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IONOSPHERIC DISTURBANCES DUE TO 
UNDERGROUND NUCLEAR EXPLOSIONS AND OTHER SOURCES 

AN ELEMENTARY DISCUSSION - PART I* 

L. F. Wouters 

January 15, 1971 

UCID-16784 

The possible effect of vertical ground surface motion on the 
ionosphere, in consequence of acoustic propagation, is discussed here as 
an interesting scientific problem. Estimates of R.F. phase path perturbations 
will be developed, for several representative sources and several propagative 
modes (both terrestrial and atmospheric). Applicational possibilities 
include U.G. Yield measurement, U.G. test detection, Seismic discrimination. 
In these connections, the general concept has been conjecturally discussed 
in 1960, 1962 and 1967, under various auspices, as reviewed fn the separate, 
classified, Part II (UCID-16785). 

The discussion here, was prepared from the viewpoint of "an outsider 
looking i'n"; I will not pretend to be an expert on atmospheric acoustics. 
Correspondingly, I have borrowed ideas and methods from the several schools 
of thought, without discrimination. I must also emphasize that these numbers 
are based on analytic approximation models; I have "dodged the computer modes". 

* The essential results are summarized in Section VI (page 76) 
1 .. ·Part II is classified; it will be issued as UCID-16785. 
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The Caveats. It is obligatory to understand from the start, 
that a quantitative attack compels the use of amplitude models for ionospheric 

density perturbations. Velocity/time exercises do not design definitive tests 

and only exacerbate conceptual controversies. 

In this sense, a directly useful reference is: 11 H.F. Radio 

Measurements of High-Altitude Acoustic Waves from a Ground-Level Explosion 11
; 

Barry, Griffiths and Taenzer; JGR. 71 , 17, 4173, September 1, 1966. (Hereafter 
referenced as BGT.) A copy is appended. This deals with the early disturbance 
of the ionosphere due to the 500-ton HE test: 11 Snowbal1 11

, conducted at 

Suffield Test Station, Canada. In essence, those measurements made use of 
conventional vertical sounding techniques. The essential point which makes 
this work applicable to the contained underground case, is that the equivalent 
acoustic source pulses are similar in time structure, and much shorter than the 

basic period of the various ionospheric AGW modes. The 11 acoustic filter 11 

model used by BGT remains valid here, with only minor scaling corrections, 
as will be discussed. 

BGT outline a complete analytic attack on the problem- one which 
permits at least an immediate, semi-quantitative estimation of the observed 
phase effects, starting from a source model, identifying some simplifying 
assumptions, and avoiding procrastinative computer runs. While there are 

minor discrepancies within the context of their paper, nevertheless the 
agreement between this expeditious analysis and their experiment is firmly 
within a factor of two. Here I will scale predictions for some explosion 

examples, and for idealized seismic disturbances, using BGT as a base 
reference. There is a summary of estimates near the end of the paper for 

those who wish to avoid the Doldrums of Development. (Section VI, page 7~) 

Figures wi 11 be found at the end of each section. 
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The problem of acoustic signal synthesis and propagation from 
transient sources in the atmosphere, has had increasing attention since the 
original work by Lamb, following the Krakatoa explosion. Various pertinent 
references will be noted in the discussion below. However, no single, 
authoritative, theoretical reference exists to serve as a basis for design 
of experimental or flpplicational systems. No definitive work was found 
concerning acoustic/gravity wave amplitude prediction; most authors appear 
satisfied with identification and verification of mode velocities. 

The considerations here are concerned entireiy with the initial 
ionospheric disturbances, well before the acoustic wave can sense the possible 

.existence of long-period, world-sized resonant modes .. Virtually all the published 
works neglect earth curvature; they are concerned with local modes whose 
time constants (2 to 6 minutes) are related to the gravitational constant, 
viscosity, thermal conductivity, thermal and density gradients and so forth. 
Magnetic field splitting is omitted; this does not affect the gross behavior 
of. the R. F. phase mechanism. 

In the separate, classified Part II, I discuss certain applicational 
and instrumentational aspects. Here it is appropriate to provide a 
semi -quantitative reference frarre by which to measure the numbers which I . 
am about to develop: 

11 Noise 11 (quiet ionosphere) 
Ultimate equipment resolution 
Ionospheric tides (30 min. - 1 hr.) 
Unidentified 11 acousti C 11 transients 

The measurement time scale implicit here, 
this corresponds then to exceedingly small 11 Doppler 11 

if one wishes to apply that misleading term. 

.1 cycle (phase shift) 

.1 cycle 
1-100 cycles 
1 cycle 

is 1 sec. or 1 onger; 
s hi fts ( at s ay , 5 me), 
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Sorre Basic Concepts and Assumptions .. The salient feature which 

makes interesting an acoustic wave interaction with the ionosphere, .is 

illustrated in Fig. I.l. The electron density gradient for a representative 

region, is shown along with a typical (virtual) reflection boundary for a 

particular sounding frequency. Superimposed on this~ is a sequence of 

.pressure/density perturbations of increasing amplitude, frozen just as a 

positive phase reaches that virtual boundary. If we assume that such 

acoustic pressure changes would modulate the electron density more-or-less 

proportionally, then we see that there is a critical profile at which that 

boundary rroves very rapidly with increasing acoustic amplitude. Thus, the 

ionosphere should act as a 11 toggle switch 11
• Each sounding frequency has its 

switching amplitude, as sketched in Fig. !.2. The critical acoustic signal 

level corresponds to an energy density such that the front slope of the 

+ (density) phase just equals the natural (-) gradient, (downward). 

As depicted by BGT, acoustic waves originating from 11 Sharp spikes''; 

acquire a profile at the F-layer (200-300 km) characteristic of the acoustic 

properties of the intervening atrrosphere, with long periods and wavelengths. 

( -r "' ~ - 2 min.) The positive phase s 1 ope should not be much affected by the 

tirre structure details of relatively short surface pulse disturbances, -

only by their energy content. 

In order to make progress in 11 quantifying 11 the problem, I will adopt 

and define a number of idealized approximations in describing the principal 

energy sources of interest - underground explosions and earthquakes. The 

difficulty in acquiring useful 11 Concensus 11 rrodels for such purposes, remains 

one of the major mYSteries of the seismic arts. Fortunately, here we need only 

to be able to characterize the tirre history of vertical surface motion due to 

such sources. There is a wide accumulation of data foi this, which should 

permit a direct, semi-empirical description of the resulting surface air 

compression. 
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Also, I initially confine attention to vertical ionospheric 

sounding measurements, and hence to disturbances in the atmosphere and 
ionosphere inmediately above the ground motion. 

The Earth•s surface can move in a number of ways (relative to 
a gravitationally stabilized atmosphere). An underground explosion generally 

causes it to move vertically up.and down, over a limited area, immediately 
above the detonation center; there is relatively little lateral motion. An 
earthquake can produce a combination of vertical and lateral displacements, . 
together with surface waves, over generally much larger areas. One suspects 
that purely lateral displacements (of a flat surface) would be very weakly 
coupled to the air above. 

The weakness of. such coupling for even the vertical displacement 
case, may be judged by the apparent neglect of air loading (other than stagnant 
pressure) in· considerations of local surface displacement. This is probably 

reasonable in view of the large ratio between the shortest period of 
atmospheric tides (~one hour) and the longest seismic periods (<one minute). 
However, there may be some evidence for stronger coupling with longer-period 

Tsunami waves generated by sub-oceanic quakes. 
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I. Nuclear Explosions -Scaled Estimates: 

( 1 ) The coupling from earth•s surface to air, 
(2) The propagation from surface to ionosphere, 
(3) The effect on the ionosphere, 
(4) The ·consequences on a R.F. propagation path. 

The Nwreri cal Example: Syntax 

For purposes of fixing the numerical range, I will use a hypothetical, 

nominal yield, contained event. (10 kt at 800ft, corresponding to 375 WY3.) 

Typical velocity/displacement records are available, in this range, from which 

the 11 srooothed 11 source roodel depicted in Figs. 1.3a and 1.3b was defined; for it: 

d = 2.5 x 10 4 em. (dob) 

v1 = 72 em/sec 
T ~ .4 sec. 

Other constants: 

(peak surface velocity) 

( 
11 cross-over 11 time) 

Po = .00125 gms/cm3 

c = 3.4 x 10 4 em/sec. 

Po = 1 bar ~ 10 6 dynes/cm2 

The Normalizing Case: Snowball/BGT 

This was a 500-ton H.E. surface burst. The acoustic wave was normalized 

to the so-called 11 Brode 6% 11 range (r1 ) beyond which it was treated as a 

spherically-propagating disturbance (all by BGT): 

r1 = 1.15 x 10 5 em. 

(%) 1 = .06 {6%) 

T = .25 sec. 

The 11 input 11 waveform at that distance appears in BGT/Fig. 1. 
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1. · Earth-air coupling - The Piston Model 

Early rough considerations of the U.G. explosion problem depicted 
the air as being driven acoustically by a piston. (1960) The pressure wave 
turns out to have a power density so low- even right at the surface - that 
it can safely be treated as 11 acoustic 11

• That this is reasonable might·be 
separately concluded from.the effective surface displacerrent velocity - a few 
rreters/sec. -which is well below sonic velocities, and from the surface 
displacerrent proper- much less than one rreter- which is very small as 
compared to the sound wavelengths here. 

The size of the piston, and the proper way to model its acoustic 
coupling deserves brief discussion. One suspects that, if a piston is, say, 
one rreter in diameter, we cah move it up and down slowly without any detectable 
effect on the ionosphere. The air simply moves around the piston, and we have 
rrerely a local aerodynamic flow. On the other hand, if the 11 piston 11 is a large 
area many tens of kilorreters across (as might be the case for a major, vertical, 
earthquake displ acerrent), one could presurre that the corresponding air 
disturbance would propagate upward more-or-less as a plane acoustic wave. There 
would belittle or no 11 Spreading 11

, as BGT label the 12 term for point sources . 
. r 

In such a case, the initial source pressure is adequately described 
by: p = PoCV. This has also been shown experimentally to be a valid 
description for the surface air pressure immediately above an underground 
explosion ( 11 on-axis 11

). {E.g. see: Perrett, Surface motion in the vicinity 

of the Boxcar Event, SC-TM-68-458, Sandia/Albuquerque, August, 1968.) 

Note that for our 10 kt/Syntax example here: 

p~ = PoCV = 3 x 10 3 dynes/cm2 

( %} ~ = .003 or .3% 
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Evidentally a "piston" is an intermediate geometry, and a 
quan,titative description for the pressure wave must include both a range 
term a·nd a piston size term: 

p " ( ~ r ( xr 
where a is the piston radius. 

For the "textbook" pi stan, both exponents are unity (m = n = 1); this corresponds 
to an appropriate behavior (p 2

) for the power density. The far-field pressure 
disturbance is given by: 

p = (poCV) (ka) {~) ( O.F.) 

2n k = T and D .. F. is the "directivity factor .. , which is unity along the 
(vertical} piston axis, and elsewhere behaves as: 

( 2 J,(ka sin e)J 
\ (kasine) f 

(Cf: Stephens and.Bates, Acoustics and Vibrational Physics) 

By our prior restriction to the vertical region, we can omit this term. 
Then the axial pressure behaves essentially like that from a spherical 
radiator {"point source"). 

The applicability of this model, and its dimensioning, are based 
on the visual appearance of the 11 Surface zero .. displacement in surface motion 
photo records of typical contained underground events. ·These exhibit a 
distinctly 11 disk-like 11 appearance: The central displacement is proportionally 
less than that of the edge, and there is a relatively fast fall-off around 

that edge - viz:. Fig. 1.4. The diameter of the disc is of the order of the 
depth-of-burial (d). I estimate an uncertainity of order ±30% on account of 
the imprecision· of this description. Then a~~ d. 
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Next, I will normalize the atmospheric "source" to an upward 

distance equal to the dab; that also gets us far enough from the "piston" 

so that a spherical wave becomes a reasonable propagation model. _(Next section) 

So, r = d and: 

P1 = (poCV) ( ¥) 
Finally, what about k = 2;? It turns out that we are going to need 

some sort of Fourier description to· manage part of the propagation business 
. ' 

anyway. Fortunately~ the surface displacement/velocity measurements exhibit 

a remarkably sinusoidal character- albeit strongly damped. So it is relatively 

credible to assign a central wavelength as characteristic of the source, for 

estimates of this quality. Then k ~..:!_. , where T is the "cross-over" time, 
CT 

and at last, the peak pressure at z = d is: 

In numbers: P1 = 4.5 x 10 3 dynes/cm2 

and (f) 
1 

~ .0045 or .45%. 

This is much weaker than Snowball: 

Syntax: 

Snowball: 

. 45% at 250 m. 

6% at ll50 m. 

Note that, by this model, the source pressure (and density) waveform 

will be that ofthe surfacevelocity (not the surface displacement). So Fig. I.3a 

also describes the acoustic source; for perspective, it is compared with Snowball 

in Fig. !.5. It is much less "spiky••, being a quasi-sinusoid. For the same 
I 

cross-over timeT, this introduces a factor or order TI/2 in propagation 

dispersion considerations. The identification of "air displacement pulse" 

seems to be misleading, but it has stuck in the interests of differentiating 

from 11 air shock". 
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2. Atmospheric Propagation 

Each source. treated here wi 11 be referenced to an equivalent 
ideal_ized acoustic radiator at some representative scaling distance: Plane 
wave, cylindrical (line), or spherical {point), source. The subsequent 
propagation can then be correspondingly scaled ·from known principles. 
Specifically here, we will be referencing to a spherical wave. This seems 
acceptable for a restricted vertical cone, because there the piston directivity 
factor is close to unity and very flat. 

At this stage of the game, we are still dealing with the acoustic 
energy in terms of the classical longitudinal compression wave. It has not 
yet dispersed due to multiple path and density gradient effects; nor has part 
of it coupled into transverse propagative modes (with yet different velocities). 

There are also upper limits of applicability. For BGT/Snowball, 
this is{~)~ 6% at the Brode transition radius. Beyond this, linear acoustic 
theory applies for spherical wave propagation. Our case is well within this 
limit; so we match it in analytic treatment by writing rr1 ={~} 1 for the 
overpressure fraction at the appropriate sealing distance here. 

The ratio of overpressure fractions at a second, more distant; 
point along the vertical·axis, is then: 

It is convenient to lump the geometrical effects on power density into the 
sihgle scaling term: P2/P1 = Lslf. Several fa~tors are included in it: 

(1) l/r2 11 spreading 11 for (spherical) propagation in a uniform 
atmosphere. (Part of Ls) 

(2) An additional 11 non-uni form spreading factor 11 obtai ned by computed 
acoustic ray-tracings, related to the atmospheric density gradient . 
(The other part of L5) Tt is expressed as a departure from 

1 /r
2

: (:: r. 
(3) An attenuation factor (Lf) expressed in terms of an atmospheric 

11 filter response 11 (defined in the acoustic frequency domain), 
G( f) and in terms of the injected acoustic pressure waveform S ( t) .. 
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where S(f) is the Fourier. transform of the source waveform S(t) . 

The use of an .. overpressure fraction 11 de pi cti ori (rather than 

absolute pressure perturbation, as appears in most papers) has the merit 

of more directly exhibiting validity problems. When the number exceeds 10% 

for instance, one can st111 continue with linear theory in the guideline 

sense, recognizing the risk of serious error due to no-longer-negligible 

(but missing) higher-order contributions. 

Note that in this propagation analysis, the attenuation consequen~es 

appear as vls Lf. This effectively relaxes the certainty and precision with 

which we need to deal with Ls and Lf; examples of this will appear below. 

The derivation of this approach as described by BGT (appended) follows the 

convention in the literature. (E.g. Yuen et al, Seismic Coupling to the 

Ionosphere, JGR 74,2256, 1969.) 

The Spreading factot' Ls: This is scaled directly from BGT/Fig. 2. We will 

consider two altitudes: 

85 km (0-layer and 3 me) (~ 2 = 1 Los= 8 X 10-6 
s 

220 km (F-layer and 5 me) (:~) 2 = l/3 L22o= 4 X 10- 7 

s 

(These are the L numbers for the Syntax/10 kt example using the indicated 
s 

source range of 250 m.) 

The Filter factor Lf: The two altitudes behave in·a radically different way. 

Most of the contributions which shape the high frequency cut-off come from 

the upper 50 km. (Note Fig. V.l) The low-frequency cut-off is determined 

by the lower 20 km. 
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85 km: The G(f) integral was recomputed for this altitude; here, the final 
.10 km determines the upper cut-off. This turns out to be about 20 cps. The 
lower cut-off is unchanged, of course. The pass-band then looks like Fig. I.6. 
(Along with the 220 km function.) This would introduce 6 db. attenuation for 
a pulse half-width of about .02 sec. (Ours is"' .2 sec.) In essence, the 
U.G. acoustic wave-form should propagate to the D-layer with virtually no 
distortion or attenuation. So I write L} 5 ~ .8. 

220 km: BGT Fig. 3 remains an appropriate filter description for this altitude. 
They performed the source~filter fold by means of an electrical pulse analog 
technique. An inspection of their source waveform (BGT/Fig. 1) shows why this 
works. The pass-band here is well outside the input pulse Fourier domain; 
the input pulse essentially shock-excites the atmospheric filter; what emerges 
is a strongly-damped ringing (BGT/Fig. 5). Many of the pulsed source cases 
to be considered here satisfy this analog, and I will arbitrarily use that 
output waveform as a characteristic one in all such cases, at 220 km. (Fig. L 7) 

The Synta>~ input pulse (Fig. I.5) issomewhat similar to theirs. 

It is not as 11 Spiky 11 and the 11 tail 11 is shorter. One should really re-run 
the· analog tests using our own waveform. But to make progress in this 
introductory discussion, I adopt some scaled estimates based on the power 
response behavior of pass-band filters. It is dominated by a term of 
form (f d f 2 ) 

31 2 
• 

Here this only leads to factors of order unity, so that it is not a serious 
deception. Then L}20 = 8 x 10-5

• 

n+ factor: Finally, there is an additional n factor of .7 due to the 
11 Crossover effect" discussed later on. (This nurrber is relatively insensitive 
to waveform details.) At 220 km, it is the following positive phase which 
counts, not the initial negative one: ~~- .7. 
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The Power Factors, etc. 

(Pz/P1)as = Las L~s = 6 X 10-6 
s f 

(Pz/P 1)22n = L220 L22o = 3 x 10-11 
s f 

(P1/Pz)as = 1.5 X lOs 

(p1/Pz) 220 = 6 X 109 

The Syntax Example: 

I Tiz )2 2 o = . 4 
\Til + 

(Things do not change much with altitude.) So finally: 

( ~p.) as = .6% 

( ~p 1220 = .2% 

The Snowball Discrepancy: The power ratio factor (Ls Lf = 2 x 10- 10 ) as 
developed by BGT for Snowball, was verified. The corresponding(+) 
overpressure fraction at 220 km., then· turns out to be 6%. (Not 2.2% 

as reported.) But later on, in recalculating the phase shifts, that 
higher value finds better agreement with their reported observations. 

Hence a 10 kt contained explosion should result in an 
overpressure amplitude about l/30 that from a 500 ton surface burst, at 
220 km. 
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3. The Ionospheric Disturbance 

In many discussions, the ionospheric plasma is treated as if it 
were vertically displaced by the acoustic wave. Thus a 11 positive pressure .. 
pulse would seem to shift the reflection boundary upward. But such a pulse 
also increases the electron density, thereby moving the effective reflection 
layer downward. There is another difficulty with that model: At 220 km, 
the Snowball acoustic pulse would have moved the layer by a preposterous distance: 
Several tens of km.! We know that this is unrealistic, because the measured 
phase shifts correspond to effective distances of only a few hundred meters. 

The reason seems to· be related to the neglect of the gravitati anal 
field. If ~nstead, we use the gravitational equilibrium distribution gradient, 
we obtain the interesting result that the physical displacement is of the same 
orde.r as (but opposite to) the effective change in ionospheric height due to 
compression: 

X ~ -2 

In the Fourier domain, the density and particle velocity are in 
phase in an acoustic wave; the particle displacement lags by~ 90°. The 
wave is 11 1 ossy 11 to the extent of departure from quadrature. In the 11 fi rst 
pulse 11 considerations, I will assume that the electron density perturbation 
is proportional to acoustic pressure. 

Thus: (~) = (~)= ~ (ll'-) 
The vertical displacement against the gravitational field also excites 

another mechanical wave phenomenon - the transverse acoustic/gravity modes. 
This is analogous to 11 pond ripples 11 and propagates outward up to~ 800 m/sec. 
The central source region is thus of dimensional order 20 km across. 
Constructive interference occurs with the acoustic wave, at~ 15° injection 
angle. Inside this peripheral zone, there are cancellat1on effects; outside 

if, the incident acoustic wave is refracted so strongly as not to make further 
transverse (gravity) contributions. This is further discussed in Section IV. 
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It is instructive to compare some of the principal dimensions: 

Syntax/10 kt example: 

85 km. ilh - ~ (%) dN~dz ~ 40 m. 

~ 240 m. 

220 km. ' ilh = ~ 55 m. 

~ 14 km 

Snowball comparison: 

220 km. ilh = ~ 1700 m. 

The experimental scale of the Snowball disturbance is shown in 
BGT/Fig. 10. The long-term (30 min.) fluctuation is representative of 
atmospheric tidal effects. In the next section, we will identify certain 
non-linearities in scaling phase-shift predictions. Nevertheless, an 
inspection of the Snowba 11 experiment suggests that the F-1 ayer disturbance 
due to a 10 kt contained explosion would exhibit a marginal effect by that 
measurement technique. 

For the sake of clarity, the electron density perturbation at 
220 km, is thus here assumed to have the same waveform as the filtered 
acoustic pulse, shown in Fig. 1.7 (same as BGT/Fig. 5). The peak values 
are to be adjusted to(il~)as already noted above. 
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4. R. F. Propagation Path Effects 

The total relative phase shift along a H.F. propagation path 
accumulates i ncrerrents due to the associ a ted pressure-density disturbance 
profile. The contribution due to the effective displacement of the reflection 
criterion (n = 0 or X= 1 - IYLI in Ratcliffe) is only a part of this. BGT 

. construct a prediction of the phase. waveform by such a path integration. It· 

is clearly sufficient to do this for a series of instantan~ous acoustic 
profiles· (snapshots); in view of the large velocity ratio: 

c 

Obviously one should not expect a direct a priori resemblance between 
the overpressure waveform and the phase shift integral function. This is 
well illustrated by a comparison between BGT/Fig. 5 and BGT/Fig. 15 (theoretical). 
The time scale gets stretched out; in a sense, the acoustic pulse 11explores 11 

the ionosphere. Unfortunately, it does not appear to be a sufficiently 
11 clean 11 interaction to help reduce ·the anbiguities in our present knowledge of 
the ionosphere. There is too much unfolding involved. 

A number of avenues appear to make the problem accessible to more 
casual estimating. It is easy to go astray. One might guess that the most 
perturbing profile might be that corresponding to the arrival of the pulse 
front at the reflection layer. Not so. One might also suppose that we can 
dispense with the height dependence of electron density, provided that the 
acoustic wave occupies a sufficiently thin vertical region. Maybe. Let us see: 

At 85 km., the case is clear-cut, since the pulse waveform comes 

thru with little distortion: 
~A~ CT ~ 10 4 em. or . 1 km. 

The electron density gradient over this interval is .05%. 

At 220 km. , we find: 
~A ~ 6 x 10 5 or 6 km. 

The corresponding electron density difference is~ 25%, and we cannot neglect it. 
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The relative phase path is written: 

B = 2~ {J n 1( z ) dz - f n ( z ) dz} 

where n1
, n express the effective indices of refraction of the medium in 

the perturbed and undisturbed cases, respectively. 

A linear, non-magnetic ionosphere is sufficient to exhibit the 
non-linear interaction complexities; it corresponds to a particular (e = 0) 

.and somewhat simplified version of BGT. The index of refraction is described by: 

. 2 X 
n =1-y:y

L . 
(with\ = 0 here) 

The linear description of the electron density is made in terms of an 

inverted coordinate system: X = Z - Z p . 

so that: N = No (l-ax) 
N1 =No (l-ax) (1 + ~N) 

unperturbed 
acoustically perturbed 

The reflection criterion (n = 0) requires that: 

whence 

(~) 2 ( ~~) = 1 

No = Np(~ r at .z = Z x,;, 0 necessarily. p' 

Np, wp, Zp all refer to the reflection layer, of.course. 

and 

It follows 
n2 
nl2 

2v 
B-c 

= 
= 

at once that: 
ax 

ax 6N 
-N (neglects second ~rder product) 

dx( 
) 
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6p can acquire both negative (underpressure) and positive (overpressure) 

values. This representation evidently requires that~ (%) < ax always. 

(This is mainly an artifice of the description; physically it says that the 

reflection boundary shifts to avoid this arithmetic singularity - if the situation 

should come to that.) Note also· that: 

at 220 km 

The 220 km. case. We mentioned that the profile of maximum relative phase 

was not that corresponding to the arrival of the first front at the reflection 

layer. The reason for this is best seen.by considering the (synthetic) case 

of a symmetric* acoustic pulse in a uniform ionosphere. (Fig. I8a) The two 

excursions (opposite sign) contribute cancelling phase contributions. Now 

we insert the reflection boundary ·(Fig. I.8b) right at the 11 cross-over 11
• Only 

one excursion now contributes and we have a large phase effect. This is also 

suggested in BGT/Fig. 15. The initial (-) phase excursions appear to 

correspond in time, to the passage of the acoustic cross-over through the 

reflection layer; the peak timing of that first large (-) excursion agrees 

almost exactly with the cross-over time. (25 sec. - BGT/Fig. 5) 

For our estimation purposes, I then assume that the pressure 

cross-over has just reached the layer. The initial underpressure pulse· 

is above that boundary and is los·t to the H.F. path. The subsequent 

overpressure pulse is modeled via a triangular approximation. (This makes 

the.integrals 11 easy 11
.) (Fig: I.-7): 

1 ~= bx for the rise: 0 to X1 (b < a) 
y p 

1 ~= d ex for the fa 11: X1 to x2 (d = CX2) 
y p 

At Xl: bx1 = c(x2-xl) So: c = X1 b and d = X1X2 
X2-X1 X2-X1 

* Equ~l RF phase areas. 
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dx) r'/(a-b)x 
1 

" [-vax-Then: f31 2v dx -c 

2 

dx) = 2: Jj f32 -y( a+c) x- cx2 dx - J vrax-
11 

(The.total shift is 81+82 of course) 

We will see that in many practical cases: 

(and welcome) simplificati.ons are possible. 

will not be reproduced here. One finds: 

81 = -(~~fa X1}1)1~) · 

1 

b<<a, c<<a, and the obvious 

The subsequent struggle 

a. = -It% ra x,y,j I~) {1-3 ~~ 1 1-t ~~:J} 
The first enclosure evidently dimensions the problem. For BGT/Snowball 

( 5 me. at 220 km) , this comes out: 

So = -( ~ z Ia" x/~) = -8 cycles 

At least it's in the ballpark. 

There is one other detail. Since this "peak" model now associates 

us with the second (and positive) overpressure pulse, the appropriate amplitude 

· factor must appear (as mentioned before): TI+ "' . 7 TI-

(This seems to be relat-ively insensitive to waveform time-scale.) 

(P.S. These expressions contain two non-cancelling "c" terms. 

Their origins are self-evident and non.;..conflicting. Sorry about this.) 
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Inasmuch as we have rationalized the same acoustic waveform .at 
220 km., for our 10 kt U.G. example as for BGT (but with different amplitudes), 
the coiTII1lon coefficients are: . 

a = 2.5 x 10- 5 per meter 

T1 = 10 sec T2 = 50 sec. 

x1 = 2.7 X 10 3 m. x2 = 13.5 X 10 3 m. 
\) 5 10-2 -=-x c 3 

We next obtain the total phase shift for an instantaneous profile. 
All this is being done at the 5 me. critical frequency for vertical reflection, 
neglecting magnetic field splitting. 

Syntax example: 

(~)+ = .2% at 220 km. 

b = 5.3 x 10- 7 m- 1 . c :;·1.3 x 10- 7 m- 1 

Find: 
S 1 ~ - • 1 7 cy c 1 e S2 ~ -.35 cycle 

S ~ -. 5 cycle 

Snowball check: 
b=l.6x10- 5 m- 1 c=4x10- 6 m- 1 

S1 ~ -5 cycles S2 ~ -11 cycles 

S ~ - 16 cy c 1 es 

To the prec1s1on of the assufll)tions and approximations above (factor of 2), 
this is indistinguishable from the BGT data. 
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These numbers also corroborate our earlier suspicion that the 
interaction due to a nominal, contained, U.G. test is going to be marginally 
observable. 

85.km. case (10 kt example only) 

·Since we can now set a= 0, the integrals are a bit different: 
. • I 1 I'J. 

f3 = 2v {/VK - y{' dx - f IK dx} 
c 

K plays the r61e of confining the phenomenology below the reflection boundary. 
·By virtue of a similar treatment, one obtains: 

s1 = ~(*l~ x1 2 

S2 = ~~*l7R (X2-Xl) 2 

The origin of the phase contributions are perhaps a little more clearly 
exhibited here. Setting K = b makes the integrand just zero at reflection 

and avoids imaginary roots. 

The acoustic pulse is essentially the original velocity waveform, 
so that now: 

X 1 = 54 m. 
b = -5 X 10- 5 

also a = 5 x 10- 5 

and we find: 

S1 = .015 

X2 = 216 m. 
c=-1.7x10- 6 

V = 3 X 106 

S2 = .045 

f3 ~ + .06 cycle 
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An inspection of the profile numbers (xl,xz) shows at once why the· 

phase shift ·is so ins1gnificant at 85 km. For v = 3 me, A= 100 meters; 

the acoustic pulse interacts with very few H.F. wavelengths indeed. This 

suggests that there may be a 11 best hei ght 11 and a 11 best frequency .. for pulses 

of nuclear explosion origin. Presumably, also there will be different 
11 best heights 11 and 11 best frequencies .. for.acoustic sources of radically 

different character, such as. non-contained explosions and earthquakes. 

The 85 km case does not appear to hold much experimental profit. 

It probably should have been more correctly exercised at .100 km, but the· 

difference does not warrant reconsideration. 

P.S. This arithmetic differs from BGT in that it makes no assumptions 

as to the dimensions ~f the region in which n ~ 1. In this respect, there 

are range validity questions in both this model and the BGT approach; 

neither traces the phase interaction 11 exactly 11
• 
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11. Coro ll.ary Nuclear Considerations 

One is immediately curious about a variety of related possibilities: 

Higher yields, non-contained explosions, earthquakes, Tsunamis; noise and 

neglected en vi ron mental aspects, higher altitudes and frequencies, grazing 

incidence; S & P waves, Rayleigh and Love waves; better theoretical 

representations and ·calculations, special 11 applicationsu and on and on. 

One could write a book. 

Above, I considered a class of cases in which the overpressure 

profile resulted in a small perturbation of the normal electron density. 

No account was taken of the effective displacement contribution; one could 

expect some phase waveform modifi-cation therefrom; and a reduction in peak 

phase shift of possibility as much as 30%. 

Many of these new cases 11 dri ve 11 the ionosphere much more 

severely- so much so, that the shift of the virtual reflection surface 

completely masks the electron opacity phase effect. The 11 Switching 11 

condition for this is: 

b > a 

and here we definitely enter into some domains of hypothesis. 
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11 Switching 11 Domain. There appear to be two 11 Strong pulse 11 domains, 

as the acoustic amplitude is increased. The first of these lies just above 

that slope threshold, or: 

whence: 

Suppose 

Find: 

where 

N' = No{l-ax) (1+6~) = No 

U = 2TI ( X l C"T 

r = YZ~T ~ .05 typically 

and the critical condition corresponds to u = 1 sin u 

The r coefficient includes a= l.s!!!. hence it is a function of altitude 
N dz' 

(among other environmental conditions), and indirectly, critical sounder frequency. 

Correspondingly there is a relationship between acoustic amplitude and switching 

frequency as typified by Fig. 1.2. The elements of the 11 switching 11 mechanism are 

depi·cted in Fig. 1.1. In essence, the phase shift exhibits a radical change in 

amplitude dependence at that critical level, per Fig. 11.1. 

Note that, whereas the 11 norma 111 1 ow- amp 1 itude phase effect appears 

as a retardation, this downward boundary shift results in a phase advance 

as also illustrated in Fig. 11.2. What is more, as this (hypothetical) 

phenorrenon grows (w_ith amplitude), the (-)opacity contribution decreases 

as well. Ultimately the phase shift reaches a quasi-plateau (the 11 rectangular 

approximation 11
), corresponding to a downward displacement 6x of the same dimension 

as the overpressure phase. (We are now up to ~p rv 8%.) For this: 
C T 

s "' 2 s ac "' 400 cycles 
)'RF' 

There is a corresponding propagation time reduction: 
. . c s . 
6T rv 2 -C- T rv 80 mi crosec. 

em ac 
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The 11 St rong Pulse 11 Domain. A much more severe phase effect may 
come into evidence at still.higher acoustic amplitudes. (Fig .. 11.2b) When 

b >> a, the compressed electron density may exceed the critical value at 
·an altitude substantially below the 11 rectangular11 shift. It is exhibited 
by the 11 Iceberg effect 11 (near the bottom of the figure), where the acoustic 
peak first pokes through the critical density value, as the acoustic pulse 
propagates upward .. This should be accentuated as the pressure pulse becomes 
more shock-like, with smaller (-) precursor, and sharper, steeper, (+) pressure 
front; 

Of course, in all of these peculiar interactions, the excess electron 
cloud must be thick enough to support the necessary induced R.F. reflection 
currents. I.e., it must become opaque enough - usually several R.F. wavelengths 
thickness. This will tend to shade and slope the sharp-edged criteria being 
developed here. 

The onset of this domain is defined by: 
. 1 ~p . 

~z = -- >> ax1 · ~ .06 
y p 

or ~ 5' 20% typically 

Note that ~z ~~once more at very high (quasi-shock) amplitudes 
(b.ut now advancing in phase). 

Beyond this, the rates of change enter a true Doppler-like regime, 

the phase shift should again reverse sign, and besides, one is no longer 
11 acous ti C 11

• 
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1. Boxcar/Jorum 

Contained, high-yield underground case; 220 km only: 

(~)+ = 6% 

Formally, this duplicates Snowba11/BGT. The amplitude is the same, and the 

same waveform was rationalized at 220 km. I separately tested that the phase 

shift is relatively insensitive to precise waveform assumptions - as long 

as the area is constant. This is not surprising·, considering the form of 

the phase shift integrals. (A marginal 11 Switching 11 value, as well.) 

Without further ado: 

8 = -16 cycles 

Why Jorum? There is a provisional claim of observation of an 

ionospheric disturbance (acoustically coupled at 4000 km) associated with 

that event: L. M. Libby, Detection of Nuclear Tests and Earthquakes by 

Dopp i e r-Shi ft. Ionosonde, etc. , . RAND, December, 1970. The observed phase 

shift at that distance was much smaller than this number, of course. 

In Section IV, I will suqqest that the effective lonq-ranqe acoustic 

source size is rv 300 km, and that the propagation scaling is rv r-rz. 
Thus this 11 local 11 prediction is consistent with a long-range observation 

above threshold. 
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· 2. Non-contained Underground Explosions 

By this I mean underground explosions for which 11 Significant 11
. 

hydrodynamic effects occur in the atmosphere. (At least retarc formation 

results.) I will only suggest an estimation approach here, since it should 
~ 

become clear that a vertical sounding effect should be readily visible. 

One can again use. Snowball/BGT as a measure of 11 lower bounds 11 for 

expectations here; why is this? 

First, the acoustic source pulse is likely to be 11 Softer 11
, in the 

sense that the release of hot gas takes place through much broken material, 

and it is presumably accompanied by accretion of cold dust. Hence one would 

expect a less 11 Spiky 11 source pulse (than Snowball), with the consequence 

that a larger fraction of the hydrodynamic energy release will lie in a 

lower frequency domain. So more of the pressure wave will 11 get through the 

filter ... But I am not presently aware of any reliable close-in air pressure 

waveforms (Sedan, Cabriolet, etc.) by which to quantitatively test this. 

Secondly, a useful way to grossly model the source problem, would 

be to assign an equivalent surface explosion yield to the released gas- but 

with that softer input waveform, of course. While there is no a priori techni ca 1 

limitation to the smallest possible situation, one suspects that it might be 

uninteresting or unprofitable (on other grounds) to tailor a nuclear event so 

as to release much less energy than did Snowball. 
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3. Atmospheric Explosions 

Obviously anything comparable to Snowball (500 tons) or larger, 

should resu1t in comfortably visible effects. There exists ari accummulation 

of evidence in this respect, and I_ discuss this briefly in the separate 

classified section on 11Applications 11
• It is almost self-evident that the 

business merits closer review for possible usefulness in the contexts of 

.applicable scientific knowledge, military problems, and foreign test 

observation. 

10 kt Surface Burst: This idealization readily demonstrates what was said 

above, concerning 11 Yield Saturation 11
• We have: 

(QQ.) ~ 30% 
. p + 

Aside from evident doubts about the validity of our formalisms for overpressures 

this 1 arge ,_ the number clearly speaks for an 11 easy 11 visibility in ionospheric 

sounding. At 220 km: 

. a -+ 2. 5 x 10- 5 

and we have a clear violation of conditions. As we just discussed, for this 

case the local electron density grossly exceeds the critical density- and, 

in fact, that reflection boundary now shows up well below the back edge of 

the pulse. We can make a. rough estimate: 

S ~· 2v 6Z = l2v) -1 (Q.e.)~ 330 cycles c c ya p 

This appears as well as a directly observable propagation time advance of 

about 70 microseconds. 

High Yields (and/or High Altitude Bursts) When the atmosphere is driven 

sufficiently hard to propagate a shock, the ionospheric pla~ma should be 
11 Swept 11 with it; then vsh»vc and one experiences something approaching 

a true Doppler effect in the sounder measurement. (This is probably where 

the label came.from.) Presumably this shift persists through the passage 

of the following rarefaction and the reestablishment of densities closer 

to normal. The magnitude of the effect and its arithmetic are very different, 

and will not be. attempted here. 
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4: Collapse (This i.s a real piston!) 

It is in~eresting to estimate the effect associated with collapse. 
Evidently it will be related to area and depth of the collapse zone; one 
might thereby develop us~ful deductions as to yield and DOB. 

Consider again the 10 kt synthetic case; I assign the following 
dimensions to the collapse crater: 

Depth D rv 20 m Radius R rv 80 m 
Fall Time T rv 2 sec 
Peak velocity v1 rv 20 m/sec 

Then one finds the surface pressure change: 

(%r = Popc·v = 8% 

It is a 11 big 11 number, and one can see this in the collapse movies - the 
collapse zone acts as a giant 11 Vacuum cleaner 11 for everything loose standing 
near the edges. (Note Fig. 11.2.) 

Now the piston factor: 

kd "' rrd "' 25 4 4cT . 

from· which (vL "· z~~. at 200 m 

Again we play the Lslf game. Here the pulse width contains lower frequencies 
than before and one estimated Lf rv 10- 3

• Also Ls rv 2 x 10- 7
• 

Then TT
2 1n-1 "' 1.6, so that (Tr20 

"' 3% 
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The input pulse is still short enough compared to the acoustic filter 

response, so as to adopt the shock-excited waveform, as before. The previous 

cons ide rations ·all dealt with 1 i near-theory propagation of overpressure inputs. 

Here it is initially an underpressure, and (by virtue of linearity} we simply 

invert the waveform. Then the phase change must be advancing; the R.F. phase 

coe.ffi ci ents are all the same except: 

b = 8 X 10':' 6 

and one finds:· B = 8 cycles· 

The collapse effect is much larger than the direct acoustic wave interaction, 

at 10 kt contained. 

A similar exercise for Boxcar leads to higher nunbers, but 

evidently ~eakly dependent on yield~ 

(~)i ru 2.5% at 350m 

{ ~)2 2 0 '\, 8% 

B = 20 cycles 
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III. Earthquakes 

Recently, reports have appeared concerning i onosonde detection 

·of seismic disturbances, and there has been speculation as to the poss.i bil i ty 

of discriminating .between 11 earthquakes and bombs 11
• As in the early dqys 

of true seismic detection, these seem to have much the flavor of 11 finding it 

whE!n one knows where to look 11
• Superficially, one can get lost in the maze 

of possible paths and travel time differences: Earthquake (or bomb) at 

point A, which affects the ionosphere at a (variable) location B. (via several 

modes n), as seen by an ionosonde situated at yet a third point C. (Shades 

of Rube Goldberg!) We seek possible discriminants by which to more closely 

confine the problem. 
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The Local Regime. A number of features exhibited thus far by 
nuclear explosions carry over to the earthquake problem. Perhaps the most 
significant one, is the effect of the acoustic filter in determining the. 
acoustic waveform at the F layer. The ionosphere should be a particularly 
sensitive sensor for mechanical ·disturbances which have frequency distributions 
in its pass-band. (Order of 4 x 10- 4 to 2 x 10- 2 Hz - or-r rv 1 min.) 
A .somewhat surprising feature of ionospheric sounder records, is the paucity 
of fluctuations in this period domain. Despite that sensitivity, it appears 
to be a relatively quiet region. 

This then suggests that earth motions exhibiting such long periods 
would couple best.· But for a local source, this would imply source dimensions 
of order cs T rv 500 km! (A cataclysmic motion, indeed.) Propagated surface 
waves eventually exhibit such disperse components, but by then, the amplitudes 
have become very small. Most local sources exhibit spectra characterized by 
periods of order 1 second; they are not much slower than contained explosions. 
Hence we can reasonably again adopt the model of transient excitation of an 
acoustic filter. 

In elementary seismic descriptions, earthquakes are modeled as 
central point sources at 11 Shallow 11 or 11 deep 11 underground locations. I will 
confine this to shallow sources of medium size. (E.g., Richter 6 at 10 km 
depth) The surface intercept of the disturbance propagates as a circular 
ring of waves, with distinctions between S and P waves, and much further out, 
between Rayleigh and Love waves. First I ask if a piston model is still 
credible for dealing with ionospheric effects in the vicinity of the epicenter. 
Unquestionably, there will be a greater element of fiction to such an approach 
here (than for contained bombs). 
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1. The Local P-wave with 11 Vertical 11 Coupling 

Obviously, the earthquake 11 piston 11 is much larger;. in order to 

dimension it, I resort to phase difference considerations: 

d = 2a rv { rv Jt rv 2 km 

Here I use the P wave velocity; presumably it is thi~ longitudinal surface 

motion which more closely resembles a piston. (T rv lz sec on typical shallow, 

close-in P wave records.) Perhaps the most significant feature of this 

dimension is that it radically changes the character of the acoustic distribution: 

c 
ka rv _gnd rv 25 » 1 c . a1 r 

The acoustic energy propagation is thereby strongly confined to the 

normal to the surface motion. Although the P-wave tends to be 11 messy 11 
- even 

close-in- I will model its propagation as radial from a 11 center11
• The 

effect of the surface reflection is to make that center appear shallower. 

Hence we can consider the·initial, close-in, acoustic pulse as a continuous 

raidally propagated wave, originating at that shallower point (Fig. III.l). 

In order to dimension its amplitude, I will use the surface pressure: 

P 1 = PoCV 1 

(The surface is sufficiently flat for this, considering the air wavelength~) 

Suppose I assume a surface velocity similar to that for contained 

low-yield explusiuns: v1 ~ 60 em/sec. 

Then: P1 = 2.5 x 10 3 clynes/cm2 

{~) 1 = .0025 or .25% 

Further, I assign an effective source depth of 3 km. (This will become the 

new r, in'the propagation scaling factor.) 
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The other factors in rr 2 /rr1 do not change very much for the vertical 
field. The initial cycles of a P-wave record resemble the initial surface 
excursion of the contained explosion, repeated several times. One anticipates 
p7rhaps a narrower source frequency dis tri buti on a.nd this may affect the Lf term 
·unfavorably at 220 km. Find: 

Finally: ~ 17 . 

(rrdnl) 22o ~ 6 

and: (QE. )85 ~ 4% 
i p . 

(%} 2 2 0 = l. 5% 

Phase Shifts: We continue with the nominal BGT acoustic waveform at 220 km: 

220 km 81 = -1.3 

82 = -2.7 

and 8 ~ -4 c. 

85 km: The acoustic pulse at 85 km due to an earthquake, should be longer 
and more iicyclic 1i, than that from an explosion. To estimate the maximum 
D-layer effect, I model one pressure phase as a symmetric triangle with an 
acoustic length~ 270 m. 

Then:· ~ := .082 X1 = X2 -X1 = 135 m 
b = C = 2.1 X 10- 4 

and find: 8 ~ .5 c 

Thus the local longitudinal (vertical) ground motion from a modestly 
strong·earthquake should produce a visible local ionospheric effect. 
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2. S-wave -Also Vertical Case 

·However the S-wave is generated, its· principle property here, is 

that at some distance out (let us say beyond the spherical model dimension 

used above), it results in .a vertical wave displacement of the earth•s 

surface per Fig. III.2. As this ring propagates radia11y out, a corresponding 

acoustic wave presumably propagates upward as ·a fairly flat cone (or inverted 

dish) with inclination angle: 

c . 
1}J "' al r "' .08 rad or "' 5° .. 

cearth 

Inasmuch as the ground attenuation is small on the source scale considered 

thus far, the effective 11 piston 11 (as seen by the ionosphere) is large 

indeed- of order 100 km (for a flat, 11 perfect 11
; geology). A similar 

model is discussed by Yuen et al (Ibid). 

Suppose that the peak surface velocity is 6 em/sec with a waveform 

time scale again of order~ second. The surface pressure is: 

P1 "' 250 dynes/cm2 

and: ( ~)· "' 2. 5 x 10- .. or .025% p 1 . 

I 
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Let us estimate the consequences at 220 km. If one does this on 
a strictly plane wave basis, one obtains suspiciously high scaling numbers . 

. (Like TI
2

/ "'600!) One can make a fragile, semi-empiric argument* for 7T 1 . 
introducing an intermediate range scaling factor. (r- 1 instead of r- 2 ) 

·.In that case: L~·z.o "' .015 

and: 

So that: ( %r2.0 ~ .025 or 2.5% 

At 85 km: (7T2/7Tl) ~ 100 

·(~r5 ~ .025 - - - 2.5% also. 

These n factors are still disconcertingly large, but it is 
difficult to argue for a stronger range dependence, without sacrificing 
the 11 dish 11 model. 

Phase Shifts: 

At 220 km: 

and: 

At 85 km: 

and: 

(Vertical sounding, continued) 

b/ 
a I· 2.5 IBll 'V 2 

c/ -+ 
a .065 ISz.l 'V 4 

Is I ~ 6 c. 

'IK= .082 X = 135 

b - y ~ (~) -+ 1 . 3 X 10- 4 

Is I ~ . 3 c. 

m. 

This crude S-wave coupling model predicts nothing strongly different 
from P-wave, at least locally. 

* It agrees better with data such as it is. 



.. 

3. 11 Slow Motion 11 and Tsunamis 

The structure of the Lslf factors suggests that a relatively small 

rootion over a large area, 'might produ·ce an optimum effect. There is little 

reliable evidence ·to justify such an expectation from either contained explosions 

or from earthquakes. In sonE way, such a fictional source resembles and 

presages the Rayleigh wave consideration below. In order to further define 

what one might look for, I wi.ll do the problem backwards, starting with a 

fiducial phase shift of one cycle. 

First we choose optimum roodels for Ls, Lf; we assume a vertical 

surface rootion such that the predominant frequencies lie in the range · 

5 x 10- 3 to 5 x 10- 2 Hz. (T ~ 2 min.) One might perhaps envision this as 

a large-scale, small-arrplitude relaxation of the earth medium, following a 

large transient disturbance. With some qualitative justice, this restriction 

permits Lf ~ .l . 

Evidently for periods that long, phase differences will be small 

across relatively large areas (>.. ~ 500 km) and the source-acoustic coupling 

may be viewed as quasi-planar. A conservative approach preserves the 
11 curvature 11

, albeit small. Using a reasonable source phase criterion, 

I adopt as the source scaling distance: 

Then find: 

r1 ~ >..1 8 ~ 60 km. 

L ~ .025 s 

. kd 
(also T ~ .4) 

and we obtain a large acoustic multiplier: 
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Next, I approximate the relaxation pulse as a uniform fall slope -

in effect a 11 Saw-tooth 11 acoustic wave from the standpoint of RF phase interaction. 
One finds: 

where the (second) c represents the wave slope, and: 

X1 = CsT ~ 30 km 
. 1 A ( /:,p \ 2 2 0 
C = - _u_p ~ 2 X 10- 5 -p) 

yX1 p 

For a one cycle phase shift, this obtains: 

(
QE-)2 2 0 ~ 2% p - . 0 

and working back ·thru the vartous couplirig factors: . . 

The corresponding fall velocity is ~ .. 025 em/sec 

and the total 11Sinking 11 is.~ 3 em. 

A clear geographical case in which surface motion of this scale 

is exceeded'(in area, amplitude and tirre) is the Tsunami. It should be 

possible to trace the progress of a Tsunami by ionospheric monitoring. 
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IV. The Remote Regime- Rayleigh Waves, 11 Duct Injection .. and Other Topics 

Everything considered so far pertains to experiments in which both 

the acoustic and the radio-sounder paths were assumed to be vertical (or 
nearly so) and within the acoustic refraction zone (i.e., 200 km or less from 

the source). Now, let us look at 11 angles 11 and remote effects. 

Things become more ambiguous, contentious, and speculative here. 
A number of mechanisms and models have been set forth in the literature, 
and the data so far seems to confirm all of them. As I implied before, here 
I will only consider 11 first arrival .. signals. Even so, this allows many 
possible signal paths. The observations suggest one common feature, however: 
There seems to be an absence of intermediate coupling routes-- that is, 
signals which travel part way seismically, couple up to the atmosphere~ and 
travel the rest of the way acoustically. This may simply reflect on the 
large velocity dispersion which the overall contribution integral would then 
exhibit. This coherence integral necessarily 11 peaks .. around the source and 
around the sensor, and it is only at those corresponding path times that a 

unique signal does become visible. Conversely, the signal structure furnishes 
·clues as to the dimensions of these central zones of in-phase contributions, 

and hence on energy-coupling efficiencies. 

(Suffice it to say that we 11 fudged our way out of i t 11 when dealing 
with just the local regime in the earlier sections.) 

In order to assuage the presentation, I elect here a more hypothe
tical approach:· I will start with what should be the most generally acceptable 
feature of the problem-- namely, the ionosphere-- and work backwards towards 
required source magnitudes for.each signal path and choice of source. As a 
pha!;e visibility thre!;hold I adopt: 

B = 1 cycle. 
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Obviously, here I will need to 11 fudge 11 to the extent of assuming a density 

perturbation profile in the H.F. interaction region. ·But, we will see that 

even this is not as critical, nor as · ambi g·uous as one might off-hand think. 

The real problems arise when one finally compares required acoustic source 
aJll>l i tudes with those customarily observed. 

1. The Remote Rayleigh Wave 

One significant feature of a Rayleigh wave at 3000 km, is that 

its central frequency distribution lies in the middle of the lossless 
acoustic pass-band for vertical propagation. A small, slow, vertical ground 

·motion results in an air pressure wave which experiences a large amplification 

factor upward. Another feature is, in fact, the smallness of observed 
Rayleigh amplitudes: ~ 10- 2 em with T ~ 30-60 sec. 

From the H.F. interaction standpoint, the acoustic density profile 
·is no longer that corresponding to the pulse excitation of an equivalent 

acoustic filter. The first-order prediction would be for a reproduction of 
the Rayleigh waveform. Indeed, corroboration for this is claimed in the 
literature- cf. Yuen et al (Ibid); Weaver et al, Nature 226, 1240 (1970). 

Since the waveform approximates a continuous sinusoid, the phase 

path integral should be taken over a sufficient number of (acoustic) cycles 
to account for the partial RF phase shift cancellation between opposite 

acoustic phases in the ionospheric gradient. (Note Fig. IV.l) We can 

roughly estimate this factor in the following way: 

n =-{ax n 1 = -yax - b.~ 

Now: ~= l£E..= b.o sin wt = b.o sin kx 
I~ y p y ,--_Y;,.__ __ _ 

whence: n =ljax n1 ='Vax- b sin kx 

and 
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We go to the 11 Small effect 11 approximation: 

n• ·->-Yax (1 - .Q_ sin kx) 
2a - x 

and: S = -( ~) ( .Q_) jeosin kx d (kx) 
/ka · o v1<X 

The integra 1 represents the aver.agi ng factor: jeo = --f[ 
0 

Finally: 

At 220 km, with As ~ 8 km, v ~ 5 me, find: 

(
!::. )220 s = -100 ~. 

with b = l(~} .. y p . m 

Thus, for our 1 cycle threshold, we require:· 

\

1 ~) 220 ~ 1% 
p .. 

Next, consider Ls Lf" 

For r » A, the local motion distribution (or 11 dish 11
) approaches 

a moving band source; that is, the acoustic range scaling should be taken 

as cylindrical, with a large effective source size: r 1 ~· ~ ~ ~T ~ 60 km. 

One has a quasi-plane wave propagating upward-- something like Fig. III.2, 

but on a larger scale. I adopt the same acoustic-ray-bending as indicated 
60 1 in BGT/Fig. 2, so that Ls ~ 220 X 3 ~ .09. 

I also assign Lf ~ .8 

Then: (!) 
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This is a very large nunber; it hints that perhaps this particular 
problem falls outside the domain of applicability of this scaling method. 
Nevertheless, multipliers of this general size appear necessary, if the 
theory is to support the observational reports. 

Sti 11 working backwards, we obtain the required surface pressure 
amp 1 i tude:. 

The corresponding surface velocity waul d be: 

v = ~ = 7 x 10- 3 em/sec pc 
with a vertical Rayleigh amplitude component~ .06 em. 

While this is a very small motion, its lateral dimensions are not: 
A~ 200 km. One might simulate it, if one could raise and lower the entire 
surface of Lake Tahoe by one mm within 30 seconds! (There have been other 
suggestions in the past for using Lake Tahoe as a simulator.) 

The data references show that RF phase disturbances of threshold 
magnitude are indeed seen at the appropriate time. · But the corresponding 
Rayleigh wave seismic amplitude is noticeably lower than derived here. ??? 

Love Waves. As I remarked way back at the beginning, one would 
not.expect good (or poor) acoustic air coupling with purely lateral earth 
motion. Since Love waves have no vertical component, they are excluded from 
consideration by the approach adopted here. Of course, it is possible that 
a Love wave generates small, local, surface air turbulence, but it is 
difficult to envision a·significant ionospheric consequence from this. 

2. 11 Duct Injection .. 

Referring to BGT/Fig. 2, note that there is a band of critical ray 
traces (approximateiy 20° to 25° from vertical) which appear to inject. into 
a horizontal plane, at approximately 170 km. Arguments have been set forth 
for 11 trapping .. the acoustic energy in particular layers associated with 
stagnant thermal or gravitational density inversions. 
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It is only fair to point out that there appears to be some 

controversy and equivocation as to the reality and interpretation of 

.. duct modes 11
• A possible underlying reason for this is that one really 

expects much more from any mechanism to which 11Waveguide 11 or 11 duct 11 gets 
attached in identification. It is important to distinguish these rela
tively decrepit propagation modes from the more classical profile of 
.. duct 11 or 11 Wavegui de... Here the propagation path is not bounded by 
well-defined, low-dispersion surfaces; consequently, the modes are 
much less defined, lossier, and phenomenologically more capricious than 

they are in, say, microwave conductors, or even in the classical VLF 
ionospheric duct. 

The 11 duct 11 concept appears to be valid to the extent that 

the wave energy content obeys a range relationship having a somewhat 
lower exponent than simple spherical propagation. E.g., r-sh rather 
than r- 2

• (A true duct would behave as r- 1
.) ·This may be a reasonable 

basis on which to 11 force 11 further progress here. Keep in mind that right 
here we will still be dealing with longitudinal compression (conventional 
acoustic) disturbances, with v~ 270m/sec (at altitude) and in the pass
band domain of 6 X 10-~ to 6 X 10- 2 Hz (central T ~ 2 min). The propagated 

wave must lie in this band, or must have dispersed down into it. (This is 

observationally verified.) Again we start by considering the ionospheric 

interaction at~ 200 km altitude. 

The R. F. Phase Path. For a 11 ducted .. acoustic wave, the instantaneous 
density profile in principle appears as a horizontal distribution, rather 
than a vertical one. Hence a vertical R.F. sounder monitors the properties 

of the edge of the duct, rather than the integral of the acoustic waveform. 
So we must adopt a model for the acoustic wave transition at its gray lower 
edge; for expediency, I have constructed the one shown in Fig. IV.2. This 
depicts the electronic density gradient as unperturbed below the transition 

layer, which is taken to be i~ 8 km thick. For simplicity, the transition 
is approximated as a straight line perturbation gradient. (It gives an 
undeservedly good prediction.} 

P.S. Note that now all acoustic wave components should sequentially modulate 
the R.F. phase path, as a procession across the central (RF} Fresnel reflection 
zone (for a vertical sounder}. 
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The effect of this assumed distribution becomes at once apparent 

'if we consider the situation at an acoustic 11 peak 11 (Fig. IV.2). The critical 

electron density for reflection, which was originally at CD , has now 

lowered to(~) , as the density gradient increased. The shift in the re

flection boundary becomes competitive with the phase path integral beneath 

it (labeled® ) for~ value of the acoustic amplitude- not just for 

the 1 arge r ones. 

We thus need to reconstruct the analytic model in a somewhat 

different way. The electron density is now described by: 

where 

N = N0 {11 - ax)+ b(x2 - x~ 

b = _1. /QE.) 
YXz \ p 

The boundary shift is defined by (1 - ax)+ b(x2 - x) ,;, 1, 

whence 6x = x, (
1 
+\,J= ~ x., (for (

0
/b) » 1) 

Since now Xz= 8 km, as determined by the ionosphere, we write: 

(cycles). 

This expresses the apparent phase shift due to the effective change 

in ionospheric height associ a ted with ( ~). 

There is an additional phase shift due to the 11 little piece 11 @ ; 
it is attacked by a .. triangular approximation .. somewhat similar to that used 

earlier for the vertical acoustic wave: . } 

8' = ~ r ,I cu-d du - t ,lau du . 

where c = a + b d = ex 

After a suitable arithmetic episode, one obtains: 

s, = -~ (~) (~ ra ,r, 
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Whence the total phase shift: 

lsl=2(%)(~} 

Again, a and X2 characterize the ionosphere, rather than the acoustic 
wave. One finds: 

1 .--.-
y3 '/ a X2 "' • 2 

The gradient contribution is here only 20% of the effective height change. 

Fi na 11y: 

Also: 

For the 

s ~ 720 .Q. 
a 

~ ~ 4 (~} 
phase threshold of 1 

l~t "' .03% 

(max. value) 

and S"' 3000 {~) 
cycle, it fa 11 ows that 

Duct Propagation Factors. I confine the problem to the 11 duct 
input 11 due to either a contained explosion· or a local P-wave. Without 
great error, I can then match this to the earlier acoustic prediction for 
the ionospheric environment. The remaining unknown is the duct propagation 
itself. 

For both those cases, I earlier adopted the shock-excited acoustic 
filter output (Fig. IV.3a) as the waveform convention; this becomes the input 
to the duct. We know (by observation) that the 11 0utput 11 must be a 11 teardrop 11

, 

dispersed wavetrain envelope containing several cycles of 2-minute periodicity. 
(E.g;, Fig. IV.3b.) This problem also deserves better analog testing, but 
since the 11 Stretching ratio 11 is only something like two, I will simply 
redistribute the wave energy via: 
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Also, by our prior scaling argument: 
o/ 

L~ = [ ~~ ) 
2 

.~ . 02 

. We find: I~) = .055 
\ 7T2 . 

Correspondingly, the threshold "duct input" must be: 

. \% ) 1 7 0 ~ • 6% 

There is a 1 so a "matching" TTfactor, of order: 
d ; . 

( ~ o) ~\ /p 170 x 220 
TT v~22o 110 

I 

L 17o . 
f 

X [Z"2"V" "' 2 . 5 
f 

In the absence of a detailed propagation calculation, this is ambiguous to 
a factor of about 2. It permits referencing to the 220 km cases estimated 
earlier. 

Evidently this equivalent threshold would be: 

(
Q£)220 
P eq. 

~ .25% 

Earlier, for the 10 kt contained nuclear case,.we 
/Q£)220 deduced that 1 P ~ .2%. Thus this source case should result in a 

marginally visible phase signal at 3000 km. Recalling that· the effect 
220 . 

scales weakly with yield (for 1 mt Boxcar,!-%) ~ 6%), one would then 
anticipate a comfortably visible signal at high yields. Collapse should 
also generate a remotely visible effect. 
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For the local P-wave earthquake example, we predicted 

1.5%; it too should be clearly visible via the 11 duct 11
• 

This serves to show that the acoustically-propagated ionospheric 

effects may approach in sensitivity, those observed locally. If anything, 

it corroborates the published observations of the acoustic component by 

this mechanism. 

3. 11 Gravi ty Waves 11 or 11 AGW 11 

where 

The complete AGW propagation problem is typically described by: 

. c2 a
2
X + {ac

2 
+ ygl ~ + {w2-k 2 ·(g.:~· . x = 0 azz az ) az . w2 'J 

Q2 = g ~~2 + {w2c2 - (y-l)g2} 

and X= div ~. the dilatation 

A multiplier e iwt Jo(kr) is factored in the derivation. The pressure and 

density are integrable from the solutions for X(z,r,t), as for instance at 

the surface, simply: 

iop(o) = -YPoX(o) 

In the older classical treatments (Lamb, Pekeris), the 11 pulse 11 is 

considered to be a small pressure-density variation in the stagnant atmosphere. 

The atmospheric properties were approximated by analytically manageable 

models of the pressure-density - temperature~velocity profiles. A more 

elaborate multilayer matrix formulation was developed by Press-Harkrider, 

and Pfeffer-Zarichny, which permits the use of measured atmospheric properties. 
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The earlier works (e.g., Pekeris) suffice to exhibit the major 

features of acoustic-gravitational wave propagation. One recognizes at 

once that the propagation may be dispersive and possibly strongly so - note 
2 . 

the terms in ~~ .· It may be dissipative, as witnessed by the central 

term in~~' according to whether the coefficient has real components. 

Finally, the complexity of the third coefficient suggests 11 many 11 modes; 

standing waves are also permitted in certain regions of the ionosphere, 

according to the sign of the brackets:· {w2
- k2 ~~~)}.. 

The modern 11 Solutions 11 of these equations are generally carried 

to the point of exhibiting the 11 root behavior11
• That is, producing the mode 

dispersion function: Group velocity versus component period. There are many 

comparable representations of this, using the 11 V vs~ -r 11 format- see e.g.: g . m 
Baker and Davies, JGR 73,448 (1968) - reproduced here as Fig. IV.4. The 

original work was done by Pfeffer-Zari chny, and Press-Harkri der; most of the 

.. authoritative papers 11 listed in thebibliography display their (or similar) 

dispersion functions. 

It is obligatory in a comprehensive program, to integrate these 

expressions 11 Completely 11
, with realistic environmental representations. 

This is not a trivial exercise. One should obtain all of the various 
11 prompt 11 modes discussed before, plus many more longer-period ones. The 

various references are generally addressed in detai1 to one or another 

class of these modes. Only a few authors (such as Harkrider, Pierce, and 

Wickersham) atteflllt a more extensive survey of the complete problem. 

The field appears to be clear for comprehensive waveform/amplitude 

cataloguing by computational methods. Of course, one can hardly approach 

this by the casual est·imation which I have adopted, arid it should be 

evident that there is no such pretense intended. 
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The only AGW mode which is reasonably subject to the estimation 
approach used here, is the so-called 11 Gravi ty Wave 11

• It is the direct result 
of vertical displacement of the atmospheric medium by the (vertical) acoustic 
wave above a source; it is analogous to 11 pond ripples 11

• Let us see what we 
get by primitive application of: Energy conservation principles, qualitative 
dynamical descriptions, and constraints demanded by observational data.· 

The effective height is taken as "' 150 km. In a first-order mode 1 , . 
the likely source region is that including a 15° acoustic ray incidence, 
corresponding to the first Fresnel zone of constructive interference between 
the vertical acoustic driver and the faster gravity wave. This sets r2 "'60 km 
(as used below). 

The peak displacement is estimated as a perturbation of the equilibrium 
gradient: 

(6Z) -(Q.e.) P - 1 .(6p)1so P 1 
- P 'dp/ az - Y -p- 'dp/ az 

Yuen et al provide a guide (their Fig. 7) to propagation definition. 
This suggests a self-consistent attenuation of order: Lf"' .07. 
(The same number may be estimated by constructing a bell-shaped filter 
approximation and shock-exciting it by a synthetic displacement input 
waveform.) The contestable point in this argument is that the filter 
factor is not strongly sensitive to propagation mode. Nevertheless, let 
us plow on. 

There is no reason to adopt a radial law strongly different from r- 1
, 

so that 

Then 

Finally: 

Ls '" .02 

(6Z)2 = Lslf (6Z)1 = 

(6Zh = L L l P 
s f y ap/ az 

= 150 
QQ. 220 

P eq 

.035 (6Z) 1 

( :!!.ll.Q_) (~) 2 2 0 
TI2 p eq 
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The principal R.F. phase effect of the gravity wave will be to 
change the virtual reflection boundary for a particular frequency. 

Then: B = -- (6.Z)2 = .033 (6.Z)2 = 50 ~ . . . 2v . ( 6.n) 2 2 o 
. c - p eq 

A one cycle threshold.corresponds to (6.Zh rv 30 rreters and a (vertical) 
local displacement (6.Z) 1 rv 900 meters. Normalizing to the equivalent 
220 km acoustic pulse, this produces a case threshold of: 

(~)220 '\, 2% 
p eq 

Thus a significant gravity wave effect requires fairly strong 
sources: Something between Syntax and Boxcar for contained explosions; 
the assumed P-wave example is marginal. More materially, note the ratio 
of the remote phase effects; 

This again ''agrees 11 (incredibly!) with sorre reported observations: 
Weaver et al (Ibid) (The Rayleigh followed by the AGW). 

Standing Waves. There should be a longer period mode (order of 
20-30 minutes) which. is not propagative, but stationary. Presumably it would 
be excited by a propagative field, but with even weaker coupling. Its 
detection would be verified by virtue of its period and its georretric 
structure; it might be peculiarly useful in 11 location 11 problems. 
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4. Grazing Incidence 

Rather self-evidently, a grazing incidence H.F. path 11 Spends 
more tirre 11 in the marginal density region just under the reflection boundary. 
One would suppose that this might be especially worthwh_ile (from a sensitivity 
standpoint) for a path tangent to a ducted acoustic wave. There is a difference, 
but it is not as attractive as one might think. 

The basic reason for this appears in Fig. IV.5. The .geometry for 
the most-grazing surface path (and really not a realistic one) limits the 
grazing angle to~ 12°, at 2000 km. This enters as sin1

12o ~ 5, a phase 
path multiplier. It also enters separately as sin 12° -~ ~' a multiplier 
for the phase consequence of the effective height change. 

For instance. in the duct example above. we have: 

(v)(b) { . -fu, } B = 2 ~ i X2 s1n B + 3 sin 8 
For the vertical sounder { } ~ 1. 2 
For the grazing sounder { } ~ 1.2 also! 

In-between, i-t is actually a shallow saddle. 

Similar considerations apply to the earlier cases of vertical 
acoustics with grazing H.F. paths. The principle differences should be to 
alter the phase waveforms and to shift the domains of sensitivity, without 
a useful improverrent in sensitivity. 

Polarization Effects. The instantaneous acoustic profile may 
exhibit a R.F. polarization sensitivity quite apart from magnetic field 
effects. _For instance, a vertical sounder using a simple dipole may sense 
a different relative phase path when oriented tangentially to an acoustic 
duct field, than orthogonally. 
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V. Acoustic Properties and Noise 

Some Detailed Properties of the Extended Atmosphere 

There are a number of features of acoustic propagation of the real 
atmosphere which tend to get 11 run over roughshod .. in the va-rious attempts to 
explain, predict and experiment. 

1. The Acoustic Skew Filter 

The use of a single _pass-band filter model for the Fourier 
characteristic of the atmosphere is acceptable, as long as the upper and 
lower frequency limits continue to converge with altitude (or at least remain 
unchanged). If either one 11 turns around 11 and diverges, then we have to take 
another look. In fact that is exactly what does happen, by the classical 
model used in BGT. Fig. V.l plots the frequency behavior of the -10 db 
attenuation levels as function of altitude; it is a skewed tunnel. Note 
also that much of the middle atmosphere exhibits a broader pass-band 
than either the source or the interaction regions. 

A possible approach would be to approximate the problem as 
two series filters. In effect, the waveform seen at~ 120 km would be 
reinjected into the second and higher domain, as if it were a quasi-source 
pulse. 

2. Acoustic Focussing 

I refer again to BGT/Fig. 2. Note that there is also a band of 
acoustic ray-traces which returns to the surface in the range 250-500 km. 
This is a well-known phenomenon, of course, and it was of much concern 
during the days of NTS atmospheric testing. Now note the concentration 
of ray traces at 85 km altitude and~ 200 km range. Here the non-uniform 
factor is greater than one. It is also the D-layer regime and suggests 
that one might observe a stronger ionospheric effect in this· focal zone. 
But it is likely to be a 11 mixed bag of pu1ses 11

, on account of the path 
travel time differences. Because of the.basic weakness of the D-layer 
interaction, this intensification could probably only be observed on. 
atmospheric nuclear events. 
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"Noise": Lighting and "Supersonic Dimples". An inspection of 

typical ionosonde data shows noise "signals" whose character is suggestive 

of singular non-ionospheric source origins. Among such possible sources, 

one mfgh t consider: 

Lightning 

Supersonic A/C 

(True) Gravitational waves 

3. Lightning 

One can get lost in "source defi ni ti on" here: Cloud-cloud, 

cloud-ground, 10 8 to 10 9 joules, leader and main strokes, etc. etc. 

A useful equivalent is to think of it as 100 lb HE simultaneously 

detonated on a line"' 2 km long. (It is thus not a "central" source, 

and locally scales less severely than Yr 2.) I adopt a mean observational 

model: 100 dynes/cm2 at 10 km with T"' .2 sec. 

Then: l~) 1 "'.01% 

I will omit further details of choice, since this is a relatively 

undefineable business anyway: 

Lf "' 3 X 10- 5 

Then find . (~ 1 ) 220 

"' 20 

and finally . ( t.: )220 

+ .2% 

Resorting to the "Spike excitation" argutrent, I scale dire.ctly from 

Syntax (or Snowball) to find 

I S I "' . 5 cy c 1 e 

A lightning stroke looks like a small contained nuclear explosion, at least 

locally. There are no obvious, a priori arguments for expecting reliable 

discrimination for duct injection, so I will not redo that exercise. Presumably, 

the absence of an (earlier) Rayleigh wave response should provide a discriminant. 
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4. Supers ani c A/C 

These acoustic sources may have the peculiar feature of coupling 

especially well to certain duct modes. Assuming the optimum vertical 

·injection angle of"' .25°, then for a particular Mach nunber, the normal to 

the bow wave makes the same angle: 

ca - 1 
M = t; - tan 25 6 = 2.2 

(This is about the cruising value for the Concorde, for instance.) 

Again I choose a heuristic source description, based on effects observations: 

2 x 10 4 dynes/cm2 at 300m, with T"'X sec. (This typically 11 blows out 

windows ... ) I scale this to cruise level (20 km) by~"' 3.5. 
P2 

Then 

(The sound velocity effect is small) 

This is 11 Spiky 11 business, so that the BGT acoustic filter number 

should be reasonably valid here: Lf"' 2.7 x 10- 5
• Ls scales a bit 

different, since we have a quasi-line source: 

Ls"' ~~~( (~~) = 1.5 x 10-
4 

Then (Pz;pl) 220. = 4 X 10- 9 and {n · )·220 2 
/TI 1 

This has the consequence: ( ~)Z20 "' 10% 

It is indeed a large effect on the Ionosphere. 

__...,Vertical Sound 
We can do two things with this:~· 

~Duct Inject 

(!) 

= 1.5 
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Vertical Sounding. The acoustic wave here 11 Saturates 11 the Ionosphere, 
just as did the 10 kt atmospheric explosion. (I.e., it violates our early 
condition: b <a.) So we go to the rectangular approximation, as before, 
and this is now mainly sensitive to acoustic pulse length (rather than 
amplitude). It does not differentiate well among sources. (Unless one 
goes to sounder arrays.) We write at once: 

S ~ 360 c . ( at 5 me) 

Duct Mode. The 11 injection factor 11 'turns. out to be larger than 
before, partly because of the favorable coupling geometry discussed above: 

(1Ty1Tl) 170 'V 3 

One then gets an· 11 enormous 11 effecti.ve duct input: (T) "' 30%. 

reference 

,\ 

Using the same propagation factor as 
distance (3000 km) then becomes: 

!%t ~ 2% 

before, the signal at our 

The corresponding local sounder phase excursion should be: 

lSI "' 600 {o/a) "' 24c . 

. The acoustic wave from an SST (or a B-1) thus modulates the 
ionosphere (from the HF refraction standpoint), in the form of a coma-shaped 
dimple (or ripple segment) per Fig. 2. This dimple is dragged along rv 300 km 
behind the A/C; further back, there should be a low-amplitude pattern of dispersed 
waves corresponding to the characteristic duct wavelength. When the A/C goes 
subs·onic, the dimple should likewise disperse down to that duct mode, which 
wi1f then continue propagating as an extension of the final flight line. 

One might suspect that a large number of supersonic trails (randomly 
oriented) could thus 11 roughen up 11 the ionosphere. Whether this might have 
military, ecologic or communication significance, I leave to the activist 

and the politician. 
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VI. Summary 

These tables outline the analytic logic and the treated cases 
(Table VI.l); also the essential estimation results (Table VI.2). 

Some entries are "self-fulfilling", in the sense that the choice 
of r~levant calculational, parameters was guided more by known data, than 
by basic theoretical structure, or physical knowledge. Of course, the 
point is that these semi-empiric parametric choices were also acceptably 
within the expectation range. 

There are some self-evident environmental idealizations not 
mentioned in the Introduction. These were implicit throughout the 
·development and·included such assu!Jl>tions as: 

Infinitely flat, uniform, earth medium 
"Ideal", uniformly graded ionosphere.(not "mottled") 
No magnetic field 

In the course of the exercise, there were many false leads and 
just plain mistakes. (Not all have been located.) A surprising feature 
of these "involuntary tests" was the high degree to which the "results" 
were insensitive to such errors, as well as to the specific model details. 
This might be ascribed to several characteristics: 

1. The phase path effect is described as a difference between 
perturbed and unperturbed cases; environmental idealizations and departures 
thus enter into the results in second (or higher) order .. 

2. The phase path integrals depend on the second root of the 
environmental assumptions. 

3. The use of semi-empiric source/propagation models (data-adjusted) 
makes the non-1 i ne.ar response compression of the media (Earth, atmosphere) 
implicit in the energy scaling. 
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There are some unresolved ambiguities in the longer-range 
time-of-arrival (TOA) numbers. They are exhibited principally for purposes 
of orientation. It is here especially that one finds equivocation between 
data, theory, authors and authorities. ( 11 You can find it if you know where 
to 1ook 11

-- -
11 Whjch mode is it? 11

-- -
11There's work. left to be done 11 

•••••• ) 
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TABLE VI. 1 -TOPIC OUTLINE 

Introduction 

The Caveats 
Basic Concepts and Assumptions 

, I. Nuclear Explosions 
The NUJrerical Exa"llle: Syntax· 
The Normalizing Case: Snowball/BGT 

1. Earth-Air Coupling-· Piston Model 
2. Atmospheric Propagation 

Spreading and Filter Factors 
3. The Ionospheric Disturbance 
4. Propagation Path Effects ( RF) 

220 and 85 km Cases 

II.. Corollary Nuclear Considerations 
11Switchi ng 11 Domain 
11Strong Pul se 11 Domain 

1. Boxcar/Jorum 
2. Non-contained U.G. Explosions 
3. Atmospheric Explosions 

10 kt - - - Hi Yield 
4. Collapse 

II I . Earthquakes 
The Local Regime 

1. The Local P-wave - - 11 Vertical 11 coupling 
2. S-wave - c- also vertical 
3. Slow Motion and Tsunamis 
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IV. The Remote Regime- Rayleigh. Waves, Duct Injection, etc. 

1. The Remote Rayleigh Wave; Love Waves 

2. 11 Duct Injection" 

The RF Phase Path 

Duct Propagation Fac~ors 

3. Gravity Waves; Standing Waves 

4. Grazing Incidence; Polarization Effects 

V. Acoustic Properties ·and Noise 

Some Detailed Properties of the Extended Atmosphere 

1. The Acoustic Skew Filter 

2. Acoustic Focussing 

"Noise 11
: Lightning and 11 Supersonic Dimples .. 

3. Lightning 

4. Supersonic A/C 

Vertical Sounding; Duct Mode 
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TABLE VI. 2 - SUMMARY OF ESTIMATES. 

11 Local 11 Acoustic Cases 

Source 

500 T HE, Surface 
10 kt Nuclear, Surface 

10 kt U.G. Contained 
1 mt U.G. Contained 

U.G. Collapse, 10 kt 
U. G. Co 11 apse; 1 mt 

t.p p max. 

6% 
(30%) 

.2% 
6% 

3% 
8% 

Earthquake, Richter 6 
Epicenter 'V 10 km down 

P-wave (local} 1.5% 
S-wave ('V 100 km} 2.5% 

Lightning ( 11Average Stroke .. } .2% 
SST ('V 300 km) 10% (!) 

Source 

Earthquake 

U.G. Nuclear, Contained 
. 10 kt 

lmt 

11 Reroote 11 Cases 
(at 'V 3000 km) 

Propag/Coupl i ng 

Rayleigh+ acoustic 
P-wave +ac. duct 
P-wave + Gravity 

wave 

Acoustic duct 

Acoustic duct 
Gravity wave 

* ~irst main excursion peak. 

~ p max. 

1% 
1.5% 
1.5% 

.2% 

6% 
6% 

Phase Shift* 
F 1 ayer, 5 MHZ 

. -16 c. 
+330 c. 

-.5 c. 
-16 c. 
. +8 c. 
+20 c. 

-4 c. 
±6 c. 

±. 5 c. 
'V±360 c 

·Phase·Shift* 

± 1 c. 
± 6 c. 

. ±. 8 c. 

Approx. 
TOA 

30 min 
3 hrsl5 min 

. { 1 hr 15 min 
3 hrs 

± 1 c.>3 hrs 15 min 
±25 c. 
± 3 c. . { 1 hr 15 min 

3 hrs 
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APPENDIX .A 
HF Radio Measurements of High-Altitude Acoustic Waves 

from a Ground-Level Explosion 

G. H. BARRY, L. J. G~IFFITHS, AND J. c. TAENZER 

Radioscience Laboratory, Stanford Electronics Laboratories 
Stanford University, Stanford, California 

Linear :~roustic theory predicts that a large ground-level explosion-several hundred tons 
of TNT-should produce a pressure wave amounting to several per cent of ambient in the 
:~tmo~phere 200 km above the explosion. An:~lysis oi the interaction of such n pressure dis
turbance with the ionosphere implies that the passage of the wnve should be readily measur
able by means of vertical-incidence radio phase-path soundings. Radio measurements made at 
the time of a 500-ton explosion have confirmed the hypothesis. The shape of the observed 
phnse disturb:~nce agrees well with thnt predicted, and the observer! onset times check to 
within 10 seconds with ncoustic ground-to-ionosphere travel times. The amplitude and dura
tion .of the disturb:~nces were approximately 100 radians and 2 minutes, respectively. The 
amplitude is sli!(htly smaller than predicted; however, the observed duration is approximately 
twice that calculated. Refining and fitting the model to obtain better agreement-especially in 
disturbance onset time, shape, and duration-may represent a technique for improviug pl'es
ent estimates of the upper-atmosphere density molecular weight and temperature. 

1. INTRODUCTION 

The neutral acoustic wave that traverses the 
ionosphere as the result of a ground-level ex
plosion may be readily calculated. If this is 
done, one discovers that the explosion of sev
eral hundred tons of TNT produces a pressure 
disturb:mce of several per cent of ambient in the 
ionosphere directly overhead. Such a disturb
lnce should be readily measurable by vertical
incidence radio soundings since the neutral dis
turbance must produce corresponding electron 
number-density fluctuations. If sound waves 
in thl' Up;Jer atmosphere can, indeed, be meas
ured in this fashion, the· results may improve · 
our knowledge of the upper atmosphere, es
pccinlly its mean molecular weight, density, 
and temperature. 

An opportunity to test the possibility of 
r~dio measurement of upper-atmosphere acous
tic waves occurred in July 1964, when an ex
r•losion of 500 tons of TNT was detonated at 
the Suffield (Alberta) Experimental Station of 
thr Cnnndinn Defence Re~earch Board. Two 
mtical-incidence radio sounders were installed 
nc.u Suffield (at Bow Island and at Arneson) 
by the Stanford Radioscience Laboratory. It 
1\'as planned, through sounding measurements 
1:1.1de at these sites-located at equal distances 
lll.lgnetically north and south of the blast-to 

measure the time, shape, and intensity of upper
atmosphere acoustic waves and to check the 
expected influence of the earth's magnetic field 
on the radio measurements. Unfortunately, 
winds at the time of the blast distorted the 
hoped-for geometry and prevented a confirma
tion of the magn_etic field dependence. The ex
periment was successful, however, in measuring 
the characteristics of the upper-atmosphere 
pressure wave. 

2. THEORY 

The following is a brief outline of the method 
used to predict the radio phase-path disturb
ance observed .near the explosion. The theory 
is presented in two parts: (1) a calculation of 
the size and shape of the neutral pressure wave 
produced in the ionosphere by the blast and (2) 
a prediction of the effect .of such a pressure dis
turbance on ionospherically reflected HF radio 
waves. 

A. Neutral pressure wave. The descrip
. tion of acoustic waves generated by explosions 
· in the atmosphere is facilitated by considering 

separately the near-and far-field effects. The 
shock wave traveling in the near field must be 
described by a set of nonlinear differentia! 
equations. The blast-wave computations of 
Brode (1959] were used to describe near-field 

. 4173 
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••• ••• APPROXIMATION USED 

Fig. 1. Pressure versus distance from source for 
sphericri.l shock wave at 6% overpressure. 

effects. Brode's results extend from the surface 
of the explosive to a point at which the maxi
mum shock overpressure has been reduced to 
6%. Figure 1 shows the 6% waveshape for a 
500-ton blast. 

To simplify c:1lculations, an approximation 

2 nrc defined by the properties of tl1c atmqs
phcro except the maximum power-density ratio 
p,jp,, which would be unity for a lossless plane 
wave. As a wave propagates upward in the at
mosphere, .the power density will be decreased 
by two separate mechanisms, spreading and 

. attenuation. The two losses will be considered 
independently; 

p2 
L,L1 {3) P, = 

where 

L, = power-density loss factor caused by 
spreading. 

L, = power-density loss factor caused by 
atmospheric filtering. 

to Brode's waveform (Figure 1) was assumed Waves generated by explosions in a uniform 
to be uniformly distributed over a hemispheri- atmosphere are spherical, and the power den
cal wavefront 1150 meters from the source. · sity is inversely proportional to the area of the 
From this point outward, the. disiurbance was · · front. Thus, for a disturbance propagating 
treated as a linear acoustic wave. The follow- from the Brode 6% radius (1150 meters from 
ing discussion summarizes the linear acoustic the source) to the upper ionosphere (the F 
theory used to describe propagation in the Jar-. layer at 220-km altitude), the spreading loss 
field regions. factor L, in a homogeneous atmosphere would 

The power density carried by a linear, plane, beL, = (1.15/220) 1 = 25 X 10"". 
harmonic acoustic wave is given by the equa- For the real atmosphere, the increased loss 
tion [Rayleigh, 1894] : caused by nonuniform spreading was estimated 

p _ pa
2 

Pmax - Po 3 ( ' )2 
2'Y Po 

( throu~h the use of acoustic raytracing, Fig
( I) ure 2) to be about three times that for a homo

geneous atmosphere. Thus, 

where 

p = atmospheric density. 
a = velocity of sound. 
y = ratio of specific heats C./C •. 

p;, .. = maximum pressure in the wave. 
'Po = ambient atmospheric pressure. 

For a wave propagating from pointl to point 
2, one may therefore relate the overpressure 
at each point by .the simple ratio 

rr2 =. 'Y2 (!!2.)'~2(a•)a;2(p2)112·· (2) 
II, 'Yt P2 a2 P, 

where IT is the peak normalized overpressure 
(p .... - p.)/p •. 

Point 1 is taken as the 6% wavefront with 
its associated linearized waveshape shown in 
Figure 2. The wave intensity at point 2-the . 
ionosphere directly above the blast-is then cal-
culated by using equation 2. . 

All terms on the right-hand Side of equation .. . . . ; .•..~ 

(4) 

The atmoSpheric-filter response G (f) at high 
frequencies may be obtained by integrating 

. the attenuation as a function of. frequency be-

Fig. 2. Acoustic raytracing for· ground-level ~
.• . p~osion (rays at 10° increments).,· 
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· ~ tween two points Zt and z.; 

G(f) = exp [ -2 {'a(/,~) d:r: J 
or, expressed in decibels, 

G(/) = -8.6s1•• a(/, h) d:r: 
•• 

(5) 

The pressure attenuation a (in nepers/meter) 
is a function of frequency and altitude and was 
shown by Rayleigh [1894] to be 

is caused by the variation in atmospheric den
sity with altitude. The value of the lower limit 
may be obtained by observing that, to a verti
cally traveling sound wave, the atmosphere has 
the appearance· of an ·exponentially tapered 
transmission line. The acoustic impedance is 
[Rayleigh, it894) 

z = ap (9) 

where a is the speed of sound, and p is the at
mospheric , density. Although both . vary with 
altitude, variations in the density are much 

a(/, h) = 4:2t (23'7 + 'Y ~ 1 k) more pronounced, being approximately ex
(6) 'ponential; i 

where. 

., = kinematic viscosity. 
k = thermal conductivity. 
y = ratio of specific heats c.;c •. 

The viscosity may be written as: 

v2 1.497a2 

" = 0.499- = -----'~-
" "((I 

where 

v = mean particle velocity. 
v = collision rate. 

Ignoring the generally much smaller conduc
tivity then yields 

a(f h) = 41r2/2 
' "(JJa 

(7) 

Substituting this value in equation 5 gives . 
1 

G(f) = - f X 3.42 X 102 1•• E_ (8) 
•• "(JJG 

in decibels, or 

where 

K1-2 = 3.42 X 102 1•• E_ 
•• "(JJa 

The value of K, _ • was evaluated graphically 
with the point Zt taken at ground level and z. 
directly above, at 220-km altitude. The result~ 
ing value of K, _, was 6.01 X 10" sec ..... 

Equation· 8 describes the attenuation of high 
acoustic frequencies. Propagation of low fre
quencies is limited by a cutoff frequency, which 

'i 

P = Po exp [ -h/H.] 
where 

h = altitude. 
H, . = scale height. 

Po = a reference density. 

Substituting this in equation 9 gives 
. ! 

· z = ap0 exp [-h/H,] 
The cutoff frequency for such an exponen:. 

tially tapered transmission line is [SkiUing, 
1951] 

a 
f.o = 4'/r'H, (10) 

Since both the speed of sound and the scale 
height vary with height in a similar manner, 
the lowest useful frequency is not strongly 
height dependent. An average value of 0.004 
cps, taken from equation 10 and the atmos
pheric characteristics given in U. S. Standard 
Atmosphere [1962], i.e! appropriate. Figure 3 

:a 0 
!!· 
::. 
\:) 

- -10 .... en z 
0 
Q. 

. ;-20 

0.005 0.01 0.02 0.05 0.1 
FREQUENCY lcpa) 

Fig. 3. Atmospheric filter response of path 
from ground level to 220-km altitude as a func
tion of frequency. Low-frequency cutoff at / •• = 
a/4rH, - '0.()()4 cps. High-frequency. response 
from equation 8, G(/) = -6 X 1()1 f. 
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summarizes the atmospheric-attenuation char
ncteristics for a sound wave traveling vertically 
from ground level to 220-km altitude. 

The effect of atmospheric filtering on the 
particulnr acoustic wave of interest-i.e., 
Drodc's 6% waveform-was determined by 
analog means. An electrical filter, having the 
attenuation characteristics of Figure 3, was 
constructed. When excited by a voltage wave
shape identical to that of the approximated 
Brode shockwave. for 6% overpressure, the 
output signal represented the neutral acoustic 
disturbance in the F layer directly above the 
blast. The total acoustic power loss factor 
caused by atmospheric filtering-L, of equation 
3-is the square of the ratio of maximum-out
put to maximum-input voltage (Figure 4). The 
value obtained in this manner was 

L, = 2.7 X 10-6 (11) 

Substituting the values from equations 4 and 
11 into equation 3, to obtain the power-density. 
ratio, yields 

P2/P1 = L,L, 

8 X 10-6 X 2.7 X 10-6 

2 X 10-10 

The value of F-layer overpressure may now be 
determined from equation 2 with n, = 6% 
and the appropriate values of y, a, and p taken 
from U. S. Standard Atmosphere [1962]. The 
predicted maximum F-layer overpressure for 
a 500-ton. explosion is then found to be 

IT2.=.2.2% 

ELECTRICAL 
FILTER 

. 2 
.Lf = (V/VI) 

Fig. 4. Analog technique used to determine 
power loss due to spectral filtering. 

100 122 

Fig. s; Overpressure waveform at 220 km de
termined from analog model. 

The above calculation has ignored the effect 
of ground reflection. For the case of perfect 
reflection, twice as much energy as considered 
above would be directed . upward. Since over
pressure is proportional to the square root of 
energy density, this effect could increase the 
predicted F-layer overpressure to 3.1 %. The 
magnitude and waveshape of the predicted 
ionospheric pressure disturbance are shown in 
Figure 5. 

B. Interaction between acoustic and radio 
waves. Owing to ion-neutral collisions, neu
tral acoustic density fluctuations in the upper 
atmosphere will impose corresponding fluctua- • 
tiona in the local ion and electron number den
sities. Since the radio-wave index of refraction 
is a function of. the local electron number den
sity; the phase path of a radio signal traversing 
the disturbed region should be sensitive to the 
existence of predominantly neutral acoustic 
waves. 

The exact phase perturbation imposed upon 
an HF radio wave, incident vertically on the 
ionosphere, depends ·upon a large number of 
variables. The calculation must take into ac
count the acoustic waveshape and intensity a~ 
well as its direction relative to both the geo
magnetic field and the radio ray everywhere 
along the radio signal path. Further, one must I 
include the radio ray direction relative to the 
magnetic field and, of course, the undisturbed I 
electron number density everywhere along this . 
raypath .. The situation is further complicated 
by splitting of the radio-wave energy into its 
ordinary-, 0, and extraordinary-wave, X, com
ponents as a consequence of the magnetic field. 

Several assumptions were made to simplify 
the ealculatio,n. Only the X component was 
considered, and ray bending was ignored (Fig
ure 6). The ray was assumed to be perpen
dicularly incident on a parabolic layer and per-
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I 
/ ,, / 
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, Col AGTUAI. C bl APPROJQIIIAT£0 

Fig. 6. Actual and approximated acoustic- and radio-wave conditions for vertical-incidence 
reflection. 

turbed by a plane acoustic wave moving at an 
angle <I> with respect to the vertical ray. 

The electron number density N in an undis
turbed parabolic layer is described by 

(12) 

where H,. is the layer half-thickness, and h is 
measured from H •. At high altitudes where the 
magnetic pressure exceeds the neutral pressure 
(above roughly 140 km), the presence of a 
pressure wave in the ionosphere changes the 
electron number density by an amount [Hol
way et al., 1963]: . 

AN = (p - po) cos
2 

lf' 

N Po 'Y 
(13) 

where 'f is the angle between the magnetic field 

I 
nnd the direction of ncousfic-wave travel. The 
overpressure (p - p.)/Po is a function of both 

I 
h and time, defined by the acoustic waveshape 
and angle <I>. The resulting new density profile 
~ . 

N'(t) = N + AN(t) 

(
2h h

2
) 

= Nmax HT- HT2 

. [ 1 + (p - 'Po) ooli{JJ (l4) 
Po 'Y 

The phase path of a vertically reflected radio 
wave is found from the integrated index of 
refraction, 

}' 

r·· . hp = Jo p. dh (15) 

For a longitudinal propagation of the extra
ordinary component, the index of refraction p. is 
given by [Ratcliffe, 1959) 

where 
. 12... 12__ N' 

X L.!E.. ~ 
a::: t.= t N,..." 

and 

in which 

fN .... = plasma frequency at the layer maxi-

I 
lf If 
8 

f 

mum. 
= cyclotron frequency. 
= angle between magnetic field and HF 

path. 
= radio frequency. 

Substituting the density profile of equation 14 
into equation 15 yields the expression for phase 
path 

t· [ h2 2h ]1/2 
hp = Jo C H / - C H T + 1 dh (17) 

where 

C = • f(f - f« COB 8) (1S) 

.. · ~~.1{1 + ((p- Po/pqJ); COS
2 1{J)} 
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The upper limit h1 of equation 17 is the true 
reflection height ·and is found by scttipg the· 
index of refraction to 0-i. e., X = 1 - IY Ll· 
Or, substituting for X and Y Lo one obtains 

(19) 

Since the value of C is defined as a function 
of time for . a given radio signal blast site ge
ometry (Figure 6), the radio-wave. phase path, 
ns a function of time, may be found by substi
tuting equation 19 into equ!\tion 17: the round
trip phase path {J, in cycles, is 

3. ExPERIMENTAL EQuiP:\IEXT 

Four vertical-incidence sounders were em
ployed. Two were located ncar Arneson, AJ. 
berta, 85 km magnetic north of the Suffield 
Experimental Station, and the remaining two 
were installed at Bow Island, Alberta, ·85 km 
magnetic south of the blast (Figure 7). 

To obtain the highest sensitivity to density 
disturbances, the pulse transmitters were. op
erated. at frequencies near the F-layer ordinary. 
and extraordinary-wave critical frequencies. 
These were measured about 15 minutes before 
the blast, and operating frequencies selected at 
that time were used throughout the test. 

Each sounder operated with a peak-pulse . 
power of about 1 kw. The pulsewidth was 200 

where c is the speed of light, and f is the radio- J.t.Sec, and a 60 pps repetition 'rate was used. 
signal frequency. Signals were transmitted and received on sepa-

{3(t) = ~ 
c 

(20) 

Equations 17-20 allow one to compute {3 as a rate, horizontal, three-wire, broadband, dipole 
function of time for the given neutral pressure· antennas, located about 25 feet above ground 
wave (Figure 6). The approximations involved level. 
are the assumptions of (1) parabolic iono- The output of each receiver was translated 
spheric density, (2) an undeflected extraordi- down to 25 kc/s and recorded on magnetic 
nary ray, and (3) a pressure disturbance whose tape. WWV signals were simultaneously re
physical size is much larger than the region in corded on an adjacent channel for timing pur
which the index of refraction differs appreci- poses. The data were recorded continuously 
ably from unity-i.e., much larger than the from 90 minutes before detonation until 45 
pressure-sensitive portion . of the radio path. minutes afterward. The magnetic tapes were 
The theoretical phase-path disturbance ex- later processed to produce range-versus-time 
pected at the Arneson and Bow Island sites, film records showing the phase of the received 
near Suffield, were calculated with the aid of a signa:!. 
digital computer and equations 17-20. The re- Film records were generated in the following 
suits of these calculations are given in section manner. An oscilloscope sweep was triggered 
5 of this paper. · · · on a positive zero crossing of the 25-kc/s IF 

Fig. 7. Experiment location. 

' signal derived from the transmitted pulse, and 
the sweep was intensity modulated with the 
recorded waveform. The result was an oscillo
scope trace containing a series of dots corre
sponding to the peaks of the waveform shown 
in Figure 8. By slowly moving a 35-mm film 
strip perpendicular to the sweep, the dots from 
each successive oscilloscope trace were recorded 
as lines 01; stripes. 

25ke BEAT FROM 
RECEIVED ECHO 

25 kc BEAT DERIVED FROM 
TRANSMITTER PilLS£ 

•Fig. 8. ·Idealized receiver output waveform. 
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Fig. 9. Stripe recording taken at Bow Island during disturbed period. 
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Figure 9 shows a ·'stripe' recording taken at . urcd at the Arneson site, except for the ab
tl:e peak of tho ionospheric disturbance on the scnce oi ordinary components; the tr:msmitters 
5.4-:'IIc/s Bow Isbnd record. The transmitted were operating above the 0-wavo critical ire-

, pul~es m:'ly be scrn :'It the lower edge of the quency. 
recording :1s seYer:'ll p:lmllel lines. The received . The X-wave-phase-versus-time · record taken 
pul~es appe:lr farther up on the record as the·'· iron\ the 5.4-Mc/s Bow Isln.nd stripe recording; 
b.1nd of di:1gonal lines. Ph:lse changes intra- ·is shown in Figure 10. The effect due to the ex
ciuccd by ionospheric fluctuations may be ob- plosion was est:mated. by drawing;, on the phase 
t:.ined by counting the number of stripes that plot, a curve that was considered to be a. best 
ao:;s a given horizontal line drawn through the · guess of the undisturbed ionospheric-echo phase. 
received pulses. As e:'lch stripe crossing repr?- · The difierence between the two curves then 
:cnts a. phase-path change of 27l' radians, the represents the ·phase disturbance. All records 
jlh:Jse path, as a. function of time,· may be were reduced in the above manner; the. results 
plotted directly from these records. · .·.are summarized in Figure 15. 

4. RESULTS 5. C0:11PARISON OF THEOllET!CAL AND 

At the time of the Snowball test, which oc- .. ExPznr:.mNTAL RESULTS 

currcd at 10:5$ l'viST on July 17, 1964, the two . This section compares the experimental re
Amrson transmitters were placed on 5.6 and suits summarized in section 4 with the predio-
5.7 :'IIc/s, while those at Bow Island operated ··' tions, using the linear acoustic theory presented · 
on 5.2 and .').4 i\lc/s. These frequencies were: ... in section 2. Two sets of on-site data-the 
chosen by the operators in an nttempt to re- · · ionospheric electron number-density profile and 

' cei,·e only extraordinary-wave components (see . the atmospheric-wind profile-were used in cal-
i section 2). culating the theoretical waveforms. · 
j Clear, explosion-induced disturbances were· .. · The nearest measured electron number-den-· · 
l :cen about 9Yz minutes a iter detonation on all .·· .. sity profile at the time of the test was .taken at 
I irequencies except 5.2 Mc/s. Because this ire~ I: the Canadian Defence Research Board e>.:peri-' 
! Gucncy was well below the 1critieal frequency,· .·.· mental stat1on .at Kenora (near -Winnil)eg), 
~ w:h ordinary :ind extraordinary waves were · · 
·, :eficcted irom the ionosphere with nearly th"' . r-.,....,-r-.-..--,....,.-r-.,-,.....,..-r..,_.,_,_.~,_, 
l ;.;me delay. As n result, the two echoes over:·. -;;; 

400

~ 
1 1 1 1 1 1 

.J 

1

• j ... ·.·. 
~pped nnd produced a record in which no F- · · , ~ 2001 . 

. ~yer perturbntion was discernible. . . ;;: r . ·. . 
ThC' 5.4-Mc/s Bow Island record (Figure 9) ., . ~ or 

i ;hews 0 az:d X echo components scpnmted . ~ 
: 1:.ou;;h .so that tliey may be independently: . 3 .zoo 
I ;calcd. The disturbance onset manifested itself :·.' ll! • ·· 

:.san abrupt change in stripe slope, which may·.··;.· •400 11:oo u:1o 11:20. 

: :.C seen a~ + 10 minutes 4· seconds and 10 .- r1w: L-.~STl 

cinute~ 13 se~on.ds on. 'the X and 0 echoes, .:·Fig. lO.: · Ph~e versus time from Bow Island .5.4-
~;>ect>vcly. SaLilar d1sturbances were meas~ .. : · .. :, . : . Me/a stripe recording. 

. . . : ... ~. ·:• .. :. . . 
... · .. · ., " 

I . I \ :: .· :· ·. 
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TRUE HEIGHT 
REDUCTION 

~0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10 
rREOUENCY (Mel 

Fig. 11. Vertical-incidence ionogram taken at 
Kenora, Manitoba (1100 MST) . 

Manitoba. Figure 11 shows the ionogram from ' · 
this station. The ordinary-wave critical fre
quency is seen to be about 5.0 Mcjs. To obtain 
a better estimate of electron number density 
above the blast site at Suffield, Alberta, this 
record was scaled up in frequency so that the 
ordinary-ray critical frequency corresponded to 
the estimated 5.5 Mcjs obtained from the 
Stanford sounders at Bow Island and Arneson. 

The estimated horizontal wind component in 
the Bow Island-Arneson direction is shown in 
Figure 12. Data for this curve we~ compiled 

I 
I 
I 
I 
I 
1-

·~ 

ROCKET 
MEASUREMENT 
IC<X.O LAKE, "O 

ALBERTA) "' 

100 
-fKNI ISLAND· 

l 

200 

100 
ARNESON-

Fig. 12. Estimated wind profile. 
1 
I 

1 .., 
~ 
~ 

250 

200 

150 

100 

0 

BOW ISLANO 
5.4Mc 

I ,,...\-,,(_ ..... 

AANESON 
S.6,8.7Mc 

(Y..\Ti"' oL----I+OO~--~-so~L-~o~~~50~--~~oo~---~~~ 
SUfriELD 

GIIOUNO RANGE lkml 

Fig. 13. Radio-wave raytracings based on Ke
nora experimental electron number-density pro
file, adjusted to fit observed local critical fre
quencies. 

from several sources. The ~20-km altitude 
winds were measured with a weather balloon 
released at the test site approximately one 
hour before To. Sounding rockets fired at Cold 
Lake, Alberta (about 300 miles north of Suf
field), about one hour after the blast, provided 
data to an altitude of 80 km. No measurements 

GROUND AANG£ lkml 

Fig. 14. Acoustic raytracing over Suffield base? 
on U. 8. Standard Atmosphere [1962] and expen· 
mental wind profile. Rays at 2" increments, travel 
time ticks at 50-second intervals. 
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• ~bo\·e this hei~ht were taken durin~ the te.:;t; 
. tl:c winds sl:own in Figure 1~ nbove SO km 

were 'estimated 01~ the basis of high-altitude 
wind d:1ta cont:~ined in .lfanrina ct al. (1050], 
Stroud ct a!. ( l 05G, 1 OGO], nnd Kclloaa and 
Schillin() (1051]. 

Radio-wave :ll~d acoustic raytracings (Fig-
' urcs 13 and H), based on the experimental 

wi:1d and elc.::tron number-density profiles de
;cribed above, were generated using digital ray
trlcing capabilities developed by Dr. Tom 
Croft ~t the Stnnford R.3dioscicnce Lt!borator.y. 
The two .figures were superimposed to obtain 

BOW ISLAND 
5.4 Me 'x' 

lhe onset time oi the distu:b;tnce :mel the ~nglcs 
'? and •I•, the :u~glcs between the directio:1 of 
acoustic-wave 11rop::gation r.nd the mngnc~ic 
field and the r:~dio r:l)'l1:lth, respectively. 

Tl:c tl:eoreticrd rad!o-w.1ve frequency disturb
:mccs were then calculated with i.he :.ppropri- · 
ate values oi if, 0, and •I> and the methods given 

· in .section 2, part B. A parabolic ionosphere, 
fitted to the tn)e height profile oi Figure 11, 
(adjusted to 5.5-Mc/s 0-wave critical ire

. quency) was assumed. A comparison between 
the waveforms obtained in this m::.nner and the 
experimental resi.:lts is shown in Figure 15. 
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6. CoNcLusioNs 

'rho J!l'lleral ngrrr.nwnt l•clwcr.n ohRcrval ion 
a111l thcury <h~n•unslrale~ the cfTcctivenr.~ of 
u:;ing ~ill11Jlc linear acoustic theory. to describe 
the propagation of explosion-induced disturb
ances to large distances. Inspection of Figure 
15 shows that the period of the predicted dis
turuancc is somewhat shorter than that ob
served, but the onset time, strength, and shape 
~f the predicted phase disturbances compare 
well with the experimental results. 

This comparison strengthens the confidence 
in the sound-veloci~y profile used in the model 
and suggests that the assumed atmospheric
filter charncteristics (Figure 3) may be in er
ror-i.e., the real atmosphere appears to have 
a narrower bandpass than calculated. Since the 
shape of the filter is a critical function of the 
atmospheric molecular weight and collision rate 
ncar the radio wave reflection point, it may be 
possible to obtain some information about the 
high-altitude atmosphere by fitting a filter to 
match the observed waveform. 

Some refinement of the model will probably 
be necessary since the effect ·of acoustic 'con
vection' was neglected in the analysis. Con
vection is a second-order effect but is not nec
essarily negligible at acoustic intensities of 
several per cent. Its inclusion would lengthen 

' the predicted disturbance and thus improve the 
agre61Ilent with experiment. 
~o conclusion regarding the effect of the 

earth's magnetic field on acoustic-wave propa
gation or neutral-ion interaction .can be drawn 
from the results. The degree to which a neu
tral acoustic wave produces a corresponding 
charged-particle disturbance is expected to be 
dependent on the angle between the direction 
of the acoustic wave and that of the magnetic 
field. Sounders ,were placed 81l km magnetic 
north and south of the blast in an attempt to 
verify this dependence. This arrangement should 
have provided a ~ 30° over the south site and 
a = 60° at the north site and should have 
produced a 3:1 ratio in measured phase am
plitude. However, winds· at the time of the 
blast (Figures 12 and 14) changed these angles 

to about 37° and 41 o, respectively, and this dif
ference is equivalent to nn amplitude ratio of 
only 1.1 : 1. While 11 Hmallcr diHlurbancc was 
observed at the northern site, the difTcrcnccs 
arc within experimental error. 
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Bibliography on "fonospheric Disturbances" 

Included hereunder are references pertinent to three major 

·information categories: 

1. Papers specifically addressed to the matter of measurable 

ionospheric disturbances, due to acoustic sources of 

contemporary interest: Underground explosions, earthquakes, 

etc. 

2. Papers dealing with the general theory: 

Ground-atmosphere acoustic coupling 

Atmosphere/Ionosphere acoustic propagation 

R.F. phase path perturbation 

3. Papers related to significant peripheral data: 

Ionospheric perturbations due to: 

a. High altitude explosions 

b. Surface explosions 

Second-level referencing was confined principally to the first 

set. Specifically excluded were papers dealing with entirely surface 

acoustic phenomenology. The literature here can only be described as 

"enormous ... 

Major resources references included the "Bibliography of open and 

unclassified literature pertaining to the Effects of HANE", (DASA 1795-1,-2,-3,-4} 

prepared by Nuclear Research Associates, and the Weapon Data Index for pertinent 

classified 1 i terature. 
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