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ACOUSTIC DETECTION OF HIGH - ALTITUDE TURBULENCE 

ABSTRACT 

Background noise at frequencies from 0.2 to 200 cps was monitored with free­
floating, balloon-borne acoustic probes at altitudes of 55,000 to 73,000 feet. Spec­
trograms, signatures, cross-correlations, and probability-density curves were ob­
tained from the data. The noise has a spectrum with 6 db/ octave negative slope,. 
is acoustic and Gaussian, and is time-steady for periods of several hours, although 
noise pressures from 0.03 to 1 dyne/ cm2 were measured on different days. These 
and other results indicate that the noise comes from lower altitudes and is pro­
duced by an array of statistically independent radiators, such as turbulent eddies. 

A theory for the power spectrum of noise radiated by turbulence is cited, and 
the predicted spectrum is compared to the experimental results. Other possible 
sources of high-altitude acoustic noise are described. Descriptions and illustrations 
of the instruments used to acquire and process the experimental data are presented. 

1 
INTRODUCTION 

This report describes an investigation into the nature and sources of acoustic background 

noise at high altitudes. The results relate to the problem of acoustic detection and location of 

target sound sources at long ranges. Early in the project it appeared that sound radiated by 

atmospheric turbulence might be a significant component of high-altitude acoustic noise [1]. 

Moreover, theories on noise radiated by turbulence seemed to support the first experimental 

results [2]. Additional data were therefore acquired and processed to determine pressure 

spectra, diurnal variations, propagation characteristics, and other physical properties of back­

ground noise that might be related to atmospheric turbulence. 

Broadband acoustic noise at frequencies from 0 .2 to 200 cps and acoustic signals within 

this noise were monitored with free-floating, balloon-borne microphones at altitudes up to 

73,000 feet. Over 30 instrumented balloon flights were completed successfully. Among these 

were several double-probe flights in which one microphone was suspended several hundred feet 

be low another. All data acquired by the acoustic probes were transmitted by radio link to a 

ground tracking station, where they were recorded on magnetic tape and later analyzed. Four 

types of data analysis were performed: (1) spectrum analysis, (2) signature analysis, (3) cross­

correlation, and (4) statistical or probability-density analysis. The results combined to indicate 

that atmospheric turbulence is the principal source of ambient acoustic noise measured at high 

altitudes. 
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2 

2 
SUMMARY 

Spectrum analyses of 25 samples of high-altitude data reveal 30-db diurnal variations in 

acoustic noise level (from 0.03 to 1 dyne/cm
2 

in the 1-cps region), but a consistent shape to the 

spectrum. The measured spectrum has a negative slope of 6 db/ octave compared to a theoret­

ically predicted negative slope of 10.7 db/octave [2]. 

Signature analyses display a time-steady acoustic background level during balloon flights 

of three hours or less, but superimposed on this background are the time-varying spectra of 

passing aircraft and various unidentified, sporadic infrasonic disturbances. The Doppler curves 

of piston-engined aircraft show both a directly received signal and an equally strong refl8cted 

signal from the earth's surface. 

Cross-correlated data from double probe flights show a 22%-correlation index for a band­

width of 0.2 to 30 cps. This occurs when the time delay between data channels is such that the 

sound appears to come from a great number of statistically independent radiators randomly dis­

tributed over a large area beneath the detectors. 

Probability-density curves plotted from oscillograms of high-altitude background noise 

show a Gaussian distribution of acoustic pressure fluctuations, again indicating sound received 

from a large number of statistically independent radiators. On the other hand, a probability­

density curve plotted from an oscillogram of localized flow noise shows a non-Gaussian dis­

tribution of pressure fluctuations. This means that these two types of noise, acoustic and hydro­

dynamic, can be identified from data supplied by a single acoustic probe [2]. 

The evidence summarized above strongly suggests that the signals detected are · samples of 

far-field acoustic noise from turbulence in the atmosphere. The four key factors are the 6 db/ 

octave negative slope of the noise spectrum, its time-steady behavior, its acoustic rather than 

hydrodynamic nature, and its Gaussian pressure distribution. The diurnal variations in acoustic 

noise level probably relate to variations in turbulent activity within detection range of the probes, 

although the exact relationship remains to be determined. It is concluded that the sonic tech­

niques described in this report offer an effective means for studying high-altitude atmospheric 

turbulence. 

3.1. SPECTRUM ANALYSIS 

3 
EXPERIMENT AL RESULTS 

Spectrum analyses were made from 25 samples of acoustic background noise obtained with 

calibrated, balloon-borne acoustic detectors at altitudes of 55,000 to 73,000 feet. The appendix 

0 
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contains a complete set of these spectrograms together with a description of the data-processing 

method employed. The curves show acoustic pressure in a constant bandwidth of 1 cycle plotted 

against frequency, for a range from 0.63 to 100 cps. 

Figure 1 shows four of these spectrum level curves, which were chosen to illustrate both 

the shape of the spectrum and the diurnal variation of noise level. The acoustic pressure spec­

trum has a consistent shape which falls off as the first power of frequency (6 db/ octave) when 

measured on a constant bandwidth basis. The measured power spectrum, accordingly, falls off 

as the second power of frequency. This is within fair but not close agreement with a theoretical 

prediction for the power spectrum of noise radiated by turbulence, as discussed in Section 4.1. 

This theory predicts a power spectrum that falls off as the 7/2 power of. frequency [3]. 

Figure 1 shows diurnal variations of rms acoustic pressure f.com 0.03 to 1 dyne/ cm
2 

in 

the frequency region just below 1 cps. This is a 30-db dynamic range and, assuming the noise 

was produced by atmospheric turbulence, indicates either large changes in nearby turbulent 

activity or large changes in distance between an acoustic probe and the turbulence detected. 

In any case, detection of strong, time-steady background noise having an acoustic spectrum as 

described above suggests strong, nearby turbulence as the noise source. 

3.2. SIGNATURE ANALYSIS 

Time-varying spectra or signatures of data were investigated with a real-time, heterodyning 

spectrum analyzer having an effective filter bandwidth of 1 cps, which was swept repeatedly 

through a frequency range from d-c to 150 cps. The instrument produced a complete spectrum 

analysis of consecutive data segments every two seconds and displayed the result as intensity­

modulated line scans on Teledeltos paper. The record is thus a three-dimensional display of 

time, frequency, and amplitude. Time is read along the length of the record, frequency is read 

across the record, and acoustic pressure at any given time and frequency is proportional to the 

darkness of the record at that point. 

Figure 2 is an analysis of a four-minute sample of data and shows the signature of a piston­

engined aircraft as detected by a balloon-borne microphone. Piston-engined aircraft are par­

ticularly easy to identify because of the obvious Doppler shift which occurs in the apparent piston 

firing rate as the aircraft approaches, passes, and recedes. For Figure 2 the frequency range 

of the spectrometer was extended to 300 cps to display the second harmonic of the piston-firing 

rate. This type of sound is rich in harmonics. 

The aircraft signature of Figure 2 has a double trace at the fundamental piston-firing rate. 

The trace showing the more rapid Doppler shift is from the signal which propagated directly 

from aircraft to detector. The other trace is for the same aircraft signal received by reflection 

3 
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FIGURE 2. AIRCRAFT DOPPLER SIGNATURE 

from the earth's surface. Note that for this data sample the reflected signal from the receding 

aircraft persists for a longer time than the direct signal. Sometimes, as will be seen in other 

data samples, the direct signal persists longer than the reflected one. Whether the direct or 

r.eflected signal persists for the longer time probably depends upon a combination of the direc­

tional characteristics of an aircraft as a sound source, and the position and heading of the air­

craft with respect to the detector and the earth's surface. 

Figure 2 also shows a short acoustic signal at 100 cps, occurring about once every 22 sec­

onds. This signal was generated by an altitude-sensing device in the balloon-borne probe. The 

repetition rate of this device was inversely proportional to altitude and, for the example shown, 

indicates an altitude of 60,000 feet. For subsequent signature analyses the frequency generated 

by the altitude sensor was increased so that it would fall outside the range of the spectrometer. 

This was done to avoid possible confusion. of altitude data with the signatures of target sounds. 

Figures 3 and 4 are signature analyses from double-probe flights. The upper record is 

from a detector hanging close under the free-floating balloon platform. The lower record is 

from a second detector, hanging several hundred feet below the first. Notice that both data 

channels show about the same background noise level and virtually identical aircraft Doppler 

signatures. This indicates that the acoustic signals at the detectors were not being n1asked by 

hydrodynamic flow, and speaks well for the constant-altitude balloon as a quiet platform from 

which to make acoustic observations. 

Figures 3 and 4 are 90 - minute data samples, and therefore show a wide variety of aircraft 

Doppler curves and other signatures. Some of the Doppler curves show discontinuities, indi­

cating that the aircraft changed course. Those curves which show the most rapid frequency 

5 
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shifts were caused by aircraft which passed close to the detectors. Conversely, the curves 

showing less rapid frequency shifts were produced by aircraft which passed at longer ranges. 

The speed of the aircraft affects both the rate and the amount of frequency shift. Using these 

parameters, one can calculate not only the speed but also the passing range of any piston-en­

gined aircraft from measurements of its Doppler signature. 

Figures 3 and 4 also show the signatures of several jet aircraft; these appear as a tem­

porary increase in broadband background noise level. The record darkens slightly for the two 

or three minutes that the jet is within detection range, which means that for frequencies up to 

150 cps the spectrum of jet noise, though stronger, must be similar in shape to that of ambient 

background noise. 

Figure 5 is a signature analysis of hydrodynamic noise during a double-probe balloon as­

cent, followed by several infrasonic events detected after the balloon reached equilibrium alti­

tude. The frequency range of the spectrometer was set at O to 30 cps for this record in order 

to display infrasonic data in detail. The dynamic range of the instrument was set so that the 

darkness of the record would fluctuate between black and white for a 12-db variation in signal 

level. Figure 5 shows this transition occurring in approximately 1 octave during the balloon 

ascent, thus indicating that the spectrum of hydrodynamic noise has a negative 12 db/ octave 

slope. 

The infrasonic events shown in Figure 5 have not been identified and may be due to either 

natural or man-made causes. It seems unlikely that they were caused by balloon instability, 

because there is no measurable signal content above 5 cps. Hydrodynamic noise from balloon 

instability would contain frequencies above 5 cps . Infrasonic events were detected at least once, 

and often two or three times, an hour during summer balloon flights . During the winter the rate 

of occurrence dropped to once every one or two hours. The measured pressure amplitude of 

infrasonic events was usually about 10 dynes/ cm 
2

. Various possible source.s of infrasonic 

energy, one or more of which may have produced the events in Figure 5, are described in Sec­

tion 4. 

3.3. CROSS-CORRELATION 

A cross-correlation .analysis was made of the acoustic data obtained from one of several 

double-probe balloon flights . During this flight one acoustic detector was hung 150 feet below 

the other by means of a braided nylon cord. The resulting two-element array was then borne 

aloft by balloon to be free-floated at a constant altitude of 60,000 feet. The object was to de­

termine whether the data sampled at 60,000 feet was propagating sound or local flow noise. 

Propagating sound would cross - correlate; hydrodynamic noise would not. 

11 
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A magnetic-tape recording of the two data channels was cross-correlated according to the 

scheme illustrated in Figure 6. As the block diagram indicates, a magnetic-tape transport 

equipped with a special playback head stack was employed. The individual heads could be moved 

along the tape in relation to one another so that any desired amount of time delay (r) between 

data channels could be obtained. The variable head stack is shown in Figure 7. The procedure 

was to set two of the heads for the time delay desired and to play the sample of recorded data. 

As can be seen by again referring to Figure 6, the tape playback signals were continuously 

multiplied together, and the product was accumulated by an integrator. This was accomplished 

with the electronic multipliers and integrator of a Pace Analog Computer. The process was 

repeated for various settings of r. The result was displayed as a graph of normalized output 

from the integrator plotted against r. 

T 

cp = lim _!_ f f(t) (t - r)dt 
T-cx:JT g 

Movable Head 
(variable r) 

Tape Playback 

f(t) 

g(t - r) 

0 

Integrator 

T Display 

½ J f ( t) g( t - r) dt 
0 - VS - T 

FIGURE 6. CROSS-CORRELATION PROCESS 

Figure 8 shows the cross-correlation analysis for a five-minute sample of data from the 

double-probe flight described at the beginning of this section. A pronounced correlation of 22 % 

occurred for a time delay between channels of 0.105 second. Microphone spacing was 150 feet 

for this flight, and the average speed of sound in the altitude range from 35,000 to 50,000 feet 

was about 1000 fps. The apparent angle from the vertical at which the correlated sound reached 

the microphones may then be calculated as 

e _ . 0.105 sec x 1000 fps 
- arc sm 150 ft 

= 45° (approx.) 

From this it seems that an acoustic array placed above a plane or large volume of statistically 

independent noise sources, such as atmospheric shear-flow turbulence, will detect an apparent 

13 
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FIGURE 7. VARIABLE 7-CHANNEL HEAD STACK 
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Acoustic Background 
5-Minute Sample 
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DELAY TIME (sec) 

FIGURE 8. CROSS-CORRELATION 2-PROBE DATA 

0 

ring-shaped source of radius equal to the height of the array above the ring. Another way of 

looking at this is to say that half of the detected energy comes from within a 90° solid angle, 

while the other half comes from outside this angle. 

The bandwidth of the correlated data was from 0.2 to 30 cps. Frequencies above 30 cps 

were filtered out because it was found that inhomogeneities in the atmosphere around the array 

caused phase fluctuation in propagating sound. The amount of phase fluctuation increased with 

frequency for a given microphone spacing, and it was found that for ambient background noise 

at high altitudes, frequencies above 30 cps would not correlate. In fact, a cross-correlation 

index much greater than 22 % could have been obtained by lowering the upper frequency limit to 

about 10 cps. 

The cross-correlation shown by Figure 8 is proof that propagating sound rather than local 

flow noise was detected by the array. The value of T for which correlation occurred shows that 

the sound arrived first at the lower microphone, then at the upper one. Moreover , the apparent 

45° angle of arrival is what would be measured if the sound were produced by a large volume or 

horizontal plane of statistically independent noise sources such as the turbulent eddies to be 

found in the atmosphere at jet stream altitudes. 

3 .4. PROBABILITY DISTRIBUTION 

The probability distribution of amplitude for random noise is Gaussian and is given by the 

expression 
2 2 

P(x) = _1 e -x / 2a 
a& 

15 
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where P(x) = probability density, a= standard deviation = 0.4 for random noise, and x = ampli­

tude or pressure of the noise. The area under this curve is, by definition, unity. The expression 

may therefore be written as 

_ 1 e-x /2a dx = 1 f 
co 2 2 

a f[i, -co 

In contrast to this, the probability density curve for a periodic function such as a sine wave is 

simply the reciprocal of its slope. For a sine wave, this is the secant curve with all values made 

positive. The curve and the area under it can be written as 

where 1 ~ x ~ -1 

and 
1 (

1 
1 

; J_ 1 -V1 - x2 ctx = 
1 

1 P(x) = --

nW 

Figure 9 shows the probability-density curves for Gaussian distribution and sine wave dis­

tribution as described above. They are presented here to demonstrate how dramatically different 

they are in shape. Meecham suggested that the shape of the probability-density curve for high­

altitude background noise be determined and utilized to identify the source mechanisms [2]. He 

pointed out that the velocity fluctuations in hydrodynamic flow are known to be Gaussian. Since, 

by Bernoulli's principle, the pressure fluctuations are proportional to the square of the velocity 

fluctuations for hydrodynamic flow, the probability distribution of pressure should be non­

Gaussian . In fact, the probability distribution of pressure for flow noise should lie on a curve 

having much steeper sides than the Gaussian curve . 

On the other hand, the probability distribution of pressure for the far-field noise from tur­

bulence should be Gaussian, because the propagating sound field is made up of contributions 

from a large number of randomly distributed and statistically independent sound sources - the 

turbulent eddies produced by wind shear around the jet stream. 

Probability-density curves for flow noise and for high-altitude background noi'se were pre­

pared from samples of tape recorded data. The sample of flow noise was obtained during the 

ascent phase of a balloon flight. The measured ascent rate was about 700 fpm , equivalent to 

an 8-mph wind blowing past the acoustic probe. The sample of background noise was obtained 

later on during the same flight, after the balloon had leveled off and was free-floating at a con­

stant altitude of 60,000 feet. Oscillograms showing the waveforms of both data samples were 

obtained. The upper frequency limit of these oscillograms was held to 10 cps to c:mtrol the 

maximum slope of the record for the fastest oscillograph-paper speed that was available. 
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The oscillograms were made on paper that was preprinted in rectangular coordinates. The 

time base was marked off in increments of 0.02 seconds, and the amplitude range (proportional 

to acoustic pressure) was± 5 cm, marked off in 1-mm increments. A 40-second segment of 

each oscillogram was then processed to provide data for plotting probability-density curves. 

At each time increment of 0.02 seconds along an oscillogram the amplitude was measured 

to the nearest millimeter. A table was prepared, listing how many times the amplitude of the 

oscillogram was at each incremental level. A curve for amplitude vs. number of readings was 

then plotted. Finally, the curve was normalized by making its peak equivalent to unity. The 

result was an empirically determined probability-density curve. 

Figure 10 shows probabi.lity-density curves for flow noise and for high-altitude ambient 

background. The curves were prepared in the manner described above. A Gaussian distribution 

curve is shown for reference. The distribution curve for flow noise is much steeper than 

2 

/
XI X 

G . d . f t 1 1 bl - 2a2 . t t th G · - 2a2 auss1an an , m ac , c ose y resem es an e curve m con ras to e aussian e 

The curve for ambient background, however, is very nearly Gaussian, apparently even broader 

than Gaussian. Thus the measured distribution curves more than bear out the theoretical pre­

dictions made at the beginning of this section. The experimental results indicate that high­

altitude background noise is not flow noise, but is probably sound radiated from a random dis­

tribution of independent sources, such as turbulent eddies. 

4 
TECHNICAL DISCUSSION 

In this section the various natural sources of infrasonic energy in the atmosphere are dis­

cussed. Most of these sources can produce a quasi-time-steady acoustic background level for 

periods from several minutes up to many hours. Atmospheric turbulence as a source of sound 

is discussed in detail because it is considered the principai contributor to ambient acoustic 

noise at high altitudes. Identifying characteristics of the sounds produced by other natural 

sources are described. By virtue of these characteristics it should be possible to distinguish 

the far-field noise of atmospheric turbulence from noise produced by other natural sources. 

4.1. ATMOSPHERIC TURBULENCE 

A fundamental paper on the local structure of turbulence was published in 1941 by A. N. 

Kolmogoroff [ 4]. The bulk of experimental evidence from wind tunnel, jet exhaust, and meteor­

ological measurements supports Kolmogoroff's physical and mathematical concept of turbulent 
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structure. Kolmogoroff supposes that there are three ranges of eddy sizes in a turbulent sys­

tem. In the first range, energy is supplied to the turbulence by the generation of very large 

eddies. Such eddies would be generated in free atmosphere by wind shear action above, below, 

and on either side of a jet stream core. The largest eddies are characterized by a dimension L. 

In the second range of turbulence, the large eddies decay and in the process generate some­

what smaller eddies. In turn, the somewhat smaller eddies decay while generating still smaller 

eddies, and so on. Because of this action, the shape of the energy spectrum of the second range 

of turbulence, known as the inertial subrange, is independent of the driving forces that gener­

ated the largest eddies. In fact, the energy spectrum, E(k), for the inertial subrange based on 

Kolmogoroff's similarity hypothesis, depends only upon E, the amount of power per unit of mass 

in the medium that produces the turbulence, and upon k, the wave number of the turbulent pres­

sure fluctuations. Thus 

E(k) = E2/ 3k-5/ 3 

is the energy spectrum of turbulence in the inertial subrange. This is often referred to as the 

5/ 3 law. While this "law" has still not been proved conclusively, it is widely accepted because 

of the growing amount of experimental evidence that supports it. In the case of atmospheric 

turbulence, supporting evidence for the 5/ 3 law was obtained recently by MacCready, using a 

sailplane equipped with an accelerometer and hot-wire anemometer [5, 6). 

In the third range of turbulence, eddy sizes are very small and fluctuations are very rapid, 

though of small amplitude. The velocity fluctuations are so rapid, in fact, that viscous effects 

in the medium quickly dissipate all remaining turbulent energy as heat. Thus, in summary, a 

large-scale motion or flow in a medium such as the atmosphere energizes large eddies. This 

energy cascades through the inertial subrange at a rate of E per unit mass while producing pro­

gressively smaller but more rapidly fluctuating eddies. Finally, the energy transported to the 

smallest eddies is dissipated in heat because of the viscosity of the medium. 

Formulas utilizing Kolmogoroff' s inertial subrange concept have been developed by Meech­

am and Ford [3]. These formulas describe the acoustic power spectrum of sound radiated by 

turbulence. The proportion of turb.ulent energy that is converted into acoustic energy is very 

small. On the other hand, these small amounts of acoustic energy propagate as sound waves 

and, in the case of atmospheric turbulence, have been detected at ranges of many miles from the 

the source [1, 7). Thus, the shape of the acoustic power spectrum of turbulence-generated 

noise should help to identify this type of noise from other sounds in the atmosphere. 
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Meecham and Ford calculate the acoustic power spectru r for the first range, where the 

largest eddies are being produced, as 

2 3 wL)
4 

P(w)~p Ve M (-o O C 
0 

where p
0 

is the mean density, Vis the volume c_onsidered, c
0 

is the local speed of sound, Mis 

the turbulence Mach number, w = 21rf, and L is the size of largest eddies. Stated simply, the 

acoustic power radiated by the largest eddies is proportional to the fourth power of frequency. 

For Kolmogoroff's inertial subrange, Meecham and Ford calculate the acoustic power spec­

trum to be 

-7/2 
P(w) ~ p Ve 2M21/2 (wL) 

0 0 C 
0 

where the symbols have the same definitions as above. In other words, the amount of acoustic 

power per cycle of bandwidth in the inertial subrange falls off as the 7/2 power of frequency. 

For the third range there is very little acoustic energy radiated since most of the energy is 

dissipated in heat. 

From the preceding discussion one can now draw a simple graph for the power spectrum 

of sound radiated by turbulence. The significance of this graph is that the power spectrum 
Mc 

curves for the first and second ranges of turbulence intersect at a frequency of w ::: ~. This 

means that by using a spectrum analyzer one can find the frequency w at which the energy peaks 
Mc 

and can thus determine T· The turbulence Mach number, M, can be estimated for high-alti-

tude turbulence from balloon-tracking data. Now, calculating the local speed of sound, c , from 
0 

temperature measurements, one can calculate the size, L, of the largest turbulent eddies. 

I.-- Inertial Subrange l 
I 
FREQUENCY (w) 
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In studying upper-air turbulence as a source of acoustic background noise in the atmosphere, 

it will be important to determine the frequency, w, where the large eddies initiate the inertial 

subrange. If this frequency is found to shift only slightly with diurnal changes in turbulence 

Mach number and large-eddy size, it could then be utilized as a key or characteristic signature 

for identifying turbulence noise. MacCready [6, 8], Press [9], Saunders [10], and Batchelor [11] 

make various estimates of large-eddy size at high altitudes for the inertial subrange. Eddy 

sizes of from 100 to 300 meters fall within their estimates. For turbulence Mach numbers of 

0.1 to 0.2, the low-frequency end of the acoustic radiation should then peak at about 0.1 cps. 

4.2. OCEAN WAVES 

Waves on the surface of the ocean may be thought of as a mixture of very slow traveling 

waves and random fluctuations of the sea surface. The slow wave trains, traveling at much less 

than the speed of sound, produce a self-cancelling sound field, but the random fluctuations radi­

ate sound into the air. This type of radiation is somewhat similar to that from high-altitude 

turbulence. Daniels likens the ocean surface to an infinite plane made up of pistons, roughly 

40 meters square, oscillating in random phase at a frequency of 0.2 cps [12]. In drawing this 

picture, Daniels is referring specifically to the random component of surface fluctuations. He 

reports maximum acoustic pressures of 6 dynes/ cm 
2 

having a predominant frequency of 0.2 cps 

as measured at Ft. Monmouth, N. J·. He relates this measurement to a small tropical hurricane 

a few hundred miles off the New Jersey coast. Finally, he accredits the long range propagation 

of sound from ocean waves to refractive ducting in the atmosphere. 

More recently, Cook and Young [13] report measurements that agree with those of Daniels . 

They report acoustic pressures of 1 and 2 dynes/ cm 
2 

as being typical, and pressures of 6 dynes/ 

cm 
2 

as indicating storms off the Atlantic coast. They also report predominant frequencies of 

about 0.2 cps. At their monitoring station in Washington, D. C., they measure these sound waves 

as traveling parallel to the earth's surface and coming mainly from an easterly direction. On 

the west coast of the U. S., some of the earliest measurements of sound from ocean waves were 

made by Benioff and Gutenberg in 1939 [14] . Their measurements indicated maximum acoustic 

pressures of 6 dynes/ cm 
2 

and average pressures of 1 dyne/ cm 
2 

at frequencies of about 0.2 cps 

for waves traveling at the speed of sound and coming from the Pacific Ocean. They called 

these sound waves "microbaroms" because of their analogy to "microseisms." Both phenomena 

have predominant frequencies of about 0.2 cps. 

From the foregoing discussion it should be possible to distinguish the microbaroms, caused 

by ocean waves, from the sound generated by upper-air turbulence. Spectrum analysis would 

reveal the near-sinusoidal character of microbaroms at a frequency of about 0.2 cps. The 
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theoretical power spectrum of turbulence noise, as discussed earlier, falls off as the 7/2 power 

of frequency in the inertial subrange. Moreover, the sound of high-altitude turbulence will be 

detected by an acoustic array as propagating from jet stream altitudes. Microbaroms are re­

ported as propagating horizontally from nearby large bodies of water. Finally, one would ex­

pect turbulence noise to predominate over microbaroms for inland areas, and microbaroms to 

predominate over turbulence noise for coastal areas, at least during off-shore storms. 

4.3. SEISMIC WAVES 

There is some evidence that seismic events of magnitude 5 and larger couple detectable 

amounts of acoustic energy into the atmosphere. Cook and Young show impressive oscillograms 

of signals recorded from four low-frequency microphones operated as an array by the National 

Bureau of Standards in Washington, D. C. [13]. These oscillograms agree closely with those 

recorded from seismometers by the Coast and Geodetic Survey in Washington . The event re­

corded was the Montana earthquake of 1959. The acoustic signals in Washington were reportedly 

generated by earth motions that resulted from seismic energy arriving in Washington from Mon­

tana. The first P wave on the acoustic records is partially obscured by local wind noise and 

microbaroms. The first S wave is well above local background noise, as are several multipath 
/ 

arrivals of reflected P and S waves. The Rayleigh or surface waves are very strong, and Cook 

and Young report that the corresponding sound pressures generated in Washington were about 

3 dynes/cm
2 

peak-to-peak. The highest frequencies r ecorded (above microbarom levels) appear 

to be about 0.125 cps. 

Cook and Young's results have been reinterpreted by other investigators, who suggest that 

the microphones used were, in effect, geophones. This implies that the microphone diaphragms 

were held almost stationary by coupling to the atmosphere, and that the microphone frames 

were deflected by earth motion. In any case, it appears that infrasonic microphones respond 

in some way to seismic activity, and that the resulting electrical signal level at the microphone 

terminals is significant, whether caused by acoustic pressure fluctuations or by motion of the 

microphone itself. 

It should be possible to distinguish between seismic and acoustic signals as detected with 

infrasonic microphones. One obvious way would be to operate a seismometer in the same area 

with the acoustic detection ~ystem and compare results . Another way would be to examine the 

pattern of signals received for the characteristic P, S, and Rayleigh waves that propagate from 

seismic events. Still another way would be to measure the speed of propagation across a ground­

based array. For seismically caused signals, this will be at least an order of magnitude faster 

than for an acoustic wave that has propagated from a distant event. 

23 
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4.4. MAGNETIC STORMS 

Corpuscular radiation from the sun increases erratically during solar flares. Particles 

traveling along curved paths at speeds of 1000 to 3000 km/ sec reach our ionosphere about 1 1/ 2 

days later and produce plasma clouds. These clouds perturb the earth's magnetic field and 

cause geomagnetic storms. Magnetohydrodynamic waves are generated by the interaction of 

the storms with plasma. Some of the energy in these waves is converted to infrasou:1d by the 

outer atmosphere, and propagates to earth. Because of the steep angles of arrival, horizontal 

trace velocities of Mach 2 and greater are measured. Frequencies of 0.005 to 0.05 cps and 

acoustic pressures of 2 to 7 dynes/ cm 
2 

are reported by Cook and Young [13]. It should be easy 

to identify this type of infrasound by its unusually low frequencies and high trace velocities. 

Moreover, this signal usually persists for at least several hours. 

4.5. HURRICANES, TORNADOES, METEORS, AND LIGHTNING 

Hurricanes, tornadoes, meteors, and lightning bolts generate acoustic energy, some of 

which is in the infrasonic range. Acoustic signals received at long ranges from these events 

should propagate at the local speed of sound. The signals from hurricanes and tornadoes should 

persist from a half-hour to several hours. The signals from meteors and lightning bolts, which 

begin as shock waves, should be comparatively brief. In the case of lightning bolts, the signal 

might be expected to persist briefly and at random intervals, in the manner characteristic of a 

thunder storm. 

5.1. PULSONDE ACOUSTIC SENSOR 

5 
EQUIPMENT 

Acoustic background at high altitudes was monitored with a balloon-borne, battery-powered, 

infrasonic-microphone, uhf-radio-transmitter package known as the Pulsonde Acoustic Sensing 

Device. This was developed jointly by personnel at the U. S. Army Electronic Research and 

Development Activity, White Sands, New Mexico [15] and at Schellenger Research Laboratory 

of Texas Western College [16, 17]. Figure 11 is a view of a Pulsonde which has been partly 

disassembled in order to display its infrasonic capacitor microphone and Radiosonde-type 

transmitter. Also shown is a water-activated battery which will operate the Pulsonde for a 

continuous period of 10 hour s. Figure 12 is a view of a Pulsonde that has been entirely removed 

from its cardboard container in order to show a barometrically operated altitude-sensing device. 

The Pulsonde microphone, its amplifier, the altitude sensor circuit, and the pulse modulation 

circuit were built around a modified AN/ AMT-4A Radiosonde transmitter [18] so that an 
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FIGURE 11. PULSONDE ACOUSTICAL SENSOR 

FIGURE 12. PULSONDE ALTITUDE SENSOR 
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AN/GMD-lARawinSet [19] could be used to track thePulsonde and receive the acoustic and alti­

tude data transmitted by it. Just before each Pulsonde was launched, the gain of its microphone 

amplifier was set so that at a frequency of 5 cps the received and demodulated signal level 

would be 1 volt for an input sound pressure of 1 dyne/ cm 
2

. A preemphasis network of 6 db/ octave 

in the microphone amplifier compensated for the anticipated shape of the background noise spec­

trum. Therefore the system's sensitivity became progressively greater for frequencies above 

5 cps. 

5.2. TRACKING VAN 

An AN/ GMD- lA Raw in Set mounted in a military van tracked the Pulsondes and received 

the data on which this report is based. Figure 13 is an exterior view of the van, showing the 

GMD tracking antenna on the roof. Actually the antenna is mounted on an elevator platform 

which can be lowered from the roof to the floor of the van for highway travel. On top of the 

tracking-antenna dish an auxiliary Yagi. antenna is mounted. The Yagi antenna can be used to 

transmit a ranging signal to a special type of Radiosonde, which receives the ranging signal 

and retransmits it back to the tracking van. 

Figure 14 is an interior view of the van. Range, elevation angle, and azimuth angle to the 

target (Pulsonde or Radiosonde) are continuously displayed and printed out by the equipment 

bay on the right. The second bay from the right contains a demodulator for Pulsonde data (top 

of bay); an audio amplifier, which drives a loudspeaker for monitoring acoustic data; and me­

teorological readout equipment for recording temperature, humidity, and altitude data from 

Radiosondes (bottom of bay). The third bay from the right contains a seven-channel FM tape 

recorder, which records Pulsonde data that has been received and demodulated. The tapes can 

then be replayed and processed later in the laboratory. A microphone and preamplifier are 

included at the bottom of the tape-recorder bay for placing voice commentary on one of the tape 

channels. The bay on the left contains a constant-frequency, motor-drive amplifier for the tape 

recorder, and an oscilloscope for checking circuits and monitoring waveforms of incoming data. 

A second GMD receiver and a dual-channel PFM discriminator were installed in another 

part of the van so that data from double-Pulsonde balloon flights could be acquired for the cross­

correlation experiment. A block diagram of the two-channel receiving system that was developed 

for the cross-correlation experiment is shown in Figure 15. The feature of the system is that 

it requires only one high-gain, automatic-tracking antenna. Advantage is taken of the fact that 

two different i- f' s can be developed by one local oscillator and mixer circuit by merely tuning 

the Pulsonde transmitters to slightly different frequencies. The frequencies chosen were 1680 

and 1695 Mc, both of which fall within the operating range of the AN/ GMD-lA tracking antenna. 

A circuit diagram of the dual-channel PFM discriminator developed for this system is given in 

Figure 16. 
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5.3. PISTONPHONE CALIBRATOR 

A pistonphone was developed for calibrating Pulsonde microphones and overall system re­

sponse. The pistonphone features pushbutton selection of frequencies at one-octave intervals 

from 0.125 to 30 cps, and a sealed diaphragm type of piston to eliminate air leaks. Although 

this instrument was developed to calibrate Pulsonde acoustical sensors, it would serve equally 

we 11 for calibrating any type of infrasonic sensor. 

The pistonphone chamber consists of nothing more than a large bell jar lying on its side 

with a 1/2-inch thick aluminum plate clamped across its mouth. A hole in the plate is sealed 

with a flexible diaphragm that is deflected in and out by a rod that connects to an eccentric drive. 

The eccentric drive operates from a gearbox equipped with pushbutton gear selectors. The gear­

box is driven by a synchronous motor. Both are shock-mounted on the thick aluminum plate. 

The bell jar is about 18 inches in diameter and 30 inches long. The incremental volume change 

caused by the flexing diaphragm produces a pressure fluctuation of 10 dynes/ cm 
2 

rms inside 

the sealed bell jar under standard atmospheric conditions. 

Figure 17 is a photograph showing the piston phone pushbutton frequency selector. Note that 

frequencies are available at one-octave intervals from 0.125 to 30 cps. The synchronous motor 

drive is shown mounted directly beneath the frequency-selector panel. Figure 18 is another 

view of the pistonphone, showing the flexible diaphragm, connecting rod, and eccentric drive, 

isolated from gearbox and motor vibrations by two flexible couplings. Also shown in Figure 18 

are a vacuum pump and mercury manometer used to simulate high-altitude air pressures by 

pumping part of the air out of the bell jar. 

Figure 19 is a detailed view of the flexible diaphragm, connecting rod, and eccentric drive. 

The diaphragm was cut from a sheet of 0.01-inch-thick Teflon and sealed over a hole in the 

thick aluminum plate with a clamping ring and eight bolts, as shown. The diaphragm is clamped 

at the center between two large round washers. As Figure 19 shows, the washers cover most 

of the diaphragm so that its motion closely approaches that of a true piston. 
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II 

FIGURE 17. PISTONPHONE PUSHBUTTON FREQUENCY SELECTOR 

FIGURE 18. PISTONPHONE SEALED DIAPHRAGM AND GEARBOX 
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APPENDIX 

The 25 spectrograms in this appendix show pressure spectrum levels vs. frequency for 

high-altitude acoustic background noise as sampled by free-floating, balloon-borne microphones 

during various d:iys and seasons of the year. Below is a short description of the method by 

which these spectrograms were produced. 

The preamplifier of each acoustic detector contained a 6 db/ octave preemphasis network 

to compensate for the anticipated spectrum of background noise. Consequently, when the tape­

recorded data was played back for analysis, it was first passed through a deemphasis network 

to restore the spectrum to its original shape. The tape to be analyzed was formed into a re­

peating loop of sufficient length to assure a good sampling of the lowest frequency present. 

Thus the playing time of each loop was at least three minutes. This loop was then played at 

very high speed in order to increase the recorded frequencies to the operating range of the 

spectrometer that was available. 

The spectrometer used was a Bruel and Kjaer 1/3-octave analyzer covering a frequency 

range from 40 cps to 16 kc. Therefore the tape loops were played at 64 times the speed at which 

they were recorded. This, in effect, transformed the range of the analyzer to the 0.63- to 250-

cps region. Finally, the 1/ 3-octave levels from the analyzer were converted to pressure-spec.­

trum levels by using the expression 

S = L - M - 10 log 6 f 

where S = spectrum level in db relative to 1 dyne/cm
2 

for a constant 1-cycle bandwidth, L = 
1/3-octave level in db from the analyzer, M = output level of acoustic detector in db, M = 1/ 3 

2 
octave at frequency f, and 0 db = 1 volt/ dyne/ cm . 
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