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Abstract

The ionospheric observations at Nurmijérvi and Sodanlylé
following the Russian nuclear test at Novaya Zemlya on Sep-
tember 19, 1962, have been studied. Four consecutive waves
were observed in the F' region on the ionosphere, causing de-
scending cusps in the A’(f) recordings. These waves are inter-
preted as being internal gravity waves propagating in the
altitude range of the .F region. The wave fronts are tilted,
having leading higher ends. The mean velocities of different
waves range from 640 to 150 m/s, the mean wave length above
Nurmijdrvi being about 750 km.

1. Introduction

The ionospheric effects of the nuclear tests performed in the atmos-
phere by the United States and by the U.S.S.R. have been the subject
of extensive investigations. A review of the rvesults is given e.g. by
OBaYASsHI [7].

Among the most striking effects of the nuclear explosions are the
ionospheric waves generated by them. Such waves were observed also
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at Sodankylid following the Russian tests at Novaya Zemlya on October
23 and 30, 1961 [8, 9]. The interpretation of these waves was rather
speculative at that time. In the meantime, many authors have treated
these waves and come to the conclusion that in most cases they are
internal gravity waves [1, 4, 7].

The number of ionograms per hour in November 1961 was limited
to 6 at Sodankyls and to 4 at Nurmijirvi. As a consequence, the shape
of the ionospheric waves could not be determined accurately. During
the Russian tests at Novaya Zemlya in August and September 1962,
a rapid panorama recording was, at times, running at Nurmijérvi,
delivering an ionogram every 80 seconds. This report is based mainly
on those recordings.

2. Observations

Of the numerous explosions in the period August to September 1962,
only that on September 19 will be considered because the ionospheric
recordings on that day were most complete and clear.

The explosion took place at 11*06™59.5¢ U.T. in the place 74.0°N,
54.0°E. Its yield was about 27 megatons of TN, its distance from Sodan-
kyls being 1215 km and from Nurmijérvi 1890 km [11]. As the day was
a RWD (Regular World Day), panorama recording was running con-
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Fig. 1. A schematic ionogram containing cusp-type disturbances.
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tinuously at Nurmijirvi. 2 ionograms were made every hour at Sodan-
kyla till 12 U.T., from then on 6 per hour.

The appearance of the ionospheric disturbance on September 19
was similar to those reported earlier [8, 9]. No ionograms will, therefore,
be reproduced here. The line drawing in figure 1 shows the general
shape of the ionograms at Nurmijérvi: in addition to the normal strati-
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Fig. 2. The variation of the highest observed frequency (@) and smallest virtual
height (b) of different cusps on September 19, 1962, at Nurmijédrvi. The apparent
mean velocities of the waves ave given at the top of the diagram.
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fication of the F region into F'; and F,, additional cusps could be seen.
At Sodankylé the cusps were not so clear, and, moreover, strong
spread echoes were present.

The limiting ordinary frequencies and smallest virtual heights of the
cusps, marked in figure 1, were scaled. The results are shown in figure 2
(Nurmijérvi) and 3 (Sodankyld). Also the monthly medians of the
critical frequency of the ¥, layer (f,F'y) and F, layer (f,F',) are drawn
into the diagrams.

At the time of the explosion, the highest frequency observed at
Nurmijérvi was higher than the median of f,F',. It oscillated slightly
until 115% U.T. when it suddenly began to decrease and fell below the
median. The decrease was followed by an increase to a value 3 Mc/s in
excess of the median. Then a decrease followed again, and when the
frequency had reached the median (at 13°%), a new cusp was formed
at the high-frequency end of the trace. The highest frequency of this
cusp (it is not called a critical frequency for reasons which become clear
later) first increased, then began to fall together with the highest fre-
quency of the preceeding cusp. Again, when the median was reached
(at 13%°), a new cusp was formed, and this behaviour was repeated once
more, until the conditions were somewhat stabilized. The F, layer
behaved in a regular manner until 13 hours when it became involved
in the downward travel of the cusps.

It is of interest to look into the variation of the smallest virvual
heights of the cusps. At the beginning the virtual heights of the ', and
Iy layer were stable. Four minutes after the sudden decrease in frequency
the virtual height began to increase, and a decrease started much earlier
than the second decrease in the frequency. The first cusp travelled
down to the height of the F'| layer, and the new cusp was formed at a
great virtual height. This behaviour was continued until 15 hours.

It is clear that the smallest virtual heights and limiting frequencies
treated above do not deliver exact information on the variation of the
electron profile with time, but a real-height analysis would be needed.
Because of the modest quality of the ionograms and the great amount
of labour involved the latter was not attempted, but the simple treat-
ment presented above was considered adequate for the purposes of this
paper.

The phenomena at Sodankyléd (figure 3) were less clear than those
at Nurmijirvi, obviously due to the greater proximity of Sodankyls to
Novaya Zemlya. The ionosphere at Sodankyld was greatly distorted
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Fig. 3. The variation of the highest observed frequency (a) and smallest virtual

height (b) of different cusps on September 19, 1962, at Sodankyld. The range of

spread echoes is denoted by thin vertical lines. The apparent mean velocities of
the waves are given at the top of the diagram.

and no clear waves had been built up. Nevertheless, some cusps could
be observed also at Sodankyld. The ionograms contained many spread
echoes; the frequency range of them is indicated by means of vertical
lines.

Unfortunately, only two ionograms were made during the first hour
after the explosion. The first indication of the ionospheric disturbance
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fell obviously between the ionograms obtained at 1139 and 1290, At 1200
the highest frequency of the F region had already increased and began
to decrease again after 1210, The first cusp was followed by three ad-
ditional cusps; at 143° the situation was fairly stable again.

The examination of the %' plot reveals that the traces with pro-
nounced spread echoes appeared at great virtual heights. Their frequency
range (its both limits) decreased together with the virtual height. When
a trace arrived at the virtual height of the ' layer, its high-frequency
end usunally assumed a regular shape with retardation peaks.

3. Interpretation and discussion

The cusp-type disturbances described above point to the existence
of travelling disturbances in the F region of the ionosphere. Such cusps
are often observed also under normal conditions. They have been treated
by Muxro and HESLER [5] who pointed out that many of the traces
observed during these disturbances are due to oblique reflections from
slant fronts of waves travelling horizontally. The nature of these ionos-
pheric waves has been discussed e.g. by Hines [3]. OBavasar [7], and
FrIER [1].

If the angular frequency of the atmospheric waves is smaller than
wg (Viisili-Brunt gravitational stability angular frequency), they have
the character of internal gravity waves. wg is obtained for an atmosphere
in hydrostatic equilibrium from the expression [3]

=g\ T M
Here
g = gravitational acceleration

H = atmospheric scale height
y = ratio of the specific heats of the air

z = vertical coordinate

g varies with altitude and is obtained from

R, \ '
9= Rtz (2)
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where

g, = the value of ¢ on the ground level
R, = radius of the earth

The value of wg at an altitude of 250 km (in the middle of the F region)
is obtained by inserting into equation (1) the value of ¢ calculated from
(2) (9.1 m/s), the value 57 km of H and the value 0.063 of dH[dz valid
for this altitude [6]. The result is 7.5-1073 s7% The corresponding
period of the wave is

7T
= 840 s = 14 min (3)
®p

T —

From the constancy of energy of plane waves we know that the
product
density X (mean velocity)?

must have the same value at all altitudes if losses are neglected. As a
consequence, the amplitude of the oscillation rapidly increases with
increasing altitude. On the other hand, also the dissipation increases
with altitude. These two competing effects place the altitude of most
intense disturbance in the upper part of the F region [7].

In the discussion above, only the neutral atmosphere has been con-
sidered. But ionospheric observations refer to movements of ionized air,
and these, in turn, are influenced by the geomagnetic field. The charged
particles, electrons and ions, tend to move along geomagnetic field lines
and not follow the movement of neutral air. This tendency complicates
the calculations. Another complicating factor is the fact that the hydro-
static equilibrium assumed above does in reality not exist, at least near
the explosion. The explosion produces a sharp pressure wave which can
be approximated by a step function [4]. The proppagation of this sharp
pressure front is affected by dispersion, and using plausible assumptions
the period of oscillation can be shown to increase with distance from
the explosion site [4], in accordance with the observations [10]. A theory
including all variables in question is difficult to construct, and no at-
tempts in this direction are known to the authors.

As to the round-the-world waves assumed to have been detected
in connection with the explosion on October 30, 1961, no clear indi-
cations from them have been observed after smaller explosions. It is
believed that a critical value in the yield of the explosion must be ex-
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ceeded before such waves, presumably free oscillations of the atmosphere,
are generated.

Returning to the explosion on September 19, 1962, the periods of
oscillations observed at Nurmijirvi and Sodankyld will be calculated.
This is readily made at Nurmijirvi because of the clarity of the waves:
from the four consecutive maxima between 1225 and 14% (figure 2) a
mean period of 42 minutes is obtained. At Sodankyld (figure 3) the
maxima between 12! and 14°° yield a mean period of 37 minutes. Both
values fall clearly into the range of internal gravity waves. The period
seems to have increased from Sodankyld to Nurmijirvi, although this
result is probably not reliable.

The apparent mean velocities of the different waves from Novaya
Zemlya to Nurmijérvi are shown in the f-plot. The first indication from
the disturbance seems to have travelled with a velocity of 640 m/s, the
last maximum with a velocity of 150 m/s. The wave train was, of course,
not released as such by the explosion but was gradually built up during
the passage.

The apparent mean velocities of the maxima in frequency at Sodan-
kyld are shown in fugure 3. Most of them agree very well with the velo-
cities observed at Nurmijérvi. The group velocity of the gravity waves
obviously remained very nearly constant during the passage through
Finland, a result in agreement with the finding in [10], based on the
explosion on November 30, 1961. Also most of the deduced velocities
agree with those in [10].

The ionograms from Nurmijirvi enable us to draw some crude con-
clusions as to the shape of the ionospheric waves. Following [3] we
assume that

1. The waves travel in the horizontal direction in the F region.

2. The wave front is not vertical but sloping, with a leading higher

end.

The assumption No. 2 is based on the fact that the velocity of gravity
waves increases with altitude [3].

The effect of a wave with the assumed properties on an ionosphere
with one layer is shown schematically in figure 4. The isoionic surfaces
are denoted by means of curves, some of them closed, others open. The
closed curves surround dense »cloudsy of ionization. The length of the
wave has been calculated by means of a mean speed of 300 m/s and a
period of 42 minutes. The ray paths of radio waves «..d indicate the
variation of the highest reflected frequency and the lowest virtual
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Fig. 4. A schematical presentation of the assumed wave structure in the iono-

sphere. Isoionic surfaces are denoted by means of thick lines, the ray paths of

radio waves by means of thin lines. The influence of the wave motion is denoted
by moving the ionosonde gradually from a to e.

height as the wave train passes by. In @ the highest frequency corresponds
to the densest part in the first cloud. As the cloud passes by, reflections
are obtained from less dense parts and from lower heights (b and ¢). In
d reflections are obtained simultaneously from the lower border of the
first cloud (at low frequencies) and from the densest part of the second
cloud (at high frequencies). In e the higher frequency has decreased, the
lower frequency remained about the same. This sequence is continued
until the whole wave train has passed the observation station.

It is believed that all obtained ionograms can be explained by means
of the general model discussed above. Some minor modifications are
obviously necessary. For instance, the inclusion of the F'| layer into the
picture allows many cusps to be observed simultaneously.

GassMaN [2] has deduced the structure of the ionosphere in Northern
Norway in connection with the explosion on November 30, 1961, and
obtained a picture resemling our figure 4 but containing one wave only.

If the model presented here is correct, many of the observed echoes
are obtained at oblique angles. As the critical frequencies refer to vertical
reflections only, we have avoided to call the highest observed frequencies
veriticaly.
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4. Summary

It seems now well established that the ionospheric disturbances
observed in connection with nuclear explosions in the atmosphere are
caused by internal gravity waves generated by the explosions. The waves
are similar to but stronger than the ionospheric gravity waves often
observed under normal conditions. The waves seem to travel in the F
region and cause concentrations and rarefactions in the electron density.
If the shape of the isoionic surfaces is chosen properly, the variation
of the ionograms with time can be explained.

The observed period of the waves is aroud 40 minutes and seems to
grow with increasing distance from the site of explosion. Three to four
consecutive waves are generated by each explosion. The apparent
velocities of the waves range from 640 m/s to 150 m/s, a mean value
being about 300 m/s. The wave length at a distance of 2000 km from
the explosion is about 750 km.

It is assumed that extremely strong explosions (yield greater than
50 megatons of TNT) are required for generating ionospheric waves
capable of encircling the earth.
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