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Abstract. In this work we give a review of the meteor
head echo observations carried out with the tristatic 930 MHz
EISCAT UHF radar system during four 24 h runs between
2002 and 2005 and compare these with earlier observations.
A total number of 410 tristatic meteors were observed. We
describe a method to determine the position of a compact
radar target in the common volume monitored by the three
receivers and demonstrate its applicability for meteor stud-
ies. The inferred positions of the meteor targets have been
utilized to estimate their velocities, decelerations and direc-
tions of arrival as well as their radar cross sections with un-
precedented accuracy. The velocity distribution of the mete-
oroids is bimodal with peaks at 35–40 km/s and 55–60 km/s,
and ranges from 19–70 km/s. The estimated masses are be-
tween 10−9–10−5.5 kg. There are very few detections below
30 km/s. The observations are clearly biased to high-velocity
meteoroids, but not so biased against slow meteoroids as has
been presumed from previous tristatic measurements. Fi-
nally, we discuss how the radial deceleration observed with
a monostatic radar depends on the meteoroid velocity and
the angle between the trajectory and the beam. The finite
beamwidth leads to underestimated meteoroid masses if ra-
dial velocity and deceleration of meteoroids approaching the
radar are used as estimates of the true quantities in a momen-
tum equation of motion.

Keywords. Interplanetary physics (Interplanetary dust; In-
struments and techniques) – Radio science (Instruments and
techniques)

1 Introduction

Meteor head echoes are radio wave reflections from the
plasma generated by the interaction of meteoroids with the
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atmosphere at about 70–140 km altitude. The echoes are
characterized by being transient and Doppler shifted. The
received power is confined in range, as from a point source,
and the target moves with the line-of-sight velocity of the
meteoroid.

The first meteor investigations with what today is termed
a High Power Large Aperture (HPLA) radar were conducted
by Evans (1965, 1966) with the 440 MHz Millstone Hill
radar. Some of the measurements were optimized to pro-
vide specular trail reflections (Evans, 1965) whereas others
were optimized for detecting head echoes of shower mete-
oroids travelling down-the-beam (Evans, 1966). To study
head echoes with a monostatic radar requires that the geome-
try of the detections be carefully taken into consideration, as
only the radial component of the velocity is observed.Evans
(1966) pointed the radar beam at shower radiants when these
were visible at very low elevations to get as big a crossbeam
detection volume as possible and applied strict restrictions to
ensure that the detections originated from meteoroids con-
fined in a small angle from boresight. Sporadic meteors do
not come from compact radiants and therefore cannot be as-
sumed to be down-the-beam or perpendicular to it.

There was then a 30-year pause in the use of narrow
beam HPLA radars for meteor observations, and when they
resumed, the improved signal processing techniques and
large data handling capacities proved them suitable for stud-
ies of sporadic meteor head echoes (Pellinen-Wannberg and
Wannberg, 1994; Mathews et al., 1997).

The tristatic capability of the EISCAT UHF system makes
it a unique tool in determining meteoroid physical properties
and investigations of the head echo scattering process. We
present the methods used for meteor head echo observations
carried out during four 24 h runs between 2002 and 2005 as
well as a summary of the determined physical characteristics
of the observed meteoroids.
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Table 1. Season, year, start/stop dates and times, number of detected tristatic meteors, interpulse period (IPP), pulse repetition frequency
(PRF) with two pulses per IPP, pulse length (Tpulse), and receiver sampling period (Tsampling) for the meteor campaigns with EISCAT UHF.

Season Year Start–Stop (UT) No of meteors IPP (µs) PRF (Hz) Tpulse(µs) Tsampling(µs)

Vernal equinox 2002 19–20 Mar, 12:00–12:00 50 4334 461 32×2.0=64.0 0.6

Summer solstice
2005 21–22 Jun, 14:00–10:00

}
101 3312 604 32×2.4=76.8 0.6

2005 23 Jun, 10:00–14:00

Autumnal equinox 2005 21–22 Sep, 07:00–07:00 194 3312 604 32×2.4=76.8 0.6

Winter solstice 2004 21–22 Dec, 08:00–08:00 65 4334 461 32×2.4=76.8 0.6

2 Experiment overview

The data presented in this study has been collected during
four campaigns carried out with the EISCAT UHF radar sys-
tem as summarized in Table1. These campaigns were sched-
uled at vernal/autumnal equinox and summer/winter solstice.
A total number of 410 tristatic meteor head echoes contain
enough data points for time-of-flight velocity calculations to
be compared to the Doppler velocity measurements.

The EISCAT UHF system operates at around 930 MHz
and comprises three 32 m parabolic dish antennae with
Cassegrain feeds and 0.6◦ one-way half-power beamwidths.
One transmitter/receiver is located near Tromsø, Norway,
and two remote receivers are located in Kiruna, Sweden, and
Sodankyl̈a, Finland. The common volume monitored by all
three receivers was during all campaigns situated at an alti-
tude of 96 km, about 161 km in range from Kiruna, 279 km
from Sodankyl̈a and 164 km from Tromsø, as illustrated in
Fig. 1. The angle between the Kiruna antenna pointing di-
rection and the Tromsø beam was 75.6◦ during the cam-
paigns. The corresponding figure for Sodankylä and Tromsø
was 122.2◦.

The Doppler frequency measured at a remote receiver is
proportional to the sum of the line-of-sight projections of the
meteoroid velocity (v) onto the transmitter beam (vT) and
the receiver beam (vR) as sketched in Fig.2. Its magnitude is
proportional to the projection of the meteoroid velocity onto
the plane spanned by the two beams. The velocity com-
ponent measured in a bistatic geometry is usually defined
as being along the bisector of the transmitter and receiver
beams. The meteoroid velocity component along the bisec-
tor is calculated by dividing the measured velocity (vT+vR)
with 2× cosγ , whereγ is the bisector angle and equal to the
half-angle between the transmitter and the receiver beams.

A 32-bit binary phase shift keyed (BPSK) coded pulse
sequence with a bit length of 2.4µs was used in three of
the four campaigns (Table1), giving total pulse lengths of
76.8µs (Wannberg et al., 2008). The transmitted waves are
left- and the received waves are right-hand circularly polar-
ized.

Three frequencies were used with two pairs of pulse se-
quences transmitted in each radar cycle, every pair sepa-
rated by half an interpulse period (IPP). Narrow bandpass
filters are used in Sodankylä around 930 MHz to prevent in-
terference from nearby GSM base stations. For this rea-
son, the first pulse sequence in each pair was transmitted at
929.6 MHz in order to be receivable at Sodankylä. To avoid
reception of echoes from previously transmitted pulse se-
quences still within the ionospheric F-layer with the Tromsø
transmitter/receiver, the second pulse sequence alternated be-
tween 927.5 and 928.7 MHz. The whole IPP was 4334µs
during the vernal equinox and winter solstice campaigns,
which means a separation time of 2167µs between con-
secutive transmissions/receptions. This enables parameters
such as meteoroid line-of-sight velocity and echo power to
be monitored with a frequency of 461 Hz. The received sig-
nals were oversampled by a factor of four at all sites with
a 0.6µs sampling period. The detection of tristatic pulsat-
ing events in the winter solstice data triggered us to shorten
the IPP of the later campaigns to 3312µs, the lowest achiev-
able IPP with the utilized pulse scheme by reason of beam
duty cycle regulations. This gives a monitoring frequency of
604 Hz. The Kiruna reception scheme was also modified to
receive both pulses in each pulse pair instead of only one.
The two pulses in each pulse pair are separated by 90µs.

When decoding the received BPSK coded echo sequences
of a meteor echo, the Doppler shift corresponding to the line-
of-sight velocity of the meteoroid has to be taken into ac-
count. Wannberg et al. (2008) have developed an inverse al-
gorithm in which optimum pulse compression at each indi-
vidual radar pulse sequence is found by optimizing the Dopp-
ler frequency and assumed position of the first meteor echo
sample in the dump. In this way, we get two independent
measurements of the line-of-sight velocity: a direct estimate
of the Doppler velocity, and a very precise estimate of the
range rate when comparing the location of meteor echo sam-
ples in consecutive dumps.

Previous tristatic EISCAT meteor experiments and results
are described byJanches et al.(2002).
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Fig. 1. Sketch of the tetrahedron geometry used in the meteor studies. The full beamwidths are plotted as1◦ and are drawn to scale.
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Fig. 2. The Doppler frequency at a remote receiver is propor-
tional to vT + vR . The velocity component along the bisector is
(vT + vR) / (2× cos γ) .

3 Meteor Analysis

The EISCAT radar system is designed for studying beam-
filling, ionospheric plasmas giving rise to incoherent scatter
echoes. Hence, compact target position determination has
not been realized before. To be able to compare the mea-
sured signal-to-noise ratio (SNR) of a head echo streak with

the beam pattern, we need to know the amount of transmit-
ted power as well as the antenna receiving sensitivity in the
particular direction that a meteor echo arrives from. We have
therefore used an ideal radiation pattern (Nygrén, 1996) with
a primary reflector size of 30 m, which best matches the mea-
sured beamwidth, and a secondary reflector size of 4.48 m to
estimate the antenna gain as a function of an angular dis-
placement from the boresight axis. The maximum gain at
boresight is 48 dB. The support structure of the secondary
reflector induces azimuthal sidelobe gain variations, which
we have not tried to take into account. Therefore we re-
strict ourselves to the RCS measurements of meteors detec-
ted within the –3 dB beamwidth.

There are several advantages of knowing the position of a
meteor target very precisely. It is not only vital for study-
ing the RCS, but also to get the best possible velocity de-
termination of the targets. When a meteoroid passes through
the beam, or rather through the common volume, the angles
between the velocity vector and the transmitter and receiver
beams change as functions of time. We show in Section 5.2
that this geometric effect can not be neglected. In order to
estimate the mass and the atmospheric entry velocity of a
meteoroid, its deceleration must be determined as precisely
as possible. This can only be done if the position of the target
inside the common volume is known. The deceleration of a
meteoroid during the one-tenth of a second it is monitored
is usually comparable to, or smaller than, the change in ra-
dial velocity of a constant velocity target moving through the
beam with the evolving angles not taken into account.

Fig. 1. Sketch of the tetrahedron geometry used in the meteor studies. The full beamwidths are plotted as 1◦ and are drawn to scale.
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the beam, or rather through the common volume, the angles
between the velocity vector and the transmitter and receiver
beams change as functions of time. We show in Section 5.2
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estimate the mass and the atmospheric entry velocity of a
meteoroid, its deceleration must be determined as precisely
as possible. This can only be done if the position of the target
inside the common volume is known. The deceleration of a
meteoroid during the one-tenth of a second it is monitored
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beam with the evolving angles not taken into account.

Fig. 2. The Doppler frequency at a remote receiver is propor-
tional to vT+vR . The velocity component along the bisector is
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inside the common volume is known. The deceleration of a
meteoroid during the one-tenth of a second it is monitored
is usually comparable to, or smaller than, the change in ra-
dial velocity of a constant velocity target moving through the
beam with the evolving angles not taken into account.
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Fig. 3. Doppler velocity (column 1), range gate (column 2), SNR (column 3), and pulse compression (column 4) versus IPP as seen from
Kiruna (row 1), Sodankylä (row 2), and Tromsø (row 3). The rightmost column shows meteoroid velocity (top) azimuth (middle) and zenith
distance (bottom) on the ordinates and IPP on the abscissae. The solid lines present the values found when combining the least-squares fitted
values of Doppler velocity and range from all receivers. The dashed lines indicate the values found when assuming a straight trajectory. The
values given in the subplot headers are the weighted arithmetic mean of the Doppler velocities (column 1) and the slopes of the linear curves
fitted to the range data (column 2).

for samples with high SNR. Assuming that there is only one
target in the illuminated volume, the range can be found to
an even higher precision by making a weighted least-squares
fit to the data points. We thus estimate the range to the target
from all three antennae at all interpulse periods and calcu-
late the position of the meteoroid from the three ranges as
described in Section 3.2.

The direction of the meteoroid trajectory is estimated by
combining the three measured Doppler velocities (leftmost
column in Figure 3) at the simultaneously derived target pos-
itions. The solid lines in the azimuth and zenith distance pan-
els of Figure 3 (rightmost column) show how these quantities
vary when linear least-squares fits of the measured Doppler
velocities are combined and fed into a velocity vector cal-
culation routine together with the positions determined using
the linear least-squares fits of the range data. The direction of
arrival changes as a function of IPP due to the limited good-
ness of fit. In this example, the deviation is extremely small.

A curvature of a few tenths of a degree is quite common.

The dashed lines in the rightmost column of Figure 3 rep-
resent the direction of arrival calculated from all three re-
ceivers at the central IPP of the data set containing the least
number of data points, in this case Tromsø. Owing to Earth’s
gravity, a meteoroid follows a curved path. However, the
deviation from linearity during the few kilometers of its tra-
jectory within the common volume is small compared to the
measurement uncertainties. We therefore assume that the de-
termined direction is the most accurate estimation of the tra-
jectory for the whole duration of the event.

Meteoroid velocity estimates are calculated from each in-
dividual Doppler velocity data point. The velocity compon-
ent values measured at each receiver site are divided by the
cosine of the angle from the derived meteoroid trajectory to
the direction of the velocity component. Since the angles
change with significant amounts when the meteoroid propag-
ates through the measurement volume, they are recalculated

Fig. 3. Doppler velocity (column 1), range gate (column 2), SNR (column 3), and pulse compression (column 4) versus IPP as seen from
Kiruna (row 1), Sodankylä (row 2), and Tromsø (row 3). The rightmost column shows meteoroid velocity (top) azimuth (middle) and zenith
distance (bottom) on the ordinates and IPP on the abscissae. The solid lines present the values found when combining the least-squares fitted
values of Doppler velocity and range from all receivers. The dashed lines indicate the values found when assuming a straight trajectory. The
values given in the subplot headers are the weighted arithmetic mean of the Doppler velocities (column 1) and the slopes of the linear curves
fitted to the range data (column 2).

3.1 Meteor detection

Figure3 shows an example of the primary radar parameters
deduced for an observed meteor. The top row of the four first
columns contains data from Kiruna, the middle row from So-
dankyl̈a, and the third row from Tromsø. All abscissae are
IPP. Each IPP is 3312µs long and the whole detection thus
lasts for about 0.11 s. The leftmost column shows the Dopp-
ler velocity values corresponding to the best frequency found
in the decoding process for each receiver. Positive direction
is here defined as away from the radar. The second column
shows the range gate of the target, the third one displays
the SNR, and the fourth one presents the pulse compression.
The pulse compression can reach a maximum value of 88%
(Wannberg et al., 2008).

The received signal is oversampled by a factor of four.
Hence, each bit in the transmitted code is represented by
four points in the received data stream. This is utilized in

the fitting procedure to find the position of the peak of the
decoded power within a fraction of a range gate with a centre
of gravity search routine. The Sodankylä range data (row 2,
column 2) demonstrates the accuracy of this method. As the
meteoroid trajectory is aligned almost perpendicularly to the
Tromsø-Sodankylä bisector, the target moves only through
two range gates during the observation. Integer values of
range are marked by dotted horizontal lines. The estimated
target position data points are seen to slightly differ from the
weighted least-squares fitted range rate (solid line) in the cen-
tral part of the panel. There is a gap at IPP 1163, where the
range value jumps from 323.63 to 323.35. The gap occurs
when the range to the leading edge of the echo, expressed as
an integer value, has shifted by one range gate and is proba-
bly best described by a value of about 323.5. The center-of-
gravity search routine seems to be able to find the true target
position to an accuracy of at least a third of a range gate, or
30 m. The solid line has a value of 323.55 at the step and a

Ann. Geophys., 26, 2217–2228, 2008 www.ann-geophys.net/26/2217/2008/
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slope corresponding to−1.76 km/s. The slope is very close
to the arithmetic mean of the Doppler velocity (–1.79 km/s)
and the solid line is estimated to represent the true range of
the target to an order of accuracy of one-tenth of a range gate,
or 9 m.

The rightmost column in Fig.3 shows estimated meteoroid
velocity (top), as well as the direction of arrival expressed as
azimuth (middle) and zenith distance (bottom). The calcula-
tions of these quantities are further described in Sect.3.3.

3.2 Position determination

The position of a compact target observed by the three
EISCAT UHF receivers can be visualized as situated at the
intersection point of three geometrical shapes: a sphere cen-
tered around the Tromsø antenna and two prolate spheroidal
surfaces, both with Tromsø in one focal point and one of the
remote antennae in the other. A prolate spheroidal surface
is defined byx2/a2

+(y2
+z2)/b2

=1, wherea is the semi-
major axis andb is the semi-minor axis. The total range from
Tromsø via the target (by definition situated on the surface)
to a remote receiver is equal to 2a and can be derived from
the measurements. The value of the semi-minor axisb of
each spheroid can be readily determined from the identity
b2

=a2
−c2, where 2c is the distance between the transmitter

and the receiver in the focal points of the spheroid.
The radius of the sphere centred around Tromsø is equal

to the monostatic range,rTRO. The position of a target is
determined by finding the spatial coordinatesx, y, and z

that simultaneously solve the spheroidal equations of both re-
mote receivers and the spherical equation,x2

+y2
+z2

=r2
TRO,

with all quantities expressed in a common coordinate system.
This has to be performed numerically with an optimization
routine as measurement uncertainties are involved.

As it turns out, the measured ranges do not generally pro-
vide an accurate position of a target. One first has to de-
termine and correct for some small offsets that are probably
caused by group delay in the transmission lines, remote sta-
tion clock offset, and the small but cumulative errors in the
antenna-pointing directions. The last two sources of errors
can vary between campaigns even if the experimental setup
is identical, but are constant during one measuring occasion.

The total offsets were less than 4µs for all experiments,
except for an offset of 6.6µs at the 2005 autumnal equinox
when the Kiruna GPS receiver had been replaced. The off-
sets were determined by starting with the assumption that
the pointing directions of the antennae were correct. Then
we altered the arrival times of the received echoes by small
amounts until the set of all trajectories in each experiment
came to be grouped around the centre of the common vol-
ume. Finally, we plotted the projections of all echoes onto
planes perpendicular to each receiver beam to manually
check how well the calibration succeeded. In Fig.4, the
pointing direction of the Tromsø beam has been adjusted by
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Fig. 4. The 194 meteoroid trajectories observed at autumnal equi-
nox projected onto a plane perpendicular to the Tromsø beam. The
maximum SNR of each head echo streak is normalized to one. The
white circle marks the –3 dB beamwidth (0.6◦).

using the derived target position at every IPP. The resulting
meteoroid velocity estimates are plotted in Figure 5. An error
in the derived direction of the trajectory would reveal itself
as a systematic difference between the calculated meteoroid
velocity estimates from each site. The length of the vertical
bars plotted for the Kiruna and Tromsø data in Figure 5 show
the estimated uncertainties. The Sodankylä data uncertain-
ties are of the order of±3 km/s and are not shown in the
graph as they exceed the displayed velocity range.

The uncertainty of a meteoroid velocity data point is es-
timated as inversely proportional to the pulse compression
squared, divided by the cosine of the angle between the mea-
sured velocity component and the determined trajectory. The
uncertainty in the Tromsø velocity data for this event is in
case of high pulse compression estimated to±0.08 km/s
(solid bars). The uncertainty in the data from Kiruna is es-
timated to±0.2 km/s (dashed bars), larger than the uncer-
tainty in the Tromsø data due to the greater angle from the
Kiruna bisector to the trajectory than from the velocity com-
ponent measured in Tromsø. The scatter of the Sodankylä
data is caused by its bisector and the trajectory being almost
perpendicular.

Weights used for determining least-squares fits to the ve-
locity data are chosen as inversely proportional to the estim-
ated uncertainties. Hence, both the pulse compressions and
the geometry of the trajectory are used to calculate them.

The accuracy of the meteoroid velocity determination is
better when using this method compared to combining the
simultaneously estimated velocity components from all three
receivers to calculate both speed and direction at each IPP.
There is another important advantage as well: several events
have low SNR and provide only a few data points from one
or two of the receivers, but good SNR and a long series of
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Fig. 5. Velocity estimates from each receiver divided by the co-
sine of the angle to the derived meteoroid trajectory. Estimated un-
certainties for Kiruna and Tromsø are shown as vertical bars. The
Sodankyl̈a uncertainties are±3 km/s and are not plotted as they
exceed the displayed velocity range.

measurements from the other/-s. A few data points from each
receiver are enough for an accurate direction determination.
If at least one of the receivers provides a long sequence of
data, the deceleration can also be deduced.

The use of the position of the target at each IPP cancels
the effect of the changing angle as the meteoroid traverses the
measurement volume. This is important for accurate velocity
calculation and thus crucial for deceleration determination.

The slanted solid line in Figure 5 is a weighted linear least-
squares fit to the calculated meteoroid velocity estimates. In
general, we do not try to describe the velocity with a poly-
nomial or exponential function, but fit the data directly to an
ablation model to estimate the meteoroid mass and the atmo-
spheric entry velocity (Szasz et al., 2007).

The ratios between the meteoroid deceleration in Fig-
ure 5 and the radial acceleration/deceleration evident in the
Kiruna, Sodankyl̈a and Tromsø data (Figure 3, column 1) are
clearly different from the ratios between the meteoroid ve-
locity and the radial velocities. This behaviour is due to the
effect of finite beamwidth on radial velocity measurements
and is further discussed in Section 5.2. The radial velocity of
a moving target is biased by its transversal velocity compon-
ent.

3.4 Meteoroid mass estimation

A standard way of estimating the mass of a meteoroid is to
use its determined velocity and deceleration in a momentum
equation (Bronshten, 1983). Travelling through the atmo-
sphere, a meteoroid decelerates due to collisions with the
atmospheric constituents. To also take into account that

Fig. 4. The 194 meteoroid trajectories observed at autumnal
equinox projected onto a plane perpendicular to the Tromsø beam.
The maximum SNR of each head echo streak is normalized to one.
The white circle marks the−3 dB beamwidth (0.6◦).

one-tenth of a degree so that its boresight coincides with the
concentration point of the head echo streaks. The same is
done for Kiruna and Sodankylä independently.

The procedure described above enables us to study the
temporal development of the RCS of each and every event
in a very efficient way now that we can compensate for the
beam pattern. The measured RCS changes very little during
many observations, as in the example provided in Fig.3. The
outcome of the position determination algorithm can there-
fore be verified by comparing the SNR of these events with
the beam pattern traced out along the trajectory.

3.3 Tristatic velocity determination

To determine the velocity of a meteoroid, we make one
assumption and one assumption only: that the meteoroid
moves along a straight line through our measurement vol-
ume. The accuracy of the range data points is about 30 m
for samples with high SNR. Assuming that there is only one
target in the illuminated volume, the range can be found to
an even higher precision by making a weighted least-squares
fit to the data points. We thus estimate the range to the target
from all three antennae at all interpulse periods and calcu-
late the position of the meteoroid from the three ranges as
described in Sect.3.2.

The direction of the meteoroid trajectory is estimated by
combining the three measured Doppler velocities (leftmost
column in Fig.3) at the simultaneously derived target posi-
tions. The solid lines in the azimuth and zenith distance pan-
els of Fig.3 (rightmost column) show how these quantities
vary when linear least-squares fits of the measured Doppler
velocities are combined and fed into a velocity vector cal-
culation routine together with the positions determined using
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Fig. 4. The 194 meteoroid trajectories observed at autumnal equi-
nox projected onto a plane perpendicular to the Tromsø beam. The
maximum SNR of each head echo streak is normalized to one. The
white circle marks the –3 dB beamwidth (0.6◦).

using the derived target position at every IPP. The resulting
meteoroid velocity estimates are plotted in Figure 5. An error
in the derived direction of the trajectory would reveal itself
as a systematic difference between the calculated meteoroid
velocity estimates from each site. The length of the vertical
bars plotted for the Kiruna and Tromsø data in Figure 5 show
the estimated uncertainties. The Sodankylä data uncertain-
ties are of the order of±3 km/s and are not shown in the
graph as they exceed the displayed velocity range.

The uncertainty of a meteoroid velocity data point is es-
timated as inversely proportional to the pulse compression
squared, divided by the cosine of the angle between the mea-
sured velocity component and the determined trajectory. The
uncertainty in the Tromsø velocity data for this event is in
case of high pulse compression estimated to±0.08 km/s
(solid bars). The uncertainty in the data from Kiruna is es-
timated to±0.2 km/s (dashed bars), larger than the uncer-
tainty in the Tromsø data due to the greater angle from the
Kiruna bisector to the trajectory than from the velocity com-
ponent measured in Tromsø. The scatter of the Sodankylä
data is caused by its bisector and the trajectory being almost
perpendicular.

Weights used for determining least-squares fits to the ve-
locity data are chosen as inversely proportional to the estim-
ated uncertainties. Hence, both the pulse compressions and
the geometry of the trajectory are used to calculate them.

The accuracy of the meteoroid velocity determination is
better when using this method compared to combining the
simultaneously estimated velocity components from all three
receivers to calculate both speed and direction at each IPP.
There is another important advantage as well: several events
have low SNR and provide only a few data points from one
or two of the receivers, but good SNR and a long series of
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Fig. 5. Velocity estimates from each receiver divided by the co-
sine of the angle to the derived meteoroid trajectory. Estimated un-
certainties for Kiruna and Tromsø are shown as vertical bars. The
Sodankyl̈a uncertainties are±3 km/s and are not plotted as they
exceed the displayed velocity range.

measurements from the other/-s. A few data points from each
receiver are enough for an accurate direction determination.
If at least one of the receivers provides a long sequence of
data, the deceleration can also be deduced.

The use of the position of the target at each IPP cancels
the effect of the changing angle as the meteoroid traverses the
measurement volume. This is important for accurate velocity
calculation and thus crucial for deceleration determination.

The slanted solid line in Figure 5 is a weighted linear least-
squares fit to the calculated meteoroid velocity estimates. In
general, we do not try to describe the velocity with a poly-
nomial or exponential function, but fit the data directly to an
ablation model to estimate the meteoroid mass and the atmo-
spheric entry velocity (Szasz et al., 2007).

The ratios between the meteoroid deceleration in Fig-
ure 5 and the radial acceleration/deceleration evident in the
Kiruna, Sodankyl̈a and Tromsø data (Figure 3, column 1) are
clearly different from the ratios between the meteoroid ve-
locity and the radial velocities. This behaviour is due to the
effect of finite beamwidth on radial velocity measurements
and is further discussed in Section 5.2. The radial velocity of
a moving target is biased by its transversal velocity compon-
ent.

3.4 Meteoroid mass estimation

A standard way of estimating the mass of a meteoroid is to
use its determined velocity and deceleration in a momentum
equation (Bronshten, 1983). Travelling through the atmo-
sphere, a meteoroid decelerates due to collisions with the
atmospheric constituents. To also take into account that

Fig. 5. Velocity estimates from each receiver divided by the cosine
of the angle to the derived meteoroid trajectory. Estimated uncer-
tainties for Kiruna and Tromsø are shown as vertical bars. The So-
dankyl̈a uncertainties are±3 km/s and are not plotted as they exceed
the displayed velocity range.

the linear least-squares fits of the range data. The direction of
arrival changes as a function of IPP due to the limited good-
ness of fit. In this example, the deviation is extremely small.
A curvature of a few tenths of a degree is quite common.

The dashed lines in the rightmost column of Fig.3 repre-
sent the direction of arrival calculated from all three receivers
at the central IPP of the data set containing the least number
of data points, in this case Tromsø. Owing to Earth’s grav-
ity, a meteoroid follows a curved path. However, the devia-
tion from linearity during the few kilometers of its trajectory
within the common volume is small compared to the mea-
surement uncertainties. We therefore assume that the deter-
mined direction is the most accurate estimation of the trajec-
tory for the whole duration of the event.

Meteoroid velocity estimates are calculated from each in-
dividual Doppler velocity data point. The velocity compo-
nent values measured at each receiver site are divided by the
cosine of the angle from the derived meteoroid trajectory to
the direction of the velocity component. Since the angles
change with significant amounts when the meteoroid propa-
gates through the measurement volume, they are recalculated
using the derived target position at every IPP. The resulting
meteoroid velocity estimates are plotted in Fig.5. An error
in the derived direction of the trajectory would reveal itself
as a systematic difference between the calculated meteoroid
velocity estimates from each site. The length of the vertical
bars plotted for the Kiruna and Tromsø data in Fig.5 show
the estimated uncertainties. The Sodankylä data uncertain-
ties are of the order of±3 km/s and are not shown in the
graph as they exceed the displayed velocity range.

The uncertainty of a meteoroid velocity data point is es-
timated as inversely proportional to the pulse compression
squared, divided by the cosine of the angle between the
measured velocity component and the determined trajectory.
The uncertainty in the Tromsø velocity data for this event is
in case of high pulse compression estimated to±0.08 km/s
(solid bars). The uncertainty in the data from Kiruna is esti-
mated to±0.2 km/s (dashed bars), larger than the uncertainty
in the Tromsø data due to the greater angle from the Kiruna
bisector to the trajectory than from the velocity component
measured in Tromsø. The scatter of the Sodankylä data is
caused by its bisector and the trajectory being almost per-
pendicular.

Weights used for determining least-squares fits to the ve-
locity data are chosen as inversely proportional to the esti-
mated uncertainties. Hence, both the pulse compressions and
the geometry of the trajectory are used to calculate them.

The accuracy of the meteoroid velocity determination is
better when using this method compared to combining the
simultaneously estimated velocity components from all three
receivers to calculate both speed and direction at each IPP.
There is another important advantage as well: several events
have low SNR and provide only a few data points from one
or two of the receivers, but good SNR and a long series of
measurements from the other/-s. A few data points from each
receiver are enough for an accurate direction determination.
If at least one of the receivers provides a long sequence of
data, the deceleration can also be deduced.

The use of the position of the target at each IPP cancels
the effect of the changing angle as the meteoroid traverses the
measurement volume. This is important for accurate velocity
calculation and thus crucial for deceleration determination.

The slanted solid line in Fig.5 is a weighted linear least-
squares fit to the calculated meteoroid velocity estimates. In
general, we do not try to describe the velocity with a poly-
nomial or exponential function, but fit the data directly to an
ablation model to estimate the meteoroid mass and the atmo-
spheric entry velocity (Szasz et al., 2007).

The ratios between the meteoroid deceleration in Fig.5
and the radial acceleration/deceleration evident in the
Kiruna, Sodankyl̈a and Tromsø data (Fig.3, column 1) are
clearly different from the ratios between the meteoroid ve-
locity and the radial velocities. This behaviour is due to the
effect of finite beamwidth on radial velocity measurements
and is further discussed in Sect.5.2. The radial velocity of
a moving target is biased by its transversal velocity compo-
nent.

3.4 Meteoroid mass estimation

A standard way of estimating the mass of a meteoroid is to
use its determined velocity and deceleration in a momentum
equation (Bronshten, 1983). Travelling through the atmo-
sphere, a meteoroid decelerates due to collisions with the
atmospheric constituents. To also take into account that
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the mass of a meteoroid changes due to ablation during an
observation, we have implemented the standard meteoroid-
atmosphere interaction processes (Öpik, 1958) in a numer-
ical single-object ablation model to compare with our ob-
servations. Ablation is the collective term for several kinds
of mass loss including vaporization, sublimation, fusion and
loss of molten droplets. The model is implemented in a way
similar to that of Rogers et al. (2005) and references therein,
originally based on̈Opik (1958), Bronshten (1983) and Love
and Brownlee (1991), with the addition of a sputtering model
as described by Tielens et al. (1994). The input meteor-
oid parameters to the model are above-atmosphere velocity,
mass, density and zenith distance. MSIS-E-90 (Hedin, 1991)
is used for atmospheric densities. The measured RCS is as-
sumed to be proportional to the meteoroid mass loss via an
overdense scattering mechanism (Close et al., 2002; West-
man et al., 2004). The model is further described by Szasz
et al. (2007) and in detail by Kero (2008).

The velocity and RCS data of each meteor is compared
and fitted to the ablation model by adjusting the input para-
meters propagated down through the atmosphere to our ob-
servation altitude using a fifth order Runge-Kutta numerical
integration technique with a variable step size (Danby, 1988).
Here we focus on the tristatic radar measurement technique
and suffice it to say that the data could be employed together
with any kind of physical model describing the atmosphere
interaction processes, e.g., the ablation model described by
Campbell-Brown and Koschny (2004), the analytical scatter-
ing model by Close et al. (2004), or the numerical simula-
tions by Dyrud et al. (2007).

4 Results

The velocity distribution of the detected meteors is repor-
ted in Figure 6. None of the meteoroids has a speed higher
than 72 km/s, which is the highest geocentric speed of an ob-
ject on a bound orbit in the solar system. The distribution is
bimodal with peaks at 35–40 km/s and 55–60 km/s. From
the measurements, Szasz et al. (2008, in preparation) have
estimated the atmospheric entry velocities and calculated the
heliocentric orbits of the meteoroids.

The deceleration distribution is presented as a histogram
as well as a scatter plot showing velocity versus decelera-
tion in Figure 7. The displayed decelerations are estimated
linearly to enable a comparison with other reported values.
It is evident from the scatter plot that high deceleration im-
plies high velocity, but not necessarily vice versa. This trend
is probably due to faster meteoroids being at the end of their
trajectories and losing mass more rapidly at the altitude of the
common volume than slow meteoroids on similar trajector-
ies. Only a few km of each meteoroid trajectory is observed.
The measured deceleration must therefore not be confused
with the total deceleration.
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Fig. 7. Distribution of observed deceleration and a scatter plot of
the velocity versus deceleration.

The RCS distribution of the 265 tristatic meteors that ap-
pear inside the –3 dB width of the Tromsø beam is provided
in Figure 8 as a histogram and a scatter plot of observed
velocity versus RCS. Kero et al. (2008b) have shown that
the RCSs measured simultaneously at the three receivers are
equivalent and that the targets have similar properties at as-
pect angles all the way out to 130◦ from the direction of
propagation of a meteoroid. This suggests that the head echo
target is essentially spherical in the forward direction, con-
sistent with the polarization measurements by Close et al.
(2002) and the plasma and electromagnetic simulations of
meteor head echoes performed by Dyrud et al. (2007).

A histogram of the meteoroid masses estimated at the
starting altitude of each observation and a scatter plot of ve-
locity versus mass is displayed in Figure 9. The masses range
from 10−9.5 to 10−6 kg. The distribution of the data in the
scatter plot agrees with the general notion that slow, low-
mass meteoroids escape detection with HPLA radars (Close
et al., 2007), but we cannot draw any firm observational con-

Fig. 6. Distribution of observed velocities.

the mass of a meteoroid changes due to ablation during an
observation, we have implemented the standard meteoroid-
atmosphere interaction processes (Öpik, 1958) in a numer-
ical single-object ablation model to compare with our ob-
servations. Ablation is the collective term for several kinds
of mass loss including vaporization, sublimation, fusion and
loss of molten droplets. The model is implemented in a way
similar to that ofRogers et al.(2005) and references therein,
originally based on̈Opik (1958), Bronshten(1983) andLove
and Brownlee(1991), with the addition of a sputtering model
as described byTielens et al.(1994). The input meteoroid pa-
rameters to the model are above-atmosphere velocity, mass,
density and zenith distance. MSIS-E-90 (Hedin, 1991) is
used for atmospheric densities. The measured RCS is as-
sumed to be proportional to the meteoroid mass loss via an
overdense scattering mechanism (Close et al., 2002; West-
man et al., 2004). The model is further described bySzasz
et al.(2007) and in detail byKero (2008).

The velocity and RCS data of each meteor is compared
and fitted to the ablation model by adjusting the input pa-
rameters propagated down through the atmosphere to our ob-
servation altitude using a fifth order Runge-Kutta numerical
integration technique with a variable step size (Danby, 1988).
Here we focus on the tristatic radar measurement technique
and suffice it to say that the data could be employed together
with any kind of physical model describing the atmosphere
interaction processes, e.g., the ablation model described by
Campbell-Brown and Koschny(2004), the analytical scatter-
ing model byClose et al.(2004), or the numerical simula-
tions byDyrud et al.(2007).

4 Results

The velocity distribution of the detected meteors is reported
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Fig. 7. Distribution of observed deceleration and a scatter plot of
the velocity versus deceleration.

72 km/s, which is the highest geocentric speed of an object
on a bound orbit in the solar system. The distribution is bi-
modal with peaks at 35–40 km/s and 55–60 km/s. From the
measurements, Szasz et al. (2008) have estimated the atmo-
spheric entry velocities and calculated the heliocentric orbits
of the meteoroids.

The deceleration distribution is presented as a histogram as
well as a scatter plot showing velocity versus deceleration in
Fig. 7. The displayed decelerations are estimated linearly to
enable a comparison with other reported values. It is evident
from the scatter plot that high deceleration implies high ve-
locity, but not necessarily vice versa. This trend is probably
due to faster meteoroids being at the end of their trajectories
and losing mass more rapidly at the altitude of the common
volume than slow meteoroids on similar trajectories. Only a
few km of each meteoroid trajectory is observed. The mea-
sured deceleration must therefore not be confused with the
total deceleration.

The RCS distribution of the 265 tristatic meteors that ap-
pear inside the−3 dB width of the Tromsø beam is provided
in Fig.8 as a histogram and a scatter plot of observed velocity
versus RCS.Kero et al.(2008b) have shown that the RCSs
measured simultaneously at the three receivers are equiva-
lent and that the targets have similar properties at aspect an-
gles all the way out to 130◦ from the direction of propaga-
tion of a meteoroid. This suggests that the head echo target
is essentially spherical in the forward direction, consistent
with the polarization measurements byClose et al.(2002)
and the plasma and electromagnetic simulations of meteor
head echoes performed byDyrud et al.(2007).

A histogram of the meteoroid masses estimated at the
starting altitude of each observation and a scatter plot of ve-
locity versus mass is displayed in Fig.9. The masses range
from 10−9.5 to 10−6 kg. The distribution of the data in the
scatter plot agrees with the general notion that slow, low-
mass meteoroids escape detection with HPLA radars (Close
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Fig. 8. Distribution of the monostatic RCS measured in Tromsø
for the 265 meteors appearing inside the –3 dB beamwidth and a
scatter plot of the velocity versus RCS. The RCS is expressed as dB
relative to a square meteor (dBsm).
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Fig. 9. Distribution of estimated meteoroid masses at detection and
a scatter plot of velocity versus mass.

clusion on the correlation between velocity and mass as the
masses are affected by ablation model assumptions. In the
momentum equation of the ablation model, the velocity (v)
to deceleration (̇v) ratio is proportional to mass (m) via a
power law (Bronshten, 1983), wherem ∝ v6/v̇3.

Figure 10 presents the distribution of the modelled atmo-
spheric entry masses, which is very similar to the mass distri-
bution found by Close et al. (2007) for the meteors detected
with ALTAIR (Advanced Research Projects Agency Long-
Range Tracking and Instrumentation Radar). Since we use
a single-body ablation model, the estimated masses are not
truly representative for fragmenting meteoroids. Fragmenta-
tion will always increase the deceleration, but often increase
the RCS as well. These two effects in combination are sim-
ilar in the ablation model to the choice of a lower meteoroid
density. This results in a larger particle cross-sectional area
over mass ratio, gives an enhanced mass loss for the same
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Fig. 10. Distribution of estimated atmospheric entry masses for the
detected meteoroids.

meteoroid mass and increases both the RCS and the decel-
eration as compared to a particle with a higher density. The
mass determined for a fragmenting meteoroid is therefore an
underestimation of the total mass of the fragments.

Szasz et al. (2007) have modelled the luminosity of the
detected meteors and estimate them to be in the range of +9
to +5 absolute visual magnitude.

5 Discussion

5.1 Comparisons with previous results

The velocity distribution displayed in Figure 6 differs from
previous EISCAT measurements. Eight out of ten ob-
served tristatic EISCAT UHF meteors analyzed by Janches
et al. (2002) were determined to have velocities higher than
60 km/s, the fastest one estimated to 86 km/s. It has therefore
been presumed that the radar detections are heavily biased
to high-velocity meteoroids. The RCS distribution of the
present observations reported in Figure 8 shows that there are
approximately as many large targets in the slower part of the
bimodal velocity distribution as there are in the faster part.
On the other hand, the present velocity distribution also ex-
hibits a drop in the number of detections below about 30 km/s
and is still clearly biased to high-velocity meteoroids.

5.2 Radial Deceleration due to finite beamwidth

The phase fronts in the far-field region of a transmitter an-
tenna are not planer, but spherical. The Doppler shift of the
transmitted wave incident on a compact target moving along
a straight trajectory with an angle to the beam depends there-
fore on where in the beam the target is located. A simple
sketch is provided in Figure 11. Similarly, the scattered,
or reflected, wave from a compact target generates spherical

Fig. 8. Distribution of the monostatic RCS measured in Tromsø
for the 265 meteors appearing inside the−3 dB beamwidth and a
scatter plot of the velocity versus RCS. The RCS is expressed as dB
relative to a square metre (dBsm).
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Fig. 8. Distribution of the monostatic RCS measured in Tromsø
for the 265 meteors appearing inside the –3 dB beamwidth and a
scatter plot of the velocity versus RCS. The RCS is expressed as dB
relative to a square meteor (dBsm).
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clusion on the correlation between velocity and mass as the
masses are affected by ablation model assumptions. In the
momentum equation of the ablation model, the velocity (v)
to deceleration (̇v) ratio is proportional to mass (m) via a
power law (Bronshten, 1983), wherem ∝ v6/v̇3.

Figure 10 presents the distribution of the modelled atmo-
spheric entry masses, which is very similar to the mass distri-
bution found by Close et al. (2007) for the meteors detected
with ALTAIR (Advanced Research Projects Agency Long-
Range Tracking and Instrumentation Radar). Since we use
a single-body ablation model, the estimated masses are not
truly representative for fragmenting meteoroids. Fragmenta-
tion will always increase the deceleration, but often increase
the RCS as well. These two effects in combination are sim-
ilar in the ablation model to the choice of a lower meteoroid
density. This results in a larger particle cross-sectional area
over mass ratio, gives an enhanced mass loss for the same
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meteoroid mass and increases both the RCS and the decel-
eration as compared to a particle with a higher density. The
mass determined for a fragmenting meteoroid is therefore an
underestimation of the total mass of the fragments.

Szasz et al. (2007) have modelled the luminosity of the
detected meteors and estimate them to be in the range of +9
to +5 absolute visual magnitude.

5 Discussion

5.1 Comparisons with previous results

The velocity distribution displayed in Figure 6 differs from
previous EISCAT measurements. Eight out of ten ob-
served tristatic EISCAT UHF meteors analyzed by Janches
et al. (2002) were determined to have velocities higher than
60 km/s, the fastest one estimated to 86 km/s. It has therefore
been presumed that the radar detections are heavily biased
to high-velocity meteoroids. The RCS distribution of the
present observations reported in Figure 8 shows that there are
approximately as many large targets in the slower part of the
bimodal velocity distribution as there are in the faster part.
On the other hand, the present velocity distribution also ex-
hibits a drop in the number of detections below about 30 km/s
and is still clearly biased to high-velocity meteoroids.

5.2 Radial Deceleration due to finite beamwidth

The phase fronts in the far-field region of a transmitter an-
tenna are not planer, but spherical. The Doppler shift of the
transmitted wave incident on a compact target moving along
a straight trajectory with an angle to the beam depends there-
fore on where in the beam the target is located. A simple
sketch is provided in Figure 11. Similarly, the scattered,
or reflected, wave from a compact target generates spherical
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et al., 2007), but we cannot draw any firm observational con-
clusion on the correlation between velocity and mass as the
masses are affected by ablation model assumptions. In the
momentum equation of the ablation model, the velocity (v)
to deceleration (̇v) ratio is proportional to mass (m) via a
power law (Bronshten, 1983), wherem∝v6/v̇3.

Figure10 presents the distribution of the modelled atmo-
spheric entry masses, which is very similar to the mass distri-
bution found byClose et al.(2007) for the meteors detected
with ALTAIR (Advanced Research Projects Agency Long-
Range Tracking and Instrumentation Radar). Since we use
a single-body ablation model, the estimated masses are not
truly representative for fragmenting meteoroids. Fragmenta-
tion will always increase the deceleration, but often increase
the RCS as well. These two effects in combination are sim-
ilar in the ablation model to the choice of a lower meteoroid
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clusion on the correlation between velocity and mass as the
masses are affected by ablation model assumptions. In the
momentum equation of the ablation model, the velocity (v)
to deceleration (̇v) ratio is proportional to mass (m) via a
power law (Bronshten, 1983), wherem ∝ v6/v̇3.

Figure 10 presents the distribution of the modelled atmo-
spheric entry masses, which is very similar to the mass distri-
bution found by Close et al. (2007) for the meteors detected
with ALTAIR (Advanced Research Projects Agency Long-
Range Tracking and Instrumentation Radar). Since we use
a single-body ablation model, the estimated masses are not
truly representative for fragmenting meteoroids. Fragmenta-
tion will always increase the deceleration, but often increase
the RCS as well. These two effects in combination are sim-
ilar in the ablation model to the choice of a lower meteoroid
density. This results in a larger particle cross-sectional area
over mass ratio, gives an enhanced mass loss for the same
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meteoroid mass and increases both the RCS and the decel-
eration as compared to a particle with a higher density. The
mass determined for a fragmenting meteoroid is therefore an
underestimation of the total mass of the fragments.

Szasz et al. (2007) have modelled the luminosity of the
detected meteors and estimate them to be in the range of +9
to +5 absolute visual magnitude.

5 Discussion

5.1 Comparisons with previous results

The velocity distribution displayed in Figure 6 differs from
previous EISCAT measurements. Eight out of ten ob-
served tristatic EISCAT UHF meteors analyzed by Janches
et al. (2002) were determined to have velocities higher than
60 km/s, the fastest one estimated to 86 km/s. It has therefore
been presumed that the radar detections are heavily biased
to high-velocity meteoroids. The RCS distribution of the
present observations reported in Figure 8 shows that there are
approximately as many large targets in the slower part of the
bimodal velocity distribution as there are in the faster part.
On the other hand, the present velocity distribution also ex-
hibits a drop in the number of detections below about 30 km/s
and is still clearly biased to high-velocity meteoroids.

5.2 Radial Deceleration due to finite beamwidth

The phase fronts in the far-field region of a transmitter an-
tenna are not planer, but spherical. The Doppler shift of the
transmitted wave incident on a compact target moving along
a straight trajectory with an angle to the beam depends there-
fore on where in the beam the target is located. A simple
sketch is provided in Figure 11. Similarly, the scattered,
or reflected, wave from a compact target generates spherical
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density. This results in a larger particle cross-sectional area
over mass ratio, gives an enhanced mass loss for the same
meteoroid mass and increases both the RCS and the decel-
eration as compared to a particle with a higher density. The
mass determined for a fragmenting meteoroid is therefore an
underestimation of the total mass of the fragments.

Szasz et al.(2007) have modelled the luminosity of the
detected meteors and estimate them to be in the range of +9
to +5 absolute visual magnitude.

5 Discussion

5.1 Comparisons with previous results

The velocity distribution displayed in Fig.6 differs from
previous EISCAT measurements. Eight out of ten ob-
served tristatic EISCAT UHF meteors analyzed byJanches
et al. (2002) were determined to have velocities higher than
60 km/s, the fastest one estimated to 86 km/s. It has therefore
been presumed that the radar detections are heavily biased
to high-velocity meteoroids. The RCS distribution of the
present observations reported in Fig.8 shows that there are
approximately as many large targets in the slower part of the
bimodal velocity distribution as there are in the faster part.
On the other hand, the present velocity distribution also ex-
hibits a drop in the number of detections below about 30 km/s
and is still clearly biased to high-velocity meteoroids.

5.2 Radial deceleration due to finite beamwidth

The phase fronts in the far-field region of a transmitter an-
tenna are not planer, but spherical. The Doppler shift of
the transmitted wave incident on a compact target moving
along a straight trajectory with an angle to the beam de-
pends therefore on where in the beam the target is located. A
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simple sketch is provided in Fig.11. Similarly, the scattered,
or reflected, wave from a compact target generates spheri-
cal phase fronts at the receiver. Only the part of a spher-
ical phase front for which the phase is inside one Fresnel
zone contributes to the signal at the antenna output. Wave
propagation satisfies reciprocity. The Doppler shift of the re-
ceived signal at the antenna output is therefore proportional
to 2×v× cosα, wherev is the target velocity andα is the an-
gle between a ray from the center of the antenna to the target.

The effect of beamwidth is very obvious when a meteor-
oid is receding from the radar. The meteoroid in the example
displayed in Fig.3 is crossing the Kiruna bisector from be-
hind. Hence the angle between the trajectory and the bisector
decreases with time. The Kiruna Doppler velocity therefore
increases at +16.8 km/s2 (from '12 km/s to'13.5 km/s). At
the same time, the Sodankylä Doppler velocity is decreas-
ing at−18.0 km/s2, and the Tromsø velocity at−24.8 km/s2.
The meteoroid is approaching both of these receivers. The
radial velocity gradients are almost an order of magnitude
larger than the true deceleration plotted in Fig.5 and esti-
mated to−3.8 km/s2.

Figure 12 shows the radial deceleration as a function of
meteoroid velocity and aspect angle for a non-decelerating
meteoroid and a meteoroid decelerating at−20 km/s2. In
both cases, the target is assumed to approach a monostatic
radar at a range of 100 km. We have calculated the radial de-
celeration by letting the beamwidth approach zero. The ra-
dial velocity changes non-linearly as a function of time dur-
ing the passage through a wide beam. The values given in
Fig. 12are equal to the straight line tangents at the boresight
axis.

It is evident from Fig.12a that the radial deceleration of
a constant velocity meteoroid increases both as a function of
meteoroid velocity and aspect angle. The radial acceleration
of a receding meteoroid has the same magnitude as the radial
deceleration of a meteoroid approaching from the opposite
direction. If the aspect angle is closer than the beamwidth
to 90◦, the Doppler velocity switches sign during the obser-
vation.

The radial deceleration dependence on velocity and aspect
angle of a decelerating meteoroid is not as intuitive as in
the constant velocity example. For a target decelerating at
−20 km/s2, as displayed in Fig.12b, the radial deceleration
decreases with aspect angle if the velocity is below about
30 km/s, but increases if it travels faster than that.

5.3 Comparisons with other high-latitude HPLA radars

Mathews et al.(2007) have compared measurements from
the 430 MHz Arecibo Observatory UHF radar (AO), the
1290 MHz Søndre Strømfjord Research Facility (SRF) and
the 449.3 MHz 32 panel Poker Flat Advanced Modular Inco-
herent Scatter Radar (PF AMISR-32). These radars have all
been used in monostatic mode with a vertical or almost verti-
cal pointing direction. The radial decelerations can therefore

J. Kero et al.: Tristatic radar observations of meteors 9

α1

Transmitter/Receiver

Meteoroid

       trajectory

α2

Fig. 11. Sketch of a meteoroid trajectory in the far-field of a radar
beam (solid lines), where the phase fronts are spherical (dashed
lines). The Doppler shift varies ascos α along the trajectory. For an
approaching meteoroid:α1 < α2.

phase fronts at the receiver. Only the part of a spherical phase
front for which the phase is inside one Fresnel zone contrib-
utes to the signal at the antenna output. Wave propagation
satisfies reciprocity. The Doppler shift of the received signal
at the antenna output is therefore proportional to2×v×cos α,
wherev is the target velocity andα is the angle between a ray
from the center of the antenna to the target.

The effect of beamwidth is very obvious when a meteor-
oid is receding from the radar. The meteoroid in the example
displayed in Figure 3 is crossing the Kiruna bisector from be-
hind. Hence the angle between the trajectory and the bisector
decreases with time. The Kiruna Doppler velocity therefore
increases at +16.8 km/s2 (from' 12 km/s to' 13.5 km/s).
At the same time, the Sodankylä Doppler velocity is decreas-
ing at –18.0 km/s2, and the Tromsø velocity at –24.8 km/s2.
The meteoroid is approaching both of these receivers. The
radial velocity gradients are almost an order of magnitude
larger than the true deceleration plotted in Figure 5 and es-
timated to –3.8 km/s2.

Figure 12 shows the radial deceleration as a function of
meteoroid velocity and aspect angle for a non-decelerating
meteoroid and a meteoroid decelerating at –20 km/s2. In both
cases, the target is assumed to approach a monostatic radar at
a range of 100 km. We have calculated the radial deceleration
by letting the beamwidth approach zero. The radial velocity
changes non-linearly as a function of time during the passage
through a wide beam. The values given in Figure 12 are equal
to the straight line tangents at the boresight axis.

It is evident from Figure 12a that the radial deceleration of
a constant velocity meteoroid increases both as a function of
meteoroid velocity and aspect angle. The radial acceleration
of a receding meteoroid has the same magnitude as the radial
deceleration of a meteoroid approaching from the opposite

direction. If the aspect angle is closer than the beamwidth
to 90◦, the Doppler velocity switches sign during the obser-
vation.

The radial deceleration dependence on velocity and aspect
angle of a decelerating meteoroid is not as intuitive as in
the constant velocity example. For a target decelerating at
–20 km/s2, as displayed in Figure 12b, the radial decelera-
tion decreases with aspect angle if the velocity is below about
30 km/s, but increases if it travels faster than that.

5.3 Comparisons with other high-latitude HPLA radars

Mathews et al. (2007) have compared measurements from
the 430 MHz Arecibo Observatory UHF radar (AO), the
1290 MHz Søndre Strømfjord Research Facility (SRF) and
the 449.3 MHz 32 panel Poker Flat Advanced Modular Inco-
herent Scatter Radar (PF AMISR-32). These radars have all
been used in monostatic mode with a vertical or almost ver-
tical pointing direction. The radial decelerations can there-
fore be as much as 55 km/s2 larger than the true decelera-
tions, as illustrated in Figure 12. This is, however, negligible
compared to the largest reported values of deceleration that
are greater than 1000 km/s2. The highest values of decelera-
tions are observed with SRF and PF AMISR-32. Both these
facilities are located near the Arctic Circle at latitudes com-
parable with the EISCAT UHF system.

To compare the facilities, Mathews et al. (2007) use a qual-
ity factor given by transmitted power,PT , the effective aper-
ture,Aeff , and the system temperature,Tsys. The so-defined
quality factor has a value of about

PT ×Aeff

Tsys
' 1.3 MW × 800 m2

115 K
' 9 MWm2/K (1)

for the EISCAT UHF system while AO, SRF and
PF AMISR-32 have 1.5×103, 19, and 0.67 MWm2/K, re-
spectively (Mathews et al., 2007). Being so big, AO is in
a class of its own. Yet events with large decelerations are
detected with SRF and PF AMISR-32 as well. Since the
EISCAT UHF has both a quality factor and an operating fre-
quency (at 930 MHz) between those of these two radars, it
should also observe these events.

The rate of events recorded during morning hours (4–8 LT)
at the end of July and beginning of August was about 34 hr−1

for SRF and 55 hr−1 for PF AMISR-32 (Mathews et al.,
2007). The rate of monostatic detections within a similar
altitude interval during the same time of day with EISCAT
Tromsø UHF was 30–40 hr−1 at summer solstice and 50–
60 hr−1 at autumnal equinox. These rates are comparable
to those from SRF and PF AMISR-32, but the tristatic me-
teor rates are limited to the extent of the common volume of
all three receivers, an altitude interval of about96 ± 2 km,
and are therefore much lower (10–20 hr−1). The deceler-
ation distribution of the tristatic meteors given in Figure 7
has a much smaller spread than the distributions reported by
Mathews et al. (2007). The total number of detected meteors

Fig. 11. Sketch of a meteoroid trajectory in the far-field of a radar
beam (solid lines), where the phase fronts are spherical (dashed
lines). The Doppler shift varies as cosα along the trajectory. For an
approaching meteoroid:α1<α2.

be as much as 55 km/s2 larger than the true decelerations,
as illustrated in Fig.12. This is, however, negligible com-
pared to the largest reported values of deceleration that are
greater than 1000 km/s2. The highest values of decelerations
are observed with SRF and PF AMISR-32. Both these facili-
ties are located near the Arctic Circle at latitudes comparable
with the EISCAT UHF system.

To compare the facilities,Mathews et al.(2007) use a qual-
ity factor given by transmitted power,PT , the effective aper-
ture,Aeff, and the system temperature,Tsys. The so-defined
quality factor has a value of about

PT × Aeff

Tsys
'

1.3 MW × 800 m2

115 K
' 9 MW m2/K (1)

for the EISCAT UHF system while AO, SRF and
PF AMISR-32 have 1.5×103, 19, and 0.67 MWm2/K, re-
spectively (Mathews et al., 2007). Being so big, AO is in
a class of its own. Yet events with large decelerations are
detected with SRF and PF AMISR-32 as well. Since the
EISCAT UHF has both a quality factor and an operating fre-
quency (at 930 MHz) between those of these two radars, it
should also observe these events.

The rate of events recorded during morning hours (04:00–
08:00 LT) at the end of July and beginning of August was
about 34 h−1 for SRF and 55 h−1 for PF AMISR-32 (Math-
ews et al., 2007). The rate of monostatic detections within
a similar altitude interval during the same time of day with
EISCAT Tromsø UHF was 30–40 h−1 at summer solstice and
50–60 h−1 at autumnal equinox. These rates are comparable
to those from SRF and PF AMISR-32, but the tristatic me-
teor rates are limited to the extent of the common volume
of all three receivers, an altitude interval of about 96±2 km,
and are therefore much lower (10–20 h−1). The deceleration
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Fig. 12. Radial deceleration as a function of meteoroid velocity and angle from the trajectory to the beam (aspect angle) for(a) a non-
decelerating meteoroid and(b) a meteoroid decelerating at−20 km/s2 in the far-field at a range of 100 km from a radar. The radial decelera-
tion is estimated as a linear value by letting the beamwidth approach zero. The contours in the bottom of the charts are projected isolines of
radial deceleration.

distribution of the tristatic meteors given in Fig.7 has a much
smaller spread than the distributions reported byMathews
et al.(2007). The total number of detected meteors was 271
with SRF and 443 with PF AMISR-32. The events with high
deceleration are scattered over a large altitude interval, which
includes 96 km.

From the present analysis we conclude that the
EISCAT UHF data contain no meteoroids with very large
decelerations. If they are not artifacts of the data analysis
methods applied byMathews et al.(2007), their absence in
our observations means we have to use a different approach:
to find large decelerations we may have to investigate the few
data points in the very end of each event more carefully. Al-
ternatively, the initial quality control must be altered where
events are excluded if the time-of-flight velocity cannot be
compared with the Doppler velocity. It might be necessary
to accept a smaller number of Doppler velocity data points
and higher uncertainty than in the present method of analy-
sis. This will be investigated in a future study. A meteoroid
of large enough mass to produce detectable ionization must
break into small dust grains to decelerate this fast since a very
high momentum transfer is required. The individual grains
of a disrupted meteoroid have high cross-section area over
mass ratio and can together provide a transient amount of de-
tectable ionization. We do not expect to be able to detect any
ionization produced along the atmospheric trajectory of one
single micron-sized particle.

5.4 Factors that may affect the determined velocity

McKinley and Millman(1949) were the first to suggest that
the meteor head echo targets are compact regions of plasma,
co-moving with the meteoroids, and virtually independent of
aspect. We find no reason to assume otherwise and use the
determined target velocities as representative for the mete-
oroids themselves. There are, however, a few implications
that may introduce differences between the observed veloc-
ity and the meteoroid velocity.

Some meteor observations contain regular pulsations in
the received power.Kero et al. (2008a) have shown that
these are sometimes caused by interference between echoes
from two or more distinct scattering centers simultaneously
present in the radar beam. The Doppler shift of the returned
signal from two simultaneously illuminated meteoric frag-
ments is proportional to a weighted arithmetic mean of their
Doppler velocities, with weights equal to the square root of
their RCSs. The pulsation rates are often seen to increase,
a behaviour consistent with two fragments of unequal cross-
sectional area over mass ratio separating from each other due
to different decelerations along the trajectory of their parent
meteoroid. The pulsation rate at a remote receiver is propor-
tional to the sum of the projections of their differential veloc-
ity onto the transmitter and receiver beams in analogy with
the Doppler shift of the transmitted frequency. The compo-
nent of the differential velocity along the bisector is found by
dividing the detected pulsation rate with 2× cosγ (as defined
in Fig. 2).
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Close(2004) indicates another reason why there may be a
difference between the observed range rate of a meteor tar-
get and the meteoroid velocity. If the radar target associ-
ated with a meteoroid scales as the atmospheric mean-free
path, there may be a significant time delay between the pas-
sage of the meteoroid and the formation of the radar target
at high altitudes. Owing to the exponentially increasing at-
mospheric density and consequently shorter mean-free path
of ablated atoms, the time delay decreases as the meteoroid
penetrates deeper into the atmosphere.Close et al.(2004)
argues that this effect in practice could give an acceleration
term that must be subtracted from the observed velocity. This
would explain some anomalous ALTAIR observations where
the head echo targets seem to accelerate.

The tristatic measurements with the EISCAT UHF radar
extend over a rather limited altitude interval around 96 km
and do not contain any accelerating events.

6 Conclusions

The tristatic EISCAT UHF system has been used in a series
of measurement campaigns from 2002–2005 to study mete-
oric head echoes. 410 meteors were simultaneously detected
with all three receivers and contained enough data points for
time-of-flight velocity calculations to be compared with the
Doppler velocity measurements. We have presented the me-
teor analysis methods used and how velocity, deceleration,
RCS and meteoroid mass are estimated from the observa-
tions.

The velocities of the meteoroids giving rise to the head
echoes are scattered from 19 to 70 km/s in a bimodal dis-
tribution, but with very few detections below 30 km/s. The
estimated masses are in the range 10−9–10−5.5 kg and dis-
tributed very similarly to the masses determined for the AL-
TAIR head echo detections byClose et al.(2007).

Many monostatic radar observations are conducted with a
vertically pointed beam. Meteoroids will always approach
the radar with this measurement geometry. We have demon-
strated that the effect of finite beamwidth leads to a radial
deceleration that is larger than the true deceleration (v̇) for
an approaching meteoroid. The radial velocity is, however,
always smaller than the true velocity (v). The use of ra-
dial deceleration and radial velocity in a momentum equa-
tion wherem∝v6/v̇3 (Bronshten, 1983) therefore gives an
underestimated meteoroid mass (m).
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