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ABSTRACT 
 
  We have modeled large bolide passage through 
the Earth’s atmosphere including the effects of 
dynamics, energetics, ablation, luminosity and 
fragmentation, including bolide porosity. In this 
brief paper we outline the physical processes 
involved in only a schematic manner. Bolide 
luminosity was assumed to be proportional to the 
time rate of change of the kinetic energy. 
Recently, the proportionality factor (which varies 
with mass, height and velocity), a semi-empirical 
differential luminous efficiency, has been 
produced in [18, 20] using the Lost City 
meteorite fall as a calibration event. Two 
schemes of fragmentation have been devised for 
the prediction of bolide luminosity. In the first 
scheme, fragmented particles are deposited into 
the wake after triggering by the stagnation 
pressure exceeding the bolide strength and these 
particles remain in the wake. In the second 
scheme, the fragmented particles are drawn 
forward collectively to produce an enhanced 
frontal area as time progresses. Considerable 
success was found in modeling the light curve of 
the Benesov bolide . The full paper with all 
relevant details and many additional cases will 
be submitted shortly to Icarus for formal 
publication. 

 
 

1.    INTRODUCTION AND OVERVIEW: 
 
   We have developed a theoretical model of 
bolide dynamics, energetics, ablation, luminosity 
and fragmentation for use in comparisons 
between observational material from ground-
based camera and other bolide detection 
techniques (satellite, infrasound, etc.). This 
model can compute the dynamic possibilities for 
velocity and deceleration for either an isothermal 
atmosphere with either a single mean (constant) 
ablation parameter or a height variable ablation 
parameter. It can also compute the same 

quantities for a perfectly stratified hydrostatic, 
non-isothermal atmosphere as well (see below).  
     The energetics approach discussed further in 
[13] is fundamentally equivalent to the basic 
expression for the bolide height as a function of 
the entry velocity, ablation parameter, mass to 
area ratio, entry angle, etc. with the additional 
prediction of the computed velocity at which the 
dark flight regime begins [7]. This is 
accomplished by obtaining the solution of a 
transcendental equation relating the change of 
the bolide kinetic energy versus time combined 
with the simple ablation theory expression for 
the mass loss expected for a single body during 
entry using a single mean (constant) ablation 
parameter. This is probably the weakest link of 
all predicted parameters in the model, yet it is 
only used to predict the velocity at which 
ablation ceases as a function of the D parameter 
of ReVelle. Typical D values utilized were 
assumed to range from 2.303 to 4.605 (90 - 99 % 
kinetic energy removed at the end height) . The 
latter D value was calibrated through a detailed 
analysis of the photographic data of the Lost 
City, Innisfree and Pribram meteorite falls [11]. 
   The ablation model is basically the one 
developed originally in [9] which predicts the 
prevailing stagnation point ablation mechanism 
somewhere between the limits of vaporization 
and melting as a function of the dimensionless 
ablation interaction parameter, k (= V∞

2 /2Qvap), 
where V∞ = pre-atmospheric, initial meteoroid 
velocity and Qvap = energy of ablation per unit 
mass for ablation of one of at least five possible, 
distinct meteoroid groups). The model includes 
almost all previously identified forms of heat 
transfer with the exception of so-called precursor 
ionization effects, i.e., free stream absorption 
which occurs well ahead of the bolide and 
interference heating effects, i.e., viscous 
boundary layer-strong shock wave interactions at 
progressively higher altitudes, but at transitional 
Kn number~ 1). Absorption of the radiative 
shock wave flux is not included in the 



calculations due to a very large uncertainty in 
both the precise mix of constituents in the parent 
meteoroid and in their radiative properties at 
high temperatures (with multiply ionized states, 
etc.). Rotation and lift (non-ballistic forces) have 
not been included in the analysis.  Two groups 
[2, 8] have recently considered rotation effects 
regarding significant flickering of light curves 
that has been observed on occasion. The former 
group [2] concluded that rotation was not a 
significant factor in altering meteoroid ablation 
processes (at least for the fall of the Innisfree 
meteorites) for a rather unusual proposed 
meteoroid shape, even though under certain 
conditions rotation could be expected to 
influence pulsations observed on fireball light 
curves (significant changes in stellar magnitude 
which would translate to extremely significant 
changes in the predicted light intensity). 
   Theoretical non-dimensional heat transfer 
expressions are computed for either laminar or 
turbulent convective/conductive heat transfer 
through the gas cap as well as for radiative 
emission from the strong shock front in the 
absence of ablation products absorption effects. 
These calculations also neglect the so-called 
precursor ionization phenomena (free stream 
absorption effect). These are discussed further in 
[13]. Furthermore, we have continuously 
computed all of the relevant parameters as a 
continuous function of the Knudsen number, Kn, 
for all of the extremes from free molecular flow 
(Kn >> 1) to continuum flow (Kn << 1).  
   Shape change during entry is accomplished 
using the shape change parameter, µ, which has 
been measured directly in [19] for a number of 
very precisely measured bolides. Most cases had 
0 < µ < 1 , but about 1/3 of the cases had µ < 0 
and for all cases µ was usually a function of 
height (or equivalently time). The former regime 
encompasses the classical self-similar, no shape 
change result (µ ≡ 2/3). The latter limit (µ< 0) 
includes the so-called catastrophic “pancake” 
fragmentation regime that was rediscovered by 
Zahnle, Chyba and Thomas, by Hills and Goda, 
etc. during the predictions of the impact of 
Comet Shoemaker-Levy-9 into Jupiter’s 
atmosphere. The regimes of flight corresponding 
to different constant µ values along the trajectory 
were summarized in [16, 17, 19]. We have not 
yet devised a theoretical procedure to deal with 
changes of µ during entry despite the fact that 
observations clearly show that µ = µ(z). 
   The luminosity prediction is based upon the 
fundamental premise that the light emitted in a 

specific electromagnetic pass-band is 
proportional to the time rate of change of the 
kinetic energy of the bolide. In order to complete 
the prediction currently, a semi-empirical 
luminous efficiency parameter has been utilized 
from [18, 20] as a function of mass, air density 
and velocity. This function has been computed 
only for the panchromatic pass-band of the 
photographic emulsion used to detect these 
bright bolides. Since we have now computed the 
equilibrium temperatures surrounding the bolide 
as well, we can in principle correct the prediction 
for any other pass-band of interest. 
   Fragmentation is calculated in two limiting 
extremes currently. Once triggered by the 
stagnation pressure exceeding the strength of the 
bolide (as modified by cracks, porosity, etc.), the 
fragmented particles are either transferred to the 
wake and remain there or are allowed after a 
specified time lag to be drawn forward toward 
the main leading fragment. The bolide 
luminosity is now being calculated for either of 
these two respective limiting conditions. 
   Porosity is explicitly included in the model 
formulation and as shown in [17], can 
significantly effect the luminosity prediction. 
 
 
2. MODERN BOLIDE 

FRAGMENTATION MODELING 
APPROACHES: RELAXATION OF 
THE SINGLE-BODY THEORY LIMITS 

 
   There are several possible types of 
fragmentation processes, but only two 
fundamental triggering mechanisms have been 
proposed in the recent literature. These 
mechanisms include both a thermal and a 
mechanical initiation process, but severe 
temporal limitations of the thermal mechanism 
argue against its general applicability, except 
perhaps for meteoroids with very high thermal 
conductivity, such as nickel-iron meteorites. This 
is because the time needed to produce 
fragmentation by thermal effects is far too long 
compared to the available entry flight time.  
   Among the mechanism proposed starting about 
1970 and beyond, we have: 
 

i) An enhanced frontal area with the 
air drag increasing as the 
conventional drag of a single-body 
times the number of fragments 
produced during break-up to the 
1/3 power [1]. Unfortunately, this 
model produced very unreliable 



entry results when compared 
against very precise observations.  

ii) Heat transfer area  >> Air drag 
area: This can be due to porosity 
effects [12] for example even 
without fragmentation occurring, 
but other researchers have also 
predicted this behavior for very 
different reasons. 

iii) Quasi-continuous fragmentation of 
small particles: Unlike the other 
processes mentioned here this 
process can be adequately 
described using the simple ablation 
theory formulation. It is mentioned 
here for completeness only. 

iv) Progressive fragmentation or 
cascade break-up processes [3]. 
This progressive cascade process is 
the one utilized in this paper. Its 
primary advantage is that once 
fragmentation begins there is no 
further need to specify any other 
parameters to describe the process .  

v) Catastrophic, “pancake type” 
break-up: This is presumed to 
occur [16] for the very largest 
bolide sizes since the lateral 
pressures surrounding such bolides 
are much smaller than the forward 
pressures at the strong shock front 
which can lead to large and rapid, 
lateral spreading. The µ parameter, 
initially introduced originally by 
Levin, incorporated this possibility 
as well if µ < 0 [16].  

 
   This latter approach has been recently and 
actively pursued by a number of authors for the 
modeling of the entry of Comet Shoemaker-Levy 
9 into the atmosphere of Jupiter. 
   Recently in [16] the concept of the 
fragmentation scale height was introduced which 
is defined by the vertical distance over which the 
frontal cross-sectional area increases by 1/e as 
the bolide descends deeper into the atmosphere. 
It was shown in [16, 17] that for most large 
bolides, µ > 0 and that the single-body limit: 

 
i)    |Hp / Hf| << 1  

 
   is normally maintained, whereas if:  
 
     ii)    Hp/Hf >> 1 
 
where 

Hp =  -p/{∂p/∂z} = pressure scale height 
Hp = RT/g, if isothermal and hydrostatic  
Hf  = -f /{∂f /∂z} = fragmentation scale height 
f  ≡ A(z)/A∞ 
A(z) = instantaneous meteor frontal area 
A∞ = initial meteor frontal area 
 
If the latter limit is correct, then the dynamics is 
described by equations that fully include the 
dominance of various types of fragmentation 
effects. In our current modeling we are able to 
compute two fragmentation limits, i.e., rapid 
wake transfer of fragments subsequently with 
either collective or non-collective wake 
behavior. These limits are illustrated below when 
comparisons are made against observations. 
 
 
3. THEORETICAL MODELING 

APPROACHES: RECENT LOS 
ALAMOS MODELING EFFORTS 

 
3.1 Bolide Groups and Porosity 
 
   Given the inputs of the bolide initial entry 
velocity, horizontal entry angle, initial radius, 
initial shape, shape change parameter, µ, 
(assumed to be a constant), bulk density (or 
equivalently the uniform volume porosity), etc. 
we can completely predict for all possible flow 
regimes (from free molecular to continuum 
flow), numerous aspects of the entry process 
including detailed thermal equilibrium 
temperature effects and infrasound production 
rates, etc. Some modeling exceptions include 
aerosol production, Earth-impact cratering 
efficiency (or Tsunami production in the ocean), 
flow chemistry and associated electromagnetic 
effects, etc.  We have utilized the D parameter, 
energetics approach in [13]. This approach has 
been a recent modification of the physical basis 
presented in [9-14, 16-17] and includes both a 
constant as well as a variable ablation parameter, 
σ , a variable temperature atmosphere (non-
isothermal conditions as a function of season 
with both the pressure and density scale height 
functions of altitude and season, etc.). The model 
in totality is a progressive improvement of 
theoretical models developed by numerous 
earlier workers. It is fundamentally based on a 
number of studies by Ceplecha and McCrosky, 
by Sekanina and by Wetherill and ReVelle that 
have ascertained that there are at least five 
discrete bolide groups entering the Earth’s 
atmosphere whose properties transcend the range 



of sizes from ordinary small camera meteors to 
large bolides [7]. We show below the group 
version developed in [12, 17] that includes 
porosity, but a version that was accomplished 
using a uniform bulk density bolide model is also 
extremely similar [17].  
   First we examined both uni-axial tensile and 
compressive strength data from samples tested in 
the laboratory (taken largely from the numerous 
measurements in [1]). Both types of strengths 
seem to have a role to play in the fragmentation 
process since clearly lateral displacements are 
related to tensile strengths whereas compressive 
strength are more important relative to imposed 
frontal pressures at the stagnation point. For a 
rotating, irregularly shaped body it is not clear 
which of these should be the dominant strength 
to consider so we have combined them together 
somewhat interchangeably for now. The 
laboratory samples tested included Nickel-iron 
meteorites, ordinary and carbonaceous chondritic 
materials as well as very porous substances. In 
Figures 1 and 2 we display the resulting curve 
fits of these quantities that we have used in our 
model for specifying the onset of fragmentation. 
   In Figure 1, we have plotted the graphical fit of 
the meteoroid bulk density in kg/m3 versus the 
compressive strength of the samples tested in Pa 
(1 bar = 105 Pa). The curve fit can clearly be 
seen to be a highly correlated function. Even so 
the difference between the curve-fitted values 
and the individual data points can be very 
significant in terms of predicting the altitude 
where break-up will occur. For the specific case 
of 2.0 kg/m3  (carbonaceous chondrite) the 
difference between the curve fitted compressive 
strength value and the actual measured value is 
very significant. The predicted break-up height 
difference is a function of velocity, etc., but can 
differ by several km for this situation. Thus, even 
if we knew the breaking strength exactly (if there 
were no cracks from space collisions, etc.), we 
would still have a significant uncertainty in the 
exact break-up height depending on whether we 
utilize a continuous curve-fitted functional 
relationship or specific laboratory measurements. 
A similar situation is also found at very low 
porosities (~0-10 %) when comparing 
compressive strengths against uniform volume 
porosity curve- fitted values against the 
individually measured values. 
 

 
 
Figure1: Meteoroid bulk density (kg/m3) versus 
compressive strength (Pa). 
 
In Figure 2 we have plotted the compressive or 
tensile strength versus the porosity of the body. 
Again very high cross-correlations have been 
found between these two parameters. 
 

 
Figure 2: Uniform meteoroid volume porosity 
(%) versus compressive strength (Pa). 
 
   In Figure 3, we display the bolide bulk density 
for uniformly porous bodies as a function of the 
height averaged ablation parameter (mean) for 
each bolide group. The designations: 0, I, II, IIIA 
and IIIB are for small irons (< 2.0⋅105 kg), 
ordinary chondrites, carbonaceous chondrites, 
strong cometary material and weak cometary 



material respectively.  Within the boundaries of 
the plot the compressive strengths of the 
corresponding bolides are contoured. Actual 
triggering of break-up was allowed when 
stagnation pressures exceeded a value only 1/5 as 
large as in the plot to allow for cracks due to 
space collisions, non-uniform porosity, etc. 
 

 
 
Figure 3: Meteoroid bulk density (kg/m3) versus 
bolide ablation parameter (s2/km2) as a function 
of the compressive strength (Pa) for the five 
fundamental fireball groups. 
 
For any specific group or any measured bulk 
density of recovered meteorites, we can predict 
numerous features of the entry given the specific 
properties identified for each bolide type. 
   As a result of our modeling approach we can 
now identify several different regimes of 
behavior. The only significant change found 
compared to the results determined in [16] is the 
presence of a fragmentation regime with a 
generally small positive fragmentation scale 
height with either collective wake behavior after 
rapid wake transfer or non-collective wake 
behavior. This regime is possible for 2/3 < µ < 0. 
 
3.2 Fragmentation Modeling Approach 
 
   We have determined an additional solution to 
the fragmentation dynamics not discussed in 
Kiruna [16]. This solution corresponds to the 
case of fragmentation with rapid wake transfer 
followed shortly by a collective wake behavior 
such that the fragments are drawn forward 
toward the leading piece (assumed to be present) 
with a progressive enhancement of the frontal 

area. The number of fragments produced is 
currently left as an unspecified free parameter of 
the problem, but efforts are also underway to 
define the limiting number of fragments as a 
function of the bolide group, radius, bulk 
density, porosity, etc. Since the fragmentation 
process is most likely non-unique, it is unlikely 
that there is a single solution possible just as in 
the case of turbulence modeling theories. We 
have continued, in the absence of specific wake 
dynamics solutions, to only model fragmentation 
and the light emission process in two distinct 
limits which begin with rapid wake transfer of 
fragmented particles that continue to break as 
time proceeds, followed by: 
 

i) Non-collective wake behavior 
ii) Collective wake behavior 
 

In the former case i) all particles in the near-
wake remain in the wake whereas in ii) the 
particles are all drawn forward producing an 
enhanced frontal area of fragmented particles 
with a small positive fragmentation scale height. 
In case i) the fragmentation scale height is < 0 as 
it is for the single body limit given earlier above. 
As the particles are transferred into the wake 
they do not respond instantaneously to produce 
light, so we have arbitrarily inserted a time lag 
that is a function of the speed of the body and its 
degree of ablation, etc. This time lag varies from 
a few tenths of a second at lower entry velocities 
from 11-15 km to < 10-3 s at progressively higher 
entry speeds. In the former limit (non-collective 
wake behavior), the instantaneous values at any 
height of the radius, frontal cross-sectional area, 
mass and mass/area ratio are changed in a very 
different manner than they are for collective 
wake behavior. These extreme changes greatly 
influence the luminosity prediction. 
 
 
4.     FUNDAMENTAL EQUATIONS OF 
BOLIDE ENERGETICS (D PARAMETER) 
 
Kinetic energy changes due to ablation (β) and 
air drag (α) from simple ablation theory in [11]: 
Ek(z) = Ek∞ ⋅ exp[-D] 
 
where 
 
Ek= (1/2)⋅m⋅V2; D = α+β 
α = Kinetic energy decay due to air drag 
β = Kinetic energy decay due to ablationD = 
4.605 (2.303) for 99 % (90 %) Ek depletion 



 
V(z) = V∞ ⋅ exp [(σ/4)⋅{V∞

2 -V2(z)}]⋅exp[-D/2] 
 
where 
 
Ek = instantaneous bolide kinetic energy 
m = instantaneous meteor mass 
V = instantaneous meteor velocity 
σ = instantaneous ablation parameter 
 
End height calculation [14]: 
zKE(V) = -Hp⋅{ln(p

∞
*/po)⋅ exp[-Φ⋅V∞

2]⋅ 
[D-D´]+exp[-z´/Hp]}  
D ́= -{Ei[Φ⋅V∞

2]- Ei[(Φ⋅V2(z)] 
        -ln(V∞ /V(z))2-[(σ/2)(V∞

2-V2(z))]} 
 
z' = -Hp⋅{ln(p

∞
*/po)⋅(2g⋅Hp/V∞

2)}; Φ ≡ σ⋅(1-µ)/2 
 
where 
 
z  =    geopotential height (km) 
z´ =   height where the drag force first balances  
          the weight component along the trajectory 
p

∞
*=  modified ballistic entry parameter (for θ 

         ≥ 10 deg  (plane parallel atmosphere)` 
po =  surface atmospheric pressure (Pa) 
g =   acceleration due to gravity 
θ =   horizontal entry angle (deg) 
   In addition, we use three additional heights that 
have been derived in order to produce the height 
maximized quantities of m V⋅dV/dt, m⋅dV/dt and 
dV/dt in order to evaluate key regimes as a 
function of the ablation parameter, σ and the 
shape change parameter, µ, etc.: 
 

)}]()2/)1((1/{)/)(ln{(.):/(

)]}()2/(1/[)/)(ln{(.):/(
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5.   THEORETICAL LUMINOSITY  
      SOLUTION PROCEDURES 
 
   Observations of the spectra from bolide light 
emission indicate the dominant role played by 
meteor atoms and ions (emission lines) with 
Nickel-iron usually assuming a dominant role in 
many meteor spectra. For this reason we have 
followed the classical meteor assumption that the 
total light output is proportional to the time rate 
of change of the kinetic energy of the bolide as 
in [11] and summed over all fragments. The 
proportionality constant is the differential 

luminous efficiency that has recently been 
reinvestigated in [18, 20]. Our semi-empirical 
differential luminous efficiency parameter was 
completely calibrated using the very well 
observed entry of the Lost City meteorite fall 
(January 3, 1970) during the era of the US 
Prairie Network. Using this engineering type 
approach, we have calculated the light emission 
with respect to a panchromatic pass-band. The 
resulting equation is given by [17]:  
 
IL = - τL dEk /dt 
 
where 
 
IL = instantaneous light emission: watts/steradian  
τL = differential luminous efficiency 
dEk /dt = instantaneous time rate of change of the  
               kinetic energy of the bolide  
 
dEk /dt = Σ {m(z)⋅V(z)⋅dV/dt ⋅[1+ ∆(z)]} 
 
or, equivalently:  
 
dEk /dt = -Σ {-0.50⋅Ro2(z)⋅p(z)⋅V(z)⋅[1+∆(z)]}  
 
where 
 
∆(z) = 2.0/{σ(z)⋅V(z)2} 
dV/dt = instantaneous meteor deceleration 
p(z) = ambient pressure along the trajectory 
Ro(z)  = instantaneous line source blast wave  
              relaxation radius [15] 
Ro = M(z)⋅d(z); for a single-body model 
Ro ≡ {[ρ(z)⋅V(z)2⋅CD⋅A(z)]/p(z)}1/2                      
          in general, including fragmentation 
M(z) = Mach number of the bolide 
d(z) = instantaneous bolide diameter 
CD = drag coefficient (= CD (Sf , Kn))  
 Sf = shape factor (= 1.208 for a sphere) 
 
    In [17] it has already been shown that the 
predicted light for a porous body exceeds that for 
a nonporous body under otherwise identical 
conditions. This is important because it allows an 
additional free parameter to be used in modeling 
the observational data, a parameter that seems to 
be physically meaningful for many of the bolide 
observations. The additional importance of this 
parameter is that as the porosity disappears the 
two model approaches become identical. 
   In addition to light predictions in watts 
⋅steradian-1 or in stellar magnitude units, we have 
also calculated the equilibrium, chemically 
reacting, air temperatures both in the strong 



shock region as well as across the gas cap 
boundary layer. We have also scaled these 
temperatures appropriately in the wake in terms 
of earlier numerical predictions from line source 
blast wave theory due to Plooster. This is 
important since the conversion from 
watts/steradian to stellar magnitude requires a 
wake temperature evaluation. From direct 
spectroscopic measurements these temperatures 
have been determined to be about 4500 deg K 
(“warm” component) and 10,000 deg K (“hot” 
component) respectively [7]. In addition, we are 
also investigating both non-equilibrium 
temperatures and the case of frozen flow 
conditions, i.e., the opposite extreme of 
equilibrium, chemically reacting flows. 
 
 
6.   PREDICTIVE MODELING: 
COMPARISONS AGAINST 
OBSERVATIONAL DATA 
 
   In this brief version of the full paper that will 
be submitted to Icarus, we will only include a 
few preliminary predictions in order to illustrate 
the type of results that the new model is capable 
of generating.  
   In Figure 4, we plotted the light emission in 
watts/steradian versus time for the Bensov bolide 
(May 7, 1991) using 15 % uniform volume 
porosity for the case of collective wake behavior, 
with D = 4.605 for all cases (99% Ek depletion). 
It is clear that the predicted fragmentation event 
produced a major influence on the light curve. 
    Figures 4-6 (for the Benesov bolide entry for a 
total of either 8 or 16 fragments as indicated) 
illustrate respectively, the light curve versus time 
for collective wake behavior, stellar magnitude 
versus height for collective wake behavior and 
stellar magnitude versus height for non-
collective wake behavior. Finally in Figure 7, 
“pancake” behavior for µ = -0.50 = constant is 
illustrated. Benesov data are from Borovicka and 
Spurny, (personal communication, 2001) for 
EN070591. It is clear from Figure 7, as expected 
in [16, 19], that “pancake” behavior will not 
explain the observed Benesov light curve. We 
have also plotted in Figure 8, the predicted line 
source blast wave radius ( Ro ) versus height for 
Benesov, using a US Standard atmosphere for 
middle latitude summer conditions with 
collective fragment behavior in the wake. 
   In addition, in Figures 9-11, we have also 
plotted contour plots for the line source blast 
wave radius versus time versus the luminosity in 
watts/steradian, for the line source blast wave 

radius versus time with luminosity in stellar 
magnitude and for the line source blast wave 
radius versus time versus the equilibrium air 
temperature in deg K ( at the strong shock 
stagnation point ). For these last three plots, 
entry conditions were assumed identical to those 
for Benesov given earlier with the exception that 
the entry velocity was reduced to 14.18 km/s 
(approximately the value for the Lost City 
meteorite fall in 1970).  
   As a final topic in Figure 12, we have plotted 
the computed dimensionless integral acoustic 
efficiency for Benesov versus height [5, 6, 11]. 
We define the acoustic efficiency as the quasi-
linear pressure wave kinetic energy density at  
x = 1 (one blast wave radius away from the entry 
trajectory) compared to the bolide kinetic energy 
density at any height along the trajectory. During 
the “flare”, i.e., for the gross-fragmentation event 
near 23 km, or ~25 km for the summer non-
isothermal, US Standard atmosphere, the 
acoustic efficiency decreases to ~ 0.3 %, just as 
the luminosity is predicted to increase. This is 
important since we are trying to account for all 
of the bolide energy changes in a temporal power 
balance statement. Predicted integral acoustic 
efficiencies range from ~10-3- 2 % 
 

 
 
Figure 4: Bolide luminosity (Watts/steradian) 
versus time of flight (s) along the observed entry 
trajectory for the Benesov bolide on May 7, 1991 
for collective wake behavior for 8 fragments. 
 



 
 
Figure 5: Bolide luminosity (stellar magnitude) 
versus height (km) for the Benesov bolide on 
May 7, 1991: Collective wake behavior assumed. 
 
 
 

 
 
Figure 6: Bolide luminosity (stellar magnitude) 
versus height (km) for the Benesov bolide on 
May 7, 1991: Non- collective wake behavior 
assumed. 
 

 
 
 

 
Figure 7: Bolide luminosity (stellar magnitude) 
versus height (km) for the Benesov bolide on 
May 7, 1991: Catastrophic “pancake” behavior 
assumed ( with µ = -0.50 = constant). 
 
 

 
 
Figure 8: Line source blast wave relaxation 
radius (m) versus height (km) for the Benesov 
bolide. Collective wake behavior for 8 fragments 
assumed. 



 
 
 
Figure 9: Line source blast radius (m) versus 
time of flight (s) for contoured values of bolide 
luminosity for V= 14.18 km/s with all other 
parameters as for the Benesov bolide above. 
 
 
 
 
 

 
 
Figure 10: Line source blast radius (m) versus 
time of flight (s) for contoured values of stellar 
magnitude for V= 14.18 km/s with all other 
parameters as for the Benesov bolide above. 
 

 
 
 
Figure 11: Line source blast radius (m) versus 
time of flight (s) for contoured values of the 
stagnation point, strong shock equilibrium air 
temperature, for V = 14.18 km/s with all other 
parameters as for the Benesov bolide above. 
 
 
 
 

 
 
Figure 12: Integral , dimensionless, acoustic 
efficiency versus geopotential height (km) for 
the Benesov bolide. 
 



 
 
7.   SUMMARY AND CONCLUSIONS 
 
  We have constructed an entry model that 
depends on a number of earlier approaches that 
have all been put together for the first time. The 
model simultaneously includes all relevant 
dynamics, energetics, ablation, luminosity (for a 
panchromatic pass-band) and fragmentation (for 
two extreme dynamical limits within the wake). 
The combination of all of these processes for the 
prediction of bolide luminosity relies heavily on 
the semi-empirical differential luminous 
efficiency parameter developed in [18, 20]. We 
are in the process of testing our predictions on a 
number of new cases to verify that an essentially 
correct calibration has been made. In order to 
construct the fragmentation model, a key 
assumption had to be made, i.e., that there was a 
leading fragment during the entry that remained 
the leading body throughout the flight. Clear 
evidence from the Moravka bolide (personal 
communication with J. Borovicka, 2002) shows 
that the leading fragment changes its position 
during the flight. In addition, it is envisioned that 
for the weaker cometary bodies, there may not 
ever be a leading fragment at all, only a large 
group of very small fragments. Thus, future 
work must include detailed dynamical 
calculations of the fragmented particles within 
the wake. It must also include the incorporation 
of non-equilibrium and frozen flow wake 
temperatures and compute the corresponding 
spectrum for an assumed meteoroid composition, 
etc. These calculations are necessary for the 
proper conversion of panchromatic luminosity to 
stellar magnitude since the luminosity is a direct 
function of the wake air temperature(s) where the 
radiation originates.[7] 
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