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ABSTRACT 
Sufficient observations exist of the returns of comet 55P!fempel-Tuttle in 1865 and 
1965 for accurate orbits to be determined for these two intervening epochs. By 
integration we obtain the orbits of the comet at its two returns in 1899 and 1932. 
Assuming that most meteors observed in the 1965-66 Leonid meteor shower were 
ejected from the cometary nucleus at one of its last three returns, we model the 
resulting stream and investigate its evolution. The model accounts reasonably for 
the observations of the showers in 1899, 1932 and 1966. We use the same model to 
predict that the showers of 1998-99 may be similar to that of 1899 or 1932, but not 
at the level of the 1966 storm. 

Key words: methods: numerical - celestial mechanics, stellar dynamics - comets: 
individual: 55P!fempel-Tuttle - meteors, meteoroids. 

1 INTRODUCTION 

Four of the most spectacular meteor storms that have been 
witnessed in the past 200 yr, namely, in 1799, 1833, 1866 and 
1966 (Kresak 1993) were associated with the Leonids. All 
four showers had a zenithal hourly rate (ZHR) in excess of 
6000 (Table 1). It was established soon after its discovery in 
1865 that comet 55prrempel-Tuttle, which has a very simi
lar orbit to that of the Leonids with an orbital period of 33.5 
yr, is the most likely parent of the Leonids. The only 
observed return of this comet since its discovery in 1865 was 
in 1965. No record appears to exist of the comet being 
observed at either of the two intervening returns in 1899 and 
1932. However, observations of a comet in 1366 (Kanda 
1932) and 1699 (Kirch 1737) were subsequently attributed 
to other apparitions of comet 55prrempel-Tuttle. It is 
generally accepted that the Leonid meteoroid storm is 
caused by a swarm of meteoroids in the vicinity of the 
comet. The most likely explanation for the swarm is that 
meteoroids at recent perihelion passages of the comet have 

Table 1. The observed zenithal hourly rate of the Leonid 
meteor showers at the indicated year. 

Year of shower 1799 1833 1866 1899 1932 1966 

ZHR 30000 100000 6000 40 240 150000 

(1) (1) (1) (2) (2) (1) 

"(1) Kresak (1993). (2) Lovell (1954). 

not yet had time to disperse along the orbit. This view is 
supported by the fact that the Leonids have an hourly rate 
of only about 10 when the parent comet is far away from 
perihelion. Even when the comet is close to perihelion, the 
stream does not produce a very spectacular display on every 
occasion. For instance, in 1932, the Leonids had a maximum 
ZHR of only about 240 (Lowell 1954). References to 'falling 
stars' and similar descriptions can be found in many histori
cal records. Yeomans (1981) and Hasegava (1993) have 
both chronicled and analysed these in so far as they pertain 
to the Leonids. Most storms appear to have occurred when 
the node of the cometary orbit is inside the Earth's orbit and 
the Earth reaches the closest point after the comet has 
passed through the node, in other words, when the Earth is 
sampling the region outside and behind the comet. Wu & 
Williams (1992) have shown that in the vicinity of the 
descending node, a model stream ejected from the parent 
comet is not symmetrical about the cometary orbit, the 
outside part being wider than the inner part. This would 
explain the recorded appearance of storms. The Leonids do 
not now appear to be subject to major perturbation as they 
were prior to 1898, and Brown & Jones (1993) suggested 
that, in consequence, a storm similar to that observed in 
1966 would be seen at the end of this century. 

In order to make a reasonable prediction regarding the 
Leonid shower towards the end of the century, it is neces
sary to look at the stream in a little more detail. We first 
analyse the storm in 1966, producing a simulation for the 
1966 storm which appears to match the observations 
reasonably well, and use the same model to predict the 
coming Leonid shower. 
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2 COMET SSP/TEMPEL-TUTTLE 

In order to produce any meaningful simulation of the 
Leonid shower, we must know the dynamic behaviour of the 
parent comet, 55P!Tempel-Tuttle, for the relevant time 
interval. As already mentioned, this comet was systematic
ally observed only on two returns, in 1866 and 1965, and the 
orbits at both dates are available (Yeomans 1981). The 
orbital parameters at the relevant dates are shown in Table 
2. Note that since all the published orbits of both the comet 
and the Leonids are referred to equinox B1950, we use this 
reference frame in this paper. We have linked these two 
orbits by integrating the 1965 orbit back to 1866, including 
in the equation of motion the gravities of the nine planets 
but no non-gravitational force. The resulting orbit shows 
very good agreement with the 1866 orbit given by Yeomans 
(1981). To check the accuracy of the integrator, we then 
integrate the orbit obtained by us for 1866 January 11 
forward to 1965 April 30. We find that the difference in 
perihelion distance between the observed orbit in 1965 and 
the orbits obtained by the backward and forward integration 
is 6.9 x 10-5 au, a value which we consider to be acceptably 
small. Fig. 1 shows the variation of the orbital elements of 
the comet for this 100-yr interval. The vertical dot-dashed 
lines mark the epochs of the two perihelion passages of 
comet 55P!Tempel-Tuttle, 1932 July 14 and 1899 July 2, 
obtained from the integration but which were not observed. 
What is of interest to the present work is the geometry 
which prevailed at each of the four returns and the likely 
configuration in 1998-99. Fig. 2 shows the distance between 
the comet and the Earth for 100 d either side of perihelion 
passages for each ofthe years 1866, 1899, 1932 and 1965. As 
can be seen, the approaches in 1899 and 1932 were very 
similar, with a closest distance of between 0.5 and 0.6 au, 
approximately 60 d before perihelion passage. In 1866 there 
was a very close approach at about 0.2 au, 20 d after peri
helion. In contrast, in 1966, when the strongest storm occur
red, the minimum separation was nearly 0.7 au, 74 dafter 
perihelion. This rather suggests that the nearness of the 
comet at the epoch of observation of a shower is not an 
important factor in determining whether or not a storm is 
observed. For this reason a predicted close approach of 0.35 
au in 1998 should not by itself be taken as an indication of a 
coming strong storm. 

A second relevant parameter may be the distance of the 
node of the cometary orbit from the Earth's orbit. These 
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values, together with precise values for the closest 
approach, are given in Table 3. As can be seen, this distance 
was very small at 0.003 au in 1965, while in both 1866 and 
1932 it was 0.006 au. In 1899, in contrast, it was much larger 
(0.011 au). Since the smallest value of this parameter does 
coincide with the greatest storm, it may be a useful pre
dictor, suggesting that in 1998 it may be about average or 
just below. However, a more detailed simulation should be 
able to give a more definitive answer. 

3 LEONID METEORS WITH WELL
DETERMINED ORBITS 

Lindblad, Proubcan & Stohl (1993) give the orbits for 29 
photographic Leonid meteors observed between 1938 and 
1985, and these are the most reliable data available at 
present. More than half of these (15) were observed near 
the 1965-66 meteor storm. In Fig. 3 we show the distribu
tion of the orbital elements of all 29 of these Leonids and 
also the subset from the 1966 storm. There do not appear to 
be any significant differences between 'storm' and 'non
storm' orbits. 

Observational error exists in all meteor orbit data; these 
can be due to a number of reasons, an important one being 
an inaccurate velocity measurement. This usually shows up 
as an orbit with either a very large or a very small semimajor 
axis. Consequently, we have deleted three hyperbolic and 
two very small orbits from the above, thus leaving 10 orbits 
as the basis of the observational data for the 1966 storm. 
In Table 2, we also show the mean orbit of the set of 29 
orbits and that of the subset of 10 orbits mentioned above. 
The relevant parameters of these 10 orbits are listed in 
Table 4. 

In order to understand their dynamics, we have inte
grated the equations of motion ofthese 10 meteoroids back 
to 1866 January 1. The equations include gravitational per
turbation from all nine planets and the solar radiation pres
sure, and the integrator used is a modified Runge
Kutta-Nystrom method (Dormand, EI-Mikkaway & Prince 
1987). We assume that these meteoroids are typical of visual 
meteoroids (Hughes 1978) with radius of 1 mm and density 
of 0.8 g cm-3• Ideally, we would like to have calculated 
masses from the observed magnitudes, but these exist for 
only seven very bright meteors in the 29 records. Conse
quently, such derived masses could not be representative of 
the stream. 

Table 2. The orbital elements of 55P(fempe1-Tuttle in 1899, 1965 and 1998 and 
the mean orbit of the Leonids. 

Year q (au) e i(O) 11(°) w(O) Ref. 

55P /Tempel-Tuttle 
1866 0.976558 0.906069 162.6945 232.5717 170.9179 Yeomans(1981) 
1866 0.976566 0.906061 162.6946 232.5716 170.9176 This work 
1965 0.981656 0.904433 162.7106 234.4357 172.5795 Yeomans(1981 ) 
1998 0.976539 0.905509 162.4915 234.5826 172.5238 Yeomans(1981) 
1998 0.976611 0.905496 162.4906 234.5785 172.5109 This work 

The mean orbit of the Leonids 
10 orbits 0.985 0.919 162.65 234.77 173.33 This work 

whole 0.984 0.935 162.53 234.85 172.36 Lindblad et al(1993) 
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Figure 1. The evolution of the orbital elements of comet 55PfI'empel-Tuttle from 1866 to 1966. 

4 

1965 

0 1932 

EJ 1899 

3 ott 1866 

"'" :::::> 
~ 

QJ 
U 2 
c 
.8 
.f!! 
'D 

o 
-50 o 50 100 

Time (days) 

Figure 2. The distance between the comet and the Earth for 100 d either side of the time of perihelion passage for each of the four returns 
in 1866, 1899, 1932 and 1965. 

The results of the integration are shown in Fig. 4, where 
we plot relevant orbital parameters, namely, the semimajor 
axis, a, the distance between the meteoroid and the comet 
rM_c> the eccentricity e, the descending nodal distance of the 
meteoroid rnode' and the longitude of the ascending node Q. 

From inspection of the plots and data the following points 
can be made. 

(1) The semimajor axes and eccentricities of the observed 
meteors remain essentially constant throughout the integra-
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Table 3. Important parameters obtained from the integrated orbit of Comet 55P/ 
Tempel-Tuttle. 

. Date of the perihelion 1866 1899 1932 1965 1998 
passage January 11 July 2 July 14 April 30 February 28 

Closest approach between 0.19 0.55 0.50 0.67 0.35 
comet and Earth (au) 

Days between closest approach 19 -66 -61 74 41 
& perihelion passage 

Nodal distance from 0.0059 0.0114 0.0059 0.0026 0.0078 
Earth's orbit (au) 

a a 

IX) q(au) IX) a-1 (au-1) 
L-
a> to to ..0 
E 
:l .r .r 

Z 
N N 

a a 
0.975 0.98 0.985 0.99 -0.1 0 0.1 0.2 

a a 

IX) e IX) i(O) 
L-
a> to <0 ..0 
E 
:l .r .r 

Z 
N N 

a a 
0.8 0.9 1.1 158 160 162 164 166 

a It) 

IX) w(o) 0(°) 
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Figure 3. The distribution of orbital elements of the Leonid meteors; those highlighted are the 15 meteors observed during 1965-66 
storm. 

Table 4. The orbital elements for 10 meteors observed in the 1965-66 storm. 

Number Y Date(UT) q l/a n w P v~ -v~ 
Nov. (au) (au-1 ) (0) (0) (0) (Years) (km S-1)2 

039080 65 16.253 0.984 0.0190 0.981 161.8 172.1 233.46 381.8 69.58 
661285 66 16.916 0.986 0.0380 0.962 161.7 172.8 233.88 135.0 52.71 
661345 66 17.890 0.980 0.1350 0.868 163.0 168.7 234.86 20.2 -33.39 
661345 66 17.907 0.985 0.1188 0.883 162.8 172.8 234.88 24.4 -19.01 
661363 66 17.965 0.984 0.1486 0.854 163.1 172.7 234.93 17.5 -45.50 
651393 65 17.823 0.986 0.0625 0.938 162.3 174.0 235.05 64.0 30.95 
651406 65 17.869 0.986 0.0588 0.942 162.9 173.7 235.09 70.1 34.21 
651425 65 17.957 0.988 0.1227 0.878 162.5 178.3 235.18 23.3 -22.51 
651421 65 17.961 0.985 0.0577 0.943 163.2 173.7 235.18 72.1 35.21 
651421 65 17.985 0.987 0.0637 0.937 163.2 174.5 235.21 62.2 29.89 
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Figure 4. The evolution of the orbital elements of 10 actual Leonid meteors from 1866 to 1966. 

tion interval. We infer from this that the values of these two 
orbital elements are primarily determined by the ejection 
process of the meteoroids from the parent comet. 

(2) The perturbation from Jupiter is obvious. It is 
reflected in the variations of roode where sinusoidal changes 
of 11.8-yr period, coinciding with the orbital period of 
Jupiter, are observed. 

Since the above integrations show that the semimajor 
axes and eccentricities of the shower meteoroids were 
primarily determined by the ejection velocity, we can use 
the available information to obtain an indication of the 
likely ejection speed. In the two-body approximation, the 
orbital speed v, the semimajor axis a and the heliocentric 
distance r are related by 

2 (2 1) v =887.14 ~-; , (1) 

where v is measured in km s-l, and r and a are in au. At 
perihelion in 1965, comet 55P/Tempel-Tuttle was thus 
travelling with a speed of 41.51 km s-l, compared to a value 
of 41.63 km S-1 in 1866. 

At any given heliocentric distance, the difference 
between the speed of comet 55P/Tempel-Tuttle, vc, moving 
on an orbit with semimajor axis ac, and that of a meteoroid, 
vm, moving on an orbit with semimajor axis am' is given by 

(2) 

This quantity can be calculated for each of the 10 meteo
roids observed in 1965-66, and the values are given in Table 
4. If we assume that the ejection was with speed Ve in a 
direction making an angle e with the direction of motion of 
the comet, then 

or 

(3) 

For any given single meteoroid for which data are presented 
in Table 4, there is no unique solution. However, if we 
assume that Ve« vc, then equation (3) becomes 

(4) 

where Vt is the velocity component of the meteoroid relative 
to the comet along the direction of motion of the comet. In 
effect, it is only this component that matters. In particular, 
with vc=41.51 km s-l, as found earlier, and values of am 
from the observations, the maximum value of Vt is found to 
be 0.83 km S-I. This is a factor of 10 larger than that given 
by Whipple's (1951) formula, but is rather close to the value 
given by Harris, Yau & Hughes (1995) based on considera
tions of the ejection of gas under pressure on to a near
vacuum, the maximum velocity being 0.6 km S-I. In view of 
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Figure 5. The geometry of model meteoroids and the Earth at the 
indicated number of days after the perihelion passage of the comet 
on 1965 April 30. 

this agreement, we shall assume in our simulation that 
meteoroids were ejected with speeds of this general order. 

4 SIMULATION FOR THE 1965-66 STORM 

It is easy to demonstrate that the meteors observed in 
1965-66 could not have been ejected at that return of the 
comet. We do this by ejecting 100 test meteoroids in 
random directions selected from a Gaussian distribution 
with a mean along the cometary motion and a standard 
deviation of 30° with an ejection velocity of 0.6 kID S-1 at 
perihelion (1965 April 30). We choose the direction of com
etary motion rather than that towards the Sun as the mean, 
because it is only the component in this direction that 
matters from the viewpoint of a change in the orbit, and we 
are looking for the maximum change possible. The motion 
of each of these was then integrated to the end of 1966. Fig. 
5 shows the resulting positions of the test meteoroids, pro
jected on the ecliptic at 20-d intervals after ejection. The 
simulation shows that, as expected, the meteoroids essen
tially follow the cometary orbit even for the situation which 
gives the maximum possible change, and none are close to 
the Earth even 20 d after ejection. 

We next build a model where we assume that most of the 
meteoroids observed as meteors in 1966 were ejected at one 
of the cometary returns of 1866, 1899 or 1932. Equation (4) 
relates the ejection properties and the semimajor axis of 
comet and meteoroid. 

© 1996 RAS, MNRAS 280, 1210-1218 
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Table 5. The number of possible completed orbits and the corre
sponding orbital periods for meteoroids observed in 1966 and 
ejected at the given year. 

Year of ejection Number 

1866 1,2,3,4,5 
1899 1,2,3 
1932 1 

Period( days) 

36833,18417,12278,9208,7367 
24608,12304,8203 

12544 

Assuming the maximum value of V, is 0.6 kID s -1, equation 
(4) shows that the period of an ejected meteoroid can be as 
short as about 16.9 yr, and the absolute maximum is 120 yr. 
As we have already seen, the semimajor axes of meteoroids 
remain reasonably constant and so, in order that meteoroids 
encounter the Earth in 1966, they must have completed 
some integral number of orbits in the period between ejec
tion and encounter. It is thus just feasible that a meteoroid 
ejected in 1932 can have completed two orbits and 
encounter Earth in 1966. However, only for a very few 
meteoroids with very large negative relative velocity can this 
be even possible, and so we only consider meteoroids 
ejected around perihelion in 1932 that have completed one 
orbit. By a similar analysis, meteoroids ejected from the 
comet at its return in 1899 can encounter Earth in 1966 after 
completing one orbit at around 66 yr, two orbits at around 
33 yr, three orbits at around 22 yr, and a possible four orbits 
at 16.5 yr. Again we ignore the last possibility as this 
requires extreme ejection conditions. Similar considerations 
apply to the 1866 return, and the exact orbital requirements 
are given in Table 5. 

Since gravitational perturbations playa small part in the 
evolution, these periods cannot be taken as exact. For this 
reason, we have calculated the value of V, for each of the 
possible orbits, and generate 10 test meteoroids by varying V, 

in increments of ±2 m s-1, thus generating a total of 90 
meteoroids. Each such meteoroid is integrated forward to 
1966. 

Figs 6(a)-(c) show, as examples, the orbital evolution of 
three of these sets, ejection in 1899 with two orbits com
pleted, ejection in 1866 with three orbits completed, and 
ejection in 1866 with five orbits completed. All the others 
show much the same general behaviour. In all the figures 
the vertical dot-dashed lines indicate the time of the 1933 
and 1899 showers. In all cases, the meteoroids appear to be 
well behaved, essentially following a smooth evolutionary 
path but with minor changes at close encounter with the 
Earth. There is no evidence for spreading in either a or e, 
and spreading occurs in i, OJ and n only when a particularly 
close Earth encounter is experienced. 

Of more interest for generating a meteor storm observed 
on Earth are the nodal distance and the closest approach 
distance of meteoroids to the Earth. Of course, for ejection 
in 1866 with five complete orbits to 1966 (Fig. 6c), it is 
impossible for meteoroids to be close to Earth in either 
1899 or 1933, and this we see to be the case. The nodal 
distance is also interesting. This was less than the Earth's 
heliocentric distance in November, both in 1899 and in 
1933. However, this was not the case in 1966, and herein 
perhaps lies the reason for the showers of 1899 and 1933 
being relatively weak. 
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Figure 6. (a) The orbital elements of the model meteoroids as functions of time from 1899 to 1966 (two completed orbits). (b) The orbital 
elements of the model meteoroids as functions of time from 1866 to 1966 (three completed orbits). (c) The orbital elements of the model 
meteoroids as functions of time from 1866 to 1966 (five completed orbits). 
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Figure 6 - continued 
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Figure 7. The relative number of model meteoroids that satisfy the following criteria for each of the years 1933, 1966, 1998 and 1999. An open 
block is for a nodal distance of less than 0.005 au from the Earth's orbit, a hatched block is for a nodal distance of less than 0.002 au, and 
a black block is for the closest approach to the Earth being less than 0.005 au. 
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In fact, we can quantify this by counting the number of 
meteoroids that are within a specified distance of Earth at a 
given date. To make the data comparable, we consider only 
meteoroids that were ejected no more than two cometary 
orbits in the past, that is, for the shower in 1933, only 
meteoroids ejected in 1866 with one, two or three com
pleted orbits, and those ejected in 1899 with one completed 
orbit are taken into account. For the 1966 meteor storm, we 
take those ejected in 1899 and 1932 into account. In both 
cases, we have integrated more test meteoroids so that both 
have 80 test meteoroids in total. In Fig. 7 we show the 
number of meteoroids that have a nodal distance within 
0.005 au (open block) and 0.002 au (hatched block) of the 
Earth, and also the number with a closest approach to the 
Earth less than 0.005 au (black block) at each of the two 
years 1933 and 1966. 

As we can see, higher values by all three criteria were 
obtained in 1966, with 66.25 per cent within 0.005 au and 55 
per cent within 0.002 au for the nodal distance, and 65 per 
cent within 0.005 au for the closest approach with the Earth, 
while in 1933 they are only 35, 5 and 12.5 per cent respec
tively. 

5 PREDICTION FOR THE 1998-99 SHOWER 

The results from the above simulation roughly mirror the 
observations, and so we have repeated the above procedure 
for the 1998 return, taking one orbit from 1965 and one, two 
or three orbits from 1932, ejecting 20 particles for each 
orbit, again making a total of 80. We integrate the equation 
of motion of these meteoroids to 1999. The resulting 
numbers of meteoroids in both 1998 and 1999 with nodal 
distance and closest approach distance within the same 
limits as above are also shown in Fig. 7. In 1999 virtually no 
meteoroids were within the required distance of Earth. As 
this is probably the most important criterion, we predict that 

few will be seen in 1999. For 1998, numbers are very similar 
to 1933 and predict that the storm will perhaps be of a 
similar level to 1933, but less than that in 1966; hence we 
might expect an intermediate ZHR. 
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