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INTRODUCTION

PURPOSE.

The purpose of this report is to provide a detailed description of and to
evaluate two lightning-flash counter systems. ;

BACKGROUND.

Two lightning detection devices were designed by members of two international
groups. One of the two devices, CIGRE (reference 1), is an acronyn for
"Conference Internationale des Grande Reseaux Electrique." The other device,
RSA-10 (reference 2), is an acronym for "Republic of South Africa," a National
Electrical Engineering Research Institute and Council for Scientific and
Industrial Research. Both units are dascribed within. A more detailed
description of lightning theory is contained in the appendix.

SUMMARY .

The two lightning-flash counters, as specified, were evaluated for effective-
ness in the National Aviation Facilities Experimental Center (NAFEC) area.
Local ambient lightning-flash activity was assessed, and the presence of
lightning associated with cumulonimbus clouds was detected. A cumulonimbus
cloud is a "rain-mountain,'" a mountainous cloudy mass of condensed vapor dis-
charging showers of rain, associated with thunderstorms.

General observation of the counters' performance showed that the CIGRE
detection system had greater sensitivity than the RSA-10 detection system.
However, the antenna used with the CIGRE system is large and difficult to
mount; whereas, the RSA-10 antenna is simple and inexpensive by comparison.

Both detection systems were fabricated in accordance with the specifications
received., Therefore, frequency response, detection sensitivity, and related
circuit functions remained constant throughout the testing period.

.

DISCUSSION

THEORY OF OPERATION.

GENERAL. The RSA-10 and CIGRE lightning-flash counter systems are battery-
operated instruments used for automatic registration of the number of lightning
flashes from a surrounding area. The range of the system is defined by the
antenna and input circuit characteristics which are sensitive to the rapid
changes in the electrostatic field produced by the lightning discharge. The
circuit is essentially responsive to positive field changes, cloud=-to-ground
and intracloud flashes.




SENSOR UNITS. The RSA~10 and CIGRE sensor circuits differ primarily in their

respective input impedances. Other differences exist, but they are relatively
insignificant., The input impedance of the RSA-10 provides maximum sensitivity
at 10 kilohertz (kHz) and CIGRE at 500 hertz (Hz). The circuit diagram of

the RSA-10 is shown in figure 1; the circuit diagram of CIGRE is shown in
figure 2. Antennas are shown connected to the input circuits which provide

the desired frequency response, The three transistors, T1, T2, and T3, and
their associated components form a monostable multivibrator which draws only

a very small leakage current from the battery in the relaxed state. A light-
ning flash picked up by the antenna applies a voltage to the base of T1,
causing the multivibrator circuit of T1l, T2, and T3 to conduct, which energizes
the relay. The operation of the relay closes a first set of contacts, which
enables the sensor counter for a count of one. A second set of contacts enables
a mechanical counter in a remote diaplay unit, also for a count of one. This
operation continues, and the mechanical counters provide a record of the total
number of lightning flashes up to a maximum of 9,999. The total number of
lightning flashes counted in a given period can be reset to zero at any time.

The additional function of the sensor circuits include positive feedback via
capacitor C3, which keeps T2 and T3 in the conductive state until C3 is
charged through resistor R8 sufficiently to switch T2 off, During the
period of "hold-off" time (1 second for RSA-10, 50 milliseconds (ms) for
CIGRE), the base of Tl is inhibited through diode D1 to the collector of
trangistor T3. Upon expiration of hold-off time, the circuit switches back
to the relaxed state, whereupon capacitor C3 discharges through resistor R9,
and the counter is enabled.

DISPLAY UNIT. The display units used for data readout and lightning-flash
indication for both systems were the same. The basic unit, with its "receive"
circuitry (and readout panel), was designed by Mr. N. Mercado, ANA-140, of
NAFEC. It receives lightning-flash counts from a relay in the lightning-flash
counter sensor unit. The counts are transmitted several wmiles over telephone
lines from the test site to an office building where lightning activity records
are maintained. The display unit counts are verified by periodic comparison
with counts received at the sensor unit.

Lightning strikes are counted during a 2.7-minute peridd. The number of
strikes are categorized into four ranges: 1, 2 to 4, 5 to 8, and greater

than 9. Once the 2.7-minute period has expired, the counts are shifted out of
storage and displayed. Simultaneously, a new 2.7-minute count period starts.

Referring to figure 3, the operation of the display unit is as follows: the
relay contact closures from the sensor unit relay applies a voltage (2.1 V)
to the A1B1 SN74121 multivibrator (single shot). This input voltage triggers
a 200-ms output pulse from AlBl, which is fed to the A1C1l SN74193 four-bit up/
down counter which is comnected as an up counter. Hence, for every lightning
flash detected during a 2.7-minute period, a 200-ms pulse is fed to the up
counter where the count is stored.




The 2.7-minute period is derived from a 60-Hz nominal 120-V waveform. A pulse
every cycle (16.6 ms) for 2.7 minutes is approximately 10,000 pulses. The
10,000 pulses are provided by the timing generator, consisting of the A3B3
SN7414 Schmitt-Trigger Inverter and four SN74190 decade counters (A3C3, A3D3,
A3E3, and A2D2). The positive-going transition through zero of the alternating
current (a.c.) input provides the Schmitt-Trigger input to A3D3, which, in
turn, provides an output pulse to A3C3. The tenth pulse to A3C3 provides the
first pulse to A3D3 and so on, until the last (10,000) pulse to A2D2 is
completed and all counters are automatically reset to zero.

The output from A2D2 is fed to the A2C2 SN74121 single shot. The single shot
provides the 20-microsecond (us) load pulse to the A1D1 SN74193 four-bit
shift register. The load pulse causes data being stored in the AlCl four-bit
counter to be unloaded into the shift register. Also, the load pulse is fed
to the A2A2 SN74121 single shot, which clears the A1Cl counter for the next
2.7-minute count period.

The AlDl shift register output data are applied to AlEl and A2E2 SN74155
decoders. The output of the decoders is fed to Darlington Transistor Modules
Al1Gl, A2G2, A3G3, and A3G4, which supply the required current to set their
respective alarm light indicators.

It is to be noted that the intent of counting the number of lightning dis-
charges in a given time period was not only to indicate storm intensity but
also the probability of occurrence of related lightning-caused faults on
powerlines (based on data resulting from Japanese research in this field).
Therefore, the alarm lights indicated thunderstorm activity according to the
following classes:

White Light: A count of one lightning discharge in 2.7 minutes indicates a
thunderstorm is occurring in an area outside the effective area of the system
and that there is a possibility of a thunderstorm.

Green Light: A count of two to four lightning discharges in 2.7 minutes indi-
cates a weak thunderstorm in the effective area of the system, and the prob-
ability of the occurrence of a fault is about 10 percent.

Amber Light: A count of five to eight lightning discharges in 2.7 minutes
indicates a medium thunderstorm in the effective area of the system, and the
probability of the occurrence of a fault is about 20 percent.

Red Light: A count of nine or more lightning discharges in 2.7 minutes indi-
cates an intense thunderstorm in the area of the system, and the probability
of the occurrence of a fault is about 50 percent.

FABRICATION.

SENSOR UNIT. Cabinets used to house the components for RSA-10 and CIGRE
sensors were identical. The RSA-10 cabinet is shown in figure 4. Both units
utilized printed circuit boards for component mounting. The printed circuit
boards, batteries, relays, etc., are shown typically for the RSA-10 in
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figure 5. The metal cabinet measures 8-inches deep, 5 1/2-inches wide, and
8-inches high. The mechanical counter and test button are front-panel mounted;
test jacks are also brought out .o the front panel for antenna connection and
test voltage measurements. The relay shown in figure 5 has a plug-in base

to facilitate replacement; the unused set of contacts are brought out to the
rear of the cabinet for remoting data.

DISPLAY UNIT. Cabinets used to house the components for RSA-10 and CIGRE dis-

play units are identical. The RSA-10 display unit is shown in figure 6. The

unit measures 8 1/2-inches wide, ll-inches deep, and 4 1/2-inches high. The
white, green, amber, and red lights showing the storm category are front-panel
mounted. Also shown is tuie ON/OFF switch with volume control for the speaker
(which alerts the operator of an approaching storm) appearing above the switch.
An ON/OFF light is shown to the right of the switch. An interior view showing
component and integrated circuit locations is shown in figure 7.

ANTENNA ASSEMBLY, RSA-10. The RSA-10 antenna assembly consists of aluminum

antenna sections, weather-proof sensor unit housing, ground post, ground rod,
and miscellaneous mounting hardware. Three aluminum tubular sections are
press-fit together to comprise the antenna as shown in construction details of
figure 8. A copper ball is fixed at the highest point to minimize ionizationm.
A 600 millimeter (mm) long polyvinylchloride (PVC) pipe is fastened to the
lower section of the antenna and secured to the ground post with two Bakelite
stand-offs. A weather-proof housing containing the lightning-flash counter
sensor unit is also mounted to the ground post. The housing measures 11 3/4~
inches deep, 12-inches wide, and 18-inches high. A field site installation is
shown in figure 9.

ANTENNA ASSEMBLY, CIGRE. The CIGRE antenna assembly consists of a horizontal
aerial system, downlead, weather-proof housing, ground rod, and miscellaneous
hardware. Construction details of this assembly are shown in figure 10; the
CIGRE antenna site is shown in figure 11. The antenna system requires reason-
ably flat terrain, clear of trees, buildings, or other structures for a radius
of about 100 feet and located as far as possible from high-voltage transmission
lines.

The horizontal antenna is comprised of six spans of uninsulated No. 8 American
wire gauge (AWG) stranded wire suspended approximately 16 feet off the ground
between utility poles. The wires are bonded at each end and fastened to an
insulated No. 8 AWG stranded downlead and terminated at the input circuit of
the sensor unit.

The weather-proof housing used for the CIGRE sensor is identical to the
RSA-10 housing. The ground rod was installed at an earth resistance of
5 ohms.

CALIBRATION.
A calibration test is required to check the frequency response of the sensor
units, A sine wave oscillator and electronic voltmeter are used for calibra-

tion purposes as shown in the drawing of figure 12. The voltage and frequen-
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cies should conform to the values indicated on the drawing. The connecting
leads should be short, and the capacitor shown should be as close as possible
to the sensor antenna terminals. At each frequency, the voltage is slowly
raised until the counter operates. The capacitor values are chosen to

allow operation of the counter within the voltage tolerances shown.

TEST.

SENSOR UNIT. The sensor unit has been provided with a sample test functionm.
The test function consists of a test button which, when depressed, closes a
circuit between the internal 9-volt battery and the mechanical counter. This
function allows the local and remote counters to be tested periodically.

DISPLAY UNIT. The display unit has been provided with a test function to
determine the operating status of the category ligut indicators. An auxiliary
single-pole double-throw (SPDT) relay is used to close a circuit to the light
indicators. Depressing the relay button once should light the white light

for 2.7 minutes; depressing the button 2 to 4 times, the green light should
light for 2.7 minutes; depressing the button 5 to 8 times, the amber light
goes ON; and 9 to 15 times should causa the red light to go ON. Failure of
these lights to function properly indicates the need for maintenance.




RESULTS

The performance of both lightning-flash counter systems at the NAVFEC field
site, was monitored over the period of data collection., Also, the calibration
test of both counters as previously described was run through on the bench

to check the frequency response of the sensor units.

The calibration test showed that the RSA-10 and CIGRE counters operated in
agreement with design specifications (figure 12). The electrostatic field
generated by the lightning discharges and the related field strength of each
were the major triggering variables to the sensor circuits.

The data collection, as discussed in the following paragraphs, illustrated
that the field strength (FS) (and FS variations) comprised the actual test
parameter for proving the effectiveness of each lightning-flash counter system.
In addition, the variations in the field strength of the lightning discharges
and the corresponding sensor detection enabled "comparison" of the two
lightning-flash counter systems. Also, the collected data showed the
".elative" gains of the associated antenna rigs of each counter system.

Results of data collection are shown graphically in figures 13 and 14.

Figure 13 shows RSA-10 lightning-flash counts over a period of 1 year in
weekly increments from December 21, 1975, to December 19, 1976. No lightning
flashes were received for 20 weeks of the year frcm December 21, 1975,
through February 29, 1976, and October 10, 1976, through December 19, 1976.

During the peak of the lightning season, from May 30 through August 22, 1976,
1,641 flashes were recorded during the 12-week period, or 137 flashes per week.
During the remaining 20 weeks of the year, 141 flashes were recorded, approxi-
mately 7 flashes per week.

Figure 14 shows CIGRE lightning-flash counts for a period less than 1 year.
CIGRE was the second lightning-flash counter to be built, and the program
was ended before completion of a 1-year data cycle. Data were collected from
a 43-week period from February 22, 1976, through December 19, 1976. No
lightning flashes were received by CIGRE during a 10-week period from
February 22 to February 29, 1976, and October 17 through December 19, 1976.
During the peak of the lightning season from May 30 through August 22, 1976,
6,625 flashes were recorded over the 12-week period, approximately 550 per
week. During the remaining 23 weeks, 1,053 flashes were recorded, approxi-
mately 46 per week.

It is evident from the data collected that during the period of peak lightning
activity, the CIGRE system was registering very nearly four times as many
lightning flashes as the RSA-10 system.

Similarly, during the period of low lightning activity (when data were
collected), the CIGRE system was registering in the range of six to seven
times as many lightning flashes as the RSA-10 system.




These data tend to indicate that the CIGRE system tested has a greater range

and is more sensitive than the RSA-10 system tested. However, the RSA-10
antenna is simple and inexpensive in comparison to CIGRE and would be more
practical to select in a situation not requiring optimum range and sensitivity.
The RSA-10 antenna can be easily mounted to a tower cab; whereas, CIGRE requires
a 100-foot clearing for its antenna.

The collected data listed in table 1 show the comparative lightning counts
for given dates during 1976, as registered by both the RSA-10 and CIGRE counter
systems .

The number of counts shown illustrate the lightning activity for the months
listed, and represent the basic data from which the graphs in figures 13 and 14
were constructed.

Extensive data are compiled by weather observers regarding the annual incidence
of thunderstorm days. Such data are plotted in the form of maps which are
available through governmental weather bureaus. This type map is shown in
figure 15 for the United States.

It can be seen in figure 15 that the mean number of thunderstorm days (annual)
for southern New Jersey is approximately 30, as taken from weather bureau data.

In general, this agrees with the lightning activity count registered for the
NAFEC area as shown in table 1.

This correlation tends to show that the RSA-10 and CIGRE lightning-flash counter
systems were rugistering valid data.

It ia important to note that the two sets of lightning-flash counter system
specifications received were followed to the letter in construction of the
counter circuits and assembly of the associated antennas used with each system.
No specification adjustments nor changes were made to either system.

The true threshold voltage V or voltage input, that comes from an antenna to
trigger a given counter can be described by the expression,

& Vi"-he B!

where hy, is defined as the effective height of the antenna, and E, is defined

as the vertical electric field strength, including the electrostatic, inductive,
and radiation components.

Then, for Vy = - hy E,,

in the case of a monopole antenna, he 18 considered --%, where { is the
true physical length of the antenna.

The CIGRE antenna, therefore, will transmit Vy values several times (approxi-
mately 3.5) greater than the ones from an RSA-10 antenna, when both are located
in approximately the same place. This is true because of the differences in
their physical construction (figures 8 and 10).
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! TABLE 1. LIGHTNING ACTIVITY COUNT FOR 1976 AT NAFEC AREA

DATES UNIT NO, 1, RSA-10 UNIT NO. 2, CIGRE
Feb., 7 0 0
14 0 0
21 0 0
28 0 0
March 3 3 13
13 13 64
20 0 0
27 0 0
April 1 0 26
4 12 29
20 0 2
22 17 49
28 1 1
May 1 0 3
15 3 23
20 5 7
21 42 361
29 13 68
June 1 474 1441
8 1 2
12 1 102
19 28 100
26 0 7
29 21 560
July 6 34 600
12 280 850
23 4 46
29 40 560
Aug. 13 550 1800
15 220 750
P 29 i " 18
Sep. 11 1 20
26 18 260
Oct. 9 10 50




It can be stated that both systems tested gave test results that did corres-
k! pond with the system physical parameters, and at the same time showed dif-
ferences between these parameters.

While both counter systems consistently registered significant differences
in the number of lightning flashes counted, they did show that each system
had reasonable merit of it's own in detecting and counting lightning flashes
within system limits.

Based on the design features of each, both systems could be used to count
lightning flashes and indicate storm intensity categories. But as to their

application for air traffic control, a separate utilization study would have |
to be made.

CONCLUS IONS ' 1

From the results, it i1s concluded that: i

1. The RSA-10 and CIGRE lightning-flash counters are effective devices for
determining the presence of lightning usually associated with cumulonimbus
clouds.

2. As described in the RESULTS section, the collection of data during the
testing period showed that both lightning-flash counter systems can be used

to detect and relay the number and, within relative range, the rate of light-
ning discharges for a given location. These data also indicated the intensity
of thunderstorm activity for a given time.

3. The detection range from a given point can be extended to any distance
by locating a sensor at the desired reporting area and relaying the collected
data back to that point, via land lines or some other type data link.




RECOMMENDATIONS

From the conclusions, it is recommended that:

1. A network of outlying sensor locations could be established surrounding

a central reporting point to provide directional as well as distance-type
information regarding approaching thunderstorms. Thus, a storm "warning" system
could be realized with "correlated approach time" and "relative intensity" as
continuously updated data. These data could be analyzed and relayed to pilots,
air traffic controllers, and associated personnel to help with air traffic
control functions.

2. Other thunderstorm detection systems could be compared with the lightning-
flash counter systems. An operational evaluation of the lighting-flash counters
could also be completed so that (1) radar location of cumulonimbus clouds can
be correlated with the activity of the lightning-flash counters, and (2) the
usefulness of the devices to air traffic control can be determined. This could
be done at NAFEC or in a region where thunderstorm activity is known to be

high.
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APPENDIX

LIGHTNING THEORY

ATMOSPHERIC.

Experiments have shown that there is always free electricity in the atmosphere, }
which is sometimes negative and sometimes positive, but most generally posi- i
tive, and the intensity of this free electricity is greater in the middle of
the day than at morning or night and is greater in summer than in winter.

In fine weather, the potential increases with altitude at the rate, according
to some writers, of about 30 volts per foot. To detect the presence of free
electricity in the air, a pointed metal rod projecting into the air several
feet and connected at its lower end to a gold-leaf electroscope may be used.
When this rod is projected into the air a few feet, the leaves diverge. Kites
and ballons have also been used to detect and, so to speak, draw down the free
electricity of the air.

The origin of atmospheric electricity is still unknown. Some physicists have
ascribed it to the friction of the air upon the ground, others to the gradual
oxidation of plant and animal life, others again, to evaporation to induction
from the sun, and to differences of temperature. Most authorities are agreed,
however, that whatever may be the origin of free electricity in the atmosphere,
the electricity of enormous voltages that disrupts the air and produces the
phenomena of lightning is due to the condensation of the watery vapor forming
the clouds; each minute vapor drop as it moves through the air collecting

upon its surface a certain amount of free electricity. Then, as these drops

of vapor coalesce into larger drops with a corresponding decrease in the total
surface exposed, the electric potential rises until it overcomes the resisting
power of the air. This remark will be more clearly understood when it is
considered that with a given charge of electricity, its potential rises as :
the electrical capacity of the object holding the charge is decreased, which
is the case when the minute vapor drops coalesce into larger drops. The
similarity of lightning to the electricity developed by an electrical machine
was demonstrated by Benjamin Franklin in his memorable kite experiments.

Lightning is a giant electrical spark seen mostly in thunderstorms, while
discharges of this type may also occur over active volcanos, in dust clouds
over desert sand atomic explosions, or any places where there are rapid changes
in wind and temperature. Lightning is the big daddy of any other electrical
spark, as in autos and TV sets. The principle used in precaution must be used
in both cases.

T

THE PRINCIPAL OPERATION OF A THUNDERSTORM.

The cumulonimbus cloud is the source of electrical charges needed to produce

lightning strokes. In local convection thunderstorms from local heating of

the air adjacent to the ground, only a few of these clouds are present. In

frontal storms, the cold air masses move over masses of warm, moist air, and |
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cumulus clouds are formed which may extend over many miles. The cumulous clouds
always are formed by violent updrafts which carry the cloud tops to 40,000 feet
and even higher. In later stages, violent downdrafts are observed. Electri-
fication of the cloud masses is closely related to these rapid movements of
large air masses and the moisture carried along.

The formation and concentration of sufficient electrical charges to produce
lightning strokes appear to involve free ions, the breaking up of raindrops
under the influence of gravity and wind, and probably the generation of elec-
trical charges by freezing of rain in regions of the clouds extending beyond
20,000 feet in height at temperatures below 10° C. From balloon observations
and airplane flights, it is well established that the lower part of the cloud
carries negative charges, while a positive charge 1s principally located in
the upper regions and in the ground underneath the cloud. In some cases,
small charge pockets of positive polarity may exist in and under the cloud
bottom. )

It has been estimated that over the whole surface of the earth, 16 million
thunderstorms occur in one year. Java has thunderstorms during 222 days out
of a whole year. In the United States, a number of storm days varies between
4 or less for the California Coast and 90 for Florida.

The lightning stroke equalizes the potential difference between the clouds'
charges toward the earth, and neutralizes these charges with those of opposite
polarity in the ground. It is the same phenomenon similar to, but greatly
magnified, experienced when a person walks on a thick carpet, thereby accumula-
ting the charge. This charge is released upon contact with a metallic object,
such as a light switch, or a radiator, by means of a small spark. The same
thing can happen when a lady with a fur coat slides across the seat of a car.
(The charge that has built up when a person walks across a carpet is between
the carpet and the body with the leather shoes acting as an insulator. Try it
without shoes and the experiment is voided, Again the problem of the elec-
trical shock can by eliminated by increasing the amount of humidity in the
room. The idea behind this is to reduce the insulation resistance.)

The lightning strike is a huge spark, which may have a :length in excess of 3
miles. The formation of such long discharges does not occur all at once, ‘
but occurs in steps, the so-called "stepped leader." When the charges in the 'ﬁ
cloud have resulted in a gradient or voltage difference with neighboring parts

of the cloud in excess of 5,000 volts per centimeter, a local electrical
breakdown results. Due to various processes, the field condition, the
impedance of the breakdown path, and the limited supply of charges, the
breakdown streamer cannot progress very far (on the average of about 150 feet).
It appears to stop and a period of inactivity is indicated for about 0,00005
second or 50 microseconds. This is followed by an extension of the step

leader by another 150 feet. This process is repeated until the leader has
reached the ground.
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On its way, branches may develop away from the original channel but in the same
general downward direction and utilizing the same mechanism of the stepped
leader. The total time involved to complete the travel from the cloud to
ground is in the order of 1/1000 to 1/100 of a second. The eye cannot per-
ceive this phenomenon because the illumination is relatively weak and the
reaction of the eye is not fast enough. The data which are available were
obtained with high-speed Boys Cameras. In these cameras, either the lems or
the film is rotated at a speed of 200,000 feet per hour. As the leader
approaches the earth, charges of opposite polarity to those in the leader makes
contact wi:h the ground. This results in an immediate exchange between the
ground charges and the leader charges and in a large increase in current.

These lightning stroke currents are of the order of 12,000 amperes (amps) and
may be as high as 200,000 amps. They are called current peak or return strokes
and are usually of negative polarity and decay to half their peak value in
about 0.00004 seconds (40 microseconds). In spite of their short duration,
these peaks of current may be extremely destructive, supplying the explosive
force of the lightning stroke. 4

From the photographic evidence, these currents appear to travel upward toward
the clouds at a speed about 100 times as great as the velocity of the downward
stepped leader, approaching one half the speed of light or 90,000 mps. At
least one-half of the lightning discharges observed produce a second leader.
It progresses continuously--the so-called continuous or dart leader--with 10
times the velocity of the atepped leader. Again, on reaching earth, a return
stroke results, with a tremendous increase in current. This may be repeated
many times, a maximum of 42 current peaks having been recorded. These are
multiple strokes and can be detected with the eye by the flickering illumina=-
tion of the stroke channel. In the intervals between the current peaks current
of much lower amplitude (500 amps or less) are flowing. These usually carry
the bulk of the charges, since they persist for a long time. They are calied
continuous currents and are primarily responsible for fires resulting from
lightning stroke. They also burn holes in metal roofs and the metal skin of
airplanes.

For strokes to high buildings, for instance the Empire State Building and the
110 story Sears Building in Chicago, the process described for strokes to

the ground is reversed. In most cases, the stroke starts at the building and
progresses upward toward the cloud in the form of a stepped leader. However,
when it reaches the cloud, a return stroke is not observed. Instead, a
continuoug current of a few hundred amperes flows for a fraction of a second
and the discharge then may stop, or it may be followed by one or more contin-
uous leaders starting at the cloud and progressing toward the tall building,
where a return stroke will result, just as with cloud-to-ground strokes in
ordinary terrain.

The continuous current portions of these strokes are particulary large, carry-
ing charges as high as 150 coulombs. The average total duration of a stroke
is 1/500 of a second. The longest duration recorded was 1.65 seconds.

The 1light produced by the current peaks is so intense that for close strokes,
the retina of the eye is saturated. The image of the stroke is then retained
for several seconds. For very close strokes, such as to aircraft during
flight, the observer can be completely blinded for a period of minutes.

\
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Frequently, the branches developed during the step leader process also reach

the ground, sometimes simultaneously with the original leader, at other times
during the progress of one of the subsequent continuous leaders. The ground

terminal of the branch may be within a few hundred feet or miles away. Thus,
two widely separated points may be struck during the same strokes. The wind

during the storm has a lot to do with distance between strokes.

Although cloud-to-cloud strokes are more numerous than cloud=-to-ground
strokes, less data are available. They indicate that these strokes start with
a stepped leader and do not usually result in return strokes. When return
strokes were recorded they were of minor current amplitude. These strokes
are of no importance for objects on the ground except for the static produced
in radio receivers and minor damage to aircraft skina. It is estimated that
the number of cloud-to-ground strokes per square mile is approximately equal
to half the thunderstorm days in that area. Estimates also indicate that
about 100 lightning discharges occur every second in some part of the earth.

There are various visual forms of lightning strokes. All are believed to have
the described characteristics.

1. Streak lightning is the normally observed type.

2. Bead lightning may be caused by variation in the luminosity of the
channel, perhaps caused by brush discharges.

3. Ribbon lightning probably is a multiple stroke where the channel is
blown along by the wind.

4. Fork lightning is the term used for strokes with several apparently
simultaneous paths to ground.

5. Heat lightning is a form of streak lightning at great distances so that
thunder is not heard.

6. Sheet lightning usually occurs in clouds between the lower and upper
atmosphere over a considerable area.

1. Ball lightning is described as a luminous ball of reddish color with an
average diameter of 20 centimeters and a relatively low speed of travel.
Usually the ball explodes after 3 to 5 seconds. This is a very controversial
form of lightning. It is believed to ba an optical illusion caused by satura-
tion of the retina from a nearby lightning stroke. This image is carried
along as the observer shifts his eyes. The testimony of a few apparently

well qualified observers seem to indicate that such phenomena may exist. Ball
lightning also may be confused with St. Elmo's fire, which is a corona dis-
charge cccurring in strong electric fields and has been observed on masts of
ships, treetops, and propellors of aircraft.
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Thunder is the sound effect of the lightning stroke and results from the
sudden expansion of the channel and increase in pressure due to heating, ioni-
zation, and disassociation along the path of a lightning stroke. Evidence of
the pressure developed is found by windows and clapboards blown outward in
houses struck by lightning. Thunder apparently is produced only by current
peaks where the rate of charge of current is rapid. Thunder may not be heard
when a lightning discharge consists only of continuing currents, as is the
case at times for strokes to tall buildings. Since sound travels at a rate of
approximately 1,100 feet per second (1,087 at 0° C), while the light reaches
the eye almost instantaneously; an observer can judge the distance of a light-
ning flash by counting the seconds elapsing between the flash and the arrival
of the sound wave. Each second equals therefore, 1,000 feet or approximately
5 seconds = 1 mile. Thundering can be heard for a distance of about 15 miles.
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