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I INTRODUCTION

Evaluation of the expected performance of communications systems,
such as the World-Wide Military Command and Control Systems (WWMCCS), in
the highly stressed environments associated with nuclear warfare is an
important aspect of the development and deployment of communications
systems. In addition to being subject to the physical damage produced
by nuclear detonations, communication systems are additionally sensitive
to degradation of the propagation medium through which their signals are
transmitted. An extensive computational capability has been developed
in response to the consequent need to determine the characteristics of
propagation degradation and its effects on communications systems. The
work reported here addresses one aspect of this degradation that had ]
seemed, until recently, of relatively minor importance. Recognition of E
circumstances under which propagation degradation has greater significance

than formerly thought prompted this examination of its characteristics. L

Specifically, we consider the propagation of very-low-frequency
(VLF, generally 3 to 30 kHz but here limited to about 10 to 30 kHz) and
low-frequency (LF, generally 30 to 300 kHz but here limited to about
30 to 100 kHz) radio signals through regions disturbed by the detonation
of many large-yield, near-surface nuclear weapons. Such environments
typically arise in the context of large-scale attack scenarios that also
include high-altitude detonations. The severity of VLF/LF propagation
degradation associated with high-altitude detonations generally is
sufficiently great that careful consideration of any additional effects
associated with near-surface detonations has in the past been unnecessary.
However, at SRI we have recently considered scenarios in which large
numbers of large-yvield, near-surface detonations occur in areas that are

devoid of high-altitude detonations. Furthermore, increasing VLF Ll

system margins are making less certain the communications disruption




caused by high-altitude detonations alone, which makes it important to
include in the analysis all significant contributors to the propagation

disturbance.

The basic mechanism through which nuclear detonations affect VLF/LF
propagation is the same for both high- and low-altitude detonations:
ionization of the atmosphere in the vicinity of the detonation. This
ionization is produced through the interaction of the atmosphere with
energetic radiations from the detonation and from its debris. High-
altitude detonations tend to illuminate the atmosphere from above because
the atmosphere about the burst is too thin for appreciable interaction
with it to occur. The radiations from near-surface detonations however,
tend to be contained by the atmosphere surrounding the detonation. The
radiation-caused ionized regions consequently differ substantially in

form for the two detonation types.

The ionization associated with a high-altitude detonation consists
of a relatively uniform layer which extends over a large area. The
slow lateral variation of this layer permits treatment of its propagation
effects in terms of propagation beneath laterally uniform, or stratified,
ionization layers. The theory of such propagation has been thoroughly
developed., It is this approach that underlies presently available VLF/LF

propagation codes,

The ionized region produced by a near-surface detonation is, in
contrast, initially confined closely about the burst. Even though the
ionized region spreads upward and outward as the debris rises, the lateral
variation of the ionization generally precludes an adequate trcatment of
its propagation effects in terms of propagation benecath stratified lavers.
The approach adopted in this study to treat this environment is to con-
sider the ambient jonosphere and the additional ionization produced by
the detonations as a rough boundary, off which the transmitted signal

scatters., Development of this model requires consideration of several

factors,




In Section II of this report we examine the characteristics of the
ionization produced by near-surface detonations more closely and develop
a statistical model of the environment produced by many such detonations.
In this model, the environment is characterized by the average number of
detonations of a given type that have occurred per unit area. In Section
III, we apply the model to determine the perturbation to the coherently
reflected component of the signal as a result of the detonations. 1In
Section IV, we examine the characteristics of the energy incoherently
scattered by the rough ionospheric reflector. Our conclusions and recom-

mendations are given in Section V.




I1 PROPAGATION ENVIRONMENT 3

A. Physical Characteristics

A near~surface nuclear detonation, even of large yield, initially

causes significant ionization within only a relatively small volume.

The most penetrating radiations immediately produced by the detonation

are neutrons and prompt-gamma photons, with ranges of a few hundred

of meters at sea level. Thus, the initially ionized region about the
detonation has a radius of, at most, a few kilometers. Such regions

are too small for a single detonation (or even many detonations separated
by distances appreciably exceeding the size of the ionized regions) to
affect markedly VLF/LF signals unless either the transmitter or the re-

ceiver is located directly adjacent to, or within, such a region.

As a consequence of its radioactivity, however, the debris from the
near-surface detonation is also a significant ionization source. This
debris rises to substantial altitudes if the yield is sufficiently large.
The range of ionizing radiation from the debris generally is greater in
the lower-density air of higher altitudes; furthermore, radiation directed
upward encounters decreasing air density, and thus increasing range, as
it progresses. These factors suffice for the gamma radiation from debris
at altitudes above about 20 km to produce an ionized column extending
upward from the debris to the ambient lower ionosphere. Altitudes of
this order are attained by debris from near-surface detonations with
yields greater than about 1 MT. The lateral extent of the debris ioniza-
tion also grows with increasing altitude since the intensity of the ioni-
zing radiation varies less and less rapidly with lateral distance as the

height above the debris increases,

This behavior is illustrated in Figure 1 by contours in a vertical

cross section through the detonation point of a constant electron density
of 10 cm at various times following a 2-MT detonation at 2.5 km altitude.
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This icnization level provides a rough indication of a region sufficiently
ionize! to affect VLF/LF signals. Even 3 minutes following the detonation,
the top of the debris cloud has risen sufficiently (about 14-km altitude)
to produce significant ionization above it. The debris continues to rise,
with some lateral spreading, until about 20 minutes following the detona-
tion., By this time it has stabilized, with its top at an altitude of

about 24 km., The size of the ionized regicvi grows until the debris has
stabilized; subsequently, the size of the region containing significant
ionization may continue to grow as the debris slowly spreads laterally.

The ionization intensity gradually subsides, however, as the debris

radioactivity diminishes.

Calculation of the effects of debris ionizatior on a signal involves
consideration of both the electrons and the heavis=» positive and negative
ions within the ionized region. A number of simplifying approximations
are possible for the altitude ranges of primary interest in this study.

At altitudes in the atmosphere below about 70 km, collisions between the
ionized species and neutral atmospheric molecules occur with sufficient
rapidity that the propagation environment is well described by an isotropic
conductivity, ¢. The refractive index of the medium, n, is given as a

function of the conductivity by

2 o
Al e e (1)
S
where € is the permittivity of free space and is the wave angular
O

frequency .

)

In terms of the electron and ion number densities, N and N 6 respec-
e i

tively, ™ the conductivity, in turn, is given by

N, = 2N # N (N_ the negative-iof density) is the sum of the negative
‘mrllpm-iti_\'v i(nn number densities, The negative and positive ions are
assumed to have approximately equal masses and ion-neutral collision
rates,

O
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where e is the magnitude of the electron charge, © and v,  are, respec-
e it
tively, the electron- and ion-neutral collision rates and m and m,6 are
e i

their respective masses. A useful conductivity parameter is the quantity

=0 e c (3)

This parameter has been used to characterize the ionization environment

in most of the calculations to be described.

Reflection from the ionosphere involves penetration of the incident
wave into a medium whose properties do not change sufficiently abruptly
to define a precise reflecting surface. It is possible, however, to
determine the region in which reflection of the wave primarily occurs.
This region is characterized, for altitudes below about 70 km, by values
of 5% that approximate the wave angular frequency, ¢ . For a wave incident

at an angle & from the vertical, for example, Field and EngUI‘ find

provides a useful reference surface within this region.

The precise location of such a surface is not critical if the surface
is properly used; we have suppressed the angular dependence in Eq. (4)
to simplify matters when considering a range of incidence angles. We

generally have used

e 2

to define a reference surface at altitudes below about 70 km.
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In Figure 2, vertical cross sections through such surfaces, as
defined by Eq. (5) for a frequency of 20 kHz (¢ = 4+ ¥ 1045-‘»_1 and thus
A= 1045_1), are shown for various times after a 2-MT detonation

at 2.5 km-altitude. The corresponding surfaces of constant electron
density were illustrated in Figure 1. The constant-conductivity surfaces
can be seen generally to have less extreme variation in altitude with
distance from the detonation point than do those for 10 el/cmB. This
difference results from the reduced contribution of the electrons to the

conductivity at the lower altitudes, where electron collision rate with

neutral molecules becomes very high.

If the curvature of the conductivity stratifications within the
reflection region is sufficiently small, the relation of reflected to
incident wave can be described by the reflection coefficients for an
equivalent plane-stratified medium. The planar stratifications of the
latter are assumed to be tangent to the curved stratifications of the
actual medium in the region of interest. Specifically, to use this

approximation it is necessary that

K(r) =2n(r) /A>1; (6)
min € min

that is, the product of the minimum radius of curvature of the surface,

Gy , and the wavenumber, k, must exceed unity.
min
To evaluate Eq. (6), we note that the product of the two principal

(minimum) radii of curvature of a surface, for example rl and r,, is

z
given generally by

(1 +2 2
X y o
\'1 rzlt 5 G
(2. . &2 =8}
XX Yy Xy
where 7 = 7Z(x,y) is the surface height as a function of the horizontal
coordinates x and v, The subscripts denote partial differentiation with

respect to the indicated variable or variables. In our case, the heights

10
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of the constant-conductivity strata depend only on the horizontal distance
2 a9 T2
Y= i & ¢ ) from the detonation point. 1In terms of r, Eq. (7)

becomes

i Al 5
Sy = .
ok L T

To evaluate rl and Es separately, we note that one of the principle

radii of curvature for an azimuthally symmetric surface will be found

along the radial direction. The curvature for this direction is given

simply by that of a curve in one dimension: for 7Z = Z(y) we have
9 D2
1+ 7 )
SRS e AR (9)
r, 7 : <
i

The other principle radius is then, from Eqs. (8) and (9),

. 172
1(1 : /H)
B o —— (10)
|z |

Table 1 gives values of 1‘1 and L, calculated from Egqs. (9) and (10)

for the 3, 5, and 10 minute constant-conductivity contours shown in
Figure 2. These conductivity surfaces define reference surfaces for a
wave frequency of 20 kHz, or A = 15 km, Thus, Eq. (6) is satisfied in
this case for values of l'(‘ greater than about 2.4 km. Although some

2

scatter results in the values of 1'1 and r_ in Table 1 as a consequence of
the relatively coarse distance increments at which the conductivities

were determined, these values generally can be seen, with the possible
exception of the three-minute case, to support the use of planar reflection
coefficients, No difficulties are anticipated at higher frequencies, for
which the allowed curvature is even greater, but some caution is indicated
in adopting the use of planar reflection coefficients to characterize low-

altitude=detonation effects at frequencies below 20 kHz,

12
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Table 1

Principal Radii of Curvature of Constant-Conductivity
Surface for 20-kHz Signal

Distance Radii of Curvature
€
Jrom‘ At 3 min At 5 min At 10 min
Detonation 5 \ o = =
(km) 1 P 1 f2 # 2
(km) (km) (km) (km) (km) (km)
2 2..5 6.5 50. 67. )l (0 35
D 10.4 8.3 14.5 48. 600, 78.
10 1.38. 40, 33. 29. 22. 96 .
20 580, 97 . 94, 16, 126, S,
50 600, 320, 240. 250. 250. 310,

More complex expressions for the refractive index than Eq. (1) are
necessary to characterize the ambient, or near-ambient, nighttime iono-
sphere, for which ionization levels are too low below 70-km altitude to
reflect VLF/LF signals, Definition of a useful reference height is also
less straightforward. The signal's interaction with the ionosphere can
still be described adequately, however, in terms of planar reflection
coefficients, and these coefficients can be readily calculated for this
environment as well as the simpler daytime and strongly disturbed environ-

ments to which Eqs. (1) and (2) apply.

We have calculated electron and ion densities for detonations re-
presentative of those of interest using primarily the weapons-effects
phenomenology code WEPH \’,4 which was the most recent version of this
~ontinually evolving code available to us at the onset of our study.

Some results obtained with its successor, WEPH Vl: will also be described
briefly. These latter results were obtained in application of the model
to a particular environment currently being studied under another DNA

contract.” WEPH VI includes improved models of late-time debris spread

Contract DNAOO1-77-C-0018,

*




wvhich are potentially relevant to low-altitude-detonation environments.

However, these improvements do not greatly affect the debris behavior
during the specific time period to which the greatest attention has been
directed in this study, namely the few tens of minutes during which the

propagation effects are expected to peak as the debris stabilizes.

B. Statistical Models

Given the means for calculating electron and ion densities in the
disturbed environment, the calculation can be very laborious if approached
simply as a matter of adding up the contributions to the total ionization
production that result from each detonation. An alternative approach has
been adopted here to avoid the task of producing a detailed description
of the ionization distribution, and consequent propagation effects,
caused by different detonation placements. The average effect on propa-
gation of an ensemble of randomly placed detonations will instead be
determined; the ensemble is characterized by the average density of
detonations per unit surface area. Although some clustering of detonation
locations might be anticipated, we here address only the simpler n:roblem

of uniformly random detonation placements.

For sufficiently low detonation densities, the regions affected by
the individual detonations seldom overlap. If zero overlap is assumed,
averages over the ons(‘mh'lo of burst locations can be evaluated to good
approximation in terms of an average over the region affected by a single
detonation and the fraction of the total surface area that all such regions
constitute. For the purpose of illustrative calculations, we have also
assumed that all detonations have identical characteristics and occur ‘
simultaneously. With these assumptions, calculation of the effects of
but a single isolated detonation provides the essential information
necessary to evaluate the desired quantities., The limitation to a single
type of detonation can readily be relaxed, if necessary, by considering

|
|
|
a set of perturbed regions, one for cach detonation type. 1

The region affected by a single detonation can be considered to have

a finite area, even though the region is not delimited by a sudden, sharp




cutoff of ionization production. The final result is not sensitive to
the specific boundary assumed for this region as long as the region is
large enough to encompass the significant detonation effects. The prob-
ability density, p(x), for some quantity of interest, x, can then be
expressed as a weighted sum of the density for the affected region,

p,.(x) and that for the unaffected area, p (x);
D (¢}

p(x)dx = [pA py(x) + O - p:\)po(x)fdx " (11)

where p is the density of detonations per unit surface area, and A is the
area of the region taken to be affected by the detonation., It is evident
from Eq. (11) that the product pA must be much less than unity if this
approach is to be meaningful, and the contribution of pD(x) to px) will

generally be small in such cases.

Averages are similarly constituted:

X = fxp(x)d}: = _:.»\-/.,\'p Ee)doe 101 = ;:\)f.\:p (Edx . €12)
R T

The probability density for the ambient environment, po(:\'), will generally
be a delta function since the quantity x will have some specific value,

x , for the undisturbed environment. Thus, the right integral in Eq. (12)
6}

can be evaluated to give

% = ,,;fxpl)(x)(ix L (1 - ;‘\)xn 5, GL3D

This general approach can be extended to detonation densities greater
than those to which Egs. (11) and (13) can be applied, and for which the
disturbed effects can indeed become significant. Even when the regions
affected by the different detonations overlap appreciably, the area in
which two or more detonations contribute similarly to the total ionization
often remains only a fraction of the total area of overlap. In the re-
mainder of the overlapping region, the ionizing flux from one of the

detonations is markedly more intense than that from the others, and

15




consideration of only this dominant jonization source should provide a

reasonable approximation.

Although we have not evaluated the accuracy of this approximation
quantitatively, it appears to be useful to higher detonation densities
than might initially be thought to be the case. Consider the horizontal
e-folding distance for the ionizing flux from a detonation, which is
shorter at lower altitudes than at higher altitudes. The altitude range
of interest, and correspondingly the e-folding distance of consequence,
decreases with decreasing distance from a detonation. The average linear
distance over which dominance in ion production shifts from one detonation
to another, in the region midway between two detonations, consequently
decreases with increasing detonation density. It is this intermediate
region that consideration of only the "dominant' detonation badly mis-
treats, Thus, the "hurdoning” of the boundaries between detonations
with decreasing separation between them, in reducing the area associated
with the boundary region, serves to extend the applicability of the
approximation to higher detonation densities than would otherwise have

been the case.

An efficient approach to implementation of this model is to deter-
mine the probability distribution for the horizontal distance to the
nearest detonation. Definition of the functional dependence upon this
distance for any quantitv of interest then leads immediately to 1ts
probability distribution. The distance distribution function derives
from the Poisson distribution, which describes the probability for the
number of independent events within a region, given their average density.
To obtain the distribution, we note that, for small enough regions, the
probability that there will be one event within the region becomes the
density of events (number per unit area), p, times the area of the

region, A:

P(event in A) P (A) P & (11

Conversely, the probability that there will be no events in A is

The probability that there be more than one event inA becomes negligible
relative to the probability of one event in A for A sufficiently small.

16




P(no event in A) = P(A) = 1 - pA . (15)

For areas of appreciable size, we can write

P(A) = 1lim 7 P(A/N) (16)

N—e

that is, we divide A into N subregions and consider the limit as N becomes
large. In this limit, however, the subregions become small, and we can
employ Eq. (15) to determine P(A/N). Thus, taking P(A/N) = 1 - pgA/N, we

have, from Eq. (16),

I'()

A
\) . X7

Equation (17) is merely one way of defining the exponential function,

and we find

P(A) = e ; (18)

the Poisson distribution for no events in A, For a circular region of

radius r, the probability of no detonations within the region is thus

e

P(r) =& T° ., (19)

Now, we want to calculate the probability that the nearest burst is
at some distance r, For this situation, we require both that no detonations
occur at shorter distances and that one occurs at r. These are independent
events, so the joint probability is the product of the respective prob-
abilities, Thus, we have, from Eqs. (14) and (19), the probability density

function




o

p(r)dr = 2mpr e Y ar (20)

that the nearest detonation to a point is a distance r from it.

Equation (20) reduces to the expression for isolated detonations,
Eq. (11), if the density p is sufficiently small. We note that p(r)dr
can generally be written

=

p(r)dr = Lp(rlA) 4 p(x'l.-T)]dr ’ (21)

where p(rl;\)dr is the density function for the occurrence of r in A (and
p(rlx) the density function for r not in A), and A is now the area affected
by a detonation. Equation (21) can equivalently be written, introducing
the conditional probabilities p(rl:\) and p(x'lx) that r is within or with-

out A respectively, as

p(r)dr = [p(r|M)PQA) + p(r|HPQA) ldr . (22)
But 1‘;\
P(A) :J p(r)dr
O
B
= fowa P (23)

(7

which becomes, for .Mx": << 1,
2
P(A) =7 Pry - pA 2 (24)
Thus, noting P(A) = 1 = P(A),
p(r)dr = [pAp(r|A) « (1 = pAd) p(r|Mlar . (25)




Equation (25) is the equivalent of Eq. (11), since p(r\A)dr and p(rlK)dr
can readily be identified with pD(x)dx and po(x)dx, respectively, for

% = xlx),




III COHERENT SIGNAL

The roles of the (ideally) smooth earth's surface and lower iono-
sphere in the propagation of LF/VLF signals around the earth between them
can be conveniently expressed in terms of their plane-wave reflection
coefficients. These coefficients give the ratio of the field reflected
by the boundary to that incident upon it. Decomposition of the signal
radiated by the source into an angular spectrum of plane waves, followed
by modification of each plane-wave component by the appropriate reflection
coefficient(s), yields the field integrals that are evaluated by various

presently available computer codes.

The specular, or coherent, reflection from a rough boundary, such
as the perturbed ionospheres considered here, can also be described in
terms of such reflection coefficients, which, however, now depend on the
average properties of the surface. An incoherent return is also built
up as a result of scattering of energy out of the specular direction by
the surface irregularities. This scattering, which is a function of the
variability of the surface properties about their average values, will

be discussed further in the next section.

It was shown in Section II-A above, that the perturbed reflecting
surfaces produced by debris ionization from the large-yield, low-altitude
detonations of interest here have sufficiently large radii of curvature
that the interaction with them of the incident field can also be described
locally in terms of planar reflection coefficients. This result permits
substantial simplification of the calculation of the average reflection
coefficients for the perturbed surface~-as a first approximation we need
only average the local reflection coefficient over the entire surface.

\ more accurate evaluation, which, however, will not be taken up here,
would include modification of the incident-=field strength (from that in
the unperturbed environment) to account for the possibly significant

effects of multiple scatter and shadowing.

20




Let h’ be the height at which ¢ satisfies Eq. (5), and h the refer-
o
ence height chosen for the average reflection coefficient, R(8,h), of
the rough surface for a plane wave incident at angle 5 on the mean surface.

Then the average reflection coef icient is given by

. : 4-cosh -
R(9 . h = p(r)Ro_%,h'(r);rJ exp:il—%2:~ h - h/(r)_:dr . (26)

where R [&,h'(r);r| is the local reflection coefficient, referenced to

o
height h', and p(r) is given by Eq. (20). The exponential function shifts
the phase of Ro from its local reference height h’ to the height h, which

can appropriately be taken to be the average of the h' over r.

The ionosphere can be separated for low detonation densities into
an unperturbed ambient background and nonoverlapping perturbed regions
about each detonation, as described in Section II-B, above. The dependence
of h” on r within the perturbed region is determined by the shape of the
constant-conductivity surface for the value of @ given by Eq. (8). In
the ambient region, h' is a constant, Thus, Eq. (26) becomes

S 5 y A~cos0:
24 ) 1S 2~i[ r exp(- mpr )R [%,h'(r);r;vxp}i—*igiéhh - h'(®) :dr

O
8}

4d-cosh

~
exp(- ;PA) LA(:,hA) oxp[l—- —(h - hA)J (2¢)

where A is the area of the perturbed region and H\(*,h\) is the ambient

value of R , referenced to the ambient height, h\.
O d

\ number of calculations have been made that demonstrate the signi-
ficance of the detonation effects. Table 2 presents the result of

evaluating Eq. (27) for the 20~«kHz reflection coefficients of a vertically

polarized waves at various times following numbers of 2.5-MT detonations
at 2-km altitude in an ambient daytime environment. Results are given

" 4 -0 -5 -
for average detonation densities of 0 (ambient), 10 s 19 s and 10 per
square kilometer. The nature of the ionospheric perturbation caused by

each detonation is illustrated by the constant-electron-density surfaces
plotted in Figure 1 and the constant-conductivity surfaces plotted in Figure

4




Table 2

Average Reflection Coefficients for 20-kHz Vertically
Polarized Plane Wave Incident at Angle -}i in Disturbed
Daytime Environment

Detonation Reflection Coefficient
e Density at 5 minutes at 10 minutes at 20 minutes
’ arg R arg R arg R
-2 R = R R &

G > || (deg) 1] (deg) [ vl (deg)

0.1 0 0.675 | -160. 0.675 | -160, 0.675 | -160.
_('

10 0.674 | -159, 0.678 | -159. 0.676 | -158.

107" 0.669 | -149. 0.687 | -149. 0.697 | -148.
=4

10 0L5710 =0T, 0.585 | -118. 0.671 | =120,

0.2 0 0.453 | -144, 0.453 | -144. 0.453 | -144.
-6

107" 0.449 | -141, 0.453 | -141. 0.453 | -140.

10 " 0.434 | =123, 0.458 | -121. oL a7l (b =1dg

107" 0.333 | =65, 0.368 ~66 ., 0.435 e

The local reflection coefficients were determined for this calculation
by fitting exponential gradients at the reference height to the conductivity
profiles calculated for different distances from the detonation point.
Reflection coefficients for exponential conductivity profiles are :\\'nilnhlo"
that encompass the range of conductivity gradients found for these pro-
files. These results were used in a look-up table with interpolation on
phase and amplitude between tabulatved values to generate the integrand
of Eq. (27). The two incidence angles for which calculations were made,
814.3 (cos = 0.1) and 78.5 (cos 0.2), are representative of the range

of angles significant in moderate-to-long distance VLF/LF propagation.

The ambient reflection height, rather than an average height, was
used as the phase reference for the disturbed-environment reflection
coefficients given in Table 2. Vith this choice, any change in reflection-
coefficient phase from its ambient value is not masked by simul taneous

changes in the reference height. An average reference height, however,




would be preferable in any further calculations involving these reflec-

tion coefficients.

Aside from some jitter in the results which is caused primarily by

the coarseness of the integration step, the data presented in Table 2

-6 -2
show a consistent pattern, Detonation densities below 10 km
-5 -2
little, if any, effect. At a density of 10 km |, the detonations cause

produce

a perceptible phase shift and reduction in reflection amplitude at 5 min.

The phase shift remains essentially constant between 5 and 20 min, but

the amplitude perturbation changes from the reduction at 5 min to an

enhancement at 20 min.

The reflection-coefficient perturbation shown by Table 2 for a

-
detonation density of 10 km ~ is substantial. As with that for

o
b

=3 -2

density of 10 ° kn , the phase shift remains nearly constant between

5 and 20 min, The reflection amplitude is markedly reduced relative to

ambient at 3 min, with the reduction decreasing with increasing time.

For €os 9. 0.1, the amplitude appears to have recovered nearly to its
5 3

ambient value of 20 min. However, the reflection-coefficient behavior
- . . -5 =2 - ) :
for a detonation density of 10 km , coupled with the persistence of

the phase perturbation, makes such interpretation suspect; rather, the

amplitude perturbation may well evolve into an enhancement at later

times before ultimately recovering to its ambient value. At moderate

(order of 1000 km) distances, these changes in reflection-coefficient

ampiitude translate directly into changes in rececived field strength.

Examination of the reflection coefficients given in Table 2 as a

function of cos %, the cosine of the incidence angle, shows them to be

reasonably well fit by the function form
R - exple cos 8) (&

whe re 5 i ] is complex, as illustrated in Figure 3 for the 20-min
?

data. This form has been found to describe well the reflection-cocefficient

values at grazing incidence angles (cos & << 1) for a wide variety of
y

ionospheves, I[ts suitability here makes immediately relevant the VUl

1
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modal propagation characteristics calculated by Wait and Spies, which
includes parameterization of the results in terms of their dependence

(07 3 (v &%

Table 3 gives the values of o derived for the reflection coefficients
presented in Table 2. These &, which are an average of the values deter-
mined separately from the reflection coefficients for cos © = 0,1 and
cos € = 0.2 in Table 2, yield the linear curves shown in Figure 3. The
values of 31 are referenced to a height of 70 km; this height, although
somewhat high, is the lowest phase reference height for which modal con-
stants can readily be inferred from Wait and Spies dntu.s Perusal of
Wait and Spies results show that the values of o obtained for detonation
densities up to 10_5 km—'2 all correspond to attenuation rates over sea
water within 0.1 dB of 2.4 dB/Mm, the ambient value. For a detonation
density of 1()“‘l km—z, the attenuation rate at 5 min is estimated” to be
greater than twice the ambient value, with some recovery, to about twice
the ambient value, at 20 min following the detonations., The phase-velocity
departures from their ambient value are significant for detonation densities

-5 -2
of 10 Kkm or greater.

Table 3

Parameterization of Hv for 20-kHz Wave in the Form

R = = exp(x cos 6_.)
% i
pDetonation G i
Density at & minutes at 10 minutes at 20 minutes
=2 G 2 o o G o
(km ) R i “R I R “1
=
0 -3.94 9.35 -3.94 9+ 39 =3.94 9.30
=6
107" =3, 97 9.57 =3 .92 9.57 -3.94 9.70
1077 -4.10 | 11.22 ~3.83 | 11.31 -3.69 | 11.49
=4 .
10 =5.99 | 16,55 =3y L8 16.42 -4.08 16. 24 AJ

The & values for 10  km ~ fall well outside the range of the tigures
prepared by Wait and Spies, and the necessary extrapolations could be
performed only roughly .

ro
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Results have also been obtained for propagation in a night environ-
ment, as part of a study recently completed under another DNA contract.
Since no night environments were considered in the work performed directly
under the contract reported here, some results from this other study will

be described briefly.

Night ambient ionospheres do not permit many of the simplifications,
described in Section II-A, that are possible for the more intense daytime
ionosphere. This greater complexity makes direct numerical calculation
of the ionospheric reflection coefficients, using a suitable computer
code, perhaps the most straightforward approach to their determination.
A version of the procedure developed for such calculations by ]’itt("\\'(l)"
was adopted in this work. The computer code implementing Pitteway's
procedure was fed profile data obtained with WEPH \'I,f the most recent
of the WEPH series of nuclear phenomenoclogy codes. The detonation char-
acteristics assumed in this calculation were the same as those adopted
for the daytime-environment calculation. The variation of reflection
characteristics with horizontal distance from such an isolated detonation
in the night environment is exemplified by the data given in Table 4,
The entries give the magnitude, at 10 min following such a detonation,
of the vertically polarized reflection coefficient, R;, for a 15-kHz
wave incident at an angle of 80 . A phase reference height chosen to
lie in the reflection region is also indicated in the table., The refer-
ence-height criterion used to determine this height reduces to Eq. (4),
at low altitudes. Inclusion of the incidence-angle factor of Eq. (4)
in the determination of the reference height leads to much lower heights
bencath the detonation debris than were obtained for the daytime case,

discussed above, using the simplified formula of Eqg. (H).

For the night ambient ionosphere, the reflection coefficient of
the horizontally polarized wave, R, and the conversion coefficients
R, and (R, must also be known to determine the propagation character-
istics; these guantities were all calculated and averaged over the dis-

turbed envivonment to obtain the necessary data, This calculation was

Contract DNAOOLI=77-C-0018
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Table 4

Reflection Coefficient 'R, for Vertically

Polarized, 15-kHz Wave Incident at 80 on

Disturbed Night Ionosphere at 10 Minutes
Following a Low-Altitude Detonation

Distance Reflection
fl'()m‘ l R I arg | R (-h) Height
Detonation (degrees) h
(km) (km)
0 0.513 146. L2007
L5 0.496 141. 12.8
30 Q37T 110. 24,4
50 0.381 143. 36.3
7it3) 0.403 146 . 14.8
100 0.423 149. o1 .0
150 0.116 149. 59.8
200 0.545 1S, 66,6
£ 0.461 70 74.1

repeated for a set of incidence angles that covered the range of values
normally significant in VLF propagation, and the averaged reflection
coefficients were inserted into a VLF modal propagation code for night

environments., Some results of these calculations are given in Table 5

- 5

for detonation densities between 10 and 10 km . The attenuation

rate in the undisturbed environment is about 2 dB \Mm

The night attenuation rates for the disturbed environment given in
Table 5 are somewhat larger than the corresponding day rates, as well as
representing a greater change from the ambient value than is the case by

day . This difference can reasonably be attributed to the greater range

of reflection height and thus greater phase cancellation in the re-

'

flected wave that occur at night.




Table 5

Attenuation Rates for 15-kHz Wave Propagating
Over Land in Disturbed Night Environment at
10 Minutes Following Detonations

Detonation Attenuationw
Density Rate
)
(km ) (dB/Mm)
1077 3.70
-5
2 % 10 1.80
-
5y 10" 6.81
-4
10 D3

i s s




IV INCOHERENT SIGNAL

A major effect of surface roughness on a signal reflected from the
surface is the reduction in amplitude of the coherent, specular return
that was discussed in the preceding section. As is evident from the
formulation presented there, this amplitude reduction results in large
part from phase interference between the contributions to the reflected
wave from various parts of the surface. The energy lost from the specular
return in this manner is scattered into other directions rather than being
absorbed by the boundary. Consequently, it is of interest to determine
the incoherent power scattered to the receiver by the surface as well as
the strength of the coherent return., For moderate path lengths (up to
about 2000 km), multiple reflections between earth and ionosphere play
a secondary role in signal propagation. Under these conditions the re-
ceived signal can be found relatively straightforwardly by direct inte-

gration of the contribution from each element of the reflecting surface.

We assume further that (1) multiple scatter between points on the
surface can be neglected, (?) the surface curvature is not excessive
(as specified by Eq. (6)), and (3) path-length differences for waves
scattered from different parts of the surface are sufficiently great
to randomize their phases. Under these conditions, integration over
the reflecting surfaces can be reduced to a summation of the power
scattered by specular points on the surface. A statistical average
overall the possible reflecting surfaces then gives the incoherent
scattered power as the product of the average number of suitably-
oriented specular points per unit surface area, the average scattering
cross section of each specular point, and the incident power per unit
surface area. The average scattering cross section can then be ex-
pressed in terms of the average of the product of the principle radii
of curvature of the surface at the specular points, a quantity that

can be evaluated given knowledge of the surface characteristics,

;' (‘




The specular points are determined by the slope of the rough re-

flecting surface; i.e., the disturbed ionosphere. The statistics of

this surface are used to calculate the average number of specular points
per unit area and the averaged product of the principle radii at the
specular point. In our statistical model (Section II-B), these character-
istics are determined by those of an isolated perturbation, which can

be evaluated to whatever precision is required. We have examined in

this initial effort only the simplest case of well-separated detonations,
for which the isolated-detonation characteristics are related to those

of the entire surface by Eqg. (11). The incoherent received power in this
case is expected, and indeed is found, to be small relative to that in

the specular return.

Probability distributions for the reflecting surface slopes are
calculated directly from electron and ion contours. Surface character-
istics have been determined for 3, 5, 10, and 20 minutes after the detona-
tions occur. Two options for defining the reflecting surface are available
in the calculation. The first, and poorer, approximation is to use the
height of electron density at 10 el cm'ul as a function of location. The
second option, which provides a more accurate description of the surface,

is to use a constant conductivity, the value of which depends on the

input frequency, as given by Eq. (5).

| Specifically, the rms strength of the vertical component, E | of

the incoherent field is given by

2 2
5 (o IIs1n v:‘ !
| | —  — dA (29)
S 1 ra
4+ ¥
A
where
l:l incident field strength at the scattering surface.,
e scattering cross section per unit surface area,
’ % . ; .

& = distance from the scattering element to the reception

point.
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€ = angle between the vertical and the incident ray at

the receiver. Because planar geometry is used, this
angle is also the projection on a vertical plane
through the receiver and the reflection point of the
scattered-ray angle at the reflecting surface.

dA = scattering surface increment. The integration is

performed over the scattering surface A.

The incident field at the scattering surface is

N sin &,
o il

lz’l - ) (30)
v
where
e = distance from the transmitter to the scattering element.
' = source strength, expressed as a voltage.
o
sin ©_, = pattern factor for radiated field assuming a vertical-
i
dipole source, where
g = angle between the vertical and the ray being transmitted.
i

Jecause planar geometry is used, this angle is also the
projection on a vertical plane through the transmitter
and the reflection point of the incident-ray angle at
the reflecting surface.

The surface integration is accomplished in polar coordinates., For

illustrative purposes, a planar propagation geometry has been chosen,

in which Eq. (29) becomes (also using Eq. (30))

2
| 2 2 4 e) ole.e) 2
| E | v :1 , dg———— sin ¢ (p,s) (31)
c O / :
f h + h
(8] O
where
o distance from the transmitter to the point of reflection,
measured on the ground plane
h average height of the reflecting surface.




p = distance from the receiver to the point of reflection,

measured on the ground plane.

The geometry is illustrated in Figure 1,

SPECULAR
REFLECTION
POINT

RECEIVER

TRANSMITTER LA 5056-4

FIGURE 4 INCOHERENT-SCATTER GEOMETRY

The scattering cross section, o, is obtained from specular-point

scatter theory:

. n ;lll’, | Rypan (1| 5 €32)
whe re
n\ average humber of specular points per unit area,
: l‘ll ': the average of the product of the principle radii ot
curvature at the specular points.
Re reflection coefficient for a planar surface tangent to

the specular point. The subscripts I and indicate the

incident~field and scattered=field polarizations
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Barrick derives the average scattered power as a function of the average

number of specular points on the reflecting surface multiplied by the

average curvature at these points., He shows that this quantity is equal

to the probability density for the slopes necessary to produce a specular

point multiplied by an angle factor:

where

-

p (¢

(/)
~

v

Assumptions about the perturbed surface that allow for the analytic

- DR 4
nA <!l‘11-2|,' = p(vX,w‘;y)soc y ,

angle between the mean normal to the surface and the
local normal to the surface.

height of the reflecting surface.

surface slope at the specular point; derivatives are
in the x and y directions respectively. (;‘ and :v
are computed in a coordinate system where doviatioﬁs

are measured from the average reflecting surface hei

(33)

ght.)

probability of occurrence on the reflecting surface of

a point having the slope [ ,{ .
boas

simplification are the following:

p

G
¢2)

(3)

1§ 4

and

The burst perturbations are symmetric.

Al

1 bursts are identical and occur at once so that all

turbed areas are identical at any specified time.

The effect of a single burst extends over a finite area

The perturbed region has been defined to extend out to

the point where the slope becomes less than 0,02, (The

per-

ambient reflecting surface has a zero slope in this model.)

The burst locations are represented by a uniform random

spatial distribution.

No
th

t he

as

overlapping bursts are allowed. (The probability of

is occurrence is computed as a check.)

shape of the perturbed reflecting surface is known, (i

a function of x and y) the probability distribution

.

6. ) can be calculated directly from this information, since p('\,f
xSy )

v

)




is the probability of the joint occurrence of the slope pair t\:’:v' The
11 = 9
formula for calculating a joint density function is:

p(x;,v,) p(x ,v )
(U DI e e e ; (34)
X"y Iy 2 77) I.J(.\n,yn)\
where the Jacobian, J, is
9g(x,y) 9g(x,y)
39X dy
J 2,37 = (35)
oh(x,y) oh(x,y)
X oy
and the (x,,y.) ... , (x ,y ) are all real solutions of { = 0 and
(Rl n’ n X
C = 0. If we let gilx,y) = € . and h(x,y) = ;‘, then substituting in
oy ) Sy y
the Jacobian we get:
UXX Xy >
dx 7)) = = |l g - ; (36)
5 - - XX Tyy Xy
“ XV vy

Since the perturbed reflecting surface is a surface of revolution,
according to our assumptions, we change the variables to polar coordinates.
The derivatives in Cartesian coordinates in terms of derivatives in polar

coordinates are:

2 & 2
= a X . v . 2 sin_ ©
g — 4 £ == CoSE Y=
SSeK o 2 r 3 b 1 r
) r
& o o
5 ;s y r X o« B 5 cOs
E = — S s1in o} (8 e
‘yy b = A il i i < b r
AR r r
2 Xy o p i / o
- i - o7 & i - r/rj sin TOoS Y . LTy
T Xy 2 I'E : A
: jo




The Jacobian turns out be independent of ©

s E) =

and thus
X V) X
& ) I 1’71 p( n,\n)
x-D lc_ _(r)) C (r /7 e e /r |
B2 g NS5 R e 2 ) =y D=y n
(39)
with
2. v
pil. ¥ )= lyarea = 1/(a R (10)
; IRl max
where r., ... , ¥ are solutions of C (r) = 0.
1 n r

Because of the nature of the perturbation, we find that each slope
occurs at most twice; therefore, n = 2. We also notice that a maximum
slope always occurs between the two solutions. The radius of this
maximum slope is found prior to any calculation. The solutions of
[ (r) are then localized, and r may be found by iteration. The function
C.(r) is a linear interpolation on data points, and ;m_(r) is found

analytically from the interpolation formula,

It is important to have a good method of interpolation for the re-

flecting surface because we are not dealing directly with the surface
but with its slope. This quantity is sensitive to minor changes in the

method of interpolating between points., The method adopted is relatively

simple and introduces very little interpolation error. It is a linecar

interpolation on the derivative of the surface with respect to the

logarithm of the distance. The derivative with respect to logarithmic

distance is found directly from the data, which consists of tables of !

reflecting =urface height as a function of distance from the center

' '

of the burst We have




Linear interpolation using logarithmic distance is porformed on

these smoothed data. Thus

The set of slopes determined this way is integrated to check the
agreement with the original reflecting surface. If the smoothing is

too severe, additional data points may be added.

A few illustrative calculations have been made using Eq. (31), with

V chosen to give 1 kW power radiated into a hemisphere over perfectly
(8]

conducting ground, for numbers of 2.5-km altitude 2-MT detonations, at

=6 =

an average density of 10 km , in the viecinity of a 1000-km daytime

path. The effects on the propagation environment of a single such detona-
tion were deseribed in detail in Sections [I1-A and IITI. The results of
the incoherent-field calculations are summarized in Table 6, from which
the root-mean-square (rms) magnitude of the incoherently scattered field

seen to be in the 20 to 40 ; V/m range. The fields have been doubled
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from the values given directly by Eq. (31) to account for the assumed

ground characteristics.

Table 6

Magnitude of RMS Vertical Component of Incoherently
Scattered Field at 1000-km Distance from 1-kW
Source for a Detonation Density of 1076 km—2

Time After l]‘:\.! (V/m)
Detonation ——1
(m) at at at
m
20 kHz 50 kHz 100 kHz
; 3.8 x 10 ° 2.3 x 10" ° 2.0 x 10°°
-5 . -5 -5
5 S S (@) 26 10 2 all 10
-5 -5 5
10 B2 X0 2 ORI ) o 10
o = -5
20 IR | 505w 10 > 2.3 x 10 °
=

By comparison, the ambient (coherent) field for one-hop, sky-wave
propagation over sea (a highly conducting ground) to the same distance
was calculated to be about 380 1V/m at 20 kHz. Since the coherent field
is essentially undisturbed at this detonation density (cf. Table 2), this
value--which is approximately 20 dB greater than the largest (3-min) value
for the rms incoherent field at this frequency--is also characteristic of
the coherent field in the disturbed environment. As we noted above,
this smallness of the incoherent field relative to the coherent field
is only to be expected at such low detonation densities. This result

should not, however, be taken to characterize all cases.

The ambient field strength was determined using the reflection coeffi-
cient given by Eq. (28) for the zero-density angle coefficient .‘I' fron
Table 3, in conjunction with the wave-hop path-integral values obtained

by Berry and Chrisman = for a 60-km reflection height.




S A

o

‘vu_gu ==

>

)
=
E

3
b
?

\'s CONCLUSTIONS AND RECOMMENDATIONS

The calculations completed here indicate that high-yield (MT range),
5 )

low-altitude (few km) nuclear detonations at densities of 10" km or
greater have substantial effects on VLF/LF propagation. Such densities
of detonations, although high, are not unrealistic for large-scale attack

scenarios,

The major effect found at high detonation densities is an increase
in the rate of attenuation of the coherently-reflected propagating wave,
relative to that in the undisturbed environment, as a result of the
ionospheric boundary roughness produced by debris radiations. The conse-
quent attenuation rates are greatest in the disturbed night environment,
as a result of the large height range over which reflection occurs for
this environment. In contrast to the effects produced by high-altitude
detonations, daytime attenuation rates in the disturbed environment are

significantly less than those at night.

A method has been presented for determination of the effects of many
randomly disturbed detonations in terms of those produced by a single
detonation. This method assumes that the effects at all but a small (and
to first order negligible) fraction of the affected region are determined
primarily by the nearest detonation to each point of the region. Combi-
nation of this assumption with a statistical description of the detonation
locations greatly simplifies the assessment of the environment. This
approach should also be applicable to other types of nuclear effects in

addition to that considered here,

A factor not examined quantitatively at significant detonation
densities is the fraction of the coherent-signal loss that goes into
the incoherently scattered wave, This fraction may not represent a real
loss to the communications system under some circumstances. More signi-

ficantly, the incoherently scattered wave would be expected generally to




remain effective as a jamming signal. Clearly, the distribution of loss
between boundary absorption and incoherent scatter, and the utility of

the latter as desired and as jamming signal, merits further study.

The calculations reported here must be considered preliminary in
several other particulars,., Multiple scattering and shadowing have not
been taken into account. Further, the accuracy of the statistical model
(which expresses the effects of the ensemble of detonations in terms of
those of a single detonation) has not been determined. These aspects of
the modeling should all be examined and suitable elaboration of the

models undertaken if nrecessary.

Finally, consideration should be given to incorporation of these
models, at a suitable level of detail and accuracy, into the DNA nuclear-

effects codes for treating VLF/LF propagation.
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