compleses based
on . second and third generation electronic computers existing at the pre-
sent time do not completely meet contemporary requirements, in connection
with which a number of Important and necessary algorithms for the process-
ing of geological and geophysical data often are not realized in practice,
It should be expected that in proportion to the development of work on
area systems of observations and seismic holography the requirements for
the efficiency and operativeness of data processing will grow still more,
In that respect much interest is aroused by the further improvement of
digital means of data processing as well as the development of optical and
optico-electronic methods which have considerable possibilities with

respect to the processing and storage of large flows of data,

At the present time in a number of sclentific-and production organizations
and VUZ's of the country experience has begn ‘accumulated in the development
and use of optical computer systems, experience that confirms the prospects
of development of that direction of automation of the processing of data

of exploration geophysics and geology.

The Fi@st'ﬁ}l-UniQn seminar on the thicq-electrpnié précessing of geologi-
cal and geophysical data, held in 1978 in Tomsk, summed up definite results

of investigations in that area,

The present collection contains reports read at the seminar that were
devoted to questlions in the development and investigation of optical com-
puting devices and hybrid optico-electronic data processing systems,
methodical and technological methods of processing, directed toward im-
provement of the methods and means of processing geological and geophysical

materisls, are examined,

The publication of the collection, in our view, will undoubtedly have a_
positive influence on the further conducting of investigations and will
permit acquainting specialists with the results achieved in this area.
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It is proposed to continue in the future the discussion of optico-elec-
tronic methods and means of processing geological and geophysical data and
to issue subsequent collections of articles.

Professor S« Be Gurevich and candidates
of technical sciences V. P. Ivanchenkov
and 0, A. Potapov
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UDC 550,341
SEISMOTECTONIC DEFORMATION IN THE GARM REGION

Moscow TZVESTIYA AKADEMII NAUK SSSR, FIZIKA ZEMLI in Russian No 10, 1979
pp 24-43 _

[Article by A, A Lukk and S, L, Yunga, 0, Yu, Shmidt Institute of Barth
Physics, USSR Academy of Sciences]

Abstract, A study is made of the seismotectonic defor-
matlon in the Garm Region of the Tadzhik SSR based on
2250 analyses of the mechanisms for the foci of weak

(M < 4) swface sarthquakes in the period from 1964 to
1976. The tensor for the rate of seismotectonic defor-
mation is presented with accuracy to a constant multi-
plier as a product of the guiding tensox corresponding
to the mean mechanism by the sum of the seismic moments
of the earthquakes, Time-stable nuclei of deformation
are 1solated with linear dimensions 20-30 km, ' .3is-
cussion is held: of the general pattern of seismotectonic
deformation of the region and qualitative hypotheses are
advanced on the causes of this Process., A comparison is
made of the vertical seismotectonic and tectonic move-
ments. The position of strong earthquakes is examined on
the background of seismotectonic deformation,

[Text] 1, Introduction

Currently, based on a number of direct and indirect data it is generally
¢ ccopted that earthquakes are induced by a shift of the earth's material

- over a certain weakensad sirface [1—4]. The model of two orthogonal dipoles
without moments is adopted as an adequate representation of the focus of an
earthquake both fur elastic irradiation, and for the static field of shifts
5-?]. The orientation of the dipoles, i.,e,, the mechanism of sarthquakes,

R 1s defined by the position of the fault plane and the direction of the shift
vector,
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focus, and the really active tectonic stresses, The substantiation of such
a comparison is apparently hardly to be implemented without the involvement
of a strong hypothesis on the coincidence of the direction of the shift and
the direction of action of ths maximum tangential stress. Usually the
average direction of action of the pairs of forces of "compression" is
taken e3s the direction of the greatest tectonic compression, In precissel
the same way the direction of the least tectonic compression ("extension"g
is found [_Sﬁ. We note that such a separate finding of the average direc-
tions is generally not completely correct, since it does not completsly
guarantee their perpendicularity,

In the case where the primary datz are insufficieant for a reliable analysis
of individual mechanisms a joint analysis of all the signs of the first
arrivals of the P-waves from the earthquakes from one relatively small
seismically active volume is used in order to construct a certain average
mechanism 9]. Recently methods have been formulated of joint analysis of
individual axes of compression and extension., Publications [_10,11] have
set limitations on the position of the axes of the tectonic stresses in
relation to the main axes of the defined mechanism, Based on these limi-
tations and with the additional hypothesls on the constancy of the field of
tectonic stresses in the studied volume [ll, 12] have suggested a graphic
method of finding the directions of the main tectonic stresses., A study of
the macroscopically uniform stressed state can be made numerically [13].

An alternative approach is used in relation to the investigation of the
mechanisms of earthquakes occurring in the environs of a large regional
fault, It is hypothesized that the earthguakes occurring on individual -
sections of the fault or on its accessory faults of the same course have
approximately parallel planes of shifts, The task consists of finding the
best orientation of the flat layer that contains these shifts, and of
determining the direction of the dominant seismotectonic movement of the
opposite sides of the layer. The method for study of such tasks that is
reduced to dlagonalling of the matrix of the second order compiled from

individual mechanisms is suggested in publication f_ll&] and is used in a
number of other works {15, 16,

Currently the directions have been revealed of the main tectonic stresses
in all the seismically active regions of the world, Horizontal compression
dominates in the belts of neotectonic activation, in the young folded zones,
as well as in the insular arches and in the zones of Ban'off under thems in
the zones of groove-genesis a near-horizontal extension dominates [17].

However, a detailed study of the stressed and deformed states still encoun-
ters great difficulties |10,

Here it 1s appropriate to turn to detailed works on an investigation of the
_ mechanisms for focl of weak earthguakes in the Garm region [18-20]; The
Garm region has been studied fairly well in a geological respect and has
been described in detail in meny works [21, 23-25, and others], It is a
rt of the large zone of structural atriculation of Pamir and Tyan'-Shan'
623,24]. The modern mountainous country was actually formed during the
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Quaternary time (Pleistocens) [23-25]. The considerations are advanced that
the entire zone of articulation is under conditions of intensive near-
horizontal tectonic compression in the near-meridional direction [23.214»].
Thls can serve as the cause for the intensive process of mountain formation
asa result of deformatlion of the ancient eopleistocens surface, A study of
the parameters of over 1,000 mechanisms of earthquakes made it possible to
note that in different ts of the Garm region the orientation of compres-
slon axes varied [19—22 + These same publications undertook an attempt to
isolate the regions of depression and elevation according to the sign of
shift of the suspended sides of the shifts in the foeci of earthquakes in
relation to the diurnal surface, but within the framework of the employed
technique the stability of the results was not high, A simple increase

in the statistics does not permit a significant improvement in the obtained
results dus to the great diversity of the individual analyses of the
mechanisms. The evident need arose for the enlistment of new methods for
studying the set of mechanisms of earthquake foci.

According to the extant ideas, the seismotectonic deformation of macroscopic
volumes of mountain massifs is governed by slippings over the differcnt-
oriented weakened zones in the earthquake foci E26-30]. A quantitative
study of the link between seismicity and the tectonie process was possible
thanks to the appearance of methods for determining the seismic moment of
an earthquake from observational data [31]. Brune [32] linked the contri-
butions of earthquakes to the rate of tectonic slip with respect tc regional
faults with the sum of the seismic moments of thess earthquakes, Aralysis
of the seismotectonic deformation of the region results in a generalization
of Brune's formula for the case where the earthquakes occur over chaotically
arrangsd faults [13, 27, 28]. Recenily, computations have besn made of the
selsmotectonic deformation of certain seismically-active regions [13, 28,
29ﬁ. This work covers a further development of this direction, whersupon
speclal attention is given to development of new method approaches to
studying the set of earthquake mechanisms. '

2, Technique for Studing Seismotectonic Daformations

Deformation of seismically active volumes of rocks on the macroscopic level
of examination is described with the help of the tensor for rate of tectonic

deformation < e 1 (13

{ey) =1lim lim—ii —%—(u,n,-i-u,n;)ds. . W)

UT=+0 l/L—~>0 V s

Here ui(i=1,2,3)—-vector of movement of a certain point %, in the Cartesian
system of coordinates 0}(1)(2)(3 in the time T, ni-—unit vactor of external

perpendicular to the surface S of volume V~I°, The intervals 1 and t cor-
respond to the dimensions of tha spatial-temporal environs of the earth-
quake focus in which significant changes occur in the local deformations,
movements and other parameters,
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The 1limit transitions in formula (1) should be understood in that sense
that for computation of < e 13 > with fixed values of 1 and t by means of an

increase in I and T the representative spatial-temporal region is selected,
Such a region contains a sufficient number of inclusions in the form of
faults in the earthquake foci, so that the average value for the rate of
tectonic deformation doss not depend on the fluctuations in fhefield of
movements on the surface of the volume,

We will explain the geometric meaning of the tensor component <e l:}>~ We will
oxamine as the V area a cube with length of the edge 1L that is m& tally
isolated from the rock massif such that the edges of the cube are directed
along the axes oxl, 0X, and OX,, Then in accordance with the definition

(1) the rate of tecton%c defor;gation can be written in the following form:

1 [AV, | AV,
Cey = (AVe LAYy
=3 (AX, AX,)’ @)

where

AV( 1 , l
= T 5= (Vs

and ‘(Vi) X =1--3Verage rate of movement of the edge of the cube perpendicular
to the oxg axis and intersecting this axis at the point X =L,

Formula (2) determines the components of the tensor for rate of deformation
<ell>, <522>, <e33> through the rates of relative elongation of the material

segmonts that have an explicit geomstric meaning and are parallel in the
‘given’ time interval T to the coordinate axes, The sum of the diagonal
components of the tensor <e, .> determines the average rate of relative
change in the volume. The a'c?mponents of the rate of deformation <e 15

1¥3, determine the average rates of change of the right anglss thatlare
formed by the material segments parallel to the coordinate axes 0X 1 and oxj.

By knowing the tensor for the rate of deformation <e N j> one can determine

the rate of deformation <8,> in an arbitrary direction assigned by the unit
vector 1

Cerd=Ledlly. : @3 -

1n the case that interests ws, when within the volume V there ars fault
surfaces s, ¢=1,2,3..., N, the integral in definition (1) naturally is

divided into two parts corresponding to the rate of continuous deformation
<o, jr> and the rate of seismotectonic deformation <a ijq>it13j:

. Cepmie)He®. ‘ )
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Here 1 j : v . ) .
ey m-— ey dv, . o .
VT',
{ vt ' :
('Sq') - WZI .[ -E-(a.'u,‘+a,'n.°) ds. e SB)

In formulas (5) and (6) it is considered that a representative spatial-
temporal region is selected. In formula (5) integration is carried out
with respect to the region V' from which all surfaces of faults are excluded
s%, Eij--loca.l deformation of a certain point in region V' for the time T.

Each integral in formula (6) is taken for some one side of the rupture, the
external perpendicular to this side of the fault is designated by nia, and
Jump in the movement on the fault by & a, _

We will examine in mors detail the method questions of analyzing from experi-
mental data the rate of seismotectonic deformation (6). Further for the
term "seismotectonic deformation" we will adopt the abbreviation STD, Each

of the terms in sum (6), being multiplied by the shear modulus p is a tensor

of the seismic moment m (3,27]

1 . . .
(6(;') - ;ﬁg Mq . (7)

The components of the tensoxr for the selsmic moment Hija can be computed

according to the mechanism and the magnitude of the earthquake., In fact,
assume that we know. the orlentations of the main axes of the equivalent
spot source, so that the axis of compression is characterized by a unit
axial vector p%, the axis of extension by an analogous vector t%, and we
also know the s ix]ltensity of the source assigned by the amount of the

selsmic moment Moa 31

M=passe, . ®)
where o¥--average amount of jump in the vector of movement on the fault, §%--
area of fault plane. One can evaluate the amount M. from the magnitude of
the earthquake vy using the correlation link between thess amounts,

Taking into consideration that the axes p% and t* are bisectors of right a
angles formed by nodal planes with perpendiculars n® ang a® we obtain

1 1 (-3 [ 2993
_ (ey®> = u_ﬁz Mo“—z——(t“’t, ~pi°p). ()]
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There is the possibility of considering in a unified manner the mechanisms
for earthquakes by asssuming similarity of the seismotectonic deformation
in different energy ranges |13, 28]. This results in a modified expression
for the tensor of STD rate

1
(Gq” -“—ﬁig ”o' Mih . v (10)

where Mi 3 designates the next tensor corresponding to the average mechanism

[13]

RN L
My=2- Y —(totr—pepr). (1)

This definition generalizes the previously known method of constructing the
average mechanism for the set of all signs of the first arrivals of the P-
waves [9]. The guiding tensor corresponding to the average mechanism of the
set of earthquakes reflects the mechanism for deformation of the region, i.s.
spatial directivity of the STD.

The symmetric tensor of the second rank M 3 can be characterized by three
matural values My, My, My (M;> M> M) andthe position of the corresponding

main axes T, B, P. The shift movements on the fault planes do not lead to
a change in the volume and in correspondence to this

MM +M=0. (12)

To evaluate the correspondence of the average mechanism for the set of
individual mechanisms it is expedient to use the intensity i€ of the tensor Mi

The degres of correspondence of the individual mechanism of the earthquake
to the average mechanism will be evaluated with the help of the coefficient
k4

w=(2M My)*. ” ‘.(13‘

where M '=x~'My— matrix with unit intensity. It is easy to be convinced

that the intensity of the average mechanism X is the average arithmetical of
all the coefficients k%,

The type of seismotectonic deformation is expressed through the lode-Nadai
coefficient s
- 84
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k=M, (tot2—pcpf), . (14)

In the limit case where the uniform scattering of the axes {ta] around the
T axis is much less (much greater) than the uniform scattering of theaxes

pﬁaj around the P axis, the Lode-Nadai coefficient p = -1 (p = +1) and

8 process of deformation of the type of uniaxial exPension Tcompression)
occurs, With such deformation along a certain fixed direction the deforma-
tion occurs that is maximum in magnitude, and in any direction perpandi-
cular to the first the deformation is two times lower in absolute magnitude
and has the opposite sign. In another extreme case, in which the distri-
bution of axes [td in relation to the main axes of the average mechanism
(T, B, P) 1s exactly the same as the distribution of the axes {poq in
relation to the (P, B, T) axes, the Lode-Nadal coefficient =0 and the

process of deformation of the pure shift type is realized, With values of
the Lode-Nadai coefficient O< p,ml < 1 the sign of the coefficient W, per-

mits a qualitative comparison of the distribution of axes {ta} and pa] a
around T and P respectively, and observance of the dominance of the dafor-
mation in the direction of one of the axes.

One can give a geometric presentation of the average mechanism in the form
of a Koshl surface, which on condition (12) looks like an elliptical cone
described by equation ) ]
3H, : (15)

“l‘ M |"M '
This surface can be called the nodal surface in that sense that, as follows
from expressions (3), (10) and (11) the deformation of any rectilinear
segment lying on surface (12) equals 0, The position and shape of the

cone are completely determined by the position of the axes T and P and
the Iode-Nadai coefficient e

Study of the STD of the Garm region begins with the selection of a repre-
senative spatial-temporal reglon stipulated in the examination of expression
(1). For this purpose an elementary cell was selected that is a parallele-
plped with side of the square base 11 km and height 15 km, These dimensions
are determined not only by the detailedness of the study, but adso in the
first place by the representativeness of the number of averaged mechanisms
of earthquakes that occur in the limits of such a cell in the examined

time interval with its slip movement over the entire studied region, To
evaluate ths temporal stability of the determination of the average mecha-
nism with a fixed position of the cell of averaging the entire period of
observations was divided into two time intervals that did not overlap, The
cell was moved over the entire region with a shift by balf of ths side of
the base with respect to latitude and longitude, The analysis included

135 such overlapping cells of averaging and 2,250 determinations of the
mechanisms of the foci for the period from 1964 to 1976, The period of
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time from 1970 to 1972 was covered by an insignificant number of analyses
for technical reasons, and dus to this the two comparable periods were
selacted by a natural methods 1964-1969 and 1973-1976. Tho number of
analyses of the mechanisms for earthquake foci in these periids was 1,330
and 830 respectively.

For each elementary volums of averaging a computation was made of the
matrix of average mechanism (11) and the natural valuss of each matrix,
the orientation of the main axes of the average mechanism, its intensity %
and the Lode-Nadai coefficient U were determined, This completed the
initial stage of the study. o

At the ..ext stags of study the classification of cells was made according

to signs characterizing their deformation, Such a classification must
possess, on the one hand, the greatest homogeneity of signs within the
group, and on the other hand, the most explicit differences possible between
the groups. The classificatlon 1s linked to the study of the discrimi-~
nation properties of the signs, whose results are given somewhat later,

The solution to this task makes 1t possible to group the elementary cells
into uniform regions, for which the STD is again computed,

The specific computations demonstrate that, on the one hand, the STD
changes in the transition from one uniform region to another occur gradu-
ally and there is no opportunity to indicate the strictly fixed boundaries
of the regions; on the other hand, these changes are not so smooth that
it was possible in general to abandon the ideas of certain transitional
zones separating the neighboring regions. These peculiarities of the
selsmotectonic deformation state of isolated regions need to be reflected
by the special concept "STD nucleus," Precisely the STD nuclei are
described most correctly by the parameters of seismotectonic deformation
that are specific for each region. The isolation of STD nuclei makes it
possible to pass to the most important stage of the study from the geo-
physical viewpoint--undersianding and explanation of the observed STD
pattern in the framework of the extant tectonic concepts,

3. Stability of Parameters of Average Mechanism and Evaluation of the
Accuracy of Their Determination

We will show the stability of the parameters of the average mechanism for
an individwal cell of averaging and for two sets of 8 and 17 over lapping
cells that represent certain regions with uniform nature of deformation,
The number of analyses of mechanisms of earthquakes in the entire period
of observations in each of these three samplings is respectively 68, 196
and 315, On figure 1, a-c distributions are given of the deviations in
the axes p, t and b of individual mechanisms of earthquakes from the
corresponding axes P, T and B of the average mechanisms for these three
samplings, The distributions were constructed according to density of
the number of intersections of the axes p, t and b with the surface of the
unit sphere of the average mechanism in the limits of the solid angles,
multiples of /3, around the corresponding axes P, T and B minus each
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Figure 1, Distributions of Deviations of Tndividual Axes p,t and b from
the Corresponding Axes of Average Mechanisms for Three Samplings
and Distribution of Measurs of Correspondence for One Sampling

Key:
l. p
2, t
3. b
a, sampling of 63 earthquakes for one cell of averaging
b. sampling of 196 earthquakes for 8 cells
¢, sampling of 315 earthquakes for 17 cells
d. distribution of amount k for 315 mechanisms of foei from 17 cells

previous solid angle, On figure 1, a-c the lower magnitude of dispersion
of the axes p as compared to the two other 2xes 1s distinetly visible,
whereupon the sharpness of the distributions depends little on the volume
of the samplings, The axes t and b are significantly scattered around the
axes T and B of the average mechanisms, and in additior, double-peaked
distributions are observed for them. Dus to the proximity of the magni-
tudes of the corresponding main deformations that is evident in the
examined case this double-peaked nature can be explained by the mutual
reorientation of the T and B axes, which in turn reduces even mors the
stabllity of the analysis of the T and B axes,

Thus, the ordaentation of the P axis of the average mechanism can be con-
sidered the more stable and informative parameter as compared to the ori-
entaticn of the T and B axes for the purposes of zoning according to the
deformation state., Figure 1, d presents the distribution of the k amounts
defined by formula (14) for the largest of the three samplings examined
above for the earthquake mechanisms, It follows from this figure that
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Figure 2, Distributlons of Parameters P, T, xand u_ of Average Mechanisms
for Individual Cells in Relation to Congsmnding Parameters of
Average Mechanlsm for Entire Set of 25 Cells at Petr I Range

Key1
l., axis P
2. axis T
a, distribution of deviations of axes P and T
b, distribution of %
¢. distribution of B

80% of the individual mechanisms have k > 0, i.e., correspond to the
average mochanism, The amount 3, determined by formula ﬁj) and computed
according to the given distribution of k valuss equals 0.4, The sharpness
of the distribution in fig 1,4 can serve as an additional evaluation of
the stabllity of the determination of the average mechanism,

Figure 2, a gives the distribution of dev.ations in the axes P and T of the
average mechanisms of 25 cells comprising the sum of cells of the 2
previous samplings, from the corresponding axes of the average mechanism
for the entire set of mechanisms of earthquakes of this summary sampling.
The very high groupability of the P axes follows from this figure: in
limits of the solid angle /9 all 100% of the P axes are included., The
distribution for the T axes 1s significantly wider, and in addition, has
two maximums, The distribution for the B axes here is not given dus to its
evident proximity to the distribution of the T axes. Thus, one can -
strsngthen the conclusion drawn above on the increased stability and infor-
mation content ofthe P axes as compared to the T and B axes,

Figure 2, b presents an analogous distribution of the parameter '~ and

indicates the valus for the average mechanism of the collsctive sampling,
The value 712 was close in magnitude to the valus 2, corresponding to the
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maximum distribution., The distribution itself is fairly sharp and its
width does not exceed + 43 of the average valus of distribution, This
amount is +0.15 units X and can serve as the lowest evaluation of the sig-
nificant differences betwsen the values X, obtained from falrly large
samplings. The certain double-peaked distribution noted in figure 2, b
can testify to the unification in one area of cells with twe different
average values of #--0.28 and 0.38, but these differences lie on the vergs
of accuracy of determination of X, The observed range of variations in the
Hvalues is not great, and as a result the magnitude of 2L has a low infor-
mation content for the purposes of zoning the STD. One can only introduce
a certain threshold value *=0,30, considering here that the increase in
homogenelty of the deformed state must be characterized by an increase in
the values 3, while the reduction in STD homogensity--a decrease.

Figure 2, c presents the distribution of lode-Nadai coefficient for the
same 25 cells, Due to the aforementioned dominance of stability of the P
axls over the other two axes of the average mechanism, the result of the
absence of negative valuss of p_ in the cited distribution is evident.
Nevertheless, the distribution £ fairly broad, and its maximum does not
correspond to the value p _=0,68 obtained for the entire set of earthquake
mechanisms, All of this Ts testimony to the unstable determinaticn of this
parameter of the average mechanism, Nevertheless, taking into consideration
the known importance of the parameter Hn for evaluating the type of de-
formed state, it 1s useful to use it in three gradations provided by the
dividing potentlalities of the method:s positive, negative and values of
b close to zero, The dividing zero rangs of the parameter B is adopted

in the interval of values from -0.2 to +0.2. We note that despite the
fact that on the whole for the region the magnitude of the parameter p =
0.6, in limits of the studied region regions with u ~0 and u < 0 are also
isolated, m m

We will now evaluate the accuracy of an analysis of the main parameters of
the average mechanism of P, T, % and p_ examined above, For this we took
10 equally accurate samplings consistiﬁg of 100 mechanisms of earthquakes
for different overlapping time intervals in different parts of the Petr I
range located in the central part of the region., In the limits of each
such sampling the position of the axes p, t ind b varied by random numbers
by 59, 109, 15° and 20°, and for each of these 4 values of variations the
average mechanism was determined again. The thus evaluated amounts of
dispersion of the P, T,sand u_ parameters of the average mechanism for
four levels of variations of tHe initial data are given in table 1, Here
- the average arithmetical maximum deviations from the 10 series are given
for the P and T axes in degrees, and for % and K _--in percentages, As
follows from table 1, the thus evaluated accuracy of determining the para-
meters of the average mechanism is fairly high, which makes it possible to
consider the differences betwaen the average mechanisms of 10° for the

axes P, 15° for the T axes, 30% for  and 60% for i . to be unconditionally
significant, -

89

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200090015-4



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200090015-4

FOR OFFICIAL USE ONLY

4, Plan for Zoning STD

The plan for zoning the STD obtained as a result of uniting the cells with
similar signs is presented in figure 3, The shading marks the regions of
positive determination of the average mechanism. The type of shading indi-
cates the typs of STD: proximity to the uniaxial compression (extension)
or shift., The unshaded places on the plan mark the sections where in the
framework of the technigque for averaging mechanisms the averags mechanism
was not successfully and confidently constructed for a number of reasons:
shortcoming of the statistics, sharp time differences in determining the
average mechanisms both for individual cells of averaging, and for the
entire section as a whols,

Table 1, Varlations in Parameters P, T,3and u of Tensor of Average Mecha-
m

nism with Variation of Position of Main Axes p and t of Individual
Mechanisms by Random Numbers

Alp. t) AP, 09 AT, tsa%y A%, % Aup, %

. 5° 04 1,4 19 4,2
- 10° 1.1 33 2,0 12,7
15° 1,7 . 4,2 43 16,0

- 20 2,6 48 9,0 211

Key:
1. degress

On the given plan six uniform regions are isolated whose STD is charac-
terized by average mechanisms . indicated in the center of each region, The
parameters of the average mechanisms are given in table 2, We recall that
according to expression (10) the tensor of the average mechanism with
accuracy to the scalar multiplier reflects the type of STD tensor. There-
fore, the examined plan for zoning reflects the STD of the region s*an-
dardized for this scalar multiplier--"intensity of STD." We will return
to the examination of the STD intensity somewhat later., It follows from
figure 3 that the regions with dominance of the mnear-horizontal compression
comprise a greater part of the region,only in the areas of I and IIT is the
STD close to the shear (u =0) and the uniaxial near-horizontal extension
(b= -0,25) respectively,™ At the same time it is necessary to nots the
coflsiderable range of variations in the azimuth of the axis P and the coef-
ficient b in regions with a dominance of the near-horizontal compression,
Thus, the greatest valuss of the coefficient p =0.7 are reached in the

V reglon (Petr I rangs) with azimuth of the P &xis equal to 135°, At the
same time in the IV region the value of the coefficient p_ drops to 0.3
with the turn of the P axis to 125°, while in the regionsmII and VI the
reverse turn of the azimuth of the P axis to 166° is observed with mag-
nitude of y =0,50. The unshaded sections of the examined plan can be viewed
as certain "contact zones" between the stable regions with varying deformed
state,
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Table 2, Parameters of Tensor of Average Mechanism for Different Sections
of Garm Region

P T <&y5)
N % | By
Azt | a* Az® g en e e L] ] (™
' 2 s 14 Is Te 1t 8 9 10 1 sz Jus fue
1 4] | 147 90} 237 21060 0 --0,2}{--0,13/--0,01{--0,09] 0,01} 0,30
1 | 116 1166 | 86| 74 | 63 10,40 | 0,55|--0,20--0.09 0.03| 0.11]--0.03] 0,09
I | 279 1168 | 59 78 | 68 | 0,25 |—0,25(--0,07|--0.04] 0.04/ 0.11] 0 |—0.04
IV | 288 |125| 70251 | 32 40,30 [ 0.30|--0.02|--0.09| 0.02--0.06| 0,09 008
vV | si1]135| 831226 ( 81 0,35 | 0,70(--0,03|—0.16| 0,02--0.04] 0.03| 0.07
Vi 71 1165 | 841245 | 32| 0,25 [ 0,50(--0,12|-~0.05/--0,03| 0.p4| 0.02| 0.08
b)) 2250 | 144 80(239 | 62{0,25| 0,60--0,06 -~0,10( 0,02 0.01! 0,04 0,05
I11,4 73 | 162 13/1265 | 87 | 0,20 |—0,40]--0,03 --0,01f 0,01 0,11] 0,01/--0,08
I11,A 28 | 156 90 66 | 120,40 0 --0,15}--0,08] 0,02{--0,03|--0,03| 0,18
1va 69 | 128 | ~90 ~0
val 315 | 134 8412251 8310,40 | 0,85]--0,05 --0.18) 0,02}--0,05| 0,03 0,10
V5 | 196 1135 | 79(227 | 81 (0,30 | 0,33|--0,02--0.13| 0.01]--0.01] 0.03] 0.03
Vil 44 1139 77234 | 72| 0,30 |—0,45|--0,02|--0,13}--0,02] 0.0 0.06|--0.03
VIII 99 | 148 901239 | 85| 0,25 [—0,30|-~0,04 --0.12| 0 0,07/ 0,02(--0,03
29 1152 [ 19247 | 88 | 0,30 |—0,65|--0,05--0.08| 0.01] 0.14] 0.01|--0.09
13 | 158 76| 47 | 350,20 | 0,60}--0,09 --0,06] 0,05 0,03] 0 0,06
29 {143 81(233 | 90 | 0,46 |—0,35 --0,03)--0,19| 0.01| 0,08/ 0,01|--0,05
19 134 | 881222 | 49| 0,25 (—0,45/—0,01(--0,07]--0.08|--0.01] 0.04| o0.02
1 26 1153 90(243 | 90 10,35 | 0 --0,10--0,15( 0.02{ 0,10 0,02] 0O
2 | 109 135 | ~80 >0

Note. 1Indices 1 and 2 in the designations of the section (Roman numerals)
indicate the perlods of observation 1964-1969 and 1973-1976 respec-
tively,

It 1s important to compare the discussed plan with the plan for zoning the
Garm reglon according to the dominant orientation of the p axes in the foci
of individual earthquakes obtained in publication [22]. On figure 3 this
plan 1s shown by a dotted line. One can note the good correspondence of
both plans in the northern section and in ths extreme southeastern region,
In the central part of the region a significant discrepancy is noted among
the compared plans.

5, Certain Peculiarities of the STD

We will return to an examination of the sections on the STD zoning plan re-
presented in figure 3 by white spots, as well as note the individual pecu-
liarities of the STD in the limits of the regions isolated above, Identi-
fication of these sections is indicated in figure 4, while the main STD
parameters are given in table 2, Table 2 also reflects the significant
differences in the average mechanisms during the two nonoverlapping periods
(1964-1969 and 19?3-1972% .
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3. STD Zoning Plan

contours of isolated uniform regions with different STD
dominance of near-horizontal compression (u >0.3)

dominance of near-horizontal extension ( 3"30.25)

region of shift STD (in mechanical sensagm_

region of unsure STD determination

average mechanisms in straight equi-interval azimuth projection;
P and T indicate the points of emexrgence of the corresponding axes
of the average mechanism

points. of emergenca of p axes of relatively strong earthquakess
a--U,0<M<5s b--M>5

the same for axes t

plan of zoning from [22]

Gissaro-Kokshaal'skiy fault

Darvaz-Karakul'skiy fault

axis of Petr I range

seismic stations

Tyan'-Shan'

Garm

Pamir

The dotted line in the limits of region III isolates the section IIIA where
in the period of time from 1973 to 1976 sharp changes were noted in the
type of STD as compared to the entire III region, Here at this time the
shear deformation (u_=0) begins to dominate with near-horizontal position
of the P axis and nefr-vertical position of the T axis during turn of the
azimuth of the P axis by 12°,
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Figure 4, Expanded Variant of STD Zoning Plan

Key:
1. contours of regions with STD stable in time

2, contours of regions with unstable determinations of averags mecha-
nisms
3. reg:;.ons of sharpest dominance of near-horizontal compression (u mg
0.5
4, regions of dominance of near-horizontal compression (0.3q1 <0.5
5. regions of dominance of near-horizontal extension (u,<-0.25)
6. regions with considerable changss in STD in time = ™
7. regions of shift STD
8. aseismic sections
9. seismic stations
10, Vakhsh
11, Garm
12, Surkhov

13, Tavil'-Dara
14, Obikhingou

The dotted line in the limits of region IV isolate the section IVA whose
deformed state is close to the shift, but due to the great dispersion of th
the initial data precisely here the determination of the average mechanism

is unstable and its parameters are not given in compléts volums,

It was appropriate to separate reglon V into two regions VA and VT3 since
they differ sharply in the magnitude of the coefficient p_ (table 2),
upon these differences are fairly stable even on the level of individual

cells of averaging,
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In region VII the statistics are insufficient for construction of the
average mechanism in individual cells of averaging, Nevertheless, for the
entire set of individual mechanisms the STD of this reglon can be charac-
terized by the dominance of a stable near-horizontal extension in the azi-
muth 23’400

Region VIII is characterized by a complex deformed state, It consists, to
all appearances, of two sections VIIT* and VIIIB in which the near-hori-
zontal extension at azimuth 233°-247° dominated in the first perlod of

1 observation., The stability of STD in the limits of section VIl is

- higher as compared to section VITI*, For the latter the coefficient p
for different periods of observation alters its sign, remaining fairly
high with respect to absolute amount,

Section II is a pronounced transitional zone from the deformation by the
shear in region I to the dominance of the near-horizontal extension in
region IIT, but the shortage of statistics does not make it possible to
judge the stability of the STD in this zone in different ‘periods.

An important feature is found in the near-meridional band 2. It divides

B the regions with sharply different STD. Thus, the regions IV and V
sharply differ in orientation of the P axis, Region IV and section V‘IIIB
sharply differ not only in the orientation of the P axis, but also in the
sign of the coefficient u . The regions V" and vB -significantly differ in .
the magnitude of the posifive coefficient (T It is natural that such
drastic differences in the STD on different sides from zone II cannot be
realized by a sharp jump, and, apparently, this zone acts as the transi-
tional from one deformed state to another., The deformed state of the
zone itself, if only such a description is applicable to the nonisometric
narrow plate, can be characterized by a positive coefficient p_, with
orientation of the near-horizontal compression at the azimuth 135°, One
should note that the existence of peculiarities in the nature of the
deformation of the material in the earth's crust along this narrow zone

- has already been previously noted in publications [33-34].

In publications [21.22, 35] for purposes of zoning the Garm region such
characteristics were used as the sign of shift of the suspended side in
the foci of earthquakes. We note that the near-horizontal position of the
p® axis and the steep position of the % axis corresponds to the "positive"

- movement of the suspendsd side during overthrust, while the uear-horizontal
position of the t% axis and the steep position of the pOL axis corresponds
to the "negative" movement of the suspended side with a gently sloping
fault, which corresponds to the positive and negative contribution to the
STD rate in the vertical direction. The correlation between earthquakes
of these two types of movement mainly determines the sign of the vertical
component of the tensor for STD rate, Thus, there .is the possibility of
comparing the approach based on studying the STD of the volume, with the
traditional approach to an analysis of the movements of a certain type in
the foci of the earthquakes. The latter approach makes 1t possible also
to give a graphic idea about the possibility for mapping the vertical STD
component,
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Figure 5. Spatial Distribution of Sign of Vertical STD Component

Key:
§=1,25
. $=0,80
reglions of positive values of vertical STD component
regions of negative values of vertical STD component
reglons of approximately zero values of vertical STD component
. selsmic stations )
. earthquakes with M>5 recorded in instrument psriod of observations
(1955-1976)
8, historical known strong earthquakes with M>5
9, magnitude

QO\WFWNI—J

For these purposes in the limits of the same standard slip cells of
averaging the ratio §{ is computed of the number of earthquakes with nsar-
horizontal position of the p% axis to the number of earthquakes with near-
horizontal position of the t% axis. This near-horizontal nature doss not
go beyond the limits +20° with the horizon, whereupon the shift mowements
(4n a geological sense) are excluded from the examination, The magnitude
of the §© ratio is not computed if the total number of comparable earth-
quakes 1s smaller than six, The mapped magnitude of this ratio is given
in figure 5 where the isolines 1.25 and 0.80 are shown dividing respectively
the studied territory into regions of significant "positive" and "negative"
vertical movements, We note that in the nuclei of the isolated regions of
"positive" and "negative" movements the magnitude of the mapped ratio can
reach the values 3-6 and 0.3-0.4 respectively, In terms of the STD the
alongation of the material of the earth's crust in a vertical direction
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corresponds to the "positive" movements, while the shortening of the
material--to the "negative." A comparison of the plans in figures 4 and 5
shows the high degree of their correlaticn, which makes it possible to
recommend zoning of the magnitude ¥ as an express method for evaluating the
deformed state of the studied territory in the absence of computation
possibilities on the computer.

6. STD Intensity

As already noted above, in order to obtain a complete idea about the tensor
of STD rate it is necessary to multiply the tensor of the average mechanism
by the scalar multiplier defined in expression (10)

L= $ Mo . ("

uvT s

The summing is done according to the number of earthquakes, We note that
the intensity of the tensor of STD rate understood in the generally
accepted sense in mechanics, equals the product.of I2 by the intensity of
the tensor for the average mechanism®. We evaluate“the amount I for each
of the regions lsolated above, having assumed the vertical size 6T the
deformed reglons to be equal to 15 km, which corresponds to the thickness
of the seismically active layer in the Garm reglon, The shear modulus p
for the dominant rocks in the upper 13{31 of the earth's crust in the Garm
region is taken as equal to p=2,43+10' dyne/cn?, according to [34]. For
a more reliable long-term evaluation of the amount the entire psriod of
instrument observations from 1955 to 1976 is used. Tn the limits of each
of the regions isolated above the number of earthquakes is computed for
each energy class K (K=1g E, J) and according to [36], K=l + 1.8 M, where
M--magnitude of earthquake in range K=9-12, and the conversion is made

for seismic moments according to the formula

- 1g M,=0,6K+15.7. .., (18)

obtained in publication [37] for the range K from 5 to 13 in application
} to the Garm region, Here M, is measured in dyne*cm. The restriction for
the upper limit of the eartgquakes with K= 12 (M=h.5) in our case was
selected from those considerations that the strongest earthquakes on the
employed level of description should be viewed as already individual,
independent ruptures in the continuity of the medium, since the linear
dimensions of the focl of such earthquakes LBBJ become commensurate with
the maximum linear dimensions of the deformed regions and even begin to
exceed them., Earthquakes with K< 9 were considered in the summing all
the way to K=5 (M~0,5) according to the graph of recurrence with average
incline for the entire region y = -0.45 E;éﬁ. The level of the graph
of recurrence in the range K=5-9 for each region is defined by the
magnitude of activity of the earthguakes with X=9 (M?2.2) obtained on
individual graphs constructed for earthquakes with X> 9, The parameters
of the graphs of recurrence (intensity of the seismic process) A9* and Yic
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Table 3. Parameters of Intensity of Seismic A ¥, Yi and Seismotectonic
IE Processes in Different Sectlons of the Garm Region

(a) 14
Yaaorox 8, xmt 32 Ng A0 —vx Iz
-y
I . 95108 i 0,18-10—3 0,58 0,55-10~2
- II 36 84 0,40 . 0,55 1,34
I 70 141 0,44 047 1,84
b 104 273 0,56 0,52 2,30
v 9,6 422 0,90 0,50 3,50
VI 44 €9 0,37 0,51 0,90
viI 43 15 0,08 0,52 0,22
VIII 49 75 0,37 0,51 1,18
1114 2,7 53 0,40 049 1,62
VA 23 58 0,52 0,1 1,93
V4 8,5 324 1,04 0,53 3,60
vB 31 98 Q.61 0,43 3,25
VIIIA 2,6 48 0,37 0,51 1,47
VIIIB 13 25 0,41 01 4,24
b! 23 13 012 ? 0,31
2 22 110 0,83 0,36 6,00

Key:
a. Section

for the range X=9-13 are given in table 3, Here the amou%t A _* desig-

nates the number of earthquakes with K=9 per year in 1 cm”. 8able 3 also

indicates the S areas of the regions of deformation and the total number

of sarthquakes with 16 recorded in limits of these regions
K=9—-14 (Z Nx ) ,

Ked

in the time from 1955 to 1976, The designations 102 for S, 10™3 for Agr
and 1078 for I§ indicate the order of magnitude in the corresponding
columns- of tabls 3. The computed values of the intensity for the seismo-
tectonlc process are given in the last column of table 3., We note that
on the assumption of the preservation of the law (18) and the linearity
of the graph of recurrence towards weaker earthquakes one should increase
the computed valuses by 10% dus to the contribution of earthquakes with K=
0-4%, Every successive five orders of ensrgy make correspondingly 10%
contribution sach to the magnitude of I. from the previous contribution,
and due to the insignificant amount of %he subsequent contributions they
can be ignored, One should also recall that the accuracy of the conducted
evaluation of the STD intensity is determined by the accuracy of the

computation of seismic moments, that currently does not exceed half of the
order of these magnitudes,
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7. Discussion of Results

We will pass to a discussion of the effectiveness of the proposed technique
for analyzing the mechanisms for the focl of weak earthquakes and the -
results of studylng the deformed stats of the earth's crust in the Garm
region,

The work presents a method for determining the average mechanism that is
effective with the use of a computer. This method, generalizing the

known techniques, makes it possible, in addition, to obtain two new infor-
mative parameters (u_and %), Enlistment of the components in solid state
mechanics promotes tfe clarification of the physical meaning of the averagse
mechanism as characteristics in the process of deformation of a seimmically
active volume, as well as its stressed state [13]. The most labor intensive
in studying the deformation in the environs of the macroscopic point is

the selsction of a representative spatial-temporal volume that is equiva-
lent to the implementation of limit transitions indicated in formula (1).
This is possible only in the presence in'the studied region of a sufficlent
quantity of acts of shift destruction for different-oriented faults whose
dimensions are much smaller than the dimensions of the region, The purely
formal use of the expression for the tensor of rate of the seismotectonic
deformation given in publication L39] is hardly competent, whers 12 shifts
for the faults in catastrophic earthquakes are presented as an equivalsnt
macrodeformation of thin spherical layer of the earth's crust in the

entire Central Asia, On the other hand it is necessary to note that cata-
strophic earthquakes in general are not prone to description in terms of

seismotectonic deformation and they should be viewed as independent svents
on its background.,

The concept of seismotectonic deformation (STD) is the method of compact
physical description of the set of individual ordinary acts of the mani-
fostation of the tectonic process., Such a description makes it possible to
pass to a direct comparison of the seismicity with certain geotectonic
ideas about the development of the studied region., A reflection of the
process of tectonic deformation_of the Garm region in the form of a plan
of the main fault disorders [40] and total vertical tectonic movements
during the Pleistocene [25] is given in figure 6.
The main feature of the seismotectonic deformation of the Garm region is
the dominance of the near-horizontal compression in the direction south-
east-northwest, 1In the orlentation of the axis of maximum compression
deformation in different sections of the region a certain law is observed.
In relation to the Pamir section (VI on fig 3) a successive fan-shaped
turn of the azimuth of the compression axis is noted along the periphery
of the region from 125° in the west (IV on fig 3) to 168° in the. north
(III in fig 3). Hers in the center of the region, in the eastern section
of Petr I range (VA in fig 4) the orientation of the compressions axis

at the azimuth 135° is praserved, In the limits of the Pamir section the
compression axis is oriented at the azimuth 165°, Thess peculiarities in
the orlentation of the compression axis we can attempt to describe by
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enlisting the qualitative ideas on the nature of the deformatio of the
medium by a rigid stamp following from the solution to certain tasks of the
theory of elasticlty and plasticity, in particular, from the known solution
of Hill [41] on the introduction of a stamp into the rigid-plastic half

Figure 6, Plan of Region of Work, System of Ubservations and Vertical
Tectonic Movements in the Pleistocene

Koy

1, Gissaro-Kokshaal'skiy edge fault

2, Darvaz-Karakuls'kly edge fault

3, Iso%.ines of amplitudes of tectonic elevations in 200 m, according
to |25

4, seishic stations 11. Petr I range

5. Tyan'-Shan'

6. Garm

7. Surkhob

8. Obikhingou

9. Tavil'-Dara

10, Pamir

space, In our case as the stamp one can present the northwest projection
of the Pamir-Badakhshanshkiy block restricted by the elbow-shaped fold of
the Darbaz-Karakul'skiy fault [140]. Figure 6 shows the intermediate
section of this fold located just in the limits of the studied region,
To the west, roughly on the meridian of Tavil'-Dora the extent of the
Darvaz-Karakul'skly fault is sharply altered to the near-meridional, To

. the east soon after the emergence from the limits of our region the course
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of the fault becomes near-latitudinal [40]. The same course of the Darvaz-
Karakul'skiy fault defines the configuration of the frontal edge of the
"stamp.” In the description of the tectonic movements for the Darvaz-

) Karakul'skiy fault there exist a number of alternative versions in the
geological literature [23, 24, 42-96],~nevertheless the possibility of
relatively small novements of the Pamir-Badakhshanskiy block to the north
along the near-meridional section of the Darvaz-Karakul'skiy fault does
not induce any serious objections in anyons, The generally known absence
of seismicity within this block [47] can to a certain measure serve as an
indication of its increased rigidity. The increased rigidity of the block
is confirmed also by the outcrops on the surface of rocks of the Pre-
cambrian age in the central part of the block L40]. Movement to the north
of such a rigid "stamp" can also be the cause of the observed distribution
of axes of maximum compression in the region, In the central section the
orienta*ion or the compression axes is perpendicular to the plane of the
"stamp" and the axes are turned to both sides the farther from the plane
of the "stamp," Enlistment of such solutions to mechanical problems for
the purposes of geotectonlcs has already occurred in seismological studies,
The situation closest to our case was examined in publication [45], and
since our "stamp" is essentially an angular point of the "stamp" from

publication [45 the differences in the interpretations consist only of
the scale of examination,

We will dwell in somewhat more detail on one feature of the deformation
of the central section in the region, As already noted above, the com-
pression axis at Petr I range 1is oriented at azimuth 135°, which comprises
an angle 45-50° with the course of the eastern section of this structurs,
At the same time it is known [17] that for the overwhelming majority of
linear geological structures the axis of the maximum compression is
oriented tranverse to their course, The noncorrespondence of our results
to this law, possibly, is explained in light of the aforementioned latest
reorientation of the deformation process as the Pamir-Badakhshanskiy block

penetrates into the zone of the structural articulation of Pamir and
. Tyan'-Shan',

It is important to compare the vertical componsnt of the tensor for STD
rate with the vertical tectonic movements in the Pleistocene L25] given

in figure 6., The deformation of the 15-kilometer seismically active

layer of the earth's crust in a vertical direction we can attempt to pre-
sent in the form of a movement of free diurnal surface of the layer on

the assumption of the immobility of its lower border. After making the
second assumption on the constancy of the STD rate for a certain geological
time (Pleistocens) we compute the amplitude of the equivalent shift in

1 million years, The main data for these computations are contained in
the last columns of tables 2 and 3. Comparison of these computations with
the average amplitude of the vertical tectonic movements in the Pleisto-
cene for the previously isolated regions is given in table 4, In such a
comparison it is not possible to attribute great importance to the zero

of the reading of the tectonic movement amplitudes and the scale of the
seismotectonic movements, Of greatest importance is the comparison of
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spatial variations in the relative level of these amounts. Therefors ths

B, amplitudes of the tectonic elevations given in table 4 are given in relative
amounts read off from the level of elevation at 1300 m, For 8 régions a

- direct correlation is noted between the amounts of relative vertical tec-
tonic movements H' and the absolute amounts of the selsomotectonic movements
HY, and only for four regions I, II, VIIF® and VIII® these amounis are

poorly correlated, The regression equation for the correlated amounts
looks like

'=10H°. v (19)

Table 4, Amounts of Vertical Seismotectonic Movements Hq, Tectonic Move-
ments HY and Average Altitudes of Relief KT in Garm Region

PR

€9) e} ’
Yugerru HY, »| Ht m H' u Y‘llc‘l?tl He, x| H, m H, ™
25 -100 500 VB 15 200 550
Il1 18 -100 250 VI 1 150 300
111 -11 -50 200 WII -1 -100 ~200
1114 -5 =150 =100 VIIIA -8 150 500
v .27 250 500 VIIIB | -¢ 300 600
va 35 600 1100 1 0 0 1000

Keys
1. sections

Such a correlation is observed also in a comparison of the seismotectonic
movements HY with the level of the modern rolief HY, Tha averagsed levels
of the relief according to the regions are given in table 4, where the

_ altitude at 2000 m is taken as the zero reading. In this case the amounts
HT and HY are not correlated for the regions IIT, VII® and VITII®, The
regression equation for the correlated amounts looks like

H"=20H", - (20)

We note once again that the evaluation ef the STD contribution o the ver-
tical tectonic movements is impaired by certain complexities in the struc-
ture of the tectonic schemes, the low accuracy of the correlation to one
time interval, and the great indefiniteness in extrapolation of the modern
rate of STD on the geological time segments,

An important moment is the explanation of that circumstance of whether

the regions that differ in deformed state in the limits of the Garm region
are blocks in the geological and tectonic sense. Within the framework of
the ideas used in this work for the seismotectonic deformation there is

no opportunity of giving a clear definition of the boundaries of the iso-
lated regions, Essentially in the work certain "nuclei of deformation" are
isolated that are characterized by the fact that in them the process of
deformation is the most stable in space and time. Precisely for these
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nuclei our description is reliable, According to the geological definition
of the concept "block" only one condition is fulfilled here: "sectlon

of the earth's crust that is stable or moving with the entire mass,,." [48].
The second condition: ",..and limited by faults" [b8] in our case remains
indefinite. But thers are certain grounds to assume that further betwesen

the concepts "block" and "nucleus of deformation" we will be able to place
and approximate equals sign,

The signs for the rate of vertical STD in the lsolated nuclei are mainly
determined by the type of deformation state, i.e., the Lode-Nadai coeffici-
ent B With negative U, and near-horizontal position of the extension

axis (region III in fig 3 and regions VII and VIII in fig 4) the material

of the earth's crust is squeezed out in a certain cone around this axis, and

at the sams time the vertical dimension of the deformed volume is

reduced, With positive U and horizontal orisntation of the axis of the

greatest squeezing out of"material in the nucleus of deformation the mate-

rial of the earth's crust is squeezed out simultansously in all directions

outslde the compression cone, which, in particular, results in an increase

in the vertical size of the deformed volume, i,e.,, in a growth of mountains.

The shift deformation’ state with u =0 can both lead to a growth of i
mountains with the near-vertical Bosition of the extension axis (region I '

in fig 3), and not be accompanied by such in the near-horizontal extension
(zone I on fig 4).

In figure 3 on the background of the STD governed by weak sarthquakes (<
4,0) all the known definitions are given for the mechanisms of the earth-
quake foci with M=l,0-5.5. It follows from such a comparison that the
nature of the movements in the foci of relatively strong earthquakes on the

whole corresponds to the deformed state evaluated according to the weak
earthquakes.

Figure 5 on the background of the vertical component of movements in the
focl of weak sarthquakes gives the epicenters of all the known strong
earthquakes with M> 5 that occurred in the region during the historical
period. One can note such a law that the epicenters of strong earthguakes
gravitate towards the outskirts of the nuclei of deformation with nega-
tive signs of the vertical STD component and to the transitional zones.

It is not excluded that in the transitional zones due to the heterogeneity
of the STD field additional elastic deformations appear and stresses that
activate the destruction process. Ons can expect that the study of the
laws governing the seismotectonic deformation will be very promising for
the purposes of seismic zoning and prediction of the earthquakes, The
promising nature of the prediction aspect of the studies follows from the
exlstence of the aforementioned local temporal variations in the STD tensor

and from the temporal changes noted in [49, 50] on the conditions of
realization of the accumulated stresses.

102

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200090015-4



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200090015-4

FOR OFFICIAL USE ONLY

8., Conclusion

A tochnique has been developed for studying the mechanisms for the foci of
weak earthquakes based on the idea of the seismotetonic deformation. The

- descriptlon of the set of individual mechanisms for the foci with the help
of the average mechanism reflects the nature of the seismotectonic defor-
mation of the seismically active volums,

In the studied region nuclei of deformation are isolated with different
parameters of the average mechanism. The orientations of the main axes of
the average mechanism and the Lode-Nadai coefficient reflect the correspon-
ding characteristics of the tensor for the rate of seismotectonic deforma-
tion. The intensity of deformation is evalumted according to the sum of
selsmic moments of earthquakes and intensity of the average mechanism,

A" plan has been suggested for zoning the Garm region for the deformation
state that is in satisfactory agreemsnt with the main geologlical structures
and ideas on the vertical tectonic movements in the Quaternary time,

A qualitative model is given that satisfactorily describes the observed
deformed state.

We consider it our pleasant duty to thank V. G. Leonova for the possibility
of using her definitions of the mechanisms for the foci in the time inter-
val from 1970 to 1976, I. G. Simbireva for ‘the definition of the mechanisms
of foel of earthquakes of the earlier period (their work was the basis for

this work), and well as I. L. Nersesov for constant interest in the work
and fruitful discussions,

BIBLIOGRAPHY
1. Griggs, D.3 and Handin, J, "Observations on Fracture and a Hypothesis
of Earthquakes," in Griggs, D.; and Handin, J, (Eds) "Rock Deformation
Geol, Soc. Amexr, Mem., 79, 1960,

2, Sheidegger, A. E. "Physical Aspects of Natural Catastrophes," Elsevier,
Amsterdam, 1975,

3« Kostrov, B. V. "Mekhanika ochaga tektonicheskogo zemletryaseniya [Me-
. chanies of Foci of Tectonic Ea.rthquake], Moscow, Nauka, 1975,

4. Myachkin, V. I.; Kostrov, B. V.; Sobolev, G. A.; and Shamina, 0. G.

"Fundamentals of Physics of Focus and Forerunners of Earthquakes,"

"Fizika ochaga zemletryaseniya" [Physics of Barthquake Focus], Moscow,
Nauka, 1975,

5. Honda, Hé "Barthquakes Mechanism and Seismic Waves, J. PHYS. EARTH, 10,
No 2, 1962,

103

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200090015-4



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200090015-4

90

10.

11

12

13

14,

15.

16

17,

FOR OFFICIAL USE ONLY

Vvedenskaya, A, V. "Issledovaniye napryazheniy i razryvov v ochagakh
zemletryaseniy s pomoshch'yu teorii dislokatsiy"[_study of Stresses and
Faults in Foci of Earthquakes with Help of Theory of Disloca.tions:l,
Moscow, Nauka, 1969.

Khattri, K. N. "Barthquake Focal Mechanism Studies, A Review," REVIEW
GEOPHYSICS AND SPACE PHYSICS, Vol 9, No 1, 1973,

Scheideggsr, A. E. "The Tectonic Stress and Tectonic Motion Direction
in Burope and Western Asia as Calculated from Earthquake Fault Plane
Solutions," BULL. SEISMOL. SOC. AMER., 54, No 5, 1964,

Aki, K. "Barthquakes Generating Stress in Japan for the Years 1961 to
1963 Obtained by Smoothing the First Motion Radiation Patterns," BULL.
EARTHQUAKES RES. INST. UNIV. TOKYO., 44, No 2, 1966

McKenzie, D. P. "The Relation between Fault Plan Solutions for Earth-
quakes and the Directions for Earthquakes and the Directions of the Prin-
cipal Stress," BULL. SEISMOL. SOC. AMER., 59, No 2, 1969,

Gushchenko, 0. I. "Kinematic Principle of Reconstruction of Directions
of Main Stresses (from Geological and Seismological Data)," DOKL. AN
SSSR, 225, No 3, 1975.

Gushchanko, O. I.; Stepanov, V. V.; and Sim, L. A. "Directions of Action
of Megaregional Tectonic Stresses of Seismically Active Regions in
Southern Eurasia," DOKL. AN SSSR, 234, No 3, 1977,

Nikitin, L. V.3 and Yunga, S. L. "Methods of Theoretical Determination
of Tectonic Deformations and Stresses in Seismically Active Reglons,"
IZV. AN SSSR. FIZIKA ZEMLI, No 11, 1977. ’

Fara, H. D.; and Sheidegger, A. E, "An Eigenvalue Method for the
Statistical Evaluation of Fault Plane Solutions at Barthquakes," BULL.
SEISMOL. SOC. AMER., 53, 1963, p 811,

Soboleva, 0. V. "Determination of the True Fault Plane in the Earth-
quake Source," COMMUNIC. OBSERV. ROY. BELG. SER. GEOPHYS., No 101,

Soboleva, 0. V. "Method of Unambiguous Determination of Fault Plane in
Focus in Example of Gindukushskiy Epicentral Zone," IZV. AN SSSR.
FIZIKA ZEMLI, No 1, 1972.

Balakina, L. M.; Vvedenskaya, A. V.; Golubeva, N. V. Misharina, 1. 4
and Shirokova, Ye, I, "Pole uprugikh napryazheniy Zemli i mekhaniznm
ochagov zemletryaseniy" [Fi’eld of Elastic Stresses of Earth and
Mechanism of Foci of Eartl-qxnkes], Moscow), Nauka, 1972,

104

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200090015-4



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200090015-4

18,

19,

20.

21,

22,

23,

24,

26,

2?.

FOR OFFICIAL USE ONLY

Gotsadze, 0. D.; Keylis-Borok, V. I.,, et al.,"Study of Earthquake
Mechanisms," TR. GEOFIZ. IN-TA, No 40 (166), 1957.

Neresov, I. L.; and Simbireva, I. G. "laws Governing the Distribution
of Stresses in the Foci of Weak Earthquakes of the Garm Region and
Their Link to Seismicity," "Tr., III Vses., simp. po seysm. rezhimu"
(Proceedings of Third All-Union Symposium on Seismic Patterns], Pt 1,
Novosibirsk, Nauka, 1968,

Simbireva, I. G. "Prostranstvenno-vremennyye osobennosti raspredeleniya
mekhanizma ochagov slabykh zemlstryaseniy Garmskogo i Narynskogo raynov
Sredney Azii" [Spatial—Tempora.l Featuras of Distribution of Focal
Mechanisms of Weak Earthquakes in the Garm and Naryn Regions of Central
Asia], Author's abstract of candidate dissertation, Institute of Earth
Physics, USSR Academy of Sciences, 1969, . '
Krestnikov, V. N.; and Simbireva, I. G. "Link of Tectonic Structure
to Features of Distribution of Dynamic Parameters of Earthquike Foci,"
"Zemnaya kora seysmoopasnykh zon" [_Ea.rth's Crust in Seismically Dan-
garous Zones], Moscow, Nauka, 1973,

Simbireva, I. G.; Lukk, A, A,; and Nersesov, I. L. "Changes in the
Dynamic Parametexrs of Poci of Weak Earthquakes of the Garm Region in
Relation to Occurrence of Stron Earthquakes,""Regional’nyye issledo-
vaniya seismicheskogo rezhima" [Regional Studies of Seismic Pattern].
Kishinev, Shtiintsa, 1974,

Gubin, I, Ye. "Zakonomernosti seismicheskikh proyavleniy na terri- E
torii Tadzhikistana" [La.ws Governing the Seismic Manifestations on
the Territory of Tadzhikistan], Moscow, Izd-vo AN SSSR, 1960,

Krestnikov, V. N, "Istoriya razvitiya kolebatel'nykh dvizheniy zemnoy
kory Pamira 1 sopredel'nykh chastey Azii" [History of Development of
Oscillating Movements of Earth's Crust in Pamir and Adjacent Parts of
Asia], Moscow, Izd-vo AN SSSR, 1962.

Chigarev, N. V. "Techniqus of Constructing Quantitative Plans for
Summary Tectonic Movements in Pleistocene (in the Example of South-
West Pamir-Alay)," GEOMORFOLOGIYA, No 3, 1973,

Riznichenko, Yu, V, "Seismic Course of Mountain Massifs,""Dinamika
zZemnoy kory"[Dyna.mics of Earth's Crust], Moscow, Nauka, 1965,

Kostrov, B. V. "Seismic Moment, Energy of Earthquakes and Seismic
Course of Mountain Massifs," IZV. AN SSSR. FIZ XA ZEMLI, No 1, 1974

Yunga, S, L. "Mechanism of Deformation of Seismically Active Volume
of Earth's Crust," IZV, AN SSSR. FIZIXKA ZEMLI, No 10, 1979,

105

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200090015-4



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200090015-4

FOR OFFICIAL USE ONLY

29, Riznichenko, Yu, V.3 and Dzhibladze, E., A, "Rates of Vertical Move-
ments with Seismic Course of Mountain Massifs," IZV. AN SSSR., FIZIKA
ZEMLI, No 1, 1976.

30. Riznichenko, Yu, V. "Calculation of Rates of Deformation with Seismic
Course of Mountain Massifs," IZV. AN SSSR, FIZIXKA ZEMLI, No 11, 1977.

31, Ari, X, "Generatlon and Propagation of G-Waves from the Niigata
Earthquakes at Juns 16, 1964, Pt 2. Estimation at Earthquakes Moment,
Released Energy and Stress Strain Drop from G-Waves Spectrum," BULL.
EARTHQUAKES RES, INST. TOKYO UNIV. 44, No 1, 1966.

32, Brune, I. N. "Seismiv Moment, Seismicity and Rate of Slip along Major
Fault Zones," J. GEOPHYS. RES,, 73, NHo 2, 1968,

33, Lukk, A, A, "Spatial-Temporal Sequence of Weak Earthquakes of Garm
Region," IZV., AN SSSR. FIZIKA ZEMLI, No 2, 1978,

34, ZLukk, A. A,; and Nersesov, I. L. "Nature of Temporal Variations in
Ratas of Elastlc Waves in Earth's Grust of Garm Region," IZV. AN SSSR,
FIZIKA ZEMLI, No 6, 1978.

35, Vermisheva, L, Yu.; and Gagnus, A. A, "Use of Typification of Shifts.
in Foci of Earthquakes to Solve Seismotectonic Tasks," IZV. AN SSSR.
FIZIKA ZEMLI, No 3, 1977.

3. Riznichenko, Yu, V., ed., "Methods of Detailed Study of Seismicity,"
TR. IFZ AN SSSR, No 9 (176], 1960.

37. Vostrikov, G. A. "Detérmination of Seismic Moment of Local Earthquakes
according to Characteristics of Code," IZV. AN SSSR., FIZIKA ZEMLI,
No 11, 1975,

38. Riznichenko, Yu., V. “Dimensions of Focus of Crust Earthquake and
Seismic Moment," "Issledovaniya po fizike zemletrya.zeniy“[Studies on
‘ Physics of Earthquakes |, Moscow, Nauka, 1976, _

39. Wang-Ping Chen; and Molmax, P. "Seismic Moments of Major Barthquakes
and the Average Rate of Slip in Jentral Asia," J. GEOPHYS. RES., 32,
No 20, 1977.

40, Markovskiy, A. P., ed.,"Geologicheskaya karta Sredney Azii i prile-
gayushchikh territoriy. M 1:1,500,000, sostavlena vo VSEGEI"[Geolo—
glcal Map of Central Asia and Adjacent Territories, Scals 131,500,000
Compiled in All-Union Scientific Geological Institute], 1964,

41, Hill, R, "The Mathematical Theory of Plasticity," Oxford Univ, Press,
London, 1950.

42, Zakharov, S. A, "Razvitiye tektonicheskikh prestavleniy v Tadzhiki-
stane 1 gopoteza zonnogo tektogeneza."[Development of _Tectonic Ideas

in Tadzhikistan and Hypothesis on Zonal Tectogenesis],Dushanbe,
Donish, 1970, 106

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200090015-4



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200090015-4

L"3-

FOR OFFICIAL USE ONLY

Nikonov, A, A, "Analysis of Tectonic Movements for Gindukush-Darvaz-
Karakul'skiy Zone of Faults in late Pleiocene and Quaternary Period,"
BYUL. MOIP. OTD. GEOL.,Ieningrad, No 2, 1975,

Trifonov, V. G. "late=Quaternary Fault Disorders in West and Central

Asia from Data of Decoding Aerial Photographs and Ground Observations,"
ZV. VUZ0V, GEOTOGIYA I RAZVEDKA, No 11, 1976.

Molnar, P.; and Tapponier, P. "Cenozoic Tectonics of Asia: Effects at
a Continental Collision," SCIENCE, 189, 1975}, .p b19,

Bel'skly, V. A, "Seismotectonic characteristics of Zone of Articula-
tion of North Pamir and Eastern Edge of Tadzhik Depression," "Voprosy
seismicheskogo rayonirovaniya territorii Tadzhikistana® [Questions of
Selsmic Zoning of Territory of Tadzhikistan], Dushanbe, Donish, 1976,

"Atlas zemletryaseniy v SSSR" [Atlas of Barthguakes in the USSR:I,
Moscow, Izd-vo AN SSSR, 1962,

"Geologicheskly slovar® "[Geological Dictionary], Moscow, Nedra, 1973,

Nersesov, I. L.; et al, "Possibilities of Predicting Earthquakes in
Example of Garm Region of Tadzhik SSR,""Predvestniki zemletryaseniy"
[ Forerunners of Ea.rthquakes], Moscow, VINITI, Dep No 5498-73, 1978,

Lukk, A, A.; Leonova, V. G. "Selsmic Fracturing of Earth's Crust of
Garm Region according to Statistics of Foeal Mechanisms of Weak
Earthquakes," IZV. AN SSSR. FIZIKA ZEMLI, No 8, 1978,

COPYRIGHT': Izdatel'stvo "Nauka," "Izvestiya AN SSSR, Fizika zemli," 1979
(8144/0883 4-9035 ] ‘

9035

CSO: 8144/0883A

107
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200090015-4



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200090015-4

FOR OFFICIAL USk ONLY

PHYSICS OF THE ATMOSPHERE

POSSIBILITY Of STIMULATION OF TURBULENCE IN THE POLAR MAGNETOSPHERE:
FIRST RESULTS OF 'MINI-I' ‘

Apatity ISSLEDOVANIYA PROTSESSOV V AVRORAL'NOY IONOSFERE METODAMI AKTIVNOGO
- VOZDEYSTVIYA in Russian 1978 pp 106-118

[Article by O. A. Molchanov, M. M. Mogilevskiy, O. A, Mal'tseva,
V. A. Krechetov]

[Text] Recently a great deal of attention has been given to the mechanisms
of acceleration of electrons along the auroral lines of force of the earth's
magnetic field causing bright arcs of the aurora polaris and intensive
kilometer emission in the frequency band of 100 to 400 kilohertz leaving the

- earth for interplanetary space [1]. The accelerated electron fluxes and the
less energetic return fluxes also cause various types of polar VLF-emissions
[2, 3], in particular the auroral VLF-effervescing. This acceleration can
occur as a result of the appearance of regions of anomalous systems in the
electrostatic turbulence of the type of the ion-sound or ion-cyclotron waves
and (or) the dual layers at altitudes of 3000 to 15000 km [4].

Obviously, there are some threshold values of the longitudinal currents above
which the auroral tube of force at the indicated altitudes can move discon-
tinuously from the condition of weak turbulence (absence of double layers)

to the state of strong turbulence, as a result of which the above-mentioned
geophysical phenomena begin, If we propose that in the magnetically dis-

- turbed time the states near the threshold retained for quite a long time are
possible, then the effect of a powerful VLF-transmitter on the magnetospheric
plasma of the auroral tubes of force can serve as impetus to the discontin-
uous transition. This includes the idea of stimulation of the auroral
processes by the emission of a ground-based VLF-emitter. The mechanism of
this effect is the cyclotron heating of plasma electrons which was analyzed
in great detail in connection with the analogous problem ln the laboratory
systems of the cyclotron type [5~7]. A characteristic feature of the heat-
ing 1s the occurrence of turbulence on the electron potential oscillations
in the reglon where the wave frequency 1s close to uwg,cos w(wﬂe is the
electron cyclotron frequency, ¢ is the angle between the wave vector of the
initial hiss wave and the dir.ction of the external msgnetic field).
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Turbulence is also possible on the low-frequency electrostatic waves of the
ion sound type or ion cyclotron oscillations into which the hiss waves can
decay or which can be generated as a result of the nonlinear hydrodynamic
scattering of the hisses [8]. Finally, the increase in anomalous resistance
of the auroral tube of force can occur as a result of the appearance of
fluxes of erupted electrons as a result of pitch-angle diffusion of the
captured electrons on the hiss waves, All of these factors =-- heating,
pitch~angle diffusion, additional turbulence ~- can have a noticeable effect
on the quasiequilibrium state of the tube of force. We shall not present

a further discussion of the details of the mechanisms of cyclotron heating
by VLF-waves in the polar magnetosphere. We shall only demonstrate the
experimental proofs of the theoretical possibility of such heating at alti-
tudes of 5000 to 15000 km and some theoretical estimates comnected with the
experimental data., Let us emphasize that we are talking about the theoreti-
cal possibility inasmuch as the experiments were performed only with sub-
auroral VLF-transmitter (L~4),

The experiment with respect to the injection of the VLF-waves into the
subauroral magnetosphere was started in the Soviet Union in 1975 within the
framework of the "Araks" project [9]. Later they were contirued [10]. The
experiments with the Siple subauroral VLF-transmitters (Antarctica, L=4,1)
and TELF (Alaska, L=4.0) were also performed by American and Australian
researchers [11, 12]. The frequency of the emitter w<O5wye pin Was selected
during the experiments so that the VLF-wave was recorded with respect to a
closed beam trajectory to the magnetically conjugat~ region, being only
slightly absorbed in the equatorial plane of the magnetosphere. The authors
of these papers recorded the induced (trigger) emission near the initial
frequency, but, in spite of the special conditions, they were unable to
detect the stimulation of the fluxes of erupted electrons (using photometry
or x~radidtion in tanks) or the effects conmnected with the development of
noticeable turbulence along the path of propagationm.

Figure 1. MINI-1 experimental set up
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In this article some results will be presented with respect to the effect of
the VLF-emitter on the subauroral magnetosphere and ionosphere obtained in
the summer and fall of 1977 within the framework of the "MINI-1" program.
The schematic of the experiment appears in Fig 1. In contrast to the
experiments described in references [11, 12], we have selected a high fre-
quency of the VLF-wave w>wy, in and we have been orilented on the fact that
in some quite narrow region wﬁere wswyacos Y (crosshatched in Fig 1), the
initial wave will be strongly absorbed, transmitting its energy to the
resonance electrons and the turbulence. Here, effects can occur which are

- connected with the eruption of electron fluxes in the ilonosphere Ip by
reemission of Wy, mirror-reflected electrons with large initial pitch angles
in the equatorial plane whefe, as is known, the radiation intensity is
maximal. Finally, the backscattering of the initial hiss waves from the
turbulent region W, can occur. In order to estimate the expected effect
we calculated the trajectory characteristics of the VLF-waves for My=4,
various models of the electron concentration and the distribution functions
of the high-energy electrons., Fig 2 shows the values of the L-parameter of
the trajectory, the angle y of the double group delay 2tg and the relative
proportion of the energy absorbed by the plasma for f=25.0 kilohertz and

~ various magnetic disturbance conditions (different Kp-indexes) depending on
the current magnetic latitude of the trajectory (6=60° -- the initial lati-

- tude, 6=0° -- latitude of the geomagnetic equator). Let us explain the
meaning of the last value((3Wg/ot) oT)~1). The process of the absorption
of the wave energy and the corresponding increase in energy of the electrons
or turbulent degrees of freedom can be described by the following equation

SR asra(ny) - (- 4 =

Equation (1) is written by analogy with the equation of the energy balance

in a colliding plasma, Here Wg is the energy density of the heating wave,

NT® is the effective thermal energy of the plasma electrons, and the term

§vkA(NT®) describes the energy transmission to the turbulence with turbulent
- "frequency of the collisions” v* and the coefficient 6. If the initial

level of the turbulence is low, then the value of ((-dWE/at)(NT)'1=P) has

the meaning of the inverse type of building up the turbulence. If we pro-

pose that the established level of turbulence is such that ANT®/NT€-10-2-10"3

(and this is characteristic for weak turbulence), it is possible to estimate

v¥ proportional to the square of the turbulent field amplitude [3].

P« 10%-10%-1,

(2)
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Figure 2. Beam trajectory parameters as a function of
latitude
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Obviously, the turbulence develops in the region of minimum value of P,
whereas in the reglons of the maximum, emergy transferred to the wave from
the plasma and a buildup of its amplitude take place, It 1s easy to find the
explicit form

Pa (18D /NTgm (B ppgcos £ (NTY, 3

where y is the increment (the decrement) of the system wave with an amplitude
of E; u, Wy are the phase and group indexes of refraction and o is the anglc
between the group phase wave velocities. The calculations, part of which are
illustrated in Fig 2 indicate that the length of the turbulent region is

1000 to 3000 km, and its position is shifted toward the beginning of the
trajectory with respect to the point where w=ugecos ¥. This means that the
wave energy absorption takes place not on the cold, but on the low-energy
electron component with characteristic energies of ~0.1 to 5.0 kev. Fig 3
shows the results of the trajectory calculations for several frequencies,
L=4.0; Kp=1 and the standard model of the electron concentration with base
level at the altitude of 1000 km, Nep=1.5-10% cm™3. The circles indicate
the mipimum values of P, and the x's, the region of disappearance of the
wave (E/E<10-3). Let us note that the frequency variation from 37.0 to

12.5 kilohertz increases the altitudes of the turbulent regions from ~8000 km
to 15000 km. Finally, let us also note that by the graphs in Fig 2 the
values of the group delays are ~0.5 to 1.0 sec. All of these factors
determined the choice of the operating conditions during the experiment.

RO Kped, No=td 10*

Figure 3. Regions of absavption of the VLF-waves as a function
of frequency
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The observations were performed for periods of 6~14 June and 5~20 September
1977 night and morning at a distance of 450 km from the VLF~transmitter. For
observation of the backscattering, the pulses of 0,25 and 0.5 were used with

a repetition perlod of 4 seconds. In part of the sessions, pulses of dura-
tion 2 seconds, 16 seconds ‘and 180 seconds were used; in this case the repeti-
tion period was 4.32 and 360 seconds respectively and sometimes the pulses
were modulated by 8 and 20 hertz frequencies. Finally, for short sendings

the repetition period sometimes decreased to 2 (0.5 hertz) and 1 second

(1 hertz). 1In all of the sessions the VLF-emitter operated on frequencies

in the range of 19-29 kilohertz. .

The effectiveness of the backscattering turned out to be not too high; there-
fore a special procedure was used to convert the time sequence in the narrow
_ band near theinitial frequencies (Af=30 hertz) to the spectral band with
subsequent accumulation of the spectra. In each session lasting 30 minutes
we had 450 sendings. In spite of this, in only two saessions were we able
to isolate the echo. One of them (8 June, several hours after the substorm)
is illustrated in Fig 4a (the mode 0.25/3.75 sec) and 4b (0.5/3.5 sec).
The flash near 1=0 corresponds to the initial pulse. The stakle flash near
the reflection time of 1~0.8 seconds corresponds to the reflected pulse
after 128, 256 and 512 accumulations of the signal series (Fig 4a). The
lowest curve (IV) corresponds to the second half of the session, whereas
curve I corresponds to the result of averaging for the first 8 minutes,
curve II, for the first 18 minutes, and III, for the entire session.

Fig 4b also shows the flash near 1~0.7 to 0.8 sec (the time is reckoned from
the end of the pulse) except there is an illusion of the second flash,
possibly from the second boundary of the region. However, the most interest-
ing characteristic of the given session is regular decrease in the delay

with the session time of ~0.1 sec for 20 minutes. This corresponds to the
approach to the earth of the boundary of the turbulent region with a velocity
of ~1 km/sec which is close to the thermal velocity of the ioms or the

ion sound at the altitudes of the magnetosphere. Let us note that the
experimentally observed delays in the scattered signal are close to calculated
(see Fig 2).

As has already been mentioned, it is quite complicated to discover the
effects of the electron eruptions into the ionosphere from the turbulent
reglon using photometry or x-radiation on balloons. In particular, the
second procedure obviously 1s ineffective as a result of the fact that the
low-energy electrons erupt (E<l kev). Therefore, we have tried to discover
the effect of the eruption by observation of emission on the modulation fre-
quency of the VLF~tramsmitter. Initially, we related this emission to the
excitation of the lonosphere currents in the E-layer (see the article [14]
for more details)., However, the oscillations of the ilonospheric current
are theoretically forced inasmuch as the modulation time {<<Vgy at altitudes
- of the lonosphere. In addition, in a number of sessions sometimes the
radiation did not stop after completion of the modification for several
minutes. For illustration of this Fig 5 shows samples of the recordings for
20 September 1977.
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Figure 4. Reflected VLF-signals:observed in two different
sessions

Here the session lasted 120 minutes, the minute and second marks were noted
automatically at the bottom of the recording. On the lower track, the
control signal was recorded on the frequency of, the VLF-transmitter, and on
the upper track, the detected signal of the KPK-recelver, tuned to the modu-
lation frequency 8. The first 30 minutes of the observations were performed
at an altitude Q=8 hertz; the work was done by 16/16 sec sendings. The
intensity of the radiation builds up slowly for the first 10 minutes, and
generally coincides with the modification regime for the next 20 minutes,
but it does not stop for ~2 minutes after the end of the modification
effect, for beginning with 30 and 90 minutes, w=20 hertz and the 180/180 sec
modes were changed (the KPK receiver was tuned to Q=20 hertz at 34 minutes).
The aftereffect was noted on every 3~minute launch as is obvious in Fig 5b.
However, the picture of the process was quite visible for 30 minutes of

the session (see Fig 5c) when for the same =20 hertz sendings.of

2.2 seconds began., Obviously this i1s no accident, for the period Tn=4 sec
is close to the bounce period of the low-energy electrons (~0.5 kev) for
L=4, For better understanding of Fig 5¢ it 1s necessary to explain that
during the first minute of this part of the session the more frequent

*Short-period oscillation, 114
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sendings -~ 1/1 sec -- were suppressed (and the radiation was low), and
beginning with 93 minutes the speed of the pen recorder was increased by

5 times, Just as before good synchronousness of the radiation in the
initial sendings during the session is obvious, but the radiation does not
cease after completion of the session for 2.5 minutes. From our point of
view this effect can be explained by the fact that the emission during the
session and especially after it 1s comnected with the excltation of iono-
spheric currents by the electrons falling out of the magnetosphere, inasmuch
as the relaxation of the electron distribution in the collision~free
magnetosphere occurs much more slowly than in the lonosphere. The relaxation
time is on the order of the "congealing" time of the turbulence or the life-
time of the low-energy electrons which is ~102 to 103 sec, which corresponds
to our results. Let us note that the excitation of the radiation in the

KPK range by the modulated sendings of the VLF-transmitter as a result of
eruption of the magnetospheric electrons was investigated theoretically in
reference [5]. Finally, the flashes of intensity of the glow of the night
sky according to the photometer with characteristic times of ~3.5 sec under
the effect of the Soviet subauroral transmitter were reported in reference
[9], the authors of which also explain these results by eruption of electronms
from the magnetosphere,

It was stated above that we hoped to detect heating and variation of the
distribution with respect to velocities of the electrons captured in the
magnetosphere (unerupted) by their reemission in the equatorial plane. In
one of the preceding papers mention has already been made of the modification
of the VLF natural noise in the 2-3 kilohertz range under the effect of the
VLF~transmitter on the magnetosphere {6]. In the given experiment, as it
appears to us, it was possible in several cases (four sessions) to detect
variation of the VLF noise on the filter channels of the standard VLF receiver
at 0.7 kilohertz (one session) and 1.0 kilohertz (three sessions). The
effect was observed only for the magnetically disturbed time against a back-
ground of increased VLF noise level. Fig 6 illustrates the session of

12 September which began at 0500 hours local time. The lines under the
recording indicate the times of the 3-minute sendings on a frequency of

19 kilohertz. A slow recording is presented for the 0.7 and 1.0 kilohertz
channels. In spité of the fact that there is no detailed comparison of the
VLF flashes during the sendings, their correlation on the 0.7 kilohertz
channel obviously is unquestioned. Theoretically it is complicated to calcu-
late the reemission intensity, but it is quite simple to estimate the
expected spectrum inasmuch as from the trajectory calculations we know the
position of the turbulent region and the resonance energy of the electrons

in it E.. From the condition of cyclotron resonance and conservation of the
energy of the electrons during drift to the equator we obtain the equation

'sz.f (2) . - ;chos!?cas'\r ,
(r-pxz)* (1-x)zP2(l-1.'#) caaz¢° (%)

where z=fy/f, f0 is the frequency reemitted on the equator, y is the angle
of the wave normal of the initial wave with the magnetic field, I, x, u
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Figure 5. Sample recordings of the KPK signals for 20 September 1977
(upper track —- the KPK signal; lower track -- the control signal
of the VLF-transmitter).

are the pitch angles of the resonance electrons, the normalized frequency of
the initial wave and the index of refraction in the turbulent region,
x=u/wHe> P=wye/wgo is the mirror ratlo. The equation (4) is easily solved
numerically. The results of the calculations for different models and
different pitch angles are shown in Fig .7. It is obvious that the reemitted
frequencies for f=15-30 kilohertz lie in the range of 0.5 to 2.5 kilohertz,
which in general corresponds to the experimental results.
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- Figure 6. Intensity of the VLF~noise emission over the 0.7 and
1.0 kilohertz channels during the first operating period of the
transmitter
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Figure 7. Reemitted frequency f( as a function of the initial
frequency f.

1

Key:
1. kilohertz

117

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200090015-4



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200090015-4

FOR OFFLCLAL uow uNLY

Thus, in this article we have tried to demonstrate the possibility of
noticeable turbulization and heating of the plasma at altitudes of 8000 to

- 15000 km. Obviously the intemsity of the effect does not change sharply on
transferring the VLF~emitter to the auroral zone; nevertheless the stimulating
effect of it in this case can increase significantly for the reasons dis-
cussed at the beginning of the article.

The authors are grateful to V. I. Karpman for discussion of the results and
also to A, A, Shchekotov and Yu. M. Markeyeva for their assistance.
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IONOSPHERIC EFFECTS IN A GEOPHYSICAL EXPERIMENT WITH A POWERFUL MHD-GENERATOR

Apatity ISSLEDOVANIYA PROTSESSOV V AVRORAL'NOY IONOSFERE METODAMI AKTIVNOGO
VOZDEYSTVIYA in Russian 1978 pp 3-13

[Article by Ye., P. Velikhov, O. M. Raspopov, Yu. M. Volkov, A. V. Zotov,
Yu. A. Dreyzin, Yu., L. Sverdlov, Yu. F, Zarnitskiy, E. V. Sukhorukova,
N. V. Shul'ginal

[Text] A solid-fuel pulse MHD-generator was started up for the first times
on the Kola Peninsula in 1976. The current from this generator was sent
through a cable laid on the isthmus of the Sredniy Peninsula to the bays on
both sides of the isthmus (see Fig 1). The characteristic shape of the
current pulses is presented in Fig 2. The use of the MHD-generator combined
with an enormous circuit formed by the current closed basically through the
sea, made it possible to create an electromagnetic field pulse which could be
directly recorded (without accumulation) over the entire territory of the
Kola Peninsula and in the northern part of Karelia, The purpose of the
experiments was to obtain information about the abyssal geoelectric structure
of the earth's crust in the vicinity of the Kola Peninsula [1]. Along with
this goal it was of interest to consider the possibility of studying the
interaction of an artificial magnetic field pulse with the polar ionosphere
and the earth's magnetosphere. The structure of the magnetic field created
by the MHD-generator current reduces to the folldwing in its general features.,

The magnetic flux ¢=105y-km2 intersects the surface of the earth from bottom
to top over the territory of the Rybachiy and Sredniy Peninsula and the strip
of coastline adjacent to them ~10-15 km wide (see Fig 1). AS a result of the
high integral conductivity of the Bakents Sea, the magnetic lines of force
cannot penetrate great distances from the shore. Therefore, in the opposite
direction this flux intersects the earth's surface and the territory of the
Kola Peninsula and Scandinavia. The main part of the magnetic flux is con-
centrated at distances of approximately 20-30 km from the Kola-Srednly Isthmus.
However, a noticeable part of the flux 1-2.105y-kmZ intersects the earth's
surface at distances of ~100-200 km from the isthmus. By these data it is
possible to estimate the magnitude of the magnetic field in the lower layers
of the ionosphere at an altitude of ~100 km:

nIm n"' '2-3"-
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As a result of the diffusion nature of the propagation of the magnetic field
in the earth's crust, the duration of the pulse front of the magnetic field
at the altitude of the lonosphere is greater than the duration of the current
pulse front, and its magnitude is approximately 1 to 1.5 sec.

f 100 kn ;

Figure 1. Mutual arrangement of the MHD-generator and the
zones of effect of the ionosondes located in Murmansk and on
the Rybachiy Peninsula. The x's and the dotted lines on the
figure schematically indicate the regions of intersection of
the lines of force with the earth's surface. '
Key:
1. Rybachiy
2, Murmansk

Figure 2. Shape of the current and voltage pulses during
operation of the MHD-generator, start 10 October 1977
Key:
1. I, kiloamps
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The variable magnetic field causes induction currents in the lonosphere
which can change the initial magnetic fileld, especially at great distances,
In order to solve the problem of the role of the distortions, it is necessary
to estimate the characteristic time T of penetration of the magnetic flux
concentrated between the earth and the ionosphere through the ilonosphere:

¢ote (BT
Key: 1.1 ¢ ?1

Here hy is the distance between the E-layer of the ionosphere and the
conducting (shielding the magnetic field) horizomns in the earth's crust,
£1 and I, are the integral Pedersen and Hall conductivities of the iono-
sphere with respect to altitude, Taking IZ{“3 siemens, IZp*3-5 siemens
(1 siemen=9.1011 units)and hn=1.5-107 cm as the standard values, we obtain
1~1-2 sec, which is commensurate with the front duration. Thus, it is
possible to expect that at least on the pulse front the magnetic field can
be significantly shielded by the ionosphere and, consequently, the role of
the ionosphere in the formation of the shield at differences of % 200-300 km
from the source will be completely noticeable. The above-presented estimates
describe only the average situation and can, depending on the state of the

- ionosphere, vary within quite broad limits.

Along with shielding of the magnetic field by the ionosphere the propagation
of artificial magnetic pulsations -- magnetosonic waves -~ the source of
which is the ground current circuit, in the magnetosphere and the ionospheric
waveguide and also the generation of an Alfven wave are of interest. The
theoretical investigation of these effects was performed in references [2,3].
The reflection of the Alfven wave at the magnetically conjugate point with
low interference level offers the possibility of observing the Alfven echo
several minutes after switching on the MHD-generator.

The estimation of the induciion electric field induced in the ionosphere
on the pulse fronts gives values of Ejpq~0.5 millivolts/meter. This field
is small by comparison with the background values of the electric field
EQ~20-40 mv/m characteristic for the polar ionosphere. The variation of
the electron temperature occurring as a result of disturbance of the field
Eg by the induction field is AT~1 to 10°K and is hardly available for
observation. However, as a result of the spatial nonuniformity of the
induction electric field it can lead to the occurrence of longitudinal
currents directed along the lines of force of the earth's magnetic field.
As is demonstrated in [4], the presence of the ionospheric-magnetospheric
coupling through the longitudinal currents, in turn, can intensify the
initially weak ionospheric disturbance and cause a set of phenomena typi-
cal of the auroral substorm.

The arguments presented above and also the 5 October 1976 recording of a
radioaurora occurring over the Rybachiy Peninsula at the time of starting
the MHD-generator demonstrated the expedience of supplementing the research
program with observations of possible manifestations of ionospheric and
magnetospheric effects accompanying the current pulse.
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The goal of the 1977 experiments included the study of the nature of propaga~
tion of artificial magnetic pulsations in the ionospheric waveguide, the
recording of the Alfven echo and also the study of the nonlinear effects of
the fleld pulse on the polar ionosphere. For this purpose a set of methods
was ugsed including the magneto-variation measurements, vertical sounding of

the ionosphere, shortwave dispersion on 1lsotropic nonuniformities, measure-
ment of the VLF and x~radiation.

The given paper is devoted to a description of the effect of the occurrence
of a sporadic E-layer during the periods of operation of the MHD-generator
detected during the experiments of 4 and 10 Octoher 1977. The observation
of this effect was made using two ionosondes located in Murmansk and on
Rybachiy Peninsula.

ﬂLAILAlJLIIILIIIlIL C——

7(2)
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Figure 3. f~graphs of the ionospheric data.
a —— for 4 October 1977, b =~ for 10 October 1977.
Key: .
1. megahertz
2. hours

The ionosonde in Murmansk (AIS type) gave ionograms every 30 seconds; the
ionosonde located on the Rybachiy Peninsula (MIS-5) gave ionograms every

123

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200090015-4



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200090015-4

AN Ve e h e o PRRSEN

second. This operating mode was realized 5 minutes before the time to
switch on the MHD-generator and it was maintained for 3-5 minutes after

- switching it off. The location ‘and the range of the ionosondes are shown
in Fig 1. Fig 3 shows the f-graphs for 4 October (a) and 10 October (b) 1977
which indicates the general ionospheric situation on these days.

Let us present a brief characteristic of the state of the ionosphere and
the ionospheric effects recorded by the ionosondes on switching on the
MHD-generator. During the first half of the day on 4 October 1977, the
disturbance ended which began earlier (Fig 3a). By approximately 11 LT the
disturbance ended and a quiet state was observed, absorption near 1.5 mega-
hertz; sporadic ¢ and h layers were observed in the E-region. In the
F-region, reflections from the Z-component were observed. At the time of
switching on the MHD-generator (18.00 LT) the absorption is small ~1.3 mega-
hertz; the frequencles of the regular E-layer at that time dropped below
- this frequency, and it could not be observed. The sporadic type r layer,
very weak, diffuse and nonshielding, was observed. At the time of inclusion,
the frequencies of the regular E-layer decreased to 1.1 to 1.2 megahertz and
could not be observed on the ionosonde, for the absorption was equal to
1.2 megahertz. A weak sporadic layer with delay at the limiting reflection
frequency was visible in the E region. The limiting frequency was equal to
2 megahertz, which corresponds to an ionization density of ~0.5.105 el.cm™3,
On the ifonogram (Fig 4a) obtained 30 seconds after switching on the MHD-
generator (18h00Mm308 LT) by the ionosonde in Murmansk, stratification of
the sporadic layer was visible which was realized before it was switched on.
An additional layer was formed which gave reflections on frequencies of
0.3 to 0.5 megahertz higher than the basilc sporadic layer. . The altitude of
the stratification formed was ~140 km; then it was increased to 145 km and
again diminished before disappearance of the stratification. The additional
layer existed for 2 minutes, The data from the ionosonde on the Rybachiy
Peninsula permit more detailed tracing of the time characteristics of the
- additional stratification., The stratification appeared 8 seconds after
switching on the MHD-generator; the duration of its existence was 2 minutes.
The additional layer gave reflection on frequencies exceeding the frequency
of the basic layer by 0.3-0.4 megahertz. The stratification and altitude
changed: i1initially the additional layer was observed at altitudes of the
basic layer (120-125 km); then it could be seen at high altitudes, 150-160
km, and at the end of its existence, the additional layer again dropped,
merging with the basic sporadic layer.

Fig 5 shows the graphs of the frequencies and altitudes of reflections from
the E-region obtained by the ionosondes in Murmansk and on the Rybachiy
Peninsula on 4 October 1977 at the time of switching on the MHD-generator.
The circles denote the basic sporadic layer existing at that time. The
black dots denote the additional layer.

On 10 October 1977, the lonosphere was quiet; the critical frequencies of
the F-region (see Fig 3b) increased by 1 megahertz by comparison with the
normal level. By comparison with 4 October 1977, the conditions of
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illumination in the ionosphere changed noticeably; the diurnal behavior was
expressed mare sharply, and a smaller number of stratifications in the
E-reglon were observed (of the sporadic types ¢ and h). At the time of
starting the MHD~generator (22hpom LT) absorption of 1.2 megahertz, a
sporadic E-layer of the r type with shielding frequency of 1.7 megahertz was
observed. At the time of switching on the MHD-generator the regular E layer
had a criticial frequency of less than 1 megahertz and was not visible on
the ionogram. A sporadic layer of the type r with shielding frequencies of
1.7 megahertz was observed in the E region which corresponds to electron con-
centration of ~0.4:105 el.cm™3, the MHD-generator was switched on at
22hoom308 LT closest with respect to the time of the ionogram (22h00m308 LT)
just as at the time of inclusion on 4 October 1977, indicated layering in
the sporadic layer (see Fig 4b). The additional layer had frequencies
0.4-0.5 megahertz higher than the basic frequency, and it was observed at
altitudes greater than the basic sporadic layer. After 2 minutes the
additional layer ceased to exist, merging with the basic sporadic layer.
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Figure 4. Stratification in the sporadic E layer manifested
on the screen of the ionosonde after inclusion of the
MHD~-generator
Key:
1. megahertz

It must be noted that the stratification observed on the ionogram after
switching on the MHD-generator is a local phenomenon; the ioncsonde at
Rybachly and the ionosonde at the Murmansk see it from the side. Therefore
the altitude and frequency measurements of the additional stratification
are somewhat high.

Fig 6 shows the graph of the E-region for 10 October 1977 at the time of
switching on the MHD-~generator, the Murmansk ionosonde, Simultaneous
observations of new ionosondes on 4 October 1977, in Murmansk and Rybachiy,
and also observations on 10 October 1977, make it possible to draw the

following conclusions:
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Figure 5. Graphs of the frequencies and altitudes of the
- reflections from the E-region on 4 October 1977.
The circles indicate the frequencies of the basic sporadic
layer; the dots indicate the frequencies of the additional
sporadic layer; the vertical lines indicate the altitude of
the basic layer E; the points indicate the altitude of the
additional layer E.
Key:

1. megahertz

2, Murmansk station

3, Rybachiy station
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1. On 4 and 10 QOctober 1977, the MHD-generator was switched on under simi-
lar ionospheric conditions in the lower ionosphere. The absorption was
minimal, which made it possible to observe the reflection on frequencies
1.2-1.3 megahertz above the lower limit of the equipment and to trace from
the weak stratifications. The primary lonization in the E-region determined

by the sporadic layers corresponds to an electron concentration of 0.5.10°
el.cm™2,

2. After switching on the MHD-generator, stratification appeared inside the
existing sporadic layer in the form of a denser additional layer, the limit-
ing frequencies of which exceeded by 0.3-0.5 megahertz the limiting fre-
quencies of the basic layer.

3. On 4 October at the beginning of the observations the altitude of the
additional layer observed in Murmansk was 10-15 km above the altitude of
the additional layer above the Rybachiy Peninsula. This agrees with the
concept of localness of the stratification formed. During its two-minute

existence, the layer rose upward and then it dropped again before disappear-
ing.

4. The stratification appears 30 seconds after switching on the MHD~
generator although the data are in need of refinement. The duration of the
existence of this stratification of 2 minutes is more certainly determined
by the available data.

(2)
M cm. MYPMAHCK
'“(1) 10.40.77 :
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Figure 6. Graphs of the frequencies and altitudes of the
reflections from the E-region on 10 October 1977.
The notation is the same as in Fig 5.
Key:
1. megahertz
2. Murmansk station
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During the observations on 10 October, the additional layer in Murmansk

was formed at an altitude of 200 km, and then it dropped until it merged
with the basic layer.

Thus, the results of the Khibiny-IM experiment indicate that the active
effect of the field of the ground current pulse (created by the powerful
MHD-generator) on the polar ionosphere 1s capable of leading to a noticeable
change in its state. Inasmuch as the existing experimentzl data 1s in-
sufficient to comstruct a physical picture of the observed ionospheric
effects, the studies in the indicated area will be continued in the near
future to accumulate further experimental data.
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POLARIZATION OF ARTIFICIAL VLF EMISSIONS IN THE AURORAL ZONE

Apatity ISSLEDOVANIYA PROTSESSOV V AVRORAL'NOY IONOSFERE METODAMI AKTIVNOGO
VOZDEYSTVIYA in Russian 1978 pp 14~19

[Article by I. N. Kapustin, 0. M, Raspopov, A. A. Arykov, A, N. Vasil'yev,
N. V. Galakhova, I. K. Korneva, V. F. Larin, V. S. Smirnov]

[Text] The measurements of the polarization of artificial VLF emissions is
of interest from the point of view of the solution of the problem of the
generation of them by the region of the ionosphere heated by a powerful
shortwave transmitter. The results of an experiment performed at middle
latitudes are described in reference [1]. The VLF signal had predominantly
linear polarization tracing the direction of the currents induced by the
ionospheric winds. The magnitude of the nonlinear current responsible for
generation of the artificial VLF radiation is determined by two factors:

the side electric field and the conductivity of the ionosphere which depends
on the electron concentration. If in middle latitude both the electric field
and the electron concentrations vary within comparatively small limits, then
the concentration in the auroral ionosphere varies by several orders depend-
ing on the level of the geophysical disturbance, and it is possible to expect
more varled effect for measurements of the fine structure of the artificial
VLF-signals. Therefore in our experiment equipment was used which permits
measurement of the polarization characteristics of the signal not only in
the case of linear polarization as was done in [1], but also elliptic,

The reception of the artificial VLF emissions was realized on two mutually
perpendicular frames oriented in the north-south and the west-east direction
with an area of 62.5 m2 and a number of turns equal to 40 each. The receiver
is made in the form of two channels with respect to a superheterodyne cir-
cuit with common heterodyne. The sensitivity is no worse than 10-8 volts/m.
The band of the terminal intermediate frequency amplifier in the given ex-
periment was 0.03 hertz.

The polarization of the artificial VLF signals was characterized by two

. parameters: the ellipticity coefficient K (the ratio of the minor axis of
the polarization ellipsed to the major axis) and the angle of inclination
of the major axis of the ellipse a. In order to measure these parameters
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the signal of each channel was summed with the other 90° out of phase.

The sum of the signals of ‘these additional channels gives the major halfaxis
of the polarization ellipse, and the difference, the minor halfaxis., In
order to determine the slope angle of the major axis of the polarization
ellipse a, information was used about the phase shift between the frame
signals measured by the phase detector. The value of K equal to zero
corresponds to linear polarization of the wave. The positive values of K
correspond to rotation of the vector " clockwise; the negative values,
counterclockwise, The values of a were reckoned from the direction to the
geographic north. For convenience of comparison with the electrojet azimuth,
the values of a were increased by 180°, which, of course, has no theoretical
importance.

For monitoring the position of the auroral electrojet, the data were used
from tricomponent magnetovariation stations located in Apatity, Loparskaya
and Lovozera (50-80 km from the center of the zone of effect of the heating
transmitter). The recordings of the riometer on a frequency of 32 mega-
hertz located in the Apatity and directed toward the North Star were also
used (that 18, its radiation pattern also encompassed the zone of the heat-
ing transmitter). The general diagram of the experiment is shown in Fig 1.

During the course of the processing it was discovered that the values of
K and o experienced fluctuations caused obviously by variations of the
electron concentration. Therefore K and o were averaged by the sliding
mean method with a time of ~4 minutes. Examples of this processing are
presented in Figures 2-4,

In contrast to the middle latitude the polarization of the signal differs
sharply from linear. The vector H can have both righthand and lefthand
rotation. The orientation of the major axis of the polarization ellipse
also expresses significant variations. In Fig 2 for comparison the dotted
line is used to indicate the azimuth of the electrojet during the observa-
tion period. The orientation of the polarization ellipse of the VLF signal
depends not only on the 2zimuth of the electrojet, but it also experiences
the effect of additional factors. According to the results of reference [1],
in the middle latitude experiment in only 10% of the cases was polarization
of the signal differing from linear observed. In our experiment, on the
other hand, the linearly polarized signal was observed quite rarely. The
disturbed region of the ionosphere emits both ordinary and extraordinary
VLF waves. One of the normal waves (ordinary) is a nonpropagated wave. The
linear nature of the polarization of the artificial VLF-signals in [1] is
explained by the fact that the source of the emission is located quite
closely to the boundary of the ionosphere (at a distance of less than the
wave length in the medium). Under the conditioms of a disturbed ionosphere
this proposition possibly is not always satisfied. However, then the VLF
wave at the reception station must have elliptic polarization with right-
handed rotation. However, in the experiment signals were also observed
with lefthanded rotation of the vector H.. Accordingly, let us note that
the size of the region of generation is on the order of the wave length,
and the interference effects will be felt in the nature of the polarization.
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Figure 1, General diagram of the experiment

Key:
1. Heating unit 4. Apatity
2, Loparskaya 5. north
3. Lovozera (receiving station) ".6. south

Figure 2. Variation of the parameters of -the polarization
ellipse of artificial VLF-emission and riometric absorption
on a frequency of 32 megahertz,
The dotted line indicates the azimuth of the electrojet.
Moscow time,
Key:
1. Moscow time
2. A(decibels)
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Figure 3. Yositive correlation between the parameters of the
polarization ellipse of artificial VLF emission. Moscow time.
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Figure 4. Negative correlation between the parameters of the
polarization ellipse of artificial VLF emission. Moscow time.

During the performance of the experiment, unfortunately, there were no means
of exact diagnosis of the lover ionosphere. Some information about the

state of the D-region can be obtained from the recordings of the riometer
located in Apatity. In Fig 2 the lower curve indicates the riometric absorp-
tion during the observations of 22 September. There is a satisfactory corre-
lation with the variation of the polarization parameters of the VLF-signal,
which provides a basis for relating its variation to the electron concentra-
tion profile in the lower ionosphere. During the observations, the results
of which are demonstrated in Fig 3, 4, the riometric absorption varied
slightly within the limits of 0.5 to 1.2 decibels. The absence of a corre-
lation can be explained by the too wide radlation pattern of the riometer,

on the one hand, and by the fact that it gives only integral absorption in
the ionosphere, on the other hand. Let us note that the riometer in
Loparskaya operating on a frequency of 32 megahertz and aimed at the North
Star indicated significant variations of the absorption at this time (to

3.6 decibels). ' .

Noticeable correlation with the electrojet parameters was not detected,
which is explained by two factors. First, the variations of the magnetic
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field measured at the magnetovariation stations are determined by the
maximum electrojet located at altitudes of 100-120 km, that is, appreciably
above the region of generation of the artificial VLF waves. Secondly, the
polarization effects are finer by comparison with those which were studied
. up to now, and it 1s necessary to know the fine structure of the electrojet,
- that 1s, the current density in the zone of effect of the heating trans-
mitter. Such information can be obtained during simultaneous operation of
several magnetovariation stations,

The presence of both positive and negatives correlations between the parameters
of the polarization ellipse of the artificial VLF-signal K and o (Figures 3,
4) indicates that these characteristics can actually provide information
about the signal generation mode of the disturbed region of the ifonosphere.
In reference [2] estimates were made of the effect of the electron concentra-
tion profile on the polarization of the artificial VLF-signal. The numeri-
cal calculations indicate significant variation of the orientation of the
nonlinear current with variation of the electron concentration profile, but
the interpretation of all of the results obtained in the experiment is pos-
sible only when solving the complete problem of radiation by the heated
region of the ionosphere and stimulation by the VLF-wave of the earth-
ionosphere waveguide.
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RESULTS OF OBSERVATIONS CARRIED OUT DURING VERTICAL SOUNDING OF THE REGION
OF THE HIGH-LATITUDE IONOSPHERE DISTURBED BY POWERFUL RADIOEMISSION

Apatity ISSLEDOVANIYA PROTSESSOV V AVRORAL'NOY IONOSFERE METODAMI AKTIVNOGO
VOZDEYSTVIYA in Russian 1978 pp 43-50

[Article by I. N. Bardeyev, I. N. Kapustin, A. D. Kravtsov, O. M. Raspopov,
A. M. Royzen, A. A. Ul'yanchenko]

[Text] The vertical sounding of the region of the ionosphere emitted by
high-power radio waves made it possible to establish the fact af artificial
modification of the ionosphere for the first time in 1970 [1].

The experiments in Boulder marked the beginning of the rapidly developing
studies of the ionosphere artificially disturbed by ground radio means.
Almost simultaneously with the experiments in Boulder, analogous studies were
made in Gor'kiy [2, 3, 4]. -

During the course of the experiments the artificial disturbance of the iomno-
sphere was manifested in the form of various effects observed on the iono-
grams. In Boulder in 1970 an artificially F-spread was detected. In the
same year of 1970, the idea of the development of nonuniformities extended
along the fileld was stated [5]. In 1974 this idea received experimental
confirmation [6].

Under the prolonged effect of a powerful radio wave, along with the basic
echo traits on the ionograms, accompanying traces appeared which were
connected with the side reflections. The side reflections arose as a result
of distortion of the lines of equal concentration [1, 2, 7].

Significant absorption of the O-mode during vertical sounding of the modified
ionosphere has come to be called WBA (wideband attenuation). The WBA was
observed in Boulder and also in Gor'kiy. The attenuation exceeded 10 deci-
bels and depended on the polarization of the disturbing wave [8, 9].

The cause of the appearance of WBA remains unknown. Some consider that the
diagnostic waves are diffracted or scattered by quickly-developing
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ionospheric nonuniformities; others give preference to the absorption effects
connected with the generation of parametric instabilities.

During sounding of the ionosphere by test waves, anomalous absorption of
these waves was detected at an altitude of 110 km [9]. The absorption
reached 6 decibels under the effect of the X~-mode of the disturbing wave

on a frequency of 3.15 megahertz,

The results of the experiments performed in Gor'kiy were to a great extent
analogous to those which were obtained in Boulder. However, new effects
were noted which were discussed in [4]. In [4] the most important cause

of anomalous attenuation of the test waves during O-mode irradiation of the
ionosphere is considered to be the transformation of the incident wave of
ordinary polarization to the Z-mode with subsequent absorption of it. All
of the enumerated results were obtained in middle latitudes. The modifica-
tion of the high-latitude ionosphere, the structure of which differs from
middle~latitude and the geomagnetic field is oriented differently, was of
interest.

In 1976 the Polar Geophysics Institute performed the first experiments with
respect to the effect of powerful shortwave radio waves on the high-latitude
ionosphere [10]. The emitting test stand was located in the vicinity of
Monchegorsk (¢,=63°). The equivalent power P.GZ1l0 megawatts. The study was
made on a frequency of 3,3 megahertz. More detailed information about the
installation appears in [11]. During the experiment vertical sounding was
performed by an ionosonde installed 70 km from the source of powerful
emission. Although the equivalent power of the disturbing device is compar-
atively low, and the ionosonde could record only the effects connected

with dispersion of the signals and the appearance of side reflections, never-
theless it was possible to detect some changes occurring in the ionosphere.

Along with the already~known phenomena such as the F-spread and additional
traces on the lonograms, modification of the Eg layer was observed which
was manifested in dn increase in the limiting frequencies, that is, the
development of effectively scattering nonuniformities of a smaller scale.

In this paper new results are presented from the observations performed
in February 1978 which are also a continuation of the above-indicated papers
[12].

The vertical sounding was realized by an ionosonde installed under the zone
disturbed by the powerful emission. The second ionosonde located in
Loparskaya (70 km to the north) was used as the control in this series of
experiments. For analysis of the geophysical situation, the data were used
from the magnetovariation observatory in Loparskaya, the magnetovariation
station in Lovozera operating in the KPK mode and also the riometric data
(the 32 megahertz riometer).

= The modifying transmitter was switched on at Olh15m; then until 04h45m,
30-minute intervals of operation were alternated with 30-minute pauses.
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At 04h45M the transmitter was finally switched off (Moscow time). The
MIS-5 lonosonde operated in the l-minute mode; the SP-3 ionosonde in
Loparskaya operated in the l5-minute mode. Measures were taken to equalize
the "potentials" of the ionosondes. During the course of the experiment,
significant attenuation of the signals reflected from the F-region was
detected during vertical probing of the ilonosphere. The attenuation came
10-15 minutes (sometimes sooner) after the beginning of irradiation of the
ionosphere by the powerful radio wave. It must be noted that during the
experimental period -- from 5 to 25 February 1978 -- it was possible to
select only a limited number of 30-minute intervals suitable for analysis.
This is connected with the fact that the disturbed periocds drop out of the
processing as a result of the complete absorption of the ionosonde signals
in the lonosphere or shielding of the F-layer by the Eg layer. On the
other hand, the high-latitude ionosphere is characterized by low critical
frequencies which turned out frequently to be below the frequency of the
modifying radiation, Accordingly, it was possible to take 13 observation
intervals for processing. In seven of them the effect of the anomalous
attenuation was certainly observed. The attenuation of the signals was man-
ifested in partial or complete dropping of the traces on the ionograms.
Initially the reflections disappeared in the high-frequency range.

The limited number of data did not allow for certain discovery of the rela-
tion of the anomalous attenuation of the signals to the geophysical situa-
tion. However, the attenuation was more noticeable in the preliminary and
the recovery phases of the substorm. As an example, let us consider the
characteristic case observed between 04D and 05h on 10 February 1978

3 hours after completion of significant disturbance.

According to the data from the magnetometer installed in Loparskaya, during
this period the magnetic field was quiet. On the 32 megahertz riometer, the
diagram included the disturbed zone, and variations in absorption did not
occur by comparison with the qulet level.

In the figure there is a series of ionograms taken during the indicated
period. The ionograms (Figures a, b, c) pertain to the ionosonde located
under the disturbinﬁ zone (Fig g, h, i), to the control. In the first
ionogram made at 04014™, 1 minute before switching on the powerful trans-
mitter, it is possible to observe reflection from the F-layer: both
components are visible; the critical frequencies are easily defined. On a
frequency of about 100 km the E-sporadic and multiple reflections from it
are visible.

The second ionogram was made the next minute when the powerful transmitter
was switched on. Here some decrease in the traces in the high-frequency
part of the ionogram is noticeable. For the same minute there is an
ionogram made in Loparskaya. The reflections from the F-reglon in practice
do not differ on the two ionograms. The reflections irom the Eg are differ-
ent; the differences are not connected with instrument peculiarities. On
the subsequent ionograms it is possible to see that at 04h25™ (Fig c)
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dropping of the traces of the O-component of the reflections is observed,
and at 04M30m (Fig d) the reflections from the disturbed F-region are absent
in general. The variations occurring in Eg are the more natural nature.

On the ionogram made at the same time in Loparskaya there are no significant
changes. At 04D45M the transmitter modifying the ionosphere was switched
off; 4 minutes after the reflections from the F-reglon which were of a diffuse
nature (Fig f) newly appeared.

Let us again return to the ionogram made at 04h30®, On this ionogram, by
comparison with the others, significant intensification of the noise is
observed almost with respect to the entire field of the ionogram. On the
ionogram made at 04h40m, on frequencies of 1.4-2 megahertz quite demse
reflections were obvious at all altitudes above 100 km. At ATA (Fig e),
consolidation of the reflections forming into "inclined trails" at altitudes
of 110-300 km was observed. At 04045™ at the minute when the modifying
transmitter was switched on, the inclined trails began to decay, and the
interference dropped sharply.

On the ionogram made at OAhSOm, the inclined trails are hardly to be guessed.
The case of such development of the events in the high-latitude iomosphere
with heating of it was noted by us only on 10 February 1978. Thus, the
vertical sounding of the region of the lonosphere disturbed by powerful
linearly polarized shortwave radiation reveals the anomalous attenuation of
the linearly polarized signals reflected from the F-region under defined
geophysical conditions in the entire spectrum of the observed radio reflec~
tion frequencies.

The interpretation of this result, =imilarly to how this was done in (41,
encounters difficulties. In [4] the absorption coefficient of the test
waves increases with an increase in frequency, and on a frequency of

5.5 megahertz reaches a total of only K=2. In addition, in Monchegorsk,
in contrast to the experiments in Gor'kiy and Boulder, both waves —-— test
and disturbing -- had linear polarization.

The explanation of the anomalous absorption given in [9] also encounters
difficulties. In [9] the absorption came immediately with the beginning of
the effect of the powerful radiation and it was-comnected with absorption
in the D-region. The case observed in Monchegorsk camncc be explained by
active heating, and subsequent absorption in the D-region at least because
the time of development of the attenuation is very large. Such time delays
could be expected for absorption in the D-region caused by stimulated
eruption of the energy particles,

The most probable cause of anomalous attenuation appears to be element of
effective scattered inhomogeneities of a small scale (<100 meters) which
are sharply elongated along the geomagnetic field [13, 14, 15] in both
directions, dropping sufficiently deeply downward.

The appearance of diffuse reflections visible on the ionograms (Fig e) can
be connected with the same nonuniformities, the formation of reflections

137

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200090015-4



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200090015-4

PUN UL LV Vue Javaa

in the inclined trails and a large set of ‘"reflecting" altitudes takes place
near the gyrofrequency of the electrons., At the gyrofrequency the delay of
the signals is large, and it decreases on going away from the gyrofrequency.
This can be used to explain the inclination of the radifo reflection trails.
In the series of experiments performed in Monchegorsk, the goal was stated
of developing the technique and the procedure for diagnosing a region of
high-latitude ionosphere disturbed by powerful radio emission. The results
obtained in this series indicate that the artificially generated nonuniform-
ities in the high-latitude ionosphere have a number of peculiarities: quite
low stimulation threshold; large delay in time of development and a number
of others requiring more detailed checking., The explanation of these
peculiarities will be of great interest in future research.
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Ionosonde data obtained on 10 February 1978, The series of
ionograms, a, b, ¢, d, e, £ illustrates the development of the
effect of attenuation of the echoes. The ionograms g, h, 1
were obtained in Loparskaya.
Key:
1. megahertz
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"ARAKS' EXPERIMENT. DOPPLER RADAR MEASUREMENTS OF THE EFFECTS OF INJECTION
OF AN ARTIFICIAL ELECTRON BEAM INTO THE NORTHERN HEMISPHERE IONOSPHERE

Apatity ISSLEDOVANIYA PROTSESSOV V AVRORAL'NOY IONOSFERE METODAMI AKTIVNOGO
VOZDEYSTVIYA in Russian 1978 pp 57-76

[Article by M. V. Uspenskiy, Ye, Ye, Timofeyev, Yu., L. Sverdlov]

[Text] During the Soviet-French "Araks" experiments on 25 January and

15 February 1975, the E~region of the northern hemisphere, where intrusion

of an artificial beam was expected, was monitored by a spatially separated

radiophysical radar complex of the Polar Geophysics Institute, The complex
was located in the Kostromskaya and the Vologodskaya regions approximately

500 km south of the expected intrusion of the particles so that at an alti-
tude of 110 km the conditions of the orthogonal approach of the radio beams
to the magnetic line of fcrce were satisfied.

The problem of radio observations included two sections., The first was the
measurement of the parameters of the artificial electron beam after magneto-
spheric transportation, that is, the beam dimensions, the places of its
intrusion, and the transportation time. The second section was devoted to
measuring the conditions of the occurrence of the dispersion itself. It
was expected that the scattering from the dissipation zone of the beam in
the ionosphere permits simulation of the radio aurora under controlled
conditions,

Equipment. Unmodulated monochromatic radiation transmitters were installed
in the village of Nikolo-Shanga near Shar'ya in the Kostromskaya Oblast.
The transmitter was operated on frequencies of 23.2 and 44,96 megahertz,
The signals were received from Sloboda near Gryazovets in the Vologodskaya
Oblast. The distance between Shar'ya and Gryazovets is 300 km. The possi-
bility of penetration of the interfering direct signals of the transmitters
to the inputs of the recelvers has been eliminated at such a distance. In
addition to the two monochromatic signals in Gryazovets, the scattered
pulse signal of the radar was received from Chukhlomy in the Kostromskaya
Oblast on a frequency of 43.8 megahertz. The wide-band 43.8 megahertz
receiver was used simultaneously as a radiometer. :
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Both in the transmission and in the reception, stationary antennas were used
which were orilented to the zone of expected intrusion of the particles.

The aspect conditions of the observation and direction of the antennas are
illustrated in Fig 1, In the first experiment the signal appeared for an
aspect angle of -0,5° (the northernmost part of the trail). Then the observa-
tion conditions gradually became worse so that the latter part of the tra-
Jectory was at an aspect angle of -3°. On the second launch the trail

moved from west to east; the observations were made for positive aspect
angles not exceeding the limits of 0.5°. All of the calculations of the
aspect angles were made for an altitude of 110 km. For an altitude of 100 km
the isolines were ghifted by 1.3° to the south on the average.

a-. 4
.' ~
e

s +I + - + + 460

A (3)‘ T Wapia (4) .
40 4 [1] . 52 ]

Figure 1. Map of the aspect angles of the signal observations
on the first and second launches.
The arrows indicate the directions of the main maxima of the

antennas.
Key:
1. Karpogory 3, Chukhloma
2. Gryazovets 4. Shar'ya

The received signals were recorded on a pen recorder and two tape recorders.
The pulse signal was photographed on an amplitude indicator and range-tige
brightness indicator. The energy potentials of the channels H=PthGr-P;

for 44.96 megahertz~224 decibels; for 23.2 megahertz and for 43.8 megahertz,
~222 decibels. Here Py 1s the radiation power, G, , are the amplifications
of the antenna for transmission and reception; P, s the power .of the actual
noise at the input of the receiver for a 1 kilohertz band -- for continuous
radiation channels ~- and 250 kilohertz -- for the 43.8 megahertz pulse
channel.

On reproduction of the tape recording, depending on the processing condi-
tions, the signals were filtered and copied. Filters were used with pass

bands of 30 and 200 hertz for copying and also 3 and 20 hertz for sonographic
processing. The radiometer used a receiver with a pass band of 250 kilohertz,
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the postdetector filter of 5 hertz and the frequency compensation circuit
for the constant component. The sensitivity of the radiometer was
(2-3)-10-23 watt-m~2 hertz™l,

General Observation Characteristic. In Table 1 the data are summed up from
observations on both launches. The basic peculiarities of the signals and
the provisional form are illustrated in Fig 2. On the launch to the north
on 26 January 1975 the signal is detected after 127 seconds of flight time
and undoubtedly is a consequency of the first electron injection pulse with
a pitch angle of ~70°.

Table 1. Observation of the "Araks" Experiment on 26 January
and on 15 February 1975

Frequency of the observation channels

Operation of the 44,96 23.2 43,8 43,8 megahertz
observation channels megahertz megahertz megahertz radiometer
Launched to the north + data on the +1) +2)
26 January 1975 spectrum

missing
Launched to the east + +4) ' + +3)

15 February 1975

Notes, 1 -- industrial interference with feed network frequency;
2 —- possibly short weak signals occur; 3 ~- emission absent;
4 -- gpectrum with interference

Low frequency fading is noted in the signal with a period of the total
operating cycle of the electron gun of ~13 sec. The maximum signal is
observed at 125-142 seconds, after which its intensity decreases monor
tonically. The switching of the operating conditions of the injector from
27 to 15 kev is clearly not detected in the signal. The increase in the
signal inteusity at 287 seconds attracts attention., After 330-340 seconds
the signal becomes weak, and in the 1 kilohertz reception band it is almost
not detected. The short increase in intensity is observed in the last
section of the injector at 386 seconds, but there is no complete certainty
that this signal is connected with the operation of the gun. The iono-
spheric situation during the launch period to the north is quiet; during
the entire night the natural Hg~scattering was not observed.

For the launch to the east on 15 February 1975, the scattering level was
noticeably lower. The unmodulated radiation channels reveal a signal at
~148 seconds, approximately 4 seconds after the beginning of operation of
the neutron beam.” The signal amplitude 1s extremely low, the signal is
detected only on the sonograms. In the pulse channel the signal appears at
260-262 seconds when the observability of the signals becomes worse in the
unmodulated radiation channels. After 260 seconds, the pulse signal is
observed almost to the end of operation of the injector. The signal has
the form of a series of pulses beginning after injection with minimum pitci
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Figure 2. Basic peculiarities of signals in provisional form,
The time is indicated from the time of launching the rocket,

Key:
1. Radio wave length emission 7. megahertz
2, sec 8. Operating conditions of the
3. Launch to the north electron gun
4, 26 January 1975 9. Pulse channel
5. Operating conditions of the
electron gun
6. Launch to the east

15 February 1975

angles. The variation of the frequency energy by ~295 seconds is not
detected in the signal. The ionospheric situation during the launch to the
east is moderately disturbed. The launch was made in the phase of reproduc-
tion of the substorm of moderate intensity. The natural Hg-scattering was
observed an hour before and an hour after launch,

Dispersion Spectrum. When launching to the north from 127 to 265 seconds,
two frequency components of the signal are clearly present in the spectrum:
unshifted (or, more precisely, slightly shifted) and shifted with respect to
frequency (see Fig 3). For the second component of the spectrum the fre-
quency shift is positive, 55-70 hertz. Such a shift corresponds to the
phase velocity of the nonuniformities along the direction q=k2—k1;
v¢-£D(A/2)(sin(6/2))'1=l94—247 m/sec. Here Kj o are the wave vectors of the
incident and scattered signals, fp is the Doppier frequency shift, 6 is the
scattering angle. The slightly shifted component has frequency shifts from
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=5 to +15 hertz., The velocities of the nonuniformities corresponding to
this are from -17 to +53 m/sec. After the transition to the 15 kev injec~
tion mode, the shifted component of the spectrum with positive Doppler
shift is not observed on the sonogram. Here the unshifted component pre-
dominates, and at certain points in time, weak scattering 1s detected with
a negative Doppler shift. The magnitude of the shift is 30-40 hertz, the
velocities of the nonuniformities are 105~141 m/sec in the direction of
going away from the radar. In the lower part of Fig 3, the ratio of the
amplitudes of the shifted and the unshifted components of the spectrum is
shown. The shifted component is detected by the solid line; the scale along
the y-axis is linear.

The spectra line of the shifted component 1s broader than for the unshifted
component. The shifted component is similar to the natural Hg-scattering,
Fig 4. This scattering from the zone of the expected intrusion of the
particles L=3.7, was recorded at approximately 30% of the observation time
in practice during all of the disturbed periods. With respect to the nature
of the diurnal variation and the relation to the magnetic disturbance and
spectral characteristics, this scattering corresponds most closely to the
auroral nonuniformities of a drift-gradient nature. The unshifted component
has a relatively narrow spectrum. With respect to nature of the signal and
its behavior in time the unshifted component is similar to the scattering
(reflection) on the long-lived ionized meteor trail in the last stage of
evolution of the trail, see Fig 5. The long-lived meteor which was used

in the example was observed on 26 January 1975 at 0233 UT, that is,

14 minutes before launch., For comparison, a fragment of the spectrogram of
the meteor signal ~30 seconds after the appearance of a reflection from the
head part of this meteor was used.

The filtration and detailed measurement of the signal-noise ratio of the
shifted component of the signal demonstrated that the spectral width at the
maximum amplitude at 135-142 secondss30 hertz. In addition to the two
discussed spectral components it is possible that from the beginning of the
signal to approximately 160 seconds there is a third component present in
the spectrum, a broader spectral line which overlaps both signals. This
explains the closure of the structure of the components during the initial
operating period of the injector.

Fading and Delay of the Signals. The signal was copied several times in
different modes to analyze the fading. The long~period commutation of the
gun current (periods of 1.28 seconds ~- modulated pulse —- frequency 25
hertz; 2,56 seconds -~ unmodulated pulse) in the scattered signal was not
reliably detected. The signal modulation with a frequency of 25 hertz was
not detected. The total operating period of the programming unit of the
gun observed in the signal of 12.8 seconds constitutes an exception,
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Figure 3. Behavior of two spectral components of the signal
during the first launch.

In the upper part, the signal spectrum; in the lower part, the
amplitude ratio of the spectral components. On the right along
the vertical the corresponding magnitude of the projection of
the velocity of the nonuniformities on the direction of observa-
tion.

Af, hertz . 5. megahertz
ARAKS~1 6. Signal level
26 January 1975 7. Time, sec
Gryazovets '

Cuswan ~aprato sevepamona (1)

f8uacidsmm (2)
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Figure 4. Sonogram of the Hp-dispersion observed on

23 January 1975 and the signal at the beginning of the first launch,
Along the horizontal, the flight time in seconds, at the bottom,
the operating diagram of the injector on board the rocket.

1 -~ Reference generator signal; 2 -- 18h14.5m; 3 -- transmitter
switched off; 4 -- Hg-dispersion; 5 -- ARAKS-1, 26 January 1975
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Figure 5. Sonogram of the first launch signal, slightly shifted
component. The flight time in seconds is plotted along the
horizontal, the operating diagram of the injector is at the bottom.
The arrow indicates the time the plasmogenerator was switched off,
On the right is the spectrum of the meteor ionization 30 seconds
after the formation of the trail,
Key:
1. ARAKS-1, 26 January 1975
2. Dispersion on meteor ionization

In the case of component by component filtration of the signals and copying
(30 hertz filter) it is possible to increase the signal/noise ratio by
approximately an order, It has been discovered that the shifted component
is observed to 347-350 seconds of the light although after 270 seconds its
intensity is low; the unshifted component appears simultaneously with the
entire signal and drops near 350 seconds. The dropping of the signal at

350 seconds obviously is commected with the increasing shielding of the beam
by the atmosphere with a reduction in altitude of the rocket to 125 km. All
of the remaining operating period of the electron gun is observed satisfactor-
ily in the scattered signal. The signal drops only in the 284-287 second
interval after the first very short 15 kev pulse and in the 323-327 second
interval when the acattering intensity becomes low.

(1)

L ’

p I S W |

i L A i

2f NN WA

or ' ¥
. " ) 44
. . K

. 1
100 0 W cer (2)

Figure 6. Correspondence between the intensity of the slightly
shifted scattering component, the upper curve, relative intensity,
decibels, and the total injection energy along the rocket axis;
- on the left along the vertical in relative units,
Key: 1 -- decibels; 2 -- seconds
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The unshifted component of the signal demonstrates good correspondence
between the scattering intensity and total injectilon energy along the axis
of the rocket P=IE.At, Fig 6. Here I i1s the gun current, E is the energy,
At is the actual pulse duration. It 1s considered that the modulated pulse
has a duty cycle of 0.5. The scattering intensity was measured at the maxi-
mum fadings of the signal with 13 sec period; therefore the course of the
signal is somewhat delayed with respect to the dependence of the total
energy on time., The values of the total energy calculated by the telemetric
data were provisionally reduced to the beginning of the modulated pulse, that
is, the very beginning of injection along the rocket axis. The total dura-
tion of the normal pulse is 3.84 sec.

The first, largest of the peaks in the signal follows the long injection
pulse of 27 kev. As a result of breakdown in the gun, the pulses are fore-
shortened in the other cycles. The scattered signal drops proportionately
tothe decrease. The signal again increases after an increase in the total
energy in the sixth cycle (195-198 seconds) and in the ninth cycle (233-237
sec). With the transition to the injection mode of 15 kev and elimination
of the breakdowns, the signal stabilizes, but the proportionality is violated.
This can be connected with a change #n altitude of dissipatiop of the beam
in the lonosphere. The deep minimum of the signal shown in Fig 6 by the
vertical dotted lines follows one of the minimum P in the fifth cycle (182-
186 sec). Only the modulated pulse was injected here. In the 12th cycle
(271-274 sec) after breakdowns of the gun during the first 17 kev pulse and
very low P the dispersion disappears entirely for some time. This period is
isolated by the solid vertical lines. After the load P in the 8th cycle
(220-224 sec) when a short unmodulated pulse was injected (in contrast to
the fifth cycle), no deep fading is observed.

The delays in the occurrence of the scattering in the case of joint process-
ing of the sonogram (20 hertz filter) and component by component recording
are illustrated in Fig 7. T.2 time of appearance of the signal with respect
to the beginning of injection along the axis of the rocket changed. The
fiducial intervald do not take into account the systematic errors as a result
of the width of the spectrum and different observability of the shifted and
unshifted components. It is obvious that the unshifted component most fre-
quently leads the shifted one by 0.5 to 1.0 sec. The delay is basically

2.5 to 4.5 sec.

The growth time constant of the scattered field measured indirectly by the
signal oscillograms for the middle part of the trajectory when the injection
with a pitch angle of 70° could not erode the minima at 12.8 seconds modula-
tion is 1,~2.5 sec for the shifted component and ty4~1.5 sec for the
unshifted component. Inasmuch as the radio systems do not have significant
sensitivity reserves, we consider that the total delay of the received sig-
nal with respect to the beginning of the modulated pulse T=T;+T,, where

Ty is the transportation time of the beam along the magnetic line of force
from the southern hemisphere to the northern hemisphere (0.6 sec for

27 kev and 0.8 sec for 15 kev [1]), T2=k-Tc’H. For K=1 the relative level
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where the sgianl is detected is -4 decibels to the established value. For
this K the total delay for an energy of E=27 kev will be 3.1 and 2.1 sec,
and for E=15 kev, 3.3 and 2.3 sec for the shifted and unshifted components
f the signal, respectively. For very weak signals delay can:gtill increase
more approximately for the duration of the modulated pulse (1.28 sec). This
is connected with the fact that the current of the unmodulated pulse was
twice as great as for the modulated pulse. Though the unmodulated pulse 1is
detected at the limit, the modulated pulse can turn out to be below the
detection threshold.
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Figure 7. Delays in the occurrence of dispersion.
0 - for unshifted; x ~ for shifted component measured by
the first launch sonogram.
Key:
1. Aspect angle, degrees
2. Signal delay, sec
3. Flight time, sec

In the 43.8 megahertz pulse channel, the launch to the east, the signal
level was very weak. In contrast to the launch to the north the electrons
were injected at an angle of 30° to the rocket axis. The rocket axis had

a significant angle to the magnetic line of force. In the process of rota-
tion of the rocket around the longitudinal axis the pitch angle varied con-
tinuously, and at certain times it passed through zero values,. The scatter-
ing delay with respect to the injection pulses at an augle 30° to the rocket
axis differs insignificantly from that which was observed in the first
launch, Fig 8.

Aspect Sensitivity. As a result of the small sizes of the dispersion

region we shall consider that the intensity of the signal is proportional

to the fourth power of the distance, R4, Let us ignore the changes in the
generation conditions of the nonuniformities along the trajectory of the
particle trace., Then by the known values of the aspect angle, the scatterirg
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indexes can be constructed for both components of the spectrum, Fig 9.

The data for the shifted components are normalized to the signal maximum

at the beginning of the flight. The scattering intensity as a function of
the aspect angle is ~12 db/deg. The data for the unshifted component axe con-
structed in the actual amplitude ratio between the two components. For
normalization of the function it is necessary to raise the points along the
y-axis by 4 decibels., The unshifted component almost does not decrease in
intensity with an increase in the aspect angle. Considering the laws pre-
sented in Fig 6 which were discussed above, we shall consider that within

the limits of 3° this component has no aspect dependence. For analogous
reasons the slope of the curve for the shifted component becomes somewhat
lower. Let us note that the measured steepness of the index for the non-
uniformity responsible for the shifted component of the spectrum coincides
satisfactorily with the data of [2] 10 decibels/deg for the nonuniformities

of natural origin.
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Figure 8. Along the vertical, the dispersion delays with respect
to the injection pulses at an angle of 30° to the rocket axis,
25 February 1975

Key:
1. Delay, °C; 2. ARAKS-2; 3. 15 February 1975; 4. Gryazovets; 5. time,
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Figure 9. Scattering signal amplitude as a function of the
magnitude of the aspect angle. '
* —~ ghifted component; o -~ unshifted component. Along the vertical
is the relative signal intensity with respect to its maximum value,
decibels.
Key: 1. decibels 150
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Concentration in the Beam Intrusion Zone. Let us assume that all of the
electrons reach the ionosphere of the northern hemisphere. As the lower
bound of the transverse dimension of the zone occupied by the secondary
electrons in the reglon of the maximum altitude dissipation of the beam, let
us take the value of 2ry~200 m [3]. The upper limit 1s taken as 1.2 km.
The speed of the trails through the ionosphere U~300 msec~l at the beginning
and -600 msecl at the end of the launch to the north. Then the time during
which the electrons will hit the circle of radius rp, At=2rp,/U. The rate of
ion formation in the ionosphere trail of the beam will be

N

Ve W

where N=I/e is the electron flux, K=E (ev)/30 is the number of ion pairs for
one electron, Ah is the effective thickness of the energy dissipation layer
of the beam amounting to, according to the data of [4], ~10 km, E is the
particle energy, I is the injector current. From (1) it follows that the
rate of ion formation depends on the gun current, the particle energy and
the beam size. Then for a radius of 100 and 600 meters the ion formation
rates will be

g = a.95-m§'- 2.49.10° cujsec‘I, E=27 kev, 1=0.5 amps;
g = 4.47.10° - I.z4.rog aseel, Ea27 key 1-0.25amps;
§3 = 4.97-107 - 1.38.10° cw~Ssee], B.15 ke¥; 1-0.5 amps;

9= 2.4810° - 6.91.-10* cwSsecT, BI5 kew, 1-0.25amps .

For the electron reproduction and loss budget the equilibrium concentration

-1 N .
nery Y maha @)
where o is the recombination coefficient. The ionization growth is

2vYqd at
e -1
(%) -V:Li Q;int* (3)

’
¢ 1

from which for the minimum and maximum beam radii, the maximum concentration
itself in the trail will be:

- 3.75.102-6.25.105 S, Ba2? g, In0.5A, U300 wgee™
ny= 2.27-10°3.78°10%w™>, Ew2? ey, Ix0.25A, U300 Negeg L

ny= 1.52:100-2.53-10° ™, Bal5 kev, Ie0.6A, U =600 Megiac™)
ny= 7.91-T0°-1.32-10% w3, BaT6 key,Tn0.25A, U =600 u-gpg™L
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Here the electron losses were taken into account by the coefficlent of
effective recombination which we shall assume to be ueff"5-10'7 cm3sec™l [5].
The proportionality of nj and n4 to the gun current almost indicates that
the recombination here insignificantly influences the maximum concentration
in the trail.

The shape of the trail in the plane orthogonal to the magnetic line of force
will depend strongly on the radius of the trail. For minimum radii the
longitudinal and transverse dimensions are distinguished significantly. For
example, for rp=100 m in the initial part of the trajectory the trail dimen-
sions are 200x1350 meters; in the final part of the trajectory 200x2500 m,
and for rp=600 meters these values are 1200x2350 and 1200x3500 meters
respectively for the total pulse duration of 3.84 sec,

The decrease in concentration on completion of ion formation

{
n(f)‘mv (4)

where ng is an initial concentration. 1, 5, 10 and 20 seconds after depart-
ure from the range of effect of the beam the maximum and minimum initial
ionizatiomsn;_, decrease to the following values:

t=I see, 7{I) = 1.3-10° - I.24-105 cu~3
t=5 sae, n(5) = 3.6-10° = 0.99-10° eu™3,
t2I0.gao N(I0) = 1.9+I0° - 0.79-10° cu™3

t=20 gap 1(20) = 0.97-10° = 0.57-10° s,

The residual beam ionization is approximately an order greater than the
background even after 10-20 seconds. Thus, the estimate of the decrease in
ionization from expression (4) is sufficiently correct.

Unbiased Dispersion Component. The characteristic features of this component
of the signal spectrum are to a great extent similar to that known from the
radio observations of the long-lived meteoritic ionization. This includes
the absence of the aspect dependence of the dispersion, Fig 9. In addi-
tion, in our observations ithe close nature of the fading and the type of
signal spectrum was noted. There are also significant differences. The
beam forms a comparatively thick trace, the denmsity of which is always
below critical. This distinguishes the initial stages of occurrence of the
signals cardinally. The gradient with the characteristic dimension ry is
not capable of giving noticeable reflection; as an illustration of the
impossibility of noticeable partial reflection on the gradients, let us
consider the unrealistic situation of nonuniform structure of the zone of
intrusion with characteristic size of the nonuniformities equal to the
gyroradius of the electrons ~10 m,E=27 kev. Such nonuniformities must
disappear on decay and expansion of the beam in the dissipation zone. If
the concentration gradient
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i_n_ n -x%/a
dx 17“ ' ’

(5)

then a decrease in the reflection coefficient bg 5omparison with the sharp
boundary can be considered by the relation c=3~8T Substituting
A=6.7 m, we find ¢~10~76, This is an extremely weak gradient reflection.

Inasmuch as the initial concentration is much below the critical, and the
gradient reflections are too weak, the only explanation of the observed
dispersion can be the fine-scale turbulilzation of the trail, The low phase
velocities and narrow spectrum complicate the application of the mechanisms
of plasma turbulization. For analysis of the situation let us use the
calculations of the preceding section. The signal becomes maximum approx-
imately 4-6 seconds after the beginning of injection; at that time the
initial concentration decreases to the level (1~4) 105 en~3, The volume of
the region occupied by the beam changes during the flight process, first,
as a result of variation in the velocity of the trail, and, secondly, as a
result of breakdowns of the gun and, as a consequence, shortening of the
current pulses. Let us assume that the volume occupied by ionization does
not depend on the energy, but is determined only by the duration of the
current pulse and the velocity of the trail. It is obvious that after
normalization by volume (Fig 10) the experimental points of the dispersion
cross sections for the beam energies of 15 and 27 kev were .divided into

two groups with a difference in the cross sections by approximately an
order. With a 15 kev beam the dispersion is weak. This agrees with the
decrease in the effectiveness of the turbulization of the trail with an
increase in altitude.

Shifted Component of the Dispersion. With respect to nature of the spectrum,
this component is similar to the ordinary radioaurora (RA) or Hp-dispersion.
Let us consider the possibility of the generation of RA as a result of the
traditional mechanisms of plasma instability in the E-region [6]. Let us
estimate the characteristic values of the fields and currents in the intru-
sion zone on the basis of the following model problem. The longitudinal
current of the intruding electrons leaks orthogonally to the planar iomo-
sphere with interval conductivities Iy and I Outside the intrusion zone,
according to [7], we set I /ZH ~1 and I_=0.2 gohs The maximum energy re-
lease of the electron flux with E-27-E5 kev is near the altitude maximum
of the Hall conductivity. Inside the intrusion zone Iy/I, =4, which
corresponds approximately to the brightness radiant arcs in the natural
aurora polaris [7]. Let us consider the presence in the ionosphere of a
background westerly electron field Eg=2 mv/m [8]. Let us neglect the beam
logses during transportation and the variations of its transverse cross
section as a result of dispersion of the velocities in the presence of
magnetospheric drift,

Let us consider that the E~region of the northern hemisphere within the
boundaries of the intrusion zone of the current density is constant, and

it drops sharply to zero on its boundary. With a current diameter of ~200 m
and a speed of movement of the beam thraugh the ionosphere of ~300 msec™

153

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200090015-4



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200090015-4

FOR OFFLCLAL vow unLY

in 0.5 seconds the problem can be considered stationary. Let us divide the
problem into two parts, 1. Closure of the beam current on a counter
longitudinal current and leakage currents through the ionosphere, Fig lla.
2, Flow around the reglon of Increased conductivity by background iono-
spheric currents, Fig 11b. The latter part is a speclal case of the solu-
tion of [9] for Ly=0 or the solution of [10] for equality of the ellipse

halfaxes.
m-‘
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Figure 10, Relative magnitude of the volumetric scattering
cross section for the unshifted component. The dotted line
indicates the time of change in injection energy.
Key:
1. sec
2, 15 kev

The choice of the circuit in problem 1 is determined by the requirement of
minimum resistance., As the estimates show, the closure only as a result of
the counter flow along the intrusion tube requires a velocity of the
counter transfer of the baclground plasma at the apex of the line of force
which exceeds the speed of sound by an order. The anomalous resistance
occurring in this situation would significantly increase the resistance of
the leakage circuit [11].

In the adopted model the closure in the ionosphere is realized by radial
Pedersen currents. Near the outer boundary of the beam their linear
density io=l/2nrb~a-km'1. The required maximum radial field for I=0.5 amps
and rp=100 m can be found in terms of the integral Pedersen conductivity
E=10/Zp~4 mv m~l., Considering the counter longitudinal currents, this field
will decrease outside the beam proportionally to r~2, The linear density
of the Hall currents in the outer zone will be approximately the same here,
for outside the trail I %I;, From the continuity of the normal component
of the current at the boundary we find the electric field near the inside
edge of the intrusion zone. Ei=(2po/2 i)E0~(10'1)E0, where the index 1
refers to the internal parts of the zone, and 0 refers to the outer parts
of the zone, The cross section of the counter background current is
appreciably greater than the beam cross section; therefore inside the
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Figure 11. Spatial structure of electric fields and currents in
the vicinity of the beam intrusion:

a —- closure circuit of the beam current. Inside circle, beam
cross section, rg=100 meters; b -- flow around the inf:rusion zone
by the background ionospheric currents, Eo —-— background field
of westerly direction., Ep —— polarization field., The dotted
line indicates the current line.

electric field decreases primarily toward the center. Let us assume that the
thickness of the current leakage layer through the ionosphere is equal to the
thickness of the layer of maximum energy release of the beam of ~10 km. Then
the surface density of the currents ~0.8 10-11 amps/cmz. Hence, the rela-
tive speed of the charged carriers near the outer boundary of the intrusion
zone: V=V1-V2=j/£n0. For the night subauroral E-region under the conditions
of absence of magnetic activity of the first launch let us take ng~2.10 cm=3,
Then we obtain V~250 m/sec, which 1is close to the threshold velocity of

the excitation of the Fali-Buneman instabilities. Thus, outside the trail
near its boundary for ry,*100 m and I=0.5 amps, nonuniformities of type 1

can be formed [9]. However, this conclusion is very critical to the varia-
tion of the model parameters; thus, already for np=5-10 em™3 and r~200-300
meters, Ujg<<Vg. The solution of problem 2 will be the solution of the
Laplace equation in the coordinates r, ¢ satisfying the boundary conditions
of the continuity of the potential and normal component of the current for
r=rp. At infinity the total field must equal the background., For potential
polarization we obtain the solution which decreases in the form of the

field of the two-dimensional dipole on removal from the region of Increased
conductivity, Fig 1lb. It is easy to obtain an expression for the tangent

of the slope angle of the dipole axis with respect to Ep

-' ZZE(Z"{-Z..O) (6)
Y @ =Zy,) +(Z‘,1-ZP°)'

where the index "i" refers to the inside part of the trail, and "o", to the
outer part of the trail., Since in the given case the conductivities inside
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the trail are an order greater than the conductivities outside it, it 1s
convenient to use the approximate -expression;

A
tg¥= hor where A- 2 /Epi

Here ¢183°, and the total field near the outer boundary exceeds by almost
2 times the background field -- Ej —- that is, it will be .4 mv/meter.

The superposition of problems 1 and 2 leads to an increase in the electric
field in the western sector of the trail to 8 mv/m and attenuation to zero

in the eastern sector. The constriction of the sector of generation of the
nonuniformities leads to a decrease in width of the signal spectral line to

a value proportional to Vz/2. The doubling of :the field to 8 mv/meter some-
what expands the limits of the model parameters causing type 1 nonuniformi-
ties. However, only in a quite narrow range of the parameters rb~(l—2)-102 m,
ng~(1-2)-103 cm~3 1s it possible to explain the behavior of the shifted
component by the Fali~Buneman mechanism.

The second basic mechanism responsible for the generation of current non-
uniformities in the E-region is the drift-gradient instability. Inasmuch

as from all sides of the beam the gradient is directed toward the center,
the conditions of excitation of the nonuniformities of drift-gradient origin
theoretically are satisfied. Here, the maximum increment will coincide

with the maximum of the electric field, that is, the best conditions for
excitation are found approximately in the western part of the beam. This
picture is explained in Fig 12. In addition, here it is considered that

on the lower altitude section of the beam an additional contribution to

the gradient (in the direction across the magnetic line of force) is made

by the vertical gradient component directed toward the pole. Then the
resultant gradient will be increased somewhat from the southerly direction
and will be decreased from the northerly direction, that is, the best con-
ditions for excitation are shifted to the southwestern sector, and the
magnitude of the sector deccreases. This coincides qualitatively with the
fact that immediately after the occurrence of scattering, the signal spectrum
was wider, and after some time it became more narrow; here its Doppler shift
decreased slightly.

The horizontal gradient of the concentration near the trail is quite large.
The characteristic length where the concentration changes by its amount

He (L gy ™)

Mg de

is close to the radius of the trail ry. For such high gradients generation
of the nonuniformities directly of the scale L=()/2)(sin(8/2))"1~3.6 meters
is possible, where A is the wave length on which the sounding is done, 6 is
the dispersion angle of the signal in the case of bistatic observationms.
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K

Figure 12, Schematic of the electric fields, the gradient and
the drift velocities near the outer edge of the beam.
The vector K indicates the direction of observation.

A moderate drift velocity is required here

A\ TR

kv o, H Y d;
e, UreE) @®)

S, e i

Let us take vg=1.6-10% secl, v;=103.sec™], 0.=107.sec™), 0;=1.8.102sec-1,
where ve and vy are the electron and ion collision frequencies, flg and Q4
are the electron and ion gyrofrequency. For H=100 to 600 meters from (8)
we obtain the drift velocities V4~ (60-350) msec~l., With a decrease in
gradient with decay of the trail, generations of small-scale nonuniformities
can be promoted by nonlinear mechanisms [6]. Thus, the drift-gradient
mechanism of generating nonuniformities makes it possible to explain the
basic characteristics of the shifted component of the scattering spectrum.

The observation of the negative Doppler shifts with transition to 15 kev
injection agrees qualitatively with turning of the current jets as a result
of a change in altitude of intrusion. A quantitative comparison is difficult

- as a result of measurements of only one projection of the drift velocity
vector,
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RADAR OBSERVATIONS OF DENSE IONIZATION CREATED BY AN ARTIFICIAL ELECTRON
BEAM

Apatity ISSLEDOVANIYA PROTSESSOV V AVRORAL'NOY IONOSFERE METODAMI AKTIVNOGO
VOZDEYSTVIYA in Russian 1978 pp 77-88

- [Article by I. A. Zhulin, A. V. Kustov, M. V. Uspenskiy,
T. V. Miroshnikova]

[Text] Within the framework of the active "Zarnitsa" experiments performed
under the direction of Academician R. Z. Sagdeyev, radar observations were
made of the lonospheric effects of the decay of the artificial beam. In
the "Zarnitsa-2" experiment performed on 11 August 1975 at 23040m Moscow
Standard Time, in the part of the trajectory discussed below, the electron
beam has the following parameters:

Electric energy ~7 kev;
Beam current ~0.45 amps;
Pitch angles of injection 30-40°;
Injection altitude 95-78 km,

The rocket was launched from the vicinity of Volgograd.

In this paper the results are presented from observations of the special
types of reflections of a signal by dense artificial ionization which
occurred only after submersion of the rocket below 100 km. A discussion is
presented of the diagnostic possibilities of such radar observations. Some
results and conditions of performing the "Zarnitsa" experiments are dis-
cussed in references [1, 2].

Observations. A two-frequency radar was used with unmodulated monochromatic
radiation on frequencies of 23,2 and 44,96 megahertz. Transmitters were
located in Troitskoye, the Kalmytskaya ASSR, and the receivers were located
in Belyy Il'men', Astrakhanskaya Oblast, The spatial separation of about
310 km excluded the direct penetration of the disturbing signals of the
transmitters to the receiving inputs. The radar was located approximately
300 km south of the zone of the expected intrusion of the particles in such
a way that at altitudes of 100-110 km the conditions of orthogonality of
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the vector were satisfied K=K,-K,; to the magnetic line of force. Here Ei 2
are the wave vectors of the inciéent and reflected signals. The observa- ~
tions are performed for stationary antennas with a width of the radiation
pattern in the azimuthal cross section of about 50° for low frequencies and

_ 30° for high frequencies. This provided for untuned observation of the
entire territory of the ionospheric trail of the electron beam, Both of
the received signals were recorded by a pen recorder and a tape recorder,

The magnetic recording made it possible to perform a further detailed study
of the amplitude and spectral characteristics of the signals. The parameters
of the radio devices are as follows: radiation power ~750 watts, reception
band for the recording of the pen recorder of 1 kilohertz for both channels,
amplification of the antennas ~13 and 18 db considering the effect of the
earth for low and high frequencies, respectively, In Fig 1 the observed sit-
uation is shown provisionally for the time of a prolonged injection pulse
(0.6 sec). The wave vector K is approximately perpendicular to B; the
observation azimuth, that is, the angle between the velocity vector of the

- ionospheric trail of the electron beam Vg and K is ~143°, Thus, the radar
observes at an angle of ~53° with respect to the perpendicular to the wide
wall of the loop of the secondary ionization flare.

After 300 seconds of flight the rocket dropped below 100 km, the electron
- gun continued to operate stably to an altitude of 78 km. During this period
the signals were observed, the nature of which differed significantly from
that which occurred in the remaining part of the trajectory. This paper is
- devoted to a study of the peculiarities cf this type of signal. Primary
attention is given to the effects observed after switching off the electron
gun.

Figure 1. Conditions of observations of radio reflections during
a long injection pulse.

K1, Ky -- vectors .of the incident and reflected waves, VB — beam
velocity vector.
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Scattering or Reflection? An example of a signal recording is presented in
Fig 2. The two types of signals are easily distinguished: the first for
operation of the injector, and the second, after it is switched off. 1In

the first mode (with the electron gun operating) the signal has a significant
Doppler shift. The magnitude of the shift varies with rotation of the rocket
and, as a consequence, variation of the pitch angle of the injection. The
width of the signal spectrum is several hertz, The velocity component of
motion of the nonuniformities along K can be determined from the expression
Ve=A-Fp/2sin(6/2), where Fp 1is the Doppler shift of the signal, 6=116° is
the dispersion angle (the angle between the vectors K; and. Xy during the
investigated time period). The average magnitude of the shift at high fre-
quency corresponds to a velocity of ~540 m/sec, at low frequency ~460 m/sec;
the total variation of the velocity is ~230 and 270 m/sec, respectively,
Thus, each of the frequency channels of the radar sees its zone of formation
of the signal. . 4
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Figure 2. Doppler spectrum and amplitude of the reflected signal
for the long and short injection pulse.

Key:
1. Signal level, db 4. 44,96 megahertz
2. Doppler shift, hertz 5. 23.2 megahertz
3. 23.2 megahertz 6. Flight time, sec

After switching off the electron gun the picture changes sharply. The
Doppler shift becomes entirely significant with respect to magnitude., The
signal decreases its intensity smoothly and disappears after some time. The
average lifetime of the signal on low frequency is ~0.4 sec, and on high
frequency, ~0.1 sec. This law is illustrated in Fig 3. Inasmuch as the
lifetime of the high-frequency signal is commensurate with the time of
establishment of the signal in the filter of the spectrum analyzer, the
accuracy of measuring the ratio of the echo durations is no better than 30%.
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Let us note that at high frequencles this signal is observed not after each
injection pulse. This is connected with strong dependence of the amplitude
of the first type of signal oun the phase of rotation of the rocket. If the
completion of injection coincides with minimum amplitude, the "regidual"
signal is not observed.
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Figure 3. Ratio of the echo times on high and low frequencies
Key:
1. Duration ratio of the echo
2. Injection altitude, km

Let us discuss the second type of signal observed after switching off the
electron gun. It also has a spectral line with a width that does not exceed
several hertz. It is most probable that such a signal is formed as a result
of reflection from dense secondary ionization caused by decay in the iono-
sphere of the primary electron beam injected from on board the rocket. A
confirmation of the proposition of the mirror reflection is the lifetime of
the signals and the ratio of their duration at different frequencies. In
neglecting the confusion, the variation of the concentration in time from
some initial level ngy is subject to the law

\
n(t) = I_/'n,_otl:;—), .
Key: 1. eff

where og¢¢ is the effective recombination coefficient. The lifetime T, 2
of a dense flare with concentration n>nj »

Kls | 1
T"zn -‘,w.(—-ﬂ"z T'ﬁ"‘ ’
Key: 1. eff

T - 2

where np>>ny 9 wywy are the radar frequencies. This corresponds to the
measured ratlo o% the echo durations. The recombination decay to
n1-6.6-106 em~3 (which corresponds to the critical frequency of 23.2 mega-
hertz) for the time ~0.4 sec is insured for a recombination coefficient
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aeff=3.6-10'7 cmdsec~l, In addition, it 1s somewhat extraordinary that the
lifetime of the signal and, consequently, the recombination coefficient, in
practice does not change on submersion of the rocket in the dense atmosphere
in the altitude range from 95 to 78 km, This problem requires further study
and explanation. The value of agff obtained from observing ionization decay,
Just as an average value for the given altitude range, does not contradict
the data of other experimental measurements [2] (Fig 10).

It must be noted that the analogous ratio of the echo durations will be
observed for scattering on weak nonuniformities decaying as a result of
diffusion. Such nonuniformities, for example, could occur as a result of
turbulent mixing of the atmosphere [4]. The characteristic scale of the
observed nonuniformities here must be L=(A/2)(sin(6/2))~l. Inasmuch as

the spreading time T~L2/D, where D is the diffusion coefficient, here again
(T1/T2)a(w%/w%). However, taking the diffusion coefficient of ~10 m2 sec‘l,
at low frequency we obtain T;~5.6 sec which differs from the observations
significantly. Below we shall present another proof confirming the
hypothesis of the nature of the reflection on the basils of the direct
estimates of the dimensions of the flare and the density of the secondary
ionization,

Effective Radius of the Secondary Ionization Flare. Let us take the delay

in the occurrence of the reflections with respect to the beginning of the
injection pulse of 0.02 sec as the initial value. This delay is established
after 305 seconds of flight. The measurement of the delay for high frequency
was performed by the observation data of A. Kh. Pyats' and Yu. F. Zarnitskiy
from Prudovyy with more precise determination of the time scale of the
recorders with respect to the beginning of the radio emission pulses, The
accuracy of measuring the delay of 0.02 sec is no better :than 50%.

The growth of the secondary ionization in the flare after switching on the

injector
S S i N W
“oppy T
Ke;: 1, eff

where q is the ion formation rate. Fcr a time of t<0.02 sec the approxima-
tion n(t)=qt is suitable. The rate of ion formation can be calculated with
some indeterminacy on the part of the longitudinal dimensions of the flare
with respect to the known initial beam parameters. Indeed,

q- Lkt (2)
where I is the beam current, K=E/30 1s the coefficient taking into account

the number of secondary electrons created by one primary, E is the energy
of the primary electrons; V=nr%z is the volume of the flare, assuming it
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equivalent to a cylinder; r, 1s the radius of the flare, For such approx-
imate calculations within tﬁe limits of the entire flare gq=const, From
(2), knowing the delay in the occurrence of the signal and the value of ng,
let us determine the radius of the flare

Tkt 3)

Nyt
" I x-tznyg «9.(u.

The calculation of ry by formula (1) decreases the radius of the flare to
8.7 m, which is insignificant for our accuracy. The length of the flare
along the magnetic line of force is taken as 2=2:103 meters.

The growth of the concentration in the flare will continue for the time
interval At=2re/V‘¥:,t where V| is the speed of the beam in the plane perpendic-
ular to the magnetic lines ~of force. The actual magnitude of At for

303-305 seconds of flight is about 0.06 seconds. The maximum concentration
which can be reached in that time, considering aeff=4310~7 cm3sec™! is
4,9.107 ecm~3, Here and hereafter we shall use the value of aeff calculated
by the lifetime of the signal after switching off the beam. The performed
estimates of the electron density in the flare also confirm the hypothesie

of reflection of the signal by dense ionization.

Shape of the Flare, Concentration in the Loop, Decay of the Flare., On the
basis of the discussed laws of the nature of growth and decrease in ioniza-
tion, neglecting the diffusion and the electrodynamic processes of the
drift and turbulization, maps have been constructed of the distribution of
the ionization in the transverse cross section of the flare (perpendicular
to the magnetic lines of force) for different points in time after the
beginning of operation of the electron gun, see Fig 4. It is assumed that
the injection is carried out in pulses with duration of 0.06 and 0.6 sec.
The pictures for subsequent times denoted, for exampiz, 0.6 to 0.l sec and
0.6 to 0.4 sec, illustrate the decay of the flare 0,1 and 0.4 sec after
switching off the gun. The points were used to plot the isolines of equal
electron density every_ 2 decibels; the reckoning is done with respect to
the level of 1.107 cm™ Thus, the level of +6 decibels corresponds to
ionization of 4-107 cm™>. Inasmuch as the concentration distribution in
the transverse cross section of the flare is provisionally taken as rectang-
ular, the variation of the concentration from the long side of the cross
section is also sharp, This provisionalness must be taken into account for
the interpretation.

For high frequency the critical value of the electron density is close to
the +4 decibel level. Thus, here the flare has a relatively short loop.
The total length of the flare along the velocity vector beam is ~30 meters;
- transverse cross sectilon in accordance with the estimate of rp is 18 m.
For low frequency the flare acquires significant loop., Here the critical
value of the density is ~-2 decibels; the flare length is ~120 meters; the
width is 18 meters. After switching off the gun the length of the flare
decreases sharply, After 0.1 seconds, the low-frequency radar sees the
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localized region ncar the rear edge of the beam (correspondingly, its posi-
tion at the time of switching on the gun). For the low-frequency radar the
loop is reduced to 90 meters. After 0.4 seconds, the ionization decreases
below -4 decibels,

The significant loop of the flare, the length of which varies during the
process of operation of the gun and movement of the rocket, determines the
azimuthal anisotropy of the reflection which varies in time. It is obvious
that the maximum signal will be observed for orientation of the beam
normally to the surface of the loop.

In Fig 5 we have calculated the relations for the azimuthal anisotropy of
reflection. For the calculations the diffraction effects were not taken
into account which are significant for amplitudes near 0 and 180°. Here the
transverse dimensions of the region participating in the coherent reflection
are significantly greater than the wave length,

Reflection Indexes. In the plane passing through the magnetic line of force,
the reflection index for a thin cylinder-is

sin(Kzsin#)7 4

o [ S ) “
where K is the wave length, z is the cylinder length, ¥ is the aspect angle
(the angle between the radial beam and the cylinder axis). Hence, the

flare length can be estimated as z~0.44A*/A 1.5-103 meters. Here

A=) (8in(6/2))~1, A 1is the experimentally measured width of the reflection
index. These index measurements turned out to be possible with respect to
the current variation of the reflection amplitude during the flight time of
the rocket through the point of orthogonal reflection (the point of the
maximum signal) for 303.7 seconds of flight of the rocket. For low frequency
this relation is shown in the lower part of Fig 6. In the upper part of the
figure we have the curve for the current values of the aspect angle at the
flight altitude of the rocket.

Unfortunately, the estimates of the observed and calculated values of the
reflection cross sections differ noticeably. The cross sections were cal-
culated on the basis of the above-discussed estimates of the shape and the
dimensions of the flare. Then for the known area of the coherent reflection
A the effective cross section 0=47A%/a., The low value of the observed signal
could be explained by the roughness of the flare as a result of various
plasma instabilities duxing the injection time. However, the nonfluctuating
nature of the 23.2 megahertz signal with picture is the most convenient for
interpretation, does not support this hypothesis. It is most probable that
the greater part of the noncorrespondence 1s due to the equipment effects
with significant buildup of the signal amplitude. Actually, the recorder
was designed for reception and recording of relatively weak signals observed
for high injection altitude.
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Figure 5. Reflection cross sections as a function of observation

azimuth,
Solid lines -- different times of beam injection; dotted lines —-
injection switched off. Observation azimuth —- angle between the

vector R=K,-K; and the plane passing through the vectors B and Vg-
Key:

. megahertz

. sec

. Azimuth, degrees

. Scattering cross section, decibels
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Estimation of the Background Concentration of the Ionosphere Plasma. The
maximum reflection amplitude on the frequency of 23.2 megahertz has been
observed at 303.7 seconds of flight (see Fig 6)., This clearly does not
correspond to the zero value of the aspect angle. 1In addition, the latter
function was calculated for the current altitude of the rocket although the
flare is located somewhat lower. The dotted lines, the upper solid line

in the upper part of Fig 6, indicate the values of the aspect angle expected
for the point 2 km below the rocket. Thus, the noncorrespondence between
the maximum amplitude and the zero value of the aspect angle increases to
0.7°, which can be explained by the lonospheric refraction which distorts
the trajectory of the radio beam almost before the "encounter" with the
flare itself. A significant argument in favor of the refraction distortion
- is the positive sign of the rotation of the beam which 1s characteristic

of ionospheric refraction (on the lower edge of the ionosphere). Inasmuch
as the angle of refraction rotation of the beam does not depend on the
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concentration profile but is determined only by the initial and final
values of the refraction coefficient, here we obtain the possibility of
the inverse calculation of the background concentration directly next to
the flare.
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Figure 6. Variation of the aspect angle and amplitude of the
23.2 megahertz signal with time.
The dots on the amplitude curve are the short injecticn pulses,

and the circles with dots are the long injectiomn pulses.
Key:

1. Flight time, sec 4,

2. Signal level, decibels
3. 23 megaherts

Aspect angle, degrees
5. Rocket altitude, km

For known coordinates of the tranmsmitter, the receiver and the reflection
point calculation presents no theoretical complexity. If ax, ay, a, are
the unit vectors of the vector K at the reflection point, and by, by, bz
are the unit vectors of the magnetic line of force, the angle between

the vectors y=arc cos(axbx+a b +azbz). For some concentration near the
flare, each of the beams chagng angle to the horizontal plane at the
reflection point in accordance with Snell's law n2cos¥=cos aj. Here aj is
thg beam angle with respect to the horizontal plane neglecting refraction;

o™ 1s the beam angle considering refraction. The refraction coefficient
is calculated from the ordinary expression

- xl* 0.5
- np* [I - %‘w‘ﬂnﬁ)'] ’
e and m are the electron charge and mass, v 1s the effective frequency of
the collisions; outside the lonosphere it 1s assumed that nj=1. Calculating
the distortions of each of the beams in accordance with the values of

a}(t) and aj(r), we find the new unit vectors a'y, a'
¥

» a', and the angle
. The indexes t and r refer to the beams from the {ransmitter and the
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receiver, respectively. With the same accuracy with which we can know the
position of the magnetic line of force, we find that the background concen~
tration ny=5:10% cm™3, For an altitude of 92-93 km in the middle latitudinal
ionosphere at night this turns out to be somewhat high, It is most probable
that this 1s caused by the error of 0,15-~0.2° in the data on the position of
the line of force (basically its inclination). With an increase in the
inclination by 0.15° the concentration becomes 4:10% cm™ . When determining
the background concentration by independent means the discussed procedure
permits highly accurate determination of the actual position (inclination)

of the line of force directly next to the flare.

Spectral Observations of the Motion of the Flare. As was noted, the Doppler

shifts of the reflections with beam switched off are solved, Fig 7 shows

the altitude behavior of the drift velocity component along the direction

of the vector K constructed by the data from simultaneous measurements

using two radars. In contrast to the above-noted effects during operation

of the beam, here the Doppler shifts are mutually joined satisfactorily,

The altitude of the measurements was taken equal to the rocket altitude.

The obtained velocity distribution can be interpreted as the altitude pro-

file of the ionospheric wind. In addition, here we are dealing with "strong"

nonuniformities in which the concentration is appreciably greater than the

background concentration. The dimensions of the nonuniformities are tens and

hundreds of meters. The quite complete solution of the problem of the move-

ment of such nonuniformities in the D-region is unknown to the authors. How-

ever, on the part of the wind measurements and the behavior of the "strong"

nonuniformities the situation is similar to that which occurs when observing
- the overdense ionized meteor trails. In addition, the actual values of the

wind velocity and the altitude gradients of the velocity [5] confirm our

hypothesis of a wind nature of the altitude behavior of the Doppler shift.
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Figure 7. Altitude section of+th§ wind velocity projection in
the direction of the vector §=K2- 1

Key:
1. Altitude, km
2, Velocity, m/sec
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SURFACE RADIOPHYSICAL OBSERVATIONS OF THE LEAKAGE OF PARTICLES IN A
MAGNETICALLY CONJUGATE REGION IN THE NORTHERN HEMISPHERE IN THE SOVIET-
FRENCH 'ARAKS' EXPERIMENT

Apatity ISSLEDOVANIYA PROTSESSOV V AVRORAL'NOY IONOSFERE METODAMI AKTIVNOGO
VOZDEYSTVIYA in Russian 1978 pp 89-96

[Article by Yu. F. Zarnitskiy, A. Kh. Pyatsi, Yu. L. Sverdlov]

[Text] The ground observations in the experiment with artificial injection
of high-energy electrons into the ionosphere ("Zarnitsa" experiment) demon-
strated that the meteor-range pulse radar can be used successfully to record
the intrusion of these electrons into the E-region of the ionosphere. How-
ever, the detection of the signals reflected by the region of the ionosphere
subjected to the effect of the intruding particles (and, hence, intrusion
detection), is possible only under the condition that the aspect effect
characteristic of the scattering of radio waves analogous to the aspect
effect observed during auroral scattering at high latitude is taken into
account when organizing the observations: the backscattering of the radio
waves 1s most intense when the radio beam is orthogonal to the earth's mag-
netic iield.

Fig 1 shows the position of the pulse radar, and the zones plotted in which
intrusion of the electrons was expected during the periods of the first

and second rocket launches in the "Araks" experiment. The same figure shows
the isolines of the aspect angles (the angies of the deviations from the
normal to the magnetic field of the earth of the radar beam at an altitude of
110 km) calculated without considering refraction.

The width of the antenna radiation pattern in the horizontal plane with
respect to the 3 decibel level was 12°, which made it possible to cover in
practice the entire region of the expected particle intrusion on the first
launch. During this launch (26 January 1975), the radar antenna was
oriented along the 12.5° azimuth (indicated by the arrow in Fig 1), During
the period of the second launch (15 February 1975), rotation of the antennas
to the east by 5° was planned., Up to 195 seconds after launch it was
_ oriented along the 21.5° azimuth, and after 195.2 sec, along the 26,5°
azimuth, :

171
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200090015-4



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200090015-4

s { | 1 |

Figure 1. Position of the pulse radar with respect to the
zones of expected particle intrusion in the northern hemisphere
during the periods of the northern and eastern launches.

The solid lines represent the isolines of the equal angles at
the deviation from the normal to the magnetic field of the
earth of the radio beams at an altitude of 110 km calculated
without considering refraction. The arrows indicate the
direction of the antenna in the horizontal plane.

For the observations the pulse radar was used with the following parameters:
operating frequency 43.8 megahertz, duration of the sounding pulses 8 micro-
seconds, frequency of their repetition 100 pulses/sec, power of the trans-
mitter per pulse 80 kilowatts. The direction in which ‘the gain of the
antenna in the ver:iéal plane is maximum was such as to insure optimal
conditions for the reception of reflections from an altitude of 110 km from
the zones of the expected particle intrusion. 1In order to insure continuity
of the recording, use was made of the brightness display on the oscillograph
screen which was photographed by a movie camera with continuous winding of
the film, and the antenna was left stationary.

During the first and second launches, the occurrence of reflecting formations
was recorded in the regions of expected intrusion of the particles. The
evolution of these reflecting formations in time and their displacements

in space were clearly connected with the nature of the operation of the guns
on board the "Eridan" rockets and with the movement of the rockets them~
selves.
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Figure 2. Example of the recording of a reflected signal during
the first launch

Figure 3. Example of recording of a reflected signal on the
second launch,

An example of recording the reflected signal during the first launch is
presented in Fig 2, and the second launch, in Fig 3.

The signal was more intense during the first launch. This is connected pri-
marily with the fact that the region of intrusion of the particles on this
launch was closer than in the second launch. Therefore the characteristics
of the particle eruptions in the northern hemisphere and their relation to
the operation of the gun can be discovered by the results of the radio-
physical observation during the first launch (26 January 1975).

Fig 4 shows the slant range to the reflecting formations as a function of
time reckoned from the time of launching the rocket during the first launch
- period. A more detailed relation of the reflection characteristics to the
gun operation is seen in Fig 5. This figure shows the variation in time of
the slant range to the reflecting formations occurring in the 14 operating
cycle of the gun (13 kev), and the dependence of the reflected signal level
on time obtained by photometric recording of a movie film with brightness
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The echo in this cycle occurred initially at a

slant range of 432,8+l km with a delay with respect to the beginning of the
injection upward (along the axis of the -ocket) of 2.6 sec. During the time
equal to approximately the total injection time on the rocket axis =~ 3,84

sec -- a tendency toward a decrease iIn the slant range was observed.

Then

this trend stopped, and the reflections continued with breaks approximately
for 13 seconds out of the range interval equal to displacement of the rocket
across the earth's magnetic field for 3.84 seconds.
slant range fluctuated very rapidly within the limits of this interval

The value of this

(2.3 km).
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Figure 4. Slant range to the reflecting formations occurring as a

result of operation of the gun asa function of time reckoned from

the time the rocket was launched to the first firing peiod.

Key: (1) time, sec
Approximately 2.5 sec after the beginning of injection along the rocket axis
in the next (15th) cycle the reflecting formation occurred on a range of
425.8 km, that 1s, for the period approximately equal to the injection cycle
-- 12,8 seconds -- the slant range to the region of intrusion of the particles
decreased by 7 km, which corresponds to displacement of the rocket across
the magnetic field for 12.8 seconds. No reflections which could be related
to the injection at an angle of 70° to the rocket axis were observed on the
l4th cycle. It must be noted that for the injection of particles with an
energy of 13 kv in general no such reflections were detected. For injection
of the particles with an energy of 27 kev on the ascending part of the tra-
jectory (during the period of the first few cycles), reflections were

- recorded which could be related to the injection at an angle of 70° to the
rocket axis.

The data on the delay of the occurrence of the reflecting formations in the
northern hemisphere with respect to the injection times on board the "Eridan"
rocket are presented in Fig 6. For the injection time, the total injection
time in the given direction with respect to the rocket axis was used. In
cases, for example, where there were no breakdowns of the gun and the given
injection mode was completely satisfied, the injection time of the rocket
axis was made up of the injection time of 32 short pulses (1.28 seconds)

and a long unmodulated pulse (2.56 sec), that is, it was 3.84 seconds.

174

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200090015-4



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200090015-4

FOR OFFICIAL USE ONLY

Me_g: (1) B 290¢cex -
) g
HE
HO)
' oy
. ' ‘ ] %(3)
: 1
A R T m L
. “P&QW i i
. t . T4
Joo Bpens,cex  (2) 20

Figure 5. Slant range to the reflecting formatons and reflected
signal level as a function of time during the l4th injection cycle,
A diagram of the gun current is presented above.

Key:
1, sec 4, Signal level
2, Time, sec 5. Gun current
3. Range, km

During the period of injection of electrons with an energy of 27 kev the gun
operated without breakdowns in practice for only one (II) cycle. The delay
in this cycle was approximately 2.3 seconds. On the 14th, 15th and 16th
cycles (13 kev) the delay was 2.52 to 2.64 seconds. The plasmogenerator was
switched off before the 17th cycle. Obviously, this is conriected with an
increase in the delay to 3.5 seconds.

As a result of breakdowns of the gun in the electron injection mode with an
electron energy of 27 kev there were cases where the injection time turned
out to be less than 1 sec: 0.1 to 0.7 sec. In these cases delays were
observed of 0.7 to 1.0 seconds.

Thus, it turned out that on injection of the electron beams with the param-
eters used in the "Araks" experiment the particle eruptions in the magnet-
ically conjugate region occurred with anomalously large delays. It should
be expected that on electron injection along the rocket axis, that is,

with pitch angles of 10°, the particle eruption in the northern hemisphere
had to occur with delays of about 0.6 and 0.8 sec, respectively, for parti-
cles with energies of 27 and 15 kev. However, with the exception of
several cases of the injection of short pulses as a result of breakdowns of
the gun, the delays turned out to be greater than expected by an amount
somewhat exceeding the bounce period of the injected particles,

175
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200090015-4



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200090015-4

AVUN Uls ity e Vavod

b

: .
$2
S I .
i
. § o
69)
i 2 1 4
(2) Laumessiocms unncexuuLt, cex ’
°-p° o-70° 4

Figure 6. Delay in the occurrence of reflections (eruptions of
particles) in the northern hemisphere with respect to the injection
times on board the "Eridan" rocket in the northerly launch.
0° and 70° -- injection on the rocket axis and at an angle of 70°
respectively,
Key: )
1. Delay, seconds
2. Injection time, sec

In addition to the anomalously large delay, also a type of "aftereffect" was
observed -- particle eruption from tubes of force disturbed during the injec~
tion time continued appreciably longer than the injection time —- by 10 or

2 more seconds. Thus, on the l4th cycle the reflections from- the range inter-—

g val of 430.5 to 434 km during which the particles were injected along the

rocket axis for 3.84 seconds, continued with some interruption for 16.8 sec.
It is noteworthy that no particle eruptions from the range interval of
427.5 te 429 km, that is, from the tubes of force in which the particle
injection was realized at an angle of 70° to the rocket axis, was detected
in practice.

The observed cases of quite rapid variation of the slant range to the reflect-
ing formation are of significant interest, For example, in the time interval
of 286.8 to 286.92 sec (Fig 7) a short-term increase in the slant range by

3.5 km occurred. This variation of the slant range indicates that there are
quite fast shifts in the region of intrusion of the particles perpendicularly F
to the earth's magnetic field. Indeed, in all probability the dispersion .
of the radiowaves comnected with the particle eruptions with an energy of

13 kev occurs at an altitude of 110 km, The results of the observations

during the first launch demonstrated that when the calculated deviation of

the radio beam from the normal to the earth's magnetic field exceeded 2.5°,

the intensity of the echo decreased below the detection threshold of the

equipment. If we propose that the observed variation of the slant range

is connected with variation of the position of the scattering region along

the magnetic field (along the line of force) and not across 1t, this leads

to an increase in deviation of the radio beam from the normal to the magnetic

field to 14.5° and variation of the altitude (an increase in it) by 55 km.
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Figure 7. Example of the short fast variation of the slant

range to the particle eruption region.

In 60 milliseconds the reflecting region at an altitude of

about 110 km was shifted perpendicularly to the earth's mag-
. netic field by 3.5 km to the north, and then at the same time
' it returned to the initial position.

Key:
1. Time, sec

The probability of recording the scattering of the radiowaves with such
deviations from orthogonalness is negligible, In addition, the auroral
scattering under natural conditions occurs below 135 km. Thus, the case
sresented in Fig 7 indicates that from 286.8 to 286.92 seconds brief dis-
placement of the region of intrusion of the particles across the magnetic
field was observed with a velocity reaching 58 km/sec - .he northerly direc-
tion at an altitude of 110 km: the reflecting region shifted in 60 milli-
seconds at an altitude of 110 km to the north by 3.5 km, and then in the

same time it returned to thc initial positiorn.

The experimentally observed, quite fast shift of the reflecting formations
across the magnetic field, which is of independent interest, permits some
conclusion te be drawn about the aftereffects. From the case presented in
Fig 7, 1t s obvious that the reflecting formation, shifting to the north,
occurs at each point in time at a new place. In the old location it can
disappear after 20 milliseconds. Thus, the aftereffect is connected more
with the fact that the particle eruption from the tubes of force disturbed
previously as a result of operation of the gun continues with interruptions
for gome time, and it is not connected with the large lifetime of thé dig-
persing formaticas. ' i
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