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Abstract. A simple model is described that predicts the time of occurrences and
peak activity of Leonid shower outbursts. It is assumed that the ejection speeds of
escaping particles at each return of the parent comet near perihelion are very small,
but solar radiation pressure acting differently on different particles causing a spread
of particles into different period orbits. Earlier papers predicted the position of the
resulting dust trails. This paper sets forth to better predict the strength of the
expected outbursts by considering the role of non-isotropic effects in the interaction
with the solar radiation on the dispersion of particles away from the dust trail

center. This paper determines the approximate magnitude of the relevant effects.
Predictions for the next few years are presented that include such considerations, for
reasonable assumptions of particle properties. For example, earlier predictions for
the 1999 storm of ZHR = 6,000—7,000 are now reduced by a factor of two, which is
in better agreement with the observed ZHR ~ 4,000. The success of the technique,
when applied to historic meteor storms and outbursts without need of additional free
parameters, lends confidence to the soundness of the underlying model and to its
application for future predictions. We predict that the best encounters of this return
of the parent-comet will occur in the years 2001 and 2002.

Keywords: Comet, comet ejection, Leonids, meteor, meteor shower, meteoroid,
model predictions, orbital dynamics, radiation pressure

1. Introduction

This workwas initiated in early1 999 after the1998fireball outbursts
arrived unexpectedhand far “off-schedule” (Lyytinen, 1999). Its
premise, low ejection velocities, isased onthe satellite model of
comets, which was developed earlier (Van Flandea81; 1999). In
that model, a comet isupposed tdave anucleuswith an orbiting
debris cloud systenThe mass ofthe debris cloudcan be comparable
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to, or in excess of, the mass of the primary nucleus. It is posttitetied
at each perihelion there is gravitational escape of particiesigh the
L1 and L2 Lagrangian pointSmaller particles.e., most meteor size
particles, are actually stable only in inner orbits around comatantei,
and are driven out frorarbits aroundhe cometary nucleus mainly by
radiationpressure. Slightlylifferent, but regarding the formation and
course oftrails, essentially similarassumptionshave been made in
earlier work by Kondrat'eva andeznikov (1985) andKondrat'evaet
al. (1997) andrecently in the work byMcNaught and Ashe(1999).
Thefirst to suggesthe importance of radiatiopressurewas Kresak
(1976). The first to realize theformation of trains due to different
orbital periods was Pavel (1955).

If the ejectionspeedsare very smallwith little dispersion and the
orbital dispersion is caused mainly by solar radiation pressure, then the
radiationpressureacts as if solagravitation were decreaseithereby
increasing the semi majaxis, thus alsothe period ofrevolution,
according to the particle size. That increaseprigportional to the
radiation pressure/massatio. As a result of differences in orbital
period, the particles form trails after one revolution.

Transverse spread is caused twe pressure ofnon-symmetric
absorption and re-radiation of solar radiation. It isgpheead along the
comet orbit and the transversspreadthat areresponsible for the
observed intensity of the shower. This is usually expressed in terms of
Zenith Hourly Rate(ZHR). Our predicted peak ratprior to the1999
storm was ZHR = 6,500 + 500 hr* (Lyytinen, 1999). After the
observations of the storm suggested a peak activiBH&t ~4,000 ht
(Arlt et al., 1999; Jenniskenst al., 2000), we re-addresseshrlier
concerns on such non-isotropiffects of the interaction of the
meteoroidswith sunlight. In thispaper, wewill introduce a better
treatment of the radiatiopressureeffects toarrive atmore reliable
estimates of the pea#ctivity of future meteorstorms. Someother
refinements of the model are also introduced.

2. Method

The backward integration of the parent comet was conducted as in
Yeomanset al. (1996), adjusted to agreeth observed returns since
1366. From each perihelion a number of particles (typically ab®i

with different radiatiorpressure foeach werantegrated forward. The
radiationpressure introduces a&ffective decrease of thgravitational

pull for each particle. We recorded the time, radius vector and longitude
at the descendingode crossings dhe 1950.0ecliptic plane ofeach
particle. Figure lgives a graphi@resentation of the trailaround the
present return of the parent comet. Tha¢a was manually checked for
encounters with the Earth.

Corrections forthe true (mean) Earth orbital plane of the daeze
made for longitude anfbr the radiusvector. Our earlier work did not
include the radius correction(Lyytinen, 1999). The heliocentric
distance of eclipticcrossing g is affected in the fifth decimal. In
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comparison to our earlier model, the perihelion distance q of the parent
comet needs a reduction @000077 AUaccording to thenostrecent
orbital elements by Nakano (1998) This brirlgs adopted orbit close

to the value used in McNaught and Asher (1999a)e& § value in

the earlier results was reduced by this amount.
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Figure 1.Distance from the Sun ohodeledtrail particles at thelescending
node. The vertical lines are at the start of January. The Earthi§ance is
at about 0.988 to 0.989 AU. éoncentration opoints nearthis value in
mid-November (as in the year 2001) indicates a likely meteor storm.

3. Treatment of radiation pressure

What is usually called simply radiation pressure is lcalied“regular
radial pressure”. It is eepulsive force, which is inversefyroportional

to solardistance, effectively lowering the gravitatiorfakce. Other
radiation pressureeffects can be non-radial and chave adifferent
dependence on solar distance. Notably, variations in radiation force as a
result of the particle'surface to masgatio, rate of rotationetc., will

lead to dispersion of particles, effectively widening the tralil
perpendicular to the Earth's orbit and in the Earth's orbital plane. For
the purpose ofcalculating theshower'sactivity, one cangroup the
various effects according to their influence on thspersion of the
stream. The general term radiation forceised tocover all theeffects

that describe the particle's response to solar radiation.
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3.1. THE REGULAR RADIAL PRESSURE

The radiation force on a particleonsists ofthree parts: due to
absorption of solar radiatioenergy,due to re-radiation of thiémermal
energy,and due to reflection (scattering). The radiapoessureforce

on a totallyabsorbingparticle of diameter d, neglecting the other two
effects, at a distance r from the Sun is:

F=m (d2fY S c'r? (1)

The constant 3s the solar radiation constant at Earttiistance and c
is the light speed.

In the ideal case where there is absorption andll the energy
would be reflected directly backwards (to the Sun) like anfliator put
normal to the solar radius, thetal effect would bewice that given by
(2). Similarly, in the ideal case thall the energy would be re-radiated
as thermal radiation directly backwards toward the Sun, the force by re-
radiation would be the same as that of scattekHegce, if the particle
is non-rotating, sphericalnon-conducting and homogenous on its
surface, we carassumethat the totalforce due to absorption, re-
radiation,and scattering is directemivay from the Sun and obeys an
inverse square law. Particles affected by solar radigtiessure in this
manner are effectively in a weaker gravitational field. The motion of the
particle without further perturbations is a Keplerian ellipse. Because the
particles are assumed to escape into their own orbits near the perihelion
of the comet’'sorbit, radiationpressure hashe effect of creating a
slightly wider elliptic orbit, with aslightly bigger semi-majoaxis, and
longer orbital period.

The ratio of radiatiorpressure taravity (3) for similar particles is
inversely proportional to thparticle diameter. It isnostly affected by
the surface-to-massatio of the particles. So different-sized particles
get into ellipticorbits with different orbital periods, thereby forming
elongated trails without much tendencysfwead perpendicular to the
orbit.

Non-spherical particlegan have different averagesurface-to-mass
ratio, so actually it isexpected that tsome degree differenhass
particleswill existeven withsimilar orbitalperiods. This als@pplies
to particles with different densities.

The net effect of the radial component of the radiatioessure is to
distribute the particles along the comet orbit and delay the population of
particlesrelative tothe comet afteleven asingle orbit. Subsequent
orbits cause this dispersion to increase by almisame amoumach
return. In the case of Leonid meteoroids, a radighi@ssure of one
thousandth of the gravity of tieunwill give a period of revolution of

380 days longethan that of the parent comet (whiblas anorbital
period of about33.3 years).The force of radiationpressure as
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described by (1) on ane—millimeter-diametespherewith density 1 g
cm? is about this big.

Key to the predicting encounter timésr Leonid outbursts is the
point where the so formed dust trail crosses the ecliptic plane.

3.2. FERTURBATIONS

The inverse-square and radial fotees of Equation 1 is the starting
approximation All departures from thilw are perturbations, that are
discussed irthe nextsections. Such perturbatioaffect theshape of
the orbit and thecliptic planecrossing distanceswayfrom the Sun.
Because the Leonid meteoroids are observed near the perihelion of their
orbits, perturbations on the total angular moment arisingvway from
perihelion are othis type.The net effect is a@ispersion ofparticles
giving rise to the shape of the Zeniourly Rate(ZHR) activity curve
of the meteor storm.

The purpose of thisection is to showhat there exist mechanisms
that can quantitatively explain the scatter of particles, to the extent that it
is sensible to construct a ZHR model.

3.2.1. The “A2 effect”

A non-graviational induced periathange, over theegular radiation
pressure angith little effect otherwise, is calledere the "A2"effect,
because of an analogyith non gravitationaleffects incomet orbital
dynamics. The "A2" effect is in particular caused by perturbations on
the speed ofthe particles due to a perturbing component along the
plane and normal tsolar radiusthat arises near periheliorSuch
perturbation mainly affects the orbital period but hardlyaltthe
ecliptic planecrossing radiusThe Poynting-Robertsoreffect is an
example ofsuch aperturbation, even though very small. In the
Poynting-Robertson effect, radiationamitted withhighermomentum
towards the direction ofotion, effectivelyslowing down the grain.
The "A2 effect” by the other mechanisms described in this paper can be
to either direction, at least over a short time span.

These perturbations do not directly affect the meteatburst
predictions because the partickestt would encounter the Earth are
replaced by otherwith similar ecliptic planecrossingradii andnodes.
Only the orbital period determineghether particles reach theliptic
when the Earth imearby. The true effect afuch perturbations is to
change somewhat the encounter conditions and cause shijbtigd
differential planetary perturbationsver its orbit. The magnitude of
such perturbations is comparable with the radial effect for old trails and
cannot be separated in a straight-forward manner. Sginead of
particles by thiseffect can be modeled by computer simulatitret
include planetary perturbations. The A2 effect mainly affects
encounters with old trails.
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Figure 2.Non-isotropic scattering may give force components that change
the orbit and, among others, affect the orbital period, i.e. produce an A2
effect.

3.2.2. Non-isotropic scattering of radiation

Consider the perturbing forces from radiation scatterednon-
isotropically from adustgrain in three directions: R, along thadius
vector away from the Sun; W, normal to the orbital plane; and S, in the
orbital plane towards the direction of motion and normal to the previous
directions (Figure 2a). For both the components R and S, there appears
a sin(2*@+constant)) type of dependency thre direction of the force
(wherev is the true anomalyyith a different constantor each particle

and force component). Theffect mostlyconcernsflattened patrticles,

but can ariseeven for spherical particleswith non homogenous
surfaces. Animaginary extreme example would be a two-sided mirror
such as a solasail. This mechanisrperturbsthe period,but during

one orbit the net is zero. This type of perturbatioes notcause a net
change of orbital period if there is no further dependency of solar
distance r than the normal 4/he conclusion of no orbital period
changewith this type of perturbatiorwas derivedfrom a simple
program integrating the effect of tippoposedmechanism during one
orbit, running the prograrfor various differentspin axisdirections of

the particle. A test particleiith the regular radiatiorpressure of one
thousandth of solagravity (3 = 0.001)was used. Itmay be that the
true dependency of these components is more complex than in the
studied example and may cause some A2 effect as well.
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This effect, even inthe pure form, does cause a dispersion. This
arises mostly from perturbations neaphelion, even though 1/f
reaches itsminimum there.Assumingthat the component S is one
hundredth ofthe total radiatiorpressure atphelion,and that the test
particle further obeys the “double silav” sin(2*v+constant) (or in
this case cos(2) ), we find that outest particleabove gives ahift in
g of £ 0.00016 AU duringne revolutionThis applies only to a high
albedo particle. If the particle albedo small, this effect may be too
small to explain much of the observed partidispersion inmeteor
storms.

net force

direction
spin e of mation
_Exis S -

radiation frarm the Sun

Figure 3 The mechanism for seasonal Yarkovsky is illustrated Hevs.
effect canperturb the orbitalmotion of aparticle much like theeffect
illustrated in Figure 2.

3.2.3. Non regular thermal re-radiation: the seasonal Yarkovsky effect

Previous perturbations do not consider rotatiorthef particleand a
delay of re-emission, causing the (diurnal) Yarkovsky effect. This effect
arises fromthe fact that the there is a lag in the temperature of the
surface during onerevolution causing the temperature in the
“afternoon” to be larger than at a similaphase during the
“morning”. Because the rotation of a smalbdy is quite fast, the
diurnal Yarkovsky force is rather small (Olsson-Steel, 1987) effieet
depends on thermal lag and unknown rotation properties.

Instead, wewill consider what is now called the“seasonal
Yarkovsky”, which was recognized by Rubincam (199%98) and
Farinellaet al. (1998) (e.g. sedkubincam,1995; Vokrouhlicky and
Broz, 1999). Their treatment igor asteroidsized objects, down to 0.1
m. Theseasonalarkovsky effectarises fromthe tilt of the spin axis,
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which puts onehemisphere towards tifeunand the otheaway from
the Sun. The thermal re-radiatiorirom the "summer” hemisphere
causes an effective force in the direction of the "winter" hemisphere, in
a direction different fronthe radial direction towards th8un. The
effect depends on conveying thermal energy effectively to the night side
within the diurnal period, by rotation. The effedbes not depend on
rotation propertiegwithin a reasonable range gpin rates), but on
distributions of the spin axis tilt. The strength of the seasonal
Yarkovskydepends on a particleteermal conductivity, asvell as its
size. For small grains, the seasonal effect is several orders of magnitude
larger than the diurnal variant. The effect for asteroids is a modest semi
major axis reduction(Rubincam, 1995; Vokrouchlicky andBroz,
1999).

We derived an approximat®rmula for this force in the case of
spherical particlesvith a distribution of spin angles. We assuniat
the Sun's radiation is totally absorbed and calculate the difference in re-
emission fromthe day and nightime sides.The radiationfrom the
shadowed side is equal the thermalenergy going by conduction
through the particle. The thermal conduction psoportional to the
difference in temperature of the two hemispheres. We find fartecle
whose spin axis is pointed towards the Sun:

F=JSd®(cP) (1 +L (Kid)r¥)? 2)

where J is an (adjustinggctor, whose effecwill get introduced in the
numerical coefficient in equation (4), K is the thermal conductivity and:

L = 24 g 3Gt (3)

where o the Stefan Bolzmann coefficient.Note that as thermal
conductivity K approachesero, this will give the distance dependency
1/%. Hence, thdorce fromthermal re-radiatiorgiven by theseasonal
Yarkovsky effect, in thease of a blackody and axigirected to the
Sun, is proportional to thgravity at the distance iguestion. Equation
2 can be re-written as:

Fo, = 0.18B (1+L (K/d) P?)* (4)

If the body is noblack, theresulting forces must baultiplied by the
absorption coefficient; i.e., with (1-albedo). The force componeamys
with sin(2 x angle).

For the purpose of checking the accuracy of the approximate solution
of non linear equations, we put equation (4) in the general form:

Fsy = 0.18B (1+H ¥t (5)
where we treat H = L(K/d) r*”?> as onevariable. The maximum

proportional error is only about 4 per cehlhe H rangewith this size
error is around 0.05 6.4, while it issmaller outside this range. This
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size error arises frorthe approximations in thsolution of nonlinear
equations. Approximations in the sphericshape geometrywill
introduce further errors, but the particles are not expected to be
spherical in reality.

The eclipticcrossing ofthe Leonids is close to the perihelion of the
orbit. So it was numerically computed how the Equation 4 force affects
g. We assumedhat thespin axis issituated in the orbitaplane,
keeping its orientation during one orbit avatying the direction in the
plane with different runs to gesbmemaximal valuegor the variability
of q by this effect. Withirthe same computer runs, the change in semi
major axis was computed. This gives passiblechange of the period
of revolution in one orbit; i.e., the A2 effect.

With near-zero thermal coefficient K, the maximum change of
during one revolution is about 0.003 au. The A2 effect is zero. When K
increases, the change of q decreases quite raplilg the A2 effect
increases before reaching a maximum. Atpgsk, theorbital period
change is aboutvo weeksoverone orbital revolution. Unfortunately,
this is in the parameter range for H (0.05 — @vligre theassumptions
that go into Equation 4 may break down. Olsson-Steel (1§i8&3$ the
value of K for terrestrial silicates as K = 3.5 W k™. The value of K
for returnedlunar samples is only about one percent of this. This
should be further reduced by about one and adnd#rs ofmagnitude
to get into the region of the biggest A2 eff@far a one mnparticle).

With the values of the lunar samples, an A2 effect &ebgthan a day

is reached. With this value, the change of g is only about 0.00001 au. A
change in q essentially translates directly to a change inathial
ecliptic planecrossingdistance of thearticle, f. This is toolittle to
explain the direcspread of § inferred from observationgdence, the
seasonalvarkovsky effectwill either change dand p), or create a
larger dispersion along the orbit.

We havenot studied theseasonalYarkovsky effect normal to the
plane,but the perturbing normal componemas the dependency (at
least approximate) of sin(angle-along-plane). This angle is from the
node ofthe “particle equator” inthe orbital plane. Sthis clearly has
an effect on the plane amhuses somscatter normal to the orbital
plane.

In the case of aery flat particle, the measurface to masgatio is
now bigger thanwith spherical particleshaving a given value of
B resulting in a bigger magmrticle than a spherical partickath the
samef value. Further,for a sheet-like particle, therange of total
radiationpressureorce variesfrom its maximumvalue to practically
zero. If theSun shinesnormal to the particlespin axis, then the
temperature of the particfalls. Thisactually gives durther reduction
of the re-radiation force in the direction of the spin axis.

3.2.4. Effects due to precession of the particle spin axis

Olsson-Steel (1987) consideréte effects due tgrecession of the
particle spin axis for a particle with 1 mm radius, whereasave it at
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0.5mm. So it is quite close to thpsirticle size.For an assumed spin
rate, Olsson-Steetalculated the angular changeasds by precession
as approximately 10rad ' (at 1 AU). AlthoughOlsson-Steehoticed
that this would imply that thespin axisrevolves around the Sun-
meteoroid line several times in each orbit, el a lower precession
rate. Olsson-Steel takes ake forcefor torque the whole radiation
pressurewhich is clearlytoo coarse an approximatiofctually, for a
spherical particle, the torque is zero both for absorptionttzrdhal re-
radiation. This applies aldor flattened elliptic particles, if we neglect
diurnal effects and thd?oynting-Robertsontype effects are also
neglected in altases. Foscattering, it isalso zerofor a sphere, but
non-zero forelliptic flattened particleswith flattened patrticles, it may
be reasonable to expect theecessionmate to be aboutwo orders of
magnitude smaller than the value above. This would imply thatgime
axis can remain more ofess fixed in spacefor several orbital
revolutions.

For the prediction of meteor storms, tressumption of fixed
orientation is reasonable. However, at the extiéanenge (larganitial
difference in orbital period) as in the outburst of 1969, this is no longer
true, but the model and predictiongvenot been alteretbr this. As a
consequence, the predict2d06 andmaybe2007 outburstwill have
perhaps twice the ZHR given in Table | below.

4. The meteor stream model

From the previous considerations, haveconstructed a streamodel
that is partly empirical by aiming to complyith past Leonid shower
observations, buterivessome properties frornthe assumedadiation
pressure spread isection 3.For the most part, the form of the
equations have a theoretical basis.

The spread into differenbrbital periods bythe assumed regular
radiationpressure isalready embedded within the traibmputations.
These computationwill also give the spread alonghe orbit that is
expressed by thmean anomaly factdi, as introduced in McNaught
and Asher (1999a).

The radialdispersion fromthe trail centeoccurs bythe mechanism
of non-isotropic scattering dhermal re-radiation o$olarradiation, as
discussed in Section 3.

It is assumedhat thedispersion affectsll three dimensions, one of
which appears in ,f. The spread inthe two other dimensions is
assumed proportional to orbit number. This is bectheseotation axis
is expected to maintaiits rough direction for severalorbits giving
cumulative spread effects. Further it is proportional to origidel
(difference of original semi major axis frommat of the comet at
ejection time).This comes fronthe fact that thenon-regular radiation
effects can bassumed to be proportional ttee regular forceThis is
especially trudfor scattering,but less so fothe seasonalyarkovsky
effect. The direct radial scatter is expected to be largely due to the
scattering.
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The radial densitp, of the trails is assumed to be of the form:
P~ (1 +Ar%) = (6)

whereAr is the difference in radiacliptic planecrossing distances of
Earth and meteoroi@-r,, scaled according to:

Ar = (r-rp) /(0.00059 x n x\a) (7)

where n is the number of orbits singjectionand (g-r,) andAa are in
astronomical units. Equationvgas derivedrom the observedctivity
profiles of pastmeteorstormswith the assumption, that the profile
shape radially (from Sun) is the same as normé#ieoorbital plane. In
equation 7, the terms n aAd arise because the trail width is expected
to widen directlywith n and alsowith anincrease ofAa, practically
resulting in a wideningvith increasing distance frotme cometFrom
published graphs dhe 1966 storm (Jenniskens, 1995; Mason 1995;
Brown 1999), the free parameter p vasived as p 2.7 + 0.7. The
scaling factor0.0002 inEquation 7 was derivefilom the 1966 storm
case, whicthad n = 2 and\a = 0.169. Inaddition, thedensities are
assumed proportional tthe distancefrom the center raised to the
power -2.7 far away from the trailet center.

We now introduce the empirical function Aa), which is theZHR for

a one-revolution central encountkaving the originalAa. Noticing
further the mentionedpread (and dilutionglirectly in two dimensions
with n and further with,f, we get this expression for ZHR:

ZHR =fna) (f,/ n*) (1+Ar%) (8)

In principle, there may be two ways to improve flttescaling Equation
7. One is tacompare thalispersion scalingadial and normal to the
orbital plane. The other is to get a mutuafdit fn(Aa) for central and
non central passes (fexample comparingtorms in 1833 and 1966).
A trial with the first would change theabovefrom Ar = 0.0002 to
0.00025 AU. However, the parameter was left as originally assumed.

An approximation of frfa) was derivedrom a fit of observed
outbursts.The peakZHR observationsisedare the same assed by
McNaught and Asher (1999alror one of theoutbursts this was
actually theonly sourceavailable, whilefor othersthere was nalear
reason to change thoselues. Thecourse of this functiomith points
derived from observations is shown in Figure 4.

The resulting predictions are given in Table I. The tébts the year
of return, the number of revolutions since ejection (n), the difference in
radial ecliptic plane crossing distances (thiss distance), the function
f,,, the difference in semi-major axis, the predicted Zddhrly Rate,
the predictedtime of the peak (in solarlongitude, J2000), the



160 LYYTINEN AND VAN FLANDERN

correspondingdate,and some comments omhat mechanisms may
affect the characteristics of the shower.

TABLE |

Year Rev. rE-rD fM  deltaa Pred.ZHR Sollong. Date Time UT Comments
2000.0 Nov.
2000 2  -0.0012 0.55 0.30 215 235270 17  07:50 mostly faint

2000 4 0.00080 0.135 0.116 700 236279 18  07:50

2000 8 0.00080 0250 0.065 700 236.103 18 0340 fM locally bigger, but
strongly affected by A2 ef

2001 4 0.00025 0.135 0.144 6100 236467 18 1822

2001 5 0.00178 0.114 0.095 60 23629 18  14:10

2001 6 0.00135 0.123  0.080 110 23620 18  12:00

2001 7 -0.00043 0.140 0.081 2000 236.115 18  09:58

2001 9 0.0001 0.260  0.043 1500-2000 236.433 rev:s 9,10,11  strongly affected by A2 ef

2001 10 0.0006 0.160 0.030 600 236423 ZHR comb.

2001 11 0.0004 0.160 0.026 260 236.425 ab. 2500 to 3000

18 ab.17:30

2002 4 -0.00004 0.148 0174 7400 236.894 19 1044
2002 5 0.00148 0.115 0.120 160 23672 19 0645
2002 7 -0.00013 0.130 0114 4500 236.612 19  04:.02

2003 15114 -0.001to 1-25 0.28 250 23069 13 13to19 very special
co/fme -0.003 extr.conf.! t0230.78+ Il also uncertain

2006 2 -0.0002 0470 0.94 50 236.618 19 04:48 maybe strong teles-
2007 2 -0.0004 0.560 1.06 30 236.107 19 22:55 copic outbursts

10000000
% » Figure 4. The graph shows the
approximation of fnfa) from
1000000 Q%( seven observed peak Zenith
i Hourly Rates. Squares are
100000 4 derived from observations of
1866, 1999, 1966, 1833, 1869,
" 1867, and 1969. Diamonds
10000 show the derived numerical
u approximation.
&
1000 S
&
[ |
100
0.01 0.1 1

delta a (au)
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5. Discussion
5.1. THE A2 EFFECT

For youngtrails, the A2 effect is expected tave a relativelysmall
influence on the predictions. Evéor not quite so old trails (n 4—6),

this effect is probably dominated by planetary perturbationdagege
radial distanced-or old trails, the A2 effect typicallynakes the ZHR
smaller (by increasing thedispersion inthe shower), but can also
increase the rates by decreasing the miss distanegg).(iThe inclusion

of this in the ZHR-formula was tested byassumingthat it mostly
affected the radial direction. However, there appear twabesvhere it
mostly shifts the longitude of the ecliptic crossing. Further, the effect is
hard to scale, and frequently the situation seems to be very irregular, for
example §, changing quite strongly with the applied effect. Theebl
1903 outburst ZHR as compared to the predictioverg suggestive of

the existence othis effect and in principle may besed forscaling.
This was an encountevith small miss distance. TheZHR may have
been afew hundred (Jenniskens, 1995)he model gives gost-
prediction value of around 3600 without assuming an A2 effect.

Even though this effect was not included in the ZHR formula, this has
been to some degree consideredhim predictionsFor older trails (7
revolutions andip) thiseffect is insome cases assumed to reduce the
ZHR, and this may increase tE&IR inthe n = 10 case i8001. This
effect also changeshe timing, maybe up tohours for distant
encounters. The effect on timing is not included in the tédtie except
in the special case in 2003, where this effect may help to pairigles
near the Earth orbit a few hours after the nodal crossingsiuggested
timing is stretched a few hours past the nodal crossing.

1999

1894
Mow 18.0

193?
1965
w1998
Mow 17.0

Figure 5.Drawing a smooth curve trough the trails in the order of n may be
a practical means diming far encounters such awith the 1866 trail.
Original Figure by David Asher, reproduced and edited with permission.



162 LYYTINEN AND VAN FLANDERN

5.2. FOSSIBLE PRACTICAL MEANS OF TIMING DISTANT ENCOUNTER
OUTBURSTS

While looking atthe David Asher ecliptic plot for the year 1999, we
recognized a special behavior in the timikgyen though the region
around 16 to 20 UTNov 18 is notvery well mapped by observations,
it appears as if the distant encounigth the 5Srev trail would have
happened somieours prior tathe nodal encountgdenniskenset al,
2000). Atreatment as irfFigure 5may explain the timing. It is as if
therewere some kind of sheets existingetween thedrails. This is
probably explained by A2 type effects. Ty suggestthat some
particles are more affected than would otherwise be anticipated.

5.3. GONSIDERATIONS ON THE WIDTH (DURATION) OF AN OUTBURST

In principle, this modeshould alsagive the width ofoutbursts ateast
for close encounters. Some first explorationpafameter space was
made,but not a thoroughreatment topresent herefor youngtrails,
spreading in length almost uniformiyith orbit number, thewidth
should beabout proportional to théme intervalfrom the passage of
the parent comet. This relation seems not to hold for the obs&péd
outburst with large origindla.

The comparison of observationwith the model is greatly
complicated by the effect of thmissdistance. Before th&999 storm,
we assumed that the profile of the trails in all directions of cross section
is the sameThis would lead to apurely mathematicalmeans of
deriving the change of the width according to thiss distance. The
observed duration of the 1999 storm shdet this assumptiomed to
an overly largeduration prediction. The conclusion wdkat the
assumptions othe crosssection are not truéictually, the observed
behavior may give a further clue to the cause ofdiepersion. Further
modeling of these radiatiopressurephenomena is suggested, by
considering, simultaneously, tltkspersion neathe descending node
radially and normal to plan&Vith this modeling, the observelative
widths radially and normal to orbital plane should also be in agreement.
A comparison of observed duration (further changed to a normal—to-
the-orbit-planevalue) with the radialdependency according to the
model, gives the radiapread to be abo@.5 times the normal for
young trails. Because of the inclination of the cometary orbit, the scatter
happens to be roughlgqual in the ecliptic planboth radially and
along the direction of Earth’s motion.
Jenniskengt al. (2000)deal with theprofile shape anavidth of the
1999 Leonid storm as measuredery precisely from airborne
observations duringhe Leonid Multi-InstrumentAircraft Campaign.
They find agood fit with a Lorentz curve shape.Interestingly, the
distribution in Equation @loes alsdiave alLorentzshapewhen p = 2
(we have it2.7 = 0.7). This paper's ZHRnodel could be easily
transformed to use this Lorentz form. Of course, thédp{vould need
to be determined accordingly. The effect on the prediciéds would
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probably not be too much the observations are concentrated in the
sameAr range as the predicted cases.

In addition, Jenniskeret al. (2000) findthat the whole trailet pattern
is shifted by about 0.0003 AU frothe assumed dependency gpldt
of observed meteatorm profile widths. This conclusion depends on
the assumptiothat the Lorentshape applies tthe radial distribution
as it does tahe normal distribution. As pointed out Bgnniskenset
al., this can not be proven yet due to lack of data.the widening not
to happen as the simpéssumption in Jenniskeres al., requires a
more rapid decline at anglestween radiahnd normal fronthe trails.
Interestingly,our model finds that the profile carhave this Lorentz
shape in bottradial and normal directions to thpane,and yet not
widen as expected. For example, if y represents the radial distance from
trail center and x that normal to the orbjiédne,then these are already
scaled according to the mutual central half-widths (to get a simplified
expression). If the ZHR is of the type:

ZHR(X,y)=ZHR,, /(1+ ¥ + V) (9)

then the observed Lorentzian broadening in the x-direcfiith
increasingpassdistance y)does ariseHere, ZHR ., is the maximum
corresponding to the center of the trail, and not the observed maximum.
However,the same broadeningill not arisewhen thedust density in

the trailet has the form:

ZHR(xy) = ZHR,,/ (1+¥)(1+y)
= ZHR,/ (1+x+yxy?) (10)

although the distribution is of Lorenform both inthe x and y
directions, but not ahtermediatecross sectionsThe lastform shows

that with this, the decline is more rapid into other thsial directions.

In our model (Equation 8), the expressions in parentheses, eithet (1+ x
+ Y% or both (1+X) and (1+Y), should beraised to the power p / 2 =
27+0.7/2=1.35%0.35.

If there is scatter in q caused “somewhere”, and the scatter normal to
the plane is caused somewheetse, and these are sufficiently
independent froneach other, then themoesn’t arise the otherwise
expected dependency oiutburst duratiorwith miss distance. The
observations are suggestive that there is ndittr dependency of
duration on themissdistance to somewhat out of ttrail centers, but
there is dependency at larger miss distances.

It is expected that one key factwith the dependency of theidth is
that the ecliptic crossing happensnear perihelion. So angular
momentum changes normal to the plane ragatrelion, where the
efficiency of non-isotropic scattering sblar radiation isigh, do not
efficiently cause scatter normal to the orbital plane (near perihelion),
whereas in-plane effects there do affect the change of . The seasonal
Yarkovsky effects at a distance of roughly 2 Akhay be mainly
responsible fothe scatter normal to the plarigoth these depend on
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the direction of the spin axislowever, it isnot knownwithout special
modeling if these effects are independamough toexplain the
observations.

5.4. UPCOMMING ENCOUNTERS

Let us examine thepredictions in Table I. As noticedbefore
(Kondrat'eva andReznikov, 1985; McNaught andAsher, 1999;
Lyytinen, 1999), very strong meteor storm encounters are stibrie.
Especially in 2001 and 2002 rates can go up to ZHR = 6,000 or almost
twice the level of activity of the 1999 metesiorm. That eventhas now

ZHR = 3,200 in our model, not too different from the obsemadde of

ZHR = 3,700 (Arltet al., 1999).The ZHR value 0f2,500 to 3,000 in

the line 2001 and 11 rev. means the combined value ofwigil®, 10

and 11 revolutions.

The first encounter aheadtizat of the yeaP000. In boththe n = 4
and 8rev. cases, the tragenterswill passinside theEarth’s orbit. It
hasbeen the otheway (outside Earth’sorbit) with all the observed
outbursts, and we cautiaihat this supposedsymmetry (as in the
model) in g-r, may not be true. Also, the 2000 encounter with the n = 8
rev. trail is actually with d'piece” of trailet cut onboth sides by
perturbations otarlierpassesear the Earth. By purelgravitational
solution, the mean anomaly factor seems tdobally quite high,but it
is expected that the A2 effect smoothens the trail fragment into a longer
piece in space. In that case, the A2 effect does not seem to help (applied
in either way)bring the particles closer to the Earth. In the prediction
table, the mean anomaly factor has been dropped into about one third of
the purelygravitational localvalue, but this is not much moréan
guessing (except that it does need reduction).

Furtherahead, we expect that teacountersvith youngtrails, mainly
in 2006 and2007,will be vastly moreabundant in smaller particles
(about one fourth of a mm idiameter), whichwill lower therates in
lessperfect conditionsThe special case iB003 may also belong to
this group.

The closespass ofthe one-rev traifrom 1965 (notincluded in the
prediction table)happens in 2005 about0.0006 AU, whereby the
trailet is passed insidéhe Earth’sorbit. This may give practically no
visual meteors, but may give a brief outburst of 0.1mm particles instead
that are a target of telescopic observations. mtss distance from the
trail center isonly about2.5 times thegeosynchronouslistance. The
geocentric nodal crossing is at solar longitude 235.569. This is on Nov
17 at about 21:52 UT2005). The encountemith geosynchronous
satellites on the day side will be up to about a half-hour later, depending
on the exact location of the satellite.

Looking back intime, the 1998 “storm component'demonstrates a
large dispersion of dust perpendicular to Earth's orbit. Considering the
miss distances fowarious trailets, it would seem that tfistorm
component" was most likely caused by the three revolution(11349).

This trail would have passed at about 0.004 AU ftbmEarth’s orbit.
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On the othehand,this trail had a gap (caused by perturbations of a
near pass by Earth in 1965) of about one month intiegtosition of

the encounter in 1998. This region of trel shouldhavebeen empty.

The trail from 1932would have passed at 0.00BU, and that from

1965 at almost at 0.007 AU. Because of the near pass of Jupiter around
the 1899 return, theodes ofearlier trailsdon’t fit at all. On the other
hand, thepresence of particles in this regioan be explained if there
exists quite a large A2 effect, a non-gravitational period change.

6. Summary

Considering the vergood post-predictions of historic Leonids storms
and the successful prediction of the 1999 storm, with the trail models as
in Kondrat'eva and Reznikov (1985), McNaught and Asher (1999), and
Lyytinen (1999), it is reasonable to expect thabdtiming predictions

for future outburstxan now be made. Tharength of outbursts is
more difficult to predict. In thigpaper, weaddressed/arious aspects
that can affect the dust density (as reflected in the Zeatirly Rate).

A semi-empirical model was builor the dust density irthe trailsthat

gives agood fit to past observations. It is therefore expectbdt
predictions for futureneteorstorm encountergill also not be too far

off. The main uncertainty is thassumed symmetry ithe radial
dispersion to both sides of the trails. Also, there are no observations yet
of encounterswith old trails from five to ten revolutionsago. The
radiation pressure effects are found to be strong enougkptain the

total observeddispersion away from the trail centers. A better
understanding of these effects needs further attention.
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