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1. INTRODUCTION

1.1 Purpose and Objectives

The purpose of this report is to present the result. of a ray
theory investigation into the disposition of radio signals in the fre-
quency range 10-50 MHz which have been reflected from columnar electron
density irregularities embedded in the refracting ionospheric propaga-
tion medium. Examples of such irregularities are meteor trails and the
geomagnetic-field-aligned columnar structures associated with the radio
aurora and certain spread-F type ionospheric disturbances. These
reflectors act to scatter the radio signal energy from an incident ray
into a cone coaxial with the column axis and of apex half-angle equal
to the angle of ray incidence upon the column. The scope of this in-
vestigation was limited to the 10-50 MHz frequency band for two reasons:
a) the propagation paths of radio waves in this range are significantly
influenced by ionospheric refraction, but b) the influences of magneto-
ionic and collisional effects upon these paths are largely negligible,
permitting a considerable simplification of the mathematical and con-
ceptual developments.

In order to provide maximum internal continuity within each topic
discussed in this report, introductory material which would otherwise
have been collected into a large overall introductory chapter has in-
stead been presented in the detailed introductory and literature review
sections of each chapter. Therefore only a brief outline of the objec-
tives of this investigation will be given in the following paragraphs.

The first objective was to study the ability of columnar scatter-
ers to couple radio signals into the ground-detached propagation mode*,
also known in the literature as the whispering-gallery, guided, chordal-
hop, or tilt mode. As compared to the more common propagation mechanism
in which the radio waves are reflected successively from the ionosphere

and the ground (the so-called ground-hop mode), the ground-detached mode

* The term '"mode" is used throughout this report to denote the charac-
teristic form of the propagation path of a given radio signal. It should
not be confused with the same term as used in the theory of waveguides,
oscillatory systems, etc.




has been shown by others to offer a superior long-distance propagation

channel, both because it avoids the absorption and scattering effects
associated with ground reflections, and because it may also avoid the
ionospheric D region and its absorptive effects. As a result, the
strength and integrity of the signal are much better preserved. In
addition, the maximum usable frequency over a given ionospheric radio
link is greater for the ground-detached mode. However, since a signal
propagating via this mode does not touch the grouid, it is not directly
accessible to ground-based radio terminals, and the signal energy must
be coupled into and recovered from the ground-detached mode by some
auxiliary means. It is the purpose of the first two chapters of this
report to present a generalized study of the coupling properties of
column scatterers and, in particular, to determine a) the necessary and
sufficient conditions for such coupling to occur, and b) the circum-
stances under which the optimum mode coupling efficiency* will be
achieved.

The first part of Chapter 2 contains a discussion of the role of
the ground-detached mode in very-long—rénge HF/VHF radio wave propa-
gation, based upon a review of the literature. The requisites for
ground-detached propagation in a spherically-symmetric ionospheric
medium are then developed using ray theory. In Chapter 3 these con-
ditions are coupled with the geometry of the columnar scattering mech-
anism to study the mode-coupling properties of thi. process.

The second objective of this investigation was to study the propa-
gation phenomena involved in the radar sounding of geomagnetic-field-
aligned column scatterers, and thereby to determine how the effects of
the refracting ionospheric propagation medium combine with the geometry
of radio wave scattering by columnar irregularities to produce the radar
echoes often received from such reflectors. The experimental data upon
which this study was based consisted of a series of such echoes in the
9-27 MHz band, recorded in the signal amplitude vs. apparent range vs.

radio frequency ionogram format. These echo signatures were obtained

* The coupling efficiency is defined for this purpose to be the fraction
of the scattered signal energy which is coupled into the ground-detached
mode.




using an HF band oblique sounder located in central California to sound

an artificially-induced ionospheric disturbance over northern Colorado,
which was thought to contain field-aligned reflecting columns. Unlike
earlier studies of radar echoes from naturally-occurring field-aligned
irregularities, in which both the location of the reflectors and the
properties of the signal propagation paths were only roughly known, this
experiment provided an opportunity to study the propagation effects
under relatively well-defined conditions. The study was carried out by
conducting a raytracing simulation of the observed echo signatures,
assuming that the echoes were due to scattering by field-aligned columns
in the man-made ionospheric irregularity, and using up-to-date computer
raytracing techniques in a realistically modeled ionospheric propagation
medium. This simulation, presented in Chapter 5, had two principal
objectives: a) to determine how the particular reflection and propa-
gation effects combined to produce the observed echo signature, and b)
to establish that the artificial disturbance actually did contain field-
aligned reflecting columns. An additional consideration in this work
was the bistatic configuration of the central California sounder (i.e.,
the receiver was physically separated from the transmitter). The com-
plications arising from this source are discussed in Chapter 4, where
the reflection geometry is analyzed for the case of field-aligned
columns being sounded by a bistatic radar. The result of this analysis,
that the bistatic echoes from such scatterers will under certain circum-
stances occur at a predictable incident-ray-to-column-axis angle, is
then confirmed by the raytracing simulation of Chapter 5, and then used

to facilitate a later phase of that simulation.

1.2 History
The work reported herein evolved from the author's earlier in-
vestigations of the round-the-world (RTW) propagation of radio signals.
Challenged to explain the extraordinarily great propagation ranges (up
to 2 x 10° km) achieved by a 1 kW pulse signal transmitted over a trans-
polar path [Bubenik, 1971], and the apparent resolution of stable, dis-
crete propagation mode traces on east-west RTW sweep-frequency oblique

ionograms [Bubenik et al., 1971], the author was led to consider the




probable role of the ground-detached mode in these very long distance
propagation events.

In the course of these studies, several attempts were made in late
1971 and early 1972 to launch an RTW signal into the ground-detached
mode using the man-made ionospheric irregularity over Platteville,
Colorado as the mode coupling agent for an HF signal transmitted from
the oblique ionospheric sounding facility operated in central California
by the Stanford Research Institute. It was hoped that the perturbation
in the propagation medium presented by the disturbance would alter the
propagation mode of the incident signal, deflecting a portion of it into
the detached mode which would in turn presumably furnish a favorable
RTW propagation channel.

The perturbed region interacted strongly with the radio signal,
producing a strong direct backscatter echo. However, the hoped-for RTW
signals were not observed. This was attributable, in large part, to
the rather poor RTW propagation conditions which existed when the
experiment was run. On the other hand, the Platteville modification
experiment was itself a novel attempt, and the ionospheric phenomena
which it produced were, at the time, largely unexpected and unexplained.
In particular, it was not known how to characterize the interaction be-
tween the perturbed region and the radio signals, and fundamental
questions therefore arose. It had been established that the irregular-
ity was a good reflector; however it was also vital to know whether the
radio signal energy was being scattered isotropically or directionally,
If the latter, how was the reflected energy distributed in space? In
either case, how would the hoped-for coupling into the ground-detached
mode occur? It was especially important to determine the azimuthal
directions into which the detached mode would be launched, so that the
highly-directive receiving antenna could be steered accordingly.

Since an ionization density irregularity in the F region of the
ionosphere, where the artificial perturbation was usually situated, will
tend to become elongated along the lines of flux of the geomugnetic
field, it was a reasonable working assumption that the scattering mech-

anism consisted, in part at least, of reflection from ionized columns.



Consequently, the author searched the literature for an analysis of the

disposition of the radio energy thus reflected into the ionospheric
refracting medium. None was found, and the analysis reported 1~ this
paper was therefore undertaken. The computer raytracing simulation of
the observed backscatter echoes was initiated as a parallel effort to
ascertain whether these returns were in fact due to scattering from
geomagnetic-field-aligned columns in the Platteville disturbance, and
the analysis of field-aligned radar echoes reported in Chapter 5 arose

from this simulation.




2. THE GROUND-DETACHED MODE

2.1 The Two Principal Radio Ray Propagation Modes in the
Ionosphere

2.1.1 The ground-hop mode

The most common mechanism of trans-horizon radio com-
munication in the HF band (3-30 MHz) between two stations located on the
surface of the earth is the ionospherically supported sky-wave mode,
which is illustrated in Figure 2.1. There, the solid line TA R, rep-

il =1
resents the path of a signal which, after leaving the transmitter T

is refracted downward in the ionosphere so that it reaches an apogee at
A1 and is subsequently returned to earth at the receiver Rl' Useful
communication via this single-hop mode is possible for transmitter-
receiver separations of less than about 4000 km. For longer signal
paths, a radio link may be established via a multi-hop mechanism, in
which the signal energy executes several sky-wave hops with intervening
more or less specular reflections from the earth. This latter mode is
shown in Figure 2.1 by the extension A2R2A3R3 to the basic TAlR1 hop.
In principle, this sequence may be extended indefinitely, permitting

HF radio propagation links to be established between stations separated
by very great distances.

However, the usefulness of this mechanism is limited by the large
signal power losses incurred when a great number of sky-wave hops are
involved. These losses occur via two principal mechanisms. In the first
place, the signal energy must traverse the absorbing ionospheric
region (stippled band on Figure 2.1) twice during each hop, losing up to
several dB in each transit. The other losses occur at each earth re-
flection where some power is dissipated ohmically in the ground, and an
additional fraction may be scattered astray by rough terrain.

These loss mechanisms have been studied intensively since the days
of "wireless,K" and are now well understood [e.g., Davies, 1965; Kelso,
1964]. The magnitudes of the ionospheric and ground absorption losses
are strongly dependent upon both the frequency of the radio wave and its
elevation angle of propagation. The earth losses generally diminish as

the signal trajectory approaches grazing incidence upon the ground. On
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Fig. 2.1 A schematic representation of the principal modes of radio ray
propagation in the ionosphere. The path TA;RjA,R,A3Rz represents

the ground-hop mode; path TA)PAIR3 represents the ground detached
mode.

the other hand, the dissipation in the lower ionosphere at a given radio
frequency becomes more severe under the same circumstances, since a
greater portion of the signal path then lies within the absorbing region.
Additionally, the ionospheric loss has a diurnal, seasonal, and solar
activity dependence, being strongest at the geographical subsolar point
in the presence of an active sun, and nearly absent at night. It di-
minishes rapidly as the radio frequency increases, varying generally as
the inverse square of this quantity [Davies, 1965, p. 145]. In its
turn, the ground absorption is a function of the nature of the reflect-
ing surface, with greater losses occurring in regions of high resis-
tivity such as the sea. In general, the ground losses initially increase
as the frequency rises, leveling off at a plateau value which is deter-
mined primarily by the elevation angle of propagation [Davies, 1965,
pp. 194-195].

These trends indicate that HF communications over great distances
are best conducted using signals of the highest possible frequency,

launched toward the transmitter horizon. The value of this maximum



usable frequency (MUF) over a given path is a function of the ionospheric
ionization density and its distribution. It is the practice of radio
operators to ascertain this frequency and to operate slightly below it.
This procedure minimizes the effects of the absorptive loss mechanisms;
however, the losses due to scattering from rough terrain along the path

are mostly beyond the operator's control.

2.1.2 The ground-detached mode

Ground-contact losses may be reduced by minimizing the
number of earth reflections which the signal must undergo. Such losses

are absent entirely from the single-hop path TA R, on Figure 2.1 and

11
likewise from the path TAIAER3 which, owing to its highly oblique
incidence upon the ionosphere over the segment AIAE, executes a peri-

gee at P instead of undergoing a ground reflection. Although the
attenuation of this latter mode in the D region is somewhat greater, due
to its more oblique incidence upon that layer, this obliquity increases
the path MUF supportable by the F layer and thus, given the inverse-
square dependence of this absorption upon frequency, may largely com-
pensate for that initial disadvantage. Moreover, if the perigee alti-
tude is great enough, the D region and its losses may be avoided com-
pletely. As before, propagation to great distances via a ground-detached
mode such as AIAé is possible by extending the apogee-perigee sequence.
The ground-detached mode represents the most general form of wave
propagation near the inner boundary of the cavity formed by the iono-
sphere. 1In the idealized case, where this cavity is spherical with a
sharp, perfectly reflecting boundary enclosing a vacuum, the path of a
ray traveling about the circumference is a series of chords, as shown
in Figure 2.2. If the bow PC of these chords is not too great, a
concentric spherical reflector C” (representing the earth) placed
inside the cavity will not affect the raypath. If, however, PC exceeds
the difference between the radii: of the two spheres, the chordal raypath
will be intercepted by the inner sphere and reflected from its surface
into a new chordal path. Repeating this sequence, the ray is seen to
travel via a series of hops between the spheres, in a path essentially

like the ground-hop ionospheric propagation mode discussed earlier. It







is thus apparent that the ground-detached mode is the general mode of

ionospheric propagaticn, while the ground-hop mode is a variant case.
The very nature of the ground-detached mode prohibits direct access
to it by ground-based radio terminals, and some means of coupling must
therefore be provided between the detached mode and a ground-hop path
which can reach the earthbound stations. As will be shown later, this
coupling is accomplished by appropriately altering the direction of
travel of the ray. This may be done by several types of ionospheric
irregularities, such as tilts, meteor trails, small regions of enhanced
or depleted ionizaticn density, and the irregularities responsible for
the radio aurora pheuomenon. Such couplers must be present at both ends
of any radio link established using this mode, which in turn requires a
high degree of cooperation on the part of nature. Consequently, most
practical ionospheric radio circuits are thought to involve the ground-

hop mode.

2.2 The Ground-Detached Mode in Long-Distance HF/VHF Propagation

2.2.1 Experimental evidence

Nevertheless, because of its expected low-loss,
extended-MUF characteristics, the ground-detached mode is believed to
play an important role in the propagation of radio signals to very great
distances, such as to the antipode of the transmitter or completely
around the world. An early effort to explain the round-the-world (RTW)
propagation phenomenon, which has been noted since the mid-1920's
[Qudck, 1927a,b; Eckersley, 1927], in terms of other than the ground-
hop mechanism, was the sliding-wave theory advanced by von Schmidt
[1936]. Considering an established seismic wave-guidance mechanism,
von Schmidt proposed that an electromagnetic wave might be guided in a
leaky channel along the ionosphere-outer space boundary if the refrac-
tivity discontinuity there were sufficiently sharp.

In a test of “iis hypothesis, ﬂggg_[1948, 1949, 1952] monitored the
direct-path and RTW circulating signals received in Denmark from HF
transmitters in Madagascar, Brazil, Japan, and the United States.
Although he was able to dismiss the sliding-wave mechanism, he did note

the curious fact that the signals received via the long paths and RTW
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routes were often less distorted than those arriving via the shorter,
direct paths. He observed that "The longer the distance, the sharper
the signal seems to be...." This circumstance has also been reported
by Humby et al. [1955], Railey [1958], and Isted [1958].

Measurements of the attenuation of multiply-circulating RTW signals
have revealed a parallel incongruity. In an analysis of 18.7 MHz RTW
echoes received in England from a transmitter in South Africa, Humby
et al. [1955] noted that, while the first RTW transit was attenuated an
average 26 dB relative to the direct signal, the successive echoes
exhibited mean losses of only 13 dB and 3 dB relative to their pred-
ecessors. These measurements agree with those of Hess [1948, 1952],
who had reported relative attenuations of 10-15 dB for successive RTW
circulations and also with those of Isted [1958], who noted that,
although the first RTW transit was "heavily' attenuated, the higher-
order circulations had losses of only 5-10 dB.

These observations of the high quality and strength of signals
propagated over extreme distances are in sharp conflict with expectations
based upon the group-hop model. The existence of the destructive phase
interference effects due to multipath propagation and the various losses
entailed in this propagation mode have been well established by exper-
iment on shorter paths. Since these effects are cumulative, one would
expect a progressive degradation of signals traveling longer distance.
Instead, signal quality on the longer, reverse great circle path has
sometimes been observed to be superior to that on the shorter, direct
route; and the incremental attenuation of successive RTW signals, rather
than being uniform as would be expected for signals repeatedly traveling
the same ground-hop path, may actually diminish between the higher-order
transits.

Other anomalous propagation events have been reported. Albrecht
[1960] has noted an instance in which similar apparent losses were
exhibited by signals traversing long paths of nearly equal length but
differing greatly in ground characteristics. Monitoring transmissions
from eastern Australia, he observed that the signals received via the
transcontinental path to western Europe were no more attenuated than

those arriving in North America over a presumably less lossy transoceanic
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route. A similar lack of differential attenuation for satellite
signals propagated over long paths overlying water and land was reported
by Mullen et al. [1966].

Several investigators have reported strong signals propagating at
frequencies greatly exceeding the MUF predicted for the path. Isted
[1958] found RTW echoes at 37 MHz although the MUF for ground-hop
propagation was not supposed to exceed 20 MHz, and radio propagation at
frequencies greater than the MUF along an antipodal path was observed
by Gerson [1963] and Banks [1965].

The foregoing observations indicate that radio signals traveling to
great distances via the ionosphere may show a signal quality consider-
ably surpassing expectations based upon the assumption of the usual
ground-hop propagation mode. Also, such observations have been recorded
at times when propagation via the ground-hop mode is theoretically for-
bidden . An alternative mechanism of radio wave propagation is there-
fore suggested. Several of the cited authors invoked the ground-
detached mode, with ionospheric tilts providing the coupling agent, to
explain their results. However, they lacked the specific data to deter-
mine whether the required tilts were actually present.

More definite are the conclusions drawn by Villard et al. [1957],
§Egig_[1958], and Yeh and Villard [1960], who monitored ground back-

scatter echoes originating in the 5000-10,000 km range interval and

propagated over transequatorial and transpolar paths., Noting the fre-
quent absence of these echoes at intermediate ranges, plus such anomalies
as propagation at frequencies exceeding the conventional MUF and curi-
ously little path disruption during polar ionospheric disturbances, they
inferred the presence of an elevated propagation mode launched and re-
covered by the favorable ionospheric tilts believed to exist in these
regions, and they substantiated their case with vertical-incidence
ionosonde data showing that the required tilts were present. In partic-
ular, Stein derived the expected range-intensity characteristics for
such tilt-supported transequatorial echoes, and showed that his predic-
tions agreed with the experimental data.

Applying this concept of tilt-coupled ground-detached modes to the
RTW propagation phenomenon, Fenwick and Villard_[1963] proposed that RTW
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signals might travel over an east-west path via multiple ground hops in
the daylit hemisphere, and by the ground-detached mechanism, launched
and recovered by the twilight-zone tilts, in the night region. In an
experimental test of their hypothesis, they monitored westward-directed
transmissions from Okinawa at sites along the great circle path in Guam
and the Mediterranean and noted that, while strung RTW echoes were
observed when both the transmitter and the receiver were in or near the
daylight hemisphere, no signals were received simultaneously at the
stations which were then in deep night. Since the signal was believed
to be traveling the great-circle route, it had presumably passed over
these latter stations in a ground-detached mode. The observed presence
of the circulating signal correlated well with predictions based upon
the presumed mode-coupling action of the twilight-zone tilts, providing
conciete evidence for the existence of a naturally-occurring ground-
detached propagation mode at HF.

2.2.2 Experiments using satellites in the ionosphere

The foregoing experimental evidence for the ground-
detached mode was obtained using ground-based radio terminals, which are
located outside the region where such propagation occurs. Consequently,
this evidence is jarg:ly inferential, as it presumes the existence of
suitable coupling agents and i« therefore 'colored" by their character-

istics. To avoid this complication, Barker and Grossi {1966, 1970]

conducted an experiment to measure the properties of HF/VHF radio prop-
agation between satellites situated within the duct itself. A pair of
satellites, one transmitting and the other receiving, were placed in
similar orbits just below the F layer ionization peak, and their
relative velocities were set so that they achieved mutually antipodal
positions three times in the course of their 5 November to 24 December
1966 useful life. It was found that a satellite-to-satellite propaga-
tion path existed at least 50% of the time at 34.3 MHz, and that the
signal reception probability increased as the satellite orbits decayed
to lower altitudes, in accord with their predictions based upon ray-
tracing studies of the ground-detached mode. They further confirmed
the presence of this mode by showing that, while the receiver satellite

was recording strong signals from its companion, these signals were
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often inaudible at a ground station directly below the receiver satel-
lite. The losses measured along the elevated paths were often less than
the free-space losses, implying a degree of focusing. Time spreading
of the signal due to multipath propagacion was always less than E00 usec,
indicating a propagation mode with very little multipath spreading.

A review of experiments involving satellite-to-ground propagation

over great distances is given by Carrara et al. [1970].

2.2.3 Theoretical studies

Accompanying the foregoing experimental evidence for
the existence and advantages of the ground-detached mode, and in part
prompted by it, is a body of theoretical studies. This propagation mech-
anism appears under a variety of names in literature, the most common
being "whispering-gallery" (after its resemblence to the acoustical
phenomenon encountered in properly constructed chambers), ''tilt-mode,"
"chordal-hop," '"ducted propagation,' and "guided propagation."

The pioneering sliding-wave hypothesis of von Schmidt [1936] has
already been mentioned. Another early effort was that of Woyk [1959]
who, extending the geometrical-optics investigations of Bremmer [1949],
established the general characteristics of the radio ray propagation
modes which circulate below the ionospheric peak. The whispering-
gallery nature of the lower ionosphere at VLF has been examined by
Wait [1962, 1967] and by Budden and Martin [1962].

Of more immediate interest are several recent investigations of
ground-detached propagation at HF and VHF. It is well-known [e.g., Woyk,
1959] that propagation via this mechanism is theoretically always pos-
sible when the radio energy is properly launched in an ionosphere whose
refractive index possesses perfect spherical symmetry. In a pair of
studies conducted using computer raytracing rechniques, Eggg_[1966] and

Grossi and Langworthy [1966] have shown that the detached mode, once

established, can survive the potentially disruptive effects of twilight-
zone tilts and other ionospheric irregularities, and it thus offers a
mechanism for repeated RTW circulations. Wcng traced such rays through

5 complete RTW orbits. In a parallel simulation study, Barker and Grossi

[1966] included collisional absorption effects and reported that signals

propagated via the detached mode may be as much as 30 dB stronger than
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their counterparts traveling by the ground-hop route. (However, they

do not specify the transmitter-receiver separation at which this figure
was calculated, nor do they indicate the nature of the underlying
ground.) They also determined that the MUF for the detached mode was
approximately twice that for the ground-hop propagation mechanism.

More recently, Chang [1971a,b] considered the leakage of HF radio
energy through the ionosphere via a mechanism analogous to the
"tunneling" effect of quantum mechanics, and determined that the least
attenuated ground-detached mode in a Chapman model F layer should weaken
by 10.8 dB in a complete RTW transit. This figure agrees with the
experimentally-measured attenuations of multiply-circulating RTW signals.
Chang estimated a MUF value of 6.1 times the F layer critical frequency
for ground-detached propagation, which is in agreement with the Barker
and Grossi [1966] value of this parameter. While ground-detached prop-
agation beneath the E layer is theoretically possible at a MUF 14.9
times the layer critical frequency, according to Chang, these signals
are greatly attenuated by collisional processes and propagation to
large distances via this mode is not feasible.

Related theoretical calculations have been published by Gurevich

and Tsedilina [1973]. Treating the ionosphere as a barrier of potential

trapping the radio wave field, they developed methods for establishing
the existence of the elevated ducts and explored the conditions under
which radio energy could be injected into the earth-detached mode. In

a corollary study, Tushentsova et al., [1974] combined these results with

worldwide maps of the ionospheric ionization distribution characteristics
to obtain global charts of the parameters of the elevated ducts guiding

the ground-detached mode.

2.3 The Motivation for the Work Reported Here

The studies cited above show that HF and VHF radio signals can
travel to very great distances via an ioncspherically-supported propaga-
tion mode which exhibits anomalously low signal losses and distortions,
and allows propagation at frequencies considerably greater than those
permitted by the usual ground-hop mechanism. The most likely candidate

is the ground-detached mode which, owing to its ability to avoid ground
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contact and also to remain above the absorbing region in the lower

ionosphere, is freed of the associated losses and, moreover, is spared
the multipath distortion effects arising from non-specular reflection
from rough ground. Direct experimental evidence for the existence of
this mode has been obtained. Theoretical analyses have shown that it
is a possible means of propagation for distances up to several RTW
transits, and have also confirmed its expected low-loss charac*er.

It would be useful to be able to utilize the ground-detached mode
on a routine basis. However, some means of coupling the signal energy
into the elevated mode must be provided. In the naturally-occurring
instances of this type of propagation, this function, together with the
inverse process of recovery, is thought to be performed chiefly by iono-
spheric tilts favorably located relative to the transmitter and receiver.
This need for geophysical cooperation, however, greatly restricts the
paths and time intervals over which this mode may be used.

Alternative coupling processes exist and have been examined in the
literature. Among these mechanisms are quasi-spherical ionization
irregularities which refract or scatter the radio energy so that it
enters or exits the elevated duct. These irregularities are usually
assumed to occur naturally, but recently Gurevich [1971] has proposed
that a very strong highly directed beam of radio energy might, by modify-
ing the physical parameters of the ionospheric region it traverses,
create its own injecting coupler.

Another class of coupling agents consists of long, thin radio wave
reflectors, such as the ionized trails left by meteors, and the columnar
ionization irregularities aligned with the geomagnetic field which are
thought to accompany thF :urora and certain of the spread-F type iono-
spheric disturbances. These structures reflect an incident radio signal
into a cone, coaxial with the reflecter, whose apex half-angle is equal
to the angle that the incident ray makes with the column axis. Some of
this reflected energy may enter the ground-detached mode or, in the
reciprocal process, a signal may be deflected from this mode to a ground
station.

While it is well known that this mechanism does exist [e.g., Davies,

1969, p. 339], the author has found little treatment of it in the
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literature. There has been published an extensive body of work treating
trans-horizon propagation via reflection from meteor trails and columnar
auroral structures; however, the investigators have almost invariably
neglected the refractive effects of the ionospheric medium containing
the scatterers. Invoked chiefly to simplify the geometrical aspect of
the investigations, and usually justified for the VHF/UHF frequencies
considered, this approximation nevertheless excludes all consideration
of ionospherically-supported propagation modes which might be generated
in the process. Perhaps owing to the difficulty of combining the geo-
metry of reflection of these columnar scatterers with the non-homogeneous
ionospheric refracting medium, a general study of the mode-conversion
capabilities of these scatterers does not appear to have been made.

It is therefore the purpose of this chiapter and the one following
to present the details and results of such a study establishing the
necessary geometrical conditions for, and indicating the efficiency of,

this mode-conversion mechanism.

2.4 Radio Ray Propagation in a Spherically -Symmetric Medium

2.4.1 Basic concepts

It is the purpose of this section to determine the
physical constraints which the detached mode must satisfy, and thereby
to lay the foundation of an analysis of the mode-coupling properties of
columnar reflectors embedded in the ionosphere. This investigation will
be based upon ray theory. To make the problem tractable, the ionosphere
will be modeled as a spherically symmetric geoconcentric refracting
medium. Since only radio frequencies in the high HF and low VHF bands
are to be considered, geomagnetic and collisional effects will be neg-
lected, so that the ionospheric refractive index W is real, isotropic,
and a function only of the radial distance r from the center of the
earth.

Ray propagation in a spherically-symmetric medium is governed by

Bouguer's rule, which states that [Born and Wolf, 1970, p. 123]

Ur cos B = KB (2.1

where B is the local elevation of the ray, measured upward from the
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is a constant which is

local horizontal (see Figure 2.3), and K

B
characteristic of each ray. In regions where pu is constant, (2.1)

represents a straight line in polar coordinates. Setting u = 1 and

B
equivalent free-space periapsis distance of the ray trajectory.

B=0 gives K_ = ré which, as Figure 2.3 illustrates, represents the

2.4.2 Constraints upon rays propagating in the ground-
detached mode

This inquiry must answer two principal questions:

1) What are the altitude boundaries of the elevated duct guiding the
ground-detached mode? 2) What attitude must the ray assume in order to
be confined within the duct? We begin by examining the reflection proc-
ess to determine which rays execute perigees above the ground, and are
therefore propagating in the detached mode.

Reflection can occur only at a point where the ray becomes hori-

zontal, which happens at the values of r satisfying
ur = K = r (2.2)

The subsequent course of the ray depends upon its curvature at this
point. According to Kelso [1968], the radius of curvature p of the

raypath at its horizontal point is given by

1 d
S e IU = a—r(ul‘) (2.5)

1

p S
For d(ur)/dr < 0, p < r, and an apogee occurs; while for
d(ur)/dr > 0, p>r or p <0, and the ray executes a perigee.
The case of d(ur)/dr = 0 is of some specialized interest, for then

p =r, and the ray orbits forever at the altitude r. This propagation

mode has been investigated by Woyk [1959], and by Lipa and Croft [1975].

The product ur and its first derivative are thus seen to be of
fundamental importance in the study of ray propagation in a spherically-
symmetric medium. It is possible to determine the principal character-
istics of these ray propagation modes, i.e. apogee and perigee altitudes
and whether a given ray is in the ground-hop or the ground-detached mode,
using the ur vs. r profile for the medium. This approach has been

employed by Bremmer [1949], Woyk [1959], and Danilin [1967], and has
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TYPICAL
RAYPATH

Fig. 2.3 The parameters describing ray propagation in a spherically-
symmetric refracting medium.

been developed to a particularly high degree by Eglgg_[1963, 1968].

In the following text, this technique will be utilized to illustrate the
progression of ionospheric ray propagation modes from those rays which
are not reflected by the ionosphere, through the ground-hop mode, to the
ground-detached mode. This process leads to the formulation of the
relevant ground-detached ray duct parameters in terms of the altitude
excursions and local elevation angle of a "marginal ray" appropriately
chose to define the particular duct. The former discussion is essen-
tially an adaptation of that of Kelso [1963], while the author believes

the ""marginal ray" concept to be original as developed herein.
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A ur vs. r profile depicting representative ionospheric refrac-
tive conditions is shown in Figure 2.4. This diagram is based upon the
double-layered model ionospheric ionization density profile IID 166

[Croft, 1966], which consists of two Chapman layers combined according

to

2 _ 2 2
fR(h) = MAXIMUM (€5, £7.) (2.4)

where fN(h) is the plasma frequency at the height h above the

earth's surface, and

2w W L :
fug = fop €Xp (1 -z - exp [-zD (2.5)
2 = (h-ho )/ (2.6)

2
NF
numerical values of the parameters are listed in Table 2.1, and the

The quantity f is given by a similar pair of expressions. The

actual fN vs. h profile is shown as the broken line in Figure 2.5.

TABLE 2.1. Values of the Parameters Defining
Model Profile IID 166

i E F
fc 3 MH:z 9 MHZ
hm 120 km 300 km
Hs 15 km 90 km

Since geomagnetic and collisional effects are disregarded, the
refractive index is given by the simplified Appleton-Hartree formula
[Budden, 1966]

B =L e ey (27)

A radio wave frequency f of 3 ch was used in computing the ur
vs. T profile of Figure 2.4. This profile-frequency combination
realistically illustrates the radio ray propagation mode characteristics

of interest.
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Figurc 2.4 is labeled in terms of both the geocentric radial

distance r anu the corresponding altitude h above the earth's sur-
face, which in turn is represented by the horizontal line labeled

T = RE' The ur curve reflects the principal structural features of
the two layered ionospheric profile. At the lower altitudes, where
the ionization density is negligible, it follows the straight line

Ur = r. As the free electron concentration becomes significant, the
locus departs from the linear form and passes through a local minimum
associated with the E layer ionization peak, then through a maximum
corresponding to the interlayer ionization trough, and subsequently
executes a deep minimum in the F region. Lastly, since the ionization
density decreases essentially monotonically with increasing altitude
above the F layer peak, the final portion (not shown) of the ur curve
consists of a gradual return to the ur = r line.

On this diagram, Bouguer's rule ur cos B = K, defines a family

B
of straight vertical lines, each of which corresponds to a particular

value of KB’ and thus represents a particular ray. The intersections

of these verticals with the ur 1locus denote the horizontal points of
the associated rays since, at these intersections, pur cos B = ur. The
region to the right of the ur curve is a forbidden zone because, to

propagate here, a ray would have to satisfy ur cos B > ur.

The ur curve defines uniquely the altitude limits between which
any given ray is confined. Applying the derivative conditions stated

earlier, it is seen that the segments AOl, 0203, and 042 are peri-
igee regions, while 0102 and 0304 constitute apogee regions. Every

ray whose associated vertical lies to the right of 0, is thus confined

within a duct bounded above by an apogee region and bzlow by a perigee
zone.

The nature of the ionospheric duct guiding a given ray may there-
fore be determined by locating the vertical line corresponding to its

characteristic value of KB. Employing the concept of the equivalent

periapsis distance rg, the KB associated with each vertical is equal

to the value of 1 at which the line (extended, if necessary) meets the
Ur = r locus. Thus, the verticals corresponding to progressively larger
values of r; = K, are positioned successively to the right of one

B
another.
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Inspection of Figure 2.4 reveals that four principal types of radio

ray propagation exist in the ionosphere. The first of these, corres-
ponding to the lowest KB values, is represented by the vertical AA~,
for which KB = ré = 6250 km. Because this periapsis distance is less
than the radius of the earth, the ray strikes the ground at an elevation
angle given by
Ky r’
cos By = = = £ (2.8)
0 RE

Re

This angle is indicated by the scale marked on the r = RE line for

all rays having a subterranean periapsis. Since the AA” 1locus does not
meet the ur curve in the ionospheric region, such rays do not reflect,
but instead penetrate the ionosphere. Rays of this class are not
ducted, but represent signals transmitted into or received from outer
space.

The second group is represented by BB”. Like their type 1 counter-
parts, these rays have rg < RE’ and thus strike the ground. However,
their loci intersect the ur curve within an apogee segment, so that
these rays are returned to earth, where they are again reflected from
the ground. These type 2 rays therefore comprise the ground-hop mode.

Like the preceding group, the rays of the third type, represented
by CC”, are reflected downward from the ionosphere. However, their

E
therefore do not reach the ground; instead, the sub-ionospheric portions

associated verticals meet the ur curve at rg > R.. These rays

of their trajectories are straight-line tangents to the ¢pheres defined
by the associated values of r;. These are chordal raypaths, such as
those depicted in Figure 2.2, and this ground-detached mode comprises
the "whispering-gallery" propagation mechanism.

To the right of OZD are the rays of the fourth type of prop-
agation mode, which are confined within a duct formed by the lower F
and upper E ionospheric layers. Several such interlayer ducts may
exist in the natural ionosphere, due to the multiple ionization peaks
often found in actual fN(h) profiles. For the present purposes, the

ground-detached modes represented by types 3 and 4 are equivalent.
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Inspection of Figure 2.4 reveals that, given the vertical corre-

sponding to any ray propagating in the detached mode, all rays whose

verticals lie to the right of it are also in this mode. Since K

B
increases to the right, a necessary and sufficient condition for a ray
to belong to such a ducted group is that KB > KBm’ where KBm is the

Bouguer's constant of the chosen ray. This ray may therefore be taken
as the boundary, or marginal, ray defining the particular elevated duct.
A natural candidate for this marginal ray is the ray which just grazes
the earth's surface, represented by GG”. Other choices are possible;
for example, it might be desired to specify a duct whose lower boundary
is above the absorbing D region.

For the sake of illustration, let CC” represent the marginal ray,
with KB = KBm' The trend of the ur locus then shows that all rays
within the elevated channel thus defined execute their apogees at suc-
cessively lower altitudes, and their perigees at successively higher
altitudes, as KB increases from KBm' Hence, the ducted rays are con-
fined within an altitude zone bounded by the apogee and perigee alti-
tudes of the marginal ray. Conversely, any ray whose path crosses these
boundaries does not belong to the Jucted group, as its vertical must
therefore be to the left of the marginal ray locus.

At any geocentric altitude T, within the duct, the elevation

Bm(ro) of the marginal ray is given by

uro cos Bd(ro) KBd
By - K (2.9)
HTo cos By irg Bm
Since KBd > KBm
18yxg) | < 18 (r,)] (2.10)

Conversely, any ray for which |B(r0)| > IBm(rO)I cannot belong to the
ducted group since, by (2.9), this requires that KB < KBm’ which

violates the condition for such membership as established in the preced-
ing paragraph. We may therefore define at any given altitude within an

elevated duct a quantity called the angular width of the duct, which
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expresses the range of elevation angies which the trapped rays must

assume. The foregoing development shows that this angular width is
equal to IBm(rO)I.

These are general results. They are based solely upon the proper-
ties of the ray channels formed by the confluence of the monotonically
increasing lower section and the monotonically decreasing upper section
of the ur vs. r curve. Since 1 % 1 in the lower Atmosphere, the
former condition, corresponding to the wur = r segment, will always be
met. The monotonically increasing upper section will be present if the
refractive power of the lonosphere is sufficient to create an apogee
region at the particular radio frequency, otherwise no ionospherically-
supported radio propagation is possible.

A ground-hop to ground-detached mode coupler must therefore satisfy
two criteria: 1) it must be physically located within the duct, between
the perigee and the apogee altitudes of the marginal ray, and 2) it
must be able to flatten the incident ray trajectory sufficiently to
satisfy the inequality (2.10) in order to launch the detached mode,
and to perform the inverse transformation to recover energy from the
duct.

2.4.3 Determining the altitude boundaries and angular
widths of elevated ducts directly from fN(h) profiles

Having demonstrated how the parameters of an elevated
duct may be expressed in terms of the parameters of the marginal ray, we
wish to be able to ascertain these quantities in a given ionospheric
fN(h) profile. It is the purpose of this section to develop a graph-
ical overlay technique which finds the altitude boundaries and angular
widths of such ducts at any given radio frequency.

Several methods of determining the duct parameters have appeared
in the literature. All of these utilize the refractive index of the
medium in conjunction with either a) the ur diagram [ﬂgzk, 1959;
Kelso, 1968], or b) the modified refractive index (rectification to a
flat earth) [Danilin, 1967; Chang, 1971a,b], or c) computer raytracing
[Barker and Grossi, 1970]. The need for the u(h) profile introduces

an additional labor step into the process and also severely limits its
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versatility, since the refractivity profile must be recomputed whenever
the frequency is changed. The technique developed below bypasses this
requirement, and yields results of accuracy comparable to the other non-
raytracing methods.

The basis of this technique is the graphical solution of the

simultaneous equations
h = h(log fN) (2.11)

which is the ionospheric plasma frequency profile plotted in the usual

logarithmic-frequency format, and
h = g(B, Ky, w(f,f) (2.12)

which is an appropriate formulation of Bouguer's rule. Since u is
a function of the ratio fN/f’ it is also a function of the quantity

log fN - log f. Therefore, when (2.11) can te put in the form
log fN = g1(85 KB’ h) + log f (2.13)

any value of the operating frequency f can be accounted for by
shifting the curve family representing g, along the log fN axis of
the ionospheric profile plot. A suitable family of gl(h, KB’ B) curves
need therefore be constructed only once for each duct parameter to make
an overlay which, when appropriately placed upon the log fN(h) profile,
yields the desired information.

Consider first the problem of finding the altitude boundaries of

-

the duct defined by the marginal ray with KB = rpm Each boundary

is represented by the geocentric altitude r of an apsis of this ray,

where Bouguer's rule requires that

Ur = r;m (2.14)

Applying (2.7) and rearranging gives
2 _ - 2
L [fN/f] = (rpm/r) (2.15)
2 _ e2[y . - 2
£« 1 (rpm/r) ] (2.16)
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1 { =~
log fy = 3 log|l - Lrpm/“)z] + log f (2.17)

This expression has the required form (2.13). The corresponding
overlay is constructed by setting log f = 0 and plotting a family of

curves parametric in rgm. It is convenient tc present this overlay in

terms of the geographic altitudes h =r - R. and h° =r~
E pm pm

The resultant overlay is shown in Figure 2.5 (solid lines). The right-

- RE.

most boundary of the frame corresponds to r;m = 0; since it therefore
represents log f, it forms a cursor to establish the placement of the
overlay on the log fN axis. For convenience, auxiliary curscrs are
provided at 1log(f/10) and 1log(£f/100).

To locate the duct boundaries in an ionospheric profile, the overlay
is positioned on the profile plot with the respective altitude scales
in register, and with the frequenc; cursors aligned with the values of
fN representing the corresponding multiples of the radio operating fre-
quency. For illustration, the curve family of Figure 2.5 is shown super-
imposed on the IID 166 profile for a radio frequency of 27 MHz, which
is 3 times the F layer critical frequency.*

The boundaries of a duct defined by the marginal ray corresponding
to a specified hém are the altitudes at which the corresponding locus
meets the fN(h) curve. Since, as the ur diagram shows, such channels
can exist oniy beneath or between ionospheric layers, only those portions
of the overlay curves to the right of the fN(h) profile represent
actual ducts Thus, referring to Figure 2.5, the marginal ray for which
hém = 100 km defines a type 4 duct bounded by h = 132 km and
h =172 km, while the segment of the h;m = 0 locus between profile
intersections at h = 222 km and h = 344 km docs not correspond to
any duct. Instead, the 222 km intersection is the upper limit of the
channel whose lower boundary is at the earth's surface. Since this curve
has no lower intersection with the fN(h) profile, the equivalent perigee

height hé is equal to the actual perigee height hp'

* This combination of ionization density profile and radio frequency is
the same as was used to construct the wur diagram of Figure 2.4. This
duplication permits the results the results obtained using the present
technique to be checked against that established method.
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Fig. 2.5 The sliding overlay for finding the altitude boundaries of the
elevated ducts defined by the marginal rays of equivalent periapsis
altitudes hy. It is shown in use with the IID 166 model ionospheric
profile (broken line) at a radio frequency of 3 times the F layer
critical frequency.

In essence, this procedure finds the altitudes at which a given

ray becomes horizontal. It has been tacitly assumed that the upper

member of a pair of profile-overlay intersections corresponds to a ray

apogee, and the lower to a perigee. But whether an apogee or a perigee
occurs depends upon the sign of d(ur)/dr, and thus upon that of
di/dr, at the ray horizontal point. The matter can be resolved by
comparison of the slopes of the overlay and fN(h) curves aF their
intersections. Since the overlay curves are plots of the function

Ur = KB’ their slope is given by d(ur)/dr = dKB/dr = 0. As was indi-

cated previously, this defines the critical gradient of pr (and thus

of fN) dividing the apogee and perigee regions. Consequently, if the
profile slope di/dr exceeds the slope of the intersecting overlay
curve, an apogee occurs, if the inverse happens, there must be a perigee.

This latter interpretation is the basis for an overlay curve set devised
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by Croft [1967a] for the purpose of identifying apogee and perigee

regions within a given fN(h) profile.

It remains to determine the angular width IBmI of a specified
duct at a given altitude and frequency. Equivalently, we must find the
absolute value of the elevation of the marginal ray. Bouguer's rule

gives

-

. = 2.18
ur cos Bm rpm ( )

from which

.2 _ - 2
1 - lfN(r)/f = (rpm/r cos Bm) (2.19)
and
1 - 2

_ 1 - . .20
log fN 5 log |1 (rpm/r cos ij ' + log f (2 )

where | and Bm are functions of r.

In this case therc are two parameters, rém and IBmI, so that
scveral families of overlay curves must be plotted. Since, in practice,
many values of IBmI may nced to be determined within a given duct, it
is logical to make a separate overlay for cach of several representative

o values. ‘Thesc curves are shown in Figure 2.6 for

pm
hpm = rpm - RF = 0 and 100 km.

To illustrate their use, these overlays arc shown superimposed on
the 11D 116 profile for an operating frequency of 27 Milz. At any given
hcight within the duct corresponding to the particular overluy, ]Bml is
given by the parameter of the curve intersecting the fN(h) profile,

For cxample, the upper pancl of Figurc 2.6 shows that all rays propi-
gating at h = 214 km with absolute clevations less than 5° helong to

the hpm = 0 ducted group. At 178 km, these angular limits have doubled;
and the maximum le[ of 11.2° for this duct occurs at the bottom of

the E-I interlayer valley at 144 km, Comparison of the upper and lower
pancls of Figure 2.6 shows that, as the duct becomes physically smaller

(hl;m increasing), the angular width at a given height decreases.
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Fig. 2.6 The sliding overlays for finding the angular width as a func-
tion of height for the ducts corresponding to the marginal rays of the
specified equivalent periapsis altitudes hj. Both overlays are shown
in use with the profile IID 166 (broken line) at a radio frequency of
3 times the F layer critical frequency.

30



It is worthwhile to note that the B, = 0° contours on the upper

and lower panels of Figure 2.6 are identical, respectively, to the
h;m =0 and h;m = 100 km loci on Figure 2.5, and can therefore be used
to locate the duct limits. This follows from the fact that (2.17) is
identical to (2.20) with Bm = 0.

This correspondence between the two expressions might be exploited

by defining a new parameter r;m according to

r;m = rpm/cos Bm (2.21)

and expressing (2.17) and (2.18) in the common form
= l _ " 2
log £y = 5 log Il (rpm/r) ] + log f (2.22)

This expression defines a curve family parametric in r”m which per-
forms the combined functions of the overlays for the angular width and
boundaries, provided some auxiliary means is furnished to indicate the
various paired values of |8m| and rém to be associated with each
r;m. While this device avoids the necessity for a set of overlays, it
is somewhat more difficult to use.

Owing to the sliding-scale method of accounting for the radio
operating frequency, this overlay technique permits the ready explora-
tion of the effects of frequency changes. For example, if one imagines
the overlay curves of Figure 2.5 slid rightward, it is seen that the
associated rise in frequency increases the upper boundary altitude of
a given duct. Likewise, Figure 2.6 shows that the duct angular width
at a given altitude increases as the frequency rises, and so does the
maximum ,Bml in the duct. An important problem, to find the maximum
frequency at which a signal may be captured beneath the ionization
peak of a given profile, may be solved by using the overlay of Figure
2.5 to dete~mine the frequency at which the last possible duct vanishes.
This occurs at the frequency beyond which no overlay curves may be made
tangent to the profile, as illustrated by the near tangency of the
dotted profile segment and the h;m = 150 km locus on the Figure. The

absolute maximum usable frequency thus determined is 49 MHz.
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The related question of the highest frequency at which ground-hop

propagation may occur is solved by determining the frequency at which
the h;m = 0 curve loses contact with the profile. This occurs at
31 MHz in the IID 166 profile. Likewise, the penetration frequencies

of rays launched from the ground at various elevation angles B might

0
be found by applying this same procedure using overlay curves plotted for

selected values of the parameter rpm = RE cos SO

2.5 Summary
Many investigators have reported that the quality of radio

signals propagated via the ionosphere over very great distances, includ-
ing antipodal and RTW paths, is often remarkably good. In particular,
it has been noted that, when a signal is received from both the short
(direct) and the long (indirect) arcs of a great-circle path, the long-
path component is frequently stronger and less distorted than its com-
plement. In addition, such extreme distance propagation has occurred
at frequencies significantly greater than the classical MUF for the
path. These apparently anomalous events have generally been attributed
to the presence of a ground-detached propagation mode which avoids the
signal degradations due to ground contact and traverses of the absorbing
D region. Further experiments have confirmed the importance and advan-
tages of this mode in long distance ionospheric radio propagation.

However, some mode-coupling mechanism must be provided to make the
ground-detached mode available to ground-based radio terminals. In most
instances, this coupling has been effected by favorably placed iono-
spheric tilts; however, a less fortuituous coupling mechanism would be
generally required in order to exploit practically the superior prop-
agation characteristics of this mode. One possible mechanism is the
reflection of radio waves from ionospheric ionization irregularities
such as meteor trails and field-aligned columns. Since no general
analysis of the mode coupling properties of these objects has been done,
this analysis was undertaken.

To lay the groundwork for this analysis, the requisites for electro-
magnetic wave propagation i~ a ground-detached ionospheric duct were

established using ray theory. It was shown that any particular duct in

32



a spherically symmetric, geoconcentric, lossless isotropic ionosphere

may be completely characterized by an appropriately chosen marginal ray.
The apogee and perigee altitudes of this ray define the altitude bound-
aries of the duct, and the absolute value of its elevation angle at any
altitude defines the duct angular width at that altitude. To propagate
within this duct, a ray must therefore be launched a) from a source (an
active source or a reflector) physically located within the duct, b) at
an elevation angle whose absolute value does not exceed that of the

marginal ray at the source altitude.

Finally, a set of overlay curves were developed which, when placed
over a log fN vs. height profile, indicate the altitude boundaries and
angular widths of the elevated ducts in the profile. This method differs
from previous techniques in that it uses the fN(h) profile directly,
and accounts for varying radio frequencies by means of a sliding scale
mechanism. Thus, the required properties of the ground-detached ducts
may be determined from a commonly available ionospheric data form, at
any desired frequency, without the need to raytrace or to compute at

each frequency the actual or plane-earth rectified refractive index.
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3. COLUMNAR SCATTERERS AS A COUPLING MECHANISM BETWEEN
THE GROUND-HOP AND THE GROUND-DETACHED MODE

3.1 Introduction

It is the task of this chapter to analyze the geometrical
properties of the process of coherent scattering of electromagnetic
waves by long, thin ionization density irregularities embedded in the
ionosphere, and to evaluate the utility of such reflectors as coupling
agents between the ground-hop mode and the ground-detached mode.

This analysis comprises two phases. In the first stage, the geo-
metrical distribution of the reflected radio energy will be compared
against the geometrical constraints which the ducted rays must satisfy
to establish the conditions under which this scattering mechanism will
provide the desired coupling. In the second phase, the efficiency of

this process will be considered.

3.2 The Scattering of Radio Waves by Columnar Reflectors

The scatterers to be treated here are long, thin cylindrical
volumes within which the ionization density, and hence the dielectric
constant, differs from that of the surrounding ionospheric medium.
Examples include meteor trails and the geomagnetically-aligned irreg-
ularities associated with the radio aurora and certain spread-F type
disturbances. The theory of electromagnetic wave scattering by these
columns is well developed and documented [e.g., Booker, 1956; Wait, 1959;

Sato and Maeda, 1968]. To establish the groundwork for the mode coupling

analysis to follow, a brief summary of this theory will be presented in
the foliowing paragraphs.

Only scattering by underdense ionized columns will be treated
explicitly. Such irregularities, in which the plasma frequency is less
than the radio frequency, comprise the majority of scatterers of interest
here. They scatter only a fraction of the incident signal energy. Over-
dense irregularities, within which the plasma frequency exceeds the radio
frequency, are represented at the frequencies of interest by certain
meteor trails immediately after their formation. These reflect radio

waves in much the same way as do metallic cylinders, and the geometric
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Fig. 3.1 A schematic representation of the geometrical aspects of the
scattering of a radio wave by a long, thin column. The wave is inci-
dent from the lower left, with its wavenormal directed in the b4
direction. The reflected energy is concentrated primarily within a
conical shell of width A8 and of apex semi-angle 60.
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distribution of the scattered energy is qualitatively similar to that
of the underdense scattering process, except that total reflection
occurs.

As a high-frequency electromagnetic wave travels through a homo-
geneous, ionized medium, its electric field vector E causes the free
electrons to oscillate in antiphase with E, while the much heavier
positive ions remain essentially stationary. The volume polarization
E thereby induced gives the medium a dielectric character, altering the
wavelength and propagation velocity, but not changing the direction of
travel, of a radio wave [Budden, 1966]. If, however, a localized volume
of depleted or enhanced ionization density is introduced, the incident
radiation field produces a local inhomogeniety AE in the polarization
density, which in turn gives rise to a re-radiated (scattered) field
characteristic of the spatial and phase distribution of AE [Booker,
1956].

Therefore, referring to Figure 3.1, consider such a volume having
the form of a linear cylinder of very large length/diameter (&/d)
ratio, illuminated by a plane wave with the phase factor
exp [i2m (ft - z/A)], where X is the wavelength. The phase of E,
and therefore of AP, varies along the cylinder ¢s
exp {i2m [ft - z/(X cos 60)]}. Thus, provided d<<A, the irregularity
is analogous to a line antenna excited by a linear phase distribution,

and the far-field pattern R of the time averaged re-radiated power has

the form [Kraus, 1950, p. 126; Booker, 1956]

2

. in ¥
R ~ (51n X §3%}«J {3.1)
where Yy = g% (cos 6 - cos 60) (3.2)

and ¥ 1is the angle between E and the vector r representing any
direction of scattered energy propagation (see Figure 3.1). For 60
near 90°, the half-power width A8 of the main lobe of R is given

by [Kraus, 1950, p. 114]

AB =~ 0.45 A/7mf& radians (3.3)
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For & >> A, the expression (3.2) approaches the limiting form

lim R = sin® yx §(9 - 9,)
AL >0 (3.4)
which defines a cone of apex half-angle 60, coaxial with the cylin-

drical irregularity. This expresses the well-known fact that the under-
dense scattering mechanism is qualitatively equivalent to a partial
specular reflection (see, for example, Booker [1956]).

The purely geometrical formulation of the scattering process rep-
resented by (3.4) greatly simplifies the analysis of the propagation
paths of the reflected energy, since only the direction corresponding
to 6 = 90 need be considered. Thus, it is usually invoked immediately
in such investigations [e.g, Chapman, 1952; Millman, 1959, 1969, 1974;
Leadabrand and Yabroff, 1958; Stathacopoulos and Barry, 1974]. For the

same reason, it will be employed here also.

It should be noted that, since the scattering process depends upon
the phase of AP, which in turn is established by the phase fronts of
the incident wave, the aspect angle 60* must be measured relative to
the direction of incident phase propagation, i.e., relative to the wave-
normal vector. Because magneto-ionic effects are neglected in this
study, the ionosphere is an isotropic medium, and the waverormal and ray
directions coincide. Thus, in the following text, the terms "ray,"
"raypath," and 'wavenormal direction" are equivalent and denote the local
direction of both phase and energy propagation.

3.3 The Geometrical Formulation of the Scattered Energy
Distribution

It is now necessary to express the geometry of the cone of
energy reflected from cylindrical irregularities in terms of the geo-
graphic alt-azimuth parameters. Referring to Figure 3.2, let the re-
flecting column be represented by the directed 1ine segment OC. Follow-
ing the measurement conventions of geomagnetism, the orientation of this
line is denoted by its dip angle I, measured downward from the local

horizon plane, and by its declination angle D, reckoned positive from

* Hereafter, the subscript "0" will de dropped.

37



geographic north. Let the incident ray, represented by the directed
line segment OR, meet the column at the common vertex O of the
angles I and D. The sense of OR is the same as the ray prop-
agation direction, which is in turn given by its azimuth «, measured
in the same way as D, and by its elevation B.

In practice, a and B will be known, perhaps as the result of
a raytracing computation, and the corresponding values of I and D
will be specified independently. Given this data, it is necessary to
determine the aspect angle 6 subtended by the ray and the column.
The cone of reflected radio signal energy is then described by the locus

of all ordered pairs of (a, B) which correspond to this value of 8.

HORIZON PLANE
THROUGH O

Fig. 3.2 The parameters defining the orientations of the scattering
column C and the ray R.
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For this purpose we shall adopt the versatile spherical-

trigonometric formulatiocn commonly used in the treatment of antenna
radiation patterns. This formulation is illustrated in Figure 3.3,
where the column and ray elevations have been redefined in terms of the
respective angles 1° and B, measured downward from the local

vertical OV. These new parameters are related to the old by

I = 90° + 1 (3.5a)
BI

90° - B (3.5b)

Since I”, B”, and 6 are central angles with common vertex O,
the planes containing them are great-circle planes of the unit sphere

0" centered upon (@, and these angles may therefore be represented

HORIZON
PLANE

Fig. 3.3 The column and ray orientation parameters in the spherical
coordinate formulation.
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as great-circle arcs on the surface of (Q° in the geographic meridian
plane through O. Geographic azimuth is analogus to co-longitude in the
0° system, and elevation corresponds *o latitude.

The aspect angle 6 may be found by applying the law of cosines

to the spherical triangle RVC; this yields immediately
cos 6 = cos B” cos I” + sin B” sin I” cos (D - a) (3.6)
Substituting (3.5a) and (3.5b) and rearranging gives
cos 0 =cos Bcos I cosy - sianhk sin T (3.7)

where the azimuth difference D - o has been replaced by Yy, the
azimuth relative to the meridian CV defined by the plane containing
the axis of the scatterer and the center of the earth. This meridian

is a natural prime meridian for the 0” coordinate system, and it will
be employed in all of the following developments. In the frequent case
that OC represents a column aligned with the geomagnetic field, CV
lies in the geomagnetic meridian plane through 0, and Yy thus corres-
ponds to geomagnetic azimuth.

The set of (B,y) combinations satisfying (3.7) for 2 specified
(I,0) pair uniquely describe the orientations of the re,s forming the
cone of scattered radio energy. For a given combination of I and 8,
equation (3.7) defines a small circle on the surface of 0, with its
pole at C and of radius 6, thus giving a convenient pi.toriil rep-
resentation of the spatial distribution of the refiected enzrgy. This
representation will be utilized later to facilitate the analyses of the
directionality and efficiency of the mode coupling mechanism,

3.4 The Mode-Coupling Properties of Coherently Scattering
Cylinders

The mode-coupling properties of this reflection mechanism will
be studied explicitly from the viewpoint of launching the ground-detached
mode from a ground-based transmitter, primarily because this process is
conceptually more tractable than the inverse process of recovery, but
also because this approach deals directly with the important practical

problem of establishing the elevated mode as soon as possible after
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transmis-ion. The rccoieyy process r~an in principle be treated by re-

versing the launching mecharism, since all of the raypaths considered
here are self-reciprocal. Alternatively, the recovery may be left to
occur naturally through leakage from the elevated duct caused by various
irregularities always present in the natural ionosphere.

Therefore, let a reflecting column of dip I be situated in a
spherically-concentric ionosphere, and let the point O on this re-
flector lie within a duct defined by a given marginal ray which passes
through O with the elevation IBmI. As was shown in Section 2.4.2,
all rays passing through O with elevations satisfying |B|‘i leI
will be confined within the duct. In the O” coordinate system, this
inequality defines an equatorial zone which contains only and all such
rays. Consequently, the given ducted mode will be launched by reflec-
tion from the column at 0 if and only if a portion of the small circle
with pole at C and containing the incident ray lies within this zone.
An analytic method of determining whether this occurs, for a given com-
bination of column and ray orientations, will be presented later in
this section. First, however, an instructive overview of this mode
conversion process will be developed via a graphical technique.

3.4.1 Graphical formulation

Figure 3.4 shows the aspect angle 6 plotted as a
function of B and y for I = 45°. Each curve is parametric in both
Y and Y - 360°, and the rectang!c bounded by the 7y = 0° and
Y = 180° 1loci is the domain of all possible combinations of vy, B,
and 6 for the given value of I. The elevated duct corresponds to
the region between the vertical lines B = * IBm], and the reflection
cone is represented by the horizontal line of constant 6 passing
through the (B,y) point corresponding to the illuminating ray. Hence,
a mode-coupling event is indicated by the extension of such a line into
8| < IBmI zone. The azimuth sectors into which the ducted mode is
launched are given by the 7Y parameters of the aspect-elevation loci
which this line crosses within the zone. For example, the horizontal
line AB on Figure 3.4 indicates that a ray incident upon the I = 45°

column at B = 63°, y = 60° or 300° (point R) will reflect energy
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Fig. 3.4 The aspect-elevation diagram for a column of dip I = 45°,
The ground-detached mode will always be launched from incident rays
whose (B,Y) points lie within the hatched regions

into the 6 = 119° cone, which in turn launches the |8m| = 10° ducted
mode into the two azimuth sectors 121° < vy < 149° and 211° < vy < 239°.
It is possible to delimit the regions within which the illuminating
ray (represented by the point R) must lie in order to generate any
ducted mode. This limiting case is defined by letting |8m| + 0, and

the associated 6 boundaries (labeled ec and ecz on Figure 3.4)

1
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are defined by the intersections of the vy = 0, 180° 1loci with the

B =0 line. Additional boundaries result from the fact that rays from
a ground-based transmitter must at any height satisfy IBRI Z',Bt,’
where Bt is the elevation of the ray launched tangent to the earth's
surface. Since all elevated ducts must lie below the reflection point
(if any) of this tangential ray, it follows from the above inequality
and Bouguer's rule that IBRI Z_IBTI > Bml. A realistic absolute
upper limit for lBtl is 19.8°, which is the elevation of a straight
tangential ray at the 400 km altitude (a reasonable maximum height for
the F layer peak). The vertical lines representing this limit are
labeled ”+Bt" and "-Bt" on Figure 3.4. The hatched regions lying
within the aspect-elevation loci rectangles and bounded by 6 = ecl,
B = +Bt; and 6 = 6c2, B = —Bt therefore represent the domain of
the combinations (B,Yy) for incident rays from which the ducted mode
can be launched via scattering from the column of dip angle 1.
Conversely, the ducted mode may be launched whenever such regions
exist on the diagram for the given value of 1. Figurc 3.5 shows the
aspect-elevation diagrams for the limiting cases of [ = 0° and
I = 90°. It is seen that these regions can occupy nearly the
entirety of the I = 0° plot, while none exist in the I = 90° locus.
Thus a horizontal column will always afford a mode-conversion mechanism,
but a vertical one never can. Such regions can be found on all diagrams
for which 0° < I < 90°, given sufficiently small lel and lBtl.
Consequently, nearly all reflector orientations offer a ground-hop to

ducted mode conversion mechanism.

3.4.2 Analytical formulation

Aspect-elevation diagram shows that the detached mode
is launched into two azimuth sectors symmetrically placed about vy = 0.
Figure 3.6 shows this event in the 0~ spherical coordinate system,
where the small circle corresponding to the incident ray R. crosses

1

the duct zone boundaries at R , Rb’ R, and R,. It is desired
a c d

to find the boundaries of these azimuth sectors.
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Fig. 3.5 The aspect-elevation diagrams for the limiting cases of I = 0°
and I = 90°.
Applying the law of cosines to the triangle VCRa gives
cos 8 = cos Bm cos I cos ¥z - sin Bm sin I (3.8)
Substituting 6 as given by (3.7) and rearranging yields
cos Y = SOS B cos I cos y + (sin B ~ sin [Bp|) sin I (3.9)
a

cos cos I
Bm
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or, since I = 90° is of no interest and therefore cos I £0,

cos B cos ¥ - tan I (sin R - sin lel)

cos Y, = %o B (3.10)
m
Applying this same development to the triangle VCRb gives
cos B cos Y - tan I (sin B + sin lel)
cos Y, = (3.11)

cos
BHl

Identical expressions are obtained for Ye and 'L respectively,
showing that Yc = -Ya and Yd = -Yb, thus establishing analytically
the symmetry of the launching process about the geocentric plane

containing the reflecting column.

Fig. 3.6 The geometrical formulation used to determine the limits of
azimuthal sectors into which the ground-detached wode is launched.

Cones of scattered radio eénergy are represented by the small circles
with the common pole C.
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The two sectors merge into a single one, centered about this plane,

when |cos Yal > 1. In this case, the reflection cone does not fill the

total angular width of the duct, as illustrated by the circle of radius

62 on Figure 3.6. Continuing this progression leads to the small

circle of radius 93, which represents a reflection event which per-

forms no mode conversion. In this case, (3.11) gives |cos Ybl > 1.

Thus, the expressions (3.10) and (3.11) may also be used to indicate

whether the ra, described by (B,y) incident upon a column of dip 1

angle 1 will couple energy into the detached mode in a given duct.

3.5 The Mode-Coupling Efficiency

The central question of this section is: given that an in-
cident ray meets a reflecting column of dip I at the aspect 6, what
fraction of the reflected energy is contained within a duct specified
b < .

y 18l < I8 |

3.5.1 Formulation
Figure 3.7 shows the geometrical formulation of this
problem in the 0" coordinate system. It is necessary for this pur-
pose to introduce the angle ¢, measured as shown, to provide a coor-
dinate scale about the circumference of the small circle representing
the reflection cone. Thus, letting P(¢) represent the distribution
of the time-averaged reflected power about the circumference of the

reflection cone, the conversion efficiency n is defined by

R” R

,/,; aP(cb)dcb + '/';ﬁ bP(¢)d¢

n = —=2 (3.12)

2m
fo P(¢)d¢

where the integrals in the numerator are evaluated over the portions

of the small circle for which |B| f_ibml-
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Fig. 3.7 The geometrical formulation of the mode-conversion efficiency
computations.

The form of P(¢) 1is determined by the sin? ¥ term in the re-
flected power distribution expression (3.4) where ¥ is the angle be-
tween the E vector of the illuminating radiation field and the given
direction of reflected energy propagation. However, since E may in
general have any orientation in the plane normal to the incident ray
directior, X and P(¢) can vary over a wide domain. A useful assump-
tion is that the incident wave is circularly or randomly polarized in
the normal plane, so that P(¢) represents an average over a definable
range of X. The author has attempted this approach, but the expressions

obtained were very complex and (3.12) becomes prohibitively difficult to
evaluate.
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= Consequently, a reasonable '"prii.ing" choice is P(¢) = 1, so that

Ji P(¢) dé = 2m. Equation (3.12) thus becomes

- L)
e o=t = =2 (3.13)

and the coupling efficiency is therefore equal to the fraction of the
small circle circumference contained within the 0~ equatorial zone
defined by |B] §_|Bm| on Figure 3.7.

After experimentation with various formats, the most useful display
of the efficiency data was determined to be a plot of the loci of con-
stant n in 6, |8m| coordinates. Such diagrams are presented for rep-
resentative values of I in Figure 3.8. To interpret these charts it
is necessary to have an understanding of their underlying physical prin-
ciples; hence, their discussion will be prefaced by a presentation of
their physical and mathematical formulation.

The mode-coupling events fall into two categories requiring sep-
arate treatment. In the first of these, illustrated by the circle of
radius 81 in Figure 3.7, the portion of the reflection cone circum-
ference represented by a given A¢ (where A¢ = mn) completely fills
a symmetrical (about B = 0) -equatorial zone. The second case occurs
at a smaller value of 6, where the circumferential segment defined by
the same A¢ cannot fill a symmetric duct zone. This condition is
illustrated by the small circle of radius 82.

Case I 1is analyzed using the triangles VCRa and VCR;. Given
I and 81, it is desired to find the boundaries t|8m| of the sym-

metrical zone containing the small circle arc A¢d. Applying the law

of cosines to VCRa and VCR; yields, respectively

sin |Bm| sin 81 cos I cos ¢ - cos 81 sin I (3.14)

- sin |6m| sin 61 cos I cos (¢+Ad) - cos 81 sin I (3.15)

Summing the above expressions gives

sin 81 cos I [cos ¢ + cos (¢p+Ad)] = 2 cos 81 sin I (3.16)
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The sole unknown quantity in (3.16) is ¢. Hence, after solving this
equation for cos ¢, the required IBmI can be obtained from (3.14).

Therefore, expanding the cos (¢ + Ad) term in (3.16) and rearranging

gives

([1 + cos Ad] cos ¢ - sin Ad sin ¢) tan 61 =2 tan 1 (3.17)

provided that 9, # 90°, I # 90°.* This may be put in the form

Acos ¢ +Bsind -C = 0 (3.18)
Since, for the triangles considered, 0 < ¢ < 180°, sin ¢ >0, and
] 1L
Acos ¢ +B (1 -cos? ¢)? - ¢ = o0 (3.19)

This equation may be solved by two methods. In the first, (3.19)

is rearranged, squared, and the quadratic formula applied to yield

b.oak
AC + [BZ.(AZ + B2 - Ci)].’.
" AZ + B2

cos ¢ = (3.20)
However, this procedure always yields one extraneous root, which must

be eliminated by testing both solutions in (3.19). An alternative
scheme, more suitable for a computer, is to solve numerically the
fundamental expression (3.19), using the Newton-Raphson iteration method
[Henrici, 1964, p. 78]. This technique approximates the solution x to

the function f(x) = 0 by applying recursively the relations

(3.21a)
X = y (3.21b)

until the absolute value of the difference between two successive
approximations is less than some specified error bound. Therefore,

letting x = cos ¢, the Newton-Raphson formulation of (3.19) is

* These conditions are not unduly restrictive in practice, since I = 90°
provides no mode coupling, and the case 61 = 90° can be approached as
a limit.
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1
C (I -x*»2-8

T (3.22a)
A (1 - x*)? - Bx

X =y (3.22b)

This Iatter method was used to compute the '"'symmetric duct" portions of
the loci of constant n on Figure 3.8. The error bound was fixed at
1078,

The above analysis applies also to the triangles VCR, and VCRg
which are the mirror images about the arc VC of the triangles con-
sidered above. The final value of IBmI is therefore unchanged when
-¢ and -A¢ are substituted for ¢ and A in equations (3.14)
through (3.19).

Case II is analyzed using the triangle VCR In this instance,

b*
¢ = A¢, and the law of cosines gives

sin IBmI = sin I cos ¢, - cos I sin ¢2 cos A¢ (3.23)

which contains only known quantities on the right hand side, and there-
fore yields the desired IBmI immediately.

The transition between the two regimes occurs at 6 = Gt =1+ IBmI,
as shown in Figure 3.7. The value of et corresponding to given
values of I and A¢ may be determined by applying the law of cosines

to the triangle VCRt, which gives

sin IBmI = sin I cos Gt - cos I sin Gt cos A¢ (3.24)

Substituting Gt =1+ IBmI and rearranging yields

sin I cos I (1 - cos AB)

tan IBml = -
2 - cos® I (1 - cos AB) (3.25)
from which et follows immediately.
It may be shown, by applying the foregoing development to the
"hidden" side of the unit sphere in Figure 3.7, that the gecmetric
conditions treated above are symmetric about 6 = 90°. Therefore, the

contours on Figure 3.8 are also symmetric about this value.
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3.5.2 Results and discussion

The coupling efficiency diagrams in Figure 3.8 may be
viewed as contour maps of the "efficiency terrain" for each value of I
represented. Following a vertical line of constant ]Bml through in-
creasing 6, n is seen to rise abruptly from the ''no-coupling' zone
as the n = 0" line is crossed and increases to a maximum at the ridge
whose peak (broken line) corresponds to the line 6 = Gt =1+ ]Bml.
This ridge defines the transition from the case II "asymmetric coupling"
regime to the '"symmetric duct'" (case I) region. (In the I = 0° case
(Figure 3.8a), this rise forms a cliff since, for a column reflector in
the equatorial plane of the unit sphere, the small circle of scattered
energy is entirely symmetric in elevation, and therefore case II does
not exist.) As 6 increases beyond Gt into the "symmetric duct"
region, a shallow valley is encountered with its floor at 6 = 90°.
The symmetry of the terrain about this floor is indicated by the
auxiliary scale for 90° < 6 < 180°.

The coupling efficiency increases as the angular width of the duct
increases. The rate of this increase is not uniform, and diminishes at
the higher values of IBmI. In general, greater coupling efficiencies
are attainable at the larger values of the dip angle I. However, the
very highest coupling efficiencies are obtained from incident rays which
are almost propagating within the duct to begin with; and n = 1.0 is
meaningless, as it represents no actual mode conversion. Reasonably
large values of n are realistically attainable, nevertheless;

Figure 3.8d indicates that 50% of the scattered signal enters the
|| = 10° duct when I =75°, 8 = 85°.

For a given angular duct width !Bml, the optimum coupling effi-
ciency occurs at the transitional aspect values Gt =1+ |Bm| and
G't = 180° - (I + IBml). As indicated by the contour spacing, this
maximum of n is quite sharp, and small departures of 6 from this
optimum value reduce the coupling efficiency considerably.

Consequently, to maintain optimum coupling efficiency, the aspect
angle ust be tightly controlled. The potentially highly variable
effects of ionospheric refraction upon the propagation direction of the

illuminating signal must therefore be minimized, which may be done by
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locating the transmitter nearly beneath the intended cylindrical re-
flector and operating near the highest possible ducted frequency. It
is likewise desirable to use a reflector of predictable and stable
orientation. Field-aligned ionization irregularities are thus prefer-
able to meteor trails and, as will be demonstrated in Chapter 5, they
may be created artificially so that their positioning is also control-
lable. On the other hand, the optimum value of aspect depends strongly
upon IBmI which, being a function of the ionospheric ionization pro-
file, is time-variant and essentially unpredictable. (It is measurable,
however, using a vertical-incidence sounder in conjunction with the
overlay techniques of the previous chapter.)

It is therefore impractical to operate at maximum mode-coupling
efficiency. The best one can hope for is to operate at a reasonably
high n which is relatively invariant with IBmI. Figure 3.8 shows
that this desideratum is best approximated in the symmetric duct region
near normal aspect (6 = 90°). Thus, the optimum mode conversion scheme
is to illuminate a nearly vertical column at an aspect approximately
normal to its axis. This is incompatible with the desire to maintain
a nearly invariant aspect, however, since to achieve the former con-
ditions requires an obliquely propagating illuminating ray, which is
vulnerable to refractive effects. (On the other hand, there is some
flexibility here, as n is nearly independent of aspect near 6 = 90°.)

Thus, the following compromise options are indicated: a) To obtain
a moderate but relatively stable mode conversion efficiency using geo-
magnetically-aligned reflectors, place the ground terminal in the middle
geomagnetic dip latitudes; b) Operate in the higher latitudes for
greater maximum efficiency jf some variation of the coupling efficiency
is acceptable. Considering the marked increase in n in the vicinity
of IBmI = 5° near normal aspect as I increases from 60° to 75°, and
the near invariance of n with 6 in this neighborhood, the latter

course seems preferable.

3.6 Summarx

Using a ray-theory approa:h to the scattering of radic signals
by cylindrical ionization irregularities in the ionosphere, the scatter-

ing geometry was formulated in a spherical trigonometric coordinate
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system to provide a basis for analyzing the ground-hop to ground-
detached propagation mode coupling properties of these irregularities.
It was shown that, provided the scatterer was located within a duct of
sufficient angular width, mode coupling was possible with all reflector
orientations except the vertical. This was done via a graphical analy-
sis technique, which also served to indicate which incident ray and
reflector orientations could produce the desired coupling. An analytic
method was also developed to ascertain both whether mode coupling would
occur for given ray and reflector orientations, and, if so, the bound-
aries of the azimuthal sectors into which the detached mode was launched.
It was indicated that these sectors are symmetric about the plane con-
taining the scattering column and the center of the earth.

The mode-coupling efficiency was examined and found to be reason-
able, with 50% of the scattered energy being injected into the elevated
duct under certain realizable conditions. It was deterirnined that the
requisites for optimum coupling efficiency were very strict and prac-
tically impossible to maintain under actual operating conditions; the
best compromise was found to consist of transmitting at the highest pos-
sible ionospherically propagating frequency from a location in the high
geomagnetic dip latitudes, using field-aligned irregularities to effect

the mode conversion.
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4. BISTATIC RADAR ECHOES AT PREDICTABLE ASPECT ANGLE FROM
COLUMNAR SCATTERERS IN THE REFRACTING IONOSPHERE

4.1 The Nature of the Bistatic Radar Problem

Numerous radar sounding studies of the geomagnetic-field-
aligned columnar ionization density irregularities associated with
auroral activity and certain spread-F ionospheric disturbances have been
carried out in the past three decades [e.g., Herlofson, 1947; Chapman,
1952; Booker et al., 1955; Peterson et al., 1955; QXEE) 1955; Booker,
1956; EEEEE) 1959, 1960, 1961, 1971; Leadabrand and Peterson, 1958;
Calvert and Cohen, 1961; Dearden, 1962, 1969a,b; Weaver, 1965; Unwin,
1966; Bates and Albee, 1969, 1970; Au and Hower, 1970; Millman, 1974;

Basu et al., 1974]. Mainly for reasons of economy, most of these
studies have employed monostatic radar configurations; that is, the
transmitter and the receiver were situated at the same location. How-
ever, this radar geometry has an important additional property. As is
well known, echo signals in a monostatic radar system usually travel to
the target and return along the same propagati-n path, so that an echo
will originate only from reflecting surfaces oriented normal to the
direction of the incident ray. If the target is a reflecting column,
monostatic radar <:hoes will thus occur only if the incident raypath
meets the column axis at normal aspect, i.e., 0 = 90°,

This property has been exploited in the studies cited above, both
to predict the directions from which monostatic radar echoes from field-
aligned columns might be detected at a given sounding location and,
conversely, to assess the field-aligned nature of observed echoes. The
existence of a predetermined echo aspect angle greatly facilitates the
echo location process when the effects of ionospheric refraction upon
the propagation paths of the radar signals must be accounted for, since
it is then necessa y only to trace these raypaths and to determine if
and where they meet the postuiated field-aligned columns at normal
aspect.

How: ver, owing to the recent development of the high resolution,
high signal-to-noise, sweep frequency continuous wave (SFCW) sounding

technique, whose continuously-operating transmitter requires that the
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receiver be physically separated from the transmitter, the bistatic
radar configuration has gained new prominence. On the other hand, the
task of locating bistatic radar echoes from field-aligned columns is
generally quite formidable. The aspect conditions for a bistatic echo
are very general; an echo will occur whenever the reflection cone from
an incident transmitter ray contains a raypath to the receiver. The
aspect angle at which the echo occurs may therefore range from 0° to
180°. In the simplest case of straight-line raypaths, the value of this
angle is a function of the relative positions of the sounder terminals
and the target, as well as of the orientation of the reflecting column.
To determine this value and locate the echo origin points is extremely
difficult. When ionospheric refraction effects must be considered, the
echo origin points and the associated echo aspect angle values depend
also upon the radar frequency and the time-varying state of the iono-
sphere. While useful approximate treatments of the no-refraction case

have been devised [Fricker et al., 1957; Collins and Forsyth, 1959], no

generalized echo-location study including the refractive effects has
been done. In general, to locate the origin points of bistatic echoes
requires that a detailed search be conducted to locate the points at
which the raypaths from both the transmitter and receiver sites meet
upon a reflecting column at equal aspect angles. This is a very labo-

rious process.

4.2 Bistatic Radar Echoes at Predictable Aspect Angle

It is the purpose of this section to show that, under certain
conditions, bistatic radar echoes may originate from columnar scatterers
at a predetermined aspect angle, thereby permitting the direct location

of these echoes in the same manner as in the monostatic radar geometry.

4.2.1 Formulation
It is necessary to examine the geometry of the general
bistatic reflection process. A convenient formulation is obtained by
representing both the illuminating (t) and the 'received" (r) radiation
fields by rays incident upon the reflector, as shown in the inset of

Figure 4.1. In this case, the condition for a specular echo is
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8

= 180° - et (4.1)

or, equivalently cos er - cos et (4.2)

Using equation (3.6), this may be expressed

cos Br cos Y cos I - sin Br sin I = sin Bt sin I

- cos Bt cos Y, cos I (4.3)

It is instructive to treat the problem graphically, plotting er
and et as a function of Br and Bt for representative values of the
parameters Yr and Ve Figure 4.1 shows this graph constructed for
I =45 , with Br and Bt plotted on the same scale, but with the 6.
scale folded about 6 = 90° with respect to the Bt scale. This dia-
gram is used in much the same manner as those in the previous chapter,
except that, having entered the t curve family at Bt, Ye o the hor-
izontal line corresponding to the resulting et is followed to the r
curve group, where its intersections with these loci define the cone of
reflected rays. For example, if the transmitter ray arrives at the
reflector at v 120°, Bt = 40°, the line Rth shows that a spec-
ular echo will be received at, among others, a station from which a ray

would arrive at Ea= 30°, Sr = -9°,

4.2.2 Analysis and discussion

Of particular interest are the intersections of the
curves of one group with those of the other, which signify that the
associated reflections occur at a common echo ray elevation. Examining
such diagrams drawn for representative values of I in the interval
0° < I < 90° establishes that the loci representing a given Yoo Ve
azimuth pair intersect only once,* so that this common elevation is
unique for any combination of Ypr Yeo and I. Likewise, associated
with this echo ray elevation Be is a unique echo aspect ee. We
shall adopt the convention that Be and ee will refer to the ray from

the transmitter.

* For I = 0°, the loci representing supplementary values of vy, and
Yr coincide. This special case is therefore excluded from the follow-
ing development.
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Fig. 4.1 The aspect-elevation diagram for solving the geometry of
bistatic radar echoes from a reflecting column of orientation 1 = 45°.
Both the illuminating (t) and the reflected (r) rays are repre-
sented as arriving at the point of reflection. 6 and 6 are de-
fined as indicated in the inset. r t

Thus, whenever the rays from the transmitter and receiver sites
meet upon a reflecting column from fixed azimuths and at equal eleva-
tions, specular echoes will occur between those, and only those, raypath

pairs for which Br = R = Be; or equivalently, for which Gr = By = Ge.

t t
It is clear that rays reaching the same point via identically-shaped
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trajectories (twin paths) must share a common elevation there. It

therefore follows that, if a pair of radar terminals are located at the
same ground range from the target, and if the propagation media 2long
both terminal-to-target links are alike, the t, r raypath pairs
launched at the same elevation angle will follow identical trajectories
and arrive with the same elevations. Thus, under these conditions, the
specular echoes will originate at an aspect which depends only upon the
values of Yo Yeo and 1 at the target. As indicated below, these
values are often prederminable, so that Be and ee may then be pre-
dicted.

The identical propagation media condition is completely satisfied
in a spherically symmetric, geoconcentric ionosphere, and approximately
so in the presence of gentle tilts. Hence, the raypaths follow essen-
tially great-circle routes. The equal-range constraint implies that the
target should be located within the great-circle plane whose ground
trace (the "line of targets') bisects the line joining the sounder ter-
minals, as shown in Figure 4.2. When the scatterers are aligned with
the geomagnetic field, I will be known within this plane, and the

associated geomagnetic azimuths i and Y, may be readily computed.

The echo ray elevation is then found by setting Br = Bt = Be in
equation (4.3) and solving. Thus
tan B = l»(cos Y, + cos Y ) ctn I (4.4)
e 2 t T )
and cos Ge = cos I cos Be cos Yt - sin I sin Be (4.5)

Since the geomagnetic orientation changes slowly with height in the

ionosphere (see Figure 5.3), v and therefore Be’ Ge, will be

£ Ypo
practically independent of altitude. As a result the echo aspect will
also be nearly invariant with altitude along a given vertical line under
twin-path conditions. It may therefore be computed once and for all as
a function of range along the line of targets in certain bistatic radar

configurations.
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Fig. 4.2 The ground trace ('"line of targets'") of the great-circle plane
which contains the origin points of twin-path echoes. The plane is
the perpendicular bisector of the great circle joining the transmitter
(t) and receiver (r) sites.

There is a caveat which must be observed when ionospheric refrac-
tion is significant. Since the ionosphere supports radio wave propaga-
tion via the upper and lower ray modes, rays from a given terminal may
reach the same point via different paths. This can occur on both the
t and the r segment: of a bistatic radar configuration which sat-
isfies the requisites given above. It is important to note that echoes
can occur at predictab.e aspect only between t, r raypath pairs of
the same mode, since only these fulfill the twin path requirement.
Additional echoes may arise, however, between raypaths of different
modes which happen to achieve specular incidence. Figure 4.3 illus-

trates how these cross-mode echoes may coexist with echoes of the same

mode.
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Fig. 4.3 Same-mode and cross-mode echoes coexisting in a monostatic
radar configuration. Cross-mode echoes originate at C; same-mode
echoes originate at S. The corresponding bistatic phenomenon is
essentially similar,

Figure 4.1 shows that the possible twin-path values of Be and
Ge are found within the "diamond" formed by the intersection of the
t and r curve families. The ranges of Be and 6e may therefore
be determined using (4.3) with the values of vy, B, and 6 corres-
ponding to the corners of this region. It thus follows that
0° < |B,] < (90° - 1) and I < 6, < (180° - I).

It may be readily demonstrated that the twin-path mechanism
includes the normal-aspect monostatic echo mechanism as a special case.

Setting e = ¥g = into (4.4) gives
tan Be = cos Y tan I (4.6)

and substituting this into (4.5) yields

cos ee cos Be (cos T cos ¥ - sin I cos y ctn I)

0 (4.7)

The aspect-elevation diagram of Figure 4.1 shows that the loci corres-

ponding to equal values of Yoo Yo do indeed intersect at Ge = 90°.
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A potentially useful effect in the sounding of field-aligned

scattering columns arises from the refractive deviation of the radar
raypaths. First, assume that the horizontal extent of the target region
is very small in comparison to the range between the target and a radar
terminal. (This might be achieved in practice through a combination of
range gating and highly directive antennas.) A fan of raypaths launched
in the vertical plane at a given radio frequency from this terminal will
therefore arrive at the target with a continuous distribution of eleva-
tions B(h) which is a function of altitude h only. (Owing to the
dual-mode propagation phenomenon discussed above, this function may be
double valued.)

If, now, the radar configuration satisfies the twin-path condi-
tions, and if the R(h) distribution contains the particular Be, a
specular echo will originate at the corresponding altitude. Changing
the radar frequency will then, by altering the refractive influence of
the ionospheric medium, shift the altitude at which B = Be, and there-
fore permit the sounding of the field-aligned columns at different
heights. 1In the absence of refraction, such an exploration requires the
use of several radar terminals at appropriate geographic locations. The
near-invariance of Be and ee under twin-path conditions guarantees
that the echoes will originate at a known, constant aspect, thus elim-
inating the variations in the target reflection coefficient due to
aspect variations, and consequently simplifying the echo data analysis.
These features have hitherto been available in the normal-aspect mono-
static radar case; they have now been extended to certain bistatic con-
figurations. As a result, useful radar techniques not readily imple-
mented in a monostatic sounder, such as the SFCW waveform, may be used
in the probing of geomagnetically-aligned columns.

Although it is necessary under these conditions to consider such
complicating refraction-induced effects as focusing, Faraday rotation,
possible cross-mode echoes, and a degree of uncertainty in the actual
echo origin point, these factors arise in the medium, rather than in the
target, and may be accounted for by modern computer raytracing and
simulation techniques. Suitably placed vertical-incidence ionosondes
might supply the required ionospheric data. An example of this is given
in the following chapter.

62



5. A RAYTRACING SIMULATION AND INTERPRETATION OF SWEEP-FREQUENCY HF
RADAR ECHOES FROM AN ARTIFICIALLY-INDUCED IONOSPHERIC DISTURBANCE

5.1 Introduction

The purpose of this chapter is to present a detailed raytrac-
ing simulation and interpretation of sweep-frequency HF backscatter
ionogram signatures obtained from an artificially-generated ionospheric
perturbation which was created by a special high-powered transmitting
facility located near Platteville, Colorado. A further discussion of
this modification experiment is given later in this chapter. The back-
scatter ionograms were recorded using an HF sweep-frequency sounder
operated in central California by the Tonospheric Dynamics Laboratory of
the Stanford Research Institute. This system is described later in the
text, and the geographic locations of the sounder terminals and the
Platteville irregularity are shown in Figure 5.1.

The radar signatures of interest were recorded during the
California-Platteville round-the-world (RTW) propagation experiments
which were discussed in Chapter 1. Initially, these echoes were mon-
itored for diagnostic purposes, to verify that the transmitted signal
was actually illuminating the perturbed region. It was expected (and
subsequently confirmed) that the relatively dense midday ionosphere
would refract the transmitted signal energy downward so that the bulk of
it would pass beneath the irregularity, which was expected to be just
below the F layer peak. The reception of the direct echo signature,
which usually happened in the late afternoon, served to alert the
experimenter to wetch especially keenly for unusual RTW propagation
events.

There were expectations that the perturbed region might contain
individual ionization density irregularities elongated along the geo-
magnetic field lines. The backscatter signatures recorded in California
became of primary interest when it was realized that their characteristic
structure might be explained by a model which combined specular reflec-
tions from such field-aligned columns and the effects of the refracting
ionospheric propagation medium. After a preliminary analysis supported

this hypothesis, a full simulation >f the sweep-frequency backscatter
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Fig. 5.1 The relative locations of the Platteville ionospheric
irregularity (PL) and the central California HF SECW sounder terminals.
The transmitter is near Lost Hills (LH) and the receiver is near Los
Banos (LB). Also shown are the vertical-incidence ionosonde stations
at Stanford (ST), Boulder (BL) and White Sands (WS).
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ionogram traces, using cowputer raytracing techniques, was undertaken

to determine precisely how the propagation and reflection mechanisms
interacted to produce the observed signature.

Once under way, it became apparent that this project offered a
unique opportunity to examine, under relatively contrnlled conditions,
the effects of the refracting ionospheric medium upon radar echoes
received from field-aligned columnar reflectors such as those associated
with the radio aurora. This topic will be discussed further in
Section 5.4.2. A further motivation for the simulation was to establish
the field-aligned nature of the reflection mechanism operating within
the Platteville disturbance, as this had not been done at that time.

In addition to its intrinsic scientific interest, this demonstration had
an immediate practical interest in connection with the RTW ground-hop

to ground-detached mode conversion experiment, since the application of
the analysis developed in Chapter 3 to the California-Platteville radar
geometry showed that an RTW signal launched into the ground-detached
mode via a field-aligned rctlecting column would propagate along paths
considerably removed from the great circle joining the transmitter with
the irregularity, and the highly-directive receiving antenna would have
had to be steered accordingiy,

In a more general application, a demonstration that field-aligned
ionization columns could be generated and maintained on purpose, using
ground-based facilities, would establish the potential to create a
window to the ground-dst.:.ned mode and thereby aid the practical ex-
pleifaticn ol this propagation mode. This concept of coupling to the
ground-detached mode via man-made ionospheric disturbances had been
previously explored by Grossi [1970], who proposed using a high-powered
transmitter to heat a small ionospheric region to induce a refractive
inhomogeniety, which could then deflect the signal from a communications
transmitter into the elevated duct. 1In a variation on this scheme,
Gurevich [1971] proposed that a well-collimated beam from a sufficiently
high powered communications transmitter might create its own refractive
perturbation, producing an auto-coupling effect. However, since these

theoretical studies were conducted before a large-scale experimental
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effort was undertaken to modify the ionospheric parameters with intense
radio signals, they did not include the largely-unexpected phenomena
which were actually observed.

Among the possible kinds of columnar scatterers which may exist in
the ionosphere and which might be used in mode-coupling applications,
the artificially-induced type appears to offer an optimum combination
of availability and directional stability. Stability is especially
desirable, since the coupling process is quite directive in azimuth,
and its efficiency is very sensitive to the aspect angle.

Meteor trails meet these criteria rather poorly. In the first
place, the presence of a meteor in a given region of space at a given
time is essentially a random event. Also, except for meteor showers
having well-defined radiants, the orientation of a given trail is un-
predictable; and the orientation of the shower meteor trails varies in
a diurnal fashion. Finally, the initially straight trail is often
rapidly distorted by wind shears, and its scattering ability quickly
diminishes as its ionization is dispersed through diffusion.

The orientation of a field-aligned column is, on the other hand,
intrinsically stable and predictable; radar scattering experiments have
shown that it is the same as the local direction of the geomagnetic
field [e.g., Watkins, 1970]. These columns are formed because, when a
plasma is permeated by a magnetic field, the mobility of the ionized
particles is restricted in directions normal to the magnetic flux lines
by Lorentz forces. As a result, plasma density inhomogenieties in the
ionosphere tend to become elongated in the direction of the local geo-
magnetic field. This tendency becomes more pronounced at the higher
altitudes, where lower particle densities permit greater freedom of
motion along the field lines. Such irregularities will behave as coher-
ent line scatterers if their length greatly exceeds their width, which
must in turn be small relative to the wavelength of the incident radia-
tion [Booker, 1956]. The exact mechanism by which such individual
columns, or collections of them develop is not yet completely understood;
reviews of the various theories are given by Herman |[1966]; Farley et
al., [1970]; and Farley [1974]; further references are given by Perkins
[1975].
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Naturally-occurring field-aligned radio scatterers are not,

however, consistently available worldwide. Radar soundings have estab-
lished their presence in the auroral zone, where‘they often accompany
visibie auroral displays. There is similar evidence that they may
exist in patches of the spread-F ionospheric disturbance, which occurs

sporadically anywhere in the world [Herman, 1966].

5.2 The Experiment

5.2.1 The Platteville ionosphere modification experiment

The Platteville ionosphere modification facility,
located at 40.18° N, 104.74° W, near Platteville, Colorado, consists
basically of a means to radiate an intense (about 2 MW) radio signal
into the overhead ionosphere. The radio frequency is chosen to be at
or below the ionospheric critical frequency, so that the incident wave
eventually encounters a zero of the refractive index, at which height
it is reflected. At this happens the free ionospheric electrons are
oscillating strongly in resonance with the incident signal, and a
portion of their coherent motion is thermalized by collisions with the
neutral! particles comprising the bulk of the atmospheric gas. This
effect, combined with a very intense incident radiation flux, can raise
the local electron temperature significantly. These hot electrons then
diffuse away from the heated volume along the lines of the geomagnetic
field, producing a region of relative ionization depleticn.

This simplified discussion provides useful qualitative insight into
the ionospheric modification process. A more comprehensive analysis is
beyond the scope of this work, and the actual mechanism is not yet com-
pletely understood. An historical overview of the artificial iono-

spheric modification effort is given by Utlaut and Cohen [1971], and the

current state of theoretical understanding is discussed, and references

given, by Meltz and Perkins [1974] and Perkins [1975].

The Platteville facility consists of ten 200 kW transmitters, each
feeding an individual element of a large ring-array antenna, which in
turn forms a vertically-directed beam of 16° nominal half-power width.
The relative phases of the transmitter outputs can be adjusted to pro-
duce a right-circular or left-circular polarization to excite substan-

tially either the 0 or the X magneto-ionic wode, respectively.
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A prominent event associated with the operation of the modification
facility is the appearance of a spread-F condition on the vertical-
incidence sweep-frequency ionograms recorded in the vicinity of

Platteville [Utlaut and Violette, 1973]. "Spread-F'" is a generic

term used to describe a diffuse or spread appearance of the F layer
traces on such ionograms. In general, these events are classified
either as range spreading, in which the horizontal portion of the trace
is spread in the range dimension, or as frequency spreading, where the
cusp of the trace is diffused and spread in the frequency dimension.
The occurrences associated with the Platteville modification experiment
are predominantly of the latter type; representative examples are

shown in Figures 5.2 and 5.3.

Naturally-occurring spread-F is observed sporadically worldwide,
with maxima of occurrence frequency in the auroral regions and in the
vicinity of the geomagnetic equator. Evidence indicates that it results
from the presence of ionization density irregularities of relatively
small scale size (see a review of the subject by Herman [1966]). That
these irregularities may include field-aligned columns has been demon-

strated by Calvert and Cohen [1961] in the equatorial zone, and by

Bates [1971] in the auroral region.

5.2.2 Sweep-frequency HF backscatter radar sounding of
the perturbed ionospheric region

The radar sounding of the ionospheric disturbance was
carried out using the HF sweep-frequency continuous-wave (SFCW) back-
scatter sounding facility operated in central California by the
lonospheric Dynamics Laboratory of the Stanford Research Institute. The
locations of the sounder terminals and the Platteville target irregular-
ity are shown on Figure 5.1.

This particular propagation geometry offered advantages in this
experiment, facilitating both the identification of the echo signatures
of interest on the backscatter ionograms and the process of simulating
them. Since the mean ground distance of 1433 km from the sounder ter-
minals to Platteville is about one-half of an F layer propagation hop,
there was a distinct range separation between the echo from the elevated

irrecgularity and the ground backscatter returns. Also, the vertical-
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incidence ionograms required to construct the ionospheric model for the

raytracing simulation were available from ionosondes at Boulder (BL),
Stanford (ST), and White Sands (WS), which are denoted by the open
triangles on Figure 5.1.

To prevent overloading the receiver by the direct signal from the
transmitter, the sounding radar was bistatic, with an interstation
spacing of 186 km. In combination with the overall propagation geou-
etry, this configuration provided an opportunity to apply and to test
the practical value of the twin-path echo concept developed in
Chapter 4. The twin-path prerequisites were satisfied very closely by
the central California-Platteville path, as the outgoing and returning
propagation paths differed by only 23 km in ground range (relative
difference = 1.6%), and were in sufficient proximity that the signals
traversed essentially identical ionospheric media along each.

The transmitting facility was located near Lost Hills, California
(LH), and consisted of a wide-aperture linear antenna array of vertical
elements, which was fed by two 10 kW transmitters in tandem. This array
formed a beam of nominal 6° half-power width at midband (18 MHz); this
beam was phase-steerable in 4° steps between 58° and 122° true azimuth.
The SFCW signal was generated by a linear frequency-sweep synthesizer
which was in turn driven by an ultra-stable cesium frequency standard.
This cesium standard also provided the accurate local clock necessary
to coordinate operations with the receiving site.

The receiving terminal was located near Los Banos, California (LB).
It employed a linear array of 2.55 km aperture aligned along the geo-
graphic meridian and comprised of 256 vertical elements spaced at 10 m
intervals. This antenna formed a beam of half-power width of 0.73° at
10 MHz and 0.24° at 30 MHz, which could be phase-steered in 0.25° steps
from 74° through 106° true azimuth. The array was subdivided into 8
subarrays of 32 elements, each of which could function as an independent
array of beam-width 8 times that of the entire array. The present
experiment employed one of these subarrays, with its steering circuits
modified to direct its beam along the 72° bearing from Los Banos to
Platteville. The receiving and processing system included a specially

designed SFCW receiver, a 500 channel variable-bandwidth spectrum
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analyzer, and a facsimile video unit to display the backscatter data

as it was received. The receiver local oscillator frequencies, as well
as all timing signals, were derived from a cesium standard synchronized
with its counterpart at the transmitter.

The backscatter ionograms chosen for the simulation attempt were
recorded on 5 and 6 January, 1972, and are presented in Figures 5.2 and
5.3, together with the simultaneous Boulder vertical ionograms showing
the frequency-type spread-F condition characteristic of the presence of
the Platteville irregularity. The signatures originating from this
disturbance are labeled "PL echo". These records were selected from a
set of similar data from experiments conducted in late 1971 and early
1972, both because they furnish a time sequence illustrating the typ-
ical evolutiun of the echo trace, and because they represent echo
specimens under markedly different propagation conditions. The 5 Jan-
uary signatures typify the echo traces obtained under good propagation
conditions; The 6 January signature is a unique example of an echo
received under poor conditions.

The backscatter ionograms were generated using a frequency sweep
rate of 250 kHz/sec, and were spectrum analyzed at a 10 Hz frequency
resolution to give a propagation time (range) resolution of 40 psec
(6 km). Owing to the technical impossibility of maintaining perfect
synchronism between the cesium clocks controlling the transmitter and
receiver units, the absolute propagation times (ranges) noted in the
figures may contain a common systematic error not exceeding 1 msec
(150 km). Differential times (ranges) scaled from the records, however,
are accurate to the characteristic 40 psec (6 km) resolution limit.

Following the standard procedure in this sounding method, the
receiver was operated in the automatic gain control mode to accommodate
a wide range of backscatter return amplitudes and to prevent spurious
responses due to overloading by strong returns. Consequently, much of
the amplitude information in the Platteville echo was lost. However,
tests of the facsimile video system have established that an approx-
imately 15 dB rise in the signal amplitude will span the range of the
recording paper from its response threshold to its fully darkened

saturated condition Washburn, [1971]. Since certain of the echoes do
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Fig. 5.2 The upper panel of each pair shows the backscatter ionogram
recorded at LB; the lower panel shows the simultaneous BL vertical-
incidence ionogram (h” denotes virtual height of reflection). The
times are (a) 1500 MST (Mountain Standard Time), (b) 1600 MST,

(c) 1630 MST, (d) 1715 MST. All were recorded on 5 January 1972.
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Fig. 5.3 The upper panel shows the backscatter ionogram recorded at LB;
the lower panel shows the simultaneous BL vertical-incidence ionogram.
1845 MST, 6 January 1972.
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saturate the display, their visibility (ratio of desired signal inten-

sity to the background level) must be at least 15 dB.

The traces appearing in the backscatter ionograms of Figure 5.2 and
5.3 are interpreted as follows. The broad, irregular trace curving
diagonally across each panel represents signal energy which has executed
one hop through the ionosphere, backscattered from the earth, and re-
turned to the receiver via the ionosphere. Additional echoes of this
Sort are represented by the blotches to the left of this band. The
rigi . edge of the diagonal trace defines the minimum propagation time
characteristic of the ground backscattered signal at a given frequency,
so that any echo whose apparent range is less than this must originate
from a target located above the ground. Accordingly, the signatires
labeled '"main PL echo" represeit reflections from an elevated torget.
Their nomina; round-trip propagation time of 10 msecc places this target
at the general range of 1500 km from the sounder, which is acceptably
near the 1433 km mean ground range to Platteville. The origin of these
traces is confirmed by the fact that their presence correlates with the
operation of the Platteville transmitter. The signature labeled '"sec
PL echo" on Figure 5.2d was also identified in this manner. This in-
teresting trace is discussed further in Section 5.6.3.

A notable characteristic of these echoes is that they appear only
within a limited range of radar frequencies. This feature is most
clearly evident in the records of Figures 5.2d and 5.3. The signatures
in Figure 5.2b,c are cut off at the 27 MHz upper limit of the frequency
sweep. However, consideration of the time evolution of the echo, as
represented by the upper panels in Figure 5.2, indicates that the fre-
quency band occupied by the signature moves progressively downward as a
whole at successively later times, so that an intrinsic extinction of
the echo eventually appears at a frequency less than 27 MHz. Thus it is
reasonable to believe that the signatures of Figure 5.2b,c would ex-
hibit an intrinsic band-limited character had it been possible to extend
the upper limit of the SFCW frequency sweep. The temporal evolution of
the echo trace likewise suggests that an echo might have appeared had
the upper frequency limit been extended in recording the backscatter

ionogram of Figure 5.2a, which shows no Pl echo signature, although the
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associated BL vertical ionogram has a definite spread-F condition. As

will be shown later, the temporal behavior of the signature is due to
the diurnal variation of the ionospheric structure, while the existence
of the intrinsic upper cutoff is a consequence of specular reflection

from field-aligned ionized columns in the man-made irregularity.

5.3 The Nature of the Reflection Mechanism

A detailed scattering model of the irregularities responsible
for the echoes shown in Figures 5.2 and 5.3 cannot be developed using
only the information contained in the backscatter ionograms. Since the
effective aperture of the receiving system was not calibrated when these
records were obtained, the absolute strength of the echo signal could
not be measured, and thus the scattering cross-section cannot be deter-
mined. It is possible, however, to determine the general nature of the
scattering structures from the available data.

The probable scattering models are of two kinds: isotropic scat-
tering and specular reflection from field-aligned columns. Reflection
by large structures in the ionosphere, such as "steps'" (see Eigg_[1970])
is included in the former category here since there is no a priori
reason to assign any particular orientation to these structures. It
will be shown in the following development that, while an isotropic
scattering process can account for certain echo characteristics, a model
invoking specular reflections from field-aligned ionized columns
explains completely the observed echo structure.

The phenomena arising from ionospheric refraction effects may be
explored using Figure 5.4, in which some representative raypaths have
been plotted through a spherically-symmetric Chapman model ionospheric
layer at selected multiples of the critical frequency. This model
approximates the propagation characteristics of the actual F layer. The
ray trajectories were computed using the '"Mark 3" raytracing procedure
of Croft [1969], as adapted by the author to an HP 9810 programmable
calculator. Since the great-circle routes joining Platteville and the
sounder terminals are close together and of nearly equal length, a
single rayplot will serve for both the outgoing and the returning

signals. The Platteville irregularity is presumed to be located near
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the F layer peak (about 250 km altitude) directly above the heater
transmitter, as signified by the open circles,

Each panel of Figure 5.4 shows the paths of a set of rays trans-
mitted from a point at the lower left at 2° increments in elevation
over the range 0°-40°. This uniform spacing allows an estimate of the

relative power flux at any point in the medium. Following standard ray

theory [Born and Wolf, 1970], each pair of raypaths form the boundaries
of a flux tube channeling a certain fraction of the transmitted power.
For the immediate purposes, it is assumed that each flux tube formed by
adjacent raypaths leaving the transmitter carries the same power flux.
Hence, wherever the raypaths do not touch each other, the local power
density is in approximate inverse proportion to the raypath separation.

As a first approach, the target is supposed to contain a group of
ionization density irregularities which scatter electromagnetic energy
uniformly in all direction (isotropic scattering model). The upper
panel in Figure 5.4 shows the irregularity to be weakly illuminated by
a very defocused ray bundle at the lowest radar frequencies, while the
center panel indicates a somewhat more intense illumination at medium
frequencies. Extrapolating this trend indicates that the power flux
illuminating the target, and hence the echo, becomes progressively
weaker as the frequency decreases. Thus, the isotropic scattering model
reproduces the low-frequency weakening and disappearance of the echo
signal observed on the experimental records. However, this mechanism
cannot account for the upper-frequency extinction of the echo, as the
lower panel of Figure 5.4 indicates that the target remains well illu-
minated even in the limit of "infinite" radar frequency.

This cutoff is, however, the natural result of a scattering model
based upon reflecting columns aligned with the geomagnetic field. In
this case. the disturbance is assumed to contain a field of such
columns of orientation I = 68.09°, D = 12.83°, as computed at the

250 km altitude over Platteville using the Jensen and Cain [1962] model

of the geomagnetic field. Assuming, for the reasons indicated earlier,
that the twin-path echo criteria are satisfied by the experimental geo-
metry, the application of (4.4) and (4.5) yields an echo aspect angle
of 88.8°, together with an echo ray elevation of 9.5°.
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A twin-path specular field-aligned echo must originate from a

transmitter ray which encounters the target at this echo ray elevation,
However, an undeviated ray cannot arrive at the target with an elevation
less than that of the straight-line ray launched tangent to the trans-
mitter horizon. Since the elevation at Platteville of the Lost Hills
optical horizon is 12.8°, to generate such an echo in this particular
configuration it is necessary that the raypaths be deflected downward
by ionospheric refraction. Because these refractive effects diminish
as the radio frequency increases, there must exist an upper frequency
limit beyond which the necessary ray orientation cannot be maintained,
and a specular echo from field-aligned columns in the Platteville dis-
turbance must therefore extinguish at some upper frequency limit.

Although the field-aligned scatter model does not of itself predict
the echo dropout at the lowest sounding frequencies, this would still
result from the defocusing effects discussed earlier. Thus, when dis-
played on the sweep-frequency backscatter ionogram format, a field-
aligned echo signature would be expected to arise from the background
as the frequency increases, persist over a band of frequencies, and
then cease rather abruptly. This behavior matches that of the "main
PL echo" signatures on Figures 5.2 and 5.3, and it is therefore proposed
that these echoes are the result of a field-aligned specular reflection
mechanism.

The progressive decline of the frequency range occupied by the
echo of the records shown in Figure 5.2 may be attributed to propagation
effects arising from the afternoon decay of the ionosphere. For illus-
tration, it may be assumed that this decay consists of a proportional
decline in ionization density occurring uniformly at all heights, so
that the form of the layer is unchanged and radio wave propagation is
governed chiefly by the ratio of the radio frequency to the ionospheric
critical frequency. The rayplot sequence in Figure 5.4 indicates that
the defocusing at the target at a given radar frequency lessens as the
critical frequency falls. Consequently, the intensity of the low-
frequency portion of the echo signature increases and crosses the system

response threshold at successively lower frequencies. Meanwhile, the
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upper cutoff frequency falls as the lessening refractive effect fails

to maintain the ray orientation required to generate a specular echo at

the higher frequencies.

5.4 Raytracing Simulation of the Echo Signatures

5.4.1 Purgose

The objective of the echo simulation undertaking was

to reconstruct the sweep-frequency HF backscatter ionogram signatures of
a field-aligned echo from the Platteville disturbance, as recorded by
the central California sounder, taking realistic account of the iono-
spheric propagation conditions which existed at the time the actual
signatures were observed. It was proposed to reproduce the actual
signatures using this model, and thus to demonstrate that scattering
from field-aligned structures was the predominant reflection mechanism
operating in the Platteville irregularity. It was also desired to as-
crrtain how the effects of ionospheric refraction interacted with this
veflection mechanism to produce the observed echo. This latter point
is of special interest in the radar probing of natural field-aligned
irrepularities, as such measurements in the HF band are strongly influ-

enced by ionospheric refractive effects.

5.4.2 How this effort relates to previous studies

Attempts to understand the effects of ionospheric re-
fraction upon the HF radar echoes obtained from natural field-aligned
columns began shortly after the field-aligned nature of echoes from the
auroral regions and associated spread-F disturbances was realized. A

pioneering eifort was that of Leadabrand and Peterson [1958], who

applied approximate raytracing techniques in parabtolic ionospheric
models in an attempt fo locat:z the normal-aspect reflection points of
fixed-frequency HF aurorii wchoes observed at apparent ranges of
1400-4700 km north of &fanford, Cal.foinia. Other approximate methods
of dealing with refractive effects in this context have been presented
by Bates [1959], Vershinin [1962]. Unwin {1966], and Bates and Albee
[1969, 1970]. A detailed analysis wax pahiished by Dearden [1962], who

plotted the spatial loci of rormal . .pect eccurrence with respect to a

dipole geomagnetic field for selected radar frequencies in the southern
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hemisphere. Dearden pointed out that the refractive effects would cause

field-aligned echoes to originate from two distinct altitudes at a given
apparent range, for certain combinations of frequency and azimuth.
Approximate raytracing techniques were employed to model schematically
the sweep-frequency signatures of spread-F returns by Renau [1960],

Calvert and Cohen [1961], and of aspect-sensitive auroral echoes by

ggggg_[1965], in order to demonstrate how their respective observed
signatures might have arisen through reflections from field-aligned
structures embedded in a refracting ionosphere.

Other authors have employed full raytracing procedures on digital
computers to conduct more refined studies of refractive effects.
Dearden [1969a,b] considered ionospheric tilts and showed how the ground-
detached propagation modes launched by them could enable strong normal-
aspect field aligned echoes to originate at ranges of several thousands
of kilometers from the radar site. These phenomena were treated in more

detail by Hower and Makhijani [1969] and Au and Hower [1970], who under-

took to locate the normal-aspect reflection points for HF fixed-
frequency field-aligned auroral echoes observed from the U.S. and
Australia. Using ionospheric models whose parameters were estimated, as
far as possible, from vertical-incidence ionogram data, they confirmed
the role of tilt-launched ground-detached propagation modes in the mech-
anism of long-range HF auroral echoes and also indicated how this mode,
combined with the temporal and spatial variatons in the ionospheric
parameters, could explain much of the observed diurnal behavior of their
subject echoes. In a related investigation, Basu et al. [1974] employed
a three-dimensional raytracing technique in a two-layer parabolic
ionosphere model to locate the probable origin points of 19 MHz ne mal-
aspect auroral echoes observed at Plum Island, Massachuse<ts. Iae
parameters of their model ionosphere were derived from the s<pidsare ITS
predictions. In a more generalized study, Millman [19/4; pireted the
spatial loci of origin of hypothetical normal-asp:ct *ield-uligned
echoes which might be observed from Boston at weuvrssertariv: i“equengies
in the HF through UHF bands. He based Fis ionosph-re rodels LUp O
vertical-incidence ionograms and included tropuspheci. refrsction

effects. Millman concluded that tropospheric etfrcis weie swamped b
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ionospheric refraction at HF, and that the reverse was true at UHF,

where ionospheric effects were nearly undetectable. Like Dearden
[1962] and Basu et al. [1974], he noted that HF field aligned echoes
often originated at multiple altitudes.

This work is an extension and partial synthesis of the efforts
cited above. Since the foregoing studies have dealt with natural field-
aligned column targets situated in remote geographic areas, their scope
has been limited by incomplete knowledge of the target location and the
state of the ionosphere along the propagation path. In contrast,
because the location of the Platteville irregularity was known before-
hand, and since the propagation routes lay near regularly-operating
ionosonde stations, the present experiment afforded a unique oppor-
tunity to examine the influences of ionospheric refraction under rel-
atively known conditions. This knowledge, in turn, permitted a very
detailed echo modeling effort to reconstruct the sweep-frequency echo
signature, using actual ionospheric data, and including the effects of
tilts and focusing. In particular, with the high quality SFCW back-
scatter ionograms available for direct comparison, and with the sharply-
defined traces resulting from the apparently compact target, it was
possible to explore the natures and relative importance of the multiple
echo components predicted by Dearden [1962] and others. An additional
extension in this study was the treatment of a bistatic sounding geom-
etry.

This undertaking differs fundamentally from the others in that it
involves a man-made target. The scientific interest and motivations
arising from this aspect have already been mentioned. It *s also be-
lieved that this simulation is unique; the author is unaware of any
other simulation studies of HF sweep-frequency echoes from the

Platteville irregularity.

5.4.3 Methods and procedures

The simulation process consisted of three major phases:
1) To ascertain the effects of ionospheric refraction by tracing the
Lost Hills-Platteville and Los Banos-Platteville raypaths through suit-
able model ionospheres, 2) To find the LH-PL and LB-PL raypath pairs
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corresponding to specular echoes from field-aligned columns over
Platteville (echo detection), and 3) to construct and interpret the
synthetic frequency-time echo signatures. The first two topics will be
discussed in outline below; the third is best illustrated by example,
and will therefore be treated in the course of the actual simulation
operations presented later in this chapter.

The raytracing task was to find the raypaths linking the iono-
spheric perturbation with the radar terminals at representative fre-
quencies in the 9-27 MHz band, and to determine the aspect angle
relative to the geomagnetic field for each ray which entered the scat-
tering region. Magnetoionic and collisional effects were neglected in
performing the raytracing computations, and the refractive index of
the medium was therefore given by the simplified Appleton-Hartree for-
mula (2.7). This simplification is justified in Appendix B.

To find the raypaths linking the geographic points LH and LB with
the sizable region occupied by the disturbance, rays were traced out-
ward from the radar terminals toward Platteville. The reciprocity
principle [Budden, 1966, p. 502] was then applied, so that the LB ray-
paths, with their wavenormals reversed, defined uniquely the stream-
lines of the receivable portion of the hypothetical scattered radiation
field. A stock of candidate raypaths was thus assembled from which
could be selected those members representing specular reflections from
field-aligned ionized columns above Platteville.

The raytracing techniques and the ionosphere models were designed
to provide and use as realistic data as possible. Two different com-
puter raytracing programs were cmployed. The first was a very general
program developed at ESSA (now NOAA) by Jones [1966, 1968], and adapted
to the Stanford IBM 360 computer by the author. This program integrates
the Haselgrove equations [Haselgrove, 1955] to trace raypaths through an
arbitrary refracting medium. It allows spatial variations of the re-
fractive index in three dimensions and permits the effects of the geo-
magnetic field and electron-neutral collisions tc be included in a
complete fashion. However, the Jones program was expensive to operate,
and a simpler program, based upon the "Mark 3" method of Croft [1969],
was therefore written for use with certain simulation operatiors which
required large amounts of data, but which did not require the complete
three-dimensional raytrace effort.
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all LH-LB raypath pairs which intersected within the model disturbance,
and noting an echo event if the associated aspect angles of the rays
met the specularity requirement-at the intersection point. Two echo-
detection methods were used in this study.

The most general echo-location method is the aspect-position dia-
gram, which is constructed by plotting the aspect angle as a function
of position for all rays traversing the scattering region. The inter-
sections of the resulting LH and LB loci of a given frequency signify
that the associated raypaths arrived at a common point at equal aspect
angles, and thus establish unequivocally both the existence and the
points of origin of field-aligned echoes at that frequency. Conversely,
if the loci do not intersect, an echo may be confidently discounted.

However, this diagram in its complete form is a four-dimensional
graph involving the aspect angle and the three positional coordinates,
and is probably impossible to construct in a compact, useful form.
Therefore, it was employed in an abbreviated format in this work; the
aspect angle was plotted against the altitude coordinate only, meas-
ured along a vertical line passing through the center of the disturb-
ance. This compromise retained the universality of the aspect-position
technique, and thus permitted the assessment of the importance of cross-
mode echoes and the verification of the twin-path echo phenomenon.
Having settled these matters, the echo-contour chart method was then
employed to examine the effects of the size and shape of the target.

An echo-contour chart is a map of the spatial loci from which
field-aligned echoes may originate in a given radar configuration (see
Figure 5.17 for an example). It is constructed by tracing a suitable
number of raypaths from one of the sounder terminals (usually the trans-
mitter) to the vicinity of the scattering region and noting the points
at which the critical aspect is achieved. This presentation offers
echo location data over a large physical area in a readily interpreted
format, and such maps have been widely used in the analysis of field-
aligned echoes [e.g., Chapman, 1952; Dearden, 1961; Millman, 1971;
Basu et al., 1974].
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However, the echo-contour method is a secondary technique, as it
P presumes the existence of a predetermined echo aspect angle, and hence
it requires that the twin-path conditions be satisfied. Consequently,

it has hitherto been applied only in monostatic radar geometries. An

additional shortcoming of the echo-contour technique is its inability

to incorporate readily cross-mode echoes, which generally do not occur

at a predeterminable aspect. This potentially important echo mechanism
is therefore disregarded when the echo-contour chart is employed as the
primary echo-detection process. On the other hand, having established

O by the aspect-position diagram technique that the twin-path echo mech-

anism is predominant, the synoptic presentation of the echo-contour

chart is very useful.

5.5 Simulation of the 1845 MST, 6 January 1972 Echo

5.5.1 Preliminaries

Because of its well defined band-limited character, the
echo recorded at 1845 MST, 6 January 1972 (shown in Figure 5.3) was
selected for the first simulation attempt. This signature commences at
13 MHz and extinguishes at 17 MHz; its propagation time span of 0.4 msec
suggests a horizontal dimension of 60 km for the perturbed region. At

this time, the Platteville transmitter was operating in the X polariza-

tion mode, and geomagnetic activity was quiet (Ap = 2).

The ST, BL, and WS fN(h) ionospheric profiles employed in this
simulation are shown in Figure 5.6. Because all ionogram traces were
obliterated at frequencies below 1.6 MHz by AM broadcast band inter-
ference, only the profile segments representing plasma frequencies
greater than 1.6 MHz were derived from actual ionogram data. The re-
mainder of each profile, including the E layer and the valley, was
constructed using estimated parameters. This E region-valley structure
was modeled upon the findings of Wakai [1967], who noted the presence
of a distinct E layer and E-F valley in the winter evening ionosphere
over Boulder during a geomagnetically quiet interval, Therefore, the
bottomside E layer of each profile in Figure 5.6 was represented by a
Chapman layer of 10 km scale height. Adopting the result of an E layer

true-height analysis performed upon the ST ionogram recorded at 1715 MST,
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Fig. 5.6 The fN(h) profiles at 1845 MST, 6 January 1972.

5 January 1972, an E layer peak height of 120 km was assigned to each
profile. The critical frequencies were derived from estimates employed
by WDC-A in the true-height analysis of the F region (see Wright [1967])
and finally the valley profiles were fitted in the manner described in
Appendix A.

Since the parameters of this lower portion of the ionusphere were
deriveu from eétimates, the refractive properties of this model iono-

sphere may not accurately represent the actual medium, and the resulting
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errors must be estimated and corrected for. This is done in Appendix E
where it is shown that even gross alterations in the E layer-valley
structure have a negligible effect upon the characteristics of the

simulated echo.

5.5.2 The first simulation

The first step in this simulation was to generate the
data needed to construct the aspect-altitude diagram. Using the Jones
program, rays were traced from the LH and LB sounder terminals to a
vertical line extending upward from the Platteville transmitter. To
cover the frequency band occupied by the observed echo, the ray data
were computed at 2.5 MHz increments from 10.0 MHz to 20.0 MHz. A pilot
series of rays was first traced at each frequency in 0.5° initial eleva-
tion steps from 0.0° through 10.0°, and additional raypaths were sub-
sequently computed as needed. Tropospheric refraction was neglected.

The model target described above neglects the magnetoionic de-
viation of the heater signal, which should position the actual perturbed
region about 10 km north or south of the transmitter zenith for O and

X heating modes, respectively (see Utlaut and Cohen, [1971]). However,

raytracing experiments involving such displaced targets established that
the consequent errors in the results were negligible. To simplify the
aspect angle computations, the altitude variation of the geomagnetic
direction was neglected, and a constant orientation of 1 = 68.09°,
D = 12.83° was employed. This orientation corresponds to the 250 km
approximate altitude of the F layer peak, w~here the disturbance was
expected to be the most pronounced. Figure 5.5 indicates a variation
of 0.02° in I and 0.18° in D in the 200-300 km altitude interval
which, as will be seen, contains the simulated field-aligned echocs.
It is shown in Appendix E that the effects of disregarding this
variation are insignificant.

Figure 5.7 shows the resultant aspect-altitude diagram. Each
curve on this plot represents the possible combinations of aspect and
position of the rays arriving at thc target at the indicated frequency.
The set of curves labeled "LH rays" represents the illuminating radiation
field, and were plotted using the aspect data directly from the raytrace

program. Those designated "LB rays'" define the characteristics of the

87




receivable radiation field; to effect “he required wavenormal reversal,

they were plotted using the supplement of the computed aspect angle.
‘The open circles denote those rays whose initial elevation angle was an
integral number of degrees, thus indicating the data density required
to construct the diagram. No such circles appear on the rightmost

10.0 MHz loci; the raypaths defining these curves were propagated via a
very defocused mode, and the entire segments shown correspond to rays
with initial elevation angles between 22.1° and 22.2°. Because of this
very low data density, these curves were drawn as broken lines.

As pointed out in the preceding section, the conditions for a
field-aligned echo are met at the intersections of the loci of the same
frequency. Each curve pair on Figure 5.7 has two such intersections,
which are typically separated in altitude by several tens of kilometers.
All of these echo points occur at the constant value 6 = 88.8°, inde-
pendently of frequency or altitude, thus fulfilling the expectation of
an invariant echo aspect. This 6 = 88.8° locus is denoted the "line
of echoes." It will be also noted that the LH and LB loci are symmetric
about this line. These circumstances indicate that the respective LH
and LB raypaths were effectively identical to one another and, in par-
ticular, that the echo intersections were comprised of essentially twin
raypaths.

As the radio frequency increases, the echo points move toward each
other along the line of echoes. Although their actual convergence is
not shown, it is apparent that this must occur at the frequency at which
the LH and LB loci form an osculating curve pair, with each curve being
tangent to the other and to the line of echoes. No echo intersections
exist above this frequency of osculation for, as the frequency increases
above this value, the LH-LB loci pairs progressively withdraw from one
another and approach asymptotically the limiting curves labeled '"f = o,
which were computed for straight-line raypaths and do not intersect.
(The higher-frequency curves illustrating this trend were omitted from
Figure 5.7 for clarity; they are shown in Figure 5.10.) The upper ex-
tinction frequency of the synthetic field-aligned echo is therefore
equal to the osculation frequency. In this instance, this frequency

lies between 17.5 and 20.0 MHz. Its actual value may be determined by
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interpolating to find the frequency at which the horizontal tangents to
a curve pair coincide. This interpolation is performed graphically in
the inset of Figure 5.7, where the aspect corresponding to the dip (or
peak) in each curve is plotted against frequency. An echo upper extinc-
tion frequency of 19 MHz is found at the intersection of these loci.

The synthetic sweep-frequency echo trace derived from this data is
shown in Figure 5.8a, together with a schematic reproduction of the
observed echo signature. To construct this trace, the round-trip echo
signal travel time was determined by summing the group propagation
delays computed for the raypath pairs forming the echo intersections
on Figure 5.7. The results were then plotted against the radio fre-
quency, and a smooth curve was drawn through the points.

The synthetic echo trace consists of an upper and a lower branch,
separated in propagation time. These branches originate respectively
from the upper and lower altitude echo points on the aspect-altitude
diagram of Figure 5.7, and thus comprise the multiple-altitude echoes
whose existence had been indicated by Dearden [1961] and Mil}ggg_[1974].
It is instructive to examine the relative degrees of refractive defocus-
ing of these branches and, in so doing, to attempt to determine why the
actual echo signature shows no corresponding bifurcation. For example,
it was pointed out earlier that the upper 10 MHz echo intersection on
Figure 5.7 is formed by a very defocused propagation mode, which in-
dicates that the intensity at the lower frequencies of the associated
upper echo branch may be quite low.* To assess this effect more pre-
cisely, the focusing computations described below were undertaken.

To calculate the degree of refractive focusing, it is in general
necessary to compute the degree of convergence or divergence of the flux
tubes formed by closely spaced raypaths along both the illuminating
and returning echo signal paths. However, since LH and LB raypaths com-

prising the echo are virtually identical, it suffices to compute the
* A caveat is in order here. As will be shown in Section 5.6.4, it is
not possible in general to identify the upper and lower echo branches

respectively with the upper-ray and lower-ray propagation modes. Con-
sequently, the well-known relative focusing properties of these modes

cannot necessarily be invoked to judge the relative intensities of the
echo branches.
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Fig. 5.8 (a) Comparison of the actual 1845 MST, 6 January 1972 echo
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data of Figure 5.7. (b) The relative intensities of the synthetic
echo components due to refractive defocusing in the ionosphere.
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d¢ «« =2 of focusing of only the LH rays illuminating the target; the total

r¢ . trip of focusing is the square of this quantity. A suitable metric

ot illumination focusing, derived in Appendix C, is given by

F « (dh/dso)" (5.1)

where h 1is the height at which the ray launched from LH at the

® initial elevation B, crosses the target.

Figure 5.8b shogs the quantity 10 log F? plotted as a function of
frequency for both branches. To obtain this curve, the derivative in
(5.1) was approximated by differentiating a cubic natural spline inter-
® polating function fitted to the raytrace data, and the results were
then normalized to the value of F computed for the lower echo branch
at 10 MHz. The resultant plot represents the relative strength due to
focusing effects, in dB, of the sweep-frequency echo components.*

The two echo branches exhibit markedly different frequency de-
pendencies. While the lower branch intensity is nearly invariant over
frequency, the upper branch evolves from a highly defocused state at
10 MHz to exceed slightly the intensity of the lower branch at fre-
quencies greater than 17 MHz. Since the dynamic range of the receiver
video display is approximately 15 dB, the saturation of the observed
echo near 17 MHz indicates that its visibility was at least this great.
Consequently, a relative defocusing of more than about 15 dB should
render the affected portion .of the echo trace invisible. Figure 5.8b
indicates such defocusing occurs on the upper branch mode at frequencies
less than 12.3 MHz.

The commencement frequency of the lower echo branch may be deter-
mined by considering the altitude extent of the scattering disturbance.
Figure 5.7 shows that the height at which the lower-branch echo orig-
inates rises as the radar frequency increases. If the lower boundary
of the scattering region lies within this altitude range, the lower-

branch echo should therefore commence at the frequency whose echo point

* For simplicity, variations in the elevation-plane radiation patterns
of the LH and LB antennas have been neglected. These patterns have not
actually been measured but, owing to the vertical array elements

] employed, pronounced variations are not anticipated over the range of
elevations considered here (BO > 4°).
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on Figure 5.7 lies upon this boundary. This boundary altitude was
estimated using the BL vertical ionogram shown in Figure 5.3, which
has spread-F traces at all reflected frequencies above an ill-defined
lower limit. The scattering region presumably began at the altitude
from which this lower 1imit frequency was reflected. Therefore, fol-
lowing the ordinary trace leftward from the F layer cusp, its ragged
aspect becomes significantly less pronounced at 2.6 MHz, and the first
vistiges of tatters identifiable with “he primary spreading appear at
2.2 MHz. Transferring these values to the solid-line Boulder profile
of Figure 5.6 yields the corresponding vertical-incidence reflection
altitudes of 209 and 205 km, respectively. Figure 5.7 shows that lower
echoes in the interval 12.1-13.6 MHz originate within this range.

The foregoing results indicate that the synthetic echo must
include contributions from both branches, and therefore its total
strength is the sum of the intensities of these constituents. The
quantity is represented by the broken line on Figure 5.8b. Hence,
using the high-frequency tip of this curve as the maximum intensity
reference level, a new -15 dB upper-branch commencement frequency of
12.7 MHz is estimated, which provides a slightly better match to the
13 MHz experimental value than the previous single-branch 12.3 MHz
figure. The lower-branch commencement estimate is unchanged.

As the final step in this simulation, the horizontal size of the
disturbance was accounted for by widening the synthetic traces to the
0.4 msec width of the observed signature. The outlines of the modified
trace, taking into account the foregoing commencement estimates, are
shown by the dotted lines on Figure 5.8a. It will be shown in Section
5.6.4 that no significant correction of the upper extinction frequency
is required. This elementary modification is adequate for the present
purpose; a full exploration of the echo signature characteristics
arising from the shape and size of the target will he carried out with
the echo of 1715 MST, 6 January 1972, whose greater range extent and
structural details provide a better specimen for the echo-contour chart

technique.
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5.5.3 The second simulation

A noteworthy discrepancy in the simulation results is
the fact that the 19 MHz extinction frequency of the synthetic echo
exceeds the actual echo cutoff by 2 MHz. While this mismatch is not
necessarily serious, it is instructive to explore its origin as, in
doing so, some insight can be gained into the factors controlling the
accuracy and reliability of the simulation.

Two possible error sources may be immediately dismissed. The
first of these, a relaxation of the strict specularity requirement, can
be represeiiced by broadening the line «f echoes on Figure 5.7. It is
obvious that this raises the simulated extinction frequency, and thus
increases the discrepancy. The second possibility, errors in the ray-
tracing computations arising from errors in reconstructing the lower
fN(h) profiles, is treated in Appendix E, where it is shown that these
effects are too small to bring about the 2 MHz discrepancy.

On the other hand, an error in the structure of the model F region
might account for the disparity. If the refractive power of this layer
is too great, the rays will suffer excessive downward bending, so that
the required orientation for a field-aligned echo will be established
at an unduly high radar frequency.

An overestimate of the F region ionization density, leading to an
overly refractive medium, might arise in this instance from two causes.
The first of these is thk. ambiguity inherent in scaling the very diffuse
traces near the critical frequency on the BL ionogram of Figure 5.3.
The virtual-height data used in the foregoing simulation was scaled by
the WDC-A staff from the more pronounced outer edge of the O-mode trace.
However, it is likely that this feature, along with the tatters above
it, is the result of energy scattered from the componert irregularities
of the disturbance itself. Energy reflected from the ambient background

ionization in the usual manner very likely forms the inner edge of the

O-mode trace, giving a lower estimate of the fon. This is the basis

of the general rule specifying that the critical frequency be scaled

from the inner edge of the spread cusp [Piggott and Rawer, 1961]. How-

ever, this rule is not absolute, and a considerable latitude is given

to the judgement of the person doing the scaling. Since most of the
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refractive bending of the HF sounder signals occurs in the region of
the model ionosphere strongly influenced by the BL profile, this scaling
ambiguity is the most serious of all conceivable error sources.

The second cause of an overestimate of the F region ionization
density is the "spur" in the 6 January 1972 Boulder f,F, trend shown
in Figure 5.9. This diagram shows that several such peaks (and also
dip ~ in fon occurred throughout the day at each ionosonde location
(e.,. WS: 170C¢ 1115, 1630 UST; 5T: 1940 MST). As evidenced by their
non-simultaneous uncorrelated occurrence, these are local events.
However, such small-scale effects cannot be reproduced by the icno-
spheric model used here. Owing to the linear interpolation scheme, a
local ionization enhancement in any of the three fN(h) profiles is
propagated throughout the horizontal dimension of thie model ionosphere.
In this particular case, such an enhancement in the BL profile would
appear along the entire California-Platteville route, producing an
unduly large downward refraction of the computed raypaths.

Overestimates of the ionization density along the California-
Boulder path arising from either of these causes will result in an
overlarge extinction frequency of the synthetic echo. Consequently,
it was undertaken to determine if a better agreement with the experi-
mental data could be obtained after appropriately removing this extra
ionization.

Since no information was available coicerning the precise hecight
distribution of the ionization to be subtracted, it was dccided to
reduce the electron coneentration throughout the Boulder { layer pro-
file by a scheme which removed a progressively larger fraction of the
ionization as altitude increased from a base height to the layer peak.
After some expcrimentation, this base hcight was fixed at 190 km to
allow a smooth transition between the new and unaltered profile seg-

ments.  An ambient foF valuc of 3.6 MHz was scaled from Figure 5.9

2
by fitting the straight broken line AB to the Boulder fon trend, as

defined by the inner cdge of the spread-F ionogram trace cusp, and new

valucs of elcctron density were then computed using the expression
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_ 0.5
EN(D) = £y () {1 - A[}ﬁ—%g]
p h > 190 (5.2)
where fN = the original plasma fir~yiency at
0 : :
height h,
A = the desired fractional decrease of
f; at the layer peak
h = the layer peak height.

The exponent 0.5 was chosen after a first computation showed that a
unity value caused an undesired lowering of the layer peak. Its pre-
cise value is unimportant, since (5.2) was constructed for computa-
tional convenience only and does not model a physical process. The
new profile is shown as the dashed line labeled BL” on Figure 5.6.

Figure 5.10 presents the aspect-altitude diagram for LH rays
traced through this profile. Since the constancy of the echo aspect
at 88.8° has been established, the LB rays need not be traced; field-
aligned echoes are indicated where the curves cross the 6 = 88.8°
line. Proceeding as before, the upper extinction frequency is deter-
mined to be 16.5 MHz, and the new synthetic echo trace is shown in
Figure 5.11a.

Figure 5.11b shows the focusing trends computed for this trace.
Owing to the diminished refractive power of the modified profile, the
relative strength of the upper echo branch is greater than that of
the previous simulation. Its -15 dB commencement frequency is con-
sequently lower, 10.5 MHz. With the contributions from both echo
branches considered together, the commencement is placed at 11.0 MHz.
This is 1.3 MHz lower than the previous simulated value, and 2 MHz
less than the observed onset frequency.

As before, the lower branch focusing intensity is practically
constant. Using the BL" profile of Figure 5.8, the lower boundary
of the scattering region is placed between 207 and 212 km, and the
commencement of the lower branch synthetic trace is thus determined to
lie between 11.9 MHz and 13.3 MHz. This is not greatly different
from the 12.1-13.6 MHz range found previously, and contains the 13 MHz

observed commencement.
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Two values of the upper extinction frequency of this simulated
field-aligned Platteville echo have been determined, corresponding to
two limiting possibilities of the Boulder F region structure. The

simulated extinction should therefore be somewhere within this 16.5-19.0

T

MHz interval, which also contains the observed extinction frequency.

® 5.6 Simulation of the 1715 MST, 5 January 1972 Echo

i 5.6.1 Preliminaries

In order to study the echo signal propagation under
different ionospheric condictions, and to examine the effects arising
b from the size and shape of the scattering region, the simulation of the
echo recorded at 1715 MST, 5 January 1972 was undertaken. This sig-
nature, shown in Figure 5.2d, begins diffusely at 21 MHz, intensifies to
saturate the video display by 25 MHz, after which the maximum range
» decreases linearly to produce a trace width of 0.5 msec at extinction.
In addition, a weak signature extending from 11.0 to 11.5 msec near
11.5 MHz can be identified as an echo from the same disturbance. Geo-
magnetic activity was again quiet (AP = 6), and the Platteville
=] transmitter was operating in the 0 magnetoionic mode.
Figure 5.12 shows the ST, BL, and WS fN(h) profiles for this

[ time. The E layer of the Stanford profile was derived from actual
t ionogram data; but since the corresponding traces were again oblit-

J erated by AM broadcast band interference on the BL and WS ionogram

E records, the lower portions of these profiles were approximated as
described in Section 5.5. It is worth noting that these profiles have
greater ionization densities than do their counterparts of 1845 MST,

3 6 January, primarily because they represent conditions 1.5 hours ear-
lier in the day. The field-aligned echo generation theory predicts
that the increased refractivity of this ionospheric medium will allow
this echo to be observed at higher radar frequencies than its 6 January

counterpart, and this is what is observed.

5.6.2 Simulation of the primary echo

This echo was simulated twice, using both of the ray-
tracing and data display techniques previously discussed. The first

simulation employed the full three-dimensional raytracing procedure and
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the aspect-altitude diag» i1, n the manner of the preceding simulation.
° Complete account was th tak of ionospheric tilts, and the duplica-
tion in method allowed ti new synthetic echo to be directly compared
with and checked against the simulated echo of 6 January. In the second
treatment, a series of echo-contour charts was constructed showing the
° spatial loci from which field-aligned echoes might originate in the

Platteville vicinity. By outlining on these maps the region presumably
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occupied by the disturbance, the effects due to its size, form, and
location could be examined.

Again assuming the disturbance to be centered directly above the
Platteville transmitter, rays were traced from LH as before, ard the
aspect angles of the rays at the target are plotted in the aspect-
altitude diagram of Figure 5.13. Field-aligned specular echoes are
indicated wherever the LH curves cross the 6 = 88.8° line of echoes.
Owing to an extreme degree of defocusing, the rays comprising the upper
echo branch at frequencies below 15 MHz could not be traced with
adequate data density to be shown on this diagram.

The resulting echo trace is presented with a reproduction of the
observed echo on Figure 5.14a. Its cutoff frequency of 25.3 MHz is
acceptably near the 25.5 MHz observed value. While the spread traces
on the Boulder vertical ionogram (Figure 5.2d) would allow some adjust-
ment of the F layer profile to reconcile these frequencies, this was not
undertaken in this instance. The commencement frequencies of the two
echo branches can be determined once again from consideration of focus-
ing and the lower boundary altitude of the disturbance. Figure 5.14b
shows the relative focusing strengths of the echo branches, normalized
to the lower branch intensity at 10.0 MHz. As observed with 1845 MST
echo, the lower branch strength is practically invariant with frequency,
while the upper branch is highly defocused at the lower frequencies.
Owing to the relatively more dense ionospheric plasma, this defocusing
is much more severe than was previously noted; the relative intensity
is down 46 dB at 15 MHz and is rapidly declining. Assuming the echo to
consist of the upper branch only, the -15 dB value occurs at 18 MHz;
considering both branches, this level is reached at 18.4 MHz.

The lower boundary altitude of the scattering region may again be
estimated by scaling the onset of trace spreading from the BL vertical
ionogram. This record, shown in Figure 5.2d, exhibits frequency spread-
ing of the ordinary trace beginning definitely at 4.4 MHz, and the
tattered appearance of this signature persists until its junction with
the extraordinary trace at 3.8 MHz. The corresponding BL true-height
profile in Figure 5.12 yields the reflection altitudes 214 and 207 km,

respectively, to define the probable lower boundary of the scattering
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5 January 1972. (b) The relative intensities of the synthetic echo
branches due to refractive defocusing.

region, and Figure 5.13 shows that lower-branch echoe of 22.5 and 20.6
MHz originate at these heights. This interval contains the 21 MHz

observed commencement frequency.
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5.6.3 Simulation of the secondary echo

It was indicated in Section 5.2.2 that, since the
presence of the faint signature labeled ''sec PL echo' on the experimen-
tal record of Figure 5.2d correlates with the on-off state of the
Platteville transmitter, it must represent an additional echo from the
artificial disturbance. It is the purpose of this section to study this
echo.

Although the extrapolated range trend of the upper-branch synthetic
echo on Figure 5.14a would match the observed range of this secondary
echo very well, the extreme defocusing of this mode (> 50 dB) removes
it from consideration. However, re-examination of the position of this
echo on the backscatter ionogram, where it lies at a range greater than
that of the minimum range of the ground backscatter return, indicates
that the responsible propagation mode must have involved a ground re-
flection along at least one leg of its round-trip journey, perhaps on
both. There is thus a possibility of a cross-mode as well as a same-
mode echo mechanism, with the echo signal traveling outward by a direct
path and returning via a single ground hop, or vice-versa.

Since no specific data concerning the nature of the ground reflec-
tion were available, it was assumed to occur specularly from a
spherical earth. When both the LH and LB signals undergo this ground
hop, it is to be expected that field-aligned twin-path echoes would
originate at the 88.8° aspect angle. To define these ground-hop modes,
rays were traced from Lost Hills to the vertical line extending upward
from Platteville, at 0.5 MHz intervals from 10.0 to 12.0 MHz. The
initial elevations were chosen by experiment so that the rays arrived
at the target following one ground reflection, and the elevation incre-
ment was varied to give adequate data density on the aspect-altitude
diagram.

The resultant loci are designated ''ground-hop LH rays" in
Figure 5.15, and same-mode echoes originate where these curves cross
the 6 = 88.8° 1line. The upper cutoff frequency of these echoes
was fixed at 11.2 MHz, and the signature derived from this data is

labeled "1.5 "hop same-mode echo'" on Figure 5.14. Its extinction
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frequency and apparent range (with allowances for the systematic error)
match the observed signature very well.

The previously-derived 207-214 km estimate. for the lower boundary
altitude range of the scattering disturbance leads to an expected 10 MHz
commencement frequency for the lower branch. This is 1 MHz below the
11 MHz observed echo onset frequency. The discrepancy might be attribu-
ted to defocusing effects; an alternative hypothesis is that the low-
frequency portion of the echo trace was obliterated by the reaction of
the receiver's automatic gain control (AGC) circuits to strong inter-
fering »ignals. The experimental record of Figure 5.2d shows evidence
of such AGC action. For this reason, it was felt that the quality of
the experimental data did not warrant carrying out focusing calculations
for this echo.

Cross-mode echoes may originate in this case whenever a specular
reflection couples signal energy arriving from the transmitter via the
ground-hop mode into a direct mode reaching the receiver, or inversely,
To search for such coupling, the aspect-position loci were plotted on
Figure 5.15 for the direct-mode raypaths traced from the LB receiver at
10 and 12 MHz (taking, as before, the supplement of the computed aspect
angle to effect the necessary wavenormal reversal). The cross-mode
echoes are indicated where these curves (labeled "direct LB rays'") meet
the ground-hop loci. These intersections are marked by diamonds on
Figure 5.15, both for the 10 and 12 MHz frequencies explicitly repre-
sented, and as estimated for the intervening frequencies whose LB rays
were not actually traced.

The cross-mode echoes are seen to originate at a variety of aspect
angles whose actual value is a function of frequency, altitude, and the
nature of the propagation mode involved. It is arparent from the
trends displayed by both sets of loci that these returns must cease be-
tween 12.0 and 12.5 MHz, but there is no indication of a lower frequency
limit. Since all of the echo intersections lie beneath the 207 km least
estimate of the lower disturbance boundary height, the cross-mode mech-

anism was probably not a significant echo source in this case.
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Fig. 5.15 The aspect-altitude diagram for the simulation of the sec-
ondary echo trace of 1715 MST, 5 January 1972.
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The inverse cross-mode process, which couples energy from the
direct mode arriving from LH to the ground-hop path to LB, should
operate essentially as above. This follows from the observation of the
previous section that, owiﬁg to the similarity of the propagation paths,
the aspect-position loci for one sounder terminal are essentially the
reflection, about the 6 = 88.8° line, of the curves plotted for the
other terminal.

5.6.4 Simulation of the primary echo using the echo-contour
chart method

The simulation of the primary echo signature using the
echo-contour method had a twofold purpose. The first was to study the

effects arising from the finite horizontal extent of the disturbance

and the probable target shape. The second was to assess the conse-
quences of possible errors in positioning the model scattering volume.

The first attempt to construct the contour plots, using raytrace
data generated for the aspect-altitude diagram, indicated that nearly
three times the number of rays required by the former technique would
have to be traced in order to define adequately the echo contours.
Therefore, the more economical "Mark 3" raytrace procedure [Croft, 1969]
was used. Because most of the refraction of the low-angle rays forming
these echoes occurred in the Platteville vicinity, the Boulder fN(h)
profile was adopted for the geoconcentric ionospheric model. Besides
requiring less computer time, the data from this more elementary ray-
tracing procedure allowed the consequences of neglecting ionospheric
tilts, and therefore the need for three-dimensional raytracing, to be
assessed.

The basic form adopted for the target model was an oblate spheroid,
circular in plan view, and centered above Platteville at 1422 km range,
65° bearing from Lost Hills. Its centroid was placed at the 250 km
altitude of the f layer peak, and its minor axis was directed vertically
and assigned a length of 40 km so that the bottom of the disturbance
would lie within the 207-214 km range previously determined. In accord
with the 1 msec range extent of the observed echo, the equatorial diam-

eter of the spheroid was fixed at 150 km. To represent the possible
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upward expansion of the disturbance along the geomagnetic field lines,

a circular field-aligned cylinder 150 km in diameter was fitted about
the top of the spheroid. (This particular choice will be justified
later.)

Knowing that the echo under consideration occurs at a predictable
aspect, it was necessary only to trace the illuminating LH rays, noting
if and where each ray achieved the echo aspect. These points then de-
fined the echo contours. In the spherically-symmetric ionosphere
modeled here, the raypaths propagate in great-circle planes, and it was
therefore convenient to plot the echo contours in altitude-range coor-
dinates in selected great-circle planes radiating from Lost Hills.
Since the target spheroid subtends the sector bounded by the 62° and
68° azimuths in Lost Hills, adequate data coverage of the target

°, and 67° azimuth

vicinity was obtained by tracing in the 63°, 65
planes. The echo contours were computed and plotted in the 360 km range
interval centered about 1420 km. The geographic relationship of the
range-azimuth loci thus defined to the target and the sounder terminals
is shown in Figure 5.16.

.n computing the echo origin points, full account was taken of the
variation of the geomagnetic field orientation with latitude and longi-

tude, using, as before, the Jensen and Zain [1962] model. The variation

in altitude was neglected to simplify the echo search process, and the
dip and declination values for the 250 km altitude were employed at all
heights. Details of the echo contour computations are given in
Appendix D.

The results of these computations in the 63°, 65°, and 67° LH
azimuth planes are shown in Figure 5.17a,b,c, respectively. The curved
horizontal lines and lenticular forms in the upper panel of each figure
are the echo contours, as drawn for selected frequencies. The light-
weight lines crossing these contours give the apparent echo range in
0.5 msec increments. Indicated by a light solid line is the section,
in each plane, through the compnsite spheroid/cylinder model of the
perturbed region. The top surface of the spheroid is depicted by a

broken line.
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PL TARGET MODEL

Fig. 5.16 The portions of the great-circle azimuth planes through LH
(heavy lines) in which the echo contours of Figure 5.17 are plotted.

In the lower panels, the echo aspect 6e and the associated LH
echo ray elevation Be are plotted against ground range. The Ge
curves show the near invariance with position of this quantity in the
target vicinity; its functional dependence upon the range is nearly
linear, with a regression of about -0.11°/100 km. The azimuthal var-
iation is also small: -0.02°/degree azimuth (-0.08°/100 km at 1420 km

range). In the absence of significant ionospheric tilts, ee and Be
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Fig. 5.17a The upper panel shows the echo contours for 1715 MST,
5 January 1972 in the vicinity of PL in the 63° azimuth plane through
LH. The teardrop form in the center represents the section through
the model target in this plane. The echo ray elevation and echo
aspect are plotted as a function of range in the lower panel.

111




I 1 T 1 1 | 1
290" _._.-"' ..__‘_'\ uLH- 65ﬂ =
’ 5 L ks
f=200MHz | = i
E N \ 220 \/ \\, N A\
- w_"aaﬂ_{f H 1\
250 | \ | =
\ 240 |\ \ \ |
11 | ]
E " E———
a' l't 23.0 NC T / \ ‘
l'- EZ'D : I :|
210F [ 200 | —~—F+—1 \
9.0 9.5 10.0 10.5
L ROUND-TRIP ECHO PROPAGATION TIME (msec) J
mﬂ BB = = =
g EB =~ - =
o
1 1 1 L 1 | L 1 1

1260 1340 1420 1560 1580
GROUND RANGE FROM LOST HILLS (km)

Fig. 5.17b The upper panel shows the echo contours for 1715 MST,
5 January 1972 in the vicinity of PL in the 65° azimuth plane through
Lit.  The teardrop form in the center represents the section through
the model target in this plane. The echo ray elevation and echo
aspect are plotted as a function of range in the lower panel.
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depend only upon the relative geometry of the geomagnetic field and the
radar terminal locations, and therefore need to be computed only once.

Inspection of the echo contour plots shows that, as before, the
field-aligned echoes originate from two altitude levels at each fre-
quency. These contour pairs approximate horizontal lines in the dis-
played range interval at the lower frequencies; but as the frequency
rises, the successive pairs converge in altitude and eventually form
closed lenticular islands which in turn progressively shrink into a
point at an upper frequency limit. No contours exist beyond this
limiting frequency, and it is thus seen that the geometrical echo con-
ditions and the ionospheric propagation medium may combine to set an
intrinsic upper cutoff frequency for the field-zligned echoes. (This
phenomenon is peculiar to this radar jeometry, however, and may not
occur in other configurations.) This cutoff frequency varies with LH
azimuth, increasing as the bearing becomes more northerly.

The open triangles on the 24.0 MHz echo contour of Figure 5.17b
denote the upper and lower branch origin points for the LH ray launched
at 4° initial elevation. Since a single ray can generate echo returns
of both kinds, the upper and lower echo branches therefore cannot be
unambiguously identified with the upper-ray and lower-ray ionospheric
propagation modes.

It is now appropriate to examine the suitability of t': field-
aligned cylindrical cap fitted to the basic target spheroid. Since the
sections through all capping figures intermediate between the spheroid
and the cylinder, i.e., prolate hemi-spheroids of progressively greater
major axis, must lie between the sections of these forms on Figure 5.17,
the effects of the various choices may be determined by using the basic
spheroid and the cylinder as limiting cases. Because the echoes of
interest originate within the altitude range containing the spheroid,
the actual upper extent of the model target is unimportant. In any
event, the precise value to choose for this height, equivalently, for
the major axis of the capping spheroid, is unclear. The second prin-
cipal effect, a change of up to 0.2 msec in the apparent ranges in the

63° and 47° LH azimuth planes, does not significantly alter the end
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results of this simulation. Therefore, although it is physically un-
realistic, the semi-infinite cylinder cap is nevertheless a simple and
a useful model representation for the upward expansion of the disturb-
ance.

The one-dimensional target employed in the aspect-position diagram
method is represented by the vertical line at 1422 km in Figure 5.17b.
The upper cutoff frequency for this target is 24.1 MHz, as scaled from
the contour (not shown) which just touches it. This is 1.2 MHz less
than the correspording value derived from the three-dimensional raytrace
results. Since the intrinsic accuracies of the two raytracing programs
are comparable, this difference is attributed to ionospheric tilt
effects. Although the discrepancy between the tilt and no-tilt ray-
tracing results is not serious in itself, the 24.1 MHz no-tilt cutoff
is 2.4 MHz less than the observed extinction frequency, and this is a
substantial difference. It is therefore concluded that the principal
simulation of the extinction phenomenon should be carried out with the
full three-dimensional raytracing approach when substantial ionospheric
tilts are present, while the economical no-tilt technique may safely be
used to extend these fundamental results.

Aside from widening the echo trace, the principal effect of the
finite horizontal size of the disturbance is to increase the extinction
frequency derived from the zero-extent case. Considering first the
range extent only, Figure 5.17b shows that field-aligned reflections
from within the 150 km diameter region occur at frequencies less than
24.2 MHz, whicbh is 0.1 MHz greater than the cutoff determined for the
target center. The cutoff frequency variation across the entire volume
is 0.2 MHz. Since this result is a difference taken over a relatively
small distance, it should not be significantly altered by the effects
of ionospheric tilts. Consequently, the expected cutoff frequency
error arising from the neglect of the target range extent is not
significant.

On the other hand, the azimuthal extent of the disturbance exerts
a strong influence upon the echo extinction frequency. Figure 5.17
shows that the cutoff frequency at the 1422 km range decreases from

25.1 MHz at the 62° azimuth to 23.3 MHz at 67°. Therefore, since the
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echo is made up of contributions from all these azimuths, a better
estimate of the no-tilt extinction frequency is 25 MHz. Including the
range extent of the target in the 63° plane adds another 0.2 MHz.
Consequently, the net effect of the finite horizontal size of the
scattering region is to increase the simulated cutoff frequency from
the 24.1 MHz value computed at the target center to 25.5 MHz. Since
this represents a difference over a limited distance, it should apply
also when moderate tilts are included. Consequently, the 25.3 MHz
extinction derived from the three-dimensional raytrace results should
be adjusted upward by approximately 1 MHz to allow for the azimuthal
variation, and the resultant 26.3 MHz simulated cutoff is in very good
agreement with the 26.5 MHz observed value.

The effects of errors in the positioning of the target may be
examined in terms of their range and azimuth components. The principal
result of a small misplacement in range is a 1 msec echo delay increase
for each additional 150 km range increment; the upper extinction fre-
quency is little changed. On Figure 5.17b (65° azimuth) it is seen
that centering the target 100 km nearer to the transmitter increases the
cutoff by less than 0.1 MHz, while the opposite displacement reduces it
by about 0.2 MHz. Similar results are noted in the 63° and 67° planes.
However, the effects of errors in the azimuth coordinate are more pro-
nounced. Moving the target 2° southward (49 km at 1422 km range) lowers
the extinction frequency by about 1 MHz, and a like northward reposi-
tioning causes a 1 MHz rise. The probable error in the estimated target
position lies within these limits; therefore the simulated cutoff fre-
quency may be uncertain to *1 MHz or less.

The relative positions of the echo contours and the target sections
shown in Figure 5.17 define a unique echo trace for each plane. Using
the data contained in the echo-contour charts, these traces were syn-
thesized and are presented in the upper three panels of Figure 5.18.

In the bottom panel is shown the resultant echo signature formed by the
superposition of these traces. There, the lightweight lines define

the component parts of the individual constituent traces, and the
bolder strokes outline the resultant echo signature. The nose of this
signature (broken line) was reconstructed by extrapolating the data

trend.
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Fig. 5.18 1In the top three panels are shown the component echo signa-

tures in the specified LH azimuth planes.

The bottom panel shows the

composite signature formed by the superposition of these components.

The lower-branch contributions are indicated on this composite trace
by the hatched or stippled regions.

The labels are to be interpreted:

63° L indicates the lower branch contribution from the 63° LH azimuth

plane, etc.
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The traces labeled "upper branch'" and "lower branch" on Figure 5.18

correspond, as before, to the upper and lower (in altitude) echo con-
tours. Considering first the upper branch, and using the trace derived
from the 65° azimuth plane as the representative, Figure 5.17b shows
that the contours from which this echo originates encounter the target
model within its field-aligned cylinder component, and therefore view a
scattering region of essentially constant range extent. The trace
accordingly has a constant width. (This branch is not shown at fre-
quencies below 20 MHz in Figure 5.18 because, as established previously,
this propagation mode defocuses rapidly as frequency drops below this
value.) On the other hand, the lower-branch contribution shows clearly
the effects of the lower boundary of the spheroid. Following the lower
echo contours in Figure 5.17b, it is seen that, after first contact with
the target at 21 MHz, the field-aligned echoes occur throughout a progres-
sively more extensive region as the radar frequency increases. These
phenomena are qualitatively similar in all the azimuth planes.

The cemposite signature resembles closely the experimental trace.
The tota’ width is constant at 1 msec and, owing to the predominance of
the upper-branch traces at the lowé} frequencies, the new synthetic
trace reproduces the decreasing range-with-increasing-frequency trend of
the experimental signature. This feature is due also in part to the
rounded bottom of the model target, which has the effect of tapering
off the otherwise constant-range lower-branch components at the lower
frequencies, thus permitting the upper-branch traces to determine the
form of the resultant signature.

The arrangement of the lower-branch contributions on the composite
signature suggests a sequence of iso-intensity contours, and they may be
generally regarded as such. As the frequency rises, the lower-branch
signal from the 65° great-circle plane appears first and is subsequently
augmented by the 67° contribution, which extinguishes at 23.3 MHz but
is replaced by the 63° component. As a result, the strength of the
simulated trace is enhanced substantially at its mid and high frequen-
cies, which reproduces a like trend in the actual signature. This

behavior of the lower-branch trace results from the combined effects of
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the echo contour shifts with azimuth and the varying altitudes at which
the sections through the lower surface of the target appear in each
great-circle plane.

Finally, the upper right corner of the simulated trace appears to
have been snipped off. This characteristic is present in each component
signature. It represents a diminution of the maximum echo range near
the upper cutoff, which in turn results from the progressive retreat
through the scattering region of the rightmost tip of the shrinking
lenticular island contours, as shown in Figure 5.17. 1Individually,
these snips cover only a fraction of a megahertz. The extended frequency
span of this feature on the composite trace is due to the repetition of
the echo-contour retreat phenomenon at progressively higher frequencies
in the successively more northerly azimuths. This snipped corner re-

sembles closely a like feature on the experimental signature.

5.7 Summary and Conclusions

During the California-Platteville RTW experiment described in
Chapter 1, the direct HF sweep-frequency backscatter returns from the
man-made Platteville irregularity were monitored and recorded in an
intensity-modulated range-frequency ionogram format. Having discovered
that the characteristics of these echo signals were consistent with a
model which combined the effects of the refracting ionospheric prop-
agation medium with specular reflections from geomagnetically-aligned
columns i.. the irregularity, a raytracing simulation of representative
examples of these signatures was undertaken, both to confirm the field-
aligned reflection mechanism, and to analyze the propagation effects
accompanying such echoes under relatively controlled conditions.

This simulation was carried out using the echo signatures recorded
in the late afternoon on 5 and 6 January 1972 as representative spec-
imens. To take full account of ionospheric refraction, including tilts,
the primary simulation was done using the Jones three-dimensional ray-
trace program in conjunction with a realistic ionosphere model derived
from vertical-incidence sounding data. To locate all field-aligned
echoes which might have occurred, the aspect-position diagram method was

used first. After the basic nature of the echo mechanism was thus
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established. a secondary technique, utilizing a simplified raytracing
procedure and the echo-contour chart echo-location method, was employed
to investigate the effects of the size and form of the target disturb-
ance. The results of and the conclusions derived from this simulation
effort are as follows.

It is concluded that the principal scattering mechanism in the
Platteville artificial irregularity is specular reflection from colum-
nar ionization density inhomogenieties aligned with the geomagnetic
field. This inference derives from the high degree of agreement between
the simulated and observed echo signatures and, in particular, from the
close match between the simulated and the observed upper extinction fre-
quencies of the echoes. It had been established earlier in the text
that this extinction phenomencn is a fundamental property of
ionospherically-propagated field-aligned echoes in this sounder-target
configuration.

It was shown that the value of this extinction frequency is gov-
erned both by the distribution of ionization density in the ionosphere
and by the position and horizontal dimension of the scattering region.
In this instance, the icnization distribution was the stronger influ-
ence. While the echo-contour charts indicated that a displacecment of
100 km in any direction about its mean location altered the computed
extinction frequency by approximately 2 MHz, a comparison of the syn-
thetic echo traces for the different days shows that a variation in the
Boulder fon from 4.4 MHz (1845 MST, 6 January 1972), to 5.5 MHz
(1715 MST, 5 January 1972) caused a 6.3 MHz difference between the
respective 19 MHz and 25.4 MHz extinction frequencies. A secondary
echo signature was observed to commence and extinguish at relatively
low frequencies (11.0-11.5 MHz). This is due to the rapid variation
with frequency of the ray direction, combined with the comparatively
steep incidence upon the ionosphere, of the signals propagated in the
ground-hop mode which comprise this echo.

The expectation, based upon the generalized twin-path echo mech-
anism developed in Chapter 4, that field-aligned echoes might originate
at a predictable echo aspect in a bistatic radar geometry, was verified

under actual operating conditions, for echo signals propagated both
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directly and via an intervening earth reflection. Using the aspect-
position diagram, and accounting realistically for the late afternoon
ionospheric tilts, this aspect was found to be invariant with altitude
to within a 0.1° tolerance. The utility of the twin-path concept was
demonstrated by using it to enable the construction of a set of echo-
contour charts in the Platteville region, for the bistatic sounder. The
echo signature derived from these charts, together with a reasonable
representation of the form of the perturbed region, reproduced very
closely the corresponding actual signature, further verifying the twin-
path concept and the field-aligned reflection mechanism.

The simulated echo trace consisted of two distinct branches
separated in apparent range. These were identified with field-aligned
reflections occurring separately at different altitudes at the same
aground distance, with the branch appearing at the greater apparent range
(upper branch) originating at the higher al:i:ide. The apparent range
of the lower branch was nearly constant over frequency, while that of
the upper branch decreased monotonically until the two components joined
at the extinction frequency. It was found that the upper and lower echo
branches cannot in general be identified respectively with the upper-ray
and lower-ray ionospheric propagation modes.

Computations of the intensities of these echo components due to
ionospheric focusing showed that the strength of the lower branch was
nearly independent of the radar frequency, while the upper branch was
rapidly attenuated as frequency declined. Both branches were of nearly
equal intensity over the frequency interval beginning 2-4 MHz below the
extinction frequency. Adopting the criterion, based upon the dynamic
range of the Los Banos video display system, that defocusing attenuation
greater than 15 dB renders the affected echo trace invisible, it was
noted that the frequency at which this critical defocusing occurred on
the simulated upper-branch traces was acceptably near the commencement
frequency of the corresponding actual signatures.

The probable commencement frequency of each lower-branch trace was
estimated by determining the frequency at which the altitude at which
this trace originated coincided with the lower boundary of the disturb-
ance. This onset frequency likewise agreed with the observed commence-

ment .
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The weight of the evidence indicates that the observed echo signa-
ture is comprised of both component branches near its extinction fre-
quency, while the low-frequency portion of tne trace is comprised of
the upper echo branch. This view is favored by the declining range with
increasing frequency trend of the actual signature, which matches well
a like trend in the upper branch of the echo. How the interbranch tran-
sition might occur is indicated by the simulated traces derived from
the echo contour charts (see Figure 5.17 and 5.18). These data show
that, because of the variations in the relative position of the echo
contours and ‘the lower target boundary over the azimuthal extent of
the disturbance, the contribution from the lower branch of the echo is
initially quite small, but becomes progressively more important as the
frequency increases. The upper branch, however, is suppressed at its
lower end by refractive defocusing effects. Since this critical
degree of defocusing occurs at a somewhat lower frequency than that at
which the lower branch commences, the upper branch is expected to be
the dominant echo compcnent at the lower frequencies. It is therefore
concluded that the upper branch comprises a significant part of the
observed Platteville echo signature and that, in spite of the consider-
able refractive defocusing of this component at the lower frequencies,
its importance should not be dismissed a priori in the study of field-
aligned echoes in general.

(An additional circumstance, hitherto neglected owing to the
emphasis placed on ionospheric effects in this study, is a possible null
at the lowest elevation angles (BO < 5°) in the vertical-plane radia-
tion patterns of the sounder antennas, due to an imperfect ground plane.
This null has little effect on the upper branch of the echo, which
originates in all cases from rays !aunched at elevations greater than
4°; however, it further attenuates the lower .echo branch, which arises

principally from rays launched with initial elevations less than 3°.

This circumstance supports the above conclusion.)




APPENDTX A

THE CONSTRUCTION OF THE IONOSPHERIC MODEL FMPLOYED 1N "7#E “YTRACING
SIMULATION OF THE PLATTEVILLE ECHOES

The fundamental data for thc three-dimensional ionasph:ric model
consisted of vertical-incidence ionograms recorded at Stanferd (ST),
Boulder (BL), and White Sands (WS) at the same time the echoos to be
simulated were observed. These ionograms were first analyzed to obtain
the vertical profile of the ionization density atove each of the three
ionosonde stations. An interpolation scheme was then employed to repre-
sent the ionization density and its gradients at points removed from

these stations.

A.1 Derivation of the Vertical Profiles

The reduction of the ionograms to altitude profiies of 1..
electron density was carried out by thc staff of WDC-A, using 2 true

height analysis technique invented by A. K. Paul [Paul and Wright, 1963;

Paul, 1967; Howe and Mc Kinnis, 1967]. This methca affords two prime

advantages in this application. First, the resultant Ne(h) profile
has a continuous first derivative dNe(h)/dh within each icnuspheric
layer. This facilitates the numerical integration of the haselgrove
equations in the Jones raytrace program, reducing the number of inte-
gration steps required to maintain a gives single-step error bYound,
thereby saving time and reducing the accumulated round-off error.
Second, the procedure incorporates an effective means of estimating the
true height at which the lowest ordinary mode frequency returned from a
given layer was reflected. This furnishes a starting point for the main
analysis and also provides a useful solution to the valley problem often
encountered when the presence of two or more ionospheric layers is in-
dicated.

This valley problem is illustrated by Figure A.1, in which the bold
line represents the simple deep valley model profile of Herbert [1967].
*The corresponding vertical ionogram trace appears in the inset. A
characteristic of this profile is the plasma frequency depression, or

valley, between the E and F layers. The presence of this valley is
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reflected in the discontinuity of the vertical ionogram trace at 4 MHz;
such discontuities are also found on many actual ionograms (e.g.,
Figure 5.2).

To show the effects of this valley discontuity upon the true height
analysis results, the synthetic ionogram of Figure A.1 was analyzed
using both Paul's method and a '"monotonic" analysis technique developed
by Titheridge [1961]. Note that, while the E layer is accurately recon-
structed by both methods, the F layer height given by the monotonic
aralysis is too small by the 50 km valley width at frequencies immedi-
ately above the E layer critical frequency. This error diminishes only
to 16 km at the F layer critical frequency. Since rays traced through
such a lowered profile will suffer an excessive downward deflection, the
results obtained from monotonic analysis procedures are of doubtful
utility in this simulation.

On the other hand, Paul's method allows the analysis process to
be restarted whenever a new layer is indicated on the ionogram, so that
an estimated minimum height is computed for each layer individually.

Details of this restart procedure are given by Howe and McKinnis [1967].

The results of this method are indicated by the lightweight solid lines
in Figure A.1, where a great improvement in accuracy is evident; the
maximum error in the F layer analysis is less than 7 km.

The output data from the true-height analysis consisted of the
true height values corresponding to selected values of fN. To prepare
this data for the raytracing ionospheric model routine, values of
Ne(h) were interpolated at consecutive integer kilometer values of h
within the altitude ranges covered by the data, using second-degree
interpolating polynomials identical to those employed in the true-height
analysis algorithm.

There were two altitude intervals in which the Ne(h) distribution
could not be determined from the ionogram data. The first of these, the
gap left at altitudes below the lowest true height derived from each
ionogram, was resolved by fitting a model D region of the form given by
Jones [1966, p. 89]. The parameters of this model were chosen to ensure
continuity of Ne(h) and dNe(h)/dh across the point where it was

joined to the main profile. Values of Ne(h) were tabulated at 1 km
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altitude intervals down to the level at which Ne < 107%cm 3, where

the associated refractive index became indistinguishable from unity in
the 7 figure arithmetic of the IBM 360 computer.

The second gap was in the altitude range from the peak of the E
layer to the bottom of the F layer. This was.a result of the valley
problem discussed earlier; since no virtual height data could be
obtained from within this valley region, it was impossible to recon-
struct directly this segment of the profile. It was therefore neces-
sary to develop a reasonable estimate of the intra-valley ionization
distribution on the basis of the available data. This data consisted
of the estimated column electron content of the valley and the values
of Ne and dNe(h)/dh at the upper and lower valley boundaries, as
derived in the true-height analysis, together with the virtual heights
of the ordinary and extraordinary modes reflected immediately above the
valley. Since these latter represent energy propagating throughout the
valley region at frequencies nearest the plasma frequency of the valley
ionization, they are the most strongly influenced by this ionization
and therefore contain most of the available information regarding its
distribution.

The problem of recovering this information and reconstructing the
valley profile has been considered by Davies and Saha [1962], Saha
[1964], and Wakai [1967]. The most effective available method (Wakai's)

is to assemble a library of candidate valley profiles satisfying the
el. tron content and boundary conditions and to determine, by ray-
tracing, which of these most satisfactorily reproduces the original
ionogram traces. However, as Saha points out, this trial and error
procedure is laborious, expensive, and does not lead to a unique
solution. This technique can indicate the overall character of the
valley profile, but it cannot resolve its actual form.

Fortunately, it was not necessary here to reproduce the valley
profile exactly; the results of Appendix E show that the raytracing
final results at the frequencies of interest are little affected by
gross changes in the E layer-valley profile. It was therefore decided

to represent the intravalley Ne(h) distribution by means of suitably
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fitted polynomials, which are both economical and can use directly the
available data.
The initial approach to this task utilized the five constraints

obtained from the true-height analysis process: N (h,), dN_(h)/dh hy
h e L e L
U

Ne(hU), dNe(h)/dh hU, and th Ne(h)dh, where hL and hU are

the lower and upper altitude limits of the valley gap, to determine the

coefficients of the quartic profile model
N (h) = ah* + bh3 + ch? + dh + e (A.1)

While this procedure sometimes worked very well, it often failed to give
an acceptable valley profile. The imposed constraints, particularly the
integrated column density, frequently caused the quartic in (A.1) to
assume the form of a large bulge in ionization density, with the maximum
Ne in the bulge exceeding the E layer peak density. When this
happened, the column density constraint, judged the least necessary, was
abandoned; and an intra-valley profile preserving the continuity of
Ne(h) and dNe(h)/dh was estimated as described below.

In this process, the profile segments flanking the valley were
first plotted on a semi-logarithmic scale of h versus log Ne(h),
and these segments were then joined by fairing a curve through the
valley by hand. Estimates of Ne and h at the val™ minimum were
then scaled from this curve, and a cubic polynomial segment was fitted
from this point to the known E and F profiles to define, respec-
tively, the upper E and the lower F profile segments. The poly-
nomial coefficients were evaluated by requiring that Ne(h) and
dNe(h)/dh be continuous across the segment boundaries, and that
dNe(h)/dh = 0 at the valley minimum. The resultant Ne(h) valley
profile was tabulated at 1 km height intervals.

Ancther profile gap existed in the region above the F layer peak,
which cannot be probed by ground-based radio ionosondes. However, a
preliminary raytracing indicated that the field-aligned reflections of
interest would occur predominantly in the bottomside F region; therefore,

although some topside profile data was available from satellite-borne
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ionosondes, notably Alouette I [e.g., Chan et al., 1966], it was not
attempted to use this complete data. Rather, it was noted that the
tables of Ne(h) published by Chan et al. showed a gradual decrease in
electron concentration immediately above the F layer peak, where the
preliminary raytracing indicated that the topside field-aligned reflec-
tions would originate. This feature is reproduced well by a Chapman
model profile, and the topside ionosphere was therefore modeled by a
Chapman layer joined to the F layer peak, using an estimated scale

height value derived in the true-height analysis process.

A.2 The Interpolation Scheme

The Jones raytrace program may require the ionization density
to be computed at any point within the model propagation medium, so that
the ionospheric model must furnish a continuous representation of Ne
in latitude, longitude, and height. It is also desirable that the
interpolation scheme fit the given data as smoothly as possible and,
for economy, it should be simple.

The input data to the interpolation routine consisted of about 200
electron density values tabulated at 1 km height intervals at the three
ionosonde locations, so that it was necessary to interpolate both in
altitude and in geographic position.

Interpolation in altitude will be considered first. Owing to the
great number of altitude coordinate points tabulated, the classical
Langrangian interpolating polynomial was unsuitable. Instead, the pro-
files were represented by piecewise-continuous functions suitably fitted
between adjacent pairs of data points. As supplied by ESSA, the Jones
raytrace program included a subroutine which employed a piecewise cubic

polynomial of the form

N (h) = ah® + Bh% + yh + & (A.2)

to interpolate tabular ionospheric data in each altitude interval
between adjacent data points. The coefficients were computed by re-
quiring that Ne(h) and dNe(r)/dh given by each polynomial segment
match the respective tabular values at the endpoints of the appropriate

interval. While this method generally worked well, the author had
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traced certain errors which arose in a previous raytracing study to
shortcomings in this scheme.

It was found that accuracy was greatly improved by using the cubic
natural spline (CNS) interpolating function, which fits piecewise cubic

polynomials of the form
N (h) = at? + Bt2 + yt + 8 (A.3)

where t = t(h) is the difference between the altitude at which the
interpolated value is required and the next lower tabular altitude. The
coefficients are evaluated by requiring that the interpolated and tab-
ulated values match at the interval endpoints, and that the first and
second derivatives be continuous from one tabular interval to the next.
The cubic natural spline is the smoothest of the piecewise cubic inter-
polating functions [Hamming, 1973].

A linear interpolating scheme was employed in the horizontal dimen-
sion. Using CNS interpolation, a value of Ne was specified at any
altitude h at each of the three ionosonde stations. These data unique-
ly determine, at that altitude, a two-dimensional interpolating function

of the form
Ne(h, A, A) = al + bA + ¢ (A.4)

where A and A are, respectively, the colatitude and longitude coor-

dinates. In a modification of this concept, expressions of the form

(A.4) were employed to interpolate the coefficients a, B, Y, 8§ of the

cubic natural spline functions fitted to the three Ne(h) profiles. It

NP L —

was first required that these profiles be tabulated at a common set of

heights hi’ i =1, *== , n. Within each altitude interval bordered by

hk and hk’ the coefficients aa,k’ ba,k’ ca,k’ aB,k e+ were then |
computed by solving the systems of equations. ]
‘v Agr 1 4y k YsT, K
ST B LW B RV (o]
s Mys 1 0,k Yus,
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where AST and AST are the colatitude and longitude of the ST iono-
sonde; and Y represents, in the successive applications of (A.5),
a, B, v, and 6.

These coefficients were computed once and for all for each iono-
spheric model. They were then used in the raytrace program to recon-
stitute the cubic natural spline vertical interpolating function at any

point (A,A) by means of the expressions

. 7 ¥ ]

%k aa,k ba,k Ca,k N
B8 a b c
k ’k 3
- | Bk BkL L (A.6)
i ko vk Srk .
$
[k | 25K Dok s,k
and Ne was finally evaluated from the spline
= 3 2
Ne (h, A, A) = akt + Bkt R A Gk (A.7)

where t =h - hk

It is shown in section A.3 that the Ne(h, A, A) distribution
thus defined is continuous and possesses continuous first and second
derivatives.

The linear interpolation scheme is formulated in a cartesian
coordinate system, and some distortion results when this method is
transferred directly to the surface of the spherical earth. While
orthogonal conformity is maintained by specifying A and A in
angular measure, some deformation occurs because geocentric cones
corresponding to parallels of latitude are substituted for the planes
represented by constant values of A in (A.6). This distortion be-
comes progressively more severe as the poles of the spherical coordinate
system are approached, and the scheme is useless at the pole itself.
However, since the structure of the actual ionospheric F region tends
to be organized along the parallels of the geomagnetic coordinate
system [Davies, 1965], tais deformation may actually be exploited to
improve the represencation of this layer by defining the interpolation

in terms of geomagnetic coordinates. Thus a compromise was adopted.
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The amount of the distortion was minimized by defining a new spherical

coordinate system whose equator passed through the White Sands iono-
sonde, and a degree of geomagnetic symmetry was imposed by requiring
that the meridian of this new system which passed through Platteville
must coincide with the geomagnetic meridian there. Accordingly, the
north pole of this new system was placed at 55.6° north geographic
latitude, 51.1° east longitude.

A.3 The Continuity of the Interpolated Electron Density

It is the purpose of this section to show that the
No(h, A, A), dN_/dh, and dzNe/dhz computed via the interpolated
spline coefficients method are continuous function of space throughout
the ionospheric model.

Reviewing the developments of the preceding section, let the three
Ne(h) base profiles be tabulated at the common altitudes hi’
i=1,2,...,n. The geographic colatitude, longitude positions of these
st Agr)s Ogps Ag ), and Oygs Ayg).
height h within the altitude interval between h, and h,, where k

k L
and & are arbitrary, Ne is given by (A.6) and (A.7).

profiles are (A At a given

Now consider the k-th and f#-th altitude intervals beginning at
hk and hl’ respectively. At a given point (A, A) the expressions

for Ne(t) in each interval are, from (A.7)

- 3 2
Nek = ot 4 Bktk R L 5k (A.8a)
- 3 2
Neg = Ogte * Bty + Yty + 6y (A.8b)
Since o through Gk differ from a, through 51, the expected

location for a discontinuity in Ne(h) is at the interval boundary,
where h = hl’ tk = t, t, = 0. Substituting these into (A.8) gives

- 3 2
Nek = Oth + Bkt + ykt + 6 (A.9a)

N o= 6 (A.9b)
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Since the expression (A.9) implicitly contain expressions of the form

(A.5), they may be written in the form

Nek = ckA + nkA + ek (A.10a)
Nyg = Zgh+mgh+ 8 (A.10b)
and NeR - Nek = A+ 0°A+ 87 (A.10¢)
where G = Cy - Ck’ n® = Ny = Mys 8”° = 62 = 6k (A.10d)

and T T,k etk Hh T Ay, Bk T %k
Mo = Dy Bty BT AL bt (RS0

etc.
At the profile tabulation points we have N, = N , = N~

ek el el’

where Nég is the tabulated value of Ne at h = hR' This continuity

is a fundamental constraint imposed in calculated the interpolating

function coefficients. Consequently,

C AST +1n AST + 07 =0 (A.11a)
C ABL + N ABL + 67 =0 (A.11b)
C AWS + 1 AWS + 087 =0 (A.11c)
Since no member of AST’ ABL’ AWS or AST’ ABL’ AWS is zero, these
expressions require that ¢ =n” = 6" = 0. Therefore, from (A.10c)
- = A.12
NeR Nek 0 ( )

and the interpolated Ne is continuous over altitude.
Its continuity over A and A 1is assured by the continuous linear

interpolation in these variables; and continuity within any altitude
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interval not containing a tabular altitude is ensured by the null
result of (A.10c) when k = £,

Since dNe/dh =3at? + 2Bt + 68, and given that dNe/dh is
required to be continuous across the profile tabular points by the
definition of the cubic natural spline function, the continuity of the
derivative follows immediately from the above development. It is

likewise guaranteed that dzNe/dHZ = 6 at + 28 is also continuous.
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APPENDIX B

JUSTIFICATION FOR THE NEGLECT OF COLLISIONAL AND MAGNETOIONIC EFFECTS
IN THE RAYTRACING COMPUTATIONS

Because the radar frequencies considered in this investiration are

@ very much greater than the electron-neutral collision frequency in the
ionosphere, these collisions have an insignificant influence upon the
ray trajectories, but act mainly to dissipate a portion of the signal
energy. This non-deviative absorption is most efficiently treated using

) empirical formulas (e.g., Croft [1967b]).* Using the formula given by
Croft, the magnitude of this absorption was computed for the horizon
rays on the California-Platteville path for the times when the echoes
to be simulated were recorded. The results, which define the upper

o limits of absorption for a single traversal of the D region, are listed
at representative radar frequencies in Table B.1. Clearly, the absorp-
tive effects are small, and a complete neglect of collisional effects

is justified.

TABLE B.1 Absorption in dB of the Horizon Ray during a Single
D Region Traversal at the Dates and Times Indicated.

Radio Frequency (MHz)
o Time X S 10 15 20 25 30

1715 MST 5 Jan. 90° 54 1.87| 0.90] 0.53 |0.35 0.24
1845 MST 6 Jan. 100° 55 0.21] 0.10| 0.06 |0.04 0.03

The magnetoionic propagation effects arise from the presence of the
geomagnetic field. They are more difficult to assess without raytracing.

With their inclusion, the ionosphere becomes an anisotropic, birefringent

* The formula is

310 (1 + 0.0037S) (csc ¢) (cos 0.88y)!"?
(f + )2

Absorption (dB)

where  is the elevation angle of the ray at the 100 km altitude, S

@ is the running-average sunspot number, x 1is the solar zenith angle,
and f and fy are respectively the radar and electron gyrofrequencies
in MHz.
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medium with two characteristic refractive indices which are fuunctions of
the wavenormal direction as well as of ray position. As a result, an
incident wave is resolved into the characteristic ordinary (0) and
extraordinary (X) modes, which propagate independently with different
polarizations and group and phase velocities. The net electromagnetic
field at any point is the resultant of the O and X contributions,
and extensive raytracing of the two modes, each requiring separately the
execution of a complicated raytracing algorithm and the concurrent eval-
uation of an involved refractive index expression, is neces:ary to
determine this field. Such raytracing tasks have been undertaken to
study phenomena specifically imputed to magnetoionic effects,

[e.g., Barnum, 1973]; however, it is desirable to avoid the additional
labor and expense of a full magnetoionic raytrace effort if at all
possible.

Of prime interest in this simulation are the ray trajectories and
the resulting wavenormal orientations at the target. Foitunately, the
variances in these parameters, as computed for the O and X com-
ponents of a given transmitted ray and for the same ray neglecting the
geomagnetic field, diminish as the radio frequency becomes very much
greater than the gyrofrequency. Since the quantity f/fH varies from
about 7 to nearly 20 over the 9-27 MHz frequency band of interest, it
is reasonable to expect that the errors arising from the neglect of
magnetoionic effects will be comparable to those due to the inherent
imprecision of the ionospheric model. Therefore, an empirical approach
was adopted. If the simulation results obtained using the no-field
formulation were found to reproduce the observations acceptably well,
this formulation was to be accepted. If, however, otherwise inexplica-
ble inconsistencies were noted, a more complete study of the magneto-
ionic effects was to be conducted. This latter course fortunately

proved unnecessary.
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APPENDIX C

% THE DERIVATION OF THE FOCUSING INDEX FOR THE ILLUMINATING RAYS
Consider a set of raypaths originating from a ground-based trans-
mitter and uniformly spaced in elevation angle BO, as shown in
S Figure C.1. It is desired to find a metric index of the relative power
flux density due to this radiation field as a function of altitude at a
f given ground range from the transmitter.
L
{ ]
e
o
®
.
77 f“”"”””””r’“x%
L J - TRANSMITTER
Fig. C.1 The raypath geometry and the parameters used in computing the
» degree of refractive focusing of the field-align~’ echo signals.
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Thercfure. let T be a representative target point located at this
range, and let ¥FTQ be a segment of the section through an eikonal sur-
face corresponding to this family of ray trajectories. Each adjacent
pair of these raypaths, together with a pair of azimuthal sector bound-
ary planes, defines a flux tube which is considered to channel a power
flux of time-average strength W(BO). For simplicity, let the width of
this azimuthal sector be chosen so that the eikonal surface subtended at
T is of unit dimension normal to the plane of Figure C.1. Therefore,
since PTQ 1is bounded by the flux tube containing T, the power flux
crossing T is W(BoT), and an appropriate index F of the average

flux density in the neighborhood of T is

where S 1is the length of the arc PTQ.
For convenience, assume tiat a total power W is radiated uniform-

ly between elevations B, = 0 and BO =B which interval contains

0 01’
all raypaths of interest. Hence, any given flux tube carries a power

AB

= = Wooud
flux W(g,) = W(Byp) =W nl and

AB
W 0

F = Qg (C.2)
Bo1 S

Allowing ABO to become arbitrarily small and referring to the inset

of Figure C.1, we note that S = Ah/cos BT. Thus

W cos BT ABO

F = 3 (C.3)
Bo1 Ah
Finally, passing to the differential, we have
W cos BT dh =l
F = B B (C.4)
01 0

In this particular case, F will be computed only for the echo-
producing raypaths. Since this occurs at a constant BT’ cos BT

is a constant. In addition, both W and 801 may be assigned constant
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values, and thus all terms outside the parentheses in (C.4) may be
removed by the normalization F = F/F”, where F~ 1is an arbitrarily
chosen value of F. Here, F” will be defined to be the F corres-
ponding to the lower ray echo at 10 MHz in the particular model iono-

sphere, and the focusing index is

dh V! {dn \!
F = (__-) /(_——) (C.5)
dp dR
0 0" 0L
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APPENDIX D

THE CONSTRUCTION OF THE ECHO CONTOURS

Since the field-aligned echoes considered here have been shown to
occur via the twin-path mechanism studied in Section 4.2, all such
echoes must originate at an echo aspect angle ee given by

cos ee = cos I cos Be cos Yt - sin I sin Be (D.1)

where 1 1is the geomagnetic dip, Vs is the geomagnetic bearing at
the target of the ray arriving from the transmitter, and Be is the

echo ray elevation. The magnitude of Be is given by
_ 1
tan Be = 3 (cos Yt + CoS Yr) ctn I (D.2)

where e is the geomagnetic bearing at the target of the ray arriving
from the receiver site.

Since, in the spherically-symmetric ionosphere model used in con-
junction with the "Mark 3" raytrace program, the rays follow great-
circle paths, it is possible to compute in advance the true geographic
bearings of the rays from LH and LB at any given point. Thus, neglect-
ing the variation with altitude of I and D, the quantities Yoo Yoo
and Be may also be computed once and for all at any point prior to the
actual raytracing.

As a result, the echo-detection process becomes a search for a
given ray elevation. It is not necessary to find the actual value of
ee, although it may be computed as an auxiliary quantity. Since the
value of Be is the same for both the transmitter and the receiver rays
comprising the echo, it is not required to trace both sets of raypaths.
Because it seems more natural to deal with the illuminating rays when
hunting echo reflection points, the rays from LH were selected for ray-
tracing.

The echo contours were therefore plotted in selected great-circle
planes radiating from Lost Hills, and Bé was accordingly specified as

a function of the ground range p from LH in each of these planes.
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The relevant expressions for this sounding configuration are, in
addition to (D.2)

- [ sin o sin & sin At
Yo T gtan cos 8 cos A, - cos A -D (D.3)
| E t
[sin A_ sin A. sin (A+A_)
_ -1 r E E
Yp Tan cos 8 CoS A, - C€OS A ] - D @8
§ T E T

where kt and Ar are respectively the cclatitudes of LH and LB;

a is the azimuth, measured clockwise from true north at LH, defining
the great-circle plane in which the echoes are being sought; & = p/RE,
where RE is the radius of the earth, and D is the geomagnetic
declination at range p, bearing o from LH. The remaining quantities

are defined as follows.

A = |longitude of LH - longitude of LB| (D.5)
sin o sin & shlkt
- =iy
AE S| S cos 6 - cos A, cos A (0g5)
t E
cos Gr = cos Ar cos AE + sin Ar sin AE cos (A+AE) (D.7)
cos AE =  cos At cos § + sin At sin § cos A (D.8)

In practice, the repeated cvaluation of thesc formulas was avoided
by prccomputing BC in each azimuth at 50 km steps within the 1150 to
1750 km range interval where the ccho points were sought. A cubic
natural spline intcrpolating function was then titted to these data to
represent Bc(p). Since the actual variation of Bc with range is
nearly lincar (sce lower pancls of Figure 5.17), this approximation was
considered adequate,

With the Bc(p) function thus determined, another function, B(p),
may be defined as ray clevation along cach raypath traced, and the
prscess of echo detection is then mathematically equivalent to solving
B(p) = Bc(p). Since the raytrace algorithm develops the raypath as a

sequence of steps, giving p and B at each increment, the search for
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the event B = Be may be readily incorporated into the raytrace pro-
gram, Letting {Bl, Py Bel} and {82, Y BeZ} represent the values
of the respective quantities at the start and finish of a raytracing
step, the product (Bl-Bel) X (BZ—BeZ) will be negative if B = Be
anywhere within the interval and positive otherwise. 1In the latter
event, the raytrace proceeds with its next step; in the former, the
ground range at which the echo occurred is determined by linear inter-
polation. Two subsequent linear interpolations, using p at the in-
dependent variable, are then performed to obtain the echo altitude and
the apparent radar range, and raytrace is resumed. This process is
repeated through the range interval of interest, and is terminated when
the ray goes either beyond 1750 km range, or above the 500 km altitude.
The resultant {pE, hE} echo points corresponding to each radio fre-
quency were then plotted and joined by smooth curves to define the echo

contours of Figure 5.17.
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APPENDIX E

AN ERROR ANALYSIS OF THE ECHO SIMULATION OPERATIONS

Sources of error in the echo simulation fall into three categories:
a) inaccurate reconstruction of the Ne(h) profiles, b) incorrect
specification of the geomagnetic field orientation, and c) errors in

the raytrace process. These will be treated in order below.

E.1 Profile Inaccuracies

This error source is potentially the most serious, since it
directly determines the ray altitude and therefore strongly influences
the aspect angle. Particular care must be taken in reconstructing the
F region, where the majority of refractive bending takes place at HF.
However, owing to the severe spread-F condition on the Boulder vertical
ionogram, a basic ambiguity exists in this layer. The effects upon the
simulated echo arising from this ambiguity have been considered in
Section 5.5.3, in conjunction with the echo of 1845 MST, 6 January 1972.
It was determined that a marked change in the echo characteristics,
notably the extinction frequency and the degree of defocusing, resulted
when the raytracing was performed in F layer profiles corresponding to
the extreme possibilities allowed by the frequency-spread BL ionogram
traces, together with a correction for a suspected local ionization
enhancement at Boulder. Errors of a similar character might arise from
ambiguities in the specification of the sub-F ionospheric profile. As
explained in the text, this section of the profiles often had to be
reconstructed using estimated parameters and analytic model layers,
since the relevant h”(f) data had been obscured on the vertical iono-
grams by broadcast band interference. A related uncertainty originates
from the essential ambiguity in the E-F valley profile, which is neces-
sarily based upon estimated data. These two causes were studied in
tandem, as explained below. |
The intent of this investigation was to establish upper bounds for |
the errors in aspect and echo-point position arising from mis- %
specification of the sub-F ionospheric region. Since this portion of

the 1845 MST, 6 January ionosphere was constructed entirely from
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esiimated data, and because the ratio of fOF to f E was low at this
o

time (reducing the relative influence of the F layer), this profile was
chosen as the subject for this study. Because only indicative results
were sought, the necessary raytracing was done using the economical
"Mark 3" program, using the unmodified Boulder profile.

A standard set of raypaths was first traced through this ionosphere
along the same LH path and to the same target as employed with the
aspect-position computations of Section 5.5. The ray altitude and as-
pect were recorded as before. To investigate the consequences of a
marked alteration of the lower profile structure, the E layer and valley
were eliminated completely and replaced by a monotonic D layer model
(shown as the dotted line in Figure 5.6), which was fitted to the F
layer by requiring continuity of Ne(h) and dNe/dh across the
junction. A test series of LH raypaths was then traced through this
new profile, using the same initial conditions and recording the same
data as for the standard ray computations.

The echo simulation results are governed by the form of the aspect-
altitude loci described by these ray data, but are not sensitive to the
actual position of a given ray on a given curve. Therefore, the vital
quantity is the net departure of the loci formed by the test rays from
the corresponding loci described by the standard rays, and not the
aspect-position discrepancy between any two counterpart members of the
two ray sets. For these purposes, the separation of the corresponding
loci may be characterized by their difference in aspect angle 0 at
representative altitudes, and by the difference in the heights at which
the critical value 6 = 88.76° occurs. Therefore, the aspect deviation
was calculated at the altitudes at which the standard rays reached the
target, using cubic natural spline (CNS) functions fitted to the test
data to define these aspect-position loci; and the latitudes at which
the lower-branch echoes occurred were computed using CNS interpolating
functions fitted to both sets of data. These results are presented in
Table E.1.

A useful criterion for interpreting these data is that the width

of the lines representing the loci in Figure 5.7 is about 0.03° in 6,
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and 0.3 km in h. Consequently, differences less than these shift the
loci imperceptibly and thus are completely negligible. The somewhat
larger discrepancies in 6 (or A8) variously. recorded may be assessed
by examining the curves of Figure 5.7 to determine whether the indiczated
vertical shift of the corresponding LH locus (downward for positive

AB, and inversely) materially alters the reconstructed echo. Since
the loci are themselves nearly vertical over much of their length, the
vertical displacements are generally of negligible consequence. An
exception occurs at the extinction frequency, where the loci are hori-
zontal was scaled from the inset of Figure 5.7. Multiplying this by
the 0.03° maximum A8 at the dip in the 17.5 and 20.0 MHz curves, the
extinction frequency is raised by 0.04 MHz, a clearly negligible amount.

The altitudes of the echo points are likewise insignificantly
changed. These changes (Ah) are explicitly listed for the lower-
branch echoes in Table E.1; the upper-branch discrepancies were not
computed but must be even less, since the component rays have a greater
initial elevation and therefore suffer less refraction in the lower
ionosphere.

Similar results, not presented, were obtained with test rays
traced through the modified BL ionosphere, with its lower structure
altered as above. Therefore, since the synthetic echo is nce signif-
icantly altered by the gross restructuring of the lower ionosphere, the
effects of the smaller errors anticipated in the process of reconstruct-
ing the E layer-valley profile segments are entirely negligible,

E.2 Incorrect Orientation of the Geomagnetically-Aligned
Reflectors

Here again, the aiterations of the simulated echo characteris-
tics are of prime interest. Hence, invoking the reasoning of
Section E.1, a suitable measure of the effects of reflector orientation
changes is the displacement from echo aspect of the rays comprising the
synthetic echo, and it was therefore undertaken to study the displace-
ments from echo aspect of the rays comprising the synthetic echo, and
it was therefore undertaken to study the displacements accompanying

likely variations in I and D. Since the effects of profile
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TABLE E.1 The height and aspect at which the standard rays encountered
the target. The last column in each panel lists the difference
A6 = Bg - 8p for the test rays arriving at the given altitude.
Ah is the difference in the heights at which the lower-branch
echo occurs for the two ray sets.

f =12.5 MHz f = 15.0 MHz
B, h 6 A8 B, h ;) A8
0° 159.3 km  91.04° -0.28 0° 160.1 km 91.18° -0.18
1 184.1 91.60 0.06 1 185.2 91.81 0.04
2 206.0 88.65 0.09 2 208.1 89.77 0.06
3 Z16.5 81.42 0.31 3 223.0 85.40 0.03
B 8 = GL25 b 4 231.7 83.06 0.05
5 238.7 82.46 0.09
6 247.0 82.89 0.07
7 258.2 84.00 0.07
£ s i 8 273.3 86.62 0.04
9 295.5 90.61 0.03
B h 6 A8
= Ah = 0.14 km
0° 160.6 Im 91.28° -0.13
1 186.0 91.96 0.03
2 209.5 90.55 0.05
5 272 87.90 0.03 f = 20.0 MHz
4 241.5 87.26 0.03 2 " e AB
5  255.7 87.71 0.02 °
PR SV VI 0° 161.0 km 91.31° -0.10
7 50.6 Giinse 5 i 1 186.4 92.06 0.03
g %G . T 3B 35 5.8 2 210.5 91.12 0.02
3 230.2 89.49 0.01
B “HI0. 02k 4 248.0 89.53 0.0l
5 265.5 90. 30 0.01
6 285.1 91.99 0.J1
Vi 307.4 94.06 0.01
Ah not defined
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and raytracing inaccuracies are treated elsewhere, the positions and

attitudes of the rays at the target may be taken 2s the given quantities
in this investigation.
A discrepancy of 0.1° between the measured ground-level declination

and the Jensen and Cain [1962] model value was noted in the text. This

may be considered a representative error for the model but, for illus-
tration, an uncertainty range of * 0.3° was assumed for both the dip
and declination. The standard values of I and D were taken to be
68.09° and 12.83°, respectively, which correspond to the reflector
orientations employed in the text. The range of the aspect angle 6
was then computed for both the LH and the LB rays arriving at the
target in their respective great-circle planes, at the common echo ray
elevation of 9.53°,

The results of these computations are presented in Figure E.1,
where 6 is plotted as a function of I, parametric at 0.1° increments
in D. Following the usual procedure, the aspect plotted for the LB
rays is the supplement of the value computed for the rays arriving
from this station. Each scale is labeled twice: first in absolute
units, and then according to the deviation from the standard values
0 = 88.76° I = 68.09°, D = 12.83°. The variances of the parameter D
are re-labeled as deviations in a. the geomagnetic azimuth of the ray. g
Since Yy = a - D, where o is “he goographic ray ~nimuth, rthese curves
then also indicate the effects of azimuth errors in the ray direction.

A deviat.on trom the standard I and D values occurs because of
the variation of I and D with altitude. The aspect-altitude dia-
grams show that the specular echoes and near-echoes occur between
h = 150 and 300 km, and Figure 5.5 indicates that I and D vary be-
tween 68.11° and 68.08°, and 12.71° and 13.01°, respectively, within

this interval. This deviation is indicated by the parallelogram boxes
near the center of Figure E.1, with the solid outline belonging to the
LH curve group, and the broken line to the LB set. The actual altitude
trend of I and D is shown by the dotted line within each box (with
the dots marking off 10 km height intervals), and spans a variation at

0.095° in 6. Invoking the arguments of the previous section concerning
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Fig. E.1 The deviations in the aspect angle 6 due to variations in
I, D, and vy, in the neighborhood of 6 = 6e = 88.76°.

the resultant vertical displacement of the aspect-altitude loci, this
discrepancy is negligible at the lower frequencies, where the loci pass
steeply through critical aspect. Its effect almost completely vanishes
at the extinction frequency, since this occurs in all cases only 10 km
below the h = 250 km 1level at which the standard I and D were
computed. Consequently, the neglect of this altitude variation, done
to simplify the echo-detection process, is justified.

There remains the possibility that the Jensen and Cain model may
not accurately represent the actual geomagnetic field orientation at

the 250 km altitude. The 0.1° discrepancy in ground-level declination
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has been cited, and it is reasonable to set a working upper error bound
of twicc this amount. The region defined by deviations of * 0.2° in

I and D has therefore been demarcated by heavy lines in Figure E.1.
A maximum variation of 0.15° (absolute value) in 6 occurs in the
extreme corners of this region, for both the LH and LB rays. This dis-
crepancy is not serious; the lower-frequency echo crossings on the
aspect-altitude diagrams are essentially unaffected by this vertical
shift of the loci, while the extinction frequencies are changed by at
most 0.2 MHz. This latter shift, although noticeable, is not great
enough to alter the conclusions drawn from the simulation results.

It is interesting to note that certain combinations of I and D
variances result in no aspect error at all. Such self-cancelling de-
viations occur aleng the (not shown) horizontal line representing
Ge = 88.76°. It is likewise useful to point out that echoes originate
from the rays of 9.53° elevation at a nearly invariant echo aspect.
This aspect is depicted by the approximately horizontal line passing
through the center of the diagram; it varies only 0.02° within the de-
marcated zone.

Results similar to the foregoing were obtained at other geographic
locations bracketing the model disturbance used with the echo-contour
charts of Figure 5.17. It may thus be concluded that the effects of
the probable errors in specifying the reflector column orientation, and
of the neglect of the altitude variation of this parameter, are incon-

sequential in this simulation.

E.3 Inaccuracies in the Raytracing Computations

The accuracy of a raytracing procedure may be checked by
tracing a set of raypaths through standard ionospheric models for which
exact analytic raypath solutions exist, and comparing the raytrace
results with the exact data. Such tests of the Jones program have been
conducted by Lemanski [1968] and by the author; its performance was
found to be excellent in both cases. Likewise, the simpler "Mark 3"
raytrace program used to generate the echo contours and the raytrace
data for Section E.1 has been determined to be quite accurate

[Croft, 1969].
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On the other hand, the standard profiles are well-bchaved mathemat-
ical functions with moderate, slowly-varying gradients, while the pro-
files used in this simulation, being derived from actual data, were not
so well-mannered. The more rapid and pronounced variations in refrac-
tive index and its gradient thus encountered may degrade the accuracy
of the raytracing process; consequently, while the aforementioned tests
rule out systematic errors within the raytrace algorithms, they probably
cannot guarantee the accuracy of individual raypath computations in the
general case.

Such an accuracy impairment is manifest chiefly as a random com-
ponent in the output, which arises from an accumulation of the roundoff
errors incurred in the smaller and more numerous integration steps
necessitated by a rapidly changing refracting medium. A useful test is
therefore to examine the raypath data for self-consistency and for a
smooth variation accompanying a regular change in the input data. In
this particular case, this requires that the aspect-position loci ana
the echo contours derived from the raytrace data should consist of
smooth curves free of unaccountable corners or undulations, and all of
the data points should lie spaced at uniform or progressively changing
intervals along the curves.

This is, in fact, what is observed. All of the plots based upon

the raytrace data fit these criteria. Moreover, the focusing curves

presented in Figures 5.8, 5.11, and 5.14, which were derived through a
numerical differentiation of the raytrace data, are themselves very
regular. Therefore, any errors are beyond the resolution of the methods
employed to ana.yze the data, and a high degree of confidence in the

raytrace results is justified.
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