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Abstract. Basic equations of motion and ablation of a singléhe ablation and shape-density coefficienta0d K). In order
non-fragmenting body through the atmosphere were solved withstudy these two coefficients as function of time, we need to
ablation and shape-density coefficients as general functionsisé very precise records with distances along the trajectory (and
time. This solution was applied to 22 photographically recorddetights) derived with precision of abotil 0 m. We also noted
meteoroids with very precise data available, such meteorottiat going to few observations with higher precision, we were
which did not yield solutions by using the gross-fragmentatiarot able to apply the gross-fragmentation model at all: both the
model. Extremely high values of the shape density coefficienéalistic and the “unrealistic” solutions yielded systematic time
K, atthe early parts of the luminous trajectory are the main redependence of residuals.

son for non-existing gross-fragmentation solutions. Reasons for In this paper we will derive a complete general solution of
such high values o are examined in some detail, includinghe single body theory with ablation coefficieat,and shape-
analysis of spectral records available for one of the meteoroidensity coefficient/, both as function of time. We will then ap-
Also positive values of acceleration well outside standard depily this solution to the most precise photographic observations
ations were documented for several meteors. Such cases caofiieteor trajectories available, in order to derive time change of
be interpreted by our model. We suspect that electric forcaislation and shape-density coefficients. We were able to find 22
originating from the atmospheric charges and from meteorgitiotographic meteors with such high precision of their records.
charges (which were not included in the drag equation) are he-all 22 cases we were able to find numerical solutions with
sponsible for the observed very high values of the shape-densgitgcision corresponding to the high precision of geometrically

coefficient at the early parts of meteoroid trajectories. derived data. The smallest standard deviation for one measured
point among these 22 cases was fodnfdm; there are 7 cases
Key words: meteors, meteoroids with standard deviation af 10 m or lower; majority of standard

deviations of the used meteors is betwee) m and+15 m.

1. Introduction 2. Basic equations

In our paper on meteoroid atmospheric fragmentation (CEhe motion and ablation of a single non-fragmenting body
plecha et al. 1993), we recognized that most of the photograrough the atmosphere can be given by three differential equa-
ically recorded meteoroids (double- or multi-station record&pns (linear trajectory; gravity neglected; curved Earth’s surface
behaved according to the single body theory with constant a@pproximated by an osculating sphere, Ceplecha et al. 1993):
lation and shape-density coefficients throughout the entire tra-

jectory. About 40% of the studied cases with precision better’ — —FAQ(;Q/Sanl/sz (1)
than+30 m for one measured distance along the meteor traj

tory exhibited no fragmentation (NF), another 40% exhibitegm AA

one gross-fragmentation at one point (1F), and about 20% fraﬁg = —fgf/?’gmw%i’) (2
mented consecutively at more than one point (MF). The for-

malistic gross-fragmentation solution for these MF cases Wg/sl = A2
found to be “unrealistic”, i.e. the solution usually called for— = — - "~
adding mass to the main body at a point instead of releasi% B/2+h
part of mass as fragments. We were aware that some of the

MF cases with “unrealistic” solutions may not be only due gt/2 -1 = cos z(t) (4)
more fragmentation points, but rather reflect some changesf%f2 +h

3)

Send offprint requests 1@. Ceplecha Al+Bh+C=1*—-h? (5)
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Two independent parameters of the problem can be expresée@eneral solution of the basic equations

as with o = o (t), K = K (t)
the ablation coefficient o — 2% ©) Eliminating mass between Edsl (1) ahd (2) we arrive at
. _ —2/3 K L QV2 QOVg
the shape-density coefficient’ = T'Ag, (7) log K =3/ v dv —log ——~ +log —5-—, (10)
0 vo (—a) (—a)o
Forameteoroid atan arbitrary point of its trajectory, the notatiqf}, e
has the following meaning: = velocity;¢ =time (independent 1 (v . 4o is the ablation term and

variable);m = mass} = height;! = distance along the trajec- * ’*° .2 oo ]
tory; o = air density;> = zenith distance of the radiant (slopd®8 ~azy — log xS the deceleration term.
to vertical);I" = drag coefficientA = heat transfer coefficient; Herelog means natural logarithm. If the ablation term is identi-
A= Sm—2/3gfl/3 is the shape facto§ = head cross-section; cally (for all time instants) equal to the deceleration term, then
04 = bulk density of meteoroidt = energy necessary for ab-K = constant. .
lation of a unit mass, B, C are constants of the geometrical Ed.[I0) and: — ¢, = [, <! represent a complete solution.
position of the trajectory. Similar numerical procedure as for the case with constamd
K can be applied to fit the computed distances along the trajec-
tory to the observed distances, except that the partial derivatives
3. Solutions of the basic equations with constart and K cannot be written in a close form and have to be computed by

These solutions for = constant, K = constant can be found Numerical procedures only. _

in Pecina & Ceplecha (1983, 1984). They contain 4 parameters Ed- (10) contains two unknown functions= (1), K =

of unknown values to be determined from observations;o, 1 ()- Assuming one of them, the other |sdresulgng frdm] (10).
vo, lo, i.. initial velocity, ablation coefficient, velocity at= 0, |f We could determine» = v(t) as well asg; = 3 (7) from
distance along the trajectory at= 0, respectively. We can the observed distances, we would be able to computer (t)
transform the problem of computing them from the observé&@d then from EqL(10) alsi” = K (t). This will be described
distances along the trajectory as function of time into the fdft details in the next section. . _
lowing linear equation for small increments of these unknowns ©nce we have solved Eq.{10), mass and ablation are given

parameters as
K3 93 UG
Al Bl ol ol m=o2¥ (11)
lObS — l = %Alo + T%A'UO + %A’Uo@ + %AU (8) (_%)3
The partial derivatives if18) can be written as closed e@"d
pressions and can be found in Pecina & Ceplecha (1983, 198#), do 12
The solution for one gross-fragmentation point, i.e. withyy ~ ¢V 4 (12)

K = constant, o = constant; before fragmentation; =

constant, after fragm_entation, was published by Ceplecha gt Nymerical procedures and their testing

al. (1993), and contains 6 parameters of unknown values to be

determined from observations, i€, vea, 01, 02, vo, lo. 1N Order to find out the most suitable procedure for numerical
In addition two more parameters emerge during the compuki@ndling of Eq{(10), we computed several “theoretical mete-
tional procedure, i.e. the position of the fragmentation point ¢1s”. By this term “theoretical meteor” we denote a case, when
the trajectory, and the relative amount of the fragmented ma#®, have choses and K™ as a-priori-known functions of time,
making the total number of parameters to be determined eq@afl then solving Eqs.](1) tbl(7) by Runge-Kutta method, we de-
to 8. We can once more again convert the problem of computifiged the “observed” distances along trajectory and “observed”
these parameters into linear equation for their small incremehgights as function of time. To such “observed” values, we ap-
(equations defining the partial derivatives: see Ceplecha etfiied then computational procedures intended to be used for ap

1993) as follows: plication of Eq.[[Z0) to observations. We have examined several
such cases (originating from different combinations of increas-
lobs — 1 = ﬂAlo + ﬁAuo + ol Ave + (9) ingand decrea;ing with increasing and decreasi[ig)._Thi.s
dlg dvo Voot allowed us to find out the best procedures for application to
I l I
I iAgl n 9 Avoos + iA@ really_ol?serv_ed meteors, and aI;o to formulate several general
doq OVoso2 doa rules in junction with these solutions.

Our initial idea was to compute parameters for one func-
Avoor, ATy . | Alg, Avg | Avseo, Aoy tion of time (given by one formula) applied to all points of the

before fragmentation at fragment.| after fragment. observed trajectory, i.e. to the observed distances along trajec-
More about these two solutions and about their applicatitory, /,, and to the observed heights,. But such procedures

to observations can be found also in Ceplecha et al. (1998).(e.g. using interpolation polynomials) proved to be very much
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dependent on the chosen function. This was already found by Now, the initial values o& can be computed from any two
Pecina & Ceplecha (1983) for constanand K, and we only neighboring or nearby points on assumption thand K are
generalized this fos and K being variable with time. We also constant on a short time difference. If suffix for the first point
learned thatr cannot be computed for the early parts of a trajets 1, and suffix for the second point 2, theiis given by {og is
tory, where velocities and decelerations are almost independeattural logarithm)

of 0. Even a precision of0.1 m used for theoretical meteors v v

did not allow to determines during the first third of the tra- 5 — 6[1Og(_K1v%p1(37)22 - lsg(_Kw%m((d%)l] 7
jectory (for range of meteoroid masses we were interested in). vy — V3

This defines our first limitation in applying EG.{10) evento VelYheret, v, and% are actually they,, v, and(%)k, i.e. the aver-

precise observational data: for the early parts of a trajectory W&e values of each subset. For the start we can diigse K

must chose only an average valuecotorresponding to the yhjje at the second step, when we already computed values of
meteoroid type. This limitation has not much influencefon r- fom Eq. [10), we can usk, andK as different values. We
during the early parts of the trajectory, becaasand K’ are .5 improve this procedure by taking into account all possible
there almost independerit. at the early parts of the trajectoryp,irs providing that, andt, are separated by small time inter-

is mostly given by velocity and deceleration, and these can 3§ 5nd chose then the best determined valuesaofd K (with

derived from observed distances along trajectory as functionypf rejatively smallest standard deviations). We finish with

time. 4 i andK which best fit the observed distances along the trajectory
If we would knowv and G7 from observationsy could be 4 correspond to EG.{1L0).

dt
In solving Eq.[(ID) we also need to kndw, i.e. the value of

(14)

computed from them, and then algbcan be computed from

Eq. (10) so as to fit the computed distances along the trajectofya; 4 noint, where we start the integration (value&aire only
lc, to the observed distancds, We should be aware that therg|ative in this sense). In our computations we used statistical
primary measured values on the photographic records of a gaage ofic for the corresponding meteoroid types, and
teor, are distances along the trajectdgyand thus fitting them .o have chosen the point at whigh — K, so thato at this

to the computed values by the least squares solves our probjgsih is also the statistical average for the corresponding type
completely. As the best procedure we were able to find, provgghes |, 11, 111A and 111B). Numerical values of these constants
to be fittingl, to I for small parts of the trajectory, as small aS;¢ in the next section.

possible from the point of view of precision. Description of this
procedure follows.

We haven consecutive points with known time,, and, at
them, we have the observed distances along the trajeéigry,

and heightsh, ;, wherei = 1,2,...,n. We will chose consec- |t js not easy to find out observational data with enough preci-
utive subsets ofn consecutive values from= 1 to m, from sjon for application of Eq[{A0) using the procedure described
i = 2to (m+1),and soonuntilfromi = (n—m+1)ton. We in the preceding section. We inspected several photographic
will fit 1, ; to ., for each of these subsets by the least squargghives of double- and multi-station meteor photographs with
using a polynomial function the aim not only to find out precise records (with geometrical
_ 2 3 4 precision of the trajectory better thar20 m), but also records
lei = @t @ati + a5t7 + gati + a5ty (13) which yielded either no solution for the gross-fragmentation
whereg; to g5 are constants to be determined from the respectimedel (or single-body model), or a solution with significant
subsetof,, ; values so that sum ¢f, ; — .. ;)* is atits minimum time dependence of residuals, or an “unrealistic” solution. From
value. inspecting over 1000 events by using the gross-fragmentation
Using Eq.[I3) is equivalent to using a quadratic expressiorodel (mainly in European and the U.S. archives; McCrosky et
for approximating deceleration inside the short time intervals af. 1976, 1977; Ceplecha & McCrosky 1997; Sput®997), we
each of the chosen subsets. We will assume that this is stristlgre able to find out 22 such cases. The results on them are sum-
valid only for the average time of each of the subsets: thus omharized in Tablg]2. Meaning of individual symbols in TdBle 2 are
q1, g2, andgs are important for the computed distances alorag followsz is the standard deviation for one measured point as
trajectory, and computed velocities and decelerations; the rdstived by application of the gross-fragmentation model (con-
is important for computing standard deviations of these valustanto and K): residuals show large systematic changes with
Thus for each of the above subsets, i.e for average timef time for all meteors in Tabld 2.is the standard deviation for one
each subset, we havg and (%)k (k =1,2,..,(n —m+ observed point according to solutions presented in this paper,
1)) from Eq. [I3) including their standard deviations. Because. withc andK as functions of time: these residuals are almost
generally the average timgsof the subsets need not to coincideandom with time for all meteors in Tallé 2z, vE, andmp
with the actually observed timesat which we have available are velocity at the first point, velocity at the last point, and mass
l,,i,» We can integrate velocities, using the originat; values at the first point, respectively. Trajectory parts are denoted: B
and determine one integration constant for the entire trajectdng beginning-, C the central-, and E the end-part. H stands for
in order to fit these computed distandgs to the observed relatively “high” value, L stands for relatively “low” value, and
distances,. ; for the whole trajectory. V stands for “very”. “dec-abl” contains the difference between

6. Application of our model to precise photographic data
on individual meteoroids
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Table 1. Average values ot and K for different meteoroid types lovs~leom [km]
(groups) on assumption &fA = 1.1 0.06 7 0 27471

E o=const. K=const.
type oa o K 0-04 1

gem®  skm™® c.g.s. A /\’\f\
| 37 0.014 0.6 002 5 A/\/ ! \J\ /-/"V\
I 20 0042  0.69 :
WA 075  0.10 1.33 0-00 1
B 027 021 2.63 ] // \\N WJJ \
-0.02 1

the deceleration term and the ablation term (it reflects the dif?.04 ] \
ference of our present solution against solution with constant ]
andK. Symbol “=” means that deceleration term is less than thé»060’0~‘ A
ablation term, symbol “+” means that the deceleration term is ' ' ' ' t[s]

greater than the ablation term, and symbol “="

means that b%f&. 1.Residuals for model with constamtand K. Strong time depen-

terms are about equal. ) o : X
. dence of residuals is evident. Horizontal lines are the averdgl m
In all computations we used CIRA 72 (1972) model of atmc(fhe standard deviation for one observed value).

spheric densities using them according to the months in which
the meteor was recorded. We found also several cases with prg=1..,, [km]
cise data, which clearly exhibit large positive (and oscillatingy-06 3
values ofdt , and cannot be explained in scope of Egk. (1l)Ito (7) 0 27471
(Fig.[10). 0.04 1 o=o(t)  K=K(t)
Becauser cannot be computed for the beginning parts of a ]
trajectory from observations at all, at such points we assuméedo? ;
averager value corresponding to the meteoroid type. As stan- 1A
dard deviation of so-defined value we took 50% of its value ©0.00 +—
(corresponding to statistical uncertainties of the group defini- |
tions). Such average values®fvere also used at extreme end 092 ]
of a trajectory in case they Were not available from observa-
tions (the precision of and 4 is also low at extreme end of ~0-04 -
a trajectory and may not be sufﬂment for determinatior pf ]
We definedk, as corresponding to the meteoroid type, and we-06 " = T e e

0.0 0.5 1.0 1.5 2.0
started integration of EJ.(10) at a point, whereorresponded t [s]

also to the meteoroid type. The numerical values used areF|g 2.Residuals for model with andK as function of time. Residuals

Tablel1. . . are random with time. Standard deviation for one observed value is
Publishing detailed results would need about 10 plots of dif-4 .

ferent values as function of time for each case. Thus we decided

to put all these plots on the Web (Ceplecha et al. 2000). As an [km/s]

example of our results we present data on meteoroid O 27417

in Figs[1 td9. In Fid_T0 we presef}§ for one of the cases we ~ : K\\\
found with positive and oscillating values of acceleration. Thegg - =

is not possible any interpretation of thé§é|n the scope of our t**z__
basic equations. 22 1 =

.
PR—
W ~/Y v\v/ /A

7. Results 203 0 27471 -

7.1.0 and K as function of time 18 , =

Table2 reveals the main reason, why these 22 meteoroids withy ped
precise data derived from photographic records did not yield - e
gross-fragmentation solutions with constargnd &', and with E =
residuals independent of time. In 20 cases from these22,14 +——————— AR IR s =

is enormously large during the initial part of the trajectory. The?-° : : : t [s]
gross-fragmentation model assuniésonstant, and makes thus

the residuals time dependent. We can generalize: if the gro'§'§- 3. Velocity as function of time. Standard deviation for each value
fragmentation solution proves to be time dependent, we may'BéVen-
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Table 2. Survey of results on photographic meteors with precise data.

meteor no. date time UT type ¢o € vB vE mp o K dec—abl
yymmdd  hhmmss m m kms  kms ' kg C E B C E B C E
0 24421 600324 215002 I 45 +4 18.2 13.8 043 VH L H L L - - =
027471 601027 001304 I/l +21 +4 26.1 14.1 1.7 H L VH L L - = =
0 32202 611102 202636 I +16 =+10 314 276 24 H L H L L - = +
PN 38737 641207 045212 I +£24 +16 17.2 10.6 180 L VH H L L - + =
PN 38768 650108 050132 I +23 +£13 17.6 11.6 60 L H H L L - + o+
PN 38827 650308 104939 I 4+45 +15 29.3 19.5 0.18 H L H L L - = =
PN 39122 651228 031848 I +19 +7 22.5 9.6 80 L H VH H L - = +
PN 39154 660129 035340 I +19 #£13 21.0 19.5 86 L H VH H L - =
PN 39197 660313 073152 I +14 +4 28.6 25.3 0.02 L H L H L = - =
PN 39424B 661026 111057 I £17  +12 26.7 23.2 3.0 H L VH L L - =
PN 39476 661217 040528 I +£23 #£15 19.6 10.9 0.94 H L H L L - = =
PN 39499 670109 075418 I 494 +14 12.4 7.5 80 L H H L VL - = +
PN 39509C 670119 094224 IlIA +12 +11 15.5 12.6 14 L VH VH H L - = +
PN 39608 670428 063254 I +24 414 19.6 15.6 6 H L H L L - = +
PN 39820B 671126 020457 I +£41 +11 16.7 9.4 16 H H H L L - = +
PN 39828 671204 012305 I £39 +12 13.6 9.2 64 L H H L L - = +
PN 39938B 680323 0600 30 I +16 413 11.9 89 084 L L H L L - = =
PN 40379A 690607 081022 I +14 412 16.9 89 0.74 L H H L L - = =
PN 41280 711125 054940 I £17 +10 13.3 5.8 500 H L H L L - = =
PN 41432 720425 103441 I +16 +8 12.7 79 160 VH L H H L - - =
PN 41593 721003 092532 Il £57 +18 22.2 12.6 280 H VH L H L - - =
PN 41827 730525 031741 I +27 +8 14.1 83 3.1 L H H H L - - =
dv/dt [km/s%] O [s°%km™]
0 | i 3 I

1 0.10
“10] % 0.08 ] 0 27471

] = 0.06 1
_20 B o ]

1 0 27471 = 1

] E 0.04 1 il
_305 g II[%E%E@%

] 0.02 iae
—40 i+ T — T . 0.00 - L R B L B B L |

Fig. 4. Deceleration as function of time. Standard deviation for eadg. 5. Ablation coefficient as function of time. Standard deviation for
value is given. each value is given.

almost sure that the reason lies in very large values aft the parts of the trajectory. It is well to note that the 2 exceptional
trajectory beginning. The highest value flgfwe found 5420 cases, wherK at the beginning is not high, exhibit the high
for PN 39122, 42-24 for PN 39154, 19-7 for O 27471, and continuous fragmentation at the terminal part (highalue at
16+8 for PN 39424B. the end of trajectory). In these 2 exceptional cases this seems
On the other hand behaves differently. About half of theto be the main reason for not obtaining the gross-fragmentation
cases possess high values @it center of the trajectory and halfsolutions with time independent residuals.
of the cases at the trajectory end. In this sense we can use change
of o as an additional criterion for meteoroid classification int9
types (1, I, A, 11IB), dividing these types into cases with high
continuous fragmentation at the center of the trajectory, aAdigh resolution spectrum of the bolide O 27471 has been pho-
into cases with high continuous fragmentation at the termirtalgraphed. The spectrum was described by Ceplecha & Badev

2. Spectral clues
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m [kg]
2.0 1
1 0 27471
1.5 4
1.0 ]
0.5 1
0.0 T %\ ‘‘‘‘ ‘
0.0 0.5 1.0 1.5 2.0
t [s]

viation for each value is given.

1/3SUV dv  or

log(pove’/(—=dv/dt);) — log(pv*/(=dv/dt))
2.5
1 ablation -

2.0 4 term

1.5 - LT AR

1.0 ] oL

0.5 i deceleration

1 - term ":,
0.0 4 ",

—0.5 0 27471 *
-1.0 1

-1.5

—2.0 - T
0.0 0.5 1.0 1.5 2.0

Fig. 7. Comparison of ablation and deceleration terms.

h [km]

70
] - 0 27471

60

50

40 I S |
0.0 0.5 1.0 1.5 2.0

Fig. 8. Height as function of time.

given.

dv/dt [km/s%]
20

E 0 63511
10?

0 1T =5

~10-

~20 -

1

Fig. 10. Acceleration for meteor O 63511 shows regular oscillations
outside standard deviations, and into positive values. The smooth line
corresponds to solution with and K constant. This solution is far
from reality. Eqg. (1) and procedures of this paper cannot be used for
explaining the atmospheric interaction of this meteor.

(1969). For the purpose of this paper we re-measured and re-
analyzed the spectrum by the new method of Barkai(1993).
The spectrum covers the heights from 84 to 55 km, correspond-
ing to the time from-0.43 to 1.03 s. However, the only visible
line at the beginning is the sodium doublet at 5890 and 5896
We were able to analyze the spectrum in detail only between
0.37 and 1.03 s, after the meteor brightened enough to show a
sufficient number of spectral lines on the photographic plate. In
this interval, K varied nearly by a factor of three, between 0.5
to 1.5 (see Fid16).

The spectrum shows no obvious anomalies and no dramatic
changes. The lines of NaMg1, Si1, Car, Caii, Cr1, Mn1 and
Fer are present. The excitation temperature of the radiating gas
was found to be 4808 200 K along the studied part of the
trajectory. The line of Siis rather strong in this spectrum in
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5.0 \ \ \ \ 7T 7 T 1 K.Thechanges ak are not represented in the radiation of the
] Fel(2) 1 meteor, at least in the visual range and above our sensitivity
4.5 Call |_|_| - limit.
1 r 0.37 s
4.0 1 7.3. Large values ol at the start of luminous trajectories
] 7] The largeK at the start of almost all examined cases with pre-
35 1 cise observational data calls for explanation. There are several
] 0.50 s1 possibilities.
3.0 1 1. All the effect is from changing bulk density (outer layers
] ] composed of low density material.
%‘ ] 7] 2. Changing head cross-section e.g. due to rotation.
s 257 ] 3. The air density is widely and systematically different from
= ] 0.63 s ] the used model (CIRA 72)
20 qu 1 4. Eq.[Q) is not valid and needs some large additional term at
] ] the trajectory start
1.5 7 Explanation 1 should be recognizable in spectral records.
] 7 Even if we are not definitive with our limited spectral analysis,
WMW%MMWMWS ] wefeelthis explanation of so large valuegofery improbable.
1.0 —] Explanation 2 may be well right, but some of thevalues are
] % 0.97 s 1 so large that only an extremely flat shape could explain them,
0.5 ] and we are not much inclined to assume that these cases corre-
] . 103 s ] §ppnd to meteoroids t_hln asa s_hegt of paper. Something WhICh
] ‘ 71 is in favor of explanation 2: periodic changes of decelerations
O.O*MWMMWWWWWWWWWM/WW ] and of K at the early parts of the trajectories may well repre-

3800 39‘00 40‘00 41‘00 42‘00 43‘00 44‘00 45‘00 sent'rotatlon of the body. .We found periods betwgen 2 and 4
rotations per second for different events. Explanation 3 seems
Wavelength [A] very improbable. One needs changes of the air density against
Fig. 11.Blue part of the spectrum of meteor O 27471 at different timetle CIRA 72 model by a factor of the order of 10 on a height
Individual spectra have been shifted vertically for clarity. The linedifferences of the order of 10 km. All these explanations 1 to 3
mentioned in the text are identified. The features marked by astenslay act together. But if we take into account that large values
are due to an interfering star trail. of K are typical explanation of almost all differences from the
assumption of constakf ando, and if we draw our attention to
anomalous cases with positive valueéi?fduring an extensive
comparison to the spectra of other meteors. AlsoiNdgrel- part of the trajectory (e.g. Fig.110), we are inclined to accept
atively strong, while Na is somewhat weaker than in otheexplanation 4 as the most probable.
spectra, though still the brightest line in this spectrum. These Revision ofthe basic differential equationsis notinthe scope
facts suggest that the meteor was produced by a silicate rifhthis paper, but we feel that some hints on what is omitted in
stony meteoroid. Eq.[1) are necessary. It should be a rather large additional term,
The spectrum shows two minor changes along the trajectdmgving occasionally about the same value as the existing term at
They can be seen in F[g.J11. Firstly, the low-excitation intethe beginning of trajectories. Omitted gravity term is insignif-
combination lines, in particular Remultiplet 2, are enhancedicant in this sense for all examined cases. In this respect some
at 0.50 s, at the brightest point of the meteor. Inter-combinatianthors in the past mentioned reverse rocket effect (Levin 1961;
lines are commonly seen to be bright in meteor spectra, esBesnshten 1983). However, there is another possibility: a mete-
cially in the meteor wake. O 27471 does not show significaotoid penetrating through the ionospheric layers is electrically
wake and those lines probably originate in the outer parts of ttiearged (in addition to its original interplanetary charge) and
radiating region which are not in thermal equilibrium. then interferes with much larger volumes of the atmosphere
The second change is the increasing strength of calcium litean it would be in case of only aerodynamic drag, and inter-
relatively to other lines toward lower heights. Calcium is undeferes also with the atmospheric electrical charges alternatively
abundant in the radiating gas due to incomplete evaporatibecelerating or accelerating the meteoric body.
but the evaporation efficiency increases at lower heights. Also This problem adds more uncertainty to results on individual
this effect is common in meteors of similar velocity (Bortka meteoroids. Many times in the past we mentioned that mete-
1993; Ceplecha et al. 1998). oroids in the atmosphere behave very individually. It has no
In summary, in this spectrum we did not find any evidencegnse to speak about an average meteoroid (inclusive meteor
which could explain the changes of the shape-density coefficishbwers). Now we are adding another “individualism”, the state
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of the ionospheric layers and electric charge of the meteoroRkferences
WhICh could ghange atmospheric meteoroid trajectory so mu&r}roviéka 1., 1993, AGA 279, 627
like do the d'ﬁere“FGS amo!’]g them. In_ any case we Wamé?onshten V.A., 1983, Physics of Meteor Phenomena. D.Reidel Publ.
devote more attention to this problem in some of our future Co., Dordrecht, Holland, p. 356
studies. Very precise trajectories observed, immediate stgi§lecha z., PadérV., 1969, Bull. Astr. Inst. Czech. 20, 117
of the entire atmosphere from all aspects, and good luck ©&plecha Z., McCrosky R.E., 1997, Meteorit. Planetary Sci. 32, A157
anomalous events to be recorded, this is all we need to proceeglecha Z., SpugnP., Borovika J., et al., 1993, A&A 279, 615
to some more general insight into problems of meteoroitkplecha Z., Borogka J., Elford W.G., et al., 1998, Space Sci. Rev.
interaction with the atmosphere. 84, 327
Ceplecha Z., Spu§nP., Borovika J., 2000,
http://www.asu.cas.cz/ceplecha/precbol.html
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