Working Note on the Origin of Radar Doppler Shifts 
from Meteor Ionisation Trails
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1        Introduction

This note is prepared in response to a question from the Lockyer Meteor Observatory 1 concerning the Doppler shift observed from Meteor radar echoes. The question raised is reproduced below:
My name is Justyn Davies and I am a member of the Norman Lockyer Observatory ( http://projects.exeter.ac.uk/nlo/Home~EN.php ) down here in Devon. We have an active meteor detection group (http://www.tvcomm.co.uk/radio/nlo_live1.html ) and I have been discussing just what Doppler shift one would see from a meteor. I thought I would contact you after reading your document 'Detection of Meteors by Radar'.

My problem is that I do not understand why one would get a doppler shift from the meteor ionisation trail. My colleagues say, as do you in your document, that there is a doppler shift due to the line of sight motion of the ionisation trail.

It seems to me, however, that the ionisation trail is actually stationary, other than being blown by whatever wind exists up there. It is left behind the meteor just like a jets vapour trail, and hence will not produce a doppler. I liken it to a row of cars turning on their lights in sequence. The amplitude of the signal increases, and the distance increases/decreases, but the frequency is not shifted.

I can see that a shockwave or similar associated with the meteor itself would give a Doppler, but is there such a thing ?

As you can see from the NLO meteor site ( http://www.meteorscan.com/meteor-live.html ) the meteor reflections are typically (and consistently) at an offset of ~1000Hz,  and a large signal has a typical cross section of around 500Hz.   I'm not sure how to interpret these values, radio not being my thing, but 1000Hz corresponds to about 2000m/s for the Graves transmitter. A bit slow for a meteor, even allowing for line of sight.

So I have difficulties with the explanation of the apparent Doppler, the consistency of the meteors appearing at an offset of ~1000Hz and the meaning of the frequency spread. Can you help ?  As it looks like I'm the only person that questions the Doppler, I'm sure I'm missing something, probably something blindingly obvious. But what ?

In what follows I will try to put forward some ideas, largely taken from the accessible appropriate literature on meteor trail formation and its interaction with electro-magnetic waves, that  may offer some answers.  I do not suggest that any of these fully explain the complex physical processes of ionisation generation or the interaction of the time evolving plasma with radio waves. Referenced material is in black: the author’s speculative comments are in dark blue text.
2          The Generation of Ionisation by Meteors

Consider the situation described in Figure 1. Here we have a meteor particle made up of several types of material depending on the overall meteor type. Some may contain significant amounts of carbon, silicates or metals. These materials will all contribute to the overall ablation in different ways.
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Figure 1    A general picture of the Ablation of Meteorite Particles

There may be three processes which contribute to meteor ablation, each of which could be operative at different heights in the atmosphere. They are:
· Heating and vaporisation by collision with air molecules

· Shock wave radiative heating

· Particle sputtering
2.1  Molecular Collision Models

The literature contains details and mathematical solutions to rates of ablation by collision and sputtering processes and stresses the range of heights at which they are effective.
D.W.R  McKinley2  produced the key work on meteor ablation in 1961 entitled ‘ Meteor Science and Engineering’.  Many authors in the literature quote this work.  
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P. Colestock, S. Close and John Zinn3 state that the plasma surrounding a meteor head falls into several regimes which depend on the collision rate with air molecules.  They derive an expression that gives a means of calculating the mass deposition profiles. The particle mass decreases quickly with increasing air density, hence with the altitude, as shown in Fig. 2.

Figure 2    Mass loss of a Meteor descending through the Atmosphere
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This shows the mass variation with altitude, parameterized by initial mass.  The typical mass of meteors as given by Colestock et al is that shown in Figure 3.
Figure 3  Mass distribution of Meteors in a Typical Shower

Colestock et al have produced a model of meteor mass loss when a micro-meteoroid impinges upon the upper atmosphere and air molecules and atoms impact the body with a large mean energy in the range of 200-800 eV. 
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The rate at which material is evaporated from the meteor is given by 

Where v0 is the incident velocity, S is the projected area of the meteor, E0 is the heat of ablation,
 mair  is the mean mass of the air mixture, and nair is the air density at a given altitude.  If we define 
ρs as the mass density of the meteor and assume a spherical meteoroid, we can express the rate of mass loss per unit path length as
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If we further assume the meteor impinges upon the ionosphere with a zenith angle θ, and take the air density to vary over a scale height H, according to
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then the rate of mass variation with altitude is found by evaluating
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Now if we define Z T as the terminal altitude where m = 0 , then we have
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In the above, m0 is the initial meteor mass and they have made the implicit assumption that the velocity is nearly constant over most of the meteor’s path. This expression gives a means of calculating the mass deposition profiles as shown in Figure 2. It is worthwhile to note that there is some uncertainty regarding the heat of ablation E0. They have taken a value that gives best correspondence to the measured altitudes using high-power radar scattering (E0 = 5×1010 erg/gram).
2.2  Shock Wave or Ram Heating Ablation
Some in the literature 4 have stressed the importance of ablation by radiative heating from the shock front caused by the high supersonic velocity of meteors as they enter the atmosphere.  It is suggested that ram pressure heats the meteoroid.  When a gas is compressed at a shock front it gets hot.  A meteoroid, moving at 33,500 mph (15 kilometres a second) or more compresses the air in front of it violently.  The air itself gets very hot, which is what contributes to vaporising the meteoroid.  A good guide to shock wave physics can be found on the NASA web site at 5.
The shocked air sits in front of the meteoroid, a few centimetres away (depending on the meteoroid's size) in what's called a standoff shock. Between the shocked air and the surface of the meteoroid is a relatively slow-moving pocket of air.  The surface of the meteoroid melts from the heat of the compressed gas in front of it, and the air flowing over it blows off the melted portion. The meteoroid's high velocity provides the energy for all this heat and light, which rob it of speed. When it falls below the speed of sound, the shock wave vanishes, the heating and ablation cease.
2.3 The Effect of Sputtering

Conventional meteoroid theory assumes that the dominant mode of ablation (which we will refer to as thermal ablation) is by evaporation following intense heating during atmospheric flight. Light and plasma production results from excitation of ablated meteoroid atoms following collisions with atmospheric constituents. Conventional meteor ablation theory (see e.g. McKinley 1961; Ceplecha et al. 1998)  assumes that ionisation and light production from the atmospheric passage of meteors is a consequence of atomic collisions with ablated meteor atoms. The ablation of meteoroid material is assumed to occur in an intensive manner following the time that the meteor reaches the boiling point.  Physical sputtering is an atomic cascade process whereby bombarding particles incident on a meteor collide with surface atoms, thus dislodging them from the lattice through a transfer of energy. The displaced lattice atoms – as well as the particle  – then undergo collisions with other lattice atoms, dislodging them, and a chain reaction of collisions ensues. Atoms that reach the surface with sufficient energy to overcome the surface potential barrier will escape into the surrounding atmosphere.
 In their paper6  L.A. Rogers, K. A. Hill & R.L. Hawkes  consider the question of whether sputtering may provide an alternative disintegration process of some importance.  For meteoroids in the mass range from 10–3 to 10–13 kg and covering a meteor velocity range from 11 to 71 km/s, they numerically modelled both thermal ablation and sputtering ablation during atmospheric flight.
 They found that while in many cases (particularly at low velocities and for relatively large meteoroid masses) sputtering contributes only a small amount of mass loss during atmospheric flight, in some cases sputtering is very important. For example, a 10–10 kg porous meteoroid at 40 km/s will lose nearly 51% of its mass by sputtering, while a 10–13 kg asteroidal meteoroid at 60 km/s will lose nearly 83% of its mass by sputtering. They argue  that sputtering may explain the light production observed at very great heights in some Leonid meteors. They conclude that the impact of their work will be most dramatic for very small meteoroids such as those that can be observed with large aperture radars.
3  Detailed Plasma generation Models
3.1   A General Model

Colestock, Close and Zinn3  have proposed a model for the nature of the plasma plume that surrounds a meteor when heated by various mechanisms to the point of vaporisation.

The model is quite complex and they do not give a complete treatment over all wavelengths. They focus on the identification of significant mechanisms that determine the size, density and geometric configuration of the plume, leaving aside more detailed treatments of issues such as stability and interaction with the background ionosphere. 
The plasma surrounding a meteor head falls into several regimes which depend on the collision rate with air molecules, hence the altitude  -  See Figure 4.
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Figure  4 Altitude Dependence of Meteoroid Plasma Regimes.
The plume development falls into separate regimes depending on whether or not the plasma particles are magnetised in the geomagnetic field.  Moreover, collisions with background neutrals determine whether the plasma exhibits significant collective effects.  In region 1, there are few neutral molecules and hence little ionisation.  What perturbations may be created obey an Ohm’s Law. This is the regime of ideal MHD, however densities are sufficiently low as to be of little practical interest.  In region 2 in the figure, we have the following inequality
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Namely, the meteor radius is much smaller than either the electron or ion Larmor radii. Moreover, the mean free-path for electron neutral collisions is typically larger than the electron Larmor radius.  In the case when collisions are sufficiently weak, namely at high altitude, plasma collective effects are important. In this case, referring to Figure 5, the plasma behaviour falls into separate regimes depending on the distance from the

meteoroid.  We see that at distances such that r <rLe , then neither electrons nor ions are magnetized, and hence ambipolar diffusion dominates.  It can be assumed that electron and ion temperatures are roughly equal, hence the electrons move more rapidly and establish an outward-pointing electric field close to the meteor.
Beyond the ambipolar region, the electrons become magnetised in the geomagnetic field (rLe ~ 5 cm), but the ion Larmor radii are much larger and follow nearly straight line orbits. However, estimates of the plasma density in the bulk of the plume show that the condition
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holds, which ensures that collective effects are important in this region. There are two important collective effects: first the plasma in the interface between the field-free region and the background medium experiences charge separation which causes a strong forward drift motion. Although the magnetic field strength in the background geomagnetic field is weak, a slight bending of the particle orbits in this field causes a charge separation in the v x B direction as shown in Figure 5. The resulting E-field causes an E x B drift in the direction of the meteor motion, maintaining the plasma plume at fixed distance from the meteor. This fact is a consequence of Ohm’s Law in the nearly collision-less portion of the meteor path (> 80 km).
Figure 5      Geometry of the Meteor Plasma Plume
Secondly, the plasma can exhibit strong diamagnetism as it expands, creating a bubble of magnetic field-free region around the meteoroid head. The expanding material carries with it the captive field lines, resulting in a shell of plasma which carries with it ring currents that cancel the geomagnetic field, as shown in Figure 6.
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Figure  6 Diamagnetic Bubble created by Expanding Plasma.
Energetic radiation may be generated in a thin boundary layer
Colestock et al  note that near the edge of the plume, the electric field drops as the plasma density decreases, producing a slower E x B velocity than that required to maintain the meteor speed, hence there is slippage of the plasma along the plume surface. Moreover, there is drag created by collisions with neutrals that tends to increase the slippage. 
It is to be expected then, that the ionisation near the edge of the plume will have a slower velocity than the meteor particle.

The plasma immediately in front of the meteor is moving close to the meteor particle speed and forms the basis for the generation of Radar head echoes.
3.2   Head Echo Plasmas
Meteor head echoes are radio waves scattered from the intense regions of plasma surrounding and co-moving with meteoroids during atmospheric flight7.  Head echoes were

first reported by Hey et al. (1947)
Close, Brown, Campbell-Brown, Oppenheim and Colestock8 deal with the subject of head echoes.  For over a decade prior to the mid 2000’s, High Power Large Aperture (HPLA) radars had been detecting head echoes with peak velocity distributions >50 km/s. These results created some controversy within the field of meteor physics because previous data, including spacecraft impact cratering studies and optical and specular meteor data, indicated that the peak of the velocity distribution should be <20 km/s.  There was therefore a question of whether HPLA radars were preferentially detecting high-velocity meteors. 
They used scattering theory to convert measured radar-cross-section (RCS) to electron line density and mass, as well as converting modelled electron line density and mass to RCS. They subsequently compared the dependence between mass, velocity, mean-freepath,

RCS and line density using both the measured and modelled data by performing a multiple, linear regression fit. They found a strong correlation between derived mass and velocity and showed that the electron line density is approximately proportional to mass times velocity. 
The plasma that forms when a meteoroid enters into the Earth’s atmosphere is typically categorised into the specular trail, the non-specular trail, and the head echo plasma;  these plasmas form between approximately 140 and 70 km altitude. 
A specular trail reflection occurs when the radar beam lies perpendicular to a meteoroid’s trajectory and the meteoroid plasma fills successive Fresnel zones. A non-specular trail reflection occurs when a meteoroid travels quasi-parallel to the radar beam and scatters as a result of field-aligned irregularities. Head echo plasma is the plasma immediately surrounding the meteoroid that moves approximately at the meteoroid’s velocity.
While specular trail reflections have been observed and largely understood for many decades (Baggaley, 2004),  most notably due to their strong returns, non-specular trail reflections and head echoes have remained more elusive.  Specular reflections produce a much stronger radar return than the other types and are consequently detected more often by relatively insensitive receivers such as those used by amateur observers of meteor trails.
Head echoes were first detected in 1949 (McKinley and Millman, 1949) but only sporadically studied until the 1990s. Since this date progress on head echoes has been achieved through the use of high-power large-aperture (HPLA) radars such as Arecibo,  EISCAT and the Millstone Hill Radar.
It can be concluded from this work that head echo plasmas have velocities similar to that of the meteor particle, although these can be more difficult to observe that the strong reflections from specular trails producing Fresnel Zone returns that show consistently lower velocities.
The velocity of the plasma swept back along the tail will be lower than the head plasma as discussed in section 3.1. The plasma lifetime is long enough that it will not be exhausted before it becomes stationary – depending on altitude.
3.3  Plasma Instability Model

Meteor trails will have larger radii at higher altitudes because ablated meteor particles will random-walk through the less dense atmosphere to larger distances as they cool.

The details of these parameters are dependent on meteoroid properties such as meteor velocity and composition.  As a meteor impacts the upper atmosphere, it ablates particles

with substantial kinetic energy, i.e. an individual particle travelling at meteor velocities. These particles usually ionise upon their first collision and then thermalise in less

than a millisecond at 100 km altitude (Baggaley and Webb,1977).  During the thermalisation process the line density expands to an initial radius, ri .  It is during this stage that the original meteoroid velocity plays an important role.  Faster meteoroids ablate particles with higher velocity that become “hotter” trail ions. These hot ions will thermalise to larger

radii than particles produced from slow meteors.

Dyrud,  Denney, Close, Oppenheim, Chau and L. Ray 9 have proposed a somewhat sophisticated model of meteor ionisation trail and head echo formation that takes into account plasma instabilities.  Their paper presented for the first time radar observations of

non-specular meteor trails that have been used for the derivation of meteoroid properties. They demonstrate the technique and results from using non-specular trails to derive the velocity of the meteoroid that produced the ionisation trail.
Dyrud et al. (2002) demonstrated that meteor trails are unstable over a limited altitude range, and that the precise altitudes of instability are dependent on the meteoroid that generated the trail.  Since meteor trail instability results in field aligned irregularities (FAI) that allow for radar reflection, non-specular trail observations may be used to derive velocity.  See Figure 7 for the instability zone that produces the non-specular return.
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Figure 7    Field Aligned Instability Zone
They used the ALTAIR radar data of both headechoes and non-specular trails to test non-specular trail derived velocity against head echo velocities. They found that meteor velocities derived from non-specular returns from zones of plasma instability match to within 5 km/s when compared with head echo range rates from the same meteor.
The results from this study showed that velocities are found to be close to 50 km/s, which is comparable with modern head echo studies.

3.4  Specular Reflection
W G Elford’s 2004 paper10 gives a good introduction to specular reflection from meteor trails.  He cites N. Herlofson as being  credited by Ellyett and Davies (1948) with recognising that as a meteor trail is formed within the beam of a radar the fluctuations in the echo amplitude are the radio analogue of the optical diffraction at a straight edge of a half-plane.  Further, it was realised that a record of these fluctuations could be used to determine the speed of the meteoroid producing the trail.
G. Stober, Ch. Jacobi 11  in a 2007 paper, consider meteors travelling with velocities between 12-72 km/s through the atmosphere which is heated up by colliding with the air molecules. When the surface of the meteoroid reaches a temperature of about 1850 K (Baggaley [2002]) the mass ablation process starts. Hence the mass ablation starts in an altitude of 70-100 km. The typical impacting species are O2 and N2. Since the ionization potentials of O2 and N2 are higher than those of the meteoric constituents Ca, Fe, Mg, Si and Na the plasma trail includes mainly metallic ions.
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In the case of back-scatter radar, the strongest signal is received, when the meteor is passing the specular condition.  That means the point where the meteor velocity vector is perpendicular to the radar radiant vector as shown in Figure 8a. 

Figure 8a    Geometry of Meteor Specular Reflection
The radar reflection shows typical Fresnel zones, the detail of which can be used for meteor velocity determination. An important point to note here, is that the strongest signal is received from the section of the meteor trail where the radial line of sight velocity component of any plasma moving with the meteor - is at a minimum.
The length of the meteor specular reflection zone, where the phase of the return signal is within plus/minus /2 at the frequency of the Graves Radar (143MHz) with a path length of 1000km  is about 1.2km and subtends a very small angle of 0.0570.
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Stober & Jacobi have produced a set of theoretical radar return signal amplitudes as a function of Fresnel zones which is reproduced in Figure 8b.
Figure 8b Fresnel oscillation of a specular meteor reflection
for different decay times, plotted in Fresnel zones.
The rate at which the Fresnel zone signal ‘oscillates’ can lead to the computed velocity of the meteor. This method does not rely on information about any line of sight (LOS) Doppler shift that arises from plasma velocities normal to the meteor track. 
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It appears from the literature that this method of determining a meteor’s velocity is not as accurate as that obtained from head echoes using high power large aperture radars (HPLA). These are capable of measuring the return from low RCS head plasma which moves with the velocity of the meteor. However useful results have been produced and examples are shown in Figure 9.
Figure 9   Example of Meteor velocity distribution using Specular Reflection Technique
4  Plasma Velocity around the Meteor – Various conjectures
4.1  The Literature review

Relevant accessible* literature concerning the generation, distribution and lifetime of plasma generated around a meteor in the Earth’s atmosphere has been reviewed in order to understand and simplify the very diverse and complex processes involved.  It has not been possible to find a useful professional review paper that gives a clear description of the general distribution of plasma density and bulk velocity along a meteor trial. 

In what follows the author has tried to synthesise from the literature available, a general picture that may allow us to develop a view of whether the reflecting plasma in the trail is essentially stationary – or is continuing to flow in bulk with a substantial velocity.
In the foregoing, we have seen that the plasma generated around the meteor moves with different velocities depending on where it is in relation to the meteor particle. The distribution of plasma velocity is complex, depending in part on position in the plume being considered and the meteor altitude. The highest plasma velocities are in front of the meteor particle and reduce to lower values as a function of radial distance from the meteor track - and position behind the meteor particle. The plasma is being continuously created by ablation and extinguished by recombination and collisional absorption with neutral air molecules at rate depending on atmospheric density and chemistry.  A key statement is made in a paper by  Zinn,  O’Dean , Judd, Douglas &  ReVelle12 :    “We find that the dominant energy deposition in the atmosphere is associated with the stopping of the ablated meteor particles and vapour by the surrounding air.”
4.2  Speculation on plasma velocity

This strongly suggests that following the generation of the plasma near the meteor the subsequent ‘chain’ of random collisions between the energetic meteor material ions and the surrounding air results in a diffusion of energy as the plasma spreads radially out to form a plume with a diameter of a few metres -  and loses most of its bulk forward motion?
Whilst this is speculation – not clearly evidenced by the literature that has been reviewed – it seems probable that the bulk of the plasma in a meteor trail is stationary, or only moving along the meteor trail with a small velocity?  The trail diameter varies with height but is between 1 and 10m. With the trail persisting for say 1 second, the bulk radial velocity can only be a few metres/second (if we assume the same plasma ions expand outwards from the meteor track?).  This velocity would not be registered as part of a specular radar reflection.  We are then left with the question of how to interpret the Doppler shifted returns of a few km/s commonly seen when using the Graves CW radar.
 *The most recent literature is not always freely available.  eg the paper by Zinn,  O’Dean , Judd, Douglas & ReVelle costs $31
4.3   Accounting for the Observed Small Doppler shifts
Let us consider the situation depicted in Figure 10.
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Figure 10      A Representation of the main features of a Meteor Trail

This diagram is a much simplified version of the very complex processes that have been discussed in the review of the literature in the previous sections. A clearer picture of the key factors may help to understand the origins of the observed Doppler shifted signal - of a few kHz at 143MHz.

From the literature we know that:

1. The plasma at the head of the meteor moves at the high velocity of the meteor.

2. The RCS of the plasma head on is small.

3. The trails are tens of kilometres long

4. The plasma diffuses outward to a diameter of 1 to 10m.

5. The trails last for around 1 second.
6. The process of energy transfer from excited meteor atoms and ions to the surrounding air is via random collisions, which spreads the forward momentum into a volume – and reduces the plasma flow velocity from the head?

7. The largest radar returns are obtained in the case of specular reflection where the observing direction is nearly normal to the meteor track. Thus any LOS Doppler shift due to any remaining bulk plasma flow will be small.

8. The geomagnetic field plays a role at some altitudes in plasma instabilities leading to field aligned irregularities which can scatter the radar signal at non specular angles.

In the case of amateur meteor radar observations with commercial grade receivers when using the Graves CW Radar, it is probable that the strongest returns will be obtained under specular reflection conditions where the RCS is large.  In such cases the resolved LOS Doppler shift is likely to be due to the decelerating - (possible stationary) -plasma plume and will be a small fraction of the ‘head plasma’ velocities of around 20km/s.  Any Doppler shift from the radial expansion of the plume is so small it can be ignored
It is unlikely that an amateur receiver will detect many highly Doppler shifted returns from head echoes for three reasons:

· Fewer meteors will appear head on than at all other angles

· The head echo RCS is small and the returned signal level will be low

· The bandwidth of commercial communications receivers using SSB demodulation is limited to a few kHz.  To detect the full Doppler shift from a 70km/s head plasma requires a bandwidth of 33kHz at 143MHz.  Thus any observed Doppler shifts would be limited to around 3kHz, equivalent to ~6km/s
These arguments suggest that amateurs are unlikely to see high Doppler shifts from meteors.
4.4   Head plasma flow Conjecture
Under conditions of specular reflection, where the signal is strong and the LOS is virtually normal to the meteor track, especially if the plasma in the plume is near stationary, we would see little or no Doppler shift.

We also know that it is difficult to detect head plasmas with full high velocity Doppler shifts without HPLA radars. However, the case of a ‘moving reflector’ provided by the outflow of the decelerating head plasma may help to partly explain why we sometimes see Doppler shifted echoes of a few kHz from the Graves Radar.

We know that the head plasma is continually being generated at the positions of the meteor and that the plasma expands and decelerates. If there is some ‘flow’ of plasma away from the head - and this persists for some distance along the plume leading to a reasonable RCS - it is possible to speculate that one might get a Doppler return from it.  If successive ‘head plasmas’ simply expand spherically and become stationary very quickly there will be no appreciable flow – and no Doppler shift? If we consider there to be some flow, then we may consider the situation in Figure 11.
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Figure 11   Conjecture on Head Plasma Flow
The success of this conjecture depends on two things:

· There is some bulk plasma flow from the heat into the tail

· There is a sufficient RCS away from the direction of meteor travel that an incident signal from some angle could produce a detectable return

If this is so, then it is conceivable that there would be some LOS Doppler shift from the moving plasma. The resolved velocity would be small compared to the meteor velocity. There is a concern though, that the plasma might need to be ‘lumpy’ to produce the required scattering?
Depending on how far the plasma flows along the plume – and the shape of the plume - the RCS could be larger than the head on RCS and return a stronger signal?
It must be emphasised that this is pure speculation and is probably incorrect, as there is little to support either of the two conditions being valid in the literature. 
4.5   Moving reflector conjecture
Some interesting insights into the complexity of meteor generated plasma are contained in a paper by Y. S. Dimant , M. M. Oppenheim  and G. M. Milikh13.
They comment that meteor plasma trails often extend over many kilometres in length, while their diameter is several orders of magnitude smaller.  In the course of relatively slow trail diffusion, the trail length remains nearly constant, while its transverse sizes vary from several meters to tens of meters or even more, until the dense trail effectively disappears.
 The diffusion coefficient is inversely proportional to the neutral atmosphere density that decreases with increasing height, approximately following the barometric formula. Due to this, the trail should have a trumpet-like shape with a larger trail diameter at higher altitudes.
The strong electric field induced in the near-trail region, especially its component parallel to B, can energize electrons due to pitch-angle scattering caused by frequent collisions with neutrals.  Such energisation is efficiently spread over all angles in the velocity space, resulting in nearly isotropic electron heating.  Indeed, for electrons with energies below 2eV, the average fraction of electron energy loss during one inelastic or elastic collision with neutrals  is small, since in this energy range colliding electrons cannot excite efficiently vibrational and electronic levels of neutral molecules.  At the same time, after the collisional impact they easily change the direction of motion, so that the electron velocity distribution becomes nearly isotropic with the small mean directional speed.

Their analysis shows that sufficiently dense and long meteor plasma trails in an external (Ionospheric) DC electric field result in a number of potentially observable features. The ampliﬁed electric field can drive plasma instabilities in the near-trail ionosphere, which complements similar effects within the trail caused by the ambipolar fields associated with the trail diffusion.
The electric field near the trail can acquire a significant component parallel to the magnetic field.  Because this is the direction of high electron mobility, the parallel electric field can locally heat ionospheric electrons to the temperatures in the 1 eV range.
If we accept the view that a meteor produces plasma around it which very quickly diffuses widely within milliseconds and becomes stationary, then almost all the trail is formed from stationary plasma with a lifetime of a second or so. The only velocity in this picture is associated with the changing positions at which, essentially, a succession of plasma fronts is being generated. This is depicted in Figure 12.
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Figure 12    The Extending ‘stationary plasma column’ model
In this view, we consider a succession of three time steps t1 to t3 at positions p1 to p3. Although the plasma following the head of the trail is assumed to quickly become stationary, it is clearly the case that a series of radar reflectors is being continuously and smoothly created as the meteor moves forward.  A ‘head on’ incident wave will see a reflector moving its position with a velocity V. If we imagine a metal plate moving forward, instead of a plasma front, then one would not be surprised to see an imposed Doppler shift on the return signal.

The plate (or plasma front) will have some RCS function with angle from the meteor velocity and although the amplitude of the returned signal at some angle from the meteor velocity vector will depend on the RCS function, the signal will always carry some Doppler shift depending on the LOS velocity component in the direction of the receiver.
One issue that arises however, is the signal strength of the returned wave from the head plasma region compared to that from a normal incidence specular reflection. 
Does the RCS of a moving plate (plasma front) scatter enough signal to be observed? What would a CW radar return look like from the situation described in this model?
A great deal will depend on the geometry of the observation ie the location of the radar source, receiver and the direction of the trail.  Without a mathematical description of the geometry we cannot answer this question in detail. However it should be possible to make clear some points. 
Given sufficient illuminating power from a radar source at some general angle from the meteor vector – and given sufficient plasma front RCS in the direction of the receiver, one would expect to see a return signal with a changing Doppler shift with time as the LOS resolved component changes with the geometry.  If the meteor is slowing down, this resolved velocity component would further decrease with time.  (However many of the plasma generation models in the literature assume a meteor particle has a near constant velocity until its mass is exhausted).

Would there be a geometrical arrangement of radar source, receiver and meteor track where the LOS velocity would decrease with time – as is sometimes observed?
If we take it that the initial return signal from the meteor would show some type of Doppler shift depending on geometry, what might we see at later times? The moving plasma front will at some point cease to develop (due to meteor mass being exhausted being too low in the atmosphere) and a Doppler signal will disappear. However the stationary plasma trail may still exist (lasting for 1 second or more) and a strong signal may be expected from this large conducting object with a high RCS. It will though have little or no Doppler shift. High altitude winds may impose some bulk movement on the trail, or it may break up due to shear winds – and in such cases some small Doppler shift will be imposed on the signal.

The foregoing suggests that returned signals may sometime have two clear components (ignoring wind effects for the moment) – a high Doppler weak signal component and a stronger signal with little or no Doppler shift. In measurements made by the author of meteor reflections from the Graves Radar, returns with these characteristics have commonly been seen.

In the next section some examples will be given and may help to support the ‘moving reflector conjecture’ with near specular reflection geometry.
5   Doppler Shift Measurements
5.1   Background

Measurements were made in 2010 of the Orionids (October) and the Leonids (November) and also during 2011. Many thousands of meteor echo returns were obtained using the Graves CW Radar on 143.050MHz.  Whilst many of these were very brief signals with no Doppler shift from under-dense meteor plasmas, a good proportion were of a complex make up,  including what the author has described as ‘hooks’ 14 , which will be discussed presently. 
[image: image25.png]Time sec_Frequency kHz Time difference

0 [
5] 015 01
013 04 0.03
016 065 0.03
019 062 0.03
02 107 0.01
025 13 0.05
027 155 0.02
03 7 0.03
033 203 0.03
036 223 0.03




The approximate geometry of the Graves measurements with a receiver located in the southern UK is given in Figure 13.  A meteor track has been assumed for the purpose of discussion.
Figure 13   Geometry of a Graves Radar measurement with a Receiver in the Southern UK
The radar return signals were received using a commercial communications receiver, an ICOM (IC-R7000) with single sideband (SSB) demodulation. The radio was tuned to a frequency just off from 143.050MHz by about a kilohertz which gave an audible tone from the carrier frequency of approximately 1.2kHz.  This equates to a zero Doppler shifted signal on the ‘Spectrum Lab’ display.
The SSB demodulated tones were analysed using Spectrum Lab 15 and SpectraVue16 software spectrum analysers. The display for Spectrum Lab is shown in Figure 14 with the spectrum plotted in yellow on the right of the picture. The main body of the picture is a waterfall plot of the spectrum with time running horizontally from right to left with markers every 10 seconds.
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Figure 14    Frequency Calibration of Spectrum Lab Display
This figure shows the signals injected from an HP 8660C  RF synthesiser into the receiver at a range of frequencies from  143.049MHz to 143.058MHz. The SSB demodulation produces audio tones that decrease in pitch for a higher RF frequency. Thus radar returns with a positive Doppler shift (higher frequency) appear below the zero velocity line and those from receding sources with negative shifts appear above the line.

5.2    Recorded radar returns – ‘hooks’
Figure 15 shows an example of a return with two distinct parts: a trace indicating a rapidly decreasing Doppler shift, followed by a stronger signal with no Doppler shift, suggesting a stationary reflector. The first part of the trace is faint indicating a relatively weak return. The signal strength increases as the Doppler shift falls to zero, when the signal becomes quite strong and persists for about a second.
Such a behaviour may be consistent with the expected return from a moving plasma head reflector leaving behind a near stationary trail.
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Figure 15    A ‘Hook’ echo comprised of two sections
Other examples are given in Figures 16 and 17.
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Figure 16   A ‘Hook’ return showing evidence of rapid fading
In Figure 16 the form of the echo has the same two parts as in Figure 15, but also shows evidence of rapid signal fading as the Doppler shift reduces to near zero. This could be interpreted as the establishment of a high reflectivity Fresnel Zone reflection.
In 2011 similar echoes were obtained using a different measurement system. The communications receiver was replaced by a software defined radio (SDR) known as the FunCube Dongle 17 and SpectraVue was used as the spectrum analyser. The same ‘hook’ shaped echoes were observed- see Figure 17.
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Figure 17    A ‘Hook’ echo obtained with an SDR receiver and SpectraVue Analyser
In this figure we see the Doppler shifted section occupies a wider frequency range than in the previous figures. Here the Doppler shift is about 1kHz which represents a velocity change of ~ 2km/s. This is a particularly strong echo* – at least 50dB above background level and this may explain why the Doppler section can be seen over a larger velocity range.
Again, this type of ‘two part ‘radar return may be considered to be consistent with the ‘moving reflector’ explanation of meteor trail formation.

Not all echoes received from the Graves Radar of the ‘hook’ type and the question arises as to what proportion of echoes have this interesting form and whether they occur under geometrical circumstances when the meteor track is such that components from both the moving ‘plasma reflector’ and the static trail can be observed?
The author has examined the number of occurrences of different types of echo measured during the 2010 Leonids18. The results show that ‘hook’ echoes are the fourth most common type.
*An audio recording of this echo is available.

5.3  Distribution of Radar returns by Type
It is important to know how representative the ‘hook’ type echoes are in the general population of returns, to try to understand how they may be created and what their significance may be. The author suggest that this type of echo, whilst not the most common, may arise when the observation geometry of the meteor trail is just right to illustrate the way the meteors create ionisation trails.
In 18 we analyse the type of meteor echo traces produced using the Spectrum Lab spectrum analyser for the 2010 Leonids, by first defining a set of categories into which different traces can be put.  The classification of echo trace types is given below:
Several classes of echo were defined by their length and shape. 

They included the following: 

1   Short point-like echoes. These are thought to be the most numerous. 

2   Slightly longer short linear echoes of less than 1 second length. 

3   Long linear echoes of up to 5 seconds long. 

4   Very long linear echoes of any length over 5 seconds. 

5   Hooked echoes of any length. 

6   Fast incoming echoes with near vertical traces. 

7   Long slanting echoes of any length – probably satellites. 

8   Complex multi-line plots of any length. 

9   Miscellaneous echoes that do not fit any category above - or have multiple  echoes of different types on the same plot. 
 An example analysis of one day’s echoes is given in Figure 18 (a &b)
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Figure 18 (a & b)  Counts of different Echo type for 2010 Leonids
The ‘hook’ type echoes are 22% of largest category (2) and 8% of all returns.
5.4   A geometric Analysis

It is suggested here that these ‘hook’ echoes arise in the situations similar to that depicted in Figure 13, where perhaps the meteor track is such that it can create a true specular return where the line of sight velocity at some point is zero. The meteor might be detected at high altitude (200km) , passes through a specular reflection position at around 100km altitude and continues until extinction at around 70km.  With this situation in mind we can look at some of the properties that a CW radar echo would have during the lifetime of the meteor and compare this with what is seen in typical ‘hook’ returns.
Making some simplifying assumptions in the geometry, by taking a ‘flat Earth’ and a mono-static radar, we can generate the geometry shown in Figure 19.
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Figure 19  An Example Specular reflection Meteor Trail Geometry

In this example we calculate the following:

· The elevation angle at which the meteor might begin to generate plasma at an altitude of 200km is ~ 11.40.

· The specular reflection point has been set at an altitude of 100km and this occurs at an elevation of ~5.70.

· The meteor ceases to generate plasma at an altitude of 70km which has an elevation angle of ~3.90.

· The LOS velocity component of a meteor with a velocity of 20km/s, when the meteor is at 200km is 3.96km/s. The Doppler shift of a 143MHz signal is +1.8kHz.

· The LOS velocity of the meteor with a velocity of 20km/s, when the meteor is at 70km is ~ -0.6km/s. The Doppler shift of a 143MHz signal is ~ -0.29kHz.

These Doppler shift values are reasonable and encompass those measured using the Graves radar, a communications receiver with SSB demodulation and Spectrum Lab software as exemplified in the ‘hook’ echoes. The measured Doppler shifts are generally lower than the calculated ones, but the simplifying factors in the geometry need to be taken into account.
The general conclusion here is that a ‘moving reflector model’ - where the plasma at the head of the meteor reflects radiation and imparts a LOS Doppler shift to the return and then rapidly expands and becomes stationary, forming a long lasting trail – appears to be broadly consistent with the specular reflection geometry and the ‘hook’ echo measurements.

5.5   Further analysis of ‘Hook’ Echoes
If we look in detail at Figure 16 it can be seen that there is a fading type signal that appears to continue past the zero LOS velocity point, possibly representing an echo from a receding plasma? Following from the geometry in Figure 19, there could be some radar return past the specular reflection position - at least for a short while until the plasma ceases to be generated at an altitude of 70km due to meteor burn out. The calculations suggest that the LOS velocity would be such that the Doppler shift should be minus a few hundred Hertz. 
The plasma trail would continue to add Fresnel zones past the specular reflection point and this would show up as a continuation of the amplitude modulation of the return. This could be what is seen in Figure 16 and the expanded detail in Figure 20.
The LOS receding velocity on the plot is about 0.12km/s rather than 0.6km/s, but this may be due to various factors including the reduction in returned signal when observing in ‘tail on’ direction if the head plasma RCS is reduced from a forward looking position?

Indeed, the general question of the RCS of the head plasma needs to be examined to understand if a radar return can really be obtained from a moving plasma ball at large angles to the meteor velocity vector. This is discussed in the next section.
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Figure 20   Evidence of Receding Meteor Head Plasma?
In this figure we only see the echo begin at around 1km/s and end at about -0.12km/s. If the receiving system was more sensitive and / or had more dynamic range we might see the weaker parts of the echo outside of this velocity (frequency) range. However, to a first order, the Doppler shifts measured are in keeping with what one might expect with a monostatic radar, from a 20km/s meteor descending along a track at ~840 to the horizontal, as in Figure 19.
6          Meteor Plasma Radar Cross Sections& Echo Amplitudes
6.1     Configuration of the ‘head plasma’
In this section we will take the information gathered from the literature review and assume that the meteor ablation (however it is caused) creates a region of plasma around the particle that diffuses rapidly into an approximately spherical shape around 1 to 10 metres in diameter.  There may initially be some intermediate region where the plasma ball has a bulk forward velocity before the tail which is left behind becomes stationary.  Almost all the plasma along the length of the tail will be assumed to be stationary.

The developing front of the plasma ball will therefore be modelled as a sphere connected to a cone or a cylinder, as such shapes have been used in Finite Element Electromagnetic solvers to predict the RCS from these objects.  The calculated RCS may give some insight into the RCS of the head of a meteor ionisation trail.

6.2   RCS of a Sphere as a function of Frequency
In Figure 21 we see the calculated RCS in square metres of a 10m diameter sphere as a function of frequency. The RCS is considerably higher (x3.5) than the physical projected area of the sphere at its resonant frequency of 10MHz.
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Figure 21   RCS of a Sphere as a Function of Frequency
As resonant frequency scales with diameter, a 1m diameter sphere would resonate with a high RCS at about 100MHz.  It might therefore be expected that the illumination from the Graves radar at 143MHz would be nearly resonant with a conducting sphere with a diameter of 1m – which might be typical of the plasma ball at the head of a meteor trail?

Consequently the moving reflector might have a significant RCS (although a plasma ball will not behave exactly like a conducting metallic sphere). The electron density will fall away smoothly with distance from the meteor and a reflection of the radar incident wave will only occur when the plasma frequency is higher than the frequency of the incident wave. As a result the wave may have to penetrate into the plasma before it encounters sufficient density to cause a reflection. In this case the effective diameter of the reflector may be smaller than the 1 to 10m diameter of the stationary trial suggested in the literature. The reflection from plasma inside the ball may be more characteristic of that from a circular disc than a sphere – and this would produce a different RCS as a function of angle.  For the purpose of argument we will look at the RCS of a sphere and a sphere / cone to get some idea of how the strength of the reflection varies with angle.
6.3   RCS of a Sphere and Sphere/cone
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A highly illustrative paper by M. Ganesh and S. C. Hawkins 19  on  “A hybrid high-order algorithm for radar cross section computations”, offers some useful insight into the distribution of scattered RF energy by a sphere and sphere/cone. Graphs of the calculated scattered energy typical for these two objects are shown in Figure 22 (a & b).  However the object size here is 10x the wavelength.  This is not really representative of the meteor scattering case where the wavelength is equal to, or more than the assumed size of the head plasma ball.  However these diagrams may help in visualising the scattering.
In the case of the sphere the energy is distributed over a wide range of angles away from the direction of illumination and is particularly strong behind the sphere. If the meteor head plasma were spherical, then considerable echo signal could be observed from a position from almost any angle.
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      Figure 22  RF Scattering by a Sphere
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For the sphere/cone the signal is predominantly scattered into the forward hemisphere, with a sharp cut-off at angles beyond 900

Figure 22b   RF Scattering by a Sphere/Cone
Whilst the behaviour of the meteor head plasma reflected signal (which carries the Doppler shift of the moving reflector), will not be like the illustrations above, they can help to visualise the ways in which the radar signal might be scattered back to the receiver.

6.4   Sophisticated Radar measurements of Meteors
Some detailed measurements of meteor trails have been measured using sophisticated military radars in the Pacific at the Kwajalein Missile Range (KMR) during the peak of the 1998 Leonid storm. The work is described in a paper by S. Close, M. Oppenheim, S. Hunt& L. Dyrud20 where simultaneous measurements are made of head echoes and non specular returns from meteor trails at a number of frequencies from VHF to millimetric frequencies (spanning 160 MHz to 95 GHz).
They found that radar return polarisation ratios showed that head echo reflections result from plasmas with a circular cross section consistent with the plasma distribution shown in Figure 23 and that the highest RCS values are detected near 105 km altitude, where the meteoroid gives up the most kinetic energy during its descent as shown in Figure 24.
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Figure 23   Electron density distribution around Meteroid
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Figure 24   Plot of meteor Deceleration vs Altitude
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Figure 25    Plot of Radar return Signal Strength as a function of time and altitude

From Figure 25 we can see that the head echo from an example meteor lasts for about 0.2 seconds as it travels from 105km to 95km. During this time we can see from Figure 24, that with an average deceleration of about 40 km/s/s, a typical meteor (with a velocity of ~ 50km/s)  only slows down by 8km/s over this altitude range where most of the radar echo originates.
A single ‘slice’ through the data in Figure 25 at a particular altitude is shown in Figure 26 where we can see the relative strengths of the head echo and the return from the non specular trail. The head echo is ~ 20dB down on the non specular return at the start of its formation.
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Figure 26  Return signal strength from head echo and non specular trail reflection
Chapin and Kudeki (1994) were the first to present observations and interpretation of non-specular trails that suggested plasma instability as the cause for radio reflection. These observations were coincident with electrojet backscatter and were interpreted as a two-stream or Farley-Buneman instability driven by the presence of the electrojet E-field. Oppenheim et al. (2000) used plasma simulations and theory to show that meteor trails do become Farley-Buneman gradient-drift (FBGD) unstable and eventually develop turbulent plasma structures.  Using the steerable MU radar, Zhou et al. (2001) demonstrated that non-specular trails were easily detectable when the radar pointed perpendicular to the geomagnetic field B, while none were detected pointing parallel to B.

These results provide dramatic support for the idea that non-specular trails are radio scatter from Field Aligned Irregularities ( FAI)  [as discussed in section 3.3  of this note].  It is not known if reflections from these FAI’s are strong enough to be detected by amateurs using simple receivers and a signal from the Graves radar. It would an interesting collective project for amateurs to analyse their echoes in detail, to determine whether the reflections they see are only from specular geometries, or some FAI’s and possibly head echoes are being detected.
Dyrud et al. (2001) showed that 2-D plasma theory predicts that at high altitudes (typically >95 km), meteor trails expand considerably more rapidly than expected due to the development of the same instability driven turbulence that generates FAI.  Dyrud et al. (2002) argued that the 20 ms delay between head echo and non-specular trail (shown in Figures. 24 & 25) results from a turbulent trail timescale. This paper also demonstrated that only a portion of the trail is unstable and that characteristics such as meteor velocity and composition dictate the altitudes of instability.

The results allow researchers to use non-specular trails to further diagnose meteor properties in completely new ways. Close, Oppenheim, Hunt & Dyrud20   claim that non-specular trails can be used, with reasonable accuracy, for the determination of the meteoroid speed that produced the trail.
Further very interesting studies of meteor RCS have been carried out by Janches, Close and  Fentzke 21 using very special radars.  Radar cross-sections (RCS) in dBsm of meteor head echo measurements were performed using the large Arecibo Observatory antenna in January 2002.  The many measurements made are summed to produce the plot shown in Figure 27. This shows the relationship of meteor RCS with altitude with the grey scale representing the numbers of meteors detected with such characteristics.
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Figure 27    Relationship between meteor RCS and Altitude
This shows that most meteors head echoes have an RCS of around -85dBsm at an altitude of 105km. 
Meteors have their most significant head echo radar cross sections in the altitude range 90 to 115km and that at the height of 105km  the RCS ranges from -93dBsm to -65dBsm.  The latter figure represents a strong meteor reflection and occurs only for a few meteors over a very narrow range of altitudes of a few km around 105km.  

Most radar echoes detected by amateurs using the Graves radar are likely to be from specular reflections (at altitudes determined by geometry) where the RCS is much higher than for head echoes. The above plot suggests that any head echo meteor reflection observations that have been made were probably generated within this limited range of altitudes.
7       Analysis of a Specular Reflection showing Fresnel Zone modulation
7.1   Typical amplitude modulated returns
Many echoes from meteors illuminated by the Graves Radar that have been observed by the author show deep amplitude modulation during the Doppler shifted part of the echo.  An example can be seen in Figure 28. 
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Figure 28   Graves Radar echo showing Amplitude Modulation

It is supposed that this modulation is caused by the development of the ionisation trail as it passes through the Fresnel Zones in a near specular reflection situation.  It should therefore be possible to calculate the meteor speed directly from the modulation period as discussed in section 3.4.  
If this was done, the resulting velocity could be compared with the value inferred from the Doppler shift measured at each point during the 0.2 second long modulated trail – assuming a particular situation of near specular reflection geometry!

In the much simplified geometry of Figure 19, we see that the LOS velocity component and Doppler shift for 20km/s meteor at 200km altitude is calculated to be 3.96km/s and+1.8kHz for a 143MHz signal. The LOS velocity of the meteor when it is at 70km,  is  ~ -0.6km/s and the Doppler shift of a 143MHz signal is ~ -0.29kHz.

It is clear from Figures 15,16 and 17 that the Doppler shifts are about 500Hz or up to 1kHz, indicating LOS velocities of 1 to 2 km/s.  It is probable therefore that the observed echoes begin at an altitude less than 200km and closer to the specular reflection point.
If we assume that the meteor is travelling at 20km/s and the echo lasts for only 0.2 seconds before it reaches the specular reflection point, the echo must start when it is only 4km away.  With the LOS line almost perpendicular to the velocity vector we might expect the Doppler shift to be much lower than the 3.9kHz  generated at an altitude of  200km.  Thus the length of the echo and the low Doppler shift seem to be broadly consistent.
7.2   Analysis of a clearly Modulated Echo

A meteor echo recorded on the 21st of October 2010 is shown in Figure 29.  SpectraVue and the FCD SDR receiver were used to make this recording. The echo has very clear consistent modulation, the period of which can be measured enabling us to calculate the meteor velocity from the geometry of the Fresnel Zones.
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Figure 29   A meteor Echo with very clear Amplitude Modulation
The detail of the echo is extracted from Figure 29 and displayed in Figure 30. Whist the scale of the image in Figure 29 is quite large, the detailed frequency / time measurements of each bright peak in the extracted echo can be made with sufficient accuracy for some calculation of the Fresnel Zones to be made.
The assumption has to be made that the echo is being produced close to the specular reflection point at an altitude of around 100km.
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Figure 30   Extracted Detail of Modulated Echo
[image: image45.emf]The measurement of the Frequency / time coordinates is given in Table 1 and a graph of Doppler Frequency vs Time can be seen in Figure 31.

Table 1 Frequency/ Time
The average time difference between amplitude peaks is 0.288 seconds and the rate of change of Doppler frequency with time is nearly constant except for the peak where the shift becomes zero. 
This is shown in Figure 31.   There are 10 peaks in the length of the echo and the implication is that the meteor velocity is almost constant during the short time it produces a modulated  echo near to the specular reflection point.
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Figure 31   Doppler Frequency vs Time
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We now need to calculate the length of each Fresnel Zone along the meteor track close to the specular reflection point. This then tells us the distance from this point to each peak in the echo return. Using the timings for the peaks, it is then possible to calculate the meteor velocity.
Figure 32   Fresnel Zone Geometry near Specular Reflection Point
In the above geometry we assume a mono-static radar where the transmitter and receiver are co-located. It is also assumed that the Earth is flat (which over 1000km is not true). However these simplifications enable a ‘first look’ at the expected return signal amplitude as a function of meteor position.
The normal line of sight return will have a particular phase. When the LOS moves such that the total return path length has increased by /2 ( where is the wavelength of the illumination) – the return signal will be out of phase and the total signal amplitude will be low.  This occurs when the one way path length has increased by  /4.  This happens at an angle  from the normal and the distance along the meteor trail is x km in Figure 32.

When the LOS moves through an angle  the radar returns are in phase and the signal amplitude is a maximum. The distance along the meteor track is y km. The Graves radar frequency of 143MHz is used – giving a figure for the wavelength of 2.1m.
The distance between maxima is calculated to be 726m. If we assume a meteor velocity of 20km/s, which is a typical value, then the time between maxima is about 0.036 seconds.
We see from Table 1 that for the particular meteor trail analysed, the time between maxima is ~0.03 seconds. This shows that the meteor velocity deduced from Fresnel analysis is consistent with meteor trails that are observed. If we use the exact average figure for amplitude timings from Table 1 { 0.0288s},  then this particular meteor would have had a velocity of 25km/s.
If the meteor is moving at 25km/s and produces 10 amplitude peaks (Figure 30) each of which are assumed to be close to 726m apart, the total length of the echo track is ~7.26km long. From the geometry in Figure 33 which is similar to that in Figure 32, we calculate that the LOS velocity at the beginning of the echo (when it is 7.27km from the normal) is only 180m/s giving a Doppler shift of only 86Hz. This is inconsistent with the observed value of 2.23kHz.
Something is clearly wrong here, as the velocity derived from the Doppler shift should in the same region as that derived from the Fresnel Zone calculations. The velocity calculated from the LOS Doppler shift is sensitive to the angle ‘’ in Figure 33 which is dependent on the geometry that is set up. 

It is suspected that the error derives from assuming that the radar is mono-static, where in fact the transmitter and receiver are 850km apart and the baseline between them is a straight line and not the curvature of the Earth. 
A more sophisticated polar geometric representation of the real situation with the Graves radar is required to reconcile this anomalous result.
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Figure 33    Very Simplified Geometry of Observed Meteor Echo (Fig.29)
It would be very useful to have a software program that could be used to calculate properly the polar geometry need to model the situation with the Graves radar in France and a receiver located in the UK. This would make an interesting project for amateur meteor astronomers with the necessary skills and would benefit the community as a whole.
This concludes the discussion of information found in the literature search and its interpretation and speculation by the author on some processes by which meteors generate plasma trails and Doppler shifts.
In the next section we deal with limitations on observing Doppler shifts from objects with LOS velocities of more than about 6km/s  - producing Doppler shifts at the Graves frequency of more than 3kHz.
8       Effect of Bandwidth Limitations on Detection of Doppler shifts

8.1   Conventional SSB receivers

The author has used a commercial communications receiver and a Software Defined Radio to detect meteor trail echoes. In both cases the signals were demodulated using standard SSB demodulator characteristics. The bandwidth of these demodulators is only about 3 kHz and so any returns with Doppler shifts larger than this will not be heard / displayed. A short calibration experiment was performed with the ICOM IC-R7000 receiver to understand these limitations.
8.2 Bandwidth of IC-R7000 SSB demodulator
The receiver and antenna were set up to receive the Graves Radar. The receiver was tuned to 1430.52MHz to put the ‘zero frequency’ demodulation at 2kHz audio tone. The SSB demodulator puts out audio signals at a lower frequency than 2kHz for signals above 143,050MHz – the converse for frequencies below 143.050MHz
Spectrum Lab was used to analyse the demodulated audio. The calibration was made by injecting a stable signal from an HP 8660C synthesiser which is accurate to 1Hz. The calibration chart for carrier frequencies above 143.050MHz can be seen in Figure 34.

[image: image49.emf]
Figure 34   Calibration of IC-R7000 SSB Demodulator for frequencies above 143.050MHz
The injected signal is stepped up in frequency by 200Hz each time from 143.050 to 143.0528MHz. This takes the demodulated audio signal frequency below DC. The intention here was to test if the signals below DC were reflected back into the spectrum. There was no evidence of this. The zero frequency on this spectrum represents an approaching velocity of 4.2km/s.
The calibration was repeated for injected signals with frequencies below 143.050MHz and the results are shown in Figure 35. Any signals at frequencies above 3 kHz are reduced in output as the SSB audio filter rolls off after this frequency.  The colour coded intensities move from red/ yellow to green/ blue as the demodulated audio frequency approaches       3 KHz.  Beyond 3.5 KHz the signal disappears.  Thus any meteor echo with a receding Doppler shift of more than 1.5kHz would not be seen.  This equates to a recessional velocity of  ~ 3km/s.

[image: image50.emf]
Figure 35    Calibration of IC-R7000 SSB for frequencies below 143.050MHz

The conclusion is therefore that such a receiver can only detect Doppler shifts with a frequency spread within the bandwidth of the demodulator of 3.5kHz. In this case with the zero velocity being set to 2 kHz, the range is 0Hz (+4.2km/s) to 3.5kHz (-3km/s). This means that such a system will only detect and display echoes with low LOS Doppler shifts that occur near the normal specular reflection point on the meteor trail, as investigated in section 7 of this document.
9   High Altitude Winds
It is possible that some of the Doppler shifts observed from meteor trails are generated by bulk movement of the trail in high altitude winds. In this section the velocity of such winds has been estimated from the literature available and an assessment has been made as to the Doppler shifts that might be expected.

High altitude winds have structures that vary over a wide range of timescales. They change with the seasons and also have a marked 16 day period. Lima,  Batista , Clemesha & Takahashi 22  have studied these upper atmosphere winds using radar echoes from meteors.
The presence of atmospheric oscillations, with periods ranging from 2 days to 30 days in the neutral winds, is observed in the upper mesosphere and lower thermosphere (MLT) region. It is believed that these oscillations are global-scale waves of tropospheric origin which penetrate the MLT region under suitable conditions (e.g., Vincent,1990).  According to the Charney–Drazin criterion (Charney and Drazin, 1961), vertical propagation is permitted under conditions of a moderate uniform eastward zonal mean wind, whose critical velocity depends on the zonal wave number. Oscillations with periods between 12 and 20 days are generally referred to as a 16-day wave. This wave is a westward propagating zonal wave number one (s = 1) oscillation, and has been identified as the second symmetric Rossby (1,4) mode.  To study planetary waves with long periods, such as the 16-day wave, data sets of long duration are necessary. It appears that this wave was first observed in the upper mesosphere and lower thermosphere (MLT) region by Kingsley et al. (1978).
Figure 36 a & b shows bandpass filtered winds for the zonal and meridional components observed at seven altitudes during the 5 years analyzed. We can see several 16-day amplification events in both components, but the 16-day intensifications are more persistent in the zonal than in the meridional wind component.
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Figure 36a    Filtered time series for zonal component of the winds at seven altitudes
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Figure 36b    Filtered time series for meridional component of the winds at seven altitudes

We see from these graphs the velocity of these slow wave components reaches values of about 20m/s, which is very slow compared to meteor velocities themselves.

Hasebe,  Tsuda, Nakamura and Burrage23  have studied winds using both a meteor radar in Japan and a Doppler radar on board a satellite.
A validation study of the mesospheric and lower-thermospheric (MLT) wind velocities measured by the High-Resolution Doppler Imager (HRDI) onboard the Upper-Atmosphere Research Satellite (UARS) has been carried out, comparing with observations by meteor radars located at Shigaraki, Japan and Jakarta, Indonesia. 
The accuracy of the HRDI winds relative to the meteor radars is obtained by a series of simultaneous wind measurements at the time of UARS overpasses. Statistical tests on the difference in the wind vectors observed by HRDI and the meteor radars are applied to determine whether the wind speed has been overestimated by HRDI (or underestimated by the MF radars) as previously noticed in HRDI vs. MF radar comparisons. The results are summarised in Figure 37 which shows wind velocities as a function of altitude as measured by both systems. There is general agreement, but the velocities measured by the meteor radar are more scattered than those measured using the top sounding Doppler radar.

The wind velocities generally lie in the range of a few tens of metres per second, with extremes up to 100m/s.  Such wind speeds will produce Doppler shifts at the Graves radar frequency of 143MHz up to a maximum value of about 47Hz.
[image: image51.emf]
Figure 37  Examples of simultaneous wind observations by HRDI (solid ) and meteor radars (broken).

Top and middle: Shigaraki MU radar meteor mode operation (34:9N, 136:1E).

Bottom: Jakarta meteor radar (6:9S, 107:6E)

In general, the upper atmosphere wind velocities are smaller than LOS meteor velocities by at least one order of magnitude. It is possible however that some low velocity Doppler shifted traces, especially for the almost stationary but long lasting (>1s) sections may have wind produced Doppler or may break up and produce several low velocity echoes.

In most cases it should be possible to distinguish between meteor plasma Doppler shifts of ~1kHz  ( for a LOS almost normal to the meteor trail) and any wind effects. 
A photograph of a wind-blown meteor trial by J.W. Young 24 was taken during the Leonid meteor shower on November 17th 1966 and is reproduced in Figure 38.
Young comments that “the photograph was taken at 1258 UT for 2 minutes. This is all that remains of the ionized trail left by a -6 magnitude fireball several minutes earlier. Looking carefully, you can see that the path of the meteor, which came from the upper left, shows an ionized trail that spread to the right. It also appears that the wind velocities changed considerably with altitude, since the motion of the wind-blown trail changes length and direction as the meteor got closer to the earth (lower centre)”. 

[image: image52.emf]
Figure 38   Picture of a Wind Blown – distorted Meteor Trail
10    Experiments with Non-Normal Specular Reflections
10.1  Reason for experiment

In sections 5 and 7 we looked at the simplest possible reflection geometry, for a normal specular reflection, where the angles of incidence and reflection ~ o0 to the meteor velocity vector.  This necessitates a mono-static radar where the receiver and transmitter are co-located. In such a case, resolved meteor velocities along the LOS were a few kHz, which is roughly what is observed.
This geometry however cannot be very representative of the echoes measured from the Graves Radar, as it is located 850km away from the observer {author} in southern England.

For a bi-static radar situation where the transmitter and receiver are not co-located, specular reflections normal to the meteor velocity vector can only theoretically arise for a vertical meteor track at ground level. This case obviously cannot arise and so we should consider the more general situation of non-normal specular reflections.
10.2  Setting out the Geometry

There are a number of conditions or parameters that we know. These can be the basis of our geometry:

· Assume a flat Earth

· Distance from Rx to Tx = 850km

· Strongest reflection from meteor arises at an altitude of 100km

· The meteor must come from above the Earth or graze the ionosphere at 100km

· We will assume that the radiation from the Tx is omni-directional 

The geometry is depicted in Figure 39

[image: image53.emf]
Figure 39    Construction of Non-normal Specular Reflection Geometry

The method for determining the meteor track is as follows:
· Draw the triangle Rx Tx P and measure the subtended angle A

· Bisect this angle and draw the red dotted line which will be a normal to the meteor track

· Draw the thick red line normal to the dotted red line - this is the meteor track

· Resolve the meteor velocity along the green line P-Rx to obtain the LOS velocity

· Convert the LOS velocity to a Doppler shift at 143MHz using the relationship 1kHz = 2.1km/s

10.3    Calculation by scale drawing

This process can be repeated for ‘test case’ positions on the ground. We have chosen the following:
· P1
300km beyond the receiver

· P2
Above the receiver
· P3
Midway between Rx and Tx

· P4
600km from the Rx toward the Tx

· P5
Above the Tx

This selection should cover most possible meteor tracks that are credible.
The meteor is assumed to graze the 100km level pointing toward the RX for the P3 position

For P4 and P5 the meteor must change direction toward the Tx -  or it would have to travel from the direction of the Earth’s surface upwards. It cannot do this in the simplified Flat Earth geometry used here – although it might be possible for small grazing angles in reality due to the curvature of the Earth. The ‘calculations’ for P1 to P5 were done by using a scale drawing as shown in Figure 40.

[image: image54.emf]
Figure 40   Five Test Cases for non-normal Specular Reflection using a Bi-static Radar
[image: image55.emf][image: image56.emf]The LOS velocities are shown in red figures. The results can be seen in Table 2(a & b)
Table 2 a   (LOS Doppler Shift v Position)            Table 2 b   (LOS Doppler Shift Magnitude v Position)

The magnitude of the Doppler shift versus position is show in Figure 41

Figure 41   Magnitude of Doppler Shift vs Position for Specular reflection.
The only position for which the resolved LOS Doppler shift is close to the measured values of 1 -2kHz turns out to be the most unlikely one to be real. The position P1 is behind the Rx in the opposite direction to the Tx. Whilst theoretically possible to get a reflection from this position with an omni-directional Tx, the actual Graves radar has a fairly tight beam in a direction away from P1. See Figure 42.

Figure 42   The Elevation Beam of the Graves Radar
 The incident RF power at P1 would be much lower than in the main beam. 
The high positive Doppler shifts from positions P2 and P3 can be ruled out – as can the negative values from P4 and P5. None of these positions can produce a Doppler shift that is close to the measured values.
This experiment shows that the specular reflection situation is unlikely to represent the actual situation with the Graves Radar – given the oversimplification of using a Flat Earth. A better model is needed using polar geometry to represent the curved Earth. 

The specular reflection experiments need to be repeated for a number of test positions using suitable software based on the full polar geometry.
11        Conclusions
11.1  The generation of a meteor ionisation trail - The most likely process?
Following the literature review the author considers that the most plausible model for the generation of a meteor plasma trail is as follows:

· The kinetic energy of the meteor is transformed into heat by several mechanisms, the main one seeming to be molecular impacts from the surrounding air.

· The heat vaporises the surface of the meteor particle and generates a plasma, the density of which falls with increasing radius from the particle.

· The plasma expands / diffuses rapidly, with the outer parts losing any forward bulk velocity more quickly than the inner part.

· The rapid diffusion reduces the bulk forward motion of the plasma very quickly leaving a near stationary ionisation trial.

· The incident radar wave ‘sees’ a dense plasma with a circular cross section at some distance into the plasma plume around the meteor. The cross sectional area and distance into the plasma ball depend on the relationship between the frequency of the incident wave and the plasma frequency as a function of radius from the meteor particle. The higher the radar frequency, the higher must be the plasma frequency to enable a reflection – and the deeper the wave must penetrate into the plasma ball –reducing the reflecting cross sectional area.
· The plasma is continuously generated as the meteor descends and an incident CW radar signal will ‘see’ a reflector moving toward it with the velocity of the meteor.

· The reflected wave will be Doppler shifted by a proportion of the meteor velocity that is directed along the radar line of sight (LOS).

· In order for the radar to ‘see’ a return other than head on, the plasma ball must have some significant Radar Cross Section (RCS) in that direction. This would be the case for a spherical reflector illuminated at a near resonant frequency.

· The strength of the reflection from the static trail will usually be greater than that from the moving head plasma, as the RCS of the long trail is larger.
· Some meteor traces analysed with Spectrum Lab and SpectraVue, show characteristics that seem to derive from these two components. These are what the author calls ‘hooks’. The faint fast portion with decreasing Doppler shift (from a few kHz)  is considered to be derived from the moving head plasma ball. This changes into a stronger zero Doppler trace that lasts around 1 second or more, being reflected from the static tail.

11.2       Types of reflections from meteor trails

There seem to be three main mechanisms for generating a radar reflection from a meteor trail:

· Specular reflection from the main body of the static trail

· Non specular reflection from Field Aligned Irregularities (FAI) over a particular section (altitude range) of the trail.

· Head echoes from the moving reflector provided by the continuous generation of a plasma ball around the meteor.
The variability in radar returns is extensive and depends on many factors, some related to the meteor composition, velocity and angle of approach. Other factors are determined by the radar to meteor geometry and the radar frequency. From the literature one can gather an indication of the relative strength of radar returns produced by the three mechanisms listed above.
The strongest returns are from specular reflections from an established stationary trail that is some tens of kilometres long, as this has a high radar cross section and the trail persists for some seconds. The next strongest returns are non specular reflections from FAIs but can only be seen when the geometry is such that the geomagnetic field has the right orientation. This type of return only arises over a limited altitude range. It seems to be necessary to illuminate the meteor trail with a high power radar to obtain a non specular FAI return.
 It is not known if the Graves radar has sufficient power – and the commercial communications receivers used by amateurs have sufficient sensitivity - to detect this type of return. Knowing the characteristics of the Graves transmitter and the RCS of such FAI reflectors (typically -85dBsm) it should be possible to calculate the expected radar return signal level and determine whether amateur observers could expect a detection.
Direct head on echoes have a small RCS – at least 20dB down on FAI echoes and are probably only detectable with dedicated high power large aperture radars. It is therefore unlikely that an amateur would be able to measure meteor head on echo velocities directly. In addition a commercial communications receiver using CW or SSB demodulation will definitely have insufficient bandwidth to cope with the large Doppler shifts of  >10kHz.
It is therefore concluded that an amateur using the Graves transmitter is most likely to ‘see’ specular reflection echoes from static trail. On occasions it may be possible to see small velocity LOS components of the head plasma as it is created close to the normal specular reflection point on the trail. 
With this geometry, the LOS component is almost normal to the meteor trail and the observed velocity (the meteor velocity of say 20km/s resolved through about 800 or more) will be low – in the region of 0 to 2kHz.
A special case of the near specular reflection arises when the Doppler shifted LOS component has significant amplitude modulation arising from the creation of Fresnel Zones along the meteor track as it passes close to, or through, the normal specular reflection point. In the case analysed in this document ( in section 7.2), where a near normal reflection geometry is assumed,  the amplitude fading period can be used to determine the meteor velocity directly and for the example studied yielded a figure of 25km/s. The largest Doppler shift from this example was 2kHz.
 Unfortunately the LOS resolved velocity for this geometry, where the reflection beings at only 7.2km from the normal point, gives a Doppler shift of only 86Hz. This large inconsistency is not yet explained.
11.3  High Altitude Winds

The velocity of high altitude winds varies from day to day and season to season, but has a typical 16 day periodicity. The wind velocities are normally tens of metres per second, but can be as large as 100m/s. The Doppler shifts from trails moving at such speeds would result in  maximum Doppler shifts at 143MHz of ~50Hz. The 2 kHz Doppler shift seen for the example echo in Figure 30 is most unlikely to be due to high altitude winds.

11.4   Receiver bandwidth Limitations
Using SSB demodulators on commercial communications receivers limits the audio signal bandwidth of 3.5kHz. It is therefore not possible using such equipment at 143MHz  to detect echoes with velocities > +- 3.5km.s.   By retuning the receiver to a higher or lower frequency it should be possible to extend the range of velocities that can be detected – but the bandwidth will remain at 3.5kHz and the velocity ‘window’ will still be ~7km/s.
12   Answers to the Questions posted

12.1   Why one would get a Doppler shift from the meteor ionisation trail ?
I think the front part of the plasma which is continually being generated around the meteor as it descends, behaves like a moving reflector and imposes a Doppler shift. The radial expansion of the plasma causes it to quickly dissipate its bulk forward motion by collisions as it expands to fill a radius of several metres. At some point it effectively becomes stationary and persists for several seconds. The long stationary trail produces a strong return signal with virtually no Doppler shift – although there may be a small effect due to upper atmospheric winds. This is 10 times less than the resolved meteor velocity along the Line Of Sight to the observer. Typical meteor plasma LOS Doppler shifts are 1-2 kHz, the wind produced Doppler is up to 50Hz,
I therefore agree with the first part of your (Justyn Davies) statement below.
“It seems to me, however, that the ionisation trail is actually stationary, other than being blown by whatever wind exists up there. It is left behind the meteor just like a jets vapour trail, and hence will not produce a doppler. I liken it to a row of cars turning on their lights in sequence. The amplitude of the signal increases, and the distance increases/decreases, but the frequency is not shifted.”
12.2    Measured Doppler Shifts – why do they have the observed values?
The ‘offset’ frequency of about 1 kHz is due to the degree by which the receiver is tuned off from 143.050MHz. Observers usually set this to 1 or 2 kHz because if there were no offset and an echo signal was received back at 143.050MHz, the audio output from the SSB demodulator would be 0Hz – ie a DC signal. By tuning ‘off’ by 1 kHz say, any returned echo with zero Doppler shift will be heard (and displayed) as a 1kHz tone.
A return with a positive Doppler will show up as a higher or lower tone (depending on whether Upper or Lower SSB is chosen). The Spectrum Lab display will show 1 kHz as zero velocity and above or below this as the Doppler shift.

A commercial grade communications receiver with SSB demodulator will have a bandwidth of only about 3 kHz. If zero velocity is represented by a 1 kHz tone and let’s say lower frequencies are higher velocities and higher frequencies are lower velocities (as in the case of the author’s measurements), then we have some clear limiting velocities that can be detected.

For approaching velocities we have 1 kHz to zero Hz = 0km/s to +2.1km/s

For receding velocities we have 1kHz to 3kHz  = 0km/s to -4.2km/s

The receiver and spectrum analyser cannot detect and display any velocities outside this range of +2.1km/s to -4.2km/s.

The attempt to understand how the Doppler Sifted meteor echoes arise has been a key feature of this note. I have proposed a number of speculative suggestions, but I am still not sure I have a valid story to tell.
It seems likely to me that the low values of Doppler shift – only 1- 2 kHz  - arise because the LOS to the meteor velocity vector is always close to a normal specular reflection point, as this is the geometry for the strongest returns. With such a situation, the resolved velocity vector along this LOS is V Cos where V is the meteor velocity and is the angle that is just less than 900.  Cos is then small number (~.1) and if the meteor velocity is typically 20km/s, the LOS velocity will be 2km/s and the Doppler shift at 143MHz is about 1kHz.
It is my impression that most of the returns I and others have detected using Graves, arise from this strong signal near specular reflection condition. I doubt if we see directly any low RCS head on echoes. Even if we did, with the receiver setup and SSB bandwidth limitation we would not see them displayed, as they would have velocities of 20km/s and Doppler shifts of 10kHz.
I do not know if we detect non-specular echoes from Field Aligned Irregularities (FAIs). It is my impression that one needs a sophisticated high power wide aperture system. 
12.3    About Conjectures
In this note I have tried to work through what I have gathered from the freely available literature (which is limited) and use this to propose a number of possibilities or conjectures about how meteor plasma trails are generated and how echoes are obtained from them.

I do not claim that I have a coherent picture that is not flawed. I have tried to put together a series of mechanisms that lead to something like the results that are typically seen from the Graves Radar.

It is clear that none of the highly simplified geometries of reflection I have used can adequately account for the observed signals. I suspect that a proper computer code is required that uses spherical geometry and polar coordinates to truly represent the actual geometry on the surface of the curved Earth. Perhaps someone can build such a code and test out some of the speculation considered in this note.
The simple geometries I have used in this document are all 2 dimensional. In reality of course, a meteor track is most unlikely to lie solely in the plane of the transmitter and receiver and the vertical. This fact is bound to introduce another degree of freedom into the calculations – and this may make it possible to resolve some of the problems with Doppler shift values and meteor speeds. A 3D software model is needed.
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