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Synopsis
Meteor radars detect the ionized trails left by meteors in the mesosphere and lower thermosphere. The trails are advected with
the winds at the heights where they form and so can be used as tracers of atmospheric motion. Meteor radars typically
measure zonal and meridional winds with time and height resolutions of about 1 h and 3 km, respectively. The radars are
often simple and robust, making them ideal for extended deployment at remote sites. They are well suited to studies of
background winds, tides, and planetary waves. Recent advances offer the possibility of making statistical measurements of
gravity wave fluxes.
Introduction instruments at different locations allowed determination of
Meteors, colloquially ‘shooting stars,’ can be among the most
beautiful and striking phenomena of the naked-eye night sky.
Measuring radio waves reflected from the ionized trails that
meteors create has proved a powerful tool in investigations of
meteors and the region of the atmosphere in which they occur.
Meteor trails are carried by the winds at the height where they
form, and so High-Frequency (HF) and Very-High-Frequency
(VHF) radar Doppler measurements of the drift velocities of
radio meteors allow determination of these winds – essentially
using the meteors as tracers of atmospheric motion. Most radio
meteor echoes are detected at heights between w70 and
110 km. This is the upper part of the middle atmosphere and
spans the upper mesosphere, the mesopause, and the lower
thermosphere. These regions are otherwise notoriously difficult
to investigate experimentally because they are too high for
in situ measurements other than those made by rockets.

Meteor radars have thus played an important role in eluci-
dating many aspects of the dynamics of this part of the atmo-
sphere, particularly with regard to the mean winds, tides, and
planetary waves that dominate the flow at these heights. Many
types of radar can detect meteors, but here we will concentrate
on purpose-built meteor radars used to investigate the dy-
namics and structure of the mesosphere and lower thermo-
sphere. Particular attention will be given to the nature of the
radio reflections from meteors and to illustrating the capabil-
ities, strengths, and limitations of these radars for studying the
dynamics of the meteor region of the atmosphere.
Meteor Radar in Context

Radio studies of meteors prior to the 1970s were mostly con-
cerned with various aspects of meteor astronomy and with
understanding the physical mechanisms responsible for the
observed properties of meteor echoes. Once the basic physical
mechanisms had been uncovered, it was realized that it is
possible to use the drifting of radio meteors as tracers of
atmospheric motion at meteor heights. Early successes in-
cluded some of the first measurements of the general circula-
tion of the mesosphere and lower thermosphere and the
identification of various large amplitude tides and planetary
wave modes that are major features of the dynamics of the
atmosphere at these heights. Coordinated studies with
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the zonal and meridional structure of some of these winds,
tides, and planetary waves.

Significant early work was often achieved even by simple
radars operating without any ability to determine echo heights
and so restricted to measuring winds representing a mean
across the depth of the meteor region, weighted by the vertical
distribution of meteor echoes (see below).

In the 1980s and early 1990s, the development of other
techniques, particularly medium frequency (MF, or partial
reflection) radar, mesosphere–stratosphere–troposphere (MST)
radar, incoherent scatter (IS) radar, and resonance and Rayleigh
backscatter lidar, to some extent overshadowed meteor radar
as a tool for atmospheric studies.

In the twenty-first century, however, there has been some-
thing of a renaissance in meteor radar work. This is partly
because of the development of new radio meteor techniques,
and partly because sophisticated, commercially produced,
purpose-built meteor radars are now available at relatively
modest cost. Such systems offer accurate echo height finding
and are capable of continuous operation over periods of many
years with minimal maintenance, making them well suited to
operation at remote sites. These factors have combined to
greatly increase the number of meteor radars deployed. Pres-
ently, about 35 dedicated meteor radars operate around the
world on a near-continuous basis, the great majority of which
are modern commercially produced systems.
Radio Echoes from Meteors

A meteor occurs when a particle of interplanetary material,
a meteoroid, enters the Earth’s atmosphere and ‘burns up.’ The
majority of meteors detected by a typical meteor radar are
caused by particles of less than 1 mm radius. Meteor entry
speeds are in the range w11–72 km s�1 and so rapid frictional
heating occurs as the particle encounters the atmosphere. Once
the meteoroid surface temperature reaches values of w1850 K,
the surface ablates and significant mass loss results. The visible
light emitted from the meteor arises mostly from the de-
excitation of these excited meteoroid atoms lost from the
particle’s surface. Inelastic collisions between these ablated
atoms and the surrounding air molecules then produce an
approximately cylindrical ionized trail behind the meteoroid
particle.
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Figure 1 The amplitude profile of a characteristic underdense meteor
echo, in this case recorded by the Advanced Meteor Orbit Radar
(AMOR) in New Zealand (Jack Baggaley, private communication).
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The free electrons in this trail are able to scatter incident
radio waves and so the meteor can be detected by radar
systems. Although it is possible to detect a radio echo associ-
ated with the advancing ‘head’ of the meteor, atmospheric
science measurements generally use the specular reflection
observable in a direction perpendicular to the ionized trail axis.
A full treatment of meteor physics and meteor scattering theory
is quite involved and so here the theory will only be outlined
briefly.

The structure of the ionized trail initially left by the meteor
is a function of the entry speed, entry angle, and initial mass of
the meteoroid particle. The trail’s initial radial structure consists
of a core of high ionization density surrounded by less dense
ionization in an outer region. The initial ionized trail radius is
defined by the root mean square value of the radial position of
the ablated ions after they have undergone the 10 or so colli-
sions necessary to reach thermal equilibrium.

Atmospheric mean free path increases with height, and so
the formative trail radius will be greater at greater heights.
The initial trail radius also varies with meteor speed, but for
a typical 40 km s�1 meteoroid the trail will form with an initial
radius of w0.3, 0.6, and 1.2 m at heights of 75, 90, and
105 km, respectively. The trail itself will typically span some
10–15 km in height. The electron line density of the trail is also
a function of meteoroid mass and entry angle, but the majority
of observed values are less than w1014 m�1.

The amplitude of the radio echo received will rise rapidly to
a maximum as the meteor moves past the specular reflection
point, with most of the recorded signal being from the first
Fresnel zone. The echo behavior after this maximum depends
strongly on the electron line density. If the line density is below
w1013 m�1, then the radio wave fully enters the trail and the
scattered signal that is received results from the individual
contributions of all the electrons in the trail.

However, the trail radius will increase with time because of
ambipolar diffusion. Within a few seconds the radius will have
become sufficiently large that for typical radio wavelengths
of some w5–10 m, destructive interference from scatter at
different depths within the trail will extinguish the echo
amplitude. The echo amplitude will thus decrease rapidly from
the peak value. Such meteor echoes are known as underdense,
and the time of decay to half peak amplitude, t1/2, is related
to the ambipolar diffusion coefficient, D, and radio wave-
length, l, by eqn [1].

t1=2 ¼ l2 ln 2
16p2D2 [1]

Figure 1 presents the amplitude–time profile of a typical
underdense echo. In this case, the echo lasts for w1 s after the
peak amplitude is reached before returning to the noise level
again. This characteristic short-lived echo profile is very useful
in distinguishing genuine meteor echoes from potentially
spurious signals such as those from lightning or those
produced by reflections from aircraft.

This destructive interference phenomenon also limits the
greatest height at which underdense meteors can be detected
using a particular radio wavelength, since at some upper height
the trails will form with radii sufficiently great for destructive
interference to occur instantly. This is sometimes known as the
underdense echo ceiling. Here we should also note that
magnetic and electric fields may modify the behavior of meteor
trails somewhat. For instance, magnetic fields result in aniso-
tropic diffusion at heights above w95 km.

A minority of echoes will come from meteors with electron
line densities greater than w1015 m�1. In this case, secondary
scattering between electrons becomes significant and the radio
wave is reflected from the surface of the meteor trail as from
a metal surface (i.e., dielectric constant <0). Such echoes are
known as overdense, and do not show the rapid fall off in
amplitude of the underdense echo. Overdense echoes may
persist for many seconds, and the lifetime is determined by
recombination processes that ultimately extinguish the meteor
ionization.

Overdense echoes are less useful because the echo ampli-
tude may fluctuate in a rather random manner as wind shears
distort the trail and give rise to constructive and destructive
interference from multiple specular reflection points. This
makes unambiguous discrimination of the echo from noise
more difficult. Such distortions may also cause a specular
reflection point to move along the distorting trail, giving
a spurious drift velocity. Electron line densities of w1014 m�1

yield transitional behavior between the two echo types.
Typical Meteor Radars

A wide variety of radar powers, modes of operation, and
antenna patterns can be used to detect meteors. Typically,
a purpose-built system might be a pulse radar having the
following parameters:

Operating frequency 25–60 MHz
Peak power
 6–200 kW
Duty cycle
 1–15%
Pulse repetition frequency
 200–2000 Hz
The operating frequency must be selected to be high enough
so that interference from ionospheric scatter is not significant,
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but low enough so that the underdense echo ceiling does not
become so low in height that it significantly reduces meteor
count rates. Pulse repetition frequencies must be high enough
that sufficient samples are recorded from a given underdense
echo to determine its parameters before the echo amplitude
decays back to the noise level. The set of parameters determined
for each individual meteor echo would usually include the
following: range, elevation and azimuth angles, power, echo
decay time, and radial drift speed (which is measured by
Doppler techniques).

Typically, the distribution of radial drift speeds is approxi-
mately Gaussian with a full width at half maximum of
w55 m s�1. An uncertainty in individual radial drift speeds of
<2 m s�1 might be attained for at least 50% of meteors
recorded and nearly all would have uncertainties of <5 m s�1.

Various antenna configurations can be used. So-called all-
sky systems are now almost universally used in purpose-built
meteor radars designed for atmospheric science. These
systems use low-gain antennas to illuminate a large volume of
the meteor region around the radar. Echo azimuth and eleva-
tion angles are usually determined by an array of receiver
antennas acting as an interferometer. Horizontal wind speed
and direction for a particular height range are then calculated
by a least-squares fitting procedure applied to the individual
radial drift measurements made over all azimuth angles. Note
that these derived winds will thus be means over the horizontal
extent of the radar’s meteor collecting volume.

Beam systems will typically use relatively narrow beams and
deduce horizontal flow speed and direction by ascribing the
radial velocities measured in a particular beam to the azimuth
of that beam’s axis. If height information is not required, such
a system needs no interferometer and can be particularly
simple and inexpensive. The resulting winds are then taken to
represent a mean over the meteor region weighted by the
vertical distribution of meteor echoes.
Figure 2 One of the receiver antennas of a typical all-sky meteor radar. In t
Usually, this would mean considering the winds to be
representative of heights of w90–95 km. Some radar systems
designed primarily for other purposes, such as the HF Super-
DARN radars, can make meteor measurements of this type.

Patrol-type radars may operate at low power and only
switch to high power once a meteor is detected, or may rotate
transmitted power between different beams, dwelling in one
direction only once a meteor has been detected.

Finally, we should note that the specular nature of the radio
reflection means that the majority of meteors falling into
a radar’s collecting volume will still not be recorded simply
because the trail/radar geometry does not permit a perpendic-
ular reflection, even for so-called all-sky radars. Regardless of
the particular beam geometry used, the individual radial
meteor drifts are used to deduce a horizontal flow in the
atmosphere under the reasonable assumption that the vertical
flow velocities are very small compared to the horizontal
velocities on timescales comparable to the achievable time
resolution (generally w1 h). Further, it is usually assumed that
at any particular height the atmospheric flow is uniform over
the entire horizontal extent of the meteor collecting volume.
Vertical flows cannot be measured easily by meteor radars.

The strengths and limitations of meteor radars as tools for
investigating the atmosphere are thus largely a consequence of
the distribution of the recorded meteor echoes in space and
time. To illustrate this, we will consider data recorded by a very
typical modern all-sky radar, in this case a commercially
produced SkiYmet radar located at Rothera in the Antarctic
(68� N, 68� W). This particular radar operates at a frequency of
32.5 MHz, has a peak power of 6 kW, a duty cycle of 15%, and
a pulse repetition frequency of 2144 Hz. It uses an array of five
receiver antennas acting as an interferometer to allow deter-
mination of echo azimuth and elevation angles, which in
combination with range information allow echo height deter-
mination. Figure 2 shows one of the crossed-element Yagi
his case, the radar is at Rothera (68� N, 68� W) in the Antarctic.
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Figure 4 The vertical distribution of the meteors presented in
Figure 3.
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receiver antennas used, a rather typical antenna for this type of
radar. Note that, although radars of differing transmitted
power, antenna polar diagram, radio frequency, etc. will give
slight variations in these distributions, their general character is
representative of nearly all purpose-built meteor radars.

We now consider the spatial distribution of meteors recor-
ded by the radar. Figure 3 shows the distribution of the 4617
individual meteors recorded on a particular day, projected onto
a horizontal plane. The meteors are distributed in a circular
pattern around the radar at horizontal distances up to 300 km.
Allowing for the circular gaps in the distribution (caused by the
receivers being short-circuited during the transmission of
successive radio pulses) the peak in the horizontal range
distribution of meteors is at about 120 km. The vertical
distribution of these meteor echoes is illustrated by the histo-
gram in Figure 4. Note how the distribution is strongly peaked
at a height near 90 km, and how very few meteors are recorded
below 80 km or above about 100 km. These figures highlight
two key differences between the data from a typical meteor
radar and those from, say, MF, MST, and IS radars.

First, these other techniques generally produce measure-
ments that are essentially volume averages, usually resulting
from scatterers distributed throughout a volume defined by the
intersection of the transmitted beam with the height range of
interest. Because the transmitted beams are quite narrow, the
measured wind fields are deduced from a volume of atmo-
sphere perhaps only a few kilometers in horizontal extent. In
contrast, meteor radar measurements arise from quite localized
scatter from individual short-lived meteors, but the meteors
themselves are rather randomly distributed within a much
larger collecting volume in the meteor region, which may
extend horizontally for several hundred kilometers around the
radar. The winds derived for a particular height range will
Figure 3 The distribution of 4617 individual meteors detected by an
all-sky meteor radar at Rothera (68� N, 68� W) in the Antarctic, recor-
ded on 28 August 2008. The meteor locations have been projected onto
a horizontal plane with the radar at the central position. The clear rings
in the distribution mark where the receiver antennas are short-circuited
during the transmission of successive transmitter pulses.
therefore represent the bulk motion of a slab of atmosphere
that is only a few kilometers deep but that has a horizontal
extent of several hundred kilometers. This means that a meteor
radar cannot easily resolve structure on horizontal scales less
than a few hundred kilometers.

Second, the vertical depth of atmosphere from which
sufficient meteors are recorded for reliable calculation of winds
is comparatively small. In the example presented here, winds
can be effectively calculated only for heights between about 80
and 98 km, because above and below these heights there are
too few meteors for reliable wind estimates to be made. Note
that meteor radars using a beam, rather than all-sky, configu-
ration will still share these properties, since to ensure adequate
meteor count rates the beams must be quite broad.

Finally, there is also a distinct diurnal cycle in the count rate
of meteor echoes. This is largely an astronomical phenomenon
resulting from the Earth’s orbital motion and rotation, which
causes it to sweep up meteors on its leading hemisphere,
whereas a meteor must overtake the Earth in order to hit the
planet’s trailing hemisphere. The effect is strongest at lower
latitudes and for beam systems. The net result is that meteor
count rates will generally be lowest in the second part of the
day, although complex geometrical and instrumental consid-
erations will greatly influence the magnitude of the diurnal
variation recorded by any particular radar.

As an example, Figure 5 presents normalized hourly mean
count rates for three meteor radars. The first is an all-sky radar
operated at Esrange (68� N), the second is a twin beam radar
operated in the United Kingdom (52� N); and the third is an
all-sky radar operated on Ascension Island (8� S) in the equa-
torial Atlantic. It can be seen that even in the favorable all-sky,
high-latitude case the ratio of maximum to minimum hourly
meteor count rates is about 2:1, and for the midlatitude beam
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Figure 5 The diurnal cycle in hourly normalized meteor count rate for
three meteor radars: the Esrange all-sky radar at 68� N (solid); a two-
beam radar at 52� N in the United Kingdom (dashed); and a second
all-sky radar at 8� S on Ascension Island (dotted).
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system and the equatorial all-sky system it is about 10:1. This
effect means that care must be taken in deriving winds for the
low-count-rate part of the day (since there are simply fewer
meteors to work with).

These distributions of meteors in space and time determine
the resolution of the resulting wind measurements. They will
generally have reasonable height and time resolutions of
w3 km and w1 h, respectively, but poor horizontal resolution
(although, as noted, not all radars actually determine echo
heights). This rather unexciting sounding aspect of the data is
counterbalanced by the almost unequaled ability of meteor
radars to record continuous high-quality data sets over many
years, without reliance on particular geomagnetic conditions,
weather, or time of day.

All these factors influence the particular aspects of meso-
sphere/lower thermosphere dynamics that can be studied easily
using meteor radar winds. Generally, the mean flow, tides, and
planetary waves all have horizontal scales so large that the poor
horizontal resolution of the radars is irrelevant. The vertical
scale sizes and wavelengths of these phenomena are also
significantly larger than the normal height resolution of a few
Day number (Septe
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Figure 6 The zonal winds recorded in September 2011 by a meteor radar a
a time resolution of 1 h and a height resolution of about 3 km. The winds are
at middle latitudes.
kilometers, and so meteor radars can make detailed studies of
the vertical structure of these features across the meteor region.
Meteor radars are thus well suited to the study of mean winds,
tides, and planetary waves and have made very significant
contributions in this area. This is particularly so because the
radar hardware is often quite simple and well suited to pro-
longed operation over periods of years at remote sites with only
limited maintenance.

An example of the mesospheric winds measured by
a meteor radar is presented in Figure 6. The figure shows hourly
mean zonal winds recorded by the all-sky meteor radar at Bear
Lake Observatory (42� N, 112� W) in Utah, USA. The figure
reveals a motion field dominated, in this case, by the oscilla-
tions of the 12-h tide, which increase in amplitude with height
and display a high degree of short-term variability.

Unlike the large horizontal scales associated with winds,
tides, and planetary waves, the horizontal wavelengths of gravity
waves can often be comparable to or smaller than the horizontal
extent of the meteor collecting volume. Self-cancellation thus
occurs between different parts of the wave phase measured
across the meteor collecting volume. In effect, the individual
gravity waves cannot be resolved. Because of this, meteor radars
have not usually been used in studies of gravity waves.

Recently, however, analysis methods have been developed
to address this problem. These methods use the radial velocities
measured for individual meteor echoes within the meteor
collecting volume to determine statistical properties of the total
gravity wave field in the meteor collecting volume, without
having to resolve individual gravity waves. In particular, esti-
mates can be made of the degree of gravity wave activity
(measured by the variance of the perturbation winds), the
anisotropy of the wave field propagation azimuths and the
vertical fluxes of horizontal momentum. The latter estimates
require measurement of the vertical perturbation velocities
induced by gravity waves. Because of this, radars optimized for
gravity wave measurements will sometimes use antenna
configurations designed to enable the detection of meteors at
higher elevation angles, such that the radial velocity will then
provide information on vertical winds. Measuring momentum
fluxes at different heights then allows an estimation of the
divergence of the momentum flux and thus the associated
acceleration of the mean flow, which is a parameter of great
interest in understanding the large-scale dynamics of the
mesosphere.
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Other Measurements Using Meteor Radars

Meteor radars have also been used extensively for studies of the
astronomical aspects of meteors, including measuring meteor
fluxes, size distributions, entry speeds, and orbits. Other work
has expanded the capabilities of the technique for atmospheric
science measurements. In particular, various methods have
been used to relate the ambipolar diffusion coefficient
(measured from echo decay times) either to temperature–
pressure-related quantities such as T2/P or to wave-induced
fractional perturbations of temperature or pressure. The poor
quality of available absolute pressure estimates for the upper
mesosphere prevents these methods from being used to infer
absolute temperature values.

However, a recent extension of these methods has seen the
application of a scale height analysis of ambipolar diffusion
coefficients to determine absolute atmospheric temperature
at the height of peak meteor counts without any reliance on
knowledge of pressure. This capability is potentially very
useful because ground-based measurements of atmospheric
temperature at meteor heights are otherwise extremely difficult
to make on an extended basis.

See also: Mesosphere: Metal Layers; Polar Summer
Mesopause. Radar: Incoherent Scatter Radar;
Mesosphere–Stratosphere–Troposphere and Stratosphere–
Troposphere Radars and Wind Profilers; Synthetic Aperture
Radar (Land Surface Applications). Solar System/Sun,
Atmospheres, Evolution of Atmospheres: Meteors.
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