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Preface

This study is part of a series of Studies in Geophysics that have been undertaken for

the Geophysics Research Forum by the Geophysics Study Committee. One purpose of

each study is to provide assessments from the scientific community to aid policymakers

in decisions on societal problems that involve geophysics. An important part of such

assessments is an evaluation of the adequacy of current geophysical knowledge and the

appropriateness of current research programs as a source of information required for

those decisions.

The Earth's Electrical Environment was initiated by the Geophysics Study Commit

tee and the Geophysics Research Forum with consultation of the liaison representatives

of the agencies that support the Geophysics Study Committee, relevant committees and

boards within the National Research Council, and members of the scientific commu

nity.

How does atmospheric electricity affect man and his technological systems? Is our

electrical environment changing as a result of air pollution, the release of radioactive

materials, the construction of high-voltage power lines, and other activities? It is clear

that modern technological advances can be seriously affected by various atmospheric

electrical processes and that man is also beginning to affect the electrical environment

in which he resides.

The study reviews the recent advances that have been made in independent research

areas, examines the interrelations between them, and projects how new knowledge

could be applied for benefits to mankind. The study also indicates needs for new re

search and for the types of coordinated efforts that will provide significant new ad

vances in basic understanding and in applications over the next few decades. It empha

sizes a need to consider the interactions between various atmospheric, ionospheric, and

telluric current systems that will be necessary to achieve an overall understanding of

global electrical phenomena.

The preliminary scientific findings of the authored chapters were presented at an

xi



xii PREFACE

American Geophysical Union symposium in Baltimore in June 1983. In completing

their chapters, the authors had the benefit of discussion at this symposium as well as the

comments of several scientific referees. Ultimate responsibility for the individual chap

ters, however, rests with their authors.

The Overview of the study summarizes the highlights of the chapters and formulates

conclusions and recommendations. In preparing the Overview, the panel co-chairmen

and the Geophysics Study Committee had the benefit of meetings that took place at the

symposium and the comments of the panel of authors and other referees. Responsibility

for the Overview rests with the Geophysics Study Committee and the co-chairmen of

the panel.
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Overview and

Recommendations

INTRODUCTION

How does atmospheric electricity affect man and his technological systems? Is our

electrical environment changing as a result of air pollution, the release of radioactive

materials, the construction of high-voltage power lines, and other activities? It is clear

that modern technological advances can be seriously affected by various atmospheric

electrical processes and that man is also beginning to affect the electrical environment

in which he resides. Our need to assess these technological and environmental impacts

requires a better understanding of electrical processes in the Earth's atmosphere than

we now possess. Further research is needed to understand better the natural electrical

environment and its variability and to predict its future evolution.

We live in an environment that is permanently electrified. Certainly, the most spec

tacular display of this state occurs during intense electrical storms. Lightning strikes the

Earth 50 to 100 times each second and causes the death of hundreds of people each year.

Lightning is also a major cause of electric power outages, forest fires, and damage to

communications and computer equipment; and new sophisticated aircraft are becom

ing increasingly vulnerable to possible lightning damage. Lightning contributes to the

production of fixed nitrogen in the atmosphere, a gas that is essential for the growth of

plants, and other trace gases. It is well known that the intense electric fields that are

produced by thunderstorms can cause a person's hair to stand on end and produce

corona discharges from antennas, trees, bushes, grasses, and sharp objects; these fields

may also affect the development of precipitation in thunderstorms. Even in fair

weather, there is an electric field of several hundred volts per meter near the ground

that is maintained by worldwide thunderstorm activity.

In the Earth's upper atmosphere near 100-km altitude, a current of a million am

peres flows in the high-latitude auroral zones; changes in the upper atmosphere cur

rents, through electromagnetic induction, cause telluric currents to flow within power

1



OVERVIEW AND RECOMMENDATIONS

and communication lines as well as within the Earth and oceans. The upper atmo

spheric current systems are highly variable and are strongly related to solar-terrestrial

disturbances. Power failures and communication disruptions have occurred during in

tense geomagnetic storms. It also appears that the electromagnetic transients that are

produced by lightning and man-made power systems can affect trapped particle popu

lations in the magnetosphere and cause particle precipitation into the upper atmo

sphere at low geomagnetic latitudes.

The practical needs for understanding many of the basic questions about atmo

spheric electricity were brought into clear focus on November 14, 1969. Thirty-six

seconds after lift-off from the NASA Kennedy Space Center, Apollo 12 was struck by

lightning, and 16 seconds later it was struck again. The first discharge disconnected all

the fuel cells from the spacecraft power busses, and the second caused the inertial

platform in the spacecraft guidance system to tumble. Fortunately, the rocket was still

under control of the Saturn V guidance system at the time of the strikes; and, as a result,

the astronauts, who had never practiced for such a massive electrical disturbance, were

able to reset their circuit breakers, reach Earth orbit, realign their inertial platform,

and ultimately land on target on the Moon. Although permanent damage to Apollo 12

was minimal, the potential for disaster of this lightning incident called attention to the

important unanswered questions regarding lightning and atmospheric electricity.

Research in atmospheric electricity traditionally has been divided into several broad

areas: (1) ion physics and chemistry, (2) cloud electrification, (3) lightning, (4) fair-

weather electrical processes, (5) ionospheric and magnetospheric current systems, and

(6) telluric current systems. Most of this research has been pursued independently by

scientists and engineers in different disciplines such as meteorology, physics, chemistry,

and electrical engineering.

This study reviews the recent advances that have been made in these independent

research areas, examines the interrelations between them, and projects how new

knowledge could be applied for benefits to mankind. The study also indicates needs for

new research and for the types of coordinated efforts that will provide significant new

advances in basic understanding and in applications over the next few decades. It em

phasizes a need to consider the interactions between various atmospheric, ionospheric,

and telluric current systems that will be necessary to achieve an overall understanding

of global electrical phenomena.

LIGHTNING

Lightning is a large electric discharge that occurs in the atmosphere of the Earth and

other planets and can have a total length of tens of kilometers or more. The continental

United States receives about 40 million cloud-to-ground (CG) lightning strikes each

year; on average, there are probably 50 to 100 discharges each second throughout the

world (Chapter 1). Most lightning is produced by thunderclouds, and well over half of

all discharges remain within the clouds. Most of our knowledge about the physics of

lightning has come from the study of CG discharges. Most CG flashes effectively lower

negative charge to ground, however recent evidence shows that positive charge can also

be lowered (see Chapter 3 on positive lightning) . Cloud-to-ground lightning kills about

a hundred people and causes hundreds of millions of dollars in property damage each

year in the United States; it is clearly among the nation's most severe weather hazards.

Most CG discharges begin within the cloud where there are large concentrations of

positive and negative space charge (see Chapter 8). After several tens of milliseconds,

the preliminary cloud breakdown initiates an intermittent, highly branched discharge

that propagates horizontally and downward and that is called the stepped-leader (Fig

ure 1). When the tip of any branch of the stepped-leader gets close to the ground, the

large electric field that is produced near the surface causes one or more upward propa
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FIGURE 1 The top figure shows the stepped-leader channel just before attachment; the bottom figure

shows attachment and the development of the return stroke. The estimated time between the two figures is on

the order of 0.001 sec.

gating discharges to form. When an upward discharge makes contact with the stepped-

leader, the first return stroke begins. The return stroke is an intense wave of ionization

that starts at or just above the ground and that propagates up the leader channel at

about one third the speed of light. The return stroke is typically the brightest phase of

lightning. The peak currents in these return strokes can reach several hundred thou

sand amperes; a typical value is about 40,000 A. The peak electric power that is dissi

pated by a return stroke is on the order of 100 million watts per meter of channel: and

the peak channel temperatures approach 30,000 K. A shock wave is produced by the

rapid expansion of the hot, high-pressure channel, and this eventually becomes thun

der with its own characteristics that depend on the nature of the discharge and the

atmospheric environment (see Chapter 4) .

The currents in the return stroke carry the ground potential upward and effectively

neutralize most of the leader channel. After a pause of 40 to 80 milliseconds, most CG

flashes produce a new leader, the dart leader, that propagates down the previous re

turn-stroke channel and initiates a subsequent return stroke. Most flashes contain two

to four return strokes, with each affecting a different volume of cloud charge (see Chap
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ter 8). If a dart leader forges a different path to ground than the previous stroke, then

the lightning will actually strike the ground in more than one place and will have a

forked appearance. Chapters 2 and 3 discuss the physics of lightning in greater detail.

Among the more important advances that have been made in recent years has been

the discovery that both in-cloud and CG discharges produce very fast-rising currents,

i.e. , rise times of tens to hundreds of nanoseconds and rates of change of current (d//df)

on the order of 10" A/sec. Most of the standard waveforms that are used to test the

performance of lightning protectors and the integrity of lightning protection systems

currently have current rise times and d//dts that are substantially slower than the above

values; therefore, these standards may not be an adequate simulation of the true light

ning threat to aircraft and other structures (see Chapter 5) .

A variety of nonequilibrium trace gases are produced within high-temperature light

ning channels and by the shock wave that can affect tropospheric and stratospheric

chemistry (see Chapter 6) .

Recent spacecraft observations have shown that lightning may be present in the

atmospheres of Jupiter, Venus, and Saturn; the upcoming Galileo probe will carry a

lightning detector to Jupiter. In the future a study of lightning in atmospheres that are

radically different from the Earth's may lead to a better understanding of the forma

tion and characteristics of lightning on Earth.

CLOUD ELECTRIFICATION

Although the vast majority of terrestrial clouds form and dissipate without ever pro

ducing precipitation or lightning, they can be weakly electrified. In some clouds, the

electrification intensifies as convective activity increases, and strong electrification

usually begins when there is rapid vertical and horizontal growth of the cloud and the

development of precipitation. Most lightning on Earth is produced by cumulonimbus

clouds that are strongly convective (i.e. , they contain a vigorous system of updrafts and

downdrafts) and that contain both supercooled water and ice. A small fraction of warm

clouds are also reported to produce lightning.

The updrafts and downdrafts and the interactions between cloud and precipitation

particles act in some still undetermined manner to separate positive and negative

charges within the cloud. These processes usually transfer an excess of positive charge to

the upper portion of the cloud and leave the lower portion with a net negative charge.

Recent research has shown that the negative charge is usually concentrated at altitudes

where the atmospheric temperature is between - 10°C and - 20°C (i.e., 6 to 8 km

above sea level in summer thunderstorms and 1 to 3 km in winter storms) and that this

altitude remains constant as the storm develops. This finding sets important criteria

that must be met by any proposed thunderstorm charging mechanisms. The positive

charge that is above the negative may be spread through deeper layers and does not

exhibit as clear a relationship with temperature as does the negative charge. Positive

charges are found at levels between - 25°C and - 60°C depending on the size of the

storm, and this temperature range usually lies between 8 and 16 km above sea level.

Cloud electrification processes can be viewed as acting over two spatial scales: a

microscale separation that ultimately leads to charged ice and water particles and then

a larger-scale separation that produces large volumes of net positive and negative

charge and eventually lightning. The microscale separation includes the creation of ion

pairs, ion attachment, and charge that may be separated by collisions between individ

ual cloud and precipitation particles. The larger cloud-scale separation may be due to

precipitation or large-scale convection or some combination of the two.

Numerous mechanisms have been proposed for the electrification of clouds and

thunderstorms, and several of these might be acting simultaneously. Feedback can

occur through changes in the ion concentrations and electric field, and thus it is diffi
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cult to identify or evaluate the primary causes of electrification in a cloudy environ

ment. Currently, there is a great need for more measurements to determine the loca

tions, magnitudes, and movements of space charges within and near the cloud

boundary. There is also a need to determine the charge-size relationship that is present

on both cloud and precipitation particles, how these charges evolve as a function of

time, and how these distributions are affected by lightning. Laboratory experiments

have provided valuable information about the physics of selected microscale processes

and are expected to continue to provide important data on the relative magnitude of

various processes. Theory and numerical models also have played an important role in

simulating and evaluating possible charging mechanisms on both the microscale and

the cloud scale.

During the early nonprecipitating cloud stage, charging can occur by diffusion,

drift, and selective capture of ions. Later, during the rain stage, there can be additional

electrification due to drop breakup and other mechanisms based on electrostatic induc

tion. Drift, selective ion capture, breakup, and induction are probably responsible for

the charges and fields that are found in stratiform clouds; however, it is difficult to

explain with just these mechanisms the stronger electrification that is found in convec-

tive clouds more than a few kilometers deep. For clouds in the hail stage, thermoelec

tric and interface charging mechanisms can provide strong electrification on the micro-

scale.

In thunderclouds, the charges that are generated on a microscale can be subse

quently separated on a larger cloud scale by convection and/or gravitational settling.

Particles near the boundary of the cloud will become electrified by ion attachment, and

the convection of these charges may play an important role in the electrification. Con

vection also plays a role in the formation and growth of cloud particles by forcing the

condensation of water vapor until the particles are large enough to coalesce. Interac

tions between cloud particles, particularly when there are rebounding collisions, may

also produce charge separation. If the larger particles tend to carry charge of predomi

nantly one sign, they will fall faster and farther with respect to the convected air and

leave the oppositely charged, smaller particles at higher altitudes.

As the populations of charged particles increase, the mechanisms that discharge

these particles become more effective. Two kinds of discharging are possible: (1) dis

charge by ionic conduction, point discharge, or lightning and (2) discharge by collision

and/or coalescence with cloud particles of opposite polarity. The attachment of ions to

cloud particles will be a function of the particle charge and the electric field of the

cloud, and strong fields may also produce corona discharges from large water drops

and the corners of ice crystals. Corona ions and lightning will increase the local electri

cal conductivity, and this, in turn, may prevent or reduce any further buildup of space

charge in this region of the cloud.

Collisional discharge will take place at all stages of cloud particle growth. These

mechanisms are enhanced if the interacting particles are highly charged and of oppo

site polarity; therefore, if a charging mechanism is to be effective, it must separate

charge at a rate that is sufficiently high to overcome the discharging processes. It is

worth noting that the electric forces on charged elements of precipitation can be several

times larger than gravity; therefore, the terminal velocities and frequency of collisions

of these particles will be a function of the electric field. More detailed discussions of the

various processes involved in cloud electrification are given in Chapters 8, 9, and 10.

Recently, there have been attempts to analyze the patterns of the Maxwell current

density that thunderclouds produce at the ground in order to define better the charac

teristics of the cloud as an electrical generator. The Maxwell, or total current density,

contains components due to ohmic and non-ohmic (corona) ion conduction, convec

tion, precipitation, displacement, and the charge-separating currents within the

cloud. Under some conditions, there is evidence that the total current density may be
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coupled directly to the meteorological structure of the storm and/or the storm dy

namics, but the lack of simultaneous Maxwell current measurements both on the

ground and aloft has not allowed the details of this relationship to be determined. Such

measurements will also be complicated by the complexity of the meteorological and

electrical environment outside the storm.

ELECTRICAL STRUCTURE OF THE ATMOSPHERE

It has been known for over two centuries that the solid and liquid Earth and its

atmosphere are almost permanently electrified. The surface has a net negative charge,

and there is an equal and opposite positive charge distributed throughout the atmo

sphere above the surface. The fair-weather electric field is typically 100 to 300 V/m at

the surface; there are diurnal, seasonal, and other time variations in this field that are

caused by many factors. The atmosphere has a finite conductivity that increases with

altitude; this conductivity is maintained primarily by galactic cosmic-ray ionization.

Near the Earth's surface, the conductivity is large enough to dissipate any field in just 5

to 40 minutes (depending on the amount of pollution); therefore, the local electric field

must be maintained by some almost continuous current source.

Ever since the 1920s, thunderstorms have been identified to be the dominant genera

tor in the global circuit. Most cloud-to-ground lightning transfers negative charge to

the ground, and the point discharge currents under a storm transfer positive space

charge to the atmosphere. In addition, there are precipitation and other forms of con

vection currents and both linear and nonlinear conduction currents that must be con

sidered when attempting to understand the charge transfer to the earth by a thunder

storm. The electrical structure of a thunderstorm is complex (see Chapter 8), but it is

often approximated simply as a vertical electric dipole.

The conductivity of the fair-weather atmosphere near the surface is on the order of

10" H mho/m, and it increases nearly exponentially with altitude to 60 km with a scale

MAGNETOSPHERE 

  

GLOBAL ELECTRICAL CIRCUIT

FIGURE 2 Schematic of various electrical processes in the global electrical circuit.
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FIGURE 3 Nomenclature of atmospheric regions based on profiles of electrical conductivity (a), neutral

temperature, and electron number density.

height of about 6 km. The main charge carriers below about 60 km are small positive

and negative ions that are produced primarily by galactic cosmic rays. Above 60 km,

free electrons become more important as charge carriers and their high mobility pro

duce an abrupt increase in conductivity throughout the mesosphere. Above 80 km, the

conductivity becomes anisotropic because of the influence of the geomagnetic field,

and there are diurnal variations due to solar photoionization processes.

The atmospheric region above about 60 km is known as the equalization layer and is

usually assumed to be an isopotential surface and the upper conducting boundary of the

global circuit. Currents flow upward from the tops of thunderstorms to this layer

where they are rapidly distributed throughout the world. Worldwide thunderstorms

maintain a potential difference of 200 to 600 kV between the equalization layer and the

surface—the Earth-ionosphere potential. This potential difference, in turn, drives a

downward conduction current that is on the order of 2 x 10 " 12 A/m2 in fair-weather

regions and constant with altitude.

Today, there are still many details that need to be clarified about the role of thunder

storms as the generators in the global circuit (Figure 2) . Upward currents have been

detected above thunderclouds, but how these currents depend on storm dynamics,

stage of development, lightning frequency, precipitation intensity, and cloud height,

for example, is still not known. There is a need for further measurements to quantify

the relationships between diurnal variations of the ionospheric potential, the electric

field or air-earth current, and worldwide estimates of thunderstorm frequency.

Many electrical processes interact within the global circuit, and the following sub

sections will describe selected processes that occur within certain atmospheric regions

(Figure 3) . It should be recognized that the global circuit includes mutual electrical

interactions between all atmospheric regions.
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This report will not present an encyclopedic review of all the electrical phenomena

that occur in the atmosphere but will simply give some examples that illustrate a few of

the basic processes and some of the important interrelationships. Notably absent, but

important to an overall understanding of atmospheric electricity, are discussions deal

ing with electromagnetic phenomena such as sferics, Schumann resonances, and whis

tlers. These and many other subjects, however, have been reviewed in the two-volume

Handbook of Atmospherics, edited by Volland (1982), and recent proceedings of inter

national conferences on atmospheric electricity (Dolezalek and Reiter, 1977; Orville,

1985). Human and biological effects of atmospheric electricity are also important re

search areas that are not considered in this study.

The Planetary Boundary Layer

The planetary boundary layer (PBL) is the lowest few kilometers of the atmosphere

where interactions with the surface, man, and the biosphere are the most pronounced.

Galactic cosmic rays are the main source of ionization in the PBL; however, near land

surfaces, ionization is also produced by decays of natural radioactive gases emanating

from the soil surface and by radiations emitted directly from the surface. Ionization

from radioactive sources depends on soil type and surface structure and on the meteoro

logical dispersal rate; this ionization normally decreases rapidly with altitude, and at

about 1 km its contribution to the total ionization is less than that from cosmic rays.

Other sources of ions in the PBL include lightning; electrification due to waterfalls,

ocean surf, and man-made sprays; a variety of combustion processes; point discharge or

corona currents that are produced whenever the ambient electric field exceeds break

down; and frictional processes associated with blowing dust, snow, or volcanic ejecta.

In the troposphere, atmospheric trace gases are numerous and variable, and the ion

chemistry is complicated by clustering processes and the relatively long lifetime of the

terminal ions. As a further complication, clouds and other aerosols play an important

role as sinks for small ions and thereby alter the ion distribution (see Chapter 11). Over

continental areas, the loss of ions by attachment to aerosols can be larger than the loss

by recombination. Some atmospheric aerosols are hygroscopic, and the particle size

increases with relative humidity. At large humidities, fog and cloud droplets form and

produce a large decrease in the electrical conductivity of the atmosphere. Since a de

crease in conductivity can be a precursor of fog, it might be possible to improve fore

casts of the onset of fog by electrical measurements.

Turbulent transport and convection within the PBL are important processes that

govern the momentum, heat, and moisture exchanges between the atmosphere, geo-

sphere, and biosphere. These processes influence the mean wind profile, the vertical

distribution of temperature, water vapor, trace gases, aerosols, and the ion distribution

throughout the troposphere. Turbulent mixing and convection can prevent the buildup

of radioactive emanations near the ground and can also disperse aerosols to a greater

altitude in the troposphere.

Electrical processes in the PBL are complex, highly variable, and span a tremendous

range of space and time scales. The electrical variables respond to many of the lower

atmospheric processes but usually have little influence on the phenomena to which they

respond. Within the PBL, local turbulent fluctuations of space-charge density impose a

time-varying electric field that is comparable in magnitude with or even greater than

the electric field maintained by global thunderstorm activity. Since the PBL is the

region of the atmosphere with the greatest resistance, it is this layer as well as the

generators that control the currents in the global circuit. Electrical processes in the PBL

are discussed in greater detail in Chapter 1 1 .
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Mid-Troposphere-Stratosphere

The main source of ionization in the mid-troposphere-stratosphere ( ~ 2-50-km) re

gion is cosmic radiation; the ionization rate depends on magnetic latitude and on solar

activity. At about 50° geomagnetic latitude and at 20-km altitude, the ion-production

rate during sunspot maximum is about 30 percent smaller than during sunspot mini

mum; at 30-km altitude (same latitude) it is about 50 percent smaller. Following solar

flares that produce energetic charged particles (solar proton events), the ion-produc

tion rate in the stratosphere may increase by orders of magnitude for periods of hours to

days, but deeper in the atmosphere the effect is much smaller. Solar flares are usually

followed by a reduction (Forbush decreases) in the ion-production rate for periods of

hours to weeks that is caused by a temporary reduction of the incoming cosmic-ray flux.

The composition and chemistry of the ions that establish the bulk electrical proper

ties in the mid-troposphere-stratosphere are relatively unknown. The ion concentra

tions are also affected by aerosols whose distributions are quite variable in both space

and time. Aerosols tend to accumulate at temperature inversion boundaries and can

cause a general loss of visibility that can be seen by airline passengers as they pass

through such layers. Such a buildup of aerosols causes a general decrease in the small-

ion concentration, and, thus, the electrical conductivity is also reduced—resulting in

an increase in the local electric field.

The concentration of particles with a radius greater than about 0. 1 micrometer de

creases with altitude above the PBL, and a relative minimum occurs in the upper tro

posphere. The particle concentrations increase within the lower stratosphere, peak

near 20 km, and then decrease again with altitude. This persistent structure is fre

quently referred to as the 20-km sulfate layer; the character of this layer is controlled

largely by gases emitted during volcanic eruptions, as discussed in Chapter 12.

Aerosol particles that have radii on the order of 0.01 micrometer are referred to as

condensation nuclei (CN) and are uniformly mixed throughout the troposphere above

the PBL. Near the surface, the CN concentration may be large owing to local sources;

above the tropopause the concentration decreases with altitude. In recent years, a CN

layer has frequently been observed near 30 km. As a result of the El Chichon volcanic

eruption in 1982, the normal CN concentration at 30-km altitude increased by at least

two orders of magnitude and measurably affected the ion concentration and electrical

conductivity.

Under steady-state conditions, the air-earth current density is constant with altitude

if there is large-scale horizontal homogeneity and if no thunderstorms or other localized

electrical disturbances are in the vicinity. The air-earth current varies with magnetic

latitude because of the magnetic variations in cosmic-ray fluxes. The current is gener

ally enhanced over orographic features such as mountain ranges because of the de

creased columnar resistance (mountains are closer to the ionosphere than the near-sea-

level surface) . Estimates have been made that indicate that as much as 20 to 30 percent

of the total global current flows into the high mountain peaks.

Mesosphere

Inthemesosphere (50-85 km altitude), the major daytime source of ionization is solar

Lyman-alpha photoionization of nitric oxide (NO). The major source of NO for this

region is the thermosphere, where NO is produced by extreme ultraviolet (EUV) radia

tion (wavelengths less than 100 nm) and auroral particle precipitation. Meteorological

processes in the upper atmosphere transport NO from the thermosphere to the meso

sphere, where its distribution is variable. Somewhat smaller sources of ionization in the

upper mesosphere include solar x-ray ionization and the photoionization of oxygen in a

metastable state. At high latitudes, energetic electrons, protons, and bremsstrahlung
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ultraviolet radiation associated with auroral particle precipitation are variable sources

related to geomagnetic activity.

Solar protons are a sporadic and intense source of ionization at high latitude follow

ing intense solar flares. These solar proton events can increase the electrical conductiv

ity of the magnetic polar-cap mesosphere by several orders of magnitude (at altitudes

down to about 50 km) during such events. In addition, the current carried by the

bombarding solar protons can often exceed the local air-earth conduction current flow

ing in the circuit.

The principal primary positive ions produced in the mesosphere are N \ , 0*2, and

NO + , but all participate in a wide range of reactions that lead to a rich spectrum of

ambient positive ions. An equally rich range of negative ions is generated by reactions

initiated by the attachment of electrons to form the main primary species, O "2 and O " .

Rocketborne mass-spectrometer measurements have shown that below the mesopause

the positive ions are proton hydrates with as many as 20 water molecules clustering to

individual ions. The positive-ion chemistry of the mesosphere is better understood than

is the negative-ion chemistry (see Chapter 13).

The interaction of the terminal ions with aerosol particles is probably a significant

sink for ions in the polar aerosol layers near the summer mesopause where noctilucent

clouds are commonly observed.

The electrical conductivity of the mesosphere is important because it governs the

electrical properties of the equalization layer in the global circuit. Below about 60 km,

the terminal small ions are the main charge carriers; but above 60 km, free electrons

can exist and their high mobility is responsible for the abrupt increase in electrical

conductivity observed in the mesosphere. Furthermore, above 70 km, collisions be

tween electrons and air molecules become infrequent enough so that electrons are con

fined to spiral about a magnetic field line and the motion perpendicular to the field

becomes more difficult than motion along the field. The electrical conductivity be

comes anisotropic, and this anisotropy has a dominant influence on the electrical prop

erties of the global circuit above 70 km . 4^

Rocketborne measurements of the upper atmosphere conductivity and electric field

indicate some puzzling features. There appear to be regions in the upper stratosphere

and mesosphere that have abrupt increases and decreases in vertical conductivity pro

files. The decreases are probably associated with aerosol layers, but the increases are

difficult to interpret. On occasion, the electric field near 50- to 70-km altitude has been

observed to increase enormously from what is expected if the mesosphere is a passive

element in the global circuit. The mesosphere may not be electrically passive but may,

in fact, contain active electrical generators that are not currently known.

Ionosphere and Magnetosphere

The major sources of ionization above about 85 km are extreme-ultraviolet (EUV)

radiation and auroral particle precipitation (see Chapter 14). The ionizing portion of

the solar spectrum (i.e., wavelengths below 102.7 nm) is absorbed in the thermosphere

and creates an ionosphere that consists of positive molecular and atomic ions (e. g. , N \ ,

NO + , O I , O + ) and negative electrons. The solar EUV radiation and the electron and

ion densities throughout the ionosphere are highly dependent on solar activity; there

are known variations with the 11-yr sunspot cycle, the 27-day rotation of the Sun, and

solar flares.

Auroral particle precipitation is responsible for large variations in ion and electron

densities at high latitudes. The bulk of the precipitation occurs within the auroral oval

that encircles the geomagnetic pole in magnetic conjugate polar caps. Observations

over many years show that there is always auroral activity within the oval. The activity

varies considerably over the day and even from hour to hour owing to interactions of
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the solar-wind plasma with the Earth's magnetic field. The total power dissipated by

particles bombarding the upper atmosphere is typically 109 W, but during large geo

magnetic storms it can approach 1012 W.

The sources and composition of the ions that maintain the bulk electrical properties

of the upper atmosphere are generally known on the dayside of the Earth, but at night

there are still uncertainties with regard to the ionization sources.

In the classical view of the global circuit (see Chapter 15), the ionosphere is assumed

to be at a uniform potential with respect to the surface; however, the known upper-

atmosphere generators are not included. The two major generators that operate in the

ionosphere above about 100 km are the ionospheric wind dynamo and the solar-wind/

magnetosphere dynamo (see Chapter 14) . Atmospheric winds have the effect of moving

the weakly ionized ionospheric plasma through the geomagnetic field. This movement

produces an electromotive force and generates electric currents and fields. This process

is complicated by the variability of the ionospheric winds and the anisotropic electrical

conductivity in the ionosphere.

The magnitude of the horizontal electric field associated with the wind-driven dy

namo is on the order of 1 mV/m. A total current of about 100,000 A flows horizontally

in the ionosphere because of the combined action of the wind and electric field, mainly

on the sunlit side of the Earth. This current flows in two counterrotating vortices on

opposite sides of the equator, and these patterns dominate at low latitudes and mid-

latitudes. Global-scale horizontal potential differences of about 5 to 10 kV are gener

ated by the ionospheric wind dynamo.

The ionospheric winds that drive the dynamo are mainly caused by upward propa

gating tides from the lower atmosphere that have large day-to-day fluctuations. Dur

ing geomagnetic storms, however, thermospheric winds increase in response to high-

latitude auroral heating and cause disturbances at low latitudes to the fields and

currents of the ionospheric wind dynamo.

The solar-wind/magnetosphere dynamo results from the flow of the solar wind

around and perhaps partly into and within the Earth's magnetosphere. The motion of

this plasma through the geomagnetic field produces an electromotive force and cur

rents at high latitudes that result in an antisunward flow of plasma over the magnetic

polar cap and a sunward flow of ions in the vicinity of the dawn and dusk auroral zones.

This motion is described by a two-cell counterrotating ion circulation with one cell on

the dawn side and the other on the dusk side of the magnetic polar caps. The polar-cap

electric field is typically 20 mV/m, with an ionospheric convection velocity of 300 m/

sec. Larger fields of about 50 to 100 mV/m occur in the vicinity of the auroral ovals. The

large-scale potential difference that is associated with this horizontal ion flow over the

polar caps has a total dawn-to-dusk drop of about 50 kV. This potential drop and the

configuration of the two-cell pattern are highly variable. The potential drop has values

of 20 to 30 kV during geomagnetic quiet conditions that increase to 100 to 200 kV

during geomagnetic storms. These fields are mainly confined to the polar caps because

of the shielding from currents within the magnetosphere. During geomagnetic storms,

however, the shielding currents can be altered and electric fields have been observed to

propagate all the way from the polar caps to the equator.

Currents are an integral part of the complex electrical circuit associated with the

solar-wind/magnetosphere dynamo. Currents flowing along the direction of the mag

netic field couple the auroral oval and high-latitude ionosphere with outer portions of

the magnetosphere. Typically about a million amperes of current flow in the solar-

wind/magnetosphere dynamo. The dynamo currents and fields with this high-latitude

system are extremely complex and highly variable (see Chapter 14) .

The large-scale horizontal fields (scale sizes 100 to 1000 km) within the ionosphere

can propagate or map downward in the direction of decreasing electrical conductivity.

Horizontal fields of a smaller scale (1 to 10 km) on the other hand are rapidly attenu
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ated. The larger-scale horizontal electric fields that do map to the surface become

vertical at the surface because of the high surface conductivity. The solar-wind/magne-

tosphere field can alter the surface fields at high latitudes by 20 to 50 V/m depending on

the level of geomagnetic activity and the magnitude of the dawn-to-dusk potential drop

across the magnetic polar cap.

Telluric Currents

Telluric currents consist of both natural and man-induced electric currents flowing

in the solid earth and oceans. The fundamental causes of the natural currents are elec

tromagnetic induction resulting from a time-varying, external geomagnetic field or the

motion of a conducting body (such as seawater) across the Earth's internal magnetic

field. These telluric currents, in turn, produce magnetic fields of their own that add to

the external geomagnetic field and that produce a feedback on the ionospheric current

system. The complexities associated with telluric currents arise from the complexities in

the external current sources and the conductivity structure of the Earth (see Chapter

16).

The external inducing field also has various scale sizes that contribute to the complex

ities in the telluric current systems. The ionospheric dynamo currents that are associ

ated with the solar diurnal and lunar tides have a planetary-scale size. The ionospheric

current variations, however, also have smaller-scale features that are associated with

auroral and equatorial electrojets. At low frequencies, the external inducing sources

can be approximated by a planetary-scale field that is occasionally altered by strong

spatial gradients during geomagnetically disturbed conditions. At higher frequencies

(magnetic storms, substorms, or geomagnetic pulsations) , the source can often be quite

localized and highly time dependent.

Electromagnetic induction caused by ionospheric and magnetospheric current vari

ations has a pronounced effect on telluric currents and on man-made systems. These

effects have been detected by a number of investigators, and it is now well recognized

that there is a direct electromagnetic coupling from the ionosphere to the telluric cur

rents. The large variation in conductivity of the solid earth can give rise to various

channeling effects within the Earth, thereby considerably complicating the flow pat

terns of the telluric currents. The current patterns are different for different frequen

cies of external induction. The longer the period of the time-varying field, the deeper

into the Earth the induced currents are expected to flow. For example, a signal with a

period of about 24 hours is generally believed to have a skin depth of 600 to 800 km . The

distribution of sediments, the degree of hydration, differences in porosity, and other

properties of the Earth all have an influence on the signal response. Properly inter

preted, telluric currents can be a tool to study both shallow and deep structures within

the Earth.

TECHNIQUES FOR EVALUATING THE ELECTRICAL PROCESSES AND

STRUCTURE

The cornerstone of our understanding of the Earth's electrical environment is an

integration of measurements, theory, and modeling. The new instruments and tech

niques that have been developed in recent years are diverse, and various chapters in this

volume contain details on techniques beyond those illustrated in this Overview.

Remote measurements of electric and magnetic fields can now be used to infer many

properties of lightning and lightning currents. Also, the amplitude and time character

istics of thunder and various radio-frequency (rf) noise emissions can be used to trace

the geometrical development of lightning channels within clouds as a function of both

space and time. There are now large networks of ground-based lightning detectors that
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can discriminate between in-cloud and cloud-to-ground lightning and accurately de

termine the locations of ground-strike points. With such a detection capability, it

should now be possible to determine whether and how the characteristics of individual

cloud-to-ground discharges depend on their geographic location, the local terrain,

and/or the meteorological structure of the storm.

The rf noise that is generated by lightning in the hf and vhf bands appears in the form

of discrete bursts, and within a burst there are hundreds to thousands of separate

pulses. If the difference in the time of arrival of each pulse is carefully measured at

widely separated stations, the location of the source of each pulse can be computed, and

the geometrical development of the rf bursts can be mapped as a function of time.

Satellite observations of lightning have provided rough estimates of the global flash

ing rates and the geographic distribution of lightning as a function of season. Optical

detectors, such as those now in orbit on the Defense Meteorological Satellite Program

(DMSP) satellites, are limited in their temporal and spatial coverage, but they have

provided data that show a progression of lightning activity toward the summer hemi

sphere and notable absences of lightning over the ocean during the observing intervals

(see Chapter 1) . The data to date are only for local midnight, dawn, and dusk; there is a

need to obtain data at other times. Measurements of hf radio noise by the Ionosphere

Sounding Satellite-B have also been used to estimate a global lightning flash rate.

Global detection of lightning is necessary to determine the global flashing rate and

how this rate relates to other parameters in the global circuit. In recent years, the

National Aeronautics and Space Administration has developed new optical sensors that

could be used to detect and locate lightning in the daytime or at night and with continu

ous coverage by using satellites in geosynchronous orbits. These sensors are capable of

measuring the spatial and temporal distribution of lightning over extended periods

with good spatial resolution and offer significant new opportunities for research—

without the inherent sampling biases of low-altitude orbiting satellites—and for many

applications.

Artificial triggering of lightning now provides the capability of studying both the

physics of the discharge process and the interactions of lightning with structures and

other objects in a partially controlled environment (see Chapter 2) . When a thunder

storm is overhead and the surface electric field is large, a small rocket is launched to

carry a grounded wire rapidly upward. When lightning is triggered by the wire, the

first stroke is not like natural lightning, but subsequent return strokes appear to be

almost identical to their natural counterparts.

Triggered lightning is now being used to investigate the luminous development of

lightning channels, the characteristics of lightning currents, the velocities of return

strokes, the relationships between currents and electromagnetic fields, the mechanisms

of lightning damage, the performance of lightning protection systems, and many other

problems. The main benefit of this triggering technique is that it can be used to cause

lightning to strike a known place at a known time, thus enabling controlled experi

ments to be performed. Although lightning cannot be reproduced in full in the labora

tory, several lightning simulators have been developed and have provided some quanti

tative information on the generation of thunder.

Cloud electrification and charge-separation processes are closely coupled to the

cloud microphysics and the storm dynamics. The natural storm environment is ex

tremely complicated, and its quantification involves a host of electrical and meteoro

logical parameters. Many of these parameters and their measurements are treated in

Chapters 7 and 8 and the three-volume publication, Thunderstorms: A Social. Scien

tific, and Technological Documentary, edited by Kessler (1982). One of the greatest

needs is for an in-cloud instrument that can measure in a thunderstorm environment

the charge on the smaller cloud particles as a function of particle size and type (see

Chapter 8).
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In recent years, cooperative field programs, such as the Thunderstorm Research

International Program (TRIP), have improved our knowledge about the overall elec

trical structure of thunderstorms. These programs have also provided a framework

wherein a number of different investigators using different techniques can study the

same thunderstorms at the same location at the same time. For instance, in situ and

remote electrical measurements have been made in New Mexico in conjunction with

Doppler radar studies of the cloud precipitation and dynamics and in-cloud sampling

of the larger cloud particles. Laboratory experiments also continue to provide informa

tion on the effects of electricity on cloud microphysics and charge separation mecha

nisms that are critical to the interpretation of data collected by such field programs.

Finally, numerical models of the electrical development and structure of thunder

storms have provided an important framework in which to interpret the cloud mea

surements and laboratory experiments.

The techniques that are used to determine the electrical structure of the fair-weather

atmosphere are diverse. Usually, vertical profiles of one or more atmospheric-electrical

variables—typically electric field, conductivity, and current density—are measured

over a relatively short time span. Sensors are carried aloft on aircraft, balloons, or

rockets, and the data are presented both as profiles and as numerically integrated

results. The vertical profiles represent almost instantaneously measured parameters

rather than time averages. Aircraft or constant-pressure balloons, however, do have

the capability of measuring temporal variations at a given level. Profiles have been

measured over land because of the convenience and to study specific terrain effects and

over water in attempts to eliminate distortions caused by land. Profiles have led to the

detection of convection currents in the planetary boundary layer that are comparable

in magnitude with the total current, the electrode effect over water under stable condi

tions, the response of columnar resistance to pollution, and the diurnal variation in

ionospheric potential.

In addition to the standard electrical parameters, determinations of ion and aerosol

contents and compositions, mobility, and chemistry are all critical to an understanding

of conductivity. Again, these quantities are usually displayed as vertical profiles and, to

a certain extent, are characteristic of the type of platform on which the instrumentation

is carried aloft (e.g., some airplane measurements provide horizontal profiles but are

limited in their vertical extent). Vertical measurements are probably a good first ap

proximation to the global electrical structure; however, horizontal variations should

also be measured as a function of time to complement the profile data. Tethered bal

loons can provide the time variations of selected electrical properties at a few locations,

and this has been attempted on an experimental basis. For understanding the global

circuit, it would be valuable to have a number of vertical profiles taken at the same time

and, in addition, to repeat certain profiles to obtain the time variations.

Knowledge of the upper-atmosphere current systems is important for understanding

the interactions among the ionosphere, magnetosphere, and the solar wind. Some of

these current systems were studied during the International Magnetospheric Study,

1976-1980, and during the NASA Dynamics Explorer satellite program. The goals of

these programs have been to investigate the coupling of the solar-wind energy through

the magnetosphere and into the ionosphere; but little effort was made to couple these

current systems into the global electrical circuit. Additional measurements of magneto

sphere-ionosphere currents are planned for the International Solar-Terrestrial Physics

program.

SOCIETAL IMPACT

Severe weather phenomena that disrupt our lives include tornadoes, hail, high

winds, hurricanes, floods, snowstorms, and lightning. Among them, lightning ranks as
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the number one killer, followed closely by tornadoes. Lightning is much less dramatic

than a tornado passing through an area or a severe snowstorm that paralyzes a city, but

lightning can strike quickly and kill with little or no warning.

Lightning is a leading cause of outages in electrical power systems and was the initial

cause of the massive power blackout in New York City on July 13, 1977. The possible

effects of lightning on advanced aircraft, nuclear power stations, and sophisticated

military systems are problems of increasing concern.

The detailed physics of how lightning strikes a structure, a power line, or an aircraft

and its effects are still not known. The approaching leader is not influenced by the

object that is about to be struck until it is perhaps a few tens of meters away. At that

time, an upward-moving streamer leaves the object and similar discharges may also

leave other objects nearby. When the upward-moving streamer attaches to the down

ward-moving leader, the return stroke begins. When the details of this attachment are

better understood we should be able to predict with higher probability what will and

what will not be struck under various conditions and thereby provide better lightning

protection. For example, the positioning of overhead ground wires above power trans

mission lines and the protection of complex structures could be optimized (see Chapter

5).

The current rise time is an important parameter for lightning protection because if

the current interacts with an inductive load, the voltage on that load is proportional to

the rate of increase of the current. Most of the standard surge waveforms that are used

to verify the performance of protectors on power and telecommunications circuits spec

ify that open-circuit voltage should have a rise time of 0.5, 1.2, or 10 microseconds and

that the short-circuit current should have a rise time of 8 or 10 microseconds. These

values are substantially slower than recently measured lightning current rise times,

which are in the range of tens to hundreds of nanoseconds; therefore, it is probable that

the degree of protection that is provided by devices tested to present-day standards will

not be adequate for protection against direct lightning surges.

The unusually destructive nature of lightning that lowers positive charge to ground is

only partially documented and is poorly understood (see Chapter 3) . Because of the

large and long continuing currents, positive lightning may ignite a disproportionately

large number of fires, especially in grasslands and forests. The apparent pattern is for

positive lightning to strike preferentially outside areas of rainfall, and this further en

hances the likelihood of its starting a fire. Positive lightning may be correlated with

storm severity and tornado occurrence, and its detection could enhance our present

severe-storm detection and warning systems.

Newly developed lightning-detection equipment now makes it possible to make real

time decisions on the preparations for repairs of utility systems, early warning and

detection of lightning-caused forest fires, and a variety of other warning functions in

situations that allow protective action to be taken, such as launches at the NASA Ken

nedy Space Center and outdoor recreational activities. Among the main users of light

ning location data at present are the Bureau of Land Management (BLM) in the west

ern United States and Alaska and the Electric Power Research Institute in the eastern

United States. The BLM and the Forest Services of most Canadian provinces utilize the

time and location of lightning storms to determine when and where to look for forest

fires. Early detection of these fires provides considerable savings both in the natural

resources and in the cost of fighting the fires. In the eastern United States the lightning

data are being used to accumulate statistics on lightning occurrence and for real-time

applications by electric power utilities. For warnings of lightning-intensive storms,

these data are also disseminated in real time to many National Weather Service offices

and to a growing number of television stations.

Although cloud electrification processes are ultimately responsible for producing

lightning, these processes can also electrify an aircraft flying in a cloud. It is quite
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common for the potential of an aircraft to be raised by several million volts, and most

planes have discharger wicks to control the interference in radio communications when

the aircraft goes into point discharge. Lightning will not usually present a hazard to

commercial aircraft as long as the present design practices are continued and the stan

dard practice of avoiding large thunderclouds is maintained. However, since many-

new aircraft are being developed with composite materials instead of aluminum and

with the increased use of computers and microcircuit technology, the decreased electri

cal shielding on the outside and increased sensitivity inside means that there will be an

increasing vulnerability to lightning disturbances (see Chapter 5) . Thus, cloud electric

ity and lightning will have to be considered carefully in the design and operation of

future aircraft systems.

Natural telluric currents can significantly disturb man-made systems such as com

munication cables, power lines, pipelines, railways, and buried metal structures. The

largest natural disturbances are associated with the intense auroral current systems that

flow at high latitudes during geomagnetic storms. There have been frequent reports of

these disturbances, inducing currents on long telephone and telegraph wires that are

large enough to generate sparks and even permanent arcs. When this occurs, there can

be outages and shutdowns in both land and sea cables and fires can be started by over

heating the electrical systems. Currents of up to about 100 A are sometimes induced in

power transformers at northern latitudes and cause power blackouts and system fail

ures. During the large geomagnetic storm of February 11, 1958, the Toronto area

suffered from an induced power blackout.

Long pipelines are also affected by telluric current disturbances. The Alaskan pipe

line has been the subject of careful investigation, principally because of its location

across the auroral zone. One of the concerns has been the rate of corrosion of the pipe

line, which is enhanced by telluric currents. However, telluric currents appear to affect

electronic equipment related to operational monitoring and corrosion control rather

than to produce specific serious corrosion problems. A relationship between the ex

pected current flow and geomagnetic activity has been derived and suggests that the

pipeline is a large man-made conductor that is capable of significantly affecting the

local natural regime of telluric currents.

There is also a concern that the long, power-transmission lines planned for future

arctic development will be subject to larger induced currents by auroral activity than

was previously considered. This would require new protection equipment develop

ment for high-latitude applications.

Telluric currents have also been used in the search for natural resources with two

different approaches—magnetotellurics and geomagnetic depth sounding. Telluric

currents can also be used to study long-period tidal phenomena and water flows and the

Earth's astronomical motion and as possible precursors for earthquakes and volcanic

eruptions. It has also been suggested that a natural waveguide for telluric currents in

the Earth's crust, consisting of an insulating layer of dry rocks sandwiched between an

upper hydrated conducting layer and an underlying conducting hot layer, could be

used for communications. There are also investigations to determine the feasibility of

using the natural resonances in the earth-ionosphere waveguide, Schumann reso

nances, as a means for long-distance communications.

RECOMMENDATIONS

An increased interest in understanding the Earth's electrical environment has re

sulted from recent advances in different disciplines, along with the recognition that

many of man's modern technological systems can be adversely affected by this environ

ment. This understanding appears to be on the threshold of rapid progress.
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There should be a concerted effort of coordinated measurement campaigns, supported by

critical laboratory experiments, theory, and numerical modeling of processes, to improve our

understanding of the Earth's electrical environment.

Because the study of the electrical environment is commonly divided into three ma

jor components—lightning, cloud electricity, and the global circuit (including ion

chemistry and physics and ionospheric, magnetospheric, and telluric currents)—the

specific needs in these areas are detailed below. However, it should not be forgotten

that there are interactions among these components and that the understanding of

these interactions may be fundamental to an understanding of an individual compo

nent.

1 . More needs to be known about the basic physics of the lightning discharge and its

effects on structures in order to design proper protection systems.

Most lightning begins within a thundercloud, but the initiation and subsequent de

velopment of a flash within the cloud are poorly understood. The physics of electrical

breakdown over distances of 10-10,000 m is not understood, nor is the relationship

between the channel geometry and the fields and charges that existed before the dis

charge. The fields and currents that are produced by most of the important lightning

processes have large submicrosecond variations, but how the discharge currents de

velop as a function of space and time and what the ranges of variability of the maxi

mum / and d//dt parameters are need to be determined. The power and energy bal

ances within the lightning channel and many other important lightning parameters

also need to be determined.

There should be a comprehensive and carefully coordinated effort to understand the

basic physics of intracloud and cloud-to-ground lightning discharges and their effects

on our geophysical environment. This new knowledge should be applied to the devel

opment of improved lightning-protection methods.

Several new techniques are now capable of providing much insight into the complex

and varied physical processes that occur during a lightning flash. For example, radio

interferometry and time-of-arrival methods can be used to trace the three-dimensional

development of lightning channels with microsecond resolution. Rockets can be used to

trigger lightning under a thunderstorm, so that many of the physical properties of the

discharge and its interactions with structures can be studied in a partially controlled

environment.

2. The question of how thunderclouds generate electricity has been a fascinating

scientific problem for over two centuries, but only in the past decade have cooperative

experiments using new experimental techniques provided valuable insights into the

complex and varied electrical processes that occur within clouds. Unfortunately, there

are no sensors that can determine the charge-size relationship on the smaller cloud

particles inside a thunderstorm; thus the data are not adequate to determine which of

the many possible mechanisms dominate the generation and separation of charge. In

addition to not knowing the charge-size relationship for various cloud particles, it is not

known how this relationship evolves with time when there is lightning. The electrical

forces on individual elements of precipitation can be several times larger than gravity,

but further research is needed to determine whether (and how) these and other electri

cal effects play a significant role in the formation of precipitation.

In view of the successes of recent research, significant new understanding of cloud

electricity and lightning can be made by continuing to develop new instruments and by

making coordinated in situ and remote measurements of selected thunderclouds. These

studies should be complemented by measurements of cloud microphysics and dy

namics, by comprehensive laboratory studies, and by theory and numerical modeling.

The complexity of the processes that produce both precipitation and lightning makes
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it impossible to construct or validate theories of cloud electrification from simple field

experiments. It is only through the complementary efforts of comprehensive field ob

servations, laboratory experimentation, and numerical modeling that we can hope to

understand the physical processes that are important in thunderstorms. An improved

understanding of the major processes that create strong electric fields and their interac

tions with cloud particles and precipitation might lead to better forecasting of electrical

hazards to aviation, forestry, and other outdoor activities.

The first goal of the in-cloud measurements should be to determine the charge-size

relationship for various cloud and precipitation particles and the role of screening lay

ers in the upper and lower regions of the storm. The electric current densities that flow

above and below the cloud should also be monitored as a function of time. Since the

natural storm environment is complicated, laboratory experiments should focus on the

detailed physics of mechanisms that appear to be important on the basis of both the in-

cloud measurements and the numerical models. Laboratory experiments should also

determine the effects of electric fields on drop coalescence efficiencies and the ability of

electrified drops to scavenge charged constituents of atmospheric aerosols. Analyses of

the in-cloud and laboratory data could be accelerated through the establishment of a

common data base, particularly for theory and numerical modeling efforts.

3. Even in fair weather the solid earth and atmosphere are electrified. Thunder

storms have been identified as the dominant generator in the global electric circuit, but

many details remain concerning storms as electrical generators and their electrical in

teractions with their neighboring environment. Lightning and the steady currents

above and below thunderclouds play an important role in maintaining an electrical

potential between the upper atmosphere and the surface, but the amount and type of

lightning and the values of cloud currents that flow to the surface and the upper atmo

sphere are not well known. The lightning phenomenology and cloud currents may

depend on many factors, such as the geographical location of the storm, the season, and

the meteorological environment; these dependencies have yet to be determined. The

charge transports to the surface under a storm are due to linear and nonlinear field-

dependent currents, precipitation and other forms of convection currents, and light

ning. Unfortunately, the values of each of these current components and their depen

dence on the stage of the storm, the lightning-flash frequency, or the local terrain are

poorly known. The charge transports to land and ocean surfaces that occur in fair

weather, and also to mountainous terrain, need to be determined.

With recent progress in the development of satellite lightning sensors and the tech

nology for measuring the electrical effects of storms with rocket-, balloon-, aircraft-,

and ground-based sensors, a new attack on this fascinating problem of atmospheric

electricity is needed.

There should be an effort made to quantify further the electrical variables that are

acting in the global electric circuit and to determine their relationship to the various

current components that flow within and near thunderstorms. There is also an impor

tant need for theoretical and numerical studies to quantify further the role of thunder

storms as generators in the global circuit.

The establishment of the ionospheric potential, or some other globally representative

parameter, as a geoelectrical index that gives an indication of the state of the global

circuit would be extremely useful. This index would be the electrical equivalent of the

geomagnetic index that has been used for many years to characterize geomagnetic phe

nomena.

The effects of stratiform clouds and large-scale cyclones on the global circuit also

need to be quantified. Once a globally representative parameter that describes the state

of the global circuit has been obtained, it can then be related to other remotely observed
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quantities such as the global lightning flashing rate or directly observed quantities such

as the air-earth current or surface electric field.

4. Electromagnetic and optical sensors, both on the ground and on satellites, can be

used to (1) detect and map lightning on a regional, national, and global scale and (2)

determine, for the first time, how much lightning actually occurs and its geographic

distribution as a function of time. With ground-based sensors, it should be possible to

determine whether and how the characteristics of individual lightning flashes depend

on their geographical location and the storm structure. If a global detection capability

were implemented, it would be possible to map and monitor the intensity of lightning

storms and to examine the effects of lightning on the global circuit, the ionosphere, and

the magnetosphere. When combined with simultaneous spectroscopic measurements,

the satellite data could also be used to determine when and where lightning produces

significant concentrations of trace gases in the atmosphere.

A lightning sensor, capable of measuring lightning flashes during both day and

night, should be flown on a geosynchronous satellite at the earliest possible date. The

resulting data when combined with those from other sensors and data from ground-

based detection networks will provide information that could be used to relate light

ning to storm size, intensity, location, rainfall, and other important meteorological

parameters.

5. Electrical processes in the lower atmosphere and, in particular, within the plane

tary boundary layer, are important because these, together with global variations,

determine the electrical environment of man and the biosphere. Galactic cosmic rays

and various radioactive decays produce atmospheric ions that undergo a complex and

still only partially understood series of ion-chemical reactions. The composition of the

ions is poorly known between the surface and about 50 km, and profile measurements

are needed. How the ion characteristics relate to atmospheric aerosols and various trace

gases needs to be determined before the bulk electrical properties of the atmosphere can

be understood. A significant fraction of the ions attach to atmospheric particles; there

fore, smoke and other forms of particulates can significantly affect the electrical prop

erties of the lower atmosphere.

Turbulence and convection in the planetary boundary layer play an important role

in establishing the vertical distributions of ions, trace gases, and particles. These pro

cesses also transport space charge and drive convection currents that alter the electrical

properties of the planetary boundary layer.

The clarification of the chemistry of atmospheric ions, their mobilities, and the phys

ics of electrical processes in the troposphere and stratosphere will require further mea

surements, particularly in determining how these processes are affected by man s activ

ities and natural events. There is also a need for further laboratory measurements and

modeling to determine the important chemical reactions and ion composition in the

atmosphere.

A number of meteorological research stations in a variety of geographic locations

should begin to measure electrical parameters routinely to determine the relationships

between electrical and meteorological processes. Vertical profile measurements of elec

trical properties should be continued in an attempt to determine their relationships to

aerosols and trace-gas chemistry. Provisions should be made for the expansion of such

synoptic measurements during planned international programs (e.g., the Global

Change Programme of the International Council of Scientific Unions, which is cur

rently in the planning stages).

6. Recent research has indicated that the mesosphere may not be electrically passive

but may, in fact, contain active electrical generators that are not understood. In addi
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tion, ground-based and balloonborne measurements have indicated that there is a

global electrical response to cosmic-ray and solar variations that is also not understood.

The bulk electrical properties of the middle atmosphere are poorly defined, and there is

a need to determine the ion composition and chemistry both for quiet conditions and

during solar-terrestrial events. There is also new evidence that the electric fields pro

duced by thunderstorms and lightning can produce significant disturbances in the elec

trical structure of the upper atmosphere and magnetosphere.

The horizontal electric fields that are generated by the ionospheric-wind dynamo

and the solar-wind/magnetospheric dynamo propagate downward to the Earth's sur

face where they can locally perturb the fair-weather electric field by about 1-2 percent

and 20-50 percent, respectively. Horizontal currents in the middle atmosphere and the

characteristics of the equalization layer need to be determined in order to understand

better the electrical interactions that occur between the upper and lower atmosphere.

To determine (1) the electrical properties of the middle atmosphere, (2) the effects of

thunderstorms on ionospheric and magnetospheric processes, and (3) the effects of time

variations in the cosmic-ray and energetic solar-particlefluxes on the properties of the

global circuit, additional measurements are required. Theoretical investigations and

modeling are also important components of such investigations.

Lightning has long been known to be a source of whistlers in the Earth's magneto-

sphere, and recent spacecraft observations suggest that lightning also generates whis

tler-mode signals on Jupiter. The questions of just how lightning fields couple to a

whistler duct and whether these fields have effects on the ionosphere or magnetosphere

are important and need further investigation.
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Lightning Phenomenology

RICHARD E. ORVILLE

State University ofNew York at Albany

INTRODUCTION

Severe weather phenomena that disrupt our lives in

clude tornadoes, hail, high winds, hurricanes, snow

storms, and lightning. It is not well known that in most

years, lightning ranks as the number one killer, followed

closely by tornadoes. Much less dramatic than a tornado

passing through an area or a severe snowstorm that par

alyzes a city, a lightning ground strike can quickly kill

one or two people in less than a second with little or no

warning. Annually in the United States about 100 peo

ple are killed by lightning strikes, and reliable estimates

for the world would be in the thousands. Lightning on a

global and regional scale is an area of science that brings

together the interests of the atmospheric physicist,

chemist, and meteorologist in an effort to learn its char

acteristics.

The phenomenology of lightning involves the fre

quency of lightning observed over large spatial and time

scales. It involves the maximum and average flashing

rate per unit area and the variation of flash characteris

tics with location and storm type. Studies of lightning

phenomenology can now be discussed in terms of both

satellite and ground-based observations. With the use of

satellites, we obtain data on the global lightning flash

rates and the distribution of lightning with respect to the

continents and oceans. With the extensive use of

ground-based observations, we can determine the flash

ing rates and flash characteristics of individual storms.

In addition, we can monitor the variations of the ground

flashes as a function of location and storm type.

SATELLITE OBSERVATIONS OF LIGHTNING

Optical Detectors

Significant advances in obtaining a better estimate of

global flash rates and distribution have occurred as the

result of satellite lightning observations in the last dec

ade. Turman (1978, 1979), Turman et al. (1978), and

Turman and Edgar (1982), using optical detectors on

the Defense Meteorological Satellite Program (DMSP)

satellites, showed the distribution of lightning at dawn

and dusk for a period of 1 year. One example of this

recent result is shown in Figure 1.1, where the dusk

lightning distribution for November-December 1977

demonstrates the spatial distribution and the rate. Note

that the lightning is found mostly in the southern hemi

sphere, but significant activity still occurs in the north

ern hemisphere.

The latitudinal and seasonal variation of the light

ning activity is best shown by examining Figure 1 . 2 (Ko-

walczyk, 1981; Turman and Edgar, 1982). In this histo

gram, the lightning rate has been summed over

23
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FIGURE 1.2 The latitudinal variation of the dawn and dusk global

lightning activity as a function of season. Adapted from Kowalczyk

and Bauer (1981 j and Turman and Edgar (1982).

longitude at both dawn and dusk and presented as a

function of latitude. The dusk distributions show a

smooth change as the seasons change. But note the sec

ondary peak at 30-40° that persists through all the dusk

distributions except August-September. The dawn dis

tributions do not change as smoothly, but the seasonal

shift is apparent. The enhanced polar-front activity at

dawn is quite evident in the November-December

southern hemisphere and the April-June northern hemi

sphere. At dawn there appears to be an overall mini

mum for the period January-March. Analysis of the

lightning rates for an entire year show a variation of 10

percent from a global value that is estimated to range

from 40 to 120 flashes per second.

Other studies using the DMSP data from a different

sensor provide a glimpse at the global midnight light

ning activity with a spatial resolution of approximately

100 km (Orville and Spencer, 1979; Orville 1981). A

study of the global midnight lightning activity yields a

lightning rate of 96 flashes per second, but this could be

in error by a factor of 2 (Orville and Spencer, 1979).

Orville plotted a series of monthly maps reproduced in

Figure 1.3 for the months of September, October, and

November. The progression of the lightning activity to

ward the southern hemisphere as summer approaches in

that hemisphere is evident. The striking absence of

lightning over the ocean is apparent in all three months

and clearly shows the importance of land in the produc

tion of thunderstorms.

Radio Detectors

Recent measurements of high-frequency radio noise

by the Ionosphere Sounding Satellite-B have been used

by Kotaki et al. (1981) to estimate a global lightning

flash rate of approximately 300 per second, in contrast

to the optical measurements discussed previously. The

radio measurements may overestimate the lightning fre

quency since it is assumed that all the emissions are pro

duced by lightning. But the satellite optical measure

ments are uncertain in estimating the lightning rate

since the fraction of lightning that is actually detected

depends on a calibration factor that represents a best

estimate.

Despite the availability of satellites to estimate the

global lightning activity, we have made little progress in

obtaining a flash rate with small error bars owing to the

present experimental limitations of sensor sensitivity,

area coverage, and the number of satellite platforms.

Nevertheless, the satellite observation provides us with

the first reliable estimate of the distribution of global

lightning. The resolution of the varying global flash rate

estimates may depend on the close coordination of satel

lite-based and ground-based observations of lightning

and the availability of larger-coverage-area platforms,

such as geosynchronous satellites.

GROUND OBSERVATIONS OF LIGHTNING

Most of our information on the characteristics of

lightning has come, and will continue to come, from

ground-based observations of the lightning flash. Many

of these studies have focused on the ratio of intracloud to

cloud-to-ground flashes, the lightning ground-flash

density, and the flashing rate of different types of thun

derstorms.

Intracloud Versus Cloud-to-Ground Lightning

The ratio of intracloud to cloud-to-ground lightning

is of fundamental importance. How does this ratio vary

with latitude and longitude, and how does this ratio

vary in the lifetime of a storm? Are there storms that

have nearly all intracloud flashes and consequently are

less damaging, and are there storms that have almost all

ground flashes and consequently are of greater concern?
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FIGUHE 1.3 Three maps showing the progression of monthly lightning for (a) September, (b) October, and (c) November. From

Orville (1981), reproduced with permission of the American Meteorological Society.
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Studies by Prentice and Mackerras (1977) have sum

marized much of the available data on the ratio of intra-

cloud to cloud-to-ground flashes (NrINK). From an anal

ysis of 29 data sets from 13 countries, they obtain the

following relationship for an average thunderstorm:

NtJNK = (4.16 + 2. 16 cos 3X)

[ 0.6 +

0.4T

72 - 0.98X

(1.1)

where T, the number of thunder days per year, is less

than or equal to 84 and X, the latitude in the northern

and southern hemispheres, is less than 60°. If the num

ber of thunder days is unknown, then the ratio can be

estimated from the relation

NJN, = (4.16 + 2. 16 cos 3X). (1.2)

This result is plotted in Figure 1.4. Note that the ratio

has the highest value in the tropics where most of the

lightning was shown to occur by the satellite data. Re

call, however, that the satellite data were composed of

both intracloud and cloud-to-ground lightning flashes.

There is at the moment no way to distinguish between a

ground flash and an intracloud flash from a satellite.

Lightning Flash Density

The number of lightning strikes per unit time per unit

area, or the flash density, is a fundamental quantity of

interest. Most of the available information has been ob

tained with lightning flash counters.

Prentice (1977) summarized the values for several ge

ographical areas and reported 5 flashes per km2 per year

in Queensland, Australia; 0.2 to 3 flashes per km2 per

year in Norway, Sweden, and Finland; and 0.05 to 15

flashes per km2 per year in South Africa depending on

the location.

Piepgrass et al. (1982) reported the results of studying

79 summer storms at the Kennedy Space Center, Flor

ida, which produced 10 or more discharges, during the

years 1974-1980. Using field mill sites covering an effec

tive area of 625 km2, they observed an area flash density

for all discharges during June, July, and August to range

from 4 to 27 discharges per km2 per month, with a sys

tematic uncertainty of perhaps a factor of 2 in the sam

ple area. The mean and the standard deviation of the

monthly area density over the above years was 12 + 8

discharges per km2. Approximately 38 percent of the dis

charges were ground flashes. Therefore, they were able

to estimate the ground flash density to be 4.6 ±3.1

flashes per km2 per month.

The most recent estimate of the ground flash density

in the United States has been made by Maier and Piotro-

wicz (1983) using thunderstorm hour statistics and is re

produced as Figure 1.5. They used thunderstorm dura

tion data from approximately 450 aviation weather

reporting stations, each with an uninterrupted 30 years

of records. The station density available is twice that of

any previous thunderstorm frequency analysis of the

United States. The maximum annual ground flash den

sities of 18 per km2 are found in the western interior of

Florida. High flash densities greater than 12 per km2 are

found over much of Florida and westward to eastern

Texas. Flash densities greater than 8 per km2 are found

in most of Oklahoma, Kansas, Missouri, Arkansas, Lou

isiana, Mississippi, and Tennessee. Most western and

northeastern states have flash densities that are less than

4 per km2.

Lightning Flash and Related Characteristics

Data from two summers at the Kennedy Space Cen

ter, Florida, have been used to estimate the flashing

rates in thunderstorms (Livingston and Krider, 1978). It

was observed that large storms evolve through an ini

tial, an active, and a final phase of activity. Most of the

lightning activity was observed to occur in the active

phase with 71 percent of the lightning, although this

phase of the storm occupied only 27 percent of the total

storm duration. During the active phase, 42-52 percent

of all lightning was to ground, while during the final

storm period, only about 20 percent of the lightning was

to ground. The discharge rate for all storms observed in

1975 was approximately 4 flashes per minute with a

maximum flashing rate of 26 discharges per minute dur

ing any 5-minute period. The highest flashing rate aver

aged over an entire storm was about 9 discharges per

minute for over 200 minutes. More recent data from a 4-

year interval indicates that the mean rate of flashes is

about 2.4 discharges per minute per storm (Piepgrass et

al., 1982).

The relationship of rainfall to lightning flash rates has

been investigated by Piepgrass et al. (1982). They re

ported that when the meteorological conditions favor

the production of lightning, there is almost a direct pro

portionality between the total rain volume and the total

number of flashes. Maier et al. (1978) noted in an earlier

paper that the lightning counts were proportional to the

total storm rainfall and that the proportionality in

creased with the rain volume until the rainfall reached

about 1.2 to 2.7 X 104 m3 per flash. Beyond these vol

umes, storms that produced more rainfall tended to pro

duce proportionally less lightning. Piepgrass et al.

(1982) point out that, "Clearly, these problems warrant

further study."
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FIGURE 1 .4 The ratio of intracloud to cloud-to-ground lightning as

a function of latitude. From Prentice and Mackerras (1977).

Lightning Location Networks

The study of lightning phenomenology has made a

major advance in the last decade with the introduction

of new magnetic direction-finding techniques (Krider et

al., 1980) that provide the means to monitor ground

strikes over areas exceeding 106 km2. Extensive networks

of lightning direction finders have been established for

forest-fire detection in the western United States, Can

ada, and Alaska. Figure 1.6 shows the coverage as of the

summer of 1984, and it can be predicted that within the

next few years the entire United States will be covered.

One expanding lightning detection network covers

the East Coast and is approaching the Mississippi River

to provide coverage of the eastern part of the United

States (Orville et al., 1983) . This network is operated by

the State University of New York at Albany in a multi

drop communication network that links all the direction

finders to one computer. Data are now retrieved on the

time, location, number of strokes in the flash, polarity of

the charge lowered to ground, and amplitude of the

peak magnetic radiation field that can be related to the

maximum current in the first stroke. These data, in

turn, can be analyzed and related to the meteorological

patterns producing the observed phenomena.

To report all initial results would far exceed the space

available in this brief paper; nevertheless, it is interest

ing to note a few observations. The highest ground flash

rate recorded by the East Coast Network occurred on

June 13, 1984, when 50,836 flashes were detected in a

24-hour period over an area of approximately 250,000

km2. The highest hourly summary was 7800 flashes with

the highest 5-minute rate exceeding 10,000 ground

flashes per hour. These results are remarkable when it is

realized that these flash rates were from storms in only

three states—Pennsylvania, New Jersey, and part of

New York—and at the time were producing approxi

mately 3 percent of the entire global lightning activity.

Other results indicate that lightning is recorded in

every week of the year along the East Coast and that the

polarity of the lightning ground strikes shows a change

from negative to positive in the fall and a shift back to

negative in the spring. A discussion of positive lightning

and its characteristics is presented by Rust (Chapter 3,

this volume) .

FIGURE 1.5 Lightning flash density esti

mates on an annual basis. Adapted from

Maier and Piotrowicz (1983) and MacGor-

man etal. (1984).
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FIGURE 1.6 Coverage of North America by time of arrival (dashed

lines) and wide-band magnetic direction finders (solid lines) as of the

summer of 1985.

CONCLUSIONS

The past decade has been a period of significant ad

vances in lightning knowledge. Satellite studies have

provided the first confirmation of the early estimates of

the global lightning flash rates and added new informa

tion on the distribution of lightning over the land and

over the ocean. The development of widely distributed

ground-based lightning networks provides for the first

time the ability to monitor and calculate lightning char

acteristics in near real time. Relating these parameters

to the meteorological observations of visible and infra

red images from space and to radar observations from

the ground poses a major challenge in the near future.
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Physics of Lightning

E. PHILIP KRIDER

University ofArizona

INTRODUCTION

Lightning is a transient, high-current electric dis

charge that occurs in the atmospheres of the Earth and

other planets and that has a total path length on the or

der of kilometers. Most lightning is produced by thun

derclouds, and well over half of all discharges occur

within the cloud. Cloud-to-ground flashes (Figure 2.1),

although not so frequent as intracloud flashes, are, of

course, the primary lightning hazard to people or struc

tures on the ground. The continental United States re

ceives an estimated 40 million cloud-to-ground strikes

each year, and lightning is among the nation's most

damaging weather hazards (see Chapter 1, this vol

ume) . The peak power and total energy in lightning are

very large. Thus far, it has not been possible to simulate

in the laboratory either the geometrical development of

a lightning channel or the full extent of lightning dam

age. Lightning is a leading cause of outages in electric

power and telecommunications systems, and it also is a

major source of interference in many types of radio com

munications. The possible effects of lightning on ad

vanced aircraft, nuclear power plants, and sophisti

cated military systems are problems of increasing

concern.

Besides its many deleterious effects, lightning also has

some unique benefits. The chemical effects of lightning

may have played an important role in the prebiotic syn

thesis of amino acids, and today lightning is still an im

portant source of fixed nitrogen, a natural fertilizer, and

other nonequilibrium trace gases in the atmosphere (see

Chapter 6, this volume). Also, lightning-caused fires

have long dominated the dynamics of forest ecosystems

throughout the world. The electromagnetic fields that

are radiated by lightning can be used to study the phys

ics of radio propagation and have been used for many

years in geophysical prospecting. Also, lightning-caused

"whistlers" are still being employed to study the charac

teristics of the ionosphere and magnetosphere. Light

ning plays an important role in maintaining an electric

charge on the earth and is therefore an important com

ponent of the global electric circuit (see Chapter 15, this

volume). It is clear, therefore, that an understanding of

the physics of lightning is important to further insight

into our geophysical environment as well as for the de

velopment of optimum protection from the lightning's

hazards.

In recent years, new experimental techniques have

enabled researchers to obtain a better understanding of

the physics of lightning. Among these techniques have

been applications of optical, acoustic, and electromag

netic sensors to measure the properties of various dis

charge processes on time scales ranging from tens of

nanoseconds to several seconds. These measurements

30
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FIGURE 2.1 Cloud-to-ground lightning

over Tucson, Arizona.

have also been used to infer properties of the thunder

cloud charge distribution that is affected by lightning

(see Chapter 8, this volume) .

Within the category of cloud-to-ground lightning,

there are flashes that effectively lower negative charge

to ground and those that lower positive charge. Most

ground flashes are negative, but there is recent evidence

that positive discharges are often unusually deleterious,

and, therefore, this type is discussed separately in Chap

ter 3 (this volume).

Before describing some of the recent advances in

lightning research in more detail, the processes that oc

cur during a typical negative lightning flash to ground

will be reviewed briefly. There are still many open ques

tions about basic lightning phenomena, such as whether

or how the characteristics of individual flashes depend

on the type of thunderstorm, the season, and the type of

terrain that is struck.

CLOUD-TO-GROUND LIGHTNING

Simplified sketches of the luminous processes that oc

cur during a typical cloud-to-ground discharge are

given in Figures 2.2, 2.3, and 2.4. For more detailed

discussions of these phenomena, the reader is referred to

Schonland (1964), Uman (1969), and Salanave (1980).

Figure 2.2a shows an assumed cloud charge-distribu

tion just before the lightning begins. Concentrations of

negative charge are shown at altitudes where the ambi

ent air temperature is - 10 to - 20°C, typically 6 to 8

km above mean sea level. The positive charge is more

diffuse than the negative and most of it is at higher alti

tudes (see Chapter 8, this volume).

Cloud-to-ground lightning almost always starts

within the cloud with a process that is called the prelimi

nary breakdown . The location of the preliminary break

down is not well understood, but it may begin in the

high-field region between the positive and negative

charge regions, as shown in Figure 2.2b. After several

tens of milliseconds, the preliminary breakdown initi

ates an intermittent, highly branched discharge that

propagates horizontally and downward and that is

called the stepped-leader. The stepped-leader is

sketched in Figures 2.2c and 2. 2d, and this process effec

tively lowers negative charge toward ground. The indi

vidual steps in the stepped-leader have lengths of 30 to

90 m and occur at intervals of 20 to 100 /tsec. The direc

tion of the branches in a photograph indicates the direc

tion of stepped-leader propagation; for example, in Fig

ure 2. 1 each stepped-leader propagated downward.

When the tip of any branch of the stepped-leader gets

close to the ground, the electric field just above the sur

face becomes very large, and this causes one or more

upward discharges to begin at the ground and initiate

the attachment process (see Figure 2.3). The upward

propagating discharges rise until one or more attach to

the leader channel at a junction point that is usually a

few tens of meters above the surface. When contact oc

curs, the first return stroke begins. The return stroke is

basically an intense, positive wave of ionization that

starts at or just above the ground and propagates up the

leader channel at about one third the speed of light (Fig

ure 2.2e). The peak currents in return strokes range

from several to hundreds of kiloamperes, with a typical

value being about 40 kA. These currents carry the

ground potential upward and effectively neutralize

most of the leader channel and a portion of the cloud

charge. The peak power dissipated by the return stroke
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FIGURE 2.2 Sketch of the luminous processes that form the stepped-

leader and the first return stroke in a cloud-to-ground lightning flash.

is probably on the order of 10s watts per meter of chan

nel (Guo and Krider, 1982), and the peak channel tem

perature is at least 30,000 K (Orville, 1968).

The last few steps of the stepped-leader, the onset of a

connecting discharge, and the beginning of a return

stroke are illustrated in Figure 2.3. Here, the distance

between the object that is about to be struck and the tip

of the leader when the connecting discharge begins is

called the striking distance (SD) and is an important

concept in lightning protection. The distance to the ac

tual junction (J) between the leader and the connecting

discharge is often assumed to be about half the striking

distance.

After a pause of 40 to 80 milliseconds, most cloud-to-

ground flashes produce a new leader, the dart leader,

which propagates without stepping down the previous

return-stroke channel and initiates a subsequent return

stroke. Most flashes contain two to four return strokes,

and each of these affects a different volume of cloud

charge (see also Chapter 8, this volume). Figure 2.4

shows a sketch of a dart leader and the subsequent re

turn stroke. Visually, lightning often appears to flicker

because the human eye can just resolve the time inter

vals between different strokes. In 20 to 40 percent of all

cloud-to-ground flashes, the dart leader propagates

down just a portion of the previous return-stroke chan

nel and then forges a different path to ground. In these

cases, the flash actually strikes the ground in two places,

and the channel has a characteristic forked appearance

that can be seen in many photographs. (See the left two

flashes in Figure 2.1.)

IMPORTANT RESULTS OF RECENT

RESEARCH

Three types of research have recently provided new

information about the physics of lightning. These are

described briefly, and their importance is indicated.

First, we discuss how remote measurements of electric

and magnetic fields can be used to infer properties of

lightning currents, including some implications of re

cent measurements. Next, we describe how the sources

of radio-frequency (rf) noise can be used to trace the

geometrical development of lightning channels as a

function of time and to determine other properties of

lightning. Finally, we discuss how small rockets can be

used to trigger lightning artificially and give some appli

cations of this technique.

Time-Domain Fields and Lightning Currents

Recently, it has become clear that the electric and

magnetic fields that are radiated by different lightning
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FIGURE 2.3 Sketch of the luminous processes that occur during at

tachment of a lightning stepped-leader to an object on the ground.

processes have different but characteristic signatures

that are reproduced from flash to flash. For example,

Figure 2.5 shows three of the many impulses that were

radiated by a typical cloud-to-ground flash at a distance

of about 50 km. These particular signatures were re

corded using a broadband antenna system and an oscil

loscope that covered all frequencies from about 1 kHz to

2 MHz. Trace (a) shows a cloud impulse that was radi

ated during the preliminary breakdown; trace (b) shows

the waveform that was radiated by the first return

stroke; and trace (c) shows a subsequent return stroke.

The small pulses that precede the first return stroke in

trace (b) were radiated by individual steps of the

stepped-leader just before the attachment occurred (see

Figure 2.3). The characteristics of these newly mea

sured signatures have been put to use in the detection

and location of cloud-to-ground lightning. For exam

ple, there are now large networks of magnetic direction

finders that can discriminate between the shapes of the

return-stroke fields and other processes and that can

provide accurate locations of the ground-strike points

(see Chapters 1 and 5, this volume; Kridereta/., 1980).

In a series of recent papers, Uman and co-workers

have developed a theoretical model that describes the

shapes of the electric and magnetic fields that are pro

duced by return strokes at various distances (Uman et

al., 1975; Masters al, 1981; Uman and Krider, 1982).

One particularly important result of this work is the pre

diction that during the first few microseconds of the

stroke, i.e., just after the attachment process has been
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FIGURE 2.4 The development of a lightning dart-leader and a re

turn stroke subsequent to the first in a cloud-to-ground lightning flash.
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front is followed by a fast transition to peak whose mean

10-90 percent rise time is about 90 nsec (see Figure 2.6).

Subsequent stroke fields have fast transitions similar to

first strokes, but fronts that last only 0.5 to 1 /tsec and

that rise to only about 20 percent of the peak field. This

fine structure in the initial return-stroke field is illus

trated by the waveform shown in Figure 2.7.

Unfortunately, the origin of fronts in return-stroke

fields is still not well understood, particularly for first

strokes (Weidman and Krider, 1978). If fronts are pro

duced by upward connecting discharges, then these dis

charges must have lengths in excess of 100 m and peak

currents of 10 kA or more. A front may be produced by a

slow surge of current in the leader channel prior to the

fast transition, but then this surge must contain currents

on the order of 10 kA or more, and the associated chan

nel length must be at least 1 km. To date, the available

optical data are not adequate to determine whether ei

ther of these processes (or both) does actually occur.

Clearly, more research will be needed before we shall

understand the physics of the important striking pro

cess.

FIGURE 2.5 Examples of electric- field impulses that were produced

by a cloud-to-ground flash at a distance of about 50 km. Trace (a) was

radiated during the preliminary breakdown, trace (b) is due to the first

return stroke, and trace (c) is due to a subsequent return stroke.

completed, the waveform of the distant or radiation

field is proportional to the channel current,

'RAD(*)=
~

2rD

I(t - Die), (2.1)

where £ is the vertical electric field that is measured at

the ground at time t, no the permeability of free space, v

the return stroke velocity, c the speed of light, and D the

horizontal distance to the flash. A typical first return

stroke will produce a peak field of about 8 V/m at a dis

tance of 100 km (Lin et al., 1979). The stroke velocity

near the ground is typically on the order of 108 m/sec

(Idone and Orville, 1982). With these values, Eq. (2.1)

predicts a peak current of about 40 kA, a value that is in

good agreement with currents that have been measured

in direct strikes to instrumented towers (Berger et al.,

1975; Garbagnati etal., 1981).

Recently, Weidman and Krider (1978, 1980) exam

ined the microsecond and submicrosecond structure of

return-stroke E-field and field derivative, dEldt, signa

tures. These investigators found that a typical first

stroke produces an electric field "front" that rises in 2-8

/tsec to about half of the peak-field amplitude. This
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FIGURE 2.6 Histogram of the 10 to 90 percent rise times of the fast

portions of return stroke fields over seawater.
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FIGURE 2.7 The initial portion of a return-stroke field recorded

with fast time resolution. The same signal is shown on both traces, and

the peaks coincide in time.

The rise times of the fast field components that are

radiated by return strokes are summarized in Figure

2.6. Note that the mean 10 to 90 percent value is about

90 nsec. These submicrosecond components in the field

must be caused by submicrosecond components in the

current, but few of the currents that have been mea

sured during direct strikes to instrumented towers show

components as fast as 90 nsec (Berger et al., 1975; Gar-

bagnati et al., 1981). It is possible that an upward dis

charge from a tall tower or the electrical characteristics

of the tower itself will reduce the rise time that is mea

sured from the value that would actually be present in a

strike to normal terrain. Therefore, new measurements

of lightning currents and fields with fast time-resolution

will be necessary before we can understand the true cur

rent rise times.

The actual current rise time is important for the de

sign of lightning protection systems (see Chapter 5, this

volume). For example, if a 100-nsec current interacts

with a resistive load, the voltage rise time on that load

will be 100 nsec. Most of the standard surge waveforms

that are used to verify the performance of protectors on

power and telecommunications circuits specify that

open-circuit voltage should have a rise time of 0.5, 1.2,

or 10 /xsec and that the short-circuit current should have

a rise time of 8 or 10 nsee (see IEEE Standard 587-80 and

FCC Docket 19528, Part 68). These values are substan

tially slower than those shown in Figure 2.6; therefore,

it is probable that the degree of protection that is pro

vided by devices that have been tested to the above stan

dards will not be adequate for direct lightning surges.

Measurements of the maximum d£/drs that are radi

ated by return strokes striking seawater are summarized

in Figure 2.8. Here, the average maximum dEldt is

about 33 Vimlnsee when the values are range-normal

ized to 100 km using an inverse distance relation. To

 

V/ m //u s

FIGURE 2.8 Histogram of the maximum d£/df during the initial

portion of return-stroke fields. All data have been range-normalized to

100 km using an inverse distance relation.
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measure a dE/dt signature on a 10-nsec time scale, it is

essential that the field propagation from the lightning

source to the measuring station be entirely over saltwa

ter: otherwise there can be a significant degradation in

the high-frequency content of the signal due to propaga

tion over the relatively poorly conducting earth. It is

possible that strikes to saltwater contain inherently

faster rise times than lightning strikes to ground, but

Weidman and Krider (1978) argued that this is proba

bly not the case.

If Eq. (2.1) is valid, then the dE/dt values in Figure

2.8 can be used to infer the maximum dlldt in the light

ning channel, i.e.,

2ir D

d//df = — dE/dt.

ti0v

(2.2)

If a typical dE/dt is 33 V/m/^sec at 100 km and v is 108

m/sec, then Eq. (2.2) implies that the maximum dlldt is

typically 1.5 X 10" A/sec during a return stroke, a value

that is about a factor of 20 higher than the tower mea

surements. At this point, it should be noted that, if re

turn strokes do contain large current components with

dlldt on the order of 1.5 X 10" A/sec, then, if these

currents interact with an inductive load, the overvol-

tage will be substantially larger and faster than has pre

viously been assumed and the lightning hazard will be

greater. (See Chapter 5, this volume, for further discus

sions of lightning protection . )

As a final point, we note that the electromagnetic

fields that are produced by lightning are now known to

be large and to change rapidly; hence, these fields them

selves can be deleterious. For example, Uman et al.

(1982) showed that, if an object is struck directly by

lightning, then the associated electromagnetic distur

bance may be substantially more severe than the electro

magnetic pulse (EMP) produced by an exoatmospheric

nuclear burst at all frequencies below about 10 MHz.

Also, Krider and Guo (1983) showed that the typical

peak field from a return-stroke at 100 km corresponds to

a peak electromagnetic power at the source of at least

20,000 megawatts.

Locations of Lightning Radio Sources

The radio-frequency noise that is generated by light

ning in the HF and VHF bands appears in the form of

discrete bursts, and within each of these bursts there are

hundreds to thousands of separate pulses. If the differ

ence in the time of arrival of each pulse is carefully mea

sured at four widely separated stations, the location of

the source of each pulse can be computed, and the geo

metrical development of the rf bursts can be mapped as

a function of time (Proctor, 1971). Unfortunately, the

physical processes that produce HF and VHF radiation

in lightning are not well understood. Proctor (1981) re

ported that the pulses in most bursts are produced by a

regular progression of source points, and, therefore, he

suggests that bursts are produced by new ionization pro

cesses and extensions of old channels.

If the source location of each rf pulse within a burst is

plotted, the width of the associated "radio image" of the

channel ranges from about 100 m to more than 1 km

(Proctor, 1981, 1983; Rustan et al., 1980). Figure 2.9

shows the paths of the central cores of six successive

lightning discharges that were reconstructed by Proctor

(1983) . By combining reconstructions such as these with

measurements of the associated changes in the electric

field at the ground, Proctor inferred that in-cloud chan

nels usually have a net negative charge and that the av

erage line charge density is about 0.9 C/km. Also, by

dividing the length of a channel segment by the time

required for that portion to develop, Proctor deter

mined that the average velocity of streamer formation

ranges from 4 X 104 m/sec to 8 X 105 m/sec with a mean

of (1.4 ± 1.2) X 105 m/sec. If Proctor's average charge

density is multiplied by the velocity of channel forma

tion, then the average current in developing channels

would appear to be on the order of 100 A, a value that is

in reasonable agreement with other estimates (Brook

and Ogawa, 1977).

In an analysis of the locations of the first rf sources in

26 lightning flashes, Proctor (1983) found that most dis

charges begin within or near precipitation, i.e., those

regions of the cloud that produce a radar reflectivity

greater than 25 dBZ. He also reports that all stepped-

leaders begin in a narrow range of altitudes where the

ambient air temperature is - 5 to - 16°C. The average

altitude of the initial rf sources in the flashes studied by

Proctor was about 4 km above ground level ( - 10°C),

and the standard deviation was only 440 m.

The geometrical forms of intracloud discharges range

from concentrated "knots" or "stars" a few kilometers in

diameter to extensive branched patterns up to 90 km in

length. Proctor (1983) reports that successive discharges

in a storm often form an interconnected system and that

some flashes seem to extend the paths of earlier dis

charges. In one case, two flashes that were separated by

just 1 .6 sec produced tortuous channels that ran parallel

to each other for almost 2 km, but the channels re

mained about 300 m apart.

Although more data will be required before Proctor's

results can be generalized, it is clear that time-of-arrival

methods offer great promise for future research, partic

ularly for those phases of lightning that occur within a

cloud (see also Taylor, 1978; Rustan era/., 1980). Radio
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FIGURE 2.9 Geometrical reconstructions

of six successive lightning discharges in South

Africa (Proctor, 1983). The top panel shows a

plane view of the channels from above, and

the bottom panel shows an elevation view

that is a projection of the same channels on a

vertical plane parallel to the x axis.

interferometer observations of lightning have also pro

vided interesting results (Warwick et al., 1979; Hay-

enga and Warwick, 1981), and perhaps in the future

interferometric methods will be developed to the point

that they can provide unambiguous three-dimensional

reconstructions of the discharge processes.

Artificial Triggering of Lightning

The last development that we describe is the artificial

triggering of lightning by small rockets. This technique

is particularly important because it provides, for the

first time, the capability of studying both the physics of

the discharge process and the interactions of lightning

with structures and other objects in a partially con

trolled environment. Although rockets were first used to

study atmospheric electricity in the eighteenth century,

the first artificial initiation of lightning was clearly

demonstrated by Newman et al. (1967). The technique

has subsequently been improved by researchers in

France (Fieux et al., 1975; Fieux and Hubert, 1976; St.

Privat d'Allier Research Group, 1982) and is now being

used to investigate a variety of lightning problems in

France, Japan, and the United States.

When a thunderstorm is overhead and the electrical

conditions are favorable, a small rocket is launched and

carries a grounded wire aloft. If the rocket is fired when

the surface electric field is 3 to 5 kV/m, then about two

thirds of all launches will trigger a lightning discharge

(Fieux et al. , 1978) . Most triggers occur when the rocket

is at an altitude of only 100 to 300 m, and the first stroke

in the flash usually propagates upward into the cloud.

The majority of the subsequent strokes follow the first

stroke and the wire to ground; but in about one third of

the cases, the subsequent strokes actually forge a differ

ent path to ground. These latter events are called

"anomalous triggers" (Fieux et al., 1978). The first

stroke in a triggered discharge is not like natural light

ning, but subsequent strokes appear to be almost identi

cal to their natural counterparts.

An example of lightning that was triggered by Hubert

and co-workers is shown in Figure 2.10. The upward

branching in this photograph was produced by a leader

that propagated upward from the wire, and the bright,

straight section of channel near the ground shows the

path of the wire just before it exploded as a result of the

lightning current.

Triggered lightning is now being used to investigate

the luminous development of lightning channels, the

characteristics of lightning currents, the velocities of re

turn strokes, the relation between currents and fields,

the mechanisms of lightning damage, the performance

of lightning protection systems, and many other prob

lems (Fieux et al., 1978; Hubert and Fieux, 1981; Horii,
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FIGURE 2.10 An example of a rocket-trig

gered lightning flash in New Mexico.

 

1982; Miyachi and Horii, 1982; St. Privat d'Allier Re

search Group, 1982; Hubert et al., 1984).

Among the more important results to date have been

a direct experimental verification of the existence of sub-

microsecond fields and currents during return strokes

and the general validity of Eq. (2.1) (Fieux et al. , 1978;

Djibari et al, 1981; Hubert and Fieux, 1981). Wald-

teufel et al. (1980) also reported a curious case in which

a triggered discharge originated everywhere in clear air.

The main benefit of the rocket triggering technique is

that it can be used to cause lightning to strike a known

place at a known time, thus enabling controlled experi

ments to be performed. The triggering wire guides the

lightning current to a point where a variety of sensors

can measure the physical properties of the discharge and

its deleterious effects directly. All cameras and data-re

cording equipment can be turned on and be fully opera

tional just before the rocket is fired. In most locations,

the total number of triggers is limited to a few tens of

events per year by the frequency of overhead storms, but

the number and quality of the measurements can be

made quite high to compensate for the relatively few

events.
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CONCLUSION

We have seen that new experimental techniques now

provide an opportunity to investigate many of the im

portant questions that remain unanswered about the

physics of lightning. Among the more important un

knowns are the following:

How is lightning initiated within a cloud?

Can the initiation of lightning be suppressed or con

trolled?

What are the mechanisms of stepped- and dart-leader

propagation?

What factors control the geometrical development of

lightning?

What is the physics of the attachment process?

What are the currents in return strokes?

How rapidly do return-stroke currents change with

time?

What physical processes control the propagation of

return strokes?

What is the energy balance of the various lightning

processes?

What physical phenomena occur during a cloud dis

charge?

What are the characteristics of the currents in cloud

discharge processes?

What processes generate HF and VHF radio noise in

lightning?

Recent spacecraft observations have shown that light

ning may be present in the atmospheres of Jupiter, Ve

nus, and Saturn, and the upcoming Galileo probe will

carry a lightning detector to Jupiter (Lanzerotti et ah,

1983). Perhaps a study of lightning in atmospheres that

are radically different from that of Earth will help us to

better understand lightning on Earth and offer even

more challenging questions for future work.
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Positive Cloud-to-Ground Lightning
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INTRODUCTION

Of the two common types of lightning flash, cloud-to-

ground (CG) and intracloud (IC), the CG flashes have

historically received more attention and study. This is

undoubtedly because they not only have more visible

channels that lend themselves to quantitative observa

tions but also because they are responsible for most

death and damage caused by lightning. There are vari

ous common names for several visually different fea

tures of CG lightning, e.g., streak, forked, and ribbon.

However, the parameters often used in the scientific lit

erature to categorize CG lightning are the polarity of

charge lowered, the magnitude of the current, and the

direction of propagation of the initiating leader and/or

ensuing return stroke. While most CG flashes transfer

negative charge from the cloud to the ground, early doc

umentation of flashes that lower positive charge from

cloud to ground ( + CG) is found in Berger's classical

study (1967) of lightning at Mount San Salvatore above

Lake Lugano in Switzerland. Berger used instruments

and photography to document strikes to towers on the

mountain and found a minority of + CG flashes. All but

one of the + CG flashes had an upward-propagating

leader followed by a downward-moving return stroke,

altogether opposite to the common negative CG flashes,

consisting of downward-propagating leaders followed

by upward return strokes. Because these + CG flashes

originated from tall towers, and apparently not even

from the mountain peaks without tall structures, they

have been termed "triggered" lightning, in contrast to

those occurring naturally. They nearly always had only

one return stroke. Berger's documentation of + CG

flashes to Mount San Salvatore established their devas

tating nature; they had larger peak currents, charge

transfer, action integral, and duration than most nega

tive flashes.

In general the instrumentation used to observe + CG

flashes is the same as that for other lightning. Typical

measurements include the electrostatic-field change for

the entire flash, fast electric- and magnetic-radiation-

field wave forms for the return stroke, optical tran

sients, and thunder. Photographic and television re

cordings are also often made. In addition, one type of

modern automatic lightning-strike locating system is be

ing used experimentally in several parts of the world to

locate + CG flashes. However, its ability to distinguish

between intracloud and + CG flashes and its resulting

detection efficiency are still unknown.

RECENT AND ONGOING STUDIES

The recent and renewed interest in + CG flashes has

been stimulated by observations of winter storms in Ja
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pan, where there is a large percentage (although low

total number) of CG flashes that are positive but not

triggered by tall structures. These storms have low cloud

bases and cloud tops at about 5 km and are much colder

in their lower region than typical summer thunder

storms. Although they produce fewer flashes, there have

been several reports of strikes to aircraft. Whether the

strikes to aircraft were from + CG flashes is unknown,

but the prevalence of + CG flashes in these storms has

led to questions concerning their correlation to storm

structure and their relevance to aviation safety.

The existence of + CG flashes in Japan was first re

ported by Japanese scientists, who have since conducted

collaborative research programs with scientists from the

United States and Sweden. The recently published

results by Brook et al. (1982) include the best quantita

tive information on charge transfer for naturally occur

ring + CG flashes. From their multistation network of

electrostatic field-change sensors, they calculated

charge transfer and the magnitude of continuing cur

rent. As in Berger's earlier work on + CG flashes trig

gered by tall towers, the naturally occurring + CG

flashes in Japan have large currents. While the largest

negative flashes are comparable with + CG flashes, it

appears that + CG flashes as a group tend to have signif

icantly greater charge transfer and currents.

The combined data from seven Japanese winter

storms show a remarkably good correlation between the

percentage of + CG flashes per storm and the vertical

shear in the horizontal wind in the cloud layer. This sug

gests that if a storm has its upper positive charge dis

placed horizontally from its lower negative charge, the

production of + CG flashes is facilitated. This may well

hold true for such storms that are relatively shallow and

only mildly convective; preliminary results from other

investigations indicate that the correlation may not be

universal. Studies of this are in progress elsewhere.

The finding of naturally occurring + CG flashes in

Japan inspired the search for these flashes in the highly

sheared, large, and often severe springtime storms over

the Great Plains of the United States. The occurrence of

+ CG flashes during the mature and later stages of se

vere storms has been verified in the observational pro

gram at the National Severe Storms Laboratory (NSSL)

in Oklahoma (Rust et al. , 1981a) . Shown in Figure 3. 1 is

a sketch of an isolated supercell thunderstorm, which

contains an intense updraft, wind shear, turbulence, a

large anvil, and a mesocyclone (rotation that can pro

duce a tornado). Flashes to ground in the regions of

heavy precipitation have always been observed to lower

negative charge, while those from the upshear and

downshear anvil near the main storm tower can lower

either polarity of charge. Only a relatively few CG

flashes have been observed to emerge from beneath the

mesocyclone wall cloud (i.e., the visible manifestation

of a mesocyclone; see Figure 3.1), and two have been

documented as positive. Rust et al. (1981b) also ob

served and obtained electric-field change records for 16

+ CG flashes in 30 minutes from a downshear anvil,

well away from the main tower of a severe storm shortly

after it produced a wall cloud. No other flashes to

ground were seen from the anvil during that time. In

most cases, + CG flashes appear visually to emanate

from high in the storm. The + CG flashes can cluster in

time and dominate CG activity for certain periods.

Positive CG flashes are observed both in isolated su-

percells and in squall-line storms. Preliminary analysis

of two squall lines indicates that + CG flashes often oc

cur on the back side (relative to squall-line movement)

after the squall line has been in existence for several

hours. Acoustic recordings of thunder have been ana

lyzed for two of six + CG flashes that were detected

within an 8-minute period in the back side of such a

squall line. They show a significant number of acoustic

sources, and thus channels, throughout a depth of 15 km

(the freezing level was about 4 km above ground). Dop-

pler radar data show that these + CG flashes were im

bedded in the low radar reflectivities (less than 17 dBZ)

associated with very light precipitation behind the

squall line. Visual observations indicate that + CG

flashes may propagate horizontally through tens of kilo

meters along the back side of the squall line before com

ing to ground. Relatively large horizontal extent is also

apparent in observations of a few confirmed + CG

flashes during the final stage in some of the smaller

thunderstorms over the Rocky Mountains where usually

there are no or only a few + CG flashes (Fuquay , 1982) .

 

FIGURE 3.1 Sketch of observed locations and polarities of CG

flashes from severe thunderstorms. The spiral denotes the updraft re

gion and rotation (mesocyclone). Only negative CG flashes have been

observed in the intense precipitation. The horizontal scale of this storm

sketch is greatly compressed. After Rust etal. (1981a).
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The apparent correlation between + CG flashes and

storm development and severity suggested above are

quite tentative. This is due to the paucity of + CG flash

data, caused in part by the relative infrequency of + CG

flashes and in part by the need for corrobative verifica

tion of the occurrence of each + CG flash until simpler

detection techniques are proven.

Nowhere is this more obvious than in the large data

bases recently acquired with a few of the automatic

strike-locating systems that have been modified but as

yet unproved (as stated by the manufacturer, Lightning

Location and Protection, Inc.) for detection of positive

as well as negative ground flashes. If we had confidence

in the data bases obtained with these systems, much

could readily be learned, owing to the large numbers of

supposed + CG flashes that have and continue to be re

corded. Samples of results from these as yet unproven

systems include the following:

1 . Orville et al. (1983) reported a case study of a cy

clone that produced several convective cells that moved

through their East Coast strike-locating network. They

found that while only 4 percent of all flashes to ground

in the storm are identified as + CG flashes, the percent

age increased to 37 percent in the last hour of significant

CG flash activity. The also reported observations of a

higher percentage of + CG flashes in the later stages of

other storms.

2. The NSSL strike-locating system has been used to

study the diurnal variation of + CG flashes for summer

time storms in Oklahoma, which tend to be less severe

than storms in the spring. The fraction of CG flashes

that were positive, averaged for 1 month, peaks about 2

hours later than the total CG flash activity.

3. Attempts have been made to ascertain if the + CG

flashes observed in severe storms are related to storm

severity or tornado occurrence. Two tornadic storms

have been analyzed using the strike-locating system in

Oklahoma. The ratio of + CG to all CG flashes appears

to be greater before and during tornadoes than after

ward. This result is preliminary, not only because of un

certainties in the performance of the strike locating sys

tem but also because only two tornadic storms have been

analyzed. It also remains to be shown just what severe

storm parameters are related to the production of + CG

flashes. Some possibilities that are being examined are

mesocyclone strength, updraft speed, shear, and precip

itation structure.

PHYSICAL CHARACTERISTICS

Although a few of the characteristics of + CG flashes

have been described above, it is worth considering what

we know in total about their characteristics, irrespective

of the storm conditions in which they occur. There are

two characteristics that appear consistently in all the re

ported observations of + CG flashes: (1) the vast major

ity have only a single return stroke, and (2) the return

stroke is often followed by continuing current. A repre

sentative electrostatic field change for a + CG flash is

shown in Figure 3.2. Before the return stroke, there is

usually lengthy preliminary activity, which averages

about 0.25 sec but can be as long as about 0.8 sec. If in-

cloud channels for + CG flashes are primarily horizon

tal, as suggested by observations in several locations,

and if progression speeds are 105 m/sec as typically ob

served, then there may be large horizontal extent to

many + CG flashes. Indeed, horizontal movement of

+ CG flashes before they come to ground has been de

termined from analysis of multistation field-change

data in Florida (Brook et al. , 1983) and is indicated also

by visual observations of squall lines in Oklahoma.

The field change for the leader to ground has not yet

been extensively studied; however, both multistation

analysis for several flashes in Japan and photographic

evidence for a few flashes in the Rocky Mountains and

Oklahoma show that the leader propagates down from

the cloud to the ground, in contrast to the initially up

ward-moving, triggered flashes to Mount San Salva-

tore. Recent studies in Japan indicate that + CG flashes

can be preceded by either a stepped or a nonstepped

leader.

The return-stroke wave form (Figure 3.3) is similar in

shape to that for negative flashes (Rust et al., 1981b),

with a relatively slow initial ramp followed by a faster

R
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FIGURE 3.2 Typical electric- field change for + CG flash, recorded

at 2115:37.270 CST on May 30. 1982. The distance to the flash was

about 4 km. Time at the center of the scale (at 0.5 sec) is 2115:37.300

CST. Interval a is the preliminary breakdown and leader: b is the time

from the return stroke through the end of the continuing current seen

on the streak photograph in Figure 3.4: and c is a larger interval of

possible continuing current or additional intracloud breakdown. The

return stroke (see Figure 3.3) is labeled R.
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FIGURE 3.3 Electric-field wave form for return stroke of the + CG

flash in Figure 3.2. The slow ramp, interval x, is followed in interval y

by a faster transition to peak, which is typical of both negative and

positive return strokes.

transition to peak. Thus far, the wave forms obtained in

several widely separated locations are essentially the

same. For 15 visually confirmed + CG flashes in Okla

homa, the average zero-to-peak rise time is 6.9 nsee. In

Florida, the average for three visually observed + CG

flashes at distances of 20-40 km is about 4 /xsec, a value

comparable with negative flashes in the same storm. In

both locations, some + CG flashes have been observed

with fast transition portions of the wave form having

rise times of less than 1 /xsec. While there was no visual

or photographic documentation, apparent + CG

flashes in Sweden have yielded zero-to-peak times of 5-

25 nsee for flashes at ranges of approximately 100 km;

the mean zero-to-peak times for + CG flashes was re-

ported to be about twice that for negatives. The peak

amplitude of the electrostatic-field change due to the

return stroke itself averages about one tenth of the total

change for the entire flash. This appears due to the large

preliminary breakdown and continuing current, which

dominate the field change.

Analysis of multistation electric-field change mea

surements by Brook et al. (1982) reveal + CG flashes

with continuing currents up to 10s A and positive charge

transfer to ground of up to several hundred coulombs.

Nakahori et al. (1982) made direct measurements of

currents in + CG flashes and found peak stroke currents

of 31 kAand total charge transfer of 164 coulombs in one

flash. The largest magnitudes of charge transfer are of

ten more than 10 times greater than these for negative

flashes to ground in summer storms.

The duration of continuing currents in + CG flashes

has been reported to vary from a few milliseconds to

about 250 msec. However, the longer durations were

obtained from single-station field-change measure

ments. The few streak-film and TV recordings of con

tinuing current obtained thus far indicate that later por

tions of the slow field change may not always be from

continuing current in the channel to ground but may be

additional intracloud activity. For example, the streak

photograph in Figure 3.4 (for the field change in Figure

3.2) indicates a continuing current duration of 60 msec,

but Figure 3.2 alone could be interpreted as indicating

at least 200 msec of current flow. Either the luminosity

decreased below the threshold for the film, or the cur-

FIGURE 3.4 Streak-film photograph of

+ CG flash recorded on May 30, 1982 (see

Figures 3.2 and 3.3). Continuing current is

evident from the smearing of luminosity. It is

visible in the photograph for about 60 msec

and occurs during interval b in Figure 3.2.
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rent in the channel ceased and the remaining activity

was intracloud.

PRACTICAL IMPLICATIONS

The destructive nature and practical importance of

+ CG flashes to the electrical power industry are at least

partially documented. The multiline grounding and

wire-strand fusing in high-voltage transmission lines

cannot be explained by normal negative flashes to

ground in Japan.

Because of the usual occurrence of continuing cur

rent, + CG flashes may ignite a disproportionate num

ber of fires, especially in grasslands and forests. Of the

75 + CG flashes reported in the Rocky Mountain study,

all had field changes indicative of continuing current.

The apparent pattern is for + CG flashes to strike out

side the rainfall, further enhancing the likelihood of

their starting a fire. One third of all storm days in a 3-

year period had + CG flashes within a 30-km radius of

the U.S. Forest Service observing site at Missoula, Mon

tana. Thus on any given day the fire-starting probability

from + CG flashes in mountain thunderstorms appears

significant.

The results to date of the observations in severe storms

suggest that + CG flashes may be correlated with storm

severity and tornado occurrence. If this hypothesis were

shown to be true, it would enhance existing severe-

storm detection and warning capabilities. Additional

observations to test this hypothesis are in progress.

An area of increasing importance and study is the ef

fect of lightning on new-generation aircraft (see Chap

ter 5, this volume) . The relevance of + CG flashes to this

problem is currently unknown; however, the reports of

strikes to aircraft in the winter storms in Japan suggest

that + CG flashes were involved. There are several as

pects of + CG flashes needing additional clarification to

ascertain whether these flashes pose an unusual threat to

aircraft. They include the presence of fast return-stroke

rise times and large peak currents; the frequent occur

rence of continuing current; and the apparent ten

dency, especially in squall lines, for + CG flashes to

propagate through large horizontal and vertical extents

and to be in low radar reflectivity regions, which can

appear "innocent" on radar.

Because + CG flashes are a small percentage of the

total flashes that most storms produce, appear to have

large spatial extent, and do not seem to have a unique

electric-field change, it is difficult to verify + CG

flashes. However, because of their potentially devastat

ing nature and their possible link to storm severity,

+ CG flashes have become an important research topic

in several parts of the world.

AREAS NEEDING ADDITIONAL RESEARCH

It is worth noting those general areas of research that

are needed to increase our understanding of + CG

flashes and our ability to determine and cope with their

effects on important technologies. These research areas

are listed below but not in order of priority.

1 . Measure electric- field changes and wave forms for

a large number of confirmed + CG flashes to establish

their typical characteristics with greater certainty.

2. Determine what storm types and environmental

conditions are conducive to + CG flashes for storms

throughout the year.

3. Relate the production of + CG flashes to storm

evolution and structure, including also flash initiation

and propagation characteristics.

4. Determine typical and extreme peak currents.

5. Evaluate the capabilities of automatic strike-lo

cating systems in identifying + CG flashes, especially

their detection efficiency and false identification rate.

6. Determine the significance of + CG flashes to avi

ation, especially to new-generation aircraft (typified by

composite structures and computer-controlled flight) .

7. Determine the importance of the threat posed by

+ CG flashes to power distribution systems, including

whether they are the cause of the unexpected large num

ber of faults on power lines in various parts of the United

States.
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Acoustic Radiations from Lightning

ARTHUR A. FEW, JR.
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ACOUSTIC SOURCES IN THUNDERSTORMS

Electric storms produce a variety of acoustic emis

sions. The acoustic emissions can be broadly divided

into two categories—those that are related to electric

processes (i.e., they correlate with lightning) and those

that either do not depend on cloud electricity or for

which no correlations with electric changes have been

observed. Only the first group will be discussed here (see

Few, 1982; Georges, 1982, for reviews of nonelectrical

acoustics).

Two types of acoustic emissions correlated with elec

tric processes are thunder, which is produced by the rap

idly heated lightning-discharge channel, and infrasonic

emissions produced by electrostatic fields throughout

the charged regions of the cloud. Thunder is probably

the most common of all loud natural sounds, while other

acoustic emissions are not ordinarily observed without

special devices.

THUNDER—THE RADIATION FROM HOT

CHANNELS

Spectrographic studies of lightning return strokes

(Orville, 1968) show that this electric-discharge process

heats the channel gases to a temperature in the 24,000 K

range. At high temperatures the expansion speed of the

shock wave is roughly 3 x 103 m/sec and decreases rap

idly as the shock wave expands; in comparison the mea

sured speeds for various lightning-breakdown processes

range from 104 to 108 m/sec (Uman, 1969; Weber et al. ,

1982). Therefore, the electric breakdown process in a

discharge event is completed in a given length of the

channel before the hydrodynamic responses are fully or

ganized. Other electric processes occur over longer pe

riods (e.g., continuing currents) , but the energy input to

the hot channel is strongly weighted toward the early

breakdown processes when channel resistance is higher

(Hill, 1971).

Shock-Wave Formation and Expansion

The starting point for developing a theory for a shock-

wave expansion to form thunder is the hot ( - 24,000 K),

high-pressure ( > 106 Pa) channel left by the electric dis

charge. Hill's (1971) computer simulation indicated

that approximately 95 percent of the total channel en

ergy is deposited within the first 20 /tsec with the peak

electric power dissipation occurring at 2 jtsec; during

the 20-/tsec period of electric energy input, the shock

wave can only move approximately 5 cm. This simula

tion may actually be slower than real lightning because

Hill used a slower current rise time than indicated bv

46
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more recent measurements (Weidman and Krider,

1978).

The time-resolved spectra of return strokes (Orville,

1968) show the effective temperature dropping from

- 30,000 to ~ 10,000 K in a period of 40 /tsec and the

pressure of the luminous channel dropping to atmo

spheric in this same time frame. During this period the

shock wave can expand roughly 0.1 m. Even though

channel luminosities and currents can continue for pe

riods exceeding 100 ^sec, the processes that are impor

tant to the generation of thunder occur very quickly

(< 10 usee) and in a very confined volume (radius ~5

cm). The strong shock wave propagates outward be

yond the luminous channel, which returns to atmo

sphere pressure within 40 usee. The channel remnant

cools slowly by conduction and radiation and becomes

nonconducting at temperatures between 2000 and 4000

K perhaps 100 msec later (Uman and Voshall, 1968) .

Turning our attention now to the shock wave itself we

can divide its history into three periods—strong shock,

weak shock, and acoustic. The division between strong

and weak can be related physically to the energy input

to the channel; the weak-shock transition to acoustic is

somewhat arbitrary. Calculations and measurements

have shown that the radiated energy is on the order of 1

percent of the total channel energy (e.g., Uman, 1969;

Krider and Guo, 1983), hence most of the available en

ergy is in the form of internal heat energy behind the

shock wave.

As the strong shock wave expands it must do thermo

dynamic work (Pd V) on the surrounding fluid. The ex

pected distance though which the strong shock wave can

expand will be the distance at which all the internal

thermal energy has been expended in doing the work of

expansion. Few (1969) proposed that this distance,

which he called the "relaxation radius," would be the

appropriate scaling parameter for comparing different

sources and different geometries. The expressions for the

spherical, R„ and cylindrical, Rc, relaxation radii are

and

R, = (3£(/4irP0)1/3

Rc = (£y/TTPo)1'2,

(4.1)

(4.2)

where £, is the total energy for the spherical shock wave,

Ei is the energy per unit length for the cylindrical shock

wave, and P0 is the environmental atmospheric pres

sure. Table 4.1 gives Rc over a range of values that have

been suggested in the literature for £/. Nondimensional

distances denoted by X may be defined for spherical

problems by dividing by Rs and for cylindrical problems

by dividing by flr.

Figure 4.1 shows the propagation of the strong shock

TABLE 4.1 Relaxation Radii (/?,) (in meters) for Different

Energies per Unit Length (£/) of Cylindrical Shock Waves

P„ = 100 kPa Pa = 60 kPa P„ = 30 kPa

Ei ( - surface) ( - 4-km height) ( - 9-km height)

104
0.18 0.23 0.33

2 x 104 0.25 0.32 0.46

5 x 104 0.40 0.52 0.73

105
0.56 0.72 1.02

2 x IP 0.80 1.03 1.46

5 x HP 1.26 1.63 2.30

10" 1.78 2.30 3.25

into the transition region (X ~ 1) and beyond into the

weak-shock region. As the shock front passes the relaxa

tion radius (X = 1) the central pressure falls below am

bient pressure as postulated in the definition of the re

laxation radius. The momentum gained by the gas

during the expansion carries it beyond X = 1 and forces

the central pressure to go momentarily below atmo

spheric. At this point the now weak-shock pulse decou

ples from the hot-channel remnant and propagates out

ward. Figure 4.2 shows on a linear coordinate system

the final output from Brode's (1955) numerical solution,

the weak-shock pulse at a radius of X = 10.5.

Figure 4.3 shows Plooster's (1968) cylindrical shock

wave near X = 1 with Brode's (1955) spherical shock

wave. The effects of channel tortuosity will be discussed

Q.
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FIGURE 4. 1 The expansion of spherical and cylindrical shock waves

from the strong-shock region into the weak-shock region. The radii of

both spherical and cylindrical geometries have been nondimensiona-

lized using the relaxation radii defined in Eqs. (4.1) and (4.2). The

spherical shock wave is that of Brode (1956), and the cylindrical shock

wave is from a similarity solution by Sakurai (1954).
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FIGURE 4.2 The weak shock wave formed from the spherical strong

shock wave. This is the final pressure profile computed by Brode

(1956). For an energy input of 10» J/m (R, = 0.56 m for P„ = W Pa)

this weak shock wave would be approximately 6 m from the lightning

channel.

in greater detail later; for now we note that owing to

tortuosity we cannot expect the shock wave to continue

to perform as a cylindrical wave once it has propagated

beyond a distance equal to the effective straight section

of the channel that generated it. If the transition from

cylindrical to spherical occurs near X = 1 as suggested

by Few (1969), then the spherical weak-shock solutions

of Brode provide a good means of estimating the wave

shapes of lightning-caused acoustic pulses.

Figure 4.4 presents a graphical summary of the vari

ous transitions that are thought to take place. The initial

strong shock will behave cylindrically following the

dashed line based on Plooster's (1968) computations;

this must be the case for the line source regardless of the

tortuosity because the high-speed internal waves (3 x

103 m/sec) will hydrodynamically adjust the shape of the

channel during this phase. The transition from strong

shock to weak shock occurs near X = 1, and the transi

tions from cylindrical divergence to spherical diver

gence will occur somewhere beyond X = 0.3 and proba

bly beyond X = 1 depending on the particular geometry

of the channel at this point. The family of lines labeled \

in Figure 4.4 represent transitions occurring at different

points. \ is the effective length, L, of the cylindrical

source divided by Rc (\ = LlRc); it is approximately

equal to the value of X at which the transition to spheri

cal divergence takes place.

were computed as a function of time for specified cur

rent wave shapes and channel resistance obtained from

the computations in the numerical model. These model

results predicted that the energy input to the lightning

channel was an order of magnitude or more below the

values obtained from electrostatic estimates or from

other indirect measurements of lightning energy (Few,

1982). The major differences might be due to the as

sumed current wave forms used in the models. The re

cent data obtained with fast-response-time equipment

yields current rise times for natural cloud-to-ground

lightning in the 35-50 kA//xsec range (Weidman and

Krider, 1978). These values are considered as represen

tative of normal strokes; extraordinary strokes have

been measured with current rise times in the 100-200

kA//xsec range. By way of comparison, Hill's (1971) cur

rent rise time was 2.5 kA//xsec.

Laboratory simulations of lightning have been suc

cessfully performed in a series of experiments conducted

at Westinghouse Research Laboratories; these results

provide us with our best quantitative information on

thunder generation. In these tests a 6.4 x 106 V impulse

generator was used to produce 4-m spark discharges in

air (Uman et al., 1970). Circuit instrumentation al

lowed the measurement of the spark-gap voltage and

current from which the power deposition can be com

puted. Calibrated microphones were used to measure

the shock wave from the spark as a function of distance.

The results of the research (Uman et al. , 1970) have been

compared with the theory of Few (1969) and with other
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Comparisons with Numerical Simulations and

Experiments

In the numerical solutions of Plooster (1971a, b) and

Hill (1971) the energy inputs to the cylindrical problem

FIGURE 4.3 Comparison of spherical and cylindrical shock-wave

shapes near X = 1 . These profiles are for the point-source, ideal-gas

solutions of Brode (1955) and Plooster (1968). In the transition region

of strong shock to weak shock, these wave shapes are nearly identical.

From Few (1969) with permission of the American Geophysical

Union.
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possible interpretations (Plooster, 1971a). The data

were found to be consistent with the theory developed

by Few.

Figure 4.5 compares a measured spark-pressure pulse

with the profile that is predicted from the theory; both

represent conditions in the plane perpendicular to the

spark channel . Figures 4 . 6 and 4 . 7 summarize the exten

sive series of spark measurements. Figure 4.6 is in the

same format as Figure 4.4. The center line passing

through the scattered points and labeled L = 0.5 m cor

responds (using the measured energy input of 5 x 103

J/m, which gives Rc = 0. 126 m) to x = 4 in Figure 4.4.

The two boundary lines L = 6.25 cm and L = 4.0 m

would correspond to x values 0.5 and 32. The lower

bound is very close to the lower limit value of one third

indicated in Figure 4.4. The upper bound of Figure 4.6

(x = 32) is too large to be depicted in Figure 4.4, where

x = 4 is the last line shown.

The data points of Figure 4.6 corresponding to the

larger x or L values could represent situations where the

shock-wave expansion was following the cylindrical be

havior over a long distance, hence large x- However, if

the expansions were truly cylindrical to that extent, then

1000 -I—I—I I I I 1 1

— Spherical Divergence

— Cylindrical Divergence

 

FIGURE 4.4 Line-source shock-wave expansion. The overpressure

of the shock front is given for spherical (Brode, 1956) and cylindrical

(Plooster. 1968) shock waves. Line sources must initially follow cylin

drical behavior, but on expanding to distances of the same size as line

irregularities they change to spherical expansion following curves simi

lar to the depicted curves. From Few (1969) with permission of the

American Geophysical Union.

 

Pressure Profile

Spark(5XI03j/m) at 3meters

Predicted profile

TIME

FIGURE 4.5 Comparison of theory with a pressure wave from a

long spark. The measured pressure wave from a long spark (Uman et

ah, 1970) is compared with the predicted pressure from a section of a

mesotortuous channel having the same energy per unit length, x is

assumed to be 4/3. From Few (1969) with permission of the American

Geophysical Union.

the length of the pulse would be longer, as required by

the cylindrical-wave predictions. The data of Figure 4.7

indicate that this cannot be the case. The lengths of the

positive-pressure pulses shown in Figure 4.7 are clearly

not in the cylindrical regime; if anything, they tend to

be even shorter than predicted by the spherical expan

sion. (See also Figure 4.5.)

It is obvious from both the spark photographs and

wave forms in Uman et al. (1970) that the spark is tortu

ous and produces multiple pulses. They found that the

wave shapes, more distant from the spark where pulse-

transit times were most similar, showed evidence of an

in-phase superposition of pulses; at closer range the

pulses exhibited greater relative phase shifts and more

multiplicity aspects. The in-phase superposition of

spherical waves would reproduce the distributions

shown in Figures 4.6 and 4.7. The pressure amplitude

would be increased relative to a single pulse, but the

wavelength would not be substantially affected.

The measured spark wave forms (Uman et ah, 1970)

were systematically shorter than predicted by the the

ory. As shown in Figure 4.5, the tail of the wave was

compressed, and the data of Figure 4.6 indicate that the

positive pulse was similarly shortened. This shortening

could be due simply to an inadequacy in the numerical

shock-wave model; we think, instead, that the differ

ence results from the energy input being instantaneous

in the one case (Brode, 1956) and of longer duration for

the spark case. If energy, even in small quantities, con

tinues to be input into the low-density channel core after

the shock front has moved outward then the core will be

kept at temperatures much higher than predicted by the

theories, having an instantaneous energy input followed

by expansion. Owing to the elevated sound speed associ

ated with the higher core temperature the part of the
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1. V

Distance, meters

FIGURE 4 .6 Shock-front overpressure as a function of distance from

the spark. The dots represent data obtained with a piezoelectric micro

phone; the crosses data obtained with a capacitor microphone. The

total electric energy per unit length computed from measurement of

the spark voltage and current is 5 x 103 J/m. Also shown are theoreti

cal values for cylindrical and spherical shock waves. From Uman et al.

(1970).

0. 7 I ' 1 1—I—l—r-i-r] 1 ' 1—I—- - - - |

 

FIGURE 4.7 Duration of positive part of the shock wave from the

long spark. For the same data of Figure 4.6, we see here the length of

the positive pressure pulse for the 5 x 10' J/m sparks at various dis

tances. From Umanef al. (1970).

wave following the shock front will form and propagate

outward faster than predicted by theory. We expect,

therefore, that the elevated core temperature associated

with sparks and lightning can reasonably produce the

shortened wave forms.

The wave shape produced by the shock wave is re

lated to the energy per unit length of the lightning flash;

thunder is superposition of many such pulses from the

lightning channel; hence, the power spectrum of the

thunder, with simplifying assumptions, can be related

to the energy per unit length of the channel (Few, 1969) .

Other properties (tortuosity and attenuation) that influ

ence the spectrum of thunder are discussed later.

The assumptions in this theory all affect the thunder

spectrum in the same sense; the peak of the theoretical

spectrum will occur at higher frequencies than the peak

of the real thunder spectrum (Few, 1982). The light

ning-channel energy that one estimates from the peak

will therefore be an overestimate of the actual lightning-

channel energy. Holmes et al. (1971) provided the most

complete published thunder spectra to date; these spec

tra show a lot of variation. Most of the spectra are con

sistent with the qualitative expectations of thunder pro

duced by multiple-stroke lightning, but a few of them

exhibit very-low-frequency ( < 1 Hz) components that

are dominant during portions of the record and appear

to be totally inconsistent with the thunder-generation

theory from the hot explosive channel. Dessler (1973),

Bohannon et al. (1978), and Balachandran (1979) sug

gested that these lower-frequency components might be

electrostatic in origin; Holmes et al. (1971) also consid

ered that this was a possible explanation.

Tortuosity and the Thunder Signature

With respect to the effects of lightning-channel tortu

osity on the thunder signal there is almost unanimous

agreement among researchers. Lightning channels are

undeniably tortuous and are tortuous apparently on all

scales (Few et al., 1970). For convenience in discussing

channel tortuosity Few (1969) employed the terms mi-

crotortuosity, mesotortuosity, and macrotortuosity rel

ative to the relaxtion radius of the lightning shock wave.

For a lightning channel having an internal energy of

10s J/m (see Table 4.1), Rc = 1/2 m. The microtortuous

features smaller than Rc, although optically resolvable,

are probably not important to the shock wave as mea

sured at a distance because the high-speed internal

waves (3 x 103 m/sec) are capable of rearranging the

distribution of internal energy along the channel while

the shock remains in the strong-shock regime. At the me-

sotortuous scale ( — Rc) the outward propagating shock

wave decouples from the irregular line source because
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the acoustic waves from the extended line source can no

longer catch up with the shock wave. Somewhere in this

mesotortuous range the divergence of the shock waves

makes the transition from cylindrical to spherical.

Whereas the mesotortuous channel segments are im

portant in the formation and shaping of the individual

pulses being emitted by the channel the macrotortuous

segments are fundamental to the overall organization of

the pulses and the amplitude modulation of the resulting

thunder signature. Few (1974a) computed that 80 per

cent of the acoustic energy from a short spark was con

fined to within ± 30° of the plane perpendicular to the

short line source. A macrotortuous segment of a light

ning channel will direct the acoustic radiations from its

constituent mesotortuous, pulse-emitting segments into

a limited annular zone. An observer located in this zone

(near the perpendicular plane bisecting the macrotortu

ous segment) will perceive the group of pulses as a loud

clap of thunder, whereas another observer outside the

zone will perceive this same source as a lower-amplitude

rumbling thunder. This relationship between claps,

rumbles, and channel macrotortuosity has been con

firmed by experiment (Few, 1970) and in computer sim

ulations (Ribner and Roy, 1982).

Loud claps of thunder are produced, as mentioned

above, near the perpendicular plane of macrotortuous

channel segments; there are three contributary effects

(Few, 1974a, 1975) to the formation of the thunder

claps. The directed acoustic radiation pattern described

above is one of the contributing factors, and this effect is

distributed roughly between ± 30° of the plane.

A second effect, which occurs only very close to the

plane, is the juxtaposition of several pulses in phase,

which increases the pulse amplitude to a greater extent

than would a random arrival of the same pulses.

The third effect contributing to thunder clap forma

tion is simply the bunching in time of the pulses. In a

given period of time more pulses will be received from a

nearly perpendicular macrotortuous segment of chan

nel than from an equally long segment that is perceived

at a greater angle owing to the overall difference in the

travel times of the composite pulses.

In this section we have examined the complex nature

of the formation of individual pulses from hot lightning

channels and how a tortuous line source arranges and

directs the pulses to form a thunder signature. The re

sulting thunder signature depends on (1) the number

and energy of each rapid channel heating event (leaders

and return strokes); (2) the tortuous and branched con

figuration of the individual lightning channel; and (3)

the relative position of the observer with respect to the

lightning channel.

Perhaps the most convincing discussion of thunder

generation as described above comes not from analytical

evidence but from research using sophisticated com

puter models of thunder. Ribner and Roy (1982) synthe

sized thunderlike acoustic signals utilizing computer-

generated waves formed by the superposition of N

wavelets from tortuous geometric sources. The resulting

"thunder" is highly similar to natural thunder (see Fig

ures 4.8 and 4.9). Where the computer models are used

to simulate laboratory experiments, there is also close

agreement.

PROPAGATION EFFECTS

Once generated, the acoustic pulses from the light

ning channel must propagate for long distances through

the atmosphere, which is a nonhomogeneous, aniso

tropic, turbulent medium. Some of the propagation ef

fects can be estimated by modeling the propagation us

ing appropriate simplifying assumptions; however,

other effects are too unpredictable to be reasonably

modeled and must be considered in individual situa

tions.

Three of the largest propagation effects—finite-am

plitude propagation, attenuation by air, and thermal

refraction—can be treated with appropriate models to

account for average atmosphere effects. Reflections

from the flat ground can also be easily treated. Once the

horizontal wind structure between the source and the

receiver are measured, the refractive effects of wind

shear and improved transient times may also be calcu

lated. Beyond these effects, elements such as vertical
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FIGURE 4.8 Schematic depiction of the synthetic generation of

thunder by computer by the superimposition (upper trace) of N wave

lets from a tortuous line source (Ribner and Roy, 1982); the summed

signal is shown on the lower trace.
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FIGURE 4.9 Comparison of synthetic (upper trace) and real (lower

trace) thunder signals (Ribnerand Roy, 1982).

winds, nonsteady storm-related horizontal winds, tur

bulence, aerosol effects, and reflections from irregular

terrain produce complications that must be either ig

nored or examined on a case-by-case basis.

Finite-Amplitude Propagation

As large-amplitude acoustic waves propagate

through air, theory predicts that the shape of the wave

must evolve with time. A single pulse will evolve to the

shape of an N wave (see, for example, the spark wave in

Figure 4.5); further propagation of the wave produces a

lengthening of this N wave. The best theoretical treat

ment of this process for application to the thunder prob

lem is the one developed by Otterman (1959). His for

mulation addressed the lengthening of a Brode-type

pulse, such as Figure 4.2, from an initial length (L0) at

an initial altitude (H0) down to the surface; his treat

ment differs from many others that do not include the

change of ambient pressure (P0) with altitude. Few

(1982) used the Otterman theory to develop an expres

sion for the lengthening of acoustic pulses generated by

mesotortuous lightning-channel elements. The result

for the length of the positive-pressure pulse at the

ground, LK, is given by

-f-(v2 - V2) = -^-floLo"2]1o

VRocosfl/ 2Hg

(4.3)

R0 is the distance from the channel to the front of the

pulse at the initial state where the fractional overpres

sure at the pulse front is Ilo = SP0l Pq. The angle 0 is

measured between the acoustic ray path and vertical; y

is the ratio of specific heats; and He is the atmosphere

scale height.

Equation (4.3) provides the finite-amplitude stretch

ing that should be applied to the waves predicted by

strong-shock theory. Uman et al. (1970) demonstrated

that pulse stretching occurred beyond Brode's final pres

sure profile shown in Figure 4.2; we see this clearly in

Figure 4.7. Few (1969) used linear propagation beyond

the profile of Figure 4.2 to estimate the power spectrum

of thunder but commented that nonlinear effects may

be important. The need for application of nonlinear or

finite-amplitude theory to the thunder signal has been

voiced in a number of papers in addition to these men

tioned above (e.g., Holmes et al., 1971; Few, 1975,

1982; Hill, 1977; Bass, 1980).

If the Brode pressure pulse (shown in Figure 4.4) is

used as the initial condition for the finite-amplitude

propagation effect, the following values for input to Eq.

(4.3) areflo = 10.46fif, L0 = 0.53flc, and Ilo = 0.03. In

addition, if y = 1.4 and HR = 8 x 103 m are used in Eq.

(4.3), the following equation is obtained:

L. = Re) 0.386 + 0.147 In (——^ -)
R I L V lO.46Rccos0 /

16 x 103

2 3

(4.4)

Equation (4.4) has been used to generate the values in

Table 4.2. The relaxation radii (flc) cover the entire

range of values for fic in Table 4. 1 . Three values for 6 are

represented, as are three heights for the source. In gen

eral, the finite-amplitude propagation causes a dou

bling in the length of the positive pulse within the first

kilometer, but beyond this range the wavelength re

mains approximately constant. The theory developed

by Otterman did not include attenuation of the signal;

because attenuation reduces wave energy, which in turn
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TABLE 4.2 Finite-Amplitude Stretching of a Positive Pulse (Length, L0) for a Range of Cylindrical Relaxation Radii (Rc),

Source Heights (tfp), and Angles (9), See Eg. (4.4)

«,(m) 0.20

0.11

0.40

0.21

0.60

0.32

0.80

0.42

1.00

0.53

1.50

0.80

2.00

1.06

2.50

1.33

3.00

1.59

3.50

1.86

9=0°

Z,„(m), H() = 1 km

L, (m), Ho = 4 km

Lt(m),H„ = 8km

9 = 45°

Lc (m), H„ = 1 km

L,(m), H„ = 4 km

L,(m),H„ = 8 km

9=60°

L,, (m), H„ = 1 km

L„(m), Hi, = 4 km

Z,„(m),H„ = 8 km

0.24 0.45 0.65 0.84 1.03 1.49 1.93 2.35 2.77 3.17

0.26 0.49 0.71 0.93 1.14 1.66 2.16 2.65 3.12 3.59

0.26 0.51 0.74 0.96 1.18 1.72 2.24 2.75 3.25 3.74

0.24 0.46 0.67 0.87 1.06 1.54 1.99 2.44 2.87 3.30

0.26 0.50 0.73 0.96 1.18 1.71 2.22 2.73 3.22 3.71

0.27 0.52 0.76 0.99 1.22 1.77 2.31 2.83 3.35 3.85

0.25 0.47 0.69 0.89 1.10 1.59 2.06 2.52 2.98 3.42

0.27 0.51 0.75 0.98 1.21 1.76 2.29 2.81 3.32 3.82

0.28 0.53 0.77 1.01 1.25 1.81 2.37 2.91 3.44 3.97

reduces the wave stretching, this theory should be

viewed as a maximum estimator of the pulse length.

The finite-amplitude propagation effect does, how

ever, help to resolve the overestimate of lightning-chan

nel energy made by acoustic power-spectra measure

ments. Few (1969) noted that the thunder-spectrum

method yielded a value for £/ that was an order of mag

nitude greater than an optical measurement by Krider

et al. (1968). By assuming a doubling in wavelength by

the finite-amplitude propagation, the energy estimate is

reduced by a factor of 4 , bringing the two measurements

into a range of natural variations and measurement pre

cision.

Attenuation

There are three processes on the molecular scale that

attenuate the signal by actual energy dissipation; the

wave energy is transferred to heat. Viscosity and heat

conduction, called classical attenuation, represent the

molecular diffusion of wave momentum and wave in

ternal energy from the condensation to the rarifaction

parts of the wave. The so-called molecular attenuation

results from the transfer of part of the wave energy from

the translational motion of molecules to their internal

molecular rotational and vibrational energy during the

condensation part of the wave and back out during the

rarifaction part of the wave. The phase lag of the energy

transfer relative to the wave causes some of the internal

energy being retrieved from the molecules to appear at

an inappropriate phase; thus it goes into heat rather

than the wave. These three processes can be treated the

oretically within a common framework (Kinsler and

Frey, 1962; Pierce, 1981). The amplitude of a plane

wave, 6 P, as a function of the distance, x, from the coor

dinate origin is given by

bP = 6P0e- (4.5)

where 5P0 is the wave amplitude at the origin. The coef

ficient of attenuation, a, can be shown in the low-fre

quency regime to be

(4.6)

2c

In Eq. (4.6), u is the angular frequency and t is the re

laxation time (or e-folding time) for the molecular pro

cess being considered; c is the speed of sound. The low-

frequency condition above assumes that wr < 1. The

expressions for depend on the particular molecular pro

cesses under consideration; it is important to note, how

ever, that a is proportional to w2 for the assumed condi

tions; hence, attenuation alters the spectral shape of the

propagating signals.

For thunder at frequencies below 100 Hz it can be

shown (Few, 1982) that the total attenuation is insignifi

cant. However, for the many small branches having

much lower energy than the main channel, the frequen

cies will be much higher and attenuation is important.

Because of lower initial acoustic energies, spherical di

vergence, and attenuation it is unlikely that acoustics

emitted by the smaller branches and channels can be

easily detected over longer distances (see also Bass, 1980;

Arnold, 1982).

Scattering and Aerosol Effects

The scattering of acoustic waves from the cloud parti

cles is similar to the scattering of radar waves from the

particles; both are strongly dependent on wavelength.

The intensity of the scattered sound waves from a plane

acoustic wave of wavelength, \, incident on a hard sta
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tionary sphere of radius a is proportional to (ira2)(a/X)4;

this is the same relationship that appears in the radar

cross-section expression for these parameters. For thun

der wavelengths ( ~ 1 m) and cloud particles ( ~ 10 "3 m)

the ratio (a/X)4 is 10" 12. The cloud is, therefore, trans

parent to low-frequency thunder just as it is to meter-

wavelength electromagnetic radiation, although insig

nificant fractions of the radiation do get scattered.

There are, however, eddies in the same size range as

low-frequency thunder wavelengths, and these fea

tures, owing to small thermal changes and flow shears,

produce a distortion of wave fronts and scattering-type

effects. For the part of the turbulent spectrum having

wavelengths smaller than the acoustic wavelengths of

interest, the turbulence can be treated statistically by

scattering theory. Larger-scale turbulence must be de

scribed with geometric acoustics. For the low-frequency

thunder, turbulent scattering will attenuate the high-

amplitude beamed parts of the thunder signal; this in

creases the rumbles at the expense of claps.

In the first part of this subsection we discussed the

cloud particles as sources of acoustic scattering; there

are other and probably more important ways in which

these aerosol components interact with the acoustic

waves. First, the surface area of the cloud particles

within a volume provides preferred sites for enhanced

viscosity and heat conduction; hence, the presence of

particles increases the classical attenuation coefficient.

Another totally different process produces attenuation

by changing the thermodynamic parameters associated

with the acoustic wave over the surfaces of cloud parti

cles; this changes the local vapor-to-liquid or vapor-to-

solid conversion rates. For example, during the com-

pressional part of the wave the air temperature is

increased and the relative humidity is decreased relative

to equilibrium; the droplets partially evaporate in re

sponse and withdraw some energy from the wave to ac

complish it. The opposite situation occurs during the ex

pansion part of the wave. Because the phase-change

energy is ideally 180 out of phase with the acoustic-wave

energy' this process produces attenuation. Landau and

Lifshitz (1959) included this effect in their "second vis

cosity" term. This attenuation process differs from the

other microscopic processes in that it can be effective at

the lower frequencies. The magnitude of this effect plus

the enhanced attenuation by viscous and heat conduc

tion at the surface exceed that of particle-free air by a

factor of 10 or greater depending on the type, size, and

concentration of the cloud particles (Kinsler and Frey,

1962).

Finally, there is a mass-loading effect with respect to

the cloud particles that must be considered. The ampli

tude of the fluid displacement, f, produced by an acous

tic wave of pressure amplitude bp and angular fre

quency 03 is (Kinsler and Frey, 1962)

bp

f =
p0co>

(4.7)

Using 50 Pa as a representative value of bp for thunder

inside a cloud we find for a 100-Hz frequency that f =

100 nm . The part of the cloud particle population whose

diameter is much smaller than this, say 10 /tm, should,

owing to viscous drag, come into dynamic equilibrium

with the wave flow. [Dessler (1973) computed the re

sponse time for a ~ 10-/tm droplet to re-establish dy

namic equilibrium with drag forces; only 10 " 3 sec is re

quired.] These cloud particles, which participate in the

wave motion, add their mass to the effective mass of the

air; this effects both the speed of sound and the impe-

dence of the medium. For higher-frequency waves,

fewer cloud particles participate, so the effect is re

duced; whereas lower-frequency waves include greater

percentages of the population and are more strongly af

fected. Clouds are, therefore, dispersive with respect to

low-frequency waves. Also, the cloud boundary acts as a

partial reflector of the low-frequency acoustic signals

because of the impedence change at the boundary. As

suming a total water content of order 5 g/m3, we esti

mate that the order of magnitude of the effect on sound

speed and impedence is 10 " 3; this is not large, but it may

be detectable.

The cloud aerosols interact with the acoustic waves in

three different ways depending on their size relative to

the amplitude of air motion of the sound. The smallest

fraction "ride with the wave"—altering the wave-prop

agation parameters. The largest particles are stationary

and act as scatterers of the acoustic waves. The particles

in the middle range provide a transition scale for the

above effects but are primarily responsible for enhanced

viscous attenuation.

In summary, there are several processes that can ef

fectively attenuate higher-frequency components of

thunder; this is in support of the conclusions of the pre

vious section. We have, in addition, found three pro

cesses that affect the low-frequency components. Low

frequencies can be attenuated by turbulent scattering

and, in the cloud, by coupling wave energy to phase

changes. We have also found that low frequencies inter

act with the cloud population dynamically; as a result,

cloud boundaries may act as partial reflectors and in-

cloud propagation may be dispersive.

Refraction

There is a wide range of refractive effects in the envi

ronment of thunderstorms. In the preceding section we
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found that turbulence on the scale of the acoustic wave

length and smaller could be treated with scattering the

ory. Turbulence larger than acoustic wavelengths, up to

and including storm-scale motions, should be describ-

able by geometric acoustics or ray theory. To actually do

this is impractical because it requires detailed informa

tion (down to the turbulent scale) of temperature and

velocity of the air everywhere along the path between

the source and the observer. Since the thunder sources

are widely distributed we would require complete

knowledge of the storm environment down to the meter

scale to trace accurately the path of an individual acous

tic ray. These requirements can be relieved if we relax

somewhat our expectations regarding the accuracy of

our ray path. The three fluid properties that cause an

acoustic ray to change its direction of propagation are

the components of thermal gradient, velocity gradient,

and velocity that are perpendicular to the direction of

propagation. Beyond the overall thermal structure of

the environment, which will be approximately adia-

batic, we do not expect that the thermal perturbations

due to turbulence will be systematic. In fact, the turbu

lent thermal perturbations should be random with a

zero average value; hence, an acoustic ray propagating

through turbulence should not deviate markedly owing

to thermal gradients associated with the turbulence

from the path predicted by the overall thermal structure

of the environment. Similarly, velocity and velocity gra

dients should produce a zero net effect on the acoustic

ray propagating through the turbulence.

This argument of compensating effects is not valid for

large eddies whose dimensions are equal to or greater

than the path length of the ray because the ray path is

over a region containing a systematic component of the

gradients associated with the large eddy. We can obtain

a worst-case estimate of these effects by examining a

horizontal ray propagating from a source at the center

of an updraft of 30 m/sec through 2 km to the cloud

boundary where the vertical velocity is assumed to be

zero; we also assume a linear decrease in vertical veloc

ity between the center and boundary. The ray will be

"advected" by 90 m upward during this transit, which

requires approximately 6 sec, while the direction of

propagation of the ray will be rotated through 5 down

ward (maximum angle = tan-1 A VIC). Owing to this

rotation, which is a maximum computation, the "ap

parent" source by straight-ray path would be 180 m

above the real source. These two effects have been esti

mated independently when, in fact, they are coupled

and are to some extent compensatory; when we merely

add them the result is an overestimate of the apparent

source shift, which in this example is 270 m. If this worst

case is the total error in propagation to the receiver at 5

km then this error represents 5 percent of the range; over

the length in which it occurs, 2 km, it represents 13 per

cent error.

Now we turn our attention to the large-scale refrac

tion effects that can be incorporated in an atmospheric

model that employs horizontal stratification. The two

strongest refractive effects of the atmosphere—the ver

tical thermal gradient and boundary-layer wind

shears—fall into this category along with other winds

and wind shears of less importance.

The nearly adiabatic thermal structure of the atmo

sphere during thunderstorm conditions has been recog

nized for a long time as a strong influence on thunder

propagation (Fleagle, 1949). This thermal gradient is

effective because it is spatially persistent and unavoid

able. Even though the temperature in updrafts and

downdrafts—inside and outside the cloud—may differ

(sometimes significantly), the thermal gradients in all

parts of the system will be near the adiabatic limit (or

pseudoadiabatic in some cases) because of the vertical

motion. Hence, the acoustic rays propagate in this

strong thermal gradient throughout its existence.

We can employ a simplified version of ray theory to

illustrate some of the consequences of this thermal struc

ture. If we assume no wind, a constant lapse rate (r =

- d Tldz), and ATI T0 « 1 (AT is the change in temper

ature and Tq is the maximum temperature along the

path) , then the ray path may be described as a segment

of a parabola

P-45-*. (4.8)

In Eq. (4.8), T0 also corresponds to the vertex of the

parabola where the ray slope passes through zero and

starts climbing, h and I are, respectively, the height

above the vertex and the horizontal displacement from

the vertex. To apply Eq. (4.8) to all rays it is necessary to

ignore (mathematically) the presence of the ground be

cause the vertices of rays reflecting from the ground are

mathematically below ground. In addition, we must in

other cases visualize rays extending backward beyond

the source to locate their mathematical vertices.

If T0 is set equal to the surface temperature, a special

acoustic ray that is tangent to the surface when it

reaches the surface is defined; this is depicted in Figure

4. 10. This same ray is applicable to any source, such as

S[, S2, or S3, that lies on this ray path. For the conditions

assumed in this approximation it is not possible for rays

from a point source to cross one another (except those

that reflect from the surface) . The other acoustic rays

emanating from S2 must pass over the point on the

ground where the tangent ray makes contact; this is also

true for rays reflecting from the surface inside the tan
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FIGURE 4.10 Parabolic acoustic ray from

sources S,, S», or S, tangent to the surface at P.

This ray was generated utilizing Eq. (4.8)

with T„ - 30°C and T = 9.8 K/km. Observ

ers on the surface to the right of P cannot de

tect sound from sources S|, S^, S3, or Sj; an

observer at P can only detect sound originat

ing on or above the parabolic ray shown.

 

40 Si
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gent point. The shaded zone in Figure 4. 10 corresponds

to a shadow zone that receives no sound from any point

source on the tangent ray beyond the tangent point.

Point sources below the tangent ray, such as source S4 in

Figure 4. 10, have their tangent ray shifted to the left in

this representation and similarly cannot be detected in

the shadow zone. However, sources above the tangent

ray, S5 for example, can be detected in some parts of the

shadow zone.

For each observation point on the ground one can de

fine a paraboloid of revolution about the vertical gener

ated by the tangent ray through the observation point;

the observer can only detect sounds originating above

this parabolic surface. For this reason we usually hear

only the thunder from the higher parts of the lightning

channel unless we are close to the point of a ground

strike. For evening storms, which can often be seen at

long distances, it is common to observe copious light

ning activity but hear no thunder at all; thermal refrac

tion is the probable cause of this phenomenon. For T0 =

30°C, T = 9.8 K/km, and h = 5 km we find that I = 25

km; as noted by Fleagle (1949) thunder is seldom heard

beyond 25 km. (See also the discussion in Ribner and

Roy, 1982.)

Winds and wind shears also produce curved-ray

paths but are more difficult to describe because they af

fect the rays in a vectorial manner, whereas the temper

ature was a scalar effect. If you are downwind of a

source and the wind has positive vertical shear (duldz >

0), the rays will be curved downward by the shear; on

the upwind side, the rays are curved upward. Wind

shears are very strong close to the surface and can effec

tively bend the acoustic rays that propagate nearly par

allel to the surface. The combined effects of tempera

ture gradients, winds, and wind shears can best be

handled with a ray-tracing program on a computer.

With such a program one can accurately trace ray paths

through a multilevel atmosphere with many variations

in the parameters; it is usually necessary in these pro

grams to assume horizontal stratification of the atmo

sphere. The accuracy of the ray tracing by these tech

niques can be very high, usually exceeding the accuracy

with which temperature and wind profiles can be deter

mined.

MEASUREMENTS AND APPLICATIONS

A number of the experimental and theoretical re

search papers dealing with thunder generation have

been discussed in earlier sections and will not be re

peated here. In this section we describe additional

results, techniques, and papers that deal with thunder

measurements.

Propagation Effects Evaluation

The reader should have, at this point, an appreciation

for the difficulty in quantitatively dealing with the

propagation effects on both the spectral distribution of

thunder and the amplitude of the signal. If, however,

we are willing to forfeit the information content in the

higher-frequency ( > 100 Hz) portion of the thunder sig

nal, which is most strongly affected by propagation, we

can recover some of the original acoustic properties

from the low-frequency thunder signal.

If the peak in the original power spectrum of thunder

is assumed to be below 100 Hz, then the co2-attenuation

effects deplete the higher frequencies without shifting

the position of the peak. Most spectral peaks of thunder

tend to be around or below 50 Hz; therefore, this as

sumption appears to be safe even with finite-amplitude

stretching effects considered. Further assume that the

spectra are not substantially altered by turbulent scat

tering and cloud aerosols. To the extent that these as

sumptions are valid, the finite-amplitude stretching can

be removed from the thunder signal and its peak fre

quency at the source can be estimated. This technique

enables a rough estimate of the energy per unit length of

the stroke to be made; the result is corrected for first-

order propagation effects. Holmes et al. (1971) found

that the spectral peak overestimated the channel energy

using Few's (1969) method; if corrected for stretching
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these measurements are in closer agreement, with the

exception of those events containing other lower-fre

quency acoustic sources.

There are a number of experiments that could and

should be done to evaluate the propagation effects. Us

ing thunder as the acoustic source, several widely sepa

rated arrays of microphones could compare signals from

the same source at several distances. If carefully exe

cuted this experiment could quantify some of the propa

gation effects. Another approach would be to employ a

combination of active and passive experiments such as

point-source explosions inside clouds from either bal

loons or rockets. This experiment provides an additional

controllable factor that can yield more precise data; it

also involves greater cost and hazard.

Acoustic Reconstruction of Lightning Channels

In the section on refraction we mentioned the utility

of ray-tracing computer programs that could accurately

calculate the curved path of an acoustic ray from its

source to a receiver; the accuracy is limited to the preci

sion with which we are able to define the atmosphere.

An obvious application of thunder measurements is to

invert this process; one measures thunder then traces it

backward from the point of observation along the ap

propriate ray to its position at the time of the flash. Few

(1970) showed that by performing this reverse-ray prop

agation for many sources in a thunder record it was pos

sible to reconstruct in three dimensions the lightning

channel producing the thunder signal. The sources in

this case were defined by dividing the thunder record

into short ( ~ 1/2 sec) intervals and associating the acous

tics in a given time interval with a source on the channel.

Within each time interval the direction of propaga

tion of the acoustic rays are found by cross correlating

the signals recorded by an array of microphones. The

position of the peak in the cross-correlation fraction

gives the difference in time of arrival of the wave fronts

at the microphones; from this and the geometry of the

array, one calculates the direction of propagation. At

least three noncollinear microphones are required.

Close spacing of the microphones produces higher corre

lations and shorter intervals thus more sources; how

ever, the pointing accuracy of a small array is less than

that of a large array. Based on experiences with several

array shapes and sizes, 50 m2 has been adopted as the

optimum by the Rice University Group (see Few,

1974a).

The reconstruction of lightning channels by ray trac

ing was described by Few (1970) and Nakano (1973). A

discussion of the accuracy and problems of the tech

nique is given in Few and Teer (1974) in which acousti

cally reconstructed channels were found to agree closely

with photographs of the channels below the clouds. The

point is dramatically made in these comparisons that the

visual part of the lightning channel is merely the "tip of

the iceberg."

Nakano (1973) reconstructed, with only a few points

per channel, 14 events from a single storm. Teer and

Few (1974) reconstructed all events during an active pe

riod of a thunderstorm cell. MacGorman et al. (1981)

similarly performed whole-storm analyses by acoustic

channel reconstruction and compared statistics from

several different storm systems. Reconstructed lightning

channels by ray tracing have been used to support other

electric observations of thunderstorms at the Langmuir

Laboratory by Weber et al. (1982) and Winn et al.

(1978).

A second technique for reconstructing lightning

channels has been developed that is called thunder rang

ing. This technique was developed to provide a quick

coarse view of channels (within minutes after lightning

if necessary) as opposed to the ray-tracing technique,

which is slow and time consuming. Thunder ranging

requires thunder data from at least three noncollinear

microphones separated distances on the order of kilome

ters. Experience with cross-correlation analysis of thun

der signals has shown that the signals become spatially

incoherent at separations greater than 100 m owing to

differences in perspective and propagation path. How

ever, the envelope of the thunder signals and the gross

features such as claps remain coherent for distances on

the order of kilometers. As discussed earlier these gross

features are produced by the large-scale tortuous sec

tions of the lightning channel. Thunder ranging works

as follows: (1) The investigator identifies features in the

signals (such as claps) that are common to three thunder

signatures on an oscillograph. (2) The time lags between

the flash and the arrival of each thunder feature at each

measurement point are determined. (3) The ranges to

the lightning channel segments producing each thunder

feature are computed. (4) The three ranges from the

three separated observation points for each thunder fea

ture define three spheres, which should have a unique

point in space that is common to all of them. (5) The set

of points gives the locations of the channel segments pro

ducing the thunder features (see Few, 1974b; Uman et

al., 1978).

The basic criticism of the thunder-ranging technique

is that the selection of thunder features is the subjective

judgment of the researcher; for many features the selec

tion is unambiguous; other features, which are close to

gether, may appear separated at one location and

merged at another. The program developed by Bohan-

non (1978) included these uncertainties in the estima
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tion of errors associated with such points. Most of the

recent thunder research has used a combination of rang

ing and ray tracing.

The whole-storm studies in which an extended series

of channels are reconstructed have proven to be the most

valuable use of thunder data to date. They define the

volume of the cloud actually producing lightning, the

evolution of the lightning-producing volume with time,

and the relationship of individual channels with other

cloud observations such as radar reflectivity and envi

ronmental winds (Nakano, 1973; Few, 1974b; Teer and

Few, 1974; Few et al., 1977, 1978; MacGorman and

Few, 1978; MacGorman etal., 1981).

ELECTROSTATICALLY PRODUCED

ACOUSTIC EMISSIONS

The concept of electrostatically produced acoustic

waves from thunderclouds goes all the way back to the

writings of Benjamin Franklin in the eighteenth cen

tury; Wilson (1920) provided a rough quantitative esti

mate of the magnitude of the electrostatically produced

pressure wave. McGehee (1964) and Dessler (1973) de

veloped quantitative models for this phenomenon—

McGehee for spherical symmetry and Dessler for spheri

cal, cylindrical, and disk symmetries. The theory

developed by Dessler is of particular importance be

cause it made specific predictions regarding the direc

tivity and shape of the wave. The predictions were sub

sequently verified in part by Bohannon et al. (1977) and

Balachandran (1979, 1983).

The charge in a thundercloud resides principally on

the cloud drops and droplets. In a region of the cloud

where the charge is concentrated producing an electric

field E, the charged particles will experience an electric

force, which is directed outward with respect to the

charge center, in addition to the other forces expressed

on them. These particles quickly (on the order of milli-
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FIGURE 4.11 Low-frequency acoustic pulse thought to have been generated by an electrostatic pressure change inside the cloud during a light

ning flash. The higher-frequency signals from thunder have been removed from this record. From Balachandran (1979) with permission of the

American Geophysical Union.
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seconds) come into dynamic equilibrium where the hy-

drodynamic drag force associated with their motion is

balanced by the sum of all the externally expressed

forces. When the electric field is quickly reduced by a

lightning flash the cloud particles readjust to a new dy

namic equilibrium. The change in the hydrodynamic

drag force requires a change in the pressure distributions

surrounding all the charged cloud particles; hence, the

pressure in the volume continuing the cloud particles is

altered by the sudden reduction of the electric field.

Since the electric force from a charge concentration is

outward, the pressure inside the charged volume will be

slightly lower than the surrounding air. When £ is re

duced by the lightning flash the charged volume pro

duces a slight implosion; this radiates a negative wave.

Few (1982) derived a general expression for the internal

pressure gradient produced by the electrostatic force;

when integrated the result is

PE = P0 - (n + 1) fo(£°2" £2) . (4.9)

In Eq. (4.9) the parameter n takes the value 0 for

plane geometry, 1 for cylindrical geometry, and 2 for

spherical geometry; P0 and E0 are the values at the edge

of the charged volume.

The amplitude of this pressure signal is related to the

electric field, the wavelength to the thickness of the

charged region, and the directivity of the wave to

the geometry to the source (Dessler, 1973). If the theory

can be quantitatively verified, the signal can be used to

determine remotely internal cloud electric parameters.

The experimental search for electrostatic pressure

waves has been difficult. The wave is low frequency

( — 1 Hz), small amplitude ( — 1 Pa), and buried in large

background pressure variations produced by wind, tur

bulence, and thunder. Prior to Dessler's prediction of

beaming, one wondered why the signal was not more

frequently seen in thunder measurements. Holmes et al.

( 197 1) measured a low-frequency component in a few of

their power spectra of thunder but found these compo

nents completely missing in others. Dessler showed that

that signal would be beamed for cylindrical and disk

geometry; the disk case would require that the detectors

be placed directly underneath the charged volume for

observation. This relationship has been observed by Bo-

hannon etal. (1977) and by Balachandran (1979, 1983).

The electrostatic pressure wave predicted by the the

ory discussed above is a negative pulse. The measured

acoustic signature thought to be the verification of the

prediction actually exhibits a positive pulse followed by

a negative pulse (see Figure 4.11). The negative pulse

appears to fit the theory, but the theory is deficient in

that the positive component of the wave is not de

scribed. Recently, Few (1984) suggested that the dia-

batic heating of the air in the charged volume by posi

tive streamers may be the source of the positive pulse.

Colgate and McKee (1969) described theoretically an

electrostatic pressure pulse using this same mechanism

but applied to a volume of charged air surrounding a

stepped leader. This particular signature has not been

experimentally verified because it has the regular thun

der signal, which is 300 times more energetic, superim

posed on it.
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INTRODUCTION

Significant advances in lightning protection have

been made during the last decade. These advances have

been a result of progress in two general areas of lightning

research: (1) lightning phenomenology, including the

technology for determining real-time strike locations,

and (2) lightning physics, particularly the characteris

tics of return stroke currents and electromagnetic fields

(see Krider, Chapter 2, this volume, for a description of

the return-stroke phase of a lightning flash, as well as of

the other salient events that make up the flash).

(1) By phenomenology, we mean those characteristics

of thunderstorms that are associated with numbers of

lightning events, as opposed to the physical properties of

the individual events. A phenomenological parameter

of particular interest is the average lightning flash den

sity, that is, the number of lightnings per square kilome

ter per year (other units are possible) as a function of

location. This parameter represents the starting point

for almost all lightning protection designs (for example,

the lightning overvoltage protection of utility power

lines) because the number of lightning failures per year

for which a system is designed is directly proportional to

the number of ground flashes per unit area per year.

Real-time identification of phenomenological parame

ters such as the total number of lightning events per

storm and the lightning flashing rate is now possible

with newly developed detection equipment. This equip

ment also makes possible real-time decisions on utility

system repair and repair preparation, early warning

and detection of lightning-caused forest fires, and a va

riety of other warning functions in situations that allow

protective action to be taken, such as launches at the

NASA Kennedy Space Center.

(2) When an object (e.g., aircraft, building, power

line, or person) is struck directly by lightning, or is ex

posed to the intense electromagnetic fields of a nearby

flash, the potentially deleterious currents and voltages

that appear in the object are determined by the physical

characteristics of the lightning currents and fields and

by the electric characteristics of the object that is struck.

For example, it is thought that, to a first approximation,

the voltages that are induced in electronics within an

airborne metal aircraft that is struck by lightning are

indirectly initiated by the fastest part of the current rate

of rise. This fast change in current induces resonant os

cillations on the metallic exterior of the aircraft (like a

pestle striking a bell) that are then coupled inside the

aircraft via holes or apertures, such as windows, in the

conducting metal skin. Lightning protection is cur

rently of considerable concern for the latest generation

of military and commercial aircraft that operate with

low-voltage computer circuits and have lightweight ep
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oxy surfaces (potential apertures) replacing the more-

conventional conducting metal. For these types of air

craft and other similar advanced systems, the

microelectronic components used are often more easily

damaged by lightning-induced voltages and the shield

ing against the intrusion of those voltages is often less

adequate than is the case for more conventional systems.

In the following three sections, we examine in more

detail the recent and widespread use of lightning-detec

tion techniques for protection; those properties of light

ning that cause damage, the mechanisms of lightning

damage, and new methods of protection; and some re

maining questions that research can answer to facilitate

additional improvements in lightning protection.

APPLICATIONS OF NEW LIGHTNING-

DETECTION TECHNIQUES TO PROTECTION

In 1983 the Electric Power Research Institute (EPRI),

the research arm of United States power utilities,

funded a long-term study of lightning flash density in

the United States for the purpose of making possible bet

ter lightning protection design for power lines. The

EPRI research is being carried out using lightning-locat

ing technology recently developed through basic re

search (Krider et al., 1980). For the initial part of the

study a network of automatic lightning direction find

ing (DF) stations called the East Coast Network and op

erated by the State University of New York at Albany

(SUNYA) (Orville et a/., 1983) is being used. Future

flash density studies can be expected to involve addi

tional portions of the United States and perhaps Can

ada. As is clear from Figure 5. 1 in which the East Coast

Network is evident, over three quarters of the area of the

United States and Canada is covered by DFs, a develop

ment that has occurred since 1976. In addition, light

ning-locating systems of the DF type developed in the

United States have been installed in Australia, Norway,

Sweden, Mexico, South Africa, Japan, Hong Kong, and

the People's Republic of China during the same time pe

riod.

The primary user of lightning-location data in the

United States at present is the Bureau of Land Manage

ment (BLM) , which is responsible for the majority of the

DFs in the western United States and Alaska (Figure

5.1). The BLM and the Forest Services of most Cana

dian provinces utilize the time and location of lightning

storms to determine when and where to look for forest

fires. Early detection of these fires results in consider

able savings in natural resources and in the cost of fight

ing the fires. BLM data are also disseminated in real

time to all National Weather Service Offices in the west

ern region via AFOS, to the National Severe Storms

Forecast Center in Kansas City, to Vandenburg Air

Force Base, and to Nellis Air Force Base. Data from the

SUNYA East Coast Network are currently being dis

played in real time at the FAA Washington Air Route

Traffic Control Center (ARTCC) in Leesburg, Vir

ginia, the National Weather Service Forecast Office in

Albany, New York, and Langley Air Force Base in

Hampton, Virginia.

In addition to applications-oriented research, opera

tional forest fire management, and Weather Service

storm warning, the newly developed lightning-locating

equipment is used to warn of the approach of storms in a

variety of practical applications where protective action

can be taken. Examples range from power utility com

panies (e.g., Tampa Electric Company, China Power of

Hong Kong) to missile launches (e.g., Kennedy Space

Center, Vandenburg AFB) to sensitive military installa

tion (e.g., Buckley Air National Guard Base, Colorado,

Cudjoe Key AF Station, Florida) . In addition, lightning

maps from these lightning locating systems are becom

ing widely shown on TV weather shows, as they are of

ten more meaningful to the typical viewer than the more

conventional radar displays. An example of a 1-day

lightning map from the Tampa Electric Company

(Peckham etal., 1984) is shown in Figure 5.2.

AMELIORATION OF LIGHTNING DAMAGE

Mechanisms of Lightning Damage

The amount and type of lightning damage an object

suffers is due to both the characteristics of the lightning

discharge and the properties of the object. The physical

characteristics of lightning of most interest are the cur

rents and electromagnetic fields, particularly those

from the return stroke since these are usually the largest:

hence protection against the return stroke will usually

protect against the currents and fields from other light

ning processes.

Four properties of the return stroke current can be

considered important in producing damage: (1) the

peak current, (2) the maximum rate of change of cur

rent, (3) the integral of the current over time (i.e., the

charge transferred), and (4) the integral of the current

squared over time, the so-called action integral. Let us

examine each of these properties and the type of damage

that it can produce.

For objects that present a resistive impedance, such as

a ground rod driven into the Earth, a long power line, or

a tree, the peak voltage on the object will be propor

tional to the peak current. For example, a 50,000-A cur

rent injected into a 400-fl power line produces a line

voltage of 20,000,000 V. Such large voltages lead to



APPLICATION OF RESEARCH TO LIGHTNING PROTECTION

 

FIGURE 5.1 A map showing the location (dots) of lightning direction finding (DF) stations in place in summer 1984. Connected

circles around each DF indicate area of lightning coverage. The area of coverage along the East Coast is the SUNYA East Coast

Network.
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FIGURE 5.2 A map of the cloud-to-ground lightning strikes in the

Tampa Bay area for August 8, 1979. Individual storms have been cir

cled. The two DF locations in the Tampa Electric Company's light

ning location system are identified. Map scale is in thousands of feet.

electric discharges from the struck object to the ground

through the air or through insulating materials. Such

flashovers can, for example, short-circuit a power sys

tem or kill people that are standing close to the object

that is struck. An example of discharges across the

ground caused by the high voltage on a struck golf-

course green marker is shown in Figure 5.3. The mag

netic forces produced by the peak lightning currents are

large and can crush metal tubes and pull wires from

walls.

For objects that have an inductive impedance, such as

wires in an electronic system, the peak voltage will be

proportional to the maximum rate of change of the

lightning current (V = L dildt). For example, if 1 m of

wire has an inductance L of 10 " 7 H and dildt = 1010 A/

sec, 1000 V is generated across the wire. Voltages of this

level often cause damage to solid-state electronic de

vices.

The heating or burn through of metal sheets such as

airplane wings or metal roofs is, to first approximation,

proportional to the lightning charge transferred (aver

age current times time). Generally, large charge trans

fers are due to long-duration (tenths of a second to sec

onds) lightning currents in the 100- to 1000-A range

rather than to peak currents that have a relatively short

duration. An example of a hole burned in an aircraft

skin by lightning is shown in Figure 5.4, and some infor

mation on hole size versus charge transferred is given in

Figure 5.5. A typical lightning transfers 20 to 30 C and

extreme lightnings hundreds of coulombs, but, fortu

nately, the lightning does not often stay attached to one

place on an aircraft in flight for the duration of that

transfer.

The heating of many objects and the explosion of in

sulators is, to first approximation, due to the value of the

action integral. In the case of wires, the action integral

represents the heat that is generated by the resistive im

pedance of the wire. Some data on wire temperature rise

for typical lightning action integrals is given in Figure

5.6. About 1 percent of negative strokes to ground have

action integrals exceeding 106. About 5 percent of posi

tive strokes is thought to exceed 107. In the case of a tree,

this heat vaporizes the internal moisture of the wood,

and the resultant steam pressure causes an explosive

fracture. An example of typical tree damage from light

ning is shown in Figure 5.7.

Two properties of the electromagnetic fields are suffi

cient to describe most of the important damage effects:

the peak value of the field and the maximum rate of rise

to this peak. For certain types of antennas or metal ex

posed to the lightning field, the peak voltage on the

metal is proportional to the peak field. These antennas

are commonly referred to as capacitively coupled. For

other antennas, such as a loop of wire in an electronic

circuit or an underground communication cable, the

peak voltage is proportional to the maximum rate of

change of the field.

New Results on Lightning Characteristics

Chapter 2 (this volume) by Krider describes the re

cent findings on lightning current and field characteris

tics. Much of this work has application to protection. A

major step forward has been made in identifying the

maximum rates of change of currents and fields, and it

should be noted that these are now thought to be at least

10 times larger than was believed to be the case a decade

ago. These recent results have important implications

for the design of protection against damage that is

caused by fast rates of change of currents and fields.

Chapter 3 (this volume) by Rust discusses positive

lightning, recently identified and only partially charac

terized. Positive lightning apparently produces very

large peak currents, charge transfers, and action inte

grals, much larger than the usual negative lightning.

The Japanese report that their power systems are dis-



 

FIGURE 5.4 A lightning hole burned in the wing tip of a Boeing 707 (Uman. 1971).
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FIGURE 5.5 Area of holes melted through aluminum and titanium

of various thicknesses by lightning charge (Fisher and Plumer, 1977).

rupted by a large fraction of the positive lightning

strike, whereas only a small fraction of negative light

nings have this effect (Nakahori etal., 1982) .

Protection Techniques

There are two general types of lightning protection:

(1) diversion and shielding and (2) limiting of currents

and voltages. On a residential or commercial building,

for example, the diversion of lightning currents to

ground via a standard system of lightning rods, down

leads, and grounds is sufficient to protect the building

structure itself and to decrease by imperfect shielding

potentially harmful effects to electronic equipment in

side. An example of a diversion and shielding system is

shown in Figure 5.8.

More complete protection of electronic equipment

must include limiting of currents and voltages induced

by the direct strike to the structure or by traveling waves

into the structure on electric power, communication, or

other wires connected to the outside world. The design

of the current- and voltage-limiting system is obviously

dependent on an understanding of the wave shapes of

the deleterious signals that are to be controlled; and this

in turn requires a knowledge of the lightning character-
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FIGURE 5.7 Typical damage to a tree due

to a direct lightning strike (Uman, 1971).

istics and how the properties of the system under consid

eration change these characteristics. Once such a deter

mination is made, three general types of current- and

voltage-limiting devices can be used for electronic or

power systems: (1) voltage crowbar devices that reduce

the voltage difference effectively to zero and short cir

cuit the current to ground (the carbon block and gas

tube arrestors used by the telephone company are good

examples of crowbar devices) ; (2) voltage clamps such as

recently developed solid-state metal oxide varistors

(MOVs) or Zener diodes, which do not allow the voltage

to exceed a given value; and (3) electric filters that re

flect or absorb the higher and generally more damaging

frequencies in the lightning transient. Frequently, all

three of these forms of protection are used together in a

coordinated way. Examples of some of these protective

devices are shown in Figure 5.9.

In recent years, a systematic approach has been de

veloped that allows an optimal lightning protection sys

tem to be designed for most structures. This new tech

nique is called "topological shielding," and it uses both

diversion and shielding and the limiting of currents and

voltages discussed above. The technique consists of nest

ing shields and "grounding" each shield to the one en

closing it. All incoming wires are connected to the out

side of each successive shield by a transient protective

device, and therefore, at each successively inner shield,

the voltage and power levels to be protected against are

reduced. In Figure 5.10, we illustrate the principles of

topological shielding. In Figure 5.10a, the equivalent
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FIGURE 5.8 A standard lightning protection system for a small

structure.

 

FIGURE 5.9 Examples of typical lightning protective devices: a and

b are sealed spark gaps (crowbar devices): c is a solid-state metal oxide

varistor; and d is a solid-state Zener diode. The diameter of c is about 1

inch.
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FIGURE 5.10 A diagram illustrating the principles of topological

shielding, a. Equivalent electric circuit for a grounded building served

by power lines and a communications tower, b. External view of

building after topological shielding, c. Schematic of the topological

shielding.

circuit is shown for the grounding of a building associ

ated with a communications tower. Figure 5. 10b shows

an external view of the building after topological shield

ing, and Figure 5. 10c shows a schematic of the topologi

cal shielding technique.

FUTURE RESEARCH NEEDED FOR

IMPROVEMENTS IN PROTECTION

The detailed physics of how lightning strikes a struc

ture, power line, or aircraft is still not well understood.

The approaching lightning leader is not influenced by

the object to be struck until it is perhaps a few tens to

hundreds of meters away. At that time, an upward-

moving spark leaves the object to be struck eventually

and similar sparks may also leave nearby objects. The

upward-moving spark connects to the downward-mov

ing leader attaching the leader to ground. (See Krider,

Chapter 2, this volume, for a discussion of the attach

ment process.) When this process is better understood

through basic research, we should be able to determine

with higher probability what will and what will not be

struck and to provide better lightning protection ac

cordingly. For example, the positioning of overhead
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ground wires above transmission lines should be able to

be optimized.

More information is needed about the character of

lightning currents, particularly those in processes other

than return strokes. Is there, for example, an upper limit

on the maximum rate of change of current? We need

more data on positive lightning to be able to character

ize all aspects of it in a statistical way. Only then can it

be taken account of properly in protection design.

Much work needs to be done on the interaction of

lightning currents and fields with objects like aircraft.

For example, how are aircraft resonances affected by

channel attachment? Computer models are now being

developed with which to study these problems even in

the presence of nonlinear discharge properties.

CONCLUSIONS

Basic research over the last decade has made possible

impressive improvements in lightning protection. Those

related to lightning detection and to the specification of

current and electromagnetic-field wave shapes have

been discussed in this chapter. As with all research, new

discoveries raise new questions. With the present inter

est in lightning among scientists, due partly to recent

successes and partly to the important unsolved prob

lems, we can expect continued progress in lightning pro

tection during the next decade.
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ABSTRACT

The high temperatures in and around the discharge tube of a lightning stroke cause the dissocia

tion of the major atmospheric constituents N2, 02, C02, and H2 and the formation of trace

species such as NO, CO, N2, OH, N. O, and H. As this cylinder of hot air cools, the levels of these

trace species drop. However, if the cooling is sufficiently rapid the concentrations of these trace

species can be "frozen-in" at levels significantly above their ambient, thermochemical equilib

rium abundances, thereby leading to a net source of these gases to the background atmosphere. It

is estimated that about 3 tg of N yr" ' as NO are produced in the present-day atmosphere by

lightning through this process. Other gases produced by lightning are CO and N20 in the Earth's

atmosphere; HCN in the Earth's prebiological atmosphere: CO, NO, and 02 in the cytherian

atmosphere; and CO, N2, and a variety of hydrocarbons in the jovian atmosphere. The major

uncertainty in quantifying the role of lightning in the chemistry of the terrestrial atmosphere, as

well as that of other planetary atmospheres, arises from the lack of accurate statistics on the

energy and frequency of lightning. The role of coronal discharges in the chemistry of clouds also

needs to be investigated.

INTRODUCTION

In addition to the spectacular visual and aural effects

that accompany a lightning flash, intense chemical re

actions occur, which, on a relatively short time scale,

can radically alter the chemical composition of the air in

and around the discharge tube and, on longer time

scales, can ultimately affect the composition of the at

mosphere as a whole. The short-term chemical changes

associated with lightning have been well documented

by spectroscopic studies of lightning strokes (cf., Sa-

lanave, 1961; Uman, 1969). For instance, the strong

emissions from neutral atomic nitrogen (N 1), singly io

nized atomic nitrogen (N 11), neutral atomic oxygen

(O 1), and singly ionized atomic oxygen (O n) typically

observed from the hot core of discharges, are indicative

of the widespread dissociation of atmospheric N2 and 02

and the subsequent ionization of their atomic daugh

ters. Other prominent spectroscopic features are the

emission lines from CN and H, species arising from the

dissociation of CO2 and H2O.

For the most part the large changes in the chemical

composition of the air in and around the discharge tube

can be related to the rapid variations in temperature in

70



THE ROLE OF LIGHTNING IN THE CHEMISTRY OF THE ATMOSPHERE 71

this region. The lightning bolt and associated shock

wave produce a cylinder of very hot air within which

chemical reactions between the atmospheric gases pro

ceed rapidly to bring the mixture into thermochemical

equilibrium. Immediately after the energy deposition,

the temperature in the discharge tube approaches

30.000 K and the gas is a completely ionized plasma. As

the gas cools by hydrodynamic expansion and turbulent

mixing, the equilibrium composition of the gas changes

from a plasma to a mixture of neutral atoms such as N

and O and then to a mixture of molecular species and

ultimately as the temperatures return to ambient to a

mixture of N2, O2, H2O, and CO2 much like the back

ground composition of the atmosphere. This variation

in the equilibrium composition of air as a function of

temperature is illustrated in Figure 6.1; note that as the

temperatures fall below 5000 K the equilibrium shifts

from N, O, H, and CO to NO, OH, and CO and then to

N2,O2, H2O,andCO2.

If the gas around the lightning discharge was always

to remain in thermochemical equilibrium, the net effect

of lightning on the atmospheric composition would be

negligible; once the temperature of the gas returned to

its ambient level, its composition would be essentially

the same as that of the background atmosphere's, and

thus there would be no net production or destruction of

atmospheric chemical species by lightning discharges.

On the other hand, it is well known that laboratory

sparks can have significant effects on the composition of

air; most notable is the fixation of atmospheric nitrogen

(N2) by sparks to produce nitric oxide (NO) . Given the

basic equivalence between laboratory sparks and light

ning discharges it would seem reasonable to expect that

lightning also affects the composition of air. In fact, the

knowledge that NO is produced by laboratory sparks led

von Liebig to propose in 1827 that the NO "3 typically

observed in rainwater arises from the fixation of atmo

spheric N2 by lightning discharges. This nineteenth cen

tury hypothesis of von Liebig's has only recently been

qualitatively confirmed by direct observations of en

hanced levels of NO and NO2 in and around active thun

derclouds (Noxon, 1976, 1978; Davis and Chameides,

1984) and in the vicinity of a cloud-to-ground lightning

flash (Drapchoefa/., 1983).

The identification of the mechanisms responsible for

the net production of trace species such as NO by light

ning and the quantification of their source rates on a

global scale define the current frontier in the field of the

chemistry of atmospheric lightning and will, therefore,

be the major subject of this review. The discussion be

gins by focusing on the production by lightning of atmo

spheric NO, a species of special interest because of its

central role in the photochemistry of the atmosphere

>
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FIGURE 6.1 Equilibrium volume mixing ratios of selected atmo

spheric species as a function of temperatures in heated tropospheric

air.

(cf., Crutzen, 1983). Following the discussion of NO

production by lightning, a more general presentation

will be given of the production of other trace species in

both the present and the prebiological, terrestrial atmo

sphere, as well as in other planetary atmospheres. A

brief discussion is then presented on the possible effect of

electrical discharges on the chemistry of cloudwater and

the generation of acids in precipitation. Finally, a brief

outline of the needs for future work in this area is pre

sented.
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NO PRODUCTION BY LIGHTNING

Similar to the Z'elovich mechanism for the fixation of

nitrogen in explosions (Z'elovich and Raizer, 1966), the

production of NO in lightning discharges is believed to

be driven by high-temperature chemical reactions

within a rapidly cooling parcel of air; the rapid cooling

causes NO levels above its thermochemical abundance

to be "frozen" into the gas. A simple physical analogy to

this chemical production mechanism is that of dropping

a bead through a column of rapidly cooling water in a

gravitational field. Because the bead wants to minimize

its potential energy with respect to the gravitational

field, the bead will tend to fall to the bottom of the wa

ter column. If, however, the water were to cool so rap

idly that it froze before the bead reached the bottom of

the column, the bead would be frozen in the column at a

position of higher potential energy and would be pre

vented from reaching its energetically preferred posi

tion at the bottom of the column.

In the case of NO production in lightning, the high

temperatures in and surrounding the discharge channel

result in a series of chemical reactions that both produce

and destroy NO. NO production is initiated by the ther

mal dissociation of O2.

O + O (Reaction 6.1)

followed by the production of NO via the reaction chain

O + N2 NO + N (Reaction 6.2)

and

N + O2 NO + O. (Reaction 6.3)

In competition with these NO-producing reactions are

NO + N N2 + O (Reaction 6.4)

and

NO + O *- N + O2, (Reaction 6.5)

which convert NO back to N2 and O2 as well as

NO -*—*- N + O, (Reaction 6.6)

the thermal dissociation of NO itself, and

NO + NO *" N2O + O, (Reaction 6.7)

the formation of N2O from NO.

The equilibrium NO concentration, /l^0, is the NO

level at which NO-producing and NO-destroying reac

tions are in balance. As illustrated in Figure 6.2, /°0 is a

strong function of temperature. As the temperature rises

above 1000 K the dissociation of N2 and O2 causes an

increase in the NO equilibrium level. At about 4000 K,

f^Q peaks at a value approaching 10 percent. For higher

temperature, N and O atoms become increasingly more

stable relative to NO (See Figure 6.2) and/'^0 decreases.

Thus if NO were always to maintain thermochemical

equilibrium, its concentration would reach a maximum

when the temperature in and around the discharge tube

was — 4000 K and would then decrease to a negligibly

small value as the heated air cooled to ambient tem

peratures. However, similar to the equilibrium NO

concentration, the time, rNO, required to establish ther

mochemical equilibrium for NO also varies with tem

perature. As illustrated in Figure 6.2, this time becomes

increasingly longer as temperature decreases because

the reactions acting to establish equilibrium become

slower. (In this figure, rNO was calculated by summing

the loss frequencies for NO due to Reactions 6.4-6.7.)

Whereas only a few microseconds are required for NO

to equilibrate at 4000 K, equilibrium requires millisec

onds at 2500 K, a second at 2000 K, and approximately

103 years at 1000 K. Hence, as the air cools, a tempera

ture is eventually reached at which the rates of reaction
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FIGURE 6.2 The NO equilibrium volume mixing ratio/0, repre

sented by the solid curve, and the NO chemical lifetime tno, repre

sented by the dashed curve, as a function of temperatures in heated

tropospheric air. (After Borucki and Chameides, 1984.)
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become too slow to keep NO in equilibrium. Instead of

falling to the thermochemical equilibrium concentra

tion of the ambient temperature, a higher NO level be

comes frozen into the gas. This higher concentration,

which corresponds to the NO equilibrium level at the

temperature at which the NO concentration departs

from equilibrium, is called the "freeze-out" tempera

ture.

The freeze-out temperature of NO, TF, is approxi

mately determined by the relationship

TT(Tp) = TNO(TF), (6.1)

where tt is the characteristic cooling time of the heated

air. When T > TF, then rNO < tt and the chemical reac

tions are sufficiently rapid to keep NO in the thermo

chemical equilibrium. However, for T < TF, tNo > rT

and chemical reactions are too slow to adjust to the rap

idly decreasing T; NO, therefore, freezes out with a mix

ing ratio/No(^f) , Although a lower abundance of NO is

favored thermodynamically at low T, the kinetics are

too slow for readjustment. P, the net yield of NO pro

duced by this process, is then approximated by

P(NO) =/?,o(TF)M(rF)£o-1moleculesJ-1, (6.2)

where M is the number of molecules per meter heated

to, or above, TF in the region where NO is being pro

duced for a discharge energy of E0 (in units of J/m). Thus

it is necessary to determine values for TF and M that,

when combined with the results of Figure 6.2, will al

low an estimate of P(NO) fromEq. (6.2).

Once P(NO) is obtained, the global rate of NO pro

duction by lightning, </>(NO), can be estimated from

</>(NO) = P(NO) . R

(14g/mole)(1Q-12tg/g)(3.16 x 107sec/yr)

(6.02 x 1023 molecules/mole)

(6.3)

in units of teragrams (tg) (i.e., 10 "12g or 106 metric tons)

of N per year, where R is the number of joules dissipated

globally by lightning per second. Because of the current

interest in developing global budgets for the flow of

fixed nitrogen and nitrogen oxides through the atmo

sphere, reasonably accurate estimates for <£(NO) are de

sirable. A brief discussion of how the parameters needed

to solve </>(NO) are calculated is presented below.

Estimate ofP(NO)

Following the approach of Borucki and Chameides

(1984), we infer values for TF and M that are needed to

calculate P(NO) in Eq. (6.2) from the laboratory study

of linear discharge channels by Picone et al. (1981) . This

study indicated that lightning-like discharge channels

cooled with a rj of about 2.5 x 10 " 3 sec . For this choice

of TT, TF and/No(T/) can be estimated from Figure 6.2 to

be about 2660 K and 0.029, respectively. Furthermore,

using the result of Picone et al. (1981) that in spark dis

charges 1 J of energy is required to heat each 1 cm3 of air

to a temperature of 3000 K and assuming that the gas

cools from 3000 K to the freeze-out temperature of 2660

K by mixing with the ambient atmosphere, it can be

inferred that

M(2660K)/£0 = 3.2 x 1019molecules/J. (6.4)

Substituting the above values for/No(Tj.) and M(TF)IE0

into Eq. (6.2),

P(NO) = (0.29)(3.2 x 1018)

= 9.2 x 1016molecules/J. (6.5)

A comparison of the above-estimated NO yield with

those of previous investigators is presented in Table 6. 1

and indicates a rather good agreement with a wide vari

ety of theoretical calculations, laboratory spark experi

ments, and atmospheric measurements. The largest dis

crepancy appears to be with the NO yield attributed to

Drapcho et al. (1983). The yield of Drapcho et al. was

based on their observation of a sudden increase in NO

and NO2 levels in the vicinity of a cloud-to-ground dis

charge; given the many assumptions necessary to infer a

yield from this observation the disparity between the

yield of Drapcho et al. and the others in Table 6. 1 is not

very surprising.

The Global Dissipation Rate, R

The rate at which energy is dissipated by lightning

globally can be expressed as a function of two other pa

rameters, i.e.,

R = EFF, (6.6)

where EF is the average number of joules dissipated per

lightning flash and F is the number of lightning flashes

occurring globally per second. Borucki and Chameides

(1984) recently examined the existing data base on light

ning flashes to estimate these parameters. Combining

optical and electrical measurements of the energy of a

single stroke, observations of the number of strokes per

flash, as well as measurements of the distribution of en

ergy among the first and subsequent strokes, EF was esti

mated to be about 4 x 108 J/flash with a factor of 2.5

uncertainty. From satelliteborne optical detection sys
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TABLE 6. 1 Estimates of NO Yield from Lightning Discharge

P(NO) (molecules/J) Investigator

A. This work

B. Theoretical calculation

C. Laboratory spark

experiment

D. Atmospheric measurement

(9 ± 2) x 1016

3 x 1016»

(3-7.5) x 1016

(4-6) x 1016»

80 x lO16*

16 x 10'6

(8-17) x 10"

(6 ± 1) 1016

(5 ± 2) x 1016

(2 ± 0.5) x 1016

(20-30) x 10"""

(25-2500) x 1016»

Based on the calculations of

Borucki and Chameides (1984)

Tuck (1976)

Chameides eta/. (1977)

Griffing(1977)

Hill et al. (1980)

H ill et al . , as corrected by

Borucki and Chameides (1984)

Chameides (1979)

Chameides etal. (1977)

Levine etal. (1981)

Peyrous and Lapeyre (1982)

Noxon (1976)

Drapcho et al. (1983)

"The NO yields obtained by these investigators were expressed as molecules/flash. These yields were converted to units of molecules/Joule by

assuming Er = 4 x lO^/flash.

fcDerived from Hill etal. (1980) by dividing their NO yield (6 x 1025 molecules/flash) by their energy per flash [(1.5 x W]lm)(5 x MPm/flash)].

tems, a value of 100 flashes/sec was assigned to F by

Borucki and Chameides (1984) with an uncertainty fac

tor of 25 percent. Substituting these parameters into Eq.

(6.6), R was thus estimated to be about 4 x 1010Wwith

a possible range of (1.3 to 12) x 1010W.

The Global NO Production Rate, <i>(NO)

The above estimates for R and P(NO) can be com

bined in Eq. (6.3) to yield a global NO production rate

of ~2.5tgof N/yr. However, it should be noted that this

number is highly uncertain; Borucki and Chameides

(1984) in a similar analysis arrived at a possible range in

tfi(NO) from 0.8 to 8 tg of N/yr. By far the largest source

of uncertainty arises from the uncertainty in £F, the en

ergy dissipated by a lightning flash. A comparison be

tween the estimate for the global fixation rate calculated

here and those of previous investigators is presented in

Table 6.2. For the most part our result is consistent

with, although somewhat smaller than, the other esti

mates.

Biological processes fix atmospheric N2 at a rate of

about 200 tg of N/yr and anthropogenic fixation (pri

marily due to the synthesis of fertilizers) occurs at a rate

of about 60 tg of N/yr (Burns and Hardy, 1975). Thus it

would appear that, at present, lightning is responsible

for at most a few percent of the Earth's total nitrogen

fixation. On the other hand, lightning appears to repre

sent one of, if not the, major natural source of NOx to the

atmosphere. The other natural sources of atmospheric

NOt include stratospheric oxidation of N2O at a rate of

0.6 tg of N/yr (Levy et al., 1980); oxidation of NH3,

which is not well known but could be important (Mc-

TABLE 6.2 Estimates of the Amount of Nitrogen Fixed by

Lightning

Nitrogen Fixed

Investigator per Year (tg)°

Tuck (1976) 4.2

Chameides rt a/. (1977) 30 to 40

Chameides (1979) 35 to 90

Dawson (1980) 3

Hill etal. (1980) 4.4

Levine etal. (1981) 1.8

Kowalczyck and Bauer (1982) 5.7

Ehhalt and Drummond (1982) 5

Peyrous and Lapeyre (1982) 9

Logan (1983) S

Drapcho et al. (1983) 30

Present result [based on Best Estimate: 2.6

calculations of Range: 0.8 to 8

Borucki and Chameides (1984)]

"l tg = 1012 g = 106 metric tons.

Connell, 1973); and NO emissions from soils as a result

of microbial activity at a rate of (1 to 10) tg of N/yr

(Galbally and Roy, 1978; Lipschultz et al., 1981). As

noted earlier, qualitative confirmation of the impor

tance of lightning as a natural source of atmospheric

NOx has been obtained from a variety of NO and NO2

measurements (Noxon, 1976, 1978; Drapcho et al.,

1983; Davis and Chameides, 1984), which reveal anom

alously high concentrations ofNO and NO2 in air within

and above clouds in remote regions of the globe. In re

gions strongly affected by anthropogenic activities,

however, this natural NO source is swamped by NO

production from the burning of fossil fuel and biomass
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at a combined rate of about 30 tg of N/yr (Crutzen,

1983) . It is for this reason that NOx levels in urban areas

are some 104 to 105 times higher than in remote regions

of the marine atmosphere (McFarland et al., 1979) and

in conjunction with the anthropogenic release of non-

methane hydrocarbons is the cause of photochemical

smog and related air pollution problems. Nevertheless,

it is interesting to note that even the extremely low levels

of NOx that are characteristic of the remote troposphere

are believed to have a significant effect on the chemistry

of the atmosphere, catalyzing the photochemical pro

duction of tropospheric O3 and enhancing OH levels

(Logan et al., 1981; Davis and Chameides, 1984). To

the extent that lightning is responsible for the NOx levels

in the remote troposphere, it would appear that light

ning plays an important role in the photochemistry of

the atmosphere.

OTHER TRACE GASES PRODUCED BY

LIGHTNING

While NO has received the bulk of the attention with

regard to production by lightning because of its impor

tance in the photochemistry of the atmosphere, research

has revealed that a myriad of other trace gases in addi

tion to NO can be generated by lightning in a variety of

interesting environments. These gases and their yields in

electrical discharges as determined by both theoretical

calculations and laboratory experiments are listed in

Table 6.3. The comparison between experimentally and

theoretically derived yields is quite good over a wide

range of gases and atmospheric compositions.

The production of HCN in a reducing, prebiological

terrestrial atmosphere is of particular interest because it

has been proposed that lightning-produced HCN was an

TABLE 6.3 Calculated and Experimentally Derived Yields of Trace Cases in Various Atmospheres0

Species

Calculated Yield

(molecules/J)

Experimental Yield

(molecules/J) Reference

C.

D.

Present-Day Terrestrial Atmosphere

NO 9 x lO" (2-6) x 1016

CO (0.1-5) x 10" 1 x 10"

N2O (3-13) x 1012 4 x 1012

Reducing Prebiological Terrestrial Atmosphere (95% Nj, 5% CH4)

HCN
(6-17) x 10ie

-10"

Cytherian Atmosphere (95% CO2,5% N2)

CO (1-1.4) x 10" 3 x 1016

NO (5-6) x 1015 4 x 1015

(o2 + O) (6-9) x 1016 —

Jovian Atmosphere (99.95% H2, 0.05 % CH4)

CO 5 x 10" —

N2 5 x 10" —

HCN 9 x 1013 —

C2H2 3 x 1013 —

C2H, 2 x 1012 —

HCHO 8 x 10" —

CO, 3 x 10" —

C2H8 4 x 10" —

1,2,3,4

5,6

6

7, 8, 9, 10

6,11,12

11,12,13

11

Titan Atmosphere (97% N2, 3% CH4)

HCN 1.2 x 10"

C2N2 2.5 x 1014

C2H2 7.5 x 1015

C2H4 5 x 10"

14,15

14,15

14,15

14,15

14,15

14,15

14,15

14,15

16

16

16

16

"References:

1. Borucki and Chameides (1984)

2. Chameides et al. (1977)

3. Levine era/. (1981)

4. Peyrous and Lapeyre (1982)

5. Chameides (1979)

6. Levineera/. (1979)

7. Chameides and Walker (1981)

8. Sanchez etal. (1967)

9. Bar Nun and Shaviv (1975)

10. Bar Nun etal. (1980)

11. Chameides etal. (1979)

12. Bar Nun (1980)

13. Levineera/. (1982)

14. Lewis (1980)

15. Bar Nun (1975)

16. Borucki etal. (1984)
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organic precursor that ultimately led to the chemical

evolution of life on Earth (Miller and Urey, 1959). Both

laboratory and theoretical calculations indicate that in

a highly reducing atmosphere, rich in hydrocarbons,

lightning could have produced HCN in copious quanti

ties, possibly large enough to allow HCN levels in ponds

and ocean water to build to levels large enough to trig

ger the formation of peptide chains and similar precur

sors to amino acids. On the other hand, the calculations

of Chameides and Walker (1981) indicate that the HCN

yield rapidly decreases as the atmosphere becomes less

reducing. For an atmosphere where C is primarily in the

form of CO, the HCN yield decreases by about 3 orders

of magnitude from that of a hydrocarbon atmosphere,

and it decreases by an additional 3 orders of magnitude

for a CO2 atmosphere. Thus in order to better under

stand the role of lightning in the evolution of life, studies

are needed to better determine the relative amounts of

CH4, CO, and C02 in the primitive atmosphere.

THE POSSIBLE ROLE OF ATMOSPHERIC

DISCHARGES IN CLOUD CHEMISTRY

In recent years the growing concern over the possible

deleterious effects of acidic precipitation on lakes, forest

ecosystems, and crops has led to an increased interest in

the chemistry of clouds, a region where acids can be effi

ciently generated and incorporated into rainwater. One

aspect of cloud chemistry that has yet to be adequately

studied is the role of atmospheric electrical phenomena

in acid generation in electrified clouds. One possible ef

fect of electrical discharges on cloud chemistry is briefly

described below.

Suppose, under the appropriate conditions, continu

ous, low-level positive point coronal discharges from

droplets occurred in a cloud. These discharges would

cause 1 electron to be deposited on the droplet and 1

positive ion (most often O 2 ) to be produced in the gas

phase for each ion pair produced (Loeb, 1965). The

electrons deposited on the droplet would be incorpo

rated into the droplet and become hydrated electrons

[i.e., (e")a(J. In the presence of dissolved O2, these hy

drated electrons would rapidly form O \ via

(e-)aq + (O2), O, (Reaction 6.8)

The O 2 species is related to the aqueous-phase HO2 rad

ical by the acid-base equilibrium reaction

HO2 -*—»- O2 + H+. (Reaction 6.9)

The O 2 ions produced in the gas phase would lead to the

eventual formation of an OH radical and a hydrated

oxonium ion, H3O+ (Good etal., 1970). Heterogeneous

scavenging of the H3O+ . nH2O ion and its incorpora

tion into the droplets to form H+ would maintain the

nominal charge neutrality of the droplets. A sizable

fraction of the gas-phase OH radicals produced by the

discharge would also be scavenged, either as OH or H02

in the gas phase, and incorporated into the droplet rep

resenting an additional radical source to the aqueous

phase. Calculations similar to those of Chameides

(1984) indicate that about 1.5 aqueous-phase HO2 free

radicals would be produced for each ion pair generated.

The HO2 radicals thus produced in the aqueous phase

would rapidly react to form dissolved H2O2 via reactions

such as

HO, + O;
H

H2O2 + O2. (Reaction 6. 10)

Since aqueous-phase H2O2 is believed to be, in many

cases, the most important oxidant of dissolved SO2 in

cloud droplets leading to the production of sulfuric acid

(Martin, 1983), it is conceivable that this electrical pro

cess could play a significant role in the generation of ac

ids in clouds.

CONCLUSION

The agreement between theoretical calculations and

experimental determinations of chemical yields from

discharges for a wide range of gaseous species and a wide

range of atmospheres suggests that the basic chemical

mechanism by which trace species are produced by

lightning is fairly well understood. However, in order to

infer global production rates from these chemical yields,

accurate values for the rate at which energy is dissipated

by lightning is needed. Because these dissipation rates

are not well known (uncertainty factors of 10 for the

Earth and much larger for other planets are estimated),

the role of lightning in the global budgets of species such

as NO remains uncertain. To reduce this uncertainty,

studies are needed to characterize more accurately the

energy and frequency of lightning strokes on a global

scale.

Another area where research is needed concerns coro

nal discharges and their role as local sources of trace spe

cies. Mechanisms exist, for instance, by which positive-

point corona from cloud droplets could lead to

enhanced generation of sulfuric acid in cloudwater. To

determine if this and similar processes occur at a signifi

cant rate, the magnitude of low-level coronal currents

in clouds needs to be more accurately established.
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and Dynamics

EDWIN KESSLER

NOAA National Severe Storms Laboratory

INTRODUCTION

Thunderstorms involve rapid vertical rearrangement

of deep air layers. Large processes promote and shape

vertical and horizontal air motions, and processes

within storms control development of rain, hail, and

strong local winds. Espy (1841) first presented the con

cept that thunderstorm circulations are driven largely

by the heat latent in water vapor, released during con

densation. During 1946-1947, a U.S. federally funded

project investigated thunderstorms in Ohio and in Flor

ida. Findings of that project (Byers and Braham, 1949)

were the first accurate description of thunderstorm de

tails, and project methods were a principal part of the

foundation of subsequent studies. A modern compre

hensive and abundantly illustrated textbook was pre

pared by Ludlam (1980). Thunderstorm processes are

presented in much detail, with many references, in Vol

ume 2 of a recent three-volume treatise on thunder

storms (Kessler, 1985), and the lightning process is de

tailed elsewhere in this volume.

VERTICAL CONVECTION AND THE

GREENHOUSE EFFECT

Vigorous vertical air currents and thunderstorms are

a consequence of excessive warmth and moisture at low

altitudes. In a global sense this stratification of proper

ties stems largely from the radiative properties of atmo

spheric constituents. The atmosphere is largely trans

parent to solar radiation, which is concentrated in the

yellow region of the spectrum. Most of the solar energy

not reflected by clouds passes through the atmosphere

unabsorbed and is converted to heat at the ground or in

surface waters. The absorbing surface also radiates, but

because its temperature is much lower than the Sun's,

terrestrial radiation is concentrated in infrared wave

lengths. Atmospheric carbon dioxide, water vapor, and

some other trace constituents are significant absorbers

of much of the outgoing infrared emission, so this outgo

ing radiation is substantially blocked and further heats

the air at low altitudes.

The average temperature at low altitudes provides

long-term equality between the rate at which heat is

carried away and the rate at which it is received. Re

moval processes include some radiative losses through

spectral windows between absorbing bands of carbon

dioxide and water vapor and transport of heat by air

parcels in motion. This latter process is known as con

vection. Heat gained at the surface is carried by convec

tion to altitudes where the radiative process is more ef

fective because there is less absorbing medium above.

Figure 7. 1 shows that, globally, thunderstorms are most

frequent in low latitudes where a larger surplus of heat
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FIGURE 7.1 Annual number of thunder

storm days. Adapted from World Meteoro

logical Organization (1953).
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(due to radiative imbalance) is transported aloft by con

vection.

The process of vertical convection within an air mass

contrasts with a global process driven by horizontal

temperature differences on a very large scale. Thus,

equatorial regions are warmer than polar regions, and

there are various circulation regimes that function to re

duce this temperature contrast. These circulations, pri

marily horizontal, associate with some vertical air mo

tions as well, and they tend sometimes to enhance and

sometimes to diminish the conditions that favor the in

tense vertical circulations of thunderstorms.

THE SIZE OF THUNDERSTORMS

About 85 percent of the atmospheric mass is con

tained in the lowest 13 km—this is the layer that gener

ally participates in the vertical circulation of a typical

thunderstorm. The typical horizontal dimension of a

thunderstorm is similar to its vertical dimension. On the

other hand, the storms of winter, essentially embodying

horizontal air motions, respond to variations of temper

ature in the horizontal plane extending over hundreds or

even thousands of kilometers; these storms are corre

spondingly larger horizontally than vertically.

The vertical circulation of air in a thunderstorm is a

result of density differences. When the air is relatively

warm, it is relatively expanded and weighs less than a

parcel of the same size in its surroundings. The warm

parcel is subject to pressure forces; these vary with

height according to the weight of air in the large envi

ronment, and they are not fully balanced by the warm

parcel weight. The imbalance is represented by a net

upward force, Archimedean buoyancy, which causes

the warm parcel to rise. As it rises, the air ahead of it

must move out of the way. The greater the horizontal

extent of a rising parcel, the farther the displaced air

must move and the more resistance there is to the par

cel's motion. Very large buoyant parcels cannot rise rap

idly because of the large volume of air that must be si

multaneously displaced horizontally. Thus, vertical

motions are faster in smaller rising parcels. On the other

hand, the smallest buoyant parcels tend to be more

eroded by diffusive processes operative on their bounda

ries. In the final analysis, more definite conclusions as to

scale rest largely on empirically determined characteris

tics of diffusion and consideration of equations of three-

dimensional motion.

Figure 7.2 shows a zone of severe thunderstorms ex

tending hundreds of miles across the central United

States. The large horizontal extent of the zone is related

to the large scale of a disturbance engendered primarily

by horizontal temperature contrasts. Along the zone,

numerous boundaries between individual thunder

storms are evident. They mark the dimensions of local

storms driven primarily by vertical temperature con

trasts, locally enhanced by processes intrinsic to the

larger-scale disturbance.

Conditioning the Airfor Overturning

A proclivity for overturning is enhanced as the lower

atmosphere is warmed. This occurs daily after sunrise,

and afternoons are often marked by puffy clouds indica

tive of rising thermal currents. Seasonally, temperature

rises as day length increases, and as the Sun rises higher

in the sky, so spring and early summer usually present

more frequent and more vigorous showers and thunder

storms than does fall. In other words, the thundery

weather that tends to be frequent around the vernal
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FIGURE 7.2 Photograph in visible light from synchronous Meteorological Satellite SMS-1, 6 May 1975, 1405 CST. A major squall line harboring

tornadoes lies across the central United States. Lakes Superior, Huron, and Michigan are in upper right. Photo courtesy of NOAA, National

Environmental Satellite Service.

equinox in mid-latitudes is stimulated by the relative

coolness aloft that remains from winter.

A rising air parcel encounters decreasing air pressure

and expands. This expansion represents work done on

the environment and is accompanied by a decline in

temperature. A rising parcel continues to rise as long as

it remains warmer than its environment—this means

that the ambient temperature must decline with height

as fast as or faster than the temperature of the rising

parcel declines as its altitude increases. A shower or

thunderstorm occurs only when there is a sufficient de

cline of ambient temperature with height in a deep

layer.

There would be no rain without moisture in the air,
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but moisture represents energy as well—a large amount

is latent in water vapor and enters the atmosphere as

surface waters evaporate. Most of the air that harbors

thunderstorms is conditioned during days or weeks over

warm seas. During the westward journey of an air mass

in the North Atlantic trade-wind zone, for example, the

depth of the moist layer increases daily and is often

about 2000 m thick when the air turns northward and

enters the United States. The low-altitude moist layer

may be surmounted by a very dry layer. This stratifica

tion is produced even as heat and moisture are supplied

from below, while weak subsidence, associated with the

same subtropical high-pressure area that engenders the

trade winds, maintains dry air at middle levels, pro

tected from incursions of moisture from below by a tem

perature inversion. Dry air aloft may also be produced

by other processes. For example, precipitation that ac

companies ascent of air on the windward side of a

mountain range leaves the air drier on the leeward side.

A warm temperature and large quantity of water vapor

in an air mass at low altitudes and only a small amount

of water vapor aloft, is a significant combination

(known as a convectively unstable condition) whose po

tency is most realized when a large-scale disturbance

causes generalized horizontal convergence and rising air

motion. In such a case, the moist air at low altitudes

cools less rapidly than the air above because the low-

level air gains the heat latent in the water vapor as that

vapor condenses. A result is that the temperature de

cline with height increases, i.e., the lapse rate becomes

much steeper. Then rising parcels within the air mass

and overturning within the air mass can become a vio

lent process.

CONDENSATION AND PRECIPITATION IN

RELATION TO AIR MOTION

As an ascending air parcel cools below the tempera

ture at which its vapor is saturated, condensation occurs

on nuclei, usually motes of sea salt, nitrates, or sulfates,

numbering typically about 1000/cm3 over land. There is

an initial selection or activation process whose details

depend on the nature and number of the nuclei and on

the ascent rate, reflected in extent of vapor supersatura-

tion. Following activation, only the selected nuclei con

tinue to grow and the balance evaporate. Owing to dif

ferences in initial size and composition, growth of the

different nuclei proceeds at different rates. If ice coexists

with supercooled liquid water, i.e., liquid at tempera

ture below the normal freezing point, there is growth of

the ice particles by deposition of vapor diffused from the

liquid particles, which tend to evaporate. Brownian

motion, turbulence, and differential fall speeds among

the particles all contribute to coalescence and further

broadening of the size distribution. After some tens of

minutes, unless reduced in size by evaporation in dry air

mixed into the cloud from its environment, some of the

particles have appreciable fall speeds. Whether ice or

liquid, they now begin to sweep out the smaller particles

in their paths and fall ever more rapidly to the ground.

Convective precipitation is typically intermittent. Its

fluctuating character at a place is related not only to the

passage of discrete shower cells overhead but also to a

dual effect of the condensation process. The condensa

tion process releases latent heat, which tends to reduce

air density and stimulate the updraft, but the condensa

tion process also burdens the rising air with the weight

of the thousandfold-denser condensate particles, which

may be water or ice. Unless the updraft speed is mark

edly stronger than the fall speed of precipitation parti

cles, precipitation accumulates in the updraft until the

positive effects of thermal buoyancy are quite over

whelmed. Thus an initial updraft usually becomes a

downdraft after about 30 minutes, as indicated in Fig

ure 7.3. The downdraft can be quite strong, especially

when the weight of precipitation is augmented by a

cooling that accompanies evaporation of cloud and pre

cipitation into dry air mixed into the cloud at middle

levels. Such downdrafts necessarily become divergent

horizontally as they near the Earth's surface, where they

represent a significant threat to aviation.

In some severe storms, the weight of accumulated

condensation products contributes to a splitting process

that leads to separate storms, moving to the left and

right of the direction of the vertically averaged wind. In

the northern hemisphere, the rightward-moving storms

are more likely to harbor tornadoes; damaging hail is

often found in left movers.

CUMULUS MATURE DISSIPATING
 

FIGURE 7.3 Three stages in the life cycle of an ordinary thunder

storm cell, as observed by the Thunderstorm Project. After Byers and

Braham (1949).
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STRONG CONVECTION

Development of a severe convective system depends

on a stratification of temperature, moisture, and hori

zontal wind that produces extreme buoyancy forces

tending to accelerate the motion of both ascending and

descending air parcels. A steepening of the temperature-

lapse rate is not alone sufficient, because there are many

situations in which the energy of overturning can be dis

sipated in minor events about as fast as it becomes avail

able through solar heating or other processes. Regimes

of frequent events of weak to moderate intensity charac

terize air masses that are moist and weakly unstable

through great depths.

Usually a combination of the following conditions is

associated with extreme convection in middle latitudes:

(a) The airmass is convectively unstable. That is,

there is a considerable lapse rate of temperature, and

moisture is abundant only at low altitudes.

(b) A disturbance in the larger-scale flow (e.g., a

short-wave trough in the westerly current aloft, often

having a marked low-pressure system at the Earth's sur

face) provides generalized lifting, which causes the con

vective instability to become realized.

(c) The moist lower layer is separated from the dry

zone by a stable layer or even a temperature inversion,

which inhibits early overturning within the airmass and

premature loss of potential energy.

(d) There usually is differential temperature advec-

tion (warm air advection at low altitudes and, occasion

ally, cold air advection aloft) .

(e) A marked increase of the wind with height has a

dual enhancing effect. First, warm air from convective

towers is carried rapidly downstream by the strong

winds aloft, preventing its local accumulation aloft and

permitting longer duration of local convection; second,

variation of the wind with altitude can cause the up-

draft column to slope with height and contribute to an

organization of the flow that enables the intrinsic cool

ness of the air at middle levels to be manifested in overall

storm energy. In brief, the precipitation formed and

carried to great heights in strong updrafts can descend

into intrinsically cold middle-level air, hastening that

air's descent. In this case, where precipitation does not

descend in the updraft in which it was formed, the storm

may acquire a quasi-steady character.

The conditions described above are often associated

with weather-map features like those shown in Figure

7.4.

Figure 7.5 shows a schematic vertical cross section

through a quasi-steady severe storm that might form un

der the conditions depicted in Figure 7.4. The more de-

 

FIGURE 7.4 Idealized sketch of a middle-latitude weather situation

especially favorable for development of severe thunderstorms. Thin

lines denote sea-level isobars around a low-pressure center with cold

and warm fronts. Broad arrows represent low-level Jetstream (LJ),

polar jet (PJ) , and subtropical jet (SJ) . The LJ adverts moisture-rich air

from subtropical regions to provide the basic fuel for convection. Se

vere storms (hatched area) are most likely to start near I and gradually

shift toward the east while building southward. Severe thunderstorms

also occur with many variations on this basic theme. From Barnes and

Newton (1985).

tailed plan view of such a storm (Figure 7.6) illustrates

two downdrafts. The forward-flank downdraft in the

rain area is largely an effect of the weight of condensa

tion products; the rear-flank downdraft is thought to

owe its existence in part to a barrier effect on the ambi

ent winds produced by ascent of air from low altitudes

in a shearing environment. Another cause of the rear-

flank downdraft is evaporative cooling of air, dry and

intrinsically cold at heights of 3 to 4 km, by precipitation

descending into it from greater altitudes. Finally,

Brandes (1984) proposed a mechanism by which this

rear-flank downdraft would be stimulated by formation

of a tornado or other vortex at low altitudes.

Figures 7.5 and 7.6 show asymmetries that are critical

features of persistent severe-traveling-storm complexes;

Figure 7.3, in contrast, presents more symmetrical fea

tures, especially in its first and third frames. South of the

severe-storm center in Figure 7.6, where a mesocyclone

and possibly a tornado are located, a line of convective

clouds (the flanking line) marks the intersection of air

descended from middle levels with warm air rushing to
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FIGURE 7.5 Profile of squall-line thunderstorm (based on series of radar observations, fivefold vertical exaggeration) as it passed Oklahoma City

on May 21, 1961 . Winds (full barb, 5 m/sec; pennant, 25 m/sec) are plotted relative to squall-line orientation; a shaft pointing upward is parallel to

the squall line (azimuth 225°). In sounding behind storm, balloon passed through anvil outflow, and winds shown are not representative of the

environment. Arrows indicate main branches of airflow relative to squall line that was moving toward right at 1 1 m/sec. On the right, dashes outline

the supposed air plume; the radar-detected cloud plume at lower elevations consists of small precipitation particles that have partly fallen out of the

air plume while drifting downwind from the storm core. Simplified from Barnes and Newton (1985).

ward the storm along the ground. At the Earth's sur

face, the intersection is called the gust front. It can itself

be hazardous to aircraft because of remarkable turbu

lence and wind shears, and its horizontal winds are

sometimes strong enough to do considerable damage to

trees and buildings.

HAIL

At temperatures below the melting point of ice, solid

and liquid phases can coexist, but the liquid phase is

metastable and starts to freeze with release of latent heat

in the presence of a suitable nucleus or on contact with

an ice surface.

Growth of hail to large sizes occurs when strong and

enduring updrafts, with temperature below the melting

point of ice, bear liquid cloud particles in addition to

some icy motes. The liquid particles start to freeze when

contacted by the ice particles, and the latter thereby

grow; they descend to the ground when their fall speed

exceeds the rising speed of the enveloping air current.

The release of latent heat that attends freezing causes

a rise of temperature toward 0°C; a growing hailstone

thus tends to be somewhat warmer than its environ

ment. (This condition of relative warmth is associated

with an important electrification process treated in

Chapters 9 and 10, this volume.) In the presence of

much liquid water and little supercooling, the hailstone

may enter a stage of wet growth, i.e., one wherein all

the impacting liquid is not frozen immediately but be

comes absorbed into a previously developed porous

structure or is somewhat shed. In this growth regime,

the frozen material exhibits a clear structure of large

crystals, readily distinguishable from each other under

polarized light. At sufficiently low temperatures and

water contents, liquid cloud and small raindrops im

pinging on the growing hailstones freeze so quickly that

air bubbles remain entrapped within and between the

globules. The variable growth process is revealed by the

concentric translucent or opaque layers and nearly

transparent zones that appear in hailstone sections (Fig

ure 7.7).

The magnitude and distribution of vertical and hori

zontal air currents and the associated content of super

cooled liquid water determine the growth and trajec

tory of hailstones. If the updraft speed has a maximum
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FIGURE 7.6 Schematic plan view of a tornadic thunderstorm at the

surface. The heavy solid line encompasses radar echo. The wavelike

gust front structure is depicted by a solid line and frontal symbols.

Surface positions of the updraft are finely stippled; forward-flank

downdraft (FFD) and rear-flank downdraft (RFD) are coarsely stip

pled; arrows represent associated streamlines (relative to the ground).

Likely tornado locations are shown by encircled Ts. From Davies-

Jones(1985).

value of 30 m/sec, and the cloud content is 4 g/m3, a

hailstone can grow to about 7.5 cm in diameter before

arriving at the ground, 25 minutes after being selected

for such growth by having fortuitously attained a larger

size than its neighbors.

The rapid ascent of small particles in sufficiently

strong updrafts gives insufficient time for the growth of

any of them to large size. The development of hail in

such strong updrafts may depend on the insertion into

the updraft of hail embryos formed nearby and cycled

into the updraft column by virtue of their descent from

higher levels into horizontally convergent regions be

low.

Major tornadoes are usually accompanied by large

hailstones. However, we find that tornadoes are usually

absent from the storm class that includes the most dam

aging hailstorms. Doppler-radar observations of the air

flows show that the hailstorm updrafts are not so strong

as updrafts in tornadic storms, but the updrafts in major

hailstorms cover a substantially larger area.

TORNADOES

Major tornadoes are most often associated with thun

derstorms of a type illustrated in cross section in Figure

7.6, and they are identified by a rapidly rotating funnel-

shaped cloud that marks the condensation boundary of

in-spiraling air at low altitudes undergoing adiabatic

expansion and cooling. Tornadoes are most severe and

least uncommon in the United States, but they occur oc

casionally in India, Australia and New Zealand, South

Africa, Argentina, Japan, and several countries of west

ern Europe. In Mississippi, the state in the United States

most subject to tornado deaths and damage, statistics on

annual damage and storm frequency suggest that about

1/1000 to 1/300 of the area is affected by tornadoes each

year, with tornado winds of 50 m/sec or more and signif

icant damage to structures. The maximum rate of pres

sure change may be between 50 and 100 mbars/sec, and

the maximum wind of a major tornado is about 100 m/

sec. The frequency and intensity of these storms and the

areas visited vary from year to year in association with

irregular departures from seasonal norms of other quan

tities such as temperature and moisture.

Radar data show that tornadoes start at middle levels

(about 5 km), to the rear side of pre-existing cyclonic

circulations about 3 to 10 km in diameter, and develop

downward and upward on a time scale of about half an

hour. At the ground, tornadoes appear on or near a

boundary between rising warm moist air, within which

the release of latent heat of condensation is the storm's

principal source of energy, and air descending from

middle levels where it is intrinsically cold, and cooled

sensibly by the evaporation of precipitation into it.

The most critical dynamical aspect of tornadoes in

volves the concentration of rotation within them. Vari

ous investigations during the past 10 years have estab

lished that two processes have direct importance in this

concentration. The air's angular momentum is a conse

quence of the Earth's rotation and of various weather

systems. The conservation of angular momentum ac

companying horizontal convergence and ascent of air

has long been appreciated. Such conservation is mani

fested, for example, by the increased rotation rate as a

skater's arms are brought in from an outstretched posi

tion. The second process, more recently detailed, in

volves the rotation or twisting of horizontal vorticity to

ward the vertical plane. Horizontal vorticity is

represented by the vertical variation of the horizontal

wind (vertical wind shear), already cited as significant

for severe-storm development through its role in facili

tating removal of condensation products from the up

draft. The twisting process is commonly effective on an
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FIGURE 7.7 Cross section through hail

stone. Alternating clear and opaque layers

mark growth under different conditions of

temperature and rate of accretion of liquid

water. Photo courtesy of Charles Knight and

Nancy Knight, National Center for Atmo

spheric Research.

 

updraft boundary when the winds at low altitude rela

tive to the storm motion veer markedly with height.

The properties related to these processes—vorticity,

circulation, and angular momentum—are interrelated

through considerations of area and distance. Thus the

circulation in a region is the average velocity along the

closed curve that defines the region times the length of

the curve. This is the same as the average component of

vorticity normal to the same region times the area of the

region. The angular momentum of a particle or air par

cel is measured about a reference point as the distance

from the point times the velocity normal to the line con

necting the particle and reference point.

CONCLUDING REMARKS

The thunderstorm entity is a result of thermodynami-

cal, microphysical, and electric processes. All processes

interact and must be observed contemporaneously in or

der to be well understood. The summary presented in

the foregoing pages represents remarkable progress in

understanding, a result of public investment in a fo

cused use of new tools during the past two or three dec

ades. Meteorological radar, artificial satellites, and

marvelous new technologies for data processing, com

puting, and communicating have all been critically im

portant aids and have facilitated impressive new meth

ods for early identification of storms, dissemination of

information about their location, movement and inten

sity, significant reduction in death rates from tornadoes,

and marked decline in the rate of weather-related air

craft accidents. Now there are a host of new methods for

study of the lightning process. As past is prologue, we

confidently expect these new aids to contribute much

toward clarification of the function of electric processes

in severe-storm evolution and toward diminishing the

still significant lightning hazard.
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The Electrical Structure

of Thunderstorms

PAUL R. KREHBIEL

New Mexico Institute of Mining and Technology

Thunderstorms and the lightning that they produce

are inherently interesting phenomena that have in

trigued scientists and mankind in general for many

years. A number of theories have been proposed to ex

plain how thunderstorms become electrified, and many

field and laboratory experiments have been conducted

to determine the electrical nature of storms and to test

the electrification theories. Through this effort we are

beginning to understand how electric charge is distrib

uted in storms, but the mechanisms that cause their elec

trification continue to elude scientists and remain the

subject of considerable inquiry and debate.

The basic difficulty in determining how thunder

clouds become electrified lies in the fact that they are

large, complex, and short-lived phenomena that need to

be examined both as a whole and in detail to understand

how they function. The electrical processes are inti

mately related to the cloud dynamics or motions and to

the microphysics of the cloud, namely, to the popula

tions and interactions of the precipitation, cloud drop

lets, ice crystals, and other particles that make up the

cloud. These important aspects of storms are themselves

incompletely known or understood, yet a detailed com

prehension of them is necessary to understand the elec

trification processes.

Attempts to simulate possible electrification processes

in the laboratory or by theoretical modeling have been

helpful in evaluating some theories but have not demon

strated the efficacy of any particular mechanism. This is

because thunderstorm conditions are inherently diffi

cult to simulate and are insufficiently understood for us

to be confident that we are simulating them properly.

At present, further progress in understanding the

electrification of thunderstorms, and indeed in under

standing their dynamics and precipitation processes as

well, requires simultaneous observations of their dy

namical, microphysical, and electrical properties. This

need has been increasingly recognized in recent years

and has given rise to a number of cooperative studies of

storms. The cooperative studies employ the latest tech

niques for internally and remotely probing storms and

rely on the combined expertise of university and na

tional laboratory researchers to conduct and analyze the

observations. The studies typically use instrumented

aircraft and balloons to penetrate the storms, multiple

radar systems to measure precipitation strengths and ve

locities, and ground-based instrument networks for

measuring meteorological and electrical quantities.

A few research programs have focused on the electri

fication question, including the ongoing studies at the

Langmuir Laboratory for Atmospheric Research in the

mountains of central New Mexico and the Thunder

storm Research International Program (TRIP) in Flor

ida and New Mexico. These and other studies have

90
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steadily improved our ability to observe the electrical

characteristics of thunderclouds both from the ground

and inside the storm. Most electrification studies have

lacked particle observations inside the storm, a short

coming that has been partially addressed in recent

years.

The study of thunderstorms and their electrification is

important not only because of their instrinsic scientific

interest but for other reasons as well. A significant frac

tion of the Earth's rainfall in temperate climates comes

from electrified clouds, and it is possible or likely that

the precipitation processes in these storms are influ

enced by their electrification. Also, electrified and light

ning-producing storms may play an important role in

the chemical reactions responsible for the production of

acid rain. Finally, vigorous downbursts, which recently

have been identified as dangerous to aircraft in the vi

cinity of airports, may be accompanied by an electrical

signature that could aid in their detection and the warn

ing of hazardous conditions.

 

FIGURE 8.1 An isolated thundercloud over Langmuir Laboratory in central New Mexico and a rudimentary- picture of how electric charge

appears to be distributed inside and around the thundercloud, as inferred from in-cloud and remote observ ations.

In this chapter we discuss what is currently known

about the electrification of thunderstorms and what is

not known and indicate some directions for research ef

forts over the next decade or so.

ELECTRICAL STRUCTURE AND

DEVELOPMENT

The distribution and motion of electric charge in and

around a thunderstorm is complex and changes continu

ously as the storm evolves. Nevertheless, we have a rudi

mentary picture of how charge is distributed in an al

ready-electrified storm. This is depicted in Figure 8. 1 on

a photograph of a small thunderstorm over Langmuir

Laboratory.

The interior of the storm contains a dipolar charge

distribution consisting of positive charge in the upper

part of the cloud and negative charge below the posi

tive. These are the dominant accumulations of charge in

the storm and are called the "upper positive" and "main
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negative" charges, respectively. The upper positive

charge attracts negative ions to the top of the cloud from

the electrically conducting clear air around the storm.

The ions, which are produced by cosmic radiation, at

tach to small cloud particles at the edge of the cloud,

forming a negative screening layer that partially cancels

or screens the interior positive charge from an outside

observer. The main negative charge causes point dis

charge or corona from trees, vegetation, and other

pointed or exposed objects on the ground below the

storm, which leaves positive charge in the air above the

Earth's surface.

Positive charge is also found beneath and inside the

base of the cloud below the main negative charge; this is

called the "lower positive charge." Two sources for the

lower positive charge are the corona from the ground,

which may be carried upward into the cloud by the up-

draft, and positive ions generated by cosmic rays below

and around the cloud base, which are attracted to the

cloud by the main negative charge. Additional lower

positive charge is carried by descending precipitation

and occurs in localized regions known as "lower positive

charge centers" (LPCCs) , Several hypothetical LPCCs

are depicted in Figure 8. 1; they may be caused by a sub

sidiary charging process in the cloud.

The above description presents a simplified picture of

how charge is distributed in a thunderstorm; the actual

charge distribution is more complicated than this and

needs to be better understood before we can answer the

question of how thunderstorms become electrified. For

example, it is necessary to know what types of particles

carry the charges and how these particles move. Infor

mation on these and other questions is being obtained

both from in-cloud and remote observations, as we dis

cuss in this review.

Charge accumulates in the upper positive and main

negative regions as a result of the charging mechanisms

until the electric stresses are such that a lightning dis

charge occurs. Two primary forms of discharges are

cloud-to-ground and intracloud lightning. Cloud-to-

ground (CG) is the most familiar and spectacular form

of lightning; it usually occurs between the main nega

tive charge and ground and lowers negative charge to

ground along one or more distinct and highly luminous

channels. Some CG flashes lower positive charge to

ground (see Chapter 3, this volume); these are called

positive CG flashes and have been difficult to distin

guish from normal CG discharges until recent years.

They are of interest both because they are different from

normal-polarity CG flashes and because they are often

more damaging to objects that they strike.

Intracloud (IC) lightning is usually confined to the

cloud interior and diffusely illuminates the cloud, being

visible primarily at night. Intracloud lightning often oc

curs as a primarily vertical discharge between the main

negative and upper positive charge regions of the storm .

Horizontal IC lightning is also common, particularly in

large storm systems where the lightning may propagate

over distances of 100 km or more. These extensive dis

charges may have CG components or may be initiated

by a CG discharge.

For studying the processes of electrification and elec

trical breakdown, the most interesting parts of a light

ning discharge are inside the cloud where they are ob

scured from direct optical observation. Clouds and

precipitation are transparent at microwave and longer

wavelengths and to other kinds of signals, however, and

several techniques that sense these signals are beginning

to provide us with important information on what light

ning looks like inside a storm. The techniques locate the

lightning channels and charges and are discussed later in

this chapter.

The charges of the storm itself can be sensed by mea

suring the electric field that they produce. The electric

field indicates the strength and direction with which the

storm charges attract or repel other charges and can be

measured at the ground or in the air outside or inside the

cloud. In clear-sky (fair-weather) conditions the atmo

spheric electric field at the Earth's surface has a negative

value of about 100 to 200 V/m. This is caused by the fact

that the ionosphere is charged positively to a potential of

about 300,000 V with respect to the Earth's surface. (In

turn the ionospheric potential is believed to result from

the global thunderstorm activity.) Beneath a thunder

storm the electric field at the ground is often substan

tially larger, up to 10,000 V/m or more, and tends to be

reversed in sign from fair-weather conditions.

Figure 8.2 shows a recording of the electric field ver

sus time measured on the ground beneath a thunder

storm over central New Mexico. The storm went

through its complete life cycle over the recording instru

ment, and the electric field record illustrates different

stages in its electrical activity. As the storm became elec

trified, the buildup of negative charge in its base caused

the electric field at the ground to reverse sign from the

fair-weather (negative) value and to increase rapidly in

magnitude. This is called the initial electrification of the

storm. In-cloud measurements have indicated that the

initial electrification can occur in a relatively short

time, on the order of 5 to 10 minutes or perhaps less. The

initial electrification is usually considered to end with

the occurrence of the first lightning discharge, which

marks the beginning of the active or lightning-produc

ing stage.

The active stage can last from a few minutes to an

hour or more depending on the size and convective vigor
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FIGURE 8.2 The atmospheric electric field and precipitation inten

sity on the ground beneath an isolated, stationary thunderstorm in

central New Mexico (adapted from Moore and Vonnegut, 1977). See

text for description.

of the storm. During this time lightning discharges sud

denly decrease the electric field while the charging pro

cess steadily increases the field. As observed at the

ground, the electric field jumps from positive to nega

tive values and then grows back to positive values. The

sign reversal indicates the presence of positive corona

charge above the measuring instrument, which domi

nates the field for a short time after the discharge. As the

storm charges build back up to the next lightning flash,

point discharge limits the electric field at the ground to

some maximum value indicated by the upper envelope

of the record (about 8000 V/m in the case of Figure 8. 2) .

Electric-field meters flown from balloons several hun

dred meters above the ground do not show field rever

sals during lightning and usually do not show limiting

field values (Standler and Winn, 1979; Holden et al.,

1983). This confirms that both effects are associated

with corona from the ground and indicates that most of

the corona charge resides in a relatively shallow "blan

ket" close to the Earth's surface.

The pronounced excursion of the electric field to neg

ative values in the middle of the active stage was associ

ated with the arrival of a downdraft and a transient

burst of precipitation at the observing location. This is a

common feature of thunderstorm observations and is

called a field excursion associated with precipitation. In

this example the charge carried by the precipitation as it

arrived at the ground was measured to be weak and neg

ative, i.e., of the wrong sign (and insufficient in magni

tude) to have caused the field excursion. This is often the

case and is called the mirror-image effect (Chalmers,

1967) . The precipitation is believed to capture point dis

charge ions produced during the field excursion and to

return them to earth. On the other hand, balloonborne

measurements of lower positive charge centers carried

by precipitation have been correlated with the subse

quent occurrence of a field excursion at the ground, of

the right sign to be explained by the precipitation charge

(Marshall and Winn, 1982; Holden et al., 1983). It is

uncertain whether field excursions are usually caused by

descending, charged precipitation (whose sign may be

reversed close to the earth by the capture of point dis

charge ions) or whether the downdrafts that accompany

the precipitation carry or reveal other charge that causes

the excursion. In any event, it has been suggested that

the field excursions could help to detect downbursts in

storms that are responsible for aircraft accidents on

takeoff and landing (C. B. Moore, New Mexico Institute

of Mining and Technology, private communication;

Lhermitte and Williams, 1985a).

During the final or dissipating stage of the storm the

lightning activity died out and the electric field exhib

ited a large, sustained swing to negative values and

back, called an end of storm oscillation (EOSO) . EOSOs

are observed directly beneath a dissipating storm and

are associated with the storm's physical collapse. The

field at the ground is dominated for relatively long pe

riods of time by positive charge overhead, and this is

found to be a favored time for the occurrence of positive

CG lightning. (None occurred in the storm of Figure

8.2, however.) It is not understood what the charge dis

tribution is during an EOSO or how it changes to pro

duce the field reversals; what little information we have

is discussed at the end of this chapter.

The electrification of a storm is cellular in nature,

i.e., it is associated with the development of individual

convective cells within the overall storm. All but the

simplest of storms are multicellular, with the lifetime of

an individual cell being about 10 or 15 minutes. Some

severe storms of the Great Plains develop into large,

highly organized systems called supercell storms. These

and other large storms appear also to have a dipolar

charge structure, but little is known about the details of

their electrification.
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THE MAIN NEGATIVE AND UPPER POSITIVE

CHARGES: SOME OBSERVATIONAL

EVIDENCE

The dipolar structure of the storm interior was first

inferred in England during the 1920s by Wilson (1920,

1929). Wilson observed that the electric-field change

produced by intracloud lightning reversed sign with in

creasing distance from storms, as if the lightning were

discharging an upper positive and lower negative

charge. (Earlier work by Wilson on the properties of at

mospheric ions led him to develop the cloud chamber for

studying high-energy particles, for which he was

awarded a Nobel Prize in 1927.) Subsequent field stud

ies in England and New Mexico between about 1935 and

1955 confirmed this basic picture of the storm charges

and indicated that the main negative charge resided at

altitudes where the ambient temperature is less than

0°C (Simpson and Scrase, 1937; Workman et ah, 1942;

Reynolds and Neill, 1955) . The observations by Simpson

and Scrase in England also revealed the presence of

lower positive charge below the main negative-charge

region. Field studies during the past 15 yr have further

confirmed and refined these early results, as discussed

below. In particular, the studies have indicated that the

main negative charge is found in a relatively narrow

range of altitudes at temperatures that vary between

about 0 and -25°C.

Figure 8.3 presents a modern-day equivalent of Wil-
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FIGURE 8.3 Vertical cross section of the radar echo from a small

Florida thunderstorm at the time of the first lightning flash in the

storm and the centers of charge transferred by the first lightning flash.

The lightning was an intracloud discharge that effectively transported

negative charge from within the precipitation echo centered at about

7-km altitude ( - 15°C) to above the detectable precipitation (from

Krehbiel etal., 1984b).

son's result. It shows the centers or sources of charge for

the first, intracloud lightning discharge in a small Flor

ida storm, superimposed on a vertical cross section of the

radar echo from the storm's precipitation. The charge

centers were determined from simultaneous measure

ments of the electric-field change produced by the light

ning at eight locations on the ground beneath and

around the storm. The flash effectively removed nega

tive charge from within the precipitation echo between

about 6- and 7.5-km altitude and transported the charge

upward in the cloud, to above the detectable precipita

tion. Data from a higher-power, Doppler radar observ

ing the same storm showed that a weaker radar echo

extended up to and above the upper charge centers, in

dicating that the lightning remained within the cloud.

The air temperature outside the cloud at the level of the

negative-charge centers was between - 10 and - 15°C.

Comparison of the lightning and radar data in three

dimensions has shown that the lightning occurred in the

part of the storm having the greatest vertical extent of

precipitation. Additional comparison with the Doppler

observations of precipitation velocities has indicated

that the negative charge sources of the lightning were

located adjacent to and in the updraft of the storm. The

initial charge centers coincided with a localized region

of stronger precipitation that was falling toward earth

on one side of the updraft, and the subsequent charge

centers were displaced through the updraft toward its

opposite side.

Figure 8.4 shows a vertical sounding of the electric

field in a small New Mexico storm, obtained with a bal-

loonborne instrument that measured the corona current

from a 1-m-long vertical wire. The corona current re

versed sign as the instrument ascended through the neg

ative-charge region between 6- and 7-km altitude

[above mean sea level (MSL)] and reversed sign again as

it ascended through the upper positive charge, above 9-

km MSL. The temperature at the altitude of the nega

tive-charge region was between about - 5 and - 10°C.

No lightning was produced by the storm. Soundings

through lightning-producing storms also indicate a di

polar charge structure but are complicated by the large-

amplitude field changes of the lightning discharges. The

soundings can be made with more sophisticated instru

ments that sense the electric field directly and in three

dimensions (e.g., Winn et al., 1981). This can be done

from balloons or on aircraft, and the observations show

that the fields and charges have a more detailed struc

ture than suggested by Figure 8.4.

The electric-field measurements indicate that the vol

ume density of electric charge is on the order of 1-10

coulombs/km3 inside storms. This results in total charge

amounts of a few coulombs to a few hundred coulombs
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FIGURE 8.4 Vertical sounding of the corona current from a 1-m-

long wire carried by balloon through a storm over Langmuir Labora

tory in New Mexico (Byrne et oi. , 1983) . The wire was vertically ori

ented, and the corona current record is indicative of the vertical

component of the electric field in the storm .

or more depending on the size and age of the storm.

Greater charge densities may exist in localized regions of

a storm (e. g. , Winn etal., 1974) .

The above results indicate the dipolar nature of thun

derstorms and illustrate two techniques for studying

their charge structure. Of particular importance from

these and similar types of observations are the findings

(1) that net negative charge is distributed horizontally

within a storm [rather than in vertical columns as had

been inferred by Malan and Schonland (1951)] and (2)

that the negative charge is found at similar temperature

values in different sizes and types of storms. These

results have been inferred from a combination of light

ning and in-cloud measurements and are illustrated in

Figure 8.5. The negative-charge sources of both cloud-

to-ground and intracloud lightning are found to be dis

placed horizontally within a storm and are found to be

at similar temperature levels in Florida storms and New

Mexico storms. The similarity of the lightning-charge

heights and temperatures is particularly significant in

view of the fact that Florida storms have substantially

greater depth of cloud and precipitation below the 0°C

level, and often above it as well. New Mexico storms are

drier and generally smaller than Florida storms, having

cloud bases just below the 0°C level. The results suggest

that the charging processes are the same in the two types

of storm and operate at temperatures less than 0 or

- 10°C. They also suggest that the part of a storm

warmer than 0°C is not directly involved in the electrifi

cation.

The lightning-charge observations are supported by

electric-field soundings through storms, which indicate

that the main negative-charge region is relatively shal

low, on the order of a kilometer deep, and is laterally

extensive (e.g., Winn et al., 1981; Byrne et al., 1983).

The altitude of the negative-charge region from sound

ing observations tends to be lower than that inferred

from lightning-charge observations, and there is some

indication that the negative-charge region may be sys

tematically higher in Florida storms than in New Mex

ico storms (Williams, 1985) . The latter difference could

result from the greater water content or size of Florida

storms. But any such differences in electrical structure

need to be substantiated by more direct observational

comparisons.

The main negative charge appears not only to be dis

tributed horizontally in a storm but to remain at approx

imately constant altitude or temperature as the storm

grows. This is indicated by the results of Figure 8.6,

which shows the heights of the charge centers for the

first 15 lightning discharges in the small Florida storm of

Figure 8.3. As the storm grew vertically, the positive

(upper) charge centers of the intracloud lightning

flashes increased from 10- to 14-km altitude ( - 30 to

- 60°C), but the negative-charge centers remained at

about 7-km altitude ( - 15°C). Sequences of radar pic

tures like the one shown in Figure 8.3 confirm the up

ward growth of the storm and show that it occurred at

the same rate as for the positive-charge centers of the

lightning (8 m/sec). This agrees with the idea that the

upper positive charge resides on small particles that are

carried by the updraft into the upper part of the storm.

The apparent altitude stability of the negative charge

is remarkable in view of the fact that convective storms

are characterized by substantial upward and down

ward motions of both air and precipitation. The storm

charges are carried on cloud and precipitation particles

and must follow the motions of the particles until their

charge somehow changes. As time-resolved observa

tions become available such charge motions will un

doubtedly be found; indeed there is some evidence for

them in the variability of electric-field data from storm

to storm. Possible explanations for the otherwise hori

zontal and stable nature of the main negative charge are

that the charging process operates only at certain tem-
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FIGURE 8.5 Illustration of how the negative-charge centers of cloud-to-ground lightning are at similar temperature levels in New Mexico and

Florida storms, even though the latter have much greater extent of cloud and precipitation below the 0°C level and often above this level as well

(adapted from the original by M. Brook, expressing the results of Jacobson and Krider, 1976; Krehbiel et ah, 1979: Krehbiel, 1981; Brook et a/.,

1982). The negative charge centers of intracloud lightning are also at similar altitudes and temperatures even though intracloud discharges extend

upward in the cloud rather than downward. Preliminary studies of lightning in Japanese winter storms suggest that the negative charge is at lower

altitude but similar temperature values as in the summer storms.

peratures (or pressures) or that the dynamics of the

storm causes negatively charged particles to accumulate

at the observed altitude. In any event the fact that net

negative charge tends to be observed over a limited ver

tical extent indicates that other processes operate to

change or mask the particle charges as they emerge from

the negative-charge region.

Preliminary studies of lightning in Japanese winter

storms have indicated that these shallow but vigorously

convective and strongly sheared storms also have a dipo

lar charge structure in which negative charge is at a

lower altitude (but at similar temperature values) as in

summer thunderstorms (Brook et al., 1982). These

results are also illustrated in Figure 8.5; if confirmed by

additional observations they suggest that temperature

or the storm dynamics, rather than absolute altitude or

pressure, are the important factors in the electrification.

FIGURE 8.6 The altitude of the lightning

charge centers for the first 15 discharges in the

small Florida storm of Figure 8.3. The upper

positive-charge centers of the intracloud

flashes increased in altitude as the storm

grew, while the negative-charge centers re

mained at constant altitude. Two cloud-to-

ground discharges occurred toward the end of

the sequence.
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INITIAL ELECTRIFICATION

Observations of the onset of electrification in storms

are consistent with the above picture of thunderstorm

charges and provide additional insight into the electrifi

cation problem. In particular, it is found that a storm

does not become strongly electrified until its radar echo

extends above a certain altitude threshold and is grow

ing vertically. The threshold altitude depends some

what on the sensitivity of the radar but is about 8 km

above MSL in the summer months, corresponding to an

air temperature of about - 20°C. Kasemir and Cobb

(see Cobb, 1975; Illingworth and Latham, 1977) re

ported a similar threshold effect from aircraft measure

ments near the tops of Florida clouds; electric-field val

ues of 1 kV/m were not detected until the radar echo top

grew above about -5°C.

A recent set of observations that illustrate the onset of

electrification in a storm is presented in Figure 8.7 [J. E.

Dye (National Center for Atmospheric Research) and

W. P. Winn and C. B. Moore (New Mexico Institute of

Mining and Technology), private communications].

The figure shows the height of the precipitation echo

versus time in a small storm near Langmuir Laboratory

and an electric-field record from a ground station 5 km

distant from the storm. Electrification was not detected

at the ground until about 12:40 MST, shortly after the

radar echo began a sustained period of growth above 8-

km altitude. More sensitive measurements from an in

strumented aircraft penetrating the cloud at 7-km alti

tude ( - 15°C) showed weak electrification (on the

order of 100 V/m electric-field perturbations) during a

pass between 12:34 and 12:36 and strong electrification

on re-entering the cloud at 12:45. Other measurements

from a sailplane at 4-km altitude inside the cloud indi

cated weak electrification starting at about 12:31, prob

ably associated with the earlier convective surge at

12:25. The sailplane spiraled upward in the storm up-

draft and measured 1 kV/m maximum fields by 11:40 at

6-km altitude. The field appeared to originate from neg

ative charge in nearby precipitation of 40-dBZ reflectiv

ity (Dye et ah, 1985). The first lightning discharge oc

curred at 12:44 when the echo top had reached 10-km

altitude. By this time, moderately strong (40-dBZ) ech

oes had developed up to 8-km altitude and were begin

ning to subside. Equally strong precipitation developed

during the earlier convective surge, but the earlier cell

had less convective energy and did not become strongly

electrified.

The above example illustrates graphically the impor

tance of convective growth in the electrification of a

storm. This fact has been recognized for a number of

years and is generally accepted (e.g., Workman and

Reynolds, 1949; Reynolds and Brook, 1956; Moore et

al., 1958). The convective growth is often retarded by

stable air or by strong winds at mid-altitudes in the at

mosphere and is usually preceded by a succession of con

vective surges or turrets before one or more of these suc

ceed in penetrating the stable layer. The example also

indicates that moderately strong precipitation had de

veloped in the storm before to its electrification. That

precipitation must be present and must develop above a

certain altitude or temperature threshold is a consistent

feature of field observations that is being documented

for an increasing number of storms in New Mexico,

Florida, and Montana (Reynolds and Brook, 1956;

Holmes et al., 1977; Lhermitte and Krehbiel, 1979;

Krehbieleia/., 1984a; Dye etal., 1985, 1986).

DISCUSSION

The above results and others like them indicate that

the electrification process operates at temperatures of

less than 0 or - 10° C. In addition, they indicate that

convection and precipitation somehow combine to

cause the electrification.

One of the biggest questions and sources of debate

among thunderstorm researchers has been whether the

kinds of precipitation and cloud particles that grow in

convective storms cause their electrification or whether

the convective motions themselves directly electrify the

storm without involving or requiring precipitation. His

torically, observations have led many scientists to as

sume or favor the precipitation explanation, and the re

cent radar and electrical observations described above

continue to fuel this idea. The temperature values at

which electrification is observed have caused many re

searchers to focus on frozen precipitation as a primary

agent in the electrification process. Other observations,

discussed below, have raised questions about precipita

tion theories and cause some researchers to look toward

a convective explanation.

Chapters 9 and 10 (this volume) discuss the various

theories and mechanisms that have been proposed to ex

plain how thunderstorms become electrified. Precipita

tion theories hypothesize that the relatively large pre

cipitation particles acquire negative charge, in most

cases by colliding with or shedding smaller cloud parti

cles. The cloud particles acquire a corresponding posi

tive charge and are carried by the updraft into the upper

part of the storm, whereas the precipitation may rise or

fall with respect to the ground depending on the relative

magnitudes of its fall speed and the updraft. Negative

and positive charges are segregated onto large and small

particles, respectively, and are separated by the action

of gravity to electrify the storm. In convection theories,
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FIGURE 8.7 The radar reflectivity of precipitation versus height and time in a small storm near Langmuir Laboratory on August 3, 1984, and a

record of the electric field at the ground 5 km from the storm. The electrification was associated with convective growth above 8-km altitude (about

- 20°C) and with the development of moderately strong precipitation up to this altitude. An initial convective surge between 12:20 and 12:25

produced only weak electrification, as measured by instrumented aircraft inside the storm . [Unpublished data from J. E. Dye (National Center for

Atmospheric Research) andC. B. Moore and W. P. Winn (New Mexico Institute of Mining and Technology).]

positive and negative charges are spatially segregated

and the energy of electrification is derived directly from

the convective motions of the storm, which transport

charges of opposite sign away from each other. The

charges are expected to reside primarily on small cloud

particles, with the net charge on precipitation being ei

ther small or of the same sign as that on the cloud parti

cles.

In-cloud observations at the level of the main nega

tive charge show that the cloud contains a mixture of

particle sizes and types. All or most of the precipitation

particles are frozen and are in the form of graupel or
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hail. The precipitation particles coexist with a large

number of small, unfrozen cloud droplets that are car

ried above the 0°C level by the updraft. The droplets

remain in a supercooled liquid state until they contact

an ice surface, whereupon they freeze and stick to the

surface in a process called riming. (Alternatively, the

supercooled droplets freeze spontaneously at suffi

ciently low temperature.) Riming is the dominant

growth process of graupel and dry hail and entraps sig

nificant amounts of air, giving the particles a milky ap

pearance. The riming process is also responsible for the

dangerous ice loads that aircraft develop in flying

through convective clouds above the 0°C level.

Storms that produce snow, such as winter storms and

the dissipating parts of summer storms, can be strongly

electrified but tend to produce only occasional lightning

or none at all. This suggests that snow, whose crystals

grow directly from water vapor in the air, does not in

itself cause the electrification of active thunderclouds.

The primary differences between winter or dissipating

storms and active thunderclouds is that the latter are

more strongly convective, develop greater vertical ex

tents, and produce graupel or hail rather than snow.

A number of laboratory studies since the 1950s have

shown that rebounding collisions between hail pellets

and small ice particles cause charge of the appropriate

sign to be transferred between the particles (e.g., Rey

nolds et al., 1957; Takahashi, 1978; Gaskell and II-

lingworth, 1980; Jayaratne et al., 1983). This charging

process operates in the correct temperature range and is

considered by some researchers to be the most promising

of the precipitation mechanisms at present (e.g., La

tham, 1981; Illingworth, 1985). But the laboratory-ob

served charging is able to account for the observed elec

trification only when the precipitation rates are high, on

the order of 30 mm/h, and when the ice crystals are rela

tively abundant, 10-50 per liter or more (e.g., Il

lingworth, 1985; Williams, 1985). A precipitation rate

of 30 mm/h corresponds to a radar echo of about 40 dBZ

if the precipitation is frozen. Radar echoes of this

strength have been observed during the initial electrifi

cation of Florida storms (Lhermitte and Krehbiel, 1979;

Krehbiel et al., 1984a) and recently in New Mexico

storms (Figure 8.7; Dye et al., 1986). Earlier observa

tions of New Mexican storms have indicated that they

can become electrified when their radar echoes are

weaker—33 to 35 dBZ or perhaps less (Moore, 1963;

Holmes etal., 1977) . These echo strengths correspond to

frozen precipitation rates of about 10 mm/h or less.

While precipitation rates can be estimated remotely us

ing radar, the populations of small ice crystals can be

determined only from in-cloud measurements and vary

greatly with the particular conditions and with altitude.

Concentrations of 10-50 per liter are large but have been

observed. As noted by Dye et al. (1986), however, few

measurements have been made in the conditions and lo

cations of interest.

The above discussion points to a central issue of thun

derstorm studies, namely, whether sufficient precipita

tion is present and involved in enough charging interac

tions to account for the initial electrification. There has

been much discussion of this issue in the scientific litera

ture (e.g., Moore, 1976a, 1976b, 1977; Mason, 1976;

Illingworth and Latham, 1977; Illingworth, 1985; Wil

liams, 1985). An increasing number of field studies are

indicating that the initial electrification occurs during

the growth of precipitation in an updraft, where the

conditions would be conducive to an ice-based precipi

tation charging mechanism. (These are cited at the end

of the preceding section . ) Recent results from these stud

ies indicate that the electric fields inside the cloud ap

pear to originate from regions of stronger radar reflec

tivity at the negative-charge level and indicate negative

charge in those regions (Dye et al., 1986). But observa

tions in already-electrified storms show that the electri

fication is more widespread than the strong precipita

tion echoes (Krehbiel, 1981; Winner al., 1981; Weber et

al. , 1982) . In addition, estimates of the energy available

from falling precipitation indicate that the energy may

only be comparable with the electrical energy of some

storms, particularly at altitudes where the electrifica

tion occurs. In this case a precipitation mechanism

would have to be highly efficient if it were to cause the

electrification (Williams and Lhermitte, 1983).

Similar issues and questions exist with regard to con

vection theories of electrification. The convective en

ergy of a storm is easily sufficient to account for the

storm's electrical energy, but it has not been shown that

the convective motions transport charge in a manner

and in amounts required to explain the electrification.

There are some reports of lightning in clouds whose

tops have not reached the 0°C level and that therefore

cannot contain frozen precipitation (see Moore, 1976a,

for a summary). These are called warm clouds, and the

occurrence of lightning within them is a phenomenon

that needs to be better documented and studied. Warm-

cloud lightning appears to be uncommon, however,

even though warm clouds in tropical climates can be

strongly convective and can produce heavy rainfall.

This, coupled with the observation that thunderstorms

in temperate climates become electrified only when

they grow above the 0°C level, leads many researchers

to consider that warm-cloud electrification is an anom

aly that is explained by a different mechanism than that

which electrifies colder clouds.

If a precipitation mechanism operates to electrify
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storms, negatively charged precipitation and positively

charged cloud particles would overlap for some distance

above the main negative charge, producing a semineu-

tral but segregated reservoir of charge between the main

negative- and upper positive-charge regions. This is the

situation depicted in Figure 8.1. The existence of such a

reservoir was first postulated by Wilson (1920, 1929) to

explain the large apparent separation of the positive and

negative charges. Net negative charge would be ob

served only at and below the lower boundary of the neu

tral region, and this would partly explain why the main

negative charge appears to be distributed horizontally

in a storm . The presence of such a reservoir has not been

demonstrated by direct observations. But a charge res

ervoir almost certainly exists in some form no matter

what the charging process, owing to the large distances

and volumes through which charge must be trans

ported. Such reservoirs would provide inertia to the

charging process and would help to explain why light

ning often occurs at nearly regular time intervals in a

storm. Observations of the nature of the reservoirs

would greatly aid our understanding of the charging

processes.

PARTICLE-CHARGE OBSERVATIONS

To sort out how the electrification occurs it is essential

to know the charge carried by the different types and

sizes of particles in the cloud. Precipitation theories pre

dict that the main negative charge of the storm resides

on precipitation particles, and it has been of interest to

test this prediction by direct measurement. Such mea

surements have become possible in recent years using

instruments that sense the charge on individual precipi

tation particles. The instruments have been used in sev

eral programs since 1978, sometimes in conjunction

with particle size measurements, and show that precipi

tation carries a mixture of positive and negative charges

(Gaskell et al., 1978; Christian et al., 1980; Marshall

and Winn, 1982; Gardiner et al., 1984). The magni

tudes of the individual charges are relatively large, and

their signs are sometimes predominantly negative; but

the fraction of charged particles is small, and the in

ferred volume charge densities may or may not be ade

quate to account for the observed electrification. Few

measurements have been obtained in the interesting

parts of a storm, i.e., at temperatures of less than

- 10°C and in updrafts. The particle-charge measure

ments are made from aircraft or below balloons and are

difficult to obtain. First there are the logistical problems

of being in the right place at the right time; then there

are experimental problems of measuring weak charges

in an icing and strongly electrified environment.

As further observations are obtained we can expect

better answers to the question concerning precipitation

charge. [Marshall and Marsh (1985) recently reported

measurements of precipitation charges within the main

negative-charge region of a storm in which all the pre

cipitation particles whose charge was great enough to be

detected by their instrument were negatively charged,

in amounts that appeared to be sufficient to account for

the field gradient in the negative-charge region.] Still

unknown, however, will be the amounts and sign of

charge carried by the large number of smaller particles

that coexist with the precipitation but that are below the

detection limit of present instruments. Cloud particles

have a much greater charge-carrying capacity per unit

volume of cloudy air than precipitation particles, and it

is important to know how much charge they carry. No

good technique exists for doing this in the uncontrolled

and hostile environment of an active thunderstorm.

The in-cloud observations show that millimeter-size

precipitation particles sometimes carry sufficient

charge so that the electrical force on them would be

comparable with the gravitational force in the strong-

field regions of a storm. These particles would be ex

pected to exhibit measurable velocity changes after

nearby lightning. But attempts to detect such velocity

changes using Doppler radars have been unsuccessful in

most instances (Zrnic et al. , 1982; Williams and Lher-

mitte, 1983). These results indicate that only a fraction

of the precipitation particles are highly charged, in

agreement with the in-cloud observations. If the energy

considerations mentioned earlier were to require that

the precipitation be efficiently charged, these results

would indicate that convective motions are important

in charging a storm (Williams, 1985). The fact that ve

locity changes are observed occasionally indicates that

precipitation is strongly and efficiently charged at some

locations and times.

Measurements of the charge on precipitation arriving

at the Earth's surface show that it often has the same

polarity as the point discharge being given off from the

ground. This is the mirror-image effect mentioned ear

lier and indicates that the precipitation charges have

been modified by the capture of point discharge ions as

the precipitation falls to earth. Below cloud base or in

the bases of clouds, precipitation is often observed to be

positively charged and occurs in localized regions re

ferred to as lower-positive-charge centers (Simpson and

Scrase, 1937; Rust and Moore, 1974; Winn et al., 1981:

Marshall and Winn, 1982; Holden et al., 1983). One

explanation for these observations has been that the pre

cipitation captures positively charged cloud droplets

while falling through cloud base. However, positively

charged precipitation is found well inside the cloud, up

to and above the 0°C temperature level (Moore, 1976b:

Marshall and Winn, 1982). These observations are not
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simply explained and pose an obvious problem for pre

cipitation theories of electrification, since it is necessary

to explain how the sign of the precipitation charge could

be reversed within a relatively short distance of (or even

inside) the main negative-charge region.

Several ideas have been proposed to explain the posi

tive charge on precipitation in the interior of a storm.

(Not all of these are aimed at salvaging the precipitation

hypothesis.) One is based on laboratory observations

that the charge transferred during collisions between

hail pellets and ice crystals changes sign at temperatures

warmer than about - 10°C (e.g., Takahashi, 1978;

Gaskell and Illingworth, 1980; Jayaratne et al., 1983).

The reversed, positive charging is somewhat stronger

than the negative charging observed at lower tempera

tures. This explanation may be correct, but it becomes

more difficult or complicated for similar theories to ex

plain the main negative charge as well. Specifically, it

becomes necessary to explain why the main negative

charge is laterally extensive and a major reservoir of

charge in the storm, while the lower positive charge is

more pointlike and a lesser reservoir of charge.

Another explanation for the lower-positive-charge

centers is that they are caused by lightning (Marshall

and Winn, 1982; Holden etal., 1983). Lightning flashes

do not neutralize the storm charge on a fine scale, as the

term discharge may imply. Rather, they deposit positive

charge along a finely branched structure in or near the

main negative-charge region of the storm (Vonnegut

and Moore, 1960) . If some of the lightning tendrils ter

minated on precipitation particles, these particles

would tend to be left with a positive charge after the

lightning regardless of any initial charge that they might

have carried. This explanation would account for the

localized nature of the lower-positive-charge centers

and could operate in storms. But recent observations

have shown that positively charged precipitation is

present in storms before the first lightning (T. C. Mar

shall, University of Mississippi, private communica

tion) . Similar findings can be inferred from the observa

tions of Simpson and Scrase (1937) and probably from

other studies of non-lightning-producing storms as well.

In this event another mechanism must be operating to

charge the precipitation positively, and a lightning

mechanism is not necessarily required.

A third possibility is that an inductive process might

operate to charge the precipitation positively (e.g.,

Chiu, 1978). An inductive mechanism differs from the

noninductive hail/ice-crystal mechanism described ear

lier in that the charge transferred during rebounding

collisions depends on the strength and direction of the

ambient electric field. In-cloud observations and labo

ratory studies have caused the inductive theory to lose

favor (Gaskell et al., 1978; Christian et al., 1980;

Gaskell, 1981), but it would be premature to rule out

inductive charging altogether given our general inabil

ity to explain the various electrification processes.

In evaluating observations of precipitation charge it is

important to differentiate between measurements made

before and those made after the onset of lightning.

Lightning drastically complicates the detailed distribu

tion of charge in a storm, to the point that the particle

charges may not reflect the processes that caused the

storm to become electrified. This occurs for several rea

sons. First, the lightning does not neutralize the storm

charge on a fine scale, as discussed above, but deposits

its charge along a myriad of channels and streamer

paths and on particular particles. Second, the lightning

subjects the cloud to large electric stresses by virtue of

the fact that its channels extend across millions of volts

of electric potential. The stresses undoubtedly cause

transient corona discharges from particles in the vicinity

of the lightning channels, which effectively erase the

original charges and leave the particles with an unre

lated residual charge (Dawson, 1969; Griffiths and La

tham, 1972; Griffiths, 1976). Laboratory studies have

shown that the residual charges are large in magnitude

and variable in sign. Both the nonuniform charge depo

sition and corona effects would cause particles near the

lightning channels to become strongly charged and

would tend to leave other particles unaltered, giving rise

to a mixture of particle charges, as is observed.

Lightning also generates vast numbers of ion pairs,

some of which will be separated in the strong electric

field to increase temporarily the electrical conductivity

of the cloud. This could discharge particles that are

charged, or randomly charge other particles, further

complicating matters.

In addition to complicating the charge picture, light

ning-induced or other corona could sustain or enhance

the electrification of a storm if the corona from precipi

tation had a systematic sign (Dawson, 1969; Krehbiel,

1984) . Laboratory studies have shown that corona from

liquid surfaces is preferentially positive above 4-5 km

altitude in the atmosphere and becomes more intense at

lower pressures (higher altitudes) (Dawson, 1969). Such

corona would result in positive ions and negatively

charged precipitation. The positive ions would attach to

nearby cloud droplets, producing a segregated distribu

tion of negative precipitation and positive cloud parti

cles similar to that of a collisional charging process. Sys

tematic positive corona could occur, for example, from

the liquid surfaces of wet or riming hail or from the bot

tom surfaces of (liquid or frozen) precipitation above

the negative-charge region.

It has been proposed that the strong and uneven

charging that occurs in the vicinity of lightning channels

could enhance the rate of precipitation formation after a
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lightning discharge (Vonnegut and Moore, 1960) and

that this may be responsible for the sudden bursts or

gushes of rain that are commonly observed from thun

derstorms. Some observations have been reported in

support of this idea (e.g., Moore et al. , 1964; Syzmanski

et al., 1980), but the possible effects that lightning may

have on the cloud microphysics and precipitation for

mation remain unclear and are in need of continued

study. At the very least, the fact that the storm produces

strong electric fields makes it easier for precipitation to

form, in that the electric forces increase the probability

that particles will coalesce after coming in contact (Ray-

leigh, 1879; Goyerer al., 1960; Moore etal., 1958).

CHARGE MOTIONS AND CURRENTS

The charging mechanism constitutes a source of cur

rent that continually increases the electrical energy of

the storm, while lightning intermittently reduces the

storm's electrical energy. The charging current is on the

order of 1 A and ranges from inferred values of about 0. 1

A during the initial stages of small storms (Krehbiel,

1981) to values greater than 1 A for large storm com

plexes. Currents of comparable average magnitude flow

between the cloud and ground and between the upper

atmosphere and cloud top. The current at the cloud top

results from the flow of negative screening charge to the

upper cloud boundary. The current between the cloud

and ground is due to the action of CG lightning and

point discharge from the Earth's surface and, like each

of the other currents, predominantly lowers negative

charge (or raises positive charge) . The various currents

are illustrated in Figure 8.8. Their net effect is to trans

fer negative charge from the upper atmosphere to the

Earth's surface. This transfer, from approximately 1000

storms that are estimated to be in progress at any time

over the entire planet, is thought to be the reason that

the ionosphere is maintained at a potential of several

hundred thousand volts with respect to the Earth's sur

face.

The vast majority of the electrical charges inside a

storm reside on cloud or precipitation particles. Free

charge or ions, such as are generated by cosmic radia

tion, corona, or lightning, collide with and attach to

cloud particles within about a second after being pro

duced. This immobilizes the charge and makes the cloud

a good electrical insulator. The currents that charge the

storm should not be weakened significantly by leakage

currents between the charge regions, except those in

volving the motion of charged cloud particles, which are

expected to have small effect. The storm charges and

electric fields are therefore expected to build up in a

manner that reflects the strength of the charging pro

cess, until lightning occurs, after which the buildup re

peats.

In-cloud electric-field measurements with slowly

moving balloonborne instruments have shown that the

electric field increases in an approximately linear man

ner with time between lightning discharges (Winn and

Byerley, 1975). This indicates that the current source

that charges the storm is relatively constant between dis

charges and is independent of the magnitude of the

field. Theories that employ positive feedback to electrify

a storm, such as an inductive theory, predict that the

charging current would increase exponentially with

time and thus would not appear to be operating. This

may not be a reliable prediction or test of the mechanism

type, however, if the charging process establishes and

FIGURE 8.8 Diagrammatic illustration of

the electric currents for precipitation and

convection scenarios of electrification. In

both cases the thunderstorm transfers nega

tive charge from the upper atmosphere to the

Earth's surface. The arrows point in the di

rection of positive current flow; the short

half-arrows indicate when this current is

caused by negative charge flowing in the op

posite direction. Intracloud lightning opposes

the charging process in the precipitation sce

nario but provides a parallel charging path to

the upper atmosphere in the convection sce-
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draws on a reservoir of charge as discussed earlier. In

this case the charging current and field buildup would

depend on the rate at which charge emerges from the

reservoir, which will tend to be field independent.

A major unresolved question in understanding the

electrical behavior of storms concerns the role and fate

of the upper screening current in the electrical budget of

the storm (Vonnegut, 1982) . In the absence of convec-

tive motions and turbulence the flow of negative screen

ing charge would completely shield the interior positive

charge in a few tens of seconds. Airborne electric-field

observations outside the tops of growing clouds show

that a screening charge does form, but not to comple

tion. Negative charge continues to be attracted to the

cloud surface at rates that are comparable with the

charging current of the storm (Gish and Wait, 1950).

The question is what happens to this charge. The con

vection hypothesis of electrification postulates that the

screening charge is carried downward by convective

overturning to the level of the main negative charge and

that this is the primary source of the main negative

charge (Vonnegut, 1953). This charge transport would

be generative, i.e., negative charge would be carried

downward away from the upper positive charge, in

creasing the electrical energy of the storm. An alterna

tive possibility is that turbulent mixing folds the screen

ing charge into the upper positive charge of the storm,

which would be a dissipative process.

Regardless of its eventual fate, the substantial flow of

negative screening charge to the upper part of the cloud

appears not to be matched by the flow of positive charge

to cloud base, causing the storm as a whole to build up a

net negative charge with time. The buildup is alleviated

intermittently by negative cloud-to-ground lightning,

and this is undoubtedly the reason why most CG light

ning has a negative polarity. The buildup also increases

the dominant effect of negative charge on the electric

field at the ground, which is alleviated by positive co

rona from the ground. The convection hypothesis postu

lates that the positive corona charge is carried into the

upper part of the cloud by the updraft, which feeds the

cloud with low-level moisture, and that this is the pri

mary source of the upper positive charge. Other possi

bilities are that much of the corona charge is carried into

the main negative-charge region and is dissipated there

or that most of it remains near the ground.

The strength of the point discharge current beneath

storms has been estimated both from ground-based elec

tric-field observations and from measurements of the

corona current given off by vegetation beneath storms.

Over a typical area of 10 km2 the total corona current is

estimated to be about 0.1 A (Livingston and Krider,

1978; Standler and Winn, 1979). This is comparable

with the charging current at the beginning of a storm

but is less than the average current of cloud-to-ground

lightning in the active stage of a storm.

Recent experiments designed to test electrification

ideas have attempted to influence or alter the electrifi

cation of a storm by releasing charge into the bases of

growing clouds prior to their electrification (Vonnegut

et ah, 1984; Moore et ah, 1985). In these experiments,

several kilometers of cable and fine wire are strung over

mountainous terrain and maintained at a high positive

or negative potential. Natural clouds grow over a fair-

weather supply of positive space charge near the Earth's

surface, which tends to be ingested into the cloud along

with surface moisture. By maintaining the wires at a

high negative potential the researchers hope to give off

sufficient negative corona charge to override the natural

supply of positive charge and to prime the cloud with

negative charge. If a convective mechanism operates to

initiate the electrification, or if the electrification is in

fluenced by the direction of the initial electric field in

side the storm (as in the case of an inductive precipita

tion mechanism), such priming should invert the

polarity of the electrification, i.e. , produce a storm hav

ing an upper negative- and main positive-charge struc

ture. The results of the experiments are that storms de

veloping above negative-charge releases are anomalous

in that the field at the ground is often dominated by

positive charge overhead, which lightning acts to re

move. There is incomplete and conflicting information

on the question of whether the polarity of the main

storm charges was inverted. One alternative possibility

is that the experiment modifies primarily the subcloud

and cloud-base charges. The success of the experiments

in at least partially altering the electrical structure of

storms makes them intriguing subjects for continued

field programs.

Because the interior storm charges reside on cloud or

precipitation particles, their motion is the same as the

particle motions and can be investigated using Doppler

radars when the particles are large enough to be de

tected by radar. A single Doppler radar measures the

component of the particle velocity along the direction of

the radar beam; a network of three or more Doppler

radars is needed to determine the particle velocities in

three dimensions. Three-dimensional measurements of

particle velocites have become possible only recently

(e.g., Lhermitte and Williams, 1985b) but are a key ele

ment in furthering our understanding of thunderstorms.

A continuing problem in their determination is the rap

idly changing nature of convective storms, which re

quires that the storm be scanned as rapidly as possible.

Multiple Doppler radars have been used to study the

electrification of storms in Florida and New Mexico; one
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case study has shown how the onset of lightning in a cell

was correlated with the development of an updraft and

precipitation within the cell (Lhermitte and Krehbiel,

1979).

Particle velocity measurements provide only a part of

the information needed to estimate the electrical cur

rents of the storm; also needed is some knowledge of the

charge distribution or amounts of charge carried by the

particles. Determination of the charge distribution is in

itself a central problem of electrification studies, for

which there are unfortunately no radarlike instruments.

The charge information must be determined from in-

cloud measurements, which are necessarily limited in

scope, or inferred from other information, such as that

obtained from other storms or from lightning.

Attempts to determine the charge structure of storms

from remote measurements of the total electric field

have given a qualitative picture of the storm charges but

have not been successful at estimating their amounts or

locations. There are several reasons for this, having to

do with the facts that (a) the conductivity of the atmo

sphere increases exponentially with altitude and causes

the upper charges of the storm to be masked or screened,

(b) the overall charge distribution is complex and not

uniquely defined by electric-field measurements, and

(c) total electric-field measurements are strongly af

fected by local charges. These problems are alleviated

somewhat by measuring the time rate of change of the

electric field, which is related to the time rate of change

of the charges, or to the storm currents. Such measure

ments have formed the basis of a new approach for esti

mating the storm currents, in which the displacement

current associated with a time-varying electric field is

added to other measurements of the local corona, con

duction, and rain currents (Krider and Musser, 1982).

The sum of these currents has been termed the Maxwell

current after the British physicist who first described the

significance of the displacement current. An example of

displacement current measurements is shown in Figure

8.9. The displacement current density values can be in

tegrated over the area affected by the storm to estimate

the charging current of the storm; this gives results that

are in reasonable agreement with the charging current

values inferred from lightning data. The pattern of

Maxwell current values, either at the ground or aloft,

can in principle be used to locate and quantify the dif

ferent currents of the storm, in much the same way that

the lightning charges can be located. But this possibility-

has yet to be realized, in part because of the problems

enumerated above for interpreting total electric-field

measurements.

A totally different approach for determining the

storm currents would involve measuring the pattern of

magnetic fields that they produce. This approach has

not been feasible owing to the difficulty of measuring

the weak fields and to the presence of the geomagnetic

field, but such an approach may become practical in the

future.

LIGHTNING AND THE STORM

ELECTRIFICATION

The study of lightning is an important part of thun

derstorm investigations. Lightning is of interest not only

as a phenomenon in itself but as an indicator and sig

nificant modifier of the storm's electrification. Light

ning generates, deposits, and redistributes substantial

amounts of free charge within a storm, and this greatly

complicates the storm's electrification. In the process,

lightning may also enhance the electrification or the for

mation of precipitation within the storm. But little is

known even about what lightning looks like inside a

FIGURE 8.9 Contours of constant dis

placement current density at the ground be

neath a thunderstorm on July 11, 1978 at

Kennedy Space Center, Florida. Observa

tions from two 5-minute time intervals are

shown; contours are at 0.5 nA/m2 intervals.

The heavy dashed contour shows the detect

able radar echo at 7.5-km altitude; the x's

mark the negative-charge centers of lightning

discharges. The areal integral of the displace

ment current was about 0.4 A in each in

stance. (Krider and Blakeslee. 1985.)
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storm , much less about its detailed behavior or about the

possible effects that it may have.

The study of lightning as a phenomenon in itself is the

subject of the first five chapters in this volume. One

question of interest here concerns how lightning is initi

ated. Measurements of the electric field inside storms

give maximum (large-scale) values typically between 1

x 105and2 x 105V/m (e.g., Winn etal., 1974, 1981).

Winnef al. (1974) reported one measurement of 4 x 105

V/m. These values are 3 to 10 times smaller than the

field strength required to break down clear air at the

same altitude. Hydrometeors concentrate the field onto

their surface by a factor of 3 or more, and this leads

scientists to think that the breakdown is initiated at par

ticle surfaces—by corona that somehow develops into a

full-scale discharge (e.g., Loeb, 1953; Richards and

Dawson, 1971; Crabb and Latham, 1974; Griffiths and

Phelps, 1976).

The manner in which lightning is initiated is an unan

swered and intriguing question, but however this hap

pens it is most likely to occur in a strong-field region of

the storm. In-cloud measurements like that shown in

Figure 8.4 indicate that the electric field is strongest on

the periphery of the main negative-charge region.

Lightning radiation studies indicate that discharges in

deed tend to be initiated at these altitudes in a storm

(Proctor, 1981, 1983). There is also some evidence that

IC flashes begin at slightly higher altitude than CG

flashes (Taylor, 1983) . This suggests that discharges that

are initiated above the negative charge region tend to

become IC flashes, while those that are initiated below

the negative charge tend to become CG flashes.

Although highly variable, intracloud lightning gener

ally outnumbers cloud-to-ground lightning in a storm,

often by a factor of 5 or 10 to 1 or so, and it is of interest

to ask why this happens. The charging process estab

lishes the main negative and upper positive charges as

the primary charges of the storm, and this may cause the

electric field to be stronger above the main negative

charge than below it. Also, the decrease in atmospheric

pressure with altitude favors the occurrence of IC

flashes, in that the critical field required for discharges

to form and to propagate is smaller at higher altitudes.

Finally, it may be that there are a greater number of

initiation events above the main negative charge than

below it.

The occurrence of CG flashes is thought to be aided

by the presence of the lower positive charge, which in

creases the electrical energy below the negative-charge

region, and by the tendency (mentioned earlier) for a

storm to acquire a net negative charge with time.

The past 15 years have seen major advances in tech

niques for remotely sensing lightning inside a storm. In

particular, radio-frequency radiation from the light

ning may be located using one of several direction-find

ing or time-of-arrival techniques (Proctor, 1971, 1983;

Taylor, 1978; Warwick et al., 1979; Hayenga and

Warwick, 1981; Taylor et al., 1984; Richard et al.,

1986) . The charge centers of the lightning can be located

from simultaneous measurements of the lighting elec

tric-field change at a number of ground locations (Fig

ure 8.3; Jacobson and Krider, 1976; Krehbiel et al.,

1979) . The hot lightning channels are readily detected

by radar at 10-cm wavelength or longer (e.g. , Holmes et

al., 1980; Mazur et al., 1985), and the main channels

can be reconstructed from recordings of the thunder

that they produce (e.g., Teer and Few, 1974; Winn et

al., 1978; Christian et al., 1980; MacGorman et al.,

1981; Chapter 3, this volume). Finally, changes in the

electrical forces on charged cloud particles during light

ning cause low-frequency changes in the atmospheric

pressure, called infrasound, which can be detected and

used to estimate the charge heights (e.g., Wilson, 1920;

Rohannon et al., 1977; Balachandran, 1983; Few,

1985).

Figure 8.10 shows two examples of lightning data

that complement the electrical observations discussed

earlier. Figure 8. 10(a) shows the height of the radiation

sources from lightning as a function of time in a Florida

storm. Although not resolved in the figure, the radiation

occurred in distinct bursts from individual discharge

events. Only a few radiation sources were located dur

ing each discharge, but the results give a useful picture

of the overall lightning activity in the storm. Events

with sources located below 7-8-km altitude were usually

CG discharges; the large number of remaining events

were IC discharges. Of particular interest in the figure

are the sequences of increased lightning activity whose

sources moved upward with time. These were associ

ated with the electrification of new convective cells in

the storm and provide another indication that the elec

trification is associated with vertical growth. The fact

that the sequences start above about 8-km altitude re

flects the existence of an altitude threshold for the elec

trification. The discharge rate during the most intense

sequence reached 37 per minute.

Similar observations have been reported by Lher-

mitte and Krehbiel (1979), who found a discharge rate

of 60 per minute in a relatively small cell of a storm.

Such high discharge rates are not unusual for large

storms, but their occurrence in small, individual cells of

normal-sized storms is a new finding. The high-rate dis

charges have been shown to transfer relatively small

amounts of charge (Krehbiel et al., 1984b), indicating

that the high-rate sequences result from a large number

of initiating events rather than from superelectrification
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FIGURE 8. 10 (a) The height of VHF radiation sources from lightning versus time in a Florida storm. The upward-moving sequences of enhanced

lightning activity were associated with the electrification of new, growing cells, while the increase in the number of sources above 8 km reflects the

altitude dependence of the electrification (Krehbiel et a/., 1984b). (b) A vertical cross section of the radar reflections from precipitation (solid

contours) and from lightning (hatched areas, dashed contours) during a 5-minute time interval in a squall line near Wallops Island, Virginia (Mazur

et al. , 1984) . The greatest number of lightning echoes were observed at altitudes that correspond with the charge centers of intracloud and cloud-to-

ground discharges (Figures 8.3 and 8.6) and may indicate the locations of the main negative and upper positive charges in the storm.

of the cell. High-rate sequences have been observed only

in subsequent cells of already-electrified Florida storms,

but it appears that they are a common feature of such

storms. This suggests that initiation events are somehow

enhanced in subsequent cells. It would not be surprising

if high-rate sequences of small discharges are found in

storms at other locations as well. For instance, Taylor et

al. (1983) reported the occurrence of minor discharges

in large Oklahoma storms.

Figure 8.10(b) shows observations of radar echoes

from lightning during a 5-minute time interval in a

squall line over the East Coast of the United States. The

echo locations are superimposed on measurements of the

precipitation reflectivity in the storm. The lightning

echoes were detected by a UHF radar operating at 70-

cm wavelength; the precipitation reflectivities were de

termined using a separate radar at 10-cm wavelength.

The lightning echoes were located most often in strong

precipitation on the leading edge of a well-developed

cell at 30- to 40-km range from the radars. The largest

number of echoes were observed between 5- and 8-km

altitude and vertically above this from 10- up to 14-km

altitude. These altitudes correspond to the heights of the

positive- and negative-charge centers of lightning in

other storms (e.g., Figures 8.3 and 8.6), suggesting that

the echoes are strongest in the vicinity of the lightning

charge centers. This is where the discharges are ex

pected to be most highly branched.

The increasing ability of researchers to sense lightning

inside thunderclouds has raised questions about the ex

tent to which lightning indicates or reflects the electrifi

cation of a storm (Vonnegut, 1983b). Once initiated,

the lightning channels and charges themselves influence

the continued propagation of a discharge, enabling the

discharge to develop in a manner that can be unrelated

to the storm charges and fields. While it is necessary to

be cautious in making inferences about the electrifica

tion from lightning observations, some evidence exists

that suggests that lightning can be a reasonable indica

tor of the storm charges. For example, it has been found

that the negative charge sources of the CG lightning in

the storm of Figure 8.6 coincided with those of the IC

lightning that immediately preceded and followed the

CG discharges, even though the two types of discharge

developed in opposite vertical directions. This result,

which is illustrated in Figure 8.5, suggests that the nega

tive-charge sources for the lightning coincided with

main negative charge in the storm.

The question of how the lightning and storm charges

are related has also been investigated by studying the
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behavior of electrical discharges in plexiglass (Williams

etal., 1985) . These laboratory discharges appear to sim

ulate the large-scale behavior of lightning in clouds.

High-energy electrons are deposited in a controlled

manner within the plexiglass and the resulting space

charge is discharged by mechanical disruption at some

point on the surface. The dendritic or finely branched

structure of the discharges follows the pattern of space

charge within the plexiglass, suggesting that real light

ning may do the same in storms.

Assuming that lightning tells us something about the

electrification, one question of interest has been how the

lightning channels and charges are related to precipita

tion in the storm, as revealed by radar. If a precipitation

mechanism were operating to electrify the storm, one

would expect the lightning and precipitation to be cor

related in some manner. Not surprisingly in phenomena

as complex as thunderstorms and lightning (and as com

plicated to study), a wide variety of observations have

been found. These range from observations that light

ning and precipitation are correlated (e.g., Larsen and

Stansbury, 1974; Krehbiel et al., 1979; Taylor et al.,

1983; Figures 8.3 and 8. 10b), to observations that light

ing avoids regions of strong precipitation (MacGorman,

1978; Williams, 1985), to other observations of precipi

tation echoes that develop after nearby lightning

(Moore et al., 1964; Szymanski et al., 1980). There is

some uncertainty and debate as to what the various ob

servations mean. In the author's opinion, one of the

most striking results has been the degree to which the

lightning charges correlate with radar echoes from pre

cipitation.

LIGHTNING EVOLUTION

We finish this review with a brief and simple descrip

tion of how lightning appears to evolve with time in a

thunderstorm. This is depicted in Figure 8.11 and pro

vides a framework for understanding some of the wide

variety of lightning observations. In addition it gives

further insight into the electrical nature of storms. The

description is based on a number of different studies and

observations of lightning (e.g., Ligda, 1956; Teer and

Few, 1974; Krehbiel et al., 1979, 1984a; Krehbiel,

1981; Proctor, 1981, 1983; Rust et al., 1981; Fuquay,

1982; Taylor, 1983).

In response to the dipolar structure of the storm, the

initial lightning discharges are usually intracloud

flashes that transport charge vertically between the

main negative- and upper positive-charge regions (Fig

ures 8.11a and 8.3) . The first cloud-to-ground discharge

usually follows an initial sequence of intracloud flashes

(Figures 8.11b and 8.6), but simple CG flashes some

times begin the lightning activity. The latter situation

occurs presumably because conditions somehow favor

the initiation of CG discharges. CG flashes consist of a

number of discrete strokes down the channel to ground;

the early CG flashes are simple in that they produce one

or only a few strokes.

The initial lightning activity is associated with the cell

having the greatest vertical development in the storm.

Other cells do not generate lightning until they develop

vertically above 7-8-km altitude MSL (in summertime),

even though the subsequent cells may have stronger pre

cipitation echoes within them than within the initial,

lightning-producing cell .

As additional cells become electrified, the IC flashes

remain basically vertical but become broader in hori

zontal extent and can exhibit a pattern of cross-discharg

ing between cells (Figure 8.11c). The CG flashes pro

duce a larger number of discrete strokes whose

negative-charge sources progress horizontally through

the precipitating part of the storm (Figure 8. lid). For

some still-unknown reason, the CG flashes can initiate a

continuing current or arc-type discharge down the

channel to ground from within the horizontally exten

sive negative charge. The continuing currents can last

for a few tenths of a second and produce a persistent

luminosity that is sometimes detectable visually.

In large storm complexes having a number of cells,

the intracloud and cloud-to-ground discharges can have

large horizontal extents, corresponding to the horizon

tal dimensions of the storm system. Because the horizon

tal dimensions can be much greater than a storm's

vertical dimension, the discharges become primarily

horizontal in nature.

As the storm grows, its top reaches the base of the

stratosphere or is sheared off by high-level winds to form

an anvil cloud (Figure 8. 1). The anvil cloud is composed

of small ice crystals that carry part of the upper positive

charge and is penetrated by intracloud discharges from

the active region of the storm (Figure 8. lie). The anvil

clouds commonly extend tens or hundreds of kilometers

downwind from the parent storm . Cloud-to-ground dis

charges have also been observed to emanate from anvil

clouds, well away from the active region of the storm.

As older cells dissipate, predominantly horizontal in

tracloud lightning occurs between negative charge in

still-active cells and apparent positive charge at about

the same level in the dissipating part of the storm (Fig

ure 8.1 If). In propagating storms the dissipating part

trails the active part and can have substantial horizontal

extent. The horizontal discharges within them are cor

respondingly extensive and are observed to propagate

over distances of 50 to 100 km (Ligda, 1956; Proctor,

1983) . The radar echo from within the dissipating part
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of a storm is characterized by a horizontal brightband at

and just below the 0°C level, caused by melting snow.

The horizontal discharges appear to propagate just

above the level of the brightband and effectively remove

positive charge at this level (Krehbiel, 1981). The light

ning is observed to repeat at intervals of a few minutes or

more and occasionally produces positive strokes to

ground. The repetitive nature of the discharges suggests

that a widespread, low-rate charging process is operat

ing to regenerate the positive charge and that the charg

ing process is associated with the production or fall of

snow.

Independent evidence for the existence of a positive-

charge layer is found in electric-field soundings through

dissipating storms. Only a few such soundings have been

made, even though dissipating storms have a stratiform,

slowly changing structure that is relatively easy to

probe. One sounding obtained by researchers in France

is shown in Figure 8.12 (Chauzy et al., 1980). The bal-

loonborne instrument passed through negative charge

within the radar brightband and positive charge 1 km

above the brightband. Although the charge distribution

was still dipolar, positive charge was found at the level
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FIGURE 8.12 Sounding of the vertical electric field in the dissipat

ing part of a large frontal storm in France, indicating the presence of a

positive-charge layer just above the 0°C level and a negative-charge

layer within the radar brightband from the storm (adapted from

Chauzy eta/., 1980).

where negative charge is found in the active part of a

storm. Similar results were obtained by Simpson and

Scrase (1937) in the dissipating parts of English storms.

The sounding and lightning observations agree, but fur

ther observations are needed to check their validity.

The above observations do not explain how the

charge structure of the storm changes to produce the

end-of-storm electric-field oscillation discussed in con

nection with Figure 8.2. Moore et al. (1958) interpreted

their observations of the oscillations as being due to the

subsidence that occurs as the storm dissipates, which re

veals the upper positive charge and transports it down

ward toward the ground [see also Moore and Vonnegut

(1977)]. The observations of Williams (1981) support

the idea that the field reversals are associated with

downward motion of charge during subsidence, but the

nature and source of the charges still remain to be deter

mined.

SUMMARY AND CONCLUSIONS

The ability of scientists to observe and study thunder

storms has increased greatly over the past decade or two,

and this has brought their study to a particularly excit

ing stage. A number of ideas have been proposed over

the years to explain how thunderstorms become electri

fied, and it is now becoming possible to test the various

ideas by direct measurement. Thunderstorms provide a

difficult environment for measurements, but scientists

are increasingly able to probe them with instruments

that reliably measure electric-field profiles and particle

charges and sizes, as well as air temperature, cloud wa

ter content, and other parameters. At the same time,

remote-sensing techniques are providing increasingly

detailed pictures of the storm as a whole. For example,

networks of Doppler radars are able to measure the

three-dimensional particle motions at different loca

tions in the storm, and the lightning channels and

charges are able to be located in space and time.

The major ingredients for a thunderstorm continue to

be vigorous convection and the formation of precipita

tion at altitudes where the air temperature is colder than

0°C. Strong electrification does not occur until the

cloud and precipitation develop above a threshold alti

tude that is 7-8 km above MSL in the summer months,

corresponding to an air temperature of - 15 to - 20°C.

The main negative charge resides at and below this alti

tude at temperatures that are remarkably similar within

a given storm and in different kinds of storms.

A central issue of thunderstorm studies is whether the

electrification is caused by the gravitational fall of

charged precipitation or whether it results primarily

from the convective transport of charges by the air mo
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tions of the storm. Precipitation theories predict that the

main negative charge is carried by precipitation parti

cles, and this is being tested by in-cloud measurements

of the charges carried by precipitation. Laboratory

studies continue to point to rebounding collisions be

tween hail and small ice crystals as a mechanism that

can charge precipitation negatively and possibly explain

the electrification. This mechanism is expected to oper

ate in storms, but it has not been shown that enough

precipitation is present and involved in enough charging

interactions to account for the electrification. Com

pounding this difficulty are observations that electrifi

cation is more widespread than strong precipitation in a

storm and that precipitation below the main negative-

charge region is often observed to be positively charged.

In convection theories the charges reside primarily on

small cloud particles, which can carry much more

charge per unit volume of cloudy air than precipitation.

But little is known about the amounts and motions of the

cloud particle charges and whether they would combine

to produce charge accumulations consistent with obser

vations.

Once a storm becomes strongly electrified and starts

to produce lightning, it is likely that additional charging

processes occur that complicate or possibly enhance the

electrification. In particular, the lightning itself could

have such a role. This could explain some of the com

plexity of the electrical observations and would make it

more difficult to sort out the various charging processes.

In order to study the initial electrification processes, it is

necessary that observations be made before the onset of

strong electrification and of lightning. This need has

been recognized but greatly increases the logistical diffi

culties of studying storms.

By the same reasoning, it is possible that the primary

electrification mechanism changes once a storm be

comes strongly electrified. For example, precipitation

could initiate the electrification, and then the larger

convective energies of the storm could continue the elec

trification. Or the electrification could be sustained and

enhanced if the corona from precipitation had a system

atic sign. Already there is some evidence that a differ

ent, lower-rate mechanism operates to electrify dissi

pating storms or parts of storms.

Our understanding of the electrification processes re

mains limited by the need for better observations of the

electrical and physical characteristics of actual thunder

storms. This need has guided thunderstorm research for

a number of years and involves several parallel and in

teracting efforts: field programs, data analysis, and the

development of observational techniques. Field pro

grams provide the basic experimental data and allow

scientists to test new instruments and observational

techniques. Data analysis extracts the scientific infor

mation from the field programs and provides feedback

for future studies.

Instrumental development and testing can be done in

limited field programs, but significant advances in un

derstanding the electrification processes require fo

cused, cooperative field programs that bring together

the best available observational techniques. A substan

tial amount of data is already in hand from recent field

programs of this type whose continued analysis will pro

vide further insights into the electrification problem.

But too many questions remain unaddressed in the mea

surements of those studies for them to hold the answers

to the problems. And, as is usual in science, the results of

one set of observations and experiments often raise new

questions and avenues of investigation. A prime exam

ple of this is the recent experiments that have attempted

to invert the electrical polarity of a storm .

Much of our information about thunderstorm electri

fication has come from the study of relatively small, iso

lated storms such as those that form over the mountains

of the southwestern United States or above the sea-

breeze convergence in southeastern coastal areas. These

storms provide relatively stationary and predictable tar

gets for study and remain attractive subjects for field

programs. Although relatively small, the storms are not

simple, and we have much to learn from them. As their

study has demonstrated, however, it is important that

different types and sizes of storms be studied and com

pared. In particular, it is important that electrical stud

ies be made of severe storms, propagating squall lines,

tropical storms (both ice-free and ice-containing), and

winter storms.

This review has concentrated primarily on the scien

tific observations and issues related to the problem of

thunderstorm electrification. Other recent reviews on

the same subject have been made by Moore and Vonne-

gut (1977), Illingworth and Krehbiel (1981), Latham

(1981), Vonnegut (1982), Lhermitte and Williams

(1983), Illingworth (1985), and Williams (1985). An

other whole review could be devoted to a description of

the techniques that are used to study thunderstorms and

their electrification. Many of the techniques are new

and are still under development and have been used in

cooperative studies for only one or a few thunderstorm

seasons. Other techniques have yet to be used in electri

fication studies—for example, the differential reflectiv

ity polarization radar technique (Bringi et al., 1984).

(This technique measures the difference in precipitation

reflectivity for vertical and horizontal polarizations and

is able to distinguish between ice and liquid water in

clouds.) Much could be learned by bringing existing

techniques together and applying them to the same
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storms. In some instances a brute-force approach would

also be helpful, for example, in obtaining successive or

simultaneous balloon soundings of the electric-field pro

file in a storm.

Still other observational needs provide challenging

problems for development—for example, measurement

of the net charge density in storms or of the charge car

ried by small cloud particles.

Even after comprehensive observations have been ob

tained on storms, it is entirely possible that the specific

mechanism or mechanisms that caused their electrifica

tion will continue to elude precise definition. In the case

of a precipitation mechanism, it would be extremely dif

ficult to catch particular charging events "in the act."

This would need to be done in the controlled environ

ment of the laboratory, simulating cloud conditions as

closely as possible. Specific areas of interest in present

and future laboratory studies are (1) contact electrifica

tion processes at ice surfaces and (2) corona discharges

from precipitation. Computational models, both simple

and complex, will continue to be useful in interpreting

field and laboratory observations and in predicting the

ability of particular mechanisms to electrify a storm.

Such modeling will rely heavily on parameterizations of

observational data, however, since the electrification

results from a cascade of physical processes each of

which are inherently difficult to simulate in their own

right.

In conclusion we note that, although the problems of

thunderstorm electrification are difficult and complex,

their solution is becoming possible and is a prized goal of

scientists.
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INTRODUCTION

Since the time of Benjamin Franklin, a major diffi

culty in identifying the causes of cloud electricity has

been our inability to obtain adequate measurements

within clouds. This observational problem is now being

remedied by modern electronics and instrumented air

craft. More quantitative theories of charging have be

come available since the 1940s along with our improved

understanding of the atmosphere. In addition, better

laboratory simulations of cloud physics in recent dec

ades have led to improved measurements of microscale

charge separation. With all these advances we should

not be surprised to find that the number of possible

charging mechanisms has proliferated. Thus, a modern

task has been to sort through the possible mechanisms in

trying to identify their relative contribution to cloud

electrification (Mason, 1972; Latham, 1981; Taka-

hashi, 1982). A major purpose of this chapter is to de

scribe the mechanisms that charge cloud and precipita

tion particles. We also evaluate their relative role in

cloud-scale electrification and assess our state of knowl

edge. A broader evaluation of cloud electrification is

found in Chapter 10 of this volume.

There are two major categories of charging mecha

nisms: the microscale separators, which ultimately lead

to charged cloud and precipitation particles, and the

cloud-scale separators, which can result in field intensi

fication and lightning. The first category includes the

creation of ion pairs in the air and charge separation on

individual cloud and precipitation particles. These

mechanisms are coupled with other microscale separa

tors to produce net charges on cloud and precipitation

particles, for exarhple the attachment of ions by diffu

sion to cloud drops and the charging that results from

particle collisions. Once the cloud and precipitation

particles become appreciably charged, a larger scale

separator such as differential sedimentation is needed to

create electrification on the cloud scale. Convection can

also act as a cloud-scale separator by redistributing ions

and particles. Much of the emphasis in this chapter will

be on describing the microscale separators that produce

the charged cloud and precipitation particles.

In discussing the charging mechanisms we consider

the electrification of convective clouds. These clouds

can produce spectacular displays of lightning and are

the most important cloud link in the global electric cir

cuit. We start the discussion of charge separation in the

simple environment of a small cumulus cloud. This non-

precipitating cloud stage is followed by sections on the

rain stage and hail stage. An abbreviated discussion of

the charging mechanisms associated with these three

stages is found in the evaluation section of this chapter.
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CLOUD STAGE

As the first clouds form on a warm summer afternoon,

the environment is already set for cloud electrification.

The air is filled with ions whose concentrations and mo

bilities determine the effective conductivity of the atmo

sphere. In many practical situations the air is an electric

insulator, but the conductivity is large enough to permit

a relaxation time of less than 7 minutes for discharging

the lower atmosphere (Israel, 1971). The discharge cur

rent results from the drift of small ions with the mass of a

few molecules. Charge separation begins immediately

when a field is applied to a mixture of positive and nega

tive ions. Within a cloud the usual result of ion motion is

capture by water droplets.

The electric background in which the cloud forms

contains vertical gradients in ion concentration with a

negative charge at the Earth's surface that is maintained

by thunderstorms. The electric field above the ground is

reduced by a screening layer of positive ions attracted by

the Earth. Positive ions from aloft accumulate near the

ground because the field-induced drift is reduced by col

lisions as the density of the air increases. Capture of ions

by aerosols greatly reduces the drift velocity and, during

times of heavy pollution, 500 V/m have been measured

between the positive space charge and the ground. A

field of 130 V/m is more typical of a summer day with a

well-mixed boundary layer. This is reduced by about 1

order of magnitude at a 3 km height. Thus, a fresh cu

mulus cloud forms in an environment of vertical gradi

ents in space-charge density, electric field, ion concen

tration, and conductivity (see Figure 9.1). The field is

oriented toward negative earth with a strong increase in

positive space charge below 1 km and a small ion con

centration and conductivity that increase with height.

In this electric environment there are several ion cap

ture mechanisms that lead to charged droplets in shal

low cumulus clouds. In the following discussion, micro-

scale charge separation is described for diffusion

charging, drift charging, and selective ion charging.

The cloud-scale separation of charge for these nonpre-

cipitation clouds is discussed below under drift charg

ing.

Diffusion Charging

For the early stage of cloud charging we consider the

collection of ions by cloud droplets. The ion-transport

equation on the microscale near a cloud droplet gives

the charge flux (C/m2 sec) or the current density for an

ion component as

SPACE CHARGE DENSITY (p)

pC m"3

0.02 0.05
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pCV"1

0.5 1
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FIGURE 9.1 Average electric properties of the lower atmosphere

during fair weather. The variation of the electric field with height is

due to Gish (e.g., see Pruppacher and Klett, 1978). The space charge

density is a direct result of Gauss's law, whereas the conductivity is

obtained by assuming a constant current (2.7 pC m-1sec-1). The con

centration of small ions is proportional to the conductivity and varies

inversely with the ion mobility.

where pf is the ion-charge density (C/m3) of a particular

species, U is the air velocity, Bt is the ion mobility (about

2 x 10 " 4 m2/V sec for small ions in the lowest few kilo

meters), E is the electric field, and Df is the molecular

diffusivity (m2/sec). The flux term for the microscale

airflow (pfU) is relatively weak because of the low fall

speed for cloud droplets. In addition the field is small

enough in the cloud stage to ignore the ion drift term

(pfB,E). Thus the charging of small cloud droplets is

found by evaluation of the standard diffusion equation.

An important consequence of diffusion charging is a

reduction of ion concentration within the cloud by sev

eral orders of magnitude. The time constant for deple

tion can be obtained from the solution to the diffusion

equation for a steady-state attachment of ions to a cloud

of similar size droplets. The solution is

Pi = Pfoexp(-4irflDiiVt), (9.2)

Jf = PiU + pfB,E - DiVPh (9.1)

where R is the droplet radius and N is their concentra

tion. For a typical size and concentration in the cloud
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stage (10 /tm, 100 cm"3), the depletion time constant,

t = (4irBD,N) " 1, is 10 sec. Thus equilibrium is achieved

rapidly, and the local concentration in clouds can be

approximated by a steady-state balance between pro

duction by cosmic rays and depletion by recombination

and attachment to cloud droplets (Chiu and Klett,

1976).

The amount of charge on a cloud droplet from kinetic

theory is a Gaussian-like (Boltzmann) distribution cen

tered on zero charge for equal concentration of positive

and negative ions. As is evident by the positive space

charge near the ground, the ion mixture is not always

neutral. In such cases a net charge is collected by drop

lets. For the zero-centered distribution the rms Boltz

mann charge can provide an estimate for the magnitude

attained in diffusion charging:

Q = (8ireoflfcT)"2, (9.3)

where eo is the permittivity of air (8.85 x 10"12F/m),fc

is the Boltzmann constant (1.38 x 10"23 J/K), and Tis

the temperature (Gunn, 1957). This equation can be in

terpreted as a balance between the stored electric energy

on the droplet (1/2 Q2/4ireoR) and the thermal motion

energy of the ions (kT). When the Boltzmann charge is

evaluated for a typical droplet size in the cloud stage (R

= 10 /un), the rms charge in number of electrons is ne =

6RiZ (/tm) = 19. This result is consistent with the spread

in droplet charge measured for nonconvective clouds

with low electric fields (Gunn, 1957).

Drift Charging

Larger-scale transport of ions is characterized by cur

rents from bulk and eddy transport of ions along with

the field-driven drift. The charge-flux equation is the

larger-scale version of Eq. (9. 1)

I = p,U + p,B,E - KVPi, (9.4)

where K is the eddy diffusivity (m2/sec) . If we consider

just the drift of ions in the ambient field we find that the

vertical drift current (pfB.E) at cloud top and cloud base

must result in an accumulation of positive and negative

space charge, respectively (Figure 9.2). An electric bal

ance is achieved fairly rapidly as a screening layer forms

with the capture of incoming ions by cloud droplets.

The field within the cloud is increased by the charge that

accumulates at the boundary.

The amount of charge on droplets in this region can

be estimated by considering diffusion capture by ions of

only one sign. The maximum charge captured is found

from the amount needed to neutralize the induced
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FIGURE 9.2 Electrification of a model cumulus cloud (after Chiu

and Klett, 1976): a, vertical drift currents reflecting the ion deficits

with the cloud; b, resultant charge accumulation and field enhance

ment from ion drift; c, effect of convective transport on charges and

field.

charge (of opposite sign) from polarization in the elec

tric field:

Q = 12ireofl2£. (9.5)

The capture of ions from the drift current during the

cloud stage, for example at cloud base (Figure 9.2b),

results in ne = 0.002 R2 (Mm) E (Vim) = 20forfl = 10

/tm and £ = 100 V/m. This charge is comparable with

the Boltzmann charge given by Eq. (9.3). However

charge generation from drift into cloud edges increases

with R2 in contrast to the dependence of Eq. (9.3). Thus

charges of several hundred electrons are readily attained

for somewhat larger cloud droplets by diffusion of ions

of one sign to polarized drops. Somewhat later in this

section we shall find out that the size and field depen

dence given by Eq. (9.5) also applies within clouds for

ion capture by polarized drops and for the breakup of

these drops.

In addition, for the cloud stage we must also consider

the role of the bulk and eddy transport terms in Eq.

(9.4). For diffusion charging and the simple convective

pattern, illustrated in Figure 9.2c, convection trans

ports negative charge upward within the core and car

ries positive charge downward along the edges (Chiu

and Klett, 1976). The effect of eddy diffusion in this sim

ple model is to smooth the charge distribution produced

by the bulk transport and ion drift. When all three terms

in Eq. (9.4) are included, the field is enhanced within

the cloud but is not so strong as the pure drift case.

For this early stage of cloud electrification, drift

charging of droplets with negative charge at cloud base

and positive charge at cloud top is apparently the domi

nant mechanism. The current into cloud base from drift
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is p . B _ E, and the current from convection is U, where

p = p + - p_ is the space charge. (The value of p . is ap

proximately one half the small ion concentration, be

neath cloud base, times a unit charge.) The ratio of drift

to convection is 7.5 (using the values for p, n, and E on

Figure9.1atlkmandB_ = 2.2 x 10 " 4 m2/V sec and U

= 1 m/sec) clearly showing the dominance in the drift of

negative ions into cloud base over the upward convec

tion of positive space charge. The ratio decreases as the

cloud base is lowered and is less than unity for bases be

low about 300 m. The calculations of Chiu and Klett for

a cloud base at 10 m show the dominance of convective

transport of positive space charge over drift into cloud

base. They found a positive core, but drift still domi

nated the charging process in the upper cloud with posi

tive charges at cloud edges similar to Figure 9.2c. Thus,

for the majority of cases in the cloud stage, drift charg

ing is the most significant electrification mechanism.

Convection and eddy diffusion in the single-cell pattern

investigated by Chiu and Klett generally weaken elec

trification by redistributing and mixing the drift-gener

ated charge.

The charge acquired by droplets in the cloud stage has

been from diffusion of ions within the cloud and drift

charge at cloud edge.

Selective Ion Charging

When equal numbers of positive and negative ions are

present there can be a preferred attachment of one sign

if the droplet is polarized (Wilson effect) . The governing

equation for the microscale transport [given by Eq.

(9.1)] has two classes of solutions (Whipple and

Chalmers, 1944). In the case of "fast ions" the down

ward drift of positive ions exceeds the fall speed of the

droplet (B + E > U) and ions of both signs are captured

at nearly the same rate (Figure 9.3a). The droplet size

where B + £ = U in the lowest few kilometers is R = 1

nm for £ = 10 V/m. Since most droplets in shallow cu

mulus clouds are larger than 4 /tm, ions are captured

selectively by the Wilson effect. Larger droplets will ac

quire a negative charge by the preferential attraction of

negative ions, as shown in Figure 9.3b for the "slow ion"

case(B + £ < U).

The maximum charge acquired by droplets for the

Wilson effect is

Q = 2-ne^-E. (9.6)

This is only one sixth the diffusion charge from the drift

current given by Eq. (9.5) and yields a negative charge

equivalent to 36 electrons for the largest cloud droplets

(R = 100 /tm) and a downward directed field of 10 V/m.
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FIGURE 9.3 Selective ion capture from droplet polarization in a

downward-directed field (Wilson effect): a, fast-ion case B.£ > U);

b, slow-ion case (B, £ < U) with trajectories given by dashed curves.

Thus the largest cloud droplets are charged for the Wil

son effect to a magnitude of about the rms Boltzmann

charge.

In our cumulus scenario the cloud is only about 1 km

deep with a central updraft speed of 1 to 2 m/sec; there

fore the small drops that we are considering are carried

upward. When the cloud depth increases to about 3 km,

drops become large enough to be detected by radar.

This is a common circumstance for summer cumulus

clouds in mid-latitudes. The cloud top would lie below

the level where droplets readily freeze except over ele

vated terrain or in a more northern climate. The drops

associated with the initial radar echo are still quite small

and unable to fall out of the cloud. However, we con

sider the time of the first radar echo as the beginning of

the rain stage. In the following section we examine the

charging mechanisms associated with drizzle drops and

raindrops: selective ion charging, breakup charging,

and induction charging.

RAIN STAGE

Selective Ion Charging

When we make the transition to the new stage, micro-

scale separation of charge becomes more powerful be

cause of the R- dependence of charge captured by polar

ized drops [Eqs. (9.5) and (9.6)]. As the drizzle drops

begin moving downward in the cloud a larger scale sep

aration of charge can result as drizzle drops capture neg
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ative ions (Wilson effect) and the excess positive ions be

come attached to cloud droplets. The enhanced electric

field within the cloud would provide a positive feedback

to the Wilson effect by increasing the polarization on the

drops. If the field should reach about 10 kV/m the ion

drift velocity would increase to a few meters per second.

This is the situation where the velocity of positive ions is

about the same as the fall speed of small raindrops. Con

sequently generation by selective ion charging and the

simple feedback mechanism for the Wilson effect is lim

ited. [The same limit does not apply to diffusion charg

ing at cloud edges, Eq. (9.5)].

In the rain stage, microscale separation of charge

from ion capture continues while new mechanisms

make their appearance. The role of convection remains

central to cloud development as well as the motion of

charged droplets within the updraft. Transport and

drift are important factors in ion movement within the

cloud and to droplets at the boundaries. The Wilson ef

fect appears to be responsible for some of the field en

hancement but must be considered along with the addi

tional mechanisms of breakup charging and induction

charging.

Breakup Charging

The collisions between drizzle (R = 100-1000 /tm)

and cloud droplets (R = 10-100 /tm) usually result in

coalescence growth and the production of rain. In con

trast the collisions between raindrops (R = 1-6 mm) and

drizzle often result in only transient coalescence fol

lowed by fragmentation. Such events can result in

charged drops in the presence of an electric field. The

polarization charge of one sign on a spherical drop is

Q = 3*eoR2E. (9.7)

This equation gives the net positive or negative charge

that can be separated by "slicing" a polarized drop in

half. To apply Eq. (9.7) to the rain stage, consideration

of some details of drop collisions and the role of the elec

tric field follows.

Four general kinds of breakup phenomena are illus

trated in Figure 9.4 (neck, sheet, disk, and bag) based on

the laboratory study of McTaggart-Cowan and List

(1975) . The amount of charge separated in bag breakup

is given approximately by Eq. (9.7) (Matthews and Ma

son, 1964), but the charge has not been determined for

the other cases shown in Figure 9.4. The most frequent

kinds of breakup result after a vertical elongation of the

coalesced drop pair followed by a neck or sheet that

tears into numerous droplets. This is not the ideal "slic

ing" required for Eq. (9.7). For example, an elongation

increases the polarization charge by a factor of 4 if the
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FIGURE 9.4 The four observed breakup types with percentages of

occurrence: a, neck; b, sheet (two views taken perpendicular to each

other); c, disk; d, bag (from McTaggart-Cowan and List, 1975).

distorted drop is modeled as a prolate spheroid with a

major axis of 5 times the spherical diameter. Thus Eq.

(9.7) gives a rather conservative estimate of the micro-

scale charge separation in breakup.

An important feature of breakup collisions is that they

occur slowly compared with the charge-relaxation time

(i.e., the time required to redistribute the charge). The

breakup time is given roughly by the raindrop diameter

divided by the velocity difference between the colliding

drops (about 0.5 msec). In contrast, the charge relaxa

tion time for pure water is about 100 times faster and for

rainwater with impurities, 104 to 106 times faster. Thus,

the distribution of polarization charge on a distorting

raindrop is in approximate equilibrium with the electric

field.

In breakup charging, the electric field separates

charge on individual drops by polarization, breakup

separates charge between colliding drops, and gravity

separates charge on a large scale. The sheet breakup

shown in Figure 9.4b, with a downward directed field,

will result in a positive charge on the large fragment (R

> 1 mm) given approximately by Eq. (9.7) and a nega

tive charge of the same magnitude distributed over the

small fragments (R = 100 /tm). The difference in fall

speed between these sizes (6 to 10 m/sec) gives the cloud-

scale separation rate.

Although breakup charging contains the microscale

and cloud-scale mechanisms of charge separation neces

sary for cloud electrification, it does not reinforce the

existing field. However, it may contribute significantly

to drop charging found in both the rain and hail stages.
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Induction Charging

In addition to coalescence and breakup, the collision

between drops can result in interactions where the two

drops bounce apart. The amount of charge transferred

between drops that are polarized depends on the contact

angle relative to the field, the contact time, the charge

relaxation time, and the net charge on the drops as well

as the magnitude of the polarization. Induction charg

ing was first considered by Elster and Geitel (see

Chalmers, 1967) for contact between a large and small

sphere along a line parallel to the field. Later studies

included the effects of image charges, contact angle,

and net charge with extensions of theory to ice particles.

In the rain stage we will consider only induction charg

ing for drops while reserving the ice aspects of this mech

anism for the hail stage.

The importance of contact angle is immediately obvi

ous from the induced surface charge on a conducting

sphere in a uniform electric field given by 3t€0E cos 6

and shown schematically on Figure 9.5a. However, the

contact angle is a hydrodynamic problem of two defor-

mable bodies in a gaseous medium with its own set of

governing parameters. Even in the absence of electric

effects, such interactions are understood only in terms of

broad categories in a manner similar to the breakup

phenomena. For example, contact angles of 50-90° are

associated with bouncing drops, and angles of 60-80°

with partial coalescence. These phenomena occur over

sizes intermediate to the ranges for coalescence and

breakup. Laboratory experiments indicate bouncing

between large and small drizzle drops and partial coa

lescence between drizzle and large cloud drops. We will

emphasize the charge transfer between dissimilar sizes,

as the above ranges suggest. Interactions between simi-
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FIGURE 9.5 Charge transfer by the induction mechanism for collid

ing drops in a downward-directed field: a, charge distribution on a

polarized drop; b, contact at moderate angle; c, charge generation

after separation.

lar size drops are relatively unimportant because their

similar fall speeds lead to infrequent collisions.

The maximum charge on a large drop (fl) acquired by

collision with a small drop (r) for dissimilar sizes is given

approximately by

O = 12cos0 ireor2£. (9.8)

If we assign an average contact angle of 70 (whereby

12 cos 0 = 4), the result is similar to Eqs. (9.6) and (9.7)

except for the scaling by r2 instead of R2. It should be

obvious from the r2 dependency that the induction

mechanism is not a powerful means of direct charge sep

aration. However, as Figure 9.5 demonstrates, the mi-

croscale charge separation followed by differential sedi

mentation reinforces the existing field. Therefore the

induction mechanism may be capable of significant

charge separation on the cloud scale through positive

feedback to Eq. (9.8).

There are several possible limitations on induction

charging between drops. First, charge transfer must oc

cur on a time scale compatible with contact. When we

consider the interaction between drizzle drops and large

cloud droplets, appropriate for partial coalescence or

bouncing, the contact time ranges from 1 to 50 /tsec.

This is several orders of magnitude longer than the

charge-relaxation time for cloud and rain water. There

fore the contact time is not a limitation for charge trans

fer between drops.

A second possible limitation occurs because an elec

tric field can transform partial coalescence (or bounce)

into complete coalescence. This effect has not been stud

ied in detail; however, laboratory simulations of induc

tion charging (Jennings, 1975) showed that the separa

tion probability is reduced by an order of magnitude

when the field is increased from 10 kV/m to 30 kV/m.

Other studies with charged drops of similar sizes show

suppression of bounce at charges comparable with those

induced by the above fields. Hence, there is evidence

suggesting a limit on induction charging but at fields

well above those found in the rain stage (typically less

than 1 kV/m).

A third possible limitation, one that applies to bounc

ing drops but not to partial coalescence, is that charge

transfer must occur across an air gap. Transfer mecha

nisms such as field emission or corona, in a small air gap,

usually require very high fields (greater than 107 Vim).

Since the field between drizzle drops is enhanced by in

duced charges by a factor of only about 50 to 500, thun

derstorm fields appear to be required for charge transfer

across the air gap between bouncing drops. However,

neither charge transfer between bouncing drops nor the

limitation of field-induced coalescence have been ade

quately investigated.
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Drop charging occurs in the rain stage from drift

charging at cloud edges and selective ion capture within

the cloud. The latter mechanism enhances the electric

field by gravitational separation of negatively charged

precipitation drops and positively charged cloud drop

lets. In addition, breakup charging of colliding drops

may result in significant charges on raindrops and driz

zle drops. Since fields are weak in the clouds we have

considered, induction charging is ineffective. However,

under the special circumstance of deep (warm) convec

tion, as discussed in the evaluation of charging mecha

nisms, induction may lead to higher fields through a

positive feedback.

As the cloud top rises above the freezing level the

newly formed cloud droplets, as well as drizzle drops

carried in the updraft, remain in the liquid state. Soon

some of the larger drops freeze until, at about the

- 15°C level, the cloud top takes on a fuzzy outline indi

cating a substantial number of ice particles. Such a gla

ciated cloud usually undergoes a growth spurt from the

release of latent heat. If the air above is not too warm,

convection may continue up to the base of the strato

sphere, resulting in an intense thunderstorm.

Typically on a day that has isolated thunderstorms,

the first cumulus clouds in the early afternoon reach

only the cloud stage. Somewhat later cloud tops are

higher and reach the rain stage. It is often not until mid

dle afternoon that cloud tops are high enough to glaci

ate. This is the onset of the hail stage, since what follows

is the beginning of hail-like precipitation as droplets col

lide and freeze onto larger ice particles.

HAIL STAGE

The glaciated portion of the cloud contains ice crys

tals in a saturated vapor environment maintained by the

presence of more numerous cloud droplets. Since the

saturation vapor pressure for ice is less than water, the

ice crystals grow rapidly by vapor diffusion. As the ice

crystals grow larger than about 100 jtm, they begin to

collect cloud droplets. This riming process continues

within the upper portion of the cloud until the particles

are transformed into soft hail (also termed "snow pel

lets" or "graupel") . These ice particles are not nearly so

dense or large as typical hailstones. When the size and

liquid water concentration are large enough, the accre

tion of water occurs too rapidly for immediate freezing.

Water will then infiltrate the rime structure and in

crease the particle mass, fall speed, and growth rate. In

a strong updraft the water in soft hail may refreeze

higher in the cloud, resulting in ice pellets (i.e., small

hailstones). Further growth by riming may be followed

by a descent to a region where wet growth can again

occur. A cycle of wet and dry growth may be repeated

several times to produce the multiple layering found in

larger hailstones (see also Chapter 7, this volume).

The above description for the growth of soft hail and

hailstones indicates the complexity of particle interac

tions in the hail stage. Although the growth of ice pre

cipitation is governed by the collection of cloud drop

lets, the charging of ice precipitation appears to be

linked to collision with smaller ice particles (Gaskell and

Illingworth, 1980; Latham, 1981; Jayaratne et al.,

1983). Therefore, we will consider the separation of

charge for collisions of precipitation, such as soft hail

and hailstones, with frozen drops and ice particles.

First, the induction charging discussed for the rain stage

will be extended to drops and ice particles rebounding

from ice precipitation with dry or wet surfaces. Then we

discuss thermoelectric charging and interface charging.

Induction Charging

The concept of induction described for the rain stage

can be applied in the hail stage after considering a few

alterations. Of primary importance is the charge relaxa

tion time for ice that is a factor of 1000 slower than for

liquid water. Theoretical estimates by Gaskell (1981)

for charge transfer between a 100-/tm ice sphere and a

much larger one, including the effect of a surface con

ductivity, yield a relaxation time constant of t = 100

ftsec, which is much longer than an estimated contact

time of less than 1 nsec. Since the amount of charge

transferred during contact is proportional to 1 - e " ' r,

an ice sphere charges at less than one hundredth the rate

of a comparable water drop. This would increase the

induction-charging time from a few minutes for drizzle

drops to several hours for ice pellets. However, induc

tion charging of wet hail would proceed to the maxi

mum amount in Eq. (9.8) about as rapidly as in the wa

ter-drop interactions.

Another aspect of induction charging is the effective

contact angle found from the average over the range of

bouncing interactions. In the rain stage the average is

about 70° for collisions between large and small drizzle

drops. Experimental measurements of charge separa

tion for larger precipitation particles (both water drops

and ice spheres) colliding with cloud droplets indicate

that the average contact angle is greater than 85 (e.g.,

see Jennings, 1975; Gaskill, 1981). In contrast, ice parti

cles almost always separate after colliding with hail, re

sulting in an average contact angle of 45° .

When we consider both the effects of contact angle

and charge relaxation, we can compare the strength of

induction charging for various particle interactions in

the hail stage. For collisions between dry hail and ice
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particles the relaxation time is too long to permit charg

ing to the maximum value given by Eq. (9.8). As stated

above, the charge attained by an ice pellet is less than

one hundredth that of drizzle in a comparable time. In

addition, the average contact angle of 45° yields only a

factor-of-2 increase over the 70° angle assumed for driz

zle. Thus, induction charging between dry hail and ice

particles is severely limited by the long relaxation time

for ice.

In collisions between wet hail and cloud drops or ice

crystals, charge relaxation should be controlled by liq

uid water and the charging rate comparable to induc

tion in the rain stage. The maximum charge attained

would be governed by the average contact angle in Eq.

(9 . 8) of over 85° for wet hail and cloud droplets (or small

drizzle drops) and 45° for wet hail and rebounding ice

crystals. Thus, the most powerful interaction for induc

tion charging in the hail stage would appear to be colli

sions between wet hail and ice crystals.

Thermoelectric Charging

Up to this point, we have discussed mechanisms that

depend on the ambient electric field. We now turn to

charge transfer between cloud and precipitation parti

cles where an external field is unnecessary. This class of

microscale separation mechanism originates from in

trinsic charge carriers and their relationship to bulk

properties. Thermoelectric charging is the result of a

thermally induced gradient in the concentration of car

riers that transport positive and negative charges. For a

linear gradient in temperature, the steady-state balance

between carrier diffusion and drift produces a field of E

= kdTldx with an empirically determined coefficient of

k = 2 mV/°C (Latham and Mason, 1961). The corre

sponding surface charge density from Gauss's law is

about (10" 15 C/cm °C) dT/dx (where the gradient is in

degrees per centimeter). We can estimate the steady-

state charge (in coulombs) for a short ice cylinder of ra

dius r by

Q = 10"15rAT (9.9)

for a temperature difference AT (°C) across a length of

irr (cm) and a surface charge on an area of wr2.

In the hail stage a temperature gradient would occur

during the contact between a precipitation particle,

warmed by the freezing of rime (e.g., soft hail) and a

smaller particle. A negative charge would be transfer

red to the precipitation particle with Q = 10" 16 C for a

small particle using r = 100 /tm and with a rather large

temperature difference of AT = 10°C. Thus, the charg

ing in a single collision is rather insubstantial when com

pared with values of greater than 1 pC measured for soft

hail in thunderstorms.

These estimates of thermoelectric charging are fur

ther reduced when we account for the limitation im

posed by transient contact. Both theory and experiment

show that about 10 msec are required to reach a maxi

mum charge comparable to Eq. (9.9) (Latham and

Stow, 1967). Since the contact time between precipita

tion and cloud particles is many orders of magnitude

smaller we can reasonably expect that our estimate of

10" lfi C for a single collision would be reduced to well

below 10" 18 C. Even under the most favorable condi

tions (i.e., 104 collisions within 20 minutes for high ice

crystal concentrations at 100 per liter), the accumulated

charge would be less than 10 " u C.

In contrast to the estimate of considerably less than

10" 18 C per event for thermoelectric charging, recent

laboratory studies have yielded up to 0.3 pC per colli

sion between a small ice particle and a simulated hail

stone (Gaskell and Illingworth, 1980). Thus, there is ev

idence to demonstrate that mechanisms far more

powerful than thermoelectric charging are at work in

the hail stage.

Interface Charging

Two types of interface charging will be discussed:

freezing potentials involving impurities and contact po

tentials.

Charge can be transferred across a freezing interface

by selective incorporation of ions, originating from dis

solved salts and gases, into the advancing ice. In the

steady state, a balance is reached between the selection

process and the relaxation of charge in the ice. A tran

sient in potential is observed when a plane interface ad

vances past an electric probe. Early workers measured

large potentials in the freezing of aqueous solutions con

taining naturally occurring salts over the range of con

centrations found in precipitation (Workman and Rey

nolds, 1948). Subsequent researchers have made more

refined measurements and developed a theoretical de

scription of freezing potentials (e.g. , see Caranti and Il

lingworth, 1983a). Others have investigated charge

transfer between solution drops and simulated hail

stones (e.g., Latham and Warwicker, 1980). As a result

of these later studies and related ones (Gaskell and Il

lingworth, 1980; Jayaratne et al., 1983; Caranti and Il

lingworth, 1983b) , the role of interface charging in hail-

stage electrification is being clarified.

As indicated above, two methods are used to study

interface charging: (1) potentials are measured as a

function of solute impurities and supercooling, with dif

fering growth rates and interface areas; and (2) transfer
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of charge is measured for collisions between particles

and a much larger "target" electrode coated with ice as a

function of solute impurity, supercooling, and speed of

impacting drops. Other conditions have also been var

ied, such as the target temperature and the riming rate

of the target for a mixture of supercooled drops and ice

crystals. Investigation of these various parameters cov

ers many of the conditions found in the hail stage and

helps to sort out contributions of freezing potentials

from contact potentials and the thermoelectric effect.

Recent studies have shown that interface potentials

for bulk solutions near 0°C are substantially reduced by

supercooling, apparently from the effects of the den

dritic interface (Caranti and Illingworth, 1983a). Po

tentials could not be measured for 100-/tm-diameter

droplets, in the range - 1 to - 20°C, impacting on an

ice substrate because the potential was either too small

(less than 100 mV) or it decayed too rapidly (in less than

5 msec). A reduction in charge transfer was also found

by Latham and Warwicker (1980) for millimeter-size

drops splashing from ice targets in comparison with ear

lier findings for drops not completely cooled by the air

(Workman, 1969). In fact, the charging was of the

wrong sign for the freezing of sodium chloride solutions

and independent of concentration, indicating that the

freezing potential was not the dominating mechanism.

A more likely cause was a common form of interface

charging associated with the disruption of an air-water

interface (i.e. , spray electrification) . The charges on the

air-water interface are readily overwhelmed by polar

ization charges. For example, Latham and Warwicker

(1980) found that charge transfer was substantially in

creased by applying a field of only 100 V/m.

As the above comparisons demonstrate, the relative

importance of charge transfer during the freezing of

aqueous solutions is greatly diminished by supercooling.

The effect of dissolved ions on charging seems to be neg

ligible in the splashing of supercooled solution drops

from ice targets. However, the above considerations do

not rule out the freezing potential as a factor in the

transfer of charge for a target collecting solution drops

and also colliding with ice crystals.

Before examining collisions involving ice crystals dur

ing rime formation, we will consider the transfer of

charge between an ice-coated target and rebounding ice

particles in the absence of droplets. Experiments have

shown that a target of ice accumulates either negative or

positive charge in collision with ice particles depending

on whether the target surface has undergone sublima

tion or deposition (Buser and Aufdermaur, 1977) . It was

concluded from an additional experiment that the con

dition of the surface was controlling the charge transfer

rather than a thermal gradient as would have been ex

pected for the thermoelectric effect. Buser and Aufder

maur (1977) also found that the transfer of charge be

tween ice particles and targets of various metals was

proportional to the contact potential. Thus variations in

the surface state and, in particular, the free energy of

the charge carriers is a major factor in this type of charge

separation. The differing signs in the ice-target experi

ments can be attributed to differing surface characteris

tics of the target. The surface exposed during sublima

tion was composed of ice originally formed near 0°C,

whereas a frosted surface was produced by deposition at

the experimental condition of - 45°C.

More recently Gaskell and Illingworth (1980) studied

interface charging in the temperature range from - 5 to

- 25°C. They also found negative charging for a sub

liming target and positive charging during deposition

without any direct evidence of the thermoelectric effect.

Frozen droplets of 100-^m diameter transferred charges

of about - 0.015 pC for sublimation and + 0. 10 pC for

deposition. Little variation in charging was found over

the temperature range or when the ice target contained

ion impurities. These results are consistent with inter

face charging by a contact potential mechanism

whereby the surface states of the charge carriers differ

between the smooth surface formed near 0°C, exposed

during sublimation, and the frosted surface formed by

deposition. Additional support for the contact potential

hypothesis comes from measurements of the effects of

impact velocity and droplet size on charging, since the

transfer of charge was found to increase with both of

these parameters in a manner consistent with an in

crease in contact area (Gaskell and Illingworth, 1980).

Charging was also examined by Gaskell and Il

lingworth (1980) for a target undergoing simultaneous

collisions with ice particles of 100 jtm diameter and su

percooled droplets at low to moderate liquid water con

tents (0.05 to 0.85 g/m3). The charge transferred to the

target was positive at - 5°C and negative at - 15°C

with the transition near - 10°C. The sign reversal was

possibly caused by changes in the contact potential with

rime structure at different temperatures (Caranti and

Illingworth, 1980).

An estimate of interface charging in collisions be

tween various sizes of cloud and precipitation particles

can be obtained from the work of Gaskell and Il

lingworth (1980) in which the charge was found to be

related to the contact area through the impact speed and

ice particle size. In the following formula, we have com

bined their relation for impact velocity (Q « (/' 6) with

an expression for the velocity of hail (U <x R°-8, e.g., see

Pruppacher and Klett, 1978) and have included their

scaling for ice particle size (Q « r1 7):

Q = Ffl1 (9.10)
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The factor F is a function of the interface potential, de

pends on the nature of the contact surfaces, and may be

evaluated from laboratory data. For example, in the

riming experiment of Caskell and Illingworth (1980) the

collisional charge was Q = — 0.04 pC in the range - 15

to -20°Cforr = 50/tmandfl = 0.43 cm (a size with a

terminal velocity at the laboratory impact speed, 8 m/

sec) . Thus, for the interface conditions corresponding to

these experiments the factor for the interface potential is

F = - 970 (with Q in picocoulombs and the radii in

centimeters).

The latest investigation of ice crystals rebounding

from riming targets provides additional evidence for in

terface charging (Jayaratne et al., 1983). In this study

the target electrode was moved through a cloud of su

percooled droplets that was seeded to produce ice crys

tals. Charging of the target began shortly after seeding

and ended after about 4 minutes when the ice crystals

settled out of the cloud. At low liquid-water contents the

maximum current was positive at a temperature below

about — 10°C and negative at temperatures above, in

dicating a reversal in sign of the charge in a manner sim

ilar to that of Gaskell and Illingworth (1980). The

results of Jayaratne et al. are difficult to interpret in

terms of charge transfer because of transients in the ice

crystal size, the liquid-water content, and the current

measured at the target. However, the charge was esti

mated for single events by the investigators from the tar

get current and ice crystal concentration. In one case

they estimated Q — 0.01 pC for an ice crystal size of 125

pm diameter, where the target speed was 2.9 m/sec, the

temperature - 6°C, and the liquid-water content 2 g/

m3. The factor for the interface potential that corre

sponds to these experimental conditions is F = 870 (with

Q in picocoulombs and the radii in centimeters).

The variation in the sign-reversal temperature with

liquid-water content was attributed to changes in the

freezing process or to variations in the structure and

density of the rime. This view is consistent with inter

face charging by the contact potential mechanism.

However, sufficient data are unavailable to express the

factor for the interface potential as a function of the rim

ing rate or fundamental parameters such as temperature

and liquid-water content.

Another aspect investigated by Jayaratne et al. (1983)

was the variation in charging with solute impurities in

the cloud droplets. For cloud water containing natural

amounts of sodium chloride they determined that about

- 0.003 pC was transferred by ice crystals of 50-/tm di

ameter at - 10°C and 1 g/m3. A charge of the same

magnitude but of the reverse sign was found for ammo

nium sulfate under the same conditions. At - 20°C the

charge was - 0.08 pC for sodium chloride and + 0.08

pC for ammonium sulfate. It should be noted that with

these impurities there was no sign reversal in charging

over the temperature range investigated ( - 4 to

- 20°C). The factor for the interface potential based on

the sodium chloride measurements is F = - 1 100 for

- 10°C and F = - 3100 at - 20°C. The corresponding

factors for the ammonium sulfate measurements are the

same but have a positive value.

In contrast to the above study, Caranti and Il

lingworth (1983b) found that solute impurities at natu

ral concentrations did not have a measurable effect on

the contact potential of a riming substrate. Thus there

seems to be contradictory evidence on the role of solutes

in contact charging. A direct comparison between these

two studies may be inappropriate because the rime

structure and the resultant factor for the interface po

tential may have been affected by differing experimen

tal conditions. If the solute influenced the rime structure

in the experiments of Jayaratne et al. (1983) either di

rectly during the freezing or indirectly by alternating

the cloud properties, then their results would have been

affected by the contact potential mechanism.

In summary, interface charging occurs between rim

ing precipitation particles and ice crystals with a nega

tive charge acquired by the precipitation for tempera

tures below about - 15°C or - 20°C depending on the

liquid-water content. The separation of charge appears

to result from an interface potential with an amount

given by Eq. (9.10) that incorporates the variation in

contact area through the ice crystal size and hail size

(i.e., impact speed). The interface potential enters Eq.

(9.10) through an empirical factor, F. Natural amounts

of solute also affect the magnitude and sign of charging.

However, it is unclear whether the resultant change in

interface potential occurs as a freezing potential or indi

rectly as a contact potential through an altered rime

structure.

Before applying the results of these laboratory find

ings to the hail stage we first consider the appropriate

value of the factor for the interface potential. In the

evaluations presented here F was found to be in the

range - 3100 to + 3100. Thus the charge obtained by a

precipitation particle of R = 1 mm in a collision with an

ice particle of r = 50 nm has a range, according to Eq.

(9. 10), of - 0.02 to + 0.02 pC. This range is increased to

+ 0.15pCforfi = 2 mm and r = 100 nm. These calcu

lated values also correspond to the measured range pre

sented in this section because the particle sizes corre

spond approximately to the experimental sizes (r) and

impact speeds. For a particular application to the hail

stage we consider a situation similar to the experiment of

Gaskell and Illingworth (1980) at low to moderate liq

uid-water contents and in the temperature range - 15

to - 20°C. For this set of conditions the type of rime is

appropriate for soft hail. The estimated charge transfer
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red to a soft hail particle (R = 1 mm) by an ice particle (r

= 50 nm) is - 0.006 pC using F = - 970 (determined

previously for this experiment) .

Since contact charging happens much more rapidly

than discharging of net charge between particles by con

duction, a buildup of charge can readily occur in multi

ple collisions. A charge of 20 pC could accumulate un

der favorable conditions with ice crystal concentrations

of 100 per liter after 3000 collisions (or about 6 minutes).

This amount is comparable with negative charges found

on ice precipitation in highly electrified regions of thun

derstorms (e.g., see Latham, 1981). Thus, interface

charging appears to be capable of microscale charge

separation in amounts that can account for a major as

pect of thunderstorm electrification. However, the wide

range and sign variation for the interface factor (and

charge) found in laboratory studies seems to be at odds

with observations of the predominantly negative charge

center for thunderstorms. It is apparent that additional

laboratory measurements along with more detailed

field observations are required to sort out the discrep

ancy. The relation of the interface factor (F) to tempera

ture, liquid-water content, and impurities must be

known before interface charging can be reliably applied

to the variety of conditions in the hail stage.

This completes our detailed discussion of microscale

charge separation. We have gone from diffusion charg

ing in the cloud stage to the more complex mechanisms

involving precipitation in the rain and hail stages. In the

following section we consider the relative importance of

these mechanisms, and in particular, we evaluate their

contributions by comparison with observations of

clouds and thunderstorms.

EVALUATION

The requirements for a satisfactory explanation of

charge separation in clouds and thunderstorms are

fairly well known (e.g., Mason, 1972; Latham, 1981;

Takahashi, 1982). Any theory must be capable of ex

plaining microscale and cloud-scale charge separation

on a suitable time scale. For a fairly complete assessment

of charge-separation mechanisms, we need to take into

account the evolution of charges and fields, and their

interactions, in at least two dimensions. Such an evalua

tion is well beyond the scope of this paper (see Chapter

10, this volume, on cloud modeling.) What we can do

here is reiterate some of the pronounced strengths and

weaknesses for the various charging mechanisms. We

can also indicate where model studies would be helpful

in quantifying our gross conclusions and point to areas

in need of further laboratory or field research. In mak

ing our evaluation we consider the major requirements

for an adequate theory of charge separation in three

stages: (1) the cloud stage for small cumulus clouds that

contain only cloud droplets and drizzle drops; (2) the

rain stage for larger cumulus clouds that contain rain

drops formed by accretion of cloud droplets; and (3) the

hail stage for the upper regions of large cumulus clouds

where precipitation (notably, soft hail) is formed by ac

cretion of supercooled droplets.

Cloud Stage

Electrification is generally weak in the cloud stage.

Ion mechanisms dominate because of the absence of pre

cipitation and their associated charge-separation mech

anisms. Charges have been observed to range from

about 1 to 20 electrons for small cloud droplets with a

normal distribution centered near zero charge. Values

of the average charge magnitude are indicated in Figure

9.6 by region Q from measurements in stratocumulus

clouds (Phillips and Kinzer, 1958). The observations

agree with a Boltzmann equilibrium (line c) after the
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FIGURE 9.6 Average charge magnitude for cloud and precipitation

particles. Regions C, and C2 show cloud stage (after Phillips and Kin

zer, 1958; Gunn, 1957), regions R, and R2 show rain stage for shallow

and deep convection (after Takahashi, 1973a, 1978). and regions H,

and H< show hail stage (after Takahashi, 1973a; Latham, 1981). Lines

labeled c, r, and h are from equations given by lower inset. Lines 1

through 6 have R2£ dependence on charge (see upper inset for corre

sponding mechanisms and fields).
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rms charge given by Eq. (9.3) is converted to a mean

deviation ^see lower inset on Figure 9.6 for the corre

sponding Q equation). We can expect that the charge

distributions for large cloud drops would be skewed (no

longer centered on zero charge) with higher averages as

indicated by region C2 from the influence of the electric

field by drift charging at cloud edges and selective ion

charging. Note that charging under the influence of the

electric field is depicted on Figure 9.6 by the lines la

beled 1 through 6. The corresponding values of electric

field for three mechanisms are found in the upper inset.

For example, line 2 shows the charge magnitude for

drift charging at cloud base (or top) in a field of 10 V/m

and selective ion charging in a field of 60 V/m.

For a small cumulus, charge separation in the cloud

stage is consistent with microscale ion capture and

cloud-scale convective transport of charge. This combi

nation can account for such features in the cloud stage as

the negative core and positive edges. It can also explain a

positive charge in the base of a cloud very near to the

ground. Charging by ion capture appears to be limited

by cosmic-ray production within the cloud (Wormell,

1953) and transport from outside, and therefore addi

tional mechanisms are required to produce the fields

and charges found in the rain stage and hail stage.

Rain Stage

Electrification in convective clouds of less than about

3 km deep is characterized by the drop charges for the

rain stage indicated in Figure 9.6 by region R] (Taka-

hashi, 1973a). The mean value (Q) is approximated by

the straight line proportional to R13 (i.e., line r with

equation shown on lower inset from Pruppacher and

Klett, 1978). Since the electric field associated with

these clouds is often 10 to 100 V/m, it is apparent from

Figure 9.6 that drift charging (lines 2 and 3) and also

selective ion charging and breakup charging can pro

duce charges of the observed magnitude (Q) for drizzle

and raindrops (R > 100 /tm). What is not so apparent is

how cloud drops and small drizzle drops acquire their

relatively high charge in the rain stage. One possibility is

by evaporation of drops with higher charge. Other ex

planations involve selective ion capture from the effects

of surface potentials (Takahashi, 1973b; Wahlin, 1977).

However, the details of these mechanisms are poorly un

derstood, and consequently their role in drop electrifi

cation remains uncertain. Additional research is needed

to clarify the microscale-separation mechanisms respon

sible for charging cloud drops and drizzle drops.

Another aspect of electrification in the rain stage is

the predominant sign of charge for cloud drops, drizzle,

and raindrops. We can consider charge separation for a

convective cloud of about 3 km deep (after Takahashi,

1982). The trajectories of drizzle and raindrops are de

picted in Figure 9.7 to indicate differences for the pre

ferred sign of charge. The drizzle drop is in a region of

lower updraft speed (dashed arrow) , which results in a

shorter growth time within the cloud. Negative charg

ing occurs by the Wilson effect (for a downward-di

rected field) and by drift current at cloud base. In addi

tion, drizzle may be produced by breakup of raindrops,

resulting in negatively charged drizzle for the field near

and below cloud base. Raindrops become electrified

positively by breakup charging. At an earlier time, rain

drops near cloud top may also acquire a positive charge

from the capture of droplets.

Although this picture of drop trajectories in Figure

9.7 is greatly simplified it does illustrate some essential

differences that can occur in growth histories and in the

resultant charge-separation mechanisms for cloud drop

lets, drizzle drops, and raindrops. Our conclusions

about the predominant sign of charge, based on trajec

tories and separation mechanisms, are consistent with

extensive observation of tropical cumulus clouds (e.g.,

see Takahashi, 1982). These observations show a pre

dominance of positive droplets near cloud top and nega

tive drizzle drops and positive raindrops within and be

low the cloud.
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FIGURE 9.7 Rain-stage electrification based on simplified growth

histories for drizzle and raindrops (modified from Takahashi, 1982).

Air currents are shown by dashed arrows and ion drift currents by

heavy arrows.
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A fascinating aspect of electrification in the rain stage

is the reported occurrence of lightning for clouds

warmer than 0°C (e.g., see Moore et al., 1960). The

evidence is incomplete because this phenomenon has not

been verified by in situ measurements of cloud tempera

ture. Such lightning is apparently restricted to the trop

ics and probably occurs only in clouds that are deeper

than discussed above. For warm clouds of about 5 km

depth average charges are typified by region R2 shown

on Figure 9.6 (Takahashi, 1978). These charges were

measured at the ground with associated fields of less

than 1 kV/m. Drift charging, selective ion capture, and

breakup charging can probably account for such high

charges providing the fields in or around the cloud reach

about 1 kV/m. (Fields as large as 3 kV/m were measured

from an aircraft in the vicinity of warm cloud lightning

by Moore et al., 1960.) There is also the possibility that

induction charging could contribute to the field intensi

fication within the cloud, but the enhancement of drop

coalescence in fields of 30 kV/m suggests that lightning

cannot be achieved by induction alone. We should keep

in mind, however, that induction charging has been in

vestigated for only a narrow range of drop sizes and that

lightning in deep (warm) convection has not been stud

ied in detail. Therefore, additional research on charge

separation mechanisms is required to understand the

strong electrification that occurs in deep warm clouds.

Hail Stage

There are three aspects of charging in the hail stage

that must be explained: (1) the observed region of nega

tive charge, (2) the buildup of fields, and (3) the average

values of charge. Regions of negative charge lie gener

ally between the - 10 and - 25°C level even in winter

thunderstorms, as illustrated by the location of light

ning sources shown on Figure 9.8 (from Krehbiel et al.,

1983). The space-charge densities associated with the

region of negative charge average about 1 C/km3 from

estimates based on lightning currents and particle

charges (Latham, 1981). The second aspect of charging

in the hail stage is the development of large electric

fields. The maximum fields measured in thunderstorms

are consistent with estimates of the requirement for

lightning initiation (about 400 kV/m).

The average magnitude of charge on individual parti

cles (Q) in the hail stage is shown on Figure 9.6 by region

H! for cloud droplets and region H2 for precipitation

particles, with line h giving an approximate Q from

Grover and Beard (1975). The charges on raindrops are

in the lower portion of H2 (after Takahashi, 1973a),

whereas charges on solid precipitation reside in the up

per portion of H2 (Latham, 1981). In both cases the av

erage for the negative charges usually exceeded the posi

tive charges by a significant amount, with charges on

individual particles sometimes in excess of 100 pC. As a

result of the high fields found in the hail stage, breakup

charging would be highly efficient (Figure 9.6, line 6),

with the sign depending on the orientation of the local

field. (Note that a variety of field orientations must oc

cur within thunderstorms around charge centers, see

Figure 9.8.) Drift charging would also be efficient in

strong fields if ion concentrations are enhanced by co

rona from ice crystals (Griffiths and Latham, 1974).

Thus the generally high charges found on cloud and pre

cipitation particles are probably an indication of field-

driven mechanisms that separate charge on the micro-

scale. For the causes of high fields we will consider the

FIGURE 9.8 Schematic diagram illustrat

ing the levels and distribution of charge

sources for ground-flash lightning observed

for summertime in Florida and New Mexico

and for wintertime in Japan (from Krehbiel et

al, 1983).
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microscale and cloud-scale mechanisms that lead to the

negative-charge region observed to occur between - 10

and - 25°C.

We first evaluate convection charging, which has

held a controversial position among theories of thunder

storm electrification (e.g., see arguments in Mason,

1976; Moore, 1977) . These theories, proposed by Grenet

(see Chalmers, 1967) and Vonnegut (1955), rely on the

transport by updrafts and downdrafts of space charges

and screening layers. In the hail stage, with a highly

electrified cloud, the charge from the positive corona at

the ground is carried into the cloud base and by the up-

draft, to the cloud top where it attracts a negative

screening layer. The downdrafts carry the negative

charge back toward the cloud base to strengthen the

negative field between the cloud base and the ground,

thus enhancing the positive corona. The notion of nega

tive charge in downdrafts has been reintroduced in the

form of nonrandom mixing from the cloud top by Tel

ford and Wagner (1979) to provide a qualitative expla

nation for a negative-charge region near the - 10°C

level.

This picture of descending negative charges appears

to be at odds with the early stages of convective electrifi

cation modeled by Chiu and Klett (1976). They found a

positive screening layer at a cloud top and positive de

scending charges. Convection and mixing were found to

weaken the field within the cloud. Since Chiu and Klett

did not expect their model outcome to change apprecia

bly for clouds deeper than 5 km, it is difficult to envision

how convective (single-cell) transport could be the

source of strong electrification. However, in the hail

stage with multicell convection and with corona from

precipitation, the ion concentrations would differ con

siderably from the model of Chiu and Klett. Thus, a

better model is required to evaluate the importance of

convection in highly electrified clouds.

Another criticism of convection charging is that up

drafts and downdrafts may disorganize their associated

charges through mixing (e.g. , see Chalmers, 1967) . The

study of Chiu and Klett clearly shows that single-cell

convection with eddy diffusion diminishes the electric

field within the cloud. If we picture cloud turrets as con

vective cells (similar to Figure 9 . 2) with interspersed up

drafts and downdrafts, then the possibility for disorgan

ization by mixing between adjacent charge regions

becomes rapidly apparent. Questions regarding the im

portance of mixing in cloud electrification probably will

not have a satisfactory answer until we have more quan

titative models of turret scale motions and entrainment.

In addition, the common occurrence of a negative

charge center near - 15°C suggests that transport of

ions and charged particles by convection is not so impor

tant as microscale charge separation involving ice parti

cles.

In evaluating induction charging in the hail stage, we

consider that the most efficient microscale interactions

are collisions between wet hail and ice particles. The

maximum charge according to Eq. (9.8) is about 1 pC in

the limiting field of 400 kV/m for a particle of 100-/tm

radius and 10 pC for a 300-/tm particle. Since the wet

growth of hail requires sizes larger than about 10 mm

diameter, the induction limit of 1 to 10 pC even for R =

10 mm is well below the charge expected from ion cap

ture in high fields (see line 6, Figure 9.6). Thus, induc

tion charging cannot be directly responsible for the av

erage charges (1 to 100 pC) found on precipitation

particles (0.5 to 2 mm radius) in the hail stage.

Another aspect of the induction charging of wet hail is

its importance to the region of negative charge near the

- 15°C level. For hailstones with a maximum charge of

10 pC at a maximum concentration of 1 m " 3, the result

ing space-charge density is 0.01 C/km3. This estimate of

the maximum charge density is several orders of magni

tude smaller than a charge of about 1 C/km3 found from

measurements of particles and from estimates based on

lightning currents. Although the induction mechanism

provides negative charge on precipitation particles and

field intensification through feedback, it appears to be

too weak to account for the charge densities associated

with the hail stage. Its shortcomings are twofold: the

maximum charge is limited by the effects of size and

contact angle given in Eq. (9.8), and the charge density

is limited by the instrinsically low concentration of hail

stones. The microscale separation mechanism in the

negative-charge region is probably associated with

smaller precipitation particles (e.g., soft hail), because

their higher concentration could lead more easily to a

sufficient charge density. For example, particles at a

concentration of 100 m " 3 carrying 10 pC would result in

a more realistic 1 C/km3.

The charging of soft hail has been simulated in the

laboratory by collisions between ice particles and an ice

electrode in the process of riming (Gaskill and II-

lingworth, 1980; Jayaratne et al., 1983). Although our

understanding of the separation mechanism is incom

plete, the evidence points to interface charging from

contact potentials with freezing potentials having a sec

ondary role. Investigations of temperature effects in the

above studies have ruled out thermoelectric charging.

The formula applicable to these results scales with con

tact area and is the same as line r on Figure 9.6 when

evaluated for an ice particle of r = 60 /tm. Thus charge

transfer for individual collisions between soft hail and

small ice particles is around 0.01 pC. Since contact time

is relatively short compared with the time required to



128 KENNETH V. K. BEARD and HARRY T. OCHS

discharge colliding particles by conduction, an accumu

lation of charge can occur in multiple collisions. In this

manner an increase of 3 orders of magnitude, well into

region H2, may be attained with high concentrations of

ice crystals in several minutes.

A key result of the above experiments is a reversal in

the sign of charging at temperatures of - 10 to - 25°C

depending on liquid-water content. Riming particles

acquire negative charges if colder than the reversal tem

perature and positive if warmer. Thus, soft hail would

be charged negatively above the reversal level in the

cloud and positively below this level.

Jayaratne et al. (1983) postulated that descending

precipitation particles should have their maximum neg

ative charge near the reversal level and that rebounding

ice crystals carrying negative charge from below would

also contribute to the negative region. The fields di

rected toward the reversal level would intensify during

the process of charge separation by differential sedimen

tation.

There are many features of interface charging that

need clarification before we can feel comfortable with

the above description of charging in the hail stage. First,

the roles of temperature, liquid-water content, and so

lutes are poorly understood. These appear to influence

contact potential through changes in rime structure.

(Solutes may also affect interface charging by transient

freezing potentials.) Second, the details of charge trans

fer have not been explained, although the charge carri

ers are probably associated with the contact surfaces.

This concept is consistent with a rapid transfer of charge

that scales with contact area. Finally, our recently ac

quired understanding of interface charging, even

though somewhat limited, cannot be adequately as

sessed until it is placed within the framework of a multi

dimensional cloud model.

CONCLUSIONS

The charging mechanisms in clouds and thunder

storms are varied and numerous. Some are simple and

readily appreciated, whereas others are complex. Sev

eral important mechanisms are poorly understood.

Feedback readily occurs through changes in ion concen

tration and the electric field making it difficult to iden

tify the primary causes for electrification. However,

some simplification can result by considering the charg

ing mechanisms in three stages of cumulus cloud devel

opment: the cloud, rain, and hail stages.

The charging mechanisms discussed in this chapter

are summarized in Table 9.1. Each mechanism is listed

with the microscale and cloud-scale separators (with

TABLE 9. 1 Charge Separation in Clouds and Thunderstorms

Mechanism Microscale Cloud Scale Major Roles

1. Diffusion charging"

2. Drift charging"''

3. Selective ion

charging'1'

4. Breakup charging''

5. Induction charging J

6. Convection charging^,*,"

7. Thermoelectric charging'

8. Interface charging'*

Ion capture by

diffusion

Ion capture in

drift currents

Ion capture by

polarized drops

Collisional

breakup of

polarized drops

Charge transfer

between polarized

particles

Space-charge

production

Ion capture in

drift currents

Charge transfer

between particles of

differing temperatures

Charge transfer

between particles

involving contact

potentials

(freezing potentials)

Drift currents

Convection

(Sedimentation)

Sedimentation

(Convection)

Sedimentation

(Convection)

Sedimentation

(Convection)

Convection

Sedimentation

(Convection)

Sedimentation

(Convection)

Removes ions within

cloud

Charges particles

Enhances field

Charges particles

Enhances fields

Charges drops

Charges particles

Enhances field

Enhances field

(Charges particles)

(Charges particles)

Charges particles

Enhances field

"Gunn (1957); fcChiu and Klett (1976); 'Wilson (1929); ''Chalmers

(1947); ''Vonnegut (1955); 'Latham and Mason (1961); 'Workman and

, (1967); 'Matthews and Mason (1964); Ulster and Geitel (1913); KGrenet

Reynolds (1948); kBuser and Aufdermaur (1977).
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items of secondary importance shown in parentheses).

Charging appears to be well described by diffusion,

drift, and selective ion capture for the nonprecipitating

cloud stage (mechanisms 1-3). The situation in the rain

stage is complicated by the addition of breakup and in

duction (mechanisms 4 and 5). We suspect that drift,

selective ion capture, breakup, and induction are re

sponsible for charges and fields in shallow clouds. How

ever, it is difficult to find an explanation for the stronger

electrification in convective clouds over a few kilome

ters deep. The basis of lightning from clouds with tops

warmer than freezing remains a mystery. A major prob

lem in the rain stage is that our knowledge of the sus

pected mechanisms is still rather rudimentary. There is

clearly a need for additional research on charging by

ions, breakup, induction, and convection to understand

the electrification of warm clouds.

In the hail stage we add thermoelectric and interface

charging (mechanisms 7 and 8). Recent laboratory stud

ies of charge transfer involving ice particles rebounding

from simulated hailstones in the process of riming have

shown that interface charging is the dominant mecha

nism. The roles of temperature, liquid-water content,

and solutes are most likely important in altering the

rime structure and thereby the contact potential and

contact area. More research is required to understand

these effects and the details of charge transfer.

The electrification process becomes more complex as

a cloud develops. The cloud stage involves mechanisms

1-3, whereas the rain stage includes 1-6. All the mecha

nisms listed in Table 9. 1 may occur in the hail stage. We

might ask, as many have before us, which separation

mechanisms are essential to cloud electrification. The

answers, if we had them, would depend on which aspect

of cloud electrification we consider. For example, the

essential mechanism for lightning depends on whether

we are looking at the field development in the rain or

hail stages or whether we are concerned with the charge

centers associated with cloud-to-ground, in-cloud, or

cloud-to-cloud lightning. Yet another aspect of light

ning is the mechanism that initiates the stroke. Clearly

the idea of an "essential" mechanism is an oversimplifi

cation. A more useful approach is to examine the inter-

dependencies. We should be asking how the various

charge-separation mechanisms are related. Some an

swers should be forthcoming as we incorporate the

knowledge gained from recent laboratory studies of in

dividual mechanisms into models of cloud electrifica

tion and compare the findings to field observations.

With continued progress in laboratory, field, and mod

eling research we should achieve, in the next decade, a

much improved perspective of the charging mechanisms

in clouds and thunderstorms.
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INTRODUCTION

Thunderstorms are highly variable in their intensity,

dimensions, composition, and electrical structure. Some

generalizations can be made about them, however. The

lightning activity follows strong vertical air currents

and precipitation. As a consequence of this correlation,

lightning is most frequently observed in cumulus clouds,

rarely in stratus clouds, and never in isolated cirrus

clouds. Both satellite and ground observations reveal

lightning activity at all latitudes between 60° N and 60°

S with the most frequent occurrence at low latitudes and

over land. The high occurrence rate over land is be

lieved to be related to the more convectively unstable

conditions normally present over land. In high lati

tudes, the lightning frequency decreases because of the

reduced convection from colder surfaces and the re

duced absolute humidity.

Most thunderstorms contain both water drops and ice

crystals, they usually have mass contents (water + ice)

greater than 3 g/m3, and they have precipitation rates

(involving particles larger than 100 nm) in excess of 20

mm/h. Although lightning has been observed most often

in clouds containing both ice and water, there have been

a few observations of lightning from all-water clouds

(e.g., Lane-Smith, 1971). Lightning has been observed

in clouds that are completely at temperatures below

0°C, but these clouds usually contain both supercooled

water droplets and ice.

The complexity of the processes leading to the devel

opment of both the precipitation and electrical struc

ture in the clouds makes it impossible to construct or

validate theories of cloud electrification from simple

field experiments. It is only through the complementary

efforts of laboratory experimentation, field observa

tions, and mathematical simulations that we can hope

to understand the physical processes involved in thun

derstorms. A recent review by Latham (1981) summa

rized some of the main observations of thunderstorm

electrification in a coherent fashion, and we refer the

interested reader to it.

Improved understanding of the major processes lead

ing to the buildup of strong electrical fields and their

mutual interaction with precipitation can lead to better

forecasting of thunderstorm activity for use in aviation

and protection of forested areas, to the development of

methods for artificially modifying lightning activity,

and even to the development of more efficient rain-en

hancement operations.

As an ultimate test of the various theories of how elec

trical charge separates in thunderclouds, it would be

necessary to design a model that simulates as accurately

as possible the three-dimensional and time-dependent

nature of the cloud and its environment, including the
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microphysical development of the liquid and solid

phases in the cloud and all the possible electrical pro

cesses that are operating. These requirements are not yet

attaintable with our current state of knowledge and

available computers. The number of processes involved

and the large range of scales (from the molecular level to

the dynamic scale— 1000 m) cannot all be included in a

single model. Therefore, attempts have been made to

deal with the problem of the development of the electri

cal structure of clouds by emphasizing some processes

and ignoring others. A few models, for instance, simu

late the microphysical processes only, neglecting the

macroscale dynamics altogether, whereas others have

gone to the other extreme and simulate the dynamics in

detail while simplifying the microphysics dramatically.

To fill in the gap, some modelers have tried to deal with

both the microphysics and the dynamics with sacrifices

at both ends of the scale.

We will review some of these models, try to establish a

common denominator from their results and conclu

sions, and draw attention to some unanswered points

that need further work.

GENERAL REQUIREMENTS FROM

ELECTRICAL MODELS OF

THUNDERCLOUDS

The validity of any thunderstorm model is deter

mined by its ability to simulate observed features. Ow

ing to the large natural variability of the various pro

cesses in thunderclouds, it is difficult to find a "typical"

storm with which all models could be compared. It is

possible, however, to list some common observed fea

tures to use as general criteria for such comparisons.

The following summary by Mason (1971) of the basic

thunderstorm observations still appears to be valid:

1 . The average duration of precipitation and electri

cal activity from a single cell is about 30 min.

2. The average electric moment destroyed in a light

ning flash is about 100 C km, the corresponding charge

being 20 to 30 C.

3. In a large, extensive cumulonimbus, this charge is

separated in a volume bounded approximately by the

- 5°C and - 40°C levels and has an average radius of

perhaps 2 to 3 km.

4. The negative charge resides at altitudes just above

the - 5°C isotherm. Krehbiel et al. (1979) observed that

the negative charge transferred by lightning originates

from regions between - 10°C and - 17°C, indepen

dent of the height above ground and regardless of the

geographical location of the thunderstorm. The main

positive charge is situated several kilometers higher. An

other subsidiary small positive charge may also exist

near cloud base, centered at or below the 0°C level.

5. The charge-separation processes are closely associ

ated with the development of precipitation, probably in

the form of soft hail (particles containing both liquid

water and ice) .

6. Sufficient charge must be separated to supply the

first lightning flash within 12 to 20 min of the appear

ance of precipitation particles of radar-detectable size

(d > 200 lxm).

MECHANISMS OF CHARGE SEPARATION

For space-charge centers to build up in clouds, charge

must be separated first in the microscale, and then

larger-scale processes can act to separate the opposite

charges in space. When accomplished, this dual-scale

process leads to the buildup of a space-charge distribu

tion similar to that in Figure 10.1.

In thunderclouds the charge separated on a micro-

scale by particle interactions is subsequently separated

on a macroscale with the help of convection and gravita

tional settling. Convection plays a role in cloud particle

growth by forcing the condensation of water vapor until

the particles are large enough to coalesce. Some of the

interactions between cloud particles, particularly those

followed by rebounding, may result in charge separa

tion (as will be discussed later). These charges are then

separated by differential terminal settling velocities.

The larger particles, which carry predominantly one

Conduction, JE

12 km
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(0°lo -5*C)
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FIGURE 10.1 A schematic of the main space-charge distribution

and currents in a thundercloud.
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sign of charge, fall faster and farther down with respect

to the convected air, leaving the oppositely charged

smaller particles above.

As the charge centers build up, discharging mecha

nisms become more effective, and these should be in

cluded in any complete description of cloud electrifica

tion. Two kinds of discharge are possible: (1) discharge

by collisions between drops and ions of opposite polarity

and (2) discharge by collision and coalescence with

cloud particles of opposite charge (see Colgate et ah,

1977). The first mechanism depends on the electrical

conductivity of the small ions (X = nek, where n is the

ion number density, e is the electronic charge, and k is

the electrical mobility) and on the ion diffusivity. Often

ions of different polarities have different diffusivities;

those with higher diffusivity attach preferentially to

cloud and free aerosol particles. However, after some

charge is built up on a cloud particle, further ion diffu

sion to it will be limited.

Another factor affecting ion attachment to cloud par

ticles is the electric field in the cloud. Strong fields will

move free ions from one region to another. In so doing,

they also increase the conduction currents and, hence,

the discharge of cloud particles. In addition, when the

electric field exceeds about 50 kV/m, corona discharge

begins near the corners of ice crystals and high concen

trations of ions are generated. These ions increase the

electrical conductivity and help to prevent or slow down

the further buildup of the space charge.

The other discharge mechanism (collection of oppo

sitely charged cloud particles) takes place at all stages of

particle growth. This mechanism is enhanced if the in

teracting particles are highly charged, have opposite po

larity, and when the ambient field is strong. In this case

the collection efficiency increases by increasing the colli

sion efficiency (Coulomb attraction changes the trajec

tories of particles relative to each other) or by increasing

coalescence efficiency (not allowing bouncing, and

hence no charge separation, to occur) or by both.

Therefore, for a charge mechanism to be effective, it

has to separate sufficient charge at a rate sufficiently

high to overcome these discharge processes. The many

charge-separation mechanisms and their complexity re

quire a detailed discussion that is beyond the scope of

this chapter. We recommend that the interested reader

refer to Chapter 9 (this volume) by Beard and Ochs and

to Mason (1971).

The various charging mechanisms that have been

proposed as possible major contributors to electrifica

tion of thunderstorms can be divided into two major

classifications: (1) precipitation mechanisms requiring

particle interactions with subsequent space-charge sep

aration by gravitational sedimentation and (2) ion at

tachment to cloud or precipitation particles and then

charge separation by either gravitational settling or by

atmospheric convection (updrafts or downdrafts).

Mechanisms from group (1) above are divided into two

major subprocesses—inductive and noninductive. Most

models to date treat these mechanisms with various de

grees of detail. On the other hand, only a few models are

available that treat the ion convective process. Conse

quently, since the intention here is to review the present

state of knowledge in modeling electrical development

in clouds, most of the emphasis is placed on the models

dealing with the precipitation mechanisms. As discussed

later, there are still a great many questions that these

models cannot answer.

Inductive Process

Charge can be separated by the inductive process dur

ing rebounding collisions of particles embedded in an

electric field. This mechanism, which is relatively sim

ple to formulate, was treated intensively in cloud elec

trification models. According to Sartor (1967) and Scott

and Levin (1975) the amount of charge that is separated

per collision by this process is

AQ = [-4ire0£*r2cose + (w + 1)0 + uq]

[1 - exp(-tr/r)]. (10.1)

In this equation AQ represents the charge transfer to the

large particle as a smaller particle of radius r collides

and rebounds in an electric field E (defined as positive

when a positive charge is overhead), making an angle 0

between the field and the line connecting the centers of

the particles at the point of separation; $ and w are con

stants that depend on the ratio of sizes of the colliding

particles (Ziv and Levin, 1974); Q and q represent the

initial charge on the particles before the interaction; tc is

the contact time of the colliding particles and t the relax

ation time of the charge carrier ( = te^lK, where e and K

are the dielectric constant and the electrical conductiv

ity, respectively; and e0 is the permittivity of free space) .

The first term on the right-hand side of Eq. (10.1)

represents the charge that is transferred from the small

to the large particle because of the inductive polariza

tion effect. One can see that the stronger the field or the

larger the size of the smaller particle, the larger is the

charge separated. The constant $ represents the en

hancement of the electric field around the colliding par

ticles, as compared with the the ambient field. Particles

may collide at the head-on position but will skid or roll

on each other and finally separate at the angle 6. For

water drops, 0 may vary between 50° and 90° (Levin

and Machnes, 1977). Large liquid particles sometimes
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may also be separated at 6 > 90°, leading to their dis

charge (Al-Saed and Saunders, 1976). On the other

hand, nonspherical solid or liquid particles can separate

larger charges by the inductive process as a result of the

much enhanced electric fields near them (Censor and

Levin, 1974).

The second and third terms on the right side of Eq.

(10.1) represent the limitation of charge transfer due to

the initial charge on the large (O) and small (q) parti

cles, respectively. The constant w then is a geometrical

factor that represents the effect of the capacitance of the

two on the charge transfer.

The last term on the right represents the limitation to

charge transfer due to the electrical conductivity of the

materials that compose the particles (Sartor, 1970;

Caranti and Illingworth, 1983; Illingworth and Caranti

1984). Ice particles at low temperatures, for example,

have low bulk and surface electrical conductivities that

lead to longer relaxation times r. This means that in any

given collision there is the possibility that not all the

available charge will be transferred, since the contact

time tc might be shorter than t. Indeed a recent labora

tory study by Illingworth and Caranti (1984) on the de

pendence of charge transfer during ice-ice collisions on

the surface conductivity of ice, suggests that for ice-ice

interactions the inductive mechanism is not efficient.

Interactions of two particles can result in either collec

tion or rebound. To describe the probability of these two

end results a collision efficiency, E\, and a coalescence

efficiency, £2, are defined. E\ represents the probability

of two cloud particles to interact, and E% represents the

probability of the interacting particles to coalesce.

Therefore, the collection probability is E\ , £2, and the

rebound probability is (1 - £2)^1 . To separate charge

an electrical contact among rebounding particles must

be achieved. Only a fraction, £3, of the particles that

collide and rebound make such electrical contact. We

will refer to £3 as the electrical contact probability.

Therefore, the probability for separating charge be

tween two cloud particles is P = £i(1 - £2)£?.

The rate of charge buildup on the large particles per

unit volume as a result of collisions of particles can be

expressed as

dO/dt = ir(fl + r)2(V - v)Nn(PAQ - EiE2q),

(10.2)

where R and r are the radii of the large and small parti

cles, respectively, V and v are their fall speeds, and N

and n are their concentrations. The term PAQ repre

sents the charge separated per interaction, while E\E2q

accounts for the discharge of the large particles resulting

from collection of oppositely charged particles (Scott

and Levin, 1975).

Noninductive Process

Many noninductive mechanisms have been proposed

to explain the formation of electricity in thunderstorms.

Among the most powerful are the thermoelectric effect

(Reynolds et al., 1957; Latham and Mason, 1961),

freezing potentials (Workman and Reynolds, 1948),

and contact potentials (Buser and Aufdermaur, 1977;

Caranti and Illingworth, 1980). All of these rely on the

electrochemical nature of water or ice for charge sepa

ration.

Thermoelectric Effect Charge separation results

from interactions of ice particles of different surface

temperatures. On contact the temperature gradient

across the surface causes the H + ions to migrate from the

warmer particle to the cold one, leaving OH " ions on

the warmer ice particle. Subsequent rebound of these

particles will result in charge separation. The amount of

charge separated in this process depends on the temper

ature and the temperature gradient. In most models, the

value of the charge separation per interaction is taken as

a constant, regardless of the temperature or tempera

ture gradient.

Freezing Potentials Workman and Reynolds (1948)

and Pruppacher et al. (1968) observed that high electri

cal potentials develop across an ice-water interface

when the water contains small amounts of impurities

(~ 10 "5 molar). These potentials develop as a result of

preferential incorporation of certain ions from the solu

tion into the ice lattice, leaving the ice and the liquid

solution oppositely charged. In clouds, if such a situa

tion occurs, fragments of the solution can be thrown off

as a result of the impact of other particles. These frag

ments carry away charge of one sign, leaving the ice par

ticle with the opposite charge. Gravitational settling

can then separate the two charges in space.

These early works suggested that the magnitude and

sign of the separated charge depend critically on the

amount and type of impurity used. Various laboratory

experiments conducted to simulate this charging mech

anism have resulted in a surprisingly wide range of

charge transfer. Most investigators (e.g., Weickmann

and Aufm Kampe, 1950; Latham and Mason, 1961)

measured charging rates that correspond to roughly 3 X

10" 16 to 3 X 10 - 15 C per collision. Schewchuk and Iri-

barne (1971) observed about 10 _u C per collision for

very large water drops (R = 2.9 mm), a value that de

creased as the drop size and impact velocity decreased.

On the other hand, they observed very little dependence

on impurities but much stronger dependence on temper

ature. In most of these experiments the rebounding
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droplets received positive charge, leaving the target ice

negatively charged.

In experiments by Latham and Warwicker (1980),

these general findings were confirmed, but a maximum

charge of only 10 " 14 C per collision was observed with

slightly smaller drops, in conformity with most other

investigations. It is also clear from these experiments

that the charge separation is more a function of drop size

than of impurities.

Contact Potentials Buser and Aufdermaur (1977)

and more recently Caranti and Illingworth (1980) ob

served that a surface potential develops during riming of

supercooled water droplets on ice. This surface poten

tial increases steadily with decreasing temperature

down to - 10°C and remains constant to -25°C.

Caranti and Illingworth (1980) also observed that im

purities, such as NH4OH, NaCl, or HF, made no detect

able difference in the surface potentials. In clouds,

charge could be transferred by collisions and subsequent

rebounds of small unrimed ice crystals with a surface

potential near zero from the surface of a rimed crystal

with negative surface potential.

The electric charge buildup by each of the noninduc-

tive processes can be expressed as in Eq. (10.1), except

that AO has the form

AO = [-A + (u + 1)0

+ wq][l - exp(-tdT)], (10.3)

where A is the charge transfer per collision resulting

from one of the above mechanisms. The value of A for

small cloud particles varies from 10" 15 to about 10" M C

per collision, depending on the type and size of the parti

cles and on temperature (Takahashi, 1978). Owing to

the lack of comprehensive data about the charge trans

fer as a function of size and temperature, all available

numerical models take this value as a constant.

One should keep in mind that the charge buildup by

both the inductive and the noninductive processes de

pends on the interaction probabilities E\, £2, and £3 and

on the ratio tjr. In the models, the values of £1, £2, and

£3 have to be specified. A detailed discussion of the

probabilities and the way they are calculated and mea

sured is beyond the scope of this paper. The interested

reader is referred to Pruppacher and Klett (1978, Chap

ter 14) for details.

The collision efficiency £1 of water drops used in the

numerical models is based on calculations of particle

trajectories (e.g., Davis and Sartor, 1967). A few calcu

lations are available for collisions of ice particles with

water drops and with other crystals. These are limited

owing to the complex geometrical shapes of the ice crys

tals and their dependence on temperature.

The coalescence efficiency of water drops or ice crys

tals has not been theoretically evaluated and is deter

mined by experimental measurements. For water

drops, the coalescence efficiencies of Whelpdale and

List (1971) and Levin and Machnes (1977) are often

used. These values vary from almost zero for interac

tions of large drops among themselves to a value close to

unity for interactions of very small drops with large

ones. The experiments on interaction of ice particles

with water drops did not differentiate between collision

and coalescence and only measured the end result such

as collection (£1£2) or rebound [£i(l - £1)] (e.g., Auf

dermaur and Johnson, 1972, and some other works sum

marized by Pruppacher and Klett, 1978). Aufdermaur

and Johnson (1972) observed that rebound occurred on

only about 1 percent of the impacting drops; this im

plied about a 99 percent collection. However, this ex

periment was conducted with a limited range of drop

sizes and temperatures. Unfortunately, not enough in

formation is available on this parameter.

The values of £3 are the least known, and a large

range of values is usually tested in the models.

To simplify things, some models do not use the de

tailed formulation of £] , £2, and £3, but rather combine

them into one parameter (P = £i(1 - £2)£3. The relax

ation time for charge transfer between the interacting

particles, t, depends on their electrical conductivity.

This conductivity, either surface (electrons) or bulk

(ions), is temperature dependent. The relaxation time of

ionic charge transfer of pure ice decreases from 6.8 X

10 "3 sec at -10°Cto2.8 X 10" 2 sec at - 19°C (Sartor,

1970). However, for slightly impure ice (doped with 3

X 10 "6 M chloride, for example) this relaxation time

will be shortened by two orders of magnitude but be

come more temperature dependent (Gross, 1982). The

relaxation time of charge transfer by surface electrons

on the other hand is believed to be about 30 times shorter

than bulk ions. It is therefore the surface electrons that

are probably responsible for the transfer of charge dur

ing interactions of ice particles (Gross, 1982) .

The contact time tc has been estimated to vary be

tween 10 " 4 to 10" 6 sec (Sartor, 1970; Caranti and Il

lingworth, 1980). Therefore, the ratio tclr will vary

with temperature by a few orders of magnitude. As the

temperature decreases, the factor [1 - exp(- tclr)] in

Eqs. (10.1) and (10.3) inhibits the charge transfer. For

water drops, this factor is almost unity, because water

has a higher conductivity than ice.

CHARGING BY ION ATTACHMENT

Attachment of ions to cloud particles can also charge

them. Three kinds of mechanisms should be considered:

ion diffusion, ion conduction, and ion convection. Dif
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fusion of ions through air is a function of the tempera

ture and the sizes of the ion. At altitudes typical of thun

derstorms, negative ions have a diffusivity about 25-40

percent larger than that of positive ions. This would sug

gest that at the early stages of cloud development, when

all other charge mechanisms are not effective, charge

separation by ions would dominate.

At later stages when the strength of the electric field

increases, ions can be conducted to the cloud particles

because of the electrical forces (ion conduction) . At the

same time ions can be transported toward the particles

because of the relative velocities between them. Wilson

(1929) pointed out that ions, which move because of the

presence of the electrical forces and the air flow, selec

tively interact with cloud particles moving under the

action of gravity and air flow (ion convection) . This se

lective ion current depends on the fall speed of the parti

cle, its charge, and the magnitude and direction of the

external electric field.

The attachment of ions to cloud particles reduces

their concentration and the electrical conductivity.

Phillips (1967) calculated the electrical conductivity ex

isting in electrified clouds under a quasi-static situation.

His calculations were based on the balance between the

ion production from cosmic-ray ionization, the rate of

ion loss from ion recombination, and ionic diffusion and

conduction to cloud particles. Similar formulation was

used by Griffithes et al. (1974) for calculating the elec

trical conductivity for three different cloud types—cu

mulus congestus, strato-cumulus, and fog. They con

cluded that a decrease in conductivity of about 3 orders

of magnitude occurred under highly electrified condi

tions. This decrease was found to be sensitive to varia

tions in the liquid-water content and the electrical field

but only slightly affected by changes in altitude, particle

charge, and the manner in which the charge is distrib

uted over the size spectrum . When a secondary source of

ion production, resulting from corona currents emitted

from ice particles under the influence of a strong electric

field, was introduced into the calculations, a large in

crease in conductivity was predicted.

The process of ion attachment to cloud particles con

tinues until enough charge is accumulated, at which

point any additional charge can be quickly neutralized

by attachment of ions of opposite charge. Some charge

on the cloud particles often exceeds this saturation

threshold value owing to charging by other mecha

nisms, so that within the main charge centers of the

cloud ion attachments will generally act as discharge

processes.

When the cloud is electrified the conducting environ

ment reacts. Atmospheric ions that have the same polar

ity as the charge center within the cloud will be re

pelled, while those with an opposite polarity will be

conducted from the surroundings toward the cloud. The

ions that enter through cloud boundaries are attached to

cloud particles and generate a charged screening layer.

This process was first recognized by Grenet (1947) and

independently by Vonnegut (1955). Brown et al. (1971)

and Klett (1972) presented detailed calculations of the

charge distribution and accumulation process in the

screening layer.

Recently it has been suggested (Wahlin, 1977) that

negative ions not only have higher mobility than posi

tive ones but also have higher electrochemical affinity to

surfaces and will rapidly attach to cloud particles.

Therefore, negative ions that are brought, along with

positive ions, into the cloud by an updraft, will prefer

entially attach to cloud particles near cloud base, leav

ing the free positive ions to be carried to cloud top. This

mechanism also relies on falling precipitation particles

and updraft for charge separation to occur. Without

large precipitation particles falling with respect to the

updraft, all the charges (negatively charged particles

and positive free ions) would occupy the same volume

and mask each other completely. However, this mecha

nism is probably too weak to produce strong fields dur

ing cloud development, since the ion concentration pro

duced by cosmic rays below the cloud base is too low to

produce extensive charge separation (Wormell, 1953).

A mechanism that also relies on atmospheric ions for

the charging but does not require gravitational settling

of precipitation particles for charge separation, is the

convective model proposed by Vonnegut (1955). It de

pends on air currents to bring abundant positive ions

from the ground up to cloud level. Cloud droplets that

collect these ions at the cloud base carry them to the

cloud top in the updrafts. The resulting region of posi

tive charge, according to Vonnegut, will preferentially

attract negative ions from the free atmosphere above to

form a screening layer at the cloud top. Downdrafts,

produced by the vortex circulation of the air in the

cloud, which is enhanced by the negatively buoyant air

created by overshooting the thermal equilibrium point

and by the evaporation of cloud particles at the cloud

top, will transport the negative ions down to the cloud

base, forming a vertical electrical dipole.

Latham (1981) suggested that the convective mecha

nism plays only a minor role in the charging of thunder

storms because rates of ion production by cosmic rays

are far too small to produce enough charge that can be

separated and produce lightning. On the other hand,

calculations by Martell (1984) suggested that the ion

pair production over continental surfaces is greater than

that produced by cosmic rays by more than an order of

magnitude because of the decay of radioisotopes. If
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these calculations are confirmed experimentally, the

relative contribution of the convective mechanism will

have to be re-examined.

SURVEY OF THEORETICAL MODELS

Parallel-Plate Models

Parallel-plate models are the simplest models of cloud

electrification. They completely ignore the contribu

tions of the air motions and focus on the microphysics.

However, even in this area they consider only a small

fraction of the microphysical processes that take place.

To simplify things, they assume that any charge sepa

rated in the charging volume is accumulated on two

parallel plates, simulating the centers of the space

charges in the cloud. Therefore, the models cannot pre

dict the vertical structure of the charges in the cloud.

The cloud is assumed to be composed of water drops

alone, ice crystals with hail pellets, or a combination of

them. The simplest of these models allows the particles

to grow with time at preassigned rates (Mason, 1972),

whereas the more detailed models allow the growth to

proceed by semicontinuous (Ziv and Levin, 1974) or sto

chastic interactions (Scott and Levin, 1975). These

models do not explicitly consider the effect of ions on the

charging but assume discharge of particles (owing to at

tachment of ions of opposite signs) that exponentially

depends on the field. All these models tested the effec

tiveness of the inductive process only.

Mason (1972) and Sartor (1967) assumed that charge

is separated by collisions of ice crystals and hail pellets.

They concluded that the inductive process is a very pow

erful one and is capable of separating enough charge for

the field to reach a few kilovolts per centimeter in about

500-600 sec.

Scott and Levin (1975), who treated the particle

growth in more detail, concluded that the inductive

process could account for the first lightning of a thun

dercloud provided the electrical contact probability,

£3, is greater than 0.1 (see Figure 10.2). That is, of the

cloud particles that do make contact and then rebound,

about 10 percent need to separate charge in order for the

process to be effective. For water drops, the value of the

charge separation probability, which contains £3 in it, is

thought actually to be lower than 0.1, thus making this

process ineffective in producing enough charge separa

tion. For ice-ice collisions, on the other hand, this effi

ciency could be as high as 0.9. There is still great uncer

tainty as to its value for water drops colliding with ice

pellets.

As mentioned before, the charge transferred per colli

sion of ice particles should decrease with decreasing
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FIGURE 10.2 The growth of the electric field as a function of time

under the inductive process with water drops only and calculated by

the infinite cloud model of Scott and Levin (1975). The different

curves represent different values of E3, the electrical contact effi

ciency. The values of tf correspond to the time constants during the

time of the maximum growth rate of the electric field.

temperature. Ziv and Levin (1974) simulated this fea

ture for ice-ice collisions and found greatly diminished

charge and field buildup.

Other important factors determining the electrical

development in clouds are the relative sizes of the collid

ing particles and the number of concentrations of the

cloud elements. The first factor affects the charge that is

separated per collision, since the charge transferred in

creases with increasing size of the rebounding particle.

The second factor affects the number of collisions and,

hence, the rate of charge (and field) buildup. When in

tense precipitation occurs (rates >30 mm/h) the field

can develop to large values with the inductive process

only. However, for smaller precipitation rates (smaller

particles and lower concentrations) it takes longer than

the times set by the criteria above for the field to

buildup.
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One-Dimensional Models

Illingworth and Latham (1975) correctly pointed out

that horizontally infinite parallel-plate models overesti

mate the electric-field development because they lack a

finite horizontal extent for the cloud. They constructed

a simple one-dimensional model in which precipitation

ice particles descended from the cloud top downward

and interacted with smaller ice crystals (Illingworth and

Latham, 1977). During these interactions, charge was

separated by either inductive or noninductive processes.

The linear dependence of the charge separation in the

noninductive process [Eq. (10.3)], and its independence

of the ambient field, caused the field to grow early in a

linear fashion (see Figure 10.3). The inductive process,

on the other hand, started later since it relies on the mag

nitude of the ambient field. Superposition of the two

processes led to both a rapid linear field development in

the early stages as a result of the noninductive process

and a subsequent enhancement of the field owing to the

inductive process. One of the important results of this

300

E

>

100 -

30 -

10 -

3 -

400 800 1200

t(s)

1600 2000

FIGURE 10.3 The variation of the maximum field Em with time for

the ice-ice noninductive charging mechanism (curve 1), the ice-ice in

ductive charging mechanism (curve 3), and the combined ice-ice

mechanisms (curve 2). From Illingworth and Latham (1977).

simple model is its ability to predict the vertical dipole in

the cloud and even the small positive pocket at cloud

base.

Tzur and Levin (1981) developed a much more de

tailed model that included a macroscale dynamical

framework in one-and-a-half dimensions (height as an

independent variable and a finite cloud radius with lat

eral mixing) and fully interactive microphysics of the

precipitation development. Electrically the model

treated in great detail free ions and their attachment to

cloud particles and inductive and some noninductive

processes with both ice and water, all in a time-depen

dent frame. From the results of the model Tzur and

Levin concluded that charge separation in the liquid

section of the cloud is not likely to be effective since the

efficiency of bouncing and charge separation by water-

water interaction is probably low. Similarly, collisions

between ice particles and ice pellets in the absence of

water droplets, either by the inductive or thermoelectric

effects, namely, near the cloud top (temperatures

< - 25°C), are not likely to contribute greatly to cloud

electrification either [see Figures 10.4(a) and 10.4(b)].

This is because of the small value of tclr at these temper

atures (low surface and bulk electrical conductivities in

ice) . Also, at these altitudes the number of ice particles is

relatively low, reducing the collision frequency and the

charge separation.

At higher temperatures (about - 10°C or warmer)

ice particles interact with both ice crystals and water

droplets. From the model results, Tzur and Levin con

cluded that the collisions of the ice crystals with water

drops, by a mechanism such as the Workman-Reynolds

effect, are very effective charge separators [see Figure

10.4(c)] owing to the large concentration of water drop

lets as compared with that of ice.

Comparison of Figures 10.4(a) and 10.4(c) shows that

the charging rate by the inductive process changes rap

idly with time once charging starts. On the other hand,

the charging rate by the noninductive mechanism is al

most constant with time, in agreement with the recent

measurements by Krider and Musser (1982) . These mea

surements show that the total currents (Maxwell cur

rents) below electrified clouds remained fairly constant

with time while at the same time the electric field in the

cloud increased by a few orders of magnitude.

Testing the inductive process revealed that very high

fields and large charges can be produced only after 3000

sec from cloud initiation [see Figure 10.5(a)] or about 20

min after precipitation particles appeared in reasonable

concentration for radar detection. As in the case of the

simpler model of Illingworth and Latham (1977), the

noninductive process produced linear field develop

ment. However, as opposed to Illingworth and Latham
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(1977), who assumed that only ice-ice collisions separate

charge, Tzur and Levin (1981) assumed that charge sep

aration by ice-ice collision is temperature dependent,

and hence less effective than interactions of ice and wa

ter, which occur at warmer temperatures. Although the

noninductive mechanism that they considered is the

Workman-Reynolds process, any electrochemical pro

cess in which charge is separated by interaction of ice

pellets and water droplets during riming is applicable to

these calculations.

Ions contributed only slightly to charge buildup, ei

ther by diffusion to charged particles or by conduction.

Their contribution can be pronounced, on the other

hand, in the early stages of the cloud buildup, when

droplets are very small, and during rain below the cloud

base. This latter charging of raindrops becomes signifi

cant when the field near the ground passes the threshold

for corona discharge. During this stage the charge of

raindrops can be greatly modified by attaching of oppo

sitely charged ions to them.

A closer look at the charge structure produced by the

noninductive process [Figure 10.5(a)] reveals that a

"classical" dipole develops with a negative charge center

at about - 8°C and with the main positive charge cen

ter at higher altitudes (about - 18°C) (see Figure 10.5

at t = 2400 sec). Large fields are already formed by

2500 sec after cloud initiation (about 10 min after pre

cipitation particles appear), and with precipitation

rates less than 20 mm/h. A positive charge pocket de

velops near the cloud base at temperatures warmer than

0°C.

On the other hand, the inductive process alone delays

the field buildup for about 3000 sec. It produces the neg

ative charge center between about - 10 and - 20°C

and the positive charge center still higher up at tempera

tures lower than - 20°C [see Figure 10.5(b)]. A positive

pocket extending from the - 5°C isotherm to the cloud

base is also found. This means that the noninductive

mechanism produces space-charge centers at slightly

lower altitudes, at earlier times, and with lower precipi

tation rates than does the inductive process.

FIGURE 10.4 (a) The charging rate in coulombs per cubic meter per

second by the ice-water inductive process as a function of height and

time, from Tzur and Levin (1981). The value of each contour is 6 X

10"" X 10" with a displayed near each one. Note that the charging

rate rapidly varies with time and reaches a maximum value at about

3000 sec. (b) The charging rate by the ice-ice thermoelectric (nonin

ductive) effect. Note that the values of the contour are two orders of

magnitude smaller than in (a), (c) The charging rate by the ice-water

(noninductive) Workman-Reynolds effect. Note that the values of the

contours are sim ilar to those of (a) . Also note that charging starts early

and tends to remain fairly constant with time for most of the lifetime of

electrical production.
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FIGURE 10.5 (a) The net charges in coulombs per cubic meter on

cloud and precipitation particles (ice and water) resulting from the ice-

water noninductive process, as a function of height and time, from

Tzur and Levin (1981). Solid lines represent net positive charges, and

dashed lines represent net negative charges. The value of each contour

is given by ± 4 X 10 " 9 X 10 " with or displayed next to each one. Note

that the maximum charges are produced around t - 2500 sec with

negative charge near - 10°C and positive charge around - 25°C. An

other small positive charge appears just below the 0°C level, (b) As in

(a) except for the inductive (ice-water) process. Note the delay in the

development of the space charges as compared with (a) .

A combination of the two processes produced strong

field and space-charge distributions, which are almost a

linear superposition of the two individual cases. Specifi

cally, a strong field develops early (t — 2500 sec) but is

enhanced later (t — 3000 sec) . Since the inductive pro

cess begins to operate when the field is stronger, a new

space-charge center (negative charge) is produced at the

cloud top. This charge center, as with all other charge

centers, then descends as precipitation falls. At a partic

ular height it seems as if the charges switch signs with

time. This implies that at this stage the inductive process

is so effective that charged particles falling below a cer

tain space-charge volume are rapidly charged oppo

sitely owing to the reversal of the field direction below

the charge center. Had the effectiveness of the inductive

process been reduced, the charge centers might have

spread out over a greater cloud depth and would have

prevented the field reversal.

One of the limitations, of course, of the one-dimen

sional, time-dependent models is their poor simulation

of the air circulation within the cloud and the entrap

ment of air from the environment on the sides and top.

Since in this model any mixing in of drier air, or detrain-

ment of cloudy air, is immediately averaged over the

entire layer of the cloud, it actually affects the whole

cloud development in the model, as compared with na

ture, where relatively smaller effects are produced by

mixing at cloud edges only. For a better simulation of

these effects, two- or three-dimensional models are

needed.

Two-Dimensional Models

Two-dimensional models have been developed to im

prove the simulation of the macroscale dynamics and its

effect on the charge distribution and electrical develop

ment.

Chiu (1978) simulated a vortex-type thunderstorm in

a two-dimensional, time-dependent axisymmetric mod

el. In his model, only water drops were considered,

and charge was allowed to develop via the inductive

process and ion attachment. Cloud microphysics was

not dealt with in detail, and cloud water was converted

to precipitation particles, of a preassigned distribution,

by a parameterized formulation. In each time step in the

model, the number of possible particle interactions was

calculated based on known collision efficiencies. From

it a net charge separation was derived. Simultaneously,

ion attachment by diffusion and conduction was per

mitted to take place, and the total net charge at each At

was found. Chiu's results also indicate that the inductive

process could be a very effective charge separation

mechanism, provided that large precipitation rates are

present. The results also indicate the development of a

vertical dipole of a proper "classical" polarity with an

additional small positive space charge near the cloud

base. As in the one-and-a-half-dimensional model of

Tzur and Levin (1981) large charges and strong fields

developed only after rain formed. The evolution of the

horizontal electric field, with a maximum at 30 min, is
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FIGURE 10.6 Evaluation of the radial elec

tric field, from Chiu (1978). (a) At 14 min.

Contour interval is 2 V/m, and the range is

- 14 to 0 V/m. (b) At 18 min. Contour inter

val is 10 V/m, and the range is - 70 to 30 V/

m. (c) At 22 min. Contour interval is 200 VI

m, and the range is - 1000 to 200 V/m. (d) At

26 min. Contour interval is 103 V/m, and the

range is ( - 4 - 2) X 103 V/m. (e) At 30 min.

Contour interval 2 X 103 V/m, and the range

is -6to6 X WVIm.

 

shown in Figure 10.6. The effect of ions, either by diffu

sion in the early stages or by conduction at the later

stages, was found to be relatively small and did not sig

nificantly alter the charging of the cloud. The entrain-

ment of ions from cloud sides and tops did not greatly

modify the electrical development.

Heldson (1980) used the same model for a two-dimen

sional slab cloud and simulated the effect of artificial

chaff seeding for the prevention of lightning. The intro

duction of chaff into the cloud creates centers for ion

production by corona discharge as the electric-field

strength approaches that needed for lightning. The

results of the model suggest that the presence of excessive

ions at this stage increases the cloud electrical conduc

tivity and enhances the discharge of the cloud particles.

This in turn prevents the further buildup of the electric

field and charges. The results of this model demonstrate

one practical use for modeling of electrical processes in

thunderclouds.

Thunderstorms usually contain both water and ice.

The models of both Chiu and Heldson are therefore lim

ited since no ice formation was simulated even though

the clouds in their models reached heights where ice is

usually found.

Kuettner et al. (1981) developed another two-dimen

sional model. Their model superposes a kinematic flow

model, including cloud particle growth, on an electrical

charge separation model. The cloud model uses either

vortex or shear flow to simulate a steady-state flow con

figuration. Precipitation ice particles were introduced

about 1 km above the cloud base and allowed to be

moved with the airflow. During their ascent and de

scent they grew by collecting cloud droplets and sepa

rated charge through rebounding collisions of either wa

ter droplets or small ice crystals. The model did not

consider ion attachment or particle growth by conden

sation. Particle growth by collection was calculated

with a constant probability of charge separation. The

model also did not address the problem of entrainment

or turbulent diffusion. However, the merit of this model

is its relative simplicity and the capability of testing the

electrical development under different airflow condi

tions such as those observed in the field. The results of

this model point out that the noninductive process, in

corporating ice-water and to some extent ice-ice interac

tions with an average value of observed charge separa

tion per collision, can produce an electrical dipole at

realistic altitudes but cannot enhance the field to a value

comparable with the breakdown value.

On the other hand, the inductive process, involving

charge separation by ice-water interactions, produced

very high fields but generated a very complex space-

charge configuration. The complex field and space-

charge structure arises as a consequence of the high effi

ciency with which the inductive process operates when

large precipitation particles appear. As these large par

ticles descend through a space-charge center and be

come exposed to an electric field of opposite direction,

their charge polarity reverses in response to the reversal

of the electric field.

Combination of the inductive with the noninductive

mechanisms produced both a proper charge distribution

and a rapid growth of the field. The results of Kuettner

et al. (1981) suggest that charge separation processes in

volving ice-ice collisions are not very powerful, being

limited by both the long relaxation time of the charge

carriers and by the relatively low concentration of ice

crystals (resulting in low collision rates). In addition, in
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agreement with the other two-dimensional models, this

model demonstrates that both strong horizontal and

vertical fields can be produced by charge separation

mechanisms that depend on precipitation. The horizon

tal fields are generated by horizontal displacement of

the charged particles by the air circulation. Even under

very weak shear conditions the space-charge centers

were found to be displaced horizontally and produce

very strong horizontal fields even close to the cloud base.

The presence of the shear was found to smooth the de

velopment of the charge centers by limiting mixing of

precipitation particles of opposite charges.

Takahashi (1979) developed a two-dimensional,

time-dependent model of a small warm cloud, which

treats the microphysics and the macroscale dynamics in

detail. Electrification due to the inductive mechanism

and to ion attachment by diffusion and conduction is

considered in a way that seems to explain the weak elec

trification of warm maritime clouds. The most impor

tant mechanism responsible for charging in such clouds,

according to this model, is the attachment of ions to

cloud and precipitation drops. This attachment is signif

icantly enhanced during condensation and evaporation.

During the former, positive ions are preferentially in

corporated into the growing drops, whereas during

evaporation negative ions are preferentially attached.

In an attempt to evaluate the effectiveness of the con

vection electrification process, Ruhnke (1972) and Chiu

and Klett (1976) developed two-dimensional, axisym-

metric steady-state models. Ruhnke calculated the elec

tric fields and charges that arise from ion attachment to

cloud water in solenoidal flow, intended to represent

the flow in an isolated convective cloud. The actual

cloud volume (where liquid water exists) was assumed

to be spherical and to be entirely within the updraft.

Space charge arises owing to local differences in electri

cal conductivity. These differences stem from attach

ment of ions to cloud particles (assumed to depend only

on liquid-water content), which form ion currents con

sisting of both conduction and convection currents. By

assigning a specific liquid-water content and a relation

between it and ion conductivity, Ruhnke avoided deal

ing with interactions between ions and cloud droplets.

The steady-state assumption precludes any detail of the

initial development of the convective electrification.

His results show that only very small fields can be devel

oped by this process.

Chiu and Klett (1976) improved on this model by us

ing a more realistic convective circulation in which the

updraft was within the cloud and the downdraft was at

its edges. They also considered the effect of turbulent

diffusion in addition to conduction and convection cur

rents on the transport of ions. Attachment of ions to

cloud drops was affected by the liquid-water content

and by the ambient electric field. Chiu and Klett's

results show that convective electrification by itself can

not explain the strong electrification in thunderclouds.

One should bear in mind that the terms that are highly

variable with time such as the rate of charge buildup,

especially at the later stages of thunderstorm develop

ment, are ignored in these steady-state models. In a fully

developed time-dependent model, such terms may mod

ify the above conclusions. In addition, the dynamics

used in the convective models is parameterized and may

not be realistic enough to simulate the real convective

charging process that is highly dependent on cloud dy

namics.

Three-Dimensional Models

To date, only one three-dimensional, time-dependent

model of an electrical cloud has been developed

(Rawlins, 1982) . This model uses pressure as the vertical

coordinate with grid spacings of 50 mbar vertically and

1 km horizontally. The microphysical parameterization

of Kessler (1969) is used to describe the growth of cloud

particles into precipitation size. Ice, initiated by ice nu

clei that freeze the supercooled water drops, is repre

sented by three size classes: 0-100 nm, 100-200 jtm, and

200-300 /tm in radius. Hail is designated as ice greater

than 300 /tm in radius, and it is forced to be distributed

exponentially in size (Marshall and Palmer, 1948).

With this model Rawlins tested the effectiveness of

various electrical processes, such as the inductive and

the contact surface potential (noninductive) mecha

nisms. He assumed that ion attachment to cloud parti

cles can be ignored altogether. He concluded that the

noninductive process is able to produce fields of high

enough intensity to initiate lightning within about 20

min after precipitation begins. This process produced a

"classical" dipole [see Figure 10.7(a)] but without the

small positive charge center closer to the cloud base.

The inductive process, involving ice-ice collisions,

was capable of producing strong fields only in the pres

ence of high concentrations of ice particles and only 30

min after precipitation particles appeared. With this

process, a very complex space-charge structure emerged

[see Figure 10.7(b)] as was also found by Kuettner et al.

(1981) . Allowing ice crystals to rebound more than once

from ice pellets reduced the calculated maximum field

to below that needed for lightning [compare the values

of E: in Figures 10.7(a) and 10.7(b)].

However, one should note that the same restriction of

multiple collisions was not applied to Rawlins's calcula

tions of the noninductive process. Multiple collisions, if
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FIGURE 10.7 The vertical distribution of space charges on precipi

tation, Qp, and cloud, Qe, particles and the vertical electric field, from

Rawlins (1982) . (a) Ice-ice noninductive charging mechanisms after 36

min of cloud growth with charge separation per collision of Q = lOfC.

(b) Ice-ice inductive process after 44 min of cloud growth. Note the

simple dipole structure and the intense field in (a) as compared with

the more complex structure and weaker field in (b), implying the inef

fectiveness of the inductive process under the assumptions of this

model.

allowed for, will restrict charge transfer during particle

collisions regardless of the process considered.

DISCUSSION

From this survey, it is clear that present models can

describe both the electrical development and the growth

of precipitation in some detail. An interesting common

conclusion of all the models is the insensitivity of the

results to small changes in free ion concentration or con

ductivity. These parameters do become important dur

ing the early stages of cloud development and below the

cloud base during rain. They are probably also impor

tant just at the onset of lightning or immediately after

ward, but none of the models described here has dealt

with this complex problem.

The emergence of the more complex models of two or

three dimensions provides a clear visualization of the

ability of the precipitation charging mechanisms to pro

duce strong horizontal displacement of charges. These

are often found in clouds and frequently lead to horizon

tal lightning strokes. It was shown that such numerical

models could also be used to test the feasibility of pre

venting lightning by limiting the electric field growth.

Multidimensional models can also greatly aid interpre

tation of the results of field experiments such as chaff

dispersal in real clouds because they incorporate more

realistic air circulations than do one-dimensional

models.

One of the main purposes of all the models discussed

here is to test the various proposed mechanisms of

charge separation in clouds. It seems that now that the

models are capable of simulating the main features of

the electrical charge separation in the cloud in a frame

work that combines air circulation and precipitation

growth, however, reliable values for some of the various

parameters are desparately needed. In particular, the

electrical contact probabilities of the various particles

(primarily ice with water and ice with ice), the coales

cence probabilities, the relaxation time of the charge

carriers on ice as a function of temperature, and the

length of time the particles actually make contact before

rebounding are all essential, and not yet known, for

evaluating the effectiveness of the various mechanisms.

Such parameters can only be obtained by careful labo

ratory experiments.

Despite the uncertainties in the values of the main pa

rameters involved in the precipitation processes of cloud

electrification, it is still impressive to see that virtually

all of the models appearing within the past 10 years,

regardless of their complexity, agree that precipitation

mechanisms can explain the main features observed in

thunderclouds. They explain the presence of the space-

charge centers at the proper altitudes and temperatures.

They show that strong fields can be developed within 20

to 30 min of the appearance of precipitation in the

cloud. Some show that noninductive charge separation

processes [either ice-ice (Rawlins, 1982) or ice-water

(Tzur and Levin, 1981)] can produce very strong fields

with low precipitation rates as is sometimes observed in

nature (Gaskell et al., 1978). In addition results with

noninductive processes show that the electric field

grows linearly with time, as observed by Winn and

Byerly (1975). These results also agree with the recent

measurements of Krider and Musser (1982), which sug

gest that the charging rates in thunderclouds are inde

pendent of the field and fairly constant with time [Fig
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ure 10.4(c)]. However, the observations of Williams and

Lhermitte (1983) pointed out that the Musser and Kri-

der results can also be explained by the convective

charge transport. Their observations showed that fall

ing precipitation may not be the only cause for the elec

trification of thunderstorms. All the models agree that

the inductive process requires higher precipitation rates

in order to operate effectively. Some models show that

the most effective method to produce strong fields is to

let both inductive and noninductive mechanisms oper

ate simultaneously. While noninductive mechanisms

can be powerful, particularly early in the development

of the electric field, it is difficult to see how one can

ignore the inductive process altogether. This process

should operate in general whenever an ambient electric

field is present. In some cases, it may discharge the par

ticles, while in others it will charge them, but it should

always operate. If, on the other hand, its effectiveness is

very low, as reported by Illingworth and Caranti

(1984), it will not be felt in the cloud. Thus, if a charge

greater than that predicted by Eq. (10.1) is found on

some of the particles (Christian etal., 1980) , the induc

tive process should have discharged them. Since such

charges were observed, it must be concluded that in

these cases the inductive process did not effectively oper

ate.

Most investigators seem to feel that charge separation

through interactions among water drops only is not ef

fective since most collisions result in coalescence, thus

limiting the possibilities for charge separation. Never

theless, laboratory experiments (Levin and Machnes,

1977; Beard et ah, 1979) suggest that the coalescence

efficiency is far from being understood, so the role of

water-drop interactions should not yet be ignored com

pletely.

Laboratory measurements of the surface potentials of

ice under various growth conditions (Buser and Aufder-

maur, 1977; Caranti and Illingworth, 1980) reveal the

complexity of the charge-transfer problem. Again, ad

ditional experiments are needed to resolve the depen

dence of charge separation by this process on tempera

ture and on the strength of an external electric field.

In spite of the fact that the numerical models thus far

rule out convective electrification as an effective mecha

nism for producing strong fields by itself, it must be em

phasized that these models are only quasi-static and con

tain parameterized dynamics. To simulate this

mechanism effectively, more detailed cloud dynamics,

ion convection and conduction, and precipitation pro

cesses must be included. Thus far, no such model has

been developed. Such a detailed model is urgently

needed, especially following the recent experiments by

Vonnegut et al. (1984) that reversed the polarity of a

thundercloud by emitting negative ions from a long ca

ble electrified to 100 kV and suspended below the cloud.

Their observations suggest that the negative ions pene

trated the cloud, ascended to the cloud top, and at

tracted positive ions from the free atmosphere above

and were carried down by the air currents to the cloud

base—thus reversing the previous polarity of the cloud.

If the ion concentration was too small to produce this

effect, it is still possible that the additional ions changed

the initial conditions of the cloud electrification, which

led to the reversal in the cloud polarity.

With the newly available data and faster computers

we can look forward to a new generation of models in

corporating cloud microphysics and dynamics together

with the convection and precipitation electrification

mechanisms.
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INTRODUCTION

The planetary boundary layer (PBL) is that region of

the lower atmosphere in which the influences of the

Earth's surface are directly felt. The primary influences

of the surface are drag, heating (or cooling), and evapo

ration (or condensation) . These processes cause vertical

fluxes of momentum, sensible heat, and moisture,

which penetrate into the lower atmosphere to a finite

height. These fluxes, in turn, generate turbulence, ulti

mately controlling the mean profiles of wind speed,

temperature, and water vapor in the PBL. Since the

height of penetration depends on the direction, magni

tude, and persistence of the surface fluxes and on the

large-scale meteorological conditions, the PBL can

range in thickness from tens of meters to a few kilome

ters.

Because of its position next to the Earth's surface, the

PBL has been the site of the vast majority of atmo

spheric-electrical measurements. If the history of atmo

spheric electricity begins with Franklin, Lemonnier,

and Coulomb, as is customary, there have been more

than two centuries of effort in this region. It was ob

served early that measured quantities such as electric

field respond strongly to meteorological processes. This

led Lord Kelvin to suggest that the day would come

when weather forecasting would be done with an elec

trometer (Dolezalek, 1978). Unfortunately, this opti

mistic prediction has not materialized, largely because

of the complexity of the dependence of electrical vari

ables on a bewildering variety of other phenomena.

Most atmospheric processes are interrelated and can

not be studied in isolation, but it is usually possible to

identify one or two dominant influences. In the case of

atmospheric electricity in the PBL, however, separating

the various causes and their effects can be extremely dif

ficult. In fact, this field may be unique with respect to its

sensitivity to many disparate phenomena spanning a

tremendous range of scales in both space and time. For

example, locally produced turbulent fluctuations in

space-charge density have an effect roughly comparable

in magnitude to that of changes in global thunderstorm

activity on electric-field variations within the PBL.

Over the years this responsiveness of atmospheric

electricity has led to its exploitation for many different

purposes. Electrical measurements have been made in

the PBL to observe large-scale processes such as the

global circuit, to study local phenomena like boundary-

layer turbulence, or simply to examine unusual electri

cal signatures in their own right. In each type of investi

gation it has been found necessary to minimize the

effects of unwanted processes on the data. This filtering
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is never entirely successful, however, and investigators

must always be aware of the whole range of influences

and alert for contamination.

While atmospheric-electrical variables respond to

many processes, they usually have little influence on the

phenomena to which they respond. Thus the electrical

state of the PBL is irrelevant to the fields of environmen

tal radioactivity, air pollution, boundary-layer turbu

lence, and global meteorology, for example. The inverse

is not true, however. Atmospheric electricity in the PBL

is a truly interdisciplinary study requiring a knowledge

of all these areas in addition to ionic conduction in gases,

aerosol physics, and electrostatics.

Recent advances in the disciplines cited above make it

a propitious time to re-examine the relationships be

tween atmospheric electricity and PBL processes. Such

a re-examination should ultimately lead to a better un

derstanding not only of atmospheric-electrical phenom

ena but of the related disciplines as well. With this in

mind, the remainder of this chapter presents a brief

overview of atmospheric electricity in the PBL. First the

primary physical mechanisms influencing the electrical

phenomena are discussed. The gross phenomenology is

described next, including spatial and temporal variabil

ity of the important electrical parameters. Then the

most important aspects of modeling and theory are sum

marized in an effort to relate the physical causes and

their electrical effects. Finally, the chapter is closed

with a discussion of principal applications and areas of

needed research.

PHYSICAL MECHANISMS THAT AFFECT

ATMOSPHERIC ELECTRICITY IN THE

PLANETARY BOUNDARY LAYER

Ionization

The electrical conductivity of the air is due to ions

produced primarily by ionizing radiation. The early in

vestigations of the sources of atmospheric ions led to the

discovery of cosmic rays. Cosmic radiation is the pri

mary source of ions over the oceans and above a couple

of kilometers over land. In the PBL the cosmic-ray con

tribution to the ionization rate is about 1 to 2 ion pairs

per cubic centimeter per second. It is quite constant in

time, and the latitudinal dependence caused by the

Earth's magnetic field is well understood.

The primary source of ions in the PBL over land is

natural radioactivity originating from the ground. This

ionization source can be divided into two parts: (i) as,

/3s, and 7s radiating directly from the Earth's surface

and (ii) radiation from radioactive gases and their radio

active daughter products exhaled from the ground. The

gases originate in both the uranium and the thorium de

cay series where one of the daughters is the noble gas,

radon. In the uranium decay series, the daughter is

222Rn with a half-life of 3.8 days; and in the thorium

series, 220Rn (thoron) with a half-life of 54 sec. During

the radon part of the decay the radioactivity can diffuse

from the ground into the atmosphere and contribute to

the volume ionization. The amount of radon that es

capes depends on the amounts of 226Ra and ^Th in the

ground; the type of ground cover; and porosity, damp

ness, and temperature of the soil. The height distribu

tion in the atmosphere depends on atmospheric mixing

in the boundary layer and the half-life of the isotope.

It is obvious that radiation directly from the ground

will vary greatly depending on the geographical varia

tions in ground radioactivity. Ground radiation inten

sity also decreases with height; a ionization is confined

to the first few centimeters, /3 to the first few meters, and

7 to the first few hundred meters. The amount of ioniza

tion in the first few centimeters resulting from as is

largely unknown. Values of ionization due to /3s in the

first few meters are typically in the range of 0.1 to 10,

and those due to 7s in the lowest hundred meters are in

the range of 1 to 6 ion pairs cm " 3 sec " ' .

Ionization due to radioactive gases in the air is even

more variable and depends not only on the amount ex

haled from ground but also on atmospheric dispersion.

Direct measurements of ionization due to radioactive

gases in the atmosphere are difficult and have not gener

ally been satisfactory. Estimation of the ionization rate

is therefore based on measurements of radioactive prod

ucts in the air. The height distribution of Rn in the at

mosphere as a function of turbulent diffusion has been

the subject of a number of investigations and is often

used to determine the turbulent diffusion coefficient.

On cool nights with nocturnal temperature inversions

the radioactive gases can be trapped in a concentrated

layer close to the ground, whereas during unstable con-

vective periods, the gases can be dispersed over an alti

tude of several kilometers. Ionization at 1 to 2 m due to

radioactive gases and their short-lived daughter prod

ucts is typically in the range of 1 to 20 ion pairs cm"3

sec" ' and is predominantly caused by a particles.

Figure 11.1 illustrates the vertical variation of ioniza

tion in the PBL. Ionization due to cosmic rays is nearly

constant in the first kilometers. The ionization from

ground /3 and 7 radiation will vary geographically de

pending on the abundance of radioactivity in the local

soil. The curves shown are typical, with /3 radiation be

ing predominant below 1 m and the effect of 7 radiation

extending to several hundred meters. The curves labeled

Qmax and Omin represent the sum of ionization due to

cosmic rays, 7s and /3s from the ground, and the decay of
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FIGURE 11.1 Ionization profiles showing range of values that might

be expected over land. Qm„ would represent high values; Qmi„ low

values.

^Rn and 222Rn gases and their daughter products in the

atmosphere. The area between the two curves illustrates

the variability expected depending on atmospheric and

soil conditions. The high ionization rate below 1 m indi

cated by Omax is due to an accumulation of ^Rn in the

lowest meter and occurs only under strong surface-tem

perature inversions and low winds. During convective

(daytime) periods with significant wind shear the ion

ization profile below 10 m would be expected to follow

Qmin values closely. The data used to construct Figure

11.1 were taken largely from Ikebe (1970), Ikebe and

Shimo (1972), Crozier and Biles (1966), and Moses et al.

(1960). There is a limited amount of data on the vertical

distribution of 220Rn (thoron), and therefore QmM is the

expected maximum ionization based on measurements

at only three sites. Geographical areas with high ground

radioactivity may exhibit even larger ionization rates

than shown in Figure 11.1.

Ionization within the first few centimeters of the

Earth's surface due to a particles has never been ade

quately investigated. There is the possibility that a-

emitting daughter products of radon that attach to aero

sol particles are deposited on the Earth's surface,

enhancing surface activity. This activity is usually ne

glected in the study of environmental radiation because

it represents a small fraction of the total environmental

activity. Yet this source of ionization is likely to be im

portant in determining the ion concentration at the sur

face. Surface ion concentration is an important bound

ary condition influencing the atmospheric-electrical

structure in the interior of the PBL.

Our intention here is not to review the field of envi

ronmental radioactivity but rather to point out that over

land the ionization in the PBL depends primarily on

ground radiation and radioactive gases and to empha

size the necessity of studying the geographical variation

of ground radioactivity and the dynamics of the disper

sion of radioactive gases if we are to understand atmo

spheric electricity in the PBL.

Over the oceans far from land the ionization rate is

determined solely by cosmic rays. The 3.8-day half-life

of 222Rn permits it to advect over oceans for hundreds of

kilometers before its ionization is negligible compared

with that of the cosmic-ray background.

Compared with the ionization due to natural sources,

ionization from nuclear power plants and weapons is

negligible on a global scale. This was true even during

the active period of nuclear weapons testing in the 1950s

and 1960s (Israel, 1973). There can, of course, be locally

significant effects (Huzita, 1969).

In addition to ionizing radiation, electrical discharges

can also form ions in the atmosphere. This requires high

electric fields that generally occur only in disturbed

weather near thunderstorms and in regions of blowing

dust or snow. The field is greatly augmented at points on

electrically grounded, elevated objects such as vegeta

tion and antennas. As the electric field increases, the

field in very small regions near such points reachs break

down values and a small ionic current is discharged into

the atmosphere. A large number of unipolar ions is in

jected locally into the atmosphere, and the ionic space

charge thus formed tends to reduce the high electric

field.

Ions can also be produced by the bursting of water

films. In nature this occurs in waterfalls, falling rain,

and breaking waves. Ions generated by this mechanism

are not formed in pairs, and a net charge is introduced

into the atmosphere. In most cases the residue remain

ing after evaporation of the water is much larger than a

small ion and is more appropriately identified as a

charged aerosol particle.

Properties of Ions

The radioactive ionization process separates an elec

tron from a molecule of nitrogen or oxygen. The elec

tron attaches rapidly to a neutral molecule to form a

negative ion. During the next few milliseconds both pos

itive and negative ions undergo a series of chemical,
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charge-exchange, and clustering reactions with the mo

lecular species present in the air. Much progress has re

cently been achieved in understanding this chain of

ionic reactions in well-defined laboratory gases (Huer-

tas et al. , 1978) and in the upper atmosphere (Arnold

and Ferguson, 1983). In the troposphere, where trace

gases are numerous and variable, the ion chemistry is

complicated, and the composition of the terminal ion

must be regarded as uncertain at best. If mass spectro

scopic measurements can be extended to identify ambi

ent ions, it is possible that this identification can be used

as a measure of certain elusive trace gases in the tropos

phere.

Fortunately, the ion nature enters the equations that

govern atmospheric electricity in the PBL only as it af

fects the ionic mobility and recombination coefficient.

The mobility is defined as the mean drift velocity of the

ion per unit electric field. The mobilities of ambient ions

are more easily determined than their mass or chemical

composition. (There is no unique relationship between

mobility and mass, and a rather large uncertainty in

mass translates into a much smaller uncertainty in mo

bility.) Values for aged positive and negative ion mobili

ties at STP are about 1.15 and 1.25 cm2 V"1 sec"1, re

spectively (Mohnen, 1977), are inversely proportional

to air density, and are independent of electric-field

strength.

If ions are formed in pairs by ionizing radiation and

annihilated in pairs by ion-ion recombination, then the

positive and negative ion concentrations are equal and,

in the absence of particulates, are given by

n± = (qla)
1/2

(11.1)

where q is the ionization rate and is the recombination

coefficient. If there are no aerosol particles in the atmo

sphere the ion lifetime is given by

t = n±lq = (llqa)
M2

(11.2)

Recombination of ions in the troposphere is a three-

body process. The present theoretical treatment of

three-body recombination is inadequate for calculation

of absolute values of the recombination coefficient. This

is due in part to our inability to identify the ion chemis

try. Measurements of the recombination coefficient

yield a value of about 1.4 X 10 " 6 cm3/sec for aged atmo

spheric ions at STP (Nolan, 1943).

The movement of ions in an electric field gives rise to

the electrical conductivity of the atmosphere. The con

ductivity is defined as

X = e(n + k + + n_it-), (11.3)

where k± is the mobility and e is the elementary charge.

The conductivity is non-ohmic (field dependent) if the

ion densities depend on electric field, as is the case near a

boundary (electrode effect).

Equations (1l.l)-(1l .3) predict concentrations of

about 3000 ions/cm3, lifetimes of about 5 min, and a

conductivity of about 1 X 10 "13 mho/m for an ioniza

tion rate of 10 ion pair cm " 3 sec " ' . In reality the values

of these variables are considerably smaller because ions

are destroyed not only by recombination but also by at

tachment to aerosol particles, as described in the next

section.

Attachment of Ions to Aerosol Particles

Suspended in the atmosphere are many small parti

cles mostly in the size range between 0.01 to 0.5 /tm ra

dius. The concentration of aerosol particles varies from

a few hundred per cubic centimeter over remote regions

of the oceans to a hundred thousand per cubic centi

meter in polluted urban environments. Ions diffuse to

these particles and, on contact, transfer their charge to

them; thus the particles act as centers of recombination.

In most continental areas the loss of ions by attachment

to aerosol particles is greater than the loss by ion-ion

recombination. The attachment process also establishes

a size-dependent statistical charge distribution on the

aerosol particles. (Some are negatively, some positively,

and some neutrally charged.)

To treat the problem of ion-aerosol attachment in its

totality requires the solution of a system of balance

equations for ions and particles with various numbers of

elementary charges. Since we are interested here only in

the effect of aerosols on ion depletion, we can write a

simplified ion balance equation as

dn

df

= q — an2 - finZ, (11.4)

where Z is the total particle concentration irrespective

of the charge state of the individual particles and 0 is the

effective ion-aerosol attachment coefficient. For steady-

state conditions and q = 10 ion pairs cm"3 sec"1, the

dependence of ion density on the particle concentration

is shown in Figure 1 1 . 2 for an effective attachment coef

ficient of |3 = 2 X 10 "6 cm3 sec"1. It is readily seen that

when the particle concentration is greater than about

1000 cm " 3, the concentration of ions is more dependent

on the aerosol attachment than on ion-ion recombina

tion. Only in remote oceanic and Arctic regions can the

effect of particles on the ion density sometimes be ig

nored.

Atmospheric aerosols are hygroscopic, and their equi

librium radius increases as the relative humidity in-
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FIGURE 11.2 Ion depletion as a function of increasing aerosol con

centration for an ionization rate of 10 ion pairs cm " 3 sec " ' and a typi

cal value of ion-aerosol attachment coefficient.

weather electric field is about 100-200 V/m. Because the

PBL is the region of greatest electrical resistance, it

largely controls the discharge rate of the global circuit.

If the conductivity of the atmosphere were uniform,

it would be a passive ohmic medium with no accumula

tion of space charge to alter the electric field. Space

charge is generated internally in the unperturbed atmo

sphere in two ways: (1) by conduction down a conduc

tivity gradient and (2) by the imbalance of ion flow near

a boundary. The first mechanism can be understood in

terms of Ohm's law, / = X£, where / is the conduction-

current density. For steady-state conditions and in the

absence of any convective charge transport, / is uni

form, and, therefore, the electric field is inversely pro

portional to the conductivity. Since conductivity

changes with altitude, there must be an inverse altitude

dependence of the electric field. Poisson's equation re

quires this change in field to be accompanied by a space

charge given by

p = e0 v • E =
to e<j

/--f£-v\, (11.5)

creases. This growth is especially pronounced at relative

humidities above about 90 percent. An increase in the

size of aerosol particles makes them more efficient scav

engers of ions, resulting in a lower conductivity. When

the relative humidity exceeds 100 percent, some of the

particles are activated and grow rapidly (by about 2 or

ders of magnitude) to radii larger than 1 nm, forming

fog or cloud droplets. These droplets are effective scav

engers of ions and are responsible for the low conductivi

ties found in fogs and clouds. The atmospheric-electric

fog effect (see section below on Phenomenology of At

mospheric Electricity in the Planetary Boundary

Layer), where conductivity decreases and the electric

field increases before the formation of fog, is probably

related to aerosol growth with increasing humidity.

Recent advances in aerosol measurements have re

sulted in accurate aerosol size distributions that could

now be used to evaluate more thoroughly the ion-aero

sol equilibrium. An accurate treatment would include

not only a realistic aerosol size distribution but also the

statistics of diffusional charging of particles by ions.

Effect of the Global Circuit

Electric fields and currents in the PBL arise primarily

from the voltage impressed across it by the global circuit

discussed in Chapter 15 (this volume). The weak con

ductivity of the PBL causes it to act as a resistive element

in the global circuit, conducting a fair-weather current

density of about 1 to 3 pA/m2 to ground where the fair-

where eo is the dielectric permeability of air. By the

steady-state assumption, the first term on the right-

hand side vanishes and the space charge is proportional

to the electric field and conductivity gradient and in

versely proportional to the conductivity. This process

can be thought of as a pileup of space charge due to con

duction down a conductivity gradient.

The second mechanism for producing space charge

operates only near a boundary. Across any horizontal

area in the atmosphere stressed by a vertical electric

field, positive and negative ions will flow in opposite

directions. However, at a boundary, ions of one sign can

flow to that boundary, but there will be no compensat

ing flow of the opposite sign away from it. This im

balance in ion flow gives rise to a space charge in the

vicinity of the boundary. This second mechanism for

generating space charge is aptly referred to as the elec

trode effect. For the case of uniform volume ionization

in laminar airflow with no aerosols and bounded on the

bottom by a conducting surface, the ion-balance equa

tions can be solved together with Poisson's equation to

give the solution shown in Figure 11.3. The ionization

rate was taken to be 10 ion pairs cm"3 sec-1, and the

solution illustrates that the effect of the electrode, in this

idealized case, would extend to about 3 m (Hoppel,

1967). In the turbulent atmosphere, the electrode effect

extends to much higher altitudes and the space charge

formed by these two mechanisms is dispersed by turbu

lent mixing, causing a convective flux of charge in addi

tion to the conduction current.



154 WILLIAM A. HOPPEL, R. V. ANDERSON, and JOHN C. WILLETT

 

0 20 40 60 80 100 120

-E (VOLTS PER M)

FIGURE 11.3 Simple electrode effect in nonturbulent air with con

stant volume ionization rate of 10 ion pair cm"3 sec"1 over a plain

surface (from Hoppel, 1967).

Turbulent Transport of Electrical Properties

Most aspects of the structure of the PBL are domi

nated by the effects of turbulence (Haugen, 1973; Wyn-

gaard, 1980), and electrical processes are no exception.

Turbulent mixing prevents the buildup of radioactive

emanations in shallow layers near the ground except un

der very stable conditions, disperses aerosols over a

greater depth increasing the columnar resistance, and

redistributes space charge, producing convection cur

rents. The almost continual state of turbulent motion in

the atmosphere is caused by the combined influences of

drag, heating, and evaporation from the underlying

surface. It is only in cases of extremely low wind speed

and strong surface cooling that laminar flow may be

found, and even then only for short periods and over

limited areas.

Drag generates turbulence through shear instability,

which transfers kinetic energy from the mean flow to

the turbulence. The energy goes into eddies on the scale

of the mean velocity gradient, which is strongest near

the surface, and tends to produce turbulence with a lo

cal integral scale comparable to the height above the

surface. Both heating and evaporation from the surface

tend to produce an unstable density gradient. The struc

ture of the turbulence produced by buoyant instability

can be quite different from that of shear-generated tur

bulence because warm, moist parcels starting near the

surface accelerate as they rise through an unstable envi

ronment. The resulting eddies tend to be elongated ver

tically and to have a size scale determined by the thick

ness of the entire PBL.

The turbulent kinetic energy injected into the flow by

these two mechanisms is not dissipated at the scales

where it is produced. Instead, energy cascades down to

ever smaller eddy sizes and is dissipated primarily at

scales smaller than a centimeter and results in a wide

range of eddy sizes. These eddies efficiently mix passive

contaminants like ions, aerosols, space charge, and ra

dioactive gases. The turbulent transport of space charge

is equivalent to an electrical convection current through

the atmosphere. It is evident from Figure 11.3 that tur

bulent diffusion would disperse the space charge result

ing from the imbalance of positive and negative ions in

the lower layers, producing a net upward flow of charge

(opposing the downward conduction current).

Electric field fluctuations are also caused by turbu

lent movement of this space charge. To specify the aver

age electric field, the instantaneous field must therefore

be averaged over an interval of time longer than the pe

riod of the largest eddy. Figure 11.4 shows an electric-

field profile over the ocean in the tradewinds off the

coast of Barbados and illustrates the increase in vertical

extent caused by turbulence. Each circle represents an

average of 50 to 300 measurements of 10-sec duration,

and the bars are the standard deviations. The large devi

ations illustrate the variability in the instantaneous field

and the necessity of averaging to obtain a meaningful

profile in the PBL. The variations are greatest where the

gradient is steepest and are much less at a height of 160

m above the surface. The solid and dotted lines are the

result of numerical modeling where x is a parameter re

lated to the strength of turbulent mixing. It is obvious

from this discussion that any treatment of atmospheric

electricity in the PBL must include the effects of turbu

lence.

This variability with time and position at low alti

tudes demonstrates the danger inherent in balloon

soundings used to obtain integrated ionospheric poten

tial. Neither spatial nor temporal averaging is possible

during the rapid ascent and only a coarse vertical resolu

tion is available where fields are largest and most vari

able.
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FIGURE 11.4 Variation of the electric field with height (electrode

effect) found over the tropical ocean illustrating the observed large

fluctuations of the instantaneous field from the average field caused by

atmospheric turbulence. The curves are numerical solutions for the

governing equations using gradient diffusion model for ion transport

(from Hoppel and Gathman, 1972).

PHENOMENOLOGY OF ATMOSPHERIC

ELECTRICITY IN THE PLANETARY

BOUNDARY LAYER

Although typical average values are often cited for

atmospheric-electrical observables, the greatest interest

and significance by far has been attached to variations

with time over a broad range of time scales. There have

been studies of atmospheric-electrical variations with

annual and even 11-yr periodicities; short-period fluc

tuations have also received some attention in the past,

and they are currently a subject of renewed interest, as

will be discussed later. By far the greatest effort has been

focused on diurnal variations with respect to either uni

versal or local time and, to a lesser extent, on seasonal

changes in diurnal patterns.

One of the first, and certainly the most famous, dem

onstrations of a reproducible variation pattern with uni

versal time is the hourly average potential gradient

curves obtained over the world ocean on the Carnegie

cruises. These curves have long served as de facto stan

dards with which to evaluate the viability of attempts to

measure universal variations. The result of the 1928-

1929 Carnegie cruise (Torreson et ah , 1946) is plotted in

Figure 11.5 along with several of the more successful

subsequent attempts to measure this average variation.

These are integrated (and extrapolated) ionospheric po

tential from 125 balloon ascents (Muhleisen, 1977), 20

aircraft profiles in the Bahamas (Markson, 1977), and 6

aircraft profiles at a selected Arctic location (Clark,

1958) . Also shown are quasi-continuous measurements

of current density made above the PBL during the Arc

tic winter, which, when allowance is made for the small

(6 percent) measured change in columnar resistance

during the measurement period, should accurately mir

ror variations in ionospheric potential (Anderson,

1967).

Consideration of these curves strongly indicates that

there is indeed a well-defined average global diurnal

variation but that there are equally important real local

deviations with time. This is demonstrated in Figure

11.6 (Israel, 1973) in which the effect of turbulent pro

cesses on warmer (March to October) afternoons is seen

to dominate the average diurnal curve. For this reason a

better knowledge of ionospheric potential variations

would play a key role in the identification of effects at

tributable to PBL processes. However, subtraction of
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the average diurnal variation does not necessarily isolate

a particular local phenomenon.

Electric field and vertical current density are driven

by the global circuit and, as shown in Figure 11.5, can

exhibit the characteristic variation pattern even within

the PBL in certain cases if suitably averaged. There are

other observables such as the ionic conductivity, which

are only weakly influenced by global processes while de

pending strongly on local effects. Conductivity has been

seen to be a result of ionization, ionic mobility, recombi

nation, and attachment of ions to particulates, all of

which can be influenced by local conditions and vari

able trace constituents. It is reasonable therefore to ex

pect that large variations in conductivity will be primar

ily determined within the PBL and have a marked

dependence on local time. The columnar resistance is a

parameter usually defined as the resistance of a vertical

column of unit cross section from ground level to the

base of the ionosphere. It is commonly derived from a

measured vertical profile of atmospheric conductivity,

and it is observed that most of this resistance lies within

the PBL. The validity of this is seen in Figure 11.7,
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FIGURE 11.8 Normalized potential gradi

ent showing rush-hour effect at polluted ur

ban sites (from Anderson and Trent, 1969).

which shows the resistance R of a 1-cm2 column from the

surface to 4.57 km over land as a function of local time.

The strong effect of the midday upward dispersion of

aerosols on R is readily apparent, and the shape of the

curve and the 40 percent variation are in reasonable ac

cord with our knowledge of the daily variation of turbu

lent activity.

The strong dependence of the columnar resistance on

PBL conditions provides a mechanism for the modifica

tion of electrical observables with local time. Such

mechanisms can embrace the entire PBL as does fully

developed turbulent convection, or they can be con

fined to a shallow region near the surface. One example

of a shallow effect is seen in the observed response to the

typical urban morning rush hour (Anderson and Trent,

1969). In the morning there is still little turbulent activ

ity, since solar heating of the surface has just begun, and

there is an abrupt injection of combustion products into

the stratified atmosphere. Conductivity is reduced by

particulates, but this reduction is confined to a shallow

layer; so the total columnar resistance and thus the ver

tical current are largely unaffected. Consequently, the

local surface field increases as required by Ohm's law.

This increase is seen in Figure 11.8 between 1100 and

1600 GMT (0600 and 1100 EST) at three sites located in

urban areas. Because of these local diurnal variations,

single-station potential gradient recordings, even when

heavily averaged, rarely exhibit a classical Carnegie-

type diurnal variation pattern (Israel, 1961).

These diurnal variations with both universal and lo

cal time are not the only fluctuations observed in atmo

spheric-electricity recordings. Shorter-period variations

are always observed and usually dismissed as noise. Ob

served fluctuations on atmospheric-electricity record

ings made within the PBL are comparable in magnitude

to the mean values of those recordings (Takagi and To-

riyama, 1978). A typical recording is seen in Figure

11.9. Much of the fluctuation content in the range from

roughly 0.1 sec to tens of minutes is produced by local

turbulence.

There are two obvious consequences of this coupling.

First, all the methodology of turbulence analysis, such

as eddy-correlation, profile, and dissipation analyses,

can be applied to the electrical observations. The second

consequence is the possibility of utilizing electrical ob

servations as a tool in the study of turbulent processes.

The relationship between atmospheric electricity and

turbulence will be considered in more detail in the sec

tion below on Modeling and Theory. There is also a sug

gestion that fluctuations in the total Maxwell current

density in the range of 10 to 1000 sec can correlate at

intercontinental distances (Ruhnke et al., 1983). It is

clear that short-period fluctuations in atmospheric-elec

trical recordings strongly influence attempts to observe

global scale phenomena, are relatively underexploited,

and constitute a fertile area for possible applications.

Although horizontal gradients of atmospheric-elec

trical variables within the PBL are much smaller than

vertical ones (largely a consequence of the geometric

scales involved), significant horizontal variability is ob

served. Significant instances include the effect of organ-

 

FIGURE 11.9 Records of the potential gradient (F), air-earth cur

rent density (/), and brightness (//) at Aachen on July 31, 1954 (from

Israel, 1958).
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ized convection activity on a large scale as seen in Figure

11.10 (Markson, 1975), terrain effects produced by

mountains and coastlines, and the sunrise effect caused

by differences in turbulent mixing between the heated

and dark regions. To a first approximation such effects

are seen to be the result of imposition of a local perturba

tion on an otherwise uniform situation and are, hence,

essentially comparable with local phenomena such as

the rush-hour effect previously described.

The spatial variation on which attention has been fo

cused is in the vertical dimension. The interest in global-

scale phenomena has led to the use of a vertical profile as

a convenient observational unit. Measurements are

made of one or more atmospheric-electrical variables,

typically field, conductivity, and/or current density, at

a variety of altitudes in a relatively short time span

(from a few to tens of minutes). The sensors are carried

aloft with aircraft, balloons, or rockets, and data are

presented both as profiles and as numerically integrated

totals. Profiles have been made over land because of

convenience and to study specific terrain effects and

over water in attempts to eliminate land effects. Profile

data have been responsible for the detection of convec

tion currents in the PBL comparable in magnitude with

the total current, the classical electrode effect over wa

ter under stable conditions, the response of columnar

resistance to pollutant buildup, and the classical diurnal

variation in ionospheric potential.

Typical vertical profiles of atmospheric potential

through the PBL are seen in Figure 11.11. The Green

land profiles are characterized by extremely low levels

of particulate contamination, and the vertical variation

of conductivity closely approximates that predicted the

oretically for an aerosol-free atmosphere. The addition

of particulate burdens, whether in a shallow layer as in

curve C or in a thick layer as in D, markedly affects the

observations within the PBL. It is apparent that, in the

presence of atmospheric contaminants, the voltage drop

across the PBL is significantly greater than in the Green

land observations.

7.5

 

30 40

DISTANCE (km)

FIGURE 11.10 Horizontal variations in potential gradient showing

effect of organized convection (from Markson, 1975).
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FIGURE 11.11 Typical vertical distributions of atmospheric poten

tial (from Clark, 1958).

The conduction-current density, defined as the prod

uct of electric field and conductivity, can easily be com

puted from airborne measurements. Two typical pro

files of conduction-current density are shown in Figure

11.12. Above the PBL the current density is seen to be

essentially constant with altitude. This is a direct result

of the small space-charge density above the PBL and the

greatly reduced turbulent mixing found there. This ver

tical constancy led to the aforementioned use of current-

density measurements above the PBL to follow univer

sal variations. The increases seen at low altitudes were

the first unambiguous evidence of the existence and sig

nificant magnitude of convective charge transport

within the PBL, as discussed in the next section.

In addition to variations that depend on time or

height are variations that are associated with a specific

phenomenon. The most well known such case is the at

mospheric-electric fog effect. It has been observed that

the conductivity decreases markedly in fog and that the

start of the decrease may precede the actual fog onset.
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FIGURE 11.12 Two profiles of convection current density com

puted from aircraft measurements of field and conductivity (from

Kraakevik, 1958).

Analogously, the increase in conductivity at the termi

nation of the fog event may also precede actual dissipa

tion. A typical data recording through a fog event is seen

in Figure 11.13. This phenomenon has been reported by

many observers (Dolezalek, 1963), but it has not as yet

received an adequate physical analysis.

Similarly, there are effects associated with surf and

waterfalls wherein some charge separation is produced

by mechanical breakup of the water surfaces (Blan-

chard, 1963). For example, the positive space charge

produced by breaking surf can lead to an appreciably

larger electric field on shore than outside the surf zone

during onshore winds. In contrast to the positive charge

produced along ocean coasts, sufficient negative charge

has been observed along the shore of a freshwater body

(Lake Superior) during heavy surf to reverse the fair-

weather electric field (Gathman and Hoppel, 1970).

Negative charge is also observed from waterfalls. In

some cases there are also strong local effects associated

with smoke plumes and with volcanic eruptions. Again

there is a separation of charge, which then diffuses away

from the source.

MODELING AND THEORY

The complicated dependencies of the local electrical

variables on the ionization profile, aerosol concentra

tions, turbulent structure of the PBL, and temporal var

iations in the global electrical circuit make it dangerous

to trust intuitive notions when interpreting measure

ments made in the PBL. Increased insight into the

meaning of the observations is obtained by modeling

various physical mechanisms mathematically. Some of

the more important results of these theoretical efforts

follow.

The electric field tends to be nearly vertical in fair

weather, and the meteorological structure of the PBL

usually changes slowly in comparison to the electrical

relaxation time. This has led naturally to the assumption

of a quasi-steady, horizontally homogeneous mean state

and to one-dimensional, time-independent models of

the mean electrical structure. These assumptions imply

that the conduction- and convection-current densities
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FIGURE 11.13 Atmospheric-electric fog

effect—a typical example of successful fore

casts of both on set and dissipation (from

Serbu and Trent, 1958).
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are vertically directed and that their sum, the total cur

rent density, is height independent, leading to great

simplifications from a modeling point of view. About

this mean state, of course, are fluctuations caused by

turbulent eddies. (A parallel may be drawn here to the

prevalence of one-dimensional models of the mean me

teorological structure of the PBL, in which small-scale

phenomena such as turbulence enter only in terms of

their horizontally averaged effects.)

The primary goal of electrical modeling of the bound

ary layer to date has been to understand the mean pro

files of the electrical variables resulting from currents

driven by the global circuit. Thus, theoretical develop

ments have focused on the sources of charge within the

PBL and the phenomena produced by the vertical tur

bulent transport of that charge. After an introduction to

the modeling of turbulent mixing, we shall examine the

electrode layer and the convection currents resulting

from electrode-effect space charge.

Turbulence Modeling

The simplest and most pervasive mathematical de

scription of turbulent mixing is the gradient-diffusion

model. Applied to the vertical transport of space-charge

density by vertical velocity fluctuations w ' , it states that

the mean turbulent flux (or convection current) is pro

portional to the local mean gradient:

w'p' = -K(z)
8j>_

dz

(11.6)

Here K(z) is the eddy-diffusion coefficient, usually

taken to be proportional to height above the surface.

Values at 1 m generally lie between 0.01 and 1.0 m2/sec.

This model is a form of first-order closure of the con

servation equation for space charge. It is generally be

lieved to provide an acceptable description of mixing

near the surface, where shear production predominates

over buoyant production of turbulent kinetic energy.

Gradient diffusion is often applied throughout the PBL,

sometimes with a stability-dependent coefficient and a

decrease at the top to represent an inversion, although it

is known to provide poor results in the interior of an

unstable mixed layer. In atmospheric electricity its use is

best restricted to modeling of the electrode effect.

There are many more sophisticated (and more com

plex) approaches to turbulent transport modeling. A

popular one is second-order closure, in which conserva

tion equations are derived for evaluating the second mo

ments, such as w'p' and p'6'v ($„ is the virtual potential

temperature), in terms of each other and of mean vari

ables like dpldz. Such models allow the mean charge flux

at a given height to depend on the dynamics of the entire

PBL, not just on local properties. This capability is es

sential for the correct modeling of unstable mixed lay

ers, where local flux-gradient relationships are known

to break down.

Before leaving this discussion of turbulent transport

modeling, some cautionary mention should be made of

secondary flows. There are many circumstances when

the largest scale of motion in the boundary layer is or

ganized into a nonrandom structure. The most familiar

example is the stationary roll vortices, which sometimes

form over the tropical ocean. Such organized motions

can carry a large fraction of the vertical transports; and

since they cannot be adequately represented by turbu

lence models of the types discussed above, these trans

ports must be described explicitly with a dynamical

model of two or more dimensions.

The Electrode Effect

The electrode effect has already been defined, and its

simplest manifestation has been described for laminar

flow and uniform ionization in aerosol-free air (Figure

11.3). In this case the electrode layer has a thickness of

only a few meters, over which the electric-field magni

tude decreases by about a factor of 2. The importance of

the phenomenon lies in its ability to separate substantial

amounts of charge near the Earth's surface. In condi

tions of low turbulence this leads to high space-charge

densities in shallow layers, which can produce high elec

trical noise levels as intermittent eddies move this charge

around. In strongly unstable conditions, on the other

hand, it provides a source of charge to be carried deep

into the interior of the PBL by convection currents.

The theory of the nonturbulent electrode effect is

fully developed and has been verified over water and, at

least qualitatively, over land. The simplest case, the so-

called "classical" electrode effect, is illustrated schemat

ically in the first frame of Figure 11.14. The thickness of

the layer is determined by the lifetime of the small ions

and their drift velocity in the ambient electric field.

Since aerosol particles act as recombination sites for

small ions, they reduce the ion lifetimes and, hence, the

thickness of the nonturbulent electrode layer, as illus

trated in the second frame of Figure 11.14. A shallow

layer of enhanced ionization, which can arise from sur

face radioactivity or trapping of radioactive emanations

from the soil, can cause a reversed electrode effect, as

illustrated in the third frame of the figure. Here a stra

tum of negative space charge is developed owing to the

sweeping of negative ions upward out of the highly io

nized layer, causing the electric-field magnitude to in-
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ELECTRIC FIELD PROFILES IN THE ELECTRODE LAYER:

EFFECT OF AEROSOL, TRAPPED RADIOACTIVITY, TURBULENCE

E 2

RADIOACTIVITY

I

TURBULENCE

FIGURE 11.14 Heuristic profiles of electric

field in the electrode layer illustrate the effects

of various physical processes. From left to

right are the "classical" electrode effect in

clean, nonturbulent air with uniform ioniza

tion, as in Figure 11.3; the effect of aerosol

attachment on the nonturbulent case; the ef

fect of a shallow layer of high ionization rate

on the nonturbulent case; and the effect of

strong turbulence.

crease with height. Unfortunately, these relatively sim

ple cases rarely occur in the real atmosphere because of

pervasive turbulent mixing.

The most obvious effect of turbulence on the elec

trode layer is to increase its thickness by mixing the space

charge upward. The impact of nonuniform ionization is

reduced as the turbulence intensity increases, both be

cause trapping of radioactive emanations is eliminated

and because the thicker layer appears to be less sensitive

to surface radioactivity. The presence of aerosol parti

cles thickens the layer further, in contrast to their effect

in the nonturbulent case, by increasing the electrical re

laxation time. These processes may increase the height

scale of the electrode layer so much as to make it virtu

ally undetectable with surface-based measurements, as

illustrated in the fourth frame of Figure 11.14. For this

reason turbulence blurs the distinction between the

electrode effect proper and convective currents in the

interior of the PBL. Turbulence can also cause signifi

cant loss of ions and space charge by diffusion to the

surface.

The theory of the turbulent electrode effect is not so

fully developed as that of the nonturbulent case, owing

primarily to the difficulty of parameterizing the lower

boundary conditions at an aerodynamically rough sur

face (Willett, 1983). Hoppel and Gathman (1972) ob

tained reasonable agreement between experimental ob

servations and a numerical model of the turbulent

electrode layer in clean maritime air over the tropical

ocean (see Figure 1 1 .4) . At present, however, there is no

satisfactorily verified model that applies over land. In

view of the importance of the electrode effect as a charge

source for convection currents throughout the PBL, the

development and testing of such a model should be a

high priority for future research.

Convection Currents in the Planetary Boundary

Layer

The downward conduction-current density is often

observed to vary with altitude in the PBL. Based on the

reasonable assumption of a steady, horizontally homo

geneous, mean charge-density distribution, Kraakevik

(1958) concluded that these deviations from vertical

uniformity imply the existence of a height-dependent

"convection-current density" such that the total current

density is constant with altitude. He speculated that this

convection current is produced by the upward turbulent

transport of space charge produced near the surface.

Convection currents can be modeled relatively easily

in many circumstances using only the mean charge-con

servation equation

dt eo *f-i<^>

--^(w'p') (11.7)

and Poisson's equation. This assumes that the mean con

ductivity profile is not influenced by the electric field,

which appears to be the case under conditions of strong

turbulent mixing. The first term on the right-hand side

of Eq. (11.7) represents local electrical relaxation due to

the mean conductivity. The effect of mean conduction

down the conductivity gradient causes "piling up" of

space charge and is represented by the second term. The

third term is usually negligible compared with one of

the first two. The convergence of convection current is,

of course, represented by the final term.

Recent modeling of convection currents has shown

that they only become important in unstable mixed lay
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ers, where the turbulent transport time across the entire

PBL can be comparable with the electrical relaxation

time. The controlling meteorological variables are the

surface fluxes of momentum and buoyancy and the

mean conductivity and thickness of the mixed layer. It

appears that the convection of electrode-effect space

charge can have a major impact on the electrical struc

ture of the boundary layer. It can even reduce the mag

nitude of the total downward current density locally on

the order of 50 percent owing to a mechanically gener

ated electromotive force (EMF) of more than 100 kV in

extreme cases. Although these theoretical predictions

are not inconsistent with existing data, they remain to

be tested thoroughly in the field.

Effect of the Planetary Boundary Layer on the

Fair-Weather Electrical Circuit

Two boundary-layer processes can have a substantial

impact on the fields and currents appearing throughout

the entire atmospheric column from the Earth to the

ionosphere. These are variations in the columnar resis

tance and convection currents. To appreciate the im

portance of these effects, consider a steady convection-

current density Jc(z) below an inversion at height H

when a steady ionospheric potential Vx is applied from

above. Since the total current density /, must be inde

pendent of height, it is easy to show that

V. = -7,fl« + (11.8)

where fl,* is the total columnar resistance. The second

term on the right may be considered an EMF generated

by boundary-layer convection. This steady-state analy

sis is valid as long as X, Jc, and V,* change slowly com

pared to the electrical relaxation time near the ground.

If we assume V,* to be constant, Eq. (1 1.8) shows that

the magnitude of /, is inversely proportional to Rx and

decreases linearly as the boundary-layer EMF increases.

An aerosol-related increase in columnar resistance of 40

percent can therefore produce a similar decrease in the

total current density. A simultaneous 100-kV increase in

the PBL EMF can cause a further 30 percent decrease,

for a total reduction in /, of 52 percent. This makes /,

alone a relatively poor indicator of global processes.

NEEDED RESEARCH AND POTENTIAL

APPLICATIONS

Measurement of Global-Scale Phenomena

As discussed in detail in other chapters of this volume,

there are ample reasons for interest in global-scale atmo

spheric-electrical phenomena. For example, valuable

information about the distribution and temporal vari

ability of horizontal potential differences in the iono

sphere could be provided by monitoring the ionospheric

potential simultaneously in different locations. Further

more, the widely accepted relationship between global

thunderstorm activity and ionospheric potential has yet

to be verified on any but the crudest statistical basis.

From the present perspective, finally, a detailed knowl

edge of the forcing from the global circuit would be use

ful in evaluating the electrical response of the PBL.

Unfortunately, the measurement of global-circuit pa

rameters is complicated by the action of boundary-layer

processes. Although local PBL structure cannot appre

ciably affect the total current in the global circuit, or

even the local ionospheric potential, it can cause a redis

tribution of that current and alter the vertical profile of

electric field. Therefore, the proper interpretation of lo

cal measurements in terms of global parameters requires

a thorough understanding of noise sources in the PBL.

The electrostatic potential of the upper atmosphere

with respect to Earth is the single parameter most indic

ative of the electrical state of the global circuit. Yet the

temporal variability of this ionospheric potential is

largely unknown outside of its average diurnal varia

tion. Methods of measuring the ionospheric potential

(such as aircraft and balloon soundings) have for the

most part systematically excluded the detection of any

shorter-term variations. Fluctuations in electric-field

and current-density measurements in the PBL with pe

riods shorter than a few hours are usually attributed en

tirely to local sources, primarily turbulence and pollu

tion.

One way to separate local and global sources is to cor

relate measurements at widely separated stations or to

make instantaneous measurements averaged over large

horizontal areas. A preliminary attempt (Ruhnke et al..

1983) to detect global variations with periods of seconds

to minutes in the total Maxwell current (conduction,

convection, and displacement) measured simultane

ously in the United States and the Soviet Union revealed

an apparent correlation that is difficult to attribute

solely to chance. This approach deserves further atten

tion as a relatively simple prospective method of moni

toring short-period variations in the global circuit.

If it can be demonstrated that short-period and day-

to-day global variations do indeed exist, then not only is

the source of these variations of importance but also the

usual interpretation of local variations in terms of tur

bulence must be re-evaluated. In light of the importance

of the ionospheric potential as an indicator of the electri

cal state of the global circuit and the need to separate its

variation from local fluctuations in the PBL, the iono
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spheric potential should be measured continuously and

simultaneously at two or more locations for a period of

days and with a time resolution of seconds, preferably in

conjunction with observations of global thunderstorm

activity and of upper-atmospheric disturbances. The di

rect measurement of potential in the lower atmosphere

using a tethered balloon has been attempted (Willett

and Rust, 1981; Holzworth et al., 1981). Extension of

these techniques to higher altitudes and faster time reso

lution should be encouraged.

Potential Toolfor Study of Planetary-Boundary-

Layer Turbulence

We have seen how strongly the electrical structure of

the PBL is influenced by turbulent mixing. Space charge

is unique among natural scalar contaminants in having

a lifetime (the electrical relaxation time) comparable in

magnitude with the time scales of the largest eddies in

the PBL. Charge density, used in conjunction with a

conservative tracer like water vapor, therefore offers the

possibility of useful information about the structure of

these energy-containing motions, which the natural ra

dioactive tracers, thoron (54-sec half-life) and radon

(3.8-day half-life), cannot provide. If the sources of

space charge and moisture are understood, comparison

of their relative distribution through the boundary layer

might be useful in determining the Lagrangian time

scale of the transport process.

Another important consequence of the finite lifetime

of charge density is that the convergence of its turbulent

flux can be deduced from its mean distribution and the

convergence of conduction-current density under

steady-state conditions. Since these functions depend

only on the mean profiles of electric field and conduc

tivity, they are readily measured. Thus, convection-

current density is one of the few turbulent fluxes the pro

file of which can be observed without recourse to the

complex and technology-intensive eddy-correlation

method.

Because the lifetime of space charge is comparable

with that of the largest eddies, it resists becoming well

mixed in an unstable PBL, where conservative scalars

tend to be uniformly distributed. This fact and the ease

of measuring the turbulent transport have recently been

exploited to obtain profiles of the eddy-diffusion coeffi

cient for space charge through the boundary layer from

individual aircraft soundings (Markson et al. , 1981) .

To realize this potential, it will be necessary to de

velop a more thorough understanding of the sources and

turbulent transport of electrical charge within the PBL.

The most urgent need is for a field program to gather

data on the dependence of these phenomena on the me

teorological structure of the boundary layer. Further

theoretical modeling will then be required to integrate

these data into a coherent understanding of the pro

cesses involved. Areas of particular ignorance at present

are the ionization rate within the plant canopy and the

disposition of space charge accumulating at an inversion

because of the discontinuity of conductivity usually

found there. Further research into these areas may even

tually lead to the use of atmospheric-electrical measure

ments to observe, perhaps remotely, the meteorological

structure of the PBL.

Ion Physics and Balance in the Planetary Boundary

Layer

Small atmospheric ions, existing by virtue of a bal

ance between ionization of the neutral gas and recombi

nation and attachment to aerosol particles, cause the

conductivity of the air. Yet, many facets of the nature

and behavior of these particles are still poorly under

stood. More research is needed in the area of ion physics,

especially (1) identification of the terminal positive and

negative species in the PBL, (2) determination of the de

pendence of ion chemistry on trace gases, (3) measure

ment of the attachment coefficients of ions to charged

and uncharged aerosol particles of various sizes, and

(4) evaluation of the resulting charge distribution on the

aerosols. (1) and (2) show promise of becoming sensitive

methods for detecting certain trace gases. Further iden

tification of exact ion chemistry is required by physiolo

gists before they can evaluate claims of physiological ef

fects of air ions (MEQB, 1982) .

Values of ion-aerosol attachment coefficients as a

function of particle radius and charge are necessary to

determine accurately the loss of ions (or conductivity) as

a function of aerosol load. Few measurements of abso

lute values of attachment coefficients have ever been at

tempted. Usually only ratios of attachment coefficients

are measured and compared with theoretically pre

dicted values of the ratios. Better measurement of the

absolute values of the coefficients are necessary to pre

dict ion loss and validate theory.

The use of conductivity or columnar resistance as a

pollution monitor depends on the inverse relationship

between conductivity and aerosol burden. The conduc

tivity is sensitive to the aerosol concentration, and mea

surements spanning several decades have been used to

evaluate changes in global particulate pollution (Cobb

and Wells, 1970). However, the quantitative reliability

of these indicators of particulate burden should be more

fully investigated. The use of conductivity measure

ments for deducing aerosol burden is complicated by

their sensitivity to the ionization rate. This latter sensi
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tivity has even led to the suggestion that conductivity be

used as a monitor of nuclear operations and accidents.

The electrical state of the atmosphere depends criti

cally on the ionization profile. Over the ocean ioniza

tion is due only to cosmic rays, and oceanic measure

ment of the electrode effect are in satisfactory

agreement with numerical solutions of the governing

equations. Over land, the ionization profile is compli

cated owing to ionization from ground radioactivity

and radioactive gases as discussed earlier. Simultaneous

measurement of all contributions to the ionization pro

file has never been accomplished. It is imperative that

future studies of atmospheric-electrical profiles in the

PBL over land include such measurements.

A theoretical explanation is needed for the atmo

spheric-electric fog effect. This is most likely to be found

in the dependence of the conductivity on changes in the

aerosol size distribution with changes in relative humid

ity. Measurements of all pertinent parameters are

needed during a fog event to formulate a physical theory

that adequately accounts for the observations. The pos

sible usefulness of the observed precursor phenomenon

could then be evaluated.

Finally it should be mentioned that there are some

experimental techniques that do not yet exist in satisfac

tory form for proper studies of PBL electrical processes.

Briefly, these include a continuous measurement of

ionospheric potential with fine time resolution, ion-

sampling techniques with spatial resolutions suitable for

profile determinations in the lowest few centimeters of

the PBL (and within the plant canopy), and an ade

quately instrumented platform for making accurate at

mospheric-electrical and micrometeorological profiles

throughout the PBL.
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INTRODUCTION

This chapter deals with the electrical structure of the

lower atmosphere, i.e. , the troposphere and the portion

of the stratosphere below about 30 km. Here the princi

pal observing platforms (not including surface measure

ments) are balloons. Their limited height range, rather

than other physical considerations, is the main reason

that the electrical structure above 30 km will be dis

cussed separately in the following chapter.

For better understanding of the electrical phenomena

taking place in the lower atmosphere and the coupling

between them, the concept of a "global circuit" will be

briefly touched on—a complete discussion is presented

by Roble and Tzur (Chapter 15, this volume).

The discovery of the atmospheric conductivity raised

a question concerning the origin of the electric fields and

the electric currents that were known to exist and flow

continuously in the atmosphere. According to the classi

cal picture of the global circuit (Dolezalek, 1972), the

total effect of all thunderstorms acting at the same time

can be regarded as the global generator, which charges

the ionosphere to several hundred kilovolts with respect

to the Earth's surface. This potential difference drives

the air-earth current downward from the ionosphere to

the ground in the nonthunderstorm areas through the

conductive atmosphere. The value of this air-earth cur

rent density varies according to the ionospheric poten

tial and the total columnar resistance between iono

sphere and ground. Finally the local atmospheric

electric field must be consistent with this current flow

ing through a resistive medium, i.e., the atmosphere.

In addition to the global generator there also exist ef

fective local generators such as precipitation, convec

tion currents (charges moved by other than electrical

forces), and blowing snow or dust. The latter create

their own local current circuits and electric fields super

imposed on parts of the global circuit. Generators can be

regarded as local generators (Dolezalek, 1972) if the re

sistance from the upper terminal to the ionosphere is

much greater than the resistance from that point to the

Earth's surface along the shortest possible path and with

the consequence that almost no current flows to the ion

osphere from this generator.

In the following sections we discuss initially the

sources of ionization in the lower atmosphere together

with solar-induced and latitudinal variations. In the

next section a brief review of aerosol distributions in the

troposphere and lower stratosphere is presented. Varia

tions following major volcanic eruptions are empha

sized. Atmospheric conductivity, small ion concentra

tions, and ion-mobility measurements are the subject of

the third section. Here the influence that solar activity

or aerosols have on the conductivity, and therefore on

166
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parts of the columnar resistance, are discussed. In the

final section the air-earth current and electric fields in

the lower atmosphere are considered. Here the results

are interpreted from a global viewpoint with perturba

tions from local generators. Examples of anthropogenic

influences on the electric field near the ground are also

presented and discussed briefly.

ION PRODUCTION IN THE LOWER

ATMOSPHERE

The electric structure of the troposphere and lower

stratosphere depends strongly on the ion-pair produc

tion rate and the physical properties of the ions pro

duced. Cosmic rays are the primary source of ionization

in the atmosphere range under consideration. Near the

Earth's surface over the continents there is an additional

component due to ionization by radioactive materials

exhaling from the soil. This radioactive ionization com

ponent depends on different meteorological parameters

and can exceed the cosmic-ray component by an order

of magnitude as discussed in Chapter 11. It decreases

rapidly with increasing height, and at 1 km it is already

significantly less than the contribution due to cosmic

rays (Pierce and Whitson, 1964). The ion-production

rate by cosmic rays is shown in Figure 12.1 for different

geomagnetic latitudes during the years of solar mini-

Neher (1961.1967)1965

 

mum (1965) and solar maximum (1958) based on bal

loon measurements by Neher (1961, 1967). The exis

tence of the geomagnetic field gives rise to a pronounced

latitude effect. Only at latitudes higher than about 60°

can the full energy spectrum of the cosmic rays reach the

Earth and the depth of penetration be limited only by

the increasing atmospheric density for low-energy parti

cles. At high latitudes 100-MeV protons can penetrate to

about 30 km height, for example. Moving downward to

lower latitudes more and more particles with lower en

ergies are deflected by the geomagnetic field and, there

fore, are excluded. The geomagnetic equator itself can

only be reached by particles with energies greater than

about 15 GeV. The hardening of the cosmic-ray spec

trum with decreasing latitude is indicated in Figure 12.1

by the lowering of the height at which the maximum

ionization rate occurs. Near the equator this maximum

ionization rate is observed around 10 km.

Furthermore, the ionization rate depends strongly on

solar activity in a sense that at a particular height the

ion-production rate is lower during the sunspot maxi

mum and higher during the sunspot minimum, as illus

trated in Figure 12.1. The mechanisms are not fully

understood, but it appears that irregularities and

enhancements of the interplanetary magnetic field tend

to exclude part of the lower-energy cosmic rays from the

inner solar system (Barouch and Burlaga, 1975). The

effect becomes more pronounced with increasing height

and/or increasing geomagnetic latitude. At geomag

netic latitudes around 50° the reduction of the ion-pro

duction rate during the periods of sunspot maximum is

about 30 percent at 20 km and about 50 percent at 30

km. More recently this solar-cycle dependence was con

firmed by measurements with open balloonborne ion

ization chambers by Hofmann and Rosen (1979). Ana

lytical expressions for computing the ionization rates

dependent on latitude and solar-cycle period are given

by Heaps (1978). Superimposed on the 11-yr solar-cycle

variation are so-called Forbush decreases (Forbush,

1954), which are somehow related to solar flares and

exhibit a temporary reduction of the incoming cosmic-

ray flux for periods of a few hours to a few days or weeks

(Duggal and Pomerantz, 1977) .

On the other hand, solar proton events (SPE) can

drastically increase the ion-production rate within the

stratosphere and, for high-energy solar protons, some

times even near the ground. The duration of such SPEs is

of the order of hours, and they are normally restricted to

high-latitude regions, as discussed in more detail in the

following chapters.

FIGURE 12.1 Profiles of the ionization rate at different latitudes in

years of the minimum (1965) and maximum (1958) of the 11-yr solar

sunspot cycle (Neher, 1961, 1967).
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AEROSOLS IN THE LOWER ATMOSPHERE

Within the portion of the atmosphere under consider

ation in this chapter there are three primary regions of

interest to atmospheric electricity: the boundary layer

(approximately the first 3 to 5 km), the remaining por

tion of the troposphere, and the stratosphere. The char

acterizing aerosol parameters of central importance

here are concentration, size distribution, and vertical

structure. In addition, variability of the aerosol in each

of these regions must be recognized. Such variations

may influence electrical parameters and significantly

detract from the apparent repeatability of various at

mospheric electrical measurements.

The boundary layer is generally thought of as a rela

tively well-mixed region capped on the upper side by a

temperature inversion. Since mixing across the inver

sion tends to be inhibited, a potential exists for the accu

mulation of aerosols within the boundary layer if a sig

nificant source is present. The buildup of aerosols is

frequently of sufficient magnitude to cause a notable re

duction in visibility. Even when there is no apparent loss

in visibility as observed from the surface, the upper

boundary may still be apparent even to an airline pas

senger at the moment when the aircraft passes through

inversion. The buildup of aerosols in the boundary layer

and the capping effect of the inversion have been ob

served in a more quantitative sense by airborne lidar.

The ion concentration and conductivity can be greatly

affected by the aerosol buildup in the boundary layer

and a dramatic change in these quantities is often ob

served at or near the altitude of the defining inversion.

The size distribution of aerosols near the surface of the

Earth has frequently been approximated with a power-

law function (Junge, 1963). However, it has more re

cently been suggested that the near-surface aerosol is ac

tually made up of two or three size modes that when

added together approximate a power-law function over

a limited range of sizes (Willeke and Whitby, 1975).

This interpretation of the size distribution seems to bet

ter reflect the physical processes affecting the aerosol

concentration in the atmosphere. Some examples of typ

ical size distributions for a variety of conditions and lo

cations can be found in the work of Willeke and Whitby

(1975) and Patterson and Gillette (1977) .

The aerosol mixing ratio profile (and usually the con

centration profile) typically show a relative minimum in

the upper troposphere for particle radii greater than

about 0.1 ftm. In contrast the condensation nuclei (en)

profile (corresponding to particle radii of about 0.01

/tm) is more or less constant throughout the entire tro

posphere above the boundary layer. Near the surface of

the Earth the en concentration may be relatively high

owing to local contamination (104 per cm3 or more), but

above the boundary layer the concentration ranges from

about 100 to 103 per cm3 with a global average of ap

proximately 300 to 500 per cm3 (Rosen et al., 1978a,

1978b).

The size distribution of aerosols in this region of the

atmosphere can usually be approximated by a power-

law function between about 0.01- and 10-/tm particle

diameter (Junge, 1963). Below the minimum size of

0.01 pim there are relatively few particles owing to coag

ulation, and above 10 /tm the particle concentration

drops quickly from sedimentation effects. Thus limits of

the power-law distribution must always be specified.

The character of upper tropospheric aerosols can be

temporarily disturbed by volcanic eruptions, forest

fires, biomass burning, and large dust storms. In addi

tion periodic annual variations of concentration have

also been observed (Hofmann et al. , 1975) . Another im

portant temporal variation of tropospherical aerosols is

associated with the so-called arctic haze events. New ev

idence suggests that these events are characterized by

high particle loading throughout a large portion of the

troposphere. The impact of this extensive aerosol load

ing on atmospheric electrical parameters is yet to be de

termined.

Hogan and Mohnen (1979) reported the results of a

global survey of aerosols in the troposphere and lower

stratosphere. They found that the concentrations were

more or less symmetrically distributed about the Earth.

Measurements of this type could provide the basis for

extrapolating local or isolated observations to character

istic worldwide values.

The morphology of stratospheric aerosols is domi

nated by a persistent structure frequently referred to as

the 20-km sulfate layer, or Junge layer. It is now known

that the character of this layer is highly affected by large

volcanic eruptions. For several years prior to 1980,

stratospheric aerosols were in a quasi-steady-state con

dition, not being under the influence of any significant

recent volcanic eruptions. During that period the size

distribution appeared to be consistent with a single

mode log-normal distribution (Pinnick et al., 1976), al

though other types of single-mode distribution were also

employed (Russell et al., 1981) with similar results. The

composition was thought to be primarily sulfuric acid

droplets.

The appearance of the 20-km layer is not evident in

the vertical profile of all particle size ranges. The en pro

file, for example, which is representative of particles

with sizes in the neighborhood of 0.01-^m radius usually

shows a dramatic drop in concentration above the tro-

popause and no relative maximum at the altitude of the

stratospheric aerosol layer. This would be consistent
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with a tropospheric en source and a vertical profile dic

tated by diffusion and coagulation (Rosen et al. , 1978a) .

After a large volcanic eruption the size distribution

may be greatly disturbed and highly altitude depen

dent. Following the eruption of El Chichon in April

1982, Hofmann and Rosen (1983a, 1983b) reported a

size distribution that could be approximated by a sum of

multiple log-normal distributions, each with a different

mode. The source of the smallest particle mode ( ~ 0.01

/tm) appeared to be associated with the homogeneous

condensation of highly saturated sulfuric acid vapors.

This production ceased a few months after the eruption,

and consequently the mode disappeared. A midsize

mode (-0.1 nm) was also observed, which may have

resulted from coagulation and growth by condensation

of the initial particles formed by the homogeneous con

densation. Another mode near 1-2 (tm diameter was also

observed that may have formed from the condensation

of sulfuric acid vapors onto the solid silicate ash particles

as well as on particles already present in the strato

sphere. Further assessments of the aerosol injected by

the El Chichon eruption have been described in a collec

tion of papers introduced by Pollack et al. (1983).

An unexpected influence of the El Chichon eruption

was the enhancement of an annually appearing en layer

near 30 km altitude. Although the phenomenon was ob

served in previous years (Rosen and Hofmann, 1983) the

concentration of en associated with these event layers

was enhanced by at least 2 orders of magnitude. Even

though the sizes of the particles were quite small

(~0.01-/tm diameter), the concentration was large

enough to measurably affect the ambient ion concentra

tion and conductivity (Gringel et al., 1984). The event

particles are thought to have formed in polar regions

from highly supersaturated sulfuric acid vapors. The af

fect of this phenomenon on the various aspects of atmo

spheric electricity at high latitude has not been assessed

at the time of this writing. Of particular interest would

be the influence of the highly supersaturated vapors on

the ambient ion mass (and therefore mobility). Careful

measurements at appropriate locations may provide an

unexpected means of finding supporting experimental

evidence for some of the various models of ion composi

tion (and mass) that have been proposed (Arnold, 1983;

Arnold and Ruhrke, 1984).

Figures 12.2 to 12.4 illustrate several of the character

istics of atmospheric aerosols that have been discussed

above. The long-term influence of volcanic aerosols on

the stratosphere are illustrated in Figure 12.2, which

compares the quasi-steady-state period with the dis

turbed conditions still observed some 18 months after

the eruption of El Chichon. Note also the presence of the

boundary layer near the surface (as evidenced by a
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FIGURE 12.2 A comparison of aerosol profiles (particle diameter

greater than 0.30 jtm) for the quasi-steady-state period (September 27,

1978) with the decay period following the April 1982 eruption of El

Chichon.

sharp drop in concentration) and a relative minimum in

the aerosol concentration occurring in the upper tropo

sphere.

An example of a normal and disturbed en profile is

illustrated in Figure 12.3. A significant en event layer is

evident at about 30 km altitude. Roth profiles show a

relatively large drop in the en concentration just above

the surface, a relatively constant mixing ratio through

out most of the troposphere, and a noticeable drop in

concentration near the tropopause.

An example of the influence of volcanic eruptions on

the size distributions of stratospheric aerosols is illus

trated in Figure 12.4. As previously discussed, the size

distribution during the quasi-steady-state period could

be described quite well by a single-mode log-normal dis

tribution. At the time of this writing some 18 months

after the eruption of El Chichon, the size distribution

appears still to be quite disturbed.
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FIGURE 12.4 A comparison of the single-mode stratospheric aerosol

size distribution (solid line) typical of the quasi-steady-state period

with a recently obtained distribution (dashed line) that is believed to

be still under the influence of the April 1982 eruption of El Chichon.

ATMOSPHERIC CONDUCTIVITY, SMALL ION

CONCENTRATION, AND MORILITY

The atmospheric conductivity depends on the exis

tence of positive and negative ions, whereas the contri

bution of free electrons can be neglected below about

45 km. There is normally a mixture of ions and the re

sulting conductivity can be expressed in terms of the

number densities and mobilities of the individual species

as

+ a. cEn1+/c,+ +

i

(12.1)

with e the electronic charge and n and k the number

densities and mobilities of the particular positive and

negative ions. The ion mobility is defined by the drift

velocity v of the ions in an electric field E as

v = fcE (12.2)

and depends on the mass, the collisional cross section,

and charge of the individual ions (ions are believed to be

singly charged in the lower atmosphere) as well as on the

density and polarizability of the surrounding gas. It is

inversely proportional to the air density and can be ex

pressed by the reduced mobility k0 as

k(h) = k0

PoT(h)

(12.3)

P(h) To '

where po and T0 are STP pressure and temperature

(1013 mbar, 273 K) and p and T are pressure and tem

perature at height h. An empirical relationship between

reduced mobility and ion mass in nitrogen is given by

Meyerott et al. , (1980) and shown later in Figure 12. 13.

In the troposphere and lower stratosphere the atmo

spheric conductivity is maintained by the so-called

small ions with reduced mobilities around 1.5 cm2/V

sec, whereas the mobilities of large ions (charged aerosol

particles or large molecular clusters) are too small to

contribute directly to the conductivity (e.g., Israel,

1973b). As will be discussed later, large ions as well as

attachment by aerosol particles can reduce the conduc

tivity significantly. The production and annihilation of

small ions is shown schematically in Figure 12.5. The

molecular ion and remaining electron created by the io

nizing process form charged molecular clusters (the

small ions) after several reactions. These small ions are

annihilated by mutual recombination and neutraliza

tion, or they become almost immobile by attachment to

aerosol particles or large ions. Under steady-state condi

tions and assuming equal densities of positive and nega

tive small ions, the fundamental balance equation be

comes in its most simplified form

dn/dt = 0 - q - cm2 - /3nZ, (12.4)
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where q is the ionization rate, a the recombination coef

ficient, £ the attachment coefficient, and Z the aerosol

concentration. An expression for (r) that is relevant to

stratospheric conditions has been developed by

Zikmunda and Mohnen (1972) and is approximately

0(r) = 2.35 X 10" 4 r1 451 , where r is the radius of the

aerosol particle in micrometers. Recombination coeffi

cients were reported by Smith and Church (1977) and

experimentally derived from nearly simultaneous bal

loon measurements of the ionization rate, the small ion

density, and the conductivity by Rosen and Hofmann

(1981a, 1981b) and Gringel et al. (1983).

The atmospheric conductivity within balloon alti

tudes is measured mostly with the Gerdien condenser

technique (e.g., Israel, 1973a). In contrast to ion-

density measurements, conductivity measurements are

largely independent of the airflow rate through the Ger

dien tube. This seems to be the main reason for the rela

tively good agreement among different conductivity

profiles as reported by Meyerott et al. (1980). A direct

comparison of three different Gerdien-type sondes has

shown in fact an agreement of the resulting conductivity

profiles within 10 percent to 32 km height (Rosen et al. ,

1982).

Figure 12.6 shows a mean profile (21 soundings) of

the positive polar conductivity for quiet solar conditions

and a geomagnetic latitude around 50° (Gringel, 1978).

This profile can be analytically expressed by the relation

3

CT+(10-umho/m) = exp( E a,z,), (12.5)

1-0

with z the altitude (in kilometers) and o0 = 6.363 X

10-', a, = 3.6008 X 10-',a2 = -8.605 X 10 "4, and

a3 - 1.0331 X 10-'.

The scattering of the mean values as shown for kilo

meter intervals is considerably below 15 km, indicating

a highly variable aerosol density throughout the tropos

phere. The noticeable increase of the conductivity

around 13 km can also be attributed to a sharp decrease

of aerosol particle concentrations, especially condensa

tion nuclei, above the tropopause.

For comparison, Figure 12.6 shows the mean of three

conductivity measurements conducted within 1 week

following solar flares. One profile was obtained on Au

gust 8, 1972, during a period of intense solar events. The

other two flights were conducted 3 and 7 days, respec

tively, after a solar flare associated with an intense type-

IV radio burst on April 11, 1978. For all three flights the
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FIGURE 12.6 Profiles of the positive polar conductivity versus alti

tude (o . - o . ) during quiet and active solar conditions. Mean values

and standard deviations are shown for altitude intervals in kilometers

(Gringel, 1978).
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ionization rate was appreciably reduced by the flare-

related Forbush decrease, resulting in a remarkable

conductivity reduction throughout the lower strato

sphere. For the August 8, 1972, flight the conductivity

reduction reached deep into the troposphere (see also

Figure 12.8 below).

The ratio between the values of positive and negative

polar conductivity exhibit a noticeable altitude depen

dence as shown in Figure 12.7 (Gringel, 1978). In the

troposphere the negative conductivity values exceed the

positive ones by about 12 percent. Between 15 and 20

km both polarities are about equal, whereas above 20 to

25 km the negative conductivity becomes 5 to 10 percent

smaller than the positive on the average. Assuming

equal densities of positive and negative small ions, the

same can be concluded for the corresponding average

small-ion mobilities.

As shown by Roble and Tzur (Chapter 15, this vol

ume) the vertical columnar resistance is an important

parameter within the scope of the global atmospheric

electrical circuit. This columnar resistance Rc is related

to the atmospheric conductivity by

hi

Rc - f (a+ + a.)d/i (12.6)

and denotes the resistance of a vertical air column with a

1-m2 base between the ground and the equalization

h/km
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FIGURE 12.7 The ratio of positive to negative polar conductivity i

deduced from 10 balloon flights (Gringel, 1978).

FIGURE 12.8 Mean columnar resistance [Rf(/i,)] between the

lower-altitude h, and 60 km. The profiles R* {h,) are calculated from

positive polar conductivity profiles only for quiet solar conditions (X . )

and after solar flares measured on August 8, 1972 (A-691) and on April

14, 1978 (A-782).

layer. From Eq. (12.6) Rc is determined mainly by the

low conductivity values near the ground. Figure 12.8

shows the columnar resistance Rc(h\) between the lower

height hi and 60 km as function of hi under quiet solar

conditions as calculated from the conductivity profile in

Figure 12.6 and using the ratio between positive and

negative conductivity shown in Figure 12.7. The mean

value from the ground to 60 km was found to be 1.3 X

1017 Q m2 at Weissenau (South Germany, 450 m above

sea level) during fair-weather conditions. The varia

tions are on the average about 30 percent and are caused

by a changing ionization from radioactive materials

near the ground and by varying aerosol concentrations

in the lower troposphere. The first 2 km of the atmo

sphere contribute about 50 percent and the first 13 km

about 95 percent to the total columnar resistance.

The right side of Figure 12.8 shows three profiles of

the positive polar columnar resistance R * as a function

of the lower height /i] for quiet solar conditions and two

profiles following solar flares. These three profiles were

calculated using only positive conductivity values and

therefore show about twice the value of the actual Rc

obtained from both polarities. Whereas the Forbush de

crease observed on April 14, 1978, influenced mainly

the part of the columnar resistance above the tropos

phere, the enhancement reached deep into the tropos

phere on August 8, 1972, at a geomagnetic latitude of

48°. The part of Rc above 13 km was found to be higher

by 13 and 28 percent, respectively, when compared

with Rc obtained under quiet solar conditions. As pro

posed by Markson (1978) this could cause a reduction of

the current flowing from the top of the thunderclouds to
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the ionosphere, resulting in a lower value for the ionos

pheric potential reported for periods of high solar activ

ity by Fischer and Miihleisen (1972).

Layers of an increased aerosol density can signifi

cantly reduce the atmospheric conductivity owing to at

tachment of small ions on these aerosol particles. Figure

12.9, as an extreme, shows a conductivity profile

through a Sahara dust layer between 1.7 and 3.7 km

height and 2200 km west of the West African coast

(Gringel and Miihleisen, 1978). The dust concentration

Z* responsible for the conductivity decrease is also

shown. The authors report a mean mass concentration

of 1200 g"3 throughout the layer. Owing to the low alti

tude of the layer the total columnar resistance was in

creased about 30 to 50 percent within these large-scale

areas of Sahara dust transport across the North Atlantic.

It is estimated that about the same increase of Rc occurs

Ascent at Pos. 16,5° N, 37 °W

Launching 26.11.73 14.42 GMT
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FIGURE 12.9 Polar conductivity as a function of altitude and the

concentration of mineral dust particles Z* derived from the conductiv

ity decrease AX in the main Sahara dust transport layer at 2200 km

distance from West Africa (Gringel and Miihleisen, 1978).
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FIGURE 12. 10 Small-ion-density profiles by different authors taken

from Riekert (1971), who measured the profile A-480.

under stratus clouds extending from 2 to 4 km height.

The influence of altostratus and cirrus clouds on Rc is

negligible compared with the above. Up to several hun

dred percent increase of the columnar resistance can oc

cur in polluted areas where high aerosol concentrations

(in excess of 104 cm " 3) or even smog reduce the conduc

tivity drastically within the first few kilometers of the

troposphere.

The concentration of small ions is one of the more fun

damental electrical properties of the atmosphere. The

closely related parameter conductivity, although highly

important for the electrical structure of the atmosphere,

depends on the product of the ion concentration and ion

mobility and is therefore of a somewhat less basic na

ture. Small-ion concentrations are also measured with

the Gerdien condenser technique. In contrast to con

ductivity measurements, the measured ion current is

proportional to the airflow rate through the Gerdien

chamber, and the latter must be well known in evaluat

ing the appropriate ion density values. Figure 12.10

shows some ion-density profiles measured by different
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authors as reported by Riekert (1971). The profiles show

large variations among each other and differ by almost a

factor of 5 at the ion density maximum near 15 km. The

small-scale fluctuations shown in the profiles of Kroen-

ing (1960) and Paltridge (1965) have been attributed to

the attachment of small ions on particles. However, it is

not clear that the known stratospheric aerosol size and

concentration can quantitatively account for the re

quired amount of ion depletion, except under rare cir

cumstances.

If, on the other hand, the airflow through the Ger-

dien chamber is maintained by the rising balloon, it be

comes difficult to estimate the actual airflow rate from

the balloon rise rate as shown by Riekert (1971) and

Morita et al. (1971). The potential seriousness of these

uncertainties has led Rosen and Hofmann (1981a,

1981b) to develop a new Gerdien-type ion-density

sonde, which is force ventilated by a lobe pump produc

ing a steady and well-defined airflow. A typical ion-

density profile measured by these authors is shown in

Figure 12.11. Over a 2-yr period their measurements

show only small variations from flight to flight, and the

fluctuations in the individual profiles are considerably

less than those obtained with Gerdien tubes that are not

force ventilated.

The ion-mobility values among different researchers

show also, similarily to the ion density, large variations

 

FIGURE 12.11 Small-ion-density profile measured with a force ven

tilated Gerdien condenser (from Rosen and Hofmann, 1981a).
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FIGURE 12. 12 Reduced mobility spectrum (histogram) for positive

ions around 26 km (Gringel, in preparation). The relationship be

tween the mass of molecular ions and their reduced mobility in nitro

gen as reported by Meyerott et al. (1980) is also shown.

as discussed in detail by Meyerott et al. (1980). The re

duced positive mobility values up to 30 km range from

1 cm2/V sec (Riekert, 1971) to 2.7 cm2/V sec (Widdel et

al., 1976), corresponding to average ion masses of ap

proximately 400 and 30 amu, respectively (see the ion

mass/mobility relation shown in Figure 12.12). Ion mo

bilities obtained by Mitchell et al. (1977) are even

larger, around 5 cm2/V sec at 30 km and above, which

would indicate ion masses less than 10 amu if the theo

retical curve in Figure 12.12 could be extrapolated.

Meyerott et al. (1980) point out that these small ion

masses might be attributed to rather large field strengths

of Elp = 20-30 V/cm Torr used in some of the instru

ments, which can cause an ion breakup during the sam

pling procedure. If complementary measurements of

conductivity and ion concentration are used to deter

mine the ion mobility, a poorly known and variable air

flow rate through the ion-density chamber might ex

plain some of the above discrepancies.

Three simultaneous balloonborne measurements of

ion density [force-ventilated Gerdien tube by Rosen and

Hofmann (1981a)] and conductivity [Gerdien tube ven

tilated by the rising balloon (Gringel, 1978)] yielded a

reduced positive ion mobility of 1.3 ± 0.15 cm2/V sec

between 4 and 34 km (Gringel et al., 1983). Figure

12.13 shows the result from flight W-204 conducted on

May 15, 1979, at Laramie, Wyoming. The reduced pos

itive mobility from this particular flight indicates an

"average" ions mass of about 180 amu throughout the
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entire altitude range. Following these measurements a

balloonborne ion-mobility spectrometer was developed

and for the first time was flown successfully at Laramie,

Wyoming, on June 6, 1983 (Gringel, in preparation).

The spectrometer consists of a voltage-stepped Gerdien

condenser with divided collector electrode, force venti

lated by a lobe pump. The maximum electric-field

strength is kept well below 1 V/cm Torr in order to avoid

a breakup of the weakly bonded small ions. As prelimi

nary results, the fractional abundances of positive and

negative small ions with respect to the reduced mobility

are shown in Figures 12. 13 and 12. 14 for altitudes of 26

and 24.5 km, respectively. These results indicate that

most of the positive ( — 78 percent) and negative ( — 90

percent) ions have reduced mobilities between — 1 and

—2.2 cmz/V sec. The mass-mobility relation by Mey-

erott et al. (1980) indicates that most of the ions of both

polarities have masses between 55 and 400 amu.

Whereas only 20 percent of the negative ions show re

duced mobilities larger than — 1.7 cm2/V sec, approxi

mately 43 percent of the positive ions exceed this value

and have masses smaller than about 100 amu. The re-
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FIGURE 12. 13 Reduced mobilities of positive small ions versus alti

tude calculated from simultaneous measurements of small-ion density

and conductivity (Gringel et al. , 1983) .

FIGURE 12. 14 Reduced mobility spectrum of negative ions around

24.5 km (Gringel, in preparation).

duced average mobility values are 1.5 cm2/V sec for the

negative ions and 1 .8 cm2/V sec for the positive ions with

an accuracy range of + 10 to - 20 percent. It cannot be

decided at this time whether the reduced mobilities

measured in 1979 (see Figure 12. 13) and 1983 are really

different from present values.

The negative ion-mobility spectrum shown in Figure

12.14 is quite consistent with ion mass spectrometer

measurements reported recently by Viggiano et al.

(1983). These authors found that the main mass

peaks of negative ions between 125 and 489 amu be

long to the main ion families NO3 (HNO3)„ and

HSO;H2SO4)m(HNO3)n. The heavy HSO; core ion

family was found during their flights (September/Octo

ber 1981) mainly at altitudes above 30 km. However the

major volcanic eruption of El Chichon in early April

1982 has changed the H2SO4 content of the stratosphere

dramatically, as reported among others by Hofmann

and Rosen (1983a, 1983b). Their aerosol measurements

as well as the negative-ion mobility spectra indicate the

presence of the heavy HSOI core ion family well below

30 km.

In contrast to negative-ion mass spectrometer mea

surements, as of this writing the presence of positive ions

having masses greater than 140 amu in the lower strato
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sphere (e.g., Arnold et al., 1981) have not been de

tected. This is not consistent with ion-mobility measure

ments and clearly needs further investigation.

AIR-EARTH CURRENT AND ELECTRIC

FIELDS IN THE LOWER ATMOSPHERE

The atmospheric electric circuit is characterized by a

difference in voltage (on the order of 300 kV) between

the highly conductive ionosphere (commonly referred to

as the equalization layer) and the Earth's surface, which

is also a relatively good conductor. This voltage Vi is

thought to be maintained principally by thunderstorms

acting as the generators and the atmospheric conductiv

ity acting to discharge the ionosphere through continu

ous flow of current. The value of this air-earth current

density in fair-weather areas depends on the voltage V;

and the columnar resistance Rc and is, according to

Ohm's law,

h = V,lRC. (12.7)

The value of the atmospheric electric field E(h) de

pends on the air-earth current density and the electrical

conductivity of the air according to the following Ohm's

law relationship:

jv(h) - E(h)[o.(h) + a.(h)]. (12.8)

Under steady-state conditions it is expected for rea

sons of continuity that the air-earth current density is

constant with altitude if large-scale horizontally homo

geneous conditions exist and if no charged clouds or

other disturbances alter the so-called fair-weather con

ditions.

Figure 12. 15 shows the atmospheric electric field and

both polar conductivities as measured simultaneously

over the North Atlantic by Gringel et al. (1978). The

field and conductivity profiles show clearly the inverse

pattern to each other, which is expected for a constant

air-earth current density through the atmosphere. Even

a thin cloud layer at 6 km did not disturb this inverse

pattern. The mean vertical air-earth current density for

this particular balloon flight was calculated to be /'„ =

(2.35 ± 0.15) pA/m2, a typical value for our oceanic

measurements. Another profile of /„ obtained at Lara

mie, Wyoming (Rosen et al., 1982) to 31 km height is

shown in Figure 12.16. Again the profiles of both polar

current densities show the expected constancy with alti

tude. At the same time of this flight at Laramie, the

ionospheric potential V; was determined over Weisse-

nau, Germany, by integration of the measured electric-

field strength (Fischer and Miihleisen, 1975) and found

to be 330 kV, a value that should be the same as over

Laramie according to the classical picture of the global

 

FIGURE 12.15 Polar air-earth current densities /'t, and U- versus

altitude calculated from simultaneously measured electric-field

strength £ and both polar conductivities (X - a) over the North Atlan

tic (Gringel et al. , 1978) .

electrical circuit. In addition, the columnar resistance

was obtained from an atmospheric conductivity profile

and found to be Rc = 0.65 X 1017flm2. This implies that

the total conduction current density, calculated from V;

and Rc, is 5.1 pA/m2. The good agreement with the

mean value calculated from the conductivity and elec

tric-field profiles proves that the Earth surface and the

ionosphere can be regarded as good conductors where

charges are distributed worldwide within short times.

The fact that jv over Laramie shows about twice the

value as over the Atlantic is explained by the high alti

tude of Laramie (2150 m above sea level) resulting in the

low Rc value given above. These 2 km normally contrib

ute about 50 percent to the total columnar resistance of

around 1.3 X 1017 0 m2 between sea level and the iono

sphere.

Direct measurements for the air-earth current density

in the free atmosphere have been carried out also with

long-wire antenna sondes described by Kasemir (1960).

Whereas Ogawa et al. (1977) reported a constant air-

earth current throughout the troposphere and lower

stratosphere, the measurements by Cobb (1977) at the

South Pole indicated a slight decrease of the ;c values
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above the tropopause. The reasons for this current de

crease are unknown.

At globally representative stations the air-earth cur

rent density shows a diurnal variation versus universal

time with a minimum at around 0300 GMT and a maxi

mum near 1800 GMT, reflecting the diurnal variations

of the ionospheric potential. Figure 12. 17 shows this di

urnal variation measured near the surface in the North

Atlantic (Gringel et al., 1978) and near the ground at

the South Pole (Cobb, 1977) during fair weather. The

larger variation over the North Atlantic is probably due

to the relatively short observation time of only 15 days.

The agreement of the two curves also strongly supports

the concept of an universally controlled global circuit.

Direct-current density measurements near the ground

at a continental station have been reported by Burke

and Few (1978). They observed a typical sunrise effect

that is characterized by a gradual increase of the atmo

spheric conduction current within an hour after sunrise,

reaching a peak about 2 hours after sunrise. The current

density then gradually decreased but usually remained

at a higher value than was observed before sunrise. This

sunrise effect is thought to be caused by mechanical

transport of positive charges following the onset of con-
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FIGURE 12.16 Polar air-earth current densities ;',.. and /„. mea

sured on August 4, 1978, at Laramie, Wyoming. The mean total air-

earth current density is jc = (5. 1 ± 0.3) pA/m2.
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FIGURE 12.17 Mean diurnal variations of the air-earth current

density in relative units over the North Atlantic (Gringel et al. , 1978)

and at the South Pole (Cobb, 1977).

vection. During fog they observed low values of /„ that

can be attributed to an enhancement of the columnar

resistance, caused by the attachment of small ions to the

fog droplets. Beneath low clouds without precipitation

they usually found negative current readings, which are

interpreted by Burke and Few (1978) as charge-separa

tion processes occurring in most of the low clouds,

whether or not the clouds finally produced local precipi

tation or developed into thunderclouds.

The electric field in the lower atmosphere is vertical

and directed downward during fair-weather conditions

and large-scale atmospheric homogeneity. In the litera

ture of atmospheric electricity, that direction is defined

as the direction a positive charge moves in the electric

field (e.g., Chalmers, 1967). At globally representative

stations, such as ocean or polar stations, the vertical co

lumnar resistance remains nearly constant during fair

weather (Dolezalek, 1972). Here the electric-field

strength near the ground shows a diurnal variation with

universal time similar to that shown for the air-earth

current density in Figure 12.17, both reflecting varia

tions of the ionospheric potential. Over the continents

consideration must be given to a varying ionization rate

in the first few hundred meters caused by the exhalation

of radioactive materials from the Earth. This ionization

rate depends strongly on different meteorological pa

rameters, such as convection, and therefore the colum

nar resistance can no longer be regarded as constant. As

shown by Israel (1973b) the global diurnal variation of

the electric field is normally masked by local variations

at these stations. If local generators, such as precipita

tion, convection currents, and blowing snow or dust,
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FIGURE 12.18 Typical variations of the

vertical electric field near the ground and

their relative amplitude distribution during

fair weather (0), haze (oo), and fog (=) (from

Fischer, 1977).
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also become active, the description becomes increas

ingly complicated and the vertical electric-field strength

Ez can vary considerably.

Figure 12. 18 shows typical variations of Ez at a conti

nental mid-latitude station during fair weather and also

during haze and fog (Fischer, 1977) . The relative occur

rence of the field amplitudes is also shown. During fair

weather the variation is small with a mean value of Ez

about 120 V/m with no negative fields. During haze and

fog the variations become much larger and even nega

tive values of Ez occur indicating the presence of space

charges around the station. The higher positive Ez val

ues are mainly caused by a drastic reduction of the at

mospheric conductivity due to the attachment of small

ions to haze or fog droplets.

The highest values of Ez are measured during rain or

snow showers and thunderstorms as shown in Figure

12.19 (Fischer, 1977). For both cases the amplitude dis

tribution shows a typical U pattern with mainly high

positive or negative field values. The highest field values

can reach 5000 V/m at the ground. This seems to be an

upper limit because corona discharges build up a space-

charge layer with the appropriate sign so as to reduce

the original field values. Examples of anthropogenic in

fluences are shown in Figures 12.20 and 12.21. Figure

12.20 shows the undisturbed and disturbed electric-

field values near the ground on the upwind and down

wind side of a high-voltage power line. Figure 12.21

shows the undisturbed and disturbed fields values near a

large city in Germany (Fischer, 1977) . Whereas the sta

tion at the south shows almost a fair-weather field pat

tern, the values at the northern station exhibit large var

iations, and even negative values of Ez occur. The

reasons for the large variations at the disturbed stations

are in both cases drifting pollution and/or space charges.

Above the ground the vertical electric field Ez drops rap

idly with increasing altitude owing to the increasing at

mospheric conductivity. Figure 12.22 shows the de

crease of the vertical electric field with altitude during

fair weather, during cloudiness without precipitation,

and during haze and fog as measured again over Weisse-

nau, Germany (Fischer, 1977). The positive sign of £:

means that the field vector is pointed downward again.

The variations of different profiles, shown by the ha-

chured areas, are mainly caused by conductivity varia

tions, especially in the lower troposphere, rather than

by variations of the ionospheric potential itself. The

scatter is greatly increased during periods of cloudiness

and haze or fog, whereas the mean profile of the same 20

balloon flights (indicated by the thick curve in Figure
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FIGURE 12. 19 Same as Figure 12. 18 for rain or snow showers ( v )

and for thunderstorms ( K ) (from Fischer, 1977).
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FIGURE 12.20 Influence of a high-voltage power line (220 kV) on

the electric field near the ground (black station) compared with the

electric field at the undisturbed station (Fischer, 1977).

12.22) still shows a pattern typical for fair-weather con

ditions. During rain or snow and especially in thunder

clouds, the scatter in the field values becomes much

larger, including regions with large negative field val

ues. Temporal variations are fast, and the horizontal

components of the electric-field strength can reach the

same order of magnitude as the vertical components as

measured by Winn et al. (1978). These large variations

of the electric-field strength in shower and thunder

clouds are caused by regions of high-space-charge den

sity of both signs in these clouds.

Above the tropopause the vertical electric-field

strength continues to decrease nearly exponentially as

the atmospheric conductivity increases and normally

drops to around 300 mV/m at 30 km at mid-latitudes.

Holzworth and Mozer (1979) showed that solar proton

events can cause large reductions of the stratospheric

electric-field values at high latitudes by more than an
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FIGURE 12.21 Disturbed electric field

near the ground in the neighborhood of a big

city (black station). The electric-field pattern

at the south is not disturbed and shows typical

fair-weather values (Fischer, 1977).
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order of magnitude. The authors could explain their be

havior with the greatly enhanced ionization by solar

protons, which in turn enhances the stratospheric con

ductivity and thereby reduces the local electric fields.

CONCLUSION

Galactic cosmic rays are the primary source of ioniza

tion in the lower atmosphere. They control the bulk at

mospheric conductivity parameter, which in turn is lin

early related to the small-ion concentration and

small-ion mobility. Although the existence of a solar-

induced modulation of the ionization rate and of the at

mospheric conductivity is evident, the basic physical

mechanisms are not fully understood. More measure

ments of both parameters (if possible simultaneously)

are desirable in order to establish cyclic and transient

solar modulation effects. The accuracy of direct mea

surements of small-ion concentrations and mobilities

have shown improvements, but the results among dif

ferent researchers are still contradictory. Almost noth

ing is known about the mobility distribution of atmo

spheric ions throughout the troposphere and lower

stratosphere. The existence of heavy ions with masses of

several hundred amu, as inferred from mobility mea

surements, has only just recently been established by

mass spectrometer measurements. Problems with the

sampling procedure employed can not be overlooked.

Simultaneous measurements of ion masses, ion concen

trations, and ion mobilities, together with conductivity

 

ELECTRIC FIELD ( v/m )

FIGURE 12.22 The atmospheric electric field versus altitude during fair weather (O), cloudiness without precipitation (•), and during haze and

fog (oo, s=). The black curves show typical measurements, the white curves show mean profiles and the hachured areas show the scattering of the

values (Fischer, 1977).
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and aerosol measurements, are clearly needed to gain a

deeper insight into the physics and chemistry of atmo

spheric ions. Volcanic eruptions can result in a rather

dramatic increase of the aerosol content of the lower at

mosphere. The extent to which these aerosols directly

affect the atmospheric conductivity, small-ion concen

tration, and mobility should be investigated to a greater

extent. On the other hand, the sulfuric acid content of

the lower atmosphere is also drastically enhanced fol

lowing volcanic eruptions and might considerably influ

ence the ion composition. Air-earth current-density

measurements seem to be consistent with the classical

picture of the global circuit with some exceptions. The

question of whether there are other global generators in

the lower atmosphere in addition to thunderstorms

could probably be unraveled by ground-based and bal-

loonborne current measurements at different locations.

The electric-field strength in the lower atmosphere,

which is closely related to the air-earth current and the

atmospheric conductivity, can undergo considerable

fluctuations near the ground owing to conductivity vari

ations and the influence of a local generator.
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INTRODUCTION

Conventional usage divides the atmosphere into lay

ers on the basis of the average temperature profile. The

stratosphere is the region of positive vertical tempera

ture gradient extending from the tropopause to a height

of about 50 km, and the overlying region of negative

temperature gradient is the mesosphere, extending to

about 85 km altitude, where the lowest temperatures in

the atmosphere are reached. The main heat source in

both of these regions is provided by absorption of solar-

ultraviolet radiation by ozone. At still greater heights

lies the thermosphere, in which absorption of extreme-

ultraviolet radiation causes the temperature to increase

again with height. This chapter is concerned mainly

with the electrical properties of the upper stratosphere

and the mesosphere. The troposphere and lower strato

sphere were considered in Chapters 11 and 12 (this vol

ume) and the thermosphere is discussed in Chapter 14.

Both the composition and the temperature play im

portant roles in determining the electrical structure. As

noted above, the temperature in the stratosphere rises

from typical tropopause values near 200 K to values of

about 270 K at the stratopause (-50 km), above which

the temperature decreases to mesopause values that are

seasonally and latitudinally variable, occasionally drop

ping below 140 K in the high-latitude summer.

The principal atmospheric constituents are molecular

oxygen and nitrogen, just as in the lower atmosphere;

but there are a number of minor constituents that are

important from the point of view of the electrical prop

erties. Among these are nitric oxide (NO), which dif

fuses into the region from sources below and above;

atomic oxygen (O) and ozone (O3), which are formed

locally by photodissociation of O2; and water vapor,

which can be transported from the troposphere as well

as being locally produced. The role of aerosols in the

atmosphere at heights above 30 km is uncertain and con

troversial and is an area of active study. The occasional

presence of noctilucent clouds at the high-latitude sum

mer mesopause and the more regular existence of a sum

mertime polar scattering layer seen by satellites have

certainly shown that aerosols (probably ice crystals) can

exist near the top of the region, but the gap between the

mesopause and the well-known aerosol layers of the

lower stratosphere remains relatively unexplored.

In what follows, sources of ionization, the ion chemis

try that determines the steady-state ion composition,

and the present status of our knowledge of aerosol distri

bution are discussed. The final two sections discuss the

theory and measurement of conductivity and electric

fields in the middle atmosphere.
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SOURCES OF IONIZATION

Figure 13.1 shows typical ion-pair production rates

(q) at middle latitudes during daytime. Throughout the

stratosphere, galactic cosmic rays provide the principal

ionization source, as in most of the lower atmosphere.

The cosmic-ray ionization rate does not vary diurnally

but does vary with geomagnetic latitude and with the

phase of the 11-year solar cycle. Heaps (1978) provided

useful relations for computing the rate of ion production

at any latitude and time. Roughly, the ion-production

rate above 30 km increases by a factor of 10 in going

from the geomagnetic equator to the polar caps at sun-

spot minimum (cosmic-ray maximum) and by a factor

of 5 at sunspot maximum. The solar-cycle modulation is

near zero at the equator, increasing to a factor of about 2

in the polar caps. The ionization rate above 30 km is

approximately proportional to the atmospheric density.

These properties are a result of (a) the shielding effect ot

the geomagnetic field, which allows cosmic-ray parti

cles to enter the atmosphere at successively higher lati

tudes for successively lower energies, and (b) the reduc

tion in cosmic-ray flux in the inner solar system as solar

activity intensifies.

Superimposed on these long-term global variations

are brief reductions in cosmic-ray flux known as For-

bush decreases, after their discoverer (Forbush, 1938).

Forbush decreases occur in coincidence with geomag

netic storms and are of brief (hours) duration. However,

as their magnitude can be as large as some tens of per

cent, they can change global electrical parameters sig

nificantly.

In the mesosphere the major daytime source of ioniza

tion in undisturbed conditions is provided by the NO

 

FIGURE 13.1 Typical ion-pair production rates in the middle atmo

sphere.

molecule, whose low ionization potential of 9.25 elec

tron volts (eV) allows it to be ionized by the intense solar

Lyman-alpha radiation. The concentration of NO in

the mesosphere is not well known and is almost certainly

variable (Solomon et al. , 1982a) in response to meteoro

logical factors. The production-rate profile in Figure

13.1 is an estimate based on reasonable values for the

NO concentration and the solar Lyman-alpha flux,

which is itself a function of solar activity (Cook et ah,

1980).

At the upper limit of the middle atmosphere, signifi

cant amounts of ionization are produced by solar x rays,

forming the base of the E region of the ionosphere, and

by ionization of O2 in its metastable 'A state, which is a

by-product of ozone photodissociation. While these

sources are never competitive with the NO source in

terms of ionization rates, they give rise to different pri

mary positive-ion species (N^ and Oo+ as opposed to

NO + ), and hence to different chemical reaction chains.

A sporadic and intense source of ionization at high

latitudes is provided by solar-proton events (SPE) (Reid,

1974), and Figure 13.1 shows an ionization-rate profile

calculated for the peak of a major SPE in May 1959.

These events are caused by the entry into the atmo

sphere of particles accelerated during solar flares and

traveling fairly directly from the Sun to the Earth. The

particles are mostly protons, with much smaller fluxes of

heavier nuclei and of electrons, having typical energies

of 1 to 100 MeV and considerably less atmospheric pene

tration power than galactic cosmic rays. As a conse

quence, their effects are largely confined to high mag

netic latitudes ( £ 60°) and to altitudes well above the

lower stratosphere. Solar-proton events typically reach

their peak intensity within a few hours of a major solar

flare and then decay exponentially over the following

day or two. Their occurrence is a strong function of the

phase of the solar cycle, as illustrated in Figure 13.2,

which shows the distribution in the 1956-1973 period of

polar-cap absorption (PCA) events and of ground-level

events (Pomerantz and Duggal, 1974). Polar-cap ab

sorption is the name given to the intense radio-wave ab

sorption caused by the enhanced mesospheric ionization

during an SPE, while ground-level events are the rare

events with a large enough high-energy flux to cause an

increase in cosmic-ray neutron monitors at the surface.

The frequency of the events is related to the solar-activ

ity cycle, which peaked about 1958 and 1969, but in

tense events can occur at any time, as evidenced by those

of February 1956 and August 1972. Figure 13.1 shows

clearly that SPEs cause major alterations in middle-

atmospheric ionization rates, and hence in the electrical

parameters.

Energetic electron precipitation from the radiation
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FIGURE 13.2 Distribution and intensity of solar energetic-particle

events, 1956-1973. The peak absorption in the upper part is a measure

of the intensity of the polar-cap absorption (PCA) events resulting

from high-latitude ionization in the mesosphere; the lower part shows

the intensity of the cosmic-ray (CR) increases recorded by neutron

monitors and caused by solar-particle-induced nuclear reactions in the

lower stratosphere.

belts also contributes to middle-atmosphere ionization

but in a manner that is highly variable in both latitude

and time. During major electron precipitation events

this can become the dominant source of ionization

above 70 km for brief periods, and ionization rates can

be as high as 105 cm"3 sec"1 above 80 km (Reagan,

1977). Vampola and Gorney (1983) deduced zonally av

eraged ionization rates due to energetic electron precipi

tation at several magnetic latitudes. Maximum ioniza

tion rates occur between 80 and 90 km and vary

between about 0.7 cm"3 sec"1 at 45° and 6 cm"3 sec"1

at 65° latitude. At the higher latitudes energetic elec

trons are competitive with solar Lyman-alpha as an ion

ization source even in daytime. They are probably the

dominant source above 70 km at night, when the main

competitor is photoionization of NO by the weak

Lyman-alpha radiation scattered from the Earth's hy

drogen geocorona (Strobel et al., 1974).

Bremsstrahlung x rays, generated by the energetic

electrons, ionize weakly at heights below 60 km

(Luhmann, 1977; Vampola and Gorney, 1983) but are

probably rarely competitive with cosmic rays as a global

ionization source.

ION CHEMISTRY IN THE MIDDLE

ATMOSPHERE

The principal primary positive ions produced in the

middle atmosphere are N2+ , O2+ , and NO + , all of which

participate in a wide range of ion-molecule reactions

that lead to a rich spectrum of ambient ions. An equally

rich spectrum of negative ions is generated by reactions

that are initiated by the attachment of electrons to form

the main primary species O2" and O " . In this section the

current state of our knowledge of this ion chemistry and

of the steady-state ion composition that it produces are

discussed. More detailed treatments can be found in re

view articles by Ferguson et al. (1979) and Ferguson and

Arnold (1981).

Positive Ions

The first measurements of positive-ion composition in

the mesosphere were made by a rocketborne mass spec

trometer in 1963 (Narcisi and Bailey, 1965). The domi

nant species below the mesopause were found to be pro

ton hydrates, i.e., members of the family H + (H2O)n,

with a sharp transition at about the mesopause to such

simple species as O2+ , NO + , and several metallic species,

probably of meteoric origin. Many subsequent measure

ments have verified these results and have shown that

the size spectrum of the proton hydrates is very tempera

ture sensitive. At the cold high-latitude summer meso

pause, as many as 20 water molecules have been seen

clustered in individual ions (Bj6rn and Arnold, 1981).

The currently proposed positive-ion reaction scheme

leading from the primary ions to the proton hydrates is

illustrated in Figure 13.3. Since N2+ is rapidly converted

into O2+ by charge exchange with O2, the two primary

ions of concern are O2+ and NO+. The chain that con

verts O2+ into the proton hydrates was identified by

Fehsenfeld and Ferguson (1969) and Good et al. (1970)

and is fairly straightforward. Clustering of O2+ to O2

forms O4+ , which rapidly undergoes a switching reac

tion in which the O2 molecule forming the cluster

switches with an H2O molecule to form O2+(H2O).

When they are energetically allowed, such switching re

actions are usually fast, occurring at virtually every col

lision between the two species. Subsequent collisions

with water molecules lead rapidly to the proton hy

drates.

The failure of this mechanism above the mesopause is

probably due to a combination of factors: the decreasing

water-vapor concentration, the increasing electron con

centration leading to shorter ion lifetimes against re

combination, and the increasing concentration of

atomic oxygen. The latter attacks the O4+ clusters

through the reaction

o; + O o,+ + O, (13.1)

The chain of reactions leading from NO + to the pro

ton hydrates is less certain but probably involves several
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steps of clustering and switching as shown in Figure

13.3. This mechanism, first proposed by Ferguson

(1974), yields steady-state ion distributions that are rea

sonably close to those observed when appropriate reac

tion rates are used in model calculations (Reid, 1977).

Most of the critical reaction rates are still unmeasured at

mesospheric temperatures, however.

In the stratosphere, the picture is rather more compli

cated. Mass spectrometry has recently been developed

for use at the high ambient gas pressures of the strato

sphere, and measurements of positive-ion composition

have been made from rockets and balloons (Arnold et

al., 1978). These experiments showed the existence of

the proton hydrates, as in the mesosphere, and also that

below about 40 km the proton hydrates are replaced as

the dominant species by ions with a core of mass 42 amu.

This has been tentatively identified as protonated aceto-

nitrile, H + (CH3CN) (Arnold et al., 1978)—an identifi

cation that is reasonable in view of the high proton affin

ity of CH3CN and its recent discovery in the troposphere

(Becker and Ionescu, 1982).

It should be emphasized that our knowledge of strato

spheric ion composition is very sketchy. Almost nothing

is known of the composition at heights below 30 km or at

locations other than continental middle latitudes.

Negative Ions

Our knowledge of negative-ion composition in the

middle atmosphere is in an unsatisfactory state. Labora

tory measurements of the negative-ion reactions

thought to be the most important ones in the atmosphere

have led to the reaction scheme shown in Figure 13.4

(Ferguson et al., 1979). In this scheme, direct attach

ment of electrons takes place only to O2 and O3; associa

tive detachment reactions occurring chiefly with atomic

oxygen quickly destroy most of the resulting O2" and O "

ions in regions where O is present. The ions that escape

destruction in this way, however, go on to form a wide

variety of species whose electron affinity increases as we

progress down the chain. In the absence of annihilation

by positive ions, the dominant terminal species in the

chain would be the nitrate ion, NO3" , with the high elec

tron affinity of 3.9 eV (Ferguson et al. , 1972) .

Mass-spectrometer measurements of negative-ion

composition are much more difficult to make than the

corresponding positive-ion measurements, largely ow

ing to the problem of contamination by electrons. As a

result, few measurements have been made in the meso

sphere, and these have given somewhat conflicting

results (Narcisi et al., 1971; Arnold et al., 1971, 1982).

The predicted dominance of such species as NO3" and

CO3" at heights below 80 km appears to be borne out,

but many unidentified light ions have been seen in the

mesosphere. Above 80 km, there appears to be a layer of

heavy (> 100 amu) ions (Arnold et al., 1982) that may

be a result of attachment to neutral species of meteoric

origin, perhaps forming the very stable silicon species

SiO3" (Viggianoef al., 1982).

In the stratosphere, the first mass-spectrometer mea
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FIGURE 13.4 Schematic diagram of the principal negative-ion re

actions in the mesosphere. The chain leading to the terminal species

HCO3 is probably of minor importance.

surements (Arnold and Henschen, 1978) showed the

dominance of heavy ions. Laboratory measurements by

Viggiano et al. (1980) showed that in the presence of

sulfuric acid the species HSO4" would become an impor

tant core ion. Sulfuric acid is known to be the major

component of the stratospheric aerosol layer and is a by

product of volcanic activity, as discussed in Chapter 12

(this volume) .

There thus appear to be three fairly distinct negative-

ion strata in the middle atmosphere. The central region

between about 55 and 80 km is formed mainly by ion-

molecule reactions involving the commoner minor con

stituents, following initial attachment to O2. This cen

tral layer has layers of heavier ions both above and

below—the upper one probably a result of reactions in

volving meteoric species and the lower one built by clus

tering around HSO4" . At present this is a very sketchy

and incomplete picture, and many more observations

are needed to clarify it.
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FIGURE 13.5 Model calculations of the steady-state positive-ion

composition of the middle atmosphere, omitting the reactions leading

to nonproton hydrates in the stratosphere. The left-hand panel repre

sents quiet conditions, and the right-hand panel is for the case of an

intense solar proton event.

Model Calculations

If the rates of production of the various ion species

and the rates of the important chemical reactions are

known, it is possible to calculate the steady-state ion

composition. Many such calculations have been made,

and examples are shown in Figures 13.5 and 13.6.

Figure 13.5 illustrates the positive-ion composition

calculated for an intense solar-particle event (right-

hand panel) and for undisturbed daytime conditions
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FIGURE 13.6 Model calculations of the steady-state negative-ion

composition of the middle atmosphere, omitting reactions involving

meteoric species at the higher altitudes and reactions involving sulfur

species in the stratosphere. The left-hand panel represents quiet condi

tions, and the right-hand panel is for the case of an intense solar proton

event .
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(left-hand panel) . The stratospheric ion chemistry lead

ing to the formation of nonproton hydrates has been

omitted. In both cases the proton hydrates are dominant

in the lower mesosphere with a fairly abrupt transition

to NO + at greater heights in the quiet case and to mostly

C>2+ in the SPE case. A thin layer containing mostly the

intermediate clusters of O2+ or NO + separates the two

regions. The tendency toward horizontal layering of the

principal proton-hydrate species is caused by the shift in

equilibrium toward lighter species as the temperature

increases.

Figure 13.6 shows the result of similar calculations of

negative-ion composition, again omitting both the up

per meteoric layer above 80 km and the stratospheric

region of heavy HSOj" derived ions. In the undisturbed

case NO3" is dominant in most of the middle atmo

sphere, but the great enhancement in the rate of ion-ion

recombination during the SPE inhibits the formation of

NO3" and leads to an increase in the fraction of CO3" .

The initial ions O " and Oj" are the main components at

the top of the mesosphere.

The ultimate loss of ions in the middle atmosphere

takes place mainly through recombination with elec

trons or with ions of the opposite charge. In the case of

negative ions, photodetachment by sunlight provides

another loss mechanism about which little quantitative

information is available for the main atmospheric spe

cies. Loss to aerosol particles is presumably also a signifi

cant sink, especially in the vicinity of the stratospheric

aerosol layer and possibly of the polar aerosol layers near

the summer mesopause. Neither photodetachment nor

aerosol attachment were included in the calculations

represented by Figure 13.6.

MESOSPHERIC AEROSOLS

Stratospheric aerosols were discussed in Chapter 12

(this volume). The aerosol content of the mesosphere

and the effect of these aerosols on the electrical proper

ties are much more speculative. Noctilucent clouds pro

vide direct evidence that particulate material does exist

at mesospheric heights, at least on some occasions.

These silvery-blue translucent clouds appear sporadi

cally at high latitudes during the summer months, when

their great height allows them to be seen by scattered

sunlight long after the Sun has set at the surface. Their

phenomenology has been reviewed by Fogle and

Haurwitz (1966). Optical measurements suggest that

the particle concentrations are 1 to 50 cm"3 in these

clouds, with an individual particle radius of the order of

0.1 pun. Satellite measurements of backscattered sun

light reveal the existence near the mesopause of a denser

semipermanent particle layer over the summer polar

cap (Donahue ef al., 1972; Thomas etal., 1982), which

is probably related to the noctilucent cloud layer.

There is general agreement that the particles forming

these layers are ice crystals formed in the extremely low

temperatures of the summer mesopause region by con

densation from the low background concentration of

water vapor (Hesstvedt, 1961) . Several model calcula

tions have shown that it is reasonable to expect ice crys

tals to form under these conditions (e.g., Charlson,

1965; Reid, 1975; Turco etal., 1982) provided that suit

able nucleation centers exist. Mass-spectrometer results

suggest that nucleation does occur on positive ions

(Goldberg and Witt, 1977; Bj5rn and Arnold, 1981),

and the particles themselves could then act as surfaces

for ion capture. There is evidence for abnormally low

electron concentrations in the high-latitude summer

mesopause region, perhaps indicating enhanced elec

tron loss through attachment to particles (e.g., Pedersen

etal., 1970).

Below the mesopause, the evidence is much less di

rect. Volz and Goody (1962) found evidence from twi

light measurements of low concentrations of dust parti

cles throughout the mesosphere. Hunten et al. (1980)

calculated the flux of particles produced by condensa

tion of meteor ablation products. Depending on the

model conditions, this calculation predicted meso

spheric concentrations of 102 to 103 cm " 3 and individual

particle radii of a few nanometers. The influence of such

a particle distribution on the ion and electron concen

trations would be small. Chesworth and Hale (1974)

proposed the existence of mesospheric particle concen

trations of 103 to 104 cm "3 to explain certain discrepan

cies in the electrical parameters. The evidence for such

large concentrations was indirect, and further work is

needed in this area. In particular, the relationship, if

any, between the meteor-ablation particles of Hunten et

al. (1980) and the particles suggested by Chesworth and

Hale (1974) should be studied.

CONDUCTIVITY IN THE MIDDLE

ATMOSPHERE

The current density, /, and the electric field, E, are

related by the familiar Ohm's law expression

; = oE, (13.2)

where a is the conductivity. In the lower atmosphere

and most of the middle atmosphere, it is a scalar, and the

electric field and the current lie in the same direction.

Above about 70 km, however, collisions between elec

trons and air molecules become infrequent enough that

the bending of the electron path by the Earth's magnetic

field becomes appreciable between collisions, and mo
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tion perpendicular to the field becomes less easy than

motion along the field. In these circumstances, a be

comes a tensor, and an applied electric field with a com

ponent perpendicular to the magnetic field drives a cur

rent in a different direction. This anisotropy of the

conductivity becomes a dominant influence on the elec

trical properties of the thermosphere (see Chapter 14,

this volume) .

Conductivity can be measured directly by rocket-

borne probes, and a substantial number of such conduc

tivity values are reported in the literature, especially us

ing the so-called blunt-probe technique (Hale et al.,

1968). The problem of shock-wave effects associated

with a supersonic rocket are usually avoided in these ex

periments by deploying the probe with a parachute at

the top of the trajectory and making the measurements

during the subsonic descent.

In the presence of a mixture of ions, the conductivity

can be expressed in terms of the mobilities of the individ

ual species as

a = eLn*k* + eLnfkf + enjte, (13.3)

where n and k are the concentrations and mobilities of

the positive ions, negative ions, and electrons. [Equa

tion (13.3) is identical to Eq. (12.1) in Chapter 12, this

volume, except that in the middle atmosphere electrons

come into consideration. ] An experimentally derived re

lationship between reduced mobility and ion mass in ni

trogen is shown in Figure 13.7 (Meyerott et al., 1980).

The reduced mobility, ko, is the mobility in a standard

atmosphere and is related to the actual mobility, k, by
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FIGURE 13.7 Reduced mobility as a function of ion mass.
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where T is absolute temperature and p is pressure in mil

libars.

The ion mobility can be measured by the Gerdien

condenser technique (e.g., Conley, 1974), and a num

ber of measurements using rockets have been reported.

As discussed by Meyerott et al. (1980), there is no gen

eral agreement among the various measurements, al

though the data of Conley (1974) and Widdel et al.

(1976) suggest a single reduced mobility of about 2.7 X

10 *4 m2 V"1 sec"1 for the entire middle atmosphere.

This corresponds to an ion mass of about 30 amu accord

ing to Figure 13.7, which is clearly in disagreement with

both the mass-spectrometer measurements and the

model studies discussed above. Meyerott et al. (1980)

suggested that the Gerdien condenser measurements

were affected by the breakup of cluster ions by both

shock-wave and instrumental electric-field effects.

Much heavier ions have been seen in some flights. Rose

and Widdel (1972), for example, reported a group of

positive ions above 60 km whose altitude dependence

gives a reduced mobility of about 3.7 X 10"5 m2 V"1

sec" 1, corresponding to an ion mass of several thousand

amu. The origin of these ions is unknown.

Ion concentrations are also measured by the Gerdien

condenser technique, and here again there are puzzling

differences between observations and predictions.

Above about 60 km, ionization of nitric oxide by solar

Lyman-alpha radiation becomes an important source,

and a considerable amount of variability in ion concen

tration is expected (even in quiet conditions) owing to

the variability in NO concentration (Solomon et al.,

1982b). At lower altitudes, however, the only signifi

cant source is cosmic-ray ionization, and the ion-pro

duction rate due to cosmic rays can be calculated with a

fair degree of certainty. The loss rate through ion-ion

recombination is also well known (Smith and Church,

1977; Smith and Adams, 1982), and the steady-state ion

concentration can thus be calculated with correspond

ing accuracy. Figure 13.8 shows a typical set of results.

The points are taken from experimental data reported

by Widdel et al. (1976), and the solid line is the positive-

ion concentration calculated from the same model used

to produce the ion-composition profiles shown in Figure

13.6. The overall shape of the altitude profile shows rea

sonable agreement, but the measured values are gener

ally lower than the calculated values by about a factor of

3. A similar discrepancy was found by Meyerott et al.
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FIGURE 13.8 Results of measurements of ion concentration (Wid-

del et al. , 1976) and of model calculations for quiet conditions.

(1980), who suggested that it might be due to the lack of

the experimental technique to measure low-mobility

ions. Further measurements are clearly needed.

Another puzzling feature shown in Figure 13.8 is the

abrupt increase in concentration occurring at about 65

km in the 1968 data and 45 km in the 1975 data. A simi

lar abrupt increase in conductivity at about 65 km is

seen in blunt-probe measurements and has been attrib

uted to the transition from a cosmic-ray ionization

source below to a Lyman-alpha source above (Mitchell

and Hale, 1973). The model results show such a transi

tion, but it is much less abrupt and smaller in magnitude

than the one observed. The same explanation is cer

tainly ruled out for the 45-km transition, since solar Ly

man-alpha radiation is almost totally extinguished be

low 50 km.

Figure 13.9 shows the theoretical profiles of positive-

ion, negative-ion, and electron contributions to the day

time conductivity, using the same model as before. The

dotted curve shows an average of several blunt-probe

measurements of positive conductivity in quiet condi

tions (Mitchell and Hale, 1973) and is taken as represen

tative of the current experimental situation. Clearly the

overall shape of the theoretical positive-conductivity

profile matches the observations reasonably well—par

ticularly below 60 km where cosmic rays are the princi

pal source of ionization. At higher levels, the expected

variability of ion concentration should lead to a corre

sponding variability in positive conductivity.

The role of electrons is noteworthy. The theoretical

profiles show that electrons make a negligible contribu

tion to the total conductivity below 50 km but com

pletely dominate the conductivity above 60 km, where

they give rise to an extremely steep upward gradient in

conductivity [the "equalizing" layer (Dolezalek, 1972)].

The electron mobility is so large that the electron contri

bution to the conductivity becomes equal to the ion con

tribution at a level where the electron concentration is

less than 1 cm " 3. In this region the model predictions of

the electron-ion balance are not trustworthy. In partic

ular, the model used here does not include negative-ion

photodetachment as a source of electrons, as photode-

tachment cross sections of the principal atmospheric

negative ions are not known. Even small amounts of

photodetachment, however, will have an important ef

fect on electron concentrations in the region of the stra-

topause, and hence on the model conductivity profiles.

The conductivity is greatly reduced at night at all

heights above 50 km. The decrease is partly due to the

absence of solar ionizing radiation and partly to changes

in neutral chemistry, notably the conversion of atomic

oxygen to ozone in the mesosphere. Figure 13. 10 shows

model profiles of daytime and nighttime conductivity

for quiet mid-latitude conditions, in which the night

time sources of ionization are mostly solar Lyman-alpha

radiation scattered from the geocorona and the zonally

averaged flux of energetic electrons at 45° magnetic lati

tude given by Vampola and Gorney (1983). The night-
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FIGURE 13.9 Middle-atmosphere daytime conductivity. The dot

ted curve shows direct measurements (Mitchell and Hale, 1973) of pos

itive conductivity, and the other curves show the result of model calcu

lations of the contributions of the electrons, positive ions, and negative
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FIGURE 13.10 Model calculations of the daytime and nighttime

conductivity of the middle atmosphere during quiet conditions.

time equalizing layer lies nearly 10 km higher than the

daytime layer, and the transition between the two

should take place rapidly during twilight.

During a solar-proton event, the conductivity profile

of the middle atmosphere is greatly changed. Individual

events are so variable in ionization rate, however, that a

representative SPE-conductivity profile would not be

meaningful. Figure 13. 1 1 is simply intended as an illus

tration of the conductivity profile calculated from the

above model for a fairly intense SPE during daytime.

The largest fractional increase from the quiet-time con

ductivity occurs between 50 and 60 km, and the greatly

enhanced ionization in this region tends to eliminate, or
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FIGURE 13.11 Model calculations of the daytime conductivity of

the middle atmosphere during quiet conditions and during an intense

solar-proton event.

at least substantially reduce, the steep gradient immedi

ately above.

To summarize, neither direct measurements nor

modeling studies of the bulk electrical parameters of the

middle atmosphere are in a satisfactory condition. The

measurements are difficult to make and tend to be beset

by problems of interpretation. Models are based on defi

cient knowledge of several of the important mechanisms

and cannot yet give more than estimates of the altitude

profiles of such important parameters as the ion concen

tration and the conductivity. Much remains to be done

to place our knowledge on a secure footing.

ELECTRIC FIELDS IN THE MIDDLE

ATMOSPHERE

The normal electric field in the middle atmosphere is

a superposition of fields mapped upward from thunder

storm generators in the lower atmosphere and fields

mapped downward from magnetospheric and ionos

pheric dynamo generators. The possible existence of lo

cal electric-field generators within the middle atmo

sphere is a controversial topic and will be discussed

briefly later.

The mapping of the fair-weather field in the vertical

direction has been studied by a number of authors (e.g.,

Mozer and Serlin, 1969; Park and Dejnakarintra, 1973),

and a full three-dimensional model that includes a real

istic thunderstorm distribution and surface topography

has been constructed by Hays and Roble (1979). The

principal component of the middle-atmosphere electric

field provided by this tropospheric source is vertically

directed and arises from the necessity for continuity of

the vertical current. The vertical electric field is thus

roughly inversely proportional to the conductivity, and

its order of magnitude varies from 10" : V/m at balloon

altitudes to 10 "6 V/m at the base of the thermosphere.

The horizontal component of the electric field arises

from the nonuniform distribution of thunderstorm gen

erators over the Earth and is largely removed by the

short-circuiting effect of the equalizing layer in the

mesosphere, where the conductivity increases sharply

(see Figure 13.10). The attenuation is not complete,

however, and the model of Hays and Roble (1979) pre

dicts horizontal electric fields of magnitude up to a few

tenths of a millivolt per meter in the lower thermosphere

arising from the fair-weather source.

The corresponding problem of mapping the iono

spheric and magnetospheric electric fields downward

through the middle atmosphere to the ground has also

been examined by several authors (e.g., Mozer and

Serlin, 1969; Volland, 1972; Chiu, 1974; Park, 1976)

using simple one-dimensional models and by Roble and
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Hays (1979) with a full three-dimensional model. The

generation of these fields and their mapping into the

global electrical circuit will be discussed in Chapters 14

and 15 (this volume).

The dramatic increase in middle-atmosphere conduc

tivity during a major solar-proton event causes large

changes in the local electric fields at high latitudes.

Holzworth and Mozer (1979) carried out balloon mea

surements of the stratospheric electric field over north

ern Canada during the intense event of August 1972 and

reported a decrease in the vertical field by more than an

order of magnitude. The decrease closely paralleled the

increase in solar-proton flux and could be explained

qualitatively by conservation of the fair-weather cur

rent in the presence of the greatly enhanced conductiv

ity. The upward mapping of the thunderstorm-gener

ated fields of the lower atmosphere is sensitive to

changes in middle-atmosphere conductivity, since the

middle atmosphere represents a low-resistance load to

the generator even in quiet conditions. The downward

mapping of electric fields generated in the ionosphere

and magnetosphere, however, is much less sensitive,

since the conductivity of the middle atmosphere re

mains much less than that of the lower ionosphere even

during a major solar-proton event (see Figure 13. 1 1).

The changes in the global electric circuit arising from

the August 1972 SPE have been examined in detail by

Reagan et al. (1983) and Tzur and Roble (1983), all of

whom pointed out the importance in estimating the

changes in middle-atmosphere electrical parameters of

including the current carried by the precipitating pro

tons themselves in the polar-cap region. Changes in the

global circuit, however, arose mainly from the Forbush

decrease in galactic cosmic-ray flux that accompanied

the event rather than from the solar-proton flux.

Measurements of the electric field in the mesosphere

have been carried out with rocketborne techniques and

have yielded conflicting and unexpected results. Most

startling of these is the measurement of strong electric

fields in the lower mesosphere (Tyutin, 1976; Hale and

Croskey, 1979; Maynard et al., 1981) with intensities

that can be orders of magnitude larger than those re

quired to maintain continuity of the fair-weather cur

rent. The reality of these fields has been questioned

(Kelley et al., 1983), and the possibility that they are

instrumental artifacts has not been entirely laid to rest.

No satisfactory explanation of their existence, either as a

genuine atmospheric phenomenon or as an instrumental

effect, has yet been proposed. However, they remain an

intriguing feature of the middle atmosphere. The anom

alous fields, if they are real, cannot be mapped from

above or below, since they are present only in relatively

well-defined height ranges. Any plausible explanation

must involve either a local mesospheric generation

mechanism or a dramatic local decrease in conductiv

ity, in which case the strong electric field would be

needed to maintain current continuity. The latter possi

bility appears to be ruled out by simultaneous conduc

tivity measurements made on the same flight (Maynard

et al., 1981). These measurements show that the con

ductivity is indeed low in the region of the strong electric

fields but is still large enough to provide a vertical cur

rent density about 200 times larger than the fair-

weather value.

The fact that the strong fields are usually seen near

the 60- to 65-km height region, where the equalizing

layer exists, is a possible clue. In this region the domi

nant negatively charged current carriers change from

the slow-moving negative ions below to the highly mo

bile electrons above, and a fairly sharp change in elec

tric field must result from the need to conserve vertical

current alone. However, as mentioned above, the fields

measured are much larger than those associated with

this upward mapping process, and there is no obvious

reason why strong fields should be generated in this

neighborhood. The observations challenge our picture

of the middle atmosphere as a passive element in the

global electrical circuit and suggest that there may be

field-generating mechanisms that we do not yet under

stand. Even if the electric fields do turn out to be instru

mental artifacts, their explanation will contribute to our

understanding of the limitations of in situ electric-field

measurements in the terrestrial environment.

CONCLUSION

In this brief review we have summarized our present

understanding of the electrical structure of the atmo

sphere in the 30- to 100-km height range. The sources of

ionization in this region are reasonably well known, and

their variations in time and space are at least qualita

tively understood. The complexities of the ion chemistry

that connects the ionization sources to the ambient ion

composition still require a great deal of unraveling. We

are still quite ignorant of many aspects, including pho-

todetachment of negative ions and the role of reactive

neutral species with extremely low concentrations.

These uncertainties lead to corresponding uncertainties

in ion concentration and mobility and in such bulk elec

trical parameters as the conductivity. Direct experimen

tal measurements have led to considerable progress, but

they are beset by difficulties of interpretation and by

inconsistencies among themselves. Finally, the recent

observations of large mesospheric electric fields have

raised first-order questions about our understanding of

atmospheric field-generating mechanisms or of the in
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strumental techniques used in these measurements. Sig

nificant challenges for the future exist in almost every

aspect of middle-atmospheric electricity.
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Upper-Atmosphere Electric-Field

Sources
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The Earth's space environment is filled with electrons

and positive ions, comprising a plasma of very low den

sity. These charged particles collide only infrequently

and are strongly influenced by magnetic and electric

fields. In turn, the charged particles affect the distribu

tions of the magnetic and electric fields in space. The

space plasma environment, therefore, is dominated by

electrodynamic processes. The regions of space involved

in creating upper atmosphere electric fields are illus

trated in Figure 14. 1 and are described below.

The solar wind is a plasma with electron and ion

number densities of order 5 X 106 m " 3 flowing contin

ually outward from the Sun at a speed of 300-1000 km/

sec. Imbedded within it is the interplanetary magnetic

field (IMF), which is maintained by electric currents

flowing throughout the solar-wind plasma. The IMF

strength at the orbit of the Earth is roughly a factor of

10 "4 smaller than the strength of the surface geomag

netic field. Most of the time, an interplanetary field line

near the Earth can be traced back to the surface of the

Sun, where magnetic fields are ubiquitous. As the Sun

rotates (once every 27 days) different magnetic regions

influence the IMF near the Earth. The combination of

solar-rotation and outward solar-wind flow produce a

roughly spiral IMF pattern. In addition, the solar-wind

velocity can change dramatically and produce both

large-scale and small-scale distortions of the IMF so that

the field direction and strength vary greatly. These

changes have been found to influence the electrical state

of the magnetosphere and ionosphere.

The magnetosphere is the region of space where the

geomagnetic field has a dominant influence on plasma

properties. As the charged particles of the solar wind are

deflected by the geomagnetic field, an electric current

layer is formed at the boundary between the solar wind

and the magnetosphere, called the magnetopause. This

current layer distorts the geomagnetic field from the di-

pole-like configuration that it would otherwise have

and helps to create a long magnetized tail trailing the

Earth. Although the full extent of this tail has not yet

been determined, it is known to be more than 500 Earth

radii. The magnetosphere contains the radiation belt,

composed of energetic charged particles trapped in the

magnetic field. The number density of electron-ion

pairs in the magnetosphere is highly variable, ranging in

order of magnitude from a low of 106 m " 3 in parts of the

tail up to 1012 m " 3 in the densest portions of the dayside

ionosphere.

The ionosphere is the ionized component of the

Earth's upper atmosphere. It is not distinct from the

magnetosphere, but rather forms the base of the magne

tosphere in terms of electrodynamic processes. The

lower boundary of the ionosphere is not well defined but

can be taken as about 90 km altitude for the present pur-
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FIGURE 14.1 Configuration of the magnetosphere. The magnetic

field is shown by continuous lines, and locations of important magne-

tospheric features are pointed out.

poses, representing the level where the density of elec

tron-ion pairs falls to roughly 1010 m " 3 and below which

electric currents become relatively small. The ioniza

tion is formed largely by the effect on the upper atmo

sphere of solar extreme-ultraviolet and x-ray radiation

at wavelengths shorter than 102.6 nm, but energetic

particles impacting the upper atmosphere from the

magnetosphere also create important enhancements.

The ionospheric plasma has a temperature on the order

of 1000 K, which is much cooler than the energetic

plasma farther out in the magnetosphere. Collisions be

tween charged particles and neutral atmospheric mole

cules become important below 200 km altitude and

strongly affect the electrodynamic characteristics of the

ionosphere.

At high latitudes, where magnetic-field lines connect

the ionosphere with the outer magnetosphere, the iono

spheric features are quite complex. Ionospheric phe

nomena become better organized in a coordinate system

based on the geomagnetic field than in geographic co

ordinates, with the difference arising mainly from the

11° tilt of the dipolar field from the Earth's axis. Differ

ent magnetic coordinate systems exist, but for descrip

tive purposes the differences are not crucial, and the

simple terms "magnetic latitude" and "magnetic local

time" will suffice here.

At high magnetic latitudes, aurora are produced as

energetic charged particles, mainly electrons, precipi

tate into the upper atmosphere from the outer magneto

sphere, creating both visible emissions and ionization

enhancements. The aurora form a belt around the mag

netic pole, called the auroral oval. The oval is in fact

roughly circular, of variable size, and has a wider latitu

dinal extent on the nightside than on the dayside of the

Earth. The entire oval is shifted toward the nightside, so

that aurora appear at lower magnetic latitudes at night

(roughly 67°) than during the day (roughly 78°). The

nighttime particle precipitation also tends to be more

intense and widespread than on the dayside. Contained

within the auroral oval is the polar cap, where auroras

are less frequent but where on occasion very energetic

protons from solar flares enter and penetrate relatively

deep into the upper atmosphere.

A more detailed description of the Earth's space envi

ronment can be found in several of the references listed

at the end of this paper, especially in the book of Akasofu

and Chapman (1972).

ELECTRODYNAMIC PROCESSES IN SPACE

The charged particles of a plasma react strongly to

electric and magnetic fields. There is a strong tendency

for the particles to short out any electric fields, so that it

is often a good approximation to treat the electric field

in the frame of reference of the plasma as vanishing:

E'plasma o. (14.1)

This is often called the magnetohydrodynamic (or

MHD) approximation (e.g., Roederer, 1979). The

frame-of-reference choice is important if the plasma is

moving and if a magnetic field is present, because the

electric field observed in a different reference frame is

not the same. If we let E be the electric field in an Earth-

fixed reference frame, V be the velocity of the plasma

with respect to the Earth, and B be the magnetic-field

vector, then a (nonrelativistic) Lorentz transformation

yields

Eplasma = E + V X B, (14.2)

where the vector product V X B results in a vector di

rected perpendicular to both V and B. The electric field

is then simply related to the plasma velocity and mag

netic field by the approximate relation

E = -V XB. (14.3)

Alternatively, the velocity component perpendicular

to B can be related to E and B as

V = (E X B)/B2 (14.4)

Equations (14.3) and (14.4) express the same fact from

two different points of view: the electric field and

plasma velocity are closely interrelated and help to de

termine each other. In some cases, as in the solar wind

where plasma momentum is high, the electric field

quickly adjusts toward the value given by Eq. (14.3). In

other cases, as in the upper ionosphere where electric



UPPER-ATMOSPHERE ELECTRIC-FIELD SOURCES 197

fields tend to be imposed on the plasma as a result of the

dynamo processes to be discussed, the plasma quickly is

set into motion at the velocity given by Eq. (14.4).

A further important consequence of the MHD ap

proximation, when combined with the Faraday law of

magnetic induction, is the following: all plasma parti

cles lying along a common magnetic-field line at one

instant of time will forever remain on a common field

line. The magnetic field may vary both temporally and

spatially, and the plasma may move from one region of

space to another, but plasma ions and electrons will con

tinue to share a field line with the same partners. This

result affects both the magnetic-field configuration and

the plasma velocity. In the solar wind, the magnetic

field is distorted to follow the motions of the plasma.

Nearer the Earth, where the magnetic field is so strong

that it is not easily distorted, the constraint means that

all particles on a dipolar field line must move simultane

ously together to another field line. Convection of

plasma thus can be mapped between the outer magneto-

sphere and the ionosphere along magnetic-field lines.

The electric field similarly maps along the magnetic

field.

The MHD approximation is useful in interrelating

plasma motions with electric and magnetic fields, but it

breaks down under a number of important circum

stances, especially where electric current densities are

large. Furthermore, the approximation does not explain

the distribution of currents, which are a central element

in the processes giving rise to upper-atmospheric electric

fields. Current flow across magnetic-field lines exerts a

force on the medium, a force that must either be bal

anced by other forces, like pressure gradients, or else

result in acceleration of the medium. Consideration of

force and momentum balance thus is an important part

of understanding currents in plasmas.

One place where the MHD approximation breaks

down is in the lower ionosphere, below 150 km, where

collisions between ions and the much more numerous air

molecules are sufficiently frequent to prevent the ions

from maintaining the velocity given by Eq. (14.4). In

this region electric current readily flows across mag

netic-field lines. As we shall see, neutral-air winds in the

lower ionosphere lead to generation of electric currents

and fields, and for this reason the height range of

roughly 90-150 km is called the "dynamo region" of the

ionosphere.

Unlike the outer magnetosphere, the ionosphere be

haves as an Ohmic medium, with the current density

linearly related to the electric field under most circum

stances. The conductivity, however, is highly aniso

tropic owing to the presence of the geomagnetic field.

The conductivity in the direction of the magnetic field is

very large, so that the electric-field component in this

direction is almost entirely shorted out, and magnetic-

field lines are nearly electric equipotential lines at all

altitudes above 90 km. The conductivity characteristics

perpendicular to the magnetic field depend on the rate

of ion-neutral collisions, and they change with altitude

as the neutral density varies. Figure 14.2 shows typical

mid-latitude conductivity profiles for day and night

conditions. In the nighttime auroral oval the conductiv

ity is more akin to the "Day" profile in Figure 14.2 than

to the "Night" profile because of ionization production

associated with the aurora. Although the ionospheric

plasma density typically maximizes at around 300 km

altitude, the conductivity perpendicular to the mag

netic field maximizes at around 110 km, with a large

day-night difference owing to the day-night difference

in ionospheric density. The current component perpen

dicular to the magnetic field flows in a direction as

much as 88° different from the electric-field direction,

as also shown in Figure 14.2. This effect results from the

fact that electrons are relatively little influenced by col

lisions above 80 km and move perpendicular to the elec

tric field as given by Eq. (14.4), while positive ions are

strongly affected by collisions below 130 km and are un

able to cancel current carried by the drifting electrons.

SOLAR WIND/MAGNETOSPHERE DYNAMO

In an analogy with a dynamo-electric machine that

generates electricity by rotating a conducting armature

through a magnetic field, the motion of a plasma

through a magnetic field produces an electromotive
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FIGURE 14.2 Typical profiles of the ionospheric conductivity com

ponent perpendicular to the geomagnetic field for day and night con

ditions (left) and angle between the current and electric-field compo

nents perpendicular to the geomagnetic field (right).
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force and current flow and can also be considered a dy

namo. The solar wind/magnetosphere dynamo results

from the flow of the solar wind around and partly into

the magnetosphere, setting up plasma motion in the

magnetosphere as well an electric field and currents

(e.g., Stern, 1977; Hill, 1979; Roederer, 1979; Cowley,

1982). All details of this process are not yet understood,

but a number of features have become clear.

Strong evidence exists that the magnetosphere is

partly open, that is, that some magnetic-field lines

traced from the Earth extend indefinitely into inter

planetary space (Hill and Wolf, 1977; Stern, 1977; Ly

ons and Williams, 1984). The amount of magnetic flux

that connects to the interplanetary magnetic field may

be as great as the entire flux passing through the polar

caps. Figure 14.3 shows a schematic figure of the mag

netic-field configuration for the simple case where the

IMF is directed southward. If the IMF had an east-west

component, as it usually does, we would require a three-

dimensional representation of the magnetic-field inter

connection. Details of the magnetic-field configuration

are not yet resolved, so Figure 14.3 should be treated

more as a conceptual tool than as a true representation

of the magnetosphere. The essential features are the

four classes of magnetic-field lines denoted in Figure

14.3: (1) closed field lines connected to the Earth in both

northern and southern hemispheres; (2) interplanetary

field lines unconnected to the Earth; (3) open field lines

connecting the northern polar cap to interplanetary

space; and (4) open field lines connecting the southern

polar cap to interplanetary space.

The interplanetary electric field, obtained from Eq.

(14.3), is directed out of the page in Figure 14.3. To the

extent that the MHD approximation is valid and electric

fields map along the magnetic field, the polar iono

sphere is also subject to an electric field out of the page,

 

FIGURE 14.3 Schematic diagram of magnetic field and plasma

flow in the solar wind/magnetosphere environment (from Lyons and

Williams, 1984). Continuous lines show the magnetic field for the case

where the IMF is purely southward. Open arrows show the plasma

velocity direction. Numbers 1-4 denote magnetic regions of different

topology, as discussed in the text.

causing ionospheric plasma to convect antisunward.

The magnitude of the ionospheric electric field is greater

than that of the interplanetary electric field because the

bundling of magnetic-field lines at the ionosphere

causes electric potential gradients to intensify. On the

other hand, the plasma drift velocity in the upper iono

sphere, given by Eq. (14.4), is much less than the solar-

wind velocity because of the inverse dependence on

magnetic-field strength. The polar-cap electric field is

typically 20 mV/m, giving an ionospheric convection

velocity of roughly 300 m/sec. Other directions of the

IMF than shown in Figure 14.3 result in a somewhat

altered pattern of polar-cap ionospheric convection, but

a usual feature is the general antisunward flow. More

about IMF influence on the high-latitude electric field is

discussed in a later section.

The physical processes that determine the amount of

magnetic flux that interconnects the geomagnetic field

and the IMF are not well understood and are the subject

of much study (e.g., Cowley, 1982). They clearly in

volve a violation of the MHD approximation since the

ionospheric and solar-wind plasmas coexisting on an

open magnetic-field line at one instant of time could not

have lain on a common magnetic-field line throughout

their entire histories. The violations of this approxima

tion occur to some extent throughout the magnetosphere

but are particularly important in at least two regions: at

the sunward magnetopause and somewhere in the mag-

netospheric tail. At the sunward magnetopause plasma

flows together through unconnected interplanetary and

magnetospheric magnetic fields and flows out north

ward and southward on interconnected magnetic-fields

lines (Figure 14.3). In the tail plasma flows together on

interconnected field lines and flows out through uncon

nected magnetospheric and interplanetary magnetic

fields. In the closed portion of the magnetosphere

plasma flows generally toward the Sun, passing around

the Earth on the morning and evening sides (out of the

plane of Figure 14.3). However, some of the outermost

portions of the closed-field region convect away from

the Sun because of momentum transfer from the nearby

solar wind (e.g., Hones, 1983).

Magnetospheric plasma convection has a number of

important consequences, one of which is the energiza

tion of plasma and particle precipitation into the iono

sphere. As plasma flows from the tail toward the Earth

it is compressionally heated because the volume occu

pied by plasma on neighboring magnetic-field lines is

reduced as the magnetic-field strength increases and as

the length of field lines decreases. Other particle accel

eration processes also help to energize the plasma. Some

of the energized particles precipitate into the ionosphere

and create ionization enhancements, especially in the

auroral oval. The energized plasma also has an impor
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tant influence on the flow of electric currents and on the

distribution of electric fields (e.g., Spiro and Wolf,

1984). Energetic particles drift in the Earth's magnetic

field—electrons toward the east and positive ions to

ward the west—so that a westward current flows within

the hot plasma. This westward current, flowing in the

geomagnetic field, essentially exerts an electromagnetic

force on the plasma directed away from the Earth and

thus tending to oppose the earthward convection.

Charge separation associated with the current tends to

create an eastward electric-field component, opposite to

the nightside westward convection electric field, largely

canceling the convection electric field in the inner mag-

netosphere.

The overall pattern of magnetospheric convection

tends to map along the magnetic field into the iono

sphere even though this mapping is imperfect because of

net electric fields that tend to develop within the non

uniform energetic plasma. In the upper ionosphere,

where Eq. (14.4) is valid, the general convection pat

tern looks something like that shown in Figure 14.4.

There is antisunward flow over the polar cap and sun

ward flow in most of the auroral oval. The dayside

magnetopause maps perhaps somewhere near the polar

cap—auroral oval boundary on the dayside, while the

most distant closed field lines in the tail map perhaps

somewhere near the polar cap boundary on the night-

side (the mapping of these outer magnetospheric regions

into the ionosphere is not yet well determined). The

flow lines in Figure 14.4 correspond to lines of constant

electrostatic potential in a steady state. There is a poten

tial high on the dawn side of the polar cap and a low on

the dusk side, with a potential difference of the order of

50,000 V. The electric-field strength in the auroral oval

tends to be somewhat larger than the polar-cap electric

field.

Currents are an integral part of the electrical circuit

associated with the solar wind/magnetosphere dynamo

(e.g., Banks, 1979; Roederer, 1979; Stern, 1983; Aka-

sofu, 1984). Figure 14.5 shows schematically the cur

rent flow near the Earth. Currents flowing along the

direction of the magnetic field (field-aligned currents)

couple the auroral oval with outer portions of the mag-

netosphere. The upward and downward currents are

connected by cross-field currents in the ionospheric dy

namo region. The anisotropy of the dynamo-region con

ductivity gives rise to strong current components per

pendicular to the electric field in the auroral oval, in the

form of eastward and westward auroral electrojets.

IONOSPHERIC WIND DYNAMO

Winds in the dynamo region have the effect of mov

ing an electric conductor (the weakly ionized plasma)
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FIGURE 14.4 Schematic diagram of the magnetic north polar re

gion showing the auroral oval and ionospheric convection (from

Burch, 1977) . The convection contours also represent electric potential

contours, with a potential difference of order 8 kV between them .

through a magnetic field (the geomagnetic field), which

results in the production of an electromotive force and

the generation of electric currents and fields (e.g., Aka-

sofu and Chapman, 1972; Wagner et al., 1980). The

effective electric field driving the current, E ' , is related

to the electric field in the earth frame, E, the wind ve

locity u, and the geomagnetic field, B, by

E' = E + u XB. (14.5)

Thus we may consider that two components of current

exist, one driven by the "real" (measurable) electric field

E and the other driven by the "dynamo electric field"

FIELD ALIGNED

CURRENTS COUPLED

TO MAGNETOSPHERE
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QUET MIDLATITUOE

CURRENTS DRIVEN
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AURORAL OVAL

SOLAR RADIATION

FIGURE 14.5 Schematic diagram of electric currents in the iono

sphere and inner magnetosphere.
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u X B. These two components are not independent,

however, because it turns out that the electric field E

itself depends on the dynamo electric field u X B.

To see how ionospheric winds cause electric fields to

be set up, let us for the moment ignore the effects of the

solar wind/magnetosphere dynamo. The dynamo elec

tric field associated with the wind will drive a current.

In general, this current would tend to converge in some

regions of space and cause an accumulation of positive

charge, while in other regions of space it would diverge

and cause negative charge to accumulate. These charges

would create an electric field directed from the positive

toward the negative regions, which would cause current

to flow tending to drain the charges. An equilibrium

state would be attained when the electric-field-driven

current drained charge at precisely the rate it was being

accumulated by the wind-driven current. Actually, the

time scale for this equilibrium to be achieved is ex

tremely rapid, so that the electric field is effectively al

ways in balance with the wind. The magnitude of the

electric field is of order 1 mV/m. A net current flows in

the entire ionosphere owing to combined action of the

wind and electric field, especially on the sunlit side of

the Earth (e.g.,TakedaandMaeda, 1980, 1981). Figure

14.5 shows a large-scale current vortex at middle- and

low-latitudes flowing counterclockwise in the northern

hemisphere. A corresponding clockwise vortex flows in

the southern hemisphere. These vortices are known tra

ditionally as the Sq current system because of the nature

of the ground-level magnetic variations that they pro

duce: S for solar daily variations and q for quiet levels of

magnetic activity. At high latitudes the electric fields

and currents produced by the ionospheric wind dynamo

are relatively weak in comparison with those of the solar

wind/magnetospheric dynamo.

Winds in the upper atmosphere change strongly

through the course of the day. They are driven in one

form or another by the daily variation in absorption of

solar radiation. Atmospheric heating causes expansion

and the creation of horizontal pressure gradients, which

drive the global-scale upper-atmospheric winds. Solar-

ultraviolet radiation absorption at the height of the dy

namo region drives a major portion of the winds. Ab

sorption by ozone lower down (30-60 km altitude) also

affects the dynamo-region winds by generating atmo

spheric tides that can propagate upward as global-scale

atmospheric waves (e.g., Forbes, 1982a, 1982b). Figure

14.6 gives an example of three days of wind measure

ments at 100-130 km above Puerto Rico, showing the

strong effects of propagating tides. Important contribu

tions to the dynamo also come from altitudes above 130

km, where the conductivity is smaller (Figure 14.2) but

where winds tend to be stronger and to vary less in

height.

Figure 14.7 shows the average global electrostatic po

tential generated by the ionospheric wind dynamo, ex

pressed in magnetic coordinates. The zero potential is

arbitrarily defined here such that the average iono

spheric potential over the Earth is zero. The total poten

tial difference of the average pattern (4.7 kV) is smaller

than what can usually be expected on any given day and

is much smaller than that associated with the solar

wind/magnetospheric dynamo. This pattern was de

rived from observations of plasma drifts on magneti

cally quiet days at an altitude of about 300 km . The elec

tric-field maps along magnetic-field lines between

hemispheres, providing the symmetry about the mag

netic equator even when the wind dynamo action in op

posite hemispheres is asymmetric. Magnetic-field lines

peaking below 300 km in the equatorial region are not

represented in Figure 14.7. Electric fields in the equato

rial lower ionosphere have a localized strong enhance

ment of the vertical component associated with the

strong anisotropy of the conductivity in the dynamo re-

 

Conlour level: 20 m/s

FIGURE 14.6 Observed eastward (uashaded) and westward (shaded) winds above Puerto Rico during three daytime periods in August 1974 (from

Harper, 1977). The contour level is 20 m/sec.
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FIGURE 14.7 Average quiet-day ionospheric electrostatic potential

at 300 km altitude as a function of magnetic local time (from Rich

mond eta/., 1980). The contour level is 500 V, and extrema relative to

the global average are labeled in kilovolts.

gion. This enhanced electric field drives an eastward

daytime current along the magnetic equator called the

equatorial electrojet, as seen in Figure 14.5 (e.g.,

Forbes, 1981).

dency for the IMF to assume a spiral pattern around the

Sun. Some discussion of IMF effects has therefore taken

place in reference to the toward/away component

rather than the west/east component.

Figure 14.8 shows the average patterns of electric po

tential above 60° magnetic latitude deduced from

ground magnetic variations for four different directions

of the IMF. Bz is the northward component of the IMF;

By is the eastward component (toward the east for an

observer on the sunward side of the Earth) . The electric

fields are stronger for a southward IMF (Bz < 0) than

for northward IMF (Bz > 0), in accord with the concept

that magnetic field interconnection is greater and mag-

netospheric convection is stronger for a southward IMF.

There are also clear differences in the patterns between

the westward (By < 0) and eastward (By > 0) IMF

cases, especially on the sunward side of the Earth.

Magnetic storms are dramatic disturbances of the en

tire magnetosphere lasting a time on the order of 1 day,

usually produced by a strong enhancement of the solar-

wind velocity, density, and/or southward IMF compo

nent (e.g. , Akasofu and Chapman, 1972). The enhance

ments often come from explosive eruptions of plasma

VARIABILITY

The preceding sections discussed the average patterns

of ionospheric electric fields. Substantial deviations

from these patterns occur, on a global scale as well as on

a localized scale, and with a wide range of time scales.

Because the solar wind and particularly the IMF un

dergo large variations (e.g., Hundhausen, 1979), it is

not surprising that the electric fields associated with so

lar wind/magnetosphere dynamo action similarly show

large variations (e.g., Cowley, 1983; Rostoker, 1983).

The interconnection of the interplanetary and magneto-

spheric magnetic fields maximizes when the IMF is

southward, as in Figure 14.3. As the IMF direction ro

tates out of the plane of Figure 14.3 the amount of inter

connected magnetic flux appears to lessen. For a north

ward-directed IMF the pattern of magnetic-field

interconnection must be quite different from that

shown in Figure 14.3, and it is possible that interconnec

tion becomes insignificant, so that the magnetosphere is

closed. The east-west component of the IMF affects the

interconnection morphology and consequently also the

pattern of high-latitude magnetosphere convection.

The third IMF component, in the plane of Figure 14.3

but directed toward or away from the Sun, seems to

have a less important role in the solar wind/magneto

sphere dynamo than the other two components. How

ever, the toward/away component correlates strongly

with the west/east IMF component because of the ten-

ELECTRIC POTENTIAL
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FIGURE 14.8 Average electric potential patterns above 60°N mag

netic latitude as a function of magnetic local time deduced from mag

netic variations at the ground, for four directions of the IMF (see text).

The contour level is 4 kV (from Friis-Christensen etal., 1985).
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near the Sun's surface but sometimes are a long-lasting,

relatively localized feature of the solar wind that sweeps

past the Earth as the Sun rotates. During a magnetic

storm magnetospheric convection varies strongly but is

generally enhanced; plasma energization and precipita

tion into the ionosphere are greatly increased; and elec

tric current flow is much stronger, also varying rapidly

in time. Figure 14.9 gives an example of ground-level

magnetic fluctuations caused by magnetospheric and

ionospheric currents during a large storm. Quiet-day

variations in the declination (D), vertical component

(Z), and horizontal intensity (H) are seen up until 8:30

UT, when a shock wave in the solar wind hit the magne-

tosphere to produce a storm sudden commencement.

Perturbations up to a few percent of the total geomag

netic-field strength occurred during the subsequent

hours. Storms are composed of a succession of impulsive

disturbances lasting 1-3 hours, called substorms (e.g.,

Akasofu, 1977; Nishida, 1978; McPherron, 1979). Im

pulsive disturbances with similar characteristics also oc

cur on the average a few times a day even when no storm

is in progress, and these are also called substorms. The

characteristics of substorms can vary quite considerably

from one to another but are often associated with what

appears to be a large-scale plasma instability in the mag

netospheric tail. The disturbed electric fields extend be

yond the auroral oval and can even be seen at the mag

netic equator (e.g., Fejer, 1985).

Magnetic storms are predominantly a phenomenon of

the solar wind/magnetosphere dynamo, but they affect

the ionospheric wind dynamo as well. In addition to

strong auroral conductivity enhancements, conductivi

ties can also be altered at lower latitudes at night by over

an order of magnitude (Rowe and Mathews, 1973),

though they still remain well below daytime values. The

nighttime ionospheric layer above 200 km altitude can

be raised or lowered in response to stormtime electric

fields and winds, which changes its conductive proper

ties. During major storms the entire wind system in the

dynamo region can be altered by the energy input to the

upper atmosphere, so that the pattern of electric-field

generation is modified (Blanc and Richmond, 1980).

This effect can raise the potential at the equator by sev

eral thousand volts with respect to high latitudes.

Regular changes in the electric fields and currents oc

cur over the course of the 11 -year solar cycle and with

the changing seasons. Ionospheric conductivities change

by up to a factor of 2 as the ionizing solar radiation

waxes and wanes along with the trend of sunspots.

Ionospheric winds also change as the intensity of solar

extreme-ultraviolet radiation increases and decreases

(e.g., Forbes and Garrett, 1979). We know that iono

spheric dynamo currents change by a factor of 2 to 3

with the solar cycle (e.g., Matsushita, 1967), but the

variation of electric fields is not yet so extensively docu

mented. At Jicamarca, Peru, however, ionospheric elec

tric fields have been measured on an occasional basis for

well over a solar cycle, and the average behavior of the

east-west equatorial electric-field component at 300 km

altitude is shown in Figure 14. 10, as represented by the

vertical plasma drift that it produces. The presence of a

strong upward drift after sunset at solar sunspot maxi

mum (1968-1971) is not usually present at solar mini

mum (1975-1976). Clear seasonal variations appear at

Jicamarca as well as at higher latitudes. Day-to-day

changes in middle- and low-latitude electric fields and

 

FIGURE 14.9 Magnetogram from Fredericksburg, Virginia, on March 22, 1979, showing variations of the magnetic declination (D), vertical

magnetic field (Z), and horizontal magnetic intensity (H) during a magnetic storm. Scale values are not shown.
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FIGURE 14. 10 Average quiet-day vertical component of the plasma

drift velocity caused by east-west electric fields over Jicamarca, Peru,

as a function of local time (from Fejer et a/., 1979). 1968-1971 (a) are

sunspot cycle maximum years, while 1975-1976 (b) are sunspot cycle

minimum years.

currents also occur, produced by corresponding changes

in the ionospheric winds.

Rapid variations with time scales ranging from sec

onds to hours are a common feature of ionospheric elec

tric fields and currents. The magnitude of the fluctua

tions is often as large as that of the regular daily

variations, generally increasing with magnetic latitude

up to the auroral oval. Besides storm and substorm phe

nomena, global-scale disturbances in the electric fields

and currents also occur with the arrival of solar-wind

shocks, with fluctuations of the IMF, and with rapid

ionosphere conductivity changes during solar flares. Lo

calized ionospheric electric-field fluctuations may be as

sociated with wind or conductivity irregularities or with

small-scale magnetospheric processes. For example, lo

calized quasi-periodic oscillations in the electric fields

and currents with periods ranging from a fraction of a

second to minutes, called pulsations, are often observed

at high latitudes (e.g., Nishida, 1978).

EFFECTS OF UPPER-ATMOSPHERIC

ELECTRIC FIELDS AND CURRENTS

Electric fields and currents interact strongly with the

upper atmosphere and help determine its behavior

(e.g., Banks, 1979). The drifting ions, as they interact

collisionally with neutral molecules, exert a force on the

air and tend to bring it toward the ion motion. Above

200 km altitude this effect can be important: at high

latitudes winds are common that approach the rapid ve

locity of the convecting plasma (e.g., Meriwether,

1983), while at low latitudes, where plasma drifts are

much smaller, the collisional interaction tends to retard

the winds driven by pressure gradients. Of even greater

importance is the heating of the upper atmosphere

caused by currents in the auroral region. The heating

can make a significant contribution to the upper-atmo

spheric energy budget and can even be the dominant

heat source above 120 km during magnetic storms. As

the temperature increases the upper atmosphere ex

pands, and the drag on near-Earth satellites is in

creased, changing their orbits (e.g., Joselyn, 1982).

The ionosphere is affected in many ways by electric

fields. Above 200 km, where the chemical lifetimes of

ions range from several minutes to hours, rapid convec

tion of ionization at high latitudes can bring dense day-

side plasma to the nightside of the Earth in some places,

cause stagnation and prolonged nighttime decay of ion

ization at other places, and generally produce highly

complex patterns of ionization density (e. g. , Sojka et al. ,

1983). Plasma temperatures and chemical reaction rates

are also affected by the rapid ion convection through the

air. Even at middle and low latitudes plasma drifts have

an important influence on the upper ionosphere, pri

marily by raising or lowering the layer into regions of

lower or higher neutral density, so that chemical decay

is retarded or accelerated. During magnetic storms the

plasma-drift effects on the ionosphere are not only in

tensified but are also supplemented by indirect effects

through modification of the neutral atmosphere (e.g.,

Prolss, 1980) . Auroral heating induces atmospheric con

vection that alters the molecular composition of the up

per atmosphere and leads to more rapid chemical loss of

the ionization, even at middle latitudes. Winds gener

ated by the magnetic storm impart motion to the ioniza

tion along the direction of the magnetic field, causing

redistribution of the plasma as well as further modifica

tion of the loss rate. All these ionospheric phenomena

affect radio-wave transmissions that reflect off the iono

sphere.

Radio waves at frequencies greater than about 30

MHz do not normally reflect off the ionosphere and are

much less influenced by large-scale plasma density vari

ations than are lower frequencies. However, these

waves are affected by small-scale plasma irregularities

that cause radio signals to scintillate, undergoing sub

stantial amplitude and phase modulations (e.g.,

Aarons, 1982). The scintillations are bothersome for

transmissions between satellites and the ground. Elec
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trie fields are involved in producing the ionospheric ir

regularities, often by plasma instabilities resulting from

drifts or from steep density gradients created by nonuni

form convection (e.g., Fejer and Kelley, 1980). The ir

regularities tend to be strongest at high latitudes, where

electric fields and their consequences are greatest, but

the equatorial region is also subject to strong irregulari

ties, both in the equatorial electrojet and in the night

time upper ionosphere.

Rapid magnetic fluctuations caused by changing

ionospheric currents disturb geophysical surveys of

magnetic anomalies in the Earth's crust. In addition,

the fluctuations induce electric currents in the Earth.

Analysis of the Earth currents can be useful for geophys

ical studies, but when they enter large man-made struc

tures like electric transmission lines and pipelines they

can cause disruptive electrical signals and corrosion.

Lanzerotti and Gregori discuss these problems in more

detail in Chapter 16, this volume.

Finally, it should be noted that the ionospheric elec

tric field extends down into lower atmospheric regions.

In fact, the presence of the field at lower altitudes has

been used for many years to measure ionospheric elec

tric fields from stratospheric balloons (e.g., Mozer and

Lucht, 1974). Roble and Tzur (Chapter 15, this volume)

discuss the relation of the ionospheric electric field to the

global atmospheric electric circuit.

SOME OUTSTANDING PROBLEMS

The entire range of subjects discussed in this chapter is

undergoing scientific investigation, but there are cer

tain topics that currently present questions of funda

mental importance to the understanding of upper-at

mospheric electric-field sources.

Since the beginning of the artificial satellite era mea

surements of space plasmas, energetic particles, and

electromagnetic fields have provided a broad picture of

the interaction of the solar wind with the magneto-

sphere. Yet theory still is unable to explain quantita

tively, without the use of ad hoc parameterizations,

how much magnetic flux interconnects the Earth with

the solar wind or what the details of the magnetic- and

electric-field configurations are in the vicinity of the

magnetopause and in the distant magnetospheric tail.

Measurements alone cannot answer these questions be

cause of the impossibility of measuring simultaneously

the entire spatial structure of the continuously changing

magnetosphere. However, some future observational

programs may aid in the solution of the problem by

combining continuous monitoring of electrodynamic

features of the solar wind and of the entire auroral oval

ionosphere with spot measurements in the poorly ex

plored high-latitude magnetopause and distant tail re

gions.

Because solar wind/magnetosphere dynamo processes

intimately involve magnetospheric plasma energiza

tion, ionospheric conductivity alterations, and coupling

of magnetospheric and ionospheric electric fields and

currents, the dynamo cannot be fully understood with

out taking account of the magnetosphere-ionosphere in

teractions. Theoretical models incorporating the mu

tual interactions have made great strides of progress in

recent years (e.g., Spiro and Wolf, 1984), but much re

mains to be learned. Observational programs that can

measure a large number of the important phenomena

involved in the interactions are a necessary adjunct to

theoretical studies.

The distribution of ionospheric conductivity is impor

tant in determining the distributions of both electric

fields and currents in the ionosphere and magneto

sphere, yet our understanding of nightside conductivi

ties is still rudimentary. We know that the conductivi

ties vary greatly but they are difficult to measure when

the ionization density is low, and we do not yet fully

understand the nature of nighttime ionization sources.

In the auroral oval and polar cap the nightside conduc

tivities can be highly structured, having features correl

ated with structured features of the electric fields and

currents. Because the conductivity features are so vari

able, useful models are difficult to construct, although a

number of encouraging developments in modeling au

roral-oval conductivities have been made in the past few

years (Reiff, 1984).

Concerning the ionospheric wind dynamo, theoreti

cal models and observations are in general agreement,

except that the morphology of nighttime electric fields is

not yet well explained, a problem related to the conduc

tivity uncertainties. The nature of day-do-day variabil

ity in the electric fields and currents, as well as smaller-

scale variations, are only poorly understood at present.

Winds in the dynamo region, especially those of a tidal

nature, exhibit day-to-day variability that has not been

fully explained and is currently unpredictable. It ap

pears that day-to-day variability in the distribution of

atmospheric heating as well as changes in atmospheric

tidal propagation characteristics and interactions with

other wave motions are largely to blame, but these con

ditions are not now monitored on a global scale. Ad

vances in this area may be forthcoming in the wake of

intensified study of the middle atmosphere (10-120 km

altitude). In addition, further clarification of upper-at

mospheric circulation changes during magnetic storms

is needed in order to understand how storms affect the

ionospheric wind dynamo.
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The Global Atmospheric-Electrical

Circuit

RAYMOND G. ROBLE and ISRAEL TZUR

National Centerfor Atmospheric Research

Lightning was recognized as a grand manifestation of

static electricity within thunderstorm clouds in the

eighteenth century. It was also recognized that electri

cal phenomena are not confined to thunderclouds and

that a weak electrification exists as a permanent prop

erty of the atmosphere even during fair weather. Fur

ther research established that the Earth's surface is

charged negatively and the air is charged positively,

with a vertical electric field of about 100 V/m existing in

the atmosphere near the Earth's surface. An electro

static explanation for the phenomena was sought at

first, and one theory suggested that the electric field of

the atmosphere was the result of an intrinsic negative

charge on the Earth, probably collected during the

Earth's formation. With the discovery of cosmic-ray

ionization in the early twentieth century, it was realized

that air possesses an electrical conductivity due to its ion

content. As a result of the finite electrical conductivity,

vertical conduction currents flow from the atmosphere

to the Earth, tending to neutralize the charge on the

Earth. On the basis of actual conductivity values it was

calculated that charge neutralization would take place

in less than an hour, and the continued existence of an

electric field suggested some generation mechanism to

oppose the leakage currents flowing to the Earth. The

search for this generation mechanism soon became the

main object of research on global atmospheric electric

ity.

In the early twentieth century the concept of a global

circuit of atmospheric electricity slowly began to evolve

(Israel, 1973; Pierce, 1977). The net positive space

charge in the air between the ground and a height of

about 10 km is nearly equal to the negative charge on the

surface of the Earth. The electrical conductivity of the

air increases rapidly with altitude, and the product of

the local vertical electric field and local conductivity at

any altitude within an atmospheric column gives a con

stant air-earth current flowing downward. This con

stant air-earth current with respect to altitude implies

that the current flow is mainly driven by a constant dif

ference in potential between the surface of the Earth

and some higher altitude in the atmosphere. The discov

ery of the highly conducting ionosphere in the 1920s ex

plained the long-range propagation of radio waves and

was important for the evolution of the concept of the

global electric circuit. The ionosphere, with its large

electrical conductivity, provided a means of closing the

global circuit. It, however, is not a perfect conductor

parallel to the Earth's surface, but it possesses a finite

conductivity, and the electric currents and fields within

it are driven by the combined action of the ionospheric

and magnetospheric dynamo systems as well as by cur

rent generation from the lower atmosphere.

Wilson (1920) first demonstrated that a thunderstorm

supplies a negative charge to the Earth. In the 1920s, it

was also known that over the oceans and in polar areas

206
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the diurnal maximum of the fair-weather potential gra

dient at the Earth's surface occurred at the same univer

sal time (about 1900 UT). Furthermore, radio measure

ments of atmospherics showed that global thunderstorm

activity also peaked near 1900 UT, with the main thun

derstorm centers being in Africa and South America.

Scientists studying meteorological statistics of thunder

storm activity found similar diurnal variations. The di

urnal UT variation of potential gradient over the oceans

was similar to the diurnal UT variation of thunderstorm

occurrence frequency with no phase delay. These exper

imental facts all contributed to the concept of the

Earth's global electrical circuit and furthermore sug

gested that thunderstorms were the generators within

the circuit. This concept of the global electrical circuit

persists today, although there are still basic problems

and details that need to be resolved (Dolezalek, 1971,

1972; Kasemir, 1979).

THUNDERSTORMS AS GENERATORS IN THE

GLOBAL CIRCUIT

The vast majority of clouds in the atmosphere form

and dissipate without ever producing precipitation or

lightning. A cloud, however, interacts with atmo

spheric ions and becomes electrified to a certain degree.

The small, fast ions in the atmosphere almost exclusively

provide the electrical conductivity. The intermediate

and large ions do not greatly contribute because of their

lower mobility. The fast ions within clouds become at

tached to more massive cloud particles and thereby de

crease the electrical conductivity within the cloud rela

tive to the surrounding clear air. As a result of this

electrical conductivity change alone, clouds act as an

electrical obstacle; space charge develops on the surface

of the cloud, and the distribution of fair-weather con

duction currents and fields flowing in the vicinity of the

cloud are altered. As convective activity intensifies,

electrification increases. Strong electrification generally

begins with the rapid vertical and horizontal develop

ment of a fair-weather cumulus cloud into a cumulo

nimbus type. Most of the lightning on Earth is produced

by strongly convective cumulonimbus clouds with a vig

orous system of updrafts and downdrafts.

The updrafts and downdrafts associated with convec

tion and the interactions between cloud and precipita

tion particles (Tzur and Levin, 1981; Rawlins, 1982) act

in some manner that eventually separates charges

within the thundercloud. Charge-separation processes

usually fill the upper portion of the thundercloud with

the main positive charge and the lower portion with the

main negative charge. The measured charge structure

within individual clouds is complex (Krehbiel et al.,

1979), and a simplifying assumption that is usually

made for modeling purposes considers the charge to be

distributed in a spherical fashion within some finite vol

ume. A finite spherical distribution of charge has the

same distant electric-field structure in space as an equiv

alent point charge. Therefore, for simplicity in studies

of the electrical interaction of a thunderstorm with its

immediate environment, the lightning charges, which

are lowered to ground during a lightning stroke, and the

main thunderstorm charges are usually represented as a

series of point charges.

The main negative charge in the lower part of a thun

derstorm (Krehbiel et al. , 1979) occurs at a height where

the atmospheric temperature is between - 10°C and

- 20°C. This temperature range is typically between 6

and 8 km for summer thunderstorms and around 2 km

for winter thunderstorms. The positive charge at the top

of the storm does not have so clear a relationship with

temperature as the negative charge but can typically oc

cur between - 25°C and - 60°C depending on the size

of the storm. This temperature range usually lies be

tween 8 and 16 km in altitude. The ensemble of thun

derstorms occurring over the globe at any given time

will have positive and negative charge centers located

over a large altitude range depending on the atmo

spheric structure, the size of the thunderstorm, its type

(e.g., air mass, frontal), its location (e.g., ocean, plains,

or mountains), its latitude, its stage of development,

and other factors.

There is no generally accepted model of thunder

storm electrification that can be used to calculate the

current that storms release into the global electrical cir

cuit. Measurements by Gish and Wait (1950), Stergis et

al. (1957a), Vonnegut et al. (1966, 1973), and Kasemir

(1979) showed that the total current flowing upward

from thunderstorms areas ranges from 0. 1 to 6 A with an

average of about 0.7 A per thunderstorm cell. It is, thus,

possible to use this value in a theoretical model without

referring to the details of the charge-separation mecha

nisms. The simplest model used to investigate the elec

trical interactions of a thunderstorm with its immediate

environment assumes a quasi-static dipolar charge dis

tribution embedded within the thundercloud, which is

immersed in a conducting atmosphere whose electrical

conductivity increases exponentially from the surface of

the Earth to a highly conducting region somewhere

within the ionosphere above about 60 km.

In the quasi-static state these charges are maintained

in equilibrium against discharge currents by assuming

that a steady convection current acts between the two

charge centers in the updraft and downdraft regions of

the storm. In earlier studies only conduction currents

were assumed to flow in the environment, and although
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this assumption is probably valid in the highly conduct

ing region above a storm it is not valid within and below

the storm, where corona, lightning, precipitation, con

vection, and displacement currents all contribute to the

charge exchange between charge centers and between

the storm and the surface of the Earth. Holzer and

Saxon (1952) and Kasemir (1959) presented analytic so

lutions for the potential distribution around thunder

storms whose charge distributions are represented as

point dipole current sources. A calculated normalized

potential distribution around a quasi-static dipolar

charge structure within the atmosphere (Kasemir, 1959)

is shown in Figure 15.1(a). The lines represent stream

lines of current flow between the two charge centers and

between the charge centers and the ionosphere and the

ground. The highly conducting Earth's surface is con

sidered by including image point sources within the

Earth for the solution of the electrostatic potential dis

tribution around the thunderstorm. The currents flow

upward from the positive charge center toward the ion

osphere and from the ground toward the negative

charge. There is also a current flow between the

charges. All currents are calculated as conduction cur-

 

F1GURE 15. 1 (a) Schematic giving the current streamlines of dipo

lar point current sources embedded within an atmosphere with expo

nentially increasing conductivity over a perfectly conducting Earth,

(b) schematic of a lumped parameter representation of the global at

mospheric electrical circuit where the thunderstorm is represented as a

current generator with internal resistance W„ W,, represents the resis

tance between cloud top and the ionosphere, Wa represents the fair-

weather load resistance, and W„ represents the resistance between the

thunderstorm and the ground (Kasemir, 1959).

rents in this simple model and have considerably more

complexity in actual storms.

Holzer and Saxon (1952) showed that the current out

put from such a thunderstorm model is sensitive to the

charge-separation distance, with a greater current out

put from larger storms having intense vertical velocities

and charge-separation capability. They also showed

that storms with frequent cloud-to-ground lightning

strokes move negative charge to the Earth's surface and

leave the cloud with a net positive charge that has a

greater current output than a dipole. Thus, according to

their calculations, even a weak storm with charge sepa

ration could supply a current to the ionosphere and the

global circuit.

Kasemir (1959) showed that the exponential conduc

tivity increase with altitude in the atmosphere is impor

tant for the current flow from thunderstorms toward

the ionosphere. He pointed out that if the atmosphere

had a constant conductivity at all altitudes the primary

thunderstorm source current would flow downward to

the image source, with no current flow toward the iono

sphere and into the global circuit. Anderson and Freier

(1969) considered both the limiting fast and slow time

variations within thunderstorms. Their dipole quasi-

static solutions for slow time variation show that the po

tential distribution about thunderstorms is affected by

both the conductivity and the charge-separation dis

tance within storms. Their calculations also suggest that

the thunderstorm, in a quasi-static sense, may be electri

cally closed and only the pumping action of lightning

discharges can provide the current necessary to main

tain the ionospheric potential.

Park and Dejnakarintra (1973, 1977a) considered a

dipolar thunderstorm model and analytically solved for

the current output and the mapping of thundercloud

electric fields into the ionosphere. This model consid

ered the anisotropy of the electrical conductivity above

about 60 km and assumed that the Earth's geomagnetic-

field lines were vertical. The largest ionospheric fields

were calculated to occur at night over giant thunder

storms with values on the order of 10" 4 V/m at 100 km.

During the day the calculated dc electric fields are 1 to 2

orders of magnitude smaller because of the increased

ionospheric electrical conductivity caused by solar ex

treme ultraviolet (EUV) radiation ionization. Dejna

karintra and Park (1974) examined the penetration of

lightning-induced ac fields into the ionosphere and

found that the lightning electric-field signal recovery

time decreases rapidly with increasing altitude until at

100 km the electric-field wave form appears as a sharp

pulse. The ac fields are also larger at night than during

the day, when ionospheric conductivities are larger.

Wait (1960) pointed out that there is a constant radial
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potential associated with the lower-order (n = 0) mode

in a concentric spherical cavity excited by a radial cur

rent-moment element. He estimated that the potential

across the earth-ionosphere gap caused by a single 3-km-

length lightning discharge of 1000 A would be on the

order of 1 V , and he suggested that the omnipresent con

stant voltage during fair weather might result from the

accumulated action of a number of lightning strokes.

Hill (1971) further examined the resonant hypothesis

and showed that the atmospheric field is generated

through electrostatic induction by equivalent charge di-

poles from thunderclouds. Using parameters of light

ning frequency and the magnitude of the current mo

ment within storms available at that time, he found an

ionospheric potential only about one third of the ob

served intensity.

Schumann resonances in the earth-ionosphere cavity

are also excited by worldwide lightning activity, and

this subject has been reviewed by Polk (1982) .

Willett (1979) pointed out that the total current sup

plied to the global electric circuit from a thunderstorm

differs depending on whether the storm is considered to

be a current or a voltage generator. For a current thun

derstorm generator, where the current supplied to the

global circuit is independent of the load, his results

showed that current output is proportional to the as

sumed source current strength and to a proportionality

factor that depends on the ratio of the height of the iono

sphere to the electrical conductivity scale height. For a

voltage-source thunderstorm generator, where the

charging current increases with time until limited by

some voltage-sensitive dissipative mechanism such as

lightning or corona, the current output may be some

what smaller depending on assumptions made concern

ing the storm's internal resistance. Not enough is known

about the thunderstorm generator to distinguish be

tween the current and voltage source models.

Freier (1979) presented a thunderstorm model with

more details than point-charge sources and conduction

currents. He considered the atmosphere between the

Earth and the ionosphere divided into three separate re

gions as shown in Figure 15.2. In region 1, below the

negative layer of charge in a thunderstorm, he consid

ered conduction, displacement, and precipitation cur

rent densities, allowing all to vary with altitude. In re

gion 2, between the bottom and top of the thunderstorm

cloud, he considered charging, conduction, displace

ment, and precipitation current densities that also vary

in space and time. In region 3, above the storm, only

conduction and displacement are considered. All light

ning currents are considered to be discontinuous charge

transfers, and in the fair-weather regions far to the side

of the thunderstorm only conduction currents flow.

Conduction, JE

12 km

 

Lightning, JL0i ^ I'l'i'mf
tit Fbint
/Discharge,! 1 . 1 . 1 1 ^

ConveCon,^ /VE t t ^ijl ^

^^^^^^^^

Jm 1 Je + Jc + Jl + JP + Below T S

Above T S

FIGURE 15.2 Schematic illustrating the various currents that flow

within and in the vicinity of thunderstorms: JE is the conduction cur

rent, Jf is a convection current, Jt is the lightning current, Jp is the

precipitation current, dDldt is the displacement current, and JM is the

total Maxwell current.

This model is an improvement over previous thunder

storm models, which considered lumped circuit param

eters of columnar resistance as shown in Figure 15.1(b)

for the dipolar conduction current generator. Freier

(1979) used it to describe a charge-transfer mechanism

that may occur during large severe storms when precipi

tation is heavy and when the storms are, in certain in

stances, accompanied by tornadoes. The precipitation

current during such storms may be so large that it re

moves much of the negative charge in the lower portion

of the storm and allows the generator to operate be

tween the positive charge and the ground. During such

storms much more electrical energy is produced, with a

possibly greater current output that must be considered

in any global electric model.

Krider and Musser (1982) pointed out that the time

variations in thunderstorm electric fields, both aloft and

at the ground, can be interpreted as a total Maxwell cur

rent density that varies slowly in intervals between

lightning discharges. The total Maxwell current, JM,

consists of field-dependent currents, both linear and

nonlinear (corona), J£; convection currents, Jc; light

ning currents, Jl; and the displacement current density,

dDldt.



210 RAYMOND G. ROBLE and ISRAEL TZUR

Jm = Je + Jc + Jl + dDldt. (15.1)

The field-dependent currents and convection currents

are distributed over large areas and, in the absence of

lightning, tend to vary rather slowly with time. The

lightning current occurs impulsively and represents a

discontinuous transfer of charge in both space and time.

Corona and lightning usually transfer negative charge

to the ground, and precipitation and turbulence trans

fer positive charge.

Krider and Musser (1982) showed that the average

Maxwell current density is usually not affected by light

ning discharges and varies slowly throughout the evolu

tion of the storm. Since the Maxwell current is steady at

times when the electric field both at the ground and

aloft undergoes large changes in amplitude, and some

times even polarity, they inferred that the cloud electri

fication processes are substantially independent of the

electric field. Also, since the Maxwell current varies

slowly throughout the storm, it probably represents an

electrical quantity that is coupled directly to the mete

orological structure of the storm. Thus, the thunder

storm appears to be a current source that produces a

quasi-static Maxwell current density.

Grenet (1947, 1959) and Vonnegut (1953, 1965) pro

posed a convective thunderstorm generator in which the

electrification process is related to the updrafts and

downdrafts acting within the thunderstorm . In this gen

eration process positive space charge is convected to the

top of the thunderstorm cloud by updrafts within it, and

the negative charge attracted to the top of the cloud is

swept downward by convective downdrafts at the edges

of the cloud. For this generator, the magnitude of the

cloud electrification is related to the strength of thun

derstorm convective activity. The convection mecha

nism also involves conduction currents flowing from the

upper atmosphere to the top of the cloud. The magni

tude of the electrification process can, therefore, in

crease with an increase in the electrical conductivity of

the atmosphere over the cloud.

The above discussion reveals the complexity and diffi

culty involved in modeling the thunderstorm as a gener

ator in the global circuit. Significant progress has been

made in recent years, but there is still a long way to go

before a generally accepted thunderstorm model will be

available for use in a global model of atmospheric elec

tricity. Yet such a model is of prime importance, and

research in this area should be pursued vigorously.

SOME PROPERTIES OF THE GLOBAL

CIRCUIT

According to the classical picture of atmospheric elec

tricity (Dolezalek, 1972; Israel, 1973), the totality of

thunderstorms acting together at any time charges the

ionosphere to a potential of several hundred thousand

volts with respect to the Earth's surface. This potential

difference drives a vertical electric conduction current

downward from the ionosphere to the ground in all fair-

weather regions on the globe. The fair-weather electric

conduction current varies according to the ionospheric

potential difference and the columnar resistance be

tween the ionosphere and the ground. Horizontal cur

rents flow freely along the highly conducting Earth's

surface and in the ionosphere. A current flows upward

from a thunderstorm cloud top toward the ionosphere

and also from the ground into the thunderstorm genera

tor, closing the circuit. A lumped parameter schematic

of the global circuit is shown in Figure 15.1(b). This

schematic does not represent the real circuit but rather

illustrates its basic concepts. The global fair-weather

load resistance is given as Wa and is about 250 Q. The

thunderstorm generator source is shown along with its

equivalent internal resistance, Wt, which is not well

known. The total resistance between the thunderstorm

and ionosphere is represented as W0 and is about lOMO*

Q, and the total resistance between the thunderstorm

and ground is represented by W„ and is also not well

known. Markson (1978), however, suggests that W„ is

small because of corona discharge beneath the storm,

having a value of about 104-105 Q. Some of the overall

properties of the global circuit are summarized in Table

15. 1. There are many additional elements that compli

cate this simplified classical picture, and these are dis

cussed in the following subsections.

Global Thunderstorms

The thunderstorm generator hypothesis proposed by

Wilson (1920) was based on his observations that be

neath the thundercloud negative charge is transferred to

the Earth and above the thundercloud positive charge is

transferred to the conductive upper atmosphere. A sub

sequent discovery was the close correlation between the

diurnal universal time variation of the thunderstorm

generator current (represented by the frequency of

thunderstorm occurrence) and the load current (repre

sented by the fair-weather ground electric field or air-

earth current density) , integrated over the surface of the

Earth.

In about the 1920s the electric field over the oceans

was found to vary diurnally in accordance with univer

sal time (Parkinson and Torrenson, 1931), as shown in

the upper frame of Figure 15.3. The diurnal change of

electrical conductivity over the oceans is relatively

small, and therefore Ohm's law requires that the air-

earth current density also follow the diurnal variation of

electric field. The maximum value of both the average
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TABLE 15.1 Some Properties of the Global Circuit

Number of Thunderstorms Acting at One Time

Currents above Thunderstorms (A)

(a) Range

(b) Average

Global Current (A)

Ionospheric Potential (kV)

(a) Range

(b) Mean

Columnar Resistance at Sea Level (fl/m2)

(a) Low latitude

(b) High latitude

(c) Tibet and Antarctic plateau

Total Resistance (II)

(including resistance decrease by mountains)

Current Density (A/m2)

(a) Inhabited and industrialized areas

(b) Vegetated ground and deserts

(c) South Pole Station

Potential Gradient (Vim)

(a) Equator

(b) 60° latitude

(c) South Pole

(d) Industrial areas

Average Charge Transfer over the Entire World

(Ckm-2yr-[)

Total Charge on the Earth (C)

Electrical Relaxation Times

(a) 70 km

(b) 18 km

(c) 0.01 km

(d) Earth's surface

Electrical Conductivity (mho/m)

Sea level

Tropopause

Stratopause

Ionosphere

(a) Pedersen conductivity

(b) Parallel conductivity

1500-2000

0.1 to6

0.5 to 1

750-2000

150-600

280

1.3 X 1017

3 X 1017

2 X 10'6

230

200

1 X 10-12

2.4 X 10-"

2.5 X 10"12

120

155

71

300-400

+ 90C

500,000

10"4sec

4 sec

5-40 min

10-5sec

10 ""

10 -13

10" 10

10-

10

-10-

electric field and the current over the oceans occurs near

1900 UT, and minimum values near 0400 UT.

Whipple and Scrase (1936) obtained the average

thunderstorm probability as a function of local time at

Kew, England, from corona current records. Assuming

that the same thunderstorm probability curve also exists

on other continents as a function of local time, they com

bined this curve with the world thunderstorm day statis

tics of Brooks (1925) and obtained the diurnal variation

of worldwide thunderstorm activity as a function of uni

versal time, shown in the bottom frame of Figure 15.3.

The three major component curves with their maxima

at 0800, 1400, and 2000 UT represent the contributions

of the major thunderstorm regions of Asia and Austra

lia, Africa and Europe, and America, respectively. The

summation of the component curves represents the diur

nal variation of worldwide thunderstorm activity. The

similarity of the diurnal variation of electric field over

the ocean and the diurnal variation of worldwide thun

derstorm activity supports the hypothesis that thunder

storms are the electrical generator in the global circuit.

The maxima and minima of both curves occur at about

the same universal times. The amplitudes of modulation

for the two curves, however, are different. The ampli

tude of the electric-field curve is about 20 percent, and

the amplitude of the thunderstorm curve is about 45

percent. Whipple and Scrase (1936) suggested that this

difference might be resolved if a steady supply current

from worldwide ocean thunderstorms is added to the

worldwide continental distribution of storms. This sug

gestion, however, is not supported by current data. The

difference in amplitudes probably arises from the enor

mous variability in thunderstorm electrification.

Although the similarity between the diurnal UT

worldwide thunderstorm frequency curve and the diur

nal UT electric-field curve suggests that thunderstorms
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FIGURE 15.3 (a) Annual curve of the diurnal variation of the atmo

spheric electric field on the oceans (volts per meter) as measured by the

Carnegie and Maud expeditions (Parkinson and Torrenson, 1931) and

(b) annual curve of the diurnal variations of global thunderstorm ac

tivity according to Whipple and Scrase (1936).

are the generators in the global electrical circuit, there is

still considerable uncertainty concerning the details, as

discussed by Dolezalek (1972) and Kasemir (1979).

Moreover, the data on which the thunderstorm activity

is based are only of a qualitative nature: "a thunder

storm day is a day when thunder has been heard." The

commonly quoted UT diurnal patterns, shown in Fig

ure 15.3, are averages over a long time that were made

to reduce the influence of various disturbing factors.

When shorter time averages are used—and even single

diurnal variations—the correlations show great depar

tures from the average curves. The variability of thun

derstorm frequency can be large, with significant de

partures from the average; for example, whole

continents may be cloudless for a long time. The mea

sured electric field on the ground is also highly variable

as a result of local influences, and it generally takes a

week's worth of averaging or more to bring out the diur

nal UT pattern. Most measurements are made on conti

nents, where the electric field displays variations with

local time, and these measurements do not fit into a

daily worldwide pattern but must be averaged to deter

mine worldwide characteristics. Paramanov (1950) sug

gested that local influences might cancel out if the elec

tric fields measured on many continents were

synchronized to universal time and averaged.

Dolezalek (1972), in examining the data available at

the time, concluded that a globally controlled current

does flow vertically through the atmosphere but that its

connection to thunderstorm activity is tenuous and, in

fact, is often contradicted by the proper interpretation

of available measurements.

More recently, Orville and Spencer (1979) examined

lightning flashes recorded in photographs by two satel

lites in the Defense Meteorological Satellite Program

(DMSP) and found that most of the lightning is confined

to land areas and that the ratio of global lightning fre

quency during northern summer to that of southern

summer is about 1 .4 for both the dusk and midnight sat

ellite data. They pointed out that this summer-winter

difference in global lightning frequency is opposite to

the electric-field measurements. The hypothesized rela

tion of the global atmospheric electric current to thun

derstorms is still an unsettled question and clearly needs

to be resolved to make further progress in understanding

the Earth's global atmospheric electric circuit.

Current above Thunderstorms

A few measurements have been made that give the

magnitude of the current flowing upward over the

whole area of a thundercloud (Gish and Wait, 1950;

Stergis et al. , 1957a; Vonnegut et al. , 1966; Imyanitov

et al., 1969; Kasemir, 1979). The currents range from

0.1 up to 6 A, with an average between about 0.5 and 1

A per thunderstorm cell. Gish and Wait (1950) flew an

aircraft over a thunderstorm in the central United States

and found an average upward current of 0.8 A at an

altitude of about 12 km. They measured electric fields of

up to 70 kV/m. Stergis et al. (1957b), in a series of bal

loon flights at altitudes of about 25 km in central Flor

ida, measured an average upward current of 1.3 A. The

electric fields that they measured at this altitude were on

the order of a few hundred volts per meter. Holzworth

(1981), with a balloon near 20 km over a large thunder

storm at Fort Simpson, NWT, Canada, on August 15,

1977, measured a vertical upward electric field of more

than 6.7 V/m (the instrumentation threshold) for longer

than 2 hours. These few data indicate that a positive

current flows toward the ionosphere above thunder

storm regions that is of sufficient magnitude to account

for fair-weather conduction current. Is it possible to re

late current output to such factors as frequency of cloud-

to-ground strokes, charge structure and separation dis

tances, and cloud-top height? Both Pierce (1970) and

Prentice and Macherras (1977) presented relationships

for a latitudinal variation in the ratio between cloud-to-

ground and cloud-to-cloud flashes. This ratio is about

0. 1 in the equatorial region, increasing to about 0.4 near
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50° latitude. Do lightning-intensive tropical thunder

storms deliver more or less current than thunderstorms

at higher latitudes, even though the ratio of cloud-to-

ground to cloud-to-cloud flashes is smaller? A consider

able amount of research is necessary to determine the

processes responsible for regulating the current flow

from thunderstorms into the global circuit. This re

search is important for understanding the role of world

wide thunderstorm activity as the generator for the

global circuit.

Electrical Conductivity, Columnar Resistance, and

Global Resistance

Galactic cosmic rays are the main source of ionization

that maintains the electrical conductivity of the atmo

sphere from the ground to about 60 km in altitude. Near

the ground, however, there is additional ionization due

to release of radioactive gases from the soil, and above

about 60 km solar ultraviolet radiation becomes impor

tant. During geomagnetic storms, ionization due to en

ergetic auroral electron precipitation and to auroral x-

ray bremsstrahlung radiation and proton bombardment

during solar proton events can all be significant sources

for the high-latitude middle atmosphere.

The galactic cosmic rays that bombard the Earth's at

mosphere are influenced by the Earth's geomagnetic

field, which produces a magnetic latitudinal effect in

the incoming cosmic-ray flux. The full cosmic-ray spec

trum is only capable of reaching the Earth at geo

magnetic latitudes higher than about 60° . At lower geo

magnetic latitudes, the lower-energy particles are

successively excluded by the Earth's geomagnetic field,

and only particles with energies greater than about 15

GeV reach the equator. The cosmic-ray spectrum thus

hardens with a decrease in geomagnetic latitude, with

the height of the maximum ion production rate decreas

ing from about 20 km at high latitudes to about 10 km

near the equator. The cosmic-ray ion production rate

profile for various geomagnetic latitudes during solar-

cycle minimum using the data from Neher (1967) is

shown in Figure 15.4. The ionization rate increases with

geomagnetic latitude, and both the height of the peak

and the slope of the ionization rate above the peak also

increase. Near the ground there is about a 20 percent

variation between the equatorial region and higher lati

tudes (Israel, 1973).

The cosmic-ray ionization undergoes a regular solar-

cycle variation with maximum values near solar mini

mum. At high latitudes the ionization rate may vary by

about 50 percent at 15 km and about 75 percent at 20

km. At 20 km the ionization-rate variation through the

solar cycle is about 40 percent in mid-latitudes and
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FIGURE 15.4 Cosmic-ray ion-production rate vertical profiles at

various geomagnetic latitudes (Neher, 1967; R. Williamson, Stanford

University, personal communications, 1981).

about 20 percent near the equator. In addition to the

solar-cycle variation of galactic cosmic-ray flux, there

are shorter-term variations that are associated with

some magnetic storms, a 27-day quasi-periodic varia

tion, variations due to solar flares, a diurnal variation,

and a variation in the amplitude of the diurnal variation

with time. All these variations have been reviewed by

Forbush (1966). The diurnal variations are generally

small. The solar-flare and magnetic-storm variations of

cosmic-ray fluxes are larger (about 2 to 20 percent) and

are more important for understanding solar-terrestrial

electrical coupling mechanisms (Roble and Hays, 1982) .

The full impact of all these variations on the electrical

conductivity and the properties of the global circuit has

not yet been evaluated.

Over land, the natural radioactivity of the solid

ground adds to the cosmic-ray ion-production rate, not

by direct radiation from the solid surface but in the re

lease of gaseous intermediaries from rocks and soil on

the surface and from soil capillaries. These gaseous in

termediaries are then carried upward by vertical mass

transfer, and radiation from them can affect the ion-

production rate within the first kilometer above the

Earth's surface (Israel, 1973).

Above about 60 km the solar ultraviolet radiation ion

ization exceeds the ion production owing to galactic cos

mic rays. The major source of ionization within the

mesosphere is nitric oxide, which can be ionized to NO +

by solar Lyman-alpha radiation at 121.6 nm. Above

about 80 km, the EUV and soft x-ray radiation from the

Sun produces ionization in the ionospheric E and F re
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gions. These EUV radiations all have a large day-to-day

variability as well as periodic 27-day solar rotation and

solar-cycle variations . During solar flares the solar EUV

and x-ray radiation can be greatly enhanced, thereby

increasing the ionization source and electrical conduc

tivity of the ionosphere.

The ionization sources mentioned above all contrib

ute to the electrical conductivity of the atmosphere

through the production of positive and negative ions

and electrons. The electrical conductivity is governed

by the number of positive and negative ions and elec

trons as well as by their respective mobility. The num

ber densities of various ionic species are controlled by

complicated chemical reactions between ions and neu

tral species. Many of the neutral constituents important

for ion chemistry, such as water vapor and NO, are fur

thermore transported by atmospheric motions, thereby

increasing the complexity of determining the global dis

tribution of electrical conductivity. All these various

processes are discussed by Reid (Chapter 14, this vol

ume).

Above about 80 km, the electrical conductivity is gov

erned by collisions between neutrals, ions, and electrons

and by the influence of the geomagnetic field on the mo

bility of the plasma components. The electron gyrofre-

quency is greater than the electron-neutral collision fre

quency above about 80 km, and therefore the electrons

are restricted by the geomagnetic-field line. For the ions

this occurs above about 140 km. The differential motion

of the ions and the electrons in the dynamo region be

tween about 80 and 200 km in altitude gives rise to an

anisotropic behavior of the conductivity. The conduc

tivity parallel to the geomagnetic-field lines is not af

fected by the field, and it increases rapidly with alti

tude, limited only by collisions between electrons and

neutrals and ions. The Pedersen conductivity is parallel

to an applied electric field and orthogonal to the mag

netic field. It is smaller than the parallel conductivity,

and it has a maximum near 140 km, where the ion-neu

tral collision rate equals the gyrofrequency of ions. The

conductivity orthogonal to both an applied electric field

and the magnetic field is the Hall conductivity, which

maximizes near 105 km. The Pedersen conductivity is

carried by electrons below 105 km and by ions above

that altitude, whereas the Hall current is mainly due to

electrons.

A typical profile of electrical conductivity through

the daytime atmosphere is shown in Figure 15.5. Near

the Earth's surface the electrical conductivity is about

10" u mho/m. It increases exponentially with altitude,

having a scale height of about 6 km until about 60 km,

where the effects of free electrons become important

and there is an abrupt increase in the conductivity.
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FIGURE 15.5 Altitude variation of the electrical conductivity in the

Earth's atmosphere and ionosphere from the ground to 200 km. The

electrical conductivity within the Earth is shown for comparison (Vol-

land, 1982).

Above about 80 km the geomagnetic field introduces an

isotropic conductivity components. The parallel con

ductivity continues to increase with altitude, whereas

the Hall and Pedersen conductivities peak near 105 and

140 km, respectively, before decreasing with altitude.

The electrical conductivity of the Earth is about 10 "3

mho/m, and therefore the Earth's atmosphere can be

considered a leaky dielectric sandwiched between two

highly conducting regions—the Earth's surface and the

ionosphere.

A calculation of the latitudinal variation of the verti

cal and horizontal electrical conductivity components

in the daytime atmosphere during equinox by Tzur and

Roble (1983) is shown in Figure 15.6. The electron den

sities above about 10 km are calculated using the model

of Reid (1976, 1977) and the properties of the neutral

atmosphere are specified from the model of Solomon et

al. (1982a, 1982b). Relow 10 km, the electrical conduc

tivity is represented by the Gish formula, with a latitu

dinal variation as determined from Israel (1973). The

electrical conductivity increases abruptly above about

60 km because free electrons are present in the daytime

ionosphere, and the effect of the geomagnetic-field line

becomes apparent above 80 km. The electrical conduc

tivity parallel to the geomagnetic-field line is larger than

either the Hall or the Pedersen conductivity, so the verti

cal component of the electrical conductivity is small in

the equatorial region, where the magnetic-field line is

horizontal; and the horizontal component of the electri

cal conductivity is small in the polar region, where the

magnetic-field line is vertical.

This calculation for the global distribution of electri

cal conductivity represents an idealized case considering

fair-weather conditions. In reality, the conductivity is
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FIGURE 15.6 Latitudinal distribution of

the (a) vertical and (b) horizontal components

of log10 a (mhos/m), where a is the electrical

conductivity (Tzur and Roble, 1983).

probably quite variable depending on variations of ion

ization rates, ion and neutral chemical reactions, aero

sol and cloud interactions, and a host of other meteoro

logical factors. The electrical columnar resistance that

determines the local air-earth current flow and electric

field is determined by the height integral of the recipro

cal of the electrical conductivity distribution. The bulk

of the columnar resistance resides in the troposphere,

which can be strongly controlled by electrical conduc

tivity variation owing to factors such as clouds, fog,

aerosols, and pollution. Boeck (1976) showed that

changes in the global conductivity may result in from

MKr being released into the atmosphere. The low-fre

quency radiation from power lines (Vampola, 1977)

may also affect the precipitation of electrons and conse

quently affect ionization in the stratosphere. The co

lumnar resistance derived from the Gish formula is

about 1.3 X 1017Q/m2. This fair-weather value proba

bly varies considerably in place and time as determined

by aerosol and weather conditions. The global variation

of the columnar resistance is not well known, yet it is an

important property of the global electrical circuit. The

global resistance is the parallel circuit resistance ob

tained by adding the various columnar resistance val

ues. Miihleisen (1977) estimated a global resistance of

230 fl without mountains and 200 fl when the Earth's

orography is considered. The magnitude of the variabil

ity of global resistance is poorly known, and it is an im

portant parameter that needs to be determined in order

to improve our understanding of the Earth's global elec

trical circuit.

Fair-Weather Vertical Current Density and Total

Current

The total current flowing in the global circuit is not

well known, and only crude estimates have been made.

Its value is generally estimated by integrating the mea

surable fair-weather vertical current density over the

fair-weather area of the globe. A recent estimate by

Miihleisen (1977) used 10" 12 A/m2 for inhabited and in

dustrialized areas, 2-4 X 10 "12 A/m2 for vegetated

ground and for deserts, 2.5 X 10" 12 A/m2 over the At

lantic Ocean to derive a total global current of about

1000 A. About 750 A is derived for the current flow over

oceans and 250 A for the current flow over the conti

nents. Miihleisen (1977) pointed out that the columnar

resistance over mountains is much smaller than over flat

land near sea level, and he estimated that as much as 20

percent of the global vertical current streams toward

mountains. Cathman and Anderson (1977) showed that

the air-earth current also has a latitudinal variation due

to the effect of the Earth's geomagnetic field on the cos

mic-ray ionization rate throughout the troposphere.

Another means of estimating the total current flow in

the circuit is to estimate the total number of thunder

storms working simultaneously and multiply that value

by the average current output determined from mea

surements over thunderstorms, as was discussed previ

ously. Estimates of the number of global thunderstorms

range from 1500 to 2000. If these numbers are multi

plied by the average current output of thunderstorms

(0.5 to 1.0 A), the total current is about 750 to 2000 A,

which is nearly the same magnitude as the total current

derived by air-earth current estimates, about 1000 A.

Blanchard (1963) indicated that currents as large as

hundreds of amperes flow from the ocean surface into

the atmosphere as a result of electrified droplets that are

ejected from the bursting of small bubbles. It also should

be mentioned that intense electrification is associated

with some volcanic eruptions. When such phenomena

occur, they may have a significant input into the global

electrical circuit. There is considerable uncertainty

with these estimates that needs to be resolved. It is un
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likely that the global current can be accurately deter

mined from only a few localized measurements, and

some other means must be used to determine its value.

Localized measurements, however, are needed to deter

mine the range of variability, especially from globally

representative stations such as on a mountaintop (Rei-

ter, 1977a).

Ionosphere Potential

An important parameter for determining the electri

cal state of the global circuit is the ionospheric potential,

which specifies the potential difference between the

ground and the ionosphere assuming that the ground is

arbitrarily referenced to zero. This quantity can be esti

mated by using the values of the global resistance, about

200 Q, and the values of the total current flowing in the

circuit, 750 to 2000 A, to get 150 to 400 kV .

The ionospheric potential is of fundamental impor

tance for the global circuit because it is one of the few

measurable global parameters. It can be determined by

integrating the altitude profile of the electric field mea

sured from ascending or descending balloons or aircraft.

This technique uses the facts that the electrical conduc

tivity of the ionosphere is so large that any horizontal

potential difference is small and the entire ionosphere

has a uniform potential difference with respect to the

Earth. At high latitudes, however, it is necessary to con

sider the horizontal potential differences that are gener

ated by the solar-wind/magnetospheric generator dis

cussed later. Another factor is that the electric field

decreases exponentially with altitude in such a manner

that the product of the electrical conductivity and elec

tric field remains constant with altitude. Therefore, the

bulk of the ionospheric potential drop occurs within the

first few kilometers above the Earth's surface, a region

that is easily attainable by balloons and aircraft.

The ionosphere potential can also be determined

from measurements of the air-earth current density and

electrical-conductivity profiles. Miihleisen (1977) sum

marized the distribution of his ionospheric potential

measurements made from balloons during the period

1959 to 1970. The minimum measured potential was

145 kV, the mean 278 kV, and the maximum 608 kV.

The measurements also showed that the diurnal UT var

iation of ionospheric potential is similar to the Carnegie

curve, shown in Figure 15.3(top), and that there is an

11-year variation in ionospheric potential that is out of

phase with the solar sunspot cycle. Markson (1976,

1977) made aircraft measurements of the ionospheric

potential that are shown in Figure 15.7. These measure

ments have a diurnal UT variation similar to the Carne

gie curve and also show the magnitude of day-to-day

variability that is associated with the inherent variabil

ity of the worldwide thunderstorm generator and, to a

smaller extent, the global resistance. Measurements of

the ionospheric potential are important for understand

ing the global electric circuit and should be continued.

FIGURE 15.7 Summary of ionospheric po

tential measurements as a function of time

(UT) of aircraft soundings made by Markson

(1976, 1977).
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Electric Fields

The electric field at the ground is a readily measur

able quantity that has been determined at various sta

tions for nearly a century. The main characteristics of

these measurements are summarized in detail by Israel

(1973). In fair weather, the electric field is directed

downward perpendicular to the ground and is typically

100-150 V/m. Field reversals are rare during undis

turbed periods, but they are frequent during stormy

weather and in conditions of dust, smoke, and fog. The

electric field in densely populated areas is usually much

larger than 150 V/m, whereas in small towns and far

away from cities it can be smaller. The main reason for

the variability of the electric field near the ground is that

it is a complex quantity subject to universal time varia

tions of the global circuit as well as the local influences

of turbulence, weather, smoke, aerosols, and other an

thropogenic factors.

Israel (1973) summarized electric-field observations

that define (a) a latitudinal variation; (b) altitude varia

tions including effects of clouds and aerosol layers; (c)

diurnal variation giving continental and oceanic types;

(d) annual variation with maximum values during

southern hemisphere summer; and (e) possible variation

due to solar influences. In fair weather the ground elec

tric field varies owing to changes in columnar resis

tance, ionospheric potential, and the local electrical

conductivity at the ground. During disturbed periods it

fluctuates rapidly due to the space-charge variation as

sociated with turbulence, lightning, thunderstorm

charge location, precipitation in the form of snow or

rain, cloud passages, fog, blowing snow, dust or aero

sols, and other meteorological properties. The relation

ship of the ground electric field to these processes has

been studied extensively. More recently, the rapid vari

ation of electric field observed at a number of ground

stations has been used to derive the charge structure

within clouds, as discussed by Krehbiel (Chapter 8, this

volume) .

Electrical Relaxation Time

A fundamental property of the global atmospheric

electrical circuit is the electrical relaxation time at vari

ous altitudes, which is defined as the time the electric

current takes to adjust to lie of its final value after an

electric field is suddenly applied, assuming that the con

ductivity remains constant. At high altitudes, near 70

km, the relaxation time is about 10 "4 sec, increasing

with decreasing altitude to about 4 s near 18 km and to

about 5-40 min near the Earth's surface. The electrical

relaxation time of the land surface of the Earth is about

10 " 5 sec. The maximum value of about 40 min in the

atmosphere near the Earth's surface is the characteristic

time that the global circuit would take to discharge if all

thunderstorm activity suddenly ceased. Measurements

have never shown a complete absence of a fair-weather

electric field for any length of time, thereby suggesting a

continuous operation of thunderstorms and other gener

ators in maintaining the currents flowing in the global

circuit. For time variations longer than about 40 min a

quasi-static approximation can be applied when one is

modeling the electrical properties of the global circuit.

MATHEMATICAL MODELS OF GLOBAL

ATMOSPHERIC ELECTRICITY

Only a few mathematical models of global atmo

spheric electricity have appeared over the years (Ka-

semir, 1963, 1977; Hill, 1971; Hays and Roble, 1979;

Volland, 1982). Since it is difficult to obtain global mea

surements to deduce the instantaneous properties of the

global circuit, these models provide a convenient means

of examining, through numerical experiments, the vari

ous interacting processes operating in the global circuit.

The overall success of the models is judged on how well

they represent observed properties at any place and time

within the circuit.

Some of the elements that need to be considered in

any global model of atmospheric electricity are sche

matically illustrated in Figure 15.8. Thunderstorms are

extremely complex, and some simplifying assumptions

must be made to represent their properties in a global

model. The usual assumption is to consider thunder

storms as dipolar current sources, with a positive source

in the cloud top and negative source in the cloud bot

tom. The storms are smaller than the grid scale for a
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GLOBAL ELECTRICAL CIRCUIT

FIGURE 15.8 Schematic of various electrical processes in the global

electrical circuit.
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global model that has a representative grid size of 5° in

latitude and longitude. The storms provide current to

the global circuit, which flows upward toward the iono

sphere. The rapid increase in electrical conductivity

with height confines the current to a vertical column

that flows from the storm to the ionosphere where it

then is rapidly distributed over the globe at ionospheric

heights. Part of the upward-directed current also flows

along the Earth's geomagnetic-field line into the mag

netic conjugate ionosphere, where it is also redistributed

globally. The dipolar magnetic-field-line configuration

is important for current closure within the global

model. From the ionosphere the current flows down

ward toward the Earth with a magnitude that is gov

erned by the potential difference between the iono

sphere and the Earth's surface and by the local

columnar resistance. The Earth's orography is impor

tant because of the decreased columnar resistance and

consequentially higher current flows over mountains

than at sea level. Clouds, fog, aerosols, and other mete

orological phenomena must be considered because of

their influence on electrical conductivity, columnar and

global resistance, and local generation processes.

Perhaps the most difficult region to model is the plan

etary boundary layer whose electrical characteristics

are discussed by Hoppel et al. (Chapter 11, this vol

ume) . The electric current flows freely along the highly

conducting Earth's surface to the region underneath a

thunderstorm, where it then flows upward into the

storm, thus closing the circuit. The upward current flow

into the thunderstorm is extremely complicated, consist

ing of lightning, precipitation, corona, conduction,

convection, and displacement currents as discussed in a

previous section.

Simplifying assumptions are usually used to make the

mathematical problem of modeling the global circuit

more tractable. The model of Hays and Roble (1979)

used the quasi-static approximation to simplify the

mathematical procedure. They assumed that thunder

storms, on a global scale, can be represented as dipolar

current-generator point sources that are randomly dis

tributed in preferred storm regions around the surface of

the Earth. In fair-weather regions far away from the

storm centers, the problem of the distribution of the

electrostatic potential is determined by the current re

turn from the sources to the Earth's surface.

Hays and Roble used the basic Green's function for

the problem of the global electric circuit to solve for the

electrostatic potential considering only conduction cur

rents flowing in the global circuit. The model included

orography in geomagnetic coordinates as shown in Fig

ure 15.9 but neglects clouds, fog, pollution, and aero

sols. The electric potential is determined by solving the
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FIGURE 15.9 Perspective illustration of the Earth's orography in

geomagnetic coordinates that is used in the global model of atmo

spheric electricity.

electrostatic equation in spherical coordinates. Vari

ables are separated and the horizontal solution is deter

mined by an expansion in tesseral harmonics. Thirty-

seven spherical harmonic components were used, giving

an effective 5° grid in latitude and longitude. The model

of Hays and Roble (1979) included an exponentially in

creasing conductivity variation with altitude and a lati

tudinal distribution that follows the latitudinal distri

bution of cosmic-ray ion production. It also included the

coupling of thunderstorm currents flowing along geo

magnetic-field lines into magnetic conjugate hemi

spheres. The model is on geomagnetic coordinates

to account for the cosmic-ray variation and geomag

netic-field-line coupling.

We use the model of Hays and Roble (1979) and Roble

and Hays (1979) to present a model simulation that illus

trates various properties of the global circuit. In Figure

15. 10 the boxed-in areas show regions assumed to have

enhanced thunderstorm activity. The distribution is

taken from the maps of thunderstorm frequency gener

ated by Crichlow et al. (1971) and representing north

ern hemisphere summer conditions at 1900 UT. It is as

sumed that 500 point dipolar current sources are

randomly distributed in the Gulf of Mexico area (region

3), 300 in Africa (region 1), 100 off the coast of Argen

tina (region 4), and 50 in Southeast Asia (region 2). The

storms are randomly distributed in latitude, longitude,

and altitude, and some fall over land areas, plains, and

mountains and some over oceans.

The combined current output from the ensemble of

thunderstorms generates an ionospheric potential of 280

kV. The calculated global resistance including orogra
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FIGURE 15.10 Regions of assumed thunderstorm distribution for model calculations. The five solid boxes indicate regions of thunderstorm

occurrence for 1900 UT during northern hemisphere summer.

phy is 275 Q, and the total current flowing in the circuit

is 1010 A. To illustrate regions of upward and down

ward current flow, the results are presented as differ

ences from the ionospheric potential [<t>(a) - <Aoo] in volts

along constant-conductivity surfaces near 105, 50, 25,

8, 4, and 2 km as shown in Figure 15.11. In the middle

atmosphere the model calculates the largest positive po

tential difference over the thunderstorm regions, indi

cating that currents are flowing upward toward the ion

osphere. Negative potential regions indicate regions of

downward current flow toward the Earth's surface.

In the equatorial region the geomagnetic-field lines

are horizontal; therefore, any upward current flow into

the equatorial ionosphere is redistributed only by hori

zontal conduction currents, and a single positive poten

tial difference develops over the main thunderstorm re

gion in equatorial Africa. The Gulf of Mexico

thunderstorm region is off the geomagnetic equator,

and upward-flowing currents can flow freely along the

geomagnetic-field line into the conjugate hemisphere.

Since the electrical conductivity along the geomagnetic-

field line is large, the magnetic potential is symmetric

about the equator with no potential differences existing

in the ionosphere between the feet of conjugate geomag

netic-field lines. The calculated potential differences

along the 105-km constant-conductivity surfaces shown

in Figure 15.11(a) are about 1.2 kV, which is relatively

small compared with the calculated 280-kV constant

ionospheric potential.

The contours of the calculated potential difference

along the constant-conductivity surface near 50 km are

shown in Figure 15.11(b). The overall pattern is similar

to that calculated at 105 km, indicating very little atten

uation between the two altitudes. There is, however, a

small attenuation in the magnetic conjugate region of

the Gulf of Mexico thunderstorm region. Along the con
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POTENTIAL DIFFERENCE (volts)
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FIGURE 15.11 Contours of calculated po

tential difference [<t>(o) - <t>„] in kilovolts

along a constant-conductivity surface a.

Here, is the ionospheric potential, globally

averaged at ionospheric heights (approxi

mately 105 km), (a) Potential difference

along the a„ = 4.5 X 10 " mho/m surface at

about 105 km over the equator; (b) potential

difference along the a„, = 4.7 X 10"'°mho/m

surface, which is 50 km over the equator; (c)

potential difference along the a,„ m 7.3 X

10" 12 mho/m surface, which is at an altitude

of 25 km over the equator; (d) potential dif

ference along the a„ = 4.3 x 10"13 mho/m

surface, which is at an altitude of 8 km over

the equator; (e) and (f) give the potential dif

ference along the constant-height surface at 4

km and 2 km, respectively.
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stant-conductivity surface near 25 km, the potential dif

ference pattern is different from that at 50 and 105 km,

illustrating how the rapid increase of electrical conduc

tivity alters the potential distribution in the upper atmo

sphere. Maximum potential variations occur over the

main thunderstorm region, indicating a strong current

flowing toward the ionosphere. In other regions the cur

rent flow is downward, with maximum values over the

mountainous areas, primarily Tibet, Antarctica, and

Greenland. The potential differences along constant-

conductivity surfaces at 8, 4, and 2 km are shown in

Figures 15.11(c), 15.11(d), and 15.11(e), respectively.

In plotting these contours, the intense negative poten

tials generated under the thunderstorm areas are arbi

trarily suppressed for contouring to illustrate the poten

tial distortion due to orography. The hatched areas

indicate these intensely disturbed regions. Also, the po

tential is zero whenever the height surface cuts a moun

tainous area that lies above it. These figures illustrate

the effect of orography in altering the potential surfaces

within the troposphere. These same potential surfaces

are presented as perspective illustrations in Figure 15. 12

for ease in visualizing the global circuit.

The calculated vertical ground potential gradient

and current along the Earth's orographic surface are

shown in Figures 15.13(a) and 15.13(b), respectively.

The electric field in the fair-weather areas of the equato

rial region is typically 130 V/m and increases with in-
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FIGURE 15. 12 Perspective illustration of the calculated potential difference along the same surfaces as specified in Figure 15.11.
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FIGURE 15.13 Contours of calculated (a)

ground potential gradient in volts per meter

along the Earth's surface and (b) ground cur

rent density in amperes per square meter

when multiplied by 10" l2. (c) and (d) are per

spective illustrations of the ground potential

gradient and ground current density, respec

tively.

 

creasing geomagnetic latitude to about 160 V/m above

about 60° . The electric field is greatly disturbed in re

gions under thunderstorms, indicating an upward-di

rected field. The electric field is not greatly modified by

the mountains because of the large grid spacing (about

5° in latitude and longitude). The ground electric cur

rent, however, is strongly influenced by the mountains,

as shown in Figure 15.13(b). The contours of the en

hanced fair-weather current flow nearly outline the

continental regions, with the largest current flowing

into the high mountain areas (e.g., Tibet, Andes, Ant

arctica, Rocky Mountains). This is primarily due to the

larger electrical conductivity, with respect to sea level,

that exists on the high mountain peaks and to the de

creased columnar resistance over mountains. A compar

ison with a similar calculation made without mountains

reveals that about 20 percent of the total current flows

into the high mountain areas. Other features of the

model calculations are described in detail by Hays and

Roble (1979) and Roble and Hays (1979).

Model Improvements

The global models of atmospheric electricity that

have been constructed are primarily analytical models

that have considerably simplified mathematical pre

scriptions. These models, nonetheless, provide consider

able insight into the electrodynamics of the global cir

cuit. There is a clear need to develop numerical models

that allow a more realistic prescription of physical pro

cesses. For example, the analytic model of Hays and Ro

ble (1979) assumed an ionosphere with a uniform con

ductivity and electrical vertical profiles that are

represented by two exponential functions and simulates

the latitudinal variations of cosmic-ray ion production

rates only crudely.

A numerical model could adopt a more realistic cal

culation with latitude and longitude, for example, such

as that shown in Figure 15.6, and also allow for a day-

night variation of electrical conductivity. Realistic per

turbations to the global pattern due to solar-terrestrial

influences could then be modeled to determine the mag

nitude of the global response to such events (Tzur et al. ,

1983). A numerical model could also be expanded to in

clude the total Maxwell current instead of only electrical

conduction currents. Such modifications are important,

especially for the middle atmosphere where ambipolar

diffusion can alter the distribution of currents and fields

as discussed by Tzur and Roble (1983), and for the tro

posphere, where convection, precipitation, conduction,

lightning, and displacement currents can be important

in disturbed regions.

The main improvements in any global model will

come primarily by more accurate parameterizations of

electrical processes within the troposphere. The numeri

cal model should include the electrical charge structures

and conductivity modifications due to clouds and fog, a

prescription of turbulent convective processes within

the planetary boundary layer, physical charge-transfer

process due to the nature of the Earth's surface (e.g..
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forests, deserts, glaciers), aerosol and smoke generation

and dispersion, and anthropogenic processes (Anderson,

1977). A global-scale representation of these lower-at

mospheric processes is necessary to evaluate their im

pact on the global circuit. One means of obtaining infor

mation on such global processes is to use output from the

various general circulation models (GCMs) that have

been developed to study the dynamic meteorology of the

Earth's atmosphere. The GCM-calculated winds, tem

perature, humidity, cloudiness, turbulence, and other

meteorological phenomena could be used to develop the

electrical parameterizations for use in global models of

atmospheric electricity. A coupled interactive electri

cal-dynamic GCM may greatly improve our under

standing of various electrical processes within the global

circuit.

ELECTRIC POTENTIAL. LOS * (V)
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FIGURE 15.14 Regional calculation of the potential distribution

and current density flow over a mountain peak (a) and a mountain

plateau (b). The length of the maximum arrow indicates a current

density of 2 X 10' 12 A m"2 in (a) and 1.8 X 10" " A/m2 in (b). (Tzur

and Roble, 1985b.)

Regional Modeling

Global models of atmospheric electricity are gener

ally constrained by computer size to a grid that is on the

order of 5° in latitude and longitude (about 500 km).

The electrical processes need to be parameterized on

that scale for insertion into the global models. There is a

clear need for the development of regional and local

electrical models that use appropriate boundary condi

tions provided by a global model to resolve subgrid-scale

phenomena and to investigate electrical phenomena in a

more limited area. Considerably more physics can be

incorporated into such models, and the results in turn

can then be used to provide appropriate parameteriza

tions of these processes for inclusion into global models.

The calculated electrostatic potential contours and

vectors of current flow over a mountain plateau and

mountain peak (Tzur and Roble, 1985a) are shown in

Figures 15.14(a) and 15.14(b), respectively. The re

gional model employed for these calculations used a de

tailed representation of electrical conductivity through

out the atmosphere, with boundary conditions that

allow free current exchange between the global and re

gional models. It is assumed that the plateau and moun

tain perturb electrical quantities locally but are small

enough with respect to the globe that their feedback into

the global circuit is small. Over the plateau the vertical

electric current flow is about three times larger than

over sea level, primarily because of the reduced colum

nar resistance over the elevated surface. The results also

show considerable horizontal current flow in the upper

atmosphere, because of the presence of the plateau, in

dicating a local readjustment of the current system. A

similar calculation for a mountain peak is shown in Fig

ure 15.14(a). The mountain is seen to distort signifi

cantly the potential pattern in such a manner as to cause

an enhanced current to flow into the peak. These calcu

lations are numerical extensions of the analytic mathe

matical procedure that Kasemir (1977) used to calculate

the electric current and field distributions around

mountains. Such calculations are important to interpret

various measurements of the fair-weather electric field

and current in the vicinity of mountaintops (Cobb et al. ,

1967; Cobb, 1968) and provide a quantitative frame

work to evaluate the extent of the electrical disturbance

source by mountains of various shapes and also to deter

mine the important characteristics that need to be incor

porated into global models.

Another important regional problem is to investigate

the electrical interaction of a thunderstorm with its im

mediate environment. Thunderstorms are considered

point current sources in the global model, and regional

calculations on a much smaller scale are needed to ex

amine such problems as the magnitude of the current

output from thunderstorm models and its relationship

to the characteristics of its electrical environment. For

example, the effect of the ionospheric magnetic-field-

line configuration on the vertical current output from a

thunderstorm that is represented as a dipolar current

source (Tzur and Roble, 1985b) is shown in Figures

15.15(a) and 15.15(b). When the geomagnetic-field

lines are assumed to be vertical [Figure 15.15(a)], the

upward current flow in the middle atmosphere is con

fined to the immediate vicinity of the storm, whereas

when the geomagnetic-field lines are assumed to be hor

izontal there is considerably more horizontal current

flow in the middle atmosphere. The calculations suggest

differences between the current output from thunder

storms in equatorial regions and in high latitudes.

These calculations illustrate the types of problems

that need to be addressed with regional models, not only
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FIGURE 15.15 Contours of log10/(A/m2), the regional vertical cur

rent flow toward the ionosphere from a thunderstorm model consider

ing an ionosphere where (a) the magnetic-field lines are horizontal and

(b) the magnetic-field lines are vertical. (Tzur and Roble, 1985b.)

to understand local phenomena but also to provide the

appropriate guidance for incorporating these effects

into global models.

ELECTRICAL COUPLING BETWEEN THE

UPPER AND LOWER ATMOSPHERE

The main generators operating within the Earth's

global atmospheric circuit are summarized in Table

15.2. As discussed in the previous section, thunder

storms are generators whose current output maintains a

vertical potential difference of about 300 kV between

the ground and ionosphere, with a total current flow of

about 103 A. The classical picture of atmospheric elec

tricity assumes that the ionosphere is at a uniform poten

tial, and it does not account for either ionospheric or

TABLE 15.2 Generators in the Global Electric Circuit

THUNDERSTORMS—current output maintains a vertical potential

difference of 300,000 V between ground and ionosphere. Current

-1ffA.

IONOSPHERIC DYNAMO—tides at ionospheric heights maintain

horizontal potential differences of 5000-15,000 V between high and

low latitudes. Current - 105 A.

MAGNETOSPHERIC DYNAMO—interaction of solar wind with Earth's

geomagnetic field maintains a horizontal dawn-to-dusk potential

drop of 40,000-100,000 V across polar caps. Current -lffA.

magnetospheric dynamos. The physics of both dynamos

are discussed in the chapter by Richmond (Chapter 14,

this volume) .

The ionospheric dynamo is driven by both tides gen

erated in situ and tides propagating upward from the

lower atmosphere. These tides generate horizontal po

tential differences of 5-10 kV within the ionosphere,

with a total current flow on the order of 105 A. The mag

netospheric dynamo, on the other hand, is driven by the

interaction of the solar wind with the Earth's geomag

netic field and generates a horizontal dawn-to-dusk po

tential drop of typically 40-100 kV across the magnetic

conjugate polar cap and a total current flow of 106 A.

The magnetospheric convection pattern is Sun-aligned

relative to the geomagnetic poles (north geomagnetic

pole 78.3° N and 291° E, south geomagnetic pole 74.5°

S and 127° E), and therefore the pattern remains fixed

relative to the Sun but moves in a complex fashion over

the Earth's surface as the Earth rotates about its geo

graphic pole.

Several empirical models that describe the horizontal

ionospheric potential distribution about the magnetic

polar cap have been constructed (Volland, 1975, 1978;

Heppner, 1977; Sojka et ah, 1979, 1980; Heelis et a/.,

1983). The magnetospheric convective potential distri

butions are all similar, with a positive perturbation on

the dawn side and a negative perturbation on the dusk

side of the magnetic polar cap. The main differences

between the various models are due to small horizontal-

scale structure variations for various levels of geomag

netic conditions. The calculated average potential pat

terns over the southern hemisphere polar cap for four

different universal times (0000, 0600, 1200, and 1800

UT) using the model of Sojka et al. (1980) are shown in

Figures 15. 16(a)-15. 16(d). Satellite observations have

shown that the instantaneous magnetospheric convec

tion pattern is highly variable with considerable small-

scale deviations from the mean structure, indicating a

turbulent plasma flow. The dawn-to-dusk potential

drop across the polar cap varies from about 30 kV for

quiet geomagnetic activity, to about 60 kV for average

geomagnetic activity, and to about 150-200 kV during

geomagnetic storms. In addition, for greater geomag

netic activity the convection pattern expands equator-

ward by about 5° from its normal quiet-time position.

The magnetospheric convective electric field is gener

ally confined to the vicinity of the polar cap by shielding

charges in the Alfven layer of the magnetosphere. How

ever, during rapid changes of magnetospheric convec

tion a temporary imbalance in these shielding charges

can occur, and the high-altitude electric fields can cause

immediate effects at the magnetic equator at all longi

tudes (Gonzalez etal., 1979) . The observed propagation
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FIGURE 15. 16 Contours of electric potential (kilovolts) associated with magnetospheric convection at high latitudes in the southern hemisphere

for four universal times (a) 0000 UT, (b) 0600 UT, (c) 1200 UT, and (d) 1800 UT. The symbol G represents the geographic pole and GM the

geomagnetic pole.
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may be due to currents either within the magnetosphere

or ionosphere (Nopper and Carovillano, 1978) or

through the lower-atmospheric electrical waveguide

(Kikuchi eta/., 1978).

The downward mapping of the ionospheric electric

fields toward the lower atmosphere has been considered

previously by a number of authors (Mozer and Serlin,

1969; Mozer, 1971; Atkinson et al., 1971; Volland,

1972, 1977; Chiu, 1974; Park, 1976, 1979). These stud

ies have all shown that large horizontal-scale electric

fields within the ionosphere map efficiently downward

in the direction of decreasing electrical conductivity,

and that downward electric- field mapping is much

more efficient than upward mapping. Both Chiu (1974)

and Park and Dejnakarintra (1977b) showed that the

anisotropy of the electrical conductivity can have an im

portant influence on the mapping properties of electric

fields. Horizontal electric fields of small-scale size ( ~ 1-

10 km) are rapidly attenuated as they map downward

into the atmosphere from ionospheric heights, but elec

tric fields of larger horizontal scales ( ~ 500-1000 km)

map effectively right down to the Earth's surface, as

shown in Figure 15.17.

Since the electrical conductivity of the Earth's surface

is large, horizontal electric fields can usually be ne

glected, and a vertical electric-field variation results to

accommodate horizontal variations of ionospheric po

tential. Calculations by Park (1976, 1979) and Roble

and Hays (1979) showed that the magnetospheric gener

ator can produce perturbations of ± 20 percent in the
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FIGURE 15. 17 Downward mapping factor of the horizontal ionos

pheric electric field as a function of altitude indicating the magnitude

of the attenuation of the electric-field strength for various horizontal

scale sizes, X, in kilometers.

air-earth current and ground electric field at high lati

tudes during quiet geomagnetic periods and larger vari

ations during geomagnetic storms and substorms. A cal

culation that shows the downward mapping of a 100-kV

dawn-to-dusk potential drop superimposed on a 300-kV

ionospheric potential is given in Figure 15.18(a). The

potential perturbation penetrates from the ionosphere

down to the tropopause with little attenuation but rap

idly decreases within the troposphere to zero at the

Earth's surface. The calculated electric field at the

Earth's surface is 190 V/m on the dusk side of the polar

cap, as shown in Figure 15. 18(b) .

Changes in electrical conductivity caused by varia

tions in cosmic-ray ionization during solar-terrestrial

events can also change the downward mapping charac

teristics as discussed by Roble and Hays (1979). In addi

tion, they also have shown that because the magneto-

spheric potential pattern is Sun-aligned in geomagnetic

coordinates, a ground station, balloon, or aircraft at a

given geographic location should detect variations or

ganized in magnetic local time. For early magnetic local

times the ionospheric potential perturbations of the

Earth's potential gradient are positive, and for later

magnetic local times the perturbations are negative. At

high geomagnetic latitudes these variations are super

imposed on the diurnal UT variation of potential gradi

ent maintained by worldwide thunderstorm activity.

Kasemir (1972), using data obtained at the South Pole

and Thule, Greenland, noted a departure of the diurnal

UT variation measured at these stations from the oce

anic diurnal electric-field variation measured during

the cruises of the ship Carnegie, which is generally ac

cepted as the UT variation due to worldwide thunder

storm activity. The polar curves have a similar shape to

the curve derived from the Carnegie cruises but at a

much reduced amplitude. From these results Kasemir

concluded that another agent besides worldwide thun

derstorm activity may modulate the global circuit at

high latitudes.

The position of the magnetospheric potential pattern

over the Earth's surface is shown in Figure 15.16 for four

different UTs. It can be seen that the downward map

ping of this potential pattern to the Earth's surface gives

rise to a complex UT variation due to the displacement

of the geographic and geomagnetic poles. The calcu

lated UT variation of the ground electric field at South

Pole Station due to the downward mapping of magneto

spheric potential pattern is shown in Figure 15.19; the

Carnegie UT variation and the Kasemir (1972) mea

surements are also shown. It is seen that the positive po

tential perturbation maps down over South Pole Station

from about 0200 to 1400 UT, and the negative potential

perturbation from 1400 UT to 0200 UT. When this pat-
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FIGURE 15.18 (a) Calculated contours of

potential (kilovolts) in a dawn-to-dusk cross

section across the magnetic polar cap. A 100-

kV dawn-to-dusk potential drop is superim

posed upon a 300-kV ionospheric potential

background, (b) Calculated latitudinal varia

tion of the ground potential gradient (volts

per meter) over the magnetic polar cap.

tern is superimposed upon the Carnegie UT variation, it

can be seen that the magnetospheric potential tends to

supress the amplitude of the Carnegie variation, a result

similar to Kasemir's (1972) observations. A similar situa

tion exists at Thule, Greenland, although the predicted

amplitude of the magnetospheric potential variation is

reduced somewhat because the station is so near the

northern geomagnetic pole. There is considerable day-

to-day variability associated with the magnetospheric

convection potential pattern; however, in the time-av

erage sense the positive and negative variations are both

out of phase with the Carnegie UT variation at these

stations and may be responsible for the suppressed am

plitude of the UT diurnal variation observed by Kasemir

(1972).

Stratospheric balloon measurements of magneto

spheric convection electric fields have been made for a
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FIGURE 15. 19 Normalized diurnal variation of the ground poten

tial gradient as measured in the Arctic and Antarctic by Kasemir

(1972) (solid curve), the diurnal potential gradient variation from the

Carnegie cruise (dashed curve), and the calculated potential gradient

at South Pole Station due to the downward mapping of the ionospheric

potential pattern (long/short dashed curve) shown in Figure 15. 16.

number of years (e.g., Mozer and Serlin, 1969; Mozer,

1971; Holzworth and Mozer, 1979; Holzworth, 1981).

Recently D'Angelo et al. (1982) processed over 1200

hours of stratospheric balloon data and correlated the

vertical electric field with magnetic activity parame

ters. During quiet geomagnetic conditions the classical

Carnegie curve was reproduced. During more active

geomagnetic conditions, however, the dawn-dusk po

tential difference of the magnetospheric convection pat

tern was shown clearly to influence the fair-weather

field. The above measurements suggest an electrical

coupling between the magnetospheric dynamo and the

global electrical circuit and indicate a need for more

measurements. With the move of the incoherent-scatter

radar from Chatanika, Alaska, to Sonderstrom Fjord,

Greenland, and the operation of the EISCAT radar

from Tromso, Norway, a unique opportunity exists to

examine the high-latitude electrical coupling between

the upper and lower atmosphere.

SOME OUTSTANDING PROBLEMS

Component processes within the global circuit have

been studied for nearly a century. The ground electric

field is the most common measurement, although nu

merous measurements of the electrical conductivity and

air-earth current have also been made. These measure

ments form the basis of much of our knowledge concern

ing the influence of local processes on the electrical

structure of the global electrical circuit. The measure

ments of currents and fields over land stations are highly

variable, being subject not only to variations of the

global generator but also to local meteorological and an

thropogenic influences that at times dominate the

global electrical variations. Over the oceans the local

influences can be less, but considerable averaging is still

necessary to derive the global variations.
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It is unlikely that enough ground-based measure

ments of electric currents and fields can be made simul

taneously to define the instantaneous properties of the

global circuit and its temporal variations. A globally

representative single measurement is needed to define

the characteristics of the global circuit. A measurement

that has been used by a number of investigators to define

the state of the global circuit is the ionospheric poten

tial. This value is derived from the height integral of the

vertical electric-field profile that is measured either by

ascending and descending balloons or by aircraft. An

inherent property of the measurement is that the iono

spheric potential is nearly uniform over the globe be

cause of the highly conducting Earth's surface and iono

sphere. The ionospheric potential is equivalent to the

product of the worldwide thunderstorm current output

and the total global electrical resistance. It is generally

assumed that changes in the global electrical resistance

are small and that variations in ionospheric potential

reflect the variations in worldwide thunderstorm cur

rent output. Only occasional electric-field soundings

have been made over the years, and there is a clear need

to increase the frequency of such measurements. An

other means of obtaining the ionospheric potential is

from tethered balloons, as described by Vonnegut et al.

(1966) and Holzworth (1984), that have the capability

of providing high-time-resolution measurements for

global studies. Markson (1978) called for the establish

ment of the ionospheric potential as a geoelectric index

that gives an indication of the state of the global circuit.

This index would be the electrical equivalent of the geo

magnetic index that has been used over the years to

study geomagnetic phenomena within the Earth's at

mosphere.

The main problem impeding progress in understand

ing the global circuit is the determination of the current

output from thunderstorm generators. There are only a

few measurements of the total current flow from storms,

and there is a clear need for more measurements to de

fine the current output properties in terms of thunder

storm size, duration, lightning flash frequency, charge

separation distance, and other parameters. Recent bal

loon measurements at stratospheric heights over thun

derstorms (Holzworth, 1981) showed prolonged periods

(1-3 hours) of dc electric fields reversed from fair-

weather conditions, indicating a current flow toward

the ionosphere.

In addition to single thunderstorm measurements, it

is important to be able to obtain information on the

global distribution of thunderstorm occurrence. Pre

vious information has been derived from weather sta

tions, when thunder was heard from an observing site

(Crichlow et ah, 1971), from Schumann resonance

(Polk, 1982), and from radio and spheric measurements

(Volland, 1984). More recently, lightning detection

from satellites has been used to derive information on

the global distribution and flash-rate frequency from

space, as discussed in the chapter by Orville (Chapter 1 ,

this volume). Krider et al. (1980) designed a ground de

tection network that detects cloud-to-ground lightning

flashes and deployed the detectors in regions that cover

large parts of North America. And finally, Davis et al.

(1983) examined the feasibility of detecting lightning

from a satellite in synchronous orbit. They estimated

that three such satellites could provide worldwide cov

erage.

These measurement techniques provide a capability

of making progress in the century-old problem of under

standing the role of thunderstorms as generators within

the global circuit. Simultaneous measurements of the

ionospheric potential (either from vertical electric-field

soundings or from a tethered balloon), along with mea

surements of lightning flash frequency (either cloud-to-

ground flashes from a ground network or total flash rate

from satellites), may determine the degree of synchroni

zation between the two phenomena. Such measure

ments can be used to monitor the electrical state of the

global circuit and also can provide a global indicator to

help in understanding various local and regional mea

surements. These measurements would also be useful

for improving our understanding of the role of solar-ter

restrial perturbations in altering the properties of the

global circuit (Reiter, 1969, 1971, 1972; Markson, 1971,

1978; Cobb, 1978; Herman and Goldberg, 1978; Roble

and Hays, 1982).

There is also a need to determine the electrodynamic

processes operating within the middle atmosphere. Ac

cording to the classical picture of atmospheric electric

ity, the middle atmosphere should be passive, yet cer

tain rocket measurements indicate the existence of large

electric fields of unknown origin (Bragin et al., 1974;

Tyutin, 1976; Hale and Croskey, 1979; Hale et al.,

1981; Maynard et al., 1981; Gonzalez et al., 1982).

These large electric fields are not understood, and it has

been suggested that instrumental effects may be in

volved (Kelley, 1983; Kelley et al. , 1983) . It is important

to resolve this issue because of the fundamental implica

tions involved in understanding electrodynamic pro

cesses within the middle atmosphere.

Finally, progress in understanding the global circuit

and possible solar-terrestrial coupling mechanisms re

quires a collaborative effort between observations and

theoretical modeling. The measurements are needed to

verify model predictions and guide model development,

and the modeling results provide a physical constraint

for understanding measurements and suggesting various
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key experiments. The technology and models are cur

rently available to make progress in resolving the funda

mental problem of global atmospheric electricity (Dole-

zalek, 1972).
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INTRODUCTION

Telluric currents consist of both the natural electric

currents flowing within the Earth, including the

oceans, and the electric currents originating from man-

made systems. Telluric currents could also be consid

ered to include geodynamo currents, i.e., the electric

currents that are presumed to flow in the Earth's core

and are responsible for the generation of the "perma

nent" geomagnetic field. This review excludes geody

namo considerations from its purview.

There has been an evolution (see Appendix) in the ter

minology in the English-language scientific literature

related to telluric currents. A common former term used

for telluric currents has been "Earth currents," a term

that was widely used by Chapman and Bartels (1940) in

their classic work, whereas Price (1967) preferred "tel

luric currents." A difference between the two terms can

be recognized in reading historical papers: an impres

sion is obtained that Earth's currents was the name ap

plied to the natural currents (or, more properly, volt

ages) that are measured between two electrodes which

are grounded at some distance apart. Independent of

the cause, the observed current was termed an Earth's

current. It later became evident that electric currents

also flow in seawater. Therefore, the term telluric cur

rents can be interpreted to include currents flowing both

within the solid Earth and within the seas and oceans.

However, we note that Earth currents and ocean cur

rents do not form independent electric-current systems.

On the contrary, leakage currents exist between conti

nental areas and oceans (see, e.g., references in Gregori

and Lanzerotti, 1982; Jones, 1983). In the early French

and Italian scientific literature on the subject, however,

the term telluric (derived from the Latin tellus, for

Earth) was always used (e.g., Blavier, 1884; Battelli,

1888; Moureaux, 1896).

The fundamental causes of telluric currents are now

believed to be understood. They are produced either

through electromagnetic induction by the time-vary

ing, external-origin geomagnetic field or whenever a

conducting body (such as seawater) moves (because of

tides or other reason) across the Earth's permanent mag

netic field. Both causes produce telluric currents,

which, in turn, produce magnetic fields of their own-

fields that add to the external origin geomagnetic field

and produce a feedback on the ionosphere current sys

tem (a feedback that, however, is negligible; see, e.g.,

Malin, 1970).

The complexities associated with telluric currents

arise from the complexities in the external sources and in

the conductivity structure of the Earth itself. Such com

plexities have led earlier workers to make statements

such as "the simple laws of electromagnetic induction do

232
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not fully explain the cause of geoelectric and geomag

netic activity" (Sanders, 1961), while Winckler et al.,

(1959), in discussing a 2650-V drop across a transatlan

tic cable produced during a magnetic storm (see below)

concluded "... either the current circuit [in the Atlan

tic] is in the horizontal plane or the currents are not the

result of the induced emf."

The mathematical modeling of telluric currents, un

like the understanding of their physical causes, is still far

from a satisfactory solution. As far as Earth currents are

concerned, the investigations have been for the most

part carried out on a local or limited regional scale.

In contrast, the understanding of oceanic telluric cur

rents (which cover a considerable fraction of the Earth's

surface) has, since the Ashour (1950) estimate of their

decay time in an ocean (order of a few hours), under

gone substantial progress. The state of the art of ocean-

current modeling now takes into account coastlines, al

though the ocean bottom is usually assumed flat—either

nonconducting (although with a conducting mantle; see

e.g., Parkinson, 1975; HobbsandBrignall, 1976; Hobbs

and Dawes, 1980; Beamish et al. , 1980; Fainberg, 1980,

and references therein) or conducting (Hewson-

Browne, 1981; Hewson-Browne and Kendall, 1981;

Kendall and Quinney, 1983). The ocean currents and

their related geomagnetic effects have been investigated

by, for example, Barber and Longuet-Higgins (1948),

Fraser (1965), Peckover (1973), Klein etal., (1975), and

Semevskiy etal. (1978). Malin (1970, 1973), in consider

ing the lunar tidal harmonic component M2 (which is

the most important one both in the atmosphere and in

the sea, with a period of half a lunar day), succeeded in

separating the effect of direct electromagnetic induction

from the ionosphere from the currents produced by oce

anic tidal flow. He assumed that the geomagnetic varia

tion associated with the tidal component should always

be observed, independent of local time, whereas the ion

osphere component should be negligible at midnight. In

fact, he found that at Irkutsk, the geomagnetic observa

tory farthest from any ocean, the ocean-produced effect

is negligible, unlike the situation at several other observ

atories closer to a coast, where the ocean component is

present.

No equivalently sophisticated modeling, even for

long-period geomagnetic variations, can usually be

found for Earth currents. This situation exists princi

pally because of the frustrating indeterminacies intro

duced by local Earth conductivity anomalies. The basic

difficulty arises because of the nonuniqueness of the "in

version problem," that is, the nonuniqueness of the eval

uation of the underground conductivity structure in

terms of the surface geoelectromagnetic recordings.

Therefore, the problem is usually tackled in terms of the

"forward problem": an external-origin electromagnetic

field is assumed to impinge on an underground conduct

ing structure of given geometrical shape, with only the

conductivities left to be optimized by a numerical fitting

of the model with the actual observational records. The

procedure can be worked out only for reasonably simple

geometrical shapes (Porstendorfer, 1976) for the con

ducting bodies, which implies substantial limitations to

any attempt to extend such investigations to wider spa

tial scales (see e.g., Rokityansky, 1982; Hohmann,

1983; Parker, 1983; Varentsov, 1983).

In terms of planetary-scale currents, Gish (1936a,

1936b) presented the results of Figure 16.1, which he

deduced for the daytime western hemisphere from diur

nal variation (24-h period) recordings of orthogonal

Earth current measurements collected during the sec

ond International Polar Year (1932-1933) at a number

of sites around the world. The directions of current flow

were determined by taking the vector sum of the N-S

and E-W currents measured at the various sites. Large

errors could be expected because of the sparse number of

stations and the need, therefore, for large interpola

tions.

A more recent picture has been provided by Mat

sushita and Maeda (1965a, 1965b; see also Matsushita,

1967) from analyses of the worldwide geomagnetic field

on a planetary scale. These authors performed a stan

dard separation (by means of Gauss' spherical harmonic

expansion) of the external- and internal-origin field.

Some of the results are presented in Figure 16.2. Notice

the obvious, substantial differences compared to the

currents of Figure 16.1. However, even the more recent

work is obviously unable to recognize the effects, where

important, of localized anomalous conductors, such as

mid-oceanic ridges, or even the differences between

ocean basins and continents. In fact, spherical harmon

ics vary too smoothly to be able to account for such local

ized features, particularly if a reasonably limited num

ber of terms is used in the expansion (for recent reviews

of spherical harmonic techniques, see Winch, 1981;

Fainberg, 1983).

The first 75 to 100 years of Earth current work pro

duced considerable debate as to causes and disagree

ments among researchers as to the magnitude of the ef

fect at given times. Gish (1936a, 1936b) noted that

better agreement between independent measurements

often occurred when relatively long lengths of wire were

used. Today it is clear that such a situation could easily

arise from experimental procedures such as improper

grounding of a wire and an insufficiently high impe

dance in the measuring system (e.g., see Hessler, 1974).

For example, in the work of Airy (1868) the wires were

grounded to water pipes, which themselves obviously
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could carry currents flowing in the entire region over

which the relatively short lengths of wire extended. In

this case, the pipe network was the receiving "antenna,"

even more than the lengths of wire. Recent evidence of

the effect of telluric currents, integrated over a plane

tary scale, has been provided by analysis of MAGSAT

data. Langel (1982) reported an analysis of the data in

terms of separation, by spherical harmonic expansion,

of the external- and internal-origin geomagnetic field.

The analysis was done for different sets of data, depend

ing on the value of the Dst index (a measure of the parti

cle ring current in the Earth's magnetosphere and,

therefore, of the level of disturbance of the geomagnetic

field). Figures 16.3(a) and 16.3(b) show that the lowest

order and degree terms (i.e., dipole terms), denoted g°

and q\ (external and internal, respectively) change with

the level of Dst. The internal term increases with de

creasing Dst, unlike g°, a consequence of the fact that

induced currents must flow in the direction opposite to

the inducing currents.

Summarizing, accurate knowledge of telluric current

patterns in the Earth on a planetary scale still remains a

basically open problem even though the subject has a

long history. In addition to the actual role of ocean wa

ter and sediments, largely unknown is the influence of

localized conductivity anomalies (such as fold belts,

mid-oceanic ridges, and trenches and subduction zones)

on such patterns. The current patterns will obviously be

different for different periods of the external inducing

field. The higher-frequency patterns will be highly time

variable because of the temporal and spatial variability

of the external-origin fields, variabilities that are not yet

amenable to accurate predictive modeling. Neverthe

less, given all the foregoing caveats, we present in the

following sections additional discussions of many of the

relevant issues, as well as some implications for practical

concerns.

THE NATURAL ENVIRONMENT

The Physical Problem: Hydrology, Geology,

Geothermics, and Tectonics

Except during a lightning strike to Earth, essentially

negligible electric current flows between the air and the

ground (integrated over the Earth, the fair-weather

current amounts to some 1000-2000 A). Therefore, the

Earth's surface is a natural surface across which electro

magnetic coupling occurs via an electromagnetic field.

This implies that it is possible in many cases to treat the

coupling problem in terms of scalar potentials (at least

for frequencies lower than those used in audio magneto-

telluric studies) . An attempt by Berdichevsky and Fain-

berg (1972, 1974) to evaluate, on a global scale, possible

currents between ground and air suffered large uncer

tainties from the approximations used. As noted briefly

in the Introduction, the cause of telluric currents is ei

ther electromagnetic induction by the time-varying geo

magnetic field produced by the ionosphere and/or mag

netosphere or by water movement across the permanent
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FIGURE 16.2 (a) External Sq current systems averaged worldwide

for D months (northern winter; top left), E months (equinox, top

right) , and / months (northern summer, bottom left) , and their yearly

average (bottom right). The current intensity between two consecu

tive lines is 25 X 103 A; the thick solid curves indicate the zero-intensity

lines. The numbers near the central dots are the total current intensi

ties of these vortices in units of 10 A. (b) Internal Sq current systems

averaged worldwide for D months (top left), E months (top right), and

J months (bottom left), and their yearly average (bottom right). Notice

the disagreement with Figure 16.1; the rotational senses of the vorti-

cies are opposite. This figure adapted from Matsushita (1967) .

geomagnetic field. Considering only the former cause,

the longer the period of the time-varying field, the

greater the depth in the Earth where the induced cur

rents can be expected to flow. A quantitative criterion

can be given in terms of electromagnetic induction in a

half-space of uniform conductivity (note that this is a

highly idealized case that practically never occurs in re

ality). The "skin depth" (i.e., the depth at which the

external field is damped by a factor lie) is given by S -

0.5 (77a)0 5 km, where is the conductivity in mhos/meter

and T is the period of the variation in seconds. A signal

with period of about 24 h is generally believed to have a

skin depth of 600 to 800 km (Hutton, 1976; Gough and

Ingham, 1983). (The skin-depth only provides, how

ever, a rough approximation of the depth at which ac

tual telluric currents of a given period are flowing. In

fact, the actual conductivity structure underground is

most often a matter of considerable indeterminacy.)

Saltwater has a conductivity of about 4 mhos/m, hy-

drated sediments have a conductivity of about 0. 1 mho/

m, and dry rock has a conductivity of about 0.0001

mho/m. Practically all the materials of the usual geo

logic environment (see, e.g., ACRES, 1975; Keller,

1966) can be placed between these extremes. Nomo

grams by which T, a, and S can be evaluated for differ

ent materials and for the "actual" Earth are shown in

Figure 16.4. The conductivity of water is largely af

fected by salinity (and to a minor extent by tempera

ture). The conductivity of soil is largely affected by the

state of hydration. Porous materials and sediments can

easily be hydrated (see below) by considerable amounts.

Hence it might eventually be possible, by electromag

netic means, to distinguish materials of equal density

but with different porosities, and hence different hydra

tion (and electrical conductivities), that cannot be dis

tinguished by seismic techniques.

The distributions of sediments, particularly impor

tant for shorter-period variations, should be considered

on local or regional scales, because minor details in the

distributions can be relevant to telluric current flow. A

worldwide pattern of sediments has been given by

Hopkins (reproduced in Green, 1977, and in Gregori

and Lanzerotti, 1982). Fainberg (1980) provided a

worldwide model map of the total conductivity of the

water shell plus sedimentary cover [Figure 16.5(a)].

Such a map is the result of a more detailed mapping

given by Fainberg and Sidorov (1978). For example,

Figure 16.5(b) shows the conductivity profile for Eu

rope. Clearly shown are the sedimentary structures re

sponsible for the North German conductivity anomaly

and for the channeling in the Seine Basin. The North

German anomaly, with a depth-integrated conductiv

ity > 3000 mhos, is equivalent to £ 750 m of seawater.

Another physical factor affecting conductivity, and

thus telluric currents, is temperature. Since the temper

ature increases with depth in the Earth, the conductiv

ity is higher with increasing depth. However, the effect

is not uniform; the heat flux through the Earth's surface

is greater in certain regions than in others, providing

thermal anomalies. Whenever a larger geothermal flux
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FIGURE 16.3 (a) The spherical harmonic

coefficient of lowest degree and order describ

ing the magnetic field originating external to

the Earth, as a function of the global Dst in

dex used to describe temporal variations of

the equatorial horizontal magnetic field rela

tive to magnetically quiet days, (b) The

spherical harmonic coefficient of lowest de

gree and order describing the field originating

within the Earth as a function of the lowest

degree and order magnetic-field coefficient

describing the magnetic field originating ex

ternal to the Earth (adapted from Langel,
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occurs, there is an upward warping of isothermal sur

faces. In such a case, telluric currents of a given period

will flow in shallower layers. A worldwide mapping of

the geothermal flux averaged over a 5° X 5° mesh (Fig

ure 16.6) has been provided by Chapman and Pollack

(1975). (This map has largely been obtained using about

5000 direct borehole measurements and, where un

avoidable, indirect information. For example, since the

heat flow from the ocean floor is a well-defined function

of the floor's age, the flow can be approximated even

when it has not been directly measured. Analogously, a

different function relates the continental heat flow to

age.)

Three additional aspects of the conductivity structure

of the Earth affect the flow of telluric currents—spatial

gradients, temporal variations, and channeling.

The spatial gradients of telluric currents strongly de

pend, in shallow layers, on geochemical composition,
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FIGURE 16.4 (a) Skin-depth no

mogram, indicating depth probed

as a function of period and mate

rial conductivity. Representative

materials for given conductivities

are shown, taken from the ACRES

report (1975), which was adapted

from Keller (1966). The central

solid line represents the skin depth

estimate for the actual Earth, as

suming a planar half-space of uni

form conductivity equal to the con

ductivity of the lowest evaluated

depth of penetration; the upper

and lower solid lines are explained

below. The central line represents

a lower limit on the depth. The al

most equivalent dot-dashed lines

have been drawn using the model

of Achace et al. (1981). (b) Ex

panded version of the central por

tion of (a), detailing the depth

range 100 km S S S 3000 km. (c)

Profiles of the conductivity of the

Earth versus depth: full line, ac

cording to Rokityansky (1982);

dash-dot line according to Achace

et al. (1981). The lines above and

below the estimated average pro

files are indicative of the 95 percen

tile probability error distribution

for the data of Rokityansky and of

some level of uncertainty in the

case of Achace et al. Rokityansky

shows that practically all of the

previous estimates of such a profile

by different authors basically fall

within his limits.
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FIGURE 16.6 Spherical harmonic repre

sentation (degree 12) of global heat flow from

observations supplemented by predictor.

Heat-flow contour lines are in milliwatts per

square centimeter. Adapted from Chapman

and Pollack (1975).

 

geological structure, and hydration. [Hydration in this

context can be taken just in terms of water content (pro

ducing an increase in conductivity) or in terms of the

formation of particular compounds (clathrate hydrates)

that can decrease the conductivity (although there are

no reports of this in the telluric current literature); see

Miller (1974).] Deeper in the Earth, it is believed that a

more or less thick layer of dry rocks (having reduced

conductivity) is further underlain by layers of increasing

conductivity, which is a function of the increasing tem

perature with depth. In such deep layers it has generally

been assumed that the Earth becomes increasingly ho

mogeneous with greater depth. More realistically, how

ever, the increasing difficulty (if not impossibility) of

recognizing spatial gradients at greater depths must be

acknowledged. Differently stated, telluric currents as a

means of remote sensing of the underground conductiv

ity provide ever-diminishing spatial (horizontal) resolu

tion with depth.

The problem of spatial gradients of the telluric cur

rents is also related to the state of knowledge of the spa

tial gradients of the external-origin inducing field. In

fact, the diurnal and the lunar variation fields (Sq and L

fields, respectively) have a planetary scale, albeit show

ing strong spatial gradients related to the auroral and

equatorial electrojets for quiet conditions (e.g., Sch-

lapp, 1968; Riddihough, 1969; Greener and Schlapp,

1979). For disturbed conditions, the planetary-scale de

scription still plays a relevant, though not singular, role

(e.g., Sato, 1965; Campbell, 1976). Therefore, the ex

ternal-inducing source at these low frequencies can be

approximately described in terms of a planetary-scale

field, occasionally with strong spatial gradients.

On the contrary, for higher frequencies (magnetic

storms, geomagnetic pulsations) the source can often

appear quite localized (see, e.g., Davidson and

Heirtzler, 1968; Lanzerotti etal., 1977; Southwood and

Hughes, 1978; Reiff, 1983) and is highly time dependent

as well. At the Earth's surface the spatial extent of the

source for pulsations (period of a few to a few hundreds

seconds) is believed to be not smaller than the height of

the ionosphere.

Temporal variations in the Earth's conductivity

structure can be caused by such effects as seasonal cli

matic changes affecting water salinity and temperature,

ice extension, permafrost and hydration content, and

tectonic processes. The tectonic processes can be either

slow (i.e., those involving the geologic time scale) , inter

mediate (as in earthquake precursors; e.g., Honkura,

1981), or rapid (as in volcanoes) .

Channeling of telluric currents in specific, higher-

conductivity regions is an actively debated area at

present. Some recent research papers, without pre

sumption of completeness, include Lilley and Woods

(1978), Babour and Mosnier (1980), De Laurier et al.

(1980), Miyakoshi (1980), Srivastava and Abbas (1980),

Woods and Lilley (1980), Camfield (1981), Chan et al.

(1981a, 1981b), Kirkwood et al. (1981), Kurtz et al.

(1981), Sik etal. (1981), Srivastava (1981), Thakur etal.

(1981), Booker and Hensel (1982), DeBeer et al. (1982),

Le Mouel and Menvielle (1982), Nienaber et al. (1982),

and Summers (1982); see also extensive review and dis

cussion by Jones (1983). The issue revolves around the

interpretation of the measured telluric currents. Should

the measurements at some given site be interpreted in

terms of electromagnetic induction on a local (or in any

case on a small-scale) spatial extent, or should they be

considered as the result of a large-scale (i.e., regional,

continental, or planetary scale) induction phenomenon,

whereby telluric currents are channeled from more re

mote areas within some relevant conducting body not

far away from the recording site? While specific cases

can be discussed (such as the North German anomaly;

see Appendix), a generally valid reply is difficult to give
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basically because (1) the planetary-scale response of the

actual Earth in terms of telluric currents is poorly

known and (2) the temporal and spatial scale of the ex

ternal-origin inducing field is often poorly known, par

ticularly for shorter-period variations represented by

magnetic storms and geomagnetic pulsations.

It is interesting to note that the current channeling

was addressed early on in studies of telluric currents.

Varley (1873) discussed current channeling from the sea

in telegraph wires between the coastal town of Ipswich

and London. He also claimed that enhanced currents

were seen in the line between Glasgow and Edinburgh,

which connected the sea across the British Isle, as com

pared with a line solely on land.

Summarizing, telluric currents depend on several

physical parameters and, if properly interpreted, can be

used for studies of the underground electrical structure

at both shallow and great depths. It is important for tel

luric current studies to take into more explicit account

the relations of measured currents to the specific tec

tonic and geomorphological features of the regions un

der study. Approaches toward such a viewpoint have

been presented recently by Hermance (1983). In gen

eral, such investigations can best be tackled by means of

large arrays of instrumentation (Alabi, 1983) .

Shallow Telluric Currents

Effects on shallow telluric currents (generally shorter

period) can be found whenever a mineral has some re

markably different electrical conductivity compared

with that of the surrounding materials. This gives rise to

a localized conductivity anomaly that can be studied by

means of a dense network of recording instruments.

Shallow currents have also been reported in several sedi

mentary basins, such as in the Seine Basin and in the

northern German anomaly (see Appendix; for other ref

erences see, e.g., Gregori and Lanzerotti, 1982). Shal

low telluric currents are responsible for a component of

the coast effect or magnetic signals, where the geometri

cal orientation of the magnetic variations at higher fre

quencies are correlated with the shape of the coast. The

coast effect has been reviewed by Fischer (1979),

Parkinson and Jones (1979), and Gregori and Lanzerotti

(1979b).

The difference between shallow and deep effects (the

latter arising from local tectonic features) has been

shown by Honkura (1974) for the Japanese islands (Fig

ure 16.7). At shorter periods, when the skin depth is

shallower, the coast effect reflects the coast shape. At

longer periods, electromagnetic induction evidence sug

gests a dependence on the downward bending of the

lithospheric slab where it approaches the Japanese sub-

duction zone. Similar effects have been reported by

Honkura et al. (1981) for a small island in the Philippine

Sea ("regular" coast effect) and by Beamish (1982) for

the island of South Georgia (Scotia Arc, South Atlantic) .

The threshold period discriminating between shallow

and deep effects appears to be about 20 min in the Japa

nese area, a result obtained from a reinterpretation by

Gregori and Lanzerotti (1982) of data published by

Yoshimatsu(1964).

Deep Telluric Currents

The best recognized, by seismic waves, underground

discontinuity—the Moho (see, e.g., global map pre

sented by Soller et al. , 1982)—has no obvious correspon

dence in geoelectromagnetic phenomena. In fact, the

behavior of deep telluric currents is largely controlled

by the shape of the isotherms. An idea of the trend of

such isotherm surfaces is given by Figure 16.8, which

plots isocontours of the thickness of the lithosphere

(Chapman and Pollack, 1977), based on the heat-flux

results of Figure 16.6. Chapman and Pollack (1977) de

rived the lithosphere results by determining the depth at

which both continental and oceanic geotherms intersect

the mantle solidus. They showed this to be a consistent

estimator of the depth to the top of the seismic low-ve

locity channel or of the thickness of the high-velocity lid

overlying the channel. They identified the lid as synony

mous with the lithosphere.

A similar discussion, limited to the Soviet Union, is

given by Cermak (1982). Oxburgh (1981) presented a

critical discussion of the method employed for such

analyses. For the sake of completeness, however, it

should be noted that the concept of the lithosphere is

actually more complicated. Depending on the experi

mental observations used, four different definitions can

be distinguished: the elastic or flexural, the thermal, the

seismic, and the chemical or mineralogical (U.S. Geo-

dynamics Committee, 1983; Anderson, 1984; Maxwell,

1984). In the context of telluric currents, the thermal

structure of the deep Earth is likely the most relevant

factor, with the chemical/mineralogical being the sec

ond. Hence, in this simple context, Figure 16.8 can pro

vide an idea of the depth where a high electrical conduc

tivity can be expected at a given site. A very general and

approximate statement is that the thickness estimates of

Figure 16.8 are in reasonable agreement with geomag

netic depth-sounding and magnetotelluric estimates of

the depth of the "ultimate conductor": about 200 km

below continents (cratons), about 100 km under stable

continental areas, about 60-70 under rifts and grabens,

and about 10-20 km (or even shallower) under volcanic

areas and mid-ocean ridges. [A warning must be given
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FIGURE 16.7 (a) The AZ/AH value distri

bution in Japan for geomagnetic variations

corresponding to geomagnetic bays. The pro

files AA' and BB' have been investigated in

detail, and their results are shown in the sub

sequent figures, (b) Parkinson vectors along

the profile AA' of part (a), for geomagnetic

variations with period of 60 min. Contours in

dicate the sea depth in 103 m. The Parkinson

vectors are consistent with an interpretation

in terms of an asthenosphere bending and

deepening in the subduction zone, (c) The

same as for profile AA ' in part (b), but refer

ring to the profile BB ' . The downward bend

ing of the asthenosphere in the subduction

zone appears much less pronounced in this re

gion, (d) Parkinson vectors on the Miyakejima

island for periods (a) 120, (b) 60, (c) 30, (d)

15, and (e) 5 min, respectively. The coast ef

fect is quite evident at the shorter periods,

while at the longer periods the effect of the

bending of the asthenosphere is predominant

over the coast effect.

The vectors appearing in the (b), (c), and

(d) sections of the figure are "Parkinson ar

rows" or "vectors," defined in the following

manner. Consider the deepest surface layer to

which the incident electromagnetic wave of a

given period can penetrate. Consider a plane

(the "Parkinson plane") tangent to such a sur

face, directly beneath a given recording site.

Construct a line perpendicular to this plane

and oriented downward. Project this line in

 

 

 

 

(c) (d)

the horizontal plane: this is the direction of the arrow. The length of the arrow is equal to the sine of the tilt of the Parkinson plane with respect to the

horizontal plane. Therefore, a vanishing Parkinson arrow implies a horizontal Parkinson plane, a unit length arrow implies a vertical Parkinson

plane. A "normal" coast effect on an Island shows that Parkinson arrows point outward from the island. (For other details on "induction arrows"

refer to the review by Gregori and Lanzerotti, 1980.) Figure is adapted from Honkura (1974).

FIGURE 16.8 Thickness of the lithosphere

derived from a spherical harmonic (12 de

gree) representation of the global heat flow

(see Figure 16.6) and continental and oceanic

geotherm families. Contours are in kilome

ters, with variable intervals. From Chapman

and Pollack (1977).
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here, however, that these depths are very approximate;

the actual structures are generally much more differen

tiated and complex; see, e.g., Hermance (1983).]

The problem of the deep electrical conductivity struc

ture of the Earth has usually been treated in terms of a

concentric spherical shell model of the Earth, where

each shell has a uniform electrical conductivity. The in

terested reader may refer to such classical treatments as

Chapter XXII of Chapman and Bartels (1940), Rikitake

(1966), Rokityansky (1982), or Parkinson (1982) (a more

concise treatment can be found in Price, 1967). A simple

but effective procedure was proposed by Schmucker

(1970) whereby the Earth is simplified to a two-layer

body having an insulating outer layer underlain by a

conductor (he considered both flat and spherical Earth

models) . Using only the ratio of the horizontal to the

vertical component of the geomagnetic field (at a pre-

chosen frequency), Schmucker (1970) provided simple

formulas by which the thickness of the insulating layer

and the electrical conductivity of the underlying con

ductor can be promptly evaluated. By considering fields

of different frequencies it is possible to evaluate differ

ent estimates of depth and conductivity. This "Sch

mucker inversion" technique, which often appears to

agree with results obtained by means of other, more in

volved, methods of handling geomagnetic data, is a sim

ple way of treating the inversion problem—a difficult

and much debated problem (e.g., Rokityansky, 1982;

Hohmann, 1983; Parker, 1983; Varentsov, 1983;

Gough and Ingram, 1983; Berdichevsky and Zhdanov,

1984).

INTERACTIONS OF TELLURIC CURRENTS

WITH MAN-MADE SYSTEMS

The natural telluric current environment can signifi

cantly affect man-made systems. Conversely, human

technology can "pollute" the natural telluric current en

vironment. The mechanisms by which these interac

tions occur, as well as their modeling, are far from being

understood satisfactorily and comprehensively. Geo-

physicists have often viewed such interactions as an un

wanted, unnatural nuisance. Engineers have almost al

ways been concerned with thresholds of system

reliability and with a system's capability to react posi

tively to any sudden change in the natural environment,

always on a strict basis of yield/cost ratio. Moreover,

technological improvements have been progressively in

troduced within systems to ensure a higher and higher

reliability (e.g., Axe, 1968; Anderson, 1979), so that it

becomes difficult to compare effects observed on differ

ent systems in different years.

Seldomly have man-made systems been viewed as sci

entific instruments that are useful for studying the natu

ral environment. Often a man-made system can be

considered part of the natural environment itself. Geo-

physicists can then imagine such large man-made tools

as similar to specifically designed measuring instru

ments that, unlike laboratory instruments that are nor

mally presumed to negligibly affect the system, actually

interfere with the natural phenomena, often quite seri

ously. Such huge and expensive man-made systems can

allow, in principle, some complex experiments and

measurements, which otherwise could not be carried

out. For this reason this topic has particular scientific

value, much beyond a matter of scientific curiosity or of

a more or less minor nuisance affecting the operation of

huge engineering systems.

The literature on the subject tends to be rather sparse.

However, five principal areas of interest can be consid

ered. These are discussed below; some of this material

has been previously reviewed elsewhere (Axe, 1968;

Lanzerotti, 1979a, 1979b, 1979c, 1983; Paulikas and

Lanzerotti, 1982).

Communication Cables

Historically, this is the best investigated and docu

mented effect of telluric currents on technological sys

tems. In fact, after the lightning rod, the telegraph was

essentially the earliest of man-made electromagnetic de

vices in use. Subsequently, telegraph lines have been

progressively supplanted by telephone lines, and sub

marine cables have supplanted the former radio links

between the telephone networks of different continents

(e.g., Blackwell, 1928; Bown, 1930, 1937; Schelleng,

1930). Even with the advent of communication satel

lites, cable systems are still of major economic impor

tance for long-distance communications.

The first detection of effects on a telegraph wire dates

back to the years 1847-1852. The first observations ap

pear to be from England by Barlow (1849). As stated by

Prescott(1866):

M. Matteucci had the opportunity of observing this magnetic

influence under a new and remarkable form. He saw, during

the appearance of the aurora borealis of November 17, 1848,

the soft iron armatures employed in the electric telegraph be

tween Florence and Pisa remain attached to their electro

magnetics, as if the latter were powerfully magnetized, with

out, however, the apparatus being in action, and without the

currents in the battery being set in action. This singular effect

ceases with the aurora, and the telegraphs, as well as the bat

teries, could operate anew, without having suffered any alter

ation. Mr. Highton also observed in England a very decided
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action of the aurora borealis, November 17, 1848. The mag

netized needle was always driven toward the same side, even

with much force. But it is in our own country that the action of

the aurora upon the telegraph-wires has been the most re

markable. ... In September, 1851, . . . there was remark

able aurora, which took complete possession of all the tele

graph lines in New England and prevented any business from

being transacted during its continuance.

The days between August 28 and September 2, 1859,

were also quite remarkable, not only for some wonder

ful auroral displays (Clement, 1860; Hansteen, 1860;

Prescott, 1860, 1866). Clement's (1860) book had a self-

explanatory title: The Great Northern Light on the

Night before 29 August 1859 and the Confusion of the

Telegraph in North America and Europe. According to

Chapman and Bartels (1940), this aurora was seen in the

Atlantic at a latitude as low as 14° N, while in France

800 V were induced on a wire over a distance of 600 km.

From Prescott (1866):

We have, however, the second yet more wonderful effects of

the aurora upon the wires; namely, the use of auroral current

for transmitting and receiving telegraphic dispatches. This al

most incredible feat was accomplished ... on the wires of the

American Telegraph Company between Boston and Portland,

upon the wires of the Old Colony and Fall River Railroad

Company between South Braintree and Fall River, and upon

other lines in various parts of the country. . . . Such was the

state of the line on the September 2nd, 1859, when for more

than one hour they held communication over the wires with

the aid of celestial batteries alone.

Other studies of historical interest on telluric currents

in communication cables are mentioned in the Appen

dix.

In 1910 work was begun in Norway by Carl Stormer

of measuring the height of polar aurorae (StOrmer,

1955). StOrmer used photographs taken simultaneously

from two sites separated by a few tens of kilometers. He

was able to send a message of alert to his co-workers

about an imminent night of photographic work when

ever he measured disturbances in the local telegraph

wires.

A geomagnetic storm in Sweden in May 1921 (Ger-

maine, 1942; Sanders, 1961) produced voltages of 6.3 to

20 V/km (i.e. , 1 kV or more over 100 to 200 km, with 2.5

A, while the threshold for serious troubles was 15 mA).

A large magnetic storm on April 16, 1938, produced po

tentials of several hundred volts over local wires in Nor

way (Chapman and Bartels, 1940).

On March 24, 1940 (Germaine, 1942; Harang, 1951;

Brooks, 1959; Sanders, 1961), a geomagnetic storm

damaged the Norwegian wirelines (:£ 50-60 V/km,

- 600 V, > 4 A), while in the United States, more than

500 V were estimated to have occurred along some lines.

Reports from two sites near Tromso, Norway, stated

. . . Sparks and permanent arcs were formed in the coupling

racks and watch had to be kept during the night to prevent fire

breaking out. . . . One line was connected to earth through a

2 mm thick copper wire, which at once got red hot, corre

sponding to a current more than 10 amps (Harang, 1951).

In the second half of the nineteenth century, Earth

currents in submarine cables were rather extensively in

vestigated. Saunders (1880, 1881) and Graves (1873) re

ported some of their work, which included a cable be

tween Suez and Aden and a cable between Valentia and

Newfoundland. Wollaston (1881) concluded that his

current measurements on a submarine cable across the

English Channel resulted from tidal currents and re

lated an 1851 conversation with Faraday on the matter.

The latter was quoted as quite enthused about this con

firmation of his earlier predictions.

Axe (1968) listed several geomagnetic storm-induced

effects on submarine cables occurring in 1957-1967 (to

tal voltage drops range from 50 V to 2700 V for the dif

ferent occurrences). The largest voltage drop (Figure

16.9) occurred across a transatlantic cable (equivalent

to 0.75 V/km) at the time of the huge storm on February

1 1 , 1958, which produced a well-known spectacular au

roral display down to low latitudes (Brooks, 1959;

Winckler et al., 1959; Sanders, 1961; Akasofu et al.,

1966) . It is noteworthy that "the cable to Hawaii which

originates about 140 miles north of San Francisco exhib

ited no major voltage swings" (Winckler etal., 1959) .

A major geomagnetic event on August 4, 1972, caused

the outage of a continental cable in the midwestern

United States. The outage has been investigated (Ander

son et al. , 1974; Anderson, 1979) by modeling the tel-
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FIGURE 16.9 Output voltage of the power-feed equipment at the

Oban, Scotland, end of the Oban-Clareville, Newfoundland, cable.

The voltage variation in North America was somewhat larger, leading

to a total variation of about 2700 V across the cable. From Axe (1968).
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luric currents in terms of a compressed magnetosphere

with magnetopause and magnetosphere currents elec-

tromagnetically inducing over a three-layer conducting

Earth.

Summarizing, shutdowns in both land and sea cables,

as well as fires, have been caused by telluric currents

induced by geomagnetic storms, and suitable precau

tions have to be taken (Root, 1979) in order to attempt to

avoid them .

A singular example of man-made telluric current

"pollution" occurred when a high-altitude nuclear

bomb test produced perturbations in the Earth's radia

tion belts and geomagnetic field. As recounted in Axe

(1968):

The disturbance was just detectable on the power-feeding

voltage and current recorder charts on the Australia-New

Zealand, United Kingdom-Sweden and Bournemouth-Jersey

systems. On a circuit originally set up on the Donaghadee-Port

Kail No. 3 cable for the measurement of voltage due to water

flow, the disturbance was clearly recorded.

The data at the time of the event are shown in Figure

16.10 (Axe, 1968).

All the effects considered above refer to electromag

netic induction from ionospheric and magnetospheric

variations. However, there are also effects on submarine

communication cables related to water flows (tidal and

otherwise) . The problem has been extensively reviewed

by Meloni et al. (1983); see later section. Less dramatic,

although relevant, man-induced telluric current pertur

bations on land cables should be expected in heavily in

dustrialized or populated areas (e.g., Kovalevskiy et al. ,

1961).
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FIGURE 16.10 Effect of the Starfish explosion measured on the cen

ter-conductor voltage of the Donaghadee-Kail (Irish Sea) number 3

cable. From Axe (1968).

Powerlines

The historical record of powerlines being greatly dis

tributed or completely disrupted by geomagnetic storms

appears somewhat less detailed than that for communi

cations cables. One interruption of service occurred on

March 24, 1940, in New England, New York, eastern

Pennsylvania, Minnesota, Quebec, and Ontario

(Davidson, 1940; Brooks, 1959). As well, during the

great geomagnetic storm of February 11, 1958, the To

ronto area suffered from a blackout produced by a geo

magnetic storm. Currents up to about 100 A were in

duced in some northern latitude transformers during the

great storm of August 4, 1972 (McKinnon, 1972). In

duced currents on power systems in the auroral zone

have been discussed by Aspnes et al. (1981) and Akasofu

and Aspnes (1982; see Figure 16.11). Some of the most

detailed investigations aimed at establishing engineer

ing relations for power systems have been carried out by
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FIGURE 16. 1 1 Simultaneous recordings of geomagnetic induction

effects observed as current surges in a positive relay system and an auto

transformer in a power substation near Fairbanks, Alaska, on Decem

ber 19, 1980 (from Akasofu and Aspnes, 1982).
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Albertson and Van Baelen (1970), Albertson et al.

(1970, 1973, 1974), ACRES (1975) (see also references

therein), Boerner et al. (1983), and Pirjola (1983).

The geomagnetic currents induced in a power system

can produce problems of several different types (Albert-

son era/., 1973, 1974; review by Williams, 1979). First,

the arbitrary differential relay operation in power dis

tribution systems during geomagnetic storms can pro

duce a judgmental problem; system operators are un

sure of whether the malfunctioning relay indication is

an induced-current effect in a transformer or a real

transformer malfunction. Second, the currents actually

induced in the winding of a power transformer can

result in half-cycle saturation of the transformer core.

This saturation can produce fluctuations in the trans

former operation itself. This local heating can greatly

shorten the lifetime of a transformer.

Summarizing, the effects of induced telluric currents

on power systems produce outages as well as damages to

expensive transformers. Gorely and Uvarov (1981) esti

mated that in the Norilsk region (Siberia) up to tens of

amperes can be expected on powerlines of 100 to 150 km

length. Since 500-kV transformers capable of with

standing even 3 to 4 A without saturating appear to

cause problems for manufacturing (Sebesta, 1979), a

way of avoiding such serious damage is to use powerlines

of limited total length (e.g., Akasofu and Merritt, 1979,

suggest no more than 500 km for Alaska) . Pirjola (1983),

from measurements made at four locations in Finland,

concluded that currents of the order of 100 A lasting

about 1 h should damage transformers.

Pipelines

Varley (1873) reported that large Earth currents on a

short length of telegraph cable in London appear to

have been related to currents flowing on large, nearby

gas pipelines. Studies of induced telluric currents on

pipelines took renewed importance when the long,

Trans-Alaskan pipeline (1280 km long) was built. The

effects of telluric currents appear to be of most impor

tance in affecting electronic equipment related to oper

ational monitoring and corrosion control rather than in

producing specific serious corrosion problems.

Viewing a pipeline as a man-made part of the natural

environment, it is noteworthy to mention the 30-A cur

rent reported by Peabody (1979) to cross the Panama

Isthmus, from ocean to ocean, a current that also

changes direction. Such specific currents can produce

corrosion failures at some ocean terminals of the pipe

lines, even before the pipeline is in operation. Such

problems can be avoided most simply by suitable sepa

rate ground connections (Peabody, 1979).

The Alaskan pipeline has been the subject of careful

investigations, principally because of its location across

the auroral zone (Hessler, 1974). Campbell (1978, 1979,

1980) and Campbell and Zimmerman (1980) provided a

comprehensive account of the problem and concluded

that the current / expected to flow within the pipeline is

related to the geomagnetic index Ap by the linear rela

tionship / = 5.0 Ap - 0.7. Based on the statistics of

occurrence of the Ap index (larger for greater geomag

netic activity) , at least once a year about 600 A should be

observed, 800 A should be observed at least once every 2

years, and 1200 A should be observed at least once every

5 years. The dimensions of the Alaskan pipeline (diame

ter of ~ 1.22 m, a mean wall thickness of ~ 1.30 cm, a

resistance per unit length of ~2.81 X 10"6Q/m, and an

end-to-end total resistance of 3.6 0; Campbell, 1979)

suggest that it is a large man-made conductor that is ca

pable of significantly affecting the local natural regime

of telluric currents.

Railways

Pollution by artificially produced telluric currents as

sociated with railway operations have been investigated

from several viewpoints. Burbank (1905) reported the

effects in 1890 of the South London Electric Railway on

the Earth current records being made at Greenwich.

The nuisance for geomagnetic observations of telluric

currents associated with return currents from dc electri

fied railways has perhaps been the most widely investi

gated effect (La Cour and Hoge, 1937; Rossiger, 1942;

Yanagihara and Oshima, 1953; Mikerina, 1962; Yana-

gihara and Yokouchi, 1965; Yanagihara, 1977). The

spatial extent within the ground of telluric currents

from railway operations has been investigated by Kova-

levskiy et al. (1961) in the southern Urals. They detected

telluric current pulses with periods between a few sec

onds and 20 minutes and amplitudes of about 0.5 to 3 V/

km. They found the effects to drop off rapidly within 10

to 15 km from the railway, although still being domi

nant over natural telluric currents at 30 km, and still

detectable at 60 km (where the measurements stopped) .

Meunier (1969), following a previous investigation by

Dupouy (1950), detected telluric current effects related

to a specific operation (lowering and raising the panto

graph) of the Paris-Toulouse railway at 1 15 km distance

from the railroad. This effect, in fact, can sometimes be

detected on the magnetograms from the Chambon-la-

Foret observatory. An example of the effect is shown in

Figure 16.12. Jones and Kelly (1966) detected Earth

currents in Montreal, clearly correlated with a dc pow

ered railway some 20 km distant.

F. Molina (private communication, Osservatorio
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FIGURE 16.12 Artificial Earth currents (north-south direction)

measured (Fournier and Rossignol, 1974) at Nozay (France) and con

current fluctuations in the total magnetic field measured at Chambon-

la-Foret, on opposite sides of the Paris-Toulouse electrified railway

line.

Geofisico Monte Parzio, Italy), in close examination of

standard magnetogram records from the observatory at

L'Aquila, has found a difference in the width of the

trace depending on whether the Italian railways are on

strike or not. In the former case, the Z-component trace

is about a factor of 2 less thick than during normal oper

ations. The noise introduced appears to be about 0.5 nT.

The closest railway is about 30 km away.

A most impressive telluric current effect (Fraser-

Smith and Coates, 1978; Fraser-Smith, 1981) in the San

Francisco Bay area has been produced by BART (the

San Francisco Bay Area Rapid Transit system). ULF

waves (frequency less than 5 Hz) are observed, having

energy at a frequency predominantly below about 0.3

Hz. Their amplitudes are at least ten times greater than

the natural background environment, i.e., they are

comparable with the levels reached during great geo

magnetic storms. The effect originated by BART ap

pears to occur over an area of about 100 km2.

A similar effect has been detected by Lowes (1982) in

Newcastle upon Tyne (U.K.), produced by the dc rapid

transit underground railway system. F. J. Lowes (Uni

versity of Newcastle upon Tyne, private communica

tion, 1985) also noted that when the system starts up in

the morning he can follow individual train movements

over about 12 km of track before there is too much su-

perimposition of the signals.

Corrosion

Corrosion in buried metal structures (in addition to

pipelines) is significantly enhanced by the occurrence of

telluric currents, presumably via electrolytic processes.

This is a well-known phenomenon to people routinely

working on repairs of telephone cables or of pipes (for

water or otherwise) . Severe damage comes mainly from

man-made telluric currents when the conductors are

buried close to dc electrified railways or tramways. A

simple insulating coating, provided that it has no holes,

appears to be the best protection. The problem is dis

cussed to some extent by Peabody (1979). A much older

reference (given by Kovalevskiy et al., 1961) is Tsiker-

man (1960). The problem can exist also for buried

powerlines that have, unlike aerial power lines, some

relevant problems of heat flow (Salvage, 1975) .

APPLICATIONS OF TELLURIC CURRENT

MEASUREMENTS

Listing all possible applications of telluric current

measurements is presumptuous and almost impossible.

A tentative scheme is given here, which, perhaps, can

provide a first approach to such a complex topic.

Detection of Electromagnetic Signalsfrom Space

The Earth (including natural conductivity structures

and man-made systems, such as communication cables

and powerlines) can be treated as a receiving antenna,

useful for monitoring the external origin electromag

netic fields. Communication cables of varying length

can provide information on the spatial scale as a func

tion of frequency of the external signal. See Meloni et al.

(1983) for additional discussions of this point.

Prospecting of Underground Structures

Prospecting of underground structures is the most de

veloped application of telluric currents. The methodol

ogy is quite extensive. There are two principal ap

proaches, viz., Magneto-Tellurics (MT), which uses

measurements of the two horizontal components of both

the geomagnetic and the geoelectric fields, and Geo

magnetic Depth Sounding (GDS) , which uses measure

ments of all three components of the geomagnetic field.

"Active" methods (see, e.g., Keller, 1976; Ward, 1983)

make use of man-made electromagnetic fields. Such
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methods are well suited for shallow prospecting but can

hardly be applied to deeper layers, because of the skin-

depth phenomenon. Such required long-period electro

magnetic waves cannot be generated practically. Long

powerlines have been used for generating electromag

netic induction fields for prospecting purposes (e.g.,

Gill and MacDonald, 1967).

A distinction should be made between prospecting

techniques that use the static geomagnetic field of the

Earth and techniques that use electromagnetic induc

tion effects. In handling the standard aeromagnetic and

oceanographic magnetic surveys, whose purposes are to

understand the static fields, the time-varying fields re

corded at a ground-based site "close" to the area of the

survey must be subtracted from the air or the ocean sig

nal. This introduces some errors, whose actual values

are often difficult to estimate (e.g., Reford, 1979). The

time-varying component from such surveys can be used

for geomagnetic depth-sounding studies (Gregori and

Lanzerotti, 1979a).

Deep-Earth Studies

Telluric currents are likely eventually to be important

tools for prospecting the deep structure of the Earth,

thus providing valuable complementary information to

that provided by seismic waves. A great advantage of

GDS methods is that, while many studies concentrate

on magnetic storm events, the studies can also be carried

out using inducing signals during more quiet times, sig

nals that are always in existence. The use of induced cur

rents from natural electromagnetic waves for deep-

Earth research is being pursued actively in a number of

countries, particularly the Soviet Union. Recent reviews

include books by Rokityansky (1982), Patra and Mallick

(1980), Parkinson (1982), and Berdichevsky and

Zhdanov (1984).

Tidal Phenomena and Water Flows

There are three types of tides: atmospheric, oceanic,

and solid Earth. Atmospheric tides generate a large part

of the external-origin inducing field of long period; oce

anic tides produce a time-varying geomagnetic field as

sociated with water flows; and solid-Earth tides can

similarly produce a geomagnetic field because they can

produce an eventual water flow that will produce a

magnetic field. Theoretical and observational aspects of

the phenomena have been discussed by Meloni et al.

(1983).

Within the past decade extensive use of shorter under

sea cables (such as those across the Dover Strait; e.g.,

Prandle, 1978) has been made for studies of tidal oscilla-
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FIGURE 16.13 Cable voltage on the Donaghadee-Port Patrick cable

on a geomagnetically disturbed day (from Prandle and Harrison.

1975).

tions and water flow. Cables across the Irish Sea have

been used for such studies (for example, Prandle and

Harrison, 1975; Prandle, 1979). Geomagnetic distur

bances can affect the measurement capabilities and,

hence, results of such a cable-monitoring system. The

data presented in Figure 16.13 are from chart record

ings of the cable voltage on the Donoghadee-Port Pa

trick cable on a day of geomagnetic disturbances (Pran

dle and Harrison, 1975). The low-frequency variation

in the voltage, spanning the record, is produced by tidal

flow. The higher-frequency variations, produced by

geomagnetic storm induction of currents in the cable,

obscure the variations in such a manner that the data

cannot be used reliably for water-flow information on

such a day.

Earlier, Wertheim (1954), in studying water flow

across the Florida straits using the Key West-Havana

cable, found occasional rapid variations in the cable

voltage. He attributed these to geomagnetic effects and

tried to model them using magnetometer data from the

San Juan Observatory. Recent work in studies of the

Florida current were reported by Larsen and Sanford

(1985).

Earth 's Astronomical Motion

The variation in the length of the day and the dis

placements of the positions of the geographic poles are

among the most precise and fascinating topics in

geophysics and have now become a vast discipline. The

problem, however, of a possible role of telluric currents

in producing a braking or an acceleration in the Earth's

rotation or in displacing the Earth's poles appears still

basically unsolved and/or is not considered important

by many. This is discussed in some detail by Meloni et al.

(1983) (and references therein), where also the possible
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use of a transatlantic communication cable is discussed

as a possible experimental device to detect such an ef

fect.

Earthquakes, Volcanoes, and Geodynamics

Since telluric currents are excellently suited for deep-

Earth investigations, they are in principle also suitable

for monitoring long-scale time variations as well. The

most investigated aspect from this viewpoint is con

cerned with earthquake precursors (e.g., review by

Honkura, 1981, and references therein) . A clear distinc

tion should be made among three different, possible

types of phenomena: (1) geomagnetic effects that can

presumably be said to be "very shallow" and are likely

related to piezomagnetism, following changes in local

stresses in the upper crust, which is an effect strictly lo

cal and can completely change in a distance of a few

kilometers or less; (2) "shallow" effects that can be de

tected by ground resistivity changes or by suitably short-

period MT or GDS investigations; and (3) "deep" or

"very deep" effects that can be most suitably detected by

means of long-period GDS investigations. This latter

category of effects is more strictly related to telluric cur

rents than are the first two types of effect.

Additional possible applications in this area include

(1) slowly varying effects correlated with geodynamic

and tectonic features, (2) shallow effects related to

magma migration in volcanic areas, and (3) the moni

toring of temporal variations in underground structures

as related to fluid extraction (or reinjection) . The shal

low effects could, however, possibly be better detected

by use of man-made electromagnetic fields than by

means of natural fields. Telluric currents are also well

suited for investigating ocean-bottom and geothermal

areas (see Law, 1983; Berktold, 1983).

Communications

Within the last 10 to 15 years suggestions have been

made that a natural waveguide in the Earth's crust,

composed of the insulating layer of dry rocks sand

wiched between the upper hydrated conducting and the

underlying conducting hot layer, could be used for com

munication purposes. This suggestion, however, does

not seem to have been followed by any known applica

tion. Existing literature is referenced in Gregori and

Lanzerotti (1982). A practical problem is certainly con

cerned with the spatial nonuniformity of such a wave

guide, the width and depth of which is undoubtedly

widely varying (e.g, compare a cratonic area with a

mid-oceanic ridge area) and is essentially unknown in

many regions.

In a similar fashion, magma chambers in mid-oceanic

ridges can be considered the natural "equivalent" of

man-made submarine communication cables. The con

ductivities are such that the mid-Atlantic ridge is equiv

alent to about 1000 such cables in parallel (see Gregori

and Lanzerotti, 1982).

An interesting communication experiment related to

artificial telluric currents was reported by Fraser-Smith

et al. (1977). They operated, as a transmitting antenna

(using a simple car battery), a circuit loop composed of

seawater encircling a small peninsula in a nearly en

closed area.

Biological Effects

The response of living species to electromagnetic

fields (such fields being either responsible for, or a con

sequence of, telluric currents) is a difficult but impor

tant problem. Several examples discussed in the litera

ture include the induced currents in a tree produced by

geomagnetic fluctuations (Fraser-Smith, 1978) and the

use of magnetic fields for orientation by aquatic bacte

ria (e.g., Blakemore, 1975) and by migrating birds

(e.g., Moore, 1977; Larkin and Sutherland, 1977; Aler-

stam and Hogstedt, 1983; Beason and Nichols, 1984).

Telluric currents could play a role in some control of fish

(e.g., Leggett, 1977; Kalmijn, 1978; Brown et al., 1979;

Fainberg, 1980; Fonarev, 1982). Magnetite crystals

have been reported as isolated from a sinus in the yel-

lowfin tuna (Walker et al., 1984). Enhanced DNA syn

thesis has been reported for human fibroblasts exposed

to magnetic-field fluctuations with frequencies and am

plitudes similar to many geomagnetic occurrences (Li-

boff et al. , 1984) . The entire area is fraught with contro

versy, particularly that related to magnetic effects, and

has been reviewed by Parkinson (1982) and commented

on by Thomson (1983).

CONCLUSIONS

Historically, telluric currents were intensively inves

tigated in the second half of the nineteenth century, par

ticularly because of their influences on long telegraph

conductors (see Appendix) . The intrinsic difficulties en

countered in obtaining fundamental understanding,

basically related to the several causes that can be core-

sponsible for the observed effects, discouraged geophys-

icists from pursuing such investigations vigorously.

However, with respect to a century ago, large improve

ments have been made in a number of areas, including

recording techniques, density of available observations,

international data exchanges, computational facilities,

mathematical methodologies, and general geophysical
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understanding. Hence, research in this area would ap

pear to be poised for achieving significant new under

standing.

Investigations using, and studying, the telluric cur

rents suffer from three principal drawbacks: (a) the spa

tial coverage by the recording equipment is often too

sparse compared to the extent and spatial gradients of

the phenomena under investigation; (b) there is not gen

eral agreement on the experiment and analysis metho

dologies, often leading to difficulties when comparing

the results from different investigations; and (c) the use,

within the general understanding of deep geophysical

structures, of the information provided by electromag

netic techniques is often neglected. It is hoped that these

deficiences will be ameliorated in future telluric current

work.

Telluric currents are a relevant part of our electro

magnetic environment, both as a consequence of the

time-varying natural electromagnetic field and as a con

sequence of moving seawater. Human interactions with

telluric currents and their related effects are definitely

important, even though such interactions are only in

completely understood. A considerable effort on geo

magnetic source characteristics and Earth conductivity

characteristics are required before a satisfactory and

comprehensive understanding can be achieved. The

critical role of telluric currents within the geophysical

environment, encompassing such areas as the Earth's as

tronomical motion, to current channeling, to eventual

implications for ocean-water motion, still appears as a

challenging frontier. As well, further assessments must

be made on the actual role of telluric currents, as well as

of the geomagnetic field in toto, on biological systems.

The field is multidisciplinary and fascinating. Substan

tial achievements can be expected in the near future.
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APPENDIX: HISTORICAL DEVELOPMENT

A selective sketch of the historical development of the un

derstanding of telluric currents follows. It is essentially impos

sible for the present authors to attempt to give full justice to all

authors of the most recent investigations. It is particularly dif

ficult to evaluate these recent works in a historical context.

For more extensive general aspects of the subject and for re

cent literature references, the interested reader should refer to

Dosso and Weaver (1983). A recent excellent review of pri

marily American work is contained in Hermance (19831,

while Rokityansky (1982) and Berdichevsky and Zhdanov

(1984) contain many references to Eastern literature.

1540 First reported measurement of geomagnetic declina

tion and dip in London (as discussed, for example, in

Malin and Bullard, 1981; Barraclough, 1982). For

the early history of geomagnetism, including the

works of Gilbert and Gauss, refer also to Mitchell

(1932a, 1932b; 1937), Chapman (1963), Mattis

(1965, Chap. 1), Parkinson (1982, Chap. 6), and

Merrill and McElhinny (1983).

1600 First modeling of the geomagnetic field by Gilbert's

(1600) terrella (Malin, 1983).

1821 Davy (1821) suggested the existence of Earth cur

rents that, he argued, could be responsible for varia

tions in the geomagnetic declination (Burbank,

1905).

1832 Faraday (1832) envisaged for the first time the exis

tence of induced currents in water, related to water

flows and tides. He also attempted, without success,

to detect, from the Waterloo Bridge, such currents

flowing within the Thames. Gauss (1833) reported

the first measurements, on May 21, 1832, of the ab

solute value of the geomagnetic field (Malin, 1982).

1846- Barlow (1849) made the first observations, in En-

1847 gland, "on the spontaneous electric currents ob

served in the wires of the electric telegraph."

1848 Matteucci detected induced currents in the telegraph

wire between Florence and Pisa, while Highton ob

served the same effect in England (see section on

Communication Cables).

1850 Similar effects were reported in the United States.

1859 A telegraph line in the United States was reported

operated by means of the natural induced currents

during geomagnetic disturbances on September 2.

1862 Lamont (1862) reported one of the first experiments

to specifically address Earth currents (carried out in

the Munich Alps).

1865 Experiment by Airy (1868) on two wires of 13 and 16

km from Greenwich.

1867 Secchi (1867) reported measurements on two almost

orthogonal telegraph lines of lengths 58 km (Rome-

Arsoli) and 52 km (Rome-Anzio).

1881 The Electrical Congress, meeting in Paris, recom

mended that certain short lines be set apart in each

country for the study of Earth current phenomena

and that longer lines be used as frequently as possible

(Burbank, 1905).

1884- Four complete years of records on two telegraph

1887 wires in Germany (262 and 120 km) investigated by

Weinstein (1902) and Steiner (1908).

1883- Blavier (1884) recorded, for 9 months, Earth poten-

1884 tials on five long telegraph lines extending from

Paris, ranging in length from 200 to 390 km. See also

Counil etal. (1983).

1886 Shyda (1886) reported an Earth current study on the
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land line plus ocean cable route from Nagasaki, Ja

pan, to Fusan, Korea.

1889 Schuster (1883, 1908) performed the first investiga

tions on the diurnal variation of the geomagnetic

field. He concluded that the origin is external, that

the Earth must have an upper layer less conducting

than that deep in the interior, and he proposed the

"suggestive cause" of tidal motion in the atmosphere

for the origin of the observed diurnal variation.

1892- Two orthogonal Earth current lines, ~ 15 km each,

1985 were established at Saint-Maur-des-Fosses Observa

tory southwest of Paris (Moureaux, 1895, 1896;

Bossier, 1912; Rougerie, 1940; Counilet al., 1983).

1893 Moureaux (1893) found that the east-west Earth cur

rents in the Paris basin were "exactly" correlated

with the H-component of the geomagnetic field (i.e. ,

the horizontal, north-south component), while this

did not appear to be true for the north-south Earth

current and the declination (east-west horizontal)

geomagnetic field. This was the first reported detec

tion of what is now interpreted in terms of telluric

currents channeled east-west in the Seine basin from

the Atlantic Ocean.

1905 Burbank (1905) provided a comprehensive bibliog

raphy on Earth currents.

1908 Van Bemmelen (1908) found that geomagnetic

storm sudden commencements (ssc's) have opposite

signs at Kew (close to London) and at St. Maur (close

to Paris) . He correctly explained this in terms of elec

tric currents flowing in the English Channel.

1909 Schmidt (1909) investigated geomagnetic storms at

Potsdam and at the Hilf Observatory (13 km south of

Potsdam).

1912- Van Bemmelen (1912, 1913) investigated the lunar

1913 period magnetic variation at 15 observatories.

1917- Terada (1917) and Dechevren (1918a, 1918b) inves-

1918 tigated Earth currents in Japan and in England (Jer

sey), respectively.

1918 The British Admiralty succeeded for the first time to

detect electro-magnetic disturbances related to sea-

water flows (Young et al., 1920; figure reported in

Chapman and Bartels, 1940).

1919 Chapman (1919) performed a systematic (and still

quite valuable) analysis on the diurnal magnetic var

iation at 21 observatories, based on records collected

in 1905.

1922 Bauer (1922) reviewed the status of Earth current

studies.

Some historical points of interest in the past 60 years include

the following;

1923 Chapman and Whitehead (1923) appear to have

been the first investigators to be concerned with in

duction effects associated with the auroral electrojet

(a localized current system). They erroneously con

cluded that geomagnetic storm effects at low lati

tudes are produced by Earth currents induced by the

auroral electrojet.

1927- Baird (1927) and Skey (1928) detected for the first

1928 time (at Watheroo in Australia and at Amberley and

Christchurch in New Zealand, respectively) the in

tersection of what is now called the Parkinson plane

(see, e.g., Gregori and Lanzerotti, 1980) with the

DZ plane (i.e., the vertical, east-west oriented

plane).

1930 Chapman and Price (1930) reconsidered the Chap

man and Whitehead (1923) analysis and clearly

stated that "the storm-time variations of the geomag

netic field in low latitudes cannot be due to currents,

induced either the Earth or in a conducting layer of

the atmosphere, by varying primary currents in the

auroral zones."

1931 Cooperative project between the U.S. Coast and Ge

odetic Survey, the Carnegie Institution of Washing

ton, and the American Telephone and Telegraph

Company initiated at Tucson magnetic observatory

to study Earth currents.

1936 Bossolasco (1936) detected for the first time (from

measurements performed at Mogadiscio, Somalia,

during the second International Polar Year, 1932-33)

what is now called the Parkinson plane.

1949 De Wet (1949) attempted a numerical computation

of the induction effects in oceans taking into account

the coastal shapes.

1950 Ashour (1950) estimated the decay time of induced

telluric currents within oceans. Constantinescu

(1950) discovered what is now called the Parkinson

plane and draw a plot, which is quite similar to a

Wieseplot (see, e.g., Gregori and Lanzerotti, 1980).

1953 Rikitake and Yokoyama (1953) clearly stated the ex

istence of the Parkinson plane. Banno (1953) de

tected for the first time the coast effect on Earth cur

rents at Memambetsu (Hokkaido).

1954 Fleischer (1954a, 1954b, 1954c) hypothesized an

east-west electric conductor 70 to 100 km deep be

neath Bremen. Kertz (1954) stated that it cannot be

lower than 80 km. Bartels (1957) estimated a depth

of 50 to 100 km. Schmucker (1959) estimated a cylin

der 63 km in radius, 100 km deep. Porstendorfer

(1966) estimated high conductivity (0.2-0.5 mho/m)

down to 10 km depth, an insulator (0.0001 mho/m)

down to 100 km, a conductor (0.1 mho/m) between

100 and 130 km, an insulator (0.0001 mho/m) be

tween 130 and 400 km, and 0. 1 mho/m underneath.

Vozoff and Swift (1968) reported a sedimentary

layer (1.0 mho/m) 6 km deep in North Germany (8

sites from Braunschweig to Luebeck). The North

German conductivity anomaly is now believed to be

principally produced by surface-hydrated sedimen

tary layers that channel electric currents from the

North Sea eastward to Poland. This is a classic exam

ple of how difficult the inversion (interpretation)

problem is for geomagnetic measurements.

1955 Rikitake and Yokoyama (1955) appear to be the first

authors to use the term "coast effect." In theoreti

cally calculating a model of electromagnetic induc
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tion in a hemispherical ocean, they noted an en

hanced magnetic field close to the coasts.

1958 Mansurov (1958) used the term "coastal effect" in

analyzing geomagnetic measurements made at

Mirny Station, Antarctica.

1959 Parkinson (1959, 1962a, 1962b, 1964), in a series of

classic papers, analyzed in detail what is now called

the Parkinson plane for geomagnetic measurements.
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Acid rain, role of lightning in generation of,

76,91

Acoustic waves, 52-56, 58-59

Aerosols

dispersion, 154, 157

effect on ion depletion, 152, 160

from volcanic eruptions, 168-170, 175,

181, 187

in lower atmosphere, 168, 181

in mesosphere, 188

in upper troposphere, 168

nature of, 152-153

stratospheric, morphology of, 168

Air-earth current, 176-177, 180, 206, 215-

216

Aircraft

downdraft threat to, 84, 93

gust front hazard to, 86

lightning strikes to, 42, 44, 61, 64-65, 69

protection of from lightning, 61

Arctic haze events, 168

Atmosphere

electrical structure of, 6-8, 159-162, 194,

222-223

nitrogen fixation in, 1, 70-75

overturning in, 82-84

prebiological, trace gases in, 75-76

radioactive gases in, 150

refractive effects of, 55

role of lightning in chemistry of, 30, 70-

77,91

study recommendations on, 16-20

thermal structure during thunderstorms,

55-56

see also Lower atmosphere; Middle atmo

sphere; Upper atmosphere

Atmospheric-electric fog effect, 153, 158,

164

Auroral oval, 196-197, 203

Blunt-probe technique, 189-190

Broadband antenna system, lightning signa

ture measurement with, 33

Buildings, lightning protection for, 66-67

Canada, lightning detection networks in, 28-

29,62

Carnegie curve, 155, 216, 226-227

Cloud scale charge separators, 4-5, 114

Clouds

acid generation in, 76, 91

acoustic wave scattering by, 53-54

all-water, 131

altostratus, 173

anvil, 107

artificial chaff seeding of, 141

breakup charging in, 118, 126, 128-129

charging mechanisms in, 4-6, 13, 114-

130, 132-139, 141-142

chemical effects of lightning on, 30, 70-77,

91

cirrus, 173

convective charging, 114-129, 132, 142,

144

cumulonimbus, 4, 207

cumulus congest us, 136

diffusion charging in, 5, 115-116, 128-129

drift charging in, 5, 116-117, 125-126,

128-129

drop charging in, 120

electrical development of, 131-145

electrified, 91, 127

inductive charging in, 119-121, 127-129,

133-134, 137-139, 141-142

interface charging in, 121-124, 128-129

isolated cirrus, 131

maritime, 142

mesocyclone wall, 42

noctilucent, 183, 188

noninductive charging in, 134-135, 138-

139, 141, 143

particle charge of, 100, 105, 115-129, 140

selective ion charging in, 117-118, 126,

128-129, 135-137

slab, 141

stratocumulus. 124, 136

stratus, 131, 173

thermoelectric charging in, 121, 128-129,

134

thunder inside, 54

turrets, 127

warm, 99, 126, 129, 142

see also Cumulus clouds; Thunderclouds

Communication cables, telluric current in

teraction with, 243-245

Communications, use of waveguide in

earth's crust for, 249

Condensation, relative to air motion, 84

Conductivity

aerosol density effect on, 173

259
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atmospheric, 170-176, 178-179, 188-192,

197, 206-207

Hall, 214

ionic, 156

Pedersen, 214

see also Telluric currents

Contact potentials, 121-124, 135, 142

Convection

as a cloud-scale separator, 114

charge currents for, 102

in thunderstorms, 4, 81-82, 84-85, 95, 97,

99, 102, 109-110

role in cloud particle growth, 132-133

theories of electrification, 110

see also Downdrafts; Updrafts

Corona

charge, 5, 92, 103-104, 110, 127

currents, 94-95, 119, 136, 211

discharge, 1, 93, 101, 133, 139, 141, 178,

210

see also Hydrogen geocorona

Corrosion, telluric current enhancement of,

247

Cosmic radiation

atmospheric ionization by, 6, 150, 164,

167, 180, 184, 189-190, 206, 213, 215

latitudinal variation in, 167

Cumulus clouds, charge separation in, 114-

129

Currents, see Air-earth current; Corona, cur

rent; Earth currents; Lightning cur

rents; Maxwell currents; Telluric cur

rents

Cyclones, positive CG lightning associated

with, 43

Deep-earth studies, use of telluric currents

for, 248

Defense Meteorological Satellite Program,

23-25

Differential reflectivity polarization radar

technique, 111

Diurnal variation, 6, 155-157, 177, 207, 210,

213, 216, 226, 233

Doppler radar, thunderstorm observations

with, 14, 94, 100, 103, 109

Downdrafts

role in thunderstorms, 84-85, 87, 93, 127,

136, 142, 207

threat to aircraft, 84, 93

characteristics of, 217

density, 156

fluctuations caused by turbulence, 154

interactions with upper atmosphere, 203-

204

lower atmospheric, 176-181

mapping of, 191

measurements, 94-95

over oceans, 210-211

patterns, 199-201

produced by thunderstorms, 92

upper atmospheric sources of, 195-205

vertical, 178, 191

see also Electromagnetic fields

Electrical processes, techniques for evaluat

ing, 12-14

Electrical relaxation time, 217

Electricity, atmospheric variations, 155-159

Electrification

cloud stage in, 5, 115-117, 124-125, 129

convective theories of, 99, 1 10

experiments to test ideas about, 103

hail stage in, 5, 120-124, 126-129

precipitation theories of, 97, 100-102, 110

rain stage in, 5, 117-120, 125-126

Electrode effect, 153, 158, 160-161, 164

Electromagnetic fields, lightning-radiated,

30, 32-34, 36, 64

Electromagnetic signals, from space, detec

tion of, 247

Electronic equipment, lightning protection

for, 66-67

End of storm oscillation, 93, 109

Equalization layer, 7, 176, 190

Equator, ionization rate at, 167

Equatorial electrojet, 201

Fair-weather electrical field, 1, 6, 14, 162,

191-192, 215-216, 234

Faraday law of magnetic induction, 197

Fires, caused by lightning, 30, 45; see also

Forest fires

Florida

lightning flash density in, 27

thunderstorm characteristics in, 95-96, 99

Fog, conductivity in, 136, 158, 177

Forbush decreases, 8, 167, 172, 184, 192

Forest fires, detection of, 15, 62

Freezing potentials, 121-124, 134-135

Global electrostatic potential, 200-201

Greenhouse effect, 81-82

Grounding, 67

II

Hail

growth and trajectory of, 85-86, 88, 120,

127

soft, 120-121, 123-124

wet, 121

HCN, atmospheric production of, 75-76

High-frequency radiation, lightning pro

cesses producing, 36

Hydrogen geocorona, 185, 190

Hydrometeors, 105

I

Inductive theory, 102-103

Infrasound, 105

Interplanetary magnetic field, 195, 198, 201,

203

Ion physics, research need in, 17, 163

Ionization

from bursting of water films, 151, 159

from cosmic rays, 6, 150, 164, 180, 189-

190, 213

from electrical discharges, 150

in planetary boundary layer, 150-151

of nitric oxide, 189

rate over oceans, 151, 164

solar extreme ultraviolet radiation, 208,

213-214

vertical variation of, 150-151

Ionosphere

characteristics of, 10-11, 195-197

conductivity of, 197, 206

dynamo region, 11, 197-202, 224

electric field effects on, 203

negative effects of magnetic fluctuations

in, 204

potential variations, 155-156

potential, 216

Ions

attachment to aerosol particles, 152-153.

188

depletion of, 152, 160

photodetachment of, 188

properties of, 151-152

Earth currents, 232; see also Telluric currents

East Coast Network, 33, 62-63

El Chichon, aerosols from eruption of, 9,

169-170, 175

Electric field meters, balloonborne, 93

Electric fields

anthropogenic influences on, 178-179

Geomagnetic depth sounding, 247-248

Gerdien condenser technique, 171, 173-175,

189

Global electric circuit, 6-8, 11, 30, 92, 114,

149, 153, 156, 162, 166, 176, 178, 192,

206-231

Japan, winter thunderstorms in, 41-43, 45.

96

Junge layer, 168

Jupiter

lightning on, 39

trace gases in atmosphere of, 75
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Kennedy Space Center, lightning activity at,

2, 15, 27

Laboratory simulation of thunderstorm elec

trification process, 90, 127; see also

Models/modeling

Langmuir Laboratory for Atmospheric Re

search, 90

Lidar observations of atmospheric aerosols,

168

Lightning

acoustic radiations from, 46-60; see also

Acoustic waves; Thunder

anomalous triggers, 37; see also Lightning,

triggered

attachment process, 31-34, 68-69

benefits from, 30

breakdown processes, 31, 33-34, 47-49, 92

charge center altitude, 96

charge transfer, 42, 44, 62, 64, 66

chemical effects of, 30, 70-77, 91

cloud-to-ground, 2, 25, 27-28, 30-33, 41-

45, 48, 64, 71, 73, 92-93, 96, 102, 103,

105-107, 129, 208

clouds types having, 131

damage mechanisms of, 62-68

dawn and dusk activity, 23-25, 27, 212

deaths and damage from, 1-2, 15, 23, 30,

41,61-62,66-67

detection networks/systems, 12-13, 15,

28-29, 33, 41-43, 61-63, 105-106, 228

effect on precipitation, 104-105, 107

effect on storm charge, 101

electric field change in, 42-45, 92

electromagnetic fields radiated by, 30, 32-

34, 36, 64

evolution in a thunderstorm, 107-109

global distribution of, 13, 23-25, 212

global energy dissipation by, 73-74, 76

ground observations of, 25, 27-29

initiation in storms, 2, 105, 129, 137, 142-

143

instrumentation/techniques for studying,

30-31, 41, 92

intracloud, 25, 27-28, 30, 36, 92, 94-96,

105-107, 129

laboratory simulation of, 49, 107

latitudinal variation of, 23-25, 26-28, 82,

131

leaders, 2-4, 31-33, 36

maps, 62-63

measurements of, 41, 48-50, 95

midnight activity, 25

modification of storm electrification by,

104-107

nitrogen oxide production by, 71-76

occurrence rate over land, 131

on Jupiter, Venus, and Saturn, 4, 39

over seawater, 34-35

path length, 2, 30

phenomenology, 23-29, 61-62

physics of, 15, 30-40, 61-62

positive, 2, 15, 31-40, 42-44, 64-65, 69

precipitation and, 94, 104-105, 107, 142

prevention, 141

protection systems/techniques, 4, 32, 35-

36, 61-69

radio source locations in, 36-37

rainfall relationship to, 27, 42, 54; see also

Precipitation

research accomplishments, 32-39, 61-69

research needs, 17, 39, 45, 68-69, 76

return stroke, 3, 31-36, 38, 41, 43-47, 49,

62

role in evolution of life, 76

satellite observations of, 23-24, 74, 228

seasonal variation of, 23-28, 41-44

signatures, 33

strikes to aircraft, 42, 44, 61, 64-65, 69

striking distance, 32

striking process in, 2-3, 32-34

time domain fields, 32-36

trace gases produced by, 76

triggered, 13, 37-39, 41-45

vertical wind shear correlation with, 42

warm-cloud, 99, 126, 129

whistlers, 30

Lightning channels

acoustic reconstruction of, 57-58

development, 30

energy of, 3, 30, 50, 53, 56-57, 74, 76

formation of individual pulses from, 51

propagation effects of acoustic pulses

from, 51-57

spark, 49, 51

temperature, 46-47, 50, 70-72

tortuosity, 48-51, 57

Lightning currents

continuing, duration of, 44, 107

diversion of, 66

measurement, 32-36, 43, 46, 48-49

peak, 3, 30, 34, 41, 45-46, 62, 64

rise times, 4, 15, 35

Lightning flash

density, 25, 27, 61-62

negative, processes of, 31-40, 64-65

rates, 2, 23-29, 228

Lower atmosphere

aerosols in, 168, 181

electric fields in, 176-181

electrical coupling between upper atmo

sphere and, 224-227

electrical structure of, 166-182; see also

Lower stratosphere; Troposphere

ion production in, 167

Lower positive charge centers, 92

Lower stratosphere

conductivity in, 170-176

electrical structure of, 8, 166-167

ion mobility in, 170-176

small ion concentration in, 170-176

Lower troposphere, conductivity variations

in, 178-179

M

Magnetic direction finders, lightning moni

toring by, 28-29, 33

Magneto-tellurics, 247

Magnetohydrodynamic approximation, 196-

198

Magnetosphere

Alfven layer, 224

characteristics of, 10-12, 195-196, 225-

226

dynamo region, 11, 198-199, 202, 224

openings in, 198

plasma convection, 198-199

study of, 30

Magnetospheric tail, 198-199, 204

Mapping electric fields, 191-192

Mass spectrometric analyses, atmospheric,

175, 185-189

Maxwell currents, 5, 104, 138, 157, 162,

209-210, 222

Measurements

air-earth current density, 176-177, 181

balloonborne, 93, 109, 166, 171, 174-175,

227

conductivity, 171

electric field, 94-95, 105

in-cloud, 105

ion density, 174-175

lightning current, 32-36, 43, 46, 48

mass spectrometric, 185-189

of atmospheric-electrical variables, 158

of current flowing from thunderstorm

areas, 207

of electric field, 12, 192

of global-scale phenomena, 152

of ionospheric potential, 164, 228

of lightning, 62-63

of magnetospheric convection electric

fields, 227

of planetary boundary layer, 149

of positive-ion composition in mesosphere,

185-186, 188

of thunderstorms, 93

particle velocity, 104-105

thunder, 56-59

Mesocyclones in thunderstorms, 85

Mesosphere

aerosol content of, 188

dust particles in, 188

electric fields in, 192

ionization sources in, 6, 9, 184, 189-190,

213

nitric oxide concentration in, 9, 184, 213

ozone in, 190

positive ion concentration in, 185-186

temperature characteristics of, 183

Meteor-ablation particles, 188

Microscale charge separators, 4-5, 114-124
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Middle atmosphere

aerosol role in, 183

atmospheric constituents of, 183

conductivity of, 188-192

electric fields in, 191-192

electrical structure of, 9-10, 183-194

ion chemistry in, 185-188

ionization sources in, 184-185, 192

negative ion composition of, 186

Models/modeling

electrical structure of planetary boundary

layer, 159-162, 222-223

general circulation, 223

improvements needed in, 222, 228-229

of convection currents, 161

of electrical development of clouds, 131-

145

of electrode effect, 160-161

of global atmospheric electricity, 217-224

of ion composition of middle atmosphere,

187-188

of planetary boundary layer, 218

of telluric currents, 233

of thunder, 51, 53-57

of thunderstorms, 207-210, 223

one-dimensional, 138-140, 159

parallel plate, 137

regional, 223-224

three-dimensional, 142-143

turbulence, 160

two-dimensional, 140-142

Mount San Salvatore, lightning studies at,

41,43

N

New Mexico, thunderstorm characteristics

in, 95-96, 99

Nitrogen fixation, 1, 70-75

North America, lightning location networks

in, 28-29

Nuclear power plants, ionization from, 150

Oceans

electric field over, 210-21 1

ionization rate over, 151, 164

Oklahoma

analysis of tornadic storms in, 43

positive CG lightning in, 43-44

Oscilloscope, lightning signature measure

ment with, 33

Ozone in mesosphere, 190

Pipelines, telluric current interaction with,

246

Planetary boundary layer

atmospheric electricity in, 149-165

convection currents in, 161-162

effect of global electric circuit on, 153,

218, 222

effect on fair-weather electrical circuit,

162

ion physics and balance in, 163-164

ionization in, 8, 150-151

meteorological structure of, 159-160

research needs and applications, 162-164

turbulence, 8, 149-150, 153, 157

Point discharge, 92

Polar cap absorption, 184

Pollution, conductivity or columnar resis

tance as monitors of, 163-164

Power lines/systems

lightning protection for, 62, 67

telluric current interaction with, 245-246

Precipitation

charge carried by, 93, 100-103, 114, 126,

140

convective, 84

effect of lightning on, 94, 104-105, 107,

142

electric currents for, 102

modeling growth of, 143

relative to air motion, 84

theories of electrification, 97, 100-102,

110

Pulsations, 203

Radiation, see Cosmic radiation; Radioac

tive gases; Radioactivity

Radiation belts, atmospheric ionization by,

185

Radio interferometers, lightning observation

with, 36-37

Radioactive gases in planetary boundary

layer, 150

Radioactivity, ground, atmospheric ioniza

tion by, 150, 172, 213

Railways, telluric current interaction with,

246-247

Rainfall

from electrified clouds, 91

relationship to lightning flash rates, 27, 42,

45; see also Precipitation

Riming, 99, 120-121, 123, 127-129, 135, 139

Rockets

conductivity measurements with, 189

electric field measurement with, 192

lightning triggered by, 37-39

mass spectrometric analysis using, 185

Rocky Mountains, thunderstorms over, 42-

43,45

Satellites

lightning observation by, 13, 23-25

observations of magnetospheric convection

patterns, 224

optical detectors in, 23-25, 74

radio detectors in, 25

Schumann resonances, 209

Snowstorms, electrification in, 99

Solar activity, atmospheric ionization by.

167, 171-172, 184

Solar flares, 196

Solar Lyman-alpha radiation, 9, 184-185.

189-190

Solar proton events, 9, 167, 179-180, 184,

191-192

Solar wind, 195, 197-202

Sonde, ion density, 174

Space charge, 153-154, 163, 178

Storms

convective, 95-97, 99, 103

detection of downbursts in, 93

magnetic, 184, 202-204, 213, 226, 244-

246

studies of, 58

tornadic, 43, 84-85, 87-88

see also Snowstorms; Substorms; Thunder

storms

Stratosphere

electric field reductions in, 179-180

mass spectrometric analysis of, 186

morphology of aerosols in, 168

sulfuric acid content of, 175, 180, 187

temperature characteristics of, 183

see also Lower stratosphere, 166

Substorms, 202, 226

Sulfuric acid in stratosphere, 175. 180, 187

Surge protectors, 35

Telluric currents

applications of measurements of, 247-249

biological effects of, 249

causes of, 232, 234-235

channeling of, 240-241

deep, 241-243

factors affecting flow of, 236-237

historical development of understanding

of, 254-256

interactions with man-made systems, 1-2.

12, 243-247

monitoring earthquakes, volcanoes, and

geodynamics with, 249

natural environment of, 12, 234-243

oceanic, 233

patterns, 234

planetary scale distribution, 233-234

role of in changing earth's astronomical

motion, 248-249

shallow, 241

study difficulties with, 250

use in remote-sensing of underground con

ductivity, 240

Thermal gradient, vertical, 55

Thermosphere

electrical properties of, 189

temperature characteristics of, 183
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Thunder

acoustic recordings of, 42

clap formation, 51

distance heard, 56

inside clouds, 54

measurements, 56-59

models of, 51

power spectrum of, 52, 56

produced by multiple-stroke lightning, 50

ranging technique, 57-58

ray tracing technique, 55-57

shock wave formation and expansion, 46-

52,71

signature, 50-51, 57, 59

Thunderclouds

charge location, 58-59

charge separation mechanisms in, 5, 132-

135, 207

charging rates in, 143-144

dipolar nature of, 5, 94-96

electrification of, 5, 90

electrostatically produced acoustic waves

from, 58-59

models of, 132

nitrogen oxide levels in, 71

Thunderstorm Research International Pro

gram, 14, 90

Thunderstorms

acoustic sources in, 46

as generators in global electric circuit, 6,

207-210, 224

cell activity reconstruction, 57, 84, 93,

104-107

charge distributions in, 208

charge motions and currents in, 102-104

charging mechanisms in, 114-130, 207-

208

convection in, 109-110

current above, 212-213

development and severity, 43

dipolar structure of, 107, 208, 217-218

displacement current, 104

downdraft association with, 84-85, 87, 93

electric charge distribution in, 91-97, 100-

102

electric field measurement in, 105

electric fields produced by, 92

electrical structure of, 90-113

evolution of, 27

flashing rates in, 27

forecasting of, 131

global activity of, 206-207, 210-212, 215,

219-220, 228

gust front in, 86-87

hail in, 84-86, 99, 121

in-cloud observations of, 98-99, 105

initial electrification of, 92, 97, 99

instruments for studying, 90

interconnection of lightning in, 36

latitudinal variation of, 81-82

lightning evolution in, 107-109

lightning modification of electrification

in, 104-107

lightning-producing stage, 92

measurements, 93, 100, 109

mesocyclones in, 85

new technology for identification of, 88

origins, morphology, and dynamics, 81-89

particle velocity measurements in, 104

positive charge layer in, 109

precipitation role in, 93-94, 97-99, 101-

103, 109, 131, 144

refractive effects in environment of, 54-55

research needs on, 110-111, 228

size of, 82-84

splitting of, 84

springtime, over U.S. Great Plains, 42

squall line, 42, 85-86

supercell, 42, 93

thermal structure during, 55-56, 95-97

tornadoes in, 84-85, 87-88

total effect of, 166

upper screening current in, 103

vertical circulation of air in, 82

vortex-type, 140

winter, 41-43, 45, 82, 96, 99, 126

Tides

atmospheric, 200

use of telluric currents to study, 248

Titan, trace gases in atmosphere of, 75

Topological shielding, 67-68

Tornadoes

death and damage from, 87

development and dynamics of, 87-88

global occurrence of, 87

Trans-Alaskan pipeline, 246

Troposphere

aerosol density in, 171

conductivity in, 170-176

cosmic ray ionization rate in, 215

electrical structure of, 166-167

ion chemistry in, 8, 152

ion mobility in, 170-176

small ion concentration in, 170-176

trace gases in, 152

see also Lower troposphere; Upper tropo

sphere

Turbulence

analysis methodologies, 157

effect on electrode layer, 161

in planetary boundary layer, 8, 149-150,

153, 157, 163

modeling, 160

structure of, 154

transport of electrical properties by, 154

U

UHF radar, 106

United States

lightning detection networks in, 28-29, 62

lightning strikes in, 30

springtime thunderstorms in, 42

zone of severe thunderstorms in, 82-83

Updrafts, role in thunderstorms, 4, 84-87,

92, 94, 100, 103-104, 127, 136, 142, 207

Upper atmosphere

electric field and current interaction with,

203-204

electric field sources of, 195-205

electrical coupling between lower atmo

sphere and, 224-227

electrostatic potential of, 162

ionic reactions in, 152

studies needed on, 204

Upper troposphere, characteristics of aero

sols in, 168

Venus

lightning on, 39

trace gases in atmosphere of, 75

Vertical current density, 156

Vertical sounding of electric fields, 94-95

Vertical wind shear, correlation with posi

tive CG lightning, 42

VHF radiation, lightning processes produc

ing, 36

Volcanic eruptions

aerosols from, 168-170, 175, 181, 187

El Chichon, 9, 169-170, 175

electrification associated with, 215-216

W

Workman-Reynolds effect, 138-139

X rays

Bremsstrahlung, 185, 213

solar, 184, 213-212
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