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Abstract. The single body theory of meteoroid interaction with
the atmosphere in the form of [ = I(t), where [ is the rela-
tive distance along the meteoroid trajectory and ¢ the relative
time, is generalized by allowing for points of sudden gross-
fragmentation. This theory can be directly applied to photo-
graphic observations of meteors, comparing the measured dis-
tance, [,p5, with the model computed distance, [, by means of the
least-squares method. The no-fragmentation case has 4 free pa-
rameters to be determined from observations (lg, vg, Veo, 0), dis-
tance and velocity at time ¢ = 0, velocity at t = —oo and ablation
coefficient, respectively. The case of one gross-fragmentation
point adds two more free parameters to the problem, v, and
07, velocity at t = —oo and ablation coefficient, both for the
second part of the trajectory after fragmentation. Moreover the
position of the gross-fragmentation point and relative amount
of fragmented mass can also be determined from photographic
observations by searching for the best fit for different choices
of the fragmentation point. The single body model applied to
theoretically computed data for a meteoroid with fragmenta-
tion points enabled insight into time dependence of residuals,
their relation to position of fragmentation point and influence
on the resulting ablation coefficient, initial velocity and mass.
Moreover, the model was checked by means of 11 PN (Prairie
Network) photographs, where the splitting into individual frag-
ments was directly visible and the fragmentation point has been
determined geometrical way from intersections of trajectories of
individual fragments. A computer program for automatic search
of gross-fragmentation points was applied to 80 records of PN
fireballs. Fireballs can be separated according to their sudden
fragmentation into NF (no-fragmentation), 1F (one fragmenta-
tion point), MF (many fragmentation points) and LA (low accu-
racy, cannot decide) classes. The dynamic pressure pv? (p the air
density) at the fragmentation points of 1F and MF fireballs tends
to cluster at several separate values. This is used for proposing a
classification into several strength categories (a: 0.8 Mdyn/cm?,
b: 2.5, ¢: 5.3, d: 8.0, e: 11). The ablation ability groups I, II,
IITA and ITIIB proposed earlier and these new proposed strength
categories form a possibility of two dimensional classification
for 1F and MF fireballs separating meteoroid composition and
structure. Ablation coefficients proved to be lower than the pre-
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viously determined statistical values, while the bulk densities are
approximately the same as statistically determined. Ablation co-
efficients determined for meteoroids with gross-fragmentation
are half of the values, which would result for the same fire-
ball without taking the fragmentation effect into consideration.
Gross-fragmentation at a point is more frequent for stronger
types of fireballs. Typical amount of fragmented mass at the
fragmentation point for 1F and MF fireballs is 60%. 1F fireballs
have another typical value of the amount of fragmented mass,
i.e. between 95% and 99%, which corresponds to almost com-
plete disruption of the body. Initial velocities and masses for 1F
and MF fireballs have to be determined by means of our model:
their values without taking the gross-fragmentation effect into
account are significantly different. We give also list of classi-
fied fireballs containing all PN fireballs, to which we applied our
model. We discuss also precision of our results with special at-
tention to the Lost City fireball. Our method needs very precise
fireball records. PN fireballs are the most precise data available,
but fulfill our requirements only partly. Thus we propose some
remeasuring of the PN films, but mainly a new observing pro-
gram by using cameras, which would yield fireball records with
precision of several meters in distances along the trajectory.

Key words: meteoroids

1. Theoretical model

Multi-station (or double-station) photographs of fireballs are
the most precise records of the meteoroid motion and ablation
we possess for detailed comparison of our theoretical concepts
with reality (McCrosky & Ceplecha 1969). For each time mark
t (independent variable), our information from photographic
multistation records contains [y, distance flown by the mete-
oroid in its trajectory, hops, the height above the Earth’s surface,
and M s, stellar magnitude computed for 100 km distance, i.e.
the absolute magnitude.

The motion and ablation of a single non-fragmenting body
through the atmosphere is usually represented by three differ-
ential equations (Pecina & Ceplecha 1983, 1984): drag Eq. (1),
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mass-loss Eq. (2) and height Eq. (3), which is a purely geomet-
rical one and is written here for a spherical Earth’s surface, i.e.
with cos z as a function of time.

2—: = —TAg; "’ om~/3v? 6))
i “Az?-f” o’ @
b Ty ®
—g—;——;—z—}; = cos z(t) 4)
Al+Bh+C=1*-h? ®

Equation (5) contains constant values A, B, C, which are given
by the geometrical relation between distances along the mete-
oroid trajectory and heights measured from the spherical Earth’s
surface. Equation (5) can also be used as a check of validity of
any published [ and h values on photographic meteors.

For a meteoroid at an arbitrary point of its trajectory, the no-
tation has the following meaning: v ... velocity; ¢ ... time (inde-
pendent variable); m ... mass; h ... height; [ ... distance along
the trajectory; g ... air density; z ... zenith distance of the ra-
diant (inclination of the trajectory to the vertical); I ... drag
coefficient; A ... heat transfer coefficient; A ... shape factor
A=Sm™?3 gi/ 3. S ... head cross-section; gg ... bulk density;
& ... energy necessary for ablation of a unit mass. Two indepen-
dent parameters of the problem can be expressed

A
the ablation coefficient o= 2§—F 6)
the shape»densuy coefficient K = I‘Ag’z/ 3 @)

Keeping o and K constant, we can derive the following integrals

of Egs. (1), (2) and (3):
m= Mg exp(%rf[v2 - vf,C])

®

where m — My, ¥ — Vs, for t — —oc (outside the atmo-
sphere); the velocity integral by substitution of (8) into (1) and
integrating,

Ei(éavgo)—Ei(éavz)z

2K exp(tovl) (B/2+h)edh ©
mi> n (A2/4+C +h2+Bh)\/?’
the integral relating velocity to time
l
t—to= / & (10)
I U

and the integral relating height and distance along the trajectory
to time
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where the relation of height to distance is given by

h=-B/2+\/B*/4—-C+[2 - Al (12)
Here Ei(x) is the exponential integral function, given by
T T
Ei(z) = / ¢ 4z, (13)
—0 T

v is defined by (10) and v = vp, h = hg, [ = lp holds for ¢ = ¢,.
We define ¢y = 0 as the first measured rotating shutter break at
which we start to count the relative time ¢.

These integrals hold for any air density profile. The Egs. (10)
and (11) represent the complete solution of the problem of the
single no-fragmenting body and give the distance along the tra-
Jjectory and the height for any chosen time, if the four param-
eters, lg, v, Vs, 0, are known. We can consider velocity, v ,
as an intermediate parameter to be eliminated from between
the Eqgs. (10) and (11). The solution (10) and (11) implies the
condition K = constant.

The problem contains 4 unknown parameters ly, vg, Voo, 0,
to be determined from observations. We can make the prob-
lem linear by writing it for small increments of the parameters.
The partial derivatives of (10) and (11) with respect to all four
unknown parameters are explicit analytical expressions, as fol-
lows. This makes the computation quite quick, especially if we
have some good estimates of the initial values of the parameters.
We proceed by writing the total differential according to chang-
ing parameters, making thus the problem linear in computation

of small increments of the unknown parameters.
Bl ol ol Bl

lobs — Alo + — A+ — AV + Aa (14)
o) Mo
ol 5
b-l—o = voD {Zvexp( ov )/ cosz
1
+vov [Ei(ovd) — Ei(Rov)le(ho) /l gé} (15)
0
al 2v? Lo [T edh
oo @‘”‘P‘s"%’/ cosz J,, = (19
ol 20°
5-1-}—; = —v:D exp(éa-v;)
/oo odh —/Qc edh] fdl (17
h €Osz  Jp cosz] J, v?
al dl (Lowd) /
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where the denominator D is given by

gdh] (18)
oS =
oC
D = Zexp(%ovz)/ —Qd—h+v2[Ei(éav§°) (19)
hy COSZ

dl
- E1(60v0)]g(h)
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When this model was applied to observations of PN (Prairie
Network) and EN (European Network) fireballs, the first inspec-
tion of changing signs of residuals revealed that at least one
quarter of the cases displayed a systematic course of residuals
with time (Ceplecha & Borovicka 1992). Because continuous
fragmentation is already contained in the definition of ablation
coefficient in the single-body model, we suspected the only pro-
cess, which is strong enough and may be responsible for sys-
tematic change of residuals with time: gross-fragmentation, i.e.
a sudden, instantaneous breakage of the meteoroid. After the
gross-fragmentation point, only the largest piece could be fol-
lowed and measured on meteor photographs. This is the r‘eason,
why we worked out more general model containing a gross-
fragmentation point. The simplest model with only one frag-
mentation point, is practically the same as given by Egs. (10)
and (11), except we have two parameters more to be determined
from observations, i.e. altogether 6. If the gross-fragmentation
point is located at t = to (we can choose this point, from where
the relative time is counted), then

lobs_l = (20)
ol ol
= 5[(; Al0+ 8_1;0 A’Uo
al ol ol ol
+ avoo] A'Loc] +5&—I'AO'] +——av002 A'Uoo2+ E&EAUZ

which is a linear equation analogical to (14), except it con-
tains the following 6 unknown increments of parameters to be
determined from observation

Avool, AO’] | Alo, A’Uo | A’Uooz, AO’z

before fragmentation | at fragmentation | after fragmentation

Partial derivatives in (20) are again explicit analytical ex-
pressions as in the no-fragmentation case (14), in complete anal-
ogy. Equation (17) and Eq. (18) are now written with two sub-
scripts, 1 and 2: subscript 1 is valid before the fragmentation
point and subscript 2 is valid after the fragmentation point. The
computation procedure is analogical to that described above
eq. (14). Because the solution is again completely equivalent to
K = constant, the relative change of mass at the fragmentation
point forms also a part of the solution. The ratio of Km™!/3
before and after the fragmentation point determines m, the ra-
tio of mass after and before the fragmentation point, which is
independent of the actual value of K.

If we try all measured points as fragmentation points, differ-
ent standard deviations of solutions result. If there is a minimum
value among these solutions (they are expressed as function of
time of the assumed fragmentation point) and if this minimum
value is significantly lower than the solution without fragmen-
tation (lower by one standard deviation of its standard devia-
tion), the fragmentation point is considered to occur at this point
(Fig. 1). Thus the complete solution has 8 unknown parameters:
the 6 unknowns directly contained in the equations, the amount
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Fig. 1. Solution for gross-fragmentation point: £; ... standard deviation
for one measured value (one time mark) is plotted against assumed
time of the fragmentation point. The no-fragmentation solution (NF)
is represented by the upper dashed line: the lower dashed line belongs to
this NF solution minus one of its standard deviation. The lower full line
belongs to the lowest &; found for fragmentation solutions, the upper
full line is by one of its standard deviation higher. The condition we
used for saying we have a significant solution: F should be lower than
NF — 1. The minimum at F determines then time of the fragmentation
point. The field of the other points, when it crosses the F+1STD level,
determines the standard deviation of this fragmentation instant

of fragmentation (relative percent of stripped-off mass) and the
position of the fragmentation point.

Because we put no limitation on the change of mass at the
fragmentation point, our solutions may also add mass to the body
instead of its fragmentation. We call such solutions “inverse”
fragmentation; they are of course physically unrealistic. The
reason we also deal with “inverse” fragmentation solutions in
this paper is simple: they sometimes yield better least squares
fits than the fragmentation solutions; and in case of PN 40116,
one of the splitting fireballs (Table 1), a very good “inverse”
fragmentation solution was the only one we were able to find.
We feel that these unrealistic solutions may hide some other,
still unrecognized, effects.

In case of more fragmentation points, the situation is not
so simple. Numerical differentiation is one possibility, separa-
tion of the fireball trajectory into several parts with independent
solutions performed for each of these parts is another (which
we actually used for the Lost City fireball). In any case solu-
tions for more fragmentation points are possible only for very
long and precisely determined fireball trajectories. In principle
each fragmentation point adds four more parameters to be deter-
mined from observations, if the relative amount of fragmented
mass and the position of fragmentation points are also taken as
unknowns.
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Table 1. No-fragmentation model (Ico ) applied to theoretically com-
puted (simulated) fireball ({o,) with differently chosen position of the
gross-fragmentation point. Assumption on the fragmented mass: 87%
at the given points (at 0.25, 0.50 and 0.75 of the entire trajectory count-
ing from its beginning on). ¢; is the standard deviation in the distance
along the trajectory for one simulated measurement

=173

o Kmeo Voo €l
[s*/km?] [c.g.s.] [km/s] | [m]
assumed | 0.0151 0.0513 14.3343 0
fragmen.
point at
0.25 0.0171 0.0985 14.4528 | £11
4.0002 +.0002 +.0013
0.50 0.0353 0.0726 14.4680 | +44
+.0008 +.0004 +.0052
0.75 0.0605 0.0434 14.2886 | £19
+.0004 +.0001 +.0023

2. Verification of the model
2.1. Theoretical fireballs

The impact of gross fragmentation process on solutions per-
formed with the no-fragmentation model was tested the fol-
lowing way proposed by McCrosky. First, theoretical distances
and heights were computed for many time instants assuming
for each case that gross-fragmentation occurred at a precho-
sen point of the meteoroid trajectory (time instants imitate the
rotating shutter time marks). Different velocities of the mete-
oroid, different position of the fragmentation point and different
relative quantity of the fragmented mass were assumed. The re-
sulting theoretical meteoroid trajectory with the a priori known
(chosen) position and intensity of fragmentation was analyzed
by the no-fragmentation model. The non-zero residuals of solu-
tions and their time dependence were the clue for understanding
the problem. The main result may be expressed: time-dependent
residuals of solutions with the no-fragmentation model may
originate from the not-accounted-for gross-fragmentation. Any
systematic change of residuals with time exceeding one stan-
dard deviation may be caused by gross fragmentation. As an
example we present here residuals of solutions for a 14 km/s
case with fragmentation point located at 0.25, 0.5 and 0.75 of
the meteor trajectory (Fig. 2, Table 1).

The mass computed from the no-fragmentation model ap-
plied to the gross-fragmentation case with the fragmentation
point close to the beginning of the trajectory is about one or-
der of magnitude less than the mass assumed. Thus also the
bulk density of the meteoroid without accounting for gross-
fragmentation effect is usually lower than the reality, and in case
of early fragmentation, even much lower. On the other hand, the
resulting ablation coefficient behaves just opposite to mass. The
gross-fragmentation located at the beginning of the trajectory
does not greatly disturb the resulting ablation coefficient, but it
does significantly affect the resulting dynamic mass and initial

7. Ceplecha et al.: Atmospheric fragmentation of meteoroids

Libs—loom [km]

Fig. 2. Time dependence of residuals, when the no-fragmentation
model is applied to a fireball with one-fragmentation point as-
sumed. F ... fragmentation point. For parameters resulting from the
least-squares solution see Table 1. Dashed lines are the standard devi-
ation limits. leom =1

y [mm]
59.1 3 PN 42149 17E
59.0 1

58.9 ‘

58.8 -

Fig. 3. Splitting trails of fireball PN 42149. This is the direct image
as seen on the film except the y-axis is greatly enlarged to visual-
ize separation of individual fragments. Dots are the directly measured
points: least squares fits of straight lines to these points define trails of
individual fragments. The main trail is terminated at the largest

velocity. The gross-fragmentation point located at the end of the
trajectory has the opposite effect on these parameters.

When the theoretical meteoroid trajectory with a single pre-
chosen fragmentation point was analyzed by means of our frag-
mentation model, we received back the assumed values of o,
Kmeoo™'/3, ves exactly (e.g. the first row of Table 1). Also the
assumed fragmentation point and relative amount of the frag-
mented mass (87% in case of Table 1) came out exactly as pre-
chosen and the random errors resulted in standard deviation
¢; = 0. This was not only a good check of our model, but also a
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PN 41571 14E
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Fig. 4. Splitting trails of fireball PN 41571: explanations see Fig. 3
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Fig. 5. Splitting trails of fireball PN 40590 (Lost City): explanations
see Fig. 3

safe verification of the corresponding computer program used to
search for fragmentation points automatically. Thus we proved
that our model works in the absence of random errors. In the
next subsection we will inspect the influence of random errors of
measured distances on applicability of our method to observed
fireballs.

2.2. Photographic records of fireball splitting

There is one strong possibility to check the gross-fragmentation
model with random errors of measurements present: photo-
graphic records of fireballs with good visible splitting of tra-
jectories belonging to individual fragments. We can measure
trails of different fragments and by intersecting them we can
determine the position of the break-up by this quite independent
geometrical way. We can then compare the geometric position
of the gross-fragmentation point with the position determined
dynamical way from our model on assumption that, after frag-
mentation point, we see only the trajectory of the main piece. In
this respect the PN records are preferable to EN and MORP (Me-
teorite Observation and Recovery Project, Canada) photographs
because of longer focal distances of cameras (McCrosky et al.
1977), better recognition of the splitting trails and better preci-
sion of measured distances along the trajectory.

The rich collection of PN films at SAO contains many fire-
balls with trails of different fragments well visible. Here we give
results for several of them in Table 2. As an example of how the
geometrical intersections look like on the original photographs,
we present here the situation for PN 42149 (Fig. 3), PN 41571

619
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PN 41571 14E
0.04 "inverse' fragmentation
i (unrealistic solution)
0.02 ]

0.00 4

-0.02 4

PN 41571 14E
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t [s]

0.04
PN 41571 14E
no fragmentation
0024 _ _\ e\ -
0.00 j———=—N—————f—————
002"~~~ "~ ¥{ "~~~ - T T T T TS T oo
-0.04 +————— T —

t [s]

Fig. 6. PN 41571: Comparison of time dependence of residuals from the
single body-solution with residuals from our model solution. lcom =1

(Fig. 4) and for Lost City fireball (PN 40590 in Fig. 5). In order
to visualize also the improvement of residuals, we present here
comparison of time dependence of residuals for single-body
solution and for our model solution for three fireballs (Fig. 6,
Fig. 7, Fig. 8) including the unrealistic “inverse” solutions.

In case we could also apply our method to individual frag-
ments and make independent solutions, we checked our model
one other way. As an example we present here an independently
derived velocity for the main body and the main fragment of
fireball PN 41571 (Fig. 9).

All measurements were done by one of us (Keclikovd) at
the Ondfejov Observatory using Zeiss Ascorecord device with
our own software evaluation. After tedious work of recognizing
and measuring patterns in the maze of abundant fragment trails
on PN fireball records, after applying our theoretical model of
section 1 to make independent dynamic analyses of the frag-
mentation points, and after comparing these “geometric” and
“dynamic” fragmentation points (Table 2), we can make sev-
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Table 2. Comparison of fragmentation points determined geometrical way from fireball trail splitting with dynamical solution for them from

our model
fragmentation “inverse” single body
fireball geometrical solution dynamical solution fragmentation no fragmentation
No. tr tra ts3 tra ty my o €1 tis oif €1 o €1
PN (] [s1 (sl 0sl | () % [$km’] [m] | [s]  [s%km’] [m] | [skm’] [m]
39404 211 262  3.66 - 377 59 0.012 +£18 - - - 0.0255 420
+.06 £.06 .09 +.16 =£6 +.002 +.0004
39972 254 3.19 - - 32 87 0.007 £53 | 195 0.027 +£42 0.0146  +61
+.10 +.04 +1 &£5 +.001 +.30 +.001 £.0008
40116 216 2.77 - - - - - - 2.4 0.100 +34 0.004 141
+.01 +£.01 +.2 +.004 +.003
40590 535 6.65 830 - 51 60 0.0163 +23 | 7.10 0.039 24 0.0216  £32
Lost City £.01 +£.06 .07 +7 £2  £.0003 +.08 +.002 £.0003
40617 524 587 635 6.85 74 35 0.022 +£29 39 0.0315 +£28 0.0281  £31
+04 £03 £03 +02| £5 43 +.002 +.9  +£.0004 +.0003
41126 2.17 2.9 - 35 68 0.0071  £22 2.7 0.0115 £22 0.0084 £33
+.07 +.4 +2 44  £.0002 +2  £.0003 £.0002
413279 1.82 242 402 - 37 90 0.006 £12 4.7 0.136  +£9 0.042  £26
+.11 £.07 =+.03 +3 £2 +.002 +.1 +.003 +.002
41571 1.91 - - - | 186 64 0.0119 12 | 2.68 0.023 £15 0.0141  +19
(Fig. 4) +.04 +21 42  £.0003 +.12 +.001 +.0002
41963 —-0.78 150  2.06 -1 209 77 0.0036 +18 | 1.29 0.0182 <14 0.0104  +38
+.14 £.02 +.02 +.12  £3  £.0003 +.06 +£.0004 +.0004
42149 3.75 - - - 374 78 0.0043 +£21 44 0.027 £27 0.0221  £31
(Fig. 3) +.02 +.08 +4  £.0015 +.2 +.001 +.0004
422729 437 - - - 33 82 00255 446 - - - | 0.0327 4£59
+.02 +7 £3  £.0006 +.0004
ty relative time of fragmentation point
t;r  relative time of “inverse” fragmentation point (unrealistic solution)
my  relative percent of mass fragmented at the fragmentation point
o ablation coefficient
€ standard deviation of distances along the fireball trajectory for one measured point

a) the first fragmentation point more important than the second one; only unrealistic “inverse” solution was found
b) terminal mass of the biggest fragment of Lost City fireball from our model: (16 £ 1) kg; splitting trails: see Fig. 5

c) dynamical data available only after t =2.7 s

d) a great part of systematic time change of residuals left: geometrical position of the trajectory in error?

eral statements on the validity and limitations of our theoretical
model.

If the fireball fragments just at a single point and if the
precision of the measured distances along the trajectory is bet-
ter than +30 m , our method is able to find the fragmentation
point (PN 41571 and PN 42149). Precision of 50 m makes the
model hardly usable (PN 42272). Especially if the fragmenta-
tion point takes place early on the trajectory (inside the first
third), the precision of the observed distances is usually not suf-
ficient to determine the point by our dynamical method (change
of velocity is too small).

If the fireball fragmented at two different points, it depends
how strong the second fragmentation is relatively to the first. If
the second fragmentation is overwhelming, our method can find
it (PN 39972, also “inverse” solution exists, but well before the
first fragmentation point). If both the fragmentations are of com-
parable size, our method yields fragmentation point later than
the real second fragmentation. At the same time an “inverse”
unrealistic solution (adding mass at the “fragmentation” point
instead fragmenting it) exists between both the real fragmen-
tation points (PN 41126). If the first fragmentation is stronger

than the second one, only the “inverse” unrealistic solution ex-
ists (PN 40116). If the fireball fragments at several points, our
method finds the most important of them with some preference
to later parts of the trajectory caused by greater change of veloc-
ity (PN 39404, PN 40590, PN 40617, PN 41327, PN 41963). If
“inverse” solutions exist in these cases, they are usually better
and somehow summarize influence of all fragmentation points
into one fictitious point with adding a good portion of mass
instead of fragmentation at several points. Existence of better
“inverse” solution than the normal fragmentation solution in-
dicates the presence of more fragmentation points. This does
not exclude other reasons for “inverse” solutions. Our method
is capable of finding the most important fragmentation point for
any fireball for which the precision of the distances measured
along the trajectory is better than +30 m, if it occurred in the
second part of the luminous trajectory. For the first part of the
trajectory (namely for the first third) precision should be bet-
ter than +10 m, which calls for some new system of recording
fireballs.

PN fireballs were mostly measured at centers of dashes be-
tween time marks. Remeasuring of exisiting PN records by using
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Fig. 7. PN 41963: Comparison of time dependence of residuals from the
single body-solution with residuals from our model solution. lcom =1

the heads of the time marks as reference for the fireball motion
may be a simple way of making the precision of distances along
the trajectory better.

13

The main reason for the “inverse” unrealistic solutions
seems to be multiple fragmentation. But comparing PN 39404,
PN 41571 and PN 42272, we feel that some other reasons may
act as well: errors in the geometrical position of the trajectory
(we made some tests and the fragmentation solution proved to
be quite sensitive to this); influence of the air densities used
(we have been using CIRA 72 monthly atmospheres), which
may be quite far from the instantaneous air density values; sud-
den change of velocity at the fragmentation point, which is not
included in our model (much higher precision of observations
would be also needed to apply such model with sudden velocity
changes to observations); and sudden changes of coefficients
K and o, which are assumed constant in our model (namely K
may well change due to another meteoroid shape after fragmen-
tation).
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Fig. 8. PN 42149: Comparison of time dependence of residuals from the
single body-solution with residuals from our model solution. lcom =1

3. Application of the model to photographic fireballs
3.1. Classifications
3.1.1. Fragmentation classes

With the results of the preceding section applied to PN fire-
balls we were able to recognize several different fragmentation
classes of meteoroid interaction with the atmosphere:

NF ... without gross-fragmentation (fireballs, which yield only
single-body solution with precision €; < £30 m).

1F ... with one point of overwhelming fragmentation (fireballs,
which yielded solution for one fragmentation point with preci-
sion £; < 430 m and for which the “inverse” solution is absent
or with worse precision).

MF .. with many points (at least two) of comparable amount
of fragmentation (fireballs, which yielded solution for one frag-
mentation point with precision ¢; < £30 m , the “inverse”
solution is existing and has better precision than the one-point
fragmentation solution).

LA ... low accuracy cases (fireballs with any type of solution,
but with precision ; > 430 m).
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Fig. 9. Velocity dependence on time for PN 41571 fireball as it re-
sulted from our model. The upper curve corresponds to the main body,
the lower curve to the biggest fragment, both solved quite indepen-
dently from their own time marks. Good coincidence of velocity at the
fragmentation point proves validity of our model in this case

We applied our model to a sample of 80 records of PN fire-
balls with precise values of the measured distances and heights.
From them 21 proved to be NF class, 19 cases 1F, 11 cases
MF and 29 cases were of LA. Thus we have a new tool for
classification of such meteoroids for which we have very pre-
cise data available, i.e. classification according to their ability to
withstand fragmentation and their ability to be then crushed sud-
denly in the atmosphere at a point. The previous classification of
fireballs according to ablation ability (continuous fragmentation
included) of their meteoroids into groups (types) I, II, IIIA and
IIIB (Ceplecha & McCrosky 1976) and this new classification
into NF, 1F and MF classes, they both form two dimensional
diagnostic in separating, at least partly, the influence of compo-
sition from the influence of structure of the body.

On the other hand, among LA cases we have such a strange
event as PN 39828 with no-fragmentation solution of precision
€1 = £43 m, for which we did not find any realistic solution
at all, but we found the “inverse” solution with high precision
of €, = 216 m! The same holds also for independent analysis
from the second station record of the same fireball. We suspected
geometrical uncertainties as areason (several degrees difference
in inclination of the trajectory to horizon would suffice), but
there might be other reasons. Thus we left the final solution
to another paper, which will pay attention solely to “inverse”
solutions.

3.1.2. Dynamic pressure

We computed the dynamic pressure p = pv? at the fragmen-
tation points of the 1F and MF cases. Histogram of them is in
Fig. 10. Preference of some pressure values is evident. Thus
we can define several strength categories of fireball meteoroids
and determine average values of pressures, at which meteoroid
gross-fragmentation takes place:

Z. Ceplecha et al.: Atmospheric fragmentation of meteoroids
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5
pressure [Mdyn/cm?]

Fig. 10. Histogram of dynamic pressure at fragmentation points of 1F
and MF fireballs

strength interval of p average p
category  [Mdyn/cm?] [Mdyn/cm?]
a p<l4 0.8
b 1.4<p<39 2.5
C 390<p<6.7 53
d 6.7<p<9.7 8.0
e 9.7<p< 12. 11.

We also studied the maximum dynamic pressure act-
ing on the NF fireballs. These pressures were mostly below
12 Mdyn/cm? with 4 exceptions of very strong bodies, i.e.
PN 38737, PN 39521, PN 39775B, which survived as single
body up to 15 Mdyn/cm? and PN 39935A, which survived up
to 50 Mdyn/cm?.

3.1.3. Ablation coefficient

One of the parameters determined by the model is the ablation
coefficient, o. In principle we have two different values, o,
before the fragmentation point and o, after the fragmentation
point. For our least squares solutions, it was not possible to
leave them both as free parameters: the procedure usually did
not converge. The reason foritis a small change of velocity in the
first part of the trajectory compared to the second part. Usually
the first part of an observed fireball trajectory is equally well
fitted inside a very large range of assumed ablation coefficients,
while the second part needs a precisely determined value of o5;
and with this value the first part can also be fitted. Thus the value
of ablation coefficient still mostly depends on the later parts of
the trajectory, never mind that we compute one value of ¢ for
the entire trajectory. Values of o before the fragmentation point
are usually very uncertain. The value of o we determined for all
80 studied fireballs is thus really the value 0.

Histograms of the ablation coefficients determined for dif-
ferent fragmentation styles are given in Fig. 11. The ablation
coefficients for the 1F and MF fireballs sorted into individual
groups (I, II, IITA and IIIB) proved to be smaller than the pre-
viously published statistical values (Ceplecha 1988), but quite
close to the values derived for NF fireballs. But when the 1F+MF
fireballs were computed as NF cases (i.e. as single body, neglect-
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Fig. 11. Histograms of ablation coefficients show the difference be-
tween neglecting the gross-fragmentation (top: higher values) and tak-
ing it into account in our model (middle: lower values). Genuine NF
cases as ascertained by our model (bottom) show similar distribution
to the 1F and MF cases (middle)

ing their fragmentation), the values of the ablation coefficients
were larger and closer to their previous statistical values. This is
one more justification for our model. The resulting average val-
ues of the ablation coefficients o are given in Table 3 for differ-
ent groups and different fragmentation styles. The statistics are
quite small, since we choose only the most precise data available
on fireballs. On the other hand, individual values within these
statistics are rather precise values disclosing the properties of
individual meteoroids.

Table 3 also reveals that the gross-fragmentation is more
frequent for stronger types of fireballs. For group I, there are
almost twice as many 1F+MF as NF whereas for group II, these
two categories occur almost equally. And the only IIIB case we
were able to compute with our model is NF. But one should have
in mind that the ablation in both single-body and our fragmenta-
tion model contains the continuous fragmentation as well. Thus
the I1IB type (PN 39973) fragmented only continuously without
any sudden gross-fragmentation. The maximum pressure it suf-
fered was only 0.088 Mdyn/cm? at the terminal height of 75 km
with terminal velocity of 15.5 4 .3 km/s and with ablation co-
efficient of 0.59 =+.02 s*/km?; its initial velocity was computed
as 16.555 +.008 km/s and the bulk density as 0.4 g/cm?. Other
extreme of NF is PN 39935A, a type I fireball, which survived
pressure of 50 Mdyn/cm? without fragmentation and its very
low ablation coefficient 0.0010 £ 0.0005 guarantees that con-
tinuous fragmentation was almost completely absent.
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Table 3. Average ablation coefficient ¢ in s*/km? for different fire-
ball groups (types). n ... number of cases, PSV ... previous statistical
values (Ceplecha 1988)

1F+MF
type | n assumed 1F+MF | n NF PSV
as NF
I 21 0.023 0.011 | 12 0.015 | 0.017
1I 8 0.060 0.038 6 0.035 | 0.041
mA | 1 0.128 0.088 2 015 0.10
1B 1 059 | 021
o [s*/km?]
a b c d e
0.10 ]
0.08 4 IIIA
0.06
004§ . I
0.02 4 °, . :
0.00 :l'l'l "I""l""l'"'I"".I""I""'I""I""l""l"lI

pressure [Mdyn/cm?]

Fig. 12. Ablation coefficient against dynamic pressure at the fragmen-
tation point for 1F and MF fireballs. Each point belongs to one fireball.
The grid lines are the dividing lines among different types and cate-
gories of fragmenting fireballs (from left to right: a, b, ¢, d, e; from
down up: I, I, ITITA

3.1.4. Two dimensional classification

The two dimensional classification of fireballs is also evident
from Fig. 12, where the ablation coefficient o is plotted against
the dynamic pressure at the fragmentation point.

Horizontal lines divide the groups, vertical lines the strength
categories. All computed 1F and MF fireballs are presented: the
MF cases are all in the group I region, but covering the whole b
to e category. Thus the multiple fragmentation is typical for the
type I fireballs with p > 2 Mdyn/cm?. About one half of the
type I gross-fragmentation is realized at several points for one
fireball. Type II fireballs with gross-fragmentation have usually
just one fragmentation point. The numbers of cases in different
fragmentation styles and for different types of fireballs are given
in Table 4.

3.1.5. Bulk densities

Bulk densities can be computed for each fireball individually
providing we have a good photometrically determined mass.
This statistical material is even less and only quite rough state-
ments can be made. In any case all values of bulk densities
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Table 4. Number of cases according to fragmentation styles and fireball
types

type NF 1F MF
I 12 11 10
1I 6 7 1

mA 2 0

1IIB 1 0 0

—

computed without fragmentation for 1F+MF cases are signifi-
cantly lower than when computed with our fragmentation model
(for Geminids: see also Ceplecha & McCrosky 1992). On the
other hand the bulk density values computed with our model
for 17 (1F+MF) fireballs of this study with relevant data come
close to the statistical values of bulk densities given in Ceplecha
(1988). Thus we feel that our revision of the average ablation co-
efficients and bulk densities for individual fireball groups does
not change the values of the average statistical densities for
groups I and II, while it makes the ablation coefficients smaller
(Table 3). The reason for this may be the statistical method used
for separation of ¢ from K, because only the product o K was
determined from observations in 1976 Ceplecha & McCrosky
paper. Thus the statistical values of bulk densities for group I
3.7 g/em? and for group 112.0 g/cm? seem to be close to reality.
The one IIIA classification fireball, for which we have computed
the bulk density gave almost exactly 0.75 g/cm?, the statistical
value. The one of I1IB classification gave 0.4 g/cm?, higher than
the statistical value, but probably a preferable value, because its
photometry was precisely calibrated (rather faint fireball).

Keeping the statistical values of bulk densities given in Ce-
plecha (1988) and transforming the ablation coefficients accord-
ing to Table 3, we have a new system of these values closer to
reality.

If the same fireball with fragmentation point (1F or MF) is
computed like no-fragmentation case (notation: NOF), the abla-
tion coefficient is significantly greater: oip.mp = 0.540N0F. Ad-
mixture of quite a number of fragmentation fireballs dealt with
as no-fragmentation cases may be another reason for greater sta-
tistical values of ablation coefficients derived in 1976 Ceplecha
& McCrosky paper.

3.1.6. Amount of fragmented mass; fragmentation point

Another parameter determined in our model is the amount of
fragmented mass, my, relatively to the mass immediately be-
fore gross-fragmentation. A histogram is given in Fig. 13. The
amount of fragmentation for 1F class is typically 60%, which
corresponds to breaking the body into approximately two halves
with some accompanying small fragments. The second most im-
portant value is between 95% and 99%, which corresponds to
almost complete disruption of the body. The distribution of m s
for the MF class is more random than for the 1F class. Some
preference for 65% is evident. Thus a typical sudden fragmen-
tation for almost half of all fragmented meteoroids is equivalent
to stripping away slightly more than half of the mass.

Z. Ceplecha et al.: Atmospheric fragmentation of meteoroids

MF

2 =
puumﬂﬁmF
40 60 80

0 20

100

4 1F T

2_ '—’_J/

Py - N N O R
40 60 80

0 20 100
6~
4 1F+MF
2

l H
oO+———r—F—++—+T——T T+

0 20 40 60 80 100

me ["\;]

Fig. 13. Histograms of percent of fragmented mass at fragmentation
point for 1F and MF fireballs

The position of the fragmentation point on the fireball trajec-
tory is dependent on velocity. With velocities below 15 km/s,
the fragmentation point occurs usually during the last second
of the trajectory. For velocities over 20 km/s, the fragmentation
takes place during the first second of the luminous trajectory. For
higher velocities, gross-fragmentation might even cause the on-
set of lumunosity (see for comparison Geminids with ~ 36 km/s
in Ceplecha & McCrosky 1992).

But this question needs more precise observational mate-
rial, because the changes of velocity at the beginning are small.
Study of fainter meteors (small masses) with enough change
of velocity at the beginning of the luminous trajectory may be
another possibility for understanding this problem.

3.1.7. Initial velocity; dynamic mass

Another parameter determined in our model is the initial ve-
locity. If the same fragmentation fireball (1F or MF) is com-
puted also with the no-fragmentation model (notation: NOF),
the change of the resulting initial velocity is the following: the
1F and MF values are either less or greater compared to no-
fragmentation (NOF) value of the same fireball. The average
relative change Ave, = (Voo(IF or MF) — Voo(NOF))/Voo(NOF) fOr
all 1F and MF fireballs is —0.0035 with extremes of 0.011 for
PN 41963 and of —0.044 for PN 41327. Because the precision
of the initial velocities computed from our model is of the order
of several units x 10~4, these changes are important for compu-
tation of precise orbits of all the 1F and MF cases. The spread of
Awvq, is large and with not much correlation with any other value
(it is -0.007 at v, = 12 km/s and 0.002 at 30 km/s). Thus the
only way to derive correct values of initial velocities for orbital
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computations is just the application of our fragmentation model
for all 1F and MF cases for individual computations of initial
velocities. The same also holds for correct initial and termi-
nal masses, which should be therefore determined individually
from our gross-fragmentation model.

3.1.8. List of classified fireballs

The list of our final classification of all fireballs we computed
follows. It gives PN number of the fireball and classification.
The composition group (I, II, IITA, IIIB) given here is based on
our model solutions and may thus differ from statistical classi-
fication published for the same fireball before. From our model
solutions we better separate type I from type II fireballs using
individual o values.

NF fireballs:
38737 1I; 38856 I, 39057 I, 39065 II; 39078 II; 39521A 1,
39716B I, 39729C1I; 39775B I, 39860CI; 39935A1;

39939 IITA; 39973 IIIB; 39980A II; 39985A I, 40318A II;
40065B I; 40996 I, 41757 IIIA.

1F fireballs:
38768 bIl; 38850 al; 39000 bll; 39031 bl; 39038B bl;
39055 cII; 39113A blI; 39404 el; 39479B clII; 39757B bllIA;
39815 bl; 39820A dI; 39827A bl; 39863A clI; 39878A all;
40444C al; 41571 cI; 42149 cl.

MF fireballs:
39775B dI; 39892 cI; 39920 all; 39962 bl;
40590 cI; 40617 el; 41126 dI; 41327 bl; 41963 dI.

LA fireballs:
38737; 38847; 39048; 39060; 39080A; 39755; 39794B;
39828; 39833; 39850; 39856; 39921C; 39988; 39972; 39984B;
40026A; 40116; 40151; 40189A; 40203; 40307A; 40330A,
40353B; 40379A; 40755; 42272.

40120A bl

3.2. Precision of results
3.2.1. Independent results on the same fireball from two stations

We computed 4 fireballs with records of good precision of dy-
namic data from both stations. Our method was thus applied
independently to two records of the same fireball and compari-
son of the results gave perfect agreement in all 4 cases (Table 5).
Fireball PN 39820 is just a borderline case in our classification,
but it is more likely 1F class, because the more precise record
from station 15W classifiesitas 1F. This fireball actually demon-
strates differences of results, as we might expect for borderline
cases with uncertain classification between 1F and MF.

At this occasion we want to stress that also the NF class
cases, when decided on by our model of gross-fragmentation,
demonstrate the precision of our model. If 1F or MF cases are
dealt with by single body model for the same fireball and the
results for two independent records compared, the differences
are significantly greater. Except for the more direct indication
by time dependence of residuals for any station solution, this
disagreement of results is also one of other indications of gross-
fragmentation, but only by comparing results from al least two
stations.
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Table 5. Our model applied to the same fireball with good indepen-
dent records from both the stations demonstrates in all 4 cases a good
feasibility of procedures applied

fireball class Voo o Moo mg )
no. + st. [km/s]  [s/km®]  [kg] [kg] [m]
38856 15E NF 19.757 0.0254  0.036 0.0009 +£16
+.006  +.0005
38856 16W | NF 19.751 0.0248  0.033 0.0007 £21
+.011  +.0006
39055 8S 1F 16.013 0.0469  0.78 0.004 +14
+.003  +.0005
39055 14E 1F 16.017 0.0457 0.75 0.005 +9
+.002  +£.0002
39065 16E NF 17.321 0.0303 1.3 0.037 +16
+.005  +.0005
39065 7S NF 17.343 0.030 1.2 0.12 +20
+.010  4.002
39820 14S MF | 24.624  0.0147 2.7 0.03 +26
+.002  +£.0006
39820 15W 1F 24.644  0.0129 2.0 0.02 +23
+.003  +£.0005

3.2.2. Lost City fireball; PN data

The Lost City fireball (PN 40590) is a special case of a very
long (9 seconds) precisely measured trajectory and with its me-
teorites recovered (McCrosky et al. 1971). In the course of this
work we remeasured the fireball films and recomputed all the
data. We also measured all the trails of individual fragments.
By intersecting them we determined 3 fragmentation points as
given in Table 2. When we applied our method to the whole
fireball trajectory we found only the first of them as it is evident
from Table 2. But separating the whole trajectory into smaller
parts, we were able to find out also the last fragmentation point:
then the computed values for the first part containing the first
fragmentation point, resulted asty = 5.4+ .8 s, my = 58% £ 2,
o = 0.01424.0005 s®/km?,&; = £23 m; and for the second part
ast; =8.2+.5s,ms=41%=+2,0 =0.0107 £ .0004 s*/km?,
€; = £23 m. The fragmented mass at the middle fragmentation
point was perhaps too small to be recognized by our model.
When we computed with smaller parts of the whole trajec-
tory we, on several occasions, obtained solutions without gross-
fragmentation, but in such case the ablation coefficient took over
the influence of sudden fragmentation and averaged it over the
entire small computed part of the trajectory yielding thus very
high values of ablation coefficients (up to 0.6!). After separating
the whole trajectory into smaller parts, using our method, and
if some of these parts yield solution with a very high value of
the ablation coefficient, then the gross-fragmentation point is
somewhere inside such a small part. We classified Lost City as
MF fireball, the only exception with slightly greater residuals
for “inverse” solution than for the normal solution.

Once more: our method is the best for long trajectories with
one fragmentation point and with high precision data on dis-
tances along the trajectory.
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From the point of view of the orbit and of the meteorite falls
there is not much change connected with the remeasuring of
the Lost City films, but we disclosed one misnumbering of the
time marks (breaks of image) at the end of the fireball, which
has impact on application of our fragmentation model (for the
old interpolation polynomial reduction of velocity data it has
very little meaning). We feel that we should publish our work
on the newly remeasured Lost City data in more details, which
we intend to do in a separate paper.

Also detailed numerical data for each time mark on all 52
fireballs (NF, 1F and MF) computed during the work on this
paper, will be published perhaps in some standard format in
electronic form. At the moment they are available on floppy disc
on request. The same is holding for the PN values of distances,
heights, absolute magnitudes and photometric masses for each
time mark, which form an ASCII file of slightly over 2 Mbytes.

3.2.3. Precision of fireball film measurements

Method of new measurements of several tens of PN films differ
from the method of the “old” measurements. We (Keclikova)
measured and used exclusively the heads of the meteor image
at each time mark. We also measured by the “old” style for
comparison, i.e. centers of dashes (or exceptionally centers of
breaks), following the original measurements by Shao. Thus
we were able to separate two reasons for differences: method of
measurement and the precision of indicator settings. On an av-
erage our style of measurement of the image heads proved to be
60% more precise than the measurement of dashes. The reason
for this is evidently the wake phenomenon. Also our indicator
setting of the Ascorecord measuring instrument together with
the automatic PC evaluation proved to be 40% more precise.
Thus the results of our new measurements are about twice more
precise on an average than the original measurements of the
PN films. This is valid for bigger fireballs with well developed
wakes, where the definition of the middle of the dash is rather
vague.

This invokes a rather fantastic proposal: remeasuring of the
PN films, especially bright fireballs with wakes, using the new
method and new instrumentation may be quite useful for farther
theoretical applications of models similar to the one we present
in this paper. In any case our model applied to the old measure-
ments can work with all the intrinsic precision of the “old” data.
This may be in some cases 10x more precision in resulting ve-
locity and deceleration data than the values published so far and
based on interpolation polynomial solutions (McCrosky et al.
1977). On the other hand the classification of fireballs into NF,
1F and MF classes needs a precision €; < £30 m: only remea-
suring of the PN films can significantly enlarge the number of
available records with enough precision for this purpose.

4. Proposal

Generally speaking, with the precision of our photographic fire-
ball data (PN, EN, MORP), we can use only the best records for
detailed study of the gross-fragmentation dynamics. For most
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of these cases, only models with one-fragmentation point give
reasonable results. This invokes a proposal for putting into oper-
ation some system of cameras with much longer focal distances
and sufficiently big field of view. Precision in observed distances
along the trajectory should be of the order of several meters. The
focal length of the cameras should be around 1 m with large field
of view. Such system looks quite fantastic at the moment. But
the biggest problem could be the realization of time marks with
sufficiently high precision for fireballs photographed with such
cameras.
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