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Abstract

Modern fast digitization techniques and computer methods have been combined with both new and old theoretical approaches
to permit construction of a new class of meteor radar. This radar can simultaneously stream data into memory, detect occurrences
of meteors, and determine the location of meteor trails (range and angle), as well as find their radial drift speeds and decay times.
The meteor entrance speeds as the meteors enter the atmosphere can also be determined. These parameters may then be used
to deduce meteor fluxes, as well as winds, temperatures and diffusion coefficients at altitudes of 80—100 km. This information
can also be used to deduce source positions of meteor shower radiants. Some of these capabilities are very new, especially
the ability to measure atmospheric temperatures at ~ 90 km altitude. (©) 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Meteor studies have a long history, and the field was par-
ticularly active prior to the mid-1970s. These studies were
made to determine both information about the meteors them-
selves, and also to learn about the atmosphere in which
they burn up. Many of the earlier astronomical results have
been described by McKinley (1961), and some of the atmo-
spheric results have been described in a special MAP hand-
book (Roper, 1987). An excellent, and more recent review,
is given by Ceplecha et al. (1998).

During the 1980s and early 1990s, the incidence of new
meteor research, especially for atmospheric applications,
diminished. This was in part due to the retirement of some
active researchers, and also because, to some extent, new
possible advances were limited by inadequate technology.
Many of the previous studies used photographic film, or
somewhat primitive computer detection algorithms, and
some of the research was manpower intensive. Computer
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algorithms were restricted in their capabilities and often
“non-meteor” echoes could not be adequately discriminated
from true meteor echoes. There was also, in the atmospheric
community, a perception that middle atmosphere wind
measurements could best be made with other techniques
such as spaced antenna studies (e.g. Briggs, 1980, 1984;
Roettger, 1981; Hocking et al., 1989) and VHF Doppler
radars (Woodman, 1985; Zrnic, 1979; Hocking, 1997b).
One notable exception was the work of Avery et al. (1983,
1989), who used narrow beam VHF radars to undertake
meteors studies, but because the radars were often opti-
mized for MST VHF studies, the meteor detection rates
were often low. Tsuda et al. (1987, 1995) also carried out
meteor studies in this time frame.

The availability of fast digitization devices, and
high-speed personal computers with large memory buffers,
changed this situation. It was now possible to use multi-
tasking operating systems like UNIX on personal comput-
ers, and simultaneously stream data to memory and analyze
it “on the fly”. Furthermore, very detailed meteor selection
and analysis algorithms were now possible, permitting very
high rejection probabilities for lightning, E-region echoes,
impulsive RF interference, auroral echoes, and so forth.
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Procedures which once required manual intervention and
took hours or days to perform on large data sets, could now
be performed in real time. Newer, more sensitive detection
algorithms were also possible.

Meteor radars have generally used either narrow beams
(Avery et al., 1983) or, more commonly, interferometric
techniques. The interferometric techniques generally utilize
wider beams. In the limit, beams which are almost isotropic
can be used, and these are capable of seeing meteors over
the whole sky (the so-called “all-sky” systems). Interfer-
ometric techniques use phase information recorded at the
receiving antennas to determine meteor locations, whereas
narrow-beam systems rely on the assumption that most me-
teors detected occurred somewhere in the main beam of the
radar. In regard to the interferometric method, one other lim-
itation of earlier meteor studies was that these systems of-
ten used receiving antennas spaced only a half-wavelength
apart, and the coupling between these antennas could be se-
vere (up to ~ —10 dB). This therefore produced biases in
the phases measured by the antennas, and so produced er-
rors in location of the meteors. Improvements to this design
were only forthcoming in the 1990s. Hocking and Thaya-
paran (1997) used four antennas spaced by typically 1.5-3
wavelengths, whilst Jones and Webster (1992), and sub-
sequently Hocking (1997a) used a 5-antenna system with
minimum antenna spacing of 2 wavelengths. The latter sys-
tem has been analyzed for coupling effects by Jones et al.
(1998). The availability of these new antenna arrangements
improved the reliability of meteor systems.

Finally, two other phenomena caused a regeneration of
interest in meteor studies. The first was the imminent arrival
of the Leonids meteor storm in 1998/1999 (e.g. see Brown
et al., 1997, 1998b; Brown, 1999), and the second was the
possibility of meteor damage to satellites. These events pro-
duced a renewed interest from the astronomical and military
communities.

It was within this environment of renewed interest, and
significantly improved technology, that the SKiYMET radar
was developed.

2. Radar objectives

The purposes behind the construction of the SKiYMET
radar were multiple. It was intended that a system be de-
veloped which could acquire data at the highest possible
rate, and simultaneously perform many different analyses.
The ability to run continuously and unattended was also an
important requirement. The system was designed to employ
interferometry, using optimal receiver antenna spacings, and
was also designed to be an all-sky system. This is in con-
trast to many earlier radars which transmitted their power
into moderately narrow beams aligned at low elevation an-
gles. The system was also designed to operate at very high
pulse repetition frequencies (PRFs) — up to 2000 Hz and
higher. This was a new development for routine meteor stud-

ies, since systems in the past often used PRFs of 600 Hz and
less. These higher PRFs would allow the system to be used
to determine parameters previously not amenable to stan-
dard meteor radar studies, such as meteor entrance speeds.
Use of such a high PRF, however, suffered from one limi-
tation — the aliasing range was small. For example, if the
PRF is 2143 Hz, the aliasing range is 70 km. Thus, in princi-
ple, it would be impossible to resolve whether a meteor had
a range of say 65, 135, 205 km, etc. This limitation, how-
ever, is easily resolved. Because it is known that the vast
majority of meteors burn up in the altitude range between 70
and 110 km, and because the angular location (azimuth and
elevation) are well known from interferometry, it is possi-
ble in most cases to use this information to determine the
true range unambiguously.

Other special requirements of the new design included
very detailed real-time meteor echo discrimination algo-
rithms, as well as various forms of on-line “post-detection”
software, including determination of middle atmosphere
winds (80—100 km altitude), mapping of radiant sources
during shower conditions, and determination of ambipolar
diffusion coefficients and temperatures. Determination of
diffusion coefficients (Tsutsumi et al., 1994) and temper-
atures (Hocking et al., 1997; Hocking, 1999a) are in fact
very recent developments. It was also intended that the
radar could measure meteor entrance speeds (e.g. Cervera
et al., 1997), and substantial developments have been im-
plemented here to permit real-time determinations. The
system is also sufficiently flexible that new developments
can be incorporated into the system where appropriate.

A persistent and underlying philosophy has been to ensure
that, as much as possible, the data acquisition and analysis
are fully integrated onto a single platform. Off-line analysis
is reduced because much of the data reduction is performed
in real time. Results of the on-line analysis can be obtained
with relative ease. At the same time, the raw data associated
with any events of possible significance are stored to file in
real time, and so are accessible to the user should further
detailed analysis be required.

In the following sections, the implementation of these
objectives will be described. Following that, examples of
typical outputs will be discussed and displayed.

3. Hardware

The system hardware comprises antennas, cables, a trans-
mitter and a receiving/digitizing unit. The antenna layout
is illustrated in Fig. 1, where the five receiving antennas
are arranged in the form of an asymmetric cross, with arms
of lengths of either 2 wavelengths or 2.5 wavelengths, as
shown. The location of the transmitter antenna is not critical,
although it should not be too close to any of the receivers.
Each receiving antenna is connected to a separate receiver
with cables of equal phase-length — typically 70 m or so.
Systems generally operate at a fixed frequency which is
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Fig. 1. Plan view of the antenna arrangement for the radar system.
The location of the transmitter antenna is not critical and can be
placed in any convenient location. The receiving antennas all need
to be in a horizontal plane. The symbol A represents the radar
wavelength.

selected by the user, but is normally in the range from 20 to
50 MHz. The transmitter antenna is connected to the trans-
mitter with low loss cable. It is also possible, in cases of
very long receiver-antenna cables, to place pre-amplifiers at
the antennas to enhance the signal for transmission back to
the receivers.

The transmitter is a solid state unit comprising (typically)
six 1 kW modules, although larger numbers of modules can
be used. It is supplied by Tomco Electronics Pty. Ltd. of
Australia. It is physically compact, being approximately a
cube in shape, and having a length of about 60 cm per side.
The peak power transmitted is generally 6 kW, and a se-
lection of pulses are available. They may have a variety of
shapes, including Gaussian, square, and square pulses with
shaped tapering on the ends. Pulse lengths can also be se-
lected, and can vary from a few hundred metres up to sev-
eral kilometres. Generally an effective pulse length of about
2 km is the most common choice. The transmitter also in-
cludes protection against excessive standing-wave ratios and
over-heating.

The next hardware unit to consider is called the Radar
Data Acquisition System (RDAS). This unit includes five
identical receivers, each connected to a separate antenna,
which are then interfaced to a digitization system. It also
contains the “Frequency Synthesizer Unit” (FSU), which
provides various reference frequencies for the transmitter
and receivers. The whole system is in turn driven by a per-
sonal computer running under a FreeBSD UNIX operating
system. Many parameters can be selected under computer

control, including filter bandwidths: up to four different fil-
ters may be chosen. Typical base-band filter half-widths are
25, 50, 125 and 250 kHz. For a 2 km pulse, the 25 kHz filter
approximately optimizes the signal-to-noise ratio. Other se-
lectable parameters include pulse length, pulse shape, pulse
repetition frequency, receiver gain (up to 122 dB), sam-
pling interval, and number of coherent integrations. The sys-
tem also contains a large self-diagnostic capability, enabling
thorough checks on the system functionality.

The use of a UNIX operating system is an important ad-
vantage. It enables fast and efficient multi-tasking, and also
makes it easy to link the system to modems and the Inter-
net. The multi-tasking capability makes it possible to stream
the data into memory on a continuous basis, while at the
same time analyzing the incoming data for the occurrence
of meteor echoes. This minimizes the system “blind-time”,
so that the system is able to detect several thousand useful
meteor echoes per day. The data are then written to hard
disk. It is possible to store all data to disk, for detailed stud-
ies at a later time, or to record only the raw data associated
with individual detections. It is most common to use the
latter option. Typically, the data stored are those for 1 s be-
fore the meteor occurrence, and 3 s afterwards, at the range
of detection. These data are then further analyzed to de-
termine meteor range, angular location, height, strength of
backscatter, lifetime, radial drift velocity (and its error), and
meteor entrance speeds (where possible). This processing
once again takes advantage of the multi-tasking capabilities
of the UNIX environment, so that the processing can pro-
ceed independently while the radar continues to acquire new
data. A wide variety of determinations are then possible,
such as upper atmosphere wind speeds, temperatures in the
meteor region, ambipolar diffusion coefficients, pressure in
the meteor region, and locations of shower radiants. A flow
chart describing the interactions between the various units,
the data acquisition, and the software algorithms, is shown
in Fig. 2.

In the following sections, we will describe the various
software algorithms in some detail. We will begin with the
initial detection software, and then progress to the higher
level analyses.

4. Detection algorithms

One of the most important tasks performed by the
SKiYMET software is meteor detection and discrimination.
In the following sections, these algorithms will be outlined.

Meteor detection is performed with two successive pro-
cesses. The first algorithm in the meteor identification
sequence is termed the “detector”, and this performs a
“first-pass” examination of the in-phase and quadrature
time series, identifies potential meteors for further analysis,
and stores the data associated with them to data files, which
we shall call “Preliminary EVent Files” (PEVs). These
files typically include 1 s of raw data prior to the meteor
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SKiYMET Hardware and Software Flow Diagram
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Fig. 2. Flow chart showing the interaction between and within the various hardware and software components of the system.

peak, and 3 s after it, at the range at which the meteor was
detected. As a rule, this results in a reduction of storage
space by a factor of about 100 (or more) relative to that
which would have resulted if all data were stored.

The second-stage analysis (termed “skiycorr”) re-examines
these same meteors, but in much greater detail, and confirms
them as meteors where possible. This strategy has been
adopted so that the first-stage software (detector) has sim-
pler tests to perform and so requires only minimal tasks to
undertake during the initial detection. In cases of extremely
high data rates, the detector is therefore not encumbered
by more stringent tests. The second-stage (confirmation)
program then analyzes these “PEV” files, but the time con-
straints for it are not so severe. Analysis is performed in
the background, with the first-stage detector always having
the highest priority. The confirmation program analyzes
the PEVs whenever there is spare time on the machine. As
a rule, with modern computers this second-stage analysis
actually completes within seconds of the data acquisition,
but in principle it is possible that it could lag the initial

detection by any length of time. Thus, if there are bursts of
meteor activity, the first-stage detector can function most
efficiently for detection, and the second-stage confirmation
can proceed at a later time when the meteor activity has
diminished.

4.1. First-stage detection

One of the most difficult processes in the meteor analysis
sequence is simply the task of finding meteor echoes and
discriminating them from other short-duration signals. The
features which distinguish meteors (or at least underdense
meteors; e.g. see Jones, 1975) include their relatively short
duration, their rapid onset, and their quasi-exponential de-
cay time. Once detected, it is relatively simple to perform
cross- and auto-correlation functions on them, but the in-
tial detection can be quite difficult, especially if the meteor
signal is weak. Therefore, various signal-to-noise improve-
ments are necessary for this initial stage of detection. The
“detector” performs the following tests.
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Step 1. First, the in-phase and quadrature components are
averaged in time bins, thereby implementing a (temporary)
coherent integration on each receiver. This is in addition to
any coherent integration which has already been performed
at the digitization stage. Typically, we average over a se-
quence of 2—4 points in length (where the actual value is
user-specified). The number should be selected in such a
way that the integration time is substantially less than the
period of the fastest oscillations expected due to the radial
drift of the meteor trails. For a PRF of 2144 Hz (which is
very common), with an initial coherent integration of 4, an
extra (temporary) coherent integration of 2—4 points is a
very reasonable number.

Step 2. Next, the amplitude of the signal on each re-
ceiver is determined from the in-phase and quadrature aver-
ages determined above, and then the program incoherently
averages the amplitudes across all five receivers. This opti-
mizes our signal for initial detection purposes. We use the
incoherent average across receivers, rather than the coherent
one, because a coherent average may well sum to zero, or a
small value, since the phases on all five receivers are differ-
ent. Then, the magnitude of each such sum is compared to
the mean value of the amplitude in the previous “n” points,
where the value of # is user-determined and is typically of
the order of 10 or 20. If the current value significantly ex-
ceeds the standard deviation of the previous » points, then
the point is considered as a possible meteor. If this is not
so, the program proceeds to the next point. The meaning
of “significant” is user-defined — the user specifies a num-
ber which represents the multiple of standard deviations by
which the peak must exceed the standard deviation of the
previous points. If the point does satisfy this criterion, then
a flag is set to indicate a possible meteor. The next point
is then examined; it is necessary that this must also exceed
the noise floor by the above-specified multiple. If this is not
so, the “meteor-present” flag is turned off. If the next point
also satisfies this test, the program proceeds to further tests.
Individual large spikes usually relate to lightning, or impul-
sive interference, and if these occur, they can be removed
and replaced by the average of the value on either side. This
latter process can be selected at the user’s discretion.

Step 3. It is now necessary to proceed to further tests,
in order to determine if the signal is truly a meteor. It is
therefore determined whether the large value really does rise
abruptly out of the noise. If the rise is slow, the data are
rejected as aircraft, or E-region echoes, or some other type
of contaminant. It is also necessary to ensure that the echo
is reasonably short lived (typically less than 2 or 3 s). For
example, aircraft generally take a few seconds (typically 10
or more) to pass through the beam so the signal is tested
to see if it has returned to “normal” after about 3 s. If this
is so, the signal is more likely to be a real meteor, so the
test progresses to checking that the mean amplitude level
has returned to a value comparable to the noise level within
typically 3 s of the peak. This procedure also helps elimi-
nate other slowly fading events such as ionospheric echoes.

However, this test alone is insufficient to ensure that the sig-
nal is indeed a real meteor. It is also necessary to check that
the meteor suddenly “turns on” and that the mean level for
the cluster of three successive points at a location 0.3 s prior
to peak does not have a mean value which exceeds the pre-
viously assigned trigger level. This effectively constraints
the rise time to 0.3 s or less.

Experience has also shown that lightning can be a nui-
sance, both in the form of lightning-induce RF interference
and radar scatter from lightning plasma trails. If these ap-
pear in the time series as individual amplitude spikes, they
can be removed using the spike-rejection algorithms previ-
ously discussed. However, the duration of the lightning sig-
nals often exceeds the interpulse period, and their effect can
be found on several successive pulses. When this occurs, the
signals tend to show substantial amplitude variation through-
out their lifetime, rather than the moderately smooth decay
associated with meteors. This is true for both RF interfer-
ence and scatter from lighting plasma-tubes. Other forms of
signal also exist which alternate up and down in amplitude
on time scales of a few tenths of a second, and these also
need to be eliminated. All of these types of echoes can be
eliminated with the following test.

Step 4. The data are searched for occurrences where the
amplitude fluctuates up and down as a function of time in the
900 ms following the peak, using the following algorithm.
First, the place where the amplitude has fallen to 0.3 times
the peak value at the initial meteor onset is located. Next,
the meteor echo amplitude beyond this point is examined
to determine whether the amplitude rises to above 0.7 times
the initial amplitude. If this occurs, it is assumed that the
echo has non-meteor characteristics. As a consequence, the
signal is rejected. This algorithm has proved very effective
at removing lightning as well as other non-meteor echoes
such as sporadic E-region reflections (which tend to show
substantial amplitude variability). It does have the disadvan-
tage that occasionally deeply fading oscillatory over-dense
meteor echoes may be rejected, but this likelihood can be ac-
commodated by adjusting the depth of the fading permitted
(i.e. the values of 0.3 and 0.7 as previously discussed). This
procedure will also remove signals associated with over-
dense meteor trails, but since these are only a small per-
centage of the total number of meteors, the loss is not too
significant. The rejection of a great many false echoes more
than compensates for the few overdense meteors which may
be rejected by this algorithm.

Step 5. Despite the care taken in these tests, experi-
ence has shown that non-meteor events can occasionally
slip through, and therefore there is one more important test
which can be applied. This test also rejects very weak mete-
ors which cannot be used because their signal-to-noise ratio
is too small to allow their locations to be determined. The
actual test involves forming the cross-correlation function
between all pairs of antennas and examining the variance
of the rate-of-change of phase of these correlation func-
tions. When the standard deviation of the rate-of-change
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of phase at zero lag is found across all receiver-pair com-
binations, a very useful decision-making parameter is ob-
tained. If the value is small, it is relatively certain that
we have a good meteor, while if the value is large, it is
likely that the “signal” is in fact very noisy and should
be discarded. The division between a “large” and “small”
standard deviation must be determined by the user, but vi-
sual examination of many meteors has permitted us to de-
termine that a value of about 6 m/s (where the rate of
change of phase has been converted to a radial drift veloc-
ity) is reasonable. However, in the detector algorithm, the
parameter can be user-defined. Indeed in some cases, val-
ues of up to 12 m/s are accepted, so that even some very
weak meteors will not be rejected. More rigorous tests are
applied in the following, second-stage detector, program,
which will be discussed shortly. It should be noted that
the cross-correlation function, rather than the autocorrela-
tion function, is used, since the autocorrelation function has
a troublesome noise-spike at zero lag which can complicate
calculations. The cross-correlation function is less contam-
inated by such spikes.

The above tests have been found to be very effective in re-
moving non-meteor echoes. As an example, during a recent
meteorological storm, 4000 echoes due to lightning were
recorded and were initially accepted as meteors; yet after
running through these final two identification processes, it
was found that there were only 10 left. About six of these
were real meteors, and the other four were lightning spikes
superimposed on simultaneous short-lived aircraft occur-
rences. This is a relatively rare event, and four such “false
detections” in the course of a day’s worth of meteors rep-
resents a very small error rate. However, it is emphasized
that these detection criteria can be controlled, to some ex-
tent, by the user. Some parameters are adjustable, and some
tests can be turned on or off. Often the criteria are relaxed so
that a higher percentage of “doubtful” signals are accepted.
This is done so that these echoes can be visualized with the
various graphics packages available; it is often a good idea
to be able to investigate “doubtful meteors” from time to
time, in order to keep a visual check on the rejection crite-
ria. It must be remembered that all these detections will still
be subjected to a much more rigorous series of tests in the
second-stage confirmation program, so false detections will
be removed there. Indeed, the criteria used in that program
even allowed removal of the four curious lightning-cases
“left over” in the discussion above.

Step 6. Finally, if an echo is detected and passes all of
these tests, the data associated with this echo are saved to
a PEV file. In particular, a 4-s data stream containing all
of the in-phase and quadrature components for each recei-
ver is saved, where the data stream starts 1 s prior to the
peak of the meteor, and finishes 3 s after the peak, at the
range of detection. Data are not stored at the resolution
used for the tests discussed earlier, but rather at the (much
higher) temporal resolution of the original data acquisition
specifications.

4.2. Second-stage analysis: meteor confirmation

4.2.1. Data storage and general strategy

The second stage of identification and confirmation can
now begin. The program name used for these studies is
“skiycorr”. It is possible to run this analysis in parallel with
the first-stage detector, with this new program identifying
new 4-s records and analyzing them as soon as the detector
has produced them. However, it is also possible to save all
4-s files and analyze them at a later time. The purpose of
this program is two-fold. First, it is used to further subject
the original meteor-detections to more rigorous testing, to
be sure that the “possible meteors” really are valid meteors.
Files which pass these tests are written to new files called
“Confirmed EVent” files (CEVs). Then, secondly, it is used
to determine the location of the meteors in the sky (zenith,
azimuth and range), and then perform other calculations
such as determinations of decay times, radial velocities, and
entrance speeds. The results of these analyses (including
meteor trail drift velocities) are then written to an ASCII text
file for further study. Once again, these analysis procedures
will be described in a sequential manner.

Before applying these tests, it is important to register the
intrinsic phase delays between the antenna/receiver com-
binations. These delays must be known in order for the
algorithm to determine meteor positions. They arise from a
variety of factors, but are mainly due to receiver delays,
since all cables are generally cut to equal phase lengths, and
all receiving antennas are identical. As a rule these phase
delays are measured at the time of installation, and also at
regular subsequent intervals. They are stored to file, from
which the skiycorr program can read them as required. We
have found that the receivers are very stable with respect to
time, and drift by only a few degrees over the course of a
year. Nevertheless, regular phase checks are highly advised.

Skiycorr repeats some of the steps in the detector, but
with more aggressive rejection criteria. Some new tests have
also been added and these will be discussed in due course.
It also has the option to include its own “spike-rejection”
criteria, which can be used either to supplement that used in
the detector, or to replace it entirely.

The confirmation program, skiycorr, then begins to search
for meteors within each 4-s record produced by the detec-
tor. The 4-s PEV files also contain some header informa-
tion which tells the skiycorr program where (within the 4-s
record) to look for the meteor. Following this, skiycorr per-
forms a double-check of the position of the meteor peak.
This check begins with a search of the incoherently aver-
aged data points, seeking out pairs of points which stand
out above the noise, just as in the detector, but with more
stringent acceptance criteria.

Once a possible meteor has been accurately located, a
series of more thorough tests then ensues. Some of these
repeat algorithms used in the first stage of detection, but with
more stringent parameters. However, the majority of these
tests are new. They are listed below. It should be noted that
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some of the tests may not seem especially “stringent”. This
is true, and it is a deliberate strategy, with the intent being to
apply many tests of a modest nature throughout the program,
rather than one or two extreme tests. When combined, our
tests then make a powerful discriminator of meteor echoes.

4.2.2. Second-stage tests

The tests performed in “skiycorr” are now described.

Step 1. Three separate data intervals of width 0.25 s are
isolated at the following locations. The first interval is found
at the very start of the record (usually 1.0 s prior to the me-
teor peak, and therefore covering a range from 1.0 to 0.75 s
prior to the peak). The second interval is chosen just prior
(0.35-0.1 s) to the peak. The third is found starting 0.7 s
after the peak. The root-mean-square (RMS) values of the
incoherently averaged data within these three bins are then
found and compared. The largest RMS (root-mean-square)
value of these is selected and is compared to the value of the
peak of the meteor (where the peak value has been found
after applying both the coherent and incoherent integrations
described earlier). It is required that this peak value exceed
the largest RMS value within the other three bins by at least
a factor of two. (It is worth noting that when the incoher-
ent amplitude averages are formed, the mean value is offset
from zero by an amount which can substantially exceed the
standard deviation of the amplitudes. This offset is removed
from all the data before any tests are performed, and it is
especially important to be aware of this for the above tests.)
A factor of two may not seem large, but is sufficient to elim-
inate cases where the “peak” detected by the detector turns
out to be little more than a noise burst.

Step 2. The next step involves cross-correlating the data
on the different channels prior to the meteor peak. In this
case, rather than requiring high levels of correlation, low
levels are sought, so it can be determined that the meteor
truly has occurred suddenly. This therefore takes advantage
of one of the most unique features of meteors — the fact
that meteor signals rise very rapidly out of the noise. This
test successfully removes cases of moderate E-region re-
flections which are persistently present but which suddenly
increase in strength, for example, because the data prior to
the sudden increase are still correlated. It is also a very
good way to remove aircraft contributions which somehow
passed through the earlier tests. Specifically, the variance
of the rate of change of phase of the cross-correlation func-
tions between all pairs of antennas is examined near zero
lag. The test is very similar to the cross-correlation proce-
dure described earlier for the detector, but in this case small
values are rejected because this indicates highly correlated
data just prior to the meteor. In reality, the rates of change
of phase are converted to radial drift velocities (the units of
which are m/s) and those cases in which the standard devi-
ation for the mean is less than 2.0 m/s are rejected.

Step 3. Following step 2, the same type of tests are applied
yet again, but on this occasion the interval of time used
includes that in which the meteor occurred. In this case, data

which are well correlated are sought. A data bin of typically
1.0-2.0 s is used, depending on the meteor duration, and
cross-correlation functions are formed between all pairs of
receivers. It has been found that data are acceptable if the
standard deviation of the mean radial drift velocity is less
than 5.5 m/s. This has been determined largely by the visual
inspection of many hundreds of meteors, and this test works
well for radar frequencies above 30 MHz. Larger values are
acceptable for lower frequencies.

If the data passes all of the above tests, an acceptable
meteor has been identified; if not, the data are rejected and
ignored and the program passes on to examine the next 4-s
data set.

5. Meteor parameters

The next step is to determine parameters which describe
the meteor and its plasma trail. These are found in the
skiycorr program, after the meteor has been confirmed.
Clearly, the peak amplitude and the lifetime are easily
found — the latter is determined by finding the time for
the cross-correlation function to fall to 0.5 times its value
at zero lag.

One of the most important pieces of information is, of
course, the location of the meteor in the sky. This is found
by comparing phase differences of the meteor signal at zero
time lag in the cross-correlation functions, after compensa-
tion for any intrinsic phase differences between the receivers.
These phase differences may then be inverted to determine
a direction of arrival of the reflected radio wave by stan-
dard interferometric techniques (e.g. Roettger and Ierkic,
1985; Larsen and Roettger, 1991; Larsen et al., 1992). The
novel interferometric antenna arrangement shown in Fig. 1
removes (in principle) any angular ambiguities. However,
if the meteor signal-to-noise ratio is poor (leading to errors
in the phase determinations), it can happen on occasion that
the program cannot decide between two possible meteor po-
sitions in the sky. If this occurs, both options are saved, and
the meteor is assigned an “ambiguity level” which specifies
the number of acceptable angular positions. All this infor-
mation is saved to the final output file so that the subsequent
user can decide whether to employ this information or not.
In general, only a small percentage of meteors show such
angular ambiguities.

At this juncture, there is another calculation which needs
to be made, and this is the determination of the height of the
meteor. If the range is known, this is relatively trivial, since
the angle from zenith may be used to determine the height.
The curvature of the Earth is allowed for in this calculation.
However, there are times when this calculation is more com-
plicated; this occurs if the pulse repetition frequency of the
system exceeds 1500 Hz. Such high PRFs are often used to
enhance the signal-to-noise ratio, and also to permit deter-
mination of quantities which require higher temporal reso-
lution (such as calculation of meteor entrance velocities).
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If a high PRF is used, it is possible that the meteor will
be range-aliased. For example, a PRF of 2144 Hz (a com-
monly used value) produces an aliasing range of ~70 km,
so a meteor at 150 km range appears at a range of 10 km.
Likewise meteors at 80 km range, or 220 km range also ap-
pear at 10 km. Skiycorr therefore determines all possible
ranges from which the meteor might have come, and then
uses this information to determine possible heights of the
meteor. Ranges which do not produce a height in the re-
gion 70—110 km (where these limits can be user-specified)
are rejected. In the majority of cases (except for the lowest
elevation angles), this procedure produces only one possi-
ble range, thus allowing unambiguous location of the me-
teor. In cases where there are range ambiguities, the “am-
biguity level” is increased to reflect this fact, and the pos-
sible range-angle combinations are printed to file. Thus,
these are still available to subsequent users should they be
needed.

The final parameter which is determined is the speed at
which the meteor entered the atmosphere. Determination of
this parameter is not always possible, but when it can be
determined, it represents very important information. The
details about this determination will be given later.

Finally, the data are written to two files. One is a binary
file, and the other is a text file. This dual option offers some
extra security against file deletion, and also permits users to
use either as input for subsequent analyses. The following
data are written to file. First, the date and time are given
(year, month, day, hour, minute, second, and millisecond).
Then a unique identifier is given which allows the user to
identify the 4-s record which holds the raw data (CEV file)
for this meteor; this can be useful if the user wishes to go
back and examine the raw data associated with the meteor
in more detail. Following this, the range and height of the
meteor are listed. Then the mean radial drift velocity and its
associated error for the mean are written. Following this are
the angle from zenith, and the azimuth angle anti-clockwise
from due East. The next parameter is the ambiguity level —
if this is 1, the data are unambiguous, whilst if it is greater
than 1 then there exists the possibility that the meteor has
been wrongly located. In the case of ambiguous echoes,
other possible locations will be suggested in the lines imme-
diately preceding or following the current line. Following
this, a value representing the phase errors between antenna
pairs is stored. This is found by determining the phase dif-
ferences which should exist between all antenna pairs for
the specified meteor location, and then finding the difference
between the actual value and this “theoretical” value. The
largest such difference is then recorded. This can sometimes
be used to resolve between several possible ambiguous me-
teor locations. The next parameter is a 2-digit number which
specifies which antenna pair has this maximum phase er-
ror. Other important parameters which are written to file in-
clude the meteor amplitude (digital units), the meteor decay
time, and the meteor entrance speed into the atmosphere (if
available).

6. Scientific measurements

We now turn to consideration of the scientific parameters
deduced in the analyses. Some of these are determined in
skiycorr, but the system also includes other algorithms which
accept the output of skiycorr and determine higher level in-
formation, which relates to the essential science produced
by the radar. The SKiYMET radar affords measurements of
a variety of parameters, including both “traditional” ones,
and some very new capabilities. Of the “traditional” ones,
meteor fluxes, upper atmosphere winds and ambipolar dif-
fusion coefficients are the most predominant, while newer
parameters include absolute measurements of atmospheric
temperature and pressure, as well as astronomical quantities
like meteor entrance speeds and radiant mapping. In the fol-
lowing subsections, we will describe the various techniques
used to determine and demonstrate their application. It is
not possible to describe each technique in detail, but we will
present a brief overview, and refer the reader to more de-
tailed articles where appropriate.

6.1. Meteor fluxes

Perhaps the simplest parameter to measure with a radar
of this type is meteor fluxes. In its simplest form, this con-
sists simply of “counting” meteor occurrences. However, in
order to be useful for astronomy purposes, it is important to
make certain adjustments. Firstly, it is necessary to compen-
sate for angular biases in detection rates. Such biases occur
due to radar polar diagram effects, range effects, and atmo-
spheric effects. The strengths of the meteor echoes should be
converted to more useful parameters like particle mass. In
order to do this, it is necessary to utilize the meteor ampli-
tude, and use the known transmitted power, receiver gains
and efficiencies, range effects and atmospheric effects. At-
mospheric biases include angle of entry effects. For exam-
ple, meteors tend to be detected more commonly at angles
beyond 25° from zenith, and rather more rarely from over-
head. The meteor echo strength varies proportionally to the
meteor range to the power of —3. Examples of the types of
calculations involved in these conversions can be found in
Brown and Jones (1995) and Brown et al. (1998a, b), and
references therein.

The SKiYMET software does not do these conver-
sions directly, since the determinations are best done on a
site-dependent basis, but it does provide all the informa-
tion needed to do such conversions. Information which is
supplied includes echo amplitude, range, zenith angle, and
azimuth. Fig. 3 shows plots of typical meteor fluxes (before
correction) and typical angular and height distributions.
Notice that in this case there is a preponderance of meteors
in two directions: this arises because the antennas which
were used were planar Yagi antennas. If crossed antennas
are used, fed with a 90° phase difference, this asymmetry
disappears, and options exist to use such antennas with the
SKiYMET system.
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Fig. 3. Displays of typical flux data produced by the radar. (a) Typical meteor count rates as a function of time of day over a period of
two days. A pronounced diurnal cycle is apparent, although the day-to-night variation is not always this severe. (b) Typical azimuthal and
zenithal distribution of several thousand meteors, taken with a system in New Mexico. Note that the excess of meteors to the north and
south are due to the antenna alignment. If crossed antennas are used, the distribution becomes more rotationally symmetric. (c¢) Typical

height distribution of the meteors recorded with the radar.

6.2. Upper middle-atmosphere winds

Upper atmosphere winds have always been a main-stay
of radio-meteor research. Measurements of this parameter
are accomplished by measuring the radial velocity of ev-
ery meteor detected, and then combining these measure-
ments in an all-sky manner to determine upper level winds.
In the case of SKiYMET, radial velocities are determined
within skiycorr by using both auto- and cross-correlation
functions associated with meteor detections, and using the
rate of change of phase near zero lag to determine the ra-
dial velocity. All possible cross correlations between all sig-
nals from all five receiving antennas are used, as well as
the auto-correlation functions on each receiver, and then
the average is taken. The standard deviation for the mean
is also found. This latter parameter is used as an estimate
for the error, and is also stored with the radial velocity
for subsequent analysis. If, however, the standard devia-
tion for the mean is excessively large (typically greater than

5.5 m/s — see previously) then the “meteor” is rejected
entirely.

The on-line all-sky least-squares fitting routine currently
assumes a uniform wind u = (u,v,w) and then minimizes
the quantity

> Hu-r} =il (1)

1

where i refers to the meteor number in a specified height
and time window. Typically, such a window would cover
a height region of 3—4 km, and a duration of about 1.5 h.
Such windows are stepped at time steps of 1 h, and height
steps of 3 km. The vector r{ is a unit vector pointing from
the radar to the ith meteor trail. The value vy; is the measured
radial velocity, and u - r} is a dot-product.

In the simplest case, it is assumed that w = 0; in more
complex cases, it is possible to also assume that there are
gradients as a function of position in the sky. The SKiYMET
radar produces an on-line solution of Eq. (1) for the special
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Fig. 4. Typical graphs of decay times vs. height produced by a SKiYMET radar. The graph on the left shows a scatter plot of individual
meteors, while that on the right shows a density plot for the same data. The density shades are not given in absolute units since only the
relative densities are important for the curve fitting. A best-fit fourth-order polynomial is shown as the white line in the right-hand side graph.

case that w = 0, but provides all the relevant information
for the user to apply more sophisticated least-squares fitting
algorithms should they so choose.

There is one more recommended process which should
be applied in meteor winds determinations, which is also
applied with the on-line SKiYMET determinations. This is
a double-iteration of Eq. (1). In this process, Eq. (1) is first
applied to all data in the specified time- and space-bin, to
produce (u, v, w). Then, for each meteor, the radial velocity
which should have been observed, assuming that the true
mean wind was indeed (u, v, w), is determined. This is then
compared to the actual measured radial velocity. If this dif-
ference exceeds some user-specified value (typically 30 or
40 m/s) then this meteor velocity is rejected as an outlier.
This rejection value does not need to be specified too care-
fully — its purpose is simply to remove truly errant radial
speeds. Then, Eq. (1) is repeated, but only using meteors
which pass the above test. This procedure tends to “clean
up” the data. It does not necessarily mean that rejected me-
teors are erroneous measurements, but rather that they are
not typical of the “average” conditions in the sky at the
time. They could, for example, come from a region and time
where there were large, short-lived perturbations in the wind
fields. Such events are often deserving of further study, but
such investigations must be left to the scientists using the
instruments. For first-order estimates of the mean wind, they
are best ignored.

It is also useful to store the value of {[Y, [Vim@) —
vii F1/N }1/2, where N is the total number of points, vm()
is the model radial velocity determined for the ith meteor
assuming that the meteor’s angular location has been cor-
rectly located and that the mean wind is correctly specified

by (u,v,w), and vy; is the measured radial velocity for this
meteor. This parameter is called the “residual”, and gives a
measure of fluctuations of the wind speeds about the mean.
It serves as a crude indicator of gravity wave and turbulence
strengths.

Because the wind speed is a somewhat common parame-
ter, and has been determined with many previous radars, we
will not present graphical examples here. Examples can be
found in Hocking and Thayaparan (1997), among others.

6.3. Ambipolar diffusion coefficients, temperatures and
pressures

Another fundamental parameter that is produced by
meteor signal analyses is the decay time of the amplitude.
The time for the amplitude to fall to one-half of the peak
amplitude is given by

110 = (A In2)/(167°D,), (2)

where D, is called the ambipolar diffusion coefficient and 4
is the radar wavelength. Studies of D, have been undertaken
by several authors (e.g. Tsutsumi et al., 1994; Nakamura et
al., 1997). It has been shown (e.g. Jones and Jones, 1990;
Hocking, 1999a) that the ambipolar diffusion coefficient is
related to the atmospheric temperature (7') and pressure (P)
at the height of the meteor trail by

D, = KoT*/P, (3)

where Ky is a constant. A graph of the logarithm of the
inverse-decay—time as a function of height is a monotoni-
cally increasing function with substantial scatter. An exam-
ple is shown in Fig. 4. By fitting a polynomial to plots like
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Fig. 5. Temperatures measured by a SKiYMET-like radar at Res-
olute Bay in northern Canada, and compared to other methods,
during the summer time.

this as a function of height, Hocking et al. (1997) were able
to produce reasonable estimates of T2/P as a function of
height and month, which compared moderately well with
the COSPAR International Reference Atmosphere (CIRA).
However, because of errors in the CIRA pressures, it was not
possible to use these estimates to produce accurate absolute
temperatures. However, by using a different approach, which
involves a scale-height analysis of D,, Hocking (1999a) was
able to deduce absolute temperatures at the height of peak
meteor count rates, and this process required no knowledge
of the atmospheric pressure. This procedure appears to be
robust, and Fig. 5 shows an example of temperatures mea-
sured at Resolute Bay, in northern Canada, compared to
other reference measurements. After determination of abso-
lute temperatures, and determination of 72/P from Eq. (2),
it is also possible to derive absolute pressures at this same
height. Determination of pressures is a very novel capability
which is rare in almost any ground-based instrument.

SKiYMET radars are capable of all these calculations,
and have already produced a large number of measurements
of these quantities at a variety of sites. Detailed studies us-
ing these results will be forthcoming in future publications.
It should be especially noted that the meteor radar operates
throughout both day and night, and this gives the system the
ability to study tidal temperature oscillations. For example,
by superposing decay times from common hours throughout
a full month, a composite day can be produced, with tem-
peratures determined for each hour of the day. Harmonic
fitting can then be applied, to give diurnal and semidiurnal
temperature tides. This opens new possibilities for studies
of atmospheric tides which have previously not been avail-
able, since many of the instruments which have produced
mesopause-level temperatures in the past have been opti-
cal in nature, and could not operate outside of cloud-free,
moon-free, night-time conditions.

6.4. Radiant location

In astronomical studies of meteor activity, a common re-
quirement is determination of the sources of meteors. Me-
teors can be either sporadic, or shower, types. In the former
case, they tend to come from a broad range of locations in
the sky, while in the latter case they come from a single ra-
diant. Although it is not possible to determine the radiant
of any individual meteor using the SKiYMET radar, it is
nonetheless possible to determine locations of radiants when
many meteors have a common origin. This can be done in
the following way.

When a meteor enters the atmosphere, it is seen by the
radar if it produces a plasma trail which is aligned perpen-
dicular to a vector originating from the radar and pointing
to the meteor trail. Thus, there is a “great circle” in the
sky, centered around the radar, along which meteors from a
particular radiant can be detected. Conversely, if a meteor
trail is detected at a particular azimuth and zenith angle,
then it is known that the meteor radiant must have been at
some point on another great circle aligned perpendicularly
to the vector from the radar to the trail. The exact loca-
tion of the source on this great circle is unknown. However,
the great circle can easily be plotted in celestial equatorial
co-ordinates. If we now turn to another meteor, it also has
its own great circle of “possible radiants”, and this can be
plotted. It will generally differ from that of the first me-
teor. Such great circles can be plotted in celestial equatorial
co-ordinates for every meteor detected. This requires com-
pensation for the time of day of the detection, as well as
compensation for latitude and longitude, but it is not a dif-
ficult procedure. If there were a significant single source of
meteors in the sky (as during a meteor shower), then many
of these great circles will cross at a common right-ascension
and declination, and this point will indicate the source of
the shower.

This procedure has been automated with the SKiYMET
radar, and Fig. 6 shows two examples of this procedure. The
first shows a typical situation when there is no dominant
source in the sky. It can be seen that there is a broad region
which is slightly stronger than its surrounds, but the region
is diffuse. Such diffuse “sources” are common for the case
where the sporadic background is the main origin of most
meteors. The second shows the case when there is a strong
meteor source in the sky, and it correctly locates the position
of the shower radiant to within 3°. More detailed analysis
allows even better localization. Other versions of similar
algorithms have been presented by Jones and Morton (1982)
and Jones and Brown (1993, 1994).

It should be emphasized that even in the case of sporadic
meteors, the SKiYMET radar gives useful information about
the distribution of meteors. Studies using SKiYMET-like
radars are already underway to further understand both me-
teor sources and this diffuse background (e.g. see Brown
et al., 1998a,b). Accurate location of radiant sources, and
studies of the sporadic background, are therefore both areas



166

Right Ascension
18,18 20 22 0

(T

14

W.K. Hocking et al. | Journal of Atmospheric and Solar-Terrestrial Physics 63 (2001) 155-169

7| Mainly Sporadics

Declination

1-10 Feb., 1999

Albuquerque, NM.

Number of detections
per bin of size 4° x 2°

179.00
156.63
134.25
111.87
89.50
67.12
4475
22.37
0.00

00:00 06:00 18:00 00:00
Local Standard Time of Day at which
(a) source is overhead
Right Ascension
B ¢ 8D 12 G 10,48 B0 jB2 00 B s M 128 19 Dec1998
90 T
il GET:’?E} 20m +/- 20m - Albuquerque NM.
 Decl. = 29° /- 3° i
[ Number of detections
g per bin of size 4°x 2"
g0 270.00
2 236.25
= 202.50
168.75
135.00
101.25
67.50
33.75
90 oy Ly, N 0.00
00:00 06:00 12:00 18:00
Local Standard Time of Day at which
(b) source is overhead

Fig. 6. (a) Results of “radiant mapping” determinations for data from early February, 1999. This is a period when there are no major sources
in the sky, so that this is a typical case for a sporadic background of meteors. Note that the abscissa uses two scales — one is the right
ascension, the other is the time of day at which radiant (if any) is overhead. To use this axis, apply the scales to the equator, then follow
the curved lines of right ascension to (or from) the appropriate declination. (b) Results of “radiant mapping” determinations for data from
December 12 to 13, 1998. This is a period when the Geminids stream was the major source in the sky. Notice that the strongest density is at
the point indicated by the circle in the top left-hand corner. The correct value for the location of the Geminids, according to the Norton’s Star
Atlas (Norton, 1973), is RA =7 h 28 min, Decl. =+32°. This agrees with the value determined by the analysis to within the error quoted
on the figure. It should be emphasized that the errors shown arise because of our choice of grid size — higher accuracy is indeed possible (to
about 1.5° or better) if smaller grids are used. We have chosen to use the coarser resolution because this graph emulates a real-time display on
the system. Use of a smaller grid size produces software which is too slow for on-line implementation, but can certainly be applied off-line.

where the SKiYMET radar is making, and will continue to
make, significant contributions.

6.5. Meteor entrance speeds

Meteors enter the atmosphere with speeds in the range
of typically 10-100 km/s. There are therefore at least two

speeds associated with a meteor trail. One speed is the
drift of the trail as it is blown around by the atmospheric
wind, but there is also a second. This latter speed is the
speed at which the head of the meteor moves through the
atmosphere, and it is very similar to the speed of entry
of the meteor into the atmosphere. Whilst it is common
to measure the drift speed due to the wind, it is also
possible, although more difficult, to measure the speed



W.K. Hocking et al. | Journal of Atmospheric and Solar-Terrestrial Physics 63 (2001) 155-169 167

of the head of the echo. This determination can be under-
taken as follows.

If a meteor trail being formed in the atmosphere is illumi-
nated by radio waves impinging from a direction perpendic-
ular to the direction of alignment of the trail, then a Fresnel
diffraction pattern is produced at the radar by the backscat-
tered radio waves. This pattern sweeps past the radar (as the
front of the trail proceeds to move forward) with the speed
of the incident meteoroid which formed the trail. This pat-
tern has a well-known shape, which is similar to that formed
when light is diffracted around a sharp edge (e.g. Hecht and
Zajac, 1974, p. 386). By measuring the complex amplitude
as a function of time, it is possible to measure the speed
of the pattern past the radar, and thence that of the meteor
itself. It should be emphasized that this diffraction pattern
first appears before the meteor signal peaks in amplitude,
and persists after the peak. In the past, the amplitude oscil-
lation occurring just after the peak has been used to measure
the meteor speeds (e.g. McKinley, 1961), and more recently
Cervera et al. (1997) have used the phase oscillations prior
to the peak. The SKiYMET radar is unique in that it em-
ploys both these parts of the signal time series, and uses
them to determine the entrance speed. The determination is
fully automated. We will not describe the method in full
detail here; it is discussed in much more detail by Hocking
(1999b). However, we will demonstrate some results pro-
duced by the SKiYMET radar.

Fig. 7 shows a sequence of typical distributions of meteor
speeds measured with a SKiYMET radar near Adelaide,
Australia. The maximum speeds are around 40 km/s, but
this is a limitation of the sampling strategy used, rather then
the technique itself. In this case, we used a PRF of 2144 Hz,
and a 4-point coherent integration. Higher speeds can be
measured if less coherent integrations are used. The basic
shape is broadly similar from one time interval to the next,
but there are also some subtle differences. One difference of
note is that there is a secondary peak at speeds of 7-8 km/s,
and this peak shows a temporal variation. This is the speed
which dust and debris would have in orbit around the Earth,
and so it is possible that these points could be due to space
debris falling into the atmosphere, or dust from a diffuse
cloud orbiting the Earth. This particular group of meteoroids
deserve much further study.

On occasions, there is an extra feature which shows in
these graphs, and that is the presence of a narrow “spike”
of velocities superimposed on the general shape. This
arises when meteor showers are present and dominant. The
speed associated with such spikes is that of the entrance
speeds of meteors from the shower, and there is usually
only a very small spread in values. Indeed, it appears (from
multi-frequency comparisons of the same meteors) that the
method can determine the speeds to accuracies of less than
0.5 km/s. By combining information about entrance speeds,
and radiant determinations, it is possible to determine the
orbits of meteor streams. This is very important knowledge
for meteor astronomers, since it allows them to associate
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Fig. 7. Typical distributions of the entrance speeds of meteors as
they enter the atmosphere, for a PRF of 2144 Hz, and a 4-point
coherent integration. Speeds of around 7-8 km/s are highlighted.
These data were produced at a site called Delamere, near Adelaide,
Australia, but similar graphs have also been produced at other sites.

particular meteor streams with particular comets. An out-
standing example of this appears in the paper by Arlt et al.
(1999), where a study of the June Bootids meteor shower
was able to prove for the first time that this meteor stream
was associated with a comet called Pons-Winecke. Such
studies are relatively simple with the SKiYMET radar.

7. Conclusions

We have demonstrated how, by combining new technol-
ogy and both old and new concepts in meteor physics, it has
been possible to develop a new generation of meteor radar.
The principles used in meteor selection, and examples of
applications of the data, have been demonstrated. Examples
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have included both atmospheric and astronomical applica-
tion of this instrument.
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