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Abstract

Anoverview is presented of the developments during
the key stages in the recognition of the mechanisms
governing the behavior of meteoric ionization and an
understanding of the radio-reflection processes. Meteors
were the source that provided the enigmatic echoes: the
fleeting radio returns seen in early ionospheric soundings,
or as interference on communication links. The paper
covers the key observations, probing techniques, and
theoretical developments that enabled progress to be
achieved in our understanding of the scattering processes
from meteoric plasma, for the case of a reflection geometry
givingrise to trail echoes. The development of meteor-echo
theory enabled the realization of the value of radar meteors
as valuable atmospheric and astronomical probes.

1. Introduction

The year 2008 marked the 80th anniversary of the first
radio reports of strange fleeting echoes, which later became
understood as plasma produced by the ablation of
meteoroids. An originally enigmatic radio phenomenon,
viewed on occasions as an interfering signal, became a
valuable probing tool for the atmosphere. It enabled
measurements of temperatures, scale heights, and wind-
field, especially on micro-scales in a region difficult to
access by other techniques. Radar meteors also became a
tool for astronomy to gain a whole new perspective of
monitoring Earth-impacting bodies. They advanced our
understanding of the solar-system dust cloud. Radio
techniques enabled us to measure the speed of meteoroids
through the atmosphere and, using multiple sites, to
determine their trajectories and orbits in space. For such
programs, a foundation of the meteoric environment is
required: the behavior of the created plasma, and a
formulation of the mechanism of radiowave reflection. In
the present work, the focus is on the class of meteor
reflections now known as meteor-trail echoes, as distinct

fromthe head echoes. Attemptsto formulate radio scattering
from the plasma produced by an ablating meteoroid could
not be attempted until several controlling factors were
known, such as a realistic appreciation of the geometry of
and physical conditions in the created plasma.
Experimentally, this was complicated in the 1930s by the
confusion of what is now termed sporadic-£ ( E; ), with
discrete reflections from the individual ionization trails of
meteors in the height regime of 90-110 km. It is now
recognized that an important agent in creating £ is indeed
the ionization deposited by meteors that is redistributed via
charge exchange, and by the effects of wind-shear and
geomagnetic field forces.

There were interpretation difficulties, because some
early ionospheric-probing techniques employed swept-
frequency modulation of CW or square pulses, with phase
comparisons provided by reception from a distant transmitter
and by measuring the interference between the direct ground
signal and thatreflected from the ionosphere. The frequency
gradient provided the phase path and virtual sky-signal
path. The technique made discrete targets difficult toidentify,
with multiple targets a problem in this method, resulting in
interpretation difficulties in terms of identification of specific
scattering entities. Reports described periods when a
reflecting layer suddenly changed its virtual height, as seen
on a (assumed) vertical sounding system (e.g., 1-6 MHz).
Compared to early ionospheric studies, the very short
durations of meteor returns were of quite a different time
scale, making their recognition and study difficult.

Inthe early literature, the terms used for non-standard
echoes from near 100 km included “abnormal E” and
“intense E.” Early soundings showed that sampling
simultaneously from stations separated by ~100 km yielded
largely unrelated echo structure. The horizontal and vertical
structure of E; clouds was only slowly understood.

By their very nature, meteors were detected as
largely a byproduct of either propagation studies for early
radio links, or by vertical radio probing of the ionosphere.
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The advance of the ideas of meteor ionization and
experimental methods provided an interesting development.
In Section 2, it is useful to follow chronologically the
events, noting some of the experimental arrangements.

2. The Period from 1920s to 1940:
Observations and Speculations

In 1928, Heising [1], probing the E region with
frequencies from 2.7 to 5.2 MHz, found sudden increases in
nighttime ionization levels in place of the normal decrease
that was known to occur after sunset. He included a rather
picturesque description: “It would appear as though great
masses of electrons are tossed into the atmosphere rather
quickly....” He proposed a solar source of impacting electrons
during the night as responsible. In 1929, Eckersley [2]
studied propagation conditions monitoring arrival directions
from stations transmitting in the range of 6 to 20 MHz,
where penetration of the E region occurred, allowing
reflection from the F'layer. “Anomalous scattering into the
skip zone” caused by ionized clouds below the normal £
layer was noted. In 1930, Appleton [3] noted the variability
of virtual height measured at 0.75 MHz, and remarked

On such occasions, it seems as if there were some
agency or agencies which either maintained the process
ofionization....Itappears as if on these occasions...there
is some ionising agent present which can influence the
dark side of the Earth.

In 1931, Skellett [4] made estimates of the ionization
densities produced from individual meteoroid ablation,
though with much over estimation because of the use of an
unrealistic fraction of the meteoroid kinetic energy that is

Serm-path (Km,)

channeled into ionization, and also the exaggerated lateral
extent of the plasma. Pickard [5] reported on studies of
propagation conditions, carrying out several years of
commercial forward scatter, which included correlations of
increased nighttime signal strength with known meteor-
shower activity.

In 1932, Appleton and Naismith [6] noted abnormal
nighttime effects. Such studies took advantage of the
spectacular meteor displays that deposit energy into the
ionosphere. In the same year, Schafer and Goodall [7, 8]
used pulse sounding, employing four spot frequencies
between 1.6 and 6.4 MHz during known showers, especially
the Leonids shower of 193 1. They noted short-term nighttime
signal changes. They suggested as candidates for such a
source of ionization meteors producing what became termed
“blanketing £ ” (although simultaneous magnetic activity
related to a possible aurora complicated interpretation).
Skellett [9], in pointing out that the inferred heights of radio
features were similar to the heights of visible meteors,
presented estimates of energetics to provide deposited
ionization (the ionization probability used was too high by
orders of magnitude, and the plasma train too large). The
effectofthe bulk influx of many meteors was also considered.

In 1933, Appleton and Naismith [10], operating a
system in ionosonde mode and monitoring diurnally in a
longseries, “...recorded on anumber of nights the ionisation
in the lower region actually may increase....there is some
agency which produces nocturnal ionization beyond the
ordinary amount....” In 1934, Ratcliffe and White [11],
using night-time probing on frequencies of 2 MHz and
4 MHz, noted “...nocturnal E-region...have a likely source
of thunderstorms and magnetic activity....” Mitraetal. [12]
used a swept-frequency technique to determine the

Figure 1. An echo-range time record at 6 MHz over a period of one hour [15]. The ordinate is range from 10 to 140 km.
The 10 minute duration echo near the middle of the image is probably an E layer near the zenith. The other echoes
from 100 to 140 km are meteors ([15] used with permission of the Royal Society of London).
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Figure 2. An echo-range time record for a period of 40 s [17]. The ordinate range is from 0 to 600 km. All
echoes are probably meteors, those with ranges out to ~380 km are at large zenith angles (reprinted by
permission from Macmillan Publishers Ltd: Nature, [17], copyright 1937).

penetration frequency of the £ layer, and measured high
ionization densities coincident with the 1933 Leonids shower
influx.

In 1935, Skellett [13] modeled likely meteor effects
on the atmosphere, noting the self-luminous energy storage
associated with enduring visible trains. He monitored
transatlantic radiotelephone service over three years at
shower times, measuring effects on propagation-fading
disruption, with disruptions lasting seconds. He reported
that effects were marked during the Leonid 1931 apparition.
A separate 2.398 MHz sounding experiment was directed
specifically for the Eta Aquarid shower period in July 1931,
and also the Leonids in November 1931, using 2.398, 7.6,
and 8.5 MHz sounding. Increases in ionization were
attributed to individual overhead bright meteors, there
being few such events during non-shower days. Attempts
were made to estimate ionization densities and the effective
electron-ion recombination coefficient.

In 1937, Appleton et al. [14], sampling at 6 MHz,
noted “...E-layer bursts causes of abnormal £ ionization
....we have also observed a peculiar type of reflexion at a
heightof 100 km which only lasts a few seconds....nocturnal
abnormal E region reflexions is caused by the entry of
ionizing particles into the atmosphere either in the form of
bursts or in the form of a steady stream...charged solar
particles or meteorites....”

The first time-sequence records seem to be those of
Watson Watt et al. in 1937 [15], who, reporting vertical
sounding at6 MHz, presented filmstrip range-time displays
clearly depicting meteor echoes lasting a few seconds
(Figure 1 shows a one-hour record: their Figure 10). They
stated that “...bursts of ionization at 105 km giving densities
sufficient to return television waves at vertical
incidence...persist for a fraction of a second.”

Operating aswept-frequency 1-15 MHz sounder, in
1937 Bhar[16]reported on measuring the critical penetration
frequency of the E region during the 1936 Leonid meteor

shower. A close association was found, but no effect on the
F region.

Also in 1937, Eckersley [17], monitoring a
commercial station with a 9.127 MHz 40 kW 200 ms pulse
with a 50 Hz pulse-repetition frequency (PRF), situated
19 km away from the receiver, used spaced-frame antennas
and phase comparisons to deduce echo directions. This
allowed the measurement of ground distance as well as
virtual height. The author noted discrete “ionic clouds”
present day and night, strongly suggesting meteors. A film
range-time display ofa40-second time period isreproduced
in Figure 2. In 1938, Skellett [ 18] supported the suggestion
by Eckersly of a meteor origin, commenting on “...short-
lived isolated clouds in which momentarily the ionization
reaches a value much higher than normal.”

In a 1938 scattering study, Pierce [ 19] monitored the
signal strength from a 9.57 MHz 30 km-ground-distance
station, noting signal bursts. Pierce appears to have been the
first to be specific about the cylindrical geometry of the
plasma (though he considered that critical reflection
conditions operated, and that the plasma diameter was large
compared with the probing wavelength, with the ionization
density decreasing as the train expanded (under diffusion,
although that mechanism was not stated). Scattering from
sucha“...long cylinder ofionization...under these conditions
itis seen that no energy will be reflected to its source unless
a perpendicular may be passed from the source to the path
of the meteor.” Interestingly, the author pleaded for
simultaneous observations of visual meteors and the arrival
angle of signal bursts.

In 1938, Appleton and Piddington [20]used a 8.8 MHz
3 kW 30 ms pulsed transmitter (Tx), radiating via a half-
wave dipole A/4 above ground, giving a broad vertical
beam. They deduced the effective reflection coefficients on
the basis of small ionization clouds and the virtual heights
of transient echoes day and night, near 100 km. They noted,
“There can be little doubt that these observations indicate
the temporary existence of marked scattering centres in the
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ionosphere which form and disappear throughout the whole
of the twenty four hours...due to some cosmic agency.”
Later, in 1939, Appleton et al. [21] described “intense-E
being clouds of more intense ionization immersed in a
simple region.” They further stated that they “...noted a
transient type of reflection lasting only a few seconds and
caused by scattering from temporary ionic cloudlets, which
is found by day and night round the 100 km level.” They
commented on the difficulties of recording such “fleeting
echoes.”

Concerned with effects on propagation, in 1940
Eckersley [22] studied scattering that occurred away from
off-great-circle propagation paths using a 19.5 MHz
transmitter with direction-finding antennas at a receiver
(Rx) of 19 km separation. Recognizing the common
occurrence of scattering processes, the author provided
definitive short-term scattering characteristics of E, and
ion clouds (meteors). The first measurement of the duration
distribution was provided with experimental evidence for
many short durations (Figure 3, from Figure 11 of their
paper), the form being instructive in providing clues about
the reflection mechanisms.

The prevailing view expressed in work of the period
speaks of “ionic clouds,” “scatter clouds” — depicting a
spherical assembly of electrons—consistent with the discrete
echo of limited range spread that was commensurate with
that expected from the radar pulse length. It is interesting
that the idea of a column of ionization — analogous to the
visible excitation trail of a meteor — only came later. It was
not appreciated that a narrow column of electrons of length
similar to visible trails would in fact produce an echo of
discrete range (see Section 4.3). In addition, the geometry
of the reflection process results in reduced sensitivity to
meteors near the zenith, so that vertical probing was in fact
the most disadvantageous antenna-pointing direction (see
Section 4.3).

In 1941, Blackett and Lovell [23] examined the
possible production of an ionization column resulting from
proton impact produced by primary cosmic rays. The origin
of the “scatter echoes” was confirmed later as not being
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from cosmic rays. However, the geometry and radar
scattering mechanism was established by this paper: “A
cosmic ray shower of high energy produces a long narrow
cylinder of ionization traversing the whole atmosphere.”
They established the essential geometry of the reflection
process: the shape of the target means they employed a
scattering length of one Fresnel zone (see Section 4.3). It is
of interest to note that the paper was composed (August
1940) at a radar station that was often under attack from
aircraft [24].

The association of visual meteors with reflections at
3 MHz and 6.4 MHz was studied by Pierce in 1941 [25], to
confirm the governing geometry: “...energy of impact
sufficient to ionize any particle with which it comes in
contact. Thus a line of ionized atoms or molecules is
established along which the density of free electrons is very
great. The charged particles immediately begin to diffuse
radially....” The author made an estimate of the electron
density from the echo duration. However, an incorrect
reflection coefficient was employed: an extended ionization
column was recognized, but the column diameter was
incorrectly assessed as being much greater than the operating
wavelength (implying diameters > 100 m).

3. The Period 1940 to ~1952:
Interpretations

The period of 1939-45 provided an impetus for three
reasons:

1. Equipment: a large number of radar tracking stations
employing high pulse power with narrow-beam steerable
antennas directed to low elevation (rather than sampling
towards the zenith), to provide aircraft detection and
tracking, became available;

2. Personnel with defense experience and subsequent
availability of equipment (and in some cases military
personnel to assist). Similar equipment served to advance
the early work in radio astronomy.




3. The parallel development of theoretical work to
understand the types of observed echoes.

3.1 Radar Equipment and
Techniques

Many of the radars that were produced during WWII
formed an interesting subject in themselves. Some were
ideal for the task of providing foundation observations for
theoretical formulations of reflection coefficients, echo
behavior, and tools for both atmospheric and astronomical
studies. Especially suitable for the purpose were the mobile
gun-laying (GL) radars, developed in the UK circa 1940,
operating at 72 MHz and attached to antiaircraft units. The
GL2 unit was capable of a power output of 150 kW of 3 ms
pulses at 1 to 2.2 kHz pulse-repetition frequency with a
25 kV dc supply. This was achieved from a pair of cathode-
driven VT98 triode (also labeled type CV1098) power
tubes using forced-air cooling. The tube (Figure 4) was
developed from the previous VT58 in order to secure
greater emission under pulse conditions by incorporating
filaments using thoriated tungsten. The GL2 employed a
system of dipole antennas at differing heights and horizontal
separations for elevation and azimuth fixing. With minor
modifications, this equipment proved ideally suited as a
meteor-research tool. Other systems, such as the Chain
Home (CH) system, used a frequency (20-30 MHz) that
was actually more sensitive for meteors (see Section 4.4).

Figure 4. The transmitting tube, type VT98.
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They used water-cooled transmitter tubes, required large
metal antenna supporting masts in operational service, and
required a team of personnel to operate.

There were associated advances in techniques that
enabled efficient operations and that proved valuable for
meteor use. These included the provision of a common
antenna for both transmitting and receiving (the transmitting/
receiving switch employed A/4 stubs and spark gaps), and
the development of polythene as improved insulating
material for coaxial cables used in transmission lines and
impedance-matching sections. The introduction of the Chain
Home Low (CHL), Ground Controlled Interception (GCI),
and similar radars operating at 200 MHz and the later
magnetron-powered radars at 10 cm (for improved image
resolution), were not as useful. Meteor scattering is a long-
wavelength phenomenon (see Section 4.4): during the 1960s,
the author built and operated a radar system for meteor
research operating at 17 MHz, which was constructed in
part of surplus military components.

Many GL2 units were produced and some rendered
meteor service around the world. One unit was used up to
1975 by the author at the University of Canterbury’s station
near Christchurch in New Zealand. The author also visited
aunitused at the Englehart Observatory near Kazan, which
operated until about 1985. It was the eventual lack of a
supply of VT98 tubes that caused the end of the GL2’s use
for these two radar-meteor programs.

3.2 Experimental Work

During the operation of defense radars in the UK,
echoes were commonly observed on Chain Home and gun-
laying units (termed “scatter clouds” or “short duration

Figure 5. The first mobile ex-army GL2 radar used from
1945 for meteor studies at Jodrell Bank, near Manchester,
UK (photo provided by the University of Manchester).
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Figure 6. A sequence of echoes recorded on film at 16
frames per second. The range interval shown is 80 to
125 km ([30], IOP Publishing Ltd., used with permission).

scatter echoes”) at frequencies well above the critical
frequencies for either normal or abnormal ( Ej) layers,
where such echoes often interfered with aircraft detection
and tracking. The availability of mobile radar units and
photographic recording led to an intense period of
observational work during 1945-48. This led to rapid
progress where the need was recognized to modify the
antenna-elevation response for optimum meteor detection.
For example, the work at Jodrell Bank, near Manchester
UK, starting in late 1945 employed a modified GL2 system
(Figure 5), with the later addition of an army searchlight
mounting for an array of fully steerable Yagi antennas,
enabling full-sky surveillance.

In 1945, Eckersley and Farmer [26], using a frequency
of 7.6 MHz, measured the direction of arrival and
polarization state of echoes near 100 km for both E and
individual meteors. They noted rapid polarization changes.
They considered that such echoes were incompatible with
a meteor source, because their phase behavior suggested
rapid changes in arrival direction due to suggested multiple
paths (but see Section 4.4 for theoretical phase behavior). It
was noted that meteors reflected at frequencies well in
excess of the critical frequency of the F'region: 45 MHz TV
(Appleton [27]) and at 105 MHz (Ferrell [28], using a US
military SCR270B radar unit).

In 1946, Hey and Stewart [29] carried outasurveillance
from October 1944. They recognized that “columns of
ionized gas....present their echoing areas when viewed at
right angles to their length.” Operating ex-military 150 kW
radars from 42 to 75 MHz, equipped with Yagis, they
recorded the Lyrids meteor shower (April 20,21,22,1946),
while maintaining a visual watch for overhead meteors.
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Figure 7. A range-time radar 55 MHz 8 s sequence [30]. The
echo at range 102 km was composed of several features
(probably) caused by atmospheric turbulence. The echo at
range 100 km had a body (transverse geometry) echo,
showing a drift in range caused by a radial wind and a faint
head echo lasting 0.5 s with a hyperbolic range-time charac-
teristic, from which the meteor speed can be derived. That
speed would be a lower limit, since the aspect angle between
the trajectory and the radar beam line of sight was not known
(/30], IOP Publishing Ltd., used with permission).

They so confirmed the association of echo activity with
showers. In addition, recognizing the importance of the
reflection geometry, they were able to deduce the radiants
(upstream meteoroid direction) of a stream (not for individual
meteors: the technique requires several members) by
employing the different radar-system responses governed
by the meteor-reflection orthogonal geometry dueto different
antenna-pointing directions. They thus for the first time
identified daytime meteor streams.

Extending their earlier work, in 1947 Hey and Stewart
[30] presented a time sequence (cine film, 16 frames per
second) aimed at quantifying the rapid decay times of
echoes (Figure 6). From this, they made the significant
finding that many echoes (at 73 MHz) had decay times of
the order of 0.06 s. Using multiple radar stations, they
measured echo-height distributions. With the important
recognition of the controlling geometry, they deduced
radiant coordinates for the Delta Aquarid meteor shower of
July 29, 1946, and the Giacobinids (that spectacular event
providing a focus of many observational projects and
impetus to our understanding) on October 10, 1946. They
also reported much reduced echo rates, using sampling at
the higher frequency of 212 MHz. In a key observation,
they were the first to report the head echo shown in Figure 7.
This is the reflection from the plasma surrounding the
meteoroid itself — weak compared with the broadside echo
— with the range-time hyperbola function providing an
estimate of the meteoroid’s linear speed in the atmosphere.
In 1947, Prentice et al. [31] mapped the Giacobinids and
other streams. By orienting the directive Yagi array in a
different direction with respect to the shower radiant, they
were able to confirm the scattering geometry in a dramatic
way during the Giacobinids display. The optimumreflection
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Figure 8. Echo range-time records at 27 MHz with 10 minute records: (upper) October 9, 1946, GMT
2315; (lower) October 10, 0350 at time of the Giacobinid shower influx (reprinted by permission from
Macmillan Publishers Ltd: Nature, [33], copyright 1946).

geometry was also used to deduce shower radiants by
McKinley and Millman in 1949 [32].

Asreported in 1946 and 1947, Appleton and Naismith
[33,34]alsoused filmrecording ofa CRT display. Operating
at 27 MHz with 15 ms, 50 Hz pulse-repetition-frequency
pulses directed vertically, they maintained atwo-year survey
daily from January 1944. This included the Giacobinid
shower of October 10, 1946. Figure 8 shows their range-
time plot, in which Plate B showed the very high influx rate
from October 10, 0350 to 0400 GMT. The Giacobinids
were also monitored using 3 MHz by Pierce, reported in
1947 [35], recording a meteoric E layer with substantial
deposition sufficient to maintain ionization in the layer for
four hours.

In 1947, Eckersley [36] proposed an analogy of
meteor reflection with the case of alpha-particle scattering
from heavy atoms. This comparison is not applicable, since
the geometry is quite different because the model was of a
small spherical-like cloud, but the meteor case is not
spherically symmetrical. It was also mistakenly proposed
that the 1onization target should move with the meteoroid
(as is actually the situation for the quite different case of the
head-echo-producing plasma).

In 1948, Eastwood and Mercer [37] reported on a
surveillance from January 1945 to July 1946 at20-45 MHz,
with a vertical stack of horizontal half-wave dipoles and
cine-camera photographic CRT display. This was able to
record echo amplitude as a function of time for individual
echoes at a sampling rate of 25 Hz. Diurnal, seasonal, and
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solar-cycle rates were studied, as well as the dependence of
the echo range distribution on elevation pattern, and its
relation to antenna type and ground height. Examination
was also made of the echo rate dependence on operating
radar frequency, and a study of the influence of the July 9,
1945, solar eclipse.

In 1948, Allen [38] described forward scatter at
40 MHz (carried out during 1943), reporting chartrecording
of “bursts,” and noting that longer scatter durations occurred
at 10 MHz. Diurnal and seasonal forward-scatter bursts
from several commercial stations were examined. The
study noted simultaneous visual meteors and bursts via
scatter to indicate that reflections were orthogonal to the
trajectory. The forward-scatter configuration was analyzed
by Geometrical Optics with modifications by Manning and
Villard in 1948 [39].

The diurnal-seasonal rate characteristics mapped [37,
37, 38] can be interpreted in terms of astronomical effects.
Although influenced by the orientation and width of the
radar antenna’s radiation pattern, the meteor influx at any
latitude is dominated by the elevation of the Earth’s apex
(the upstream vector of the Earth’s orbital motion) above
the radar’s local horizon.

A summary of the theoretical understanding of the
meteor-scatter process to date was provided by Lovell and
Cleggin 1948 [40]. They presented amodel of the formation
process of the plasma trail with correct geometry, and also
measured the wavelength dependence of meteor-reflection
coefficients. This work was later extended by Kaiser and
Closs in 1952 [41].
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4. Meteor-Scattering Theory

A firm theoretical foundation of radiowave scattering
from meteoric ionization is necessary to provide sound
linkages between the interaction of meteoroid bodies with
the atmosphere and the relationship between the
characteristics of returned signals and other parameters.
These parameters include meteoroid mass, trajectory, speed,
and conditions in the meteoric plasma and its complex
meteor environment: atmospheric parameters, wind field,
and geomagnetic field.

There are two particular radar-observing geometries
for meteor scatter that have evolved (originally, from
distinctly observed echo types). The first is reflection
orthogonally from the linear column of ionization, so that
scattering takes place from a long (~1km) cylinder of
plasma, observed employing a transverse geometry
producingatrail echo or body echo. The second is reflection
from the spheroidal plasma immediately surrounding the
ablating meteoroid, observed employing radial geometry:
the head echo. In the former configuration, the radar’s line-
of-sight is strictly orthogonal to the meteor trajectory, and
in the latter, the line-of-sight is broadly radial. Here, we
follow the above early observational work of Sections 2
and 3, and focus on the transverse echo situation. Some
aspects of the head echo (see Section 4.4) have been
described [42], and some associated studies have been
recently outlined in the Radio Science Bulletin [43] and by
Mathews [53].

The formulation of a theory of radar scattering for the
transverse reflection geometry, producing abroadside body
echo, can be regarded in essentially two stages:

1. To treat the ionization column as an instantaneously
formed long column, which expands by ambipolar
diffusion, retaining a Gaussian cross section (ignoring
any distortion from geomagnetic field forces), and
remaining stationary (not moving with the neutral
atmosphere). It is thus an assembly of electrons of time-
increasing radius.

2. To superimpose a modulation produced by the finite
creation time of the plasma.

4.1 The Scattering Cross Section

For an assembly of electrons in the meteor case with
electrons at essentially the same range, the effective total
scattering cross section depends on the summation of phase
contributions from individual electrons, on the overall
geometry, and on whether secondary radiative effects are
present (depending therefore on electron number density).
Atmeteoricaltitudes (~100 km), electron-neutral collisions
can be neglected in the radiowave scattering process.
Coherent reflection from the meteor plasma provides the
radar target. A single electron has a scattering cross section
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to an incident electric field of o, = 47'L'I"e2 sin® y , where I,
is the classical scattering radius, and ¥ isthe angle between
the E-field vector of the incident wave and the scattering
direction. For the radar backscatter case, with co-located
transmitter and receiver, ¥ =90° and o, ~ 10728 m

The signal power available to a receiving antenna,
P, , from a target of scattering cross section o atrange R,
using transmitting and receiving antennas of gains Gy and
G,., with transmitting power F; and operating wavelength
A, is of the standard form

B3
P = T T3r o-
64’ R*

The problem reduces to determining an expression for the
total scattering cross section, o , for the particular equipment,
geometry, and meteor train parameters.

4.2 Behavior in Limiting Cases

The large range of masses of meteoroids incident on
the Earth’s atmosphere means a substantial range in
ionization densities is generated. The ionization distribution
has the form of a tapered cylinder, with a larger radius at
greater heights resulting from the larger atmospheric mean
free path and the finite time to diffuse. For the limiting case
of a weak plasma, the radio waves pass through the plasma
unaffected. The scattering of the incident radio waves from
electrons takes place independently without any secondary
or interference effects. The total scattering is then the
summation over all electrons in a cross section of the meteor
train. Such a situation is described as an under-dense train.
At the instant of formation of such a train, if the plasma
radius at formation, r , is very small compared to the radar
wavelength, A, then for evaluating the reflection, all
electrons can be considered to be situated on the train’s axis
and with the same scattering phase. For the opposite case of
an extremely dense plasma, secondary scattering is an
important feature, and the incident wave is grossly disturbed.
The dielectric constant ofthe medium is sufficiently negative
for total reflection to occur at some critical boundary. Thus,
as diffusion increases the dimensions of the boundary, the
reflection coefficient increases. Train expansion reduces
the electron number density on the axis so the dielectric
constant becomes less negative, the critical radius collapses
to the train axis, and subsequently, individual electron
scattering operates as the incident wave penetrates the
plasma column. Such a dense expanding train can be
regarded in its reflection behavior for the limiting high-
electron-density case as a metallic cylinder the radius of
which expands for a period before collapsing. This regime
is termed an over-dense train.

The transition between the tworegimes can be defined

in terms of the attenuation of the incident wave. Since the
dielectric constant of the plasma is negative for the over-
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Figure 9. The reflection
coefficient as a function of time:
full line: parallel polarization;

broken line: transverse polari-
zation (reprinted from [44] with
permission from Elsevier).

dense case, the incident wave is an evanescent wave. If the
plasma is of such a critical density that the amplitude of the
evanescent wave is reduced to € ' on the axis (in analogy
with the skin depth for a metal, although for a metal, the
concept employs the ohmic conductivity), the train plasma
is described as being transitional. This definition means that
the attenuation distance, equal to the radius of the cylinder,
a, is A/2m. The corresponding critical electron density,
n,= q/ ma® , can be related to the radiowave frequency
and plasma conditions by n,. = * me, / ¢’ with m and e
being the electron mass and charge, respectively, and &;
being the free-space permittivity. The corresponding critical
electron line density is g= 8.9x10"° m™! (a value that is
independent of the probing radio frequency). This was
derived assuming a cylinder of uniform cross section (a
more-realistic Gaussian profile changes the value only
slightly). Such a value corresponds to a meteor optical
magnitude of approximately +5 (near the limit of unaided-
eye visibility).

4.3 Reflection from an
Instantaneously Formed Column

The time variation of the reflection coefficient cannot
be derived in analytical form. A full-wave treatment,
employing numerical solutions, is necessary [44]. To keep
the problem tractable, it is assumed that (ambipolar) diffusion
operates, retaining a Gaussian cross section with initial size
established by thermal expansion to a few mean free paths.
A more complete treatment shows that the distortion caused
by the geomagnetic field can have a marked effect when at
large heights the electron-neutral collision frequency
becomes small compared with the electron gyro-frequency.
Including fully the polarization field within the meteor
plasma and the effects of ambient background ionization
provide a more detailed analysis (e.g., [45]).

In the general case, the interaction of the EM wave is
considered in terms of a reduced dielectric constant within
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the plasma. A plane wave incident at arbitrary angle to the
column’s axis can be resolved into components parallel to
and transverse to the axis. Within the column, the £ and B
fields must satisfy Maxwell’s equations, and we expand the
field components in cylindrical harmonics. Outside the
train, the field is the sum of the incident plane wave and the
scattered (cylindrical) wave. The incident waves are
expressed in terms of a series of Bessel functions. The
cylindrical wave is expressed in terms of Hankel functions
of the first kind, the order of which is dictated by the
geometry and radial dependence for this case. To yield
reflection coefficients, numerical solutions of the equations
are matched onto asymptotic forms representing the incident
and scattered waves: the field components at the matching
radius. Numerical integration of the field equations [44]
provides solutions (powerful computing techniques that
have become available allowing such full-wave solutions
were notavailable to aid early attempts [41]). These present
reflection coefficients and map polarization changes in the
scattered field early in the echo lifetime, and the resonance
that can occur when the incident electric vector is transverse
to the train’s axis (so the electrons are being driven across
a density gradient, producing charge separation).

Solutions are presented in terms of time from train
formation at t=0. ¢ is the electron linear density, in
electrons m™! , under a diffusion coefficient, D, where the
¢! plasma-column radius, a, is given by a = r02 +4D¢,
with ry being the initial Gaussian radius. Some results of
such a full-wave treatment, providing the complex reflection
coefficient, are shown in Figures 9 and 10, where the
orthogonal plane polarizations are shown. The reflection
coefficient, g, is related to the scattering cross section by
g2 =0r/2RA . A is the operating free-space wavelength,
and thewavenumberis k = 4/27 .For ka > 1,thehorizontal
axis in Figure 9 is then approximately proportional to time.
Figure 9 shows the reflection coefficient, g, for the parallel
and transverse cases as a function of ¢ over a range of line
densities showing the echo-transition region, where the
change from strictly exponential decay for small ¢ can be
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seen. It is clear that there is a range of a factor of ~ 10? in
q in the bridging region between the two limiting cases.
Figure 10 shows the polarization ratio and the resonance
peak for the optimum value of ka. Two situations might be
envisaged. If the train is created with a small r, , then it has
to diffuse to a critical radius for resonance to occur. If r is
too large, then no resonance condition will be possible.

The echo behavior can be summarized as follows.
4.3.1 Under-Dense Echoes

The later stages of an under-dense echo are dictated
by diffusion. As the plasma expands, phase summation of
the individual electron contributions in a train’s cross
sectionresults inareduction inthe echoreflection coefficient,
g. If a Gaussian train cross section is maintained during
expansion, the change in g will be an exponential function

(ke

of time. The echo decay is described by exp (—t/ ty), with
ty= A / 327°D. The role of the geomagnetic field in
producing anisotropic diffusion has been emphasized. The
resulting distortion of the plasma column produces a look-
angle dependency on the decay of the radar echo. For
simplicity of treatment, assuming a Gaussian profile and
circular symmetry at formation, the plasma column distorts
into a generally elliptical cross section. With inhibited
diffusion, the echo decay rate can be very much less, and
enhanced echo lifetimes can result under certain geometries.

4.3.2 Over-Dense Echoes

A full treatment of the reflection from a Gaussian
dense plasma is complex, because of the effects of the
weaker ionization in the outer regions of the column on the
wave. However, a simple picture enables an estimate to be
made of the echo characteristics of an over-dense plasma.

Height,
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B0 b @ & diin g asanil
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Figure 11. The height variation of
over-dense meteor echo durations
for a radar frequency of 30 MHz
(reprinted from [47] with permis-
sion from Elsevier)
—e—e—oe  the expression
T,,9= 6x10'8 ™" all heights.
- - - -: the expression T, and
including ionic reactions,
q= 63108 m ! all heights; ——
: the expression 1), including
ionic reactions height profile of
deposited ionization with
Gy = 6X1018 7 a1 88 kom.
o e 00000 measured for enduring
Perseid echo [46].
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For a general over-dense plasma, there will be a critical
radius, 7., at which the plasma has a critical electron
number density, n. (for which the dielectric constant is
negative). This will occur when

q A
n.(1,,t)= [E ]exp _a% .

Defining the duration of an over-dense echo as the time for
the axial electron number density to fall to n,., so that
n.(0,¢)= g/wa® = w2m£0/82 , then the over-dense

duration is
T = & 9 | i ,
o Az, 2 4D
o Naw°D

where the last term represents the “age” of the train at the
start (the time to diffuse to a radius of £ ) under normal
diffusion, and is only comparable with the first term in the
upper meteoric region, > 105 km. This diffusion-limited
echo duration will be modified by the action of ionic
processes removing electrons from the train plasma. Models
can be made of how echo durations will be curtailed by the
effective decrease in the value of the line density, g
(chemistry influence is usually negligible for under-dense
echoes). Ozone is expected to be the dominant gas initiating
the chain of reactions responsible for the deionization of
trains. Because of the solar control of lower thermosphere
O; densities, the durations of echoes under daytime
conditions will therefore be markedly reduced compared
with nighttime. The modeled electron-loss characteristics
can then be inserted in the echo durations to model the echo
lifetimes as a function of altitude. Illustrations are given (for
a radar frequency of 30 MHz) in Figure 11 of how 7,
values are expected to vary with altitude. The approximately
exponential downwards increase in 7, due to both an
increase in g (for a given meteor) and an atmospheric-
density increase are countered by the increasingly short
chemical lifetime of electrons below ~95 km. This relates to
the observation of occasional long-enduring echoes (for
example, [20, 22]). A specific illustration of the effect is to
be found in the altitude variations of long-enduring Perseid
meteor echoes [46]. In that study, triple-station ranging
fixed the echo altitude, so that the echo duration could be
followed by the radar system as a function of altitude during
the persisting ~ 9 min train. As predicted ([47]), the most
enduring section of the diffusing plasma occurred at an
altitude close to 93 km (Figure 11).

This sensitivity of echo behavior to ambient gases
presents a method of monitoring the atmosphere.
Measurements of the characteristics of radar-echo lifetimes
can enable estimates to be made of the altitude profiles of
the important atmospheric species O3 ([48, 49]) in a
altitude regime that is largely inaccessible by other
techniques.

16

Itis instructive to provide an example of echo-duration
characteristics by reference to a historical case. The first
reported echo-duration distribution measurements [22] can
be interpreted in terms of the theoretical behavior. In
Figure 3 of this work, there was a preponderance of short
echoes, with 85% having a duration < 2.5 sand 6% >10s.
The types of radar systems employed in the period, ~1940,
using a transmitting power of a few kW and low antenna
gains, would have had a limiting sensitivity of
g~ 10'2m~! This corresponds to a meteoroid mass of
~ 1070 kg, and a visual magnitude of ~+10 . The meteoroid
population mass content follows a power law: there are
many more small bodies than large bodies. Asaconsequence,
the radars of this type detect many more under-dense short
echoesthan over-dense. The mode duration [22] was ~ 1.5s,
and from the expression for ¢; above and an operating
frequency of 7.59 MHz, the inferred diffusion coefficient,
D, was 6.6 m%s™', corresponding to a height of ~95 km
[50]. This is a representative average ablation height for
meteors.

More recent work has extended the treatment to
recognize the role of plasma instabilities produced by
ionization gradients and E fields created by the action of
ambientneutral wind, orresulting from the action of diffusion
across the geomagnetic field [51]. The growth of instabilities
depends on the background general ionospheric ionization.
Such plasma instabilities result in meter-scale irregularities,
having a geometry controlled by the geomagnetic field,
which may result in range-spread echoes and enhanced
echo durations. The effect depends on the angle between the
radar-echo direction and the meteor trail [52, 53, 54].

In the interaction of an ablating meteoroid with the
atmosphere, the ionization along the trajectory is distributed
so that the electrons and ions are deposited over the physical
path length. This is governed by the mass-loss rate, which
depends on the track’s zenith angle, Z, so that g~ cos Z.
An echo close to the zenith would be generated by a meteor
with a near-horizontal trajectory and therefore a low ¢, and,
in consequence, low detection rates. This bias would be
responsible for the sparse meteors recorded for vertical
ionospheric-sounding antennas in the 1930s, and for
improved detection conditions using low-elevation aircraft-
seeking radars in use from 1940 to 1945.

In the case where the transmitter and receiver have a
substantial ground separation, the situation is that of forward
scatter ( ¥ not equal to 90°). The geometry becomes that of
oblique reflection, being an extension [55] to the method
outlined here.

4.4 Reflection from the
Developing Plasma

In order to complete the modeling of the time
variation of meteor scattering, it is necessary to modulate
the instantaneously formed ionization train by taking into
account the finite time interval to create the plasma column.
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This formation process is modeled by assuming that the free
electrons can be regarded as essentially confined to the axis
(so 1y ~ A). This approach permits an analysis in terms of
diffraction, where the relative phases of contributions of
segments of the forming plasma sum to provide the scattered
field. The time behavior of the body echo arises as the
meteoroid deposits ionization over increments in length at
a changing range, and therefore with changing phase. The
concept of a Fresnel “zone” (rather than “interval”), often
used in describing meteor diffraction, arises from its use in
the two-dimensional case in optical diffraction on a plane
surface, and derives from its use in describing the operation
of the zone-plate optical device. Such a zone plate is
described by annuli having successive (usually 7)
increments in phase. Such a geometry, employing a zone or
area, is not strictly appropriate in the present meteor case,
where the contributions are distributed in one dimension.
The term “Fresnel interval” or “Fresnel length” is more
realistic in the meteor case involving linear scatter, producing
a cylindrical wavefront.

The time variation of the scattered electric field and
its phase — the complex electric field — is the vector sum
from elements along the meteoroid’s trajectory, with
contributions from adjacent Fresnel intervals being 7 out
of phase. The oscillatory electric field provides the
backscattered echo, with the received power at the antenna
being

_ PTGTGr2’3O-e
2567° B

(CZ+52)q2,

r

where C and S are the Fresnel integrals. These are defined
by

X
C= Icos ﬁ]a’x
e 2
and
X
S= | sin LESA P

oo

X is the Fresnel parameter, proportional to the distance V¢
(with V' being the meteor velocity) of the scattering element
from the origin SX =0), measured in Fresnel intervals:
X= 2Vt/ (R/l)l/ . The maximum value of the resultant
electric field can be regarded as due to an effective train
scattering length of about one Fresnel interval,
o (]\70/1/2)1/2 , either side of the X =0 condition (the £
point where the trajectory is orthogonal to the radar sight
line). The resultant maximum scattering cross section
depends on the square of the number of contributing
electrons. The maximum echo power available at the radar
antenna occurs when the Fresnel parameter X =1.217.
Thus,

P, =126X10 BGrG, (A RY (C*+ )¢’

watts, with ¢ electrons m!.

The time behavior of the received signal has a close
optical analogy with the angular changes in light intensity
in the case of diffraction at a straightedge in classical optics,
or the cylindrical-wavefront radio electric field in the radio
shadow produced by an obstacle. The complex diffraction
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Figure 12. The Cornu Spiral: an
orthogonal plot of C(X) and S(X).
The distance along the meteor trajectory
from the orthogonal point on the meteor
trajectory is represented by the distance
along the curve from the (0,0) point to
the limits of £ 8.
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Figure 13. The time variation of the scattered electric
field (echo amplitude in arbitrary units) with X as the
Fresnel parameter proportional to time. The top trace
is for no diffusion; the three other traces show the
pattern of echo decay for cases of increasing diffusion.

behaves in these cases in a way described very usefully by
the Cornu spiral (Figure 12). The relative echo amplitude at
any time (and therefore the value of X) is given by the length
ofavector from the point C=-0.5, S=-0.5,( X =—),
to a point having a particular value of X on the curve. The
time variation of the echo-diffraction electric field is
proportional to (C2 + 52) (Figure 13). The variation of
phase, ¢, is described (Figure 14) by
tang=—(0.5+5)/(0.5+C). As the meteor approaches
the orthogonal position &, there is a rapid rise of the signal
as an increasing number of half-period Fresnel intervals
contribute. The phase increases monotonically (as the
meteoroid-generated plasma approaches the radar), reaching
a maximum of —7/6 (strictly, —29.4°) when X =0.57

(defining the phase as —7/4 when X =0).

As the meteoroid moves through successive Fresnel
intervals, both the signal and its phase oscillate. At the
instant of maximum ( X =1.22), about 90% of the energy
is contributed by the central Fresnel interval, extending
over a distance along the meteor ionization train of about
2 km for an ~30 MHz radar. Both the post- £, oscillatory
echo amplitude [56] and the pre- £, phase gradient [57, 58]
provide techniques for measuring the meteor’s scalar speed.
The early life of a meteor echo formed with orthogonal
geometry is dictated by diffraction, independent of the ¢
value and of whether an under- or over-dense plasma.
Indeed, the rise time of an echo can yield an estimate of the
meteoroid’s speed [59]. After the £, point, the phase, while
undergoing small (< /20 ) oscillations, may show gross
phase changes caused by the motion of the plasma in the
ambient neutral wind. This provides a technique used to
monitor the atmospheric wind field in studies over a wide
range of scales, from gravity waves to planetary waves. All
of these phase effects would have contributed to the rapid
phase behavior noted in early [26] reports.

For the case of the head echo (for example, Figure 7)
produced in the radial-reflection geometry, a similar analysis
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can be applied to make an estimate of the scattering. We will
not discuss that geometry further here, except to note the
expected difference in scattering cross sections. Since when
viewing the head plasma with radial geometry the Fresnel
sizeis ~ A/4 , the ratio of the radial to transverse scattering
Ccross sections is ~ l/ 872 R, or approximately 1076 foran
HF radar.

4.5 Critical Viewing Geometry

Some echoes may not be fully formed because of the
antenna’s angular response. Wave diffraction and the
associated phase behavior are responsible for the restrictive
orthogonal geometry governing the radar’s transverse
reflection mode. There are two conditions necessary for a
given meteor train to provide an echo: for the particular
radar line-of-sight, the central Fresnel interval should be
within the antenna’s radiation pattern; and the scattered
power should be above the detection threshold of the radar
system. As discussed above, complete echoes can be
expected in cases where a substantial fraction of the central
Fresnel zone lies within the radiation pattern. This constraint
is very strict, so that many meteors producing ionization
trails above the observer’s horizon within the antenna’s
beam but that are not formed with critically favorable
geometry are undetectable. Ifthe ¢, pointis formednear the
high elevation edge of the radar’s beam, then contributions
from pre- £, zones ( X < 0 )areattenuated, and the resulting
echo is due dominantly to ionization situated with X >0,
and the large phase growth is absent. Conversely, meteor
trains formed near the low elevation edge of the antenna’s
beam can only produce contributions from the X <0
region. Radars employing very narrow (pencil-beam)
antenna radiation patterns — so that the size of the Fresnel
interval is comparable with the physical distance intercepted
by the antenna at the echoing altitude — will sample a large
proportion of such truncated echoes.
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Figure 14. The phase (in degrees) of the scattered
electric field for longitudinal polarization with X as
the Fresnel parameter proportional to time. The
phase was normalized to a value of —45° at the &,
point when X =0.
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4.6 Additional Factors

In order to complete the description of the interaction
of radio waves with meteoric ionization trains and the
characteristics of radar signatures, there are additional
effectsthatneed attention. Their impacts depend on sampling
wavelength; the speed of the meteoroid; the state of the
atmosphere; and the finite initial radius of the plasma, a
value that depends on height and meteoroid velocity. The
finite speed means that diffusion of the train results in a
larger train radius at greater heights. The medium below the
reflection height may impose Faraday rotation of the plane
of polarization and absorption. These factors have been
previously summarized [60].

5. Conclusions

It has been 80 years since the earliest radio reports of
transient ionospheric echoes that were recognized in due
course as meteors. Early investigators of the ionosphere
sought to understand the fleeting phenomenon of nature
that radio transmissions detected, while theoretical work
was later able to formulate our understanding of the echo
signatures. Radar meteors are now a valuable tool in many
areas: atmospheric probing of density, temperature, and
wind-field behavior (for example, [61]), in height regimes
difficult to access by other means. They are a tool that
opened up a whole new perspective of astronomical
monitoring of objects impacting into the Earth’s atmosphere
and the solar system dust cloud. Radar techniques allowed
us to measure the speed of meteoroids through the
atmosphere and, using multiple sites, to determine their
orbits in space [62, 63].
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