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The Electrification
of Thunderstorms

Although it has been known for two centuries that lightning
is a form of electricity, the exact microphysical processes responsible
for the charging of storm clouds remain in dispute

and most spectacular of natural
phenomena, and in the two cen-
turies since Benjamin Franklin dem-
onstrated that a lightning bolt is a gi-
ant electrical discharge, lightning and
thunderstorms have been the subject

I ightning is one of the commonest

of numerous scientific investigations..

Yet, in spite of a barrage of new equip-
ment and investigative techniques,
lightning’s exact origins and the mech-
anism by which rain clouds are electri-
fied remain elusive.

The intractability of the problem
stems from the fact that the physics of
lightning and thunderstorms spans 15
orders of magnitude in scale. At the
one end are the atomic phenomena

that initiate the electrification of the -

storm cloud and that take place on
scales of 10-13 kilometer; at the other
end is the air motion of the full thun-
dercloud, which completes the charg-
ing process and may take place over
scales of tens or hundreds of kilome-
ters. At each scale significant physics
is not understood.

Franklin himself, perhaps unknow-
ingly, identified one of the basic diffi-
culties. In 1752 he observed that “the
clouds of a thunder-gust are most
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commonly in a negative state of elec-
tricity, but sometimes in a positive
state.” Whether this ambiguity is the
result of faulty observations or inher-
ent in nature has been clarified only
recently. Nevertheless, since Franklin’s
words were written, it has been ac-
cepted that lightning is the transfer
of either positive or negative electric
charge from one region of a cloud to
another or between the cloud and
the earth. For this charge transfer to
take place the cloud must be electri-
fied, that is, the positive and negative
charges must be separated. How does
charge separation come about?

As will become apparent, only a par-
tial answer to this question can be
given. In objects one ordinarily en-
counters, such as coffee cups or tele-
phones, there are equal numbers of
positive and negative charges; more-
over, these charges are spread uni-
formly over the object, which is then
said to be electrically neutral, or un-
charged. Many microphysical proces-
ses, however, might cause the charges
to separate, with the result that, al-
though the object as a whole remains
neutral, one region has more positive
or negative charges than another. The
object is then said to be charged or
electrified. Charge separation is meas-
ured in volts; the greater the sepa-
ration, the greater the voltage. When
you walk across a room, the entire

LIGHTNING STRIKES SEATTLE in an un-
usually large storm on July 31, 1984. A
typical lightning bolt bridges a potential
difference of several hundred million
volts; it transfers the charge of approx-
imately 1020 electrons in a fraction of a
second, for a peak current of up to 10
kiloamperes. A moderate thunderstorm
generates several hundred megawatts
of electrical power, equivalent to the
‘output of a small nuclear power plant.
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room remains neutral but the action
of your shoes on the rug may charge
the rug with one polarity and your
shoes and body with the opposite
polarity. This can lead to a potential
difference of 100,000 volts over a dis-
tance of centimeters, a charge that is




evident when you grasp the doorknob.
A typical lightning bolt represents a
potential difference of several hun-
dred million volts, and it may transfer
10 or more coulombs of charge to the
ground; this is the charge carried by
about 10%° electrons. The transfer of
one coulomb of charge in one second
is by definition an electrical current of
one ampere. A lightning bolt therefore
represents a current of much more
than 10 amperes since its duration is
much less than one second. Storm
clouds of modest size produce a few
flashes per minute and a power of
a few hundred megawatts—that of a
small nuclear power plant. To find the
correct charge distribution and the
physical mechanism behind such volt-
ages and power outputs is the main
task of thunderstorm physics. Histori-
cally investigations have centered on
the electrical structure of clouds.
After Franklin’s observation it was
natural to assume that the charge dis-
tribution in a rain cloud conformed
to the simplest pattern imaginable:

positive charges in one region of the
cloud and negative charges in another
region. Such a structure is termed a
dipole. In attempting to explain the
presumed dipole structure of thun-
derclouds, investigators have invoked
two very different models: the precipi-
tation hypothesis and the convection
hypothesis.

Precipitation vs. Convection

The precipitation hypothesis, first

proposed by the German physicists -

Julius Elster and Hans F. Geitel in
1885, is based on a phenomenon
observed in the working of any gar-
den sprinkler: the larger water drops
quickly descend from the stream,
whereas the mist of small particles
remains suspended in the air to be
blown away by the wind. In the same
way, the precipitation hypothesis as-
sumes that raindrops, hailstones and
graupel particles (millimeter-to-centi-
meter-size ice pellets) in a thunder-
cloud are pulled by gravity downward

through the air past smaller water
droplets and ice crystals, which re-
main suspended. Collisions between
the large precipitation particles and
the mist of water droplets and ice
crystals are conjectured to transfer
negative charge to the precipitation
particles (as charges are transferred to
shoes from a rug) and, by charge con-
servation, positive charge to the mist.
It follows that if the precipitation par-
ticles become negatively charged, the
lower part of the cloud will accumu-
late negative charge and the upper
part positive charge [see top illustra-
tion on next page). A charge structure
with the positive region uppermost is
termed a positive dipole.

The convection hypothesis, formu-
lated independently by Gaston Grenet
of the University of Paris in 1947 and
by Bernard Vonnegut of the State Uni-
versity of New York at Albany in 1953,
is somewhat more complicated. The
analogue here is the familiar Van de
Graaff generator. In such a device a
positive or negative electric charge is
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TWO MODELS attempt to explain the electrical structure of
thunderclouds. The precipitation model (left) suggests that
gravity pulls heavy raindrops, hailstones and millimeter-size
ice particles called graupel past smaller water droplets and
ice crystals, which remain suspended. Collisions between the
falling particles and the suspended mist are conjectured to
transfer positive charge to the mist and negative charge to the
heavier particles. As these heavier particles fall, the lower part
of the cloud becomes negatively charged and the upper part
becomes positively charged—a structure known as a posi-

tive dipole. The convection hypothesis (right) proposes that
warm air currents carry positive charges released from the
earth’s surface to the top of the cloud. Negative charges, pro-
duced by cosmic rays above the cloud, are attracted to the
cloud’s surface by the positive charges within it. The negative
charges attach themselves to cloud particles to form a neg-
ative “screening layer.” Downdrafts are assumed to carry
the negative charges downward; this process again results
in a positive dipole. Note that the convection model invokes
no precipitation and the precipitation model no convection.
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ACTUAL STRUCTURE of a thundercloud is not dipolar but
tripolar, with a main negatively charged region sandwiched
between two positively charged regions. In a mature thunder-
cloud (Ieft) the main region of negative charge is at a height of
about six kilometers and a temperature of about —15 degrees
Celsius. Its thickness is only a few hundred meters, giving it a
pancake shape. The upper positive region often extends to the
tropopause, at a height of about 13 kilometers. At the very top
of the cloud there is a thin layer of negative charges called the
screening layer; its origins may be due to cosmic rays, which
ionize air molecules. At the bottom of the cloud there is a
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second region of positive charge, smaller than the first. In
a mature thundercloud updrafts dominate (arrows), but in a
dissipating thundercloud (right) the lower region of positive
charge precipitates out with strong downdrafts. The naive
precipitation model does not account for the tripolar struc-
ture of thunderclouds. The convection hypothesis does this
by assuming that the lower positive region is produced by
so-called corona discharge given off by sharp objects on the
earth. Recent evidence, however, indicates that the correct
explanation for the tripolar structure lies in the microphysics
of charge transfer between graupel particles and ice crystals.
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sprayed onto a moving rubber belt,
which then transports the charges, or
ions, to a high-voltage terminal. The
convection model assumes that the
electric charges in the cloud are sup-
plied initially by two external sour-
ces. The first source is cosmic rays,
which impinge on air molecules above
the cloud and ionize them (separate
the positive and negative charges).
The second source is the strong elec-
tric field around sharp objects at the
earth’s surface, which produces a
“corona discharge” of positive ions.
These positive ions are carried up-
ward by warm air, which, rising by
convection, acts like the belt on the
Van de Graaff generator. After reach-
ing the upper regions of the cloud,
these positive ions attract the negative
ions that were formed by cosmic rays
above the cloud. The negative ions
enter the cloud and quickly attach
themselves to water droplets and ice
crystals, thereby forming a negatively
charged “screening layer.” By hypoth-
esis the downdrafts at the cloud’s
periphery then carry the negatively
charged particles of the screening lay-
er downward; this again results in a
positive dipole structure.

Although precipitation and convec-
tion are observed in all clouds that
produce lightning (and these phenom-
ena are indeed inseparable in large
clouds), one sees that the elemen-
tary precipitation hypothesis invokes
no convection and the convection hy-
pothesis invokes no precipitation. The
marked distinction between the two
models has played an important role
in guiding investigators toward an un-
derstanding of the respective roles of
precipitation and convection in the
electrification of clouds.

These models were developed to
explain the dipole structure of thun-
derclouds. But, as already mentioned,
Franklin’s first observation in 1752
hints at an ambiguity: Is the positive
or negative charge uppermost? This
question led to an early controversy
between C. T. R. Wilson and George C.
Simpson over the charge structure of
thunderclouds. The debate is instruc-
tive, for it shows some of the difficul-
ties in collecting meaningful thunder-
storm data.

Positive Dipole or Negative?

In the 1920’s Wilson, who earlier had
invented the cloud chamber, made ob-
servations of a number of thunder-
storms from a distance and concluded
that the basic structure of a thunder-
cloud was that of a positive dipole.
At about the same time Simpson,

measuring the charge on rain falling
from thunderclouds, concluded the
opposite: that the lower region of a
thundercloud was positively charged
and the upper region was negatively
charged—a negative dipole.

It is only within the past 20 years
that investigators have been able to
explain these seemingly incompatible
results. With the benefit of hindsight
one can say the most important rea-
son for the persistence of the discrep-
ancy is that one rarely measures the
charge in a thundercloud; it is inferred
from a measurement of the cloud’s
electric field. An electric field sur-
rounding a charged body is analogous
in almost every respect to the gravi-
tational field surrounding a massive
body. Both fields cause other objects
within them to move; gravity attracts
massive objects, whereas an electric
field attracts or repels charged ob-
jects. The gravitational or electrical
force acting on such “test particles”
diminishes with the square of the dis-
tance between the test particle and
the central body. Both fields are there-
fore characterized by a strength (de-
termined by the distance to the at-
tractive or repulsive body) and a direc-
tion (attractive or repulsive). Fields
characterized by a strength and a di-
rection are called vector fields.

When more than one charged body
is present, the electric field can be-
come very complicated. Moreover, any
number of charge configurations can
produce the same field strength and
direction at a given point. As a result
a single measurement of the electric
field cannot uniquely determine the
charge distribution. Many measure-
ments are required; in principle one
must actually measure the electric
field everywhere to deduce the true
charge distribution. Wilson and Simp-
son each made measurements from a
single position, which is not enough to
infer the charge structure correctly.

Since the Wilson-Simpson contro-
versy, 50 more years of observation
have established that the basic struc-
ture of thunderclouds is not dipolar
but tripolar: there is a main region of
negative charge in the center with one
region of positive charge above it and
a second, smaller region of positive
charge below it [see bottom illustra-
tion on opposite page]. The most nota-
ble feature of the main, negatively-
charged layer is its pancake shape: its
vertical thickness is less than a kilo-
meter, but it may extend horizontally
several kilometers or more. It is at an
altitude of approximately six kilome-
ters, where the temperature is rough-
ly —15 degrees Celsius. Under condi-

tions prevailing there all three phases
of water—ice, liquid and vapor—can
coexist. The largest electric fields in
the thundercloud are found at the
upper and lower boundaries of the
main negatively charged layer.

The upper region of positive charge
is more diffuse than the negative layer
and may extend vertically several kilo-
meters—as high as the cloud itself.
The lower region of positive charge,
on the other hand, is so small that the
electric field at the surface of the earth
is frequently dominated by the main
negative charge. One other feature
is observed in many clouds: a layer
of negative charge, about 100 meters
thick, above the upper positive region.
This layer may result from negative
ions produced above and outside the
cloud, which are then captured by
cloud droplets or ice particles; it is the
screening layer predicted by the con-
vection hypothesis. Regardless of its
origins, however, the screening layer
appears to be a secondary feature that
does not significantly alter the basic
tripolar structure of the cloud.

The tripolar structure allows one to
understand the Wilson and Simpson
results. Wilson made his observations
from a considerable distance; the elec-
trical effect of the small positive re-
gion at the base of the cloud was
overwhelmed by the main negative re-
gion. He therefore saw only the upper-
most positive charge and a negative
charge below it: a positive dipole. On
the other hand, Simpson’s observa-
tions were carried out right under the
cloud. His instruments detected the
lower positive region directly above
him. Since the higher negative central
region screened the top positive re-
gion, Simpson concluded that the
negative charge was uppermost and
hence that the structure of the cloud
was a negative dipole.

Microphysics

The tripolar structure of thunder-
clouds requires some modification of
the naive precipitation model, which
can account only for a simple dipole,
quite apart from the fact that the mi-
crophysics of charge transfer was left
virtually unexplained. On the other
hand, it might seem that the convec-
tion model leads more naturally to a
tripole structure because it assumes
that corona discharge from sharp ob-
jects on the surface of the earth pro-
duces a flux of positive charges to-
ward the base of the cloud. It has been
widely believed this flux might ac-
count for the lower, positively charged
region of the tripole. Recent measure-
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ments of the size of the flux, however,
suggest that it may be an order of
magnitude too small to account for
the observed rate of cloud charging.
Partly for this reason the convection
model has fallen into disfavor. One
therefore attempts to modify the pre-
cipitation model.

Several modifications of the precipi-
tation model have been proposed to
account for the lower positive charge
region, as well as for the fact that rain
ordinarily carries a positive charge.
Simpson made the first attempt at
explaining these observations. Empiri-
cally it is known from studies of wa-
terfalls that the larger droplets selec-
tively acquire a positive charge on
breakup. (The amateur can perform

this experiment by taking a microam-
meter on board the Maid of the Mist at
Niagara Falls.) Simpson proposed that
precipitating water droplets in a thun-
dercloud also fragmented near the
base of the cloud and thus accounted
for the lower positive region. Measure-
ments made under the main negative
charge region in thunderclouds, how-
ever, show that precipitation particles
carry charges that are substantially
greater than those produced in the
waterfall fragmentation process; this
raises serious questions about wheth-
er fragmentation can account for the
tripole’s lower - positive region. Fur-
thermore, it is now recognized that
most of the positively charged parti-
cles that fall below the main negative
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MICROPHYSICS OF CHARGE TRANSFER involves collisions between graupel particles
and ice crystals. The heavy graupel particles fall through a suspension of smaller ice
crystals (hexagons) and supercooled water droplets (dots). Laboratory experiments
show that when the temperature is below a critical value called the charge-reversal
temperature, Ty, the falling graupel particles acquire a negative charge in collisions
with the ice crystals. At temperatures above Ty they acquire a positive charge. Ty is
thought to be about —15 degrees C., the temperature of the main negative region
found in thunderclouds; thus graupel picks up a positive charge when it falls below
this altitude to higher temperatures. There is now evidence that these positively
charged graupel particles form the lower positive region of the thundercloud tripole.
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charge region are not water droplets
but ice.

Ice plays a role in the other propos-
als to explain the thundercloud’s tri-
pole structure. Laboratory studies in
the 1940’s showed that ice particles
pick up a strong positive charge in the
course of melting. This observation is
still often invoked to explain the lower
positive region of the cloud. Although
melting may conceivably explain the
existence of positively charged parti-
cles at altitudes below 4,000 meters,
where ice begins to melt in mid-lati-
tude thunderstorms, it cannot, how-
ever, explain their existence at high-
er altitudes where positively charged
particles are also observed.

Melting of ice does not appear to
account for the observed tripole struc-
ture, but there is now considerable
evidence that collisions between ice
crystals and graupel particles play a
fundamental role. Over the past 20
years laboratory studies by many in-
vestigators, notably Stephen E. Reyn-
olds, Marx Brook and their collabora-
tors at the New Mexico Institute of
Mining and Technology, Tsutomu Ta-
kahashi of the University of Hawalii at
Manoa and Clive P. R. Saunders, John
Latham and Anthony J. lllingworth at
the Victoria University of Manchester,
have shown that when graupel parti-
cles collide with ice crystals, the polar-
ity of the charge transferred to the
particlesis strongly dependent on tem-
perature. Below a critical temperature,
called the charge-reversal tempera-
ture, negative charge is transferred; at
higher temperatures (corresponding
to lower altitudes in thunderclouds)
positive charge is transferred [see illus-
tration at left]. The exact value of the
charge-reversal temperature is still a
matter of dispute, but most laboratory
investigators agree that its value is
between —20 and —10 degrees C.

Thundercloud observations by a va-
riety of methods show that the main
negatively charged layer is at an alti-
tude where the temperature is about
—15 degrees. The charge-reversal hy-
pothesis then explains why negative
charges are found less frequently be-
low this altitude: the graupel particles
become positively charged as they fall
past and collide with suspended ice
crystals. These falling positive charg-
es form the lower positive region of
the tripole. Moreover, the amount of
charge transfer per collision in the
laboratory is of sufficient magnitude
to account for the charge transferred
by lightning in clouds of modest elec-
trical activity. The establishment of
a charge-reversal temperature consis-
tent with both laboratory experiments



and thundercloud observations must
be considered the main advance in
thunderstorm electricity in the past
two decades.

At the same time, the exact micro-
physical processes that would explain
the systematic transfer of charge of
one polarity to the graupel particles,
as well as the reversal temperature,
remain almost entirely unknown. The
underlying physical mechanism may
well be related to whatever causes the
shoes to charge when one walks on a
rug or a glass rod to charge when it is
rubbed with a piece of wool. Although
these phenomena were known to the
ancients, however, the basic micro-
physics behind them remains to this
day a neglected and unsolved prob-
lem. The lack of a microphysical de-
scription of static electrification is the
most serious gap in the understand-
ing of thundercloud electricity.

Convection

Although the convection model may
be inadequate in accounting for the

HIGH-VOLTAGE
POWER SUPPLY

magnitude of the lower positive re-
gion, there is substantial evidence that
thunderstorms are regions of vigor-
ous updrafts and downdrafts; con-
vection is indisputably present. It has
also been observed that maximum
lightning-flash rates are associated
with the upward motion of graupel
and hail above the main region of
negative charge. This picture contra-
dicts the naive precipitation hypothe-
sis, in which only downward-moving
graupel particles cause the electrifica-
tion. It is probably the relative motion
between the ice crystals and the grau-
pel particles, however, that causes
large-scale charge separation. The im-
portant requirement is that the ice
crystals rise relative to the earth more
rapidly than the graupel particles; this
is equivalent to falling graupel. More-
over, vigorous updrafts are not only
consistent with electrification but also
essential for it: the updraft maintains
the supply of supercooled water drop-
lets above the charge-reversal altitude.
These droplets provide for the growth
of graupel particles required for elec-

EXPERIMENTS by Charles B. Moore and Bernard Vonnegut test the convection hy-
pothesis. Air under a cumulus cloud is charged positively by a wire connected to
a high-voltage terminal. Measurements from an airplane show that the charges are
carried upward through the cloud by convection. Reversing the polarity of the power
supply reverses the cloud’s polarity. The experiments indicate that convection is
carrying the charges upward; the field produced, however, is about 1,000 times
smaller than what is necessary to produce lightning in electrically active clouds,
and so the relevance of these results to. thunderclouds is still open to question.
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trification and, according to the labo-
ratory experiments described above,
negligible charge transfer takes place
between graupel particles and ice
crystals if the droplets are absent.

During the past decade thunder-
storm downdrafts have been a grow-
ing concern from the point of view
of aviation safety. Unusually strong
downdrafts, termed microbursts by
Tetsuya T. Fujita of the University of
Chicago, are believed to have caused
major commercial-airliner crashes. Re-
cent studies of stationary thunder-
storms have shown that these down-
drafts follow by five to 10 minutes
the time of peak updraft and max-
imum intracloud lightning activity;
the downdrafts are also associated
with the intense precipitation that re-
sults when the updraft collapses.

Measurements also show that the
electric field at the ground reverses
at this time from upward-directed to
downward-directed. Positive charge is
found on the precipitation, which sug-
gests that the lower positive-charge
region of the cloud is carried to the
ground during the microburst phase
of the downdraft. Both the intra-
cloud lightning rate and reversals of
the electric field might serve as val-
uable precursors to warn air traffic
controllers about hazardous surface
conditions.

Given that such strong convection
currents are characteristic features of
thunderstorms, one might think that
the convection model holds promise
in explaining some aspects of cloud
electrification. As already mentioned,
it does predict the screening layer. It
is for these reasons that researchers,
notably Charles B. Moore of the New
Mexico Institute of Mining and Tech-
nology and Vonnegut, have continued

to test the model. In their experiments | -

air under a fair-weather cumulus cloud
was charged by a wire connected to a
high-voltage terminal [see illustration
at left]. Electrical observations from an
airplane showed that the charge re-
leased by corona discharge from the
wire was carried up through the cloud
by convective air motions. What is
more, when positive charge was re-
leased, the top of the cloud became
positively charged and the bottom
negatively charged—a positive dipole.
But when the polarity of the charg-
es released from the power supply
was changed to negative, the cloud
took on a negative-dipole structure.
These results indicated that convec-
tion was carrying charge to the top
of the clouds.

The charge within the clouds pro-
duced by these experiments, how-



ever, was about 100 times less than
is found in active thunderstorms and
the electric field was more than 1,000
times less than that believed neces-
sary to initiate lightning. Therefore
the experiments did not directly test
the role of convection in precipitat-
ing, electrically active thunderstorms
and so the results cannot be said
to strongly support the convection
hypothesis.

Similar experiments have recently
been performed under larger, precipi-
tating clouds. Artificially released neg-
ative charge has resulted in a few
cases with negative charge dominat-
ing above and positive charge below.
This is consistent with the previous
results and the convection hypothesis.
The interpretation of the results is not
unambiguous, however: because pre-
cipitation is now taking place, the low-
er positive charge may also be the
result of the charge-transfer micro-
physics between ice and graupel al-
ready described.

Another observation relevant to the
INTRACLOUD lightning bolts are actually far more frequent than cloud-to-ground convection hypothesis is less ambiva-
flashes but are seen less often because clouds strongly scatter light in the visi- Jent: the fact that the main negatively
ble spectrum. Radar, radio-frequency direction finders and microphones, which charged region is at a roughly con-
“see” through clouds, are now helping investigators to study intracloud lightning.  ¢ant altitude and temperature. In the

convection model, air currents carry
the negatively charged particles of the
screening layer downward across dis-
tances of several kilometers. It is dif-
ficult to understand, then, why the
negative charge should be mainly con-
centrated in a pancake-shaped re-
gion only a few hundred meters thick.
As discussed above, this observation
is better explained by charge-rever-
sal microphysics and is perhaps the
major argument against the convec-
tion model.

To sum up the status of the precipi-
tation and convection models, the pre-
cipitation model can account for more
aspects of cloud electrification than
the convection model, but it does so by
ignoring one of the most prominent
features of thunderstorms: convec-
tion. Presumably in the future the best
aspects of both models will be com-
bined in one comprehensive theory.

Lightning
PR PR h g,;,,;...: v Once a thundercloud has become
PR G charged to the point where the elec-
. g tric field exceeds the local dielec-

tric strength of the atmosphere—that
is, the strength of the atmosphere
to support a separation of electric
charge—a lightning flash results. The
LOOP-THE-LOOP shows that lightning paths do not follow obvious directions. Con- electric field at this instant is on the
flicting claims have appeared in the literature that the paths are random, are de- order of one million volts per meter,
termined by the electric field configuration or are determined by the distribution and in less thana second the lightning
of electric charge in space. The last explanation may account for many observations.  bolt will transfer 102° electrons’ worth
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of charge and provide the electric
power equivalent to about 100 million
ordinary light bulbs. During that frac-
tion of a second the electrostatic en-
ergy of accumulated charge is trans-
formed into electromagnetic energy
(the visible flash as well as radio inter-
ference), acoustical energy (thunder)
and ultimately heat.

Almost all natural lightning is initi-
ated within the cloud and evolves as
a double-ended “tree,” with one end
invading negative-charge regions and
the other end invading positive-charge
regions. In the case of a cloud-to-
ground discharge the negative end of
the tree becomes a “stepped leader,”
which carries a negative current of
a few hundred amperes downward.
When the stepped leader is within
roughly 100 meters of the ground,
a return stroke is initiated, which
transfers a 10-kiloampere current, or

10,000 coulombs of positive charge
per second, upward. It is the lumi-
nous return stroke that one actually
sees with the eye and so, when one
speaks of cloud-to-ground lightning,
one must bear in mind that the light-
ning travels in both directions—some-
times several dozen times [see “Thun-
der,” by Arthur A. Few: SCIENTIFIC
AMERICAN, July, 1975].

Early studies of lightning concen-
trated on the cloud-to-ground flashes
because those were most accessible to
visual and photographic observation.
It turns out, however, that lightning is
far more frequent and extensive with-
in the cloud itself, where it is hidden
from view because of the opacity of
the cloud. More recent studies have
attempted to investigate intracloud
lightning with the help of radar, ra-
dio-frequency direction finders and
microphones. Interest centers on the

paths taken by lightning flashes and
their relation to cloud structure.
Lightning is found in regions of pre-
cipitation and in regions without pre-
cipitation, within clouds and without,
and its paths often appear to be very
chaotic; many claims have been made
that these paths are indeed random.
Theoretical models for lightning paths
have often focused on the role of the
electric field. In other words, it was
thought the strength and direction of
the local electric field determined the
lightning path. Until recently little at-
tention has been paid to the role of the
electric charge itself. Although the
charge gives rise to the field, so that
one might think knowing one is as
good as knowing the other, one must
also remember that an electric field
can be produced locally by any num-
ber of different charge distributions.
Therefore the location of the electric

IVY-MIKE TEST of a 10-megaton hydrogen bomb in 1952 gener-
ated lightning within 10 milliseconds after detonation. The
intense gamma-ray burst from the explosion strips electrons
from air molecules in a process called Compton scattering; the
lighter electrons are rapidly moved away from the now posi-
tive air molecules, resulting in charge separation. The hemi-
spherical symmetry of the explosion allows the charge distri-
bution to be simulated in the laboratory. The three experi-
ments shown at the bottom were done at the Massachusetts

Institute of Technology’s High Voltage Research Laboratory,
where electric charge was injected into specific regions of an
insulating plastic block. The models have a similar electric
field near the ground but differing charge distributions. Only
model 3 reproduces the Ivy-MIKE lightning pattern, indicating
it is the charge distribution, not the field, that predominantly
determines the path of lightning. The lightning is triggered at
the point on the ground where the electric field is large, and it
travels upward through the region of greatest negative charge.
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charge is a different piece of informa-
tion from knowing the local field con-
figuration. An additional complication
is that the charge distribution and
field are not static but dynamic; as
the lightning forms and grows it will
change the field dramatically, making
modeling much more difficult.

Today the evidence indicates that
the two ends of the lightning “tree”
tend to follow paths of greatest charge
concentration. For example, many ob-
servations reveal that lightning is
found predominantly within the main
negative-charge region.

The clearest evidence that lightning
paths are governed by the distribution
of charge in space, however, proba-
bly comes from studies of the behav-
ior of lightning produced by nuclear-
weapons explosions. Photographs of
H-bomb tests carried out in the 1950’s
show that the fireball is often sur-
rounded by lightning flashes [see illus-
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GLOBAL CIRCUIT is charged by thunderstorm batteries. Between the negatively
charged earth and the upper atmosphere is a nearly constant potential difference of
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tration on preceding page]. In contrast
to the theoretical picture of thunder-
clouds, here the basic charge-separa-
tion mechanism is well understood.
The radial flux of high-energy pho-
tons given off by the fireball strips
the surrounding air molecules of their
electrons in a process called Comp-
ton scattering. The negatively charged
electrons are thus concentrated in a
hemispherical shell around ground
zero, leaving a positively charged re-
gion in the fireball.

The hemispherical symmetry of the
explosion makes it possible to con-
struct simple theoretical and laborato-
ry models of the charge distribution
and investigate its effect on lightning
paths. Chathan M. Cooke, Kenneth A.
Wright and I have performed such
simulations at the Massachusetts In-
stitute of Technology’s High Voltage
Research Laboratory. Charge is inject-
ed in an annular pattern into blocks of
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300,000 volts. On the scale of clouds, currents of about one ampere that flow from
the top of thunderstorms help to maintain the potential difference; this requires a
similar current to flow from the ground to the clouds’ lower regions. On the large
scale, a fair-weather leakage current of about 2,000 amperes, which transfers pos-
itive charge from the upper atmosphere to the earth, would eliminate the 300-
kilovolt potential difference if thunderstorms did not recharge the circuit. It is
thought that thunderstorms in the Tropics, which transfer large amounts of negative
charge to the ground, are the dominant agent in balancing the fair-weather current.
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highly insulating plastic that trap the
charge in a manner consistent with
the theoretical model. The resulting
electric field is strong enough to trig-
ger lightninglike discharges.

We find that lightning is triggered at
the point near simulated ground zero
where the electric field is strongest;
the flash then travels upward through
the region of greatest negative charge.
The lightning pattern is remarkably
similar to the patterns seen in the
photographs of nuclear tests. Further-
more, one can construct experiments
with charge distributions predicted by
other theoretical models. Although
some of these other models produce
the same electric-field configuration
at the ground, the charge distribution
can be quite different. The lightning
patterns do not resemble those of the
nuclear tests, thereby demonstrating
that it is predominantly the charge
that determines the lightning path.

Energy and the Global Circuit

Most of the electrical energy of a
thunderstorm is thought to be re-
leased in the form of lightning. As I
mentioned above, a modest thunder-
storm produces a few flashes per min-
ute and has a power output roughly
equivalent to that of a nuclear plant.
Simple scaling laws based on the
equations of electromagnetism show
that the power output goes up approx-
imately as the fifth power of the cloud
size; doubling the dimensions of the
cloud increases the power output by
about thirtyfold. Large thunderstorms
may produce lightning at rates in ex-
cess of 100 flashes per minute.

A well-known rule in physics is that
there are no free lunches. The electri-
cal energy released by lightning must
come from somewhere. Ultimately it
derives from the heat that causes wa-
ter vapor to expand, to become less
dense than the surrounding air and
consequently to rise. As the water
vapor rises it condenses or freezes;
the latent heat is released and the
liquid water or ice then begins to fall.
The gravitational potential energy re-
leased by the falling precipitation is,
according to the precipitation model,
the energy available for cloud electrifi-
cation; it is computed as the product
of the gravitational force acting on the
precipitation and the fall distance of
the precipitation.

Radar measurements of falling rain
and graupel particles show that in
modest storms the gravitational en-
ergy is in fact much larger than the
electrical energy released by lightning.
For exceedingly active storms, where



the electrical energy may be orders
of magnitude higher, the gravitational
energy and the electrical energy are
estimated to be about the same. One
would then expect, by conservation of
energy, that at the moment of a light-
ning discharge, when the electrical
forces suddenly decrease, the fall ve-
locity of the precipitation should no-
ticeably increase. Attempts have been
made to measure the phenomenon by
Doppler radar, which measures the
velocity of a moving object, but so far
the attempts have been unsuccessful.
The general absence of abrupt shifts
in velocity has not yet been satis-

factorily explained, but small veloc-
ity changes may be masked by the
turbulent motions of thunderstorms.

There is still another energy balance
that must be maintained: that of the
global electrical circuit. The earth’s
atmosphere is an extremely good in-
sulator that is sandwiched between
two good conductors: the earth’s sur-
face below and the upper atmosphere
and ionosphere above [see illustration
on opposite page]. These layers are
the passive components of the global
electrical circuit.

Between the negatively charged sur-
face of the earth and the positively

PRELAUNCH LIGHTNING at the John F. Kennedy Space Center in Florida on August
30, 1983, almost strikes the space shuttle. The storm passed and the shuttle was
launched on schedule at 2:32 A.M. Approximately 44,000 thunderstorms and eight
million lightning flashes take place daily around the world. In the U.S. alone lightning
annually causes about 150 deaths and $20-million worth of property damage and
sets 10,000 forest fires, which destroy $30-million worth of marketable timber.

charged atmosphere is a steady po-
tential difference of about 300,000
volts. Following the proposal original-
ly made more than 70 years ago by
Wilson, it is now generally believed
this 300-kilovolt “ionospheric poten-
tial” is the result of charging by thun-
derstorms, which form the “batteries”
of the global circuit. Electric currents
of about one ampere per storm flow
upward from the positive tops of
thunderclouds and return to the earth
in the fair-weather regions of the
atmosphere.

In order for charge not to build up
indefinitely in the clouds, a one-am-
pere current has to flow from the
earth’s surface to the cloud bottom.
Rain currents, corona discharge and
lightning all contribute to this charge
transfer, but in the mid-latitudes it is
not enough to balance the fair-weath-
er return current. Where is the deficit
made up? The missing batteries are
found in the Tropics, where thunder-
storms that are orders of magnitude
larger than mid-latitude storms have
flash rates large enough to charge the
global circuit.

One might well ask why the earth is
negatively charged in the first place.
The best guess today is that the nega-
tive charge of the earth is the result of
the earth’s proximity to the negative
end of the thunderstorm battery. The
question thus reverts to why the low-
er part of a thundercloud is predom-
inantly negative—and the answer to
this question, once again, appears to
depend on the poorly understood mi-
crophysics of ice.

In spite of the many unanswered
questions, a unified picture of cloud
electrification is beginning to emerge;
the picture links charge separation
taking place on the scale of atoms to
lightning flashes that travel across
distances of kilometers to an electrical
circuit that spans the entire earth.
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