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BALI, LIGHTNING CHARACTERISTICS
by Warren D. Rayle

Lewis Research Center

SUMMARY

Surveys of NASA Lewis Research Center personnel were conducted to obtain
information about ball lightning occurrences. A comparison of the frequency of
observation of ball lightning with that of ordinary lightning impact points
reveals that ball lightning is not a particularly rare phenomenon. Contrary to
widely accepted ideas, the occurrence of ball lightning may be nearly as
freguent as that of ordinary cloud-to-ground strokes.

Detailed descriptions of 112 ball lightning events were cobtained. Corre-
lation techniques applied to the set of descriptions failed to pick out any
strong connection between factors such as brightness, size, duration, or color.
Thnis result, along with the reported constancy of appearance of the balls,
makes it appear unlikely that they represent the slow dissipation of stored
energy.

Ball lightning diameter estimates follow a log normal distribution. Such
a distribution also represents the quantity of charge in lightning strokes and
has been associated with the field intensities in sferics (electromagnetic dis-
turbances) from thunderstorms. The similarity of these distributions, while
certainly not conclusive, suggests that such quantities may be related.

Two different categories of events are tentatively identified among those
reported. In one the ball appears after a lightning stroke to ground and re-
mains and ends near the ground. In the other the ball is first seen in midair
and remains aloft, vanishing without noticeable disturbance.

INTRODUCTION

Reports and observations concerning the phenomena labeled "ball lightning"
have appeared for centuries. The subject has become enmeshed in folklore, with
stories concerning the behavior of ball lightning that are indeed marvelous and
strange. Intermittent scientific interest in this subject has intensified
within the past decade. The possible connection of ball lightning with plasma
physics is partly responsible for such renewed attention.

Various summaries of reports on this phenomenon have been published. Re-
cent surveys by MeNally (ref. 1) and Dzwan (ref. 2) and two bibliographies



(refs. 3 and 4) are particularly useful. In one case, a circult breaker aboard
a submsrine was reported to emit a luminous sphere which may be of similar
character (ref. 5). Descriptions of ball lightning observations such as those
gquoted by Stekol'nikov (ref. 6) include a great variety of appearances and be-
haviors. Numerous physical models have been proposed to account for the forma-
tion and continuing existence of a lightning ball. These include models based
on the assumed plasma character of the sphere (refs. 1, 2, 4, 5, 7 to 12) as
well as one based on inhomogeneous space charges (ref. 13) and another using
chemical processes (refs. 14 and 15). One of the barriers to a satisfactory
model has been the assumption that the mzchanism must account for stored ener-
gies on the order of 106 Joules. These energies are deduced from reports of
one or two instances.

One difficulty in dealing with this subject 1s the lack of agreement as to
a definition of ball lightning. The term has bzen applied to almost any type
of aerial luminosity. ©Some of the oceurrences can undocubtedly be explained in
terms of corona discharges or Saint Elmo's fire. Others might be incandescent
or burning material thrown from the point of impact of a lightning bolt. A
wide variety of less probable mechanisms can be invoked to account for isolated
observations. Finally there is always the possibility that any particular
report may be inaccurate. Some investigators, using the etymological approach,
apparently feel that the ball lightning label should be restricted to phenomena
that are literally lightning in the shape of a ball. Such an approach may be
the source of occasional disputes as to whether ball lightning exists.

To avoid such difficulties, this report will adopt the lexicographical
approach and accept as ball lightning any phencmencn that an observer has so
labeled. As a consequence, fundamentally different phenomena may be included.

Although not in complete agreement, the summaries of ball lightning reports
generally indicate that very wide ranges of size, duration, color, brightness,
and motion have been attributed to ball lightning. Sizes range from a few
centimeters up to many meters; durations from a fractional second up to tens of
minutes. Nearly all colors have been cited, and motions have been reported in
diverse directions and velocities. The very range of characteristics seems
immediately to imply either observational inaccuracies of great extent or a
diversity in the types of phenomena included.

Certain accounts imply that ball lightning may involve substantial amounts
of energy (on the order of 108 J). Any process caupable of storing such energy
or of confining an energetic plasma for appreciable periocds is of obvious in-
terest. Nevertheless it must be stressed that the occurrences from which such
energy estimates can be made are but a tiny fraction of the total reported,
actually only a few total instances. On the other hand, many reports are avail-
able implying negligible energy, glowing spheres that disappear quietly.

Theoretical models that have been proposed have often been criticized for
their inability to account for the extreme, high-energy manifestations of ball
lightning. It has been repeatedly pointed out, for example, that the 106 Joules
sometimes asscociated with a lightning ball exceeds the energy involved in the
ionization of an eyuivalent volume of air. Furthermore, the recombination of
such a volume of ionized gas would take place with great speed. Such consider-
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ztions led Kapitza (ref. 4) to propose 2 mechanism that depends on the postu-
lated existence of an intense electromagnetic radiation to supply a continuous
energy input. A plasma spheroid so sustained would exhibit a characteristic
dimension related to the radiation wavelength; it would also tend to move in a
manner unrelated to air movement.

Such a process would explain some of the reported ball lightning features:
constancy of size, erratic motion, even a possible small bang as the sphere
collapses. Unfortunately there appears to be no other evidence for the exist-
ence of such intense and prolonged naturally occurring radiation. It might
well be possible to use such a system to produce a spherical plasma in atmo-
sphere, but this would not prove that any of the ball lightning phenomena arise
in like manner.

The ball lightning phenomena are not easily studied. The occurrences are
unpredictable and sufficiently infrequent to minimize the chances of bringing
‘analytical instruments to bear. Consequently it is advisable to attempt to
extract the maximum amount of information from those ococcurrences that have been
observed even though the circumstances of the observations may preclude a high
degree cof accuracy. In principle, given a large body of observations of these
phenomena it should be possible to use correlation technigues to extract signif-
icant relations among the characteristics and cilrcumstances of the observa-
tions. One might say that the signal-to-noise ratio in the raw data is low, but
that the signal can still be extracted by the processing of a sufficient quan-
tity of data.

This report describes a pair of surveys conducted among the employees at
NASA Lewis Research Center. The first questionnaire located persons who had
observed ball lightning; the second obtained detailed descriptions of such ob-
servations. In evaluating the results of the questionnaires, a simple correla-
tion techniqgue was employed to determine whether factors of occurrence, be-
havior, and characteristics were connected in a manner implying functional re-
lations. The descriptions were also examined and compared in an attempt to
identify fundamentally different types of ball lightning events.

A study of this type depends for its success on the cooperation of a large
number of people. The interest and enthusiasm of those responding to the sur-
veys 1s deeply appreciated. Thanks are due to Dr. G. Rand McNally, Jr., of
Oak Ridge National Iaboratory both for permission to cite his unpublished re-
sults and alsc for his helpful comments on the preliminary draft of this report.

FIRST SURVEY

A questionnaire, shown in appendix A, was distributed to approximately
4400 employees in April 1963. It sought information concerning the frequency
of observation of ball, bead, and ordinary lightning as well as information
concerning the frequency of exposure to thunderstorms. An added question asked
whether the observer would be more inclined to watch or not to watch given the
opportunity. The responses of 1764 observers are tabulated in table I.

The guestion concerning attitude revealed that 930 preferred to watch



TABLE I. - RESPONSES TO PRELIMIWARY URSTIONNAIRE

Lightning Times seen Total
number
No unswer| 1 4 S owe ol >4 |cbserving
L or D
Ordinary < impact) 1355 174 %{ ) 354 17 400
Ball 1584 111 34] s v 120
Bead 1652 200 50 10 22 112
Ubserver lucatlon Thunderstorm exposures per year
No answer (0 to 1] 2 Sl A Lo B >6
Outdcors 22 74€ 7L 155 | 101
Automsbile 50 SO0 30 165

lightning displays, 105 preferred not to watch them, and 718 had no preference.
The question was not answered by 11.

The first survey was intended primarily tc locate observers of ball and
bead lightning from whom more detailed informeiicn would be requested. The
additional questions concerning exposure freguency and attitude, as well as the
guery on ordinary lightning impact observations, served to encourage responses
from people who had witnessed nelther ball nor besd lightning. In addition, the
crdinary lightning observations could be used to prrvide a rough comparison of
the frequency of occurrence of the various forms.

The results reveal Immediately that ball lightning as defined herein is
not particularly rare. The number of persons repoerting ball lightning observa-
tions is 44 percent of the number reporting observation of ordinary lightning
impact points. The bead lightning observers were fewer, about 27 percent as
numerous as the ordinary lightning impact observers. The total number of ob-
servations of each type, accounting for multiple cbservations, can be used to
provide similar ratios. The ratio of ball lightning to ordinary lightning ob-
servations reported is about 0.37; the ratic of bead lightning to ordinary
lightning observations is about 0.33.

The above figures represent the relative freguency of observation. The
much more significant frequencies of occurrence can be deduced by taking into
account the relative observability of each type. The definition of the ordi-
nary lightning impact point used in the gquestionnaire was intended to provide
phenomena with an observability nearly the same as that for ball lightning.
The observability of a beaded lightning stroke should be substantially greater
than that of the cother types. From the numbers cbtained, the freguency of
occurrence of ball lightning phenomena may be estimated as 0.1 to 1.0 times the
frequency of ordinary lightning strokes to ground. Beaded lightning might
similarly be estimated to occur with a freguency less than 0.003 times that of
ordinary ground strokes. This assumes that beaded strokes are observable more
than 10 times as far away as the ground impact pcints.

The freguency of occurrence of ball lightning deduced herein is at vari-
ance with that assumed by most writers on the subject. The literature is
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liberally sprinkled with such terms as "rare form of lightning," "unusual
luminous forms," "relatively rare phenomenon," and '"rare events." It is true
that an individual will rarely observe ball lightning. From the results herein,
only about ten percent of the psople responding to the first questionnaire had
observed it. But by the same criterion, one should also call ordinary lightning
strokes to ground "rare events" in that only about 23 percent had seen such
strokes at close range; however, most people do not consider ordinary lightning
as "rare." Therefore, such terminology applied to ball lightning gives the
impression that it is much less frequent than ordinary lightning, which accord-
ing to this survey is incorrect.

The frequent occurrence of ball lightning events has interesting con-
sequences. Principally, 1t demands that any explanation put forth to account
for a significant fraction of such events not depend on extremely unlikely cir-
cumstances. For example, it would appear unprofitable to search for mechanisms
based on extremely large stroke currents (say over 100 000 A). As another
example, one source (ref. 12) suggests that an ordinary bolt striking very near
a surface with an aperture might produce a plasmoid in a manner similar to the
generation of a smocke ring. Obviously the fraction of events attributable to
such a process 1s completely negligible.

The frequencies found would not be incompatible with the possibility that
many or even most lightning strokes to ground generate ball lightning; however,
it would be rash indeed to leap to such a conclusion.

SECOND SURVEY

Followup questionnaires of the form shown in appendix B were distributed
to those responding affirmatively in the first survey. Returns were received
describing 112 ball lightning events. This questionnaire was designed to pro-
vide a large amount of information concerning the circumstances in which the
event was observed, the behavior and characteristics of the phenomenon, and also
the extent to which after effects were noted. The form of the questionnaire,
forcing responses to be placed in preselected categories, facilitated subse-
quent statistical treatment. In addition, for each of the 56 specific questions
a space was provided to permit an indication of the degree of certainty. This
was intended to encourage pecple to answer according to their best recollection,
even though they were unsure of its accuracy. The certainty factor could then
be used in processing the results if needed.

On the questionnaire reproduced in appendix B, the numbers in the blanks
represent the total responses. The certainty column responses are not indi-
cated, because they act only to modify the significance of the primary answers.
The distribution of certainty responses is shown at the end of the guestion-
naire. Appendix B includes the coding used to convert the descriptions to a
form amenable to machine processing. The coded form of the complete set of 112
event descriptions is given in appendix C.



PROCESSING CF RESULTS

The distribution <0 responses to many of L .- oiosbions is in itseli of
conslderable interest, lidicating the range of o tricteristics that may be
assocliated with ball 11ghtning. This is the s vy 7 information that has pre-

covers more factors tnan 4id

viously been collected, although the przoent sta
most praevicas cnes. The original objective i study was to determine
whether significant correlations could be traced between descriptive psrameters.
To do this 1t was convenlent to divide t.s respses to each of 46 questions
into two categories, striving to maintain an appreciuble fraction in each., This
binary arrangement of responses is indicsted in appzndix B by the asterisks
following the code numbers. TFor a given yuestlon, tnz asterisked responses ars

combinad to give the class @ response; the doul wsterisk similarly Indlealos
class b response. Varilous exceptions and speciul cnses are indicated by fouot-
notes.

The %© test was applied to the data in tho binary (groaped) form to
determine whether signifiicant relations existed zmoag tre 46 parameters. This
test 1s commonly used tu determine whether two jquantities may be related (or
more przcisely, to test the hypothesis that thoy unrelated). A detailed
treatment may be found in any standard text on istics (e.g., see p. 252 of
ref. 18).

[

The calculations off X% can best be shown with an example. Take the
reported brigntnesses and durations of the ball lilghtuing events (columns 27
and 42). The two brightness classes are (&) those lescribed as either "as
bright as an ordinary lightning stroke" or "bri cnough to 1lluminate nearby
objects” and (b) those described au either "brigit 2nough to be clearly visible
in daylight" or "bright =snough to be barely visible in daylight." The two
daration classes are (a) those described as lasting € ssconds or less and (b)
those lasting more than 6 seconds. All the eveonts for which estimates of these
two parameters were made can be listed in a two-wuay table, as shown in table II.
The number in each of the four blocks 1s the number of events reported to nave
the indicated combinaticn of characteristics.

Ci ot

For tie general case of a table with r rows and ¢ columns, the equa-
tion for X2 can be written

TABLE IT. - BRIGHATHEG: AND DURATION

1
(Ni 5= Ny )2
DESCRIFTICHS OF BALL LIGHTHING x?j _ ,JNl 2 d
o B ) 1,3
BI‘ZLLM ne Totals i=1 j=1
where Ny f iz the expected value for
) )
T D o N; : obtained from the relation
‘ - . o 1,4
Class by e = b Rd = Jz
(more brighs) R.C.
! i
I F i R - We o o= —d
Class b My o= SO|HL = PR, = 62 154 N
7 . 8 >, 0
(less bright)
R N I ase - WO = )
T otals C, =48] G, = o |7 = o4 n the case of the two-way table, the
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above equaticn for X2 can be simplified to
2
X2 = N <Na,aNb,b - Na,bNb,a)
RaBpCalp

which, when the numerical values are inserted, gives X2 = 1.34. The signifi-
cance of a glven value of X2 depends on the degrees of freedom, which for an
r-row, c-column table is the product (r - 1)(e - 1). For this example, with
one degree of freedom, there is a probability of about 0.25 that values of X2
exceeding 1.34 will arise through chance alone (ref. 16, p. 401). The result
is compatible with the hypothesis that the parameters are unrelated. Conse-
gquently, no conclusion can be drawn concerning a possible relation between ball
lightning brightness and duration.

Significant information may have been lost when the answers to each ques-
tion were collected intc only two groups. The original coding of the questiori-
naire responses provided four brightness descriptions and eight duration
descriptions. Ideally, & four-by-eight table siliould have been used to calcu-
late Xz; hovever, the :sumber of descriptions is too limited to make such a
caleulation meaningful. When the expected number for any block in table IT
falls below four or five, the tabulated probabilities assoclated with values of
X2  become very approximate.

A digital computer was used to compute values of X2 for all the 1035
relations among the 46 parameters. From such a large number, some apparently
significant corrzlations can be expected to appear purely by chance. The intent
of the study was not to establish or prove rigorously the existence of signifi-
cant correlations, but merely to locate correlations of possible significance
that might provide some insight into the ball lightning processes.

Significance of Correlations

If various fundamentally different phenomena are included in the reported
observations, the correlation technigue used can be expescted to give relatively
weak correlations. Suppose that the set of observations includes phenomena of
types A, B, C, etc. If two characteristics such as diameter and duration are
strongly related in type B but unrelated for the others, the maximum value which
may be anticipated for X* becomes

N

2
2 B

x W

where Np 1s the number of events in category B. This is in contrast to the
maximum value for completely correlated characteristics of

2 ~
Xmax ~ N

when the relation exists throughout the entire set.



For a set of 100 reports, such as that being discussed herein, a subset of
20 might give an overall correlation of the order X2 =~ 4. When the effects of
random variation in report accuracy are included, 1t appears evident that sub-
sets this small would not give strong evidence Jf their presence.

Identification of Types of Ball Lightning

Another technigue was used in the attempt to identify categories or types
of phenomena reported as ball lightning. Thirty of the 46 parameters were
selected as being most apt to distinguish betweern such types. Each reported
observation was thus characterized by a set of 30 indexes. The binary (grouped)
form of the descriptions was used. Class a responses were assigned the numeri-
cal value -1, class b responses the value 1, and no response the value O. Fach
of the 112 ball lightning descriptions was thus transformed into a set of 30
numbers. In this form it could be considered to correspond to a point in 30-
dimensional space with its location along any dimension given by one of the
values -1, O, or 1. A measure of the dissimilarity of two descriptions is the
distance separating their corresponding points. The distance between the kth

and rth points Sk,r is given by
30
2
Xk‘j\.r

where x& is the locasion of the k®h point along tie ith qimension.

A computer program was set up to arrange the 112 =vent descriptions in an
order such that the sum of the SZ between each pcint and the two preceding
points

+ 52

S nnc,

n,n- -1t

was minimized. The starting point was taken to be the origin x1 = 0. 1In the
event of ties, the distance to the third preceding point was used to control
the selection. This procedure yielded an ordered list of the 112 descriptions,
with an indication for each of 1ts distance from the preceding two points. If
a number of descriptions were basically similar, thesy should appear as a group
in the sequence with relatively small interevent distances.

DISTRIBUTICN OF RESPCHSES

Some tentative conclusions can be drawn from the distribution of responses
to the questions. OSuch data must be interpreted cautiously, since they repre-
sent the combination of three factors: the actual freguency of occurrence, the
observability, and the observer error. What is desired is, of course, the
actual frequency of occurrence. This may differ considerably from the reported
frequency.

If for a given parameter p the reported freyuency distribution is fr(p),



it is related to the actual frequency of
seccurrence f,(p) by

Observability, n(p)ﬂ\‘ o 0
—— f.(p) = f n(p*)f.(p*)G(p,p* )dp*
0

-~
el
" ~Actual distribution, f(p)

i ~~{_ - Reported distribution, f.(p) whore 7(p) symbolizes a relative observa-
‘ Tl bility coefficient and G(p,p*) represents

~

the probability that an occurrence at p*

Parameter, .
P will be reported at p.

Figure 1. - Possible relation between actual and reported

frequency distributions, reflecting both observability . . . .
and observer error factors. Such an egquation is of little practical

use, because of the difficulty in assigning

functional form to either the error or the
observability parameters. The relation does point out the obvious extremes; that
a reported distribution could be the actually occurring one with uniform ob-
servability and no error or that it could be only the observer error applied to
a single-valued phenomenon. It also appears obvious that unless the error and
observability parameters are very peculiar in their form, their effect should be
to broaden and possibly displace any peak that exists in the real distribution.
This effect is demonstrated by the curves sketched in figure 1. The error
parameter G(p,p*¥) is not shown but may be considered Gaussian in character.
This figure serves to indicate that the reported distributions should be taken
only as possible representations of the real events. It 1s conceivable that
peaks apparent in the reported distributions might result only from the observa-
bility factor; however, any statistically significant peaks in the reported
frequencies should generally correspond to sharper peaks in the actual fre-
guencies.

Ball Lightning Duration

The distribution of duration estimates obtained in the present survey is
compared with that obtained by McNally (ref. 1) in figure 2. The two distribu-
tions are not identical but follow very closely the same form. In both surveys
the cbserver was free to indicate any duration, by filling in a blank (McNally's
survey) or by checking a location on a continuous scale. The present survey
obtained such estimates from only 95 observers, as compared to the 447 obtained
by McNally.

For both surveys, the frequency with which a given duration 1s observed
(corresponding to the slope of the plotted curves) is greatest for durations
less than S or 6 seconds. These short-duration estimates are fairly uniformly
distributed; the present study provides some indication of a most probable
duration in the 4 to 5 second region. Both studies agree that a substantial
fraction, 8 to 12 percent, are described as lasting for over 30 seconds. The
median duration for the present data 1s about 6 seconds; for the McNally curve
the median is less than 4 seconds. The difference between the two distribu-
tions could be the result of the differing populations and geographical loca-
tions from which the data were drawn. They could alsoc be attributed to the
small size of the present sample.
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In attempting to cornnect the observed duration distribution with a ball
lightning mechanism, it must be borne in mind that the durations estimated are
not the durations of the ball lightning phenomena but rather the durations of
the observations. In the present study, 56 percent of the observers reported
that the ball was not seen to originate; 30 percent reported that it was not
seen to end. Such fractional observations will tend to increase the freguency
of the short-duration observations in comparison to the frequency of the actual
occurrence durations. On the other hand, the probability that an event will be
observed undoubtedly increases with itg duration. In addition, systematic ob-
server error must be considered. A brief, highly stimulating event is apt to
have its duration overestimated. These effects should be partially compensa-
ting. Nevertheless, the reported distribution of ball lightning observation
durations should be expected toc differ somewhat from the actual distribution of
ball lightning durations.

Ball Lightning Diameters

Various characteristic diameters for ball lightning have been given by
different authors. The distribution of diameter estimates obtained in the
present survey 1s plotted in cumulative or integrated form in figure 3. If a
probability scale is used on the abscissa and a logarithmic scale on the ordi-
nate, a fairly good straight-line relation is obtained both for the present data
and for that of MeNally (ref. 1). The median of the distribution appears at
about 14 inches for thz present survey and at about 10 inches for MeNally's
data. The slope of the two faired curves is about the same.

The straight-line relation in figure 3 demonstrates that the ball light-
ning diameter estimates follow a log normal distribution. The standard devia-
tion is approximately log (2.5); that is, about 84 percent of the estimates
fall below a dlameter 2.5 times the median.

Also plotted on figure 3 is the distribution of charges in lightning
strokes, as given on page 338 of reference 17. This log normal relation shows
a standard deviation of log (7.0), or about twice that for tine ball lightning
diameter curves. The square of the ball lightning diameters would thus follow
a log normal distribution with a standard deviation nearly the same as that for
the lightning stroke charge. ©Such a correspondence suggests that the two quan-
tities may in some manner be related.

The possibility that the reported diameter distribution might reflect
merely observer error cannot be ignored. A logarithmic error might be expected;
that is, the observer might say the diameter was 10 inches, give or take a
factor of two. In addition, the varying observability of different size light-
ning balls should produce a reported distribution different from that actually
cccurring.

Other thunderstorm phenomena have been described as following the log nor-
mal type of distribution. The intensity of the electric field associated with
thunderstorm sferics (electromagnetic disturbances), as well as the current and
current rise rate in lightning strokes, has been so characterized (ref. 18). Con-
nections among these phenomena are not difficult to imagine. The connection
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between any of these and the diameter of a lightning ball is less obvious.
Nevertheless, the similarity of the distributions suggests that possible rela-
tions should be explored.

Distribution of Distances

Two questions pertaining to the distance between observer and lightning
ball provided interesting information as to relative frequency of observation.
One asked the distance at which the ball was first sscn, the other the closest
approach to the observer. Obviously, such distance —stimates can be expected
to have a very low precision.

The distribution of reported distances may be thought of as representing
the interplay of tnree factors. First, of course, is the freguency of occur-
rence, which might be expected to increase with distonce sguared or cubed.
(Distance sguared implies a uniform random occurrence over the earth's surface;
the cube implies uniform random occurrence throughout a volume of atmosphere.)
The second factor 1s the visibility of the phenomencon. An average vista would
possess sufficient nearby obstrictions to reduce the visibility of distant ob-
Jjects. Falling rain would in many instances greatly reduce visibility; visi-
bility would decline as distance squared even under ideal conditions for a
weakly luminous object. The third factor can be called noticeability. It is
highly likely that many ball lightning events are se=n but not recognized as
such.

The observation freguency with distance could b considered the product of
these factors. Unfortunately, it appears impossible to prescribe the visibility
and noticeability relations accurately enough to decide which relation the
occurrence follows.

The distance at which the ball was first seen is estimated to have been
under 50 feet for half the cases. If we exclude those reports that locate the
occurrence in a building-covered area the fractiocn under 50 feet is 0.32. The
minimum distance from the observer is given as less than 10 feet in 32 percent
of the reports and as under 100 feet for 66 percent. Separating the data ac-
cording to the location of the observer shows that over half had a minimum dis-
tance under 10 feet when the observer was located within a building. For ob-
servers in vehicles or outdoors, exactly half are estimated to have come within
100 feet.

Such figures imply a drastic reduction in either visibility or notice-
ability at distances beycnd about 100 feet. Other things being equal, the
probability of ball lightning being observed should be proportional to either
the ground surface area or to the atmospheric volume within the observer's
field of view. The number reported at distances less than L should therefore
increase either as I¢ or as L3 up to some distance at which observability
diminishes. Figure 4 shows these two hypothetical distribution curves adjusted
so that half the observations are within 100 feet. All the observations should
be within 127 or 14l feet if the L3 or L2 relation continued up to some ob-
servability cutoff.

On this basis it is possible to make some rcugh estimates of the potential
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‘1.0 = T T I T observability of ball lightning. The

e ‘ o pe B A original survey revealed that about
8 H / 10 percent of the persons questioned
i ‘ // | | had seen ball lightning. If it is

1 A}/ assumed that the mean cbservation span
o ’”I 7 o T Fel27 7 was about 25 years, the probability

- 4”‘ : ’ T of a given person seeing ball light-

R ning in a given year is about 1/250:

Fraction observed at distances less than L

. ,§?,, : ‘ In view of the short range of the
e . . .
2 //t// ] average observation it appears likely
praveinn that as many as 100 or 10CO times the
- ::::' observed number actually occur within
0 2 [y 60 80 100 120 140 500 feet of an observer. This fact
Distance from observer, L, ft suggests that an observer with a good
Figure 4. - Idealized distribution of ball lightning occurrences, vantage point watching carefully for
assuming the frequency to depend either on L2 or 3 and as- ball lightning during appropriate

signing distance cutoff such that half occur within 100 feet of

Sbeerver weather should have a fair chance of

seeing one during a given year.

Ball Lightning Motion

Questions that might pertain to the motion of the ball included gueries as
to the wind velocity, the maximum and minimum velocity of the ball, and any
apparent guidance to its motion. Although cnly about half the observers were
willing to venture a guess as to wind velocity, their estimates were nearly
uniformly distributed over velocities up to 40 miles per hour with a declining
number at higher values. Estimates of the maximum velocity of the ball were
grouped below 20 miles per hour (70 percent) with a small group being given
speeds above 60 miles per hour (17 percent). Minimum velocities were similarly
grouped with 54 percent estimated to be below 5 miles per hour and 86 percent
below 15 miles per hour. The most popular category in response to the guidance
question was "no guide" (39 percent). Relatively few were thought to follow
eithir the ground surface (18 percent) or power and telephone wires (14 per-
cent).

The question as to the manner of moticn of the ball revealed a marked
preference for mostly horizontal motion (54 percent) rather than mostly verti-
cal (19 percent). The motion of the ball can then be said to be apparently
slower than tne wind velocity, with little obvious guidance, and to be more
horizontal than vertical. If in fact the ball moves contrary to the wind, as
was implied in a case involving a Soviet aircraft (ref. 19), some substantial
energy must be acting to control its position or movement. The Kapitza model
locates the ball according to the pattern of reflected radio-frequency waves,
thus making its motion independent of the local air velocity. However, if air
is to flow through the ball and be ilonized in transit, the energy required to
maintain the ball should increase with flow rate.
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Miscellaneous Characteristics of Ball Lightning

Brightness. - The most favored of the four categories was "bright enocugh
to be clearly visible in daylight" with 60 percent of the responses. Very few
were described as "barely visible in daylight" (& « reent), uni those called
"bright as an ordinary lightning stroke" were likewise rare (11 percent).

Shape or appearance. - Most reports describul the ball as round (87 per-
cent) and uniformly bright (76 percent). The fivored colors were orange und
yellow, often in coumbination with others. In MelNully's survey red was mors
frequently mentioned. In both, a substantial n.mb.r were described as blu:,
blue-white, or white. Ruther surprisingly, %6 p-reont reported an impression
of spin or rovation of the ball. Although MeNully did not include a specific
questicn on this point, his reports included aboui O percent that volunteered
such a description.

Continuity. - A substantial majority of the reports {over 85 percent in
each instance) concurred that the size and brighiness of the ball remained
about the same during the ocbservation and that the appearance did not change
noticeably even immediately prior to its disappesrance. Such reports are hard
to reccncile with any proposed mechanism wherein stored energy is being dissi-
pated. They would possibly fit the Kapitza mechanism of resonant absorption of
radio-freguency energy but even then would place cuustraints on the nature of
the radico-freyuency source.

CORRELATIONS

Possibly significant correlations among the parameters are listed in appen-
dix D. The guantity X2 was calculated for each pair of parameters by using
the data in 1ts binary form. This was done both for the total data set and
also for a selected subset comprising those answers assoclated with a certainty
of 40 percent or greater. Thus the selected subset should be more significant
because it excludes descriptions where the obszrver may have been guessing
rather than remembering. On the other hand, this proczdure may exclude some of
the bsst reports. A careful observer may assign a low rating to his certainty
Just to be safe. Nevertheless, on the average th: m.re certaln answers in ths
selected subset should give more significant correlations.

In appendix D, all correlaticns are listed for which either set yielded a
value of X2 exceeding 4.0 or for which both sets gave values of X2  exceed-
ing 2.7. The asscciated probabilities for chance cccurrence are 0.0455 and
0.10. Obviously among such a large number of paramsters many will show such
values from chance alone. The inclusion of a corr-lation must not be taken as
proof for a connectlon betwesn the parameters.

The plus or minus sign associated with X° indicates whether the two
factors are more apt to coincide or to be mutually exclusive. In the listing,
brief phrases are used to describe the factcrs. More exact definitions can be
obtained by consulting the binary coding scheme in appendix B.

The symbols P and I stand for predictuble and insufficient data,
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réspectively. A correlation was termed predictable when the two gquantities
were obviously not independent, regardless of the nature of the ball lightning.
An extreme example of such quantities is the combination "Events accompanied by
sound" and "Ended quietly"”, columns 36 and 49. The very large value of 15.5
for X2 and the negative sense merely confirm the logical consistency of the
reports. The "insufficient data" symbol is applied to those cases where any
one of the blocks in the two-by-two array had an occupancy less than five. Al-
though such correlations may be significant, the computed value of X2 can be
misleading.

One goal of this study was to locate possibly significant correlations in
order to be guided in constructing and evaluating models for the ball lightning
phenomenon. The value of missing correlations should not be overlooked. The
absence of any significant correlation between the ball diameter and its dura-
tion, for example, is somewhat surprising.

The 45 parameters studied can be separated into three broad categories:
(a) Those dealing with the behavior and characteristics of the ball itself

(b) Those dealing with the environmental circumstances under which it was
observed to occur

(c) Those pertaining to the observer and his relation to the event

Of primary interest are those factors in (a) and (b) that appear to have some
relation. Factors involving (c) may be expected to reflect such things as rela-
tive observability, or systematic observer error without casting much light on
possible processes that could create or sustain the ball. All the cross-
correlations among the 45 parameters are included, however, and those without
apparent physical significance may have some psychological significance.

Detalled discussion of the probable meaning of each of the cbserved corre-
lations is scarcely feasible. In the following section only those relations
that seem most relevant to the ball lightning processes will be treated.

An examination of the relations involving columns 22 and 24 seems already
to provide an indication that at least two different types of events are being
described. In one, the ball is seen to originate following a lightning stroke
to ground and is seen to end on or near ground. The occurrence is apt to be
in the middle of a storm with wind velocity over 20 miles per hour. In the
other, the ball is first seen in midair at some distance (over 50 ft) from the
observer and is not seen to originate. Sizes, durations, and color were
diverse (do not correlate). It does not approach a solid, nor does its motion
seem guided. The wind velocity is usually low. It ends with a bang still in
midair. For the balls originating in midair, the exclusion of the doubtful
responses greatly reduced the strength of the correlations with low wind veloc-
ity, unguided motion, and unseen origin. This reduction is not primarily due
to a great reduction in the number of usable descriptions. Over 60 percent of
the original number were retained for each of these three combinations. In
these cases it appears that the original correlation depended strongly on
descriptions given by observers not too confident in their accuracy.
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Ball diameter appears to correlate most strongly with the distance from
the observer. Possibly this results from two effects: first, the smaller
balls are only noticed when near; second, the cbserver who is estimating both
distance and size will have similar errors for both., If the size is under-
estimated, so will be the distance. More surprising is the lack of significant
relations with such parameters as brightness, duration, velocity of motion, or
aftereffects.

The brightness of the ball had few correlatiosns. As might be expected,
those seen at night were thought tc be brighter. Ctherwise, the interesting
association is with the impression of spin or rotaticon. This too could have an
explanation based on the observer: unless the ball is fairly bright no impres-
sion of structure can be gained. The same observer-based explanation would,
however, also predict a correlation with size or distance. Since these do not
appear, it seems more likely that the correlaticn is a physical one. It is
interesting to note that the correlation between brightness and being seen in
daytime becomes insignificant when the doubtful answers are excluded. On the
other hand, the connection with spin or rotation becomes stronger.

The color of the ball, arbitrarily categorized into those described as
orange or yellow and thuse not including these two colors, seems to connect
directly to the proximity of the ball to sclid matter, Orange or yellow colors
would be expected when the ball touched almost any object and acquired a trace
of sodium or carbon particles. The correlations are not particularly strong.

The motion of the ball was chiefly horizontal for long-duration, high-
velocity cases tending to occur late in a storm. The motion seemed guided for
those cases where the ball did not begin and end in midair, as might be ex-
pected.

The occurrences of shorter duration (under € sec) correlate with few of
the other factors. There is an indication that thecse events were more likely
to end with a bang. It also appears that those few events reported to be un-
connected with a storm were usually of long duraticn. Again we find no strong
conmnection with any factors which might be expected to be significant, particu-
larly brightness, size, color, and the manner of origin.

The most probable explanation for the recurrent noncorrelation among
factors which should be related is that the set »f reports being studied de-
scribes a number of types of phencmena. This sesmz mcre plausible than either
the assumption that these factors are actually unr-luated or the assumption that
observer error is so extreme as to obscure a real relation.

Tne assumption of a number of types of events, though, is not sulficient
to explain the lack of correlation. It is necessary in addition to assum= that
the correlations that exist within one type are obscured or counterbalanced by
noncorrelation or by opposite correlation within the remainder.

The two basically differ=nt models for ball lightning can be examined with
regard to the distribution c¢f reported characteristics and the ccorrelations.
The stored-energy concept would seem to predicl some variation in cobservable
parameters over the lifetime of the ball. It should also predict some fairly
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Figure 5. - Ball lightning events ordered by minimizing dissimilarity to two preceding events.

strong correlations among parameters which should be functions of the gquantity
of stored energy. Neither of these predictions is confirmed. The continuing
input models, whether they use radio-frequency excitation, direct current
through the atmosphere, or any other source, would permit the reported distribu-
tion of characteristics and also the lack of major correlations. In effect, it
is possible to assume that the ball lightning is merely a side effect of some
unknown primary process. All the peculiarities of ball lightning can then be
conveniently relegated to this unknown primary source. Such a conclusion, how-
ever, is not logically defensible. '

DIFFERENT TYPES OF BALL LIGHTNING

A search for identifiable types of phenomena among the reported events was
conducted using various techniques. For example, one report seemed to be a
classic description of Saint Elmo's fire. The other reports were examined (by
computer) to determine the degree of similarity to this report. None were
found that were close enough to justify grouping them as cases of Saint Elmo's
fire. Another approach was to select the reports that seemed to indicate an
above-average energy for the ball. This subset, which was then examined for
correlation among the parameters, showed no significant results. The only
technique which was found to provide an indication of the existence of separate
types of events was that previously described: +the ordering of the reports
according to their location in 30-dimensional binary space.

The results of this program are shown graphically in figure 5. Starting
at the origin, which would correspond to a report with no answers, the computer
selected the reports so that each is the closest remaining report to the last
two selected. The graph gives the progression of inter-report distances along
the ordered series. Basically similar descriptions should appear as a grouping
of relatively short distances.

As can be seen from figure 5, such groupings are indeed dimly indicated.
Two groups of 12 reports each appear. Other smaller groups may be present, but
if so they are not obvious. The identification of even the two groups with
types of events should be considered highly tentative. When the reports in the
two groups are examined, similarities appear which reinforce the idea that two
different types of phenomena may be involved. In table III are listed parame-
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TABIE III. - CHARACTERISTICS CCMMON TO EVENTS ters for which a group is nearly

unanimons (not more than two dis-
WITHIN EACH ©F Tw( GRCUES 5

sents ).
o B ! .
Column Description Group The greatest difference
X 5 oceurs in the beginning, the end,
4 - . .
— mm e e and the location with respect to
6 |BEvents cecurring in daytime Yes | --- the surface of the earth. GroupA
Z1 Ubserver saw ball criginste - RE reports events that follow a
28 Ball folloged struhe b groond Tes lightaing stroke to ground, ap-
24 Ball first scer in mlidsir - Tes e thi .
2 First seen within o0 It of wbserver| Nu I prcach within 1 foot of solid
(presumably near the earth sur-
27 Diumeter less thun 14 in. Wo it face) and are seen to end on or
29 Brighter than a\.'eruge No : ez near the ground, quietly. GI‘OU.P B
l4a | Cccurred early in storuw No 1§ --- A be ts Ti + .
56 |Accompanied by scund No | He ‘*E_’”’ij‘l = eYen 5 I1rst seen in
37 |Accompanied by wdor No Tics midair, which never approach the
{ o ) ground, and are not connected
40 iBall came wllth%n lH:t ot ob.?erver No Iio with a lightning stroke to ground.
41 1Ball came within 1 #t of solid Yes | Tu - - i
42 Maximum velocity under 10 mph -—- | Ho In both groups the ball lightning
44  Motion seemed puide? Yes | --- was reported to be larger and less
i 45 |Ball seemed to be spinning --- B brisht than the average and to re-
. alr ab o considerable distanc
46 Ball passed through apertures, etc.| No Tio m ’ ! 1 L‘ tﬁ le €
46 | Cbserver saw ball el Yes | --- from she observer.
49 Ball ecnded quietly {no bing) Yes
1 |Ball ended in midsir o ‘ these two groups would seem
52 Bz1l ended within L0 ft of cobserver: No Ho quite similar if the differences
53 |Final velucity under 3 mph U 0 in origin were less pronounced.
71 |ATtereffects were repirzed --- | B A ball appearing in midair could

be cxpected to remain in midair

and not approach a solid. The
same type of event originating on or near the surface could be expected to end
on or near the surface. The events of group A were thought to follow a light-
ning stroke to ground and were reported to be seen in daytime,

The characteristics of these two groups do not generally conform to the
relations obtained between parameters for the total set of the ball lightning
descriptions. For example, in the total set the ball lightning originating
following a stroke to ground tended to have a smaller than average diameter.

The descriptions in group A, which alsc follow o stroke to ground, give a larger
than average diameter. Another example concerns the ending of the event. For
groups A and B, the ending 1s described as guiet. In the total set, those
events described as first seen in midair (which would inelude group B) were

more likely to end with a bang.

The probability of these two groups appearing merely by chance is impossi-
ble to evaluate, because the parameters are not independent. If they were in-
dependent, the probability of such sets occurring would be miniscule. As it is,
sufficient interdependence could possibly be assumed to make these categories
fortuitous.

The size of these groups individually, or even with both taken together,
1s such that extremely strong correlations herein would not generate very large
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values of X° for the total data set. For example, the two groups agree that
the balls were larger than 15 inches (18 to 2) and were less bright than average
{21 to 3). In the original set, these parameters were noncorrelated, as shown
by a value of 0.1 for *2. When the two subsets are removed, the remainder
shows the very modest negative correlation of 2.3 for X2,

CONCLUDING REMARKS

From the reports collected and described herein, the freguency of occur-
rence of a phenomsnon which observers would label ball lightning is much greater
than is commonly believed. It might even approach the order of magnitude of
the frequency of lightning strokes to ground. Conseguently, any postulated
mechanism for these phenomena cannot be based on extremely rare and unusual
circumstances.

There is little indication that ball lightning commonly involves large
gquantities of energy. Very bright, nolsy or destructive occurrences were few.
A mechanism for ball lightning need not account for megajoule energi=ss to be
satisfactory for the vast majority of cases.

Ball lightning commonly does not change in appearance during its existence.
This fact makes it very difficult to propose a mechanism involving the dissipa-
tion of stored energy and tends to support a process involving a continuous
energy supply from an external source. The radio-frequency excitation process
proposed by Kapitza would agree well with the observed characteristics; un-
fortunately there is little evidence for the existence of sustained, intense,
constant-frequency radiation associated with storms.

The steady discharge of atmospheric electricity might afford an explana-
tion, but analysis to date has not provided a sufficiently detailed description.
The basic problem here is that the major energy release should be located in
the ball, a relatively good conductor, and not in the remainder of the atmo-
spheric path.

The correlation of various parameters describing the events reported
yielded few significant relations. The size, brightness, and duration were
not strongly connected. Short duration events were more likely to end with a
bang; they were also more likely to be connected with a lightning stroke to
ground. The strong correlation between estimated ball diameter and distance
from the cobserver probably reflects both a consistent observer error and a re-
duced observability for the smaller lightning balls at greater distances. Ob-
server error may obscure some real relations among the ball lightning parame-
ters but should not completely conceal them.

Among the 112 descriptions, two groups of 12 each were found which appeared
to describe two different types of events. In group A, the ball lightning ob-
servatinns generally followed a lightning stroke to ground. The lightning ball
was reported to end on or near the ground. In group B, the lightning ball was
first seen in midair and remained in midair throughout its life. Both groups
described balls that were not especially bright, although the size was estimated
to be above the mean lo-inch diameter.
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The precise mechanism by which lightning balls criginate and are sustained
has still not been elucidated. The analysis of a much larger number of de-
scriptions, using the correlation techniques described herein, could provide
significant informaticn. In particular, if a number of basically different
types of events are being called ball lightning such a study should identify
them. Another approach that appears plausible is to ¢btain measurements of the
significant parameters associated with one ball lightning event. These would
include the spectrum of its visible radiation and the steady and time-varying
atmospheric electric field in its vicinity. From the distribution of observa-
tions reported, a program of observation shculd have a reasonably good chance
of acquiring such measurements in a pericd of 1 or ¢ years.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Chio, September 22, 1965.
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APPENDIX A
PRELIMINARY QUESTIONNAIRE

The original preliminary questionnaire was as follows:

Your assistance is requested. By completing the following guestionnaire
you may help to bring about a better understanding of the relative frequency of
occurrence of the various forms of lightning and also a better understanding of
their mechanisms. This in turn might apply directly to plasma physics and
energy storage work.

DEFINITIONS: Ball Lightning is the term used to describe a round, glowing ob-
Ject which may move slowly or hang in the air. It is thought to
be associated with thunderstorms or ordinary lightning.

Bead Lightning is often described as appearing to be an ordinary
stroke broken up into a string of glowing beads, or balls.

Impact Point of an ordinary stroke will be defined as the region
within about 10 feet of the point which the lightning strikes.
While everyone has seen ordinary lightning stretching from sky to
ground, 1t is usually from a great distance. If you have seen a
stroke so close that you would probably have noticed a persistent
glowing ball near the ground, then answer question 1 "yes".

QUESTIONS :

1. Have you seen the impact point of ordinary lightning? (] yes, (] no
How many times? 11, ] 2-3, []4-8, [Jmore than 8.

2. Have you seen bead lightning? O yes, U no
How many times? 1, O 2, s, [ more than 3.

3. Have you seen ball lightning? O yes, J no
How many times? 01, a2, 3, [(Jmore than 3.

(The next 3 questions are to show whether you might have been more or less
likely than the average person to have seen lightning phenomena. )

4. On the average, about how frequently have you been caught out of doors by a
thunderstorm? Jo-1, 1 2-3, (] 4-8, [ more than 6 times per year.

5. About how many thunderstorms per year might you have witnessed while in an
automobile? dJ o0-1, O 2-3, [ 4-6, [ more than 6.

6. During a thunderstorm, would you:

(a) prefer to watch the lightning displays?
(b) prefer not to watch them?

(¢) have no preference?

7. Do you know the names and addresses of others who have witnessed either ball
or bead lightning? yes, no
If your answer is yes, please write them on the back of this page.
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APPENDIY 1

BALL LIGHTNING QUESTIONI.

The original vall 1lghining questicrnnaire is rci:

ced with modifications
below. The coding subseguently used for digltal ccoup prrocessing has been adced
and the number of resporses inserted in the various L . The spaces originally
provided to denote certainity, as shown in the sanplcs, fove been omitted.

The asterisks on the coding numbers Indicate the 1
sponses into binary scts. Responses coded wilth a =ing:
class a, those with doublie asterisks into class b.
the responses were not used in the binary groupings.
multiple responses. For these, as Indicated in the
employed. When such a gquestion was unanswered, the
columns.

r grouping of the re-
asterisk were grouped into
10 asterisks are present,
w questlons permitted

two card colums were
appears in both

BALL LIGHTNING Hame

Address

INTRODUCTION - Thnis questionnalire is being sent to 1 reported to have secen
ball lightning. They include those NASA personnel who unswered the recent pre-
liminary questiornaire as well as others whose nan obtained from the HNASA
people. Fromn the reperis of a large nurber of ocuscr '3 1t 1s hoped thal signif!-
cant information about btall lightning can Le extractsd. Ball lightning seems to
represent a stable arrangecument of lonlzed gases and wlectric currents or a way of
storing energy which has no satisfactory explanatiocrn at the present.

INSTRUCTIONS - You may help create an understanding 7 L3135 phenomenon by filling
out the attached form carcfully. It i1s a lengthy cne, “cr 1t includes almost

everything that mignt be Zamportant.

If you've seen 1t wore than once, pleage conple!
tailed recollecticn. Tne completion of added {orus
appreciated, but may e too much to ask.

one form for your nost de-
ctrer events would bte

answers 1s too linited,
'y thie guestlon by its
¢d by a simple check

If you don't 1like u guestion, or feel tie cticion
please use the last sheet to add your comments.
nunmber. Most of tie guestions are designed to ve =
mar« for easier prccessing.

If you don't rememver clearly and doubtthe corrcctness of your answer,
please mark your "best guess” and use the certaint, le 3t the right of each
page to show your doubts. With no idea at all, cf "no idea" square.
Very unsure answers should be narked 0-20%, very ¢ cnies 80-100%, ete.
The sanple below shows how th's may be done.

* SAMPLES * Certainty

.-

<
S oo C o

S21. Did you see the ball originate? v o N T D E A

. s Ve . - . .

o
o
ko]
o
e
— = 5%
527. As it first appeared, 1ts diameter was D ....
O O]

07 £ § B 10 5 50 5 30 1nolos

S41. The ball's nearest apprcach to a solid object w:
contact, C-1 7t 1-10 ¢, 10-10C It, rore
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1. How many times have you seen pall ligntning?
771, 172,113, 1 4, O &5-6, 3 more 3 MNot Answered

]6;1. 1, code 1% ¥ 3x¥ 4%% H¥¥* B¥¥ 0

(Please corplete one form for the event you remember In mest de-
tail. The completion of added forms fcr the other events would
be apprreciated.)

WHEN was this event ovuserved?

2. During the year

...!....!....!....!....5....1....1...41....1....1....1...
1910 120 '30 40 50 60
-

Cols. 2 and 3 are the last two digits of the year

3. In the month of

0" 0 'O '3 7 el 3 18 v 4 2 1 0 ' 14 NA
Jan Feb Mar Apr May Jun]| Jul Aug Sep Oct Nov Dec

¥ e | — Y

Cols. 4 and & are tne two-digit number of the month

4. The time of day was

t 1 1 1 1 1

1
12 3 6 9 12 3 £ 9 12
8.1 l noon p.m
*% I‘* * *%

Cols. 6 and 7 are the two digits of the hour in 24-hour notation

5. Your age at the time of observatlon?

12 23 23 17 5 15 8 5 o]
o] 10 20 30 40 50 60 years
'Col. 15 Cede 1 2 3 4 [ G 7 3 i 3
WHERE did this occur?
v
6. State (or foreign country )
(not coded)
7. City (or 'f rural, miles from clty)

(riot coded)

8. The terrain in this area is best described as
67 flat, 22 rolling, 16 hilly, S mountalnous. 2 NA

Col. & Code 1% %% 3%* 4%% 0

Ne)

In the area nearest the ball lightning, the earth surface cculd
best be described as

|

Ccl. 9 Code 1% | 8 water-covered 3 NA
2% | € barren code O
3*¥ | 23 meadow or brush :
4% | 16 wooded |
S¥¥, 356 bullding covered i
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10. Was your lceation
54 wiftoin w bullding, 14 a venlicela, 42 cut-of-doors. 1 HA
[co1. 10 coge 1% ox o o |
11. With respect tc ground level, were you
2 velow ground, 893 near ground level, 11 sccond flocr, 6 higher.
[coi. 11 coge 1 2 ; 4 |
12. How nmany others that you know of saw thilu Lsll lightning?
36 none, 32 1, 31 2-4, 8 more. s Na
[Col. 12 Code 1% DR% Xk gk - o |
13. Did you obpserve Lt (check as wany sv oapply)
Cols. 62 Code 1% 112 through eyeglasses
and 70 2% | 29 through window glass
3% | 11 through a screern
£¥% 71 directly
CONDITIONS PRIOR TO OCCURRENCE
14. The ball appeared during whicn part of & storm?
28 early, 16 late, 47 middle, or & noe storm connected. 15 NA
Col. 14 Code 1 2 3 ’ 0
(separate binary coding used for each rary, l4a-14d)
15, If no storm at the time, how much cf <he sky was cloud-covered:
(replies not tabulated, toc few cases)
16. wWas the storm, 1f any, more violent thuar the average?
42 nore viclent, 48 average, 2 less viclent, 5 no storm. 15 NA
[co1. 16 coge 1% D*x Zx% e o |
17. The rainfall Jjust before the observat cr was
11l none, 16 slight, 24 medium, 38 heavy. 23 NA
[Co1. 17 Code 1% 2% srk %% ]
18. At the time, the wind velocity was abcut
10 19 v i3 v 13 v 7 v 1 1 48 NA
0 10 20 30 40 20 £0 siph
lco1. 18 cogde  1x [ ox T zeel aerl cxd e o ]
19, The direction from which the wind was blowing was
2 1 0 2 11 19 3 1 73 NA
1 ' 1 [ [}
N = S . N
[Col. 19 Code 2 3 4 5 6 A 1 o ]
20. Preceding your observation, was there any unusual amount of
dust or smoke In the alr? 8 dust, 3 smcke, 62 none 39 NA
[Col. 20 Code 1 2 3 o |
FIRST APPEARANCE OF THE BALL LIGHTNING
21. Did wvou see the ball criginate? 3, 60 no 4 NA
[co1. 21 Code 1% oxx 0
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22. Did the appearance of the ball seem to follcow a lightning stroxe

82 to ground, 7 vetween clouds, 26 no stroke. 17 WA
[col. 22 Code 1* oxx S mwx o |
23. IF the ball followed a stroke to ground, was the point of impact
1 water, 19 tree, 8 earth, 19 structure, or 18 power or 47 NA
' telephone wires.
[Col. 23 Code 1% o* B g% 5% o ]
24. When first seen, was the ball
Col. 24 Code 1% | & among clouds 9 NA
2% |55 1in midalr
5**‘1§_contacting metal {Code O
4**ll§_contacting non-metal [
S¥*% 114
i contacting ground
25. The directlon from you to the ball as first seen was
8 12 4 14 3 22 3 21
1 A . T '
N E 3 W N 25 NA
[col. 25 code 1 2 3 4 5 8 7 8 o |
26. When you first saw 1it, 1ts distance from you was
55 under 50 ft, 31 50-500 ft, 15 500 ft to 1/2 mi., 9 over 1/2 mi. 2 NA
[co1. es 1% o*x 3*x 4% 0]
27, As it flrst appeared, its diameter was about
117 9f12]1 23 | 15 10 , 14 NA
1 i 1 t 1 1] ' 1 1 t M M
CEREERE [0 | 20 | 30 | 40 inches
{Col. 27 Code 1¥D2¥3¥4%5% 6% THRE 8¥* g¥* ¢ ]
28. Its shape was 88 round, 9 elliptical, 3 ring-shaped, 2 other.
[co1. 28 1% ox* 3** e ]
29. Check the best description of the ball's brightness.
Col. 29 Code 1% : 12 As bright as an ordinary lightning stroxe. 2 NA
2% | 23 Bright enocugh to i1lluminate nearby objects. {Code O
3**| €6 Bright enough to be clearly visible in daylight.|
4%% g Bright enough tc be barely visible 1In daylight. |
30. The ball appeared brightest
Col. 30 Code 1% i 12 Near the outer surface 22 NA
o% | 10 Near the center. iCode O
5**' 68 Uniformly all over. |
- |
31. The color of the ball was (check location on spectrum)@
7 46 37 10 186 4 ) 27 3
1 1 1 1 1 1 1 '
red orange yellow green blue indigo violet white
Cols. 31
and 32 Code 1% 2% 3% 4%% S¥* g** 7E* g**% O

a - Responses wlth double checks were tabulated for both; those circling a
large sectlon of the scale were assigned thelr mean.

NA
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DURING THE EBALL*D EXISTENCE

32, How long wid the nall last?

17 NA

T A
25 3C }S‘ e 45 seconds

*
ol
<

toe wall'c oiso
rain oaocat fic

o

36. Dld you novioe any sound [rom tle

rodor froun the

38. Did you nctice any sensatlion of heat
If yes to any of these, please descrive on luast page
1 wes, 100 no 8 A

38  Code - 1 2 d}

e ball was mostly

39. The motlionr cf €
€ horizontal, 20 mixed, 19 nc motion & HA

I
20 vertical, oF

39 1*

o

*% Z¥ A% 01

40. Its closest upprcach tc you was
1 contucy, 2 0-1 f£t, 32 1-10 ft, 3= 1u-i00 ft, 38 over 100 f't.

40 Ccde 1% 2% 3% 4%% Sx¥

41. Its closess apprcach to any sclid objicet wog
ol contact, 15 0-1 ft, 1¢ 1-10 ft, & 1u-100 f't, 11 over 100 ft.

Col. 41 Code 1% % B Lxx ' S

42, Its maxioum veloelty appeared fo Le

v 3G 20 } 30 31t 3

W
(o3}
(@]
o
o3
@
-
*

O 10 () 30 40 50 *GC e 50 30 100 mph.

43. Its minimum velocity appeared to ue

, . . A0
L @ 1 ,flO '"74” 77777 20 A 40 mph.
[COl. 58 Code 1* oRR 3% 4% CEFE K% O

' 17 ' ' ' 41 MA




4. Did the wgll's covene: te e quided by

Col. 44

Code 1* | 3 claud 1 24 A
2% |l§ pround surface [Code O
3% 12 power o1 telephone wircso |
1* | T Sther metal structure |
L*x | BT no pulde |

{ other
4L, Did yeou have any lnmpression of splnning or rotatlonsl movenicrnt
within the ball? 30 3, £1 ne E60HA

[Col. ¢t Code o oxx g |

46, During 1ts 1lifetime, did the »all appear to nass throush small
apertures, screens, or solid objccts?

If yes, pleuce describe on last page. 24 wes, 77 no 11 A
[Col. 46 Code o o ) % orr o]

Col. &7

47, If 1t made cortact with any solld object

Code 1%

did 1% seon to be

n

Sur ¢ contact witn a metal obiject.

2%% | 33 Surfacce contact with a non-metallic [
3% ) 1 Deers penetrating contact with mol:
4**] E Deeply peonetrating contuct with non-mctal,

DLSAPPEARANCE OF BALL

48. Was your last sight of the ball
71 as it dlsappeared or ended, 31 as 1t passed from your view. 10 NA

Code 1% D% % ?ﬂ

49, D;d the ball end D4 quietly, 24 explosively,
Code 1% 2%*

5 o |

26 dldn't see. 2 KA

=0. Did you notlcec any partlicular change in size, shape, brightness,
color or velocity immedliately belfore the ball ended?
If yes, please describe on last page. 11 yes, 82 no 19 NA

Code 7 ' N o o I St 7/“W6$_1

51. Where was the ball when 1t disappeared?

Col., 51

Code 1* | 34 midair
%% 23 on the ground
3**| 15 contacting metal
4%¥* | 26 contacting non-metal

52. How far from you was it when it disappeared?
20 under 10 ft, 31 10-50 ft, 20 50-200 ft, 30 over 200 ft. 11 NA

[col. f2 Coie 1% o% Zxe 4% o |

23, Its velocity at terminatlion was about
14 zcre, 17 0-3 mpt:, 17 3-10 mpn, 6 10-50 mplh, & over B0 npn, 53 FA

cols. 71
3

and /¢

3 Ccde 1% D% 5;* e Crx ,ng_W

AT RMATY

4. Did the Lall lichtniae have any oCtereffects on {eheck o8 nany
an apply)®

Code 1% | 9 nmetal structures
2% | 10 bulldings |
3% 5 earih suriace
4% | opeopdle o anioals
b* 11 vepetation ;
et L
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55. Was any unusual behavior noted concerning equipment such as

radio, TV, hi-fi, car motors, etc. at about this time?
8 yes, 60 no 44 NA

Ccl. 55 Code

1 2 0

56. Was any photographic film found unexpectedly darkened after

this event? O yes, 78 no 34 NA

Col. 56 Code

1 2 0

The responses pertaining to the degree of certainty the cobserver
felt were distributed as follows:

No answer given . . + v v v v v ¢ v 4 4 4 e e e v e e e e e e e e e e . 1254
"No idea" checked . « v v v v v ¢ e e e e e e e e e e e e e e e e e 754
Certainty, percent:
0 tc 20 e e e e e e e e e e e e e e e e e e e e e e e 78
20 to 40 e e s e e e e e e e e e e e e e e e e e e e e e e e 218
40 t0 B0 4 v h e e e e e e e e e e e e e e e e e e e e e e e 501
BO 0 B0 . . . . L o vt e e e e e e e e e e e e e e e e e e e 991
BO t0 100 & v 4 v 4 it e e e e e e e e e e e e e s e s e e e . . 2476
Total 8272
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APPENDIX C

REPORTS OF BALL LIGHTNING EVENTS

The descriptions of 112 ball lightning observations are listed in coded
form in table IV. The code used 1s described in appendix B. The event numbers
are arbitrary, except that when the same observer describes two events the
second is given the initial digit 9. One observer provided three event descrip-
tions: 1698, 9698, and 8698. Internal inconsistencies appear in a few descrip-
tions. These have been left in the form originally provided.
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APPENDIX D

POSSIBLY MEANINGFUL CORRELATICHNS

The ball lightning observation parameters in tneilr grouped or binary form
produced many correlations of possible significance. The total set of observa-
tions was first correlated and examined. Then in an attempt to evaluate some
of the weaker correlations, the calculation was repeated omitting all answers
with a low value (less than 40 percent) of the associated certainty parameter.
This involved the omission of about one-sixthi of the answers on the average.

In table V are listed all the correlations that produced a value of X2
of 4.0 or greater either for the total set or for the selected subset. Also
included are those producing a X2 exceeding 2.7 for both sets. Since these
values of X2 correspond to a probability of chance occurrence of 0.0455 and
0.10, respectively, it should be obvious that maay of the tabulated correla-
tions may be without significance. The total number of correlations involving
the 46 parameters is 1035. Chance alone should thus give rise to one with X2
as great as 11.0 (corresponding to a probability of about 0.001.) The inclusion
of a correlation should not be taken as proof of @ ncnchance relation; however,
these correlations may suggsst models for the ball lightning process as well
as aiding in the evaluation of existing models.

Certain parameters are obviously related and should yileld large values of
X2. When the observed correlation is of the same sense as might be expected,
the symbol P 1is used. The sense of the correlation is shown by plus or minus
signs, which indicate whether the two parameters occur more often together or
separately. The symbol I denotes cases where the population of one block of
the array falls below five. In such cases, the interpretation of X2 in terms
of probabllity becomes less rigorous and the relaticn suggested becomes more
tentative.

The parameters (columns) are described in condensed phrases. Reference to
appendix B will provide an exact definition of tihie categories involved.
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