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Abstract. We report simultaneous meteor echo observations using the Arecibo 430-
MHz and 46.8-MHz radars. Using identical data-taking and meteor selection criteria,
1868 and 367 meteors were found in the 430-MHz and 46.8-MHz beams, respectively,
while 145 were found in both beams during the 7 hours of observation. Of the 367

VHF echoes, there were only 10 trail echoes, while the rest were head echoes, which
was quite contrary to expectation. The smaller number of meteors detected by the

VHF system and its wider beam width show that UHF meteors are far smaller than the

VHF meteors. We estimate that VHF head echoes have a typ1ca1 effective scattering
cross section of the order of 10~ m2, while the accompanymg UHF echoes have an
effective scattering cross section of the order of 10°® m?. The paucity of VHF trail
echoes observed leads us to suggest that the ratio of head echo power to the trail echd
power increases with decreasing meteor size. When a meteor is too small, a radar can
observe the head echo but not the trail echo. Of the 145 meteors observed by both
radars, the powers received by the two systems were not correlated. Although antenna
beam pattern contributes to the lack of correlation, it is also possible that UHF and
VHF echoes may be enhanced by different scattering mechanisms.

1. Introduction

Recent meteor observations using the world’s most
powerful UHF and VHF radars reveal unexpected echo
characteristics. Using the Jicamarca 49-MHz radar,
Chapin and Kudeki [1994a, b] reported that a large
number of meteor echoes last over 15 s and attributed
the characteristic to be due to plasma instability asso-
ciated with equatorial electrojets. Wannberg et al.
[1996] reported simultaneous observations using the
European incoherent scatter (EISCAT) VHF and UHF
radars. These authors found that their observations can
be best explained by Rayleigh scattering from an over-

Copyright 1998 by the American Geophysical Union.

Paper number 98RS02430.
0048-6604/98/98RS-02430$11.00

dense plasma coma. The observations by the Arecibo
430-MHz radar suggest that echo strength peaks in the
head-on direction [Zhou and Kelley, 1997], which can-
not be readily explained by existing theories. Other
recent UHF observations include those by Pellinen-
Wannberg and Wannberg [1994], Zhou et al. [1995],
and Mathews et al. [1997].

In this paper, we report simultaneous meteor obser-
vations using the Arecibo 430-MHz and 46.8-MHz
systems and discuss their implications. Previous mul-
tiple wavelength meteor studies include those by Bag-
galey and Fisher [1980], Steel and Elford, [1991] and
Wannberg et al. [1996]. Baggaley and Fisher [1980]
used three VHF frequencies (26, 69, 148 MHz) to
study the initial radius effect of meteor trails. Steel
and Elford [1991] compared the height distributions of
meteors detected at different frequencies (2, 6, 26, and
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54 MHz). Wannberg et al. [1996] studied the head
echoes using two higher frequencies (224 and 931
MHz). The two frequencies used in our current study
are widely separated. The frequency of our VHF radar,
46.8 MHz, is similar to that of a meteor wind radar,
which makes use of long-duration meteor trails to
measure neutral winds. Our UHF radar, on the other
hand, sees primarily head echoes [Mathews et al.,
1997, Zhou and Kelley, 1997]. The current simulta-
neous observation at 46.8 MHz and 430 MHz was
hoped to offer some clues to the relation between head
echoes and trail echoes. The results, however, show
that like our UHF observations, the VHF echo charac-
teristics cannot be extrapolated from observations
using smaller radars. Some of the unusual characteris-
tics are apparently due to the large antenna aperture
used, which makes the radar very sensitive to faint
meteors within a very small beam width. We briefly
describe the radar systems and the data analysis proce-
dure in section 2. Observational results are presented
in section 3. Our emphasis will be on the VHF results
since this is the first time that an aperture as large as
250 m in diameter has been used for VHF meteor
observations. In section 4, we discuss some potential
implications of the observation, and the major results
are summarized in section 5.

2. System Parameters and Data Analysis

The two antennae that we used are the Arecibo
UHF (430-MHz) and VHF (46.8-MHz) systems. The
VHF radar is a “four-Yagi” point feed mounted con-
centrically with the UHF line feed. The two feeds
share the same 305-m-in-diameter dish, with the UHF
feed illuminating almost the full dish and the VHF
feed illuminating 70% of the full dish. The system and
relevant experiment parameters are listed in Table 1.

Table 1. System Parameters
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During the observation, the two radars were synchro-
nized by the same radar controller so that the inter-
pulse period (IPP), pulse width, and sampling gate
width were identical.

The observation was conducted on the night of Sep-
tember 29-30, 1994. In order to have a wider altitude
coverage and a sufficient height resolution, we used a
5-ms IPP so that the tape drive could keep up with the
data rate. Since the range resolution was 300 m, fast
meteors without any trail may appear only once at
each range gate. Such a setup dictates that we do not
have the luxury of using multiple consecutive echoes
in the same range gate for meteor detection like we did
in our previous 430-MHz study [Zhou and Kelley,
1997]. With one point at one range gate detection, we
found a total of 4337 meteor candidates in the 430-
MHz radar and 2144 in the 46.8-MHz radar. To ensure
the cleanness of the data, we required a candidate
meteor to be detected at two consecutive range gates
at nearly the same time. With two consecutive range
gate detection, the total numbers of detections are
reduced to 1868 and 367 for the 430-MHz and 46.8-
MHz systems, respectively. In this paper, we will only
consider the detections at two consecutive range gates
as meteors. During the 7 hours of observation, 145
meteors were detected by both systems.

It should be noted that the 5-ms IPP may not be
able to detect some cross-beam meteors. Our UHF
system has an effective beam diameter of 300 m at 100
km. This means that the fastest cross-beam meteors
may not be detected since only 4 ms are needed for
meteors having a velocity of 70 km s’ to cross the
half-power beam width. However, because of the gen-
erally strong power of a meteor echo, a meteor can
still be detected beyond the half-power beam width,
especially considering that at 100 km, the UHF radar

VHF UHF
Frequency, MHz 46.8 430
Three-decibel beam radius, deg 0.95 0.085

(1.65 km at 100 km)

(150 m at 100 km)

Main lobe gain ~4] dB ~60 dB at 100 km
Nominal peak transmitter power ~35 KW 2.5 MW

Noise temperature, K ~6000 70

IF filter 1-MHz Butterworth 1-MHz Butterworth
Interpulse period, ms 5 5

RF pulse width, us 2 2

Receiving gate width, s 2 2

Altitude coverage, km 69-118 69-118

Zenith, deg 8.8 8.8

Azimuth, deg

327 (0=N, 90=E)

327 (0=N, 90=E)
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is well within the near-field range. (Far-field distance
for the 430-MHz radar begins at about 260 km.)
Another factor that affects the detection of cross-beam
meteors is our requirement for a meteor to appear at
two consecutive range gates. The returned power for a
point target normally spreads over two range gates as
a result of nonzero transmitter pulse length and finite
filter bandwidth, although it is possible that the power
at one of the two range gates may be below the thresh-
old. Since this applies only to meteors strictly travel-
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Figure 1. Three type 1 meteor echoes observed by. the
VHF radar. This type of echo was confined mainly
within two range gates over an extended period (>200

ms).
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ing perpendicular to the radar beam, it must be very
rare. For a slightly oblique meteor, it is likely that a
VHF meteor will physically cross over two range
gates or more within the beam, thus lowering the num-
ber of meteors missed by the detection method.

3. Observations

The VHF echoes in our observation can be orga-
nized into three different types according to their
range versus time characteristics, as illustrated in Fig-
ures 1 and 2 and Plate 1. Type 1 echoes, as shown in
Figure 1, are distinguished by an extended detection
period (>200 ms) in only one or two range gates. Such
echoes may or may not be accompanied by a head
echo such as the one presented in Figure 1b. Type 2
echoes exhibit a clear head echo followed by a long-
duration echo that extends over more than three range
gates. Of the three type 2 echo examples presented in
Plate 1, two of them exhibit a temporal gap between
the head echo and the trail echo. The third type is
illustrated in Figure 2a and is characteristic of a head
echo. During the 7 hours of observation, the number
for the type 1, 2, and 3 echoes observed by the VHF
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Figure 2. A head echo simultaneously observed by (a)
the VHF radar and (b) the UHF radar. The meteor
velocity is about 66 km s'l. A VHF head echo is also
designated as a type 3 echo in the text.
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Plate 1. Three type 2 meteor echoes observed by the VHF radar. This type of echo has a visible
head echo and a trail echo extending over more than three range gates. The line-of-sight veloc-
ities of the head echoes are (a) 14 km s™!, (b) 9 km s™!, and (c) 54 km s\, The corresponding
local times were 0337, 0439, and 0531, respectlvely
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Figure 3. Depiction of a meteor traversing the radar
beam. The two concentric arcs are separated by the
range resolution /. AB is tangent to the inner arc. The
maximum distance for the meteor to remain within
one range gate is AB, which equals 22RDY 2,

radar was 7, 3, and 357, respectively. The UHF echoes
were primarily head echoes, as typified by Figure 2b.
In the following, we discuss these characteristic ech-
oes in some detail.

3.1. Type 1 Echoes

Since there is an extended time period with essen-
tially no temporal change in the echoing range, it is
possible that some of the type 1 meteors were
observed in the classical viewing geometry, that is, in
which the radar beam is perpendicular to the meteor
trajectory. One example is the echo shown in Figure
lc. In this viewing geometry, a head echo cannot be
easily distinguished from a trail echo by just looking
at the range-time plot. In the following, we estimate
the meteoroid flight time within one range gate.

When a meteoroid travels perpendicular to the
radar line of sight, the time it can stay within one
range gate, with a range resolution /, is determined by

_ min(beam width, 2./2R])
= V (1)

where R is the shortest distance between the meteor
trajectory and the radar, V is the meteor velocity, and
min is the minimum operator. The second term in the
parentheses is illustrated in Figure 3. The half-power
beam width is approximately 3 km, and the second
term in the parentheses is about 15 km assuming
R=100 km and /=300 m. Therefore, if the meteor is
detected only within the main lobe of the antenna, the
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meteoroid flight time within each range gate is pre-
dominantly determined by the beam width and is
approximately 3 km/V. However, it is possible that
echoes may be detected in the sidelobes, which would
effectively increase the beam width. In such cases, the
meteoroid flight time within each gate is at most 15
km/V. Since the minimum meteor velocity is 11.2 km
s”! without considering deceleration due to atmo-
spheric resistance (which is seen not to be important
for the meteors in our observation), the maximum time
that a meteor can stay within a range gate of 300 m is
approximately 1.4 s. This suggests that any type 1
echo having a duration longer than 1.4 s necessarily
contains a trail portion. This is the case in Figure la.
Since the other type 1 echoes lasted less than 1.4 s, the
total time duration is of little help in identifying
whether they are head echoes or trail echoes. To help
identify whether an echo is a head or trail echo, we
plot, in Figure 4, the received power at the height
where the echo lasted the longest for six of the seven
type 1 echoes. The seventh type 1 echo was observed
at 0604 LT and was similar to the one shown in Figure
4f except that it was much weaker and will receive no
further attention.

The echoes in Figure 4b-4f exhibit a well-defined
signal strength decay constant before they became
invisible. The smooth decay is indicative of a classical
underdense echo. The decrease in echo strength for the
underdense echo is due to the increase in trail diameter
resulting from ambipolar diffusion. The decaying pro-
cess is well understood, and the theoretical e-folding
constant T, is related to the diffusion constant D
through

T, = 7\,2/(321t2D) (2)

where A is the radar wavelength [e.g., Djuth and Elder,
1993]. Subject to some uncertainties, D can be consid-
ered known. For the purpose of comparison, we will
use the ambipolar diffusion coefficient derived by
Greenhow and Neufeld [1955],

log,D = 0.067H 5.6 (3)

where H is altitude, in kilometers. Using equations (2)
and (3), we can compare the reference e-folding con-
stant with that of the measured one to infer whether an
echo belongs to the classical underdense type or not.
In Table 2, we list various measured parameters
along with some theoretical calculations. The echoes
are tabulated in descending altitude. The “figure” col-
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Figure 4. Echo power (in natural logarithm) as a function of time for six type 1 echoes.

umn indicates the figure number where the corre-
sponding echo is shown. Here 1,, is the measured e-
folding constant (i.e., the inverse of the slopes in Fig-
ure 4), T, is the theoretical e-folding constant as
derived from equation (2), and 7,, is the overdense
time constant, which is discussed along with g/g,, in
the next paragraph. For the two echoes shown in Fig-
ures 4b and 4c, the listed value of 7,, is measured from
the last slope. The theoretical value T, and the mea-
sured value 1, are in good agreement except for the
echo at 86.3 km. It is possible that this echo was
detected far from the main lobe of the antenna. The
discrepancy could be explained by assuming that the
echo was detected about 15° off the beam center,
which would lower the altitude by ~3.5 km. Nakamura
et al. [1991] showed that the majority of the echoes

observed by the middle and upper atmosphere (MU)
radar were more than 15° off the beam center. It is
possible that some of the echoes in our observation
may actually be far away from the beam center,
although we do not expect the majority of our echoes
to be as far off the beam center as the echoes observed
by Nakamura et al. This is because the off-center gain
of our antenna drops much faster than the MU radar.
Clearly, one needs a large number of samples to truly
determine the decay time at each altitude and assess
the sidelobe effect. Nevertheless, underdense diffusion
appears to be the most plausible explanation for the
decays exhibited in Figures 4d-4f and also possibly for
the echoes shown in Figures 4b and 4c.

It is evident from Figure 4 that not all the type 1
echoes are the same. The echoes shown in Figures 4d
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Table 2. Type ! Echo Characteristics
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Altitude, km Time, LT Figure Ty IS T, ms D, m%/s Toy S ay

101.3 0117 la, 4a NA 9 15 1500 NA (70)
94.9 0228 1b, 4b 26 22 5.73 100 2.0(1.7)
93.4 0600 4 30 28 4.55

914 0324 lc, 4e 44 39 334

86.3 0230 40 170 85 1.52 200 1.84(0.92)
86.0 0125 4d 88 89 145

NA, not available.

to 4f show a gradual increase in power and then a con-
sistent decay. These three echoes are similar to the
ones shown by Djuth and Elder [1993] from which
neutral winds can be determined. The echoes shown in
Figures 4a to 4¢c are more complicated and cannot be
explained by classical underdense scattering alone. It
is possible that overdense scattering and/or head echo
scattering are also involved. When the trail is over-
dense, the power received does not change very much
as long as the trail remains overdense [McKinley,
1961, p. 217]. For an overdense meteor, the electron
line density is related to the duration time 7,, via the
following equation:

7\.2q

T =
3
4n Dqtr

oV

(4)

where g is the electron line density and g, is the tran-
sition electron line density at which a meteor trail
turns from overdense to underdense [McKinley, 1961].
From the above equation, we can use the duration time
to calculate g/g,, to see if it is larger than one, which is
a necessary condition for a trail to be overdense. In
Table 2, 1, is the duration time at which the power is
approximately constant, and we assume this is the
overdense duration time. For the echo shown in Figure
4b, we assume the overdense period is from 100 ms to
200 ms. In Figure 4c, the echo was saturated for the
flat portion between 500 and 600 ms. It is possible that
the actual echo power may not be the same during this
period. If this is indeed the case, this echo may not be
overdense. The ¢/q, values without parentheses in
Table 2 are based on the measured ambipolar diffusion
coefficients, while the values within the parentheses
are based on the theoretical ambipolar diffusion. The
q/q, values suggest that the echoes in Figures 4a and
4b are likely overdense echoes, while the echo in Fig-
ure 4c is at the border line of being overdense. In the-
ory, the power of an overdense echo is proportional to
the square root of the duration time if the antenna gain

remains the same [McKinley, 1961]. In practice, how-
ever, since echoes are observed with different antenna
gain due to their different locations in the sky, the
power observed may not bear any relation to over-
dense duration time for a very small sample of echoes.
The lower power and the longer duration of the echo
shown in Figure 4a may indicate that this echo is
observed farther off the beam center than the echo
shown in Figure 4b.

For the echo shown in Figure 4b, a head echo was
also observed, as seen from Figure 1b. The head echo
shows a line-of-sight velocity of 30 km s°l. This sug-
gests that the meteor trajectory was off-specular by at
least 25° by assuming a maximum heliocentric veloc-
ity of 70 km s-!. The underdense scattering power for
this echo thus cannot come from the classical specular
effect of a transverse viewing geometry but more
likely comes from an irregular deposition of ioniza-
tion. As seen from Figure 1b, the head echo had an
explosive ending, which is suggestive of intensive ion-
ization at the end of the life of this meteoroid. As seen
from Figure 4b, it appears that the “chronology” of
this echo can be largely divided into three stages: (1)
head echo, which lasts from 30 to 80 ms; (2) over-
dense scattering, which lasts from 80 to 200 ms; and
(3) underdense scattering, which lasts from 200 to 260
ms. The echo shown in Figure 4c perhaps can be simi-
larly classified.

One concern that we had was whether any of the
echoes shown in Figure 4 could be due to satellite or
orbital debris. Although in theory a satellite or space
debris can be aliased into the meteor zone, satellite or
space debris have the following two characteristics:
(1) Their duration time is longer due to wider beam
radius at higher altitude and slow orbital velocity (less
than 11 km s™!). For example, at 500 km altitude and
10 km s™! tangential velocity, it takes more than 1.6 s
to traverse the main lobe. (2) Satellite echoes are more
or less symmetric with respect to maximum power.
Obviously, none of the echoes shown in Figure 4 have
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the above two characteristics simultaneously. There-
fore we believe that all the echoes shown in Figure 4
are genuine meteor echoes.

3.2. Type 2 VHF Echoes

We now turn our attention to the second type of
echoes observed. These echoes are rather similar to
the extreme case echoes given by McKinley [1961, p.
224], except the echoes in our observation have a
much shorter timescale. The delay between the head
echo and the trail echo has been previously explained
to be due to either the distortion of the trail by wind
shear (glint theory) or uneven ionization (blob theory)
[McKinley, 1961]. In the glint model the delay is due
to the finite time needed to establish one or more spec-
ular reflecting zones as the trails become distorted by
gravity waves. In the blob model, small discrete over-
dense “blobs” are assumed to be deposited as the
meteor plunges into the atmosphere. The delay
between the head and the trail echo is due to the time
needed for the blobs to expand large enough to be
detected by the radar while remaining overdense. To
explain the large range extension of the trail echoes,
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we agree with the basic postulate of both the glint and
the blob theories that the scattering medium needs to
be overdense since underdense scatterings from differ-
ent Fresnel zones are likely to render the power negli-
gible. However, since the delay time between the head
echo and the trail echo in our observation is less than
100 ms, the applicability of the glint or the blob theory
to our observation may not be taken for granted. For
example, the first echo shown in Plate 1a has a line-of-
sight velocity of 14 km s™'. This suggests that the
meteor trail is off specular by at least 10°, again by
assuming a maximum meteor velocity of 70 km st
For such a geometry, the delay time between the head
echo and the trail echo predicted by the glint theory is
at least 2 s [McKinley, 1961, p. 221]. It is possible that
the blob theory together with the fragmentation
hypothesis may be more applicable to our observation,
which we further discuss next.

Simple blob theory appears to imply that the echo
power as a function of time should be more or less
smooth. This, however, is not the case for the type 2
echoes in our observation. This can be better seen
from Figure 5, which shows the power variation as a
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Figure 5. Echo power as a function of time for (a) the echo shown in Plate 1a at 96.3 km and

(b) the echo shown in Plate 1b at 101.9 km.
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function of time at a selected altitude from Plates la
and 1b. The echo at 300 ms in both Figures 5a and 5b
is the head echo. The trail echo begins at about 350 ms
in both figures. The signal-to-noise ratio (SNR)
changes from 1 to about 100 in 15 ms for both cases.
The large temporal fluctuation of the echo power may
imply the existence of multiple overdense blobs arriv-
ing at different times. Fragmentation, which is known
to occur very frequently for large meteors at least
[Meisel et al., 1995], can provide multiple scattering
centers. The broken-up pieces of a meteoroid may fly
in different directions after their separation from the
parent body or have different decelerations to create
different arrival times at a certain range. In the
extreme case of fragmentation, the scattering medium
may be composed of charged dust, as observed by
Kelley et al. [1998].

In addition, we note that the ratio of the head echo
power to the trail echo power in type 2 echoes appears
to increase with the line-of-sight velocity, as seen from
Plate 1. However, since there are only three such ech-
oes observed, this could just be fortuitous. Of all the
10 VHF type 1 and type 2 echoes, only one was
accompanied by a weak UHF head echo. Although we
believe that both type 1 and type 2 echoes are from rel-
atively large meteors, it is likely that they were
observed in the sidelobes of the UHF beam (and per-
haps in the sidelobes of the VHF beam as well).

3.3. Type 3 VHF Echoes and UHF (Head) Echoes

As we mentioned earlier, head echoes were the
most abundant in our observation. An example of a
head echo simultaneously observed by both the VHF
and UHF systems is shown in Figure 2. The VHF head
echoes, in general, have a very large radial velocity,
suggesting that their trajectories are usually not per-
pendicular to the radar line-of-sight direction. The
much longer VHF echo extension can at least partially
be due to the much larger beam width of the VHF sys-
tem (see Table 1 for beam widths of the two systems).
The characteristics of the meteor echoes detected by
the UHF system are similar to those reported by Zhou
and Kelley [1997]. In the present paper, we emphasize
the characteristics of the meteors detected by the VHF
system and compare them with those detected by the
UHF system. In Figure 6, we plot the hourly rate, alti-
tude of detection, and SNR for the following four
group of meteors: (1) those detected by the UHF sys-
tem (430all or UHF meteors); (2) those detected by the
VHF system (47all or VHF meteors); (3) UHF meteors
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Figure 6. (a) Hourly rate, (b) average altitude, and (c)
average signal-to-noise ratio (SNR) as a function of
local time for the four groups of meteors defined in the
text.

that were also present in the VHF system (430com or
UHF common meteors); and (4) VHF meteors that
were also present in the UHF system (47com or VHF
common meteors). Although the last two groups of
meteors are the same in number and hence are the
same in Figure 6a, their altitude and SNR attributes
are different, as seen in Figures 6b and 6¢c. The detec-
tion altitude, as plotted in Figure 6b, is the altitude
where the maximum SNR is found.
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The UHF meteor hourly rate shows a dramatic
enhancement in the dawn hours, while such an
enhancement is less prominent in the VHF data, as
seen from Figure 6a. The ratio of dawn to midnight
hourly rates may be indicative of the aspect sensitivity
for radars having a very narrow beam and pointing
near vertically, which apply to our observation. If a
system is more sensitive to meteors having a trajectory
perpendicular to the radar beam, the midnight and the
midday rates are expected to be enhanced. On the
other hand, if a system is more sensitive to head-on
meteors, the dawn hourly rate is expected to be
enhanced. This is because the heliocentric motion of
the Earth tends to make the meteor atmospheric entry
angle deep (i.e., close to the vertical direction) at
dawn and shallow at midnight or noon. The fact that
the dawn-to-midnight ratio of the VHF echo rate is
much smaller than that of the UHF indicates that the
angle of arrival, i.e., the angle between the meteor tra-
jectory and the radar beam direction, of the UHF
meteors is likely smaller than that of the VHF meteors
on the average. Results from past meteor studies sug-
gest that the dawn-to-midnight ratio is about 1.5 to 2
[McKinley, 1961, p. 113]. If we accept that this ratio is
free from or corrected for aspect sensitivity, our VHF
system is probably not very aspect sensitive. The
much larger UHF dawn-to-midnight ratio is consistent
with our previous conclusion that the UHF system is
likely to be more sensitive to head-on meteors [Zhou
and Kelley, 1997].

It should be noted that our data-taking and meteor
selection scheme may miss some of the cross-beam
meteors for both the UHF and VHF systems. Since the
percentage of cross-beam meteors (relative to the total
number of meteors) is likely higher at midnight than at
dawn hours, the dawn-to-midnight ratio of both the
UHF and VHF systems can be affected by the beam
width and the meteor detection criterion. However, as
discussed in section 2, we do not expect the ratio to be
changed to the extent of affecting the nature of the
above argument.

The temporal variation of the average detection
altitude for all the UHF meteors shown in Figure 6b is
similar to our previous observations [Zhou et al.,
1995, Zhou and Kelley, 1997]. The higher altitude
around the dawn hours is believed to be due to the
higher atmospheric entry velocity at these hours. In
contrast to the altitude variation of the UHF meteors,
the altitude of the VHF meteors in the dawn hours is
not higher than that around midnight. Neglecting the

ZHOU ET AL.: METEOR OBSERVATIONS BY LARGE-APERTURE RADARS

logz(S/N) - 430 MHz

Figure 7. SNR of the VHF radar versus SNR of the
UHF radar for the meteors observed by both radars.

small-scale temporal variations, which are most likely
due to the statistical fluctuations because of the small
samples available, the altitudes of the VHF meteors
remain around 102 km throughout the observation
period from 0000 to 0700 LT. The standard deviation
of the detection altitude for the common meteors is 5
km, which is comparable with that for all the 430-
MHz meteors and 2 km smaller than that for all the
VHF meteors.

On the average, the UHF SNR is about 10 times
higher than the VHF SNR for the common meteors,
although some of the VHF echoes have an even stron-
ger power return than the corresponding UHF echoes.
The standard deviation of SNR is about twice the aver-
age of the SNR for each category of meteors. It is of
interest to note, from Figure 6¢, that while the UHF
common meteors have a much larger power than the
average UHF meteor, this is not the case for the VHF
echoes. One obvious reason is that since the UHF sys-
tem is more sensitive than the VHF system, the com-
mon meteors have to be large enough to be visible to
the VHF radar. When the common meteors are com-
pared with other VHF meteors, the former are closer
to the beam center and are likely larger than the latter
when the antenna gain variation is taken into consider-
ation. For those common meteors, the UHF and the
VHF powers are not correlated, in general, as shown in
Figure 7. Although antenna pattern difference cer-
tainly contributes to the lack of correlation, it is also
possible that the scattering mechanisms for the two
radars may not be the same.
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4. Discussion

4.1. On the Cross Sections of VHF and UHF Head
Echoes

We have previously estimated the effective scatter-
ing cross section of our UHF observations to be of the
order of 10" m? both by calibrating with the iono-
spheric measurements [Zhou and Kelley, 1997] and by
using the radar range equation [Mathews et al., 1997].
In the following, we first use the radar range equation
to estimate the cross section of meteors detected from
the VHF system and then compare it with that of the
UHF system.

The SNR of a monostatic radar can be written as

2.2
P,G A TprG

3

4
(4r)" R LthLspKTs

[Belcher et al., 1993, p.954], where P, is the peak
transmitter power; G is the antenna gain; 7T, » is the
transmitter pulse duration; Np is the number of coher-
ently integrated pulses; o is the target effective scat-
tering cross section; R is the target range; L, L,,, and
Ly, are the transmit losses, system nonohmic losses,
and the signal processing losses, respectively; K is the
Boltzmann'’s constant; and 7 is the system noise tem-
perature. The three loss terms amount to about 3 dB
typically, and N, is one in our case. Using the parame-
ters listed in Table 1, the relation between the Arecibo
VHF effective scattering cross section Gyyp (in square
meters) and SNR at a range of 100 km becomes

SNR =

(5)

Gyyp = 7% 10 SNR 6)
Using a SNR of 3 as the detection threshold, the limit-
ing cross section for the Arecibo VHF radar is then
2x10% m?. The typical SNR in our observation is
about 20, and thus a representative effective cross sec-
tion is of the order of 10> m2. Using the parameters
listed in Table 1, we further have

6SNRyyp

10 (7
SNR g

OVHF _
SUHF

where subscripts VHF and UHF are for the Arecibo
VHF and UHF systems, respectively. On the basis of
the values in Figure 7, the range of 6yyg/Oyyr is

OVHF
SUNF

~3x10° to 2.5x 107

(8)

1651

On the average, the ratio of UHF SNR to VHF SNR
for the common meteors is about 10, which leads to a
value of 10° for Oyyp/OyyF at the beam center.

One main reason for the large spread in 6ygr/SyHE
is the antenna gain variation at different directions.
Since the common meteors are more likely detected in
the main lobe of the VHF beam than in the main lobe
of the UHF beam, the observed UHF SNR tends to be
obtained at a lower gain than assumed. To estimate the
possible effect of UHF gain variation, we assume (1)
the majority of VHF meteors are more or less evenly
distributed in its main lobe; (2) the common meteors
are closest to the beam center; and (3) any meteor seen
by the VHF radar will also be visible to the UHF radar
within a certain radius around the beam center. With
these assumptions, the 145 common meteors are
roughly distributed within a 0.5° beam radius since the
367 VHF meteors are distributed within about a 1°
radius. The UHF antenna has its second sidelobe at
0.5° with the one-way gain reduction (with respect to
the beam center) at the far field being ~24 dB
[Mathews et al., 1997], which we assume approxi-
mately applies to 100 km as well. For a meteor
detected 0.5° off the beam center, the two-way UHF
antenna gain would be reduced by a factor of 6x10%. If
we also assume that low SNR UHF meteors are farther
off the beam center, we can apply this reduction factor
to the upper value in equation (8), which reduces the
spread of Oyyp/Oynr significantly. Thus, with the
UHF antenna gain variation taken into consideration,

OVHF
SUHF

~10°

(9

Since the common UHF echoes are about 20 times
stronger than our earlier study [Zhou and Kelley,
1997], we estimate the effective scattering cross sec-
tion of the common UHF meteors to be of the order of
10 m?, instead of 3x10® m? for meteors observed
within the main lobe. Despite the fact that antenna
gain variation is large enough to explain the large
spread in oyyr/Oypp We caution the reader that many
of the very strong UHF echoes were not accompanied
by any VHF echoes. It is possible that meteor atmo-
spheric entry angle, mass, and velocity can also be
important in contributing to the large variation in
OVHF/OUHF-

Given the above caveats, it is of interest to see how
the effective scattering cross section for the head ech-
oes depends on the wavelength. Assuming that the
effective scattering cross section depends on the wave-
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length in the manner of A*, equation (8) suggests that x
is in the range of 4-8 for the meteors observed by the
two radars. If we include the UHF meteors that were
not observed by the VHF radar, the lower range of x
may potentially extend to negative values. Using the
“gain corrected value” of Gyyp/Gyyr ~ 10 for those
meteors observed by both radars, we have x ~ 3. In
comparison, using the EISCAT 931-MHz and 224-
MHz radars, Wannberg et al. [1996] reported that
G931MHz' O224MHz ranges from 1 to 20 for 18 meteors
found in both systems. Since most of the Gg31ppL/
O24MHz ratios cluster around 5, the wavelength
dependent factor x can change from 0 to -2, with the
most likely value being -1. Whether the difference
between the Arecibo and the EISCAT result is due to
calibration or scattering process warrants further
investigation.

4.2. On the Relative Observability of Trail
and Head Echoes

Prior to the experiment, we expected that most of
the VHF echoes would be like those shown in Figure
lc. After all, it is the trail echo that makes the meteor
wind radar possible. However, during the 7 hours of
observation, there were only 10 trail echoes, while
nearly 370 VHF head echoes were observed. This
indicates that a large antenna aperture can have a dras-
tic effect on echo characteristics.

The smaller number of enduring echoes observed
suggests two possibilities: (1) There are very few
meteors having shallow atmospheric entry angle, and
(2) only very large meteors can produce enduring trail
echoes. Since the radar beams were pointed nearly to
the vertical direction, most of those meteors observed
near the dawn hours had a large radial velocity due to
the heliocentric motion of the Earth. If perpendicular-
ity is a necessary condition for observing trail echoes,
it would not be surprising that very few of them were
observed near the dawn hours. However, around mid-
night, we expect that the trajectories of some meteors
are more or less perpendicular to the radar beam. The
number of meteors having a duration longer than 35
ms at each range gate (corresponding to a line-of-sight
velocity of 10 km s!) is indeed far more abundant
around midnight than at dawn. This suggests that there
were a certain number of meteors which crossed the
beam near perpendicularly. Further, as seen from Fig-
ure 1b, perpendicularity is not a necessary condition
for the observation of trail echoes. The fact that there
are only six meteors showing any kind of classical dif-
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fusion leads us to believe that only large meteors can
produce trail echoes (at least for 47-MHz and above).

Without losing generality, we can assume that any
meteor will have a head echo and a trail echo. Let us
define the ratio of the head echo power to the trail
echo power as . To reconcile the difference between
our results and those of meteor wind radars, which
typically sees far more trail echoes than head echoes,
the simplest explanation is to require that y increase
with decreasing meteor size. Such a conclusion is con-
sistent with the observations of Jones and Webster
[1991], who showed that the probability of visually
observed meteors having a head echo increases with
radar sensitivity for a detectable scattering cross sec-
tion larger than 1 m?. At such a scattering cross sec-
tion, we hypothesize that y is smaller than one, which
makes some head echoes undetectable. At a scattering
cross section of 107> m?, v, in general, is larger than
one. If we are not preconditioned to think that a VHF
radar should always observe more trail echoes than
head echoes, the more logical question to ask from our
observation is, Why do some of the trail echoes not
have a head echo, instead of vice versa? More specifi-
cally, Why do only the three echoes shown in Figures
4d-4f not exhibit any head echo? We can only explain
this by believing that these three echoes were due to
three large meteors for which the trail echo was stron-
ger than the head echo. Although the head echoes
from the three large meteors ought to have a stronger
power return than the average head echo, they were

not observed most likely because they appeared in the
sidelobes.

Our observation has an implication on the design of
meteor wind radars. When designing a meteor wind
radar, one needs to consider the compromise between
the beam width and the sensitivity, given the transmit-
ter power. To increase coverage area, the antenna
aperture (or equivalently, the gain) should be as small
as possible. On the other hand, one would like to
increase the aperture in order to detect smaller mete-
ors also. Since our observation suggests that small
meteors may not produce trail echoes, there is an opti-
mal aperture to maximize trail echoes. Although we
do not know the exact value of the optimal aperture, it
is certain that a 250-m-diameter aperture is too large
to be beneficial as a meteor wind radar. (Readers are
referred to Hocking and Thayaparan [1997], Valentic
et al. [1997], Tsutsumi et al. [1994], and references
included therein for wind as well as temperature fluc-
tuation measurements.)
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It is of interest to compare our observation with the
Jicamarca VHF observation reported by Chapin and
Kudeki [1994a, b]. The Jicamarca radar operates at a
frequency similar to our VHF radar. During their
observation, Chapin and Kudeki [1994a] transmitted
through a 150x150 m? dipole field and received with
four 37.5x37.5 m? arrays for interferometric imagings,
while we transmitted and received using an effectively
250-m-in-diameter dish. Since the Jicamarca transmit-
ter is about 80 times more powerful, the two observa-
tions have about the same sensitivity. If the scattering
mechanisms for the two observations were the same,
we would expect relatively few enduring trails in their
observation. In addition, their echo rate appears to be
much higher than ours. Thus the comparison supports
Chapin and Kudeki’s [1994b] conclusion that there is
an additional scattering mechanism to the classical
underdense and overdense scattering for their echoes.
As these authors suggested, equatorial plasma insta-
bility is likely the cause for the long durations that
they observed [Chapin and Kudeki, 1994b].

5. Summary and Conclusion

On the night of September 29-30, 1994, we con-
ducted a simultaneous 46.8-MHz and 430-MHz obser-
vation of meteor echoes using the Arecibo
Observatory 305-m-in-diameter dish. There were a
total of 1868 and 367 meteors observed by the UHF
and VHF systems, respectively, and 145 meteors were
observed by both systems. While the UHF echoes
were primarily head echoes, the majority of the VHF
echoes were unexpectedly also head echoes. For the 7-
hour observation, there were only 10 trail echoes
observed. The paucity of trail echoes observed can be
explained if the ratio of head echo power to the trail
echo power increases with decreasing meteor size. Of
the 145 meteors observed by both systems, the VHF
power was not correlated with the UHF power. Com-
parison of VHF and UHF echo rate variation as a
function of time suggests that the VHF head echoes
are likely not very aspect sensitive. The lack of corre-
lation in power return and potential difference in
aspect sensitivity may indicate that the scattering
mechanisms responsible for the echoes observed by
the two radars are different.

The 10 trail echoes exhibited diverse characteristics
and are classified into two large groups based on their
range-time behavior. Seven trail echoes were observed
to be confined in a narrow altitude range (~2 range
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gates), which we designated as type 1 echoes. The
three other trail echoes, designated as type 2 echoes,
showed a clear head echo followed by a trail echo
extending over more than three range gates. Of the
seven type 1 echoes, six of them showed smooth
decaying before they became undetectable. The mea-
sured decaying constants were mostly comparable
with theoretical underdense e-folding constants.
Although underdense diffusion appears to be the most
visible characteristic of the type 1 echoes, overdense
scattering and head echo scattering may also be
important at the beginning part of three of the seven
type 1 echoes. The echo power in the trail part of type
2 echoes showed large fluctuations, and the trail can
simultaneously extend over a 3-km altitude range.
These characteristics lead us to suggest that fragmen-
tations may likely occur in type 2 echoes.
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