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ABSTRACT 

INFRASONIC PUISES FROM THUNDERSTORMS 

6y 

Jerry L. Bohannon 

Acoustic data obtained from thunderstorm observations 

during 1975 at Langmuir Laboratory near Socorro, New Mexico 

and during 1976 at the J. F, Kennedy Space Center in Florida 

in conjunction with the Thunderstorm Research International 

Program (TRIP-76) contain many thunder records that exhibit 

infrasonic pulses superimposed on the higher frequency 

thunder signals. Only the Langmuir data were analyzed to 

determine frequency and amplitude. These data show infrasonic 

pulses with periods of about 0.5 sec and amplitudes of about 
p 

0.1 N/m . The pulse waveform is characterized by an initial 

compression followed by a rarefaction. Acoustic source 

reconstruction of both the 1975 and the 1976 data place the 

origins of these pulses in the cloud within essentially the 

same volume of space as the horizontal portions of the 

lightning channels. This volume is presumably the storage 

region for the charge that creates the lightning event. The 

pulses are not produced by localized heating from the main 

channel of the lightning flash because the pulses never were 

observed to come from the cloud-to-ground portion of the 

channel. If the pulses are wholly electrostatic in origin 



as proposed by the electrostatic collapse model, then to 

account for the initial positive pulse one must assume a 

rapid (0.25 sec) increase in the field occuring just prior 

to discharge. This is a consequence of the pressure ampli¬ 

tude of the infrasonic pulse being directly proportional to 

the square of the change of the electric field. 
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1. INTRODUCTION 

Of the many natural phenomena that intrigue man, one 

that has interested millions since ancient times is ligntning 

and its attendant thunder. But thus far no one has been able 

to fully explain the total phenomenon. The first scientific 

investigations of its nature were by Benjamin Franklin who 

proved that lightning is an electrical phenomenon. Until 

well into this century all that was definitely known was 

that thunderclouds become electrified by some still, .unknown 

process and that large electrical discharges often result. 

These discharges produce light, thunder, and broadband 

electromagnetic radiation, The standard -picture had the 

lightning channel extending upward into the cloud like a tree 

with its many branches drawing charge into the main channel 

(Fig, 1,1), This picture was shown to be in error for most 

lightning channels by Nakano (1973) and Teer and Few (197*0. 

They showed that within the cloud the lightning channel is 

predominately horizontal (Fig. 1.2). 

Because thunderstorms, affect each of us, either directly 

with rain and lightning, or indirectly through their effect, 

for example on agriculture, a full understanding of their 

physics is necessary if we'are to ever minimize their adverse 

impacts. The study of lightning and thunder provides one 

path to greater understanding. By following the lightning 

back to its orgin, insight may be gained into the charging 
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Figure 1.2 The location of lightning inside 
thunderstorms as determined by modem acoustic 
measurements (adapted from Few (1975).) 



mechanism and its place in the in cloud physics and cloud 

dyanamics. 

Progress in this study is slow because of interference 

from the thunderstorm enviroment. Visual observations are 

inhibited because the most interesting parts take place 

within the cloud. In situ observations are restricted to 

free balloons and aircraft because of the strong winds inside 

thunderclouds. The radio frequency radiation (spherics) and 

the acoustic emissions (thunder) produced by lightning are 

two excellent tools for remote study. The cloud is trans¬ 

parent to both spherics and thunder. Therefore, they can be 

detected outside the thunderstorm. 

At Rice University, lightning studies are carried out 

by acoustic techniques. Analysis of thunder yields'informa¬ 

tion about the location of its source and the* physical pro¬ 

perties of the source. Acoustic measurements are difficult 

to analyze because the thunder signal must compete with wind 

noise, especially at lower frequencies (<10 Hz). Owing to 

the dynamic nature of thunderstorms, surface winds are almost 

always present. Turbulence in these winds produce pressure 

fluctuations that tend.to dominate the. lower end of the 

acoustic spectrum. 

One fundamental piece of information about lightning 

that is desirable to obtain is the acoustic power spectrum— 

the frequency distribution of the acoustic energy generated 
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by a lightning bolt. The exact shape of the spectrum is 

important because it can help decide what mechanism produces 

the thunder. Measurement and theories concerning the shape 

of this spectrum have been varied. As Few (1968) noted, the 

main spectral peak was originally thought to be in the 

infrasonic region (Schmidt. 1914 and Arabadzhi. 1952). In 

contrast Kitigawa and Kobyashi (reported by Latham. 196*0 

found a dominate frequency of 200 Hz. These and later 

measurements (Few 1967, 1968 and Nakano and Takeuti. 1970), 

which found the spectral peaks to be between 50 Hz and 100 Hz, 

did not detect significant energy in the infrasonic range. 

These results were reproduced theoretically by Few (1968, 

1969). His calculations show that the lightning channel, 

which produces thunder by rapidly heating the air, should not 

radiate appreciable acoustic energy in the range 0.1 Hz to 

10 Hz. Using power spectra produced by Fourier transform 

methods, Holmes et al. (1971) confirmed the previous works 

with their reports of dominate peaks between 50 Hz and 150 

Hz. However, they reported a small incidence of additional 

peaks below 10 Hz that were not the result of wind noise. 

There was no information about the origin or waveform of the 

infrasonic components because of the experimental method used. 

From measurements made in 1975t Bohannon et al. (1977) 

confirmed the existance of the infrasonic signals and showed 

them to be associated with the electrical nature of the 

thunderstorm 
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Though the infrasonic peaks reported by Holmes et al. 

(1971) could not be produced by the mechanism of Few (1968), 

a possible source had been proposéd by Wilson (1920). It 

was his contention that the sudden release of the electrosta¬ 

tic stress on the water droplets in the thundercloud by the 

removal of the stored charge during a lightning event should 

produce a significant acoustic signal. Colgate and McKee 

(1969) predicted that the sound produced by the sudden 

release of the stress should have a frequency on the order 

of i Hz, The Wilson mechanism, herein after called the 

electrostatic collapse model, was developed in greater detail 

by Dessler (1973)* which was the prime motivation for the 

work presented here, 

Infrasonic thunder was detected in data gathered in two 

separate field tests. These tests were carried out at two 

widely separated locations that have different types of 

thunderstorms. The storms at the Irving Langmuir Laboratory 

of the Atmospheric Sciences in the Cibolo National Forest 

near Socorro, New Mexico are typically simple convective 

storms of a few cells that remain relatively stationary 

during their lifetimes. During one such storm on 12 August 

1975* described elsewhere by MacGorman and Few (1975)* there 

occured an interval of approximately 20 minutes during which 

the interference from wind noise was negligible. This quiet 

interval allowed data to be recorded from an array of mic- 
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rophones without filtering the data to reduce wind noise and 

consequently the low frequency acoustic information. 

The thunderstorms at the J.F. Kennedy Space Center 

(KSC) in Florida are more complex. Most thunderstorms at 

KSC form in lines along the sea-breeze front as it penetrates 

inland across Merritt Island. This movement produces levels 

of wind noise that vary significantly in both time and 

position. Most of the KSC data were filtered with a second 

order high-pass filter whose -3 db point was at 2.5 Hz. 

Even so, during the storm of 13 July 1976 infrasonic signa-' 

tures can be seen for many pulses whose initial amplitudes • 

were large enough to be detectable even after the atten¬ 

uation of the filter 
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2. THE ELECTROSTATIC COLLAPSE MODEL 

The work presented in this thesis was performed to test 

the Dessler (1973) formulation of the Wilson (1920) electro¬ 

static collapse model for infrasonic thunder, The following 

is a summary of the Dessler formulation. 

In a thundercloud there are regions of stored electric 

charge. This charge is stored on water droplets. The < 

charged droplets repel each other and tend to move apart. 

In doing so they sweep some air along with them, thus 

creating a region of reduced atmospheric pressure. The 

pressure decrease at the center due to the electrostatic 

repulsion is such thats 

P * .=P- + n f E 2 (2.1) outside inside co o ' * ' 

where EQ is the electric field at the boundary of the 

charged region and n is the geometric factor (varying 

between 1 and 3) for the particular shape of the charge 

storage region. The air molecules do not rush in between 

the water droplets to equalize the atmospheric pressures 

because of the pressure field radiating from each droplet 

that fills the space between the drops. The droplets 

experience no net acceleration because the force qE 

exerted by the electric field is balanced by the pressure 

gradient of the external atmospheric pressure. 

As the region is further charged by the still unknown 

charging mechanism, the atmospheric pressure inside the 
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charge storage region is further reduced. At some point 

the electric field becomes strong enough to initiate 

streamer processes. These streamers lead to the production 

of a lightning flash that neutralizes some or all of the 

stored charge. The removel of the stored charge destroys 

the pressure balance of equation 2,1. The force that caused 

the motion of the droplets (mutual electrostatic repulsion) 

will suddenly disappear, and an outward propogating rare¬ 

faction wave will result. The droplets will come to rest in 

msec, but the air will move back toward the center of 

the region until it collides with the air moving in from 

the other side of the region. This collision produces an 

overpressure whose decay to ambient atmospheric pressure 

produces an outward propogating compression wave. The 

combination of the rarefaction wave and the compression 

wave will produce the distinctive signature shown in 

Figure 2.1. 

In his paper, Dessler (1973) discussed quantitative 

results for two simple charge-storage geometries, disc and 

cylinder. Based on reasonable values of size, charge, and 

speed of sound, these conclusions were drawn» 

(1) V JSc/d , where V is the dominate frequency, c is 

the speed of sound, and d is the thickness of the 

disc or the radius of the cylinder. Typically 

V» 1 Hz. 
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Figure 2.1 Acoustic signature expected from the 
release at time t of electrostatic pressure from 
a flat horizontal0volume located at altitude h . 
(from Dessler. 1973) 0 
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(2) If the wavelength generated is smaller than the 

disc diameter or the cylinder length, the acoustic 

signal will tend to he beamed in a direction 

perpendicular to the faces of the disc or the 

axis of the cylinder. 

(3) The amplitude of the signal from a disc shaped 

volume is 

AP * Q1 ~ Q2 = 0.12 N/m2 

8Tt26Qr^ 

where r is 2 km, Q1 is 40 C, and Q2 is 15 C. 

and Q2 are the stored charge in the region 

before and after the discharge respectively. 
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3. DATA ACQUISITION 

The field system used to record the 1975 thunder data 

at Largmuir Laboratory was a square array 40 meters on 

a side consisting of four Globe 100-C capacitor microphones, 

which have a flat frequency response with -3 db points at 

0.1 Hz and 450 Hz, and an electric-field-change meter (EFM) 

that was used to establish the initiation time of each 

lightning event. The verticle positions of the microphone 

varied by less than 2 m because of local topography. The 

array was located /-vioo m north of the balloon hanger at a 

mean elevation of 3.2 km. The microphones and EFM werè 

connected to the base station by a cable containing 14 

twisted pairs of wire. 

At the base station the four microphones and the EFM 

were recorded at 7.5 ips on the FM channels of a Consolidated 

Electrodynamics Corp. Model VR-3300 analog tape recorder. 

On two of the direct-record channels of the tape recorder, 

there were recorded a voice commentary and a NASA-28 time- 

code synchronized to WWV, Simultaneously with the production 

of the analog tape, a visual record of microphones, time 

code, and EFM was made on a Southwestern Industrial Elec¬ 

tronics Co. type SIE RD-22-10 oscillograph, which had a 

frequency responce of zero to 200 Hz. The oscillogram was 

made on Kodak Direct Print Linagraph Paper Type 1895 run at 

5 mm/sec, was annotated with handwritten comments while the 



13 

recording was in progress. 

For the 1976 experiment at KSC, the system was expanded 

to include three arrays. These arrays were deployed near 

the Shuttle Orbiter Landing Facility (OLF) in a triangular 

configuration (Fig. 3.2.1). The arrays were separated by 

distances of more than 1 km and all differences in relative 

elevation were assumed to be negligble. At the base station, 

all information was recorded on the oscillograph, but only 

one array (operator selectable) at a time could be run onto 

the analog tape, which was recording at 1 7/8 ips. 



Figure 3.1 The immediate OLF area on northern 
Merritt Island with Florida East Zone coordinate 
positions indicated in feet. 
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4. DATA ANALYSIS 

4.1 The 1975 Data 

The 1975 data from the analog tape were subsequently 

reduced for analysis at Rice University in two ways. First, 

a filtered oscillogram was produced by playing the microphone 

signals from the analog tape through Model 330 Krohn-Hite 

Ultra-Low-Frequency Band-Pass filters (bandpass 0.1 Hz to 

5 HzO and into the SIE oscillograph. Second, the unfiltered 

data from the analog tape were converted to digital form 

using an analog-to digital converter and a Scientific Data 

Systems SDS 92 computer that sampled the analog data at a 

rate of 2 kHz. 

Possible infrasonic events were initially identified by 

visual inspection of the oscillogram of the filtered data. 

To eliminate possible false identifications produced by wind, 

lightning-induced voltage transients, or switching transients 

in the recording system, the set of possible infrasonic pul¬ 

ses was checked for shape and amplitude of waveforms, for 

evidence of acoustic propagation of the waveforms across the 

microphone array, and for correspondence with a lightning 

event and the resultant thunder. This analysis resulted in 

the tentative identification of 20 infrasonic pulses during 

a 20 min period of analysis near the end of li hr long storm. 

These twenty pulses were then located on the digital 

record (e.g. Fig. 4.1.1) and subjected to an initial cross¬ 

correlation analysis in the manner of Teer (1972), The 
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Figure 4,1,1 An infrasonic pulse measured by an 
array of four microphones. This event, reproduced 
from the digital data, is somewhat unique in that 
the infrasonic pulse arrives just prior to the 
thunder. It can be seen that the arrival times 
of the infrasonic signal are shifted only slightly 
between the different microphone channels, while 
the arrival times of higher frequency signals 
occuring later in the record are shifted by 
larger amounts. The small delay of the infrasonic 
pulse indicates that its origin is in the cloud 
directly over the array. The lower trace has a 
higher gain than the upper three. 
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quality of the crosscorrelation functions led to concen¬ 

tration on six of the events; either low-signal amplitude or 

simultaneous arrival of large-amplitude higher-frequency 

thunder made the others difficult to study. Each of the six 

selected infrasonic events along with other higher-frequency 

thunder signals from elsewhere in the same lightning event 

were analyzed using the crosscorrelation method'described by 

Few (1970); Figure 4,1.2 provides an example of the output 

of the crosscorrelation analysis. 

The arrival times of the signals and information from 

the crosscorrelation analysis was used with a linear ray 

traceing program to locate the origins of the infrasonic 

pulses and to partially reconstruct the lightning channels. 

To locate these events precisely in relation to the ground, 

a more careful reconstruction, which accounts for wind, wind 

shear, and thermal gradients, would be necessary (Few and 

Teer, 1974). However, for the purposes of establishing the 

existance of these infrasonic signals and showing their co¬ 

incidence with lightning in both time and space, the ray¬ 

tracing program utilized for the 1975 data is adequate. 

The analysis of the six infrasonic pulses reveals a 

distinctive, repetetive waveform in which there is a build¬ 

up of pressure during the first half-period, fallowed by ..a 

rarefaction that •decays to the ambient pressure in 

about one-quarter second. Additional oscillations that 

might have been present were below the background noise 
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CROSSCORRELATION FUNCTION 

Figure 4,1.2 A crosscorrelation function (one of 
six) of the infrasonic event shown in Figure 4,1.1. 
Note that the infrasonic signal produces a broadly 
peaked crosscorrelation function and that the 
position of the peak is near zero. Also illusta- 
ted in this example is the correlation peak 
produced by the higher frequency thunder signal 
that arrived at the same time (the sharp spike on 
top of the broad peak). The fact that both peaks 
occur at the same time lag, which is close to zero, 
indicates that both the infrasonic signal and the 
thunder are produced at nearly the same location 
and that the location is nearly overhead. 
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level. The pulses, with a period of 0,5 sec as measured 

from the correlograms, Had an average peak-to-peak amplitude 

of 0,12 N/m , (The largest event observed had a peak-to- 

peak amplitude of 0,58 N/m . ) 

Source location, assuming straight ray propogation, 

places the origins of the pulses in the cloud almost directly 

over the array (elev, 3.2 km) of microphones at an average 

height above the array of 2,2 km within an altitude range of 

1,8 to 2,7 km. Lightning channel reconstruction utilizing 

the normal thunder component places the horizontal portion 

of each lightning channel near the origin of the corre.- 

sponding infrasonic pulse. Only one infrasonic pulse per 

lightning event was observed, and it was never produced in 

the region of the verticle cloud-to-ground portion of the 

lightning channel. (See Appendix B.l for the data.) 

4.2 The 1976 Data 

The 1976 data were reduced for analysis at Rice Univ¬ 

ersity by measuring time delays on the oscillographic record. 

These delays were used to reconstruct the lightning channel. 

The data from the analog tape were not analyzed because they 

had been filtered by a second-order figh-pass filter whose 

-3 db point was at 2.5 Hz, Because of the asymmetric nature 

of the infrasonic pulse, the effect of the transfer function 

of the filter is so unpredictable as to make frequency and 

waveform measurements unreliable. 
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On the oscillogram (e.g. Fig, 4.2.1) thunder events 

were selected for study and associated with an electric 

field change on the EFM trace. On each array one micro¬ 

phone was chosen as having the best acoustic data. By 

visual inspection, pulses on one array were tentatively 

identified with the corresponding pulses on the other arrays. 

Pulse shape, pulse order, amplitude, and time delay were used 

as criteria for identification purposes. 

After the identifications were made, the exact time 

delay from the E-field change for each pulse on each array 

was measured along with pulse width. These values were fed 

into the Interdata 7/16 computer. The positions of the pulse 

were calculated using the thunder ranging method described 

in Appendix A. The resulting positions were then plotted 

using a modification of a plotting routine developed by 

MacGorman (1977). (See Appendix B.2 for the data.) Two 

lightning events without infrasonic pulses were reconstructed 

and included in Appendix B.2 to complete a sequential series 

of events. 

Analysis of the 1976 data confirm the findings of the 

1975 experiment as to the location of the sources of the 

pulses. The infrasonic pulses were always found to come 

from high in the cloud and were spatially associated with the 

horizontal structures of the lightning channel. In some 

events more than one pulse was observed. These multiple 
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pulses could have been produced by the sucessive discharge of 

separate charge storage regions. 
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5. DISCUSSION 

The results of the analysis agree in some aspects with 

the predictions made from an electrostatic-collapse model? 

there is agreement in frequency, amplitude, and location of 

origin (Dessler. 1973). It was shown .that for a disc-shaped 

charge distribution the electric field pressure would be 

approximately , where EQ is the electric-field strength 

at the edge of the charge storage region. From the measure¬ 

ments of the peak-to-peak pressure changes, this implies an 

average electric-field strength just before breakdown of 

1.2 x 10^ V/m. For a disc-shaped region an average thickness 

of l60 m was calculated from the 1975 data using f = c/d, 

where f is the frequency, d is the thickness, and c is the 

speed of sound at the -10°C altitude (324 m/sec). The 

corresponding quantities for a cylindrical charge distribu¬ 

tion differ only slightly from these values. 

All of the infrasonic pulses exhibited the same general 

waveform (e.g. Fig. 5.1). The initial compression in the 

waveform was not predicted by the electrostatic model. 

Previous theoretical work on the electrostatic-collapse model 

had assumed the prior existance of a static high-intensity 

electric field. No reference was made to the time history 

of the development of such an electric field. A possible 

explanation for the positive pressure wave is rapid charge 

separation in the charge-storage region just prior to break- 
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Figure 5.1 Idealized waveform showing the general 
structure found in the 1975 data. 
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down. As the field intensifies, the mutual electrostatic 

repulsion of the charged droplets causes the pressure within 

the charge-storage region to decrease, thus producing a 

disturbance that propagates outward as the compressional 

portion of an acoustic wave. This intensification would need 

to occur on a time scale of 0.25 to 0.5 sec. When breakdown 

occurs, the electric field, which counter-balances the 

external atmospheric pressure on the charge-storage region, 

is suddenly removed. This produces the rarefaction predicted 

from the electrostatic-collapse model. 

The short duration of these intense electric fields 

implied by this electrostatic interpretation of these data 

can explain, in part, the difficulty in obtaining accurate 

measurements of the electric field inside a cloud at break¬ 

down. With accurate knowledge of the shape of the charge - 

storage region and the amplitude of the infrasonic thunder 

generated by the lightning flash,it would be possible to make 

indirect measurements of the interior electric field at the 

time of breakdown. The appropriate geometrical factors 

could be used to relate the electric-field pressure to the 

diminution of atmosphere pressure inside the storage region, 

as measured from the pressure amplitude of the infrasonic 

pulses. 

Ohmic heating could be invoked as an alternateexplan- 

ation of the initial compression. When a charged region is 
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linked to ground or to an opositely charged region during 

breakdown, the charge in the region is collected into the 

main lightning channel. As the charge flows from its storage 

position, the resistance it meets causes most of its energy 

to be transfered to the atmosphere in the form of heat. This 

heat, injected into the atmosphere by the diffuse filamen¬ 

tary structure of the charge flowing into the main channel, 

would cause the atmospheric constituents to expand thus 

producing the initial compression. 

If this mechanism is operating here, the size of the 

initial compression can be used as another measure of the 

total energy involved in a lightnirg discharge. This is 

possible if the shape of the charge-storasre region, which 

can be deduced from the beam pattern of the infrasonic 

signal is known. 
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6. CONCLUSIONS 

Under proper conditions, it is possible to detect and 

measure infrasonic emissions in the 1 Hz region produced by 

electric discharges in thunderstorms. The origin of the 

pulses is not heating in the hot channel becauset 

(1) The pulses never come from the verticle 

portion of the cloud-to-ground channels 

where channel heating is strongest. 

(2) Long portions of horizontal channels 

are observed to emit thunder signals but 

no infrasonics, 

(3) A hot channel heàting mechanism would produce 

many pulses each associated with a major 

verticle channel element. 

Although the exact mechanism for producing infrasonic pulses 

is not known, the evidence is consistant with a modified 

electrostatic-collapse model. 
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7. FUTURE WORK 

The infrasonic signal is a characteristic emission 

from the discharge process. As such, it must be investi¬ 

gated further if the complete electrical nature of the 

thunderstorm is to be understood. Additional theoretical 

work is necessary to explain the positive precursor and 

further quantify the phenomenon. Experimental work is 

necessary to define the radiation pattern, of the emmitting 

source and provide better data on the waveform and its 

period and amplitude. 
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APPENDIX A. THUNDER RANGING 

A.l Motivation 

One way to study the structure of lightning inside 

thunderclouds is by decoding the acoustic signals generated 

by the lightning channel, Basicly there are two different 

techniques for analyzing these signals; there are 1) channel 

reconstruction by ray tracing, and 2) thunder ranging. 

Ray tracing has been described by Few (1970) and Few and 

Teer (197*0. This method is accurate and provides detailed 

information about the lightning channel, but it requires 

large amounts of manual labor and computer time, Thunder 

ranging, on the other hand, is quick and simple but does 

not provide as much detail on the structure of the lightning 

channel. The accuracy of thunder ranging has been discussed 

by MacGorman (1977). 

The concept of thunder ranging is to take the line-of- 

sight distance from an acoustic source to a triangular array 

of three microphones of known location, and by some method 

calculate the position of the acoustic source. There are 

several mathematical approaches that may be taken depending 

upon the configuration of the microphone array and the 

personal preference of the experimenter. Few (197*0 and 

MacGorman (1977) present methods for the special case of a 

right-triangular configuration of microphones. However, in 
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many field situations it is difficult to form a right 

triangle with the microphones due to topography and vegata- 

tion, which make surveying difficult and may limit the 

availability of microphone sites. Therefore it would be 

desireable to have a general solution for an arbitrary three • 

dimensional position of the microphones. 

A.2 Linear Algorithims 

To make use of the full potential of thunder ranging 

any solution should have three characteristics: 

(1) The algorithim should be quick to execute, 

(2) . It should provide a unique answer without resorting 

to human intervention; such as, for choosing the 

physically meaningful root of a quadratic equation, 

(3) The core of the algorithim, i.e., the portion which 

must be processed for each data point, should be 

simple enough to do by hand or to be programed on a 

hand calculator or small computer, so that the data 

may be initially analyzed in the field where large 

computer facilities may not exist. 

While outwardly the most straightforward method, an 

extension to three dimensions of the intersection of three 

spheres presented by Few (197*0 and MacGorman (1977) produces 

an algorithim that fails on at least the last two criteria. 
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This algorithm .involves the solution of a system of three 

equations each quadratic in three unknowns. The profusion 

of roots and the complexity of the analytic solution make 

this a cumbersome process. A more mathematically simple 

solution can he derived by reducing the body of the problem 

to one soluble in only two dimensions. One such solution is 

contained in the balance of this discussion. 

A.3 The Range 

A clap of thunder produced by a large section of a 

lightning channel will be detected at the three microphones 

at times T^, T£, and T^ measured from the time of the 

lightning flash. The ranges from the channel to the 

microphones, R^, R£, and R^, are calculated by 

Rj_ = oTi (A.l ) 

where c is the effective speed of sound. This speed of sound 

may be assumed to be a constant quantity over the whole 

atmosphere or an average quantity that includes the effect 

of wind, wind shear, and thermal gradient. MacGorman. 1977 

concluded that thunder ranging is not as sensetive to wind 

and thermal effects as is ray tracing and that the uncer¬ 

tainties in thunder ranging are dominated by other effects. 

One improvement over an isothermal atmosphere that can 

be made without detailed knowledge of the real atmosphere is 
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to assume a constant lapse rate. The speed of sound at the 

ground in m/sec as a function of temperature is given by 

c = = CSRT )* = 20.11T * (A.2) 

where T is the absolute temperature in degrees Kelvin at 

the ground. This value of c may be used to generate an 

initial value for the position of the thunder source. With 

this value an average temperature may be calculated from 

■ z_ 1 

c = 20 
z 

(T - rh)- dh (A.3) 

where z is the altitude of the source from equation A.21.3 
O 

and r is the standard atmospheric lapse rate (6.5 x 10 

°C/m). Equation A.3 can be evaluated to give 

z_ 
c = -20.11 . (T - rh) 

r7. S 

3/2 

0 

= 2062. 56 (T 3^2 - (T - 6.5 X 10"3z )^Z) 
2 o o ^ 

3 (A.4) 

By use of equation A.4 in an iterative algorithim it is 

possible to produce successively better values for the 

position of the thunder source. The iterations should be 

carried out until the altitude (eqn. A.21,3) changes by less 

than some value comparable in size to the uncertainties 

produced by other effects. A value of 50 m to 100'm is 

suggested. 
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A,4 Coordinate Systems 

A.4,1 Geographic Coordinates 

The position of the microphones must "be determined by 

survey. To facilitate comparison of the results of thunder 

ranging with those of other experimenters, the microphones 

should be located relative to some master coordinate system; 

such as, the local topographic system established by the 

United States Geological Survey (USGS). The USGS system is 

a right-hand system in which X is positive in the east 

direction, Y is positive toward geographic north, and Z is 

positive toward the local zenith and referenced to mean sea 

level. For the horizontal distances encountered in acoustic 

lightning reconstruction (in general less than 20 km), the 

curvature of the Earth may be neglected. In the USGS 

system, microphone #1 (M^) will be located at (X^.Y^Z^), 

microphone #2 (Mg) at (XgjYg.Zg), and microphone #3 (M^) at 

(X^.YyZ-^) where the microphones are numbered clockwise 

starting with the northern most array. 

While these positions are easy to survey, the thunder 

ranging problem cannot be solved simply in the USGS system. 

Define two local coordinate systems (x,y,z) and (x^y'.z'); 

both having a common origin at on of the microphones; 

such as, Mg, Let the axes of the local ground system 

(x,y,z) be parallel to those of the USGS system, and let the 

z = 0 plane be at Zg from the Z = 0 plane. 



35 

The microphone system (x*,y',z*) is the system whose 

z* = 0 plane (the microphone plane) is defined hy the three 

microphones, where x' is positive in an easterly direction 

and y' is positive toward geographic north. These defin¬ 

itions will allow quantities to be mapped from one local 

system to another using a transformation matrix. With the 

origin of the local ground system defined to be at Mg, the 

position of the microphones are transformed from the USGS 

system into the local ground system as? 

Mi = (
X
I-

X
2'
Y
1~
Y
2«
Z
I-

Z
2) ~ (A.5) 

Mg = (X2~X2,Y2-Y2,Z2-Z2) = ( 0, 0f 0) (A.6) 

M3 = ( X -x 21Y ^ -Y 2 » z ^ -z 2) — (A.7) 

A.4.2 The Transformation Matrix 

To map position between the ground system and the 

microphone system it is necessary to obtain the angle 

between the x and the x' axes and the angle between the y 

and the y* axes. Let V^g Le a vector in the in the USGS 

system directed along the line from to Mg? such that, 

Vig = -x^ -y^ (A.8) 

and let V^2 be a vector directed along the line from to 

Mgj such that, 
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Then, 

= -y3S -Z3IC U.9) 

a ^ 
V XV = v12 * v32 1 

-XJ 

5 

-yl 

’y3 

A- 
k 

’z] 
-z, 

3 ^ylz3"y3zl^ + (X3zx“xiz3^ 
+ (x1y3-

x3y1)^ 

*» Ai + Bi + Ck 

(A.10) 

where z* is normal to the microplane plane. The projection 

of z* on the yz plane gives the angle X 1 between the y and 

y' axes where 

^ » tan"*(B/C) (A.11) 

The angle between the x and x' axes is given by 

v- _ . -1 z*« x _ . -1  A  
*2 - am -p) - ™ (A2+B2+C2)4 

(A.12) 

Quantities may be mapped from one system to the other using 

the transformations 1 

x' 
y* 
z' 

H 

H' 

x * 
y’ 
z* (A.13.1) 

(A.13.2) 
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where 

H = 

c°s * 2 

0 

sin U“ g 

sinl£^sinY2 -cos Y^sintf'g 

cos sin 

-sin tt^cos Y2 
COS

 V^COS Yg 

(A.13.3) 

A.5 Location of the Thunder Source 

The range from the two pairs of microphones and the 

distances between the two microphones in each pair are used 

to form two triangles (e.g. Fig. A.l). Since M2 is located 

at the local origin let R2 be common to both triangles and 

let the projection rr^* of the source onto the microphone 

plane be positive in the direction to M2 where i is 1 or 

3. With some manipulation 

rr 1 (A.14) 

and 

(A.15) 

where 

Di2 ” *xi' 
yi2 + zi2)i 

The thunder source S lies somewhere on the circle of 

radius h centered at rr^'. The projection of this circle 

onto the microphone plane is a line perpendicular to the 

line defined by the microphones. In Figure A.2 there are 



38 

.5 

Figure A.l The determination of the horizontal 
distance in the microphone plane from M? of the 
thunder source, 4 
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Figure A,2 Thunder source ground zero determination 
using plane analytic geometry. 
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four straight lines whose equations in the microphone plane 

are* 

#1 y* * ax* + b (A.16,1) 

#2 y* » -x'/a +■ c (A.16,2) 

#3 y* = dx' + e (A.16.3) 

#4 y' * -x'/d + f (A.16.4) 

Since the origin is at M2* 

b = e = 0. (A.17) 

Using the positions of the microphones, the slopes of lines 

1 and 3 are 

a 

and 

(A.18.1) 

(A.18.2) 

respectively. 

The quantities rr^' are polar vectors along lines 1 and 

3 whose polar angles relative to the positive x* axis are 

©^ = tan-1a (A.19.1) 

and 

©2 * tan
_1d . (A.19.2) 



To get the equations of lines 2 and 4, the projections of 

the circles containing the thunder source, set equation 

A.16.1 equal to equation A.16.2 and equation A.16,3 equal to 

A.16.4, where x^ is equal to rr^'cos and solve to get c 

and f. This yields 

c * (a + l/ajrr^cos 0^ (A,20.1) 

and 

f =* (d + l/djrrg'cos (A.20.2) 

The projection of the thunder source on the microphone 

plane will he at the intersection of lines 2 and 4-, Set 

equation A.16.2 equal to equation A.16.4- and solve for x * 

to get 

V = l/a - 1/d (A.21.: 

where s denotes the position of the source. Substituting 

this value into equation A.16,2, get 

y * * -V + c 
3 a 

The altitude of the thunder source is 

(A.21.2) 

z f 

s (A.21.3) 

where the positive root is taken, since in most cases the 

negative root would place the source underground. This 
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position (x *,y_*,z ') is converted to the ground system * s s s 

using equation A.13.1 to get (x_fy_,z_). In the ÜSGS system 
o S S 

the source is located at 

XS = *S + X2 - (A.22.1) 

rs = y3 
+ x2 - 

(A.22.2) 

zs “ *s + Z2 ' (A.22.3) 

A.6 Unnhysical Answers 

One of the attractive features of thunder ranging is 

that it can he done with measurements made hy hand from 

analog records; such as, oscillograms. This avoids the 

large amount of labor necessary to render the data into a 

form that can be directly read by a computer doing ray 

tracing. Such rendering typically must be done in real 

time and all available data must be converted at the same 

time because of the set-up time of the associated hardware. 

This elimination of direct computer readability, and 

therefore the ability of the computer to test numerous 

possible solutions (which arise from the non-zero width of a 

pulse of thunder), increases the need for the experimenter 

to exercise his judgement to chose the most probable solution. 

MacGorman (1977) provides a lengthy discussion of the 

problems confronting the experimenter. 
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There are two sources of obviously unphysical answers. 

The first is "imaginary* altitudes mentioned by MacGorman 

(1977). This occurs when the radicand of equation A.21,3 is 

negative. The second is the "impossible triangle". This 

occurs when the time delays chosen do not permit the 

formation of in figure A,2, Usually this error 

produces imaginary altitudes also, but cases have been 

observed where a real but invalid altitude was produced that 

was similar to the altitudes produced by the valid data. 

Any thunder ranging algorithim must test these errors separ¬ 

ately because equations A,14 and A,15 do not automatically 

indicate unphysical answers. 

Once these errors are detected during the first 

processing run, the experimenter can return to his analog 

record and remeasure the delays. The type of error can be 

used as a guide to the necessary corrections. The data may 

then be reprocessed. This sequence may be repeated as many 

times as necessary to produce either a no-error condition, 

or to convince the experimenter that the point is not 

associated with that lightning event. These iterations must 

be halted as soon as a no-error condition is produced. An 

iterative process to eliminate errors is valid as long as the 

possible solutions are chosen from within the widths of the 

pulses or are valid alternate identifications. It is 

necessary to resist the temtation to improve the data by 



adjusting the. delays until a desired result is obtained. 

Effective thunder ranging is best done by an experimenter 

who is so familiar with the data that he can recognize 

recurring patterns and waveforms, and can associate these 

with specific parts of a lightning channel. 

This algorithim is more than just a one way method for 

producing an answer. It is a diagnostic tool which the 

experimenter can use to quickly confirm his judgements about 

possible solutions. With the experimenter in the iterative 

loop the human mind can be used to avoid the large amount 

of computer effort necessary to brute force test all possible 

solution. 

A. 7 Uncertainties 

Once the locations of the claps of thunder are 

determined, uncertainties must be assigned. According to 

MacGorman (1977) the most significant uncertainty is due 

to non-zero pulse width. This is because it is seldom 

possible to identify an individual sharp clap on all three 

microphones. Usually the identifiable structures are broad 

pulses in which fine detail cannot be seen. It can be shown 

that the maximum uncertainty in the microphone coordinate 

system of a..source is given byi 
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AV 
c2 Cd(a2+l)cos T- AT- 

~WW C 5^2 

+ fod2*1)008^! T?AT3 
D32 
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- 

,_2 
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+ys* |(dÆ+l)cos©3 _ (a

6+l)cosÔ1[ I T ^ 

L d* Jr ! 
(A.23.3) 

where is the time to the center of the pulse and AT^ is 

the half-width of the pulse. - These uncertainties may be 

transformed into the USGS system using equation A.13.1 
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APPENDIX B 

B,1 The 1975 Reconstructions 

This appendix contains the six reconstructions from the 

1975 data taken at Langmuir Laboratory near Socorro, New 

Mexico, The data points are displayed relative to local 

ground level, which was at an elevation of 3.2 km, and 

centered on the microphone array. The position of the 

microphone array is indicated by the large cross in the 

plan view. 

Symbol Key: 

^rj - infrasonic pulse 

+ - higher frequency thunder clap 
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B. 2 The 1976 Reconstructions 

This appendix contains the ten events reconstructed 

from the KSC storm of 13 July 1976. The data points are 

displayed relative to sea level and are centered on the KSC 

weather radar located at Weather Substation "B". In the 

Florida East Zone coordinate system, the radar is at 

coordinates 183,054 m East and 475»398 m North. The radar 

is indicated by the large cross (-H in the plan view. The 

events from 18s03»05 UT to 18:10:42 UT constitute a 

complete sequence of events with the exception of two small 

events. 

Symbol Key: 

□ - infrasonic pulse 

+ - higher frequency thunder clap 
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Event 18I15I18 UT 

Note the extreme altitudes produced by this 
interpretation of this event. This event 
is possibly two overlapping events. 
Crosscorrelation analysis of this data in 
the manner of Few. 1970 is necessary to 
separate the two events. This example 
illustrates the limititations of the thunder 
ranging technique. 
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