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Dear Bob, 

Enclosed is my report to your group which summarizes my remarks at 
the Flight 800 hearing in Baltimore. I'm also sending it on two discs. I wrote 
the report on a Powermac, using Microsoft Word 5.1 for the text and Excel 
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format it for Windows, on the assumption that you probably have better 
access to an IBM PC. Hopefully, both have been successful, but let me know if 
you have a problem. 

Sincerely, 

William A. Cassidy 
(Professor) 
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Executive Summary 

Terms: meteor is a visual phenomenon, "shooting star" is a short-lived 
meteor,firebaZi or bolide is a longer-lived meteor, a meteorite is the cause 
of a fireball or bolide, and asteroid zone is the source region of meteorites. 

Classification of meteorites; irons, stones, stony-irons. 

Because of differences in composition and in entry velocities, meteorites 
have a much better chance to survive to lower altitudes than cometary 
particles. 

Most meteorites are stones, and stones tend to fragment during entry. The 
fragments quickly decelerate to around 150 m.p.h. 

The unexpected visual and sonic effects produced by a falling meteorite 
can cause unreliable reports by well-meaning observers. 

The expected frequency of damaging hits by meteorites to an aircraft can be 
calculated by comparison with the known frequency of damaging hits to 
dwellings and cars. 
1) The changing size of the dwellings and cars target over the past century 
must be normalized. 

2)  Necessary assumptions are that the influx rate of meteorites is constant 
and evenly distributed over the earth, with any target receiving a share 
of the influx that is proportional to its area, and the aircraft target area is 
comparable to the dwellings and cars target area because aircraft are 
found in higher densities over population centers. 

The expected frequency of hull-penetrating strikes to an aircraft over the 
US. is once in 59,000 - 77,000 years. 
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Introduction. 

Transportation Safety Board (NTSB), he and his colleagues were endeavoring 
to respond to what appears to be an intense degree of public interest and 
concern over whether or not a meteorite might have brought down TWA 
Flight 800. Their inquiry to me was a challenge, because meteoritics and 
aircraft accidents are fields with very little in common. 

My first reaction was to conclude that there was no way to evaluate the 
possibility of a meteorite hitting an airplane because there was no body of data 
from which to start: there was not even one such incident in the record. 
There is, however, a record of meteorites striking houses and cars, so perhaps 
the relative target areas could be compared, and perhaps such a comparison 
could lead to a quantitative result. 

meteorites; I describe our current understanding of the interactions between 
meteorites and the earth; and I describe the method by which I arrived at an 
estimate for the expected frequency of aircraft-damaging hits by meteorites. 
My result suggests that if the numbers in, and degree of utilization of, our 
aircraft fleet remained the same, there will be one such event over the US. 
every 59,000 - 77,000 years. 

Terms. 
Meteor: The visual phenomenon generated by a body plunging through the 
atmosphere at hypersonic velocity. 
"Shooting star:" A very short-lived meteor generated by a dust particle or a bit 
of cometary ice. 
Fireball or bolide: A longer-lived meteor generated by a larger body such as a 
meteorite. 
Meteorite: A chunk of silicate rock or nickel-iron alloy believed to originate 
as a fragment of an asteroid. 
Asteroid zone:  A region of space between the orbits of Mars and Jupiter 
occupied by thousands of small bodies (asteroids), all less than about 550 
miles in diameter. Most asteroids are much smaller than this -- of the order 
of a few tens of miles, or less, in greatest dimension. 

th is  report. 

Classification of meteorites. 

When I was first contacted by Robert Benzon, of the National 

In this report I introduce the reader to some common knowledge about 

I t  is with these def ini t ions in  mind tha t  the terms above  are used in 

A simple classification is used here: 

IRONS - STONY IRONS - STONES 

Iron: A meteorite composed of nickel-iron alloy. Irons represent about 7% of 
all meteorites that fall. 
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Stony iron: A meteorite that is about 50% nickel-iron alloy and 50% silicates. 
Stony irons are quite rare, representing only about 1% of all meteorites that 
fall. 
Stone: A meteorite composed of silicates, usually with minor amounts of 
nickel-iron alloy scattered through its volume as tiny inclusions. 92% of the 
meteorites that fall are stony meteorites. 

complete classification is not relevant to  this inquiy .  

Orbital dynamics. 
Please refer to figure 1, which illustrates the earth in its orbit about the 

sun and some possible directions from which meteorites may approach 
collision with the earth. The direction of approach is relevant to the possible 
degree of damage to dwellings and, by inference, to aircraft. Flight 800 was just 
inside the night zone, on the P.M. side. 

There are subdivisions of the three major types of meteorite, but the 

FIGURE 1 

as it were, will have their own orbital velocity added to the orbital velocity of 
the earth, while objects overtaking the earth will have the earth's orbital 
velocity subtracted from their own orbital velocity. The orbital velocity of the 
earth is 18.5 mi./sec and the maximum orbital velocity for any solar system 
object is 26 mi./sec. Thus, for a direct head-on collision between an object and 
the earth, in which the two velocities are directly additive, the m a x i m u i n  
possible velocity of collision is 44.5 mi./sec, while for a directly overtaking 
collision, the inaxiinurn possible  collision velocity will be 7.5 mi./sec. These 
are first approximations, and the actual numbers will be affected slightly by 

In figure 1 it can be seen that objects colliding with the earth "head on," 
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the gravitational attraction of the earth and the relative motion of the surface 
of the earth (and its atmosphere) as the earth rotates on its axis. For each case, 
the actual velocities of collision will be less than these maxima because the 
collision paths will be at some angle to the earths orbit and the effective 
approach velocity will be some component of the total orbital velocity of the 
object. Also, most solar system objects whose orbit intersects that of the earth 
will have lower velocities than 26 mi./sec. 

Cometary orbits have an isotropic distribution in space, relative to the 
earth, and the cometary particles that produce "shooting stars" apparently 
approach the earth from completely random directions. Asteroids (the parent 
bodies of meteorites), on the other hand, revolve about the sun in the same 
direction as the earth, so that when a meteorite in the asteroid belt suffers 
orbital perturbation and eventually becomes an earth-crossing meteorite, its 
approach to the earth will generally have a large component of velocity in the 
direction of the earths motion about the sun. This suggests that meteorite 
collisions with the earth will, in general, be lower velocity collisions than 
those involving cometary particles, with the meteorite overtaking the earth, 
or the earth overtaking the meteorite. 

Because of composition differences, but also because the entry 
dynamics are extremely sensitive to velocity, a meteorite will have a much 
better chance to survive to a lower altitude than a cometa y particle. 

Entry dynamics. 

meteorite into the earth's atmosphere. 
Please refer to figure 2, which describes conditions during entry of a 
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FIGURE 2 
Stage 1. The first air molecules the meteorite encounters rebound from the 
leading face with no effect. 
Stage 2 .  As the meteorite penetrates deeper into the atmosphere, rebounding 
air molecules collide with other molecules and can be driven back to strike 
the leading face of the meteorite again. This happens with greater and greater 
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frequency as the meteorite encounters denser and denser air until the leading 
face is enveloped in a cap of inaeasingly compressed air, which becomes very 
hot because of increasing compression. At this stage, the compressed air is 
glowing brightly and is hot enough to melt the leading face of the meteorite, 
vaporizing some of the melt and brushing the rest off the meteorite, leaving 
a trail of droplets behind. The cap of incandescent gas is surrounded by a 
shock front, which produces sonic booms. 
Stage 3 .  In the most frequent case (92% of the falls), the meteorite is a stone. 
Often the stony material cannot withstand the pressure on its leading face, 
and breaks into fragments which decelerate very rapidly and continue as 
freely falling bodies. Terminal velocity does not exceed 150 mph. The altitude 
at which the meteorite or its fragments become freely falling bodies can vary 
with the size of the original meteorite, its entry velocity and its angle of entry. 
The Peekskill, N.Y. meteorite, which fell on Oct. 9,1992, began fragmenting at 
an altitude of around 25 miles. Fragmentation ended at an altitude around 20 
miles, and the largest surviving fragment, weighing 27 lb., probably reached 
terminal velocity soon thereafter. Smaller meteorites will generally 
decelerate at higher altitudes. After the meteorite has reached terminal 
velocity, the glow disappears. 

they reach altitudes a t  which aircrafifly. 

Observed effects. 
Sonic booms. The observer will hear sonic booms, some time after the 

meteor has disappeared. These will seem to die away in the distance, as those 
generated farther away sweep through. If the observer has not seen the path 
of the meteor, he will often indicate a travel direction exactly opposite to the 
true path, based on the sound phenomena. 

Retinal images. Meteors caused by meteorites are an intense source of 
light. At night, they often create a short-lived "daylight effect," lighting up the 
surroundings and casting shadows. An observer following the path of such a 
meteor will generate a retinal image, which can be intense enough so that he 
will not sense the disappearance of the glow as the meteorite reaches 
terminal velocity. His eyes are already moving, and he will often "follow" his 
retinal image down to the ground. In such a case, the meteorite will always 
seem to land nearby, sometimes seeming to start a small fire in the grass, 
which attests to the persistence of the retinal effects. The typical report is, 
"The meteorite landed over there (indicating a nearby area) and started a fire 
in the grass, but when I walked over, I couldn't see any burned patch." 

Scaling problems. We are used to estimating distances and speeds of 
known objects such as automobiles and people. We can do this because we 
know the relative sizes of these familiar objects. In spite of the fact that we 
know neither the size nor the distance of a meteor, we often will attempt to 
estimate its speed or its size, or both. Such reports are completely unreliable. 

In the case of an unfamiliar phenomenon, an observer has not a lways  
seen exactly that which he honestly believes he saw.  

Virtually all meteorites will be traveling only a t  250 m.p.h. by the time 
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Estimating the frequency of damaging meteorite impacts to an aircraft. 
The following points are relevant to this discussion: 

No data exist on hits to aircraft by meteorites. 

There is a body of data on meteorites that have damaged houses and cars. 

The frequency of damaging impacts to houses and cars cun be calculated. 

If the target area represented by houses and cars, and the target area 
represented by aircraft are both known, the expected frequency of 
damaging hits to aircraft can be calculated. 

In the following discussion, I consider those meteorites that have 
penetrated the roofs of houses and cars in the coterminous United States 
(Le., the U.S. without Alaska and Hawaii) during this century. The reason for 
excluding Alaska and Hawaii is that before 1960, the US. census data do not 
include numbers of dwellings in those states-to-be. I also limit my calculation 
to the United States because the census data for this country, as well as data 
on the air-traffic density above it, are very reliable. Table 1 is a list of 
meteorites that penetrated the roofs of houses and cars during this century. 

Census data indicate that the number of dwellings has changed 
significantly over this period of time, so the actual target area for infalling 
meteorites has been getting larger. Figure 3 illustrates this trend, tabulated as 
average number of dwellings per decade. 

Figure 3. Changes in numbers of dwellings during this 

I 100,000,000 

90,000,000 
80,000,OQO 
70,000,000 

century 

60,000,000 -- 
50,000,000 -- 
40,000,000 -- 
30,000,000 -- 

6 



The total area of the target was calculated for two assumptions: that the 
average area of one house plus one automobile during the century was 
(1) 800 ftz and (2) 1000 ft2. Applying these assumptions to the total average 
number of dwellings per decade allowed an estimate of the average target size 
per decade, in ft2. These results are shown in Table 2, in which the bottom 
line gives the total hits on dwellings and cars by falling meteorites/ftz/yr over 
the last century, calculated for the two assumptions about target size. 

If the size of the total target represented by aircraft in the air were 
known, the two areas could be compared. The ratio between them should 
allow us to calculate the expected frequency of hits/ft*/yr. to the aircraft target. 
Table 3 contains data obtained by the NTSB from aircraft manufacturers and 
airline transportation companies that lead to a calculation of the total area 
occupied by airborne aircraft over the coterminous U.S. per year. Note that 
Column D lists the average fraction of a day that each plane in a given model 
category operates per day. Column B X Column D X Column E then gives 
Column F, which is the total target area for each model in the U.S. fleet every 
day. The total of all numbers in Column F is then the total aircraft target in ft2 
over the coterminous US. every day. Since this is the total target every day, it 
is also the total airborne aircraft target over the U.S./ftZ/yr. These units now 
are the same as those for the total dwellings in the U.S. 

The calculation is subject to the fol lowing assumptions: 

There is a constant influx rate of meteorites falling to Earth. 
Any given area on Earth will receive a fraction of the total influx rate that 
is proportional to its size. 
Any hit by a meteorite that is capable of penetrating a roof will cause 
damage to an aircraft. 
The density of aircraft flying over an area is roughly proportional to the 
density of dwellings and cars below. 

For the calculation, use the fol lowing va luesfrom the tabulated data: 

The total target area represented by houses and cars in the coterminous 
U.S. (HC ft2/yr). 
The number of roof-penetrating meteorites per year (HC hits/yr). 
The total target area constantly covered by airplanes in flight (A ftZ/yr) 

Solve for :  

The number of aircraft-damaging meteorite hits per year (A hits/yr) 

Ahits/yr - - Aft2 /y r  
HC hits/yr HC ft2 /y’ 
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In this calculation, depending on the assumed value for HC i.e., 
HC = SOOftZ or lOOOft2, A hitslyr will  be 1.7 X 10-5 or 1.3 X 10-5. The inverse of 
these numbers (yearslhit) i s  the final estimate of how often a plane-damaging 
hit will  occur. That number is: one such event in 59,000 - 77,000 years. 

Concluding remarks. 
Notice that the calculation above yields the estimated number of hits per 

year per ft2 of aircraft in the air over the coterminous United States. Any such 
hit would have struck some aircraft somewhere within its crossectional area. 
A possible interpretation then would be that any hit to any square foot of an 
aircraft would be catastrophic. This may not be so, and if not, then that 
interpretation is a conservative one. 

It is important also to note that this calculation does not give the 
estimated frequency of hits to any specific aircraft. Such an estimate would be 
very much smaller than the very small estimate of the frequency of hits to 
the total aircraft target. Hopefully, this will provide some degree of 
reassurance to passengers who might worry that the airplane they are flying 
in will be hit by a meteorite. 

Appendix 1. Sources and Bibliography. 

Data on roof-penetrating meteorites were culled from: 

LaPaz, L and J. LaPaz (1961) “Space Nomads,” Holiday House, N.Y., 187 pp. 

”Scientific Event Alert Network (SEAN) Bulletin,” a periodic bulletin issued 
by the Smithsoninan Institution, Wash., D.C. 

Clarke, R. (1997) Personal communication, based on his and his colleagues’ 
compilation, 1932-Present, of meteorites that fell near people. Embedded 
in this record is a subset of meteorites that struck houses and cars in the 
United States. 

Figure 1 is from: 
Baker, R. H. (1955) “Astronomy (6th Edition),” D. Van Nostrand, Princeton, 

528 pp. 

Dwellings data are from the U.S.  Census Tables. 

Aircraft data were furnished by the National Transportation Safety Board. 



Appendix 2. The minimum meteorite size for penetration of an aircraft hull. 
For the specific case of TWA Flight 800, it seems to be the conviction of 

those who examined the wreckage that no penetration hole larger than about 
one inch in diameter exists in the reconstructed hull of the plane. If true, this 
finding limits the size of the postulated meteorite fragment that might have 
brought the plane down. Could a meteorite only an inch or two in greatest 
dimension even have damaged the aircraft? The answer is yes, possibly, but 
not necessarily. Two of the roof-penetrating meteorites listed in Table 1, the 
San Juan Capistrano fall and the 1971 Wethersfield fall, were suitably small. 
Table 4 is a list of relatively small meteorite falls, some of which may have 
been energetic enough to penetrate the hull of an aircraft, and some of which 
definitely were not. The Stratford, CT fall was not reported in Table 1 because 
it did not penetrate a roof, but it did strike an asphalt street, leaving a dent 
one inch deep in the pavement. The Denver, CO fall penetrated the roof of a 
warehouse, not a dwelling. 

Among the falls listed in Table 4, all of which may have been small 
enough so that a penetration hole would not have been detected in the hull 
of Flight 800, three apparently were not energetic enough, and four probably 
were. 
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