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LIGHTNING, LIGHTNING PROTECTION AND
TEST STANDARDS

Lightning is a transient, high-current electric discharge
whose path length is measured in kilometers. The most com-
mon source of lightning is the electric charge that is sepa-
rated in thunderstorms, although lightning or lightning-like
electrical discharges can also occur in volcanic plumes, snow-
storms, and sand storms. On average, well over half of all
lightning discharges occur inside thunderclouds and are
called intracloud discharges. Intracloud discharges can pose a
threat to aircraft or other airborne vehicles, but here our em-
phasis will be on flashes between cloud and ground. Cloud-to-
ground lightning is obviously a hazard to humans and to
ground-based structures and electronics, and the lightning
test standards for aircraft are based primarily on the char-
acteristics of cloud-to-ground discharges. Cloud-to-ground
flashes are also the most severe in terms of peak current and
are better characterized than cloud discharges.

Contours of the average number of cloud-to-ground flashes
per square kilometer derived from measurements over four
years are plotted in Fig. 1 with 60 X 60 km? spatial resolu-
tion. The state of Vermont is shown with 5 km? resolution in
the inset on the upper right-hand side of Fig. 1. Note that
most of the continental United States experiences at least one
cloud-to-ground flash per square kilometer per year and that
about one-third of the United States has 4 km™2 yr™! or more.
The maximum area densities are found along the southeast-
ern Gulf Coast and the Florida peninsula, where the values
exceed 20 km™2 yr™!, or 50 mi~? yr~!, when viewed in 5 km?
squares. Roughly 20 to 30 million cloud-to-ground flashes
strike the United States each year, and thus lightning is
among the nation’s most severe weather hazards, both to
property and to life (1-3).

In the following, we will survey the development of a typi-
cal cloud-to-ground lightning flash, the currents and other
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Figure 1. A low-resolution map of the average annual frequency of cloud-to-ground lightning
in flashes/km? over the continental United States, in the years 1989 to 1993. A higher-resolution
plot of Vermont is shown in the upper right-hand corner. (Courtesy of Global Atmospherics, Inc,
Tucson, AZ.)

properties of such discharges, the mechanisms of lightning
damage, the fundamentals of lightning protection, and light-
ning test standards. Although the phenomenology of a typical
flash is discussed, it is worth noting that important parame-
ters such as the total number of discharges in a storm, the
fraction of discharges that strike the ground, the polarity of
charge lowered by the flashes, the flashing rates, and even
the characteristics of individual flashes vary widely and de-
pend on the characteristics of the cloud and on the local mete-
orological environment. For example, frontal storms tend to
produce higher flashing rates and more strokes per flash than
local or air—mass storms, and there are important seasonal
variations in the fraction of positive flashes to ground and in
the amplitudes of the peak currents. For a discussion of the
characteristics of lightning and thunderstorms that are be-
yond the scope of this review, the reader is referred to the
books by Uman (4) and by MacGorman and Rust (5).

CLOUD-TO-GROUND LIGHTNING

The vast majority of cloud-to-ground (CG) discharges begins
within the cloud near a negative charge region that is located

near the —10°C temperature level (6). Most CG flashes trans-
fer negative charge to the ground and are the primary type
discussed here. A few percent of CG flashes originate in the
upper regions of thunderclouds or within the trailing strati-
form region of thunderstorm complexes, and lower positive
charge. CG flashes begin with a preliminary breakdown pro-
cess inside the cloud. Next, a highly branched discharge, the
stepped leader, appears below cloud base and propagates
downward in a series of intermittent steps, at an average
speed of 10° m/s to 10° m/s. The leader effectively lowers the
negative cloud potential, of the order of 108 V, downward to-
ward ground. After a few tens of milliseconds, when the tip of
the downward propagating leader gets to within some tens of
meters of the ground, the electric field under the leader be-
comes large enough to initiate one or more upward connecting
discharges, usually from the tallest object (or objects) in the
“local vicinity,” again within tens of meters, of the strike
point. When an upward discharge contacts the leader, the
first return stroke begins.

The return stroke is a very intense pulse of current and
luminosity that propagates up the previously charged and
ionized leader channel into the cloud at a speed comparable
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Table 1. Properties of Return Strokes That Lower Negative Charge to Ground

Percentage of Cases Exceeding Tabulated Value

Properties Unit 95% 50% 5%
Peak current (minimum 2 kA)

First stroke kA 14.0 30.0 80.0

Subsequent stroke kA 4.6 12.0 30.0
Total charge

First stroke C 1.1 5.2 24.0

Subsequent C 0.2 14 11.0

Entire flash C 1.3 7.5 40.0
Impulse charge

First stroke C 1.1 4.5 20.0

Subsequent stroke C 0.22 0.95 4.0
Stroke duration

First stroke us 30.0 75.0 200.0

Subsequent stroke us 6.5 32.0 140.0
Action integral

First strokes A’s 6.0 X 10° 5.5 x 10* 5.5 X 10°

Subsequent strokes Als 5.5 X 10? 6.0 X 10° 5.2 X 10*

Interval between strokes ms 7.0 33.0 150.0
Flash duration

Including single stroke flashes ms 0.15 13.0 1100.0

Excluding single stroke flashes ms 31.0 180.0 900.0

Adapted from Berger et al. (36).

to the speed of light. After a pause of 40 ms to 80 ms, another
leader, a dart leader, may propagate down the main part of
the previous return-stroke channel (this time smoothly), re-
charge it negatively, and then initiate a subsequent return
stroke. A typical cloud-to-ground flash contains several return
strokes and has a total duration of about half a second. Light-
ning often appears to “flicker” because the human eye can
sometimes just resolve the time interval between successive
strokes. In roughly half of all flashes to ground, one or more
of the dart leaders propagates down just a portion of the pre-
vious return-stroke channel and then forges a different path
to ground. In these cases, the discharge usually strikes
ground in two (or more) places, and the channel has the char-
acteristic forked appearance that can be seen in many photo-
graphs.

Return stroke currents have been measured during direct
strikes to instrumented towers and have been inferred from
remote measurements of electromagnetic field changes. First
stroke currents typically rise to a peak of 20 kA to 40 kA
within a few microseconds and transfer several coulombs of
negative charge to the ground. The maximum rate of rise of
current during the initial onset can be of the order of 100 kA/
us or higher for tens of nanoseconds (7,8). The current falls
to about half the peak value in about 50 ws. The peak cur-
rents in return strokes subsequent to the first are generally
about half that of the first stroke but have about the same
maximum rate of rise. Following subsequent strokes, there is
often a continuing current of the order of hundreds of amperes
for tens of milliseconds or more. Table 1 summarizes the char-
acteristics of the currents in return strokes that lower nega-
tive charge to ground. Flashes that lower positive charge are
much less frequent than those that lower negative charge, but
positive flashes do tend to have large peak currents, some-
times exceeding 300 kA, and large charge transfers, some-
times exceeding hundreds of coulombs. A positive flash usu-

ally contains just a single return stroke followed by a long
continuing current.

During its onset, a return stroke heats the leader channel
to a peak temperature of about 30,000 K, roughly five times
hotter than the surface of the sun. As a result of this heating,
the channel pressure rises to tens of atmospheres, and then
produces a rapid channel expansion behind a strong shock
wave. The shock wave from each segment of the tortuous
channel decays within meters to a weak shock wave that, in
turn, decays into the acoustic wave that ultimately becomes
thunder (9,10). Most of the energy input to a return stroke
probably goes into heating the air and into the work of chan-
nel expansion.

LIGHTNING DAMAGE

At this point, it will be instructive to estimate how often a
normal-sized structure, such as a house, will be struck by CG
lightning. We assume that the house is located in a geo-
graphic region that has an average of about 4 CG flashes per
square kilometer per year (see Fig. 1). We also assume that
the area of the house is about 10 X 20 m? and that there will
be a direct strike any time a stepped leader comes within 10
m of this area. In this case, the effective area of the house
will be about 30 X 40 m?, and the house will be struck, on
average, (1200)(4)(10°%) = 4.8 X 107 times a year, or about
once every 200 years. Larger houses will be struck more often,
smaller ones less often, and, of course, there can be serious
damage from strikes that are further than 10 m from the
structure. Another way to think of this hazard is that, in a
region with 4 CG flashes per square kilometer per year (pre-
suming a 10 X 20 m? house to be typical), an average of 1 out
of every 200 houses will be struck directly each year.
Damage from the direct effects of lightning can usually be
attributed to one of four measurable properties of the cur-
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rent, I: (1) the value of the peak, I,, (2) the maximum rate of
change of current, dI/dt,.,, (3) the integral of the current over
time, [ I dt, or the value of the charge transfer, and (4) the
integral of the current squared over time, the so-called “action
integral,” [ I? dt, or the energy that would be transferred to
a 1 Q resistor.

1. For objects that offer a predominantly resistive imped-
ance, R, such as a ground rod or the characteristic im-
pedance of a long power line, the peak voltage on the
object, V,, will be given by Ohm’s law, V, = I,R, where
I, is the peak current. For example, if a 30,000 A peak
current is injected into an overhead power line with a
400 Q characteristic impedance, an overvoltage of about
12 million volts will be produced in the absence of
flashovers. Such large voltages frequently cause second-
ary discharges between the object that is struck and
nearby objects that are grounded. These so-called “side-
flashes” are one of the greatest hazards to humans or
animals who are standing near a tree or any other tall
object that is being struck by lightning. The damage
produced by a side-flash is usually very similar to that
of a direct strike.

2. For objects whose impedance can be represented by a
lumped inductance, L, such as the wires in an electrical
circuit, the peak voltage produced by the lightning cur-
rent will be proportional to the maximum rate of change
of current, dI/dt, multiplied by the inductance, V = L
dI/dt. For example, 1 m of wire has a self-inductance
that is of the order of 107¢ H. The peak dI/dt in a return
stroke is of the order of 100 kA/us; therefore, about 100
kV will appear on this length of conductor for the dura-
tion of the large dI/dt, typically some tens of nanosec-
onds.

Figure 2 shows how the resistance and inductance of
a grounding system can cause large differences in the
“earth” potential between two adjacent structures. The
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Figure 2. Path of the lightning current may flow in data cables be-
cause of the potential differences that are produced between two
structures that are “grounded.” (Adapted from Ref. 16.)

353

potential V of the transmitter in Fig. 2is V, + IR + L
dlI/dt, where R and L are the resistance and inductance
of the grounding system and Vj is the true earth poten-
tial. The potential of the receiver is at true earth poten-
tial because no lightning current is flowing in its
grounding system. Transient voltage differences such as
these can ultimately appear on signal cables that are
routed between the transmitter and receiver.

3. The heating and potential burn-through of thin metal
sheets, such as a metal roof or an airplane wing, are to
a first approximation proportional to the total charge
that is injected into the metal at the air—arc interface.
Generally, large charge transfers are produced by long-
duration (tenths of a second to seconds) continuing cur-
rents that are in the range of 100 A to 1000 A, rather
than by the peak currents, which have a relatively short
duration. A typical CG flash transfers 20 C to 30 C of
charge to ground, and extreme flashes transfer hun-
dreds and occasionally thousands of coulombs.

4. The heating of resistive loads or relatively poor conduc-
tors to the point of melting or evaporation is, to a first
approximation, proportional to the action integral.
About 1% of negative return strokes have action inte-
grals that exceed 10° A%s. In the case of a tree, the heat
created by the action integral vaporizes the internal
moisture of the wood, and the resulting high-pressure
steam causes an explosive fracture.

The electromagnetic fields from nearby lightning can induce
damage, and such damage tends to depend on two parame-
ters: (a) the peak value of the field and (b) the maximum rate
of rise to this peak. Damage due to electromagnetic coupling
is usually termed an “indirect” effect. For antennas or metal-
lic structures that are capacitively coupled, the peak voltage
on the structure is proportional to the peak amplitude of the
field. For loops of wire or other conductors, the peak voltage
is proportional to the maximum rate of change of the field.

Finally, it is appropriate to say a few words about the ef-
fects of lightning on humans. A direct strike will inject cur-
rent that can damage a person’s central nervous system, in-
cluding stopping cardiac and pulmonary activity, burn the
skin, and damage internal organs. Details of the conse-
quences of lightning strikes to humans and methods of treat-
ment can be found in Andrews et al. (11), Golde (12), and
Lee (13).

PROTECTION TECHNIQUES

There are two basic methods of lightning protection: (a) di-
verting the current away from the structure so that it passes
harmlessly to ground and (b) shielding the structure and its
contents from any lightning-caused transients. On residential
or commercial buildings, the diversion of lightning currents
to ground can be accomplished by a system of lightning rods,
down conductors, and grounds, as shown in Fig. 3. Such a
system is usually sufficient to protect the structure from dam-
age and to reduce (by imperfect shielding) the damage to any
electronic equipment that is inside the structure [NFPA (14)].

The function of the lightning rod or “air terminal” is to
initiate an upward connecting discharge that will intercept
the downward-moving leader and thereby define and control
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Figure 3. (a) Sketch of a standard lightning-protection system
that is appropriate for small structures, and (b) its equivalent
electric circuit at low frequencies. (Adapted from Ref. 19.)

the point of attachment to the structure. The air terminals do
not attract significantly more strikes to the structure than the
structure would receive in their absence. The function of the
down conductors and grounding system is to divert the light-
ning current around the outside of the structure and into the
ground as harmlessly as possible. The space that is “pro-
tected” by a vertical rod or overhead wire is often described
in terms of a zone of protection (see Fig. 4), but, of course,
this is not absolute. Tall towers (> 30 m) are limited in the
space that they protect [see Fig. 4(c)]. Further details about
lightning rods and their installation are available in the
Lightning Protection Code [NFPA (14)].

The grounding system or earth-termination network pro-
vides a sink where the lightning current can be discharged
harmlessly into the earth. To minimize side-flashes, the
ground impedance should be kept as low as possible, and the
geometry should be arranged so as to minimize surface break-
down. Many technical articles and books have been written
about grounding electric-power systems and associated equip-
ment [e.g., Sunde (15)]. Much of this information also applies
to a lightning-protection system, although the rapidly chang-
ing and large lightning current sometimes poses special
problems.

Protection of the contents of a structure should include
limiting any transient currents and voltages that are pro-
duced by the strike and that typically propagate into the
structure as traveling waves on any electric power, telephone,
or other wires that are connected to the outside environment.
The detailed design and installation of the current- and volt-
age-limiting devices and the associated grounding circuits
will depend on the nature of the system that is to be protected
and the signals that are to be controlled. For further details,
see the discussion in Standler (16) and the references therein.

Figure 5 illustrates the concept of topological shielding
that provides optimum lightning protection for most struc-
tures and their contents (17,18). The technique consists of iso-
lating and then nesting several layers of imperfect or partial
shields inside each other, and then “grounding” the outside
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surface of each inner shield to the inside surface of the next
outer shield [see Fig. 5(c)]. All wires that penetrate a shield
are equipped with transient protectors that are shunted suc-
cessively to the outside surface of each shield layer; therefore,
the hazardous voltage and power levels are reduced at each
successive inner shield.

For further discussions of lightning protection, the reader
can consult Golde (12), Krider (19), Uman (20,21), and the
references given in these reviews.

TEST STANDARDS

Various test methods and standards have been developed to
enable engineers to evaluate the effectiveness of protective
measures or to verify the adequacy of protection designs. Of-
ten, the specifications for testing are divided into “direct” and
“indirect” effects. As noted earlier, the direct effects are those
due to the lightning current and include damage to metal and
insulator surfaces and possible ignition of flammable vapors.
Indirect effects include the transient currents and voltages
induced on internal circuits by flashes that strike on or near
the structure.

There are separate standards for the many different types
of lightning arresters, transformers, and circuit breakers used
in 50 Hz and 60 Hz power systems. There are also separate
standards for line-powered and mounted telecommunication
equipment and for the gas tubes and carbon block arresters
that are mounted at the telephone service entrances to struc-
tures. Some of the better-known standards for simulating the
indirect effects of lightning are IEEE/ANSI C62.41-1991,
C62.11-1997, and C62.64-1996. A listing of IEEE Standards
is available from IEEE Customer Service, P.O. Box 1331, Pis-
cataway, NJ 08855-1331 (see also http://standards.ieee.org/).

For testing equipment that operates on power systems, an
open-circuit voltage waveform of 1.2/50 us (1.2 us rise and 50
us decay) with appropriate amplitudes is often used as the
test waveform. Unfortunately, the actual voltage and current
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Figure 4. The volumes enclosed by the dashed lines are the probable
“zones of protection” provided by (a) a vertical mast not exceeding a
height of 15 m, (b) an overhead ground wire above a small structure,
and (c) a tower taller than about 30 m. (Adapted from Ref. 19.)

waveforms produced by both direct and nearby lightning
strikes can have much faster rise times and longer durations
than this test waveform. The electrical industry’s standard
voltage waveform for dielectric tests and the aerospace indus-
try’s standard for fuel ignition tests is also the 1.2/50 us
wave. Gas tube telephone protectors are tested to the follow-
ing three requirements: a 10/1000 us current wave for cur-
rents from 50 to 500 A, an 8/20 us current wave for 5 kA to
20 kA, and linear voltage ramps of 100, 500, 5000, 10,000 V/
us up to sparkover (IEEE STD 465.1). Additionally, various
government agencies and jurisdictional authorities have
drafted lightning protection requirements for specific types or
classes of systems or equipment. Unfortunately, many of
these standards address only one or two characteristics of
lightning (such as the voltage surge arriving at the terminals
of a protective device) and do not recognize the need for sys-
tem-wide protection. Also, many of these standards were writ-
ten prior to the widespread use of low-voltage electronics, so
the specified protection levels are not low enough to provide
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adequate protection. As a result, damage to ground-based
electronic installations from direct or nearby lightning strikes
is a common occurrence. A need clearly exists for more com-
prehensive design standards and guidelines for the systems
and devices used in lightning protection.

Possibly because of the potential for catastrophic damage,
the requirements and standards used to protect aircraft from
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Figure 5. Diagram illustrating the principles of topological
shielding: (a) Building to be protected is served by overhead power
lines and a communications tower. (b) External view of building after
topological shielding. (c) Schematic of the topological shielding. The
transient surge to be controlled enters on the incoming wire. Higher
zone numbers represent better levels of protection. (Adapted from
Ref. 20.)
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lightning have kept better pace both with advances in air-
frame and avionics system design and with improvements in
understanding of lightning physics than have the require-
ments for most ground-based systems. Information on light-
ning test standards for aircraft is given in Clifford et al. (22),
Fisher et al. (23), and Plumer (24). The Federal Aviation Ad-
ministration (FAA) and the Department of Defense (DOD)
have jurisdiction over lightning protection of all aircraft op-
erating in the United States, and equivalent organizations in
other countries have similar responsibilities. The design and
test standards for aircraft and aerospace vehicles have been
developed primarily by the Society of Automotive Engineers
(SAE) Committee AE4L on lightning protection (25,26). This
committee has been functioning since 1970, and its criteria
have been published and incorporated at regular intervals in
related DOD and FAA standards and advisory circulars.

In testing to determine the immunity of a system to a di-
rect lightning strike, the conservative approach is to use the
parameters of a relatively severe discharge—that is, the cur-
rent thought to exist at the base of a CG flash. Airborne vehi-
cles will likely encounter smaller currents associated either
with the upper portion of return strokes or with various com-
ponents of intracloud discharges. The current specified in one
lightning test standard, MIL-STD-1757A (Lightning Qualifi-
cations Test Techniques for Aerospace Vehicles and Hard-
ware, Military Standard MIL-STD-1757A, 20 July 1983), is
illustrated in Fig. 6. This waveform simulates a first return
stroke and one subsequent stroke with a continuing current
in between. The peak currents of 200 kA for the first stroke
and 100 kA for the subsequent stroke, as well as the charge
transfer of over 200 C and the first stroke action integral of
2 X 10% AZs, each occur at the 1% level or less in negative
flashes to ground (see Table 1). For the less common positive
cloud-to-ground flashes, which nearly always comprise one
stroke plus a continuing current, the first stroke peak cur-
rent, action integral, and charge transfer exceed the MIL-
STD-1757A values in each category only about 10% of the

dI
dt'max
. /200 kA peak
@
§ /100 kA peak
o 1P dt =2 x 108 A%s
kS
= [12 dt = 2.5 x 105 A2s
é ‘ 2 kA (avg)
8 } 200-300 A
| @=10c | @=200c \J
|

! \
‘SO.Sms <5ms 025s<t<1ms <0.5ms

Figure 6. Test current waveform specified in MIL-STD-1757A. The
maximum current rate-of-rise, dI/dt ., has been inferred from DOD-
5TD-1795, a standard intended to take account of induced effects.
(Adapted from Ref. 21.)
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time (4). The maximum rate-of-rise of the stroke current
given in Fig. 6 has been inferred from DOD-STD-1795 [Light-
ning Protection of Aerospace Vehicles and Hardware, Depart-
ment of Defense Standard DOD-STD-1795 (USAF), 30 May
19861].

Recently, a new current component, the so-called multiple
burst component or component H, has been added to the test
waveforms of Refs. 25 and 27. According to Ref. 27, the multi-
ple burst environment described below is also adopted as part
of the following standards:

1. SAE Committee Report, SAE AE4L-83-3, Rev. C, Certi-
fication of Aircraft Electrical/Electronic Systems
Against the Indirect Effects of Lightning.

2. DOT/FAA/CT-89/22, Aircraft Lightning Protection
Handbook.

3. US MIL-STD-1795A, Lightning Protection of Aerospace
Vehicles and Hardware.

4. NASA STS 07636, Rev. A, Space Shuttle Lightning Cri-
teria.

The H component contains three pulse bursts, each with 20
pulses separated by 50 us to 1000 us. The individual bursts
are separated by 30 ms to 300 ms over a period of up to 2 s.
Pulses within a burst, characterized in terms of current, are
defined to have peak of 10 kA, a relatively low value com-
pared to other components of the standard lightning environ-
ment (200 kA for the first return-stroke peak and 100 kA for
the subsequent return-stroke peak), a rise time of 240 ns, and
a decay time to half-peak value of 4 us.

Rakov et al. (28) have recently criticized the H component,
as given above, in view of the ground-based measurements of
electric and magnetic field pulse bursts by Krider et al. (29),
Villanueva et al. (30), and Rakov et al. (28) and the airborne
current measurements of Thomas and Carney (31), Mazur
(32), and Mazur and Moreau (33), and other information.
Clearly, more experimental measurements of the microsec-
ond-scale current pulses in an aircraft lightning environment
and in the lightning electromagnetic radiation are needed for
an adequate definition of the H component in the lightning
standard.

In conclusion, we would like to point out that many of the
physical properties of lightning are still not well understood,
especially those parameters that dominate in electromagnetic
coupling problems. The submicrosecond onset of the return-
stroke current, for example, and the associated maximum
dI/dt and its duration have been inferred from measurements
of the broadband electromagnetic radiation from lightning
and one or two experiments on rocket-triggered discharges.
Whether these results are valid at the point of attachment in
natural CG flashes or for strikes to towers or tall structures
is still not known (see discussions in Refs. 7 and 8). The pa-
rameters of positive CG flashes, especially those occurring
during winter storms, are poorly understood even though this
type of lightning is unusually deleterious to electric power
systems in Japan. Finally, we note the still mysterious
sources of narrow positive (and negative) bipolar waveforms
(34) that produce copious HF and VHF radiation and are
probably the sources of trans-ionospheric pulse pairs detected
on satellites (35). Such impulses are not simulated by any of
the present lightning test standards.



BIBLIOGRAPHY

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

D. Mackerras, Occurrence of lightning death and injuries, in C.
J. Andrews et al. (eds.), Lightning Injuries: Electrical, Medical,
and Legal Aspects, Boca Raton, FL: CRC Press, 1992, chap. 4.

. R. E. Lépez, R. L. Holle, and T. A. Heitkamp, Lightning casual-

ties and property damage in Colorado from 1950 to 1991 based
on “storm data,” Weather and Forecasting, 10: 114-126, 1995.

. E. B. Curran, R. L. Holle, and R. E. Lépez, Lightning fatalities,

injuries and damage reports in the United States, 1959-1994,
NOAA Technical Memorandum NWS SR-193, October 1997.

. M. A. Uman, The Lightning Discharge, San Diego: Academic

Press, 1987.

. D. R. MacGorman and W. D. Rust, The Electrical Nature of

Storms, New York: Oxford Univ. Press, 1998.

. P. R. Krehbiel, The electrical structure of thunderstorms, in The

Earth’s Electrical Environment, Studies in Geophysics, Washing-
ton, DC: National Academy Press, 1986, pp. 90-133.

. E. P. Krider, C. Leteinturier, and J. C. Willett, Submicrosecond

fields radiated during the onset of first return strokes in cloud-
to-ground lightning, JJ. Geophys. Res., 101: 1589-1597, 1996.

. J. C. Willett, E. P. Krider, and C. Leteinturier, Submicrosecond

field variations during the onset of first return strokes in cloud-
to-ground lightning, JJ. Geophys. Res., 1998, in press.

. A. A. Few, Acoustic radiations from lightning, in H. Volland (ed.),

CRC Handbook of Atmospherics, Boca Raton, FL: CRC Press,
1982, pp. 257-290.

A. A. Few, Acoustic radiations from lightning, in H. Volland (ed.),
CRC Handbook of Atmospheric Electrodynamics, Boca Raton, FL:
CRC Press, 1995, vol. II, pp. 1-31.

C. J. Andrews et al. (eds.), Lightning Injuries: Electrical, Medical,
and Legal Aspects, Boca Raton, FL: CRC Press, 1992.

R. H. Golde, Lightning Protection, London: Edward Arnold, 1973.

W. R. Lee, Lightning injuries and death, in R. H. Golde (ed.),
Lightning Protection, vol. 2, New York: Academic Press, 1977,
chap. 16.

NFPA (National Fire Protection Association), Lightning Protec-
tion Code, Quincy, MA: ANS/NFPA, 1992.

E. D. Sunde, Earth Conduction Effects in Transmission Systems,
New York: Dover, 1968.

R. B. Standler, Protection of Electronic Circuis from Ouvervoltages,
New York: Wiley, 1989.

F. M. Tesche, Topological concepts for internal EMP interaction,
IEEE Trans. Electromagn. Compat., EMC-20: 60—64, 1978.

E. F. Vance, Electromagnetic interference control, IEEE Trans.
Electromagn. Compat., EMC-22: 319-328, 1980.

E. P. Krider, Lightning damage and lightning protection, in E.
Kessler (ed.), The Thunderstorm in Human Affairs, Norman:
Univ. Oklahoma Press, 1981, chap. 6, pp. 111-124.

M. A. Uman, Application of advances in lightning research to
lightning protection, in Geophysics Study Committee, The Earth’s
Electrical Environment, Washington, DC: National Academy
Press, 1986.

M. A. Uman, Natural and artificially initiated lightning and
lightning test standards, Proc. IEEE, 76: 1548—-1565, 1988.

D. W. Clifford, K. E. Crouch, and E. H. Schulte, Lightning simu-
lation and testing, IEEE Trans. Electromagn. Compat., EMC-24:
209-224, 1982.

F. A. Fisher, J. A. Plumer, and R. A. Perala, Lightning Protection
of Aircraft, Pittsfield, MA: Lightning Technologies, Inc., 1990.

J. A. Plumer, Aircraft lightning protection design and certifica-
tion standards, Res. Lett. Atmos. Elec., 12: 83—96, 1992.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

LIGHT SOURCES.

LIGHT WATER REACTOR CONTROL SYSTEMS 357
EUROCAE WG-31 and SAE Committee AE4L Report, Aircraft
Lightning Environment and Related Test Waveforms Standard,
Report AE4L-97-4, July 1997.

EUROCAE WG-31 and SAE Committee AE4L Report, Certifica-
tion of Aircraft Electrical | Electronic Systems for the Indirect Ef-
fects of Lightning, Report AE4L-87-3, Rev. C, Sept. 1996.

FAA (Federal Aviation Administration), US Department of
Transportation, Advisory Circular No. 20-136, Protection of Air-
craft Electrical | Electronic Systems Against the Indirect Effects of
Lightning, March 5, 1990.

V. A. Rakov et al., Bursts of pulses in lightning electromagnetic
radiation: Observations and implications for lightning test stan-
dards, IEEE Trans. Electromagn. Compat., EMC-38: 156-164,
1996.

E. P. Krider, G. J. Radda, and R. C. Noggle, Regular radiation
field pulses produced by intracloud lightning discharges, J. Geo-
phys. Res., 80: 3801-3804, 1975.

Y. Villanueva et al., Microsecond-scale electric field pulses in
cloud lightning discharges, J. Geophys. Res., 99: 14,353—-14,360,
1994.

M. E. Thomas and H. K. Carney, 1984 Direct Strike Lightning
Data, NASA Tech. Memo. 87690, parts 1-3, September 1986.

V. Mazur, A physical model of lightning initiation on aircraft in
thunderstorms. J. Geophys. Res., 94: 3326—3340, 1989.

V. Mazur and M.-P. Moreau, Aircraft-triggered lightning: Pro-
cesses following strike initiation that affect aircraft, J. Aircraft,
29: 575-580, 1992.

J. C. Willett, J. C. Bailey, and E. P. Krider, A class of unusual
lightning electric field waveforms with very strong high-fre-
quency radiation, J. Geophys. Res., 94: 16,255—-16,267, 1989.

D. A. Smith et al., Distinct isolated thunderstorm radio emis-
sions, J. Geophys. Res., 1998, in press.

K. Berger, R. B. Anderson, and H. Kroninger, Parameters of
lightning flashes, Electra, 80: 23—-37, 1975.

E. PuiLip KRIDER
University of Arizona

MaARTIN A. UMAN
University of Florida

See PHOTOMETRIC LIGHT SOURCES.



