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Abstract. Recent theoretical concepts of large meteoroid entry into

the atmosphere are compared and an evident lack of a theory applicable
to all observed fireballs is found. A new empirical criterion
separating different fireball groups according to structure and
composition of their bodies and containing only values directly

obtained by photographic observations is proposed. The complex semi-
empirical approach is found to be the best approximation to reality we
can achieve for all fireballs at the moment. The interpretation of the
fireball differences assuming variations in structure and composition of
their bodies is the most natural explanation of the observational facts.

The recent success of the Canadian network in photographing the
Innisfree meteorite fall (Halliday et al. 1978) added new observational
data to be compared with theoretical concepts of atmospheric entry of
large meteoroids. Different fragments of the Innisfree meteorite were
photographed in flight and the data are rather complete; in any case
they are the best from the three meteorite falls photographed so far.
The recovered meteorites represent almost all the mass landed. This is
reasonably well guaranteed since the trajectory was steep enough to
compute a relatively small impact area to be searched for meteorites
and several fragments were assigned to individual photographed trails
with reasonable certainty. Preliminary data for the Innisfree fireball
were sent to me by Halliday.

ReVelle (1976,1978,1979a) and ReVelle and Rajan (1979) published a
new quasi-simple ablation model of large meteoroid entry into the atmo-
sphere considering radiative and convective heat-transfer, proposed a
new luminosity equation and constructed a predictive pattern of macro-
scopic and integral luminous efficiency. The model was applied to data
on all three photographic meteorite falls with complete success and the
initial masses that resulted were about 5 to 10 times smaller than
previously derived from the light curves by means of the conventional
luminosity equation. Also the terminal masses correspond well to the
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total masses of the recovered Table 0. 1971 Theory
meteorites. Moreover, these

results are in good agreement Single-body Baldwin, Schaeffer
with the initial dimensions of (1971)

the bodies as estimated by a starting | a schematic break-up
counting cosmic ray tracks. point for introduced into the
Thus ReVelle's theory is found to everybody theory with drag-

be capable of explaining the fire- coefficient and
ball phenomenon for bodies similar heat-coefficient as
to ordinary chondrites. But the functions of time
theory in its present form seems fits values for the
not to be applicable to fireballs P/N fireballs worse
with extremely high terminal than the single-body
heights (type IIIA and IIIB), theory with constant
which comprise about one third of coefficients

all photographed fireballs. The
luminous efficiencies obtained for these fireballs exceed 100% of the

kinetic energy.

Very recently Padevét (1979) finished comparison of his theory of
dynamically significant coma (1977) with the data on PN-fireballs. His
theory is applicable to all types of fireballs. The luminous efficien-
cies are nearly independent of the fireball type within 0.03% and 2%
and they correspond to the values given by McCrosky (Ceplecha and
McCrosky 1976). The initial masses are of the same order as the photo-
metric masses from the conventional luminosity equation in contradiction
with the results from counting cosmic ray tracks. The theory pays a
price for giving reasonable luminous efficiencies for all fireballs: the
computed terminal masses are about one order larger than the recovered
masses of the meteorites photographed. There is some hope of avoiding
at least part of this discrepancy by theoretically considering the
observed fragmentation into comparable pieces, which has not been done
yet.

Comparing both theoretical concepts (Table 1) as they appear after
being applied to PN-fireballs, ReVelle's theory is distinctly better
off, when deep penetrating fireballs are considered and Padevét's
theory seems to work well for the fireballs with high terminal heights,
indicating their loose structure. If we are quite strict and consider
all the discrepancies, we have only ReVelle's theory applicable to
objects similar to ordinary chondrites (deep penetrating fireballs).
Fireballs with extremely high terminal heights (type IIIA and IIIB) are
far from being fully explained by any existing theory, unless we allow
extremely high ablation coefficients and extremely low densities for
these meteoroids.

Ceplecha and McCrosky (1976) published a thorough study of fire-
ball terminal heights, found four statistical groups and interpreted
them in terms of differing composition and structure of the meteoroids.
Ceplecha (1977) combined these results with older analyses of fainter
photographic meteors and constructed one coherent pattern. All these
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Table 1. Recent Theoretical Concepts of Fireballs
ReVelle ReVelle, Rajan Padevet
(1976) (1979) (1977)

radiative and
convective heat-
transfer changing
the coefficients

conventional lum-
inosity equation
corrected for
energy trans-

of "single body" | ferred to the
theory with time air

"dynamically significant coma':
radiative and convective heat-
transfer, cross-section of the
body corrected for the dynamics
of the ablated material.
conventional luminosity equation

applicable to type I fireballs
(possibly to type II if appropriate
corrections for fragmentation
processes were included)

not applicable to type IIIA and IIIB
(one third of all fireballs)

applicable to all types of
fireballs

luminous efficiencies for IIIA and
IIIB fireballs are physically
unrealistic (more than 100% of
kinetic energy)

luminous efficiencies for all
types of fireballs are between
0.03% and 2%, independent of the
fireball type and corresponding
to the values used by McCrosky

initial masses are one order less
than photometric masses from con-
ventional equation and approach
dynamic masses for type I and type
IT fireballs

initial masses are of the same
order or larger than photometric
masses from conventional equation
and approach the values of
computed dynamic masses for all
types of fireballs

terminal masses for photographed
meteorite falls agree with the
masses of the recovered meteorites

terminal masses for photographed
meteorite falls are one order
larger than masses of the
recovered meteorites (This dis-
crepancy may vanish if appropri-
ate corrections for fragmentation
processes were included)

author assumes the discrepancies
for IIIA and IIIB fireballs could
be explained by more ablation
and/or fragmentation if a 'non-
single body" approach were adopted
without assuming extremely low
meteoroid densities

the theory explains different
fireball types by different
structures of the material with
densities varying only between
those of ordinary and carbona-
ceous chondrites

the masses derived from this theory
agree with the dimensions of the
bodies derived from counts of
cosmic ray tracks

conflicts with the dimensions of
the meteorites derived from
counts of cosmic ray tracks

results were dependent on calibration by the Lost City fireball.

The

Innisfree fireball gives a new opportunity for an additional check.
The data on Innisfree were analyzed in the same way as Ceplecha and

McCrosky (1976) studied the PN-fireballs.

The resulting
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SD= log (OI“Apr_nQ/3 =11.61 (in c.g.s.) is not far from the Lost City value
of -11.77. 1If a new calibration is based on an average from the values
for Lost City and Innisfree, the following values are obtained:

-23
log o log TApp my PE
c.g.s. c.g.s. kg
Lost City -11.49 -0.28 25 -4.44
Innisfree -11.41 -0.20 5 =4.45

(0 is the ablation coefficient, FAQ;Z3 the shape - density coefficient
and mp the terminal mass). This is a perfect confirmation of the old
calibration, which improves the old theoretical value of mp= 45 kg for
Lost City which was considered somewhat greater than the real terminal
mass. The PE values are almost identical for both fireballs: they
both belong to group I. The new calibration has changed nothing in the
delineation of the groups. Of course, fireballs close to the assumed
boundary lines may belong to neighboring groups: the separation has
only statistical meaning and the overlaps of wings of the distributions,
partly caused by observational errors, prevent the classification of
individual cases with full certainty.

Wetherill, ReVelle and Rajan recently (1978) proposed a new method
for studying the differences in terminal heights (Table 2). They
computed dynamic masses from the drag equation of the single-body theory
with the same constant coefficients for all PN-fireballs. They plotted
the initial dynamic masses against end heights scaled according to
ReVelle's theory. This analysis contained only fireballs with low
terminal heights (the purpose was to identify meteorite-type fireballs).
The authors found similar groups to groups I and II of Ceplecha and
McCrosky, but the grouping was not identical when individual fireballs
were considered. The reason for these differences is evident from the
comparison of both concepts in Table 2.

ReVelle (1979b) recently sent me more values of initial dynamic
masses of the PN-fireballs. If one computes the initial kinetic energy
Ex from these masses and compares it with the total energy radiated in
the panchromatic pass-band (Figure 1), the groups are statistically
separated, but with a larger overlap than was the case in Ceplecha and
McCrosky's analysis. The big spread is mainly caused by making use of
observed decelerations without considering their observational errors.
Some of the dynamic masses (and thus the kinetic energies) are quite
fictitious values. If the standard deviation were one third of the
computed deceleration or bigger, the standard deviation of the computed
dynamic mass would equal or exceed the value itself. Thus only
decelerations with standard deviations much smaller than one third of
the deceleration value should be used for the mass computations. More-
over a cautious statistical weighting of individual values according to
their standard deviations is necessary, when the initial dynamic mass
is computed, but ReVelle took all the decelerations with equal weights
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Table 2. Relation of fireballs to meteorites. Analyses of terminal
heights.
Wetherll% Ceplecha,McCrosky Ceplecha
ReVelle,Rajan (1976) (new approach,
(1978) this paper)
initial mass dynamic (drag Photometric (lum- | not used
equation) inosity equation)
luminous not used function of ve- not used
efficiency locity based on
experimental data
ablation 0.2 szkm_z individually com- | not used
coefficient : puted from ob-
served values by
six independent
methods; does not
depend on the
scale of the
photometric mass
shape- r=1.21 individually com—- | not used
density A=0.92 puted from ob-
coefficient p_=3.7 served values by
m .
FAp_23 27 independent
m methods; propor-
tional to cube
root of the scale
of the photo-
metric mass (or
to T—IB).
terminal observed or where |observed (last observed
height the velocity detected light)
hg decreased to
6 km/s
meteoroid assumed: 3.7gcm—3 from multiple from multiple
densities resulted:scaling statistical dis- statistical dis-
O the terminal tribution of_ tribution of em-
heights by apply- |SD= log(oFApmﬂ3) pirical criterion
ing ReVelle's calibrated by AL, containing
theory to Lost Lost City and only values di-
City and Innisfree, | Pribram (zero rectly derived
most of the fire- |point) and from from photographic
balls belong to scaling o and observations
the 3.7gem™3 I‘Apl'HZ/3 on as- (terminal height,
group, but a sec- |sumption of inclination of
ondary maximum equal weights, the trajectory,
may be attributed |[when observa- total light radi-
to bodies with tional errors ated in panchro-
carbonaceous den- |were distributed matic pass-band)
sities (type IIIA |{to both these
and IIIB were not |values. SD does
contained among not depend on
fireballs studied) | dv/dt.
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Table 2. (Cont'd.)
Wetherll} Ceplecha,McCrosky Ceplecha
ReVelle,Rajan (1976) (new approach,
(1978) this paper)
PE simple criterion criterion AL is

demonstrated to
be statistically
equivalent to the
values of SD, but
with the advan-
tage of handling
cases with bad
dynamic data
(most fireballs
lack enough pre-
cision to deter-
mine SD)

statistically
equivalent to
PE

character of
the method

one-sided by not
considering the
luminosity data;
but calibrated
by photographed
meteorite falls

both dynamic and
photometric data
considered; one-
sided by assuming
the photometric
mass is close to
real mass, but
calibrated by
dynamic and
photometric data
of the photo-
graphed meteorite
falls

empirical method
(exponents chosen
to make AL
statistically
independent of
velocity and /Idt;
calibrated by
Pribram, Lost City
and Innisfree)

results

two groups dif-
fering in termi-
nal heights, but
the analysis is
not complete (the
extremely high
terminal heights
were not included;
they belong to
fireballs with
poor dynamic
data).

four groups with
different termi-
nal heights were
found.

four groups with
different terminal
heights were found
and they are
statistically
equivalent to
groups found by
means of SD and PE

regardless of their precision.
masses give rather high luminous efficiencies:

Figure 1 also shows clearly that dynamic
we can accept them for

group I fireballs, we should be suspicious of the several times 10%
necessary for the group II fireballs, but there is no way to explain
more than 100% luminous efficiencies for the IIIA and IIIB fireballs
except that the dynamic masses are false.
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Fig. 1 and 2: The total energy radiated in the panchromatic pass-band

t
{ Idt is plotted against the initial kinetic energy Eyg computed from

B
initial masses of ReVelle (1979) in Fig. 1 and from initial masses of
Padev&t (1979) in Fig. 2. Different types of fireballs according to
Ceplecha and McCrosky (1976) are distinguished by various symbols. The
straight lines with 45° slope define the same integral luminous effi-
ciency in the panchromatic pass band. L.C. the Lost City fireball, Inn.
the Innisfree fireball.

Comparing both methods of statistical analysis of terminal heights
of fireballs in Table 2, we can say that the method of Wetherill,
ReVelle and Rajan (1978) is one-sided by not considering the luminosity
data at all and the method of Ceplecha and McCrosky (1976) is one-sided
by assuming the photometric mass to be close to the real mass. Figure 1,
speaks for considering both dynamic and photometric data when the termi-
nal heights are analysed. Thus the greater complexity of the method of
Ceplecha and McCrosky gave better separation of groups, even if the
results are statistically identical in both cases.

The ratio of the dynamic mass computed by ReVelle to the photometric
mass computed by McCrosky is in statistical relation to the PE criterion
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and to the SD criterion used by Ceplecha and McCrosky in studying the
groups of fireballs. Thus both criteria can be considered as expressing
the discrepancy between the photometric and dynamic masses and the
classification is based indirectly on these differences. The higher the
trajectory terminates, the greater the discrepancy between photometric
and dynamic mass and the classification moves from I to III B.

An analogous plot to Figure 1 can be plotted in Figure 2 for the
masses of fireballs recently derived by Padevét (1979). The statistical
groups of fireballs are not evident in Figure 2. The luminous effi-
ciencies are reasonably small and in agreement with the values given by
McCrosky. 1If the fireballs cannot be classified according to this
theory using different luminous efficiencies, what is then the meaning
of the substantially different terminal heights? When Padevét plotted
the PE criterion against ol computed from his theory, the same grouping
resulted as that found by Ceplecha and McCrosky (1976). The groups
seem to differ in ¢ without much difference in the density of the
meteoroids. The groups have additional characteristics within Padevét's
theory: Group I contains bodies which still continue to emit light
after they pass the maximum of dynamic pressure. Groups IIIA and IIIB
contain bodies which terminate their luminous trajectories long before
maximum dynamic pressure could be reached. Group II contains bodies
which approximately reach maximum dynamic pressure at the observed
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terminal point of the luminous trajectory. In all computed cases the
absolute values of these pressures lay between the mechanical strength
of ordinary chondrites and carbonaceous chondrites. Thus the explana-
tion of the groups differs from that of Ceplecha and McCrosky and the
clue may lie in the structure of the bodies: the IIIA and IIIB bodies
terminate their luminous trajectories by sudden complete desintegration
of rather large masses.

There are fundamental difficulties in computing the decelerations
from fireball photographs. We measure the distances on films and
decelerations are their second derivatives. The light image of the
fireball could be slightly distorted or small fragments can change the
shape of the image and the deceleration starts to have only a local
meaning. Any method which avoids the direct use of fireball decelera-
tions is preferable. The criteria PE and SD do not need deceleration
for computing their values. The case of the empirical PE is clear:
dv/dt is not contained in the definition. The SD case comes out of two
expressions of the single-body theory, which I write here without
correction terms for the terminal mass:

S W
dv| E
at £ Idt
,1/3 |dv (Hdt)l/3
A -2/3 T1/3 _ dt (2)
°n 8/3
oV

Because SD is defined as SD = log(oFAp;2/3), multiplication of (1) by
(2) shows that SD is independent of dv/dt and depends only on 1 3
Thus if the observed deceleration is completely false, ¢ and FAp;Z/ 11/3
cannot be determined separately, but SD can still be realistically
computed. This was explained previously (Ceplecha (1975), when the
impact of observational errors on the resulting o, and TApp was
studied, with the result that SD= log(oTApp 3) has much smaller error
than the values separately. SD and PE were applied to PN-observations
by Ceplecha and McCrosky (1976), when fireball groups were studied and

delineated.

The use of photometric masses for different criteria separating
different fireball groups was questioned by several investigators. This
led me to propose a new criterion, which would depend only on values
directly accessible to photographic observations. The criterion contains
the initial velocity v, the total light radiated in the panchromatic

t
pass—band ¢S EIdt and the total air mass per 1 cm?, which is penetrated

by the meteoroid BIE p do. If we assume a constant air gradient b, the
air density p=py exp(-bh) can be substituted into the last integral,
and changing the variable % from dh/d%= -coszgp where zy is the zenith
distance of the radiant, and neglecting py as relatively small compared
to pg, we have
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E o
[ opdl 2 —E— (3)

B b coszp

A simple exponential relation was assumed to be capable of expressing
the ratio of kinetic energy to the radiated energy. The exponents
(coefficients in the logarithmic form) were determined from all PN-
fireballs so that the criterion does not statistically depend on any
of the values defining it. The resulting definition of such a crite-
rion, denoted AL (ablation- light), is:

t
AL = 5 log v_+2 log (pE/coszR)-O.83 log ( IEIdt) (4)
s
This criterion does not contain the photometric mass and contains only
values directly accessible to photographic observations.

If this AL-criterion is applied to the PN-fireballs, the results
are statistically equivalent to previous results using the SD and PE
criteria. Figure 3 and Figure 4 present the plot of AL against PE and
SD, respectively. AL was computed with v, in km/s, with pp in g/m3 and
with fIdt in O™ and c.g.s. The photometric mass applied for computation
of SD and PE did not cause any significant difference in their statis-
tics, when compared with AL statistics. Of course individual cases
close to the boundaries differ, when classified by AL, but this occurs
in less than 107 of cases. The general features of the previous classi-
fication remain unchanged. Four discrete levels with higher statistical
concentration of AL (i.e. of scaled terminal heights) are distinct. The
legest, level I, contains all three photographed fireballs (AL of
Pribram is 5.63, of Lost City 5.96 and of Innisfree 5.84) and it evi-
dently corresponds to ordinary chondrites. If fireballs of the same
initial velocity and angle of incidence and with identical total energy
radiated in the panchromatic pass-band are compared, these levels differ
by 8 km from level I to level II, by 18 km from level I to level IIIA
and by 29 km from level I to level IIIB.

These differences in heights can also be demonstrated directly by
choosing suitable fireballs of approximately the same initial velocity,
maximum brightness, total radiated energy and angle of incidence as is
given for several PN-fireballs in Table 3. The only value which differs
appreciably among the fireballs in Table 3, is the terminal height hg.
The explanation of these big differences by differing composition and
structure of the fireball bodies seems to be quite reasonable. In any
case, if this explanation should fail, another reason must be found to
explain why these bodies with almost identical parameters terminate at
air densities which differ by a factor of 1000.

The two theoretical models considered in some detail in this paper
are not applicable to all fireballs. Bodies with extremely high or low
terminal heights do not fit one or the other theory. The application
of these theories to observations have to be calibrated by photographic
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Fig. 3 and 4: PE and SD fireball criteria as defined by Ceplecha and

McCrosky (1976) are plotted against a new criterion AL defined in this
paper by means of values directly accessible to photographic observations.

Different types of fireballs are distinguished by various symbols.

criteria are statistically equivalent. Pr. the P¥ibram fireball
the Lost City fireball, Inn. the Innisfree fireball.
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Table 3. Example of PN-fireballs with comparable velocity, inclination
of trajectory and brightness, but with differing terminal

heights.
No. of PN-fireball 39276 394068 40425 39533 39450
v (km/s) 25.8 23.3 25.6 23.5 25.6
Mpax(absolute magnitude) -10.6 -10.6 -10.5 - 8.6 -11.7
t
E
log( /S Idt) 13.55 13.44 13.79 13.51 14.23
t
B
cos zg .626 .881 .640 .623 .963
hg (km) 68.9 57.1 41.7 35.1 32.3
assigned type IIIB ITIA I1 I I

meteorite falls. We are far from having any physical theory of atmo-
spheric entry of big bodies which would hold for all fireballs. The
complex semi-empirical approach based on the single body theory, but
calibrated by photographic meteorite falls and taking into account
differences in beginning heights and in orbits and accounting also for
observational errors, is perhaps the best approximation to reality we
can achieve for all fireballs at the moment. Further theoretical
studies are urgently needed to improve this situation. Until then, I
would consider that the best explanation of the observational facts is
one which postulates differences in structure and composition of the
bodies which produce fireballs.
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DISCUSSION

Brownlee: 1Is there an estimate for the classification of Revelstoke?
Millman: In the 1977 appendix to the catalogue of meteorites in the
British Museum (Hutchison, Bevan, Hall) Revelstoke is listed as
"Carbonaceous chondrite (Type 1)".

Lokanadham: What is the reason for the poor recovery rates of meteorites
from fireball networks?

Millman: A poor recovery rate results from the difficulty in finding a
meteorite that has fallen in rough terrain, even if the general area of
the fall is fairly well known; and from the fact that many meteoroids
that produce very luminous fireballs disintegrate into dust high in the
atmosphere.

Hawkes: Have systematic spectral differences been observed between
Ceplecha's different classes of fireballs?

Millman: At present there are not enough spectral observations of very
bright fireballs to answer this question. For example, no spectrographic
data exist for the fireballs photographed on the Prairie Network in the
USA, or on the Canadian MORP network.

Hughes: What do you think the effect of including the infrared contri-
bution would be to your [Idt value?

Millman: There are strong multiplets of O, N and Ca in the near infra-
red of most meteor spectra but good photometric measures have not yet
been made in the wavelength region from 7000 to 9000 A.

ReVelle: I would just like to say that the dynamic mass considered is
W3 to 4 times smaller than the '"true" mass calculated using ReVelle's
model as plotted in Figure 1 (which is incorporated into the initial
kinetic energy of the meteoroids). This has the effect of reducing the
luminous efficiency of the proposed Group I fireballs to 1%, with
similar changes for the other two groups. This does not remove the
discrepancy for the Group III fireballs but will reduce considerably
the luminous efficiencies shown (of order unity).
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