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Abstract: 

ReVelle (1995) has recently presented a summary of 

available infrasonic signals from near earth objects (NEO's) that 

entered the earth's atmosphere between 1960-1980. We will 

analyze these signals using a formalism developed by Cox (1958) 

to calculate the energy of explosive sources in the atmosphere. 

For each source we will calculate the acoustic conversion 

efficiency for each source, i.e., the fraction of the original 

source energy that is available to couple into an acoustic wave. 

Based on results in Cox with conventional explosions, this 

quantity is expected to depend weakly on the range from the 

source. Since this quantity is difficult to estimate using 

fundamental blast wave theories, we instead use well-known, and 

independently calibrated, semi-empirical source energy-wave 

period (at maximum amplitude) scaling relations developed in the 

1960-1975 period by the U.S. Air Force to determine the source 

energy, E,, from observations. Using E, and range to the source 

along with various observed signal and atmospheric properties, 



the efficiency can be computed. Similar calculations have been 

done for other relevant atmospheric phenomena for low altitude 

sources. For example, thunder observations at relatively close 

range have been used by Few and co-workers to determine an 

acoustic conversion efficiency of about 0.4 %. The only previous 

estimation for meteors was made by Astapovich (1946) who .. I- 

determined the acoustic efficiency to be less than 0.01 %. By 

computing this efficiency factor we hope to predict the expected 

detection rate of large NEO's for the proposed CTBT global scale 

infrasonic array systems, and to establish the rate of false 

alarms due to natural atmospheric explosions. 

I. Introduction 

A. Atmospheric Infrasound from Explosive Sources 

Infrasound from explosive and impulsive sources have been 

commonly observed using various infrasonic arrays (ReVelle and 

Delinger, 1981; Whitaker et. al., 1990; 1994). These include both 

natural explosive sources such as volcanic eruptions, large 

bolides (meteor-fireballs) as well as other impulsive signals 

such as controlled explosive sources. Energies of these sources 

can range from the equivalent of tons to megatons of TNT. 

reference we expect signals from a near-surface kiloton class 

explosion to be readily detectable at ranges of more than 2500 

km. Other signals scale hydrodynamically with reference to this 

detection range estimate. 

For 

B. Infrasound from Bolides 



ReVelle (1995) performed a detailed analysis of the meteoroid 

ftairwaves't detected by the U.S. Air Force between 1960-1974. This 

AFTAC data was subsequently used to estimate the global influx 

rate of large NEO's (Near-Earth Objects) that was determined to 

be in reasonable agreement with other very diverse methods. Ten 

events ranging in source energy from 0.2 kt to 1.1 Mt were 

detected at distances from about 1,000 to 15,000 km. The wave 

period at maximum signal amplitude ranged from 3.5 . .  . .  to 36 seconds 

with amplitudes from 0.2 to greater than 10 pbars. Lamb waves 

were detected for seven of these 10 events. 3 

The observed acoustic signal velocities used in this analysis 

are indicative of long range ducted acoustic paths between the 

ground and the Ozonosphere, with significant control provided by 

guiding winds in the 40-60 km region of the Middle atmosphere, 

i.e. values of about 0.280 - 0.315 km/sec. The acoustic 
efficiency analysis discussed below was performed only on the 

acoustic returns from these sources. 

11. Blast Wave Production hy Meteoroids 

A. Meteoroid Airwave Explosions: Point and Line Sources 

Meteoroids as sources of acoustic energy in the atmosphere are 

discussed in detail by ReVelle (1976). For the blast wave analog 

to be exact between a rapidly moving point source and a line 

source explosion, two parameters, namely the line source blast 

wave relaxation radius and the degree of deceleration of the 

body, need to be examined. If the blast wave radius is of the 



order of the meteoroid's Mach number (ratio of the meteoroid 

speed to the local adiabatic sound speed) times its diameter 

(neglecting fragmentation effects), and if the deceleration is 

sufficiently small, the equivalent line source analogy is 

perfectly maintained. For the point source explosion problem, 

the blast wave radius is identified as being proportional to the 

ratio of the energy release divided by the ambient pressure 

raised to the 1/3 power, whereas for line sources the blast 

radius is proportional to the ratio of the source energy 

deposited per unit length of the trajectory divided by the 

pressure to the 1/2 power. Because the long range signal that is 

typically observed has been ducted in a cylindrical waveguide 

(typically either in the lower duct between the ground and about 

55 km or in the upper duct between the ground and 110 km), the 

decay is cylindrical at sufficiently long range. The transition 

zone between these various geometries is under investigation. 

B. Efficiency of Acoustic Wave Generation 

Previous work by Cox (1958) and others on low altitude 

point source manmade explosions indicates that the acoustic 

efficiency, the fraction of the source energy which is converted 

into acoustic wave energy, is of the order of a few percent and 

has a slight range dependence. This quantity is also of great 

interest to the energy deposition process for the entry of large 

bodies into the atmosphere, which penetrate deeply enough to 

reach a continuum flow regime and thereby insure the generation 

of strong shock blast waves (ReVelle, 1980). The luminous 
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efficiency factor, the corresponding ratio of light production in 

comparison to the source energy is a function of the precise 

value of the acoustic efficiency itself. 

111. Acoustic Efficiency Analysis 

A. Point Source Approach (Ducted Point/Line Source) 

Sufficiently far away from a point or line source explosion, we 

can start from the approach outlined in Cox (1958) which relates 

the energy observed in an acoustic wave from an explosion source 

to the source characteristics, neglecting unknown reflection 

factors between the source and the observer. 

where 

E,, = acoustic wave energy flux (J/ m2 . sec) 
cAC = acoustic efficiency factor 

- .I . .' 

t = time passage at a fixed spatial position 

pcs = acoustic impedance of the air at the observer 

The following parameters necessary for the evaluation of Eqn. (1) 

were observed for each array detection of each of the meteoroid 

events, namely: i) Apo-p, the zero to peak acoustic amplitude. 

ii) z ~ ,  the total signal duration (period of high cross- 

correlation of the signal over all the array elements). 

and iii) R, the horizontal range to the source from the observer. 



We have assumed values for the surface adiabatic sound 

velocity, cs= 340 m/sec and for the surface air density p = 1.225 

kg/cubic meter, so that the relevant local acoustic impedance can 

be computed (see below). We also used the U.S. Air Force 

empirical relationship between period at maximum amplitude and 

source energy summarized in ReVelle (1995) that relates the 

energy of an explosion to the period at maximum amplitude to 

approximately the fourth power. 

average acoustic signal, CAP>, over the total wave duration 

period, TD, can be equated to AP,-~/~ as discussed by Cox (1958) 

for an N wave, we can solve for EAC, using Eqn. (1). This 

approximation was used since all of the data is not currently 

digitized. 

Finally, by assuming that the 

B. Results of the Calculations 

We present the results of our preliminary calculations in Table 

1 and plotted in Figure 1 below. All but three of the results 

given in Table 1 seem quite reasonable , i.e. values generally 
ranging from a few percent efficiency to about 0.1 %. The trend 

is definitely downward at progressively larger source energies 

even though the square of the power law cross-correlation is only 

about 0.257 (with the three anomalous points discussed above 

having been removed before the correlation process). These 

results agree quite well with those presented in Cox (1958) for 

conventional, near-surface manmade explosions. They are also in 

reasonable agreement with simultaneous, direct observations of 

lightning and of thunder by Few (1969). The 0.01 % efficiency 
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value deduced from fireball reports described in Astapovich 

(1946) seems to be to low by at least one order of magnitude 

however compared with our current results. 

Of the remaining three unreasonable efficiency values, only one 

is distinctly non-physical, i.e. greater than 100 %. The other 

two points are both quite high, but 'still below 100 %, i.e. 

properly bounded physically. The 'former point would have an 

acceptable value of a few per cent efficiency if the amplitude 

were only 1 pbar, i.e., reduced by about a factor of ten, since 

the integral is proportional to square of the acoustic amplitude. 

This discrepancy is currently under investigation as are the 

other two excessive points as compared to all the other 

efficiency values. 

IV. Summary and Conclusions 

A. The Acoustic Efficiency Factor 

As summarized in Cox (1958), the acoustic efficiency factor is 

about 4 % and increases slightly with increasing range. These 

were near-surface explosions and do not reflect the effects of 

the inhomogeneity of the atmospheric density decreasing with 

increasing altitude. We might intuitively expect two effects from 

the density decrease with height. First, the blast radius should 

become greater as the explosion expands into a fluid of 

decreasing pressure. This will make the explosion source energy 

appear larger to a ground-based observer who interprets the wave 

period as being from a sea-level source. Consequently, the 



computed efficiency will be too low. Secondly, the amplitude can 

be reduced as height increases due to a combination of 

geometrical spreading of the wavefronts and due to atmospheric 

absorption as a function of range and frequency. Thus, the 

computed efficiency will be greater for the sea level explosion 

since the amplitude is observed to be lowered relative to..a.near- 

surface burst. We have not yet performed an analysis of the net 

combination of these two effects. 

B. The Deduced NE0 Efficiency Factor 

On the basis of the 10 events observed by AFTAC from about 1960 

to 1974, we can say reliably that the deduced acoustic 

efficiencies are similar to those computed for conventional high 

explosive tests. As indicated in Table 1 they range from 0.1 to 5 

per cent generally. There are a few extreme outliers that are not 

yet understood, but generally we have a reasonable range of 

acoustic efficiency values for source energies that span an 

energy scale of four decades. The source energies used in our 

analysis assumed that the events were near sea-level explosions. 

As discussed by ReVelle (1995), this estimates will not be 

seriously affectedeunless the actual source height is greater 

than about two pressure scale heights (about 16 km). For the 

extreme outliers the actual source energies were perhaps much 

higher than those deduced. Horizontal and vertical refraction 

producing caustics may also account for some of the anomalies 

observed. Future efforts in this area will help to estimate 

better the expected false alarm rates from natural explosive 



sources for the proposed CTBT global scale infrasound network. 

This could also include a reanalysis of the seven events for 

which Lamb waves were detected so that source energies can be 

independently evaluated. 
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