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Received 26 August 1999 / Accepted 9 March 2000

Abstract. Results of Ondřejov radar observations of Leonid
meteor shower in 1965–1967 are presented. Observations performed during previous returns of Leonid meteor showers indicate that both in 1965 and 1966 the peak activity was observed at
almost the same solar longitude near L = 235.◦ 17. The activity
pattern in 1965 showed two well pronounced peaks separated
by 23 hours where the second one seemed to be the principal.
This is true both with respect to activity as well as the flux. Our
observations indicate that the main outburst of this Leonid return occurred in 1966, the activity ratio to 1965 was 1.2 while
the corresponding ratio in fluxes was 3.7. The 1967 activity is
characterized by a large scatter of observed hourly echo counts
fluctuating around 15 which is slightly above the level in the
intermediate years of Leonid activity. The dependence of the
radio echo duration on the velocity, radiant position, the height
of maximum ionization and the mass of particular meteoroid is
also presented.
Key words: comets: individual: 55P/Tempel-Tuttle – meteors,
meteoroids

1. Introduction
A high activity of the Leonid meteor stream is regularly observed on a 32–33-year cycle. Its 1998 display was of prime
interest and a highlite event of the year. The observations were
carried out using all possible methods including TV technique
placed on the aircraft (Jenniskens & Butow 1998). Special expeditions for ground-based observations were operating in Mongolia (Rendtel & Molau 1999). The results from these campaigns were completed by visual (Arlt 1998), optical, TV, radio and radar observations from many locations all over the
world. The results are still being analyzed. They will be used
for the organization of observational campaigns in the forthcoming years. Some parameters of the stream associated with
the return of parent comet 55P/Tempel-Tuttle in 1998 show different characteristics in contrast with previous activity in the
nineteen sixties.
The Leonids observed by radar in 1957–1968 at The
Springhill Meteor Observatory near Ottawa were discussed by
Send offprint requests to: M. Šimek

McIntosh & Millman (1970). Ondřejov radar Leonids observations 1965–1967, partially published by Plavcová (1968), and
by Brown et al. (1997) were reexamined to obtain comparable
parameters of the stream with those from the present Leonid
campaign monitored by the same meteor radar parameters of
which were maintained identical since its installation in 1958.

2. Equipment and observations
0

The meteor radar, located at Ondřejov Observatory(49◦55 N,
0
14◦47 E), operates at a frequency of 37.5 MHz with a pulse
length of 10 µs, a peak power of 20 kW, and a repetition frequency of 500 Hz. The beam-width of the antenna system is
approximately 52◦ in the vertical plane and 36◦ in the orthogonal plane which is fixed at 45◦ elevation. A secondary lobe
appears at about 15◦ elevation. The antenna is steerable in azimuth. Its beam was pointed during observations always to an
azimuth differing by 180◦ from the azimuth of the Leonid radiant. Since the observing period is limited by the time when
the shower radiant is above the horizon, the observations could
be performed only from 23h LT (Local Time) until 14h LT. The
radar records the meteor echoes in a range-time format on 35
mm film moving continuously with the speed of 5.6mm/min.
The duration of each echo longer than 0.4 s is measured with an
accuracy of ±0.05 s.

3. Activity profiles
The background activity hourly rates for each hour in a particular year were determined for 13 echo duration intervals in the
echo duration range 0.4 ≤ T ≤ 12.0 s by means of the iterative
method introduced by Šimek (1985). Such hourly rates were
subtracted to obtain hourly shower echo rates for further analysis. Hourly shower echo rates for echo duration class T 5 0.5 s
are presented in Figs. 1-3. Sporadic background rates were deduced from the observations in 1965–67 preceded the solar longitude L = 233.◦ 992 and followed L = 236.◦ 255 (J2000.0)
(see Table 1) using a mean background model as described in
Šimek (1985). This approach is generally accepted but we feel
that it would be worth to comment the nature of echo counts
referred to recorded particular meteor echo duration.
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Fig. 1. The observed hourly rate of Leonid 1965 shower, represented by
asterisks, and the hourly rate corrected for diurnal variation, depicted
by open squares, as a function of solar longitude in degrees (J2000.0)
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Fig. 2. The same as in Fig. 1 but for 1966
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Table 1. Schedule of observations. Hours designate the beginnings of
the entire hour.

1965

1966

1967

observations
day hours (LT)
16
17
18
20
14
15
16
17
18
15
16
17
18
19
20
21

01–10
01–10
01–10
01–10
00–12,
00–12,
00–12,
00–12
00–07,
00–12,
00–12,
00–07

background
period (LT)

30

20

01–10
01–10
22–23
22–23
22–23
22–23

00–12,
00–12,
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22–23
22–23
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Fig. 3. The same as in Fig. 1 but for 1967
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which shows pre-atmospheric mass of a meteoroid of given velocity as a function of TD D/ cos zr . The echo duration produced
by a meteoroid of discrete mass is then

22–23
00–07

22–23
00–12

hourly rate

40

Year

0.92
V 3.91 λ2 D−1 cos zr .
TD = 1.63 × 10−6 M∞

22–23
00–12

Verniani (1973) has derived from the statistics of observed
sample of radar meteors the following expression for maximum
electron line density in meteor trail, αmax , expressed in el/m,
0.92
V 3.91 cos zr ,
αmax = 2.73 × 1010 M∞

(1)

where M∞ is the mass of the meteoroid before entering the
atmosphere expressed in grams, V its velocity in km s−1 , and
zr is the zenith distance of the shower radiant. According to
McKinley (1961)
32
× 1.41 × 1016 TD λ−2 D,
(2)
27
where TD represents the diffusion-controlled duration of the
radar echo, λ stands for the wavelength of the transmitted wave,
and D denotes the ambipolar diffusion coefficient. Combining
Eq. (1) and (2) (Šimek 1978) we have
αmax =

M∞ = 1.95 × 106 (TD D/ cos zr )1.087 V −4.25 λ−2.17 ,

(3)

(4)

Therefore, it is obvious that a meteoroid of discrete mass and
velocity produces an echo duration controlled by the ratio
cos zr /D where D depends on the height of the reflecting point.
It follows that the recorded number of echoes with the same
duration is produced by a conglomerate of meteoroids having
different mass. Echo durations in our set of data appeared in
the range of 0.20 s ≤ TD ≤ 0.89 s, calculated according to
Eq. (4) for M∞ = 10−2 g where the Leonid entering velocity
V = 72 km s−1 , λ = 8 m for Ondřejov radar, and coefficient
of ambipolar diffusion D = 27.2 m2 s−1 for constant height
of 105 km (see McKinley 1961). Since this duration interval of
TD includes very short overdense echo durations we neglect the
small variability of echo heights affecting D. When comparing
the series of hourly rates of a particular echo duration limit,
they must be related to the same controlling conditions, i. e. for
zr and D. The Rf coefficients correcting recorded echo counts
are presented in Table 2. They are the product of the iterative
process (Šimek 1985, and Šimek & McIntosh 1986) applied to
long-term data from observations of the Perseids. Since only
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Table 2. Leonid zenith radiant angle, zr , multiplying factors, fm , eliminating the diurnal variation of the Leonid mass-distribution index, s,
and inverse response function of the radar, Rf . Time is given in the local time (LT=UT+1). Since Rf factors for 0h, 13h and 23h designated
by * are not available for relevant radiant zenith angles, corresponding
values are estimated by extrapolation. Resulting corrected hourly rates
are, therefore, uncertain.
LT
zr
fm
Rf

0
72.8
1.06
2.61

1
63.3
1.05
1.60

2
53.6
1.04
1.60

3
44.3
1.04
1.32

4
36.0
1.09
1.15

5
29.9
1.18
1.07

6
27.8
1.15
1.01

LT
zr
fm
Rf

8
37.0
1.23
1.16

9
45.4
1.12
1.37

10
54.8
1.02
1.64

11
64.5
1.00
1.68

12
74.0
1.03
3.46∗

13
83.1
1.03
4.50∗

23
81.4
1.00
3.85∗

7
30.5
1.23
1.09

cumulative hourly rates for relevant echo duration and time are
the starting parameters of the iterative process, Rf are products
of all effects affecting meteor echo counts de facto involved in
the distribution of observed hourly rates.
McIntosh & Millman (1970) normalized recorded rates “to
remove the variation caused by changing elevation angle of the
radiant h. For reasons discussed by McIntosh (1966) a simple
sine function has been used and rates are normalized to h =
30◦ ”.
Corrected hourly shower echo rates are presented in Figs. 1–
3. We can distinguish in 1965 two well pronounced maxima at
L = 234.◦ 201 ± 0.021, and L = 235.◦ 165 ± 0.021 the widths
of which at half maximum level are 0.◦ 18 and 0.◦ 17, respectively.
Two peaks have also been recognized by McIntosh & Millman
(1970). Since their observations were limited by the location
of the Leonid radiant, both peak patterns were not especially
pronounced, and McIntosh and Millman interpreted the resulting activity pattern as a single one having its peak within the
observational break. Such a feature was not confirmed by our
observation, and second activity peak at L = 235.◦ 165 indicates the maximum for 1965 display. Nevertheless, it should be
mentioned that a single observation run of the Leonids is limited
at our latitude to 14 hours which makes a description of whole
activity pattern of the shower impossible.
The results of observations in 1966 were affected by the
position of shower radiant near horizon when culminated Leonid
activity similarly as for Canadian radar observations in 1965.
The position of highest activity was found at L = 235.◦ 182 ±
0.021.
The modest display of the Leonids 1967 is apparent from
Fig. 3. The low rates as well as their fluctuations around the
hourly rate of 25 remain rather the nature of the shower during
intermediate Leonid period discussed by Brown et al. (1997).
The shower radiant was below the horizon at the time of activity
culminations in 1965 and 1966 at L ' 235.◦ 17. There are not
many available reports of visual observations because of not
good observational conditions due to the moonlight (see Brown
1999).
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The cluster of Leonid particles encountering the Earth atmosphere in 1965–66 is characterized by the non-uniform structure
along the parent comet orbit. Its nature was analyzed by McIntosh (1973) who explains it by the change of spacings between
the comet and allocations of observed meteor showers along its
orbit.
The maximum hourly rate in 1965 occurred at the same solar
longitude as in 1966. The latter corrected value was higher than
that in 1965 by the ratio 147.7/121.6 ' 1.2.
4. Mass distributions and flux
The hourly echo rates obtained as described at the beginning of
the previous section were used for the mass-distribution analysis. To eliminate fluctuations of fainter echoes the echo duration
T ≥ 0.5 s corresponding to a radio magnitude, Mr , of +1.3 calculated from Eq. (5) (cf. Šimek 1987)
Mr = (0.74 ± 0.02) − (1.90 ± 0.04) log T −
− (0.18 ± 0.03)(log T )2

(5)

was chosen as the lower limit for the mass-distribution analysis.
The mass-distribution index, s, for overdense meteor echoes was
inferred from the conventional formula (cf. Kaiser 1955)
3
log Nc = − (s − 1) log T + const.,
4

(6)

where Nc is the cumulative number of echoes having durations
of at least T seconds. From the theory it follows that Eq. (6) is
valid when ambipolar diffusion is the only process acting inside
the ionized meteor path. Jones et al. (1990) recognized two principal regions corresponding to different dissipative processes
operating in the ionized trail. While diffusion alone is dominant
for echoes of shorter duration appearing at greater heights in
the atmosphere, longer echo durations from meteors at lower
heights are controlled mainly by different chemical and physical processes resulting different from the simple formula (6).
Therefore, the mass-distribution index, s, is according to this
model represented well by the slope of the initial linear portion
of the log Nc vs log T curve.
When the observations lasted only a fraction of an hour, Nc
applied for calculation of s were recalculated for 60 minutes.
Particular hours during which the observing time was less than
30 minutes were not used for the analysis.
The diurnal variation of the mass-distribution index, s, was
described by Šimek (1993), Šimek & Pecina (1999), Pecina &
Šimek (1999). The resulting diurnal patterns of s-parameter for
shower echoes (i. e. the Perseids and the Geminids) and those
for relevant sporadic background are characterized by similar
patterns of relevant pairs. It is apparent that in all cases, s for the
background in all particular hours are related to corresponding
mean of the full cycle values of s by the same multiplying coefficient as that for the shower meteors. It indicates that such diurnal
variation is neither due to the stream character nor the nature
of sporadic radiants. This effect could be explained by diurnal
variations of chemical and physical reactions in the atmosphere
controlled by the solar radiation (cf. Jones et al. 1990). The mean
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2.2

November 16 in the period 02h-07h (i.e. six hours before maximum hourly rate) is s = 1.20, and s = 1.49 one day later.
Comparable results were derived from radar observations at
Springhill published by McIntosh (1966, Fig. 11) which yields
s = 1.22 and s = 1.61 at the same days. The maximum observed hourly rate of 111.7 for echo duration T ≥ 0.5 s appeared
at Ondřejov on Nov. 17 at 7h LT with s = 1.75.
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Fig. 4. The mass distribution index, s, for 1965 drawn as triangle, as
a function of solar longitude (J2000.0). Horizontal lines designate the
error bars
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Observation in 1966 resulted in a higher average s-values of 1.63
on November 17 (calculated similarly as in 1965), and of 1.57
on November 18 when the missed 11h value was approximated
by s = 1.60. A maximum hourly rate of 38.6 at 12h is associated
with s = 1.44. Mass-index derived from McIntosh & Millman
(1970, Fig. 8) for Leonid echo counts for November 17, 1966
gives s = 1.64 which perfectly fits with our result. Such values
of s correspond with “slightly higher content of intermediate
sized particles” (McIntosh 1973).
The differences of s indicate higher contribution of longer
echoes in 1965 while in 1966 the activity of shorter echoes is
dominant. The cluster of Leonid meteoroids encountering the
Earth’s atmosphere in 1965–66 is characterized by non-uniform
structure along the parent comet orbit.
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Fig. 5. The same as in Fig. 4 but for 1966

background mass index s for the Perseids and the Geminids have
the same value of 2.17. We know the mass-distribution of the
Leonid background for a fraction of the diurnal cycle between
23h and 14h only giving s = 2.03. Therefore, the above mean
value s = 2.17 was ad hoc applied for the Leonids period, too.
To obtain real s for the shower corrected for the diurnal variation, values of s calculated from observed shower data were
multiplied by the ratio of 2.17/background value of s for each
particular hour of observations. Correction factors, fm , Leonid
zenith radiant angle, zr , at the middle of the interval, and multiplying factors, Rf , discussed in the Sect. 4, are listed in Table 2.
The resulting patterns of the Leonid mass distribution index,
s, vs the solar longitude, L (J2000.0) in 1965 and 1966 are
presented in Figs. 4-5.
4.1. 1965
Mass-distribution indices indicate particular difference in both
analyzed years. Leonids 1965 are characterized by generally
lower mass-coefficient indicating higher content of large particles shown already by McIntosh (1973). An average value on

Because of low recorded hourly echo counts mean mass indices for November 15/16 s = 2.15 ± 0.04, November 16/17
s = 1.76 ± 0.05, and November 17/18 s = 2.14 ± 0.06 are
determined. These results indicate s-values on both marginal
days close to s = 2.17 for sporadic background. Lower s on
November 16/17 supports above conclusion that the culmina◦
tion of the shower activity could appear after L = 235 when
the radiant was below the horizon.
4.4. The flux
The flux was computed according to Pecina (1982). Its determination is based on the comparison of observed hourly rates
with the theoretical rates as expressed by the formula
N (t1 , t2 , T1 , T2 ) = (s − 1)m0s−1 Θm0 F (s; t1 , t2 , T1 , T2 ), (7)
where N (t1 , t2 , T1 , T2 ) represents theoretical rates corresponding to those observed during the time interval [t1 , t2 ] within the
duration interval [T1 , T2 ], s is the mass distribution index, m0
is the limiting mass to which the flux, Θm0 is related, and the
function F (s; t1 , t2 , T1 , T2 ), expressed by the integral, bears the
information of mutual orientation of the shower radiant with respect to the antenna pattern. The time dependence of F (.) is due
to the dependence of integration limits within the echo plane on
this configuration. The function F (.) takes also into account
the fact that the region within the echo plane contributing to
N differs for different duration classes. The flux is nonlinear
function of s. The higher the value of s the higher value of flux.
We were interested in the hourly course of the Leonid’s flux

M. Šimek & P. Pecina: Leonid meteor stream in 1965–1967
4.5

16

4

14

3.5

12

3

10

2.5

flux

flux

781

8

2
6
1.5
4

1

2

0.5
0
233.8

234

234.2

234.4 234.6 234.8
solar longitude [J2000.0]

235

235.2

235.4

0
233.5

234

234.5
235
235.5
solar longitude [J2000.0]

236

236.5

Fig. 6. The 1965 Leonid flux as a function of solar longitude, L
(J2000.0). It is expressed in units of 10−12 m−2 s−1

Fig. 7. The same as in Fig. 6 but for 1966

so we have computed these quantities. Since hourly values of
s are determined on one hour base only for 1965 and 1966 the
hourly flux was computed for these years. The mass distribution indices from Fig. 4 and 5 were employed. Other parameters
we needed for computation were the ablation parameter, σ, and
shape-density coefficient, K = AΓδ −2/3 . The ablation parameter was set to σ = 0.1 s2 km−2 (Spurný et al. 2000) while
K = 0.0597 (in SI units). The s-values corrected for diurnal
variation were used for flux computation. All values of flux are
related to m0 = 10−5 kg. This value is close to the lower duration value of the duration interval considered. The flux is drawn
in Fig. 6 and 7. The higher values of flux in 1966 are mainly due
to higher values of s as compared with corresponding values in
1965 (compare Fig. 5 with Fig. 4), as it was mentioned above.
The standard deviations of the flux values depend mainly on
standard deviations of mass distribution index, s. The resulting
relative standard deviations of flux grouped around 10% of their
values.

not yield a complete picture of the activity pattern. Organization
of international Leonid watch during the 1999 return promised
a better picture of the stream.

5. Conclusions
We can deduce from our observations during previous returns
of Leonid meteor shower that both in 1965 and 1966 years the
peak activity was observed at almost the same solar longitude
near L = 235.◦ 17. The activity pattern in 1965 showed two
well pronounced peaks separated by 23 hours where the second
one appeared to be the principal. This is true both with respect
to activity as well as the flux. Our observations indicate that
the main outburst of this Leonid return occurred in 1966 the
activity ratio to 1965 was 1.2 while the corresponding ratio in
fluxes was 3.7. Since the maximum activity peak in 1966 was
deduced from an uncertain correction for high zr = 74◦ we
suggest that the latter value is closer to reality. The 1967 activity is characterized by a large scatter of observed hourly echo
counts fluctuating around 15 which is slightly above the level in
intermediate years of Leonid activity (Brown et al. 1997). We
confirmed that single station observation of the Leonid shower
limited to the period when the radiant is above the horizon can-
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Brown P., Šimek M., Jones J., 1997, A&A 322, 687
Jenniskens P., Butow S., 1998, WGN 26, 249
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